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Abstract: This study explored the adsorption of acetaminophen and caffeine using CO2-activated
biochar (BT-CO2) and hydrochar (HT-CO2) derived from Tingui shell biomass. The experimental
data from kinetic and equilibrium adsorption tests were employed in batch and fixed-bed systems. In
the batch system, a specific amount of the adsorbent was added to a known volume of the solution,
and the mixture was agitated for a set period to allow adsorption to occur. In the fixed-bed system,
the solution was passed through a column packed with the adsorbent, allowing for continuous
adsorption. These systems pave the way for future research. The findings revealed that HT-CO2

exhibited a greater surface area and a higher presence of oxygen-containing functional groups than
BT-CO2. These functional oxygen groups had a notable impact on the adsorption capacity of the
adsorbents for pharmaceutical substances. In the batch systems, BT-CO2 demonstrated a maximum
adsorption capacity of 221.4 mg g−1 for acetaminophen and 162.7 mg g−1 for caffeine, while HT-CO2

exhibited higher capacities of 383.2 mg g−1 for acetaminophen and 189.7 mg g−1 for caffeine. In
the fixed bed configuration, HT-CO2 displayed a maximum adsorption capacity of 82.2 mg g−1 for
acetaminophen and 45.60 mg g−1 for caffeine. The predominant mechanisms involved in the removal
of acetaminophen and caffeine were identified as H-bonding and π-π bonds. These results underscore
the promising potential of these carbons as effective adsorbents for treating water contaminated with
pharmaceutical residues, inspiring further exploration in this field and offering hope for the future of
water treatment by providing a solid foundation for future research and development.

Keywords: pyrolysis; hydrocarbonization; CO2-activation; pharmaceuticals; aquatic environment

1. Introduction

Acetaminophen and caffeine are pharmaceutical agents widely used in human and
veterinary medicine. Acetaminophen, categorized as an analgesic and antipyretic, is
renowned for alleviating pain and reducing fever. It is widely used to treat mild to
moderate pain, including headaches, muscle aches, and fever typically associated with
viral or bacterial infections [1]. In contrast, caffeine stands out as a central nervous system
stimulant. It is widely recognized for improving alertness, attention, and cognitive function
and is often used to combat fatigue [2].

Due to their extensive use, acetaminophen and caffeine are often found in water
matrices [3] as a consequence of human consumption and subsequent excretion, as well
as the improper disposal of medicines [4]. This raises significant environmental concerns
since these compounds come into contact with living beings in the receiving waters. They
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can cause adverse changes in aquatic organisms’ endocrine, immune, and reproductive
systems [5]. This highlights the urgent need for effective waste management and water
treatment policies and practices to mitigate the negative impacts of these emerging con-
taminants. The detection and quantification of acetaminophen and caffeine in aquatic
environments are essential for assessing the extent of contamination and developing strate-
gies to protect the health of marine ecosystems and, by extension, public health.

Traditional water and wastewater treatment technologies often prove ineffective in
removing emerging contaminants, such as pharmaceutical compounds, requiring more
efficient alternatives or improvements to existing ones [6]. One of those approaches is ad-
sorption, which has stood out as a highly effective technique for removing pharmaceutical
residues from water, mainly using highly efficient, cost-effective, and novel eco-friendly
adsorbents [7].

The search for adsorbents with the properties mentioned above has been an essential
focus of the scientific community, and biomass-derived carbons have been successfully
explored as adsorbents of emerging drugs from the aquatic environment [7–9]. Using
biomass wastes as precursors of carbon-based adsorbents provides a sustainable disposal
option for those wastes, with the advantages of low cost and huge availability. Biomass-
derived carbons can be produced by different carbonization methods, such as hydrothermal
carbonization (HTC) and conventional pyrolysis. Engineered biochar (BC) and hydrochar
(HC) have garnered considerable attention among researchers as alternative adsorbents
aiming to replace traditional activated carbons [8,10].

The Magonia pubescent St. Hil. tree, known in Brazil as Tingui, is widely distributed in
the vast Cerrado area (Brazilian savannah), with its fruits and seeds used for the preparation
of soaps and extraction of a wide range of bioactive compounds with applications in
medicine [11–13]. This abundance of Tingui shells, which are currently discarded, presents
a significant opportunity for valorization. Previous works have studied the conversion
of Tingui shell biochars into porous carbons through chemical activation with KOH and
ZnCl2, followed by an application as an adsorbent of pharmaceutical compounds, with
excellent results [14,15]. This study aimed to further explore the potential of Tingui shells
by generating activated biochar and hydrochar from them, thereby demonstrating this
sustainable resource’s promising potential in waste management and water treatment,
instilling a sense of optimism in the audience about the future of these fields.

This study aimed to generate activated biochar and hydrochar from Tingui fruit shells.
In the present manuscript, both biochars and hydrochars were submitted for CO2 activa-
tion. The obtained activated carbons were applied to remove acetaminophen and caffeine
from water samples in batch and fixed-bed systems. A comprehensive physicochemical
characterization was conducted on the produced carbon materials to understand better
their structural and chemical properties and their performance in removing the pharma-
ceutical compounds from water. The obtained data is crucial for the development of more
effective adsorbent materials and for the advancement of contaminated water treatment
technologies. Understanding the structural properties of adsorbents and their impact
on the removal of pollutants makes optimizing the production and activation processes
possible, thus improving the efficiency of the materials produced from Tingui fruit shells.
This work’s innovation lies in using different adsorbents synthesized from Tingui for the
water adsorption of acetaminophen and caffeine, a novel approach that could significantly
impact the water treatment field and inspire the development of more innovative solutions,
inspiring the audience with the potential of this research.

