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Abstract

In this study, the effectiveness of activated carbon prepared from the Azolla filiculoides fern (ACAF) in order to remove
ampicillin from aqueous solution was examined. The preparation of the ACAF was performed through chemical and physi-
cal activation processes with the presence of ZnCl, and at a temperature of 450 °C. The ACAF yield was 44.7% of the fresh
Azolla filiculoides. The results obtained from the characterization study indicate that the prepared ACAF has excellent
surface and internal properties to be used as an adsorbent. The surface area, porosity, and pore volume were estimated to be
716.4 m%/g, 51.2%, and 0.621 cm>/g, respectively. The functional groups in ACAF that were responsible for the adsorption
of ampicillin molecules were detected using FTIR analyses. The maximum efficiency (96.84%) and uptake (114.3 mg/g)
of ACAF to remove ampicillin were achieved under the following conditions: ACAF dose=0.8 g/L, pH=7, concentration
of ampicillin =100 mg/L, contact time =60 min, and temperature =45 °C. It was found that the kinetic and isotherm data
matched the pseudo-second-order and Langmuir models with high precision values, respectively. Considering the thermo-
dynamics of the adsorption, the endothermic and spontaneous nature of the ampicillin adsorption onto ACAF was approved.
The ampicillin adsorption capacity by ACAF was not significantly affected by the presence of different concentrations of
NaNO; competitor ion. The considerably higher adsorption capacity of the ACAF for ampicillin (114.3 mg/g) than other
previously used adsorbents with excellent regeneration level (five cycles) depicts the superior performance of ACAF in the
adsorption systems.
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1 Introduction

Over the past decades, there has been great interest emanat-
ing from many studies on the increasing prevalence of vari-
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pollutants in the environment, antibiotics are widely used
in the fields of combating and in the treatment of human and
veterinary bacterial diseases [1, 2]. For instance, one of the
extensively employed antibiotics is ampicillin. Ampicillin is
one of the B-lactam antibiotics [3]; it is used to treat a wide
range of bacterial infections affecting humans and livestock,
such as bladder, ear, respiratory, reproductive system, and
gastrointestinal tract infections [4—6]. Through binding to
peptidoglycan-synthesizing enzymes, ampicillin hinders the
synthesis of the cell wall of bacteria.

In fact, the environmental contamination by antibiot-
ics can lead to serious consequences for human health and
aquatic biota depending upon the pollutant’s concentra-
tion and exposure time. Although the contamination from
antibiotics is limited (normally in concentrations below the
pg/L level), their risks lie in long-term exposure via drink-
ing water or food to these compounds. Moreover, one of
the important issues which has been identified for presence
of this kind of pollutants in the environment is the devel-
opment of the phenomenon of antibiotic-resistant bacterial
diseases [7]. In addition, these compounds have the possi-
bility of producing highly toxic or carcinogenic byproducts
during the course of their degradation in the environment,
or their interaction with other natural or anthropogenic pol-
lutants [8—10]. The most important example of this is the
interaction of pharmaceutical compounds with chlorine,
or ozone added for disinfection purposes in drinking-water
plants [11]. Therefore, there is an urgent need to address and
mitigate the negative effects of the environmental pollution
with antibiotics by applying an efficient method of treatment
of wastewater containing antibiotics [12—14]. The focus is
currently on devising simple, cost-effective, and efficient
methods that ensure reducing these pollutants to the inter-
nationally permissible limits [13, 15, 16].

