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A R T I C L E I N F O  A B S T R A C T

Keywords: Water contamination by antibiotics such as metronidazole (MTZ) and penicillin-G (PCG) is a serious concern.
Ads° rpti°n Therefore, this study evaluates the potential of cobalt ferrite (CoFe2O4) and cobalt ferrite imprinted terephthalic
Antibiotics acid-zinc metal-organic framework (CoFe2O4@MOF-5) as adsorbents for the removal of MTZ and PCG from

e organic amewor contaminated water sources. The scanning electron micrograph revealed the surfaces of CoFe2O4 and
CoFe2O4@MOF-5 to be heterogeneous with irregularly shaped particles, while the Brunauer-Emmett-Teller 
(BET) surface area was found to be 16.63 and 12.41 m2/g for CoFe2O4 and CoFe2O4@MOF-5, respectively. 
The X-ray diffraction (XRD) revealed a crystallite size of 28.31 nm for CoFe2O4 and 29.01 nm for CoFe2O4 @MOF- 
5. CoFe2O4@MOF-5 exhibited higher sorption capacity towards MTZ (94.47 mg g~1) and PCG (90.28 mg g~1) 
than values displayed by CoFe2O4 towards MTZ (50.41 mg g~1) and PCG (55.76 mg g~1). The sorption process 
may be described by the Langmuir and Freundlich isotherms with a quantum chemical simulation analysis that 
revealed the process mechanism to be via electronic interaction. The regeneration capacity of CoFe2O4@MOF-5 
was higher than that of CoFe2O4, with a regeneration capacity of 91.71 % for MTZ and 89.31 % for PCG at the 
10th regeneration cycle. Furthermore, CoFe2O4@MOF-5 compared favourably with previously reported adsor­
bents. The study’s findings revealed CoFe2O4@MOF-5 as a promising material for the purification of water 
contaminated with MTZ and PCG.

Introduction

Pollution o f  drinking water sources, such as surface and underground 
water systems, by antibiotics, is a concern that requires immediate 
attention. The consequence o f the concern is far-reaching and may have 
a devastating effect. When antibiotics are present in drinking water 
sources, they may break down into simple or complex molecules that 
may be toxic to humans and the environment [1 ]. Apart from this, 
studies have shown the emergence o f drug-resistant strains o f patho­
genic organisms due to the persistence o f antibiotics in environmental 
water systems [2 ]. Antibiotics have been reported in surface water, in­
dustrial effluents, hospital wastes and bottled water [3 -7 ]. Developing a 
method for efficiently removing antibiotics from water and protecting 
safe drinking water is essential. Several antibiotics have been reported in 
the water system; however, metronidazole (M TZ) and penicillin-G (PCG) 
are common antibiotics reported in drinking water sources [8 -1 0 ]. 
Therefore, this study focuses on MTZ and PCG because they are

commonly found in environmental water systems and frequently re­
ported in drinking water sources.

MTZ belongs to the nitroimidazole class o f antibiotics [11,12], while 
PCG belongs to the beta-lactam group o f antibiotics [1 3 ]. MTZ and PCG 
are used to treat many infections and diseases. Although they are pre­
scription drugs, they may be purchased over the counter in many 
developing countries due to poor enactment o f government regulations. 
Overdoses o f MTZ and PCG are excreted by human body systems, which 
remains one o f the points o f MTZ and PCG getting into the environment. 
Inadequate disposal o f expired MTZ and PCG or their containers has 
contributed to their environmental presence. A  few  studies have re­
ported the presence o f MTZ and PCG as contaminants in water systems 
[9 ,10,14-16]. It is crucial that they are removed from the water before 
they are metamorphosed into a chemical threat in drinking water. 
Several methods are known for water treatment, including physical and 
chemical treatment. Most methods have shortcomings, such as being 
expensive, forming toxic side products and having poor removal
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mechanisms. Adsorption remains an effective method for water purifi­
cation which can be used on a large-scale process.

Adsorption has shown a capacity to remove organic molecules in 
water [17-21] with unique properties such as a high removal rate, 
selectivity, and stability. One significant advantage o f adsorption is the 
recovery o f pollutants from the solution without decomposition. The 
fact that contaminants can be recovered in their original form shows that 
they can be reused. Some adsorbents have been reported for removing 
antibiotics in water [2 2 -2 5 ]. However, some o f these adsorbents are 
expensive to prepare or use to remove pollutants in water. Some o f them 
need better regeneration for reuse which is a disadvantage. Therefore, 
this work proposes the use o f nanomaterial for the removal o f MTZ and 
PCG in water. Ferrites are examples o f nanomaterials that can be used to 
achieve this purpose.

Ferrites are materials o f the general formula MFe2O4. Their unique 
properties, such as surface area, magnetism, permeability, electrical 
conductivity and thermal stability, may be attributed to their small size. 
They have been used as adsorbents for removing organic pollutants in 
water systems [26 -29 ]. Butylated hydroxyanisole and butylated 
hydroxytoluene were adsorbed in water by CuFe2O4 [3 0 ]. Similarly, 
SrFe2O4 expressed an enhanced adsorptive capacity towards methyl 
orange, phenolphthalein and bromothymol blue in an aqueous solution 

[3 1 ].
Despite the success achieved with ferrite, they may agglomerate, 

reducing their surface area and adsorbent capacity [3 2 ]. In this study, 
cobalt ferrite (CoFe2O4) was proposed as an adsorbent for removing 
MTZ and PCG from water. Furthermore, to improve the stability o f 
CoFe2O4, it was incorporated with a metal-organic framework, ter- 
ephthalic acid-zinc complex (MOF-5), which is a three-dimensional 
structure with high stability [33] and can be used for water treatment 
[3 4 ]. Incorporation o f CoFe2O4 in MOF-5 to produce CoFe2O4@MOF-5 
may serve as means to reducing agglomeration and improving perfor­
mance o f adsorbent. A  previous study revealed the capacity o f CuCo- 
Fe2O4@chitosan to remove tetracycline in water but with an efficiency 
o f less than 100 % [3 5 ]. Performance for removing antibiotics was 
enhanced when NiFe2O4 was incorporated in a bimetallic MOF for 
removing ciprofloxacin and tetracycline in water [3 6 ]. Therefore, the 
present study aimed at producing CoFe2O4 and CoFe2O4@MOF-5 via a 
simple reaction route to remove MTZ and PCG from aqueous systems.

Materials and methods

Materials

Sodium hydroxide (NaOH), zinc acetate dihydrate 
(CH3COO)2Zn-2H2O), hydrochloric acid (HCl), cobalt chloride hexahy- 
drate (CoCl2-6H2O), terephthalic acid, oleic acid, MTZ, triethylamine, 
PCG, ethanol, ferric chloride hexahydrate (FeCl3-6H2O) and other 
chemicals used in the study were bought from Aldrich Chemical Co., 
England. They are o f ACS reagent grade.

