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1  Introduction
Pesticides are chemicals that can be used to facilitate the growth of plants, to prevent 
agricultural harvests from a variety of damages and to increase the production and yield 
of crops. The rapid and indiscriminate use of pesticides in modern agricultural practices 
for social benefits, such as to reduce crop losses, enhance yield and meet rising food 
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Abstract
Terephthalic acid (TPA) was successfully extracted from polyethylene terephthalate 
(PET) plastic bottles through alkaline hydrolysis. Coordination Polymers 
([Zn(TPA)2(H2O)2], and [Co(TPA)2(H2O)2]), and [Ni(TPA)2(H2O)2] (TPA = Terepthalic 
acid) were synthesized by grinding terepthalic acid extracted from the plastic 
waste with metal acetate salt via green synthetic method (ball-milling). These were 
characterised using FTIR, PXRD, BET, Melting Point analysis, UV–Vis spectroscopy, 
XRF and SEM techniques to investigate the functional groups, structural crystallinity, 
surface area, thermal stability, electronic transition, elemental composition and 
morphology of the material, respectively. Adsorption studies for the removal of 
endocrine-disrupting chemicals (Atrazine) were carried out to understand their 
applicability in the removal of pesticide residues from a polluted environment. The 
study also shows that the synthesized coordination polymers were favorable for 
Atrazine removal, for which [Co(TPA)2(H2O)2], [Ni(TPA)2(H2O)2], and [Zn(TPA)2(H2O)2] 
showed a maximum adsorption capacity of 41.322, 52.91 and 60.241 mg/g, 
respectively. The kinetics study shows that Atrazine adsorption followed a pseudo-
first-order kinetics model. The thermodynamic parameters were calculated, and the 
results showed that the adsorption of Atrazine on the coordination polymers is a 
spontaneous and exothermic process. Therefore, all the synthesised coordination 
polymers are promising adsorbents for the removal of Atrazine pesticide in a polluted 
environment.
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needs, has become a matter of social accountability [7]. On the other hand, extensive 
consumption of a variety of pesticides has raised concerns at local, regional, national and 
global scales due to the fact that pesticide residues may be ingested by humans via food, 
drinking water and air, and are being bio-accumulated in blood, mother's milk, and tis-
sues. Hence, pesticides contribute to symptomatic illnesses, both acute and chronic [12]. 
Over the last five years, pesticide imports into Africa have increased significantly [33].

Based on their application methods, between 10 and 75% of the pesticides do not reach 
their targets, resulting in frequent contamination of terrestrial and aquatic environ-
ments. The EU drinking water directive sets the general drinking water quality standard 
for added concentrations of pesticides and their metabolites to be less than 0.5 μg·L−1 
[19]. Adsorption method using porous materials is considered an effective method to 
reduce the potential risks of various emerging pesticide contaminants in the environ-
ment, among which coordination polymers may be a group of promising porous mate-
rials due to their porous nature and the versatility in building blocks and functionality 
[28]. Coordination polymers have gotten attention as a new kind of adsorbent and have 
been applied for the adsorption of Pesticides [42].

Coordination polymers are crystalline compounds consisting of metal clusters coor-
dinated to organic ligands to form one-, two-, or three-dimensional porous structures 
(Yaghi et al., 2003). CPs have high surface area, high pore volume, and low framework 
density [10]. CPs are a class of coordinate polymers consisting of 2D and 3D network 
topologies formed from the combination of metal ions and organic linkers [39]. They 
have simple and easy synthesis methods, favouring their adsorption performances and 
regeneration abilities with huge surface areas and accessible, tunable pores at compara-
tively low temperatures [14, 27]. The structures of CPs consist of metal ions and organic 
ligands linked together via coordination bonds. They possess permanent porosity and 
have unique properties such as large surface areas (1000–10,400 m2/g), high ther-
mal stability with tunable polarity and nanoscale pore sizes [35]. Our group previously 
reported the green route synthesis of coordination polymers (CPs) for environmental 
remediation [5, 38]. In continuation of our studies on the use of green route mecha-
nochemical synthesis for the preparation of Coordination polymers for environmental 
remediation, herein, we report the synthesis of [Co(TPA)2(H2O)2], [Ni(TPA)2(H2O)2] 
and [Zn(TPA)2(H2O)2] using terepthalic acid extracted from plastic waste and compari-
son of their application as an adsorbent for removal of Atrazine pesticide from water. 
To the best of our knowledge, these coordination polymers have not been applied as an 
adsorbent for the uptake of any endocrine-disrupting chemical (such as Atrazine) from 
water.

2  Experimental
2.1  Materials and methods

2.1.1  Chemicals and reagents

All chemicals and reagents used in this study were analytical grade. This includes; 
Sodium hydroxide (NaOH, 98%, BDH, England), Hydrochloric acid (HCl, 37%, BDH, 
England), Zinc acetate (98% Loba Chemie, India), Nickel acetate (98% Loba Chemie, 
India), Cobalt acetate (98% BDH, England), Atrazine (80%, Blulux, India), Methanol 
(99.9%, Loba Chemie, India), Benzene-1,4-dicarboxylic (BDC)/Terephthalic acid (98%, 
Sigma Aldrich, Germany), and deionized water.
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2.1.2  Extraction of terephthalic acid (TPA) from plastic wastes

The PET decomposition reaction was conducted in a 5 L stainless-steel autoclave reac-
tion vessel suitable for temperatures above 100◦C. The reactor was equipped with a digi-
tal temperature control system, an agitator, and a manometer as a pressure indicator.

