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Abstract
Emerging pollutants, including pharmaceuticals and personal care products, have been detected in surface and groundwaters.
The adsorption of paracetamol and ibuprofen, two widespread drugs, has been studied in aqueous medium, using a ceramic-
derived carbon (CeDC) and a commercial activated carbon (CoAC). CeDC yielded a BET surface area of 895 m2 g−1, a
bimodal pore size distribution (13.2 and 35 nm) and a total pore volume of 1.99 cm3 g−1. CoAC had an approximate surface
area of 1000 m2 g−1, a homogeneous pore size distribution and a total pore volume of 0.42 cm3 g−1. Kinetic and equilibrium
tests were carried out in batch systems to study the materials’ sorption performances. The intraparticle diffusion model best
fitted the experimental kinetic data. The maximum ibuprofen sorption capacities were 120 mg g−1 and 133 mg g−1 for CoAC
and CeDC, respectively, whereas no major differences on the maximum paracetamol sorption capacities (qm) were observed
among the sorbents (150–159 mg g−1). Therefore, CeDC, synthesized easily from a ceramic composite, improved time and
sorption capacity of paracetamol and ibuprofen compared to the commercial activated carbon, indicating the potential of the
developed carbon as an emerging pollutant sorbent material.
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1 Introduction

Nowadays, a lot of research is being conducted on emerg-
ing pollutants, as they are a group of chemical substances
increasingly being found in surface and groundwater. Their
detection, even at trace levels, has been facilitated bymodern
analytical instrumentation [1]. Among these pollutants, phar-
maceuticals and personal care products are of major concern

B Amalia L. Bursztyn Fuentes
amalbf@agro.uba.ar; albursztyn@untdf.edu.ar

1 Instituto de Ciencias Polares, Ambiente y Recursos Naturales
(ICPA), Universidad Nacional de Tierra del Fuego, Yrigoyen
879, 9410 Ushuaia, Argentina

2 Centro Austral de Investigaciones Científicas (CADIC,
CONICET), Bernardo Houssay 200, 9410 Ushuaia, Argentina

3 Centro de Tecnología de Recursos Minerales y Cerámica
(CETMIC, CIC-CONICET-UNLP), Cno. Parque Centenario
2499-2599, 1897 M.B. Gonnet, Argentina

4 Facultad de Ciencias Exactas, Universidad Nacional de La
Plata, 47 and 115, 1900 La Plata, Argentina

5 Instituto de Física La Plata (IFLP, CONICET), Diag. 113 and
64, 1900 La Plata, Argentina

because they are the most frequently detected compounds,
due to their massive consumption [2]. Although they are
present at very low concentrations (down to ng L−1), the
average world annual consumption of pharmaceuticals is of
15 g per capita, reaching up to 50–150 g in developed coun-
tries [2, 3, 4]. This can imply severe risks to human and
environmental health, given that these compounds are usu-
ally bioactive, bioaccumulative and persistent [5].

Activated carbons have been widely used to remove sev-
eral pollutants from aqueous phase such as dyes [6], heavy
metals [7], pesticides [8] and pharmaceutical products [9,
10, 11, 12]. Paracetamol and ibuprofen are widespread anal-
gesics, anti-inflammatory drugs that do not require, in many
countries, medical prescription [13]. These drugs have been
detected in wastewater treatment plants [14], and concen-
trations are expected to rise given that the home treatment
of early COVID-19 symptoms (i.e., fever) has promoted the
consumption of certain drugs, particularly paracetamol [15,
16].

The aim of this article was to study the performance
of a ceramic-derived activated carbon on the removal of
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paracetamol and ibuprofen from liquid phase. The synthe-
sized material was texturally characterized, and its sorption
capacitieswere assessed.A commercial activated carbonwas
included as a reference material for comparison purposes.