2. Materials and Methods
2.1. Synthesis of Activated Biochar and Hydrochar

In pyrolysis, 75 g of Tingui shells underwent thermal decomposition in a tubular
oven (model SANCHIS, 2335, Porto Alegre, RS, Brazil) at 550 ◦C for 120 min. The process
used a heating rate of 10 ◦C per minute and a nitrogen flow rate of 150 mL per minute.
The resulting material from this pyrolysis process was designated as biochar of Tingui
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(BT). Subsequently, the BT underwent activation with carbon dioxide (CO2) within a
stainless-steel reactor inside a tubular furnace, maintained at 850 ◦C for 120 min. This
activation process, known as CO2 activation, involved the exposure of the biochar to high
temperatures in the presence of CO2, which led to the development of a porous structure
and increased surface area, enhancing its adsorption properties. The reactor was heated
at 10 ◦C per minute, and a CO2 flow of 150 mL per minute was maintained throughout
the process. The resulting material post-activation was named CO2-activated Tingui
biochar (BT-CO2).

7.5 g of Tingui shells and 30 mL of distilled water were added to the autoclave reactor
under limited oxygen conditions for hydrothermal carbonization. The autoclave reactor
was placed in the forced circulation oven (Nova Ética, NT535) and kept at 200 ◦C for
1440 min, using a heating rate of 10 ◦C min−1. The material obtained after hydrocar-
bonization was called hydrochar of Tingui (HT). The HT was then activated with carbon
dioxide (CO2) using the same conditions described above for BT. The material obtained
after activation was called CO2-activated Tingui hydrochar (HT-CO2).

2.2. Textural and Chemical Characterizations of BT, BT-CO2, HT, and HT-CO2

The textural properties of BT, BT-CO2, HT, and HT-CO2 samples were assessed using
N2 adsorption/desorption isotherms at 77 K with a Micromeritics ASAP 2020 volumetric
adsorption analyzer. The Brunauer–Emmett–Teller (BET) method determined the specific
surface area (SBET). The total pore volume (Vp) was obtained from N2 adsorption at a
relative pressure (P/Po) of 0.95. The micropore volume (Vmicro) was calculated using the
t-plot method, while the mesopore volume (Vmeso) was derived by subtracting Vmicro
from Vp. The average pore diameter (Dp) was determined using the formula 4Vp/SBET.
Thermogravimetric (TG) curves were acquired using a TA Instruments Discovery series
thermal analyzer, model TGA 55. The samples were heated from 25 to 1000 ◦C at 10 ◦C per
minute in a synthetic air atmosphere during the analysis. Raman spectra were recorded
at wavelengths ranging from 400 to 4000 cm−1 using a Bruker Laser Raman Spectrometer
with a 532 nm laser line and a power of 20 mW. Functional groups were identified using
Fourier transform infrared spectroscopy (FTIR) with the KBr pellet method (Vertex 70v,
Bruker, Karlsruhe, Germany) in transmittance mode within the 400 to 4000 cm−1 infrared
range. Elemental analysis was performed using a Thermo Finnigan Flash EA 1112, Ro-
dano, Italy CHNS series analyzer, and the oxygen (O) content was determined by the
difference method: O = 100 − C − H − N − S. The pH at the zero charge point (pH PCZ)
was determined using pH change analysis. In this process, 20 mg of the material was
mixed with 50 mL of 0.1 mol L−1 NaCl solution at various initial pH values (ranging from
2 to 12), adjusted with 0.1 mol L−1 HCl or NaOH solutions. The pH was measured after
24 h of stirring in an orbital shaker at 150 rpm and 25 ◦C. A plot of the final pH versus
the initial pH was then created. Ash analysis was conducted at 750 ◦C following the
Standard Test Method—Designation: D1762–84 (Reapproved 2021). Mineral analysis of BT,
BT-CO2, HT, and HT-CO2 was carried out under European Standard EN 15290 (2011) [16].
For the acid digestion procedure, 50 mg of a material sample was weighed into Teflon
flasks, and 12 mL of HCl and 3 mL of HNO3 were added. The flasks were closed, and
the mixture was subjected to microwave digestion (Milestone microwave digester, model
Ethos 1600). Acid digestion was carried out initially using a power of 500 W for 15 min
to reach a temperature of 190 ◦C, followed by a reduction in power to 400 W and a tem-
perature of 190 ◦C for 20 min. Subsequently, the digests were filtered using a glass fiber
filter with a porosity < 2 µm (Schleicher & Schuell, model GF/C), transferred to 100 mL
flasks, and topped up with ultrapure water. The diluted digests were then analyzed by
atomic absorption spectrometry (EAA equipment from Thermo Elementar Solaar, Cam-
bridge, United Kingdom, M series, equipped with a hydride chamber from Unicam, model
VP 90, Cambridge, United Kingdom. The following metals were quantified: zinc (Zn), cop-
per (Cu), manganese (Mn), potassium (K), iron (Fe), sodium (Na), calcium (Ca), aluminum
(Al), and magnesium (Mg).
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2.3. Adsorbates

Acetaminophen and caffeine with 99% purity from Merck and Sigma-Aldrich, Mis-
souri, United States, were quantified using UV-VIS spectrophotometry with a Hach
DR 5000. The absorbance of acetaminophen was measured at 243 nm, while caffeine
was measured at 273 nm. The chemical formulas and structural properties of paracetamol
and caffeine are presented in Table 1.

