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Abstract: Due to the shortage of freshwater availability, reclaimed water has become an important
source of irrigation water. Nevertheless, emergent contaminants such as antibiotics in reclaimed
water can cause potential health risks because antibiotics are nonbiodegradable. In this paper, we
report the adsorptive removal of azithromycin (AZM) antibiotics using activated porous carbon
prepared from Azolla filiculoides (AF) (AFAC). The influence of the adsorption process variables,
such as temperature, pH, time, and adsorbent dosage, is investigated and described. The prepared
AFAC is very effective in removing AZM with 87% and 98% removal after the treatment of 75 min,
at 303 and 333 K, respectively. The Langmuir, Temkin, Freundlich, and Dubinin–Radushkevich
isotherm models were used to analyze the adsorption results. The Freundlich isotherm was best
to describe the adsorption isotherm. The adsorption process follows second-order pseudo kinetics.
The adsorption was endothermic (∆H◦= 32.25 kJ/mol) and spontaneous (∆S◦ = 0.128 kJ/mol·K).
Increasing the temperature from 273 to 333 K makes the process more spontaneous (∆G◦ = −2.38 and
−8.72 KJ/mol). The lower mean square energy of 0.07 to 0.845 kJ/mol confirms the process’ physical
nature. The results indicate that AFAC can be a potential low-cost adsorbent of AZM from aqueous
solutions.

Keywords: Azolla filiculoides; activated porous carbon; azithromycin; adsorption equilibrium;
thermodynamics; adsorption; water treatment

1. Introduction

Pharmaceuticals play a critical role in saving millions of lives from various infectious
to deadly diseases and lengthening life spans. On the other hand, pharmaceutical contami-
nants in water sources (surfaces, lakes, rivers, and seas), effluents of wastewater treatment
plants, soils, and sludges, are emerging contaminants, leading to chronic and acute effects
on the environment and human life [1,2]. Wastewater effluents are widely discharged
from different sectors, such as industries, households, hospitals, and pharmaceuticals fac-
tories [3,4]. These streams may contain traces of various pharmaceuticals that might lead
to bioaccumulation in the environment and endanger humans and animals [5]. Pharma-
ceuticals are a diverse group of chemical compounds with varying physical and chemical
properties [6]. Therefore, various pharmaceuticals’ successful use has the drawback of their
emergence as rapidly growing harmful contaminants.

Among the pharmaceutical products, antibiotics are a critically important class of
pharmaceuticals extensively used to prevent and cure infectious and deadly diseases in
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human and veterinary applications. Among the antibiotics, azithromycin (AZM) is a
relatively new macrolide employed in eliminating erythromycin shortcomings, such as
intolerance and its limited antimicrobial spectrum. AZM is more widely used as an effec-
tive antibiotic for several bacterial infections, including strep throat, middle ear infections,
traveler’s diarrhea, pneumonia, and intestinal disorders [7]. AZM is also employed to treat
several sexually transmitted diseases, including chlamydia and gonorrhea infections [8].
In addition, AZM could function along with other medications to treat malaria, with
doses administered orally or intravenously [9]. Antibiotics are usually not removed by the
primary and secondary water treatment steps [10]. Therefore, they can exist in reclaimed
water, developing antibiotic-resistant strains and threatening human health and the ecosys-
tem [11,12]. A large portion of antibiotics is excreted as intact from the body, as antibiotics
are usually not biodegradable and can survive in aquatic environments for a long duration.
As a result, antibiotics negatively impact the environment, such as creating toxicity for
infection pathogens, including bacteria, even at very low concentrations, disturbing bio-
logical processes in wastewater treatment, and decreasing the degradation rate of organic
compounds. The discharge of these streams raises bacterial resistance to antibiotics and
negatively impacts the environment. Therefore, the removal of them has become a crucial
issue.

Meanwhile, different processes on removing antibiotics from the aquatic environ-
ment, including reverse osmosis, adsorption, biodegradation, chemical oxidation, solvent
extraction, and nanoemulsion [13–16], have been demonstrated. Recently, the green na-
noemulsion method was used to treat polluted water with AZM [17,18]. Among the
processes, adsorption as a wastewater treatment process has become an attractive method
because it offers the advantages of easy preparation and handling, low cost, high efficacy,
and low or no risk of producing toxic byproducts [19].