2 Materials andMethods

2.1 Activated Carbons

Two activated carbons were studied. The ceramic-derived
carbon, CeDC, is a carbon produced from a SiO2–C com-
posite prepared via sol–gel method according to Benito et al.
[17]. Briefly, the compositewas preparedmixing commercial
partially hydrolyzed tetraethyl orthosilicate, ethyl alcohol
and phenolic-formaldehyde resin. After gelification, drying,
curing and the thermal treatment, the carbonaceous network
was isolated from the composite using an excess of HF
20% v/v for 24 h, and it was thermally treated at 450 °C
to eliminate hexafluorosilicic acid. The other carbon was a
commercial activated carbon (ClarimexS.A.), CoAC, used as
referencematerial. According to the producer, it is a coconut-
derived steam-activated carbon. Both activated carbons were
ground and sieved between mesh #30 and #60 (ASTM), to
obtain particles with sizes in the range 600–250 μm.

2.2 Characterization of theMaterials

The carbon’s morphology was studied with a scanning elec-
tron microscope (SEM, JEOL JCM6000). Samples were
previously dried at 105 °C and kept in a desiccator at least
30 min before the analysis.

Nitrogen sorption isotherms were collected with a
Micromeritics ASAP 2020 instrument at− 196 °C. The acti-
vated carbons were previously outgassed at 110 °C under
secondary vacuum for at least 48 h. Specific surface area
(SBET) was estimated with the BET equation, in the adequate
pressure range as recommended by IUPAC [18] and the total
pore volume, TPV (cm3 g−1), atP/P0 � 0.97. Themicropore
volume, Vmicro (cm3 g−1), was determined from the appli-
cation of the α-plot method to the N2 adsorption isotherm.
The mesopore volume, Vmeso (cm3 g−1), was calculated as
the difference between TPV and Vmicro.

Electro-kinetic potential measurements, automatically
converted to zeta potential using the Smoluchowski equation,
were determined with a Brookhaven 90Plus/Bi-MAS instru-
ment. The measurements were taken at different pH values
(2–11) on a previously sonicated suspension containing 1 g
L−1 of material and KCl 1 mM solution. The suspension pH
was adjusted adding HCl or KOH drops.

The oxygen surface group identification through Boehm
titrations [19] was performed with a standardized proce-
dure [20]. Briefly, 0.5 g of the carbon sample was added to

30mL of each of the three 0.025M reaction bases (NaHCO3,
Na2CO3 and NaOH) individually. Mixtures were shaken
for 24 h and, after filtration, 10 mL aliquots were taken
and acidified with 20–30 mL of standardized 0.025 M HCl.
The acidified solutions were then bubbled with Ar (50 cm3

min−1) for 2 h to eliminate dissolved CO2 from solution and
immediately titrated. All samples were titrated with stan-
dardized 0.025 M NaOH and phenolphthalein as indicator,
continuous degassingwas carried out, and the endpointswere
determined potentiometrically. Overall basicity was deter-
mined also through back-titration using HCl 0.025 M.

X-ray diffraction (XRD) patterns were collected using a
Philips PW 1710 diffractometer with CuKα radiation, oper-
ated at 40 kV and 30 mA, with counting time 10 s/step and
0.02° (2θ ) step size. The main reflections were defined and
contrasted with reference patterns.

Thermogravimetric and differential thermal analysis
(DTA-TG) were simultaneously performed in air atmo-
sphere, with a 10 °C min−1 heating rate up to 900 °C in
alumina crucibles (Netzsch, Germany). The derivative curve
of the TG (DTG) was also calculated.

2.3 Pollutants’Adsorption Studies

The materials were tested as paracetamol and ibuprofen sor-
bents in aqueous phase. Paracetamol (99.06%) and ibuprofen
(99.9%) were produced and supplied by the Medicine Pro-
duction Unit (Unidad Productora de Medicamentos) of the
Faculty of Exact Sciences of the National University of La
Plata (UNLP). Figure 1 presents the chemical structure of
both compounds, including their corresponding molecular
sizes. The pKa values for paracetamol and ibuprofen are
9.38 and 4.3–4.6, respectively. Single-component 200 mg
L−1 stock solutions were prepared using the supplied drugs
andultrapurewater. Ibuprofen dissolutionwas enhancedwith
30% ethanol and sonication. The initial solution pH was 7.0
and 4.2 for paracetamol and ibuprofen, respectively. There-
fore, in these conditions, both compounds do not present
electric charge.

