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A B S T R A C T

This research presents the obtaining of a biochar (CB) from the use of pomegranate peel (Punica granatum)
conditioned with iron and cerium nanoparticles (C-Fe/Ce), as well as its characterization by SEM (Scanning
Electronic Microscopy), FTIR (Fourier Transform Infrared Spectrometry), TGA (Thermogravimetric analysis), EDS
(Energy Dispersive Spectroscopy), XPS (X-Ray Photoelectron Spectroscopy) and evaluation of the adsorption
capacity of ampicillin (AMP) in aqueous phase at 20, 30 and 40 �C. The maximum adsorption capacity for CB was
18.97 mg g�1 and for C-Fe/Ce, 27.61 mg g�1 at pH of 7, observing that with increasing temperature, the sorption
capacity decreases in both materials, the experimental data was fitted to various mathematical models and the
best fit was the pseudo-second order model for the kinetics, whilst for the adsorption isotherms the best fit was
with the Langmuir model, indicating that the adsorption process is carried out in a monolayer on a homogeneous
surface, through a chemisorption process. According to the thermodynamic parameters this process is carried out
through an exothermic reaction. The results obtained indicate that both materials are suitable for the removal of
AMP in the aqueous phase and that they can be reused up to 5 times.
1. Introduction

Micropollutants, also called ‘emerging pollutants’, consist of a large
group of substances including pharmaceuticals, personal care products,
steroid hormones, and agrochemicals [1]. These chemicals are related to
anthropogenic activities and are normally transported mainly through
aquatic environments and can have harmful effects on both aquatic or-
ganisms and humans through direct and indirect exposure [2]. However,
pharmaceutical compounds are found in trace concentrations of ng L�1 a
μg L�1, due to its wide use in veterinary medicine and humans, which
then releases large amounts of pharmaceutical products into the envi-
ronment [3].

Ampicillin (AMP) is a semisynthetic β-lactam antibiotic that is taken
by mouth and is most used in hospitals and veterinarians to kill infections
caused by gram-positive and gram-negative bacteria [4]. This antibiotic
contains in its structure a β-lactam ring that belongs to the group of
penicillin's [5]. It is a non-biodegradable antibiotic that continues to
remain in the water system for prolonged periods of time, thus causing its
bioaccumulation that is why, at some point, these substances can reach
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aquatic ecosystems [6], causing consequences, such as: the appearance of
changes in the reproduction of fish due to the presence of hormones [7]
and the inhibition of photosynthesis in algae by the presence of
beta-blockers [8]. Due to high consumption and toxicity, AMP has been
taken as a model drug for adsorption and controlled release studies [9].

Due to the structure that AMP has, it makes it difficult to remove it
from the water, therefore, some processes have been studied for the
exclusion of this pollutant, such as degradation [10] and oxidation [11].
However, the adsorption technique is widely used for the removal of
various organic compounds from the water. Adsorption processes are
considered relatively simple methods, effective in the removal of various
pollutants in aqueous solution or industrial wastewater treatment [12].
For the removal of some organic pollutants, different adsorbent materials
have been used for the elimination of organic pollutants in the aqueous
phase, such as bentonite, chitosan [13], composites [14] and biochars
[15]. This last material has been of great interest due to its high porosity
and adsorption capacity [6], therefore, the objective of this research is to
synthesize a biochar with and without Ce-Fe nanoparticles for the
ía-Rosales).

ed 24 January 2022
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

mailto:gegaromx@yahoo.com.mx
mailto:ggarciar@toluca.tecnm.mx
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2022.e08841&domain=pdf
www.sciencedirect.com/science/journal/24058440
http://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2022.e08841
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.heliyon.2022.e08841


3.422 %

12.03 %

15.77 %

31.87 %

4.650 %

Figure 1. Punica granatum peel thermogram.

a) CB before

b) CB after

c) C-Fe/Ce before

d) C-Fe/Ce after

e) f)

Figure 2. Micrograph of CB a) before sorption, b) After sorption; C-Fe/Ce c) before
pore size distribution and g) Fe/Ce particle size distribution.
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adsorption of AMP in the aqueous phase from the use of the peel from the
Punica granatum.

2. Materials and methods

For this study the peel of Punica granatum was obtained in the Mu-
nicipality of Tlaxcoapan, Hidalgo, Mexico. The reagents used were Fe
(NO3)3⋅9H2O (Sigma-Aldrich®, 98%) and (NH4)2⋅Ce (NO3)6 (Sigma-
Aldrich®, 99.99%).

2.1. Preparation of CB and C-Fe/Ce

The Punica granatum peel was washed several times with distilled
water at 120 �C for 30 min to remove impurities and dried in sunlight for
3 days and dried at 40 �C. It was ground and sieved to a size of 0.83 mm,
thermal washes were carried out and subsequently dried at 35 �C for 48
g)

sorption, d) after sorption; e) CB pore size distribution after sorption, f) C-Fe/Ce

Table 1. Specific surface area (Ae), volume and pore size.

