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ARTICLE INFO ABSTRACT
Keywords: A chemometrically based approach was applied to select the most efficient drug adsorbent among
A_dSOFPtlurl the biochars obtained from the novel feedstock, the leaves of the invasive plant (Ailanthus altis-
Biochar sima). The representative target adsorbates (atenolol, paracetamol, ketorolac and tetracycline)
Invasive plant . . . . . . .

. were selected on the basis of their physicochemical properties to cover a wide chemical space,
Pharmaceuticals

which is the usual analytical challenge. Their adsorption was investigated using design of ex-
periments as a comprehensive approach to optimise the performance of the adsorption system,
rationalise the procedure and overcome common drawbacks. Among the response surface de-
signs, the central composite design was selected as it allows the identification of important
experimental factors (solid-to-liquid ratio, pH, ionic strength) and their interactions, and allows
the selection of optimal experimental conditions to maximise adsorption performance. The bio-
chars were prepared by pyrolysis at 500 °C and 800 °C (BC-500 and BC-800) and the ZnCly-
activated biochars were prepared at 650 °C and 800 °C (AcBC-650 and AcBC-800). The FTIR
spectra revealed that increasing the pyrolysis temperature without activator decreases the in-
tensity of all bands, while activation preserves functional groups, as evidenced by the spectra of
AcBC-650 and AcBC-800. High temperatures during activation promoted the development of an
efficient surface area, with the maximum observed for AcBC-800 reaching 347 m? g~1. AcBG-800
was found to be the most efficient adsorbent with removal efficiencies of 34.1, 51.3, 55.9 and
38.2 % for atenolol, paracetamol, ketorolac and tetracycline, respectively. The models describing
the relationship between the removal efficiency of AcBC-800 and the experimental factors

Experimental design
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studied, showed satisfactory predictive ability (predicted R? > 0.8) and no significant lack-of-fit
was observed. The results obtained, including the mathematical models, the properties of the
adsorbates and the adsorbents, clearly indicate that the adsorption mechanisms of activated
biochars are mainly based on hydrophobic interactions, pore filling and hydrogen bonding.

1. Introduction

Liquid phase adsorption is, indisputably, one of the leading solutions for a number of processes, including catalysis, advanced
treatment of wastewater, sample preparation, and chromatographic analysis in analytical laboratories. In the search for sustainable
solutions, the carbonization of low-cost, widely available and currently unused biomass has attracted particular interest in recent
years. Carbonaceous materials obtained by the carbonization of biomass are also known as biochars (BCs) [1,2]. When physical or
chemical activation processes are used to improve the properties of BCs, the resulting solid products are sometimes referred to as
activated biochars (AcBCs) [3-5], although due to inconsistencies in the literature, the terms biochars or activated carbons are
interchangeably used to refer to these materials. It is believed that BCs and AcBCs can overcome the disadvantages of some currently
used commercially available adsorbents such as the consumption of non-renewable raw materials, high energy costs, production costs
and difficult regeneration [6,7]. In sorbent-based sample preparation techniques, these carbonaceous adsorbents can be advantageous
due to their chemical stability at extreme pH values, the structural properties that allow them to interact with organic molecules, and
finally their low cost and reduced negative impact on the environment [8]. A variety of biomasses have been tested as raw materials for
the production of BC, including agricultural and forestry residues, sewage sludge, food waste and so on [9,10]. In terms of feedstock
selection, Ailanthus altissima emerges as a promising choice due to its invasive nature, widespread distribution and allelopathic effect,
thereby contributing to remarkable negative impacts on biodiversity and the ecosystem [11,12]. Complete eradication of this plant is
currently impossible. For this reason, its use in the production of adsorbents could be a successful attempt to increase its value and use
more environmentally friendly materials from renewable sources. To the best of our knowledge, such a possibility of using A. altissima
has not yet been tested.

The adsorption process is rather complex as it depends on the properties of the adsorbent, the adsorbate and the experimental
conditions. It is known that the properties of biochar vary depending on the feedstock used and the conditions set during carbonization.
For single biomass, it is advisable to prepare and test several adsorbents by altering carbonization conditions (temperature,
impregnation with chemicals) to explore its full potential for use as a feedstock. The proper investigation of the adsorption process
requires an adequate selection of representative adsorbates. Drug molecules as target adsorbates cover a wide chemical space in terms
of their molecular properties such as polarity, pKa, lipophilicity, size, etc. These properties determine the ability of the drug molecules
to form different types of interactions (ionic, dispersion interactions, hydrogen bonding, etc.) with the surface of the adsorbent.
Therefore, the adsorbate model substances should be selected to fairly represent the actual analytical problem and cover the wide
chemical space. However, it is necessary to limit the number of model substances during the preliminary study, which only aims to
identify the adsorbent with the desired performances, in order to carry out this step quickly, with minimum experimental effort,
associated material consumption and costs.

The experimental conditions under which the adsorption takes place can influence both its rate and degree. The influence of various
experimental factors, such as temperature, solid-to-liquid ratio, pH and ionic strength of the solution, has often been shown to be
significant in the literature [13-18]. When it comes to comparing the efficiency of different adsorbents, the question arises as to which
experimental conditions should be selected. To answer this question, we must first understand how experimental factors influence
adsorption. Gaining such an understanding of the system by adjusting one factor at a time would not only lead to a high number of
experiments, but also to a high consumption of adsorbents, increased energy consumption for the preparation of new quantities of
adsorbents, increased chemical consumption and, above all, to wrong conclusions regarding the optimal adsorption conditions. This
problem is even more pronounced when the production of carbonaceous material takes place at high temperatures, which normally
leads to a significantly lower yield. On the other hand, while it is easy to subject all adsorbents to identical conditions, the variability or
adaptability of experimental conditions that may occur in real-life applications is not captured. Ultimately, these two approaches can
lead to an incorrect selection of the optimal adsorbent among the tested materials.

