www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Preparation of MOF-5 imprinted
chromium ferrite and its
application in decontaminating
metronidazole and penicillin G
contaminated water system

Babatunde K. Adeleke?, Olamide A. Olalekan?, Adewale Adewuyi'*’, Woei Jye Lau? &
Olalere G. Adeyemit

Metronidazole (MZ) and penicillin G (PG) are antibiotics frequently detected in aqueous systems

as pollutants. Their presence in water systems is a global challenge requiring the development of
sustainable solutions for water purification. Therefore, this study synthesized and improved the
adsorption performance of chromium ferrite (CrFe,O,) via incorporation of metal-organic framework
(MOF-5) to produce CrFe,0, @MOF-5 composite. CrFe,O, @MOF-5 and CrFe,O, were characterized
using a series of analytical instrument. Both adsorbents exhibited a four-phase mass loss from the
thermogravimetric analysis, while the Brunauer-Emmett-Teller (BET) results gave a surface area of
40.94 m2 g~* for CrFe,0, and 59.76 m2 g~ for CrFe,0, @ MOF-5. Interestingly, microscopical images
unfolded the surfaces of CrFe,0, @MOF-5 and CrFe,O, to be heterogeneous, while elemental surface
mapping confirmed the constituent elements of CrFe,0, @ MOF-5 and CrFe,O, to be Cr, Fe, O, C

and Zn. CrFe,0, @MOF-5 exhibited a higher affinity (91.67 mg g~?) for PG than CrFe,0, (53.82 mg

g™ %). Similarly, the performance of CrFe,0, @MOF-5 was better (90.24 mg g1) compared to CrFe,O,
(50.41 mg g~1) towards MZ. Both Freundlich and Langmuir isotherm may describe the removal
process of MZ and PG by CrFe,0, @MOF-5 while sorption of MZ and PG by CrFe,O, fitted best for
Langmuir isotherm in a sorption mechanism involving electrostatic interaction and pore diffusion. The
adsorption performance of CrFe,O, @MOF-5 and its regeneration capacity compared agreeably with
most published adsorbents in literature. This current study showed CrFe,0, @ MOF-5 as a potential
adsorbent for decontaminating MZ and PG-polluted water systems.
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The detection of antibiotics as emerging micropollutants in sources of drinking water, tap water and commercially
available drinking water is a problem due to its health challenges. Despite the importance associated with
the use of antibiotics, their confirmation in drinking water is undesirable because, under certain conditions
of temperature, pH and pressure, they may break down into smaller molecules that are injurious to human
beings and other lower animals!-. Ingestion of antibiotics from consumption of environmental drinking water
may cause disruption of the gut microbiota in human body system* including many other metabolic related
diseases™S. This has resulted in the emergence of antimicrobial-resistant genes from pathogenic organisms
which have developed resistance to known antibiotics; such antibiotics loses their potency posing serious
public health concern’. In fact, ingesting the wrong concentration of pharmaceuticals may have devastating
effect!?. Many research studies have reported several antibiotics in environmental water systems, tap water and
commercially available water!!~'* with penicillin G (PG) and metronidazole (MZ) being among the frequently
detected antibiotics. The sources of antibiotics (including PG and MZ) in environmental water systems have
been linked to aquaculture, domestic and industrial wastes, livestock farming and hospital wastes!®. Other
studies have shown that when consumed, most antibiotics are not fully metabolized by animals and humans
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leading to antibiotics being excreted into the environment through feces and urine!®-!® Therefore, this study
focused on removing PG and MZ from water systems.

A variety of method has been suggested for eliminating antibiotics from the water system; these
methods include membrane technology, photocatalysis, advance oxidation, coagulation, phytoremediation,
electrochemical, filtration, adsorption and flocculation!¥-%6; however, adsorption stands out due to the possibility
of using affordable adsorbents, being selective towards the target antibiotics and the fact that the antibiotics can
be reconcentrated after being removed from the aqueous solution. Adsorption is easily applied, controlled and
maintained with promising results that can be adapted to large scale application?’-32. Some adsorbents were
reported for removing PG and MZ from water systems®. It must be noted that recovering adsorbents from
the solution is challenging and may require additional costs to obtain a separation system. Furthermore, the
reusability (regeneration) of an adsorbent is very important before being considered to be sustainable and cheap.
Even when the adsorption capacity or performance is high, it is desired that the adsorbent is reusable over a long
time with high efficiency. One of the focuses of this study is to address this gap by preparing an adsorbent with
promising regeneration capacity with high performance over long usage. Consequently, this study proposes
using chromium ferrite (CrFe,O,) due to its prospective properties of magnetism, which allows for easy
separation from aqueous solution, small particle size, stability and ease of modification. However, ferrites are
known to agglomerate, which is a disadvantage of its use**. Therefore, to minimize agglomeration and improve
the surface area of CrFe,O,, this study incorporated CrFe,O, in the metal-organic framework (MOF), in this
study we proposed MOF-5 to produce CrFe,O,@MOF-5 composite. Interestingly, recent studies have revealed
that MOFs are promising material for water purification®>-3%.

