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ABSTRACT: The existence of antibiotics in the environment has NH,OH

recently raised serious concerns about their possible hazards to

human health and the water ecosystem. In the current study, an

activated carbon-supported nanocomposite, AC-CoFe,0;, was :

synthesized by a coprecipitation method, characterized, and then
applied to adsorb different drugs from water. The synthesized
composites were characterized by using energy-dispersive X-ray
spectroscopy, Fourier transform infrared spectroscopy, Brunauer—
Emmett—Teller plots, and scanning electron microscopy. The

adsorption of both Ciprofloxacin (Cipro) and Amoxicillin (Amoxi) o °
antibiotics on the composite followed the pseudo-second-order 3 -' "' pr /4
kinetic model (R? = 0.9981 and 0.9974 mg g_l min~, respectively). = - . o °_ € o ke ©Co

Langmuir isotherm was the best-fit model showing 312.17 and o e

217.76 mg g ' adsorption capacities for Ciprofloxacin and

Amoxicillin, respectively, at 333 K. The negative Gibbs free energy (AG®) specified the spontaneity of the method. The positive
change in the enthalpy (AH) indicated that the adsorption process was assisted by higher temperatures. The different optimized
parameters were pH, contact time, adsorbent weight, concentration, and temperature. The maximum adsorption of Cipro was found
to be 98.41% at pH 12, while for Amoxi, it was 89.09% at pH 2 at 333 K. The drugs were then successfully determined from natural
water samples at optimized conditions using these nanocomposites.
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1. INTRODUCTION antibiotic complexes.”* However, investigations have discovered
that soils already contain a broad and plentiful population of
antibiotic-resistant bacteria.”*® Antibiotic contamination in the
environment has the potential to be hazardous to micro-

A substance that is used to treat infection caused by a pathogen is
called an antibiotic. Sometimes, it is also called antibacterial or
antimicrobial medication.' We use antibiotics in the form of

liquids, tablets, or capsules or via intravenous injection. For organisms, plants, animals, and eventually humans. Toxicity,
some skin infections, antibiotics can also be used in the form of according to a popular belief, could be from the molecular level
creams, ointments, or lotions.” Different types of antibiotics are to the cellular, organism, individual, population, community,
used such as Penicillin, Amoxicillin (Amoxi),’> Tetracy- and finally ecosystem level.””**
cline,"~® Lincomycins,”'® Sulfonamides,''™'* Cephalospor- Drugs and pharmaceuticals have been acknowledged as
in,"*"* and Fluoroquinolones.'”"” Some of them work by entirely distinct marine environment divisions. Scientists are
stopping the bacteria or parasite gI'OWth-lg'Ig interested in removing medications and personal hygiene
Even though these medications have relatively low concen- goods.”” Urban treatment plants are unable to remove

trations in water, their ongoing presence poses significant threats
to the aquatic ecosystem and its microbes because of their
cumulative effects.”” Some common secondary effects in human
beings are diarrhea, stomach discomfort, feeling ill, etc.” 7> The
most serious problem with antibiotic discharge into the
environment is antibiotic resistance, which leads to failure in
the therapeutic capability against infections in humans and
animals. Antibiotic resistance is thought to be transmitted to the
environment by human activities like fertilizer/biosolid
application, wastewater irrigation, and agricultural use of

pharmaceutical chemicals from water due to their high
solubility.”” There are several attempts to remove antibiotics
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Figure 1. Structures of (a) ciprofloxacin and (b) amoxicillin.

(b)

