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Abstract

Porous biochar was fabricated from Butia capitata (Bc) seed, which was used to uptake
enalapril maleate from synthetic wastewater. Activated biochars were fabricated by blending
Bc and ZnCl at 1:1 (BcB-1.0) or 1:1.5 (BcB-1.5) proportions and furtherly pyrolyzed at 600°C.
The elemental analysis, Boehm titration, hydrophobic balance ratio, FTIR, TGA, and Nz
isotherm characterized the carbon-based materials. They presented a hydrophilic behavior
with diverse polar groups on their surface. BcB-1 and BcB-1.5 biochars have a total pore
volume of 0.392 and 0.492 cm® g™ and a surface area of 1267 and 1520 m? g™, respectively.
The kinetics and isothermal data were adequately adjusted to the fractal-like pseudo-second-
order and Liu models. The employment of BcB-1.0 and BcB-1.5 for treating synthetic
wastewater containing high levels of pollutants had elevated efficiency in their removals (up to
99.06%). We conducted a computational study, density functional theory (DFT), to examine
the interactions between enalapril and a graphitic domain of biochar. By using these
calculations, the most stable configuration presented interaction energy of -88.7 kJ mol™
implies a face-to-face n—n stacking interaction involving the enalapril phenyl segment and an
aromatic ring of biochar, as well as London dispersion arising from the proximity of
ethoxy/pyrrolidine to biochar carbon atoms, with interatomic distances of 3.31 A for the former
and 3.60 A /3.48 A for the latter. Also, the DFT calculations agreed with the thermodynamic

data calculated from the isotherms (283-318 K).

Keywords: activated biochar; synthetic effluents; adsorption mechanism, emerging

contaminant; density functional theory
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1. Introduction

Medicines are employed mainly to ameliorate the life quality of humanity by treating
diseases and extending long life. Notwithstanding, the increased employment of drug
substances causes their discharge into the environment. The source of pharmaceutical
contamination comes from hospital effluents [1], the pharmaceutical industry [2], and
excretions of livestock animals and domestic sewage [1,3]. Also, the discharge of
pharmaceuticals into the waters is an environmental apprehension [1,4] due to these
chemicals can influence living organisms and threaten the water quality for human
consummation [1,4].

Pharmaceuticals are categorized as emerging contaminants [4,5]. These species are any
natural or synthetic pollutants found in water sources that are not systematically controlled by
Environmental agencies, which may cause living beings impacts or ecological effects [4,5].

Conventional water and wastewater treatment contaminated with pharmaceuticals are
usually performed using biological treatment [6,7], photocatalysis [8,9], Fenton-like processes
[10,11], electrochemical degradation [12,13], membrane filtration [14,15], ultrasound
degradation [16,17], and adsorption [18-23]. Exception for adsorption, these treatment
methods have weaknesses, such as high implemental costs, high sludge production [24], and
forming transformation products that present higher toxicity than the parent pollutant [25]. In
this sense, it is crucial to develop efficient adsorption methods to uptake organic compounds
from water with a low implementation cost and high efficiency [26,27].

Enalapril is often utilized to treat hypertension and heart failure. Enalapril is in a class of
medications called angiotensin-converting enzyme inhibitors [28]. Enalapril decreases some
substances that tighten the blood vessels [28,29]. Enalapril is also sometimes used to treat
kidney disease related to diabetes [28,29]. In Brazil, this drug is available for free for treating
hypertension problems through the Brazillian Pharmacy Programs [30].

As the population largely employs this pharmaceutical, it is necessary to develop methods
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for its removal from water and pharmaceutical wastewater. On the other hand, few reports in
the literature cite enalapril as an adsorbate [26,31]. However, there is no study for removing
this drug (a solute adsorbate) from water and wastewater. Thus, due to the high use of enalapril
as a pharmaceutical and the few adsorption studies of enalapril as an adsorbate, it is crucial
to produce new efficient adsorbents for enalapril uptake from pharmaceutical industry
wastewater.