Table 1. Chemical formulas and structural properties of paracetamol and caffeine.

Properties Acetaminophen Caffeine

Chemical formula C8H9NO2 C8H10N4O2
pKA 9.5 14.0

Molar mass 151.17 g mol−1 194.19 g mol−1

Chemical structure
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2.4. Batch Adsorption Experiments

Adsorption experiments were carried out using 50 mL of acetaminophen or caffeine
solutions and 20 mg of BT-CO2 or HT-CO2 in a batch system. The solutions were stirred
at 150 rpm in a Tecnal TE-4200, Piracicaba, São Paulo, Brazil thermostatic shaker. After a
specified time interval, the samples were filtered through 0.45 µm Millipore membranes
and then analyzed using a Hach DR 5000 UV-VIS spectrophotometer. All samples were
analyzed in duplicates.

2.4.1. Adsorption Kinetics

The adsorption kinetics experiments utilized an aqueous solution with either acetaminophen
or caffeine at a concentration of 100 mg L−1.The contact time between the adsorbate and the
adsorbent ranged from 5 to 2880 min at a temperature of 25 ◦C. Equation (1) was employed to
calculate the adsorption capacity of BT-CO2 and HT-CO2 at a specific time t.

qt =
(C o − Ct)V

m
(1)

wherein qt (mg g−1) is the amount adsorbed on the solid phase at time t; Co and Ct (mg L−1) are
the initial concentration of adsorbate and the concentration of adsorbate at time t, respectively;
V (L) is the volume of the solution; and m (g) is the mass of the adsorbent material.

The experimental data derived from the adsorption kinetics were fitted to theoretical
models, including the pseudo-first-order Equation (2), pseudo-second-order Equation (3),
and Elovich Equation (4) models [17]:

qt = qe

(
1 − e−k1 t

)
(2)

qt =
k2q2

e t
1 + k2qet

(3)
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qt =
1
β

ln(1 + α β t) (4)

wherein k1 (min−1) is the pseudo-first-order adsorption rate constant; k2 (min−1) is the
pseudo-second-order adsorption rate constant; α (mg g−1 min−1) is the initial adsorption
rate; and β (mg g−1) represents the desorption constant.

2.4.2. Adsorption Isotherms

The adsorption isotherm studies were meticulously conducted using an aqueous
solution containing acetaminophen or caffeine at 25 ◦C. The initial concentrations of the
adsorbate solution ranged from 25 to 1000 mg L−1. Equation (5) was employed to determine
the adsorption capacity of BT-CO2 or HT-CO2 at equilibrium.

qe =
(C 0 − Ce)V

m
(5)

wherein qe (mg g−1) is the amount of adsorbate adsorbed at equilibrium; C0 and Ce
(mg L−1) are the initial concentration of adsorbate and the equilibrium adsorbate con-
centration, respectively; V (L) is the volume of the solution; and m (g) is the mass of the
adsorbent material.

The experimental data collected from the adsorption isotherms were fitted to the-
oretical models including Langmuir Equation (6), Freundlich Equation (7), and BET
Equation (8) [18]:

qe =
qmax KL Ce

1 + KL Ce
(6)

qe = KFC
1
n
e (7)

qe =
qm KS Ce

(1 − KL Ce)(1 + [(KS − KL)Ce])
(8)

wherein qmax (mg g−1) is the maximum amount of adsorbate adsorbed by the adsorbent;
KL (L mg−1) is the Langmuir adsorbate/adsorbent interaction constant; KF (mg1−1/n L1/n g−1) is
the Freundlich adsorption capacity constant; and n is the constant related to surface heterogeneity.
Ce is the equilibrium adsorbate concentration (mg L−1); Ks is the equilibrium constant of monolayer
adsorption (L mg−1); and KL is the equilibrium constant of multilayer adsorption (L mg−1).

2.5. Fixed Bed Column Adsorption Experiments

The fixed-bed column experiments were crucial in removing acetaminophen and
caffeine from monocomponent solutions (25 mg L−1) using the adsorbent with the best
performance identified in the batch adsorption tests (BT-CO2 or HT-CO2). These continuous
system investigations were conducted in a jacketed glass column with an internal diameter
of 0.5 cm and a height of 5 cm, connected to a peristaltic pump positioned at the base of the
column to ensure ascending flow. In all fixed bed trials, the bed height remained constant
at 2.1 cm (approximately 0.2 g of adsorbent). Temperature and flow rate were regulated at
25 ◦C and 3 mL min−1, respectively. Samples of the adsorbate were collected at the column
outlet at predetermined intervals throughout the experiment to construct breakthrough
curves (see Figure 1). The performance of the column was determined by calculating the
breakthrough time (tr, min), the saturation time (ts, min), the mass transfer zone (MTZ, cm),
the volume of effluent passed through the column up to the saturation point (Ve, mL), the
total mass of adsorbate induced in the column up to the saturation point (madsorbate, mg),
the total mass of adsorbate adsorbed by the adsorbent at the saturation point (mtotal, mg),
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the total adsorption capacity of the column (qtotal, mg g−1), and column removal efficiency
(%R, %) according to the Equations (9), (10), (11), (12), (13), (14), (15), and (16), respectively.