NH,

in water using oxidation methods, potassium permanganate,
ozone, Fenton’s reagent, chlorine, etc.’’ ™% Also, mineral
composites and anaerobic and aerobic processes combined
with ion exchange, chemical oxidation, coagulation-flocculation,
irradiation, adsorption, precipitation, and membrane technolo-
gies are also used.’”* Consequently, there are several issues and
disadvantages with all of these procedures, including their high
cost, high solvent consumption, lengthy analytical times, difficult
sample preparation, etc. The simplicity and ease of application of
solid adsorbents make them the most successful among these
approaches. Simple solid adsorbents however have many
drawbacks, including a high price and poor selectivity.”
Adsorption is a simple, efficient, less inexpensive, and less
toxic method to remove pharmaceuticals (antibiotics) from
water.”*” Different adsorbents can be used to fulfill this purpose
including black cumin seeds (BCs), activated carbons (ACs),
graphene natural clay compounds like bentonite, ion exchange
materials, etc.’®*° Out of these, adsorbents with nanoscale
dimensions have gained attention due to their unique properties
like greater chemical and mechanical stability, high enrichment
and adsorption capacity, fast adsorption, etc. These and other
properties of nanoparticles can be enhanced/improved by
synthesizing the nanocomposites to obtain raised adsorption
capacities.”””” Therefore, nanocomposites are growing rapidly
due to their outstanding photocatalytic efficacy, ease of
availability, long-term stability, and nontoxicity. Thus, nano-
composites have been considered for numerous applications
such as in imaging, in biomedical devices including nano-
medicines, and in heterogeneous catalysis.*"*"

As far as we are aware, we have used for the very first time this
activated carbon bimetallic nanocomposite (AC-CoFe,0;) for
the adsorption of two pharmaceutical pollutants (Cipro and
Amoxi) from water to increase the efficiency of the adsorption
process and to drive the thresholds of nanocomposite
adsorbents. This study covers different optimization studies
like pH, contact time, adsorbent dose, concentration of
antibiotics, and temperature as well. The mechanism of the
adsorption process has been established by isotherm and kinetic
modeling, and the feasibility of the process has been determined
by applying thermodynamics.

2.0. METHODS AND MATERIALS

2.1. Materials. All solvents and antibiotics used were of
analytical grade. Chemicals used in the research work included
hydrochloric acid (HCI) (Riedelde Haen), ammonium
hydroxide (NH,OH), (Scharlau), sodium hydroxide (NaOH)
(Riedelde Haen), cobalt-2-chloride tetrahydrate (CoCl,-4H,0)
(Riedel-de Haen), iron-6-chloride hexahydrate (FeClg-:6H,0)
(Scharlau), activated carbon (Riedelde Haen), and Cipro and
Amoxi (SNB Pharmaceuticals Peshawar Pakistan). Water was
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obtained using a Millipore Milli-Q system. The structures of
antibiotics are given in Figure 1.

2.2. Characterization of Carbon-Supported CoFe,0;.
The morphology of the prepared nanocomposites was obtained
by scanning electron microscopy (SEM) (JSM 5910, Jeol,
Japan) at various magnifications of 500X, 1000X, S000X, and
10,000%. A Fourier transform infrared (FTIR) spectroscope
Vertex 70 (Bruker, Billerica, MA, USA) with a DLaTGS detector
and a He Ne laser in the 4000—S00 cm™" range was used to
examine the nanocomposite structure. On an automated pore
size and surface area analyzer, the Brunauer—Emmett—Teller
(BET) surface area and pore size distribution were calculated
using N, adsorption—desorption (JW-BK122W, Beijing
JWGB), an energy-dispersive X-ray (EDX) system
(INCA200/Oxford Instruments) was used for elemental
composition, and a UV—visible double beam spectrophotom-
eter (Model SP-3000DB, Optima, Japan) was used for
absorbance measurement using quartz cuvettes. The spectral
bandwidth and wavelength range for this instrument is 1 nm and
190 to 1100 nm.

2.3. Synthesis of the Carbon-Supported CoFe,0;
Nanocomposite. A coprecipitation method was used to
synthesize the carbon-supported CoFe,O; nanocomposite.
CoCl,-4H,0 and FeCl;-6H,0 were added in 1:2, respectively,
and kept in distilled water with continuous stirring for 2 h at
343.15 K temperature. After that, ammonium solution
(NH,OH) (1.5 mol/L) was added dropwise to the previous
flask until solidification. During base addition, activated carbon
was also added from time to time to the solution. The precipitate
was filtered and thoroughly washed many times with distilled
water and dried at 423.15 K for 24 h to obtain an ultrafine
precipitate.