Using carbon-based materials to remove drugs is a hot subject in the adsorption literature
[1,19,20,21,27,32,33] because these carbon materials are usually prepared using residual
biomass. This waste material is usually pyrolyzed in an inert atmosphere producing a carbon
material called biochar [19,23,27,32,33]. Biochar can be used without activation. Alternatively,
it could be activated, producing carbon material with improved textural characteristics and high
sorption capacities close to expensive adsorbents such as activated carbon, graphenes,
carbon nanotubes, etc. [1,19,23,27,32].

The Butia capitata (Bc) seeds were employed in this research to fabricate activated
biochar. The Butia Arecaceae family owns the Butia capitata is found in the Brazillian
vegetation [34]. The species' fruits are rich in vitamins and carbohydrates and are crucial for
preserving native vegetation [34]. In addition, they are employed in preparing ice cream and
juices [34]. However, the Butia capitata fruits are utilized for producing food. Therefore, the
seeds are discarded, impelling new research for utilizing this residual biomass as a carbon
source for fabricating biochar for wastewater treatment.

This paper aims to use Butia capitata (Bc) seeds (agro-industrial waste) to produce
activated biochars (BcB-1.0 and BcB-1.5) for the removal of an emerging contaminant
(enalapril). This pharmaceutical is often utilized to treat hypertension and heart failure, and
also this drug is available for free for treating hypertension problems through the Brazillian
Pharmacy Programs.

In this work, Butia capitata seeds (Bc) were used as a carbon precursor for biochar

production. The biochars were characterized by different analytical techniques such as FTIR,
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adsorption and desorption isotherms of N2, Bohem titration, organic elemental analysis, pHpzc,
and hydrophobic balance ratio (HI). In addition, the adsorption kinetics, equilibrium, and
thermodynamics assays with enalapril in the biochars were attained, and the enalapril
adsorption mechanisms onto the carbon materials were proposed. The interaction between
biochar and enalapril has also been investigated at the molecular scale using density functional
theory (DFT) calculations. After these studies, the activated biochars efficiently removed
enalapril from aqueous effluents and simulated pharmaceutical industrial wastewater (removal
up to 99.06%). This achievement is the main contribution of this paper to the adsorption

literature.

2. Experimental

2.1 Materials

Deionized water was utilized for preparing all solution preparations. Merck provided the
enalapril maleate (CAS 76095-16-4; 492.525 g mol™'; Fig. S1). Inorganic reactants (i.e., HCI,
NaOH, and ZnClz) were furnished by Labsynth with analytical grades and were used as

received.

2.2 Activated biochar

The activated biochars were prepared in consecutive steps. First, 100 g of the Bc seeds
were milled to a particle diameter lower than 0.25 mm and mixed with zinc chloride solution
(100 g of ZnCl dissolved in 50 mL of water) to form a homogeneous paste [35]. After drying at
85°C in a conventional furnace for 120 min, the dried paste was put in a stainless reactor in
the furnace. Subsequently, the reactor was warmed from room temperature up to 600°C (10°C
min~") using nitrogen gas as purge gas (200 mL min~"), and then the temperature was

maintained at this temperature for 30 min. Next, the system was cooled down until the
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temperature dropped to 200°C. After cooling, the pyrolyzed material was refluxed with 6 mol
L=" HCI at 80°C for 2 h [36]. Subsequently, the material was dried in an oven at 95°C and called

BcB-1.0. Another material (BcB-1.5) was similarly prepared using 100.0 B¢ and 150 g ZnCl..

2.3 Biochars characterization

The textural properties of BcB-1.0 and BcB-1.5 biochars were attained employing N:
adsorption and desorption isotherms utilizing a surface analyzer furnished by Micromeritics,
model TriStar 3000. The textural properties (Sger, total pore volume, and pore size distribution)

were determined as recommended [37,38].