To address this problem, Design of Experiments (DoE) can be used as it stands out as a highly efficient statistical approach that
allows a comprehensive exploration of systems influenced by multiple factors while minimising the number of experiments required
[19,20]. In contrast to the One-Factor-At-A-Time (OFAT) approach commonly used in adsorption studies [21-27], DoE offers several
notable advantages that have contributed to its widespread adoption in recent years. One of the main advantages is the ability to
identify significant interactions between factors while minimising the number of experiments required. The OFAT study of experi-
mental factors, in which a single factor is examined at certain levels and then another factor is examined at fixed levels of the previous
factor, may require a similar number of experiments as the DoE approach. However, OFAT excludes many possible combinations of
factor levels and therefore cannot identify interactions between factors or guarantee that the optimal conditions discovered are
globally optimal [28]. In the OFAT approach, the researcher decides how many levels of which factors should be examined, which can
lead to an unnecessarily large number of experiments, in addition to the disadvantages of OFAT already mentioned. These advan-
tageous features of DoE are facilitated by a well-structured experimental plan that allows for the simultaneous and systematic variation
of multiple factors. Since DoE takes into account possible interactions between the investigated factors as well as the possibility of
curvilinear relationships between the response and the factors, it is a much more reliable way to find a global optimum, i.e. truly
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optimal conditions, compared to the OFAT approach. Moreover, a particularly useful trait of DoE is the empirical polynomial model
obtained as a result of the procedure. This model relates the response of the system to the factors under investigation and can therefore
be used to predict the response values based on the values of the factors in the defined factor range. In some situations, where ad-
justments to factor values are required, such empirical models prove invaluable as they provide the flexibility to choose alternative
factor values that maintain the desired system performance. The values of the model coefficients reflect the nature and magnitude of
the effects of the factors investigated. Empirical models thus serve as a basis for gaining knowledge about the system behaviour within
the explored experiment space. As long as the model is valid, accurate predictions of the response can be made for any point within the
experiment space [29]. Although it is clear that these advantages could be utilised in the study of novel adsorbents, only a few papers
dealing with drug adsorption have applied DoE to date [14-17,30,31].

This research introduces a chemometrically based, widely applicable framework for the selection of drug adsorbents with the
highest removal efficiency. The main objective of this research is to propose the selection of adsorbates with strategically selected
model substances (adsorbates) whose physicochemical properties adequately cover the chemical space of the adsorbates of interest. In
this way, the conclusions regarding the most efficient adsorbent can be applied generally and not only for a few selected adsorbates. It
should be emphasised that the method presented here differs significantly from the approaches used to study novel adsorbents ob-
tained from biomass [32-34], where one or a small number of adsorbates are usually selected without well-defined criteria. In
addition, adsorption tests are carried out using the DoE methodology to investigate the experimental conditions at which the removal
efficiency reaches its maximum. In this way, the mathematical models are obtained. They can describe the influence of the experi-
mental conditions on the adsorption, enable an insight into the whole adsorption system, identify the optimal adsorption conditions,
the interaction of the experimental factors and give an indication of the underlying interactions between adsorbate and adsorbent. In
addition, this approach can ensure the lowest possible material consumption, which is highly desirable when investigating biochars.

At the end, it can be decided which adsorbents need to be subjected to a detailed physicochemical characterissation. The adsorbents
for which further tests are not fruitful, due to their limited applicability for a narrow range of adsorbates or adsorption conditions or
because they do not perform sufficiently well over the entire experimental domain studied. This offers the opportunity to reduce the
cost, time and effort involved in testing adsorbents.

The aforementioned potentials of the chemometrically-aided framework are tested in the case study on the adsorption of four
model adsorbates (atenolol, paracetamol, ketorolac and tetracycline) on carbonaceous materials derived from A. altissima (four
differently prepared adsorbents). The specific surface area determined by BET and the characteristic functional groups determined by
FTIR analysis, were also presented to ensure the plausibility of the proposed adsorption mechanisms.

2. Materials and methods
2.1. Biochar and activated carbon preparation

The leaves of A. altissima before the carbonization process, were washed with tap water and then with distilled water, then dried for
two weeks at room temperature to a constant mass and then crushed (grounded) in a mill (particle size <0.2 mm). The resulting
powdery material was stored in a desiccator at room temperature prior to its carbonization.

The carbonization of the powdered leaves of A. altissima was carried out by pyrolysis in a muffle furnace under an argon atmo-
sphere. The first carbonization was carried out at 500 °C for 2h to produce BC-500. Pyrolysis of BC-500 for another 2h at 800 °C was
carried out to produce BC-800. To produce activated carbon, BC-500 was first impregnated with ZnCl, in a mass ratio of 3:1. Pyrolysis
of the impregnated BC-500 was carried out at 650 °C for 2h to produce AcBC-650 and at 800 °C for 2h to produce AcBC-800. The argon
flow rate was 60 mL min ", while the heating rate was 10 °C min ™"

2.2. Chemicals and reagents

The reference standard substances used in this study were atenolol (>99 %), paracetamol (>99.9 %), ketorolac tromethamine
(>98.5 %), and tetracycline hydrochloride (>99 %), obtained from Sigma Aldrich Chemie GmbH (Taufkirchen, Germany). All stan-
dard solutions and HPLC eluents were prepared from HPLC-grade water produced by Adrona CB -1905 (Adrona SIA, Riga, Latvia). The
hydrochloric acid (37 %, p.a.) was obtained from Sigma Aldrich Chemie GmbH (Taufkirchen, Germany), potassium hydroxide pellets
(p.a.) from Merck KGaA (Darmstadt, Germany), and potassium chloride (p.a.) from Carl Roth GmbH + Co KG (Karlsruhe, Germany).
Acetonitrile (HPLC gradient grade) used for eluent preparation was purchased from Sigma Aldrich Chemie GmbH (Taufkirchen,
Germany). Perchloric acid (70 % p.a., Riedel-de Haén AG, Seelze, Germany), was used as the mobile phase additive. Formic acid (p.a.,
Sigma Aldrich Chemie GmbH, Taufkirchen, Germany) and ammonium formate (p.a., Honeywell International Inc., Muskegon,
Michigan) were used to prepare the buffered eluent. Zinc chloride (p.a.) used during preparation of AcBCs was purchased from Merck
(Darmstadt, Germany).

2.3. Preparation of reference standard solutions

Stock solutions of reference standard substances were prepared at a concentration of 1 mg mL 1. Adsorption test working solutions,
set at a 50 pg mL ™! concentration, were prepared from a stock solution. To ensure an ionic strength adjustment, 3 M KCl was added,
followed by dilution with water. The pH value of each working solution was adjusted with 10 M/1 M potassium hydroxide or
concentrated (37 %)/1 M HCI using a pH meter Meterlab PHM210 (Radiometer analytical, Villeurbanne, France). Appropriate
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volumes of stock solutions were diluted with water to prepare calibration solutions.

2.4. Batch adsorption experiments

The adsorption experiments were performed in batch mode by suspending the appropriate mass of adsorbent in the solution
containing a single adsorbate. Initial concentration of adsorbates, temperature and shaking speed were 50 g mL %, 23 °C and 500 rpm
for all batch adsorption experiments. Digital Vortex-Genie 2 (Scientific Industries, Bohemia, New York) was used to agitate the samples
to ensure proper contact of the adsorbents with the solution. During the optimissation procedure, samples were shaken for 60 min.
After the appropriate shaking time, the samples were centrifuged using DragonLab D2012 Plus (DLAB Scientific Co., Ltd., Beijing,
China) centrifuge. The residual concentration of adsorbates in the supernatant was determined by the HPLC methods described below.
Based on the residual concentration of the adsorbate after 60 min (Cy), the removal efficiency (R (%)) and adsorbed amount (q) for the
given initial concentration of adsorbate (C;) were calculated as follows:

G-C)

R(%) = x 100 &)

i
(Gi— C)xV

M 2

qc=
where V is the volume of solution and M is the mass of adsorbent. Control samples were used to check for possible causes of con-
centration changes other than adsorption, such as solute degradation or precipitation. The blank test was performed similarly, without
adsorbent present.