Pellets of sodium hydroxide (22.5 g, 0.5625 mol) were dissolved in 500 mL of distilled 
water, and the resultant NaOH solution (1.125 M) was fed into the reactor. PET flakes 
(50 g, 0.26 mol) were then added and agitated. The temperature controller was set to the 
desired point, and when the desired temperature was reached, the PET decomposition 
process began for a specified time period [6]. After that period, the reactor was cooled 
with cold water for 5 min. The reaction mixture was neutralised to pH 6.5 with HCl and 
filtered to remove the unreacted PET solids. The TPA in the mixture was precipitated 
by acidification with HCl to a pH of 2.5. Finally, the mixture was filtered and washed 
with methanol. The solid TPA produced was dried, washed with methanol, filtered with 
a vacuum pump and dried in an oven at 80◦C for 2 to 3  days and weighed. [25]. The 
equations of reaction are shown in Figs. 1 and 2.

3  Synthesis of coordination polymers using mechanochemical methods
[Ni(TPA)2(H2O)2] was synthesized by ball milling of 1:2 (molar ratio) mixtures of 
20.0  mmol (3.3226  g) of benzene 1, 4-dicarboxylic acid and 10.0  mmol (2.4884  g) 
Ni(OAc)2·4H2O [31], also [Zn(TPA)2(H2O)2] was synthesized by ball milling of 1:2 
(molar ratio) mixtures of 20.0  mmol (3.3226  g) of benzene 1, 4-dicarboxylic acid and 
10.0  mmol of zinc(ii) acetate dihydrate (2.195  g), The [Co(TPA)2(H2O)2] was synthe-
sized by ball milling of 1:2 (molar ratio) mixtures of 20.0 mmol (3.3226 g) of benzene 
1, 4-dicarboxylic acid and 10.0 mmol of colbalt acetate (2.4884 g), mixed using a mortal 
and pestle, homogenized for about 20 min and introduced into the ball milling machine 
to blend the mixture properly for about 30  min. De-ionised water (1  ml) was added, 
thereafter, to facilitate the reaction. The CP was activated in an oven at 80 °C for several 
hours (8 h). The enlarged scale reaction was performed with three or five times the ben-
zene 1,4-dicarboxylic acid and metal precursor mixture [38].

M(CH3COO)2 + TPA + H2O
Grindiing−→

Ball - milling
[Ni (TPA)2 (H2O)2] CH3COOH

Fig. 2  Neutralisation reaction of disodium terephthalate

 

Fig. 1  Depolymerisation reaction of PET
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Activation was done mainly to remove or take out the trapped solvent, like water, acetic 
acid, methanol, etc., in the synthesised complex [37].

4  Adsorption studies
An exact amount (0.01  g) of the coordination polymer adsorbent was placed in the 
aqueous solution (10 ml) of Atrazine concentration from 20 to 100 ppm. The aqueous 
Atrazine solution containing the coordination polymer adsorbent was mixed with a 
mechanical shaker at 150 rpm for a fixed time of 2 h at room temperature. After adsorp-
tion at a pre-determined time, the solutions were separated from the adsorbent using 
a centrifuge, and the supernatant concentration after adsorption was calculated using 
the absorbance obtained from the UV–visible spectrophotometer at the pre-determined 
λ max wavelength of Atrazine. The amount of Altrazine absorbed per gram of the CP 
adsorbent(qe) was then calculated using the equation below [37].

Qe = v (Co − Ce)
w

� (1)

C0 = initial concentration of Atrazine mg/g, Ce = final concentration of the Atrazine 
mg/g, V = volume of the Atrazine (L) and w = weight of the CP.

5  Results and discussion
5.1  FT-IR spectra analysis of the extracted terephthalic acid

The FTIR spectrum (Fig. 3) of the synthesized terephthalic acid was collected to con-
firm that the synthesised terephthalic acid ligand matches that of the standard by com-
paring the functional groups on the surface of both materials. The broad peaks around 
3419 cm−1 in both spectra could be assigned to the OH groups at the surface of both 
compounds. The carboxylate group of both exhibited two strongly coupled C − O bonds, 
which give rise to two sharp peaks, a symmetric C − O stretching band at 1398 cm−1 and 
an asymmetric C − O stretching band at 1586 cm−1. In addition to the peak existing at 
1586 cm−1, the small bands at 1504 cm−1 could be assigned to the C = C of the benzene 
ring in the structure of both samples. The peak near 800 cm−1 shows a para-substituted 

Fig. 3  FTIR results showing synthesized TPA and its Standard
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benzene, which is present in both samples. The FTIR spectra of both samples were 
therefore matched, and the two compounds were essentially the same. The results are 
in agreement with the findings of reported work on the synthesis of terephthalic acid by 
Karayannidis et al. [25].

5.2  UV–visible spectra analysis of extracted TPA and standard TPA

The sample was prepared by dissolving 0.32  g of TPA in a 4  mL aqueous solution of 
2N potassium hydroxide. The absorbance of the solution was measured on a UV–visible 
spectrophotometer (Perkin Elmer Lambda Bio 20) from 200 to 900 nm using water as a 
control in a 1.0 cm cell.

