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Investigation of propranolol 
hydrochloride adsorption 
onto pyrolyzed residues 
from Bactris guineensis 
through physics statistics modeling
Dison S. P. Franco 1*, Jordana Georgin 1,2, Daniel Allasia 2, Lucas Meili 3, 
Eduardo Alberto López‑Maldonado 4*, Afzal Husain Khan 5*, Mohd. Abul Hasan 6 & 
Arshad Husain 7

In this study, PROP adsorption was investigated using activated carbon derived from Bactris 
Guineensis residues and physical statistical modeling. The characterization results indicate high 
specific surface areas (624.72 and 1125.43 m2 g−1) and pore diameters (2.703 and 2.321 nm) for 
the peel and stone-activated carbon, respectively. Adsorption equilibrium was investigated at 
different temperatures (298 to 328 K), and it was found that the adsorption capacity increased with 
temperature, reaching maximum values of 168.7 and 112.94 mg g−1 for the peel and stone-activated 
carbon, respectively. The application of physical statistical modeling indicates that a monolayer 
model with one energy site is adequate for describing both systems, with an R2 above 0.986 and 
a low BIC of 20.021. According to the steric parameters, the density of molecules per site tends to 
increase by 116.9% for the stone and 61.6% for the peel. In addition, the model indicates that the 
number of molecules decreases with increasing temperature from 1.36 to 0.81 and from 1.03 to 0.82. 
These results indicate that temperature controls the number of receptor sites and the orientation in 
which propranolol is adsorbed at the surface. The adsorption energies were similar for both systems 
(approximately 10 kJ mol−1), which indicates that the adsorption occurred due to physical interactions. 
Finally, the application of thermodynamic potential functions indicates that the maximum entropy 
is reached at concentrations of half-saturation (Ce 3.85 and 4.6 mg L−1), which corresponds to 
1.60 × 10–18 and 1.86 × 10–18 kJ mol−1 K−1 for the stone and peel, respectively. After this point, the 
number of available sites tends to decrease, which indicates the stabilization of the system. The Gibbs 
energy tended to decrease with increasing concentration at equilibrium, reaching minimum values 
of − 1.73 × 10–19 and − 1.99 × 10–19 kJ mol−1, respectively. Overall, the results obtained here further 
elucidate how the adsorption of propranolol occurs for different activated carbons from the same 
source.
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Emerging micropollutants present in hospital, industrial, domestic, agricultural, and livestock effluents1 are 
residues that have been released in different ways into the environment, resulting in the contamination of sur-
faces, soils, and water bodies. Conducting long-term studies is necessary to comprehensively comprehend the 
ecological repercussions and consumption patterns of living organisms in relation to these pollutants2. The 
growing awareness of ocean water pollution, in line with the sustainable development objectives established by 
the United Nations (UN), has driven the implementation of environmental policies and legislation at the global 
level3. However, there are emerging pollutants, such as drugs, which still lack regulation and are constantly 
discarded in the environment4. Even at low concentrations (on the order of ng to µg per liter), these substances 
can present a high degree of toxicity to aquatic organisms over time5.

The growing consumption of drugs for hypertension in recent years has led to an increase in the presence 
of propranolol hydrochloride (C16H21NO2. HCl) in the environment6. A substantial portion of this compound 
undergoes limited absorption within the human body and is subsequently excreted in urine, leading to its 
presence in effluent streams. It is important to note that this drug compound, once present in water resources, 
exhibits significant chemical persistence. This means that it remains in the environment for an extended period 
without breaking down. Furthermore, its primary metabolite, 4-hydroxy propranolol, is not only persistent but 
also toxic. This combination of persistence and toxicity raises concerns about its potential impact on aquatic 
ecosystems and human health2. Conventional effluent treatment processes have shown only partial removal of 
this contaminant, resulting in its release into water bodies, which poses a risk to aquatic biota, including the 
green algae S. vacuolatus4. Issues involving its high consumption and chemical characteristics contributed to 
the detection of propranolol (PROP) in Brazil’s most varied surface water compartments and even in sewage 
and treatment plants3. To address this problem, several techniques have been studied, especially for the removal 
and degradation of this compound7. Adsorption using new adsorbents obtained from plant residues, such as 
activated carbon, has emerged as a promising option8. These carbonaceous materials, which are predominantly 
composed of carbon, possess elevated surface areas and well-developed pores, which are critical attributes for 
effective adsorbents9.