tr =
C
C0

= 0.05 (9)

ts =
C
C0

= 0.94 (10)

MTZ = h
(

1 − tr

ts

)
(11)

Ve = Q ts (12)

madsorbate =
Q C0 ts

1000
(13)

mtotal =
Q C0

1000

∫ ts

0

(
1 − Cts

C0

)
dt (14)

qtotal =
mtotal

madsorbent
(15)

%R =

(
mtotal

madsorbate

)
100 (16)

wherein C (mg L−1) is the outlet concentration; C0 (mg L−1) is the inlet concentration; h (cm) is
the bed height; m (g) is the adsorbent mass; and Q (L min−1) is the volumetric flow rate.
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The experimental data obtained from the fixed-bed column adsorption were fitted to
mathematical models including the Thomas Equation (17), Adams–Bohart Equation (18),
Yoon–Nelson Equation (19), and dose–response Equation (20) models [19]:

C
C0

=
1

1 + exp
[(

kTH
Q

)
(q0m − C0Qt)

] (17)

C
C0

=
exp(kABC0t)

exp
(

kAB N0h
ν

)
− 1 + exp(kABC0t)

(18)

C
C0

=
1

1 + exp[kYN (τ − t)]
(19)

C
C0

= 1 − 1

1 +
(

C0Qt
q0m

)α (20)

wherein kTH (L mg−1 min−1) is the rate constant of the Thomas model; q0 (mg g−1) is the
estimated adsorption capacity; t (min) is the sampling time; kAB (L mg−1 min−1) is the
kinetic constant of the Adams–Bohart model; N0 (mg L−1) is the maximum volumetric
adsorption; h (cm) is the bed height; ν (cm min−1) is the linear velocity; kYN (min−1) is
the rate constant of the Yoon–Nelson model; τ (min) is the time to reach half of the inlet
concentration; and α (dimensionless) is the constant of the dose–response model.

3. Results and Discussion
3.1. Physicochemical and Structural Properties of BT, BT-CO2, HT, and HT-CO2

The results of the elemental analysis of the four materials, presented in Table 2, provide
significant insights. The higher carbon content of BT (71.93%) compared to HT (63.22%) is
a result of the high degree of carbonization in the pyrolytic process of biomass, leading to
a more condensed carbon structure. The HT sample, however, presented a much higher
oxygen content (30.37%) than the BT material (18.81%), indicating higher devolatilization
and deoxygenation of the Tingui shell biomass at the higher temperature used in the
pyrolysis process (550 ◦C) than in the hydrothermal carbonization (200 ◦C). The higher
atomic proportions of H/C and O/C in the HT sample than in BT further highlight the
impact of devolatilization on the oxidation degree of the compound, resulting in lower
levels of atomic proportions in the material. These insights can inspire and motivate future
research in this field.

Table 2. Characterization parameters of the carbon materials.

Characteristics BT BT-CO2 HT HT-CO2

Nitrogen adsorption

SBET (m2 g−1) <5.0 239.0 30.0 485.0
VP (cm3 g−1) n.d 0.090 0.091 0.214

Vmicrop (cm3 g−1) n.d 0.085 0.001 0.168
Vmesop (cm3 g−1) n.d 0.005 0.090 0.046

Elemental analysis

C (w/w %) 71.93 81.21 63.22 79.12
H (w/w %) 2.19 0.60 4.44 1.21
N (w/w %) 1.84 0.99 1.97 1.64
S (w/w %) 0.00 0.00 0.00 0.00

O (w/w %) a 18.81 14.10 30.37 16.94
H/C 0.030 0.007 0.070 0.015
O/C 0.334 0.211 0.480 0.229
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Table 2. Cont.

Characteristics BT BT-CO2 HT HT-CO2

Ashes (w/w %)

Ash 5.23 3.10 ≤1.00 1.09

Zero charge point analysis

pHPCZ 5.68 5.88 6.98 7.07
a O (%) = 100 − (C (%) + H (%) + N (%) + S (%) + Ash (%)).

The characterization parameters of the carbon materials, as presented in Table 2,
provide a comprehensive understanding of the materials. These parameters, which include
nitrogen adsorption and elemental analysis, are instrumental in interpreting the results and
formulating conclusions.

In addition, it was possible to observe that both BT-CO2 and HT-CO2 had lower levels
of hydrogen, nitrogen, and oxygen when compared to BT and HT, respectively, as a conse-
quence of the activation process. Consequently, it was also possible to notice that the atomic
ratios referring to the degree of carbonization (H/C) and the degree of hydrophobicity
(O/C) of BT-CO2 and HT-CO2 also decreased about BT and HT, respectively.

The experimental data regarding the ash content, presented in Table 2, revealed
significant differences between the materials. The ash content of both BT (5.23%) and
BT-CO2 (3.10%) was higher when compared to HT (≤1.00%) and HT-CO2 (1.09%), re-
spectively. The higher ash content in pyrolyzed materials is related to the increase in
temperature during this process, which increases the concentration of minerals remaining
in the resulting carbon. On the other hand, the lower ash content observed in the materials
derived from hydrothermal carbonization may be attributed to a greater concentration of
inorganic compounds dissolved in the subcritical water during the process. These findings
have implications for the properties and potential applications of the materials.

Given the results obtained in the ash content analysis, only BT-CO2 was analyzed for
minerals, as it had the highest ash content compared to HT-CO2. It was possible to quantify
K (3.08 mg g−1), Fe (0.123 mg g−1), Mg (0.043 mg g−1), and Mn (0.005 mg g−1) in BT-CO2
carbon, metallic elements typically present in biomass-derived carbon.