Preliminary tests were conducted to analyze the effect of
pH and temperature on paracetamol and ibuprofen removal.
To study the effect of pH, the materials were tested at 4.2,
7.0 and 9.0 (fixed conditions: initial concentration � 200 mg
L−1; solid-to-liquid ratio � 1 g L−1 and constant stirring at
25 °C). These pHs were attained by adding drops of HCl
or KOH to the test solution accordingly before adding the
carbons. To study the effect of temperature, the materials
were tested at 4 °C, 15 °C and 25 °C, by controlling room
temperature (fixed conditions: initial concentration�200mg
L−1; solid-to-liquid ratio � 1 g L−1, constant stirring and no
pH adjustment).
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Fig. 1 Chemical structure,
speciation and sizes of
paracetamol (a) and ibuprofen
(b)

Test solutions for preliminary tests, kinetics and equilib-
rium essays were prepared by dilution with ultrapure water
of the stock solutions, accordingly.

2.3.1 Kinetic Studies

For kinetic studies, 15 mg of carbon and 15 mL of parac-
etamol or ibuprofen test solution (10 mg L−1) were mixed
in a glass flask that was introduced into a homogenizer and
stirred at 30 rpm at 25 °C. After the desired contact time
(from 5min to 24 h), an aliquot was removed and the amount
of pollutant remaining in the solution was determined by
UV spectroscopy at 243 nm for paracetamol and 224 nm for
ibuprofen (Lambda 35UV/VIS Spectrometer, PerkinElmer).

All tests were carried out in duplicate, and control batches
without carbons were performed.

The sorption capacity, qt , was calculated according to the
following equation:

qt � (C0 − Ct )

W
V (1)

where qt (mg g−1) is the amount of pollutant removed at time
t , C0 (mg L−1) is the initial concentration of pollutant, Ct

(mg L−1) is the concentration of pollutant at time t , V (L)
is the volume of the solution, and W (g) is the weight of dry
carbon sample.

Four different kinetics models have been used to describe
the experimental data: pseudo-first-order (PFO) kinetic
model [21], pseudo-second-order (PSO) kinetic model [22],
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Table 1 Summary of the kinetic and equilibrium models fitted to the
experimental data

Model Expression

Kinetic models

Pseudo-first order (PFO)
[21]

qt � qe
(
1−e−k1t

)

Pseudo-second order (PSO)
[22]

qt � qe2k2t
1+qek2t

Elovich
[23]

qt � 1
β
(1 + lnαβt)

Intraparticle diffusion (IPD)
[24]

qt � kP t1/2 + C

Equilibrium models

Langmuir
[25]

qe � KLqmCe
1+KLCe

Freundlich
[26]

qe � KF (Ce)
1/n

Langmuir–Freundlich
[27]

qe � qm (KaCe)n

1+(KaCe)
n

General references: qt is the sorption capacity at time t (mg g−1); qe
is the sorption capacity at equilibrium (mg g−1); k1 (min−1) is the
kinetic rate constant of pseudo-first order; k2 (g mg−1 min−1) is the
pseudo-second-order rate constant; α (mg g−1 min−1) is Elovich equa-
tion constant; andβ (gmg−1) is the Elovich equation exponent; kP is the
IPD rate constant (mg/(g min1/2)); and C is a constant for any exper-
iment (mg g−1). Langmuir: KL (L mg−1) is the Langmuir constant,
and qm (mg g−1) is the monolayer adsorption capacity. Freundlich: KF
(mg1−1/n L1/n g−1) is the Freundlich constant and n (dimensionless)
is the Freundlich exponent. Langmuir–Freundlich: Ka (L mg−1) is the
model’s constant, and n (dimensionless) is the heterogeneity factor