Synthesis o f  CoFe2O$ particles

CoFe2O4 particles were prepared via coprecipitation by mixing so­
lutions o f FeCl3-6H2O (0.4 M ) and CoCl2-2H2O (0.2 M ) in a 1-L beaker at 
303 K for 1 h in the presence o f oleic acid (10 mL) as capping agent. The 
temperature was gradually raised to 343 K while stirring continuously 
for 1 h. Black precipitates were formed on the dropwise addition o f 
NaOH solution (2 M), keeping the pH (at 10-12) while stirring at 343 K. 
The temperature o f the reaction mixture was cooled to 303 K and 
filtered. The precipitates obtained were washed with ethanol and 
deionized water until neutral to litmus. The precipitates were oven-dried 
at 105 °C for 3 h and kept in the furnace at 823.15 K for 18 h.

Synthesis o f  MOF-5

MOF-5 was prepared by mixing terephthalic acid (4.10 mmol), 
triethylamine (28.00 mL) and CH3COO)2Zn-2H2O (7.24 mmol) together 
in a 500-mL round bottom flask at room temperature (303 K) for 24 h. 
The white product formed was filtered and washed with deionized water 
until neutral to litmus. The product was oven-dried at 343 K for 2 h to 
obtain a white powder.

Synthesis o f  CoFe2O4@MOF-5

Solution o f MOF-5 was prepared by dissolving MOF-5 (2.50 g ) in 
triethylamine (50.00 mL) in a round bottom flask and refluxed at 343 K 
for 1 h. CoFe2O4 particles (2.50 g ) were added to the solution o f MOF-5 
under reflux while the stirring was maintained for 2 h. The product 
formed was filtered, washed severally with deionized water until neutral 
to litmus and oven-dried at 343 K for 8 h.

Characterisation o f  CoFe2O4 and CoFe2O4@MOF-5

The Fourier transformed infrared (FTIR) spectroscopy analysis o f 
CoFe2 O4 and CoFe2O4@MOF-5 was recorded on Perkin Elmer from 400 
to 4000 cm~1 while the thermogravimetric (TGA) analysis was achieved 
on TGA Q500 V20 (TA  Instruments). The surface morphology o f 
CoFe2O4 and CoFe2O4@MOF-5 was evaluated on scanning electron 
microscopy (SEM, TM  3000-123109-05) and energy-dispersive X-ray 
spectroscopy (EDX). Brunauer-Emmett-Teller (BET) surface area o f 
CoFe2O4 and CoFe2O4@MOF-5 were determined via the nitrogen gas 
adsorption process (Micromeritics, TriStar II 3020 version 3.02). The 
XRD patterns o f CoFe2O4 and CoFe2O4@MOF-5 were recorded at 20 on a 
diffractometer (Panalytical Empyrean, Cu radiation), measured at a 
range 5.00-90.00°.

Batch adsorption study

The batch adsorption o f MTZ or PCG by CoFe2O4 and CoFe2O4@- 
MOF-5 was conducted by contacting 0.10 g o f CoFe2O4 or CoFe2O4@- 
MOF-5 with solution (100 mL) o f MTZ or PCG with concentration 
ranging from 5.00 to 100.00 mg L~1 at an initial pH o f 7.0 in a conical 
flask (250 mL) while shaking at 150 rpm at room temperature (303 K) 
for 120 min. Clear samples o f MTZ or PCG were withdrawn at an interval 
from the test solution and analyzed using a UV-visible spectrophotom­
eter (Spectroquant Pharo 300) to determine the concentration o f MTZ or 
PCG making use o f a pre-determined calibration curve for MTZ and PCG. 
The actual values o f MTZ (Xmax =  320 nm) and PCG (Xmax =  283 nm) 
were read at their respective maximum absorbance wavelength. The 
effect o f adsorbent weight on the process performance was evaluated by 
varying the weight o f CoFe2O4 or CoFe2O4@MOF-5 from 0.1 to 0.5 g at 
pH 7 and a concentration o f 100 mg L~1 for 120 min. The effect o f so­
lution pH on the process performance was checked at a concentration o f 
100.00 mg L~1 and 0.1 g o f CoFe2O4 or CoFe2O4@MOF-5 while varying 
pH from 1 to 13. The process temperature was varied from 303 to 323 K 
to understand the effect o f temperature on the sorption process o f MTZ 
or PCG by CoFe2O4 (0.1 g ) or CoFe2O4@MOF-5 (0.1 g) at a concentra­
tion o f 100.00 mg L~1 for 120 min.

The performance o f CoFe2O4 or CoFe2O4@MOF-5 was estimated by 
determining their adsorption capacity (mg g~1) at equilibrium (qe) and 
time t (q t) and percentage removal (% ) for the removal o f MTZ and PCG 
from aqueous solution as shown in Eq. 1(a-d).

qt =
(Co -  Ct)V

qe —
(Co -  Ce)V

(1a)

(1b)

m

m

2
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Fig. 1. (a) FTIR spectra of CoFe2O4 and CoFe2O4@MOF-5, (b) XRD pattern of CoFe2O4 and CoFe2O4@MOF-5, (c) TGA analysis o f CoFe2O4 and CoFe2O4@MOF-5, (d) 
EDS results of CoFe2O4 and CoFe2O4@MOF-5, (e) BET of CoFe2O4 and (f) BET of CoFe2O4@MOF-5.

(Co -  Ct)
Removal =  -------------- x100 (1c)

Co

(%removalxCoxV)
*  = --------^ -----------  (1d)100xm

The initial, final and equilibrium concentrations (mg L~1) o f MTZ 
and PCG are represented as Co, Ct and Ce, respectively. The weight (in 
grams) o f CoFe2O4 or CoFe2O4@MOF-5 and volume (in litre) o f the test 
solution (CoFe2O4 or CoFe2O4@MOF-5) are represented as m and V, 
respectively.

Desorption and regeneration studies

The solvent regeneration method was employed to remove MTZ and 
PCG from the surface o f CoFe2O4 and CoFe2O4@MOF-5. The solvent 
used for the desorption were selected based on the safety level o f solvent 
as well as the solubility o f MTZ and PCG. Firstly, 0.5 g o f CoFe2O4 or

CoFe2O4@MOF-5 was contacted with the test solutions (100 mL) o f MTZ 
(100.00 mg L~1) or PCG (100.00 mg L~1) in an Erlenmeyer flask for 120 
min at 150 rpm and 303 K. It was filtered on 0.22-^m Whatman mem­
brane filter and the residue (CoFe2O4-MTZ/PCG or CoFe2O4@MOF-5- 
MTZ/PCG) obtained was air dried overnight. Finally, the adsorbed MTZ 
or PCG was desorbed from the dried residue (CoFe2O4-MTZ/PCG or 
CoFe2O4@MOF-5-MTZ/PCG) by shaking the residue at 150 rpm in the 
selected solvents, which are deionized water, methanol, HCl (0.1 M), 
NaOH (0.1 M ) or a mixture o f methanol:HCl (0.1 M ) at ratio (2:1) for 
120 min in an Erlenmeyer flask at room temperature. Clear samples o f 
MTZ and PCG were withdrawn to determine the concentration U V-vi­
sible spectrophotometer (Spectroquant Pharo 300). The desorption (% ) 
o f  MTZ or PCG from the surfaces o f CoFe2O4 or CoFe2O4@MOF-5 was 
calculated from the amount o f MTZ and PCG desorbed (q d) from 
CoFe2O4 or CoFe2O4@MOF-5 at equilibrium and amount o f MTZ and 
PCG adsorbed by CoFe2O4 or CoFe2O4@MOF-5 at equilibrium as shown 
in Eq. (2 );

3
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(a)
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Fig. 2. (a) SEM image of CoFe2O4 and its elemental surface mapping (b I-III), (c) SEM image of CoFe2O4@MOF-5 and its elemental surface mapping (d I-V).

