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Abstract: In this paper, we describe the removal of cephalosporin C (CPC) from aqueous solutions
by adsorption onto activated olive stones (AOS) in a stirred tank. For comparative purposes, several
experiments of adsorption onto commercial granular activated carbon were carried out. A quantum
study of the different species of cephalosporin C that, depending on the pH, exist in aqueous
solution pointed to a favorable mass transfer process during adsorption. Activated olive stones
were characterized by SEM, EDX and IR techniques and their pH,. was determined. A 103 M
HCI cephalosporin C solution has been selected for the adsorption experiments because at the pH
of that solution both electrostatic and hydrogen bond interactions are expected to be established
between the adsorbate and the adsorbent. The adsorption process is best described by the Freundlich
isotherm model and the pseudo-second-order kinetic model, while the adsorption mechanism is
mainly controlled by film diffusion. Under the conditions studied, the adsorption process is of a
physical nature, endothermic and spontaneous. Comparison of the adsorption results obtained in
this paper with those of other authors shows that the efficiency of AOS is 20% of that of activated
carbon but 65% higher than that of the XAD-2 adsorbent. Considering its low price, abundance, easy
accessibility and eco-compatibility, the use of activated olive stones as adsorbents for the removal
of emerging pollutants from aqueous solutions represents an interesting possibility from both the
economic and the environmental points of view.

Keywords: biosorption; agricultural wastes; emerging pollutants; equilibrium; kinetics; thermodynamics

1. Introduction

Pollution, one of the most important environmental problems that affect our world, is
the result of the introduction of any substance into the environment in such a quantity that
it causes adverse effects on living beings, subjecting them to doses that exceed acceptable
level [1].

Pollution can come from certain manifestations of nature (natural sources) or from
the myriad of production processes generated by man (anthropogenic sources). The
sources that generate pollution of anthropogenic origin are, fundamentally, of an industrial,
commercial, agricultural or domestic origin.

Evaluation of the impact of water pollution by chemical products has traditionally
focused almost exclusively on the so-called priority pollutants, substances that present a
significant risk to the aquatic environment or human health, as they are toxic, persistent
or bioaccumulative. However, in recent decades, various chemical and biological agents
have been increasingly detected in ecosystems and whose potential toxicity for health
and the environment is of growing concern—theso called emerging pollutants. The term

Int. ]. Environ. Res. Public Health 2021, 18, 4489. https://doi.org/10.3390/ijerph18094489

https:/ /www.mdpi.com/journal/ijerph


https://www.mdpi.com/journal/ijerph
https://www.mdpi.com
https://orcid.org/0000-0001-9889-7984
https://orcid.org/0000-0002-5089-9259
https://doi.org/10.3390/ijerph18094489
https://doi.org/10.3390/ijerph18094489
https://doi.org/10.3390/ijerph18094489
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijerph18094489
https://www.mdpi.com/journal/ijerph
https://www.mdpi.com/article/10.3390/ijerph18094489?type=check_update&version=1

Int. J. Environ. Res. Public Health 2021, 18, 4489 2 of 20

emerging pollutants refers to new contaminants identified in aquatic environments and
organisms or to new characteristics and impacts of compounds that are already present in
the environment. Norman Network (2016) has defined emerging pollutants as substances
detected in the environment but which are not currently included in routine environmental
monitoring programs and which may be the subject of future legislation due to their
adverse effects [2]. They include a wide variety of compounds, including drugs, personal
care products, illicit drugs, sweeteners, industrial additives and agents, flame retardants,
surfactants, etc.

Drugs are probably the most studied emerging pollutants, both for their environ-
mental relevance and for their effects. They include a diverse group of chemical products
along with their metabolites and transformation products, which are incorporated into the
environment during their industrial manufacturing processes and through their clinical
and domestic applications [34].

Antibiotics (antimicrobials or antibacterial agents) are one of the most widely used
categories of pharmaceutical products, with human, veterinary and agricultural applica-
tions [5]. They may be natural, synthetic or semisynthetic compounds, which can kill or
inhibit the growth or metabolic activity of microorganisms. Different types of antibioticsare
classified according to their action mechanism, mode of administration, source, spectrum
of action, and chemical structure [6].

Due to the difficulty of removing these compounds in traditional wastewater treatment
plants, large amounts of antibiotics have been transferred from industrial and domestic
effluents into surface water, groundwater and even drinking water [7]. The presence of
residual antibiotics in water and soil ecosystems is the main concern because these pollu-
tants induce multi-resistance in bacteria that have dangerous health effects in aquaculture,
humans, agriculture and livestock [8].

Cephalosporins are a group of broad-spectrum antibiotics that act by inhibiting the
biosynthesis of the cell wall (peptidoglycan layer) of bacterial organisms [9]. The global
market for cephalosporins was valued at USD 13.69 billion in 2019 and is estimated to
reach USD 16.87 billion by 2027 [10]. They are commonly applied in humans, veterinary
medicine, and aquaculture, making their clinical production and consumption a huge
industry. As a consequence, there has been a significant increase in the presence of these
substances in the environment, as many studies have shown [11,12] (Figure 1).

Cephalosporin molecules are composed of a central structure, a beta-lactam ring
attached to a dihydrothiazine ring and two main substituents (Figure 2a) [13]. The beta-
lactam ring and the acylamido side chain 1 are responsible for the antibacterial activity,
while side chain 2 primarily governs the pharmacokinetics [14].