Elovich model [23] and intraparticle diffusion model (IPD)
[24]. Table 1 summarizes the corresponding mathematical
expressions. The PFO model is valid when adsorption fol-
lows the Henry law, with velocity controlled by the reaction
at the adsorbent surface, and when a relatively high solid-
to-liquid ratio is used. It also assumes that the adsorbent
presents a homogeneous surface. The PSO model assumes
that the adsorbate needs two free adjacent sites on the sur-
face of the adsorbent and that the rate-limiting step may be
chemisorption, not diffusion. The Elovich model proposes
that the interaction occurs by means of chemical reactions
between the adsorbent and the adsorbate. Finally, the IPD
model assumes that the pollutant adsorption rate onto the
material depends on the rate of mass transport processes (i.e.,
diffusion).

The selection of the most suitable model representing the
experimental datawas done considering theR2 parameter and
the normalized standard deviation, �g%, calculated accord-
ing to Eq. 2 [28]:

�g(%) � 100 ∗
√∑N

i�1[(qeEXP − qeCAL)/qeEXP]2

N − 1
(2)

where qeEXP (mg g−1) is the experimental sorption capacity
at equilibrium and qeC AL (mg g−1) is the calculated sorption
capacity at equilibrium.

2.3.2 Equilibrium Tests

Sorption studies on CoAC and CeDC at equilibrium were
carried out at 25 °C by varying the pollutants’ initial con-
centrations (5 – 200 mg L−1). After 24 h, to guarantee
equilibrium, the suspensions were left to settle and an aliquot
was taken for the measurement. Dilutions were performed,
when necessary. Then, the concentration of paracetamol or
ibuprofen remaining in solution at equilibrium (Ce) was
determined, and the corresponding uptake (qe) was calcu-
lated using Eq. (1). All experiments were performed in
duplicate. The isotherms were modeled with Langmuir, Fre-
undlich andLangmuir–Freundlich (L–F) equations (Table 1).

Langmuir model considers a homogeneous surface with
an infinite number of energetically equivalent sites, and a
monolayer is formed on the adsorbent surface. Besides,
adsorption sites are all equally available since the adsorption
of a molecule is not influenced by the neighbor molecules
[25]. The Freundlich equation considers that sorption occurs
on inhomogeneous sorption sites and the L-F equation com-
bines Freundlich and Langmuir models. Likewise, to select
the most suitable model representing the experimental data,
R2 and the normalized standard deviation, �g %, were cal-
culated.

3 Results and Discussion

3.1 Materials’ Characterization

Figure 2 presents themorphology of thematerials used in this
study. As can be noted, while CoAC presented a honeycomb-
structured morphology, which is characteristic of the cell
arrangement of the feedstock used (coconut residues), CeDC
presented a contrasting morphology.

Figure 3a presents the N2 sorption isotherms for both
materials. According to IUPAC classification [29], CeDC
exhibits a type IV isotherm with a hysteresis cycle classi-
fied as H1, which is characteristic of porous materials that
have a very narrow pore size distribution. CoAC exhibits a
type I isotherm. Hence, the composite-derived carbon is a
mesoporous material, whereas the commercial activated car-
bon is a microporous one. CeDC yielded a BET surface area
of 895 m2 g−1 and a total pore volume of 1.99 cm3 g−1,
while CoAC had a surface area of 1050 m2 g−1 and a total
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Fig. 2 SEM images for CeDC (a,
b) and CoAC (c, d)

Fig. 3 N2 sorption isotherms (a) and pore size distributions (b) for
CeDC (red squares) and CoAC (black circles)

pore volume of 0.42 cm3 g−1 (Table 2). Figure 3b presents
the pore size distributions of the materials. CeDC exhibited
a bimodal pore size distribution with diameters of 13.2 nm
and 35 nm. The commercial carbon had a homogeneous
pore distribution with a mean diameter of 4 nm. Therefore,
the materials present different textural characteristics, which
could account for differential sorption properties.