Notably, the adsorption process is primarily affected by the adsorbent type and
surface-structural properties, including surface area, pore size, porosity, and pore volume.
Carbonaceous material-based adsorbents are well-recognized for solving such environmen-
tal issues. Among these carbonaceous adsorbents, activated carbon (AC) was one of the
effective adsorbent materials. In this context, an inexpensive AC adsorbent is demanded to
reduce the adsorption process cost [18,19]. The cost of AC production depends mainly on
its precursor [20]. AC production was investigated using inexpensive materials, such as
waste rice hulls, waste potato residue, seaweed, and almond shells [21,22].

Azolla filiculoides (AF) have recently been explored as a candidate for activated porous
carbon production due to their relatively high carbon content and meager cost [23–25]. There-
fore, AF has received tremendous attention when it comes to removing different pollu-
tants [26,27]. AF can grow on wastewater and adsorb inorganic and organic materials from
waste effluents [28]. With the recent interest in the rapid growth of AF [29,30], this alga, as
an inexpensive and readily available adsorbent, should significantly alleviate the severity
of this problem [27]. However, the percentage of removal using alga as an adsorbent is low.
Therefore, activated carbon prepared from alga can increase the removal percentage to a
significant amount [31], which has hardly been explored. Therefore, this study reports on
the facile preparation of porous AC from AF (AFAC) and its performance for the removal
of AZM. AFAC was analyzed by scanning electron microscope (SEM), N2 adsorption
measurements, and X-ray photoelectron spectroscopy (XPS). The main characteristics of
AZM adsorption, including adsorption isotherms, adsorption kinetics, and adsorption
thermodynamics, are also analyzed.

2. Materials and Methods
2.1. Materials

AZM dihydrate (C38H72N2O12·2H2O, the structure is provided in Scheme 1) (Ana-
lytical grade) from Sigma Aldrich (Darmstadt, Germany), and research-grade acetonitrile
from Merck (Darmstadt, Germany), were purchased and used without further purification.
The AC precursor, AF, was obtained from the Anzali wetland (Anzali City, Iran).
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Scheme 1. Chemical Structure of azithromycin (AZM).

2.2. Preparation of Activated Porous Carbon from AF

The washed and dried AF was milled into a fine powder, sieved through 0.45 mm
stainless steel mesh, and immersed in 28% ZnCl2 aqueous solution for 12 h, followed by
drying at 105 ◦C overnight. The zinc-treated AF was then pyrolyzed under N2 atmosphere
in a tube furnace at 350 ◦C for 2 h and then at 600 ◦C for 4 h. The produced porous AC
(AFAC) was washed with hot 0.5 M HCl, filtered, and repeatedly rinsed with warm water
until no free zinc ions were detected. The final AFAC product was dried at 105 ◦C for 24 h
and stored in a desiccator for subsequent uses [31].

2.3. Characterization of Activated Porous Carbon

The porous morphology of the AFAC was observed using SEM (S-4800F FE-SEM,
HITACHI, Japan. The surface area, pore-volume, and pore size distribution were also
measured with Tristar-3000 surface area and porosity analyzer (Micromeritics, Norcross,
GA, USA) at −196 ◦C. Before measuring the surface area, the sample was degassed at
200 ◦C for 12 h.

2.4. Point of Zero Charges (pHpzc) Measurement

The AFAC pHpzc characteristics were measured following the solid addition method.
In this method, 25 mL of 0.2 M KNO3 was placed in different flasks, and their pH was
adjusted between 2 and 12 by adding 0.2 M HCl. The volume of the solution was adjusted
to 50 mL by adding the KNO3 solution. Then, 0.5 g of AFAC was added to each flask, and
the suspension was placed on a shaker for 24 h. After equilibrating for 1 h, the supernatant’s
final pH (pHf) was noted.

