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ABSTRACT

Background: Antibiotics play a crucial role in the treatment of infectious diseases in humans
and animals. However, their incomplete metabolism in the body often results in their release as
active compounds into aquatic systems via domestic wastewater treatment plants. This release
poses potential risks of chronic toxicity and significant health and environmental hazards. This
study examines the efficacy of Polypyrrole/Titanium Dioxide Composite (PTDC) as an innovative
adsorbent for removing Cephalexin (CFX) from aqueous solutions. Materials and Methods:
In the batch adsorption experiments, the researchers inspected the influence of solution pH,
contact time, adsorbent dosage, and initial CFX concentration. Thermodynamic parameters were
calculated, which include standard Gibbs free energy (AG®), standard enthalpy (AH°), standard
entropy (AS°), and activation energy (A). Results: The biosorption processes are considered
spontaneous when the values of AG° are negative. The endothermic character of the biosorption
processes is suggested by AH°>0 for the biosorption of CFX. The biosorption capacity of the
PTDC increases as the temperature rises, which also supports the endothermic nature of the
biosorption processes. The activation energy for the biosorption of every CFX ion was less than 42
kJ/mol at all temperatures, suggesting that each process was diffusion-controlled. Conclusion:
The outcomes indicated that PTDC exhibits capability as an adsorbent for removing CFX from
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water samples to safeguard the environment.
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INTRODUCTION

Antibiotics have a broad range of uses in both human and
veterinary medicine as they are effective against various bacterial
infections."? They are also widely used in animal farming and
aquaculture to prevent diseases and promote growth.” When
administered, a significant portion of the antibiotics (30-90%)
is excreted without being metabolized, resulting in active
antibiotic residues in the environment, such as soil, surface
water, and groundwater.*® This occurs due to runoff from
domestic, agricultural, and industrial effluents. Some commonly
used antibiotics have long half-lives and are persistent, posing
potential unfavorable outcomes for water quality and aquatic life.®
The wide-ranging implementation of antibiotics can lead to the
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alteration of microbial ecosystems and the exertion of selective
pressure on susceptible bacteria, fostering the endurance of
resistant strains and the emergence of antimicrobial resistance.”®
This can lead to the ineffectiveness of existing antibiotics in
treating newly emerging infectious diseases.” Antibiotics can
also elicit allergic responses in particular individuals and disrupt
the native microbial system when they enter the human body
through the food chain and drinking water.!>!!

Antibiotics present in aquatic systems have spurred the
development of antibiotic-resistant strains and genes.”? CFX,
found at concentrations ranging from 10 to 100 pg/L, is a
prime example of an emerging antibiotic-based contaminant
causing depletion of algae and nematodes in inland aquatic
systems." Various methods have been proposed to address the
challenges posed by antibiotics in aqueous systems, including
electrochemical, biological, adsorption, membrane processes,
and chemical oxidation methods."*> However, the high cost
associated with most of these methods remains a notable issue.
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Adsorption methods stand out for their advantages, including
low costs and high efficiencies.'®!” There has been a significant
increase in publications addressing this problem from 2010 to
2021, indicating a growing interest in research on the removal of
antibiotics and emerging contaminants.'

Nanotechnology is currently a prominent trend in the field
of materials science.” It pertains to materials with at least one
attribute (length, width, or thickness) within the nanometer range
(1-100 nm)." Nanomaterials possess unique characteristics, such
as significant specific surface area, high reactivity, and remarkable
adsorption and desorption capacities.?* As a result, nanomaterials
are increasingly being employed in environmental applications.*

This study explored the efficacy of a polypyrrole/titanium dioxide
nanocomposite as a promising nano-adsorbent for eliminating
CEX from aqueous solutions. The investigation examined the
influence of four parameters-temperatures, initial concentration,
and time-on the efficiency of CFX adsorption. Furthermore,
thermodynamic studies were conducted to analyze the adsorption
of CFX on the polypyrrole/titanium dioxide nanocomposite.