2.4. Adsorption Studies of Cipro and Amoxi. A 100 ppm
working solution of Cipro and Amoxi was used for the
adsorption study. Each experiment was carried out by taking
10 mL of the solution in a conical flask, a buffer solution of the
desired pH (2 and 12), and an appropriate adsorbent amount
(0.04 g), and the solution was kept for the adsorption of Cipro
and Amoxi for different intervals of time (10 min). After the
adsorption, the adsorbent solution was filtered using Whatman
filter paper to separate the adsorbent. Then, Cipro and Amoxi
solutions were analyzed using an ultraviolet visible spectropho-
tometer (Model SP-3000DB) at 275 and 270 nm, respectively.
The adsorption of Cipro and Amoxi was measured before and
after the adsorption, and the percent (%) removal was calculated
using the following formula:

Co B Cf
—— X 100
G (1)

% removal =

https://doi.org/10.1021/acsomega.3c08161
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Figure 2. SEM images of AC-Co-Fe,Oj at various magnifications 500X, 1000X, S000X, and 10000X. (a—d) Effective loading with cobalt and iron

oxide.
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Figure 3. (a, b) The EDX pattern of AC-Co-Fe,0; confirmed the presence of cobalt (Co), iron (Fe), oxygen (O), and carbon (C) at ratios of 60, 15,

22, and 2.8% by weight, respectively.

where C, is the initial concentration and C; is the final
concentration.

2.5. Real Sample Analysis. Different natural water samples,
namely, deionized water from the Millipore Milli-Q system, tap
water from a chemical faucet in the University of Malakand, and
river water from the river Swat, Chakdara KPK, Pakistan, were
collected in prewashed polyethylene bottles. Tap and river water
had suspended particles so they were allowed to settle for 24 h
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and then filtered using filter paper before analysis. The natural
water samples were colorless having pH 6.5. These samples were
analyzed for the presence of drugs (Cipro and Amoxi). Since no
drug was found in these samples, spiking was carried out by
adding known concentrations of drugs (100 mg/L). These
spiked samples were then submitted to the optimum adsorption
method to assess the application of the nanocomposite for the
elimination of drugs (Cipro & Amoxi) from different types of

https://doi.org/10.1021/acsomega.3c08161
ACS Omega 2024, 9, 6815—-6827
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natural water samples. The capability of the nanocomposite to
adsorb drugs from spiked water samples seemed to be impacted
in tap water and river water because of the presence of dissolved
organic and inorganic substances.

3.0. RESULTS AND DISCUSSION

3.1. Characterization of Synthesized AC-CoFe,0;. The
synthesized nanocomposite was characterized by different
techniques such as SEM, FT-IR, UV—visible spectrophotom-
etry, EDX, and BET using scanning electron microscopy (SEM),
by which size information and morphology can be obtained."”
Figure 2 shows the SEM images of AC-Co-Fe,0; at various
magnifications 500X, 1000X, 5000X and 10,000X. These images
clearly show that the surface of activated carbon was effectively
loaded with cobalt and iron oxide and the bimetallic nano-
particles were homogeneously dispersed on the surface of
activated carbon. The particle morphology was rough and
irregular. Moreover, the particles were well structured having
porous morphology.*’

The EDX pattern of AC-Co-Fe,O; as given in Figure 3
confirmed the presence of cobalt (Co), iron (Fe), oxygen (O),
and carbon (C). The EDX pattern showed that C, O, Fe, and Co
are present at ratios of 60, 15, 22, and 2.8% by weight,
respectively, while by atomic ratio, C, O, Fe, and Co are 78, 15, 6,
and 0.8%, respectively.”* This shows that AC-Co-Fe,O; was
synthesized successfully.

FT-IR spectrum was used to analyze the surface functional
groups of the CoFe,0; nanocomposite in the range of 4000 to
400 cm™.** The stretching vibration at 3420 cm™' in Figure 4

CoFe O
——
% A
- P
H
] ‘_J_J// - L/ /
£ \\ c=0 /o
El Fe-OH  //
E OH Fe-Co
-
3500 3000 2500 2000 1500 1000 500

Wavenumber {em™?)