Many studies have been published that describe different methods for removing
cephalospirins from aqueous media, most of them related with technologies such as
biological [15,16], adsorption [17,18] and oxidation process [19,20].

Adsorption is one of the most effective, economic and efficient methods for removing
pollutants. Its many advantages include cost-effectiveness, ease of operation and appli-
cability in continuous and discontinuous processes [21,22]. Activated carbon is the most
frequently used adsorbent because of its high porosity, high specific surface area, and
presence of a variety of surface groups [23], but interest in the use of adsorbents derived
from agricultural residues has notably increased in recent years [24,25].

This paper studies the application of such agricultural residues as an adsorbent for
the elimination of cephalosporins. Cephalosporin C, an intermediate in the manufacture of
semisynthetic cephalosporin antibiotics, was selected as the target contaminant (Figure 2b).
Activated olive stones, a by-product of the production of olive oil and table olives, were
used as adsorbent, due to their significant adsorption properties, low cost (if any), abun-
dance, ready availability (as a result of their production at the local level), good mechanical
and chemical resistance andeco-compatibility at large [26]. Although olive stones, both
raw and activated, have been used as an adsorbent to remove different metals, there are no
studies of their application to remove emerging contaminants.
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Figure 1. Sources of the presence of cephalosporins in the environment.

a) Side Chain oo "
1 S H
Lo |
Ry—C=N-C ¢ \(]:—H
fo) eta Lactam Dihydrothiazine
ring ring
/
o \ /SldeChaln
2
COOH
b)
H H H
HO - (|:| CI:H CH,—-CH,-CH,— ﬁ—N c c/S\c H
O NH, 0 o//c N\C/c CHZ—O—ﬁ—CH3
[
COOH o

Figure 2. (a) General chemical structure of cephalosporins; (b) chemical structure of cephalosporin C.

2. Materials and Methods
2.1. Materials

Cephalosporin C and activated carbon Darco AC 4-12 were obtained from Sigma-
Aldrich. NaOH and HCI 36% were purchased from Panreac. Crushed raw olive stones
(size ranging from 1 to 4 mm) were supplied by the olive-oil extraction plant Almazara
Valle de Ricote, located in Archena, Murcia (Spain).

2.2. Methods
2.2.1. Cephalosporin C Quantum Calculations

Theoretical calculations were carried out to investigate the molecular properties of
the theoretical uncharged cephalosporin molecule (Figure 1) and compare the same with
the properties of its five ionic forms in aqueous solution. The molecular structures were
optimized at Hartree-Fock DFT level (HF-DFT) using the hybrid B3LYP functional [27,28]
with the 6-31G* basis set, using the Gaussian 03 program [29]. Moreover, the dielectric
polarizable continuum model (PCM) [30] was used to model the solvation effects of the
water solvent, i.e., modeling the solvent as a polarizable continuum. The singlet and triplet
states of all the ions were computed in order to discern the more stable state. Previous
studies of beta-lactam derivatives [31] have been proved to be very useful in the study of
reactivity and molecular properties of these compounds.
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2.2.2. Adsorbent Preparation

Crushed olives stones were washed with water and dried a at 60 °C in an oven before
they were subjected to the activated process. The thermal treatment was performed by heating
the samples at 300 °C in a closed muffle furnace to increase the surface area [32]. The sorbent
material was then treated with 1 M HCI at room temperature (25 & 2 °C) for 8 h to eliminate
soluble components of olive stones (tannins, resins, reducing sugars and coloring agents),
increment their active surface and generate oxygen functional groups such aslactones [33,34].
Finally, the thermal-acid activated olive stones (AOS) were filtered, washed abundantly with
ultrapure water, dried at 100 °C for 24 h and stored in a desiccators.

Commercial activated carbon (AC), used as reference adsorbent, was washed several
times with deionized water to eliminate powder carbon, dried in an oven at 105 °C for 24 h
and stored in a desiccators.

2.2.3. Adsorbent Characterization

The outer surface and the elemental composition of AOS before and after adsorption
of CPC were analyzed by scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDX) [35], using a SEM HITACHI S-3500N apparatus, containing
secondary and backscattered electron detectors (Hitachi High-Technologies Corporation,
Tokyo, Japan), equipped with an EDX XFlash 5010 analysis system (Brukers AXS, Karlsruhe,
Germany). Using 15 kV and a 10 mm work distance, samples were sputtered with a thin
layer of platinum during 90 s by a sputter coater Polaron SC 7640 (Quorum Technologies,
Newhaven, UK) and 5000 x magnification wasused in the SEM study, while 15 kV and a
15 mm work distance were used in EDX analysis.

The point of zero charge (pHp.c), the pH at which the adsorbent is neutral in aqueous
suspension, was determined, essentiallyaccording to the following procedure [36]. Aliquots
of 50 mL NaCl (0.1 M) solutions were poured into conical flasks. The pH of each flask was
adjusted from 2 to 10 by adding either HCI (0.1 M) or NaOH (0.1 M) solutions (pHj), using
a Crison Basic 20 pH-meter. Then, 0.1 g of activated olive stones was added to each flask,
which were shaken for 24 h before measuring the final pH (pHy). The difference between
pH; and pH¢ (ApH) was plotted against pHj, the point of zero charge being the initial pH
value at which ApH = 0.