2.5. Design of experiments (DoE)

The study of the influence of selected experimental factors on the adsorption of model substances and the search for optimal
conditions for further studies were carried out using the central composite design (CCD) [35]. The search for optimal experimental
conditions is also necessary to determine the values of the experimental factors under which the efficiency of different adsorbents
should be compared. The CCD usually consists of a full factorial design with 2 points, a star design with 2k points and a central point
with a certain number of replicates, where k is the number of factors [36]. While factorial points are sufficient to estimate the linear
model terms and interactions, the axial point provides the possibility to estimate quadratic terms and center points allow the esti-
mation of the pure experimental error and stabilise the variance of the model predictions [35]. The above properties make CCD a
suitable design for optimissation. In addition, the position of the axial points influences the rotatability of the design. Rotatable designs
are desirable as this ensures that the variance of the prediction is the same for each of the equidistant points, regardless of their di-
rection in the experimental space under study. However, to achieve the rotatability of the experimental design containing a large
number of experimental factors, the axial points must be further away from the centre of the experiment space, which may lead to a
loss of significant information near the centre of the space [35]. We decided to investigate factors whose changes are likely to lead to a
change in adsorption mechanisms and/or a significant change in removal efficiency. Since our study included three factors, the
rotatable CCD was deemed suitable for optimissation.

To optimise the removal efficiency of the adsorption process, the experiments were performed by varying the pH, ionic strength and
solid-to-liquid ratio in the ranges 3-12, 30-300 mM and 0.1-0.4 mg mL ™, respectively. The limits of the ranges given above are used
as values for the axial points. The CCD experiments with the corresponding levels of the investigated factors are shown in Table S1 in
standard order. The upper pH limit for the adsorption of tetracycline was lowered to 10 to avoid a high rate of drug degradation. Three
additional replicates were performed in the central point of the experiment space and the total number of experiments was 18. This
corresponds to the usual recommendation to carry out three to five experiments in the central point [36]. Experiments were performed
in a completely randomised order. Optimissation was performed with respect to one response — the removal efficiency (R (%)).

2.6. High-performance liquid chromatography (HPLC) methods for analysis of samples from batch adsorption experiments and control
samples

The HPLC instrument used in this study was Finnigan Surveyor Thermo Scientific (Thermo Fisher Scientific, Waltham, Massa-
chusetts, USA), equipped with LC Pump Plus, Autosampler Plus, UV-VIS Detector Plus. Analysis of all samples was performed on
Agilent Technologies Zorbax Eclipse XDB-C18 column (4.6 x 150 mm, 5 um) with a mobile phase flow rate of 1 mL min ! and column
temperature of 30 °C. Further details on the HPLC methods used can be found in Table S2. The concentrations of the analytes were
calculated against the calibration curves given in Table S3.

2.7. Physicochemical characterissation of adsorbents

The point of zero charge (pH,) of A. altissima leaf BCs and AcBCs was determined from aqueous suspensions of the tested samples:
5 mg of the sample was weighed and suspended in 50 mL of 0.01 M KNOs solution (according to the method described by Milonji¢
et al., 1975 [37]) and then left in an ultrasonic bath for 3 min. The initial pH values of the suspension were adjusted with HNO3 and
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KOH to a value between 2.0 and 9.0. The zeta potential of the studied BCs and AcBCs was determined using the Zetasizer Nano Z
instrument (Malvern, U.K.).

FTIR spectra of the samples were recorded using a Nicolet iS20 FTIR Spectrometer (Thermo Scientific, USA) in the wavenumber
range 4000-400 cm ™. The resolution was set to 4 cm ™ and 32 scans per spectrum were averaged. Potassium bromide pellet technique
was used for sample preparation.

An analysis of the specific surface area and pore parameters (volume and size) was conducted using the Brunauer-Emmett-Teller
(BET). This analysis was performed utilising the ASAP 2020 system (Micromeritics, USA). Prior to measurements, the samples were
subjected to degassing under a vacuum at a temperature of 150 °C for a duration of 10 h.

2.8. Correlation analysis

To discern potential interactions between AcBC-800 and the tested drug molecules, analysis of correlations between the appro-
priate adsorption system response (adsorbed amount), molecular descriptors and experimental factors was conducted. This involved
merging removal efficiency, adsorbed amount, pH, ionic strength, and solid-to-liquid ratio data from four CCD procedures into a single
dataset. Additionally, the molecular properties were calculated using MarvinSketch 22.22 for each pH value and included in a dataset.
The total charge of the ionised molecules was determined by calculating the sum of the products of absolute charges and the abundance
of specific ionisation states at different pH values, allowing a comprehensive representation of the net charge under different con-
ditions. In this way, a dataset with a total of 72 instances was obtained.

2.9. Software

The DoE methodology was implemented using Design-Expert 7.0.0 software (Stat-Ease, Inc., Minneapolis, USA). The molecular
properties of the model substances were calculated using MarvinSketch 22.22. (Chem Axon Ltd., Budapest, Hungary). The analysis of
correlations between experimental factors, molecular properties, and the removal efficiency was carried out using the pandas module
and data visualisation using matplotlib and seaborn libraries in Python version 3.11.5.

3. Results
3.1. Physicochemical characterissation of adsorbents

The zeta potential was measured to take into account the changes in the properties of the adsorbent depending on the experimental
pH conditions. Changes in the ionisation of surface functional groups with the change of the solution pH lead to a change in the net
charge of the adsorbent surface, which consequently affects the affinity of the adsorbent to charged solutes. Zeta potential values are
given in Fig. 1. The higher extent of colloid surface negative charge is rising with acidity decrease for all samples, as expected for
biochar samples [38].

In this study, low values of the specific surface area of non-activated biochar were determined using the BET method (Sggt), namely
4.0 m? g’1 and 0.8 m> g’1 for BC-500 and BC-800, respectively. For activated biochar determined Sggr is 93.4 m> g’1 for AcBC-650,
and 346.6 m? g~! for AcBC-800, confirming the hypothesis that it is important to ensure a high temperature during activation with
ZnCl, in order to achieve an efficient increase in surface area, which is important for satisfactory adsorption performance.

The FTIR spectra of the samples are shown in Fig. 2, in two regions 4000-2500 em™! (a) and 2000-400 cm ™! (b). It was found that
only in the presence of ZnCly the surface functional groups of the precursor biochar (BC-500) are preserved during its carbonization. In
the spectrum of the carbonized sample BC-800, obtained in the absence of ZnCly activator, the characteristic bands of functional groups

Zeta potential (mV)

<

- BC-800
v AcBC-800
_18- ® AcBC-650

pH

Fig. 1. Zeta potential (mV) values of BC-500, BC-800, AcBC-650 and AcBC-800 as a function of pH.
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Fig. 2. FTIR spectra of BC-500, BC-800, AcBC-650 and AcBC-800 in wavenumber range: a) 4000-2500 cm™Y; and b) 2000-500 cm™?.

are not visible.