The pHpzc values of the synthesized materials are listed in Table 2, showing no signif-
icant changes after activation. It is noted that the material carries positive charges when
pH < pHpzc and negative charges when pH > pHpzc [20]. In addition, acetaminophen
(pKa = 9.5) and caffeine (pKa = 14.0) were in neutral form [21,22] as the natural pH of each
solution was lower than their respective pKa (pHacetaminophen = 6.01 and pHcaffeine = 5.90). Thus,
electrostatic interactions did not rule out the adsorption of acetaminophen and caffeine by
BT-CO2 and HT-CO2.

The thermogravimetric analysis of BT, BT-CO2, HT, and HT-CO2 is shown in Figure 2D.
All materials exhibited three distinct stages of weight loss with increasing temperature.
The first stage, occurring between 25 and 200 ◦C, corresponds to the release of water from
the materials (dehydration) [23]. Moisture loss was approximately 4.09, 0.94, 2.25, and
4.68 wt% for BT, BT-CO2, HT, and HT-CO2, respectively. The CO2-activated materials
are stable at high temperatures, with losses below 10% of their mass, indicating a good
potential for thermal regeneration. On the other hand, BT and HT chars presented losses of
approximately 13.03 and 44.17, respectively. HT char’s high mass loss is related to the low
hydrothermal carbonization temperature (200 ◦C); thus, a high fraction of volatiles remains
in the resulting char. Regarding BT char, the pyrolysis temperature of 550 ◦C allowed a
significant devolatilization.
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The N2 adsorption/desorption isotherms of BT-CO2, HT, and HT-CO2 are shown in
Figure 2A, 2B, and 2C, respectively. The specific surface area (SBET), total pore volume (VP),
micropore volume (Vmicrop), and mesopore volume (Vmesop) values for each material are
presented in Table 2. The BT sample is a non-porous material (in the micro and mesopore
range); thus, no isotherm was obtained. The HT exhibited a typical type IV isotherm with a
type H3 hysteresis loop, indicating mesoporous characteristics with very low microporosity.
Given the higher degree of devolatilization for BT char (see Figure 2D), it was expected
that a more developed porosity for this char instead of hydrochar HT [10]. Hydrothermal
carbonization leads to lower levels of dehydration and deoxygenation, and that is the
reason why hydrochar has much more oxygen in its structure (see Table 2). The porosity
development on the hydrochar might be related to the long residence time of hydrothermal
carbonization (24 h) compared to the pyrolysis process (2 h), which might have privileged
polymerization reactions and the formation of a char with more excellent aromatic character
and structural organization [24–36].

On the other hand, BT-CO2 and HT-CO2 showed N2 adsorption/desorption isotherms
of type I (a), corresponding to microporous materials with narrow micropores [27]. The
data presented in Table 2 are in accordance with what was observed in Figure 2a–c, showing
that the specific surface area (SBET) and pore volume of BT and HT increased after the CO2
activation process, as expected. It was also evident that HT-CO2 exhibited a higher specific
surface area and a larger volume of micropores than BT-CO2, probably related to the fact
that the hydrochar precursor already presented a developed porosity. It is also notable in
the BT-CO2 isotherm, a low-pressure hysteresis likely linked to the irreversible capture of
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N2 molecules within pores or at pore entrances, with dimensions similar to those of the
adsorbate molecule [28].

FTIR analysis was utilized to identify and characterize the functional groups present on
material surfaces. Figure 3A presents the FTIR spectra of BT and BT-CO2, while Figure 3B
displays the spectra of HT and HT-CO2. Regarding the FTIR spectra of BT and BT-CO2,
oxygen groups were observed, indicated by the stretching vibration of the -OH group
in the bands detected between 3200 and 3600 cm−1 (a) [29]. The peak at 1590 cm−1 (b)
is associated with the vibration of C=O or C=N bonds in organic compounds [30]. At
1390 cm−1 (c), it refers to the asymmetric C-H stretching of methyl [31]. The peak at
1100 cm−1 (d) can be attributed to C=C stretching in aromatic groups and C-O stretching
in -OCH3 groups. The peaks between 850 and 600 cm−1 ((e), (f), (g), and (h)) are derived
from C-H bonds in aromatic rings [32]. The FTIR spectra of HT and HT-CO2 showed that
both materials had the same functional groups as BT and BT-CO2, with the addition of
others such as C-H stretching at 2900 cm−1 (i), -O-H bending at 1250 and 1200 cm−1 ((j) and
(k)), and C-O stretching at 1000 cm−1 (l) [24]. The more significant number of oxygenated
functional groups in HT compared to BT aligns with the elemental analysis results shown in
Table 2, as HT-CO2 (16.94%) had a higher oxygen content than BT-CO2 (14.10%). Hydroxyl
groups increase the polarity of the adsorbent material’s surface, enhancing its affinity for
various substances.

Separations 2024, 11, x FOR PEER REVIEW  10 of 18 
 

 

specific surface area and a larger volume of micropores than BT-CO2, probably related to 

the fact that the hydrochar precursor already presented a developed porosity. It is also 

notable in the BT-CO2 isotherm, a low-pressure hysteresis likely linked to the irreversible 

capture of N2 molecules within pores or at pore entrances, with dimensions similar  to 

those of the adsorbate molecule [28]. 