From the UV–visible spectra (Fig.  4) and Table  1 results shown above, there was a 
strong absorption at the UV region of 266  nm for the TPA standard and 272  nm for 
the TPA sample, which signifies the presence of a (π → π∗). The strong absorption at 
the UV region around 315 nm for the TPA standard and 310 nm for the extracted TPA 
sample indicates the (n → π ∗) transition in both samples. In all cases, the spectra of the 
extracted TPA and the standard are almost identical, suggesting that they are the same 
materials [8].

Comparison of the solubility, pH and melting points of the two samples shows no 
distinct difference in their values as shown in Tables 2 and 3. It can be observed that 
extracted TPA and standard TPA are insoluble in ethanol and water. They are, to 
some extent, soluble in DMSO. The Melting point is, however, within the range of that 
reported for terephthalic acid.

Table 1  UV–visible spectra results of synthesised TPA and its standard
TPA Standard Wavelength (nm) Transition

266 π →π∗

315 n →π ∗ 

TPA Sample 272 π → π∗

310 n →π ∗ 

Table 2  Physical properties of extracted TPA and standard TPA
Properties Extracted TPA Standard TPA
Melting point (oC) 302 300

pH 3.94 3.85

Fig. 4  UV–Vis spectra showing extracted TPA and its standard
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5.3  SEM analysis results

The surface morphologies and chemical compositions of the extracted TPA (Fig.  5a) 
and the standard TPA (Fig. 5b) were studied by scanning electron microscopy (SEM) as 
presented below. At 500 × magnification, the image of the standard TPA showed a block 
microcrystalline when compared to the extracted TPA, which showed irregular aggre-
gates with a smaller particle size [13].

5.4  PXRD analysis of the extracted TPA

The PXRD patterns of the extracted TPA are presented in Fig.  6. The pattern of the 
PXRD shows major peaks at 2θ values of 27.84°, this was followed by 17.26°, then by 
25.04°, and lastly 40.50°. The results compare favourably with the work reported by 
Kaduk JA [24] and also when these data were compared to the Cambridge Crystallo-
graphic Data Centre (CCDC), the powder diffraction pattern of the sample is identical to 
that of standard TPA, with CCDC no. 718666, previously reported by [22].

5.5  FT-IR spectra analysis of synthesised coordination polymers

It can be deduced from Table 4 and Fig. 7 that the extracted CPs have a spectrum different 
from that of the ligand. For the absorption bands of the ligand for the [Ni(TPA)2(H2O)2], 
the Ʋs (O–H) of the ligand was seen at 3429 cm−1, while the Ʋas (O–H) was observed 
between 2962 and 2827 cm−1. This was shifted to Ʋs (O–H) 3610 cm−1 and Ʋs (O–H) 
between 2999 and 3066 cm−1, in the CP. There is also a shift in Ʋas (C = O) of the ligand 
from 1685  cm−1 to Ʋas (C = O) around 1665  cm−1 but the Ʋas (C = C) was observed at 
1581 cm−1 in the CP, and a Ʋs (M–O) band was seen around 416 cm−1 which suggests a 
coordination of the ligand to the metal, confirming the formation of new product which 
is [Ni(TPA)2(H2O)2].

(NB: Zn-MOF = [Zn(TPA)2(H2O)2], Co-MOF = [Co(TPA)2(H2O)2], and 
Ni-MOF = [Ni(TPA)2(H2O)2]).

For [Zn(TPA)2(H2O)2], the Ʋs (O–H) of the ligand was observed at 3429 cm−1, while 
the Ʋas (O–H) was seen between 2962–2827  cm−1. This was reduced to Ʋs (O–H) at 

Table 3  Solubility of the Extracted TPA and Standard TPA
Solvent Sample Code % Solubility
Ethanol Extracted TPA 0.26

Standard TPA 0.23

Water Extracted TPA 0.01

Standard TPA 0.01

DMSO Extracted TPA 17.83

Standard TPA 16.77

Fig. 5  SEM image of standard TPA and extracted TPA
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Fig. 6  PXRD pattern of extracted TPA and reported work
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3163  cm−1 in the CP. There is no shift in Ʋas (C = O) of the ligand and that of the CP 
as they maintain absorption at 1685  cm−1, and the Ʋs (M–O) band was seen around 
594  cm−1, which suggests the coordination of the ligand to the metal, confirming the 
formation of a new product [Zn(TPA)2(H2O)2].

For [Co(TPA)2(H2O)2], the Ʋs (O–H) of the ligand are at 3429 cm−1, and the Ʋas (O–H) 
are between 2962–2827 cm−1. This was shifted to Ʋs (O–H) at 3421 cm−1, and the Ʋas 
(O–H) was found at 3066 cm−1 in the CP. A shift in the Ʋas (C = O) of the ligand from 
1685 cm−1 to Ʋs (C = O) 1665 cm−1 in the CPs was observed While the Ʋas (C = C) was 
shifted to 1558 cm−1 on the CPs, and the (M–O) band was seen around 443 cm−1 which 
suggests the coordination of the ligand to the metal, confirming the formation of new 
product [Co(TPA)2(H2O)2].

5.6  UV–visible spectra analysis of CPs

The data obtained from the UV–Visible spectra of the ligand and the CPs, presented 
below, indicates that there was strong absorption in the UV region of the electromag-
netic spectrum, which is due to absorption by the ligands and also absorption was 
recorded at the visible region of the electromagnetic spectrum, which indicates that 
there were metal d-d transitions and hence the CPs should be colorloured.