Figure 4. The FT-IR spectrum (500—4000 cm™") of the AC-CoFe,0O,
nanocomposite confirmed the vibration at 3420 cm™' of OH and
bending vibrations of C=0O at roughly 1639 and 1489 cm™', while the

Fe—Co stretching mode bands may be seen at 661, 609, and 583 cm™".

indicates the presence of OH on the surface of cobalt ferrite. The
asymmetric and symmetric bending vibrations of C=0 were
seen at maxima at roughly 1639 and 1489 cm™'. The Fe—Co
stretching mode bands may be seen at 661, 609, and 583 cm™L*®

The Brunauer—Emmett—Teller (BET) equation was applied
to the resulting nitrogen physisorption data to produce
multilayer adsorption isotherm plots, which were then used to
calculate the specific pore volume, pore size, and surface area of
the nanocomposite sample. The BET plots in Figure S show the
average surface area (116 m* g™') and pore volume (0.19 cm®
g™"), and the average values of pore diameter of the parent AC-
CoFe,0; nanocomposite (27 A) are also given in Table 1. The
International Union of Pure and Applied Chemistry (IUPAC)
designated the BET isotherms of the nanocomposites as type II
adsorption isotherms since they showed an H3 hysteresis loop.
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It is a property of mesoporous materials whose mesoporous
volumes are poorly defined due to the aggregate nano-
composites’ nonrigid structure and low-degree pore curva-
ture.*>*’

3.3. Effect of pH. The adsorption studies of Cipro and
Amoxi were carried out at variable pH values from 2 to 13 with
30 min contact time, 0.002 g of adsorbent weight, and 10 mL of
100 ug mL™" Cipro solution at room temperature. First, a
decrease in adsorption was observed until pH 7, then adsorption
increased at a higher pH, and maximum adsorption occurred at
pH 12. At pH levels higher than 12, adsorption remained
constant. With the change in pH, ionization of Cipro occurred.
Ciprofloxacin has a positive charge, which favored electrostatic
repulsion in acidic solution, which made adsorption difficult. At
alower pH, it acted as a cation, and at a higher pH, it behaved as
an anion. Due to this ionization and metal bridging as well, the
maximum adsorption of Cipro occurred at pH 12, which was
74.58%."° The percent adsorption is shown in Figure 6a. For
Amoxi, similar experiments were performed, and the maximum
adsorption of 48.31% took place at pH 2. Amoxicillin was
negatively charged, and the anionic group was largely possible to
be bound by the positively charged metal through electrostatic
interactions and cation exchange.

3.4. Effect of Adsorbent Dose. Investigation of the
optimum amount of adsorbent for maximum adsorption is of
vital importance in adsorption studies as it determines the cost
effectiveness of the developed method and adsorption capacity
of the adsorbent per used amount. Therefore, this study was
carried out by changing the weight of AC-CoFe,O; from 0.002
to 0.06 g keeping other parameters constant like pH (12),
contact time (30 min), and volume (10 mL of Cipro working
solution) at room temperature. When with an increase in
dosage, the surface area of adsorbent increases for adsorbate and
also more active sites of adsorbent become available for
adsorption. For Cipro, the maximum adsorption occurred at
0.04 g, and then, no change in adsorption was observed with an
increase in dosage. The graph between adsorbent dose and
percent adsorption is shown in Figure 6b. Adsorption of Amoxi
also increased with an increase in adsorbent dose due to the
increased pores of adsorbent, and the maximum adsorption was
noticed at 0.016 g, so 0.016 g was taken as the optimum dose to
carry out further experiments. The data is shown in Figure 6b.

3.5. Effect of Contact Time. The effect of time on the
adsorption of Cipro using AC-CoFe,O; was investigated at the
optimized parameters of pH 12 and adsorbent dose (0.04 g).
The contact time was varied from 10 to 100 min with a time
interval of 10 min. With an increase in contact time, adsorption
was enhanced due to an increase in the interaction of sorbate
with adsorbent active sites, and maximum adsorption was
obtained at 80 min (95.03 and 82.82% for Cipro and Amoxi,
respectively). The effect of contact time on adsorptions is shown
in Figure 6¢ for Cipro and Amoxi.