The arboreal species Bactris guineensis is a widely distributed palm in the hillside region of the Colombian 
Caribbean. Its rapid adaptation to the local climate allowed the species to occupy all of Central America, starting 
to present great commercial value due to its characteristic fruits. Popularly, the fruits are called corozo; they are 
small in size with a rounded shape, and the edible part is the pulp, causing the peel and the core to be discarded. 
The purple-colored pulp is rich in nutrients and has a vast list of applications in Colombian cuisine, being used 
in the production of wines, juices, jellies, sweets, and even paints10. The cultivation of this palm tree presents a 
challenge in managing substantial volumes of residual biomass, given that a significant portion of the fruit con-
sists of seeds. On average, a single plant yields approximately 30 kg of fruit per year, resulting in approximately 
750 kg of fruit per hectare under cultivation. Studies have shown that corozo pulp has antioxidant activity due 
to its dark color11–13. However, to date, no studies have explored the potential of corozo residual biomass as an 
adsorbent material, especially for the removal of emerging contaminants such as propranolol.

Adsorption is often described through traditional models, such as the Freundlich or Langmuir models. As 
good as these models are at describing experimental data, they fail to provide relevant information about the 
system14. On the other hand, physical statistical models (PSMs) are different approaches based on particle states 
between dissolved and adsorbed15–17. To date, investigations of propranolol through physical statistical modeling 
are scarce in the literature, especially the work of Sellaoui et al.18, which employs the aforementioned modeling 
for propranolol/magnetic activated carbon. Therefore, in the present study, two adsorbents were developed from 
the peel and stone of Bactris guineensis fruit. Both residues underwent carbonization with zinc chloride (ZnCl2), 
and the original and carbonized materials were subjected to various characterization techniques for analysis. 
Later, physical statistical modeling was employed for both systems at different temperatures (from 298 to 328 K).

Materials and methods
Chemicals and reagents
All the chemicals, reagents, and solvents utilized in the present study were of analytical grade and were acquired 
from Sigma‒Aldrich, USA. Fruits were purchased from a market for consumption to produce juice. The res-
idues were separated and used for adsorption. To enhance textural characteristics such as surface area and 
pore development, zinc chloride (ZnCl2) was chosen as the activating agent. Propranolol hydrochloride (MW: 
259.34 g mol−1) was selected as the adsorbate for pharmacological purposes. Isothermal studies were conducted 
using varying concentrations of propranolol (PROP). A standard solution was first prepared by diluting 1000 ppm 
of propranolol in methanol, as the drug exhibits low solubility. Subsequently, a solution of 1000 mg L−1 was 
obtained by further dilution of the stock solution. The additional concentrations utilized in the studies were 
produced by diluting the original concentration and thereafter stored in containers made of amber material.

Synthesis and characterization of material
The paragraph delineates the methodology employed in the production of activated carbon derived from residual 
fruits of Bactris guineensis. The fruits were collected from local market, first subjected to a washing procedure, 
after which the skins and core were carefully separated. Next, both the peels and core were subjected to drying, 
grinding, and sieving procedures to obtain a uniform particle size. To remove the extractives, the materials 
were washed with ethanol. The liquid and solid phases were separated using the decantation technique, and this 
procedure was repeated iteratively until the liquid phase achieved clarity. The solid materials were dried and 
characterized. The residual material was then employed to produce activated carbon, with zinc chloride serving 
as the activating agent. The precursor material and salt were mixed and heated in an oven. The dry materials were 
macerated and then subjected to pyrolysis under a N2 atmosphere. After pyrolysis, the salt was removed using 
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HCl. The pyrolyzed material was washed with water, dried, crushed, and sieved to obtain activated carbon. A 
further detailed description of the method is given in the Supplementary Material (S.1). The activated carbons 
were named according to their origin: activated carbon from the core (ACC) and activated carbon from the 
peel (ACP).