All observed bands in the AcBC samples are of lower intensity than in the spectrum of BC-500, as expected since the carbonization
temperature is inversely proportional to the amount of surface functional groups in biochar [39]. In the first region (Fig. 2a), the broad
band at 3420 cm ™! corresponds to the O-H stretching observed in all samples’ spectra [40,41]. The bands at 2920 cm ™~ and 2853 cm™!
likely originate from the asymmetric and symmetric stretching of methylene groups, respectively [42]. In the second region (Fig. 2b),
very weak signal at 1720 cm-1 could indicate carbonyl-containing groups such as ketones, carboxylic acids, and their derivatives [43].
The bands at 1589 cm™! and 1436 cm ™! can be attributed to C=C stretching of aromatic rings [42,44]. However, according to
literature [43], these bands could be due to the stretching of carboxylates. It is therefore possible that some of the carboxyl groups have
formed salts with the Zn?* ions during the activation process. However, since the intensity of the band at 1589 cm ™! is not higher than
that of the band at 1436 cm™?, as expected for carboxylates [43], it appears that both aromaticity and carboxylates have contributed to
the band intensities. It is also possible that C-OH deformation (in-plane bending) was involved in the formation of the band at 1436
cm-1, which is further evidence for the presence of alcohols/phenols [43]. The region characteristic of C-O stretching is complex. Four
bands at 1100, 1085, 1037, and 1000 cm ! could be assigned to asymmetric G-C-O stretching of secondary/tertiary alcohols,
asymmetric C-O-C stretching of ethers, asymmetric C-C-O stretching of primary alcohols and symmetric C-C-O stretching of tertiary
alcohols, respectively [42-44]. Therefore, it is likely that both alcohol and ether groups are present on the surface of AcBC-800. The
band at 872 cm ! could also indicate the presence of alcohols and ethers, as it could have resulted from the symmetric stretching of
alcohol or ether groups [42]. Another possible contribution to this band could appear from out-of-plane C-H vibrations of aromatic
rings [43]. Near the bottom of the region, the bands observed at 597 cm-1 and 531 cm-1 are most likely due to vibrations of metal
oxides such as ZnO or CaO [45,46].

3.2. Selection of model substances

The model substances were selected based on their different physicochemical properties. Atenolol represents a drug molecule that
is predominantly positively charged across a broad pH value range (representative of cationic structures). Similarly, paracetamol
exemplifies a neutral drug, ketorolac illustrates anionic (negatively charged in a broad pH range) and tetracycline represents a
zwitterionic drug. In addition, the selected model substances cover a relatively wide lipophilicity range under different experimental
conditions. Model substances also possess significantly different numbers of proton-donor and proton-acceptor sites as well as
polarizability. The structures of the model substances are shown in Fig. S1, while the calculated properties and distribution of ion-
isation forms over the defined pH range are graphically represented in Fig. S2 and Fig. S3, respectively. The molecular properties
shown in Fig. S2 are selected based on their ability to represent the potential for ionic interactions, hydrogen bonding, London
dispersion interactions, dipole interactions and pore-filling mechanisms.

3.3. Selection of experimental factors and their ranges to be investigated through DoE

The pH value of the solution is considered important because it can affect both the charge of the solute (Fig. S3) and the surface
charge of the adsorbent (Fig. 1), thus changing the intensity of the electrostatic interactions. In addition, the pH of the solution affects
the lipophilicity of the solutes (Fig. S2) and therefore probably alters the contribution of the hydrophobic effect to adsorption. The
ionic strength of the solution affects ionic interactions and hydrophobic interactions. Theoretically, depending on whether the ionic
interactions are attractive or repulsive, salts can increase or decrease the extent of adsorption. For instance, salts can neutralise charges
with the same polarity of both the adsorbate and the adsorbent surface, resulting in a reduction of repulsive electrostatic interactions
and consequently an increase in adsorption. Alternatively, they can also neutralise charges with opposite polarity, which hinders the
attractive electrostatic forces and thus weakens adsorption [47]. In addition, “salting out™ is likely to occur at higher salt concen-
trations, which may enhance hydrophobic interactions between adsorbent and adsorbate [48].

When considering the ranges of experimental factors to be studied, extreme pH values may cause degradation of the drug, which is
not desirable, so these pH values were not included in the experiments (Table S1). High ionic strength may lead to precipitation of the
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adsorbate due to the “salting out” effect or surface charge neutralisation and reduced thickness of the electric double layer of the
suspended adsorbent particles, resulting in their agglomeration and ultimately lower removal efficiency. The dose of adsorbent should
be properly optimised to ensure satisfactory removal efficiency. Too small dosage of adsorbent may result in small changes in solute
concentrations which would lead to inaccurate calculation of adsorbed amount in the subsequent study [49]. Conversely, too large a
solid-to-liquid ratio may result in the aggregation of adsorbent particles and a smaller contact area between adsorbent and solutes.

Factors such as contact time and shaking speed were not investigated. The contact time was kept constant and limited to 60 min in
order to select the most efficient sorbent. This was considered important as a rapid adsorption process is desirable for most appli-
cations. In some applications, the available contact time is extremely limited and the initial rate is of utmost importance for adsorption
efficiency [50]. It is known that the shaking speed influences the mass transfer process when external (film) diffusion is the
rate-limiting step. When the shaking speed is high, the liquid film around the particles becomes thin, which enables a fast film diffusion
process [51]. Therefore, the shaking speed was kept relatively high (500 rpm) to prevent a significant decrease in the film diffusion
rate. The temperature during the adsorption tests was also kept constant, as the kinetics of the degradation reactions can increase when
the temperature is increased [52] and it is therefore advisable not to increase the temperature during sorbent-based sample
preparation.

3.4. DoE models

ANOVA summary of the models obtained by the DoE approach is given in Table S4. The polynomial order was selected based on the
sequential addition of model terms and the resulting statistical significance, lack-of-fit and predictive accuracy of the models. All
obtained models were statistically significant (p < 0.05), while the lack-of-fit term was not statistically significant in any case (p >
0.05). Stepwise multiple linear regression was used to generate the models. All terms with a p-value less than 0.1 were retained in the
model. In some cases, the values of the responses were transformed to meet the assumptions of multiple linear regression. No outliers
were detected and lack-of-fit was not significant. The models are presented in terms of coded values of the factors in the text below.

Removal efficiency was selected as the most appropriate response of the system for building the model, as it was considered better
suited to reflect the changes in the factor levels compared to the other responses. The other often used response in the adsorption
systems is the amount of solute adsorbed in time t (gy). It was considered a less appropriate response when using DoE because it can be
spuriously large when the small dose of adsorbent and low decrease in solute concentration are combined with relatively high
experimental variability [49]. Furthermore, the variation of g, can be insignificant if the ratio of adsorbate concentration to adsorbent
quantity leads to almost complete coverage of the adsorbent surface. The calculated values of response are shown in Table S5.