A previous study achieved the synthesis of chromium-doped ferrite through a hydrothermal method
and applied it in a catalytic removal of tetracycline from aqueous system?. Similarly, a recent research work
synthesized chromium-doped Fe, ,Mn, ;0, nanoparticles via the combustion method*. The study revealed
that the inclusion of chromium in the structure of Fe, \Mn, O, exhibited a cubic structure, which increased
the particle size of Fe, ;Mn, jO,. Furthermore, chromium-substituted magnesium-zinc ferrite particles were
synthesized by thermal synthesis in a self-propagating approach?!. These studies reported synthetic methods
involving the inclusion of chromium in ferrite as a substitution of corresponding metals. In contrast, the current
study aims to synthesize CrFe,O, via co-precipitation-a simple and less energy-consuming method.

MOF-5 is selected to improve the capacity of CrFe,O, because of its well-defined physicochemical properties
(pore structure, high thermal stability and large surface area). Moreover, MOFs are excellent materials with a
large surface area that can conveniently remove organic substances from water systems**#%%3, Although MOF-
5 has poor stability in water, some studies have shown that its hydrophobicity improves with the inclusion of
nanoparticles*#°. Therefore, CrFe,0,@MOF-5 composite would be an enhanced water-stable adsorbent for
removing PG and MZ from water systems. Interestingly, MOF-5 can be easily prepared at room temperature
without requiring addition cost for prolong energy supply. Furthermore, the chemicals required for the
preparation of MOF and CrFe,O, are readily available and affordable. Therefore, combining the magnetic
property of CrFe,0, and large surface area and pore structure of MOF-5 gives CrFe,0,@MOF-5 an advantage
of enhanced adsorption performance and easy separation from solution after water purification. Currently, there
is no published study on the synthesis of CrFe,O,@MOF-5 for removing PG and MZ from water. Consequently,
this study aims to achieve this by comparing the capacities of CrFe,0, and CrFe,0,@MOF-5 for removing PG
and MZ from the water system.

Experimental

Materials

NaOH, chromium chloride (CrCl,), zinc acetate dihydrate (CH,COO),Zn.2H,0), methanol, terephthalic acid
(CgH,O,), hydrochloric acid (HCI), oleic acid (C jH,,0,), metronidazole (MZ), penicillin G (PG), triethylamine
(C¢H,sN) and ferric chloride (FeCl,) were obtained at Aldrich Chemical, England.

Synthesis of CrFe,O, particles

The synthesis of CrFe,O, particles involved stirring chemical solutions containing CrCl, (0.2 M), C,,H,,0, (10
mL) and FeCl, (0.4 M) in a clean beaker (500 mL) for 1 h maintaning a temperature of 70 °C. Solution of NaOH
(2 M) was dropwise added to the reacting solution until black precipitates were formed while stirring at 70 °C
for another 1 h. The temperature was reduced to 30 °C and paper-filtered while rising with deionized H,0 and
making sure that filtrate is neutral to litmus paper. CrFe,O, precipitates produced were dried in the oven (105
°C) for 3 h before being passed onto the furnace and temperature maintained at 550 °C and 18 h. The synthesis

is described in Fig. 1.

Synthesis of MOF-5

Solutions of (CH,C0O0),Zn.2H,0 (7.24 mmol), C;HO, (4.10 mmol) and C;H,.N (28.00 mL) were stirred
continuously at 30 °C for 24 h in a 500-mL synthesis flask to form a white coloured precipitate which was paper-
filtered and rinsed with deionized H,O until free of acid and alkali. The white product was dried in the oven for
2 h at 70 °C as described in Fig. 2.

Synthesis of CrFe, O, @MOF-5 composite

A 2.50 g of MOF-5 dissolved in 50.00 mL C H,.N was refluxed for 1 h at 70 °C. Furthermore, 2.50 g of CrFe,O,
particles was poured into the refluxing MOF-5 solution and further refluxed for 2 h. The temperature was
gradually reduced to 30 °C, paper-filtered, and rinsed firstly in C.H,,N and then subsequently rinsed many times
using deionized H,O to make it alkali-free. The CrFe,O,@MOF-5 synthesized was dried overnight maintaining
a 70 °C temperature in the oven as shown in Fig. 3.
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Fig. 2. Synthesis of MOF-5.

Characterisation of CrFe,0, and CrFe,O, @ MOF-5

The resulting CrFe,O, and CrFe o @MOF 5 were subjected to infrared (FTIR) measurement to determine
functional group composmon w1th measurement read from 400 to 4500 cm~!. Thermal stability of the
nanomaterials was estimated using the TA instrument (TGA Q500-V20) under nitrogen flow. The diffraction
pattern on exposure to X-ray (XRD analysis) was measured from 5 to 90 degrees (20) using a Panalytical
Empyrean diffractometer with the filtered Cu Kp radiation worked at 40 kV and 40 mA. The surface property
was viewed with scanning electron microscopy (TM 3000), enhanced by energy-dispersive X-ray spectroscopy
(EDX). The surface area of CrFe,O, and CrFe,O,@MOF-5 was confirmed via Brunauer-Emmett-Teller (BET)
nitrogen gas adsorption on Micromeritics, TriStar IT 3020 version 3.02.