Fourier-transform infrared spectroscopy (FTIR) spectra were recorded from both
activated biochars using an IR Prestige-21Fourier Shimadzu) [39], with KBr pellets. The CHN

elemental analysis was acquired using an Agilent analyzer [35].

The hydrophobicity balance (HI) was conducted as previously described [18,20,21].

The thermogravimetric analysis (TGA) analysis of the BcB-1.0 and BeB-1.5 biochars was
obtained using TA equipment (model SDT Q600). The analysis was conducted from 20°C to
800°C using nitrogen (10°C min~") and from 800-1000°C under synthetic air (10°C min~")
[32,33]. The first range from 20 to 800°C was to verify the thermal behavior of the BcB-1.0 and
BcB-1.5 under an N2 atmosphere, and the second range (800—1000°C) was utilized to degrade
the carbon matrix, forming residual ashes [32,33].

The point of zero-charge (pHp.c) of BcB-1.0 and BcB-1.5 was measured as previously

described [32].

2.4 Adsorption experiments

The batch adsorption experiments employed adsorbent (BcB-1.0 and BcB-1.5) and
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adsorbate (enalapril) [40-43]. Further details were provided in Supplemental Material.
The kinetic and equilibrium data were modeled using nonlinear fitting [44]. The statistical
evaluation (Supplemental Material) of these models was performed using the standard

deviation of residues (SD), R?agjusted, and Bayesian Information Criterion (BIC) [44,45].

2.5. Adsorption kinetics, isotherms, and thermodynamics

The kinetic adsorption data were assessed using four nonlinear models such as pseudo-
first-order (PFO) [44], pseudo-second-order PSO [44], fractal-like pseudo-first-order (FL-PFO)
[46], and fractal-like pseudo-second-order (FL-PSO) ones [46].

The isotherm data were explored using the models of Liu [44], Freundlich [44], and
Langmuir [44]. Details are shown in Supplemental Material [44,46].

In order to explore the influence of temperature and the interactions between BcB-1.0 (or
BcB-1.5) and enalapril, thermodynamic studies were conducted from 10°C to 45°C [44,47-49].

Details are shown in Supplemental Material.

2.6. DFT computational study

Atomistic simulations in the framework of the density functional theory (DFT) were
performed with the Gaussian16 software package [50], applying the M06-2X exchange-
correlation functional [51] and a 6-31G(d) basis set. Geometry optimizations were conducted
without symmetry constraints, and frequency calculations followed them to confirm that all
structures correspond to energy minima. The interaction energies are calculated as the
difference between the overall system energy and the energies for each component. According
to the Counterpoise method, they were corrected for the basis set superposition error (BSSE)
in all the complexes [52]. The solvent effects (i.e., water) were modeled according to the

Polarizable Continuum Model (PCM) [53,54], where the solvent dielectric response is projected
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on the surface of a cavity of molecular shape where the solute is placed.

2.7. Synthetic wastewater

Two pharmaceutical-industry wastewater samples with eight pharmaceuticals, two sugars,
four organics, and eight inorganic salts were produced (Table S1) [19-21]. The quantities of
the chemicals present in the synthetic wastewater are consistent with industrial-

pharmaceutical effluents and hospital effluents [19-21].

3. Results and discussion

3.1 Characterization of BcB-1.0 and BcB-1.5

The isotherms of adsorption and desorption of nitrogen for BcB-1.0 and BceB-1.5 carbon
materials (Fig. 1) can be classified as type I(b) according to IUPAC [37]. The isotherm type I(b)
is compatible with materials exhibiting a mixture of microporous and mesoporous [37] (Fig 1b).
The pore size distribution curves of both carbon materials presented a fraction of pores with
diameters 1-2 nm (microporous materials) and a fraction of 2 to less than 6 nm (mesopores).