Infrared spectrometry (IR) was used to identify changes in the chemical functional
groups of the outer surface of both raw and activated olive stones [37]. A NICOLET 5700
FTIR apparatus (ThermoFischer Scientific, Waltham, MA, USA) was used in transmittance
mode from 400 to 4000 cm 1.

2.2.4. Adsorption Experiments

Batch adsorption experiments were carried out in a thermostated rotary shaker using a
set of 50 mL Erlenmeyer flasks containing 40 mL of CPC solution of different concentrations
(100400 mg/L) in HC1 103 M and 0.100 g of AOS at 200 rpm, for 24 h at temperatures
ranging from 10 to 40 °C. Samples were taken at different predetermined times and,
after the addition of 1 M HCl, the CPC concentration in the solution was measured by
UV-V spectrophotometry, at 508 nm, using an Agilent 8453 spectrophotometer. The
CPC concentration in an unknown sample was determined from the calibration curve
(concentration range: 100-500 mg/L; R? = 0.9989). The results obtained showed a maximum
deviation of 4%.

The amount of CPC loaded onto the AOS at any time t, q; (mg/g), and at equilibrium,
ge (mg/g), was estimated from the following relationships [38]:

9t = (CO - Ct) : 1)

@

Bl< BI<

qe = (CO _Ce) :
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where Cy, C. and C; are the initial, equilibrium and time t concentrations of CPC in the
solution (mg/L), V is the volume of CPC solution (L), and m is the mass of adsorbent (g).
Data obtained from these experiments were used to test the different equilibrium, kinetic,
and adsorption mechanism models and to obtain the thermodynamic parameters.

3. Results and Discussion
3.1. Cephalosporin C Quantum Calculations

In aqueous solution, cephalosporin C can be present in different chemical forms,
according to the pK; values of its protonated functional groups [39-42] and depending on
the pH of the solution (Figure 3).
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Figure 3. Representation of the different chemical structures of cephalosporin C in aqueous solution.

From the optimized geometries of the molecular species, it can be seen that the atomic
distances are quite similar, the highest differences being 0.05 Angstrom. However, there
were several differences in the geometrical distribution of the beta lactam ring with respect
to the amino group. These differences would be due to the protonation of the nitrogen,
which forces the angle between the nitrogen and the two adjacent carbons (referred to in
Table 1 as A(11,14,13) and A(11,14,15)) leading to a variation that ranges between 2 and
4 degrees, respectively. Moreover, the dihedral angles (referred to in Table 1 as D(11,14,13,2),
D(11,14,13,10) and D(13,14,15,2)) between atoms in the amino group and the ring varied by
between 5 and 3 degrees. These variations are due to the N-H bond as a result of changing
hybridization on N from sp? to sp® [43].
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Table 1. Diedral angles of different ionizated forms of cephalosporin C.

Dihedrals Angles CPC (Theor. Molec.) CPCH42* CPCHj3* CPCH, CPCH1 CPC—2
D(11,14,13,2) 46 52 55 54 55 49
D(11,14,13,10) —130 —127 —123 —123 —122 —128
D(11,14,15,2) 169 172 174 174 174 171

A(11,14,15) 117 114 113 113 113 117
A(11,14,13) 121 119 118 119 118 121

The mass transfer that takes place during the adsorption process depends on the
diffusion of the solute from the aqueous phase to the surface of the adsorbent, the diffusion
of the adsorbate molecules into the pores of the adsorbent, and the adsorption of the
molecules of solute on the surface. The first factor depends on the concentration gradient,
and the other two depend on the size of the solute molecule and adsorbate-adsorbent
molecular interactions. The molecular interactions will depend on the distribution of the
molecular charge density and therefore the molecular dipole.

The Mulliken charge analysis shows the charge differences expected as a function of
the molecular charge, in the oxygen atoms belonging to the -COO™ groups, and in nitrogen
in the amine and amide groups, as shown in Table 2. Moreover, the molecular dipole, molar
volume and total non-electrostatic interaction are shown in the Table 2.

Table 2. Mulliken charge, molecular dipole, molar volume and total non-electrostatic energy of different forms of CPC.

Mulliken Charge CPC (Theor. Molec.) CPCH,2* CPCH3* CPCH, CPCH1 CcpC—2

O (ring) —0.043 —0.036 —0.042 —0.043 —0.572 —0.572

O (alkyl chain) —0.070 —0.020 —0.024 —0.556 —0.557 —0.619

N (amide) —0.136 0.309 —0.133 —0.135 —0.135 —0.295

N (amine) —0.064 0.663 0.657 0.539 0.538 —0.139

Dipole (Debye) 2.443 40.618 3.504 15.924 30.138 30.671
HOMO Energy(eV) —6.555 —6.914 —6.578 —6.316 —5.723 —5.430
LUMO Energy (ev) —1.577 —2.039 —1.604 1.586 —0.673 —0.651
HOMO-LUMO Energy (eV) —4.978 —4.875 —4.974 —4.730 —5.057 —4.779
Molar volumen (cm?/mol) 254.809 255.831 273.847 262.635 319.743 262.432
Total non-electrostatic (eV) —0.82 —0.80 —0.81 —-0.82 —0.86 —0.86

The dipole moment of ions is higher than that of the cephalosporin theoretical molecule
due to the electrical charges of the molecule. Therefore, the interactions due to the forces of the
Waals path will favor the adsorption of the ions on the surface of the activated olive stones.