2.5. Batch Adsorption Study

A 1000 mg/L AZM stock solution was prepared and used to prepare the other con-
centrations, i.e., 25–200 mg/L, by dilution. Each batch adsorption experiment was carried
in a 150-mL flask containing 100 mL of AZM solution and placed in a thermostatic shaker
(CF0201003, Guangdong, China) (120 rpm) bath. The pH was controlled by adding 0.1 N
NaOH or HCl. The adsorbent dosage was varied from 0.1 to 1.5 g/L, corresponding to an
adsorbent to adsorbate ratio of 0.5 to 60. The temperature was varied from 273 to 325 K to
evaluate the adsorption thermodynamics. Moreover, the adsorption kinetics were analyzed
by measuring the AZM concertation at different time intervals up to 120 min. The concen-
tration of AZM was measured using high-performance liquid chromatography (HPLC)
(Agilent Technologies, Santa Clara, CA, USA) with Eclipse XDB-C18, 5 µm (4.6 × 150 mm)
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column, and UV detector operated at 230 nm with 1 mL/min of 40/60 acetonitrile/water
as the mobile phase.

The AZM removal percentage (R) and adsorption capacity (qe, mg/g) are calculated
as follows [17]:

R =
(C0 − Ct)

C0
× 100 (1)

qe =
(C0 − Ct)× V

m
(2)

where C0 is the initial AZM concentration (mg/L), Ct is AZM concentration (mg/L) at
time t, V is the solution volume (L), and m is the AFAC (g). The Langmuir adsorption
model, Temkin model and other associated calculations are also provided in the Supporting
Information Figures S1–S4 and Table S1.

3. Results and Discussions
3.1. Characteristic of AZM and Characterization of Adsorbent AFAC

AZM is poorly soluble in water, but these antibiotics are widely used against various
infections where different pathogens infect them. Azalide-type drugs, such as AZM,
are recognized as pharmaceutical pollutants when the drug is drained into the water
after use. Meanwhile, few approaches were employed to remove this drug from the
aqueous wastewater, but are found to be very inefficient and ineffective [16–18], as the
removal efficiency largely depends on the important factors, including the physicochemical
characteristics of AZM, type, and nature of the solvent, and approached used for this
purpose. The drug AZM anhydrous has the following physiochemical characteristics
(aqueous solubility ~ 0.514 mg/mL; logP ~ 3.0 [16–18]).

The purpose of preparing a high surface area porous adsorbent is to ensure fast
and efficient adsorption of the antibiotics into the porous network. Figure 1a shows the
SEM image of the AFAC before adsorption, revealing the type of porous structure of
AC derived from AF. As shown in Figure 1a, the particles from AFAC are in irregular
pore sizes and shapes but are porous, revealing that AFAC could be used as the poten-
tial adsorbent. The structure of AFAC post-adsorption (Figure 1b) is different from the
structure shown in Figure 1a, due to the loading of antibiotics into the porous network of
AFAC. The hysteresis loops confirm that the N2 adsorption-desorption isotherm of this
porous structure is consistent with type IV isotherm, corresponding to mesoporous solid
(Figure 1c). The inset in Figure 1c shows the pore size distribution, with an average
pore size of 4.9 nm. The isotherm suggested that the adsorbent contains micropores and
mesopores as the relative pressure (P/P0) at 0.4 to 0.65, which could be ascribed to the
sample’s mesoporous nature [31]. In contrast, low-relative pressure (P/P0) at 0.4 could be
responsible for micropores.

The AFAC nitrogen adsorption-desorption results are also outlined in Table 1, indicat-
ing that the AFAC has a specific surface area of 484.1 m2/g, pore volume of 0.47 cm3/g,
a porosity of 53.4%, bulk density of 0.245 g/cm3, and average pore size of ~ 5 nm. The
results of EDX are shown in Table 1. As you can see, the elements carbon, oxygen, magne-
sium, potassium, and hydrogen are almost the main elements of AFAC, and the negligible
amounts of sodium and iron were observed in the final composition of AFACHere; the
yield (Y) of the prepared AFAC was calculated as follows [32]:

Y =
WAC

WAF
× 100 (3)
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Figure 1. SEM images of (a) the AFAC before and (b) after adsorption of AZM and (c) the N2 adsorption-desorption
isotherm. The inset of Figure 1c shows the pore size distribution curve of AFAC.

Table 1. Surface-structural properties of the AFAC.