Desorption =
qd (desorption) 
qa(adsorption)

x100 (2)

Methanol gave the best result among the solvents used for the 
desorption study. Therefore, the regeneration study for CoFe2O4 and 
CoFe2O4@MOF-5 was carried out using methanol. The adsorp- 
tion-desorption process was performed repeatedly for 10 consecutive 
cycles to investigate the stability o f CoFe2O4 and CoFe2O4@MOF-5.

Quantum chemical simulation

The mechanism for removing MTZ and PCG by CoFe2 O4 and 
CoFe2O4@MOF-5 was described by quantum chemical analysis using 
Density Functional Theory (DFT) electronic structure programs (B3LYP/ 
6-31G level theory on Spartan 14.1 software). Quantum chemical pa­
rameters for MTZ and PCG were determined by modelling their

molecular electronic structures, including the distribution o f the frontier 
molecular orbitals, highest occupied molecular orbital (HOMO) o f 
CoFe2O4 and CoFe2O4@MOF-5 and lowest unoccupied molecular 
orbital (LUMO) o f CoFe2O4 and CoFe2O4@MOF-5. The processes’ en­
ergy gaps (AE ) were calculated from Eq. (3 ).

AE =  Eu i — e h (3)

n =

Similarly, the absolute hardness (n) was determined based on Eq. (4 ).

EUUMO — EHOMO
2

(4)

4
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Fig. 3. (a) Time dependent adsorption capacity expressed by CoFe2O4 towards MTZ at solution concentration of 100 mg L 1, speed of 150 rpm and pH of 7, (b) time 
dependent percentage removal expressed by CoFe2O4 towards MTZ at solution concentration of 100 mg L~1, speed of 150 rpm and pH of 7, (c) time dependent
adsorption capacity expressed by CoFe2O4@MOF-5 towards MTZ at solution concentration of 100 mg L 
percentage removal expressed by CoFe2O4@MOF-5 towards MTZ at solution concentration of 100 mg L~

, speed of 150 rpm and pH of 7 and (d) time dependent 
, speed o f 150 rpm and pH of 7.

Results and discussion

Synthesis and characterization o f  CoFe2O4 and CoFe2O4@MOF-5

The FTIR spectra for CoFe2O4 and CoFe2O4@MOF-5 shown in Fig. 1a 
revealed the vibrational frequencies o f different functional groups pre­
sent in them. A  peak appeared at 3463 cm~1 in CoFe2O4 and 
CoFe2O4@MOF-5 was attributed to the OH stretching o f the adsorbed 
water molecules on their surfaces. Subsequently, the peak at 1625 cm~1 
was assigned to the OH bending frequencies o f  water molecules attached 
to the Fe ions [37,38]. The signal for the O-Fe-O vibration was found at 
1018 cm~1, while the Fe-O peak was detected at 672 cm~1. The aromatic 
ring stretching, which appeared at 1408 cm~1 was only detected in the 
CoFe2O4@MOF-5 while it was missing in the CoFe2O4. The vibrational 
frequencies corresponding to Co-O and Zn-O are 410 and 402 cm~1, 
respectively.

The diffraction pattern for CoFe2O4 and CoFe2O4@MOF-5 (Fig. 1b) 
revealed spinel structures with the most intense peak at 20 =  35.49° 
(CoFe2O4) and 20 =  35.51° (CoFe2O4@MOF-5) with planes corre­
sponding to (1 03 ), (1 11 ), (2 00 ), (2 20 ), (2 22 ), (3 11 ), (3 33 ), (400 ), 
(4 20 ), (4 22 ), (4 40 ), (4 42 ), (5 11 ), (5 33 ), (6 22 ), (6 42 ), (7 3 1 ) and 
(8 00). However, peaks at (2 00), (3 3 3), (42 0) and (4 4 2 ) were only 
seen in CoFe2O4@MOF-5. These peaks are starred to distinguish them 
from peaks that appeared in CoFe2O4. The starred peaks in 
CoFe2O4@MOF-5 confirm the presence o f MOF-5 structure in

CoFe2O4@MOF-5 as previously reported [39-41 ]. The diffraction pat­
terns correspond w ell with the structure o f  JCPDS No. 04-016-3954 for 
CoFe2 O4 and JCPDS No. 96-432-6738 for MOF-5.

Furthermore, their average crystallite sizes (D) were determined 
from their reflections o f  (3 11) by the Debye-Scherrer’s formula having 
K  as a constant (0.89) and the X-ray wavelength as A (1.5406 A). To input 
the data for the calculation, the width o f the diffraction line (P) and 
Bragg’s angle (0) were determined using Eq. (5 ) [4 2 ]:

D = -
KA

pCos9
(5)

The crystallite size o f CoFe2O4 is estimated to be ~  28.31 nm, while 
that o f CoFe2O4@MOF-5 is 29.01 nm. The larger crystallite size o f 
CoFe2O4@MOF-5 may be associated with the inclusion o f MOF-5 in its 
structure. To better describe the effect o f crystallite size, the relationship 
between the average diffusion time (X) to the surfaces o f CoFe2O4 and 
CoFe2O4@MOF-5 and the diffusion coefficient (F) may be examined by 
considering Eq. 6 [43,44]:

X =  r2n2F (6)

The expression can be inferred to mean that when the value o f F  is 
large, the average diffusion time also becomes large. The larger the 
value o f F, the longer it takes for adsorbate to get to the active sites on 
the adsorbents (CoFe2 O4 and CoFe2O4@MOF-5). Therefore, the crys­
tallite size is expected to be small for effective mass transfer o f MTZ and

5
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Fig. 4. (a) Time dependent adsorption capacity expressed by CoFe2O4 towards PCG at solution concentration of 100 mg L , speed o f 150 rpm and pH of 7, (b) time 
dependent percentage removal expressed by CoFe2O4 towards PCG at solution concentration of 100 mg L~1, speed of 150 rpm and pH of 7, (c) time dependent
adsorption capacity expressed by CoFe2O4@MOF-5 towards PCG at solution concentration of 100 mg L 
percentage removal expressed by CoFe2O4@MOF-5 towards PCG at solution concentration of 100 mg L~

, speed of 150 rpm and pH of 7 and (d) time dependent 
, speed of 150 rpm and pH of 7.

PCG to the surfaces o f CoFe2O4 and CoFe2O4@MOF-5. Interestingly, the 
crystallite sizes o f CoFe2O4 and CoFe2O4@MOF-5 are smaller than those 
previously reported for ferrites [4 5 ]. The small sizes o f CoFe2O4 and 
CoFe2O4@MOF-5 indicate that the adsorbates (MTZ and PCG) w ill 
migrate faster to their active site than the previously reported ferrites 
[4 5 ].