3.5. Adsorption of model substances on BC-500 and BC-800

Regardless of the experimental conditions, no significant adsorption of atenolol, paracetamol, and ketorolac was observed on BC-
500 and BC-800. Tetracycline was the only substance that showed an affinity for the aforementioned BCs, but the removal efficiency
was relatively small in the entire experiment space studied (9.2 % and 11.3 % mean value for BC-500 and BC-800, respectively). The
polynomial models describing the influence of the experimental factors on the extent of tetracycline removal from solution by
adsorption on BC-500 and BC-800, respectively, are given by the following equations:

R(%)=11.40+3.18 x A — 0.24B — 2.93 x B? 3)
sqrt(R(%)) =3.77 — 0.95 x AB + 0.67 x BC — 0.91 x B> 4

where A stands for the solid-to-liquid ratio and B for the pH of the solution, AB denotes the interaction between the solid-to-liquid ratio
and the pH of the solution, and BC signifies the interaction between pH and ionic strength.

However, the models obtained in the case of BC-500 and BC-800 do not fully describe the variation in the observed values of the
experimental response, as indicated by the values of the coefficient of determination, shown in Table S4. This could be since the
changes in removal efficiency within the studied experiment space are generally small. On the other hand, the variability observed in
the replicated experiments under the conditions of the central point of the experimental design is quite large. For example, the removal
efficiency in all experiments was between 0.6 % and 17.5 %, while it was between 6.6 % and 11.5 % in the replications at the central
point in the case of BC-500. The rather high variability of the response in the repeated experiments under the same conditions could be
due to the heterogeneity and random distribution of the adsorption sites of the BCs. The distribution of the adsorption sites cannot be
controlled as it probably originates from the natural starting material [53]. Since the starting material is the leaf of A. altissima, which is
available almost all year round and the plant can grow on different soil types, seasonal and geographical variations likely lead to
differences in the chemical composition of the leaves and consequently to even greater variations in the adsorption capacity of the
resulting BCs. Consequently, further drug adsorption studies with these materials could be laborious, require a high number of rep-
licates, require a high material consumption or even be impossible. Although the use of the obtained models to define optimal
experimental conditions is limited because of the low adjusted and predicted R? values, performed DoE optimissation at the beginning
of the research demonstrated the low reproducibility of the experiments, low removal in the entire experiment space and encouraged
researchers to focus on the other potentially suitable adsorbents. While the traditional adsorption tests usually involve replicates of
each experiment to distinguish between the true effects and the random variations of the response, the DoE approach allowed the
estimation of the experimental error by only four experiments. Moreover, as can be seen from Eq. (4), some factor interactions were
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also successfully revealed, which also supports the chosen research strategy.

From the magnitude of the model coefficients in Eq. (3) it can be seen that the ionic strength of the solution played no role in the
adsorption of tetracycline on BC-500, the dosage of the adsorbent was of minor importance, while the pH of the solution was of major
importance. None of the interactions studied were significant. The plot showing the dependence of the observed response on the solid-
to-liquid ratio and the pH is shown in Fig. 3, while the plots of main effects are given in Fig. S4. It can be seen that an increase in the
solid-to-liquid ratio leads to an increase in the extent of removal of tetracycline, while the extent of removal shows a downward
parabolic dependence on pH, with the highest removal at pH around 6.5. Thus, a higher dosage of adsorbent did not result in
agglomeration of adsorbent particles and consequent lower removal efficiency. It is possible that the pH value of 6.5 is the environment
that favors attractive ionic interactions since tetracycline is in the form of a zwitterion (Fig. S3) and the surface charge of the adsorbent
is near its minimum (Fig. 1). A similar relationship between the removal of tetracycline by adsorption on biochar and pH has been
observed in the literature [32,54-58] and is to be expected, since at low and high pH values the surface of the adsorbent and the
tetracycline acquire charges of the same polarity, while the pH value leading to maximum removal varies, as the pHpzc values differ
considerably. Activated biochar produced from sunflower seed husk [57] with a pHpzc of 4.4 achieves optimal removal of tetracycline
at a pH between 5 and 7, closely resembling the properties and behaviour of BC-500 tested in this study.

Among the materials tested, BC-500 is particularly interesting because it is produced at a relatively low temperature without the
use of chemical agents and therefore has the potential to become an economical and environmentally friendly adsorbent. Due to the
lower pyrolysis temperature compared to the other adsorbents in this work, it is not unexpected that BC-500 has a lower specific
surface area, but a higher content of surface functional groups that can interact with polar compounds [59] as revealed by BET and
FTIR analysis (section 3.1). Considering this fact and the significantly higher number of proton acceptor (H,.) and donor sites (Hgoy,) as
well as the polar surface area (PSA) of tetracycline compared to other tested molecules (Fig. S2e), we can hypothesise that hydrogen
bonding and dipole-dipole interactions are the mechanisms responsible for adsorption.

Considering BC-800, based on the magnitude of the model coefficients shown in Eq. (3), the interaction between solid-to-liquid
ratio and pH value had the largest effect on removal efficiency, while pH value had a slightly smaller effect and the interaction be-
tween pH and ionic strength had the smallest effect. Among the main effects, only pH was significant with a quadratic relationship to
removal efficiency, as shown in Fig. S5. However, as the interactions are statistically significant, it would be inappropriate to discuss
the main effect without considering the values of the other factors. The interactions are illustrated in Fig. 4. It can be seen from Fig. 4a
that a lower pH requires a higher adsorbent dose and, conversely, a higher pH requires a lower adsorbent dose to achieve a higher
tetracycline removal efficiency. Considering that ionic interactions are likely to be repulsive at high pH values since tetracycline has a
negative charge, it could be that a lower solid-liquid ratio results in a lower total surface area whose negative charge can be neutralised
by the given amount of KCI in solution, preventing electrostatic repulsion. On the contrary, at low pH values, where tetracycline has a
positive charge, a higher solid-to-liquid ratio is required because the total surface area is larger and its charge cannot be neutralised by
the available amount of KCl in the solution, thus allowing the attractive ionic interactions. The relationships shown in Fig. 4b and c at
different values of ionic strength support this conclusion. Similar conclusions can be drawn from the interaction between the pH value
of the solution and the ionic strength shown in Fig. 4d. In Ref. [60], the authors applied the Box-Behnken design to optimise the
removal of Eriochrome Black T by the magnetic nanocomposite based on biochar. Ionic strength also showed a significant effect
through the interaction with pH and it was also found that the effect of ionic strength can be positive or negative depending on whether

R (%)

0.20
solid-to-liquid ratio (mg/mL) 0.16 * 8.58

Fig. 3. Dependence of tetracycline removal efficiency of BC-500 on the solid-to-liquid ratio and pH of solution at the fixed ionic strength of 165 mM.
The red dots correspond to the removal efficiency at the middle level of the factors. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 4. Dependence of the tetracycline removal efficiency of BC-800 on experimental factors: pH and solid-to-liquid ratio at the different ionic
strengths of the solution: a) 165 mM, b) 245.27 mM, c) 84.73 mM; d) pH and ionic strength of solution at the solid-to-liquid ratio of 0.25 mg mL L

the pH favors attractive or repulsive electrostatic interactions. In the case of BC-800, the interactions between the factors that
significantly influence the system would remain unrecognised in the OFAT approach.