Batch adsorption study
Aqueous solutions (100 mL) of MZ or PG were contacted with 0.10 g of CrFe,O, or CrFe,0,@MOF-5 at 150 rpm
and 303 K in a conical flask for 2 h while withdrawing 2 mL aqueous sample for UV-visible spectrophotometer
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Fig. 3. Synthesis of CrFe,0,@MOF-5 composite.

(Pharo 300-Spectroquant) analysis at interval. The withdrawn CrFe,O, or CrFe,0,@MOF-5-treated antibiotic
samples were poured back into the bulk-treated solution immediately after the spectrophotometer reading. The
measurements (A ) were read at 320 nm for MZ and 283 nm for PG, which are the established maximum
absorbance wavelength of the respective antibiotic. The optimum adsorption process parameters for MZ and PG
were determined by varying solution concentration (1-100 mg L™!), solution pH (1-13), treatment temperature
(303-323 K) and weight of adsorbent (0.1-0.5 g). The antibiotic removal efficiency exhibited by CrFe,O, or
CrFe,0,@MOF-5 is then calculated from the adsorbent’s weight (m), test solution’s volume (v), and initial (C ),
time-t (C,), and concentrations in mg L~ Lat equilibrium (C,). The removal efficiency is determined as adsorption
capacity [equilibrium ( ¢ge) and time t (¢:)] in mg g~! and percentage removal (%), which are expressed in
Egs. 1-4%.

o= Lo GV (1)
m
- (Co = Ce)V. )
m
Removal = (G- CY) x 100 (3)
Co
_ (Sremoval C, V) 4
= 100 m @

Desorption of antibiotics and regeneration of adsorbents

The antibiotics (MZ or PG) were desorbed from the adsorbents (CrFe,O, or CrFe,0,@MOE-5) to regenerate
the adsorbents for reuse via solvent regeneration. Regeneration solvents were selected based on their affinity
for MZ, PG and environmental safety. These solvents included deionized water, 0.1 M HCl, 0.1 M NaOH and
CH,OH. For the desorption, 0.5 g of CrFe,O, or CrFe,O,@MOF-5 were poured into MZ or PG solution (100
mg L™') in a conical flask and stirred at 150 rpm for 2 h at 30 °C. The CrFe,0,-MZ/PG or CrFe,0,@MOF-
5-MZ/PG was obtained after passing the test solution through a separation medium (0.22-pum pore size) and

Scientific Reports |

(2025) 15:15972 | https://doi.org/10.1038/s41598-025-00508-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

dried for 3 h in the oven at 100 °C. The MZ or PG was desorbed from the adsorbents by shaking CrFe,O,-MZ/
PG or CrFe,0,@MOF-5-MZ/PG in each of the selected solvents at 150 rpm and 30 °C for 2 h. The test solution
was taken at intervals to establish the amount of MZ or PG desorbed by subjecting the taken solution to UV-
visible spectrophotometer. The amount of MZ or PG desorbed (%) was calculated by determining the amount of
antibiotics desorbed ( g4) and adsorbed (q,) as expressed in Eq. 5 (Adeleke et al., 2024)

Desorption = 44 100 (5)

qa

The best desorption performance was obtained using CH,OH. Therefore, a further regeneration study (ten
consecutive cycles) was conducted using CH,OH.

Results and discussion

Synthesis and characterization of CrFe,O, and CrFe,0, @ MOF-5

TGA results of CrFe,O,, MOF-5 and CrFe,0,@MOEF-5 are presented in Fig. 4a, revealing four mass losses for
CrFe,0, and CrFe,O,@MOF-5 as the temperature changes (0 °C to 900°C) while MOF-5 exhibited five key
mass losses. The first mass loss at 30-102 °C in MOE-5, 40-106 °C in the CrFe,O, and 45-191°C in the CrFe,O,@
MOF-5 may be attributed to the loss of adsorbed H,O and other low molecular weight compounds®’. The loss
in mass from 102 to 211 °C in MOF-5 is attributed to loss of C,H N (triethylamine) in its structure and early
state of forming metal oxide involving the central cordinating zinc metal while loss in mass from 106 to 335 °C
in the CrFe,O, may be due to the onset formation of metal oxides. Similarly, mass loss from 191 to 480 °C in the
CrFe,0,@MOF-5 may be attributed to metal oxides’ onset formation and organic framework decomposition®.
The mass loss from 211 to 480 °C in MOF-5 is associated to the collapse of the organic framework structure.
The mass loss detected at 480-512 °C in MOF-5 was further detected at 335-511 °C in the CrFe,O, and 480-511
°C in the CrFe,0,@MOF-5 was attributed to inter and intramolecular reactions which led to dehydration of
hydroxyl groups within the structure of the ferrite and formation of oxide phase?®. Furthermore, the loss
suggests the complete breakdown of the organic structure of MOF-5 and CrFe,0,@MOF-5. The mass loss above
512 °C in MOF-5 and 511°C in both CrFe,O, and CrFe,0,@MOF-5 was considered a phase change, leading to
the formation of metal oxide.