The highest nitrogen volumes adsorbed by B¢cB-1.0 and BeB-1.5 at p/p°® = 0.99 were
433.4 and 512.4 cm3 g, respectively. The total pore volumes were 0.392 (BcB-1.0) and 0.492
cm?® gt (BcB-1.5). Their Brunauer-Emmett—Teller (BET) surface areas were 1267 (B¢cB-1.0)
and 1520 m2 g (BcB-1.5). These textural characteristics agree with previously prepared
activated biochars [32,39]. For example, Cimirro et al. [32] prepared activated biochar from
Pinus elliottii sawdust and obtained an Sger of 1473 m?g~ and TPV of 0.707 cm®g~. Dos Reis
et al. [39] used bark trees as a carbon source for producing active biochar. They obtained Sger
ranging from 98 m? g (chemically treated with MgCl,) to 2209 m? g~ (chemically activated

with KOH) and total pore volume ranging from 0.31 (chemically treated with MgCl,) to 1.49
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cm® gt (chemically activated with KOH). In general, the textural characteristics of the carbon-
based material are strongly dependent on carbon sources, types of activation (chemical or
physical), heating programs used during pyrolysis, chemical activators (salts employed in
impregnation steps), and extraction utilized to remove residual inorganics after pyrolysis steps

[32,33,35,39].

<Fig 1>

The functional groups on the surface of BcB-1.0 and BcB-1.5 activated biochars were
attained using the FTIR technique (Fig 2). The broad band at 3402 cm~' (BcB-1.0) and 3149
cm~" (BcB-1.5) belongs to the O—H stretching with intermolecular hydrogen bonding [32,33].
Two bands at 2922 and 2852 cm™' for both carbon materials correspond to the asymmetric
and symmetric C—H stretching, respectively [35,36]. Aband at 1741 cm~"' (BcB-1.5) is assigned
to C=0 of carboxylic acid or aldehyde [40,42]. A band at 1614 cm~" of BcB-1.5 or 1566 cm™' of
BcB-1.0 is designated to stretch O=C-O0 of carboxylates [20,32,33]. Some small bands at 1462
cm™ (BcB-1.0), 1460 cm™ (BcB-1.5), and 1400 cm™ (BcB-1.0) are ascribed to C=C of arene
rings [20,21]. The bands at 1385 cm~' (BcB-1.0) and 1387 cm™ (BcB-1.5) can be attributed to
the C-N chemical bonds of amines or amides that can be overlapped with
C-H bending [33,35]. The bands at 1253 cm~" (BcB-1.0) and 1255 cm™ (BcB-1.5) are related
to the C-O stretch of ethers or phenols [33,36]. The band at 1150 (BcB-1.0) and 1163 cm™
(BcB-1.5) are denoted to the C—O stretch of alcohols. The bands at 1120 cm~ (BcB-1.0) and
1122 cm™" (BcB-1.5) are due to the C—C-O stretch of ester [40,42]. The vibrational bands at
877 cm™' and 802 cm~' (BcB-1.0) and 897 cm™' (BcB-1.5) can be designed for C—H out-of-

plane bending [32,33].

< Fig 2>
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The Boehm titration provides quantitative information regarding the acidic and basic groups
on a solid surface [55,56]. The results of the Boehm titration (total acidity and basicity) were
obtained for BcB-1.0 (0.5021 and 0.1144 mmol g~') and BcB-1.5 (0.3937 and 0.09922 mmol
g~', respectively). Furthermore, the number of functional groups on BcB-1.0 was observed to
be higher than that on BcB-1.5. As a result, the hydrophobic/hydrophilic (HI) ratio [18,19] of
BcB-1.0 and BcB-1.5 was 0.819 and 0.928, respectively. Therefore, Hl was calculated as

described by equation 1 [18,19].

n — heptane vapor (mg) (1)

HI = adsorbent mass (g)

water vapor (mg)
adsorbent mass (g)

The values of HI obtained for BcB-1.0 and BcB-1.5 agree with the sum of functional groups
present in the carbon-based material. The sum of acid and basic groups of BcB-1.0 and BcB-
1.5 was 0.6165 and 0.4929 mmol g, respectively. When more functional acidic and basic
groups on adsorbent have, the lower value of HI is obtained [20,33]. This is because the acidic
and basic groups are polar and tend to uptake water vapor on the solid surface [20,33].
Therefore, BcB-1.5 had 13.31% more hydrophobic behavior when compared to BcB-1.0 due
to the lower amount of polar acidic and basic groups [20,33].