Since tetracycline was the only substance adsorbed, its hydrogen bonding ability and polarity could also be the prerequisites for
adsorption on BC-800. However, considering that BC-800 has a much smaller number of functional groups on the surface than BC-500
as expected due to the higher pyrolysis temperature [59] and indicated by FTIR analysis (Fig. 2), hydrogen bonding and dipole in-
teractions are unlikely to be important for the adsorption of tetracycline on BC-800. As the pyrolysis temperature increases, the surface
area typically increases up to 500-600 °C depending on the lignin content in the biomass and then starts to decrease due to the
so-called thermal deactivation [61]. According to BET analysis, BC-800 has a lower surface area compared to BC-500, which is
consistent with the trend reported in the literature. Therefore, it seems unlikely that dispersion forces are involved in the adsorption
process.

Although BC-500 and BC-800 can be subject to further physicochemical characterissation to gain a deep mechanistic understanding
of the adsorption process, the chemometrically-aided approach clearly shows the limited applicability of these materials due to the
high selectivity for adsorbates with certain properties. In addition, the DoE study of the adsorption conditions shows that these ad-
sorbents generally perform poorly over the entire experimental range investigated. Therefore, it seems more appropriate to perform a
screening of other adsorbents using a chemometrically based approach until the most versatile solution to the adsorption problem of
interest is found.

3.6. Adsorption of model substances on AcBC-800

In contrast to previously tested adsorbents, AcBC-800 was able to remove all tested model substances to a considerable extent. The
models in the case of atenolol, paracetamol, ketorolac and tetracycline are represented by the following equations, respectively:
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R(%)=24.94+10.30 x A +3.03 x B 5)
R(%)=38.31+13.02 x A )
R(%)=40.24 +14.22 x A — 2.59 x B )
R(%)=27.98+7.96 x A— 228 x B (8)

In all the above models, A stands for the solid-to-liquid ratio and B for the pH of the solution. Since a higher removal is obtained by
using AcBC-800 compared to the previously studied BCs, the obtained empirical models have a much better performance, as shown in
Table S4. For comparison, the mean value of tetracycline removal efficiency was 28 %, which is significantly higher than for BC-500
and BC-800. Neither the ionic strength nor the interactions between the experimental factors studied were significant.

The high predicted R? values shown in Table S4 imply that the models can be used not only to identify the most influential factors
but also to determine optimal conditions concerning the experimental factors studied. Since pyrolysis is carried out at 800 °C after
impregnation with ZnCly, it is conceivable that the adsorbent prepared, i.e., AcBC-800, has a drastically larger surface area and more
extensive pore network, as well as a higher content of functional groups than BC-800 [9]. This was confirmed by FTIR and BET analysis
(Section 3.1). The high precision of the experiments repeated under the conditions of the central point of the CCD (see the red dots
corresponding to the central point in Fig. 5) which can be attributed to the significantly increased specific surface area. Although
surface heterogeneity may or may not be preserved by ZnCl, activation, the surface area is largely increased, suggesting that the
amounts of AcBC-800 used in the adsorption tests are capable of representing the full chemical diversity of the surface. Therefore, the
adsorption performances under identical test conditions with different adsorbent samples show significantly lower variations
compared to non-activated biochars. While the increased specific surface area of the adsorbent led to high precision in the results of
experiments replicated at the central point, the structural features of AcBC-800 allowed for a generally higher removal efficiency

42
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4048 10.18 ) I ~ 034

020 solid-to-liquid ratio (mg/mL) pH : 0205 50id-to-liquid ratio (mg/mL)

pH 4.82°0.16

4.82°0.16

R (%)

0.20580lid-to-liquid ratio (mg/mL)
442 016

Fig. 5. Influence of solid-to-liquid ratio and pH at the fixed ionic strength level (165 mM) on: a) atenolol; b) paracetamol; c) ketorolac; d) tetra-
cycline removal efficiency of AcBC-800.
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compared to the previously tested BCs, and more pronounced changes were observed when the values of the investigated factors were
changed. At the same time, these effects led to models with high prediction accuracy. In conjunction with previous findings, this
emphasises the need for the response changes under varying experimental conditions to significantly exceed the experimental error.
The fulfilment of this requirement depends on the inherent nature of the system. Consequently, it can be assumed that highly accurate
predictive models may not be feasible for certain adsorption systems such as BC-500 or BC-800.

Fig. 5 and Fig. S6 shows that the effect of pH on removal efficiency was unique for each of the drug substances studied. The lack of a
significant influence of pH on the adsorption of paracetamol (Fig. 5b) is to be expected, as paracetamol is mainly present in its mo-
lecular form and thus shows only minor variations in its molecular properties over the pH range studied. Moon et al., who investigated
the adsorption of paracetamol on activated biochar from Spirulina sp., also observed no significant influence of the pH value in the
range 2-9 [62]. Other studies have examined pH in extended ranges (2.5-12.5 and 2-14) and found a slight decrease in removal with
increasing pH, which is due to ionisation of paracetamol at higher pH values and electrostatic repulsion with the negatively charged
surface of the adsorbent [63,64]. The ranges investigated in this study were not sufficient to achieve a significant degree of para-
cetamol ionisation, which explains the insignificant effect of pH. With regard to the adsorption of atenolol, the increase in pH led to an
increased removal efficiency (Fig. 5a and Fig. S6a). In the study of adsorption of pharmaceuticals on activated biochar from palm
kernel shell [33] it was found that amount of atenolol adsorbed increases with increased pH, which was attributed to decreasing
electrostatic repulsions. Another study on the adsorption of atenolol on biochar-montmorillonite composite discovered the initial
increase in adsorption capacity with increasing pH, followed by a decrease as atenolol is deprotonated and no longer has a positive
charge that can form ionic interactions with the negatively charged surface of the adsorbent [65]. On the contrary, it is unlikely that
the adsorption of atenolol on AcBC-800 is dependent on ionic interactions, since lower pH values leading to a negatively charged
surface of the adsorbent that coincides with positively charged atenolol do not lead to increased removal efficiency. Ketorolac, whose
adsorption on biochar has not yet been studied in the literature, was most efficiently removed under conditions unfavourable to
attractive ionic interactions (Fig. 5¢ and Fig. S6b). Moreover, the deviation from the generally observed quadratic relationship be-
tween removal efficiency and pH [32,54-58] in the case of tetracycline adsorption on AcBC-800 (Fig. S6¢) is further evidence that ionic
interactions do not make a significant contribution.