The chemical reactivity of the molecules is related to the difference in energy between
the higher-energy occupied molecular orbital (HOMO) and the lower-energy unoccupied
molecular orbital (LUMO). The electron density of HOMO is related to the electron donating
capacity of the molecule and the electron accepting capacity of the molecule is associated
with the availability of the electrons to access the LUMO, that is, the tendency of the
molecule to accept electrons. The values obtained for these energy gaps were similar for the
molecular species studied, so the availability to participate in electron transfer processes
was similar for all of them, and in all cases the effect was favorable.

The size and molecular geometry are other factors that contribute to the adsorption
of molecules on the porous surface of activated olive stones. As we have seen above, the
difference between the geometry of cephalosporin and its ions would not justify great
differences in the adsorption process.

The shorter-range non-electrostatic effects such as cavitation, dispersion and solvent
structural effects, included in the total non-electrostatic energy, reflect both the hydrogen
bonding and exchange repulsion effects between the molecule and the solvent.This non-
electrostatic energy varied between 0.80 and 0.86 eV, confirming the stabilization of the
ions in solution.
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In summary, from the quantum study of the different species of cephalosporin C existing
in aqueous solutions depending on the pH, it can be concluded that molecular size, adsorbate—
adsorbent molecular interactions, dipole moment and chemical reactivity predicted by the
molecular orbitals show a favorable mass transfer process during adsorption.

3.2. Adsorbent Characterization

SEM showed the surface microstructure of AOS before and after the adsorption of
cephalosporin C in terms of the surface morphology and porous structure (Figure 4a,c). The
surface of activated olive stones changed significantly after Cephalosporin C adsorption to
be uneven, rough, undulating and with no perceptible pores.

Activated olive stones before adsorption

El AN norm.C wt.%) Atom.(at.%) b)

c 6 85.78 90.10
o 8 11.05 8.71
si 14 1.49 0.67
S 16 0.79 0.31
F
T

e 0.57 %
i 22 0.33 0.09

Total: 100.00 100.00

El AN norm.C (wt.%) Atom.(at.%) d)

C 6 66.91 73.08
8 21.68 22.52

.0 3.75

16 1.36 0.65

Total: 100.00 100.00

Figure 4. SEM (a,b) and EDX (c,d) of AOS before and after the adsorption of CPC.

EDX characterization pointed to the absence of nitrogen and sulfur in AOS (Figure 4b),
but their presence in this adsorbent after cephalosporin C adsorption (Figure 4d).

Both facts confirm the adsorption of cephalosporin C onto the activated olive stones.

Analysis of the FTIR of both raw and activated olive stones (Figure 5a) showed that the
activation process led to a significant modification of the functional groups on the surface
of the adsorbent. The intense -OH st band at 3346 nm, corresponding to the hydroxyl
functional group of the main components of raw olive stones (cellulose, hemicellulose
and lignin), was turned into a very broad absorption band between 3000 and 3600 nm
corresponding to the -OH st band of the carboxylic, phenolic and hydroxyl functional
groups, the width of this band indicating the presence of strong hydrogen bonds [37,44].
In addition, the very intense C-O st absorption band at 1026 of alcoholic hydroxyl [44,45]
had decreased and the three intense bands (1701, 1586 and 11,904 cm~!) corresponding to
carbonyl groups of different functional groups (ketone, lactone and carboxylic acid [44—46]
had appeared. This agrees with the described presence of carboxylic, phenolic, lactone and
carbonyl groups in H3PO,4/thermal activated olive stones [47,48].
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Figure 5. (a) FTIR spectra of raw and activated olive stones; (b) interactions between AOS and CPC.

The point of zero charge determines the surface charge of the adsorbent at a given
pH and supplies information about the possible electrostatic interactions with the adsor-
bate [49]. The point of zero charge of the AOS was found to be 3.5, which means that it
is an acidic adsorbent and that the thermal/acid activation process provides some acidic
groups to the AOS surface. At pH values lower than 3.5, the AOS surface will have a net
positive charge, at pH values higher than 3.5, the surface will have a net negative charge
and at pH = 3.5, it will have a net zero charge as a consequence of the presence of an equal
number of both positive and negative charges.

The ionization of the protonated amide group and the two carboxyl groups of cephalosporin
Cis completed at a pH slightly lower than 3 and the deprotonation of the positive amine group
takes place at basic pH [39-42], which means that at pH = 3, cephalosporin C has a negative
net charge.

Since at pH 3 activated olive stones have a positive net charge and cephalosporin
C has a negative net charge, HCI 10~3 M was the experimental medium selected in the
adsorption tests, since at the pH of that medium both electrostatic interactions between the
oppositely charged groups of adsorbent and adsorbate, and hydrogen bond interactions
between the hydroxyl groups on the adsorbent surface and the carbonyl groups of the
cephalosporin C molecule can be established (Figure 5b).