Four (BcB-1.0) and five (BcB-1.5) weight losses were viewed in the TGA profiles of the
biochar samples (Fig 3). The descriptions of temperature ranges and weight losses can be
seen directly in Fig 3. For BcB-1.0, the 15t weight loss can be assigned to adsorbed water
losses. The 2" weight loss can be assigned to water losses in the voids between BC particles
and pores and losses of hydroxyl groups of BcB-1.0 biochar [20,32]. The 3™ weight loss is
assigned to the decomposition of the carbon matrix when the atmosphere is changed from
nitrogen to air [20,32]. Finally, the 4™ weight loss is assigned to the finalization of the oxidation
of the carbonaceous matrix using oxygen, resulting in inorganic ashes that are left as a residue
[35].

<Fig 3>



266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

11

For BcB-1.5, the 15t stage corresponds to the losses of adsorbed water [20,32]. The second
stage is assigned to losses of interstitial water present at the pores or among the carbon
particles [20,32]. The 3™ weight loss involves weight losses of releases of hydroxyl and
carbonyl groups present on the BcB-1.5 material [20,32]. The 4™ stage is assigned to the
degradation of carbonaceous bulk when the purge gas is altered from N; to synthetic air
[20,32]. Finally, the 5" stage corresponds to the complete oxidation of the organic matrix,
leading to the formation of inorganic ashes. The ashes contents left in the final residues were
2.27% (BcB-1.0) and 3.11% (BcB-1.5). The higher amount of inorganics left in BcB-1.5 was
higher than in BcB-1.0 because the first material utilized 50% more ZnCl; in the impregnation
step. With the HCI leaching out of the inorganics step, the most inorganic matter was removed
[35,36], but some residual inorganics could remain in the carbon-based materials [36].

Table 1 presents the elemental analysis (i.e., carbon, hydrogen, and nitrogen) of the BcB-
1.0 and BcB-1.5 activated biochars.
<Table 1>

Comparing BcB-1.5 with BcB-1.0, the content of C increased by 10.17%, H content
decreased by 49.75%, N content decreased by 48.63%, O content decreased by 29.70%, and
ashes content increased by 37.00%. These results show that BcB-1.5 activated biochar had
fewer functional groups than BcB-1.0, as discussed above, being BcB-1.5 more hydrophobic
than BcB-1.0. Furthermore, the molar ratio C/H of BcB-1.5 was 119.2% higher than that of
BcB-1.0, indicating more C atoms for each hydrogen present in the carbonaceous material.
This result shows that the biomass formed aromatic condensed rings during the pyrolysis. The
higher the ratio C/H is, the more aromatic the structure of the carbon-based material. When
the C/H molar ratio decreased, carbon-based material presented a higher content of aliphatics.
The molar ratio C/(O + N) of BcB-1.5 was 60.56% higher than that for BcB-1.0. This result
shows that BcB-1.5 had fewer functional groups than BcB-1.0, as observed in the Boehm
titration.

The pHyzc values of BcB-1.0 and BeB-1.5 biochars were 5.85 and 6.61, respectively (Fig
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4). These values showed that BcB-1.0 presented more acidic groups than BcB-1.5. Again,

these results match the Bohem titration discussed above and the results in Table 1.