Porosity,
% C% % Moisture Y Density,

g/cm3 %H Mg% Fe% K% O%

53.4 53.7 0.2 51.3 0.245 3.7 2.4 0.48 1.7 37.9

3.2. Adsorption of AZM on AFAC
3.2.1. Effect of Temperature and Contact Time

The adsorption time and temperature effects were investigated under the optimum
pH of 9, AFAC dose of 1 g/L, and 100 mg initial AZM concentration. The adsorption
capacity and removal efficiency of AZM by the AFAC adsorbent is shown in Figure 2.
The adsorption process is very rapid at the initial stage (0–30 min) due to the adsorbent’s
high surface area and large pore volume. This initial stage is followed by a slower stage
(30–60 min), and finally, an equilibrium stage is reached after ~75 min. The rapid removal
rate at the first stage is due to the high concentration of the active adsorption sites on the
AFAC surface in the early adsorption process [33]. These active sites become fully occupied
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by the adsorbed AZM molecules as the length of contact time between the adsorbent and
the adsorbate increases, and the repulsive force that occurs between the AZM molecules on
the surface of adsorbents and AZM molecules in the bulk liquid phase reduces the AZM
adsorption rate [34,35].
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efficiency of AZM by AFAC.

The high AZM adsorption rate is due to the higher probability of interactions between
AZM ions and AFAC porous particles [32] and the presence of more active pores. These
pores can accommodate more AZM on their surface. The rapid uptake of AZM ions
by AFAC is one of the parameters which could be potentially considered for economic
wastewater treatment plant applications [33].

3.2.2. Effect of Adsorbent Dose

The impact of AFAC dosage on the AZM adsorption capacity and removal efficiency
was investigated using aqueous by changing the AFAC adsorbent dosage between 0.1
to 1.4 g/L. All the other adsorption parameters, i.e., pH, temperature, and contact time,
were constant. The results in Figure 3 show that the AZM adsorption capacity decreased
from 297.4 to 63.8 mg/g, with the adsorption dosage of 0.1 and 1.4 g/L, respectively. This
decrease in adsorption capacity with the AFAC dosage is attributed to the decrease in the
adsorbate/adsorbent ratio with the increase in dosage consistent with previously reported
results [34,35]. On the other hand, the % removal increases with the AFAC dosage and
reaches a near plateau at a 1 mg/mL dosage. Therefore, 1 mg/mL AFAC was selected as
the optimum dosage used in the following experiments.

Consequently, it was found that the availability of a larger surface area and more
adsorption sites already accelerated with an increase in the adsorbent dose [36,37]. In-
creasing the adsorbent dose over 1 mg/mL resulted in a minor change in the removal
percentage. The establishment of a dense screening layer at the adsorbent surface because
of the accumulation of AFAC particles and a decrease in the distance between the AFAC
molecules, known as the screening effect, happens with a higher adsorbent dose, could
explain this phenomenon [38]. The binding sites were hidden from AZM molecules by the
condensed layer on the adsorbent surface. Furthermore, because AFAC overlapped, AZM
molecules competed for a limited number of accessible binding sites [39]. Agglomeration or
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aggregation at higher AFAC dosages lengthens the diffusion channel for AZM adsorption,
lowering the adsorption rate [40].
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3.2.3. Effect of pH

The effect of solution pH on the adsorption capacity of AFAC is explained by analyzing
the AZM surface charges and dissociation constant (pKa) [35]. The oxygen functional
groups on the adsorbent surface can also impact the adsorbent performance related to the
pH(pzc). In other words, the H+ or OH− ions in the solution change the adsorbent’s surface
charge and ultimately impact the antibiotics removal efficacy [36].

Figure 4a shows the effect of pH on AZM adsorption by AFAC. The pHpzc of AFAC is
shown in Figure 4b. At pH lower than pHpzc, the surface functional groups deprotonate by
the presence of OH− ions in the solution [37]. At pH higher than the pHpzc, the surface
functional groups deprotonate by the H+ ions in the solution [38]. The surface of AFAC is
positively charged at pH lower than pHpzc, i.e., 8.45.
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On the other hand, the pKa of AZM is ~8.6–9.5; hence, in an acidic medium, AZM
is protonated. As a result, the adsorption capacity of AFAC in pH < 3 is low due to
electrostatic repulsion between AZM and AFAC, and competition between H+ with AZM
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for adsorption on AFAC active sites. Accordingly, the electrostatic attraction between AZM
and the AFAC surface gradually increases to yield the highest adsorption at pH = 9–11.