MATERIALS AND METHODS

The research utilized chemicals of analytical reagent grade,
and no extra purification was required. The adsorbate,
Cephalexin, [Molecular Weight=347.39 g/mol;

Formula=C, _H N.O,S,and A\ =280 nm] was supplied by Sigma

Aldrich Co without any purification. To prepare a stock solution

Chemical

of CFX, the appropriate amount of CFX was dissolved in double
distilled water, resulting in a 1000 mg/L solution. The desired
concentration levels of the solutions required for experiments
were achieved through the dilution of the stock solution with
double distilled water.

In this procedure, 50 mL of distilled water was mixed with
titanium dioxide nanoparticles (0.1 g). Then, polyvinyl alcohol
(0.3 g) and pyrrole monomer (1 mL), serving as a stabilizer, were
incorporated into the solution. The above solution was subjected
to an oxidizing process by adding ferric chloride drop by drop
after a period of 30 min. The addition of oxidant caused the
solution to turn from green to black, indicating the conversion
of pyrrole monomer to polypyrrole. The polymerization process
was allowed to proceed for a duration of 5 hr under ambient
conditions. The resultant polymer was subjected to filtration and
multiple washings with distilled water to eliminate oligomers and
impurities. Finally, the product was subjected to drying in an
oven at 45°C for 48 hr. Finally, the resulting polymer was milled to
obtain a powder. Additionally, pure polypyrrole and polypyrrole/
titanium dioxide composite (without stabilizer) were synthesized
for comparison.
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Adsorption Studies

The PTDC composite containing polypyrrole and titanium
dioxide was shaken at 180 rpm with 100 mL of an aqueous
solution of CFX in a 200 mL flask at various temperatures ranging
from 0-40 C. After a predetermined time interval, the reaction
mixtures were filtered and analyzed for CFX concentration
using a UV-vis spectrophotometer. To estimate the maximum
adsorption, adsorption experiments were conducted by varying
the solution pH of CFX to 7, adsorbent dosage from 0.1-1 g, time
from 10-120 min, and initial concentrations from 10-100 mg/L.
To ensure consistency in experimental results, all investigations
were carried out in triplicate. The percentage of CFX adsorbed
onto PTDC was calculated using equation 1:%

_ (Co—Ce)xV
= .

R x100 (1)

The initial and equilibrium concentrations of CFX (mg/L) in
the solution are represented by CO and Ce, respectively. To
calculate the adsorption capacity, the mass balance equation 2

was utilized:?
~ (Co—Ce)xV

Qe v (2)

The adsorption capacity (measured in mg/g) is denoted as "qe".
The volume of the CFX solution (measured in L) is represented
by "V". Finally, the weight of the adsorbent (measured in g) is
denoted as "M".

The adsorption of CFX onto PTDC solid surfaces is affected by
changes in temperature. An increase in temperature favors the
endothermic reaction while the opposite is true for the exothermic
reaction. Equation 3 was utilized to gauge the corresponding
change in free energy.**

AG=RTLnK (3)

The absolute temperature is denoted by T (K). The calculation of
the equilibrium constant (K) is based on the relationship outlined
in equation 4.”

K== 4

Ce and Ca stand for the equilibrium concentrations of CFX
(mg/L) in solution and on the biosorbent, respectively.

The study also analyzed the thermodynamic properties of
biosorption of CFX onto PTDC by measuring the change in
free energy (AG®), enthalpy (AH®), and entropy (AS°). AH? and
AS° were determined using the van't Hoff equation. Equations 5
and 6 demonstrate the relationship between the AGe and other
thermodynamic properties.”

AG=AH® - TAS® (5)
AS?  AHO
Ln (K)=—-— (6)
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T represents the absolute temperature measured in Kelvin. R
denotes the gas constant, which has a value of 8.314 joules per
mole per Kelvin.