3.3. Equilibrium Studies

An adsorption isotherm represents an equilibrium relationship between the amount of
adsorbate in the liquid phase and that on the adsorbent surface, at a given temperature. In
this study, the experimental results of equilibrium were adjusted to six adsorption isotherms
models (Langmuir, Freundlich, Elovich, Temkin, Javanovic and Dubinin—-Radushkevich) in
order to determine which model best describes the adsorption of CPC on AOS.

The Langmuir isotherm model assumes a monolayer adsorption, homogeneous dis-
tribution of the adsorption sites, constant adsorption energy and negligible interaction
between adsorbate molecules [50,51]. The Hanes-Woolf linearization of the Langmuir
isotherm can be written as [52]:

C_Co, 1 o

de Im 9Im Ko
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where qp is the maximum monolayer adsorption capacity of the adsorbent (mg/g) and
Ky is the Langmuir adsorption constant (L/mg). The values of qm and K were calculated
from the slope and the intercept of the plot of Ce/qe versus Ce.

To confirm the favorability of the process, the dimensionless equilibrium parameter

Ry is used, which is defined as:
1

T 14K G
where Cj refers to the highest initial cephalosporin C concentration in solution. The
adsorption nature is indicated by Ry, value either to be irreversible (R, = 0), favorable
(0 <Ry, <1), linear (Ry, = 1) or unfavorable (R, > 1) [53].

The Freundlich model is employed to describe a multilayer adsorption process on a
heterogeneous surface with a non-uniform distribution of adsorption heat and affinities [54,55].
Its linear form is expressed as [55]:

R, 4)

1
Inq, = o -InCe + InKg 5)

where Ky and n are constants integrating all factors affecting the adsorption capability and
adsorption intensity, respectively. The plot of Inge versus InC, allows the values of n and
Kg to be determined from the slope and the intercept, respectively.

The parameter 1/n confirms the favorability of the process: irreversible (1/n = 0),
favorable (0 < 1/n < 1), unfavorable (1/n > 1) [56].

The Elovich isotherm model suggests a multilayer adsorption in which the number of
adsorption sites increases exponentially with adsorption. The linear form of the Elovich
isotherm can be written as [57]:

lnc—e =In(Kg - qg) — qcrl]:E (6)
where qmg, maximum Elovich adsorption capacity (mg/g), and Kg, Elovich equilibrium
constant (L/mg), can be calculated from the slope and intercept of the plot of In(qe/Ce)
Versus ge.

The Temkin isotherm model considers that the adsorption energy (AH) decreases
linearly with coverage due to adsorbate—adsorbent interactions [58,59], and it can be
represented in its linearized form by [57]:

de = B-InA +B-InCe (7)

where A (L/mg) is the adsorption equilibrium constant, B is the Temkin constant, related
to the heat of adsorption (B = qm-R-T/AH, mg/g). The values of B and A can be calculated
from the slope and the intercept of the plot of ge versus InCe.

The Javanovic model suggests multilayer adsorption on a heterogeneous surface but
considering the mechanical contacts between the adsorbed and solution phases and in its
linear form can be expressed as [60,61]:

Inq, = Inq,, — Kj-Ce 8)

where qm, (mg/g) is the maximum adsorption capacity and Kj is the Javanovic constant
(L/mg). From the plot of Inge versus Ce, the values of the parameters of the model can
be obtained.

The Dubinin—Radushkevich model assumes that the distribution of pores in a hetero-
geneous surface of the adsorbent follows a Gaussian energy distribution and it is usually
applied to distinguish between physical and chemical adsorption processes [62,63].

The linearized form of the Dubinin—-Radushkevich model is represented by:

Inq, = Inq,, — K- e? )
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where gm (mg/g) is the maximum adsorption capacity, K (mol?/J?) is a constant related
to the sorption energy and ¢ (J/mol) is the adsorption potential, which can be calculated
as follows:

¢ = RTIn (1 + é) (10)

Values of K and qm can be obtained from the slope and the intercept of the plot of
Inge versus ¢2. The mean free energy of adsorption, E (J/mol), can be calculated from
the constant K by the equation E = (2-K)~!/2, and it is frequently applied to determine
whether the adsorption mechanism is dominated by physical interactions (E < 8 KJ/mol),
ion exchange (8 KJ/mol < E < 16 KJ/mol) or chemical bonds (E > 20 KJ/mol) [63].

Linear regression was used to determine the isotherm that best defines the adsorption
of CPC on activated olive stones. The corresponding linear regressions were carried out by
comparing the correlation coefficients obtained. Figure 6 shows the linear representation of
the six models described above, while the values of the characteristic constants of these
models and of the R? values obtained for each of them are included in Table 3.

Langmuir  x10°C +20°C = 30°C 4 40°C Freundlich x10°c «20°C = 30°C 4 40°C
40 4 5 -
*’///* (/‘
=5 30 e 4 L .
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10 2 ox
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Figure 6. Isotherm plots for the adsorption of CPC onto AOS.
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Table 3. Parameter value of the different studied isotherm models obtained in the adsorption of CPC onto AOS.