Adsorption experiments
The samples underwent agitation using a thermostatic shaker that operated at a consistent pace. The detection 
of propranolol (PROP) within the aqueous medium was ascertained using a spectrophotometer calibrated to a 
wavelength of 255 nm. To ensure reliability, all experiments were replicated three times, and after each trial, the 
samples were centrifuged to separate the PROP from the activated carbon. Isothermal experiments were car-
ried out at a dosage of 0.7 g L−1 and a pH of 10. Isothermal curves were generated at various concentrations of 
bark/PROP and stone/PROP, along with different temperatures. To reach equilibrium in the PROP/AC system, 
the samples were stirred for 5 h in Erlenmeyer flasks. Further details are given in the Supplementary Material.

Physics‑statistics models
The PSMs are based on the possible exchanges that occur between the particles in the free state (dissolved 
in the medium) and the particles that are adsorbed16. The PSMs are based on the grand canonical ensemble, 
which considers the change in particle number in both phases. In addition, several hypotheses are considered: 
(i) interactions between the propranolol molecules are negligible15; (ii) the dissolution process diminishes the 
number of free states, resulting in exchanges through translation19; and (iii) vibrational and rotational degrees 
are neglected in comparison with translation17. In general, PSMs consider the number of molecules (n) adsorbed 
onto receptor sites (Nm).

The monolayer model with one energy site (MLO) is based on Eq. (1). where n molecules are adsorbed, 
forming an energetically homogenous layer, which is represented by the grand canonical partition function, 
according to Eq. (2)20:

This leads to the following solution, which can be found elsewhere21:

where qe is the adsorption capacity at equilibrium (mg g−1), qm is the maximum adsorption capacity (mg g−1), Ce 
is the equilibrium at concentration (mg L−1), and C1/2 is the concentration at half-saturation (mg L−1).

Other models, such as the dual layer with one energy site (DLO) and the triple layer with one energy site 
(TLO), consider that the adsorbate can further form new layers according to reaction Eqs. (4) and (5):

This leads to the following grand canonical partition functions:

The solution of the grand canonical partition functions (Eqs. 6 and 7) leads to the DLO and TLO, which are 
expansions of the MLO22–25:

The selected model considers that the site’s energies are the same, i.e., the energy is homogeneous for all the 
adsorption. The adsorption energy (ΔEa kJ mol−1) can be obtained according to Eq. (4)26:
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where Cs is the concentration solubility (200 mg L−1, taking into consideration the dilution effect on methanol), 
R is the gas constant (8.31 × 10–3 kJ mol−1 K−1), and T is the temperature of the system (K).

Further exploration of MLO through potential thermodynamic functions
Thermodynamic potential functions are a group of equations that describe thermodynamic properties. Given that 
the MLO model relies on the grand canonical ensemble, it becomes feasible to employ the original functions for 
computing the partial derivatives of β and µ. These derivatives are crucial for determining the thermodynamic 
properties of the system according to the following equations26:

Sa is the evolution of the configuration entropy (kJ mol−1 K−1), Ga is the evolution of Gibb’s adsorption-free 
energy (kJ mol−1), EI is the evolution of the internal energy (kJ mol−1), Zgc is the total grand canonical partition, 
μ is the chemical potential of propranolol in relation to rotation (J mol−1), β is the inverse of the Boltzmann 
constant (kB = 1.380649 × 10–23 J K−1) and system temperature (T, K), the Planck constant (6.62607004 × 10–34 
m2 kg s−1) and m is the propranolol mass (259,340 mg mol−1).