Material Ae (m2/g) Pore Volume (cm3/g) Pore size (nm)

CB 28.91 0.03 5.09

C-Fe/Ce 249.44 0.21 3.44



Figure 3. a) Isoelectric point, b) FTIR spectrum of Carbon-iron-cerium (C-Fe/Ce) before and after removal AMP.
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h. Punica granatum treated with a NaOH 0.05 M solution for 20 min,
subsequently, it was washed repeatedly with deionized water and dried
at 30 �C. To define the optimal pyrolysis temperature, a thermogravi-
metric analysis was performed (TGA) of Punica granatum. Once the
temperature was identified by means of TGA, the peel of Punica granatum
3

at 700 �C, thus obtaining biochar (CB), whilst the preparation of the
composite consisted of mixing a solution of Fe(NO3)3⋅9H2O and
(NH4)2⋅Ce(NO3)6 with 1 g of Punica granatum in a reactor that was sealed
and placed in a shaking bath at 30 �C for 12 h, later it was pyrolyzed at
the same temperature and given the name, C-Fe/Ce.



Table 2. Energy states (C-Fe/Ce).

Element Energy states BE (eV) FWHM Relative area

C1s C¼O 288.4 1.1 12.4

O-C-O 287.5 54.1

C-O 286.7 23.1

C¼C 284.8 7.1

C-C 284.3 12.4

O1s OOC 534.6 1.4 16.9

O-C 533.2 30.3

O-C-O 532.4 5.4

O¼C 531.7 38.3

O-Metal 530.3 26.3

Fe2p Fe3þ 707.5 1.4 28.5

Fe3þ 709.1 20.1

Fe2þ 710.5 19.5

Fe3þ 712.1 9.8

Ce3d vo 881.7 2.4 14.1

V 883.9 9.8

v’ 885.8 21.5

v’’ 887.8 10.6

uo 899.7 9.7

U 902.4 11.6

u’ 904.71 15.7

u’’ 907.12 7.66
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2.2. Characterization of materials

To determine the thermal degradation characteristics of the Punica
granatum peel, an amount was analyzed in a TA Instruments-Waters SDT
Q600 Calorimeter with a helium flow of 100 mL min�1. Morphology and
elemental distribution of the adsorbents (CB y C-Fe/Ce) were obtained
with a microscope JEOL® JSM, model 5900 LV, which has a probe
adapted for qualitative and quantitative analysis (EDS) brand OXFORD®

model INCAx-Act 51-ADD0013 with a voltage of 20 kV. To determine the
specific surface area of CB and C-Fe/Ce, the Brunauer-Emmett-Teller
method was used in an N2 atmosphere in the Belsorp®Max III equipment.

To identify the number of active sites (σ) in the adsorbents (CB and C-
Fe/Ce), 30mL of a 0.1 NNaClO4 solutionwas put in contact with a known
quantity of each material: CB and C-Fe/Ce, they were put in agitation for
24h. After this time, the pHwasmeasured and adjusted to~2with a 0.1M
HClO4 solution. The resulting suspension was titrated with a 0.1 M NaOH
solution until reaching pH ~12. Throughout the process, the added mL
and the pH variation was quantified with the Hanna Instruments® model
HI8915 potentiometer, in the same way, a blank was titled. With the data
obtained from the titration and the value of the specific surface area of
each material, the number of active sites per unit area was determined
[16]. On the other hand, to know the isoelectric point of CB and C-Fe/Ce,
different adsorbent masses were placed with 10 mL of deionized water at
30 �C in polypropylene tubes, thematerialwas left for 24 h under constant
stirring. Subsequently, the pH in each tube was measured using the
HANNA® Instruments potentiometer. The analysis of the functional
groups of the materials before and after the sorption process was carried
outwith an InfraredSpectrophotometerwithFourierTransformVARIAN®

640-IR, 16 scansweremade to CB andC-Fe/Cewith a resolution of 4 cm�1

in a range of 4000 to 500 cm�1. The study of the energy states of the
samples were carried out with an X-ray spectrophotometer Thermo Sci-
entific K-Alpha X-Ray Photoelectron Spectrometer®, operating with an Al
photoelectron source (Kα). The equipment performed 10 scans per sample
in a normal lens mode, aperture size 400 μm, step size energy 0.030 eV.