3.2 Preliminary batch contact adsorption experiments.

The influence of initial pH is one of the main factors that should be taken into account for
optimizing the parameters in the batch adsorption systems. Fig S2 depicts the pH effect on the
enalapril uptake by the BcB-1.0 and BcB-1.5 biochars. At pH 2.0, the enalapril removals were
65.32% (BcB-1.0) and 72.54% (BcB-1.5); these values augmented up to pH 5.1, attaining
75.37% (BcB-1.0) and 85.54% (BcB-1.5). From pH 5.1 up to 10.1, the removal percentage
was practically constant for both adsorbents. Making average values from the removal
percentages (pH 5.1-10.1), the percentage of removal (%) was 77.52 + 0.96 (BcB-1.0) and
86.27 + 0.44 (BcB-1.5). In order to continue this work, the initial pH of enalapril solutions was
fixed at 7.0, taking into account that neutral solutions are an adequate medium for the
treatment of effluents [1,22,32].

The pHpzc of BcB-1.0 and BcB-1.5 was respectively 5.85 and 6.61. The pKa values of
enalapril are 3.16, 3.88, and 5.21 (see Figs. S1 and S3). At pH 7.0, the specie D (Fig S3) is
the predominant specie of enalapril (98.39%). The specie D contains a carboxylate that is
negatively charged. At pH 7.0, both biochars are negatively charged. Therefore, based on
these experiments of the effect of initial solutions pH, pHyzc values of the biochar, and pKa
values of enalapril, it is possible to infer that the mechanism for uptaking the enalapril drug
was not electrostatic.

The effect of adsorbent mass on the removal percentage and in the enalapril uptake using
both biochars is shown in Fig S4. The behavior of these curves is similar to both biochars. The
maximum enalapril removal percentage is practically constant for adsorbent mass >50.0 mg.
Conversely, the sorption capacity decreased continuously with an increase in adsorbent mass.

This effect can be mathematically expected [57]:
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% Removal.Cy.V (2)
100.m

q:

In Equation 2, the adsorbent sorption capacity (q) is inversely proportional to the
adsorbent mass (m). Therefore, an increase in the adsorbent mass will make the sorption
capacity decrease (when considering the adsorbate volume V and initial drug concentration
C, were fixed values). Besides Equation 2, the decrease of sorption capacity with increasing

adsorbent mass can be explained using two factors.

¢ Anincrease in adsorbent mass using a fixed initial concentration and adsorbate volume
will lead to the unsaturation of adsorption sites through the adsorption process;

e The diminution of g can be assigned to the adsorbent particle aggregation for elevated
adsorbent masses. This adsorbent aggregation will lead to a diminution of adsorbent

surface area and an increase in adsorbate diffusional path length [57].

Also, observing Fig S4, the difference in the removal percentage among 30-50 mg
intervals was around 1%. However, the difference in sorption capacities in the 30-50 mg
interval was higher than 63% in sorption capacities. In this sense, in this work, the

adsorbent mass was fixed at 30.0 mg for continuing this work.

3.3 Adsorption kinetic study

The kinetics for enalapril adsorption on BcB-1.0 and BcB-1.5 was explored, and the
kinetic parameters (Table S2) and the kinetic profiles (Fig. 5) were presented. The statistical
parameters R2q;, SD, and BIC values were used to assess the best-fitting of the experimental
data. The best-fitted kinetic model will have a R2.qj value closer to 1.00, the lowest SD and BIC
values [19-21]. Table S2 shows that the FPSO kinetic model has R2.4j values closer to 1.00,

and the minor SD values were obtained for both biochar materials.

The difference in BIC values between pseudo-first-order and fractal-like pseudo-second-

order models ranged from 45.23 to 79.39 (BcB-1.0) and 79.66 to 83.13 (BcB-1.5); between
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pseudo-second-order and fractal-like pseudo-second-order were 19.62—49.85 (BcB-1.0) and
60.55-62.22 (BcB-1.5); and between fractal-like pseudo-first-order and fractal-like pseudo-
second-order were 20.23-54.27 (BcB-1.0) and 58.69-61.70 (BcB-1.5). These BIC differences
between PFO and FPSO, PSO and FPSO, and FPFO and FPSO were consistently higher
than 10, indicating that the fractal-like pseudo-second-order model was the most suitable
kinetic data for describing the uptake of enalaprii on both carbon-based adsorbents

[32,36,44,45].