Recently, different techniques have been applied in
pharmaceutical compounds for the purpose of removal of
aqueous solutions including flocculation, flotation, photo-
catalysis, membranes, adsorption, and oxidation techniques
[17, 18]. Among the multitude of treatments, the adsorption
method has attracted substantial attention by several environ-
mental researchers in the treatment of wastewater contain-
ing hazardous pollutants. Adsorption is universal and is the
preferential treatment process for removing different types of
elements because of its high efficiency, simplicity in design
and operation, high-quality effluents, cost-effectiveness, and
feasibility [19, 20]. Major mechanisms responsible for the
removal of pollutants by the adsorption include chemical
reactions, bonding processes, electrostatic processes, and
ion exchange. From another side, the adsorption process is
a sensitive process and its applicability and efficiency in the
removal are highly dependent on the nature of the adsor-
bent used. Many adsorbents, such as commercial activated
carbon (CAC), have been found to possess a high capacity
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for removing diverse types of pollutants from liquid wastes
[21-23]. However, CAC is not a cheap adsorbent especially
when it was used in a large-scale treatment process, and the
regeneration process of this adsorbent is complex [24-26].
The best technique to overcome these disadvantages is the
derivation of activated carbon (AC) from a low-cost plant
or agricultural wastes, which is the main objective of this
study, and which has been reported as a good alternative
compared to expensive CACs [27]. Hence, algae, ferns, and
other natural plants are one of the best carbon sources, and
they are actually one of the cheapest raw materials as well.
Among the natural plants, Azolla filiculoides (AF), which
is a floating water fern, has evoked a great interest in the
water treatment using the adsorption technique [28, 29]. This
fern is grown in bulk in several locations in the world, like
in the north of Iran, and is usually consumed as fodder by
livestock, or used as fertilizer [30, 31].

The purpose of this work was to prepare AC from AF
(named ACAF) and examine its adsorption capacity to
remove ampicillin from polluted solutions. The chemical
properties, surface, and structural properties were deter-
mined using powerful characterization techniques. In addi-
tion, the adsorption performance of ACAF for the removal
of ampicillin was examined at different values of environ-
mental parameters. The isotherm, kinetic, and thermody-
namic capacities of ampicillin adsorption onto ACAF were
also discussed. Ultimately, the regeneration potential of the
ACAF was tested through five adsorption—desorption cycles.

2 Materials and methods

2.1 Chemicals

Ampicillin (chemical formula: C;¢H;(N;0,S, molecular
mass: 349.4 g/mole) was purchased from Sigma-Aldrich
Co., USA. The stock solution of ampicillin (1000 mg/L) and
other working solutions were prepared via dilution using
double-distilled water. The other reagents/chemicals used
in the current work were of analytical grade.

2.2 Adsorbent preparation

The ACAF was prepared from AF using both chemical and
physical activation techniques. The chemical activation
was accomplished by using ZnCl, as a dehydration agent,
whereas the physical activation was carried out by a heat-
ing process at high temperature. First, the required quantity
of AF was obtained from an open area in Anzali wetland
(Iran). Note that the unit cost of collecting 1 kg of fresh AF
was < US$ 1. Next, the collected AF was dried, crushed to a
powder, and finally sieved to uniform particles (0.45 mm).
Subsequently, the AF powder was soaked in a ZnCl, solution



Biomass Conversion and Biorefinery (2023) 13:12179-12191

12181

(28%) for 12 h. After that, this mixture was placed in a stain-
less steel reactor (placed in a temperature-controlled vertical
furnace) under a high-purity N, atmosphere at a flow rate of
300 cm®/min. The mixture was gradually heated to a tem-
perature of 450 °C and kept at this temperature for 1 h. At
this stage, the resultant solid particles were ACAF, which
was subsequently subjected to acid treatment using hot HCI
(0.5 M) in order to remove excess ZnCl,. The ACAF was
separated from solution via filtration, washed with warm
water, dried in a digital oven at 105 °C for 24 h. The per-
centage yield of synthesized ACAF can be determined using
Eq. 1[32].

Y'ld—WCxIOO 1
e =W (1)

where W, and W are the weights of obtained ACAF and
dried AF, respectively.