2.3. Sorption studies

For the adsorption studies, a 100 mg L�1 Ampicillin solution was
prepared from a standard from the Sigma-Aldrich®. The AMP adsorption
4

kinetics were carried out in propylene tubes adding 1.5 mg of each
adsorbent respectively with 5 mL of AMP at 5 mg L�1 at different contact
times: 10, 20 and 30 min, 1, 2, 3, 4, 5, 6, 8, 16 and 24 h, the tubes were
shaken in a temperature-controlled bath at 20 �C, 30 �C and 40 �C. The
data obtained was adjusted to the pseudo-first order, pseudo-second
order and Elovich mathematical models and the AMP concentration in
each supernatant was determined by UV-Vis at λ ¼ 255 nm.

Whilst to evaluate the maximum adsorption capacity, adsorption
isotherms were carried out by adding 1.5 mg of adsorbent with 5 mL of
AMP at different concentrations in propylene tubes (4–12 mg L�1). The
tubes were shaken in a temperature-controlled bath at 20 �C, 30 �C and
40 �C for 24 h. The data obtained was adjusted to the mathematical
models of Langmuir, Freundlich and Temkin. During the adsorption ex-
periments, the pH was controlled at 7 � 0.2. The AMP concentration in
each supernatant was determined by UV-Vis at λ ¼ 255 nm.

However, the effect of the pH change in the adsorption process was
studied and for this, 1.5 mg of adsorbent was placed in 5 mL of AMP
solution at a concentration of 5 mg L�1 in propylene tubes at different
values in a pH range of 2–13 using NaOH and HNO3 0.1 M to adjust the
pH. The tubes were shaken in a temperature-controlled bath at 20 �C for
24 h and the AMP concentration in each supernatant was determined by
UV-Vis at λ ¼ 255 nm.

The AMP removal percentages, as well as the sorption capacity qe (mg
g�1) were calculated using Eqs. (1) and (2) respectively.

% Removal¼
�
1� Ce

C0

�
� 100 (1)

qe ¼ðC0 � CeÞ V
M

(2)

Where: C0 is the initial concentration and Ce is the equilibrium concen-
tration mg L�1;M (g) is the weight of the sorbent material and V (L) is the
volume of the solution.
2.4. Activation energy studies

Once the kinetic data was collected and the rate constant was deter-
mined for the reaction at the three different temperatures (20, 30 and 40
�C) an Arrhenius plot was developed by plotting the Ln k against 1/T (K).
The linearized form of the Arrhenius equation is given below in Eq. (3):

Lnk¼ Ea
R

�
1
T

�
þ LnA (3)

Where k is the rate constant for the reaction at a given temperature, Ea is
the activation energy for the process, R is the gas constant (8.314 kJ
mol�1), T is the temperature given in Kelvin, and A is the frequency
factor for a given reaction.
2.5. Biochars reuse cycles

To evaluate the reuse of the biochar, 1 mg of each material obtained
after the adsorption process was used with 5 mL of a solution at acid pH
to desorb the AMP present in the solid, subsequently, the material was
washed with deionized water and put in contact again with a solution of
5 mg g�1 of AMP, this procedure was repeated 5 times. The remaining
liquids were analyzed with UV-Vis at λ ¼ 255 nm to determine the AMP
concentration.

3. Results and discussion

3.1. Characterization

The TGA analysis of Punica granatum peel is presented in Figure 1,
according to the graph the process can be divided into 4 stages: the first



Figure 4. Deconvolution of a) C1s, b) O1s, c) Fe2p, d) Ce3d and e) Ca2p in C-Fe/Ce.
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stage with a range from 15 �C to 100 �C, a decrease of 4.85% can be
observed, which is common in some biosorbents [17, 18] and is associ-
ated with water loss [19]. The second stage (100–290 �C) shows two
endothermic peaks, where there is a loss of 31.87 %, which is attributed
to a decomposition of the organic material of hemicellulose [20]. The
third stage (290–400 �C) occurs due to a continuous and simultaneous
degradation process mainly due to the fact that there is a weight loss of
15.77 %, which can be attributed to the decomposition of cellulose [21].
Finally, the last stage known as slow degradation takes place between
400-600 �C with a weight loss of 12 % and is associated with the
5

degradation of lignin [22], which occurs in two phases, one from 400 to
600 �C and the other from 600 to 800 �C.

Likewise, the blue line represents the curve of the derivative of
weight loss, where a band is shown at approximately 200 �C, and is
attributed to the degradation of lignin or hemicellulose monomers, as
well as the decomposition of pectin from Punica granatum peel [23]
followed by a band at 325 �C that is due to the degradation of cellu-
lose, which according to the literature occurs from 250 to 380 �C [24]
also at 460 �C there is a band that refers to the complete decompo-
sition of cellulose. Finally at 640 �C there is a smooth band that



Figure 5. AMP adsorption kinetics with CB (a) to 20, 30 and 40 �C and with C-Fe/Ce (b). Isotherms in function of the initial concentration of AMP with CB a 20 �C, 30
�C y 40 �C (c) and C-Fe/Ce (d).