The zeta potential curves for CeDC and CoAC present
a similar behavior: both carbons exhibited positive external
surface electric charge below pH values of 2–3 and nega-
tive external surface electric charge above those pH values
(Fig. 4). This could indicate that both materials present vari-
able charges on their surface, as observed for other types
of activated carbons [30] and biochars [31, 32]. CeDC was
slightly less positive or negative, depending on the pH range,
than CoAC, but this small difference should not be critical
for the sorption process.

Table 3 shows the results of the Boehm titration for CeDC
and CoAC, expressed as molecules per square nanometer of
the surface, in order to better visualize differences in sur-
face chemistry. The main acid surface groups were lactonic
and carboxylic groups, for CeDC and CoAC, respectively.
In both materials, the phenolic groups were the ones in the
smallest amount. The total oxygen-containing surface func-
tional groups, with values similar to those reported for a
wood-derived carbon [33], were slightly higher for CoAC,
and both were dominated by basic groups, being higher for
CeDC. These differences on the surface functional groups
could account for variable sorption capacities of the carbons,
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Table 2 Textural parameters for
CeDC and CoAC TPV

(cm3 g−1)
Vmicro
(cm3 g−1)

Vmeso
(cm3 g−1)

SBET
(m2 g−1)

Mean size
(nm)

CeDC 1.99 0.33 1.66 851 13.2 and 35

CoAC 0.42 0.4 – 1050 4

Fig. 4 Zeta potential curves for CeDC (full red squares) and CoAC (full
black circles) samples before pollutants’ sorption. Lines were included
as tendency indicators. Half empty symbols represent data after parac-
etamol sorption and empty symbols after ibuprofen sorption

given that this functional groups could influence the sorption
process.

The diffractogram of CeDC (Fig. 5a) presented the typ-
ical bands of an amorphous carbon: 25.6° 2θ (d002) and
43.6–43.7° 2θ (d100 and d101), indicating the presence of a
non-crystalline pseudographitic structure [17]. CoAC reveals
(Fig. 5a), in addition to a non-crystalline subgraphitic struc-
ture, diffraction peaks characteristic of silicon oxide (SiO2,
Reference code: 01-077-1060). Thus, as for textural analy-
sis, both carbons present structural differences, which could
account for the different sorption properties.

Regarding thermogravimetric analysis, both thermograms
exhibit a considerable mass loss between 500 and 700 °C
(Fig. 5b) that is accompanied by an exothermic process due
to the C combustion reaction (peak/band observed in the
DTA). CoAC left higher residue percentage (13.5% ash) than

CeDC (7.51%), probably because CoAC sample contains sil-
ica, which is not affected by this thermal treatment.

3.2 Sorption of Emerging Pollutants

Paracetamol and ibuprofen removal percentages achieved
under different pH and temperature conditions are presented
in Fig. 6. For both drugs, the best removal percentage was
achieved with no pH adjustment, namely, at 7.0 for parac-
etamol and 4.2 for ibuprofen. For paracetamol, a similar
pH-dependent behavior for a coconut-based carbon has been
reported [34]. For ibuprofen, Guedidi et al. reported higher
removal percentages at low pH (pH � 3) on a commercial
activated carbon [35]. As regards the temperature effect,
paracetamol removal percentages increased with temper-
ature, reaching a maximum at 25 °C for both materials.
Ferreira et al. reported a similar trend for a coconut-based
carbon [34]. For ibuprofen, while removal percentages did
not differ between 15 and 25 °C for CeDC, CoAC presented
the highest removal percentage at 25 °C. However in both
cases, sorption resulted lower at 4 °C, indicating also the sig-
nificant role of the temperature on the adsorption, as reported
by Guedidi et al. [35]. Therefore, kinetic and equilibrium
studies were carried out with no pH adjustment and at 25 °C.