FTIR analysis was utilized to identify and characterize the functional groups present 

on material surfaces. Figure 3A presents the FTIR spectra of BT and BT-CO2, while Figure 

3B displays the spectra of HT and HT-CO2. Regarding the FTIR spectra of BT and BT-CO2, 

oxygen groups were observed, indicated by the stretching vibration of the -OH group in 

the bands detected between 3200 and 3600 cm−1 (a) [29]. The peak at 1590 cm−1 (b) is asso-

ciated with the vibration of C=O or C=N bonds in organic compounds [30]. At 1390 cm−1 

(c), it refers to the asymmetric C-H stretching of methyl [31]. The peak at 1100 cm−1 (d) can 

be attributed to C=C stretching in aromatic groups and C-O stretching in -OCH₃ groups. 

The peaks between 850 and 600 cm−1 ((e), (f), (g), and (h)) are derived from C-H bonds in 

aromatic rings [32]. The FTIR spectra of HT and HT-CO2 showed that both materials had 

the same functional groups as BT and BT-CO2, with the addition of others such as C-H 

stretching at 2900  cm−1  (i),  -O-H bending at 1250 and 1200  cm−1  ((j) and  (k)), and C-O 

stretching at 1000  cm−1  (l)  [24]. The more  significant number of oxygenated  functional 

groups in HT compared to BT aligns with the elemental analysis results shown in Table 2, 

as HT-CO2 (16.94%) had a higher oxygen content than BT-CO2 (14.10%). Hydroxyl groups 

increase the polarity of the adsorbent material’s surface, enhancing its affinity for various 

substances. 

 

Figure 3. FTIR spectra of BT and BT−CO2 (A) and HT and HT−CO2 (B). Micro−Raman spectra of 

HT−CO2 and BT−CO2 (C). 
Figure 3. FTIR spectra of BT and BT−CO2 (A) and HT and HT−CO2 (B). Micro−Raman spectra of
HT−CO2 and BT−CO2 (C).

Raman spectroscopy analysis was performed to evaluate the defects in the carbon
structure and the degree of graphitization of BT-CO2 and HT-CO2, as shown in Figure 3C.
The peak observed at 1355 cm−1 corresponds to the D band, while the peak at 1600 cm−1

corresponds to the G band for BT-CO2 and HT-CO2. Additionally, the ratio of the inten-
sities of the D and G bands (ID/IG) indicates the degree of disorder and graphitization
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of the adsorbent. BT-CO2 exhibited an ID/IG ratio of 0.933, whereas HT-CO2 showed a
ratio of 0.867. A higher ID/IG ratio indicates the formation of amorphous carbon adsor-
bents, whereas a lower ratio suggests adsorbents with more ordered structures and higher
graphitization [33].

3.2. Batch Adsorption Kinetics

The experimental data from the adsorption kinetics tests of acetaminophen and caf-
feine using BT-CO2 and HT-CO2 are depicted in Figure 4A and 4B, respectively. It is evident
that both BT-CO2 and HT-CO2 exhibited rapid adsorption capacities for acetaminophen
and caffeine initially, but after 540 min, the rates decreased. Ultimately, equilibrium
was reached around 1440 min, where the qt values stabilized at approximately 60.8 and
94.7 mg g−1 for acetaminophen using BT-CO2 and HT-CO2, respectively. The adsorption
capacities for caffeine in aqueous solution were 33.4 and 63.0 mg g−1 for BT-CO2 and
HT-CO2, respectively.
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(m = 20 mg, V = 50 mL, C = 100 mg L−1, T = 25 ◦C). Adsorption isotherm of acetaminophen (C)
and caffeine (D) by BT−CO2 and HT−CO2 (m = 20 mg, V = 50 mL, C = 25–1000 mg L−1, T = 25 ◦C,
t = 600 min).

This study employed three kinetic models—pseudo-first-order, pseudo-second-order,
and Elovich—to analyze the experimental data obtained from the adsorption kinetics tests.
The parameters derived from these models are presented in Table 3. The analysis of these
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parameters indicates that the Elovich model best fits the experimental data, achieving a
coefficient of determination (R2) of ≥0.990. The Elovich model assumes that the adsorption
process by the adsorbent is controlled by its chemical surface. Thus, this model assumes
that the adsorption process may have been governed by chemisorption [34]. Furthermore,
the high α values of this model indicate that the chemical sorption strength was of the order
of HT-CO2 (7417.6) being greater than BT-CO2 (2503.6) for acetaminophen removal. This
same behavior was observed for caffeine removal, where the chemical sorption strength of
HT-CO2 (98,117.3) was also higher than BT-CO2 (18,237.3). The low values of β (≤0.933)
indicate that BT-CO2 and HT-CO2 properly adsorbed these two drugs, and there was no
desorption effect during the experimental process [35].

Table 3. Adsorption kinetics modeling parameters of BT-CO2 and HT-CO2.