The calculation of A was carried out using the following
equation.”’
A= AH®+RT (7)

RESULTS

The removal efficiency of CFX was investigated by analyzing the
influence of contact time with varying durations ranging from
10 to 120 min. The experiment was conducted under specific
conditions (CFX concentration of 100 mg/L, pH of 3, and 0.6
g/L PTDC). The obtained results are depicted in Figure 1, which
demonstrates an increase in removal efficiency as the contact
time increases.

Figure 2 demonstrates the impact of pH, an important
experimental variable, on the adsorption process within the pH
range of 3 to 11 on the adsorption of CFX by PTDC. It is evident

from Figure 2 that the removal efficiency decreased as the pH

increased.

Figure 1 exhibits the outcomes of the impact of initial CFX
concentrations of 10, 25, 50, and 100 mg/L, at a pH of 3, 75 min
contact time, and PTDC dosage of 0.6 g/L. As shown in Figure
1, as the initial quantities of CFX are heightened, the removal

efficiency lessened.

The influence of adsorbent dosages on the adsorption isotherms
was also determined. Figure 3 displays the results of the adsorbent
dosage effect, which includes 0.1, 0.2, 0.4, 0.6, 0.8, and 1 g/L at pH
of 3, 75 min contact time, and CFX concentration of 100 mg/L.
As illustrated in Figure 3, the removal efficiency increased as the

adsorbent dosage increased.

Figure 4 illustrates the impact of temperature, an important
experimental variable, on the adsorption process within the
temperature range of 20 to 50, on the adsorption of CFX by
PTDC. It is evident from Figure 4 that the removal efficiency

amplified as the temperature increased.

Table 1: Thermodynamic parameters of adsorption of CFX onto PTDC.

Tem (K) AGe (kJ/mol) A (kJ/mol)
293 -2.55 4.65

303 -1.84 6.72

313 -1.39 8.94

323 0.84- 10.28

—0O—10mg/L —O—25mg/L

% Removal

AHe (kJ/mol)
45.65

AS° (kJ/mol K)
0.431

50 mg/L —O— 100 mg/L

0 I I I
10 20 30

45

60 75 90 120

Time (min)

Figure 1: The relationship between contact time and concentration for CFX adsorption (Con=100 mg/L, pH=3, dose: 0.6 g/L and temperature 30°C).
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The AH° and ASe were derived via the intercept and slope of the
plot of T versus AG® (Table 1). Typically, the AG® for physisorption
is in the range of -20 to 0 kJ/mol and for chemisorption varies
between -80 and -400 kJ/mol. The study conducted revealed that
the range of the overall AG® values was between -2.25 and -0.84
kJ/mol. These findings indicated that the physical adsorption
of the CFX was spontaneous, meaning that the system did not
require any external energy resources. The enhanced biosorption
efficacy at elevated temperatures is evidenced by the decrease in
AGe. Additionally, the upsurge in temperature correlated with an
increase in the biosorption capacity.

Moreover, the A magnitude provides insight into the nature of
the adsorption process, which can be either diffusion-controlled
or chemically-based. Adsorption processes A<42 kJ/mol are
diffusion-controlled, while those with higher energies are
chemically-based. Table 1 presents the A values at four different
temperatures. In this study, the A values were <42 KJ/mol,
demonstrating diffusion-controlled adsorption processes.

DISCUSSION

In the beginning, CFX was quickly adsorbed. The first 30 min saw
aremoval of 89% of the CFX, after which the PTDC's removal was
gradual until it became constant at 30 min. The rapid adsorption
during this contact time is due to the highly active sites present
on the surface of the PTDC, which strongly attract the active
sites of the adsorbent and adsorbate.?®* It is probable that the
sluggish adsorption rate is a result of the electrostatic hindrance

or repulsion that occurs between the adsorbed adsorbate
species, which are positively charged, on the PTDC surface and
the available adsorbate species in the solution.*® Additionally,
the slow diffusion of solute ions into the bulk of the adsorbent
may also contribute to the delay in pore diffusion. At 60 min,
the maximum CFX adsorption onto PTDC was achieved, and
equilibrium was reached.