(NB: Zn-MOF = [Zn(TPA)2(H2O)2], Co-MOF = [Co(TPA)2(H2O)2], and 
Ni-MOF = [Ni(TPA)2(H2O)2]).

The electronic absorption spectra of the CPs, as shown in Fig. 8, were different from 
that of the synthesised terephthalic acid, specifically for the coloured compounds. It can 

Table 4  Results of FT-IR spectra of each of the CPs
Ligand/CPs Ʋ(OH) cm−1 Ʋ(C = O) cm−1 Ʋ(C = C) cm−1 Ʋ(C-O) cm−1 Ʋ(M–O) cm−1

Extracted TPA 3429 1685 1573 1192 –

[Ni(TPA)2(H2O)2] 3610 1665 1581 1292 416

[Zn(TPA)2(H2O)2] 3163 1685 1558 1388 594

[Co(TPA)2(H2O)2] 3421 1665 1558 1284 443

Fig. 7  Result showing FT-IR of each of the CPs
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be seen that terephthalic acid showed bands at 262 nm, π→π* which was assigned and 
309 nm, which was assigned π→π*. The above information shows that the ligand will be 
colourless.

The [Ni(TPA)2(H2O)2] showed six absorptions at 
269, 308, 350, 419, 657, 734, which were attributed to 

 respec-
tively, which was as a result of ligand and d-d transitions.

The [Zn(TPA)2(H2O)2]showed three absorptions at 279, 314 and 358, which were 
assigned respectively. The CP has a d10 electronic con-
figuration, and does not absorb in the visible region and does not have a d-d transition. 
All these compounds absorbed in the UV regions are expected to be colourless.

The [Co(TPA)2(H2O)2] showed six absorp-
tions at 280, 316, 350, 507, 652 and 771, which were 
assigned,  
respectively, as a result of electronic and d-d transitions.

5.7  PXRD analysis result of the CPs

The PXRD patterns of individual CPs are presented in Fig. 9. The pattern of the PXRD 
of all the CPs showed characteristic peaks that are different from those of terephthalic 

Fig. 9  PXRD pattern of the Synthesised Coordination Polymers from TPA

 

Fig. 8  Result showing UV–Vis Spectra of the CPs
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acid. [Zn(TPA)2(H2O)2] showed characteristic peaks at 2θ values of 9.79°, 12.47°, 14.67 o, 
16.47 o, 19.26 o and 26.44 o, which are different from terephthalic acid peaks.

[Ni(TPA)2(H2O)2] also showed characteristic peaks which are different from tere-
phthalic acid at 2θ values of 8.66°, 12.18°, 13.37 o and 27.04 o. The PXRD obtained from 
[Co(TPA)2(H2O)2] showed characteristic peaks at 2θ values of 29.03°, 29.13°, 45.98° and 
52.76 o, which are also different from terephthalic acid peaks at 2θ. When these data were 
compared to the Cambridge Crystallographic Data Centre (CCDC), powder diffraction 
pattern of the complexes that obtained from the mechanochemical method is identical 
to that of Zn3(OH)4(C8H4O4) complex, with CCDC no. 295966 previously reported by 
[8] and [Ni3(OH)2(C8H4O4)2(H2O)4]. 2H2O complex, with CCDC no. 638866, previously 
reported by Finisia et al. [13], although different synthetic condition was used.

(NB: Zn-MOF = [Zn(TPA)2(H2O)2], Co-MOF = [Co(TPA)2(H2O)2], and 
Ni-MOF = [Ni(TPA)2(H2O)2]).

5.8  BET analysis results

Isotherms of N2 adsorption/desorption of the powder samples of single and bimetal CPs, 
measurements of the pore volume, Langmuir surface area and surface area of the sample 
were carried out by BET analysis. The BET surface area values are shown in Table 5.

It can be deduced from the result that [Zn(TPA)2(H2O)2] has the highest BET sur-
face area (m2/g) of 357.350 (m2/g), these was closely followed by [Co(TPA)2(H2O)2]
and [Ni(TPA)2(H2O)2]with BET surface area of 348.908 (m2/g) and 347.830 (m2/g) 
respectively.

6  Results of adsorption experiments
6.1  Calibration of atrazine

The stock solution (1000  mg/L) of Atrazine was used to prepare 20  mg/L, 40  mg/L, 
60 mg/L, 80 mg/L, and 100 mg/L by diluting 2 ml, 4 ml, 6 ml, 8 ml and 10 ml of Atra-
zine stock solution with 100 ml of water respectively. The absorbance of the solution was 
taken using UV–Vis at a wavelength of 223 nm [2]. The result of the calibration showed a 
linearity, for which the R2 value for Atrazine was found to be 0.999 (Fig. 10).