Model Parameter
Acetaminophen Caffeine

BT-CO2 HT-CO2 BT-CO2 HT-CO2

PFO
qe (mg g−1) 51.71 86.55 31.51 59.60
k1 (min−1) 0.195 0.324 0.346 0.276
R2 0.796 0.915 0.969 0.934

PSO
qe (mg g−1) 54.41 89.06 32.13 61.36
k2 (min−1) 4.08 × 10−3 5.76 × 10−3 0.0220 7.24 × 10−3

R2 0.882 0.952 0.988 0.973

Elovich
α (mg g−1 min−1) 2503.6 7417.6 18,237.3 98,117.6
β (mg g−1) 0.236 0.232 0.933 0.351
R2 0.990 0.997 0.997 0.992

3.3. Batch Adsorption Isotherm

The experimental data obtained from the acetaminophen and caffeine adsorption
isotherm tests by BT-CO2 and HT-CO2 are shown in Figure 4C and 4D, respectively. The
maximum acetaminophen adsorption capacities (qmax) were 221.4 and 383.2 mg g−1 for
BT-CO2 and HT-CO2, respectively. For caffeine, they were 162.7 and 189.7 mg g−1 for
BT-CO2 and HT-CO2, respectively.

Analyzing the equilibrium data, these were adjusted to three theoretical models:
Langmuir, Freundlich, and BET. The parameter results for each model are compiled in
Table 4. It is observed that the Langmuir and BET models presented the best fit for the
adsorption of paracetamol by BT-CO2 and HT-CO2, respectively. As for caffeine adsorption,
the Langmuir model proved to be more suitable for describing the experimental data for
both BT-CO2 and HT-CO2.

Table 4. Modeling parameters of the BT-CO2 and HT-CO2 adsorption isotherms.

Model Parameter
Acetaminophen Caffeine

BT-CO2 HT-CO2 BT-CO2 HT-CO2

Langmuir
qmax (mg g−1) 240.86 2822.23 168.68 185.22
KL (L mg−1) 2.14 × 10−3 1.60 × 10−4 2.27 × 10−3 0.0127
R2 0.983 0.739 0.988 0.978

Freundlich
KF (mg g−1)/(L mg−1)1/n 4.61 4.28 3.34 22.30
n 1.68 1.59 1.68 3.30
R2 0.974 0.787 0.965 0.965

BET

qm (mg g−1) 86.30 88.57 65.04 88.67
Ks (L mg−1) 6.63 × 1043 8.08 3.10 × 1045 1.62 × 1043

KL (L mg−1) 8.50 × 10−4 9.5 × 10−4 8.00 × 10−4 6.3 × 10−4

R2 0.755 0.970 0.729 0.771



Separations 2024, 11, 215 13 of 18

The Langmuir model describes adsorption on the surface of the adsorbent as homo-
geneous and monolayer, so the active sites are similar and have the same affinity for the
adsorbate in question, with no lateral or steric interaction. Furthermore, adsorption, in
this case, is irreversible [36]. On the other hand, the BET isotherm describes multilayer
adsorption, where adsorption first occurs through adsorbate–adsorbent interactions until
the monolayer is saturated. Then, the adsorbate can interact with other previously adsorbed
molecules to form a new layer [15].

As HT-CO2 showed a higher adsorption capacity for acetaminophen and caffeine than
BT-CO2, the maximum adsorption (qm, experimental) capacity of HT-CO2 was compared
with that of other adsorbents (see Table 5). According to the results shown in Table 4,
HT-CO2 has enormous potential to be used in water treatment processes that contain
acetaminophen and caffeine.

Table 5. Maximum acetaminophen and caffeine adsorption capacities in different adsorbents.

Adsorbent
Experimental Conditions qm, experimental

(mg g−1) ReferenceT
(◦C) Mass (mg) Time

(min)
Cinitial
(mg L−1) Contaminant

Corn cob biochar - 1000 360 0–500 Acetaminophen 64.9 [37]
Walnut shell - 100 120 5–80 Acetaminophen 15.3 [38]
Biobased carbon material
activated with ZnSO4.

23 30 2 70–1200 Acetaminophen 364.8 [33]

Biobased carbon material
activated with MgCl2. 23 30 4 70–1200 Acetaminophen 321.2 [33]

Banana peel 45 2000 1500 0–200 Acetaminophen 57.3 [39]
Brewer’s spent grain 30 25 60 100–1000 Acetaminophen 318.0 [40]
Norway spruce (Picea abies)
needles 25 10 300 10–40 Caffeine 9.2 [40]

Pine (Pinus strobus) needles 25 10 300 10–40 Caffeine 11.9 [41]
Mangium acacia wood 25 3000 61 0–100 Caffeine 29.2 [42]
Macrophyte (Eichornia
crassipes) 25 25 50 25–500 Caffeine 112.7 [43]

BT-CO2 25 20 1440 25–1000 Acetaminophen 383.2 This work
BT-CO2 25 20 1440 25–1000 Caffeine 189.7 This work

3.4. Fixed Bed Column Adsorption Experiments

Given the best performance of the HT-CO2 sample in adsorbing both adsorbate
molecules, fixed-bed experiments were carried out only with this adsorbent. The break-
through curve of effluent concentration (C/Co) versus time and the mathematical modeling
of acetaminophen and caffeine adsorption on HT-CO2 are presented in Figure 5, while
column performance data are shown in Table 6. The maximum adsorption capacity of
acetaminophen and caffeine by HT-CO2 was 82.23 and 45.60 mg g−1, respectively.

Table 6. Thomas, Adams–Bohart, Yoon–Nelson, dose–response model parameters using HT-CO2.