This study investigated the efficiency of PTDC in removing the
CFX from aquatic environments. As the results indicate, a rise
in pH led to a decline in CFX removal efficiency. Increasing
the contact time and the amount of adsorbent enhances the
adsorption efficiency, influenced by the ionization degree of
substances in the solution, the separation of functional groups
on the active adsorption sites, and the chemistry of the solution.**
These factors contribute to the electrostatic attraction between
the adsorbate and adsorbent.

The study also sought to understand how pH influences within
the range of 3 to 11, revealing that the highest percentage of CFX
removal occurred at lower pH values. With a rise in pH from 3
to 11, the percentage of CFX removal decreased from 98.8% to
47.4%. The reason for the higher removal percentage at acidic pH
levels may be enlightened by the following explanation: in acidic
pH environments, active sites on the adsorbent surface become
protonated, leading to an increase in the density of charge on
the adsorbent surface.”? Considering the molecular structure of
CFX and its hydroxide and amine bonds, CFX tends to adsorb
positively charged species. Therefore, when the pH decreases, the

0] S —
ifii‘h

I.__

=l

80 -

60 -

40 -~

% Removal

3 4 5 6 7
pH

8 9 10 11

Figure 2: Effect of pH for CFX adsorption (Con=100 mg/L, dose: 0.6 g/L and temperature 30°C).
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Figure 3: Effect of adsorbent dose for CFX adsorption (Con=100 mg/L, pH=3 and temperature 30°C).
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Figure 4: Effect of temperature for CFX adsorption (Con=100 mg/L, pH=3, dose: 0.8 g/L).
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percentage removal increases due to the electrostatic attraction
between the adsorbent and the adsorbate.”

Time plays a fundamental character in modeling and designing
adsorption processes. In this study, the correlation between
contact time and adsorption was analyzed over periods ranging
from 10 to 120 min, with adsorbent amounts ranging from 0.1 to
0.4 g. According to the results, as the contact time and adsorbent
amount increased, the percentage of CFX removal also increased.
With 0.2 g of adsorbent, the removal efficiency of CFX increased
from 81.82% in one hour to 83.90% in 2 hr. Additionally, with
increasing time, the q, increased until reaching equilibrium after
occupying all active sites on the adsorbent, at which point the
adsorption rate decreased.*

The biosorption processes are spontaneous when the AGe values
are negative. Biosorption of CFX is an endothermic process as
AHe has a positive value. The biosorption capacity increases
with temperature, which supports the endothermic nature of the
process.’®* The increase in AS° values during the biosorption
of CFX implies a heightened disorder at the solid/solution
interface.”” PTDC adsorbent is effective in low dosages due to its
binding sites and surface area. Increasing the dosage decreases
the ratio of CFX to adsorbent.*®

The rapid adsorption of CFX in the initial stages may stem from
the abundance of available adsorption sites at the outset of the
process, facilitating the easy uptake of contaminants.” However,
as time progresses, the changes in CFX removal percentages show
little variation. This could be the outcome of the saturation of
external active sites on the adsorbent or the challenging access
of CFX molecules to active sites on the adsorbent's surface,
necessitating additional time for adsorption to occur via internal
active sites.*” Investigating the impact of CFX concentration
under optimal conditions, solutions ranging from 10 to 100
mg/L of CFX were examined. It was observed that the CFX
elimination percentage decreased with rising levels of pollutants.
This phenomenon arises because, at higher concentrations,
the accessibility of the adsorbent material to adsorption sites
diminishes.”

CONCLUSION

Within this study, the elimination of CFX from an aqueous
environment was accomplished through the use of PTDC. The
research delved into the impact of diverse factors such as contact
time, temperature, and CFX concentration on the adsorbent's
efficiency. The most effective adsorption occurred within a 60
min period, yielding a high monolayer adsorption capacity of
198.4 mg/g. The consistently negative AG® values (>0 KJmol™)
indicated the spontaneity of the process. Thermodynamic
analysis conclusively demonstrated that the adsorption process
of CFX onto magnetic PTDC nanoparticles was spontaneous and
endothermic.
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