3.2.4. Adsorption Isotherms

The adsorption isotherm for removing AZM ions from the aqueous solution was
obtained at equilibrium conditions to establish the relationship between the adsorbed
AZM amount onto the AFAC, and that amount remained in the aqueous solution [39]. The
experimental data were examined using four different isotherm models, i.e., Langmuir,
Freundlich, Temkin, and Dubinin–Radushkevich (D-R) [40–42].

The Freundlich model is an empirical isotherm that describes multilayer adsorption
on a heterogeneous system. It is mathematically expressed by Equation (4) [43]:

ln qe = ln KF +
1
n ln ce n > 1 (4)

where n and KF (mg/g) are the Freundlich Isotherm constants related to adsorption inten-
sity and capacity. n and KF are calculated from the slope and intercept of the linear fit to
the lnqe vs. lnce . A slope ranging between zero and unity indicates the heterogeneity of
the surface and the adsorption intensity, as the slope is very low (near zero). A slope near
unity refers to a chemisorption process, where 1/n higher than unity implies cooperative
adsorption. The Freundlich isotherm constant relates to the favorability of the adsorption
process. The adsorption process is favorable when 1 < n < 10 [44].

The results in Figure 5 show that Freundlich isotherm reasonably describes the adsorp-
tion of antibiotics to AFAC. The value of n for AZM adsorption (Table 2) is in the range of
1 < n < 10, indicating favorable adsorption. The Freundlich constant, KF, signifies the
strength of the interactions between the adsorbate and the adsorbent. The obtained KF
ranged from 3.08 at 273 K to 58.95 at 333 K, indicating enhanced interactions at higher tem-
peratures. It is worth noting that the three other isotherms did not provide any reasonable
fit to the adsorption results, as shown by the very low R2 provided in Table 2.

Table 2. Adsorption isotherm constants for the adsorption of AZM onto AFAC at various temperatures.

T (K)
Freundlich Langmuir Temkin D–R Model

n KF R2 qm KL RL R2 α β R2 qm β R2

273 1.00 3.08 0.96 120.3 0.0003 0.98 0.712 0.08 123 0.92 212.1 1.2 × 10−4 0.93

288 1.10 5.43 0.97 159.7 0.0027 0.79 0.765 0.10 125 0.85 218.8 6.2 × 10−5 0.88

303 1.28 10.57 0.97 164.2 0.0085 0.54 0.781 0.15 118 0.83 221.7 2.8 × 10−5 0.86

318 1.72 26.11 0.95 196.1 0.0243 0.29 0.792 0.32 94 0.86 206.0 6.1 × 10−6 0.71

333 2.43 55.42 0.93 217.4 0.0588 0.15 0.793 1.12 70 0.81 197.0 7.1 × 10−7 0.60

The maximum measured qm was 374 mg/g, obtained at 333 K and a dose of 0.1 g/L.
This maximum adsorption capacity was much higher than the reported capacity for antibi-
otics, using a variety of adsorbents, as shown in Table 3. This indicates the potential of the
AFAC as an adsorbent for large-scale applications.
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Table 3. The comparison of different adsorption capacities.

Antibiotics Adsorbent qe, max (mg/g) Reference

Amoxicillin Chitosan 46.21 [2]

Tetracycline Illite 78.12 [11]

Penicillin Chestnut Shell 27.4 [14]

Amoxicillin AC 56.81 [16]

Tetracycline maize stalks 71.38 [31]

SMZ GO 54.33 [32]

Tetracycline MWCNTS 56.5 [33]

Penicillin TiO2 252.6 [34]

Amoxicillin Bentonite 46.54 [37]

Tetracycline MIP 38.9 [38]

Cephalexin AC 43.5 [40]

AZM AFAC 374 This work
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3.2.5. Adsorption Kinetic

The kinetic of the AZM adsorption on AFAC is also assessed using the pseudo-first-
order kinetic model, the pseudo-second-order model, and the intra-diffusion model. The
integrated form of the pseudo-first-order kinetic equation is given by [45]:

ln(qe – qt) = ln qe – k1t (5)

where qe is the equilibrium sorption uptake, qt (mg/g) is the amount of adsorbed AZM on
the AFAC at time t, and k1 (1/min) is the rate constant of the first-order adsorption. qe is
extrapolated from the experimental data at time t = 0. A straight line fitting of Ln (qe − qt)
versus t confirms the pseudo-first-order kinetic.