The diffraction pattern for the CrFe,0, and CrFe,0,@MOF-5 showed most intense peak at 20 =34.07° while
MOE-5 exhibited its most intense peak at peak at 20=6.16° with planes corresponding to (104), (111), (200),
(220), (222), (224), (246), (311), (400), (420), (422), (433), (440), (442), (511), (533) and (711). Interestingly,
signals such as (200), (222), (246), (422), (442) and (533) starred in the spectra (Fig. 4b), were not detected in the
diffraction of CrFe,O, but in the MOF-5 and CrFe,0,@MOF-5 alone. This suggests them to be the signals arising
from the MOEF-5 structure and at the same time confirming the inclusion of CrFe,O, in MOF-5 structure®' >,
Diffraction patterns of CrFe,O, and CrFe,O,@MOF-5 align appropriately with JCPDS No. 79-1744 04-016
(CrFe,0,) and JCPDS No. 96-432-6738 (MOF-5).

The surface area by BET showed the surface area of CrFe,O, (Fig. 4c), CrFe,0,@MOF-5 (Fig. 4d) and MOF-5
(Fig. 4e) to be 40.94, 59.76 and 94.39 m* g™, respectively. This suggests an improvement in surface area capacity
by including MOF-5 in CrFe,O, forming CrFe,0,@MOEF-5. A previous study has shown the BET area of MOF-
5>260 m? g~! 3% such a high surface area accredited to MOF-5 must have resulted in the 59.76 m* g~! obtained
for CrFe,0,@MOF-5. Furthermore, the pore volume of CrFe,O, increased from 0.158 to 0.266 cm? g’1 in the
CrFe,0,@MOF-5 with the pore volume of MOF-5 being 0.092 cm® g~!. Similarly, the pore size distribution
increased from 15.46 nm in the CrFe,O, to 17.81 nm in the CrFe,0,@MOF-5 while that of MOF-5 is 3.90 nm.
These improvements (15.2% increase) suggest better surface functionality of CrFe,0,@MOF-5 over CrFe,O,.
The spectrum pattern of MOF-5, CrFe,O,@MOF-5 and CrFe, O, is typical of macroporous materials, suggesting
a type II BET isotherm pattern (Kajama et al., 2015). The macroporousity of is an indication of large pores that
can participate in adsorption of molecules with multilayer adsorption capacity®. This suggests that MOF-5,
CrFe,0,@MOF-5 and CrFe,O, exhibits potentials that qualifies them as adsorbents for PG and MZ. Furthermore,
the macroporousity suggests free drain via gravity indicating easy flow of fluid through CrFe,0,@MOF-5 and
CrFe,0,, therefore, suggesting less occurrence of clogging or attrition when CrFe,0,@MOF-5 and CrFe,O,
are used in the adsorption process. The FTIR spectra of CrFe,0,@MOF-5 and CrFe,O, (Fig. 4f) exhibited
similar signals at 3419 cm™! (O-H stretch from adsorbed H,O molecules), 1618 cm™! (O-H bending), 997 cm™!
(O-Fe-O stretch), 663 cm™! (Fe-O stretch) and 396 cm™! (Cr-O stretch). However, additional signals were only
found in the CrFe,0,@MOF-5. Thses include signals at 2251 cm™" (C-O vibration of carbonyl group from MOF-
5 ring structure), 1102 cm™! (aromatic ring stretching from MOF-5 structure) and 403 cm™! (Zn-O stretch from
MOF-5 ring structure). The EDS (Fig. 4g) signals confirmed Cr, Fe and O in CrFe,0,@MOF-5 and CrFe,O,. In
addition, C and Zn were only confirmed in the structure of CrFe,0,@MOF-5 and MOE Furthermore, Cr was
found in MOF-5 because it was coated with Cr via sputtering technique to increase electrical conductivity and
the quality of the micrographs.

SEM images revealed a heterogeneous surface with the surface of CrFe,0, (Fig. 5a) showing a consistent
pattern of particle arrangement with patches. The surface mapping shown in Fig. 5b corroborates the constituent
element confirmed by the EDS results. Furthermore, the surface of MOF-5 (Fig. 5¢) revealed a homogeneous
surface with consistently ordered particles which appers to be flaky having different sizes. The surface elemental
mapping of MOEF-5 is shown in Fig. 5d (I-III). On the other hand, the surface of CrFe,0,@MOF-5 (Fig. 5e)
showed irregularly sized particles, which are rod and spherically shaped, with the corresponding surface
mapping as shown in Fig. 5f.
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Sorption of antibiotics by CrFe,O, @ MOF-5 and CrFe,0,

The adsorption capacities expressed towards PG by the CrFe,0,@MOF-5 (Fig. 6a) and CrFe,O, (Fig. 6b)
and towards MZ by the CrFe,0,@MOF-5 (Fig. 6¢) and CrFe,O, (Fig. 6d) demonstrated a steady increase
in performance as adsorption treatment time increased. This indicated that the sorption of MZ and PG by
CrFe,0,@MOF-5 and CrFe,O, is time dependent. CrFe,0,@MOF-5 exhibited a higher antibiotic removal
capacity (91.67 mg g~!) towards PG than CrFe,O, (53.82 mg g~!). Similarly, the performance of CrFe,0,@
MOF-5 is better (90.24 mg g~ ') compared to CrFe,0, (50.41 mg g~!) towards MZ. The enhanced performance
exhibited by CrFe,0,@MOF-5 could be related to its improved surface area capacity. The adsorption capacities
of CrFe,0,@MOF-5 and CrFe,0, increased with increased concentration of test solution, which may be due
to the higher availability of MZ and PG species in solution for nanomaterials to interact with. The percentage
removal exhibited by CrFe,O,@MOF-5 and CrFe,O, towards the antibiotics increased as weight increased.
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Fig. 6. Time dependent adsorption capacities expressed by CrFe,O,@MOF-5 (a) and CrFe,O, (b) towards PG
at varying solution concentrations, and time dependent adsorption capacities expressed by CrFe,0,@MOF-5
(¢) and CrFe,O, (d) towards MZ at varying solution concentrations.