The thermal stability o f CoFe2O4 and CoFe2O4@MOF-5 was studied 
by TGA (Fig. 1c). They were subjected to heating up to 800 °C while 
noting the degradation temperatures. The loss in weight at a tempera­
ture range o f 50-162 °C in CoFe2O4 and CoFe2O4@MOF-5 was assigned 
to the loss o f volatile and adsorbed water molecules (as seen in the FTIR 
peat at 3463 cm~1). CoFe2O4@MOF-5 exhibited high weight loss at a 
temperature above 410 °C, which may be due to the decomposition o f 
the organic framework [4 6 ]. W eight loss from 455 to 620 °C in both 
CoFe2O4 and CoFe2O4@MOF-5 may be attributed to the dehydration o f 
OH groups in the spinel structure corresponding to intra and intermo- 
lecular transfer reactions and metal oxide formation phase [47,48 ]. 
Mass loss above 620 °C was attributed to the loss o f the metal oxide 
phase. As shown in Fig. 1d, the EDS result confirmed the presence o f Co, 
Fe and O as elemental composition o f CoFe2O4 and CoFe2O4@MOF-5. 
Furthermore, C and Zn were established in CoFe2O4@MOF-5 due to the 
MOF-5 structure present in CoFe2O4@MOF-5. In both CoFe2O4 and 
CoFe2O4@MOF-5, the spectra revealed the presence o f Cr due to coating 
the surfaces o f CoFe2O4 and CoFe2O4@MOF-5 with Cr for high

conductivity and improved imaging o f the surfaces.
The BET surface area o f CoFe2O4 is 16.63 m2/g (Fig. 1e), and 

CoFe2O4@MOF-5 is 12.41 m2/g (Fig. 1f). The surface area was reduced 
after the modification o f  CoFe2O4 with MOF-5 to form CoFe2O4@MOF- 
5. The reduction may be due to an increase in the crystallite size o f 
CoFe2O4@MOF-5 which may have caused a reduction in the pore vo l­
ume due to the incorporation o f MOF-5 in the particles o f  CoFe2 O 4 . In 
fact, the total pore volume o f CoFe2O4 reduced from 0.143 cm3 g~1 to 
0.081 cm3 g~1 (CoFe2O4@MOF-5) after the modification. Furthermore, 
the average pore diameter also decreased from 34.35 nm in CoFe2O4 to 
26.10 nm in CoFe2O4@MOF-5, which clearly indicates the inclusion o f 
MOF-5 in CoFe2O4 to form CoFe2O4@MOF-5. The pattern o f the BET 
spectra is a typical o f mesoporous adsorbent, a Type II BET isotherm 
[4 9 ]. The SEM image (Fig. 2a) and elemental surface mappings (Fig. 2bI- 
III) o f CoFe2O 4  further corroborate the EDS results for CoFe2 O4 . Simi­
larly, the SEM image (Fig. 2c) and elemental surface mappings (Fig. 2dI- 
V ) o f CoFe2O4@MOF-5 additionally supports the EDS results for 
CoFe2O4@MOF-5. The SEM images revealed the surfaces o f CoFe2O4 
and CoFe2O4@MOF-5 to be heterogeneous with irregularly sized parti­
cles; however, a few  o f the particles on the surface o f CoFe2O4 appeared 
spherical.

6
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Fig. 5. Effect of weight of CoFe2O4 on adsorption capacity and percentage removal expressed towards MTZ (a), effect of weight of CoFe2O4 on adsorption capacity 
and percentage removal expressed towards PCG (b), effect of weight of CoFe2O4@MOF-5 on adsorption capacity and percentage removal expressed towards MTZ (c) 
and effect of weight of CoFe2O4@MOF-5 on adsorption capacity and percentage removal expressed towards PCG (d).

Adsorption o f M TZ  and PCG by CoFe2O4 and CoFe2O4@MOF-5

The adsorption capacity expressed by CoFe2O4 in removing MTZ 
from solution over 120 min is shown in Fig. 3a.

The capacity o f CoFe2 O4 increased gradually with time. The equi­
librium adsorption capacity towards MTZ is 50.41 mg g~1 at a concen­
tration o f 100 mg L~1. It was observed that the adsorption capacity 
increased as the concentration o f MTZ in the solution increased, which 
may be due to the fact that as the concentration o f MTZ increased, more 
species were available in the solution to interact with the surface o f 
CoFe2O4. Therefore, there were more species o f MTZ that CoFe2O4 could 
remove from the solution. On the contrary, the percentage removal 
expressed by CoFe2O4 towards MTZ increased with a decrease in con­
centration (Fig. 3b). The equilibrium percentage removal is 50.41 % at a 
concentration o f 100 mg L~1 but increased to a 100 % removal at 5 mg 
L~1. The observation may be due to the interaction o f CoFe2O4 with a 
low  amount o f MTZ species in solution as concentration decreased. W ith 
a decrease in concentration (low  amount o f MTZ species in solution), the 
workload on CoFe2 O4 became smaller, which made it possible for 
CoFe2O4 to attain a 100 % removal at 5 mg L~1. A  similar observation 
was obtained when CoFe2O4@MOF-5 was used (Fig. 3c and d); however, 
the adsorption capacity increased from 50.41 to 94.47 mg g~1 at 100 mg 
L -1 (Fig. 3c).

The time-dependent performance o f CoFe2O4 and CoFe2O4@MOF-5 
for the removal o f PCG from the solution is presented in Fig. 4a to d. The 
performance is similar to the trend obtained for MTZ, i.e., the adsorption 
capacity increased over time. The higher the concentration, the higher

the adsorption capacity for both CoFe2O4 and CoFe2O4@MOF-5. How­
ever, the adsorption capacity and percentage removal expressed by 
CoFe2O4@MOF-5 is higher than that o f CoFe2O4, showing a better 
performance o f modified CoFe2O4.

The effect o f the weight o f CoFe2O4 on the removal o f MTZ (Fig. 5a) 
and PCG (Fig. 5b) revealed an adsorption capacity that increased with a 
reduction in weight and a percentage removal that increased with an 
increase in weight. Similarly, CoFe2O4@MOF-5 gave the same results 
with removing MTZ (Fig. 5c) and PCG (Fig. 5d), revealing an adsorption 
capacity that increased with reduction in weight CoFe2O4@MOF-5 and 
percentage removal that increased with increase in weight o f 
CoFe2O4@MOF-5.

The increased percentage removal with increased weight may be due 
to the increased surface area, making more active sites available for 
interaction with MTZ or PCG. In tangent to this, there was a reduction in 
adsorption capacity with an increase in weight which may be explained 
mathematically as shown in Eq. (1d); as the weight increased, the de­
nominator also increased, which reduced the overall performance 
determined. In both situations, CoFe2O4@MOF-5 exhibited better per­
formance than CoFe2 O4 .