2.3 Characterization of ACAF

The changes in the topographical characterization of
the ACAF before and after ampicillin adsorption pro-
cess were observed by FESEM images, which were taken
using high-resolution scanning electron microscopy
(S-4800F, HITACHI). N, adsorption—desorption tech-
nique (at a temperature of = — 196 °C) using a Micromer-
itics-TRISTAR-3000 surface area and porosity analyzer
was utilized for exploration of the surface area, porosity,
and total pore volume of ACAF. The elemental analysis
was conducted by using Perkin Elmer elemental analyzer
(Model EA24001I). FTIR was performed using a model
device Thermo Nicollet AVATAR 5700 using the KBr pel-
let method in the range 400-4000 cm™. The experimental
steps of analysis of point of zero charge (pH,,,.) are shown in
the supplementary information file (Section S1).

2.4 Experiments and calculations

The adsorption experiments were conducted in a series of
200-mL Erlenmeyer flasks filled with 100 mL of ampicil-
lin solution of predetermined concentration. The adsorbents
added in each flask were stirred with an ampicillin solution at
stirring speed of 150 rpm. The ACAF adsorption capacity for
ampicillin was determined at different conditions: pH (3—11)
which is regulated through dropwise addition of NaOH and/
or HCI solution (0.1 M), initial ampicillin concentration
(25-100 mg/L), adsorption time (0—120 min), ACAF dose
(0.1-0.5 g/L), temperature (1545 °C), and concentration
of competitor NaNOj; ion (0-0.5 mol/L). The regeneration
experiment of spent ACAF was performed in five consecu-
tive adsorption—desorption cycles of ampicillin under the
following experimental conditions: ACAF dose=0.8 g/L,

pH =7, initial ampicillin concentration =25 mg/L, adsorp-
tion time =60 min, and temperature =25 °C.

At a specific time of adsorption reaction, a 3-mL sam-
ple was taken from each solution and quickly centrifuged
at 1509 x g for 10 min. Determination of the initial and
remaining ampicillin concentration in solutions was done
using HPLC (Kenaver HPLC device) with C18 column, and
detection was measured at A =215 nm with a diode array
UV-Vis detector after centrifugation of solution sample
(10 mL) at 3600 rpm for 10 min. The dihydrogen phosphate
(pH=3.5)-acetonitrile (87.5:12.5, v/v) was the mobile phase
employed, which delivered at a flow rate of 1.00 mL/min.
The removal efficiency (% removed) and adsorption capacity
(g,) of ampicillin molecules onto ACAF were determined
using Equations (S1) and (S2) shown in the supplementary
information file (Section S2). For the kinetic and thermody-
namic studies, the results of the experiments of the ACAF
adsorption capacity at different ampicillin initial concentra-
tions and temperatures were used, respectively. In addition,
an experiment was performed to determine the relationship
between the ACAF adsorption capacities toward ampicillin
at a different temperature (15-45 °C), and the results of this
experiment were used for the isotherm study. In addition,
for selecting the best models, the determination correlation
coefficient (R?) and normalized standard deviations Ag (%)
(Equation S3: supplementary information file) values were
employed in the isotherm and kinetic studies.

3 Results and discussion
3.1 Characterization analyses

It was found that the main elements that formed ACAF are
carbon (51.2%), hydrogen (4.18%), nitrogen (0.73%), and
oxygen (40.71%). The ash content in the ACAF sample was
2.84%. Using Eq. 1, the percentage yield of synthesized
ACAF adsorbent from AF fern was found to be 44.7% at the
cost of US$ 10/kg. Table 1 lists the results of the specific
surface area, pore size, and other characteristics of ACAF.
Figure 1 illustrates the FESEM images of the ACAF
before and after ampicillin adsorption. From the FESEM
image before adsorption, the ACAF can be described as hav-
ing many pores as well as having many fragments scattered
on its surface and inside the pores. In fact, these properties,

Table 1 Surface and pore characteristics of ACAF

Specific Aver- Pore Porosity Bulk Moisture

surface age pore  volume density content

area diameter

716.4 413nm  0.621 512%  0.693¢g/ 221%
m*/g cm’/g cm?
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Fig. 1 SEM images of ACAF
before and after ampicillin
adsorption
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which are highly favorable in the adsorption process, are
characterized by many carbon adsorbents synthesized from
agricultural materials, and this results from exposure of
these materials to high temperatures during the synthe-
sizing process [33]. After ampicillin adsorption, it can be
seen that the surface characterization of used adsorbent was
completely changed. All the previous detected pores disap-
peared and the surface became more flat. In addition, the
fragments became larger. These changes can be reasoned to
have occurred from the attachment and sorption of ampicil-
lin molecules on the surface and pores of ACAF.