Table 5  BET surface area (m2/g) and Langmuir surface area (m2/g) results
Sample BET surface area (m2/g) Langmuir surface area (m2/g)
[Ni(TPA)2(H2O)2] 347.830 87.67

[Co(TPA)2(H2O)2] 348.908 84.73

[Zn(TPA)2(H2O)2] 357.350 87.11

Fig. 10  Calibration curve showing the plot of absorbance against initial concentrations (Co) of Atrazine
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6.2  Effect of initial concentration

The values of Qe were calculated using Eq. 1, and a curve was obtained by plotting Qe 
against the initial concentration of adsorbate (Fig. 11), which shows the effect of concen-
tration on the adsorption of Atrazine from solution. The effect of the concentration of 
Atrazine on the adsorption process was determined. The results from the graph (Fig. 11) 
show that [Co(TPA)2(H2O)2], [Ni(TPA)2(H2O)2] and [Zn(TPA)2(H2O)2] have optimized 
concentrations of 80, 80 and 100 mg/L, respectively, for Atrazine adsorption [2]. (0.01 g 
of the [Co(TPA)2(H2O)2], [Ni(TPA)2(H2O)2] and [Zn(TPA)2(H2O)2] at various Concen-
tration of 20–100 mg/L, temperature of 28±2  C, pH of 7.0, and shaked at 100 rpm for 
120 min).

6.3  Effect of time

The equilibrium time for the adsorption of Atrazine onto the different CPs at 
the optimised concentrations for the [Co(TPA)2(H2O)2], [Ni(TPA)2(H2O)2] and 
[Zn(TPA)2(H2O)2] adsorbents were studied. These concentrations were 80, 80 and 
100 mg/L, respectively, for Atrazine. Using 0.01 g of the adsorbents and at a pH of 7.0, 
a temperature of 28±2  C with 100 rpm agitation speed for 120 min. The values of Qe 
were calculated at the [Co(TPA)2(H2O)2], [Ni(TPA)2(H2O)2] and [Zn(TPA)2(H2O)2] 
optimised time of 180, 120 and 120  min, respectively, for Atrazine (Fig.  12) (0.01  g 
of the [Co(TPA)2(H2O)2], [Ni(TPA)2(H2O)2]and [Zn(TPA)2(H2O)2] at optimized 

Fig. 12  Effect of time on quantity of Atrazine adsorbed

 

Fig. 11  Effect of concentration on the quantity of Atrazine adsorbed
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concentration, temperature of 28±2  C, pH of 7.0, and shaked at 100 rpm agitation speed 
for various time within the range of 60–300 min).

6.4  Effect of pH and results of point of zero charge

For the study of the effect of pH on the adsorption of Atrazine by the CPs, the opti-
mized concentration of Atrazine for the [Co(TPA)2(H2O)2], [Ni(TPA)2(H2O)2] and 
[Zn(TPA)2(H2O)2] adsorbents utilized were 80, 80 and 100 mg/L at time of 180, 120 and 
120 min respectively (Fig. 13a). Using 0.01 g of the adsorbents and varying pH within the 
range of 2–14 at a temperature of 28± 2  C and an agitation speed of 100 rpm, the values 
of Qe was calculated and the results (Fig.  13) shows that the CPs, [Co(TPA)2(H2O)2], 
[Ni(TPA)2(H2O)2] and [Zn(TPA)2(H2O)2], have optimum pH of Atrazine adsorption of 
2, 4 and 2 respectively.

(by 0.01 g of the [Co(TPA)2(H2O)2], [Ni(TPA)2(H2O)2]and [Zn(TPA)2(H2O)2] at opti-
mized concentration, temperature of 28 ± 2  C, optimized time)

The results of the pHPZC for the adsorbents are presented in Fig. 13b. The results indi-
cated that the pHPZC of [Ni(TPA)2(H2O)2] was found to be ≈ 6.3, whereas the pHPZC of 
[Co(TPA)2(H2O)2] for this study was found to be ≈ 6.8, respectively. Also, the pHPZC of 
[Zn(TPA)2(H2O)2] for this study was found to be ≈ 7.2 [17]. Each of the CPs has a posi-
tively charged surface below its pHPZC (pH = 6.0), and in this medium, anions are prob-
ably adsorbed on the surface. On the other hand, adsorptions of cations are favoured 
above the pHPZC of each of the CPs (pH = 8.0). This indicates that Atrazine are adsorbed 
below the pHPZC of each of the CPs. This is due to weak electrostatic attraction between 
the positive surface of the adsorbent (CPs) and anions of Atrazine, which favours the 
accumulation of these pesticides on the surface of the adsorbent.

6.5  Effect of adsorbent dosage

In this study, the optimized concentration, time and pH for Atrazine adsorption by the 
[Co(TPA)2(H2O)2], [Ni(TPA)2(H2O)2] and [Zn(TPA)2(H2O)2] CPs were utilized. Using 
0.01  g to 0.05  g of the adsorbents and at a temperature of 28±2    C with an agitation 
speed of 100 rpm, the values of Qe was calculated and the results (Fig. 14) shows that 
[Co(TPA)2(H2O)2], [Ni(TPA)2(H2O)2] and [Zn(TPA)2(H2O)2] have optimum dose of 
0.03 g, 0.03 g and 0.02 g respectively for the adsorption of Atrazine. (between 0.01 g to 
0.05  g of the [Co(TPA)2(H2O)2], [Ni(TPA)2(H2O)2]and [Zn(TPA)2(H2O)2]at optimized 

Fig. 13  a Effect of pH on the quantity of Atrazine adsorbed; b pHPZC for the adsorbents
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concentration, temperature of 28±2    C, optimized time, shaked at 100  rpm agitation 
speed at optimized pH).