From the application of the partial derivatives and the MLO, it is possible to obtain the thermodynamic 
properties as a function of the propranolol concentration at equilibrium (Ce mg L−1) according to the following 
Equations:

Parameter estimation and model validation
The steric parameters were assessed through MATLAB scripting programming, leveraging built-in functions. 
More precisely, the initial guess estimation was accomplished using the particle swarm function, while lsqnonlin 
or nlinfit were utilized to correct inaccurate particlewarm estimations. The distinction between nlinfit and lsqnon-
lin lies in their treatment of restrictions. The former is designed for cases with limited boundaries, whereas the 
latter enables optimization without predefined boundaries. The fitting was validated through the evaluation of 
the steric parameters and the application of statistical indicators, as described in the Supplementary Material.

Regeneration study
An evaluation of the developed AC regeneration tests was conducted. First, the already used adsorbent was sepa-
rated from the solution. Second, the loaded adsorbent was added to an HCl solution (25 mL 75% v/v), and the 
flask was stirred for 2 h. Finally, the separated adsorbent was subjected to adsorption under the same conditions 
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as those used for the isotherms. The completion of these steps is known as a cycle, which was performed up to 
6 times in this work.

Results and discussion
Characterization results
In the pyrolysis phase, a significant portion of cellulose and lignin undergo conversion into volatile material, 
impacting the ultimate yield and augmenting the surface area. Consequently, approximately 29% of the carbona-
ceous skeleton formed from both residues was produced as a result of this process. This finding aligns with other 
studies that similarly employed ZnCl2 in a 1:1 ratio27–29. As shown in Table 1, the pore volume of the charred skin 
was 4.223 × 10–1 cm3 g−1, the pore diameter was 2.70 nm, and the surface area was 624.728 m2 g−1. Carbonization 
using zinc chloride also resulted in favorable textural characteristics for an adsorbent from the core (Table 1), 
with an even greater surface area compared to that of the skin (SBET = 1125.43 m2 g−1). Furthermore, the mate-
rial showed good pore development (Vp = 3.241 × 10–1 cm3 g−1; Dp = 2.321 nm). The surface area is one of the 
main factors influencing the adsorption capacity of a material. However, carbonization with ZnCl2 may limit 
the good performance compared to that of PROP for both adsorbents due to certain factors. Compared with 
the results obtained with other carbons developed in the literature, we observed that the surface area obtained 
from carbonization with zinc chloride is significantly greater. For example, in a study carried out by Liu et al.30 
using coconut shells as precursors, the surface area was reported to be 803 m2 g−1 after chemical activation with 
ZnCl2. Another study carried out by Ferrari et al.31 using grape seed waste reported a surface area of 542 m2 g−1 
after carbonization with ZnCl2.

Figure S1 enables the identification of the primary functional groups present on the surface of the materi-
als. Initially, the functional groups within the carbonized material derived from the corozo core were analyzed. 
(Fig. S1A), and all functional groups identified in the second material (Fig. S1B) will not be reported. Therefore, 
the residues before and after carbonization share similar chemical groups. The 3441 cm−1 O–H bond region 
occurred in the same way as it remained after heating but with lower intensity32. The binding of CH (2918 cm−1), 
which was exclusively detected in the precursor material, suggested that the pyrolysis step led to the consump-
tion of this group33. The disappearance of these functional groups corroborates the loss of volatile material that 
occurs during the pyrolysis process34. The presence of CO groups (1743 cm−1) in both materials is generally 
attributed to the presence of ketones35. The carboxylate stretching vibrations are associated with the spectral 
band at approximately 1636 cm−136. Aromatic rings are also found at 1452 cm−1 in the precursor material34. The 
band present in the 1041 cm−1 region corresponds to the secondary alcohol stretching of CO bonds37. Regarding 
the carbonization of the core (Fig. S1B), only the bands at 2851 cm−1 were not observed in Fig. S1A. Asymmetric 
vibrations of CH2 in the precursor were found at 2851 cm−138. Therefore, both materials share similar functional 
groups corresponding to structures that are formed by cellulose, and when lignin is added, the pyrolysis step 
reduces the heterogeneity of the surface, resulting in the formation of carbonaceous material with carbon as 
the final product.