3.6. Effect of Temperature. To study the effect of
temperature on the adsorption of Cipro and Amoxi, the
temperature was varied from 293 to 333 K with a 10 K interval.
Other parameters were kept constant, such as pH (12), contact
time (80 min), adsorbent dose (0.04 g), and volume (10 mL) of
Cipro and Amoxi. With an increase in temperature, the %
adsorption increased and maximum % adsorption was obtained
at 333 K, which was 98.41 and 89.09% for Cipro and Amoxi,
respectively. Data obtained from temperature effect on %
adsorption of Cipro and Amoxi is shown in Figure 6d.

https://doi.org/10.1021/acsomega.3c08161
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Figure S. BET graphs showing the (a) N, adsorption—desorption isotherm and (b, c) pore volume of the AC-CoFe,0; nanocomposite.

Table 1. BET Study of the Carbon-Supported
Nanocomposite (AC-CoFe, 05,

pore radius

27 A

pore volume

0.19 cm® g_1

adsorbent

AC-CoFe,0;

specific surface area

116 m? g_1

3.7. Adsorption Kinetics. Adsorption kinetics was
investigated at three different temperatures for Cipro and
Amoxi by modeling kinetic data using different kinetic models
like pseudo-first-order, pseudo-second-order, and intraparticle
diffusion models. This modeling of kinetic data was carried out
for determination of a precise adsorption mechanism and
possible rate-limiting step during the adsorption process.*” For
this purpose, 0.04 and 0.016 g of AC-Co-Fe,O; were added to a
series of 10 mL flasks containing 0.1 ppm Cipro and Amoxi,
respectively. Analysis of experimental data at different intervals
made it possible to calculate the kinetic parameters and design
and model the adsorption process to obtain certain
informations.”® Figure 7 shows these information about the
kinetics adsorption of Cipro and Amoxi.

3.7.1. Pseudo-First-Order Kinetic Model. The linear form of
the pseudo-first-order kinetic equation is as follows:

In(g, — ¢q) =Ing, — k Xt )

In eq 2, q. is the adsorption of drugs (mg g™') at equilibrium
time, while g, is the adsorption at any time (min), and k, is a first-
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order constant. By using the graph of log(q. — g,) against “t”, we
calculated k; (min™"). Figure 8a,b shows the pseudo-first-order
kinetics at different temperatures (293, 313, and 333 K),
whereas various parameters are given in Table 2. The
experimental g, and calculated g, do not match each other,
and also, the correlation coefficient R* for both adsorption
processes is less than 0.99, so this model is not applicable; thus,
the adsorption of Cipro and Amoxi is not physical.

3.7.2. Pseudo-Second-Order Model. The pseudo-second-

order model can be described using eq 3

t
+ _
9. ©)
where g, is the adsorption at equilibrium time while g, is the
adsorption at any time, “t” is the contact time, and k, is a pseudo-
second-order constant. The k, (g mg™" min™"') and correlation
coefficient R? values for the adsorption process of Cipro and
Amoxi on AC-Co-Fe,0j; are tabulated in Table 2. The slope and
conjunctions of the t/q, versus “t” can be used to calculate the
values of g, (mgg™") and k,.”' The plot using eq 3 for Cipro and
Amoxi at different temperatures (293, 313, and 333 K) is shown
in Figure 8c¢,d, and data are given in Table 2. For both Cipro and
Amoxi, R? values are closest to 1 and experimental g, is close to
calculated gq; therefore, the best model to describe the
adsorption process is the pseudo-second-order model showing
the chemical nature of adsorption.

https://doi.org/10.1021/acsomega.3c08161
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of AC-Co-Fe,0; in 10 mL flasks containing 0.1 ppm (a) ciprofloxacin and (b) amoxicillin,

respectively, at various temperatures (293, 313, and 333 K) with different intervals of time.

The examination of different parameters obtained from
pseudo-first-order and pseudo-second-order kinetic models, i.e.,
R? values and maximum adsorption capacity, and also due to
possible ionization of drugs, it can be suggested that
chemisorption was the dominant mechanism for drug
adsorption onto the nanocomposite. But, since the R value
for the pseudo-first-order was greater than 0.9, this model can
also not be ignored. So in the end, we can suggest that
adsorption of drugs onto the nanocomposite involved both
physical and chemical processes.>”

3.7.3. Intrapatrticle Diffusion Model. The mathematical form
of the intraparticle diffusion model is as follows:

1
q, kigt2 + C (4)
where k4 is the intraparticle diffusion constant and C shows the
thickness of the boundary layer. The intraparticle plot of time vs
t/q, is shown in Figure 8e,f for Cipro and Amoxi at 293, 313, and
333 K, respectively, and data is given in Table 2. The boundary
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effect will be greater if the intercept value is greater, and if the
line passes through the origin, there will be incorporation of the
intraparticle diffusion model and the intraparticle diffusion will
be a controlling step. If it does not go beyond the origin, it can be
concluded that not only the intraparticle distribution but also
the boundary layer (film distribution) has some effect on the
rate-controlling phase.”