Scientific Reports|  (2025) 15:15972 | https://doi.org/10.1038/s41598-025-00508-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

c

However, on the contrary, the peformance decreased as weight increased (Fig. 7a-d). The observed increase
in % removal may be attributed to an increase in available active surface area as weight increased; conversely,
the decrease in efficiency of CrFe,O,@MOF-5 and CrFe,0, as their weight was increased may be explained by
the mathematical expression in Eq. 4, which showed that as weight increases, the divisor/denominator factor
increases leading to a decrease in the performance of CrFe,0,@MOF-5 and CrFe,O,.

The molecular structure of PG and MZ is shown in Fig. 8a and b, which show the functional groups for
interaction with the surface of the adsorbents. Figure 8c and d revealed that as pH of the test solution is
raised towards pH 7, the performance of CrFe,0,@MOF-5 towards the removal of PG and MZ became
better, achieving the highest efficiency for the removing PG and MZ at a test solution pH 7. The performance
of CrFe,O, towards PG increased with a higher pH value (pH 11 being the best). However, its performance
towards MZ is highest at a pH lower than 7 (pH 5 being the best). This observation confirms that solution pH is
essential in the performance of adsorbents*”*¢. The surface of CrFe,0,@MOF-5 remains positively charged as
the test solution pH is <7, facilitating interaction with the negatively charged surface of MZ/PG in the solution.
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However, this interaction dropped as pH increased above pH 7, leading to negative charges on the surface of
CrFe,0,@MOF-5, causing a repulsive interaction that reduced the adsorption capacity of CrFe,0,@MOF-5.
On the other hand, CrFe,0,’ is positively charged as the PG test solution pH becomes<11, facilitating the
attraction of negatively charged PG ions. Regarding MZ, CrFe,O,’s surface become positively charged as the test
solution pH becomes <5, promoting the removal of MZ. Unfortunately, the adsorption performance is reduced
as the solution becomes pH > 5. The FTIR spectra of CrFe,0, and CrFe,0,@MOF-5 before and after adsorption
of MZ and PG are shown in Fig. 8e and f. After the removal of MZ and PG from solution, the spectra for the
O-H strech became broader suggesting electronic interaction between the surface of the adsorbents and the
antibiotics; furthermore, a new peak appeared at 1464-1489 cm™! in CrFe,O, and CrFe,0,@MOF-5 (only after
adsorption) which may be attributed to the ring structure of MZ (C=N and C=C streches) and PG (C=C and
C-N vibrations). Additional new peaks were seen at 1203, 1005 and 748 cm™! which may be attributed to N=0
symmetric streching, C-N and N-H vibrations, respectively. The mechanism of this interaction is shown in
Fig. 9a-c, which suggests an electrostatic form of interaction between CrFe,0,@MOF-5/CrFe,O, and MZ/PG.
Furthermore, the pore volume and size of CrFe,0,@MOF-5 and CrFe,O, further suggest pore diffusion of MZ
and PG within the structure of nanomaterials.

Process kinetic and isotherm fittings

Data generated during the treatment process were fitted to describe the pseudo-1st and 2nd -order kinetics.
The pseudo-1st -order rate constant, k; (min~") and pseudo-2nd -order rate constant, k, (g mg™! min~*), were
determined from the g¢: (mg g™!), time, t and g. (mg g~!). Expression for the pseudo-1st -order is given as®”:

k1
log (ge — qr) = logge — 553t (6)
The plot of In (q,-q,) against t allowed for the estimation of the k, values, which were found to be 8.7x 107 and
1.97 min~! for CrFe,0, and CrFe,0,@MOF-5, respectively, for the sorption of MZ whereas it was 9.01x 107>
and 1.8x 10" * for CrFe,O, and CrFe,O,@MOF-5, respectively for the sorption of PG as shown in Table 1. The r*
value of CrFe,0,@MOF-5 (0.98) suggests better fitting for the pseudo-1st -order model for the sorption of MZ
and PG. The pseudo-2nd -order model may be described as®:

t 1 1

P + =t 7
qa k2 q? e O

The plot of i v, t gave an expression from which k, values were determined for the sorption of MZ and PG

by the CrFe,O, and CrFe,0,@MOF-5. The values of k, for the sorption of MZ are 1.42 and 1.97 g mg™! min~!,
respectively, for the CrFe,O, and CrFe,0,@MOF-5. The values are 1.18x107¢ and 1.8x10™* g mg™! min~},
respectively, for the CrFe,O, and CrFe,0,@MOF-5 for the sorption of PG (Table 2). Values of k1 and k2 exhibited
by the CrFe,0,@MOF-5 towards the antibiotics indicate that the sorption process is faster for the CrFe,0,@
MOF-5 than for CrFe,0,.
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Fig. 9. Illustration for the conversion of CrFe,O, to CrFe,O,@MOF-5 (a). Mechanism for the removal of PG
and MZ by (b) CrFe,0,@MOF-5, mechanism for the removal of PG and MZ by (c) CrFe,O,.
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Model Parameter CrFe,0, CrFe,0,@MOEF-5
MZ