X-ray diffraction serves as a structural analysis methodology facilitating the elucidation of the crystalline 
structure of a material based on the acquired diffraction pattern. Figure S2 shows the X-ray diffraction patterns of 
the original sample and the charred sample for both residues. In the case of the sample in question, both patterns 
(Fig. S2A and B) show the presence of amorphous carbon in the form of a long diffraction band between 15° 
and 30°. Amorphous carbon is a disorganized and irregular form of carbon that does not have a definite crystal 
structure39. However, carbonization can lead to the formation of more organized and crystalline structures, 
which may explain the decrease in diffraction bandwidth and increase in intensity (Fig. S2B). The empty spaces 
present in the amorphous structure can be occupied by adsorbate molecules, which are substances adsorbed on 
the surface of the material40. This can be useful for the adsorption of substances in purification or separation 
processes, as in the case of this study41.

The micrographs before the carbonization step (Fig. S3A and C) show that the surface of the residual corozo 
biomass is composed of irregular particles of different sizes. After carbonization with ZnCl2, the particles main-
tained their irregular shape and varied in size (Fig. S3B and D). However, the surface shape was modified, becom-
ing smoother and more regular with some randomly distributed cavities. Similar morphological modifications 
have been reported in the literature in several studies of carbonized materials of plant origin for the purpose of 
removing different compounds42–45.

Propranolol adsorption equilibrium and application of the PSM
The experimental results and the model predictions are shown in Fig. 1. In both cases, the adsorption capacity 
tends to increase according to the propranolol equilibrium concentration and the temperature. These results 
indicate that ACC and ACP have strong affinities for propranolol. For the temperature, this indicates that both 
systems are endothermic, indicating that the temperature causes some modification of the material or that the 

Table 1.   Details regarding the pore volume and specific surface area of carbons produced utilizing ZnCl2 as 
the activating agent.

Activated carbon (AC) SBET (m2 g−1) Pore volume (cm3 g−1) Pore diameter (nm)

Peel residue 624.728 4.223 × 10–1 2.703

Stone residue 1125.43 3.241 × 10–1 2.321
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propranolol molecules present higher energy or change the solubility. The shape of the isotherm may be related 
to the L2 shape according to the Giles classification, without the presence of a plateau. This indicates that the 
adsorption capacity will steadily decrease with increasing concentration at equilibrium due to the decrease in the 
number of vacant sites46. The choice of the best PSM was based on statistical indicators (Table S.1) and the stereo-
graphic parameters of the mode. In this case, it was found that all the employed models presented good statistical 
indicators (no major significance was found) regarding the correlation factor (R2 > 0.98), average relative error 
(ARE < 7.84%), and minimum squared error (MSE). Thus, the Bayesian information criterion (BIC) was used 
as an indicator for selecting the model; the lower the BIC value is, the more suitable the model. Therefore, from 
the comparison of the BIC values, the MLO model was selected, and the DLO and TLO models were discarded. 
MLO indicates that the propranolol molecules are adsorbed, forming a monolayer on the surface of the ACC 
and/or ACP, and it is also assumed that the adsorption energy is the same for all the adsorbed molecules21,47.

Figure 2A illustrates the correlation between the anticipated adsorption capacity and the system temperature. 
Upon scrutinizing the parameters, it was observed that the adsorption capacity exhibited an upward trend in 
both systems, directly mirroring the inherent characteristics of the adsorption system. For ACC/propranolol, the 
adsorption capacity increased from 105.82 to 168.70 mg g−1 as the experimental value increased from 100.24 to 
112.94 mg g−1, which corresponds to an ARE of 14.28%. For ACP/propranolol, the predicted adsorption capacity 
increased from 124.49 to 160.0 mg g−1