3.8. Effect of Concentration. The effect of Cipro and
Amoxi concentration using Ac-CoFe,O; was studied at different
concentrations, ie., from 100 to 450 ppm. The adsorption
efficiency decreases with an increase in concentration because
the active sites of adsorbent become occupied, and no further
site is available for adsorption of more adsorbate. The %
adsorption Cipro (a) and Amoxi (b) vs concentration is shown
in Figure 9.

3.9. Isotherm Study. For additional features like whether
the adsorption of drugs was a monolayer or multilayer onto the
nanocomposite and adsorbent compatibility of adsorbate,
different isotherm models such as Langmuir, Freundlich, and
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Table 2. Kinetics Model Parameters for Drug Adsorption

ciprofloxacin
parameter 293 K 313K 333 K
Pseudo-first-order
q. (cal) (mg/g) 119.2 145.75 78.12
k; (min™") 0.0477 0.0682 0.06
R? 0.9512 0.904 0.9568
Pseudo-second-order
q. (cal) (mg/g) 113.6 142.85 208.04
k, (g/mg/min) 0.00032 0.00049 0.00067
R? 0.9981 0.9668 0.943
Intraparticle diffusion model
ky 14.2771 12.749 8.918
C 34.139 5.576 30.516
R? 0.9986 0.9786 0.927

amoxicillin

293 K 313K 333 K
63.15 73.27 95.21
0.056 0.0728 0.0713
0.09743 0.9815 0.9899
94.02 100.12 100.9
0.00049 0.0015 0.00107
0.9974 0.999 0.9924
9.136 6.7464 7.137
7.12 33.24 33.82
0.9377 0.9574 0.9835

Tempkin were applied at different temperatures (293, 313, and
333 K) to study the adsorbent surface monolayer or multi-

layer.
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3.9.1. Langmuir Isotherm Model. To explain the mechanism
of adsorption of Cipro and Amoxi on the adsorbent, this model
was successfully applied. The basic assumption of this model is
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Table 3. Different Isotherm Parameters for Adsorption of Drugs (Cipro and Amoxi) onto the Nanocomposite

ciprofloxacin amoxicillin
parameters 293 K 313 K 333 K 293 K 313 K 333K
Langmuir isotherm model
Q. (mg/g) 125 166.6 312.6 192 196.07 217.76
K, (L/mg) 3.63 0.1609 0.107 0.4727 0.1841 0.268
R? 0.9937 0.9887 0.9559 09683 0.9951 0.9966
Freundlich isotherm model
1/n 0.0412 0.1006 0.1392 0.0734 0.1557 0.1148
K (L/mg) 104.007 95.56 95.30 92.81 89.36 1.0938
R? 0.1737 0.7302 0.8576 0.496 0.7979 0.5088
Temkin isotherm model
B, 4.2298 12.76 19.706 8.19 21.928 15.758
K(L/mg) 13.05 2.11 1.578 8359.82 41.007 1226.52
R? 0.1374 0.743 0.8586 0.4835 0.8403 0.4755

that the adsorption process takes place at certain homogeneous
sites contained by the adsorbent. The model can be mathemati-
cally expressed as

C, C. 1

<= 4

. Q. KQ, (s)
where C, K;, and Q,, are the liquid-phase equilibrium
concentrations of drugs (mg L), Langmuir constant (L gl_) ,
and bulk dosage of adsorption (mg g™"), respectively.** The plot
of C./q. vs C, must be linear with an intercept (1/Q,,K;) and
slope 1/Q,,. As shown in Table 3, the maximum adsorption
capacities of the nanocomposite is 312.6 and 217.76 mg g ', and
Figure 10a,b shows the models for Cipro and Amoxi,
respectively, at 333 K, while Figure Sla—d shows the model at
293 and 313 K. The R* values 0.95 and 0.99 of the model
indicate that Langmuir is the best model for defining the correct
adsorption process.