6.6  Effect of temperature

In this study, the optimum time, pH, adsorbent dose, and concentration for Atrazine 
adsorption by the [Co(TPA)2(H2O)2], [Ni(TPA)2(H2O)2] and [Zn(TPA)2(H2O)2] adsor-
bents were utilized at a temperature range of 30  C to 70  C with an agitation speed of 
100 rpm. The values of Qe was calculated and [Co(TPA)2(H2O)2], [Ni(TPA)2(H2O)2] and 
[Zn(TPA)2(H2O)2] showed optimized temperature at 70 °C each for Atrazine (Fig. 15).

Between optimized adsorbent doses of [Co(TPA)2(H2O)2], [Ni(TPA)2(H2O)2]and 
[Zn(TPA)2(H2O)2] at optimized concentration, optimized time, shaken at 100 rpm agita-
tion speed at optimized pH.

6.7  Adsorption efficiency of adsorbents

The efficiency studies were carried out on individual adsorbents for Atrazine at opti-
mum concentration for each of the adsorbents, temperature of 30  C, pH of 7, at an agi-
tation speed of 100 rpm for 60 min.

The result (Fig. 16) shows that the removal of Atrazine has removal efficiency of 58.4% 
on [Co(TPA)2(H2O)2] while [Ni(TPA)2(H2O)2]was closely followed with removal effi-
ciency of 52.2% and was closely followed by [Zn(TPA)2(H2O)2]with efficiency removal of 
46.8%0.6.8 Adsorption Isotherms Study.

Fig. 15  Effect of temperature on the quantity of Atrazine adsorbed

 

Fig. 14  Effect of adsorbent dose on the quantity of Atrazine adsorbed
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6.8  Adsorption isotherms study

An adsorption isotherm is a crucial description of the interaction between adsorbents 
and solutes. Many models have been made known over the years for testing the equilib-
rium for the adsorption of substances from their solution. The adsorption data obtained 
from this work were tested with Langmuir and Freundlich adsorption isotherms (Figs. 17 
and 18). Table 6 represents the comparison of the R2 values obtained for the adsorption 
process [4].

Fig. 18  Freundlich Isotherm plot for the adsorption of Atrazine

 

Fig. 17  Langmuir Isotherm plot for the adsorption of Atrazine

 

Fig. 16  % Removals of Atrazine using different adsorbents
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The Langmuir model is mathematically represented as;

Ce

qe
= 1

qmkl
+ Ce

qm
� (2)

where qm is the maximum sorption capacity (mg/g), kl is the Langmuir constant, qe is 
the amount of adsorbate per unit mass of adsorbent (mg/g), and Ce is the equilibrium 
concentration of the adsorbate (mg/l).

It describes the sorption capacity and the correlation coefficient (R2) value of 0.92, 0.99 
and 0.69 respectively [Co(TPA)2(H2O)2], [Ni(TPA)2(H2O)2] and [Zn(TPA)2(H2O)2] on 
Atrazine. The maximum sorption capacity qm and mono-molecular layer KL are found 
to be 41.322 mg/g and 0.153 L/g for [Co(TPA)2(H2O)2], 52.910 mg/g and 0.0574 L/g for 
[Ni(TPA)2(H2O)2] and 60.241 mg/g and 0.095 L/g for [Zn(TPA)2(H2O)2] on Atrazine.

For the Freundlich isotherm, the equation is given by;

ln Qe = ln KF + 1
n

ln Ce� (3)

where Qe is the amount adsorbed at equilibrium per gram of the adsorbent (mg/g), Kf 
and n are the Freundlich constant, and Ce is the equilibrium concentration of the adsor-
bate (mg/l).

The plot of Inqe vs In Ce gave straight line KF for adsorption of Atrazine was found 
experimentally to be (12.38, 9.245 and 11.267 mg/g) respectively with n value of (0.73, 
0.69 and 0.74) respectively and R2 value of 0.89, 0.93, and 0.77 over [Zn(TPA)2(H2O)2], 
[Ni(TPA)2(H2O)2] and [Co(TPA)2(H2O)2]. (over [Co(TPA)2(H2O)2], [Ni(TPA)2(H2O)2] 
and [Zn(TPA)2(H2O)2] at 298  K for 2  h at optimised pH). (over [Co(TPA)2(H2O)2], 
[Ni(TPA)2(H2O)2] and [Zn(TPA)2(H2O)2] at 298 K for 2 h at optimised pH).

In a bid to gain insight into the adsorption behavior of the various CPs 
([Co(TPA)₂(H₂O)₂], [Ni(TPA)₂(H₂O)₂], and [Zn(TPA)₂(H₂O)₂]), the Langmuir and 
Freundlich isotherm models were applied to the adsorption data (Table 6). The Lang-
muir isotherm assumes monolayer adsorption onto a homogeneous surface, allowing 
determination of maximum adsorption capacity (Qm) and adsorption affinity (KL). 
Among the three CPs, [Zn(TPA)₂(H₂O)₂] demonstrated the highest Qm (60.24  mg/g), 
followed by [Ni(TPA)₂(H₂O)₂] (52.91  mg/g) and [Co(TPA)₂(H₂O)₂] (41.32  mg/g). This 
trend reflects the influence of the metal centre on adsorption capacity, consistent with 
findings from previous studies where Zn-based materials exhibited enhanced adsorption 
due to their higher surface activity [18]. Although [Zn(TPA)₂(H₂O)₂] showed the highest 
capacity, its R2 = 0.69 for the Langmuir isotherm was the lowest, indicative of a devia-
tion from ideal monolayer adsorption and a possible heterogeneous surface. Conversely, 
[Ni(TPA)₂(H₂O)₂] had a strong R2 of 0.99, where monolayer adsorption is presumed to 
predominate in the process. We note that [Co(TPA)2(H2O)2] exhibited a KL value of 0. 
15 L/mg, possibly indicating greater initial binding affinity to the adsorbate, a fact that 