The effect o f pH on the sorption process showed that the performance 
o f  CoFe2O4 and CoFe2O4@MOF-5 towards MTZ (Fig. 6a) and PCG 
(Fig. 6b ) was best at neutral pH conditions. As pH increased towards 
neutrality (pH 7), the adsorption capacity and percentage removal 
expressed by CoFe2O4 and CoFe2O4@MOF-5 towards MTZ and PCG 
increased. The performance decreased as pH increased towards alka­
linity. Previous studies have shown that pH plays a vital role in surface

7



B.K. Adeleke et al. Results in Chemistry 6 (2023) 101158

Fig. 6. Effect of pH change on the removal of MTZ and PCG by CoFe2O4 at concentration of 100 mg L 1, weight of 0.1 g and speed of 150 rpm (a), effect of pH change 
on the removal of MTZ and PCG by CoFe2O4@MOF-5 at concentration of 100 mg L~1, weight of 0.1 g and speed of 150 rpm (b), mechanism of removal of MTZ and 
PCG by CoFe2O4 and CoFe2O4@MOF-5 (c), structure of PCG (d) and structure of MTZ (e).

chemistry [30,50]. As the pH is within the acidic-neutral range, the 
surface o f CoFe2O4 and CoFe2O4@MOF-5 becomes positively charged 
(protonated). This, as a result, promotes the interaction with the sur­
faces o f MTZ and PCG, which are negatively charged as expressed below.

CoFe2O4@MOF-5 ^  CoFe2O4@MOF-5+ pH <  7

CoFe2O4 ^  CoFe2O+ pH <  7

CoFe2O4@MOF-5+ +  MTZ/PCGaq ^  CoFe2O4@MOF-5-MTZ/PCG +  H+

CoFe2O+ +  MTZ/PCGaq ^  CoFe2O4-MTZ/PCG +  H+

However, as pH moves from neutrality towards alkalinity (pH >  7), 
the surfaces o f CoFe2O4 and CoFe2O4@MOF-5 become negatively

(deprotonated) charge-repelling interaction with the surface o f MTZ and 
PCG, which are negatively charged. This observation is expressed below.

CoFe2O4@MOF-5 ^  CoFe2O4@MOF-5~ pH >  7

CoFe2O4 ^  CoFe2O4 pH >  7

CoFe2O4@MOF-5~ +  MTZ/PCGaq ^  CoFe2O4@MOF-5~ •••MTZ/PCG-  +  
OH-

CoFe2O4 +  MTZ/PCGaq ^  CoFe2O.f-MTZ/PCG~ +  OH-

The interaction between the surfaces o f CoFe2O4 or CoFe2O4@MOF-
5 and the MTZ or PCG may be described via electronic interaction. 
Electrons are promoted from the electron-rich centre (negatively

8



B.K. Adeleke et al. Results in Chemistry 6 (2023) 101158

Table 1
Kinetic model parameters for the sorption of MTZ and PCG on CoFe2O4 and 
CoFe2O4@MOF-5.

Model Parameter CoFe2O4 CoFe2O4@MOF-5

MTZ
Pseudo-First-order qe (mg g ") 62.18 118.72

k1 (minl 1) 1.68 x  10“4 2.23 x  10“4
r2 0.910 0.920

Pseudo-second-order qe (mg g l 1) 96.80 102.90
k2(g mg-1 min~ ") 4.73 x  10“4 5.54 x  10“5
r2 0.930 0.970

Experiment qe (mg g l 1) 50.41 94.47
PCG
Pseudo-First-order qe (mg g l 1) 80.80 93.35

k1 (minl 1) 2.36 x  10“4 1.61 x  10“4
r2 0.842 0.950

Pseudo-second-order qe (mg g l 1) 120.40 102.85
k2(g mg~1 min~") 3.53 x  10“4 5.83 x  10“5
r2 0.952 0.972

Experiment g
lqe 55.76 90.28

charged MTZ/PCG) to the electron-deficient centre (positively charged 
CoFe2O4 and CoFe2O4@MOF-5) to form covalent bond promoting the 
removal o f MTZ or PCG from solution at pH <  7. The electronic inter­
action mechanism for removing MTZ or PCG by CoFe2O4 and 
CoFe2O4@MOF-5 is described in Fig. 6c.

Table 3
AG and qe obtained at various temperatures for the sorption of MTZ and PCG by
CoFe2O4.

MTZ

T (K)
qe (mg gl 1)
AG (kJ moll 1 Kl 1)
PCG

303 
50.41 
-  0.041

308 
53.59 
-  0.368

313 
64.65 
-1.570

318 
66.24 
-1.782

323 
74.65 
-  2.900

T (K) 303 308 313 318 323
qe (mg gl 1) 55.76 65.07 72.78 74.93 86.60
AG (kJ moll 1 Kl 1) -  3.180 -  4.770 -  6.960 -  7.900 -17.350

Table 2 Table 4
MTZ and PCG sorption parameters for Langmuir and Freundlich models. AG and qe obtained at various temperatures for the sorption of MTZ and PCG by

Isotherm CoFe2O4 CoFe2O4@MOF-5 CoFe2O4@MOF.

MTZ MTZ

Langmuir T (K) 303 308 313 318 323
Qo (mg g~") 54.65 104.17 qe (mg gl 1) 94.47 95.00 95.41 96.24 97.71
Kl (L mg~") 0.511 0.110 AG (kJ moll 1 Kl 1) -  7.150 -  7.540 -7.897 -  8.577 -10.075
r2 0.984 0.999 PCG
Rl 0.010 0.010
Freundlich T (K) 303 308 313 318 323

Kf (L mg~") 2.34 1.16 qe (mg gl 1) 90.28 94.03 95.28 96.60 98.75

1/n 0.949 2.320 AG (kJ moll 1 Kl 1) 5.614 7.059 7.819 8.846 11.734
r2 0.927 0.900
PCG
Langmuir

Table 5Qo (mg g l 1) 53.48 100.01
Kl (L mg- ") 1.00 0.362 AS0 and AH0 values for the sorption of MTZ and PCG by CoFe2O4 and
r2 0.920 0.980 CoFe2O4@MOF-5.

Rl 0.020 0.027 Isotherm CoFe2O4 CoFe2O4@MOF-5
Freundlich
Kf (L mg-") 9.927 5.21 MTZ
1/n 1.79 1.01 AS0 (kJ mol_") 142.23 135.97
r2 0.940 0.992 AH0 (kJ mol“1 K“ ") -  43.18 -  3.51

PCG

AS° (kJ mol- ") 202.1383 278.59
AH° (kJ mol-1 K~") 60.74 -78.98

Fig. 7. Effect of temperature change on the removal of MTZ and PCG by CoFe2O4 at concentration of 100 mg L ", weight of 0.1 g and speed of 150 rpm (a) and effect 
of temperature change on the removal of MTZ and PCG by CoFe2O4@MOF-5 at concentration of 100 mg L_", weight of 0.1 g and speed of 150 rpm (b).
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Fig. 8. Desorption of MTZ from the surface of CoFe2O4 and CoFe2O4@MOF-5 (a), desorption o f PCG from the surface of CoFe2O4 and CoFe2O4@MOF-5 (b), 
regeneration capacity expressed by CoFe2O4 and CoFe2O4@MOF-5 for MTZ (c) and regeneration capacity expressed by CoFe2O4 and CoFe2O4@MOF-5 for PCG (d).