The N, adsorption—desorption and pore size distribu-
tion analyses of ACAF are presented in Fig. 2. This figure

was indicative of A type IV isotherm by the hysteresis loop
at high P/P values. Moreover, the pore diameter range of
4-5 nm was determined for ACAF particles.

Nomination of bonds in the synthesized ACAF adsor-
bent (before and after ampicillin adsorption) was done
using FTIR analysis (in the range of 400—4000 cm™})
(Fig. 3). In this figure, shifting and disappearance of some
peaks and the appearance of some new peaks could be
noticeable, which was representative of this fact that, in
the adsorption of ampicillin, the functional groups on the
surface of the ACAF are affective. Table 2 lists the details
of the FTIR analysis employed for our studied adsorbent.
From this table, it can be seen that it was the functional
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Fig.3 FTIR spectra of ACAF 102
samples (temperature =150 °C)
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Table 2 Functiona! groups Assignment Detected peaks after adsorp- Detected peaks
that were detected in the FTIR tion (cm™") before adsorption
spectra of ACAF samples before (em™
and after ampicillin adsorption
—C-H bending and C—Cl stretch (strong) Not detected 725
—C-H out-of-plane bending Not detected 921
—C-0 stretch (strong) 1053 1045
—N-O stretch (strong) 1378 Not detected
—N-O stretch (strong, two bonds) nitro 1526 1525
C =0 stretch and stretch (strong) Not detected 1742
—C=C stretching 2355 2355
—CH stretch (strong) 2924 2924
—OH stretch, H-bonded 3445 3466
—NH, stretching 3788 3778

groups which were responsible for adsorption of the ampi-
cillin molecules.

3.2 Effect of ACAF dosage

By varying the ACAF dosage in the aqueous solution
(0.1-1.5 g/L), the evaluation of effect of ACAF dose on the
adsorption efficiency of ampicillin was reckoned (Fig. 4).
As elucidated by this figure, an improvement in ampicil-
lin removal from aqueous was detected as the ACAF mass
was increased; however, for dose of ACAF>0.8 g/L, no
change in efficiency values was observed. Accordingly, an
enhancement in ampicillin adsorption efficiency from 39.26
to 96.84% was noticed due to an increase in dosage from 0.1
to 0.8 g/L; this results in the improvement in the number of

active sites for adsorption [34]. Moreover, as illustrated in
Fig. 4, the g, can be affected by effect of ACAF mass; so that
an increase in ACAF mass (0.1 to 1.5 g/L) leads to diminish
it (98.15 to 16.26 mg/g). This may be explained according to
the collision of adsorbent particles with each other and the
formation of bulk; this reduces the active sites for adsorption
of ampicillin [35].

3.3 Effect of pH and mechanism of adsorption

The variation of pH values has been detected to be associ-
ated with a remarkable effect on the adsorbent surface and
ampicillin ionization in solution [36]. The results of study-
ing this parameter are shown in Fig. 5. The values of pK,
(-COOH) and pK, (—NH3+) of ampicillin have been detected