3.2.1 Kinetic Studies

Figure 7 presents the kinetic experimental data for bothmate-
rials, together with the different kinetic models, and Table 4
shows the calculated parameters, including the R2 and �g
values.Considering theR2 and�gvalues, it can be concluded
that the intraparticle equation best fitted the experimental
data. In all cases, three fitting intervals were considered, indi-
cating that at least three steps are involved in the sorption
process: the first one is related to the instantaneous sorption
onto the external surface of the material, the second step is

Table 3 Results of Boehm
titration measurements for CoAC
and CeDC

Acid surface groups
(molecules/nm2)

Overall Acidity
(mmol g−1)

Overall Basicity
(mmol g−1)

All groups
(mmol g−1)

Carboxylic
O=C–OH

Lactonic
O=C–O

Phenolic
– C–OH

CeDC 0.047 0.060 0.012 0.12 0.32 0.44

CoAC 0.122 0.040 0.019 0.18 0.29 0.47
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Fig. 5 a DRX (above, CoAC, down, CeDC, with S: silicon oxide, C: carbon) and b DTA-TG (straight line: CeDC, dotted line: CoAC)

Fig. 6 Effect of pH (a, b) and temperature (c, d) on paracetamol and
ibuprofen removal percentage for CoAC and CeDC (n� 2). Batch con-
ditions: initial concentration � 200 mg L−1, solid-to-liquid ratio � 1 g

L−1 and constant stirring. For pH tests, temperature was kept at 25 °C
and for temperature tests, pH was not adjusted (7.0 for paracetamol and
4.2 for ibuprofen)
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(C) (D)

(A) (B)

Fig. 7 Experimental kinetic data of CeDC and CoAC for ibuprofen (a,
c) and paracetamol (b, d). Figures A and B include the fitting with PFO,
PSO and Elovich models. Figures C and D correspond to qt versus t0.5

for IPD model fitting. Batch conditions: initial concentration � 10 mg
L−1, solid-to-liquid ratio � 1 g L−1 and constant stirring at 25 °C

associated with a gradual sorption, where the intraparticle
diffusion is controlled, and the third step is where the pollu-
tant slowly enters trough the macropores to the micropores,
with a relatively small adsorption rate [36].

The IPD rate constant for the first step, kp1, resulted higher
for CeDC than CoAC, indicating a faster sorption process on
the former over the material’s surface. The attained kp1 for
both drugs resulted similar, but for CoAC it was higher for
paracetamol than for ibuprofen, indicating probably differ-
ent affinity for the pollutant. For the second step, differences
between the pollutants were observed. While for paraceta-
mol CeDC presented a higher IPD rate constant than CoAC,
for ibuprofen the trend was the opposite. The characteris-
tics of the second step depend on systems variations, such
as the concentration of the pollutant, the temperature and
the sorbent’s particle size [36]; therefore, the difference on
the attained parameters seems to be related to the different
sorbent material and pollutant characteristics, considering
that experiments were performed under equal concentration

and temperature conditions. It is relevant to mention that the
time required to reach the equilibrium was higher for CoAC
than CeDC, indicating that CeDC could be more suitable for
household-level water filters.

3.2.2 Equilibrium Studies

Regarding the sorption isotherms, the Langmuir, Freundlich
and L-F models were fitted to the experimental data (Fig. 8),
and the maximum sorption capacities (qm) for both materials
were estimated (Table 5).

Paracetamol sorption on CeDC seems to be better repre-
sented by both the Freundlich equation and the L-F model,
but on CoAC by L-F model. For ibuprofen, the L-F equation
best represented the experimental data. These results indicate
that the sorption of these pollutants occurs on inhomoge-
neous sorption sites, in agreementwithwhat has already been
reported for other carbons. Spesatto et al. [37] studied parac-
etamol sorption by a KOH-activated carbon and observed
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Table 4 Fitted pseudo-first-order
(PFO), pseudo-second-order
(PSO), Elovich, and intraparticle
diffusion (IPD) model kinetic
parameters for the removal of
paracetamol and ibuprofen by
CoAC and CeDC