Process kinetic and isotherm fittings

The data generated were fitted for pseudo 1st and 2nd order kinetics 
as determined from adsorption capacities o f CoFe2O 4 and CoFe2O4 @- 
MOF-5 at time t and equilibrium, represented as qt (mg/g) and qe (mg/ 
g), respectively. The pseudo 1st and 2nd order kinetics rate constants are 
k1 (m in-1) and k2 (g mg~1 min-1), respectively, while time is given as t. 
The pseudo-1st-order was estimated using Eq. (7 ):

log(qe -  qt) =  logqe -
ki

- t
2.303

while the pseudo-2nd-order was determined from Eq. (8 ):

t =  1 1

qt k2q] qe

(7)

(8)

The value o f k1 was determined by plotting ln (q e-qt) against t for the 
pseudo-1st-order kinetic, while k2 was determined by plotting q  against t 

for the pseudo-2nd-order kinetic. The k1 values for the sorption o f MTZ
by CoFe2O4 and CoFe2O4@MOF-5 were found to be 1.86 x 10 
2.23 x 10

and
4 min-1, respectively, while the k2 values for the sorption o f 

MTZ by CoFe2O4 and CoFe2O4@MOF-5 are 4.73 x 10~4 and 5.54 x 10~5 
g mg~1 min-1, respectively as shown in Table 1. The higher value o f k1 
for CoFe2O4@MOF-5 suggests a faster sorption process o f MTZ than 
when CoFe2O4 was used. On the contrary, the k2 value is higher for 
CoFe2O4 than for CoFe2O4@MOF-5, which suggests a faster sorption 
process o f MTZ for CoFe2 O4 . For the sorption o f PCG, the k1 values for 
CoFe2O4 and CoFe2O4@MOF-5 were found to be 2.36 x 10~4 and 1.61 
x 10~4 min-1, respectively, while the k2 values were 3.53 x 10~4 and

5.83 x 10~ g mg~ min-  , respectively. Results for other parameters 
are also presented in Table 1.

Data were further subjected for Langmuir and Freundlich isotherms 
using the equilibrium concentration o f MTZ and PCG as Ce (mg L~1) and 
the adsorption capacity o f CoFe2O4 and CoFe2O4@MOF-5 at equilibrium 
as qe (mg g~1). The Langmuir isotherm was expressed as previously 
described [5 1 ]:

Ce =  - 1  Ce + - L -  
qe Qo QoKL

(9)

The maximum monolayer coverage, Qo (mg g~ ) and Langmuir 
isotherm constant, KL (L m g~1), was calculated from the plot o f Ce/qe vs 
Ce. The Qo (54.65 mg g~1) exhibited by CoFe2O4 for the sorption o f MTZ 
is closely related to the experimental adsorption capacity value o f 50.41 
g g~1 at an r2 value o f 0.984, suggesting that the process can be 
described by Langmuir isotherm. Furthermore, the Qo exhibited by 
CoFe2O4@MOF-5 is 104.17 mg g~1, which is not far from the experi­
mental adsorption capacity o f 94.47 mg g~1 at an r2 value o f 0.999. The 
results suggest that the process may be described by Langmuir isotherm. 
The RL values for the sorption process were determined from the initial 
concentration (Co, mg L~1) o f MTZ and PCG and the Langmuir constant, 
which is related to the energy given as KL in the expression given in Eq. 

(1 0 ).

R l = -
1

1 +  Kl Co
(10)

A  previous study has shown that when the value o f RL is RL >  1, the 
process becomes unfavourable; when the value o f RL =  1, the process is

10



Fig. 9. Electronic properties of MTZ and PCG: Optimized geometry of MTZ (a1) and PCG (a2); Mulliken charge of MTZ (b1), and PCG (b2); electrostatic charge of 
MTZ (c1), and PCG (c2); highest occupied molecular orbital of MTZ (d1), and PCG (d2) and lowest unoccupied molecular orbital of MTZ (e1), and PCG (e2).

taken to be linear, and when 0 <  RL <  1, the process is favourable; 
furthermore, when the value is RL =  0, then the process becomes irre­
versible [3 0 ]. The values o f RL obtained in this study fall within the 
range o f 0 <  Rl  <  1, suggesting the sorption process is Langmuir 
isotherm favoured. The implication o f this is that the sorption process o f 
MTZ and PCG by CoFe2O4 and CoFe2O4@MOF-5 occurred by a mono­
layer interaction without interaction between the molecules o f MTZ or 
PCG. Conformity with Freundlich isotherm was checked by subjecting 
data to Eq. (11 ):

qe =  KFCe1 /n (11)

The parameters for Freundlich isotherm were obtained from the plot 
o f ln qe vs ln Ce. As shown in Table 2, the r2 values obtained for the

sorption o f MTZ by CoFe2O4 (0.927) and CoFe2O4@MOF-5 (0.900) and 
the sorption o f  PCG by CoFe2O4 (0.940) and CoFe2O4@MOF-5 (0.992) 
showed that the process could be described by Freundlich isotherm 
suggesting the surfaces to be heterogeneous [5 2 ]. It may be inferred that 
the sorption o f MTZ and PCG by CoFe2 O 4 may be described by both 
Langmuir and Freundlich isotherms; likewise, the sorption o f  MTZ and 
PCG by CoFe2O4@MOF-5 may be described by both Langmuir and 
Freundlich isotherms. This means that both monolayer adsorption and 
multilayer adsorption occurred during the sorption process o f MTZ and 
PCG by CoFe2O4 and CoFe2O4@MOF-5. From the Freundlich parameter, 
the 1/n plays an essential role in describing the process; when 1/n =  1, 
the sorption process is independent o f the concentration o f pollutants in 
the solution; when 1/n <  1, the sorption is determined to be normal, and 
the process is cooperative adsorption when 1/n >  1 [3 8 ]. The value o f 1/
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Table 6
Molecular properties of MTZ and PCG calculated using DFT at B3LYP/6-31G 
basis set level.

Quantum Chemical Property MTZ PCG

Molecular surface area (A2) 185.57 342.01
Energy (au) -  616.75 -1414.72
EHOMO (eV) -  9.89 -  9.36
ELUMO (eV) 1.08 3.56
ELUMO-HOMO (eV) 10.97 12.92
Dipole moment (D) 6.01 4.20
Volume (A3) 158.74 318.48
Solvation energy (kJ mol_ 1) -  54.06 -  45.17
Group C1 C1
Polarizability 51.67 64.17
n (eV) 5.49 6.46

n for the sorption o f MTZ by CoFe2O4 falls within 1/n <  1, indicating a 
normal adsorption process, whereas the values for the sorption o f MTZ 
and PCG by CoFe2O4@MOF-5 and sorption o f PCG by CoFe2O4 falls 
within 1/n >  1 suggesting the sorption process to be cooperative.

Thermodynamic parameter fo r  the sorption o f M T Z  and PCG by CoFe2O4  

and CoFe2O4@MOF-5

The impact o f temperature on the adsorption o f MTZ and PCG by 
CoFe2O4 and CoFe2O4@MOF-5 is shown in Fig. 7a and b.