Model Parameter

Acetaminophen Caffeine

m = 0.2 g m = 0.2 g
Q = 3mL min−1 Q = 3 mL min−1

Co = 25 mg L−1 Co = 25 mg L−1

Z = 2.1 cm Z = 2.1 cm
tr (Ct/C0 = 0.05) = 70.2 min tr (Ct/C0 = 0.05) = 5.6 min
ts (Ct/C0 = 0.94) = 491.6 min ts (Ct/C0 = 0.94) = 415.9 min
ZTM = 1.80 cm ZTM = 2.1 cm
Veflu = 1474.8 mL Veflu = 1247.7 mL
mDIC_total = 36.87 mg mDIC_total = 31.2 mg
mDIC_ads = 16.44 mg mDIC_ads = 9.1 mg
qtotal = 82.23 mg g−1 qtotal = 45.6 mg g−1

%R = 44.6% %R = 20.0%
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Table 6. Cont.

Thomas
kTh (L mg−1 min−1) 5.9 × 10−4 6.6 × 10−4

qo (mg g−1) 79.7 36.7
R2 0.986 0.952

Adams–Bohart
kAB (L mg−1 min−1) 5.90 × 10−4 6.6 × 10−4

No (mg L−1) 54,889.0 27,731.6
R2 0.986 0.952

Yoon–Nelson
kYN (min−1) 0.0146 0.0165
τcal (min) 212.5 97.8
R2 0.986 0.952

Dose–response
α 2.80 1.56
qo (mg g−1) 75.0 30.8
R2 0.997 0.986
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caffeine onto HT-CO2.

Figure 5 shows that the breakthrough curve for caffeine was not as S-shaped (sym-
metrical) as for acetaminophen. This indicates that there were dispersion effects in the
caffeine breakthrough curve. Dispersion effects arise from the non-ideal packing of the
column, axial dispersion, resistance to mass transfer, and the distribution of fluids along
the column [44,45].

The effects of dispersion are also reflected in the results of the mass transfer zone
(MTZ) and, consequently, in the breakthrough time (tr) and saturation time (tS). The
data presented in Table 6 shows that the mass transfer zone (MTZ) was smaller and the
breakthrough and saturation times were longer for acetaminophen compared to the values
obtained in the caffeine removal test. These results are consistent with the fact that HT-CO2
has a higher adsorption capacity for acetaminophen than for caffeine, since the lower the
dispersion effects, the greater the adsorption capacity of contaminants by the adsorbent
material. Furthermore, longer breakthrough and saturation times mean longer contact
between the contaminant molecules and the column’s adsorbent bed [46].

Regarding the column performance data in Table 6, the dose–response model best
fits the experimental data on removing paracetamol and caffeine by HT-CO2. The dose–
response model is applied to estimate the adsorptive capacity of the adsorbent. This model
suggests that the increase in qtotal is directly related to the amount of adsorbent material,
surface area, and residence time. In addition, low values of the α and qo parameters
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indicate increased mass transport resistance [47]. It should be noted that all these facts were
observed in the results of the fixed-bed experiments.

3.5. Adsorption Mechanism of Acetaminophen and Caffeine

The capture of organic pollutants by carbon-based adsorbents generally occurs through
several mechanisms, such as electrostatic attraction, Van der Waals forces, ion exchange,
formation of hydrogen bonds, π-π interactions, and pore filling [48]. In the present study,
mechanisms such as pore filling, hydrogen bonds, and dipole-dipole interactions were
shown to be crucial for the adsorption of paracetamol and caffeine by BT-CO2 and HT-CO2.

The electron donor-acceptor mechanism, also known as π-π interaction, involves
the transfer of electrons between oxygen carbonyl ions on the surface of the adsorbent,
which acts as a donor, and the aromatic ring structure of the adsorbate, which acts as an
acceptor [49].

The hydrogen bond, responsible for the interaction between adsorbent and adsorbate,
can be established in two ways: dipole-dipole or Yoshida. In the dipole-dipole mechanism,
the hydrogen of the hydroxyl group on the surface of the adsorbent binds to suitable
atoms (oxygen and nitrogen) in the aromatic structure of the adsorbate. In the Yoshida
hydrogen bond, the interaction takes place between the aromatic ring of the adsorbate and
the hydroxyl groups on the surface of the adsorbent [50].

Similar adsorption mechanisms to those observed in this study were proposed
by [51,52] for acetaminophen removal and [53,54] for caffeine removal.

4. Conclusions

This study examined the adsorption efficacy of CO2-activated biochar (BT-CO2) and
CO2-activated hydrochar (HT-CO2) in removing paracetamol and caffeine from aque-
ous solutions in batch and fixed-bed systems. In batch systems, HT-CO2 demonstrated
significantly higher efficiency in adsorbing paracetamol and caffeine than BT-CO2. BT-
CO2 exhibited a maximum adsorption capacity of 221.4 mg g−1 for paracetamol and
162.7 mg g−1 for caffeine, whereas HT-CO2 showed superior capacities of 383.2 mg g−1

for paracetamol and 189.7 mg g−1 for caffeine. Conversely, in fixed-bed systems, HT-CO2
displayed a greater capacity for paracetamol removal than for caffeine, with maximum
adsorption capacities of 82.2 mg g−1 and 45.6 mg g−1, respectively. The adsorption pro-
cess for both compounds was predominantly governed by physical mechanisms such as
hydrogen bonding (H) and π-π interactions involving functional groups on the adsorbent
material surface and the adsorbed molecules. These findings highlight the potential of
HT-CO2 as a promising alternative adsorbent for effectively removing paracetamol from
water sources. Desorption/regeneration assays will be addressed in future work, since it is
crucial to manage the saturated adsorbent through reuse or safe disposal.
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