Paracetamol Ibuprofen

CeDC CoAC CeDC CoAC

PFO

qe (mg g−1) 10.8 ± 0.2 10.4 ± 0.3 9.0 ± 0.3 9.0 ± 0.3

k1·(g mg−1 min−1) 1.12 ± 0.06 6.1 ± 0.7 9 ± 2 0.93 ± 0.08

R2 0.99 0.98 0.98 0.99

�g 10.4 5.4 5.5 15.3

PSO

qe (mg g−1) 10.9 ± 0.2 11.9 ± 0.5 9.4 ± 0.2 9.9 ± 0.4

k2·(g mg−1 min−1) 1.1 ± 0.2 0.13 ± 0.02 1.9 ± 0.4 0.14 ± 0.03

R2 0.99 0.98 0.99 0.98

�g 2.5 10.8 3.2 9.5

Elovich

β 1.6 ± 0.5 0.52 ± 0.08 2.4 ± 0.9 0.63 ± 0.09

α 8E6 ± 4E6 22 ± 11 7.7E7 ± 6E8 17 ± 9

R2 0.96 0.89 0.97 0.93

�g 20.7 19.1 7.3 16.8

IPD

C 0.00 ± 0.01 – 0.4 ± 0.3 0.00 ± 0.01 – 0.002 ± 0.005

kP1 17.7 ± 0.8 7.3 ± 0.4 17.3 ± 0.6 4.93 ± 0.02

kP2 6.8 ± 0.4 2.6 ± 0.7 3.94 ± 0.04 6.4 ± 0.3

kP3 0.13 ± 0.02 0.15 ± 0.08 0.01 ± 0.02 0.3 ± 0.2

R2 0.99/0.99/0.96 0.99/0.94/0.79 0.99/0.99/0.99 0.99/0.99/0.84

�g 0.1/1.4/1.0 7.7/1.8/12.9 0.1/0.3/0.6 0.1/2.0/5.0

Average �g 1.1 7.5 0.4 2.1

Fig. 8 Paracetamol (above) and ibuprofen (below) sorption isotherms
for CoAC and CeDC in batch systems at 25 °C. Symbols correspond to
experimental data and lines to the different fitted models

that the Langmuir–Freundlich hybrid model also best fitted
the equilibrium data. For ibuprofen, Mestre et al. [9] and
Debuy et al. [10] found that sorption isotherms showed a

rather good agreement with Langmuir model, whereas Gue-
didi et al. [35] found that the Langmuir–Freundlich model
best fitted the experimental adsorption data of modified acti-
vated carbon cloths at pH � 3. The best isotherm fittings
indicate that sorption takes place on inhomogeneous sites,
suggesting that aromatic rings are not equally available for
pollutants during the sorption process, namely, some of them
can be located at the external surface of the carbons, but other
within the materials’ pores.

Significant changes on zeta potential values after parac-
etamol and ibuprofen sorption processes were not observed
(Fig. 4), indicating that the pollutant incorporation onto the
carbons under the experimental conditions studied is not gov-
erned by electric interaction and, probably, the π-stacking
interactions are responsible for the sorption. Several authors
have highlighted the importance of π-stacking interaction
between aromatic π-systems in organic compounds during
the adsorption process [11]. The adsorption of organic com-
pounds depends on different factors, including molecular
features such as size, hydrophobicity, dissociation constant,
surface functional groups, electrical charge, among others,
which determine sorption mechanisms [38].

123



534 Arabian Journal for Science and Engineering (2023) 48:525–537

Table 5 Fitted models for
experimental sorption data for
paracetamol and ibuprofen by
CoAC and CeDC