@ Springer



12184 Biomass Conversion and Biorefinery (2023) 13:12179-12191
Fig.4 Effect of ACAF dosage -
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to be 2.5 and 7.3, respectively. Thus, deprotonation of pro-
tonated ampicillin containing ~-COOH and -NH;*occurs in
the pH ranges 2—4 and 6-8, respectively [37]. According
to the results, removal percentage was developed with an
increase in pH values from 3 to 7; however, after that, a
gradual decrease in the removal efficiency up to a pH of 11
was detected. Moreover, at a pH of 7, the highest removal
percentage of 96.84% was detected. Describing this event is
done based on this fact that both ACAF and ampicillin have
positive charges at pH <2.5; this diminishes the adsorption
of ampicillin onto ACAF surface [38]. However, deprotona-
tion of ampicillin occurs at a pH of 7. This leads to forma-
tion of negative sites to interact with the positive surface of
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ACAF, which provides the highest adsorption of ampicillin
in the mentioned pH value (pH="7). In addition, the adsorp-
tion of ampicillin was declined at pH values higher than
7. The formation of electrostatic repulsion forces between
carboxylate groups present in ampicillin molecules and
the negative surface charges of the ACAF could describe
the observed event in these pH values [39]. Moreover, it
is expected that m-m interaction between a benzene ring of
ampicillin and ACAF happens, which leads to the develop-
ing of adsorption capacity [40].

As shown in Figure S1, the point of zero charge (pH,,.).
which can be useful for justifying adsorption at a low pH,
was 7.6. ACAF in the solution pH lower than the mentioned
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value, that is, 7.6, have positive charges, while for the solu-
tion with a pH higher than 7.6, the adsorbent had negative
charges [41]. Therefore, the presence of a negative charge in
the surface of ACAF at pH values higher than 7.6 leads to a
decline in the removal efficiency due to electrostatic repul-
sion between negatively charged ampicillin species and the
negatively charged ACAF. Another reason for this event is
the existence of a higher concentration of OH™ ions in the
working solutions [42].

3.4 Effects of initial ampicillin concentration
and kinetic study

The examination of the changes in ampicillin removal effi-
ciency by varying the initial ampicillin concentration was
done using 100 mL solution of initial concentrations of
25, 50, 100, and 200 mg/L and 0.8 mg of ACAF, and the
results of this part are reported in Fig. 6. In this figure, rapid
ampicillin adsorption is detected in the beginning and after
that, some minor enhancement is observed until it reaches
equilibrium. Since the active site on ACAF surface is more
accessible in the start of process, adsorption of ampicillin
speedily occurs at the initial contact time. As mentioned,
there is a slow rate of adsorption after this stage. A descrip-
tion of this reason can be done based on the slow pore diffu-
sion of the adsorbate molecule into the bulk of the adsorbent
[43, 44]. Since the maximum adsorption rate was obtained
at 60 min and the process reached equilibrium at this contact
time, 60 min was considered equilibrium contact time for
the next experiments. In addition, g, (adsorption capacity
at equilibrium) was observed to be developed from 30.35
to 189.25 mg/g by increasing the initial ampicillin concen-
trations (from 25 to 200 mg/L). By increasing the initial

concentration of adsorbate, the driving force of the concen-
tration gradient is developed, which may be the reason for
the enhancement of ¢, [45].

Analyzing the kinetic data (Fig. 6) was done by pseudo-
first-order (PFO) (Equation S4) and pseudo-second-order
(PSO) (Equation S5) models [46, 47]. More information
about the theoretical background used in this study is pre-
sented in the supplementary material file (Section S2). The
kinetic parameters (e.g., correlation coefficients, R2, and
normalized standard deviations, Ag (%)), which are deter-
mined using the linearized kinetic plots of PFO and PSO
(Fig. 7), are documented in Table 3. Through calculating
R?, and Ag (%), and the agreement between the calculated
q, cal and the experimental g, exp values, the best kinetic
model for describing the obtained data is determined. As
determined, for PSO, higher R? values were obtained com-
pared to the PFO model. In addition, the values of Aqg (%) for
PSO were found to be much lower compared to the values
for PFO model. In addition, it was found that the closeness
of values of the g, cal and the g, exp for PSO model was
greater than the PFO model. The above results are indicative
of more appropriateness of the PSO model for enlightening
the behavior of the studied process. Furthermore, increas-
ing the initial ampicillin concentration and surface loading
has led to a decrease in the values of K,. With an increase in
initial concentration of studied pollutant and surface load-
ings, diffusion efficiency is declined and the competition of
ampicillin molecules for fixed reaction sites is raised. This
results in lower K, values.