The removal o f MTZ and PCG by CoFe2 O 4 and CoFe2O4@MOF-5 
increased w ith a rise in temperature from 303 to 323 K. An increase in 
temperature enhances the sorption process. This observation may be 
because as temperature increased, the average kinetic energy for the 
molecules o f MTZ and PCG increased, facilitating their movements to­
wards the surface o f CoFe2O4 and CoFe2O4@MOF-5 for interaction. 
CoFe2O4 showed better removal capacity for PCG than MTZ, which 
might be due to the fact that there is a more different possible point o f 
interaction (lone pairs o f electrons from the heteroatoms) on PCG 
(Fig. 6d) than MTZ (Fig. 6e). There are more heteroatoms that may be 
involved in bonding in PCG than in MTZ. Similarly, with increased 
temperature, CoFe2O4@MOF-5 exhibited higher removal capacity to­
wards PCG than MTZ. The adsorption capacity also increased with 
temperature (Tables 3 and 4).

From the equilibrium capacity, qe (mg g~1), equilibrium

concentration, Ce (mg L~1), temperature, T (K ) and gas constant, R 
(8.314 J m ol- 1 K~1), the entropy change (AS°), enthalpy change (AH °), 
and process equilibrium constant (bo) were determined from the 
follow ing equations.

bo =  Ce (12)
Ce

AGo = -  RTInbo (13)

AGo =  AHo -  TASo (14)

The AG° values calculated for the processes are negative, suggesting 
the processes are spontaneous, except for the sorption o f PCG by 
CoFe2O4@MOF-5, which is positive, suggesting a nonspontaneous pro­
cess. The plot o f ln bo vs 1/T was evaluated to determine the values o f 
AHo and AS° for the sorption o f MTZ and PCG by CoFe2O4 and 
CoFe2O4@MOF-5 (Table 5). The AHo values for the sorption o f MTZ by 
CoFe2O4 (-43 .18  kJ m ol~1 K~1) and CoFe2O4@MOF-5 (-3 .5 1  kJ mol- 1 
K~1) are negative, suggesting the process to be exothermic, a similar 
observation was noted for the sorption o f PCG by CoFe2O4@MOF-5 
except for the sorption o f  PCG by CoFe2O4 which is positive suggesting 
and endothermic process. The AS° value for the sorption process is 
positive, suggesting an increased disordered configuration o f MTZ and 
PCG on the surfaces o f CoFe2O4 and CoFe2O4@MOF-5.

Desorption and regeneration studies

The desorption o f MTZ (Fig. 8a) and PCG (Fig. 8b ) from the surface o f 
CoFe2O4 and CoFe2O4@MOF-5 was determined using different solvents. 
The best desorption capacity was obtained when CH3OH was used. The 
MTZ and PCG desorbed better from the surface o f CoFe2O4@MOF-5 than 
CoFe2O4. A  desorption capacity o f 78.65 % was obtained for removing 
MTZ from the surface o f CoFe2O4@MOF-5 and 45.71 % from the surface 
o f  CoFe2O4 . Furthermore, the desorption o f PCG from the surface o f 
CoFe2O4@MOF-5 was 85.35 %, while that o f CoFe2O4 was 59.65 %. The 
surface o f CoFe2O4@MOF-5 and CoFe2O4 were regenerated in 10 cycles 
o f  operation to determine capacity for reuse. The value revealed a 
consistent regeneration o f the surfaces with CoFe2O4@MOF-5 exhibiting 
a better performance when compared with CoFe2O4. The regeneration 
capacity exhibited by CoFe2O4 at the 10th cycle o f operation towards

HOM O-1

Fig. 10. Molecular orbitals of MTZ (a) and PCG (b).
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Comparison of the adsorption of MTZ and PCG on CoFe2O4 and CoFe2O4@MOF-5 with other adsorbents in literature.

Material Adsorbate qe
(mg g“ ")

Adsorption isotherm AG°ads
(kJ/mol)

AH°ads
(kJ/mol)

% removal Desorption (%) Reference

FeNi3/SiO2/CuS MTZ 135.14 Langmuir -19.88 +0.06 85.26 53.97 (5th cycle) [27]
MAC MTZ 66.22 Freundlich - - 95.00 73.00 (5th cycle) [61]
Plantain wood MTZ 11.38 Langmuir - +11.69 91.00 - [62]
CF/AC@Ch MTZ 35.9 Freundlich - - 55.00 - [63]
CS-GO MTZ 29.76 Langmuir - - - - [64]
Rice husk ash MTZ 39.00 Langmuir -  759.10 +1.83 76.47 - [59]
PPY-PANi MTZ 63.84 Freundlich -  7.47 -  37.32 89.24 - [65]
CTN-HNT MTZ 15.80 Langmuir - - 63.19 - [66]
Graphene oxide MTZ 75.22 Langmuir -  0.346 32.86 - - [58]
MWCNT MTZ 4.80 Freundlich 122.45 59.87 - - [60]
Duckweed PCG 36.18 Langmuir - - 94.60 - [67]
HDTMA-Mt PCG 88.5 Freundlich 0.54 13.09 - - [68]
MgO PCG 25.66 Langmuir & Freundlich - - 80.00 - [69]
Chitosan PCG 101.44 Langmuir - 5.69 - - [70]
CuO-NPs PCG 15.00 - - - 83.00 - [71]
TiO2 nanotubes PCG 35.58 Langmuir - - - - [72]
Activated carbon PCG 8.41 Langmuir & Freundlich -  58.51 55.70 69.48 32.98 (4th cycle) [73]
CoFe2O4 MTZ 50.41 Langmuir & Freundlich -  41.49 -  43.18 50.41 42.18 (10th cycle)47.22 This study

PCG 55.76 Langmuir -  3.18 60.74 55.76 (10th cycle)
CoFe2O4@MOF-5 MTZ 94.47 Langmuir -  7.15 -  3.51 94.47 91.71 (10th cycle)89.31 This study

PCG 90.28 Langmuir & Freundlich 5.61 -  78.98 90.28 (10th cycle)

-  =  Not reported.
modified activated carbon =  MAC, Multi-Walled Carbon Nanotube =  MWCNTs, CoFe2O4/Activated Carbon@Chitosan =  CF/AC@Ch, chitosan-modified graphene 
oxide =  CS-GO, polyaniline-polypyrrole (PPY-PANi) =  PPY-PANi, CTN-HNT =  chitosan and halloysite nanotubes, Hexadecyl Trimethyl Ammonium Bromide modified 
montmorillonite =  HDTMA-Mt.

MTZ was 42.18 % and 47.22 % towards PCG. In comparison, 
CoFe2O4@MOF-5 demonstrated 91.71 % towards MTZ and 89.31 % 
towards PCG, as shown in Fig. 8c and Fig. 8d. These results revealed the 
stability o f CoFe2O4@MOF-5 as a promising material for the removal o f 
MTZ and PCG from the contaminated water system.