The analysis of the adsorption date (Figure 6) revealed that the adsorption process
follows the pseudo-first-order kinetics, with a rate constant that ranges from 0.046 to
0.055 min−1, indicating a weak temperature dependence. The analysis of the results using
second-order and intra-particle diffusion models showed a poor correlation between the
results and these models, as summarized in Table 4. Other details of the analysis are
included in the Supporting Information.
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represent the experimental results, and the curves represent the pseudo-first-order model fitting, (b) the linearized (integral
form) of the pseudo-first-order model, and (c) the model calculated adsorption capacity vs. the experimentally measured
adsorption capacity shown the excellent agreement as the data points are on, or very close to, the 45◦ line. Conditions:
pH = 9, C0 = 100 mg/L, and dose = 1 g/L.
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Table 4. Analysis of the kinetics of the adsorption of AZM on AFAC using different kinetic models.

T (K)
Pseudo-First-Order Pseudo-Second-Order

k1
min−1

qe
mg/g R2 k2

(mg/g)−1min−1 qe, mg/g R2

273 0.045 76.3 0.995 4.5 × 10−4 94.5 0.983

288 0.050 82.3 0.990 5.3 × 10−4 98.7 0.987

303 0.051 88.7 0.996 5.5 × 10−4 104.4 0.991

318 0.053 94.0 0.989 5.9 × 10−4 109.2 0.993

333 0.052 99.6 0.995 5.9 × 10−4 114.4 0.996

In the intraparticle diffusion (IPD) kinetic model is described by Equation (6) [46]:

qt = kPt1/2 + C (6)

where kp is the IPD rate constant
(

mg
g·min0.5

)
and C is a constant that describes the initial

adsorption capacity. When IPD governs the adsorption process, a linear plot is obtained by
drawing qt versus t1/2 (in Figure 7), and IDP is addressed as a rate-controlling step when
the obtained lines pass through the origin. In our case, the kinetic data cannot be described
by a single IPD model (Figure 7a), but by the three-stage process, as shown in Figure 7b.
As shown in Table 5, the first stage (t < 30 min) is very rapid, indicated by the large rate
constant, kd1 . This adsorption mechanism during this stage is associated with adsorption
on the external surface. The second stage (t = 30–60 min) has a moderate rate constant (kd2 ).
During this second stage, the adsorption process proceeds via adsorption on the internal
mesopores. The last stage (t > 60 min) is a very slow process, as indicated by the very low
rate constants (kd3 ). The adsorption could be attributed to the chemical adsorption step on
the remaining active sites.
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Table 5. IPD parameters for the adsorption of AZM on AFAC.

T, (K) Stage 1, (t < 30 min) Stage 2, (30–60 min) Stage 3, (t > 60 min)

kd1 C R2 kd2 C R2 kd3 C R2

273 15.2 −25.8 0.912 6.3 23.2 0.915 0.56 69.5 0.884

288 16.6 −25.7 0.923 5.8 33.1 0.926 0.39 77.6 0.916

303 17.3 −23.4 0.943 6 37.9 0.973 0.47 83.2 0.898

318 17.5 −19.6 0.951 6.5 39.5 0.951 0.33 90.1 0.873

333 17.4 −14.5 0.891 6.7 42.6 0.936 0.41 94.7 0.901

3.2.6. Adsorption Thermodynamics

To study the thermodynamic of the adsorption process, batch adsorption experiments
were carried at 273, 288, 303, 318, and 333 under the optimum adsorption conditions. The
AZM adsorption capacity has increased with temperature. For example, the capacity has
increased from 76.13 mg/g at 273 K, to 99.44 mg/g at 333 K. This is attributed to the
high kinetic energy of AZM cations at higher temperatures; causing sufficient contact
between the AZM and the AFAC active sites, and leading to an increase in the removal
efficiency [47]. These results also indicate that the adsorption is a physical rather than a
chemical process. A similar trend has been observed in other studies to remove pollutants
from the aqueous phase [48,49]. Moreover, increasing the temperature may increase the
pore size significantly, affecting the porous carbon uptake capacity [50].