Owing to the inability of the kinetic models mentioned
above for defining a diffusion mechanism, the kinetic data
were fitted by intra-particle diffusion model (IPD) model
(Equation Section S5: supplementary material). When the

Fig. 6 Effect of contact time 200
on the adsorption capacity
of ampicillin (pH=7, ACAF
dosage 0.8 g/L, and tempera-
ture=30+2 C) 160 -
QO 120 -
[o4]
E
& 80 -
40 -
0 T

—B— 25 mg/L
—— 50 mg/L
—A— 100 mg/L
—— 200 mg/L

30 40 50 60 75 90 120
t (min)
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Fig. 7 Pseudo-second-order 4
kinetic plots for adsorption of
ampicillin on ACAF
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Table 3 The results of kinetic

. Concen- (9)exp Intra-particle dif- Pseudo-first order Pseudo-second order

mod.ell st.udles relaFed to the tration fusion

ampicillin adsorption onto

ACAF K I R @) Aq (%) K, R @) Aq (%) K, R
25 30.35 395 196 0.837 14.89 3.24 0.09 0921 36.93 0.582 0.0016 0.993
50 58.65 7.14 234 0.815 36.54 1.77 0.08 0.908 68.22 0.338  0.0009 0.996
100 1032 846 3.76 0.772 58.64 2.33 0.05 0.885 116.1 0.195 0.0003 0.997
200 1893 11.72 5.14 0.767 1239 4.49 0.04 0.896 2139 0211 0.0001 0.995

mechanism of adsorption process obeys the IPD, drawing
the g, vs. 1'? provides a straight line; the slope and inter-
cept of the plot are used for the K and I, respectively. As
can be seen in Fig. 8, IPD plots were not linear over time.
This highlights the existence of more than one mechanism
affecting the ampicillin adsorption for ACA. Furthermore,
the plots do not pass through the origin. According to the
foregoing, the presence of IPD is confirmed, but in addi-
tion to this, there are other mechanisms that act as rate-
controlling steps. In Table 3, values obtained for K and /
have been reported, According to this table, an increase
in initial concentration is associated with enhancing K
values, which is explained by an increase in the driving
force that occurs due to initial concentration and adsorp-
tion through mesopores and micropores [47]. In addition,
I values were observed to be greater than 0, and increasing
the initial ampicillin concentration has led to the enhance-
ment of its values. Considering this fact, boundary layer
diffusion might be the rate-limiting step in the adsorption
process, not intra-particle diffusion [48].
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3.5 Equilibrium isotherms

In this study, the equilibrium data was modeled with four
isotherm models, including Freundlich, Langmuir, Dubinin-
Radushkevitch, and Temkin (Section Section S3: supple-
mentary information). The results of each model’s param-
eters are listed in Table 4. It can be seen that the determined
range of R; value was 0.043 to 0.177 at temperatures of
15—45 °C. This is demonstrative of the favorable adsorption
of ampicillin onto ACAF. In addition, a diminution in R
values was detected when the temperature increased from 15
to 45 °C. This reveals that higher temperatures are signifi-
cantly favorable for the adsorption of ampicillin. According
to the results, the highest ampicillin adsorption capacities
onto ACAF at different temperatures were 89.92, 96.74,
105.2, and 114.3 mg/g, respectively. These values were
comparable to values obtained for some other adsorbents.
The details are provided in Table 4.