Table 6  Calculated equilibrium constants (KL, KF, qm, n and correlation coefficient (R2) for the 
adsorption of Atrazine on various CPs

Langmuir Isotherm Freundlich Isotherm
CPs Qm (mg/g) KL(L/mg) R2 KF (mg/g)(L/g)1/n n R2

[Co(TPA)2(H2O)2] 41.32 0.15 0.92 12.38 0.73 0.77

[Ni(TPA)2(H2O)2] 52.91 0.057 0.99 9.25 0.69 0.93

[Zn(TPA)2(H2O)2] 60.24 0.095 0.69 11.27 0.74 0.89
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has been reported previously by Ali et al. (2021) for cobalt-based frameworks containing 
polar functional groups to facilitate affinity binding to the adsorbate.

The Freundlich isotherm, which accounts for adsorption on heterogeneous sur-
faces, provided additional insights. The Freundlich constant KF was highest for 
[Co(TPA)₂(H₂O)₂] (12.38), but the adsorption intensity (n) was most favourable for 
[Ni(TPA)₂(H₂O)₂] (n = 0.93), indicating relatively uniform adsorption across different 
concentration ranges. These results align with previous reports showing that Ni-based 
CPs often demonstrate more favourable adsorption kinetics and thermodynamics due to 
their moderate electronegativity and stability [20]. The R2 values further supported the 
Freundlich model’s applicability to [Ni(TPA)₂(H₂O)₂] (R2 = 0.93) and [Zn(TPA)₂(H₂O)₂] 
(R2 = 0.89), whereas [Co(TPA)₂(H₂O)₂] showed a poorer fit (R2 = 0.77).

6.9  Adsorption kinetics

The kinetic study is very important in the adsorption study, which gives an idea about 
the rate of adsorbate uptake and the efficiency of adsorption. The mechanism of adsorp-
tion depends on the physical and chemical properties of the adsorbent as well as the 
mass transfer process. It provides an understanding of the adsorption rate and the con-
trolling mechanism of the process [29].

For Pseudo-first order, the adsorption data were examined with the pseudo-first-order 
kinetic model, which is represented by the equation:

ln (qe − qt) = ln qm − k1t� (4)

A plot of ln (qe − qt) against time (t) was obtained, and the values of the first-order 
kinetic constant (k1) were determined by K1 =  − slope.

For Pseudo-second order, the adsorption data were tested by the equation:

t

qt
= 1

k2q2e
+ t

qe
� (5)

A plot of t/qt against time was obtained, and the values of the second-order kinetic con-
stant (k1) were determined by.

where R2 is the correlation coefficient, qe (exp) is the experimentally measured adsor-
bate concentration at equilibrium, qe (cal) is the calculated adsorbate concentration at 
equilibrium, and K2 is the rate constant of pseudo-second order adsorption. The regres-
sion coefficient values (R2) showed the appropriateness of the kinetic model to the 
adsorption process (Figs.  19 and 20). The values obtained show that the pseudo-first 
order kinetic model is suitable for the adsorption process studied, as shown in Table 7 
and Figs.  19 and 20. This result indicates that the adsorption process is more of phy-
sisorption in nature for the three adsorbents studied [29]. (over [Co(TPA)2(H2O)2], 
[Ni(TPA)2(H2O)2] and [Zn(TPA)2(H2O)2] at 298 K at optimised pH).

6.10  Adsorption thermodynamics

Temperature has an impact on the adsorption capacity to an extent. It is well known that 
a temperature change alters the adsorption equilibrium in a specific way determined 
by the exothermic or endothermic nature of a process. In the study, the effect of tem-
perature (Fig. 21 and Table 8) was studied in the range 303 to 343 K to determine the 
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thermodynamic feasibility of the adsorption process of Atrazine solutions on respective 
CPs (Kumar et al., 2014).

The equation is given by;

ln Kl = ∆S0

R
− ∆H0

RT
� (6)

where Kl is the ratio of Qe/Ce, ∆S° is the entropy change (J/molK−1), and ∆H° is 
the enthalpy change (KJ/mol). (over [Zn(TPA)2(H2O)2], [Cu(TPA)2(H2O)2] and 
[Ni(TPA)2(H2O)2] between 303 and 343 K for 2 h at optimised pH).

The values of ∆H° for Atrazine are all positive, indicating the endothermic nature of 
the process, which further explains the fact that the adsorption efficiency increased with 
the increase of temperature. The magnitude of ∆H° may also give an idea about the type 

Table 7  Pseudo-First Order and Pseudo-Second Order Kinetics plot for the adsorption of Atrazine 
over [Co(TPA)2(H2O)2], [Ni(TPA)2(H2O)2] and [Zn(TPA)2(H2O)2] at 298 K at optimised pH

Pseudo-First Order Pseudo-Second Order
Adsorbent K1(min−1) qe (mg/g) R2 K2(gmin−1/mg) qe (mg/g) R2

[Zn(TPA)2(H2O)2] 0.0033 13.62 0.72 − 0.085 − 11.81 0.14

[Co(TPA)2(H2O)2] 0.0055 7.05 0.86 0.084 11.91 0.84

[Ni(TPA)2(H2O)2] 0.0044 11.6 0.77 0.15 6.52 0.65

Fig. 20  Pseudo-second order Kinetics Isotherm plot for the adsorption of Atrazine

 

Fig. 19  Pseudo-First Order Kinetics Isotherm plot for the adsorption of Atrazine
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of sorption. The ∆H° values were found to be between + 9.81 and + 27.73 kJ/mol for Atra-
zine, and this indicates that physisorption is the major adsorption mechanism [4].

6.11  Comparison study

The uptake of Atrazine by ([Zn(TPA)2(H2O)2]) was compared with other adsorbents 
previously reported in literature for the removal of Atrazine from an aqueous medium 
(Table  9). It was observed that the uptake was higher than adsorbents used by other 
researchers, such as Chen et al. [9], Jain et al. [21] and Tao et al. [36] at experimental 
conditions of 2 h contact time, initial atrazine concentration of 100 mg/L, and adsorbent 
dosage of 0.01 g for this study.

6.12  Adsorption mechanisms

The possible mechanism of high adsorption capacity (Fig. 22) and fast adsorption rate 
of Atrazine on ([Zn(TPA)2(H2O)2], [Cu(TPA)2(H2O)2] and [Ni(TPA)2(H2O)2]) can be 
explained by hydrogen bonding, ℼ–ℼ interaction, electrostatic interaction and Van der 
Waals forces between them [23]. The hydrogen bonding and electrostatic interaction 
can occur between [Zn(TPA)2(H2O)2], [Cu(TPA)2(H2O)2] and [Ni(TPA)2(H2O)2] surface 

Table 8  Thermodynamic parameters on the adsorption of Atrazine on Various CPs
Adsorbent ∆H° (KJ/mol) ∆S° ∆G° (J/mol) at different temperatures

(J/mol/K)
303 K 313 K 323 K 333 K 343 K

[Co(TPA)2(H2O)2] 25.79 100.46 − 4692.7 − 5628.67 − 6869.95 − 7082.64 − 9016.79

[Ni(TPA)2(H2O)2] 16.64 64.733 − 2767.56 − 3815.82 − 4528.69 − 4668.9 − 5549.16

[Zn(TPA)2(H2O)2] 10.18 38.377 -1476.6 − 1813.53 − 2180.11 − 2580.56 − 3019.96

Table 9  Performance evaluation of [Zn(TPA)2(H2O)2] on Atrazine removal
Adsorbent Qm (mg/g) References
[Zn(TPA)2(H2O)2] 60.24 This work

Magnetic porous carbon 21.0 [9]

NU-1000-(Zr) 36.0 [2]

RWAC-1 Raw waste 13.95 [16]

JPC Jackfruit peel 20.12 [21]

BC-800 Sawdust 48.6 [15]

BC-850 Corn stalk 40.60 [36]

Fig. 21  Thermodynamics plot for the adsorption of Atrazine
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with the lone-pair of nitrogen in atrazine. The CPs, therefore, exhibit positive surface 
excess through the central metals while the adsorbate exhibits negative surface excess 
for electrostatic interactions. Also, the Van der Waals forces arise because of temporary 
distortions of the electron orbital surrounding the CPs and the Atrazine.

7  Conclusion
Terephthalic acid was successfully extracted from plastic bottle waste. Some 3d metal–
organic frameworks (Ni2+, Zn2+, and Co2+) using terephthalate ligand extracted from 
plastic waste were successfully prepared by the mechanochemical method via ball-mill-
ing. The CPs were used for the removal of Atrazine pesticide (an endocrine-disrupting 
chemical) from aqueous solution.

The batch experiments were carried out to understand its applicability in the removal 
of Atrazine pesticide from a polluted environment. The results show [Co(TPA)2(H2O)2], 
[Ni(TPA)2(H2O)2], and [Zn(TPA)2(H2O)2] have maximum adsorption capaci-
ties of 41.32, 52.91 and 60.24  mg/g, respectively, on Atrazine. The high adsorption of 
[Zn(TPA)2(H2O)2] as compared to others may be suggested to be attributed to its high 
porosity, smaller particle sizes and high crystalline nature. The kinetics studies showed 
that the adsorption of Atrazine followed a pseudo-first-order model. Our results 
revealed that [Co(TPA)2(H2O)2], [Ni(TPA)2(H2O)2] and [Zn(TPA)2(H2O)2] could be 
used as effective adsorbents for the removal of Altrazine pesticide from wastewater.

This research work presents a novel approach to the extraction of value-added chemi-
cals from plastic wastes and environmental remediation (plastic pollution minimisation) 
by creating an efficient adsorbent (MOFs) for atrazine removal. This innovative strategy 
combines sustainability with practical applications in water treatment, showcasing the 
potential of circular economy principles in addressing environmental challenges.

Abbreviations
TPA	� Terephthalic acid/Benzene-1,4-dicarboxylic acid
Co-MOF	� [Co(TPA)2(H2O)2]
Zn-MOF	� [Zn(TPA)2(H2O)2]

Fig. 22  Mechanism of atrazine adsorption with the adsorbent
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Ni-MOF	� [Ni(TPA)2(H2O)2]
CPs	� Coordination polymers
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