Quantum chemical simulation

The sorption o f MTZ and PCG by CoFe2O4 and CoFe2O4@MOF-5 was 
subjected to quantum computational analysis to understand the elec­
tronic interaction leading to the sorption. The interaction was investi­
gated by considering the electronic properties o f MTZ and PCG (Fig. 9). 
The geometry o f MTZ and PCG revealed that they contain oxygen, ni­
trogen and sulphur as heteroatoms (Fig. 9a1 and a2) with nonbonding 
electrons that can take part in electronic bonding with the orbitals o f 
CoFe2O4 and CoFe2O4@MOF-5. Furthermore, the Mulliken (Fig. 9b1 
and b2) and electrostatic charges (Fig. 9c1 and c2) revealed some 
negative charges, which corroborates the presence o f nonbonding 
electrons in their structure. These negative charges represent electrons 
that may be donated to the vacant orbitals o f CoFe2O4 or CoFe2O4@- 
MOF-5 for bonding which may include the d-orbitals to drive the 
adsorption process.

The molecular properties (Table 6) revealed EHo m o  to — 9.89 and 
—9.36 eV for MTZ and PCG, respectively. A t the same time, the ELUMO 
are 1.08 and 3.56 eV, respectively, suggesting that the reactivity o f MTZ 
and PCG may be related to the frontier molecular orbitals (HOMO and 
LUMO) and their respective energies [3 1 ]. The dipole moment may help 
understand the non-uniform distribution o f charges in MTZ and PCG. 
Intermolecular attraction increases as the dipole moment increases [3 0 ]. 
In this study, the dipole moment o f MTZ (6.01 D) and PCG (4.20 D) is 
higher than that o f water (1.85 D) previously reported [53 ], suggesting a 
promising interaction o f MTZ and PCG with the surfaces o f CoFe2O4 and 
CoFe2O4@MOF-5. The relationship may be related to the adsorption 
susceptibility o f MTZ and PCG [54,55]. Molecules with high polariz- 
ability have high reactivity and low  kinetic stability; they are also 
referred to as being soft [56,57]. The polarizability o f PCG is higher than 
that o f MTZ. This might be the reason for the higher adsorption capacity 
expressed towards PCG, and the low  kinetic stability may also be a 
reason for its better desorption capacity when compared to MTZ.

In the case o f MTZ, the electron density is mostly concentrated on the 
nitrogen and the ring structure for the HOMO (Fig. 9d1), while in the 
LUMO (Fig. 9e1), the electron density is concentrated on oxygen and 
nitrogen atoms. For the PCG, the electron density is concentrated on the 
oxygen, sulphur, nitrogen and the benzene ring for the HOMO 
(Fig. 9d2), while for its LUMO (Fig. 9e2), the electrons are concentrated 
mainly on the benzene ring. Electrons can be transferred from the 
densely concentrated region to the unoccupied d-orbitals in CoFe2O 4 

and CoFe2O4@MOF-5 for bonding. As a result, the sorption o f MTZ and 
PCG from the solution becomes possible. Moreover, a back-donating 
bond may also be formed to remove MTZ and PCG from the solution; 
when this occurs, electrons are donated from the anti-bonding orbitals o f 
CoFe2O4 or CoFe2O4@MOF-5 to the molecules o f MTZ and PCG. In 
corroborating this, the frontier molecular orbital o f MTZ and PCG are 
presented in Fig. 10, revealing the HOMO and LUMO electronic inter­
action possibilities for the sorption process.

The performance o f CoFe2O4 and CoFe2O4@MOF-5 for the removal 
o f  MTZ and PCG from the are further compared with other results from 
the literature in Table 7. CoFe2O4@MOF-5 performed better than 
CoFe2O4, suggesting the important role o f MOF-5 in improving CoFe2O4 
performance for the MTZ and PCG removal. Similarly, CoFe2O4@MOF-5 
compared favourably with most adsorbents in the solution. The 
adsorption capacity o f CoFe2O4@MOF-5 is higher than the capacity 
expressed by graphene oxide [58 ], rice husk ash [59] and MWCNT [60] 
towards MTZ. On the contrary, FeNi3/SiO2/CuS [27] showed higher 
adsorption capacity than CoFe2O4@MOF-5.

However, despite the higher adsorption capacity o f FeNi3/SiO2/CuS, 
CoFe2O4@MOF-5 demonstrated a higher percentage removal (94.47 %) 
than FeNi3/SiO2/CuS (85.26 %). Furthermore, CoFe2O4@MOF-5 
exhibited a higher stability from its regeneration capacity o f 91.71 % at 
its 10th cycle o f operation, unlike FeNi3/SiO2/CuS, which could only 
attain 53.97 % at its 5th cycle o f operation. Regarding PCG, 
CoFe2O4@MOF-5 performed better than activated carbon [73 ], MgO 
[69] and T iO 2 nanotubes [7 2 ]. The adsorption process demonstrated by 
CoFe2O4@MOF-5 for removing MTZ may be described by Langmuir 
isotherm. Similarly, most adsorbent previously reported demonstrated 
processes that could be described by Langmuir isother except MAC [61 ], 
CF/AC@Ch [63] and PPY-PANi [65] which obeys Freundlich isotherms. 
On the other hand, the interaction o f CoFe2O4@MOF-5 with PCG may be
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described by Langmuir and Freundlich isotherms. Likewise, the inter­
action o f activated carbon [73] and MgO [69] with PCG may also be 
described by Langmuir and Freundlich isotherms. The performance 
exhibited by CoFe2O4@MOF-5 showed that it is a promising adsorbent 
for removing MTZ and PCG from the solution.

Conclusion

Water pollution by antibiotics such as MTZ and PCG is a serious 
concern. Many methods have been developed to circumvent the prob­
lem, but the major drawback has been inefficient removal and poor 
reusability. Therefore, this study improved the capacity o f CoFe2 O4 as 
an adsorbent by modification forming CoFe2O4@MOF-5 to remove MTZ 
and PCG from aqueous solutions. CoFe2O4 and CoFe2O4@MOF-5 were 
characterized with FTIR, SEM, EDS, XRD, TGA and BET. The BET surface 
area was 16.63 and 12.41 m2/g for CoFe2O4 and CoFe2O4@MOF-5, 
respectively. The XRD revealed a crystallite size o f 28.31 nm for 
CoFe2O4 and 29.01 nm for CoFe2O4@MOF-5. The SEM results showed 
the surfaces to be heterogeneous with irregularly shaped particles, while 
the elemental composition was confirmed using EDS. CoFe2O4@MOF-5 
exhibited higher sorption capacity towards MTZ (94.47 mg g~1) and 
PCG (90.28 mg g~1) than values exhibited by CoFe2O4 towards MTZ 
(50.41 mg g~1) and PCG (55.76 mg g~1). Langmuir and Freundlich 
isotherms may describe the sorption process with a process mechanism 
o f electronic interaction. The performance o f CoFe2O4 and CoFe2O4@- 
MOF-5 is pH dependent. The regeneration capacity o f CoFe2O4@MOF-5 
is higher than that o f CoFe2O4, with a regeneration capacity o f 91.71 % 
for MTZ and 89.31 % for PCG at the 10th regeneration cycle. The study’s 
findings revealed CoFe2O4@MOF-5 as a promising material for the pu­
rification o f water contaminated w ith MTZ and PCG.
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