, with experimental values corresponding to 117.2 to 145.45 mg g−1, cor-
responding to an ARE of 7.89%. Overall, this indicates that the adsorption capacity predicted by the MLO is in 
agreement with the experimental data. The evolution of the receptor site (Nm) density according to temperature 
is shown in Fig. 2B. Similar behaviors emerge for the Nm parameters, which indicates that propranolol tends to 
have similar behavior for both systems. For the ACC/propranolol system, the receptor density started at 77.76 and 
reached 168. 70 mg g−1 at the highest temperature of 328.15 K. In the ACP/propranolol system, Nm also increased 
linearly with temperature, starting at 120.0 to 194.56 mg g−1 according to the temperature. The increase in Nm 
with temperature can be attributed to two different effects: (i) a decrease in the number of molecules adsorbed 
per site or (ii) the appearance of new receptor sites due to the temperature effect. Therefore, it is possible that 
ACP presented a greater density of molecules per site than ACC​22,48.

The number of molecules per site (n), also called the stoichiometric coefficient, can be considered the most 
important parameter that explains the adsorption of propranolol from different points of view. From a chemical 
point of view, this parameter describes the degree of aggregation of propranolol for both22. In this study, a simi-
lar trend was found for both adsorbents, where the number of molecules tended to decrease with temperature 

Figure 1.   Adsorption isotherms for the propranolol onto the ACC (A) and ACP (B) systems for the 
temperatures of 298.15 to 328.15 K.
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(Fig. 2C). For the ACC, the values decreased from 1.36 to 0.8176, and for the ACP, the values ranged from 1.03 
to 0.82. The magnitude and change of these values indicate different behaviors. The first is the magnitude, which 
indicates the orientation of the adsorbed propranolol molecules, which can be separated into two possibilities: 

Figure 2.   Stereographic parameters evolution according to the temperature for the ACC/propranolol and 
ACP/propranolol systems; (A) anticipated adsorption capacity in correlation with the system temperature, (B) 
densities of the receptor sites (Nm) according to the temperature, (C) number of molecules versus temperature, 
(D) adsorption energy versus temperature, (E) main adsorption mechanism of propranolol for ACC and ACP.
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when n > 1, the propranolol is adsorbed horizontally, and when n < 1, the propranolol molecules are adsorbed 
in parallel. For the ACC, the initial value is 1.36 at 298.15 K, followed by 1.06 at 308.15 K, meaning that at the 
early initial temperature, the propranolol molecules will be adsorbed in a horizontal manner. As the temperature 
of the system increases, the manner in which the propranolol molecules are adsorbed in this system shifts in 
a parallel way, since the values for n reach 0.933 and 0.817 for 318.15 and 328.15 K, respectively. Similarly, for 
the propranolol/ACP system, the initial values for n were found to be 1.03 and 1.06 for 298.15 and 308.15 K, 
respectively. However, as the temperature starts to increase from 308.15 K, it is possible to quickly shift the posi-
tion of the adsorption since the values are under one unit. The second observation is the overall change in the 
n values, which decreases almost linearly according to the system temperature evolution, revealing the reverse 
behavior of the receptor density. This further corroborates the theory that temperature causes the generation of 
new receptors that were previously hidden due to thermal expansion.

The application of MLO also provides information regarding the concentration of half-saturation, which 
is employed for the determination of the adsorption energy, as shown in Fig. 2D. The adsorption energy is a 
useful parameter since it indicates the nature of the adsorption and provides information regarding the type of 
adsorption mechanism involved. In this case, it was found that the adsorption energy tends to increase linearly 
with the evolution of the system temperature, indicating that the adsorption of propranolol for both systems is 
endothermic. For the magnitude of the adsorption energy, the maximum value is approximately 10.8 kJ mol−1 
for both systems, and it is possible to presume that the adsorption is based on physical interactions8.