<Fig 5>

Considering that different kinetic models have different units for the kinetic constant-rate, it
becomes difficult to compare them. On the other hand, the time to attain 50% (f.s) and 95%
(fo.os) of saturated adsorbent have been successfully employed to compare these different
kinetic models [19-21,32,36,44]. Since fractional-like pseudo-second-order was the best-fitted
kinetic model, the values fys were 1.894—1.881 min (BcB-1.0) and 1.888—-1.894 min (BcB-1.5).
The values fogs were 22.22—-22.44 min (BcB-1.0) and 20.37-21.00 min (BcB-1.5). The low
values of time to attain 50% and 95% of adsorbent saturation [44] indicated that the uptake
kinetics of enalapril on both carbon-based adsorbents was fast [44]. In order to continue this
research, the time of contact between the adsorbent and adsorbate was set at 40 min (>t;.95)

to ensure that the contact time is sufficient for attaining equilibrium [44].

3.4 Adsorption isotherm study

The uptake isotherms for enalapril onto BcB-1.0 and BcB-1.5 biochars were conducted at
different temperatures of 10-45°C (Table S3). The uptake isotherms of enalapril on both
carbon-based materials at 45°C are depicted in Fig 6. The adequacy of the equilibrium models

was checked using R?.4, SD, and BIC values. According to these statistical parameters, the
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Liu isotherm was the best-fitted equilibrium model, with R?.4 being 0.9991-0.9999. Also, this
model's SD and BIC values were the lowest [22,44]. The difference between the BIC values of
the Langmuir model minus those of the model ranged from 38.46 to 251.9 for BcB-1.0. For the
BcB-1.5 carbon adsorbent, at 10°C, ABIC between the Langmuir and Liu models was 4.514;
however, from 20°C to 45°C, the corresponding values ranged from 91.58 to 120.9. The
difference in BIC value between Freundlich and Liu ranged from 45.44-261.7 (BcB-1.0) and
110.4-126.1 (BcB-1.5). It is well known that 2< ABIC <6, the model with the low value of BIC,
tends to be the best-fitted model [44,45]. On the other hand, for ABIC >10, the model with the
low BIC value is undoubtedly the best-adjusted model [44,45]. Based on the results above for
BcB-1.0, indeed, the Liu model is better fitted than the Langmuir and Freudlich model because
of ABIC >10. The Liu model was the best-fitted for BcB-1.5 from 20-45°C. At 10°C using BcB-
1.5 carbon adsorbent, the Liu model tends to be the best-fitted model compared to the
Langmuir model [44,45].

There is no regular pattern of Qmax values with increasing temperatures for the uptake of
enalapril using BcB-1.0 and BcB-1.5. However, at 45°C, the maximum values of Qmax (Liu
model) were obtained as 347.5 mg g~' (B¢B-1.0) and 455.3 mg g~' (BcB-1.0). In contrast, the
Ky values regularly decreased with increasing temperatures for both carbon-based materials,
indicating that the adsorption process was exothermic for the uptake of enalapril on both
biochars [47-49] (Table S3).

<Fig 6>

No reported study deals with removing enalapril as an adsorbate, so these sorption
capacities were considered high compared to other pharmaceuticals. For example, Cunha et
al. [21] obtained Qmax values (Liu isotherm) ranging from 442.2 to 717.2 mg g~' to uptake
captopril using Butia catarinensis activated carbon. Dos Reis et al. [39], using bark-activated
biochars, obtained Qmax values (Liu isotherm) ranging from 321.2 to 752.7 mg g~" for the uptake
of acetaminophen. Using magnetic biochar, Thue et al. [20] obtained Qmax values (Liu isotherm)

ranging from 159.2 to 199.3 mg g~' to uptake nicotinamide and Qmax values ranging from 301.0
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to 335.4 mg g’ for the uptake of propranolol.

3.5 Adsorption thermodynamics and mechanism

The thermodynamic parameters of adