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Abstract: Biochar and carbon adsorbents from citrus waste have been prepared by thermal and
chemical treatments; they have been used in the aqueous phase adsorption of acetaminophen (ACE)
as a model emerging pollutant. These materials were fully characterized by elemental analysis, X-ray
fluorescence (TXRF), adsorption/desorption of nitrogen, X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), point of zero charge (pHpzc), scanning electron microscopy (SEM),
and thermogravimetric analyses (TGA/DTG/DTA). A magnetic carbon adsorbent was obtained
by FeCl3 activation under an inert atmosphere, giving rise to the best results in ACE adsorption.
Adsorption equilibrium data were obtained at 298, 318, and 338 K and fitted to different models,
corresponding to the best fitting to the Redlich–Peterson model. The maximum adsorption capacity
at equilibrium resulted in 45 mg ACE·g−1 carbon at 338 K. The free energy values were calculated,
and values between −21.03 and −23.00 kJ·mol−1 were obtained; the negative values confirmed the
spontaneity of the process. The enthalpy and entropy of the adsorption process were obtained, giving
rise to −6.4 kJ·mol−1 and 49 J·mol−1·K−1, respectively, indicating a slightly exothermic process
and an increase in the randomness at the solid–liquid interface upon adsorption, respectively. The
adsorption kinetics were also studied, with the Elovich model being the one that gave rise to the
best-fitting results.

Keywords: citrus waste; biochar; carbon adsorbent; acetaminophen; adsorption

1. Introduction

Nowadays, agricultural and food processing activities generate huge amounts of solid
wastes, which are commonly eliminated by burning, bringing on different ecological and
environmental problems [1]. Agricultural waste is cheap, and it includes husks, peels,
and shells of different crops such as rice, sunflower, palm, citric, or different kinds of
nuts [2–6]. Most of this waste contains such compounds as starch and lignocellulosic
biomass including cellulose, hemicellulose, and lignin [7,8], all of them with a high content
of carbon, and were easily transformed into activated carbons or biochar under pyrolysis
processes [9,10]. Among these agricultural wastes, fruit waste is daily generated all over
the world and very often simply dumped into the environment, thus becoming a new
source of pollution [11]. Valorization of these agricultural residues is a very interesting
approach involving economic, energy, and environmental concerns [12].

Activated carbons are amorphous carbon materials, and some of their main charac-
teristics are a well-developed porous texture and high surface area values [13]. They can
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be prepared from biomass by different physical and chemical activation processes [14].
Chemical activation consists of thermal treatment in an inert atmosphere after impregnation
of the raw material with an activating agent like ZnCl2, H3PO4, or NaOH. FeCl3-activation
is a very interesting method of thermal treatment because of the characteristics of the
resulting carbons, which have a mainly acidic surface, a pH at the point of zero charge
(pHPZC) below 5.0, and the presence of iron species on their surface that gives rise to
catalytic and magnetic properties, making their separation from the liquid media after use
easier [15–17]. FeCl3 also presents other advantages concerning other chemical activation
agents, including lower cost and being more environmentally friendly. Some of the other
traditional activating agents (KOH, NaOH, or H3PO4) are very strong bases and acids, and
their handling requires stricter security measures and materials more resistant to corrosion,
thus increasing the cost of the synthesis process [14]. Other possible activating agents, like
ZnCl2, show another added problem—as Zn ions and derived oxides are toxic and have to
be submitted to stricter discharge regulations [18,19].

This process has been described in three sequential steps: impregnation, thermal
activation or pyrolysis, and washing [20,21]. Activated carbons are widely used in differ-
ent processes such as adsorption [22], as supports of different kinds of catalysts [23,24],
and even as bulk catalysts [25,26]. The literature contains numerous works dealing with
their use as low-cost adsorbents of very different compounds: dyes [27–29], organic com-
pounds [30,31], heavy metals [32,33], or emerging pollutants (EPs) [34,35]. EPs are de-
fined as chemical compounds that were not previously considered pollutants and, con-
sequently, not included in the current water quality regulations, even though they may
pose a potential threat to environmental ecosystems and human health [36]. Among them,
hormones, personal care products, household chemicals, endocrine disruptors, and phar-
maceuticals can be found in all kinds of water and wastewater [37]. Their removal by
adsorption using activated carbons is also well-reported in the literature. Some exam-
ples of this process are the adsorption of cephalexin antibiotic on activated carbon from
Arundo donax—employing different iron salts as activating agents [38]—of ciprofloxacin
onto banana peel biochar [10], of antipyrine on activated carbons from FeCl3 activation
of Tara gum [39], of sulfamethoxazole antibiotic on an activated carbon obtained through
chemical activation of grape seed hydrochars [40], or of acetaminophen by activated carbons
obtained from microwave-assisted FeCl3-activation of lignin [15] or Brazil nutshells [41].
Among pharmaceuticals, acetaminophen (ACE) is widely used as an antipyretic, anal-
gesic, and anti-inflammatory, being one of the most common pharmaceuticals found in
different aqueous environments [42,43]. It has been reported in the literature that ACE
is a wastewater pollutant in around 29 countries [44]. Very high concentrations of this
pharmaceutical have been detected in wastewater in Canada (461 µL−1) or India (up to
868 µL−1) [45,46], constituting a representative example of a pollutant to be eliminated by
adsorption from wastewater.

The aim of this study is the valorization of citrus waste into biochars and carbon
adsorbents by physical (thermal treatments at different temperatures) and chemical pro-
cesses (FeCl3-activation) and their use as adsorbents in the removal of acetaminophen
drug as a model emerging pollutant, from aqueous solutions by adsorption. Citrus waste
has been scarcely tested in the literature to give rise to carbon adsorbents that are able to
remove emerging pollutants by adsorption. Moreover, in this case, magnetic carbon was
obtained, assuming a great advantage in its practical use. The effect on the adsorption
capacity of initial pH, ACE concentration, and adsorption temperature was investigated.
The most promising carbon adsorbent was further used for adsorption equilibrium and
kinetic studies.

2. Materials and Methods
2.1. Raw Materials

The chemicals and reagents used, namely iron chloride (FeCl3), sodium hydroxide
(NaOH), hydrochloric acid (HCl), and sodium chloride (NaCl), were of analytical grade
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and purchased from Sigma-Aldrich (Madrid, Spain). The origin of the citrus waste was
mainly a mix of different kinds of Tunisian oranges.

2.2. Synthesis of Biochar and Carbon Adsorbents

Figure 1 schematizes the different routes used for the synthesis of the biochar and
carbon adsorbents. First, the waste biomass citrus was dried at 378 K to remove the
moisture. The resulting solid was crushed into a powder, sieved at 0.150 mm, and used for
the synthesis of the different biochar and carbon adsorbents. Citrus-derived biochar (BC)
was prepared by carbonization at 973 K for 2 h. The carbonization temperature was reached
at a heating rate of 10 K·min−1, and all the process was performed in an N2 atmosphere
(150 mL STP·min−1). A carbon sample (AC) was synthesized by chemical activation with
FeCl3. Briefly, 30 g of dried biomass was added to 150 mL of an aqueous solution containing
30 g of FeCl3·6 H2O, and the mixture was maintained under stirring for 2 h. Next, the solid
was filtered and washed with water at 353 K until the pH of the solution was 7 (the initial
pH of the solution was 2). Finally, the solid was separated by filtration and carbonized in
an N2 atmosphere (150 mL STP·min−1) at 773 K for 2 h. Lastly, a magnetic carbon (MAC)
was prepared by thermal treatment to AC at 1173 K (heating rate 283 K·min−1) for 2 h
under N2 atmosphere (150 mL STP·min−1). This MAC sample showed magnetic properties
similar to those of other activated carbons synthesized by FeCl3 activation [47].
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2.3. Characterization

Elemental analyses were carried out to determine the C, N, S, and H contents with
a Perkin Elmer elemental analyzer (210 CHN model). The metal content of the catalysts
was measured by X-ray fluorescence with a TXRF EXTRA-II spectrometer (Rich and Seifert,
Ahrensburg, Germany). The samples were previously submitted to an acid treatment (aqua
regia mixture) at 373 K. A Micromeritics Tristar 3020 apparatus was used to obtain the N2
adsorption/desorption isotherms at 77 K after degasification of the carbons at 433 K and
5 × 10−3 Torr for 16 h. Specific surface areas were obtained using the BET method. The
pore size distribution was calculated using density functional theory (DFT) [48].

The XRD patterns of the carbon adsorbents prepared were obtained with a Siemens
model D-5000 diffractometer using CuKα as radiation source (scan speed of 0.05◦/s, 2θ
range from 3 to 80◦). The surface functional group identification in the spectral range from
4000 to 450 cm−1 was obtained using an FTIR spectrophotometer (Perkin Elmer Spectrum
IR Version 10.6.0). The point of zero charge (pHpzc) of the adsorbents was determined
using the pH-drift method [49]. The morphological features were analyzed using scanning
electron microscopy (SEM) with a Philips XL20 scanning electron microscope at an accel-
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erating voltage of 20 kV. Samples were previously coated using an Edwards (UK) Auto
306 vacuum coater with silver as the coating agent. Finally, thermal gravimetric analysis
(TGA/DTG) and differential thermal analysis (DTA) were performed in the temperature
range of 298–1223 K using Perkin Elmer (Waltham, MA, USA) TGA7 and DTA7 devices
with a heat rate of 10 K/min. The samples, with masses ranging between 5 and 10 mg,
were placed in the TGA using alumina pans with a capacity of 70 mL. The accuracy of
temperature was 0.1 K, while for mass measurements, it was 10−3 mg. The magnetic
characteristics of MAC were determined using a magnetometer (MPMS-XL of Quantum
Design, with SQUID detector) at room temperature. The hysteresis loop used to study the
magnetic properties of the carbon adsorbent was collected on a variable field translation
balance (MAG Instruments, Gyor, Hungary) at 300 K with a maximum field of 5000 Oe.

2.4. Adsorption Tests

Adsorption of acetaminophen was carried out in the aqueous phase using the prepared
materials. In the first stage, batch equilibrium experiments were developed at different
temperatures (298, 318, and 338 K) using 50 mL of aqueous solutions with different initial
concentrations of acetaminophen in the range of 10 to 75 mg·L−1 with a carbon dose of
0.2 g·L−1. Next, while stirring at a controlled temperature in an orbital shaker at 200 rpm
for 24 h was performed, the liquid phase was filtered (Whatman®, membrane filters PTFE,
0.45 µm pore size) and, subsequently, analyzed. Kinetic adsorption tests were also carried
out with an initial acetaminophen concentration of 25 mg·L−1, the same solution volume,
carbon adsorbent concentration, and the temperatures mentioned above for the equilibrium
tests in a similar batch system. The regenerability and reusability of the MAC material
were assessed by conducting six cycles of the adsorption/desorption process. After each
cycle, the adsorbent was recovered using centrifugation, washed with hot water (333 K)
for 1 h, and, finally, dried at 353 K. All the adsorption tests were performed in triplicate,
and deviations lower than 10% were obtained. The represented values correspond to the
mean values.

The acetaminophen concentration was quantified by HPLC (Shimadzu Prominence-
I LC-2030C apparatus) with a diode array detector (SPD-M30A) and a reverse phase
C18 column (Eclipse Plus 5 µm, Agilent Technologies, Madrid, Spain) at the maximum
acetaminophen absorption (wavelength of 246 nm). A mixture of acetonitrile/acetic acid
0.1% v/v solutions was employed as a mobile phase using a gradient method (10/90 to
40/60% for 17 min) with a constant flow of 0.7 mL·min−1. The adsorption capacity at any
time (t) and at equilibrium were calculated using Equations (1) and (2), respectively:

qt =
V
m
(C0 − Ct) (1)

qe =
V
m
(C0 − Ce) (2)

where qt (mg/g) is the adsorption capacity at any time, qe (mg/g) is the adsorption capacity
at equilibrium, V is the solution volume (L), and m is the adsorbent dose (g).

3. Results and Discussion
3.1. Precursor Characterization

Figure 2a represents the thermogravimetry (TGA) and difference thermogravimetry
(DTG) profiles of citrus waste obtained under an air atmosphere. Different mass losses
were observed in this TGA at different temperature ranges. The first mass loss, below 408 K
(3.2% mass loss), is attributed to the evaporation of water. Other mass losses at different
temperatures (408–515 K (18.8%), 515–556 K (19.6%), 556–649 K (25.1%) and 649–704 K
(9.5%)) correspond to the thermal decomposition of the hemicellulose, cellulose and other
organic compounds, being the decomposition of hemicellulose and cellulose molecules
mainly leading to the release of volatile matter. The last mass loss between 704 and 791 K
(21.1%) is due to the slower oxidation of lignin due to its complex structure. At the end
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of the oxidation, the material remained as ashes (c.a. 2 wt%). DTA thermograms of citrus
waste can also be used to determine qualitatively the heat absorbed or released by the
sample during the various stages of decomposition. Figure 2b shows the DTA curve of
the raw material under an oxidative atmosphere of air. In this figure, different peaks can
be observed: an endothermic peak at 339 K attributed to the evaporation of the water,
exothermic peaks at 473, 523, 583, and 683 K corresponding to the decomposition of organic
compounds leading to the formation and combustion of volatile products. Finally, an
exothermic peak at 773 K is attributed to the oxidation of lignin.
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Figure 2. (a) TGA (black) and DTG (red) profiles and (b) DTA of citrus waste under an air atmosphere
at a heating rate of 10 K·min−1.

3.2. Adsorbents Characterization

Table 1 summarizes the mass yield, calculated as the ratio between the final mass of
the sample referred to the mass of citrus waste used in the different synthesis processes.
The synthesis of the biochar (BC) resulted in a 31.2% yield as a consequence of the release
of volatile organic matter during the heat treatment at 973 K. In the case of the carbon (AC),
a significantly higher yield was obtained as a consequence of both of the following: (i) The
lower temperature used in the activation process than in the synthesis of the biochar (773
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versus 973 K, respectively); (ii) Mainly reactions of depolymerization, dehydration, and
condensation that take place for restricting the formation of tars and volatile matter during
the chemical activation process with FeCl3 [14]. The yield of the synthesis of the magnetic
carbon (MAC) is slightly lower than that of the AC due to the deeper devolatilization
between 773 and 1173 K. The ash and elemental (C, H, N, O, and Fe) content of the samples
is included in Table 1. As can be seen, all the adsorbents show a high percentage of carbon
(between 65 and 79%) in their structure, as expected for carbon-based adsorbents. It is
noteworthy that the increase in the ash content after activation with FeCl3 can be observed
for both AC and MAC samples. This is most likely due to the following: (i) The devolatiliza-
tion of the organic precursor during the thermal treatments; (ii) The incorporation of part
of the iron used in the activation process to the structure of these adsorbents, as supports
the increase in the iron content quantified by TXRF.

Table 1. Mass yield, elemental (C, H, N; O, d.a.f.), TXRF (Fe) analyses, and ash content.

Sample Yield
(%)

C
(wt%)

H
(wt%)

N
(wt%)

O *
(wt%)

Ash
(wt%)

Fe
(wt%)

BC 31.2 78.8 1.8 1.9 11.0 6.5 0.02
AC 45.6 65.3 2.0 1.7 15.8 15.2 13.5

MAC 41.4 72.9 1.5 1.1 4.9 19.6 16.7

* by difference.

Figure 3a displays the N2 adsorption/desorption isotherms of the three synthesized
samples. In the case of biochar (BC), a very low amount of N2 is adsorbed due to the low
porosity development obtained in the carbonization process in the absence of an activating
agent. The isotherms of both carbons, AC and MAC, correspond to type I according to
IUPAC classification characteristics of microporous materials. Usually, the activation with
FeCl3 using a wet impregnation method results in the generation of microporosity, most
likely due to the relatively low presence of the activating agent during the carbonization
process [14]. Table 2 summarizes the values of the BET and micropore surface areas and the
total pore volumes. The active samples show a significant porous development with BET
surface areas of around 280 m2·g−1. The surface area values found in this work are lower
than most of the activated carbons. However, these values are in the order of other carbon
adsorbents obtained from different natural residues reported in the literature: da Silva
et al. [5] found surface area values in the range 166–400 m2/g for carbons obtained from
citrus fruit residues, Verma et al. [11] found values of 207 m2/g and 37 m2/g for carbon
adsorbents derived from waste biomass of citrus limetta (peel and pulp), Kumar et al. [6]
found 67.5 m2/g for biochars obtained from orange peel residues, Ahmadian et al. [2] found
195 m2/g for biochars obtained from lemon peel and Aboli et al. [50] found 7.2 m2/g for
carbons prepared from citrus limetta leaves. It should be remarked that the impregnation
step, the mixture of the carbonaceous precursor with FeCl3, is usually performed by two
different methods: in an aqueous solution or by physical mixing between the carbon
precursor and the iron chloride activating agent. In the aqueous solution selected in this
study, the carbonaceous precursor is suspended under stirring in an aqueous solution
of FeCl3. On the other hand, the physical mixing impregnation procedure consists of
mixing the solid state of both the carbonaceous precursor and the iron chloride in a specific
impregnation ratio. In this case, it is advisable to perform a grinding of both materials
to ensure better contact between them. In this study, we selected the aqueous solution
mixture, which usually leads to less development of porosity, although it is simpler to
perform in real applications.

On the other hand, in all cases, most of the pores show sizes below 2 nm, with a
mean pore size of around 1 nm, indicative of the high microporosity of these materials
(Figure 3b). However, while the pore-size distribution of the MAC material is characterized
by a unimodal distribution centered at around 1 nm, a bimodal distribution was obtained
for AC with a maximum peak also around 1 nm and a lower second peak around 1.5 nm.
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BC material also shows a bimodal pore-size distribution with less intense peaks of around
1 and 1.2 nm and a wide band from 4 to 10 nm, pointing to some kind of mesoporosity, as
was confirmed by its low micropore surface area (Table 2).
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Table 2. Textural parameters.

Sample SBET (m2·g−1)
Micropore Surface a

(m2·g−1) Vtotal
b (cm3·g−1)

BC 148 57 0.08
AC 280 234 0.10

MAC 273 232 0.11
a Micropore surface area from t-method; b Total pore volume at P/P0 equal to 0.99.
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Figure 4 represents the XRD patterns of the different samples. In the case of the BC
sample, a broadband can be observed at around 24◦ corresponding to (002) stacking of
the graphitic basal plan in biochar. In addition, a well-defined peak is obtained at 29.5◦,
which is associated with the presence of calcite (CaCO3), and commonly present in biomass-
derived chars [51]. This XRD pattern is characteristic of a predominantly amorphous
structure, with the presence of some well-defined peaks associated with the inorganic
matter present in the raw biomass, in this case, citrus waste. After activation, no broad
peak associated with the presence of graphite disappears completely as a consequence of
the disorder of the graphene layer, which results in the development of porosity [52]. Sharp
and narrow peaks were obtained in the MAC sample and less intense in the AC sample
that can be assigned to Fe3O4 (JCPDS #75-0033) at 30.2◦, 35.7◦ and 57.2◦ and to γ-Fe2O3
(JCPDS #39-1346) at 43.4◦, 53.8◦ and 63.0◦ [53,54]. Moreover, undefined iron oxides can also
be found according to the database JCPDS#82-1533 at 2θ values around 33.5◦, 35.9◦, 49.7◦,
54.3◦, and 62.6◦ [55,56]. The increase in the intensity of iron peaks in the MAC sample
indicated a higher crystallinity of the iron species in this sample, most likely due to the
high temperature achieved during the preparation of this carbon (1173 K).
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Figure 4. X-ray diffractograms.

Figure 5 shows the FTIR spectra of AC and MAC samples. The most evident differ-
ence between both spectra is the decrease in the intensity of the bands between 900 and
1600 cm−1 of the MAC spectrum. This is due to the loss of most of the oxygen surface
groups of the MAC sample during the treatment at 1173 K (confirmed by the reduction
in the oxygen content, Table 1). The main bands observed in both samples are around
2320 cm−1 due to the asymmetric stretching vibrations of CO2 [57,58], 1570 cm−1 due to OH
bending [54], and around 1170 cm−1 due to the stretching vibrations of C–OH bonds [59].
Other less intense bands are observed at lower wavelengths. The bands between 500 and
800 cm−1 are related to the C–O and metal-oxygen (Fe–O) bonds of the Fe3O4 group [55].
Bands around 550 cm−1 are associated with the M-O band (Fe–O in this case), while those
around 600 cm−1 can be assigned to Fe3O4 particles on the surface [60].

The adsorption of different solutes on the surface of the adsorbents is highly dependent
on the pH of the solution as well as the pH of point zero charges (pHpzc) of the adsorbent
used. The adsorbent surface is negatively charged when the solution pH is higher than
the pHpzc of the adsorbent and positively charged when it is lower [61]. The pHpzc of
the adsorbents prepared was measured, and the results are shown in Figure 6. The pHpzc
values were 8.9, 6.4, and 4.3 for BC, AC and MAC, respectively. The values agree well with
those previously obtained for activated carbons synthesized by chemical activation with
FeCl3 [15]. Regarding the adsorbate behavior, acetaminophen molecules behave as weak
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acids with a pKa of 9.38, so at pH values below the pKa, this compound is predominantly
in its neutral form. The adsorption tests in this work were carried out at natural pH
values of acetaminophen aqueous solutions (6.3–7.2). In these conditions, the BC will
be negatively charged, AC will be weakly charged since the pH of the solution and the
pHpzc are very similar, and, finally, MAC will be positively charged [62]. On the other
hand, acetaminophen will be in molecular form (uncharged), and, therefore, adsorption
should not be controlled by electrostatic attraction, as has been previously reported in the
literature [63].
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Figure 6. pHpzc values.

Figure 7 shows SEM images of BC and AC carbons (MAC was not analyzed due to its
magnetic nature). The BC sample shows a homogeneous surface with a scarcity of defects,
in contrast to AC, which shows a very inhomogeneous surface with many small and
irregular particles, more characteristic of a disordered material. These morphologies seem
to agree with the porous characteristics of both materials, being BC predominantly non-
porous and thus with a homogeneous surface, and AC a material with a more developed
porosity and, consequently, a more irregular and disorganized morphology.
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Figure 7. SEM images of (A) BC and (B) AC.

The magnetic properties of the MAC (Figure 8) were studied using the magnetic hys-
teresis curves obtained, the most important characteristics of a magnetic material, yielding
magnetic indicators including the coercive force (Hc), saturation magnetization (Ms) and re-
manent magnetization (Mr), [27]. As in previous works [27,64], an obvious hysteresis loop is
difficult to detect at the full scale, indicating the superparamagnetism of the MAC material.
The maximum saturation magnetization of MAC was 28.57 emu·g−1, which indicates that
the solid could be separated from the liquid phase by using a magnet. It should be remarked
that this value is higher than those of many other magnetic-activated carbons reported in
the literature. In this sense, [60] reported a saturated magnetization of only 4.47 emu·g−1

at 300 K for activated carbons from almond shells, while a value of 2.352 emu·g−1 was
found for sludge biomass-derived activated carbon [49,65] or 14.26 emu·g−1 for coal-based
magnetic activated carbons [66]. More similar magnetization values of 28.7 emu·g−1 for
a magnetic activated carbon derived from a biomass waste [18,29], 34.7 emu·g−1 for γ-
Fe2O3/carbon hollow spheres [64], or 30.37 emu·g−1 for eucalyptus sawdust magnetic
activated carbon [27] were reported in the literature. It is worth mentioning that consid-
ering the values of coercivity (Hc = 38.25 Oe), remanence (Mr = 1.97 emu g−1), and the
ratio between remanence and saturation magnetization (6.9%), it can be confirmed that the
sample possesses superparamagnetic properties at room temperature, as the Mr/Ms ratio
is lower than 25% [67].
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3.3. Acetaminophen Adsorption

Figure 9 represents the ACE adsorption kinetics at 298 K on BC, AC, and MAC carbon
adsorbents. While BC only achieved around 50% of ACE removal, both samples, AC and
MAC, reached the complete ACE elimination of the final effluent, probably due to the
most developed porous structure of these two materials. It should be underlined that
magnetic carbon (MAC) shows faster adsorption kinetics. Anyway, all the samples show
a relatively fast adsorption process, reaching the equilibrium after 5 min in the case of
the MAC sample, around 10 min for BC, and 30 min for AC. Behavior was also observed
for other carbon adsorbents obtained from biomass precursors for ACE adsorption [41].
These results suggest that the carbon adsorbents have a large number of adsorption sites
unoccupied, leading to a high driving force for the mass transfer from the bulk solution to
the surface of the adsorbent and, consequently, to a fast adsorption process [68,69].
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Figure 9. ACE adsorption kinetics (adsorbent mass = 0.2 g·L−1, [ACE]0 = 5 mg·L−1; T = 298 K).

Considering that the MAC yielded the best results in ACE adsorption and presented
the intrinsic advantage of its easier separation of the effluents due to its magnetic prop-
erties, the rest of the study was performed with this adsorbent. Figure 10 represents the
ACE equilibrium adsorption capacities at different initial pH values. As can be seen, the
adsorption capacities are stable in a wide pH range. Only at high pH values, with a strong
basic solution, is a very significant decrease in the adsorption capacity observed. This is
likely due to the changes in the electrostatic adsorbate–adsorbent forces with pH. At pH
higher than 9.5 (the pKa values of ACE), both the ACE molecules and the MAC surface are
negatively charged. Thus, certain repulsive electrostatic forces are expected, which justifies
the observed reduction in the adsorption capacities at the highest pH analyzed.

In the literature, it is reported that, in the case of activated carbons, ACE adsorption
occurs through H-bonding, π-π electron donor-acceptor, n-π donor-acceptor, and π-H
bonding [70]. Nguyen et al. [63] include a deep study of the ACE adsorption mechanism
onto carbonaceous materials: the adsorption process of polar aromatic pollutants like
ACE in solution onto porous carbonaceous materials (biochar or activated carbon) often
combines many interactions (or mechanisms) such as electrostatic attraction, van der Waals
force, ion exchange, hydrogen bonding formation, n-π interaction, π-π interaction and
pore-filling [71,72]. In this sense, the pore filling has been reported in the literature as the
dominant adsorption mechanism of ACE onto carbonaceous adsorbents [73]. However,
the primary adsorption mechanism is often strongly dependent on the conditions of the
adsorption study (i.e., solution pH, temperature, and initial adsorbate concentration),
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adsorbate characteristics (i.e., molecular size, solubility, pKa, and electron distribution)
and adsorbent properties (i.e., surface area, pore size distribution, and surface functional
groups). To learn more in-depth about the main reaction mechanism of the adsorption
process developed in this study, the BET analysis of the MAC carbon after acetaminophen
adsorption was carried out. The BET surface area value decreased from 273 m2·g−1 to
22 m2·g−1. This result agrees with previous works where also a dramatic decrease in the
adsorbent surface area of a commercial AC was achieved after acetaminophen adsorption,
from 1248 to 45.6 m2/g [63], suggesting that pore filling plays a more significant role
in the uptake process than other mechanisms although the influence of another type of
electrostatic interaction cannot be completely ruled out.
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Figure 10. ACE equilibrium adsorption capacities on MAC at different initial pH values (adsorbent
mass = 0.2 g·L−1, [ACE]0 = 25 mg·L−1; T = 298 K).

To evaluate the reusability of the MAC material, it was reused in six successive runs
at 338 K, and its adsorption capacity at equilibrium was tested (Figure 11). Adsorption
capacity was maintained at around 87% after six successive cycles, confirming the high
stability of this carbon and that desorption is feasible and successfully performed.
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3.3.1. Adsorption Kinetics

ACE adsorption kinetics on MAC at different temperatures are collected in Figure 12.
The adsorption process is very fast regardless of the adsorption temperature in the range
studied. The adsorption capacity increases slightly with the temperature, suggesting an
adsorption process of endothermic nature.
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Figure 12. ACE adsorption kinetics on MAC at different temperatures (adsorbent mass = 0.2 g·L−1,
[ACE]0 = 25 mg·L−1). Experimental points and fitting curves to Elovich model.

The kinetic data were fitted to four well-known kinetic models [74], namely pseudo-first-
order (Equation (3)), pseudo-second-order (Equation (4)), intraparticle diffusion (Equation (5))
and Elovich (Equation (6)) models, whose equations are shown below.

qt = qe

(
1 − e−k1t

)
(3)

qt =
k2.q2

e.t
1 + k2qet

(4)

qt = kpt1/2 + C (5)

qt =
1
β

ln(1 + αβt) (6)

where qt (mg·g−1) is the amount of acetaminophen adsorbed at a specific time, qe (mg·g−1)
is the amount of acetaminophen adsorbed at equilibrium; t (min) is the adsorption time; k1
(min−1) is the pseudo-first-order model rate constant, k2 (g·mg−1·min−1) is the pseudo-
second-order model rate constant, kp (mg·g−1·min−0.5) is the rate constant of the intraparti-
cle diffusion model, C (mg·g−1) is a constant related to the thickness of the boundary layer,
α (mg·g−1·min−1) is the Elovich initial rate constant and β (g·mg−1) is the desorption
constant. Table 3 summarizes the values of the parameters of each model obtained by
non-linear fitting of the experimental data shown in Figure 12 as well as their correspond-
ing correlation coefficients. All the models provided good fitting with high correlation
coefficients (higher than 0.99) except the pseudo-first-order model. Elovich’s model gave
rise to the best fitting of the experimental data with the highest values of these correlation
coefficients and is represented in Figure 12, followed very near the pseudo-second-order
model. In previous studies, these two models have also yielded the best fitting to the
experimental adsorption kinetics data. Gómez-Avilés et al. [15], using activated carbons
obtained from microwave-assisted FeCl3-activation of lignin, found slightly better results
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for the pseudo-second-order model, while this model was selected by Chen et al. [27] with a
eucalyptus sawdust magnetic activated carbon and Ibrahim et al. [55] using a biogenic iron
permeated activated carbon derived from sweet lime waste. In all these cases, adsorption
on different activated carbons fitted to the pseudo-second-order kinetics model to describe
the adsorption kinetics data for the entire sorption period, suggesting that the pseudo-
second-order adsorption mechanism was predominant. Usually, the pseudo-first-order
kinetic equation was more suited to describe the kinetics of the initial stage with some
limitations in its application, while the pseudo-second-order kinetic equation contained the
complete adsorption processes, such as surface adsorption, membrane diffusion, internal
diffusion, etc., being more suitable for the adsorption process [27]. Other authors have also
found the best fitting of the experimental data to the Elovich model but always followed
very near the pseudo-second-order adsorption model using different adsorbents: magnetic
activated carbon–cobalt nanoparticles [75] or activated carbon prepared from Brazil nut
shells [76].

Table 3. Kinetic model parameters of ACE adsorption on MAC.

Model T (K) qe (mg·g−1) k1 (min−1) R2

Pseudo-first
order

298 21.5 0.1022 0.9843
318 22.1 0.1032 0.9882
338 22.7 0.1024 0.9910

Model T (K) qe (mg·g−1) k2 (g·mg−1·min−1) R2

Pseudo-second
order

298 22.4 0.0084 0.9948
318 23.0 0.0085 0.9968
338 23.6 0.0084 0.9982

Model T (K) kp (mg·g−1·min−0.5) C (mg·g−1) R2

Intraparticle
difusion

298 0.383 16.2 0.9953
318 0.373 17.0 0.9944
338 0.368 17.6 0.9924

Model T (K) α (mg·g−1·min−1) β (g·mg−1) R2

Elovich
298 1040.1 0.5318 0.9997
318 1718.0 0.5396 0.9996
338 2232.5 0.5378 0.9988

3.3.2. Adsorption Equilibrium and Thermodynamics

Figure 13 displays the ACE equilibrium adsorption isotherms on MAC at 298, 318,
and 338 K. They belong to the L type of Giles classification [77], common in liquid-phase
adsorption, and characteristic of strong adsorbate–adsorbent attractive forces and weak
interactions between the adsorbate molecules. As can be observed, the amount of ACE
adsorbed at equilibrium increased with temperature, in agreement with the kinetic curves
(Figure 12) and suggesting an endothermic character of the process. This behavior has been
previously reported in the literature for the adsorption of ACE on other biomass-derived
activated carbons [78], although other authors have reported just the opposite behavior
with other activated carbons [79,80]. These differences could be due to the differences in the
adsorbent surface chemistry [78]. The highest adsorption capacity at equilibrium is around
45 mg·g−1. These values agree with others found in the literature for activated carbons
prepared from different biomass precursors for ACE adsorption, such as 19.7 mg·g−1 for
pyrolyzed pulp mill sludge [81], 20.96 mg·g−1 for rice husk [82] or 45.45 mg·g−1 for oak
fruits [83]. In general trend, activated carbons with more developed surface area achieved
higher equilibrium adsorption capacities: different activated carbons with surface area
values in the range 400−1000 m2·g−1 yielded adsorption capacities of 118.6 mg·g−1 for
AC from industrial pre-treated cork [84] or 190 mg·g−1 for activated carbons from sisal
waste [85]. This fact suggests that, despite other characteristics of the adsorbent that can
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affect the adsorption process, the porosity development is among those that most affect the
adsorption process.
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Figure 13. ACE equilibrium adsorption at different temperatures on MAC (adsorbent mass =
0.2 g·L−1). Experimental points and fitting curves to the Redlich–Peterson isotherm.

Five models are used to describe the equilibrium data obtained from the adsorp-
tion isotherms of ACE on the MAC sample (Figure 13): Langmuir (Equation (7)), Fre-
undlich (Equation (8)), Sips (Equation (9)), Redlich–Peterson (Equation (10)) and Toth
(Equation (11)) [86–90].

qe =
qL.KL.Ce

1 + KLCe
(7)

qe = KFCn
e (8)

qe =
qS (K SCe)

n

1 + (K SCe)
n (9)

qe =
qRPKRPCe

1 + (K RPCe)
n (10)

qe =
qTKTCe[

1 + (KTCe)
n]1/n (11)

where qe (mg·g−1) is the amount of acetaminophen adsorbed at equilibrium, Ce (mg·L−1)
is the solute concentration at equilibrium, qL (mg·g−1) is the Langmuir adsorption capacity,
KL (L·mg−1) is the Langmuir constant, KF (mg·g−1)/(L·mg−1)n is the Freundlich constant,
n (dimensionless) is the model exponent, qS (mg·g−1) is the Sips adsorption capacity, KS
(L·mg−1) is the Sips constant, qRP (mg·g−1) is the Redlich–Peterson adsorption capacity,
KRP (L·mg−1) is the Redlich–Peterson constant, qT (mg·g−1) is the Toth adsorption capacity,
KT (L·mg−1) is the Toth constant. Tables 4 and 5 summarize the values of the two and
three-parameter equilibrium models, respectively. All the models used to describe the
equilibrium data fitted well with the experimental data of the adsorption isotherms (R2

higher than 0.99) except the Freundlich model. Among them, the Redlich–Peterson model
was the best one to fit the experimental data (Figure 13).
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Table 4. Equilibrium model parameters of Langmuir and Freundlich for ACE adsorption on MAC.

Model T (K) qL (mg·g−1) KL (L·mg−1) R2

Langmuir
298 49.0 0.056 0.9921
318 57.0 0.050 0.9902
338 68.9 0.040 0.9901

Model T (K) KF (mg·g−1)/(L·mg−1)n n R2

Freundlich
298 3.19 0.681 0.9414
318 3.08 0.724 0.9437
338 2.85 0.774 0.9556

Table 5. Equilibrium model parameters of Sips, Redlich–Peterson, and Toth for ACE adsorption
on MAC.

Model T (K) qS (mg·g−1) KS (L·mg−1) n R2

Sips
298 39.7 0.086 1.38 0.9991
318 44.4 0.082 1.44 0.9992
338 51.6 0.071 1.44 0.9987

Model T (K) qRP (mg·g−1) KRP (L·mg−1) n R2

Redlich–Peterson
298 64.5 0.032 1.45 0.9993
318 75.3 0.028 1.59 0.9995
338 87.1 0.024 1.71 0.9985

Model T (K) qT (mg·g−1) KT (L·mg−1) n R2

Toth
298 93.3 0.032 1.45 0.9993
318 119.8 0.028 1.59 0.9994
338 148.6 0.024 1.71 0.9985

To know if the adsorption process is spontaneous or not, both energy and entropy
changes must be taken into account. Gibbs free energy (∆G◦, kJ·mol−1), enthalpy (∆H◦,
kJ·mol−1), and entropy (∆S◦, J·mol−1·K−1) are important thermodynamic parameters
whose values also explain if the adsorption process has an exothermic or endothermic
nature [91]. The free energy (∆G) of adsorption can be calculated from Equation (12):

∆G = −R·T·ln K (12)

where K was calculated from the KRP values (Table 5) [92], these last obtained from the
Redlich–Peterson model that gave rise to the best fitting of the experimental data [15], R
is the gas constant (8.314 J·mol−1·K−1) and T the adsorption temperature (K). The free
energy values obtained were −21.03, −22.06, and −23.00 kJ·mol−1 at 298, 318, and 338 K,
respectively. The negative values indicate the spontaneity of the process [91]. Values of ∆G
between 0 and −20 kJ·mol−1 suggest a physical adsorption process [92]; in this case, the
∆G values are near the minimum of this range. This result will be confirmed later by the
∆H value obtained in this work. On the other hand, enthalpy (∆H0) and entropy (∆S0) of
adsorption were calculated from adsorption data at different temperatures using the van’t
Hoff Equation (Equation (13)) as follows:

ln K =
−∆H0

RT
+

∆S0

R
(13)

From the K values previously calculated and the different adsorption temperatures
tested, the enthalpy and entropy of the adsorption process were calculated (Figure 14).
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The enthalpy of adsorption is −6.4 kJ·mol−1, indicating a slightly exothermic behavior.
This seems to contradict the observed adsorption increase with the temperature (Figure 12),
indicative of an endothermic process. This is probably due to the very small differences in
the adsorption capacities at the different temperatures analyzed. Adsorption enthalpies
lower than 40 kJ·mol−1 indicate that the process is of a physical nature and/or low-strength
chemical adsorption [93]. The adsorption enthalpy value obtained in this work is similar to
that reported for the ACE adsorption using activated carbons derived from Brazil nutshells
(∆H ≈ −14 kJ·mol−1) [41]. Finally, an adsorption entropy of 49 J·mol−1·K−1 was obtained.
The positive value suggests an increase in the disorder at the solid–liquid interphase
during adsorption [41,94], which could be due to the breakdown of dimers of ACE in the
dissociative adsorption mechanism [95].

4. Conclusions

Homemade biochar and carbon adsorbents were synthesized from citrus waste by
thermal and chemical activation with FeCl3, and they were used for the removal of an
emerging pollutant such as the drug acetaminophen (ACE). Among the different carbon
adsorbents synthesized, the one obtained by FeCl3 activation under an inert atmosphere,
MAC, gave rise to the best results regarding adsorption capacity. Moreover, this material
showed the added advantage of having magnetic properties that make its separation from
the medium very easy. Adsorption of ACE followed the Redlich–Peterson isotherm model
and Elovich model kinetics. An adsorption capacity at equilibrium at 338 K of 45 mg·g−1

was achieved—a similar value to other activated carbons prepared from different biomass
precursors for ACE adsorption found in the literature. The free energy values obtained
were in the range of −21.03 at −23.00 kJ·mol−1 at temperatures between 25 and 338 K,
with negative values indicating the spontaneity of the process and a physical adsorption
process. The calculated values of enthalpy of adsorption were −6.4 kJ·mol−1, indicating a
slightly exothermic behavior, while an adsorption entropy of 49 J·mol−1·K−1 was obtained,
a positive value that suggests an increase in the disorder at the solid–liquid interphase
during adsorption. The fact that these carbon adsorbents come from natural waste makes
this new kind of substrate more valuable, and they can be considered part of the green
chemistry principles.
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