Langmuir Isotherm Freundlich Isotherm Elovich Isotherm
q K K q
m L 2 2 mE 2
Temperature (K) (mg/g)  (L/mg) Ry, R N (mg/g)lln R (mg/g) K (L/g) R
(L/mg)
283 31.25 0.00140 0.871 0.992 1.310 0.119 0.9992 21.65 0.0022 0.9927
293 55.56 0.00142 0.774 0.9576 1.261 0.180 0.9987 43.10 0.0019 0.9499
303 129.87 0.00168 0.665 0.8492 1.270 0.496 0.9940 102.04 0.0022 0.8014
313 227.27 0.00255 0.494 0.8745 1.257 1.153 0.9971 178.57 0.0033 0.8435
Temkin Isotherm Javanovic Isotherm Dubinin-Radushkevich Isotherm
A B 2 qm K 2 qm K 2
Temperature (K) (L/mg) (mg/g) R (mg/g) (L/mg) R (mg/g) (mol2/L2) E (Jmol) R
283 0.0213 5.082 0.9843 2.9755 0.0370 0.9506 10.07 1654.9 0.0174 0.9166
293 0.0224 8.649 0.9716 4.6464 0.0042 0.9557 16.68 1265.9 0.0199 0.9071
303 0.0271 19.892 0.9596 10.5804 0.0052 0.9729 37.81 790.39 0.0252 0.8688
313 0.0437 33.558 0.9502 17.2412 0.0083 0.9657 56.06 232.88 0.0463 0.9479

The Freundlich isotherms are linear over the whole temperature range studied and
the correlation coefficients (R?) were higher than those of the Langmuir, Elovich, Temkin,
Javanovic and Dubinin—-Radushkevich isotherms, indicating that the Freundlich isotherm
best represented the experimental adsorption data of cephalosporin C onto activated
olive stones, at all the studied temperatures. The fit of the experimental data to the
Freundlich isotherm model suggests that the surface of activated olive stones is made up
of homogeneous activated patches and the calculated values of 1/n confirm the favorable
character of the adsorption process.

Although the Dubinin—Radushkevich model does not fit well with the experimental
data, the adsorption mean free energy parameter of this model has been calculated, obtain-
ing a value lower than 8, which suggests the physical character of the adsorption process.

3.4. Kinetic Studies
3.4.1. Adsorption Kinetics

The adsorption kinetics describe the rate of retention of an adsorbate from a fluid
environment onto an adsorbent, determining the time required to reach equilibrium.

The kinetics of CPC adsorption onto AOS were studied by means of four kinetic
models (Lagergren pseudo-first order, Ho pseudo-second order, Elovich and Avrami) in
order to determine the rate constant of the one that best describes the adsorption process
of cephalosporin C onto activated olive stones.

The Lagergren pseudo-first-order model [64,65] is based on the assumption that the
rate of occupation of sorption sites is proportional to the number of unoccupied sites and
is expressed linearly by the following equation:

In(q, — q,) = Inq, — kpe1 - t (11)

where kgp1 (1/min) is the pseudo-first-order adsorption rate constant. The representation
of In (qe — qt) versus time allows the values of the model constants, ksp1 and theoretical qe,
to be determined from the intersection and the slope, respectively.

The Ho pseudo-second-order kinetic model [66] assumes that adsorption implies the
interaction between the adsorbate and two independent unoccupied sites on the adsorbent
material [67]. In its linear form, it can be represented by the following equation:

t 1 t
% kp2 @ Qe
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where kps» (L/mol-min) is the pseudo-second-order adsorption rate constant and the
product kpsz-qe2 is the initial adsorption rate. From the representation of t/q; versus time,
the model constants, kp,s» and theoretical ge, can be obtained from the intercept and the
slope, respectively.

The Elovich model [68] considers that the rate of adsorption of the solute decreases
exponentially as the amount of adsorbed solute increase. Assuming that o-f3-t >> 1 [69],
this model can be expressed in a linear way using the following equation:

In(ec-B) Int
9t B + B (13)
where « (mg/g-min) is the initial adsorption rate and 3 (g/mg) is a constant related to the
number of sites available for adsorption. By plotting q; versus Int, the model constants (3
and «) can be obtained from the slope and the intercept, respectively.
The Avramy kinetic model [70] assumes that the solute—solvent interaction is located
at the active sites on the surface of the solid support. In its linear form, it is described by
the following double logarithmic expression [71]:

In[—In(1 — q,)] = InKay + nay - Int (14)

where K,y is Avrami’s constant rate (min~!) and nay is Avrami’s order model.

The kinetics of cephalosporin C adsorption on activated olive stones at 20 °C were
analyzed using the above-mentioned kinetic models. The reliability of the fit of the different
models to the experimental data was determined by comparing the values of the correlation
coefficient (R?) and the degree of coincidence of the experimental values of qe with the
theoretical values calculated from the model.

As it is evident from the results shown in Figure 7, the adsorption of cephalosporin C
onto activated olive stones is best fitted by the pseudo-second-order kinetic model. Table 4
shows that the correlation coefficient R? for the pseudo-second-order kinetic equation is
greater than 0.99 and that the calculated q. values are acceptably close to the experimental
values, which confirms that the pseudo-second-order kinetic model adequately describes
the adsorption of cephalosporin C onto activated olive stones. By contrast, the correlation
coefficients corresponding to the pseudo-first-order, Elovich and Avrami kinetic models are
significantly lower than 0.99, which means that none of these models is suitable to describe
the adsorption of cephalosporin C in activated olive stones.

Table 4. Kinetics constants for the adsorption of CPC onto AOS at 20 °C.