The solid-to-liquid ratio had a positive linear influence regardless of the drug molecule tested (Fig. 5 and Fig. S7), which is
consistent with the results in the literature [55,66]. The magnitude of the model coefficients in Egs. (5)-(8) and response surface plots
in Fig. 5 indicate that the solid-to-liquid ratio had a more pronounced effect than pH in all the cases considered. However, it is
important to emphasize that the removal efficiency of AcBC-800 was relatively high for all model substances tested over the entire
investigated factors’ ranges. Such robust performance favours the broad range of possible applications of AcBC-800, as pH adjustment
may not be required to achieve the desired extent of adsorption in practice. The insignificance of the ionic strength in the studied range,
i.e. the absence of a negative influence on the removal efficiency, may also be beneficial. Even a low dosage of adsorbent, such as 0.16
mg mL "}, can result in a significant removal efficiency, allowing lower material consumption with sufficient performance in real-world
applications. However, when characterising an adsorbent, the removal efficiency, i.e., the change in solute concentration due to
adsorption, should be as high as possible compared to the experimental error to reliably describe the kinetics and equilibrium of the
adsorption process. Therefore, a higher dose of the adsorbent is a favorable choice for further studies of the adsorption kinetics and
equilibria.

In the case of adsorption of atenolol on AcBC-800, the pH value resulting in the highest removal efficiency was 10.18 as indicated
by the response surface in Fig. 5a. However, this pH value leads to much lower solubility of atenolol and precipitation when the
concentration of the solution is high (e.g. 200 pg mL™Y), i.e., in the study of adsorption equilibrium. In addition, the predominant form
of atenolol at pH 10.18 is neutral (about 90 %), but there is still about 10 % of the cationic form, so the kinetics and equilibrium studies
under such conditions would describe the adsorption of two molecular species that differ significantly in their properties and
consequently in the mechanism of adsorption. To address this problem, a pH of 6.5 was defined as optimal for the adsorption of
atenolol, ensuring that the cationic form was almost exclusively present and that the solubility of atenolol was suitable. The experi-
mental conditions leading to optimal removal efficiency of the tested activated biochars, as determined by CCD, are listed in Table 1.
The results of the experimental verification of the predicted optimal removal efficiencies are shown in Table S6. Table S6 shows that in
the case of AcBC-800 all experimentally determined removal efficiencies lie within the 95 % prediction interval.

Due to the consistently negative zeta potential values (Fig. 1) across the entire pH range, it was expected that the adsorbent would
have a greater affinity for adsorbates with positive charges (atenolol, tetracycline). However, contrary to expectations, these sub-
stances were removed less efficiently than neutral and anionic substances (paracetamol, ketorolac), suggesting that ionic interactions

Table 1
Optimal removal efficiencies, corresponding adsorbed amounts of the tested substances and the levels of the studied experimental factors leading to
optimal removal efficiency of AcBC-650 and AcBC-800.

Adsorbent  Model substance  Solid-to-liquid ratio (mg mL™')  pH  Ionic strength (mM KCl) ~ Removal efficiency (%)  Adsorbed amount (mg g~ ")

AC 800 Atenolol 0.34 6.5 165 34.1 50.3
Paracetamol 7.5 51.3 75.6

Ketorolac 6.0 55.9 82.4

Tetracycline 4.4 38.2 56.3

AC 650 Atenolol 0.34 6.5 245 23.4 34.3
Ketorolac 6.0 165 41.8 61.4

Note: The adsorbed amount is calculated based on the remaining drug concentration after 60 min, i.e. it is not the equilibrium adsorption capacity.
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probably play a minor role in the adsorption process.

Since all model substances were significantly adsorbed, the relationship between molecular properties and the degree of removal
was acquired, so a correlation analysis was performed. The reason for selecting the adsorbed amount (g, as the dependent variable in
this case is due to the fact that this response was less influenced by the solid-to-liquid ratio (SLR) compared to the removal efficiency, as
can be seen in Fig. 6. When the removal efficiency and a single molecular descriptor are correlated, the high influence of SLR leads to a
strong scattering of the response, resulting in low correlation coefficients (Fig. 6). In Fig. 6, the highest correlations of the adsorbed
amount were with the number of proton donor sites (Hg,,,) and the maximal projection radius (MPR), closely followed by logD. The van
der Waals volume (VdW volume), polarizability, and polar surface area (PSA) showed lower correlations, while the lowest correlations
were observed for dipole moment, total charge and the number of proton acceptor sites (Hy). It is important to note that none of the
correlations of g, with individual molecular properties were outstanding compared to other correlations, likely indicating multiple
mechanisms involved in drug adsorption on AcBC-800.

A positive correlation between g, and logD, suggests the important role of hydrophobic interactions. The negative correlation of the
observed response with PSA and dipole moment supports this hypothesis. The negative correlation between g, and MPR suggests that
molecular size plays a crucial role and exerts a negative influence on adsorption extent. Consequently, mechanisms such as pore filling
and size exclusion are likely to have significant impacts. The highest negative correlation between q; and Hg,,, is quite unexpected. A
higher Hy,, value may actually indicate a greater ability of the drug molecule to form hydrogen bonds with water molecules. The
hydration of the molecules probably affects the distribution of the drug molecules in the adsorption system, so that the drug molecules
are more likely to remain in the solution. Although Hg.., which represents the number of lone electron pairs on the electronegative
atoms of a drug molecule, should have a similar effect on the hydration of a molecule as Hg,p, the correlation of removal efficiency with
Hg.. was considerably lower. Since the zeta potential of AcBC-800 is generally higher than that of non-modified BCs tested, it is possible
that positively charged centers on the surface of AcBC-800, capable of forming ion-dipole and ionic interactions with the lone electron
pairs of the drug molecules, were introduced by the activation. Another possibility is that some proton donors, which can form
hydrogen bonds with proton acceptor sites of adsorbate molecules, are present on the surface of the adsorbent. Accordingly, it may be
that the negative effect of Hy.. on removal efficiency caused by the higher hydration ability of a molecule conflicts with the positive
effect caused by attractive interactions with surface functional groups of AcBC-800. These opposing effects probably led to a negative
but low correlation between q; and Hy,.

Considering the significantly developed specific surface area (346.6 m? g~!) and the presence of hydroxyl groups on the surface of
AcBC-800, as indicated by the FTIR spectra (Fig. 2), the above hypotheses about the adsorption mechanisms seem reasonable. As the
number of drug substances tested was too small, the adsorption mechanisms indicated by the correlation analysis should not be
generalised but considered as a hypothesis. However, the approach used shows that systematically changing the experimental con-
ditions by DoE resulted in significant changes in molecular properties and therefore provided more data points for testing the
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Fig. 6. Heatmap representing the correlations between all variables in a dataset (SLR stands for the solid-to-liquid ratio, and MPR for the maximal
projection radius).
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correlations between removal efficiency and molecular properties. This strategy could be used for a more comprehensive study in
which relationships between the molecular properties of a large number of drugs and their adsorption behavior should be established
to draw general conclusions regarding the mechanism of drug adsorption on an optimal adsorbent.