Possible adsorption mechanism
From the characterization results, propranolol speciation and modeling results were used to propose an adsorp-
tion mechanism. For both materials, classical groups such as O–H, C–H, CO, and CH2 indicate the possible 
formation of aromatic rings49–51. Propranolol has two states according to the pH of the solution (Fig. S4), meaning 
that at pH 10, 99% of the molecules are in neutral form. For the adsorbent surface, the pH values at zero charge 
are 6.56 and 6.44 for the stone and peel, respectively (Fig. S5). This means that the surface will be negatively 
charged at pH 10. Finally, the adsorption energy was found to be lower than 40 kJ mol−1, which strongly indicates 
that the coupling of the propranolol molecules onto the surface of the adsorbents is due to physical interactions. 
Thus, it is expected that the propranolol molecules are adsorbed through hydrogen bonding (due to the pres-
ence of hydrogen in the adsorbate and adsorbents)52, electrostatic interactions (due to the even being a neutral 

Figure 3.   Evolution of the configurational entropy according to the system (A being ACC/propranolol and B 
being ACP/propranolol), equilibrium concentration, and system temperature.
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Figure 4.   Evolution of Gibbs’s free energy according to the system (A being ACC/propranolol and B being 
ACP/propranolol), equilibrium concentration, and system temperature.
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molecule part of its negative region, Fig. S6)23, and anion-π interactions (due to the surface charge and aromatic 
rings of the propranolol)8 as shown in Fig. 2E.

Thermodynamic property simulation results
The evolution of the configuration entropy is shown in Fig. 3. Both systems presented similar trends in terms of 
concentration equilibrium and system temperature. In both cases, it was found that the entropy tends to increase 
with the equilibrium concentration, reaching maximum values around the concentration at half-saturation, also 
called entropic peaks. After this point, the entropy starts to diminish until reaching equilibrium (Ce > 100 mg 
L−1), which is not shown. The lack of equilibrium in the evolution of thermodynamic parameters is directly 
related to the experimental data not reaching the isotherm plateau, indicating that further adsorption can still 
occur. Regarding the temperature, both systems tended to follow the same trend, where the entropy increased 
with temperature due to the endothermic nature of the systems. However, it should be noted that all the stereo-
graphic parameters can influence the thermodynamic properties; in this case, minor overlap occurs for the ACP/
propranolol systems, as shown in Fig. 3B. This can be related to the number of molecules per site; in this case, 
the values are similar, and at 308.15 K, the number of molecules per site increases by 0.03.

The evolution of Gibb’s free energy is shown in Fig. 4A and B. Regarding the concentration at equilibrium 
effect, it was found that the Gibbs energy tends to quickly increase at lower concentrations, and this effect is 
directly related to the number of available sites at the initial stage of adsorption. In addition, it was found that the 
Gibbs energy tends to behave similarly for both systems, where the energy tends to be more negative according 
to the system temperature, directly reflecting the endothermic nature of the systems, which is mainly related 
to the appearance of hidden sites. Additionally, the configuration entropy of the Gibbs energy did not reach 
equilibrium, which is related to the possibility of further adsorption of propranolol.

Finally, Fig. S7A and B present the progression of the internal energy with respect to the system, equilibrium 
concentration, and system temperature. Similar to the other results obtained for thermodynamic proprieties, 
the equilibrium concentration tends to increase the internal energy without reaching equilibrium, which also 
indicates that the adsorption capacity could be improved. For the temperature effect, the internal energy presents 
the same behavior as the Gibbs adsorption-free energy. The magnitude tends to increase with temperature and 
is negative throughout all the simulated ranges. The negative signal here also indicates that the adsorption is 
endothermic, with the adsorption naturally increasing at higher concentrations.

Regeneration performance
The regeneration results for the ACC and ACP are shown in Fig. 5. The first aspect to be noted is that both 
adsorbents present a linear behavior; this type of behavior is related to the affinity of the material for propranolol 
and the low loss of activated sites per cycle. A minor percentage of removal was 71.1% for ACC and 66.2% for 
ACP, which was expected since ACC presented a greater adsorption capacity than ACP. Finally, it is possible to 
estimate that ACC has an average loss of 5.77% per cycle, while ACP has a slightly greater loss of 6.76% per cycle.

Data availability
The data that support the findings of this study are available from [Dison S. P. Franco] Still, restrictions apply to 
the availability of these data, which were used under license for the current study, and so are not publicly available. 
However, data are available from the authors upon reasonable request and with permission of Dison S. P. Franco.
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