3.9.2. Freundlich Isotherm Model. This model shows
adsorption that may be an inappropriate retrofit and is not
limited to monolayer production. This model can be expressed
as

1
Ing, = InK; + nln C, ©)
where C, (mg L™') shows the liquid phase concentration at
equilibrium, g, (mg g~") indicates the adsorption of drugs, while
K; (mg g7") is the relative adsorption capacity. On the other
hand, 1/n determines the heterogeneity factor of the surface for
drug adsorption. The 1/ value should be less than 1 for best
adsorption, while it will be higher than 1 for worst adsorption.54
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Therefore, 1/n values are 0.1392 and 0.1148 for Cipro and
Amoxi, respectively, indicating that the adsorption process is
favorable. Figure 10c,d shows the Freundlich model of Cipro
and Amoxi at 333 K, respectively, and Figure S2e—h shows the
model at 293 and 313 K. Various parameters are given in Table
3.

3.9.3. Temkin Isotherm Model. This model can be expressed
as

q, = PlnKp+ fInC, (7)

where # = RT/bis related to the adsorption temperature, T is the
total Kelvin temperature, and R (Jmol™ K™") is a gas constant.>
The structure against In C, enabled us to determine the values of
these fixed parameters. Figure 10ef shows the Tempkin
isotherm adsorption of Amoxi and Cipro at 333 K onto AC-
Co-Fe,0;, respectively, while Figure S3i—1 shows the model at
293 and 313 K. As can be seen in Table 3, in contrast to the
Freundlich and Temkin models, the regression values and
adsorption capacities for Cipro and Amoxi are greater for the
Langmuir isotherm. Therefore, based on these results, we can
suggest that the adsorption of Cipro and Amoxi better followed
the Lamgmuir isotherms as compared to the other isotherms.
3.10. Thermodynamic Study. The relationship between
thermodynamic parameters like Gibbs free energy, enthalpy, and
entropy with respect to temperature was attained for the
adsorption of Cipro and Amoxi onto AC-CoFe,O; by
performing thermodynamic studies at three different temper-
atures.”” The parameters were calculated using eqs 8 and 9
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Figure 10. (a, b) Langmuir, (c, d) Freundlich, and (e, f) Temkin isotherm models for the adsorption of Ciprofloxacin and Amoxicillin, respectively, at

333 K.
AS° AH® AH® indicated that the present study adsorption process is
In(K) = — - — . - )
R RT (8) endothermic because the rising temperature caused the increase
in the rate of adsorbate diffusion on the adsorbents (external and
AG®° = AH° — TAS° ) internal surfaces). During adsorption, a positive change in

where K. (Lg'") is the thermodynamic equilibrium constant
represented by q./C,, T (K) is the absolute temperature, and R
(8.314 J mol™'K™") is the universal gas constant. The intercept
and slope of a plotlog K. vs 1/T were used to calculate the values
of AS° and AH°. Different parameters were studied at various
temperatures listed in Table 4, and the van’t Hoff plot is
displayed in Figure 11. At all temperatures, the Gibbs free energy
change (AG®) was negative, indicating that the adsorption of
Cipro and Amoxi is spontaneous and feasible. The positive value

Table 4. Thermodynamic Parameters for Adsorption of
Cipro and Amoxi

AG° (J mol ™) AH® (k] mol™) g moAl§1 K1)
temperature
(K) Cipro Amoxi Cipro Amoxi Cipro Amoxi
293 —-0915 —0.674 28.092 19.836 99.9 70
313 -0.317  —=2.074
333 —-0.517 —3.474
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entropy (AS °) indicated an increased disorderedness in the
adsorption.