Paracetamol Ibuprofen

CeDC CoAC CeDC CoAC

Langmuir

KL 3.3 ± 3.3 5.2 ± 4.5 0.67 ± 0.44 0.04 ± 0.01

qm 124.6 ± 15.6 124.5 ± 13.0 109.8 ± 10.5 146.2 ± 16.2

R2 0.77 0.80 0.89 0.96

�g 17.8 16.2 9.9 41.7

Freundlich

KF 88.3 ± 15.5 83.0 ± 14.7 46.4 ± 10.3 17.1 ± 5.9

n 8.7 ± 4.6 7.1 ± 3.0 4.5 ± 1.2 2.27 ± 0.46

R2 0.82 0.85 0.93 0.92

�g 18.6 27.3 19.7 25.1

L–F

qm 159 ± 61 150 ± 51 120 ± 21 133 ± 25

Ka 3.3* 5.2* 0.67* 0.06 ± 0.02

n 0.3 ± 0.5 0.3 ± 0.5 0.6 ± 0.5 1.2 ± 0.4

R2 0.83 0.85 0.92 0.98

�g 21.6 11.3 12.7 20.1

*Indicates a fixed parameter for the fitting process. The bold font highlights the model that best represents
the experimental data for each material

Both materials displayed a similar maximum sorption
capacity for paracetamol, between 150 and 159 mg g−1

according to L–F model, and also for ibuprofen, with values
around 125 mg g−1. When the adsorptions of both pollu-
tants are compared, it can be seen that the ceramic-derived
carbon adsorbs more paracetamol than ibuprofen, namely
1.05 mmol g−1 and 0,58 mmol g−1. This fact could be asso-
ciated with the smaller molecular size of the paracetamol,
which could allow paracetamol to enter more easily than
ibuprofen into the material’s pores, leading to a higher sorp-
tion capacity.

The assessment of the sorbent’s efficiency is usually per-
formed by comparing the maximum adsorption capacities
predicted (qm)with that of othermaterials for the same adsor-
bate [37]. Then, the sorption capacities obtained herein are in
accordance with those obtained for other activated carbons
reported in the literature (Table 6). The carbon developed in
this study presents some of the highest sorption capacities for
both pollutants, indicating that it could be a suitable sorbent
material for emerging pollutants.

4 Conclusions

A ceramic-derived carbon, CeDC, was synthesized, and
paracetamol and ibuprofen kinetics and sorption capacities
were studied, using a commercial activated carbon as a ref-
erence material. Despite having a lower surface area, CeDC
outperformed the activated carbon: paracetamol and ibupro-
fen removal from aqueous phase were faster, and CeDC
matched the sorption capacity of the commercial activated
carbon. The π-stacking interaction seemed to be responsible
for the sorption process, and the isotherm fitting indicated
that the available sorption sites could be located some on
the external surface and others within the pore material.
The ceramic-derived activated carbon has potential in the
design of treatment systems to eliminate pharmaceuticals
from water.
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Table 6 Reported sorption
capacities of carbons used for
paracetamol and ibuprofen
removal from aqueous phase

Feedstock Treatment pH Co
(mg L−1)

qm
(mg g−1)

Reference

Paracetamol

CeDC
CoAC

–
–

7 5–200 159
150

This study

Banana peels
(750 ºC)

– 2–10
(6)

0.5–200 57.3 [39]

Eucalyptus wood –
CO2

7 5–180 14.4
98.2

[12]

Beetle kill pine
timber

– – 0–10 24.63 [40]

Jatoba fruits Fe 3–10 (5) 25–500 234.4 [41]

Jatoba fruits KOH 3–11 (5) 25–500 356.3 [37]

Sucrose-derived
hydrochar

Vapor
KOH

5 45–300 472
514

[42]

Olive pit H3PO4 – 0.3–10 108–93 [43]

Wood CO2 – 41–1300 87.0 [44]

Peach pit K2CO3 – 20–180 204.0 [45]

Ibuprofen

CeDC
CoAC

–
–

4.2 5–200 120
133

This study

Chili seed – 7 50–1000 12.78 [46]

Cloth –
NaOCl
Heat

3, 7 5–100 491.9 [47]

Pinewood – 3 25–100 10.74 [48]

Commercial AC –
H2O2
Heat

3, 7 5–100 160.0–185.2
146.6–159.9
190.7–256.2

[35]

Artemisia vulgaris H2SO4 + heat 2–9 10–50 16.94 [10]

Cork powder K2CO3 + steam
K2CO3

2–11 20–120 106.4
112.4

[9]

PET CO2 2–11 20–120 138.9 [9]
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