Pseudo-First Order Pseudo-Second Order Elovich Avrami
Co 13} Qe cal 2 ko Qe cal 2 A 2 Kav 2
mgL) 9%  @min) (mg/g) R [g/(mg-min)] (mg/g) R (mg/gmin) D®™® R gy v R
100 5.9873 0.0014 4.5435 0.9164 0.00120099 6.1690 0.9981 0.1482 1.0097 0.9950 0.0294 0.6183  0.9811
200 10.6883 0.0011 8.2672 0.8923 0.00057981 10.9409 0.9934 0.2383 0.5828 09875 0.0352  0.5580  0.9877
300 14.3992 0.0014 11.4707 0.9317 0.00040596 15.0150 0.9985 0.2804 0.4017 09869  0.0200 0.6711  0.9860
400 18.7234  0.0013  39.2009 0.8810 0.00017744 20.3252 0.9958 0.3845 0.3115 0.9855 0.0196 0.6768  0.9643
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Figure 7. Kinetic plots for the adsorption of CPC onto AOS at 20 °C.

3.4.2. Adsorption Mechanism

The kinetic models described above are not capable of identifying the rate-controlling
step of the adsorption process. Any solid-liquid adsorption process is generally character-
ized by extraparticle diffusion (boundary layer diffusion), by intraparticle diffusion, or by
both [72]. To identify the rate-controlling step of the adsorption process, the Weber and
Morris intraparticle diffusion model and the Boyd model are used.

The Weber and Morris intraparticle diffusion model [73] is commonly expressed as:

q; = kingp - t'/2 + G (15)

where king, (mg/ g-h!/2) is the intraparticle diffusion rate constant and Ci represents the
effect of the extraparticle diffusion. These parameters can be obtained from the slope and
the intercept of the line obtained by representing q; against t'/2. For pure intraparticle
diffusion to take place, that representation must be linear and pass through the origin.
The presence of multilinearity in this representation means that the adsorption process is
controlled by a combination of both extraparticle and intraparticle diffusion.

If this last case occurs, in order to distinguish the mainly controlling step of the
adsorption process, the Boyd’s kinetic model [74] is usually employed. This model is
described by the equation:

Bi = —0.4977 — In (1 - qt) (16)

9e

If the plot of B; versus time is a straight line and passes through the origin, the
adsorption process is mainly controlled by intraparticle diffusion; otherwise, it is mainly
controlled by extraparticle diffusion.

The mechanism of cephalosporin C adsorption onto activated olive stones has been
analyzed by these two models. As can be seen from Figure 8, intraparticle model represen-
tations are not linear over the entire time range (multilinearity can be observed), which
means that intraparticle diffusion is not the only adsorption rate-controlling step, but rather
that there is more than one involved. That is, the dual nature of the intraparticle model
graphs confirms that both extraparticle and intraparticle diffusion control CPC adsorption
onto AOS.
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Figure 8. Adsorption mechanism plots for the adsorption of CPC onto AOS.

The Boyd model representations are not linear and they do not pass through the origin,
suggesting that the extraparticle (boundary layer) diffusion process is the step that mainly
controls the rate of the adsorption process.

3.5. Thermodynamic Studies
3.5.1. Effect of Temperature on Adsorption

It is well known that temperature greatly influences any adsorption process. Table 5
shows the values of the adsorption capacity of cephalosporin C onto the activated olive
stones at different temperatures and different initial concentrations of cephalosporin C (the
values of the pseudo-second-order rate constant at different temperatures are also shown).

Table 5. Temperature effect on the amount of CPC loaded onto the AOS (qe) at different CPC initial
concentrations and on the rate constant of the pseudo-second-order adsorption kinetic model.

Initial Cephalosporin C Concentration (mg/L)

100 200 300 400 Kinetic Constant
Temparature (K) qe (mg/g) k; (g/mg-min)
283 3.86 6.56 8.90 10.87 0.000588
293 5.99 10.69 14.41 18.72 0.000591
303 14.31 23.12 34.67 42.04 0.000595
313 21.82 40.71 57.58 76.42 0.000599

It can be seen that an increase in temperature from 10 to 40 °C (283 K to 313 K) leads
to an increase in adsorbent adsorption capacity for all initial CPC concentrations. This
must be due both the decrease in the viscosity of the solution, which favors the mobility of
the adsorbate to reach the surface and the interior of the pores of the adsorbent, and the
increase in the interactions between the functional groups of CPC and AOS [75]. These
results also indicate the endothermic character of the adsorption process of cephalosporin
C onto activated olive stones.

3.5.2. Thermodynamic Parameters

The thermodynamic parameters allow for evaluating the orientation, feasibility and
possibilities of the application of an adsorption process. Therefore, the thermodynamic
parameters standard free energy (AG?), standard enthalpy (AH'), standard entropy (AS”)
and adsorption activation energy (E*) were determined from the following equations:

AG? = —R-T-InKe (17)

AG AH?  AS?
+ = (18)

e =7~ RrR7T R
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a
R-T
where R is the universal gas constant, K, is the equilibrium constant, k; is the pseudo-
second-order model rate constant, A is the Arrhenius factor and T is the absolute temper-
ature (K). Values of K. were calculated from the relation In(qe/Ce) versus qe at different
temperatures and extrapolating to zero [76].
Plots of InK, and Ink; versus 1/T (Figure 9a,b) should give straight lines with a slope
of -AH%/R and -E? /R, respectively, and an intercept of -AS’ /R and InA, respectively.