q, (mgg™) 55.15 91.01
Pseudo-1st -order model k2 (min~1) 8.7x107° 1.972

r 0.91 0.98

qe (mgg™) 119.1 119.1
Pseudo-2nd -order model l%(g mg ! min~!) | 1.418 1.973

r 0.99 0.97
Experimental data q, (mgg™) 50.41 90.24
PG

q, (mgg™) 83.14 93.37
Pseudo-1st -order model k2 (min~1) 9.01x107° | 1.8x1074

r 0.90 0.98

qe (mgg™h) 123.53 120.48
Pseudo-2nd -order model kf(g mg ' min~!) | 1.182x107° | 1.8x107*

r 0.97 0.90
Experimental data q, (mgg™) 53.82 91.67

Table 1. Kinetic parameters for the removal of MZ and PG on adsorbents.

Isotherm [ CrFe,0, | CrFe,0,@MOF-5
MZ

Langmuir model

Q, (mgg™) 54.35 185.20
K; (Lmg™) 0.123 0.092
2 0.95 0.96
R, 0.076 0.098
Freundlich model

K (Lmg™") 5.91 13.922
1/n 17334 | 1176
r? 0.99 0.97

Temkin model

A (L/g) 1.62 1.81
B (J mol™1) 18.63 27.97
r? 0.91 0.82
PG

Langmuir model

Q, (mgg™) 58.14 119.05
Ky (Lmg™1) 0.395 0.122
r? 0.96 0.95
R, 0025 | 0.076
Freundlich model

Kf(L mg!) 9.29 17.73
1/n 1.832 0.84
r? 0.90 0.97

Temkin model

A (Lig) 1.60 2.83
B (J mol™!) 19.81 50.85
12 0.91 0.93

Table 2. Isotherm parameters for the removal of MZ and PG.

The data obtained were further subjected to isotherm fitting, which covers both Langmuir, Temkin and
Freundlich isotherms models. Mathematically, Langmuir isotherm model may be expressed as>:

Ce 1 1
— = —Ce+
qe Qo QoK

(8)

The isotherm constant, K| (L mg™!) and maximum monolayer coverage, Q_ (mg g™!), were determined by
plotting C /q, against C,. The values of Q_ for the sorption of MZ by CrFe,0,@MOF-5 (185.20 mg g~!) are
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higher than that of CrFe,0, (54.35 mg g™!), while in the case of PG, the values are 119.05 and 58.14 mg g™*,
respectively for CrFe,0,@MOF-5 and CrFe,O,. Data were further subjected to Eq. 9, to determine the R; value
by relating RL to energy, K, :

1
= Ee, ®

The nature of the Langmuir isotherm is related to the sorption process by the value of R, which is considered
as follows: the Langmuir isotherm is favoured when 0<R, <1 and unfavoured when R, >1. In situations where
R, =1, sorption is linear and where R, =0, the sorption process is described as irreversible®. The values of R,
are in the range 0 <R, <1, indicating that the Langmuir isotherm is favoured in the sorption of MZ and PG by
nanomaterails, which further suggests the sorption process involves a monolayer covering of the surface of
CrFe,0,@MOF-5 and CrFe,0, by the molecules of MZ and PG.

The Temkin model is described in a linear form as®!:

¢ = (?) In(AC.) (10)
qe = BInA+ BInC. (11)

In Egs. 10 and 11, T (K) is the absolute temperature, b (J mol~!) is the Temkin constant while R (8.314 ] mol™!
K) represents gas constant. A (L g~!) stands for the equilibrium binding constant, B (J mol~!) =RT/b. The values
of A and B are derivable from the plot of q_ against In C, as presented in Table 2. The r* values obtained are lower
than those of Langmuir and Freundlich isotherms for MZ (for both CrFe,0, and CrFe,O,@MOF-5) and PG
(except for the Freundlich isotherm in the case of CrFe,O,). However, the sorption of PG by CrFe,O, can be best
described by Langmuir isotherm with an r! value of 0.96 suggesting a monolayer sorption process.