Table 3. Kinetic parameters of CB and C-Fe/Ce.

Kinetic models
Parameters

CB C-Fe/Ce

20 �C 30 �C 40 �C 20 �C 30 �C 40 �C

Pseudo first order qe (mg g�1) 14.06 12.63 11.12 13.14 11.12 10.17

KL (h�1) 13.78 12.61 10.83 16.05 13.75 8.99

R2 0.917 0.919 0.890 0.920 0.906 0.900

Pseudo second order qe (mg g�1) 14.52 13.07 11.57 12.67 11.51 10.63

K2 (g mg�1 h�1) 1.64 1.59 1.43 -7.85 1.99 1.22

R2 0.955 0.962 0.948 0.865 0.953 0.960

Elovich α (g mg�1 h�1) 7.11E5 2.99E5 4.58E4 4.26E6 4.4E5 1.35E4

β (mg g�1) 1.05 1.11 1.09 1.27 1.30 1.08

R2 0.997 0.998 0.998 0.997 0.997 0.996

J.C. G�omez-Vilchis et al. Heliyon 8 (2022) e08841
represents the decomposition of inorganic material such as metallic
carbonates [19].

In Figure 2a), CB presents a set of hexagonal structures with thin and
smooth walls covered by a delicate membrane, with an approximate
diameter of 25 μm. EDS analysis indicates the presence of: C (78.35 %), O
(15.90 %), Na (2.9 %), Ca (2.85 %) as the principal elements. After the
process of sorption of AMP in CB (Figure 2b) the material presents some
modifications in the structure, observing that the thin membrane that
initially covers the hexagonal structures disappears and the hexagons
undergo modifications presenting an average diameter of between 22 to
27 μm with about 4 μm thick, the hexagons form a honeycomb and well-
defined pores are observed evenly distributed on their walls with an
average diameter of 0.55 μm (Figure 2e) similar to those reported by
Sahoo et al., [25] in bamboo stem. EDS analysis indicates the presence of
6

C (96.64 %), O (2.32 %), Na (0.48 %) and Ca (0.55 %). In general, some
changes in the structure of CB are observed with the adsorption process,
it is also distinguished that some parts of the material erode, as well as a
slight increase in the atomic percentage of C, which can be attributed to
the presence of the AMP in the material. Figure 2c) shows the C-Fe/Ce
micrograph showing a rough surface with hexagonal cavities that form a
honeycombwith some of the structures broken, which vary from 17 to 20
μm in diameter.

Defined pores are uniformly distributed in the cavities with an
average diameter of 0.82 μm (Figure 2f). On the walls, the presence of Fe
and Ce nanoparticles with an average diameter of 55 nm distributed on
the surface of the material is observed spherical nanoparticles, in some
areas the nanoparticles are also observed to form agglomerates
(Figure 2g), general EDS analysis of the material indicates the presence of



Table 4. Adsorption isotherms.

Mathematical
Models

CB C-Fe/Ce

20 �C 30 �C 40 �C 20 �C 30 �C 40 �C

Langmuir qm (mg g�1) 18.97 22.26 18.97 27.61 27.18 23.49

KL (L mg�1) 4.77 2.16 1.60 1.73 0.88 0.73

R2 0.999 0.998 0.999 0.996 0.993 0.994

RL 0.13–0.04 0.10–0.03 0.13–0.04 0.12–0.04 0.25–0.10 0.25–0.10

Freundlich Kf (mg L�1) n 12.15 14.90 12.15 16.92 12.27 1076

n 4.91 4.77 4.91 3.65 2.86 2.98

R2 0.987 0.988 0.987 0.984 0.974 0.975

Temkin qm (mg g�1) 792.85 667.15 846.94 453.20 409.03 499.89

KT (mg L�1) 48.88 59.60 48.88 24.20 6.54 7.00

R2 0.992 0.994 0.992 0.993 0.987 0.988

Table 5. Comparison of the maximum sorption capacity (qm) of AMP in CB and C-Fe/Ce with other materials.

Materials qm (mg/g) Quantity (mg) T (�C) Concentration Isotherm References

Hidrogel 245.09 100 45 10–100 mg/L Langmuir [9]

Activated carb�on 1.32 100 23 30–100 mg/L Langmuir [84]

1.87

Anionic surfactan 2.30 250 25 1–100 mg/L Langmuir [76]

MCM-41 495 50 25 0.5–25 mg/mL Langmuir [85]

Montmorillonite NPs 141.22 50 - 25 Dubinin-Radushkevich [86]

Polydopamine/zirconium (IV) iodate 99.98 60 30 30–70 mg/L Langmuir [87]

102.90 40

105.51 50

CB 20 �C 18.97 1.5 20 4–12 mg/L Langmuir This work

CB 30 �C 22.26 30

CB 40 �C 18.97 40

C-Fe/Ce 20 �C 27.61 1.5 20 4–12 mg/L Langmuir

C-Fe/Ce 30 �C 27.18 30

C-Fe/Ce 40 �C 23.49 40

Table 6. Thermodynamic parameters for sorption with CB and C-Fe/Ce.