3.11. Real Sample Analysis. For real sample application,
deionized water, tap water, and river samples were employed to
test the capability of this nanocomposite in eliminating Cipro
and Amoxi. Deionized water was taken by using the Millipore
Milli-Q system, tap water was obtained from a chemical faucet in
the University of Malakand, and river water was obtained from
river Swat, KPK, Pakistan, to assess how well the nanocomposite
would recover the drugs Cipro and Amoxi from environmental
samples. For the collected water for real sample analysis, the pH
of river water was 7.4, with a density of 1.03 g/cm?, while the pH
of tap water was 6.5 with a density of 0.99 g/cm®. The density
was measured using a density meter (pycnometer), and the
interferences were removed by filtration (Whatman filter paper).
The samples were submitted to the optimized extraction
procedure (pH 12 and 2) after being spiked with known
concentrations of the drugs (100 mg/L) Cipro and Amoxi, and
the nanocomposite showed efliciencies of 98 and 89%,
respectively. Tap water and river water appear to have an
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impact on the nanocomposite’s ability to adsorb drugs. The
dissolved organic and inorganic materials in the river water
samples marginally decreased the selective efficacy of the
nanocomposite. Table S summarizes the results of drug (Cipro
and Amoxi) adsorption from several water samples.

Table 5. Real Sample Analysis for the Adsorption of Cipro
and Amoxi

amount of  amount of
drug added  drug found  %recovery +
samples drugs (mg/L) (mg/L) SD
deionized ciprofloxacin 100 98.41 98.40 + 0.9
water
tap water 100 82.07 82.06 + 1.20
river water 100 61.08 61.06 + 0.34
deionized amoxicillin 100 89.09 89.08 + 0.2
water
tap water 100 65.75 65.73 + 0.6
river water 100 43.65 43.64 + 0.4

3.12. Efficiency of the Synthesized Nanocomposites.
Table 6 presents a comparison between the adsorbent
developed in this work and the existing adsorbents found in
the literature. The comparison is based on the adsorption
capacity, calculated using the Langmuir isotherm, for Cipro and
Amoxi. The table clearly indicates that the synthesized
nanocomposites exhibit a higher adsorption capacity compared
to the already reported adsorbents. This demonstrates the
superior effectiveness of the developed adsorbent for the
removal of Cipro and Amoxi.

4.0. CONCLUSIONS

The focus of the present study was to synthesize nano-
composites (AC-CoFe,0;) and use them for the very first
time as a new adsorbent to adsorb drugs (Cipro and Amoxi)
from water. The carbon-supported nanocomposite AC-
CoFe,0; was synthesized using the coprecipitation method.
Various parameters were optimized, such as time, pH, dose,
temperature, and concentration for maximum adsorption. The
efficacy of the adsorption process improved to 98.41 and 89.09%
for Cipro and Amoxi, respectively, with an increase in dosage
and time of contact. Different kinetic and isotherm models at
various temperatures (293, 313, and 333 K) were applied to
study the adsorption mechanism. The drug (Cipro and Amoxi)
adsorption followed the pseudo-second-order kinetic and
Langmuir models, thus indicating chemisorption. From the
thermodynamic study, the negative value of AG® showed that
the process is spontaneous, while AS® and AH® determined the
feasibility and endothermic nature of the process, respectively.
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Table 6. Comparison of Different Adsorbents for the
Adsorption of Cipro and Amoxi Drugs

adsorption
capacity
adsorbents drugs (mg/g) references

magnetic N-doped porous ciprofloxacin 1564 56
carbon

nickel sulfide nanomaterial 971.8 57

silica-based alginic acid 426.6 S8

magnetic chitosan/graphene 282.9 59
oxide

magnetite-imprinted 142.9 60
chitosan

sodium alginate/graphene 100.0 61
oxide

Fe;0,/carbon 90.10 62

Cu-glutamate MOF 61.35 63

bentonite-chitosan 39.06 64
nanocomposite

carbon-supported 312.17 current
nanocomposite (ACo- study
Fe,0;)

activated carbon prepared amoxicillin 265.2 65
from Azolla filiculoides

activated carbon 163.93 66

magnetically modified 106.38 67
graphene nanoplatelets

palm bark 35.92 68

tartaric acid-modified wheat 31.25 69
grains

natural phosphate rock 23.3 70
(francoliteg)

carbon-supported 217.76 current
nanocomposite study

(ACo-Fe,05)

Therefore, it can be concluded that Ac-Co-Fe,O; is a good
choice for the adsorption of antibiotics (Cipro and Amoxi) and
this research can be further expanded to adsorb other drugs as
well for other applications too.
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