Ink; = InA — (19)

3. -7.4 : : : ‘
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Figure 9. Thermodynamic of the adsorption of CPC onto AOE: (a) estimation of thermodynamic
parameters; (b) estimation of the activation energy.

The values of AG at different temperatures, AH? and AS? and E?, calculated from
Equations (17)-(19), are shown in Table 6.

Table 6. Thermodynamic parameters of the adsorption of cephalosporin C onto AOS.

AHO ASO AG (k]/mol) E2
(kJ/mol) (kJ/mol K) 283 K 293 K 303 K 313K (kJ/mol)
62.7618 0.2219 —0.0467 —2.2661 —4.4855 —6.7049 0.4569

The negative values of AG for all the temperatures studied indicate that the adsorption
process is spontaneous and thermodynamically favorable. The magnitude of these values
(—20 kJ/mol < AG < 0 kJ/mol) shows the nature of the physiadsorption for the CPC-AOS
system [77]. Increasing the negative value of AG with increasing temperature indicates the
increase in adsorption with increasing temperature. The positive value of AH? confirms
the endothermic nature of the adsorption process. The positive value of AS” theoretically
confirms the affinity of AOS for CFC adsorption [78] and suggests the increase in the
randomness of the solid/solution interface during the adsorption of CPC molecules on
the adsorbent surface, probably due to structural changes in both the adsorbate and the
adsorbent [79]. The low positive value of the activation energy confirms both the physical
and endothermic nature of CPC adsorption on AOS [80].

3.6. Comparison with Other Adsorbents

In order to assess the possibilities of industrial competitive use of the activated olive
stones in the removal of cephalosporin C from aqueous solutions, their efficiency, in terms
of adsorption capacity (mol/kg), has been compared with that of active carbon and of
other adsorbents described in the literature [81,82]. The results, shown in Table 7, indicate
that the efficiency of AOS is 20% of that of activated carbon (the adsorbent which leads to
the best results), 60% of that of the SP207 and SP850 adsorbents and it is about 65% higher
than that of the XAD-2 adsorbent. These results allow us to affirm that the use activated
olive stones as adsorbent for Cepalosporin C removal from aqueous solutions constitutes
an interesting possibility from both economic and environmental points of view.
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Table 7. Cephalosporin C adsorption capacity onto different adsorbents.

Adsorbent [Ref.] Temperature pH [CPC]0 mol/m3 ge (mol/kg)
SP207 [81] 25°C 5.3 5 0.061
10 0.095
15 0.123
20 0.137
SP850 [82] 25°C 7.5 5 0.032
10 0.073
15 0.119
20 0.134
XAD-2 [81] 25°C 5.3 5 0.018
10 0.033
15 0.045
20 0.061
AC [this paper] 30°C HC110—3 M 0.209 0.161
0.418 0.254
0.627 0.358
0.836 0.431
AOS [this paper] 30°C HC11073 M 0.209 0.030
0.418 0.048
0.627 0.073
0.836 0.088

3.7. Practical Implications of This Study

The results obtained in this study allow us to affirm that the use of activated olive
stones as an adsorbent for the elimination of antibiotics can be an interesting alternative to
traditional adsorbents. Although its effectiveness, as indicated, is much lower than that
of activated carbon (reference adsorbent), it is closer to and even exceeds that of other
adsorbents. All this, together with its low price (if it has one), good chemical and mechanical
resistance and eco-compatibility, makes olive stones a promising agro-industrial byproduct,
from both economic and environmental points of view, to be used as an adsorbent for the
elimination of emerging pollutants, although new research is necessary in order to further
improve its adsorption capacity, looking for activation treatments that increase its surface
area and improve its effectiveness against specific environmental problems.

4. Conclusions

The removal of cephalosprin C from aqueous solutions by adsorption on activated
olive stones in a stirred tank was studied in this paper. A quantum study (molecular
size, adsorbate-adsorbent molecular interactions, dipole moment and chemical reactivity
predicted by the molecular orbitals) of the different existing species of cephalosporin C in
aqueous solutions, depending on the pH, suggests a favorable mass transfer process during
adsorption. SEM and EDX characterization of the adsorbent confirms that cephalosporin
C is retained by activated olive stones. Both electrostatic and hydrogen bond interactions
can be established between the adsorbate and the adsorbent at the pH of the adsorption
experiments (HCI 10~3 M) as deduced from adsorbent pHpzc value and the IR study. The
adsorption process is best described by the Freundlich isotherm model and the pseudo-
second-order kinetic model. Although more than one step is involved, the adsorption
mechanism is mainly controlled by film diffusion. The adsorption process is of a physical
nature, endothermic and spontaneous, under the conditions studied. Comparison of the
results obtained in this paper with those obtained in other investigations shows that the
efficiency of AOS is 20% of that of activated carbon, 60% of that of the SP207 and SP850
adsorbents, but 65% higher than that of the XAD-2 adsorbent. As the olive stone constitutes
a highlyabundant and easily accessible agro-industrial by-product, with a very low price
(if it has any), good chemical /mechanical resistance and eco-compatibility, its use as an
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adsorbent for the elimination of pollutants of emerging concern represents an interesting
reality from both the economic and the environmental points of view.
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