Material Temperature Thermodynamic parameters

(�C) ΔG� (kJ/mol) ΔH� (kJ/mol) ΔS� (J/mol �K)

CB 20 -1.16 -33.12 -0.10

30 -0.07

40 1.02

C-Fe/Ce 20 -3.63 -41.88 -0.13

30 -2.32

40 -1.02

Figure 6. AMP removal percentages with CB and C-Fe/Ce as a function of pH.
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C (88.03 %), O (10.08 %), Fe (0.96 %) and Ce (0.93 %) as main elements.
Figure 2d) shows the micrograph of C-Fe/Ce after the sorption of AMP,
where an eroded surface is observed, as well as the deformation of the
hexagonal structures present before the adsorption process, however, the
nanoparticles adhered to the walls of the structure. Likewise, it increases
the size of the agglomerates of the nanoparticles on the surface of the
material as a result from the adsorption process. The general EDS analysis
shows the presence of: C (79.89 %), O (9.03 %), Na (1.14 %), Fe (3.61 %)
and Ce (6.34 %).

The specific surface area (BET), volume and pore diameter of CB and
C-Fe/Ce are shown in Table 1. It is observed that the specific area of C-
Fe/Ce is greater than that of CB, this is due to the presence of nano-
particles in the material [26, 27]. Secondly, the difference of volume and
pore size in both materials can be attributed to the fact that C-Fe/Ce has
higher porosity than CB. The presence of pores can aid in the mass
7

transfer so that AMP can easily reach active sites in the material. Also,
when a porous material is conditioned with nanoparticles, and when
these are formed, some are trapped in the walls of the cavities, resulting
in a reduction in the size of the pores.



Figure 7. Effect of pH on ampicillin charge.
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The surface sites’ density in CB is 9 � 1 sites nm�2 and 29 � 1 sites
nm�2 for C-Fe/Ce; between the twomaterials there is a difference of 20�
1 sites nm�2, so the number of active sites of C-Fe/Ce is 3 times greater
than that of CB, this result indicates that the presence of nanoparticles in
the carbonaceous matrix increases the density of active sites and there-
fore its adsorption capacity is expected to be higher [28].

The results of the isoelectric point (pHzpc) shown in Figure 3a),
indicate the pHwhere the charges of eachmaterial are in equilibrium due
to the transfer of ions [Hþ] and [OH�], for CB was observed the pHzpc at
pH ¼ 12 � 0.03 whilst for C-Fe/Ce was of pH ¼ 9 � 0.03. The results
obtained are favourable for the adsorption of AMP. In the literature,
values close to 12 have been reported for carbonaceous materials whilst
for those conditioned with nanoparticles the values range between 9 and
10 [29].

FTIR spectra of C-Fe/Ce before and after sorption are presented in
Figure 3b) where to 600 cm�1 is present the aromatic vibration -CH2, and
is observed that after adsorption process disappears; the bands in the
range of 520–590 cm�1 are attributed to the presence of O-Metal [30],
for the magnetite Fe3O4 (586 cm�1) are observed the groups Fe-O
(570-550 cm�1) [31] and Ce-O (530 cm�1). However, after the sorp-
tion of AMP, the vibrations from 570–550 cm�1 decrease in intensity,
which suggests that an interaction between Fe-O and the AMP molecule,
because Fe-O in an acid medium can be form cations that bind with the
AMP anion's groups [32, 33, 34, 35, 36, 37]. According to the results
obtained at the isoelectric point in a pH range of 1–9, the surface of the
material is positively charged, favoring the attraction of anions of the
AMP through electrostatic interaction. Whilst the Ce-O vibration in 530
cm�1 after the sorption of AMP presents a slight displacement in 528
8

cm�1 due to the formation of Ce(OH)4. In general, the FTIR spectra ob-
tained for C-Fe/Ce showed that after adsorption, the intensities of the
peaks decreased, and some shifts occurred because of the interaction of
AMP with the surface of the material [38, 39].

According to the results obtained in XPS, Table 2 shows the energy
states of C-Fe/Ce. In Figure 4a) the changes of energy states of C-Fe/Ce in
C1s are presented, the energy of the peaks at 284 and 284.71 eV corre-
spond to C-C and C¼C belonging to the carbonyl group [40], the peaks at
285.6, 286.5 and 287.6 eV correspond to the C-O, O-C-O and C¼O groups
respectively in the bonds present in the carboxyl or ester group, which
are common in some composites obtained from organic residues [41, 42,
43]. The deconvolution of O1s is shown in Figure 4b), where a peak is
observed at 530 eV which corresponds to metallic oxides, such as O-Fe
and O-Ce present in the material [44, 45], which are common in some
carbon-metal composites [46]. Likewise, there is the participation of
O¼C, O-C and O-C¼O in the peaks 531.2, 532 and 533.2 eV respectively,
which represent oxygen atoms in esters and hydroxyl present in the
material [47, 48, 49], in 534.7 eV presents itself O-C- corresponds to the
carbonate group [50].