3.7. Adsorption of model substances on AcBC-650

In the concluding phase of adsorbent comparison and selection, we sought to investigate whether activation at lower temperatures
could produce a material capable of effectively binding drug molecules. Although a lower activation temperature can lead to a lower
specific surface area and a lower micro- and mesopore volume, it can be advantageous as it allows a higher yield of AcBC, a higher
content of heteroatoms and lower energy consumption [67]. To achieve our goal without the extensive consumption of activated
carbon prepared at 650 °C (AcBC-650), which was only available in limited quantities, we investigated the adsorption of only two
drugs — atenolol and ketorolac. Of the model compounds studied, atenolol showed the lowest adsorption, while ketorolac showed the
highest adsorption on AcBC-800. The results obtained therefore not only allow a quantitative comparison of adsorption on AcBC-650
and AcBC-800 but also provide insight into the possible differences in the selectivity of the materials tested. The differences in the
selectivity of these materials for the model adsorbates could be due to the different pyrolysis temperatures, which may affect the
abundance of surface functional groups and the efficiency of pore development.

The application of the CCD to study the adsorption of atenolol and ketorolac on AcBC-650 has led to the following models,
respectively:

R (%)=15.81 +6.65 x A+ 0.90 x C 9

R (%)=28.69+10.28 xA— 497 xB 10)

The terms A, B and C represent the solid-to-liquid ratio, the pH and the ionic strength of the solution respectively. Similar to AcBC-
800, the high adjusted and predicted R? values (Table S4) and the close agreement of the removal efficiencies obtained by replicating
the experiments in the central point of the CCD is probably due to the significantly increased specific surface area (93.4 m? g™1)
compared to non-activated BCs as explained for AcBC-800.

The extent of removal of atenolol and ketorolac under optimal conditions is shown in Table 1. AcBC-650 exhibited a greater affinity
for ketorolac compared to atenolol, as evidenced by a higher removal efficiency under optimal conditions. The dissimilarity in lip-
ophilicity between atenolol and ketorolac suggests that the difference in removal efficiency can be ascribed to a hydrophobic effect.
The fact that AcBC-650 similarly adsorbs the model substances to AcBC-800 implies that the underlying adsorption mechanisms are
not markedly different. Nonspecific interactions, including van der Waals forces and the hydrophobic effect, are likely governing the
adsorption process. The lower removal of atenolol and ketorolac relative to AcBC-800 can be attributed to the considerably lower
specific surface area of AcBC-650 resulting from a lower activation temperature.

Comparing the values of coefficients in the models shown in Eq. (9) and Eq. (10), it can be seen that the ratio of solid to liquid was
the most influential factor in both cases. Adsorption of atenolol on AcBC-650 showed that increased solid-to-liquid ratio and higher
ionic strength in the solution were associated with improved removal efficiency (Fig. S8). The positive effect of ionic strength on
removal efficiency throughout the pH range tested (Fig. S8b) probably results from the “salting out” effect that favors the water-solid
distribution of solutes towards the solid, i.e. adsorbed phase. It is interesting to note that the pH of the solution had no significant effect.
This could indicate that the logD values of atenolol are too low over the entire pH range, therefore pH-driven changes in the hydro-
phobic effect are not significant. Since the pH value has no significant influence, the surface charge of AcBC-650 appears to have a
negligible effect on the adsorption of atenolol.

The solid-to-liquid ratio also has a positive linear effect on the degree of removal of ketorolac (Fig. S9a). From the negative sign of
the model coefficient B and main effect plot shown in Fig. S9b, it can be concluded that the efficiency of ketorolac removal by AcBC-
650 decreases with increasing pH, which could be due to the increasing negative charge of the surface of AcBC-650 (Fig. 1) and the
strong repulsion with the anionic form of ketorolac. Lower pH values are associated with higher logD values, possibly leading to higher
adsorption through hydrophobic interactions. The effect of ionic strength was not significant, which may indicate that for the sub-
stances with relatively high logD values, the changes in hydrophobic effect due to the change in ionic strength of the solution are
negligible.

By selecting model substances with the highest and lowest affinity for AcBC-800 as adsorbates for the study of AcBC-650, it was
possible to obtain an indication of possible changes in the selectivity of the adsorbent. However, in our case, AcBC-650 and AcBC-800
both showed a higher affinity for ketorolac compared to atenolol, so it can be assumed that the adsorption of AcBC-650 and AcBC-800
is determined by the similar types of interactions and there is no significant difference in selectivity of tested adsorbents. Since the
extent of removal of both model compounds by AcBC-650 was lower compared to AcBC-800, it can be assumed that AcBC-650
generally has a lower drug removal efficiency, which positions this adsorbent as a less efficient alternative.

4. Conclusions

In this study, the leaf of A. altissima proves to be a suitable starting material for the preparation of carbonaceous adsorbents. The
production of activated biochar from A. altissima can expand the range of available low-cost and environmentally friendly adsorbents,
offer the possibility of using an invasive plant and thus contribute to the sustainability of adsorption processes and environmental

management. Among the materials tested, AcBC-800 achieved the highest removal efficiency of atenolol, tetracycline, paracetamol
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and ketorolac, and was therefore selected for further testing. This confirms that impregnation with ZnCl, and carbonization at high
temperatures effectively transforms the leaves of A. altissima into a highly efficient drug adsorbent. The FTIR spectra revealed that
increasing the pyrolysis temperature without the ZnCl, activating agent decreases the intensity of all bands. However, the activation
helps preserve the functional groups, as evidenced by the spectra of biochars pyrolysed at 650 and 800 °C. Additionally, high tem-
peratures during activation promoted the development of an efficient surface area, with the maximum observed for AcBC-800 reaching
347 m? g~1. CCD was successfully applied to determine the experimental conditions that lead to optimal removal efficiency and under
which further adsorption studies and comparisons of adsorbents should be conducted. The investigation of BC-500 and BC-800 has
shown that the predictive ability of DoE models can be limited by the low removal efficiency compared to the experimental variability.
The careful selection of drug model substances together with the systematic variation of the experimental conditions by the DoE along
with the characterissation of adsorbents allowed some mechanistic insights into the adsorption systems investigated. Nevertheless, the
results obtained in this study regarding adsorption mechanisms should not be generalised as the number of drug model compounds is
small. Instead, this study represents the starting point for extensive testing of the most suitable adsorbent with diverse subgroups of
drugs. Furthermore, the presented case study is an example of a chemometrically-aided approach that can serve as a framework for
conducting a reliable and efficient adsorbent screening before investigating the novel adsorptive materials in detail.
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