The Freundlich isotherm can be expressed as®%:

e = KFCé/n (12)

The Freundlich isotherm constants, K, (L mg™!) were obtained by plotting In q_ against In C, for the sorption
of MZ and PG by the CrFe,0,@MOF-5 and CrFe,O,. Values are presented in Table 2. As previously reported,
the process may be expressed in terms of 1/n values®, suggesting a normal sorption process when 1/n<1 and
a sorption process independent of antibiotic concentration when 1/n. However, when the value is 1/n>1, the
sorption process is a coorperative adsorption. In this study, the value of 1/n is > 1, which suggests a cooperative
sorption process, except for the sorption of PG by the CrFe,O,@MOF-5, where the value of 1/n became<1,
which indicates the sorption of PG by the CrFe,0,@MOF-5, to be a normal sorption process. From the r?
values, which are not less than 0.95, both Freundlich and Langmuir isotherms may describe the sorption of
MZ and PG by the CrFe,0,@MOF-5. On the other hand, sorption of MZ and PG by CrFe,O, fitted best for
Langmuir isotherm. This suggest that both monolayer and multilayer sorption process were taking place at the
same time when CrFe,0,@MOF-5 sorbed PG and MZ, which is corroborated by the close r? values obtained
in both situations for Langmuir and Freundlich. Such occurrence may be attributed to the functional group
(carboxylate moeity and phenylene ring group) present on the surface of CrFe,0,@MOF-5; furthermore, the
heterogeneous surface mophology of CrFe,0,@MOF-5 as seen in the SEM images must have contributed to
multilayer arrangement in which not all the adsorbed molecules of PG or MZ are in direct contact with the
surface of CrFe,0,@MOF-5. In addition, the consistent pattern of arrangement of the irregular shaped particles
may have contributed to the monolayer sorption in CrFe,0,@MOF-5. Similar observation have been previously
reported®-%°,

Process thermodynamic parameters describing the sorption of PG and MZ

The effect of temperature on the adsorption capacity expressed by the CrFe,0,@MOF-5 and CrFe,0, is shown
in Fig. 10a and b. The adsorption capacity of CrFe,0,@MOF-5 and CrFe,O, towards MZ and PG increased with
temperature. When the temperature increased from 30 to 50°C, the adsorption capacity by CrFe,O, towards
MZ increased from 50.41 to 77.24 mg g~ ! (Table 3), while towards PG, it increased from 53.82 to 86.53 mg g™!
(Table 4). A similar trend was observed with the CrFe,0,@MOF-5. The change in the Gibbs free energy (AG)
was found negative at all temperatures studied for both nanomaterials for removing the antibiotics from the
solution. The negative values of AG suggest the process to be spontaneous. The change in enthalpy (AH°) and
entropy (AS°) were calculated from q, (mg g~ 1), equilibrium constant (b,), gas constant (R, 8.314 ] mol ' K1),
temperature (T, kelvin) and C, (mg L™") as expressed below®*:

ge

by = —=
. (13)
AG° = —RTInb, (14)
AG°= AH°—TAS° (15)

The values of AH” and AS® were obtained from the plot of In bo against 1/T. The value of AS° from the study is
positive, as shown in Table 5. Similarly, the values of AH® are also positive except for the sorption of PG by the
CrFe,0,@MOF-5, which is negative (-19.23 k] mol~ IK-D), suggesting the removal to be exothermic. In contrast,
the positive values of AH° suggest an endothermic process.
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Fig. 10. Effect of temperature change on the removal of PG (a) and MZ by CrFe,0, and CrFe,O,@MOF-5.

Temperature (K) | 303 308 313 318 323
Removal (mgg™!) | 5041 |[54.12 |63.24 |65.71 |77.24
AG (k] mol™ 'K~ 1) | -2.56 |-3.02 |-4.48 |-507 |-9.11
CrFe,0,@MOF-5
Temperature (K) | 303 308 313 318 323
Removal (mgg™!) | 90.24 |90.88 |94.35 |95.00 |96.18
AG (k] mol~'K~1) | -23.28 | -25.53 | -43.48 | -50.23 | -67.56

Table 3. Comparison of performance CrFe,O, and CrFe,O,@MOF-5 towards MZ at different temperatures.

Temperature (K) | 303 308 313 318 323
Removal (mgg™!) | 53.82 |63.06 |66.88 |80.21 |86.53
AG (K mol"'K™!) | -2.94 |-437 |-525 |-10.71 |-17.24
CrFEZO 4@MOF-5
Temperature (K) | 303 308 313 318 323
Removal (mgg™!) | 91.67 |92.36 |93.47 |93.68 |94.72
AG (kK] mol™'K~1) | -27.71 | -30.96 |-37.26 | -39.19 | -48.20

Table 4. Comparison of performance CrFe,O, and CrFe,O,@MOF-5 towards PG at different temperatures.

Regeneration of CrFe,0, @ MOF-5 and CrFe,O, for reuse

The desorption of MZ and PG from the surfaces o% CrFe,0,@MOF-5 and CrFe,O, using different solvents is
shown in Fig. 11a and b, which revealed CH,OH as the best solvent for the desorption process among all the
solvents used with a desorption capacity above 90%. Therefore, the regeneration of nanomaterials in multiple
cycles was investigated using CH,OH. Results showed that the CrFe,O,@MOF-5 exhibited a better regeneration
performance than the CrFe,O, (Fig. 11c and d). Its regeneration capacity was consistent and mantained at
above 90% at the 10th cycle. The performance of CrFe,0,@MOF-5 and CrFe,O, was compared with adsorbent
from previous research works, as shown in Table 6. The adsorption capacity exhibited by the CrFe,O,@MOF-
5 compares favourably with most adsorbents for removing MZ and PG from the solution. The adsorption
capacity of CrFe,0,@MOE-5 towards PG is higher than the capacities reported for activated carbon®?, CuO
nanoparticles”” and HDTMA-Mt, Similarly, the capacity expressed by the CrFe,0,@MOF-5 towards MZ
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Parameter | CrFe,0, | CrFe,0,@MOF-5
MZ