On the other hand, in Figure 4c) the energy states for Fe2p in C-Fe/
Ce, can be found Fe2þ to 709.14 and 712.14 eV also it shows the
presence of Fe3þ in 710.55 eV [51, 52]. In general, the countaint of
Fe2þ must be reduced due to its participation in the reaction with
carbon or oxygen, however, the increase in the proportion of Fe2þ

indicates that the presence in C-Fe/Ce can promote the reduction of
Fe3þ to Fe2þ by obtaining electrons from the same material (Fe0 – 2e
→ Fe2þ, 2Fe3þ þ Fe0 → 3Fe2þ) [53]. In the spectrum of Ce3d there are
two divided doublets that represent the components of Ce3d 5/2



Figure 8. Mechanism of AMP adsorption on C-Fe/Ce.
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Figure 9. AMP reuse cycle's on CB and C-Fe/Ce.
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(represented as v) and Ce3d 3/2 (represented as u). As shown in
Figure 4d) the peaks are at 883.94, 899.77, 902.42 and 907.12 eV
were named v, uo, u and u’’ respectively and are attributed to Ce4þ,
whilst the four remaining peaks located at 881.74, 885.89, 887.82 and
904.71 eV named vo, v’. v’’ and u’ represent the Ce3þ [54, 55], which
are present in some composites C-Ce [56, 57].

According to the literature the Ce3þ can oxide as Ce4þ in contact with
air at room temperature. However, in this work, the formation of cerium
nanoparticles were accompanied by the carbonization of the Punica
granatum peel under an inert atmosphere during the pyrolysis process
where a complete reduction occurred that inhibited the oxidation of
Ce3þ. Therefore, the coexistence of the 4þ and 3þ states of Ce is indicative
of a synergistic interaction between the redox pairs Fe3þ/Fe2þ and Ce4þ/
Ce3þ, at the vacant oxygen sites in the material through a redox equi-
librium [58, 59]. The deconvolution of Ca2p is shown in Figure 4e),
where two energies are presented at 347.47 and 351.07 eV, which are
associated with Ca 2p3/2 and Ca 2p1/2, respectively corresponding to
CaCO3 [60,61].
3.2. Adsorption kinetics

The results obtained in the sorption kinetics of AMP as a function of
time are shown in Figure 5a–b). Where it can be observed that for CB at
temperatures of 20 �C, 30 �C and 40 �C the kinetic equilibrium begins at 3
h of contact, reaching equilibrium after 12 h with 14.26, 12.16 and 11.26
mg/g respectively. Similarly, it can be seen that the kinetic balance of C-
Fe/Ce corresponds to the times mentioned above, with 15.14, 13.70 and
12.26 mg/g, for temperatures of 20 �C, 30 �C and 40 �C, respectively.
With the above, it is observed that the presence of Fe/Ce nanoparticles in
the biochar favours the kinetic balance of the sorption of AMP, these
results are related to the difference that exists between the density of
active sites of both materials (section 3.1).

The experimental data of the adsorption kinetics of AMP with CB and
C-Fe/Ce at different temperatures were adjusted to the pseudo-first order
(Eq. (4)) [62], pseudo-second (Eq. (5)) [63] and Elovich (Eq. (6)) [64]
kinetic models (Figure 5). Finding that the best fit was to the Elovich
model (Eq. (3)) with correlation coefficients of 0.997–0.998, indicating
that the adsorption process presents feasibility because the α values are
greater than the β values (Table 3), which represents that the adsorption
rate is greater than the desorption [65].

The pseudo-first-order model or Lagergren expression (Eq. (4)) con-
sists of an equation based on a surface reaction generally expressed as:
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qt ¼ qe
�
1� eð�kLtÞ� (4)
kL is Lagergren adsorption rate constant (g mg�1min�1), qe is the con-
centration of the adsorbate in the adsorbent at equilibrium (mg g�1) and
qt is the concentration of the adsorbate in the adsorbent at a given time
(mg g�1).

The pseudo-second-order model (Eq. (5)) relates the solute to the
active sites on the surface of the sorbent, assuming that the sorption
capacity is proportional to the number of active sites occupied in the
sorbent.

qt ¼ k2q2e t
1þ k2qet

(5)

Here, the k2 (g mg�1⋅min) is the rate constant of the pseudo-second
order model.