Thermodynamic parameters such as the change in free energy (∆G◦), enthalpy (∆H◦),
and entropy (∆S◦) were calculated using Equations (7) and (8) [51,52]:

∆G0 = −RT ln K (7)

ln KL =
∆S

◦

R
− ∆H

◦

RT
(8)

where T (K) is the absolute temperature, R (8.314 KJ/mol·K) is the ideal gas constant, KL
(L/mol) represents the Langmuir constant. ∆H◦ and ∆S◦ are calculated from the slope and
intercept of the Vant Hoff plot of Ln KL versus (1/T). The thermodynamic parameters of the
adsorption process are provided in Table 6. ∆G◦ was negative over the entire temperature
range, revealing the feasible and spontaneous adsorption process in the 273–333 K studied
temperature range. As physical adsorption process has −20 kJ/mol < ∆G◦ < 0 kJ/mol,
while chemical adsorption has −400 kJ/mol < ∆G◦ < −80 kJ/mol [53]. In this study, ∆G◦

was between −2.38 and −8.72 kJ/mol, confirming the physical nature of the adsorption
process.

Table 6. Thermodynamic parameters for the adsorption of AZM on AFAC.

T, (K) ∆G◦, (kJ/mol) ∆H◦, (kJ/mol) ∆S◦, (kJ/mol)

273 −2.38

33.25 0.128
288 −3.24

303 −4.31

318 −5.81

333 −8.72

The positive ∆H◦ indicates that the adsorption process is endothermic. The diffusion
coefficient of AZM molecules increases with temperature, enhancing the adsorption. The
positive ∆S◦ confirms that the process is spontaneous, with a positive binding affinity of
AZM on the AFAC active sites.
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4. Conclusions

We have successfully prepared the AFAC with a specific surface area of 484.1 m2/g,
pore volume of 0.472 cm3/g, and porosity of 53.4% using Azolla filiculoides (AF) as an
activated porous carbon source for the removal of antibiotic AZM as a pollutant. The
porosity of AFAC was confirmed by SEM and BET isotherms. Then, isotherms, kinetic and
thermodynamic studies were conducted for the AZM antibiotic removal using AFAC. The
characteristics of the AFAC and its performance for the adsorption of AZM from an aqueous
solution were investigated, and the results have suggested that the percentage removal was
dependent on temperature, pH, adsorbent dosage, and contact time. AFAC has exhibited a
high adsorption capacity for antibiotic AZM, and the antibiotic was effectively removed
from the aqueous solution used. For example, maximum removal was 97.9% at optimum
pH of 9, contact time 75 min, and adsorbent dose 1 g/L. The negative ∆G◦ and positive
∆H◦ and ∆S◦ confirmed that the adsorption of AZM on AFAC was spontaneous and
endothermic. The Freundlich isotherm has described the equilibrium adsorption results
well. Our results suggested that AFAC is an efficient and low-cost adsorbent for removing
antibiotics from wastewater.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11123281/s1, Figure S1: The plot Ce/qe versus Ce based on Langmuir isotherm; Figure
S2: The Adsorption kinetics for the adsorption of AZM on AFAC at various temperatures. (a) qe vs.
time, the Symbols represent the experimental results. The curves represent the pseudo-first-order
model fitting, (b) the linearized (integral form) of the pseudo-first-order model, and (c) the model
calculated adsorption capacity vs. the experimentally measured adsorption capacity shown the
excellent agreement as the data points are on or very near to the 45◦ line; Figure S3: The Adsorption
kinetics for the adsorption of AZM on AFAC at various temperatures. The Symbols represent the
experimental results, and the curves represent the pseudo-second-order model fitting. The inset
shows the linear form of the pseudo-second-order model; Figure S4: The Adsorption kinetics for
the adsorption of AZM on AFAC at various temperatures. The Symbols represent the experimental
results, and the curves represent the inter-particle diffusion model fitting. The inset shows the linear
form of the inter-particle diffusion model; Table S1: Kinetic parameters for the adsorption of AZM on
AFAC. References [54–63] are cited in Supplementary Materials.
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45. Danalıoğlu, S.T.; Bayazit, S.; Kuyumcu, K.; Salam, M.A. Efficient removal of antibiotics by a novel magnetic adsorbent: Magnetic
activated carbon/chitosan (MACC) nanocomposite. J. Mol. Liq. 2017, 240, 589–596. [CrossRef]