AS° (k] mol™!) 15443 | 160.14

AH® (] mol™'K™!) | 4696 | 43.07

PG

AS° (k] mol™!) 22967 |83.32

AH® (k] mol™'K™") | 69.43 -19.23

Table 5. Sorption of MZ and PG thermodynamic parameters.
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Fig. 11. Desorption of PG (a) and MZ (b) from CrFe,O, and CrFe,O,@MOF-5 and the regeneration capacity
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o o
Adsorbent Adsorbate gﬁg g ) | Isotherm ﬁ((];x;flél‘ ) a(lilnfél‘ 1) | Removal (%) | Desorption (%) | References
Activated carbon PG 8.41 Langmuir & Freundlich | -58.51 55.70 69.48 32.98 (4th cycle) |22
CD@MIP PG 47.05 Langmuir - - - - 73

MgO PG 25.66 | Langmuir & Freundlich | - - 80.00 - 72
Activated carbon PG 6.02 | Langmuir - - - - 74
Chitosan PG 101.44 | Langmuir - 5.69 - - 7
AgZnFe,0,@Ch MZ 65.53 | Langmuir 0.674 -0.915 50.00 (4th cycle) |+
FeNi,/SiO,/Cu$ MZ 135.14 Langmuir -19.88 +0.06 85.26 53.97 (5th cycle) | 7!

MAC MZ 66.22 Freundlich - - 95.00 73.00 (5th cycle) | 7°

PW Mz 11.38 | Langmuir - +11.69 91.00 - 7
Co/A@CH Mz 359 Freundlich - - 55.00 - 78

CS-GO MZ 29.76 | Langmuir - - - - 70

RHA MZ 39.00 | Langmuir -759.10 +1.83 76.47 - 7
PY-PAN MZ 63.84 | Freundlich -7.47 -37.32 89.24 - 80
CN-HNT MZ 15.80 | Langmuir - - 63.19 - 9

GO MZ 75.22 Langmuir -0.346 32.86 - - 8L

MCNT MZ 4.80 | Freundlich 12245 59.87 - - 82
Duckweed PG 36.18 | Langmuir - - 94.60 - 83
HTMA-Mt PG 88.5 Freundlich 0.54 13.09 - - o8

Cu oxide nanoparticles | PG 15.00 - - - - 83.00 o7
Titanium oxide PG 35.58 | Langmuir - - - - 84

M| [ |25 |8 28 [RB 00y
Crco@nors [N U0 |gmurarna | 52|57 |02 [mmimod

Table 6. Juxtaposing the performance of CrFe,O, and CrFe,0,@MOF-5 towards PG and MZ with
adsorbents previously published. - = Not reported, MCNT = Multi-Walled Carbon Nanotube, HTMA-

Mt =Hexadecyltrimethylammonium bromide modified montmorillonite, CN-HNT = chitosan and
halloysite nanotubes, PP-PAN = polyaniline-polypyrrole, Co/A@CH = CoFe, O, /activated carbon@Chitosan,
PW =Plantain wood, RHA = Rice husk ash, GO = Graphene oxide.

is higher than those of CTN-HNT®, CS-GO”® and AgZnFe,O 4@Ch33 except for FeNi,/Si0,/CuS”" which
exhibited a higher adsorption capacity than CrFe,0,@MOF-5 for the MZ sorption. The regeneration capacity of
CrFe,0,@MOF-5 is better than most reported adsorbents found in the literature. Moreover, the current study
is in accordance with previous studies, which indicated that the sorption process may be described by both
Langmuir and Freundlich isotherms?>72.

Conclusion

Contamination of water systems by antibiotics such as MZ and PG is a global challenge requiring the development
of sustainable solutions for water purification. This study synthesized and compared the capacity of CrFe,0,@
MOF-5 and CrFe,0, to remove MZ and PG from water systems. The characterization results showed that both
CrFe,0,@MOF-5 and CrFe,O, exhibited a four-phase mass loss from the TGA results, while the BET revealed
a surface area of 40.94 m? g™ for CrFe,0, and 59.76 m? g~! for CrFe,0,@MOF-5. The SEM images showed the
surfaces of CrFe,0,@MOF-5 and CrFe,0, to be heterogeneous, while EDX confirmed the constituent elements
of CrFe,0,@MOF-5 and CrFe,O, to be Cr, Fe, O, C and Zn. In terms of PG adsorption capacity, the CrFe,0,@
MOE-5 exhibited a higher value than the CrFe,0, (91.67 vs. 53.82 mg g™'). Similarly, the performance of
CrFe,0,@MOF-5 (90.24 mg g~ 1) is better than that of CrFe,0, (50.41 mg g~ 1) towards MZ. The Freundlich and
Langmuir isotherm may describe the sorption process of MZ and PG by CrFe,O,@MOF-5 and CrFe,O, in an
adsorption mechanism that may include electrostatic interaction and pore diffusion. The sorption performance
of CrFe,0,@MOF-5 and regeneration capacity compare favourably with most previously reported adsorbents
in literature.

Data availability
Data will be provided by the corresponding author on request.
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