The Elovich model (Eq. (6)) is useful to predict the mass and surface
diffusion, activation, and deactivation energy of an adsorbate-adsorbent
system.

qt ¼1
β
lnt þ 1

β
lnαβ (6)

Where: qt is the amount of adsorbate on the adsorbent surface at time t
(mg g�1). α (g mg�1 h�1) and β (mg g�1) are the Elovich coefficients that
represent the initial adsorption rate and the desorption coefficient.
3.3. Adsorption isotherms

The adsorption results as a function of the concentration were
adjusted to the mathematical models of Langmuir (Eq. (7)), Freundlich
and Temkin to evaluate the adsorption capacity of the materials
(Figure 5c–d). According to the results (Table 4), the experimental data
has a better fit to the Langmuir mathematical model with a correlation
coefficient very close to 1 for CB and for C-Fe/Ce with qm values of
18.97, 22.26, 18.97 mg g�1 for CB at 20 �C, 30 �C and 40 �C, respectively.
Whilst, for C-Fe/Ce they were 27.61, 27.18 and 23.49 mg g�1 at the same
temperatures mentioned above, therefore, the adsorption of AMP in both
materials is carried out in a monolayer on a homogeneous surface [66,
67]. It should be noted that the presence of nanoparticles on the surface
of the material [68] leads to an increase in the adsorption capacity of
AMP. Langmuir's model is expressed in Eq. (7):

Ce

qe
¼ 1
KLqm

þ 1
qm

(7)

Where: qe is the adsorption capacity at equilibrium (mg g� 1), Ce is the
concentration of AMP at equilibrium (mg/L), qm is the maximum
adsorption capacity (mg g� 1), KL, is the Langmuir constant, related to
adsorption energy.

The principle characteristics of the Langmuir isotherm is represented
by the dimensionless constant RL ¼ 1/(1 þ KLCo). When RL > 1 presents
an unfavourable adsorption, RL¼ 1 is linear and RL< 1 is favourable and
RL ¼ 0 presents an irreversible adsorption [69]. In this investigation, the
RL values are between 0 and 1 (Table 4). This shows that the AMP
molecule has a strong affinity for CB and C-Fe/Ce. Whereas the fit of the
Freundlich adsorption model can be discussed according to the value of
n. Where n < 1 presents a weak adsorption, n between 1 and 2 moderate
adsorption and n between 2 and 10 good adsorption [70]. Considering
the values of n obtained, there is a good adsorption of AMP in CB and
C-Fe/Ce. On the other hand, the data obtained in the Temkin isotherm of
b and KT represent the interaction of the materials with the pollutant
[71]. With the data obtained from the sorption kinetics of AMP, the
activation energy was calculated, finding that for CB it was 1507 kJ
mol�1, while for C-Fe/Ce it was 3168 kJ mol�1, which suggests that a
chemisorption process occurs during adsorption process [72], because
below 40 kJ mol�1 it obeys a process of physisorption and above that
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energy the process of chemisorption takes place, since this process re-
quires more energy [73].

Table 5 shows the comparison of the maximum adsorption capacity
(qm) of AMP for CB and C-Fe/Ce at different temperatures with those
obtained in other investigations. It should be mentioned that, although
the experimental conditions used are different, it is valid to compare the
values of qm, since the sorption capacity is a criterion that provides an
idea about the performance of CB and C-Fe/Ce with respect to other
materials. Some researchers have reported higher sorption capacities
than CB and C-Fe/Ce, however, most use a greater amount of adsorbent
material to perform sorption experiments, therefore, the advantage that
CB and C-Fe/Ce with respect to the other materials is that the amount of
mass used is 1.5 mg.
3.4. Thermodynamic parameters

To investigate the effect of temperature on the adsorption of AMP in
CB and C-Fe/Ce, three different adsorption temperatures were used (20
�C, 30 �C and 40 �C). As seen in Table 6, the thermodynamic parameters
show that as the temperature increases, the interaction between the
materials and the AMP molecule decreases. Using the following Eqs. (8)
and (9), ΔH �, ΔS � and ΔG � were calculated.

ΔG� ¼ΔH� � TΔS� (8)

Ln k¼ � Δ�H
R

� 1
T� þ

ΔS�

R
(9)

For both materials the values of ΔH � and ΔS � are negative, which
indicates an increase in the randomness in the liquid-solid interface
(adsorbent) during the adsorption process and an exothermic nature of
the sorption process, in addition there is a strong interaction between the
sorbent and the chemical species of the compounds [74]. The increase in
temperature in the system decreases the binding potential at equilibrium,
therefore, the adsorption capacity also decreases [75], both for C-Fe/Ce
and for CB.