According to the values of n, the adsorption process is
linear when n=1, the chemical adsorption occurs when
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Table 4 Isotherm parameters for adsorption of ampicillin onto ACAF
at various temperatures

Models 15°C 25°C 35°C 45 °C
Langmuir

q,, (mg/g) 89.92 96.74 105.2 114.3
K; (L/mg) 0.0462 0.0638 0.106 0.219
R, 0.177 0.135 0.086 0.0435
R? 0.994 0.996 0.997 0.998
Freundlich

Ky 17.13 26.19 33.71 51.35
1/n 0.925 0.675 0.443 0.236
R? 0917 0.891 0.866 0.783
Temkin

K, 14.32 18.39 30.8 50.1

b 31.91 37.33 50.11 69.70
R? 0.981 0.962 0.941 0.866
D-R

q,, (mg/g) 38.99 52.57 66.12 83.56
E 3.54 4.92 6.11 7.35
R? 0.749 0.634 0.677 0.721

n<1, and the adsorption is a physical process when n> 1
[49]. The intercept and slope of the plot of Ing, against
InC, (not shown) are employed for determining constants
of K and n. In this study, according to the results of the
Freundlich isotherm, the values of n were observed to be
less than 1 for all studied temperatures. This specifies the

t"0.5

physisorption nature of the process. In addition, an increase
in values of the Freundlich constant (K) at higher tempera-
tures is representative of the favorability of higher tempera-
tures for the adsorption process. Furthermore, since, in the
present study, the 1/n value observed at temperatures stud-
ied was lower than unity, and adsorption of ampicillin onto
ACAF was favorable.

The calculation of constants of K and ¢,, of D-R model
is done through employing the slope and intercept of the
plot, which was obtained from drawing Ing, against &>
(not shown). E values obtained were 3.54, 4.92, 6.11, and
7.35 kJ/mol, at 15, 25, 35, and 45 °C, respectively. The men-
tioned values were observed to be less than 8 kJ/mol under
studied experimental conditions (Table 2); this highlights
the physisorption nature for adsorption of ampicillin onto
ACAF.

Calculating b and K of the Temkin model is done based
on the slope and intercept of the line which is obtained by
drawing g, against InC, (not shown). This is representa-
tive of improving the heat of adsorption of ampicillin onto
the surface of ACAF when temperature (from 15 to 45 °C)
increases. It also agrees with the endothermic and thermo-
dynamic results found for sorption. Moreover, since values
of b were observed to be lower than 80 kJ/mol, a physi-
cal adsorption process occurred. Comparison of correla-
tion coefficient (R?) achieved for studied isotherm models
(Table 4), aptness of the Langmuir model for portraying the
adsorptive behavior was confirmed since R* of this model
was greater than the other studied models. Moreover, on the
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Table 5 Comparison of adsorption capacities of various adsorbents
for ampicillin

Adsorbent Uptake Reference
Granular activated carbon 12.70 [3]
Montmorillonite 27.60 [4]
Natural bentonite 50.35 [36]
Organo bentonite 86.55 [36]
Activated carbon-graphene slurry 1.87 [39]
Polydopamine/zirconium (IV) iodate 100 [38]
Hydroxyapatite-C/Fe;0, 3.49 [40]
Porous hydroxyapatite 47.20 [37]
Dense hydroxyapatite 39.70 [37]
Mesoporous silica: SBA-15 44.10 [5]
Mesoporous silica: MCM-41 39.70 [5]

Boron nitride nanocone 24.10 [6]
ACAF 114.30 This study

basis of the results of the best fit model, homogenous surface
of the ACAF was predicted for the adsorption of ampicillin
molecules from aqueous solution.

In Table 5, the highest adsorption capacity of ACAF for
adsorption of ampicillin has been compared with the others.
According to the results of this comparison, the adsorption
capacity of ACAF is high compared to most of the reported
adsorbents, which indicates the suitability of this adsorbent
for use in the adsorption processes.