46. Peng, X.; Hu, F.; Dai, H.; Xiong, Q. Study of the adsorption mechanism of ciprofloxacin antibiotics onto graphitic ordered
meso-porous carbons. J. Taiwan Instit. Chem. Eng. 2016, 8, 472–481. [CrossRef]

47. Balarak, D.; Baniasadi, M.; Lee, S.-M.; Shim, M.J. Ciprofloxacin adsorption onto Azolla filiculoides activated carbon from aqueous
solutions. Desal. Water Treat. 2021, 218, 444–453. [CrossRef]

48. Agarwal, S.; Sadegh, H.; Monajjemi, M.; Hamdy, A.S.; Ali, G.A.; Memar, A.O.; Shahryari-Ghoshekandi, R.; Tyagi, I.; Gupta, V.K.
Efficient removal of toxic bromothymol blue and methylene blue from wastewater by polyvinyl alcohol. J. Mol. Liq. 2016, 218,
191–197. [CrossRef]

49. Gupta, V.K.; Agarwal, S.; Sadegh, H.; Ali, G.; Bharti, A.K.; Makhlouf, A.S.H. Facile route synthesis of novel graphene oxide-β-
cyclodextrin nanocomposite and its application as adsorbent for removal of toxic bisphenol A from the aqueous phase. J. Mol. Liq.
2017, 237, 466–472. [CrossRef]

50. Habeeb, O.A.; Ramesh, K.; Gomaa, A.M.A.; Bin, R.; Yunus, M. Low-cost and eco-friendly activated carbon from modified palm
kernel shell for hydrogen sulfide removal from wastewater: Adsorption and kinetic studies. Desal. Water Treat. 2017, 84, 205–214.
[CrossRef]

51. Omar, A.H.; Ramesh, K.; Gomaa, A.M.A.; Rosli, B.M.Y. Experimental design technique on removal of hydrogen sulfide using
CaO-eggshells dispersed onto palm kernel shell activated carbon: Experiment, optimization, equilibrium and kinetic studies. J.
Wuhan Univ. Technol. Sci. Ed. 2017, 32, 305–320. [CrossRef]

52. Habeeb, O.A.; Kanthasamy, R.; Gomaa, A.M.A. Isothermal modelling based experimental study of dissolved hydrogen sulfide
ad-sorption from waste water using eggshell based activated carbon. Malay. J. Anal. Sci. 2017, 21, 334–345.

53. Balarak, D.; Taheri, Z.; Shim, M.J.; Lee, S.-M.; Jeon, C. Adsorption kinetics and thermodynamics and equilibrium of ibuprofen
from aqueous solutions by activated carbon prepared from Lemna minor. Desal. Water Treat. 2021, 215, 183–193. [CrossRef]

54. Ding, R.; Zhang, P.; Seredych, M.; Bandosz, T.J. Removal of antibiotics from water using sewage sludge- and waste oil sludge-
derived adsorbents. Water Res. 2012, 46, 4081–4090. [CrossRef]

55. Bui, T.X.; Choi, H. Adsorptive removal of selected pharmaceuticals by mesoporous silica SBA-15. J. Hazard. Mater. 2009, 168,
602–608. [CrossRef] [PubMed]

56. Moussavi, G.; Alahabadi, A.; Yaghmaeian, K.; Eskandari, M. Preparation, characterization and adsorption potential of the
NH4Cl-induced activated carbon for the removal of amoxicillin antibiotic from water. Chem. Eng. J. 2013, 217, 119–128. [CrossRef]

57. Guler, U.A.; Sarioglu, M. Removal of tetracycline from wastewater using pumice stone: Equilibrium, kinetic and thermodynamic
studies. J. Environ. Health Sci. Eng. 2014, 12, 79–87. [CrossRef]
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