On the other hand, negative values of ΔG� suggest a decrease in Gibbs
free energy, showing the viability of an adsorption process through
electrostatic interaction between sorbate and sorbent [76]. However,
Munagapati& Kim [77] and Bansalet al., [78] reported that the decrease
in the sorption of organic compounds in some materials is due to the
increase in the sorption temperature, which leads to an exothermic
process occurring. Therefore, the decrease can be attributed to the
weakening of the van der Waals attraction forces between AMP mole-
cules and C-Fe/Ce surfaces [79], whilst in CB they can coexist at 40 �C,
due to the observation in ΔG�, which suggests an endothermic process.
The results obtained for ΔH� are below -100 kJ/mol, indicating that the
interaction between AMP and the surface of the material is carried out
through a physisorption process. The ΔG� trends indicate that as the
temperature in the system increases, these values increase, indicating
that the adsorbed quantity decreases which makes the system more
available for the adsorption process.
3.5. Effect of pH and the sorption mechanism of AMP

The isotherm of AMP adsorption with respect to pH is presented in
Figure 6. In which can be seen that by increasing the pH in CB, the
percentage of AMP adsorption increases, with a maximum of 89.6%. This
behaviour is due to the pHzpc of the material being 12, and when pH
value is less than 12 the surface charge of the sample is positive, which
attracts the anionic structure of the AMP. For C-Fe/Ce, the removal
percentage of AMP decreases when the pH in the solution increases, it
decreases from 81.2% to 22.6%, this might be because the pHzpc of the
material being 9, which suggests that at lower pH the C-Fe/Ce presents
higher removal performance. This is because the main sorption
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mechanism is carried out by chemisorption, which is related to the ad-
justments of the kinetic and isothermal models of adsorption.

pH is an important factor that affects the adsorption behaviour. The
pH of the solution strongly affects the structure of the AMP. In Figure 7
the effect of pH on the charge of AMP is shown, where it can be observed
that at pH less than 2.5 it presents a cationic structure, however, between
2.5 and 7 it shows a dipolar structure; but at pH above 7 an anionic
structure is the predominant species.

The mechanisms involved in the removal of AMP was obtained using
Avogadro Vision 1.2.0. software and is presented in Figure 8. In which
can be seen that in C-Fe/Ce, the structure of CB is conditioned with Fe
and Ce ions at the time of the synthesis of the material. In Figure 8a) the
interaction of C-Fe/Ce with H2O is shown, which forms hydroxylated
species on the surface, for metal with Ca [80, 81], due to the oxidation
states of Fe and Ce in the material, which are related in the XPS study.

In Figure 8b), it is shown that the predominant charges are positive,
because the pHzpc is 9� 0.1, where Ca2þ interacts with the amino group
(NH2) present in the structure of AMP [82], which is known as cationic
attraction. In Figure 8c) an anionic attraction is presented, where at pH
greater than 9 the surface is negatively charged, and the predominant
iron and cerium states are Fe3þ and Ce4þ, which have greater affinity for
the OH� bonds present in the AMP molecule. Whilst in Figure 8d) it can
be seen that the OH� on the surface of the material could act as a donor of
Hþ and form hydrogen bonds with the oxygen atom present in the AMP
molecule [83].
3.6. Reuse cycles

To determine the reuse capacity of the material, adsorption tests were
carried out using a 5 mg L�1 AMP solution. Figure 9 shows the adsorption
percentages at 20 �C, � 65 % and �75 % for CB and C-Fe/Ce, were ob-
tained, respectively during the first reuse cycle and subsequently the
adsorption capacity in both materials decreases. As for the second and
third cycles, it remains at 33.2 % and 17 % and finally, for the fourth and
fifth cycles, it decreases to 8.2 % and 8 %. On the other hand, for C-Fe/Ce
the adsorption of the material decreases more compared to CB because in
the last cycle there is a removal of 2.2 %.

4. Conclusions

In this work C-Fe/Ce and CB were synthesized using Punica granatum
husk, where according to the ATG, the optimum pyrolysis temperature
was 700 �C. Likewise, the nature of the materials obtained were studied
using different characterization techniques, which confirmed the pres-
ence of iron and cerium nanoparticles with average sizes of 55 nm in the
biochar. Both materials have a good adsorption capacity, being the best
C-Fe/Ce due to the nanoparticles present in the biocarbon that help in-
crease the sorption capacity of AMP. When using both materials, the
highest efficiency was obtained at 20 �C, at a pH of 7� 0.1 with a contact
time of 24 h, additionally both materials can be reused 5 times. The
mathematical models to which the isotherms were best adjusted were
Elovich and Langmuir isotherm, indicating that the adsorption process is
carried out through a chemisorption process. According to the results
obtained by FTIR and XPS, three different adsorption mechanisms are
proposed: cationic and anionic interaction and hydrogen bonding.
Finally, the thermodynamic parameters indicate that the adsorption
process is exothermic because with increasing the temperature, the
adsorption capacity decreases.
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