3.6 Adsorption thermodynamics

Considering the results related to this part of the study,
the values for AG® were observed to be negative; so

Fig.9 Effect of ionic strength 32

that—2.94, —3.84,—5.73, and — 8.69 kJ/mol were calculated
at 15, 25, 35, and 45 °C, respectively. On the basis of those
negative values, the adsorption process was considered to
be spontaneous [50, 51]; nevertheless, increasing the tem-
perature has provided the enhancement in absolute values of
AGP°. Tt indicates that the adsorption is more feasible when
the temperature is high. Moreover, according to values of
AG° (within the ranges of — 20 and 0 kJ/mol), the adsorp-
tion mechanism was identified to be mainly physical [52]. In
addition, the value of AH® obtained was 19.82 kJ/mol, which
was a positive value. Positive values for this parameter are
demonstrative of an endothermic nature for adsorption pro-
cesses. In addition to clarification of the above-mentioned
nature, the type of adsorption (either physical or chemical)
can be detected based on the magnitude of AH® [53]. The
values obtained for AH® (from 2.1 to 20.9 kJ/mol) highlight
that fact that studied adsorption process is of the physisorp-
tion type. The positive value obtained for AS® (0.188 kJ/
mol. K) represents the presence of the attraction of ACAF
for ampicillin. It is also indicative of enhancing randomness
at the solid-solution interface in the adsorption process [54].

3.7 Effect of ionic strength

Evaluating the effect of ionic strength on the adsorption of
ampicillin was done through conducting experiments with
NaNO; (the electrolyte in the range of 0 to 0.5 mol/L). The
possible competition which may occur between Na* and
NOj;™ ions and ampicillin adsorption for adsorption sites or
formation of general effect of bionic atmosphere or saline
effect can affect the adsorption of the pollutant onto studied
adsorbent. Nevertheless, our observation provided in Fig. 9
is indicative of the immaterial effect of ionic strength on

on the equilibrium sorption
capacity of ampicillin by ACAF
(time =60 min, C,=25 mg/L, 30
pH=7, ACAF mass=0.8 g/L,
and temperature =25 °C)
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Fig. 10 Effect of regeneration 32
on the equilibrium sorption
capacity of ampicillin by ACAF i
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~
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[
o 27 -
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ampicillin adsorption. On the basis of this, a lack of com-
petition between added ions and ampicillin for adsorption
and a lack of influence of electrostatic shielding effect on
adsorption capacity sites can be concluded [55].

3.8 Reusability of ACAF

Regeneration studies which are conducted for examin-
ing the reusability of adsorbents are essential to compre-
hend whether the studied adsorbent is suitable for practical
applications [56]; to understand the mentioned factor for
adsorbent used in this study, and the adsorption—desorp-
tion process of ampicillin was considered for five cycles
(Fig. 10). According to the figure, in each cycle, compared
to the former cycle, a decrease in the adsorption capacity
of ACAF could be detected. In cycle no. 1, the adsorption
capacity of ACAF for 25 mg/L ampicillin was observed to be
30.35 mg/g (%97.12), while it reached 29.11 mg/g (93.17) in
cycle no. 5. This low decrease is representative of the poten-
tial regeneration and reusability of ACAF in the adsorption
treatment systems.

4 Conclusion

According to the results of the present study, the BET sur-
face area of chemically activated ACAF was high and equal
to 716.4 m%g. The SEM analysis employed was indicative of
the rough and porous surface of the synthesized adsorbent;
it confirms the good properties of the adsorbent properties
and potential for employment in the adsorption processes.
Additionally, using the Langmuir, Freundlich, Temkin, and
D-R isotherm models, the experimental data were analyzed,
and the better applicability of the Langmuir isotherm for

Cycle

describing the data was ratified. Moreover, based on cor-
relation coefficients values (R?) obtained for kinetic mod-
els, PSO was more effective in explaining the data. Opti-
mum values of the contact time and pH for offering highest
adsorption efficiency were 60 and 7 min, respectively. The
highest adsorption capacity of the studied adsorbent was
identified to be about 114.3 mg/g (45 °C). This is representa-
tive of a high potential of it for ampicillin removal. Further-
more, the spontaneous and endothermic nature of ampicillin
adsorption onto ACAF was proven based on thermodynamic
studies. The above-mentioned results present ACAF as a
promising adsorbent for removing residual ampicillin from
polluted water.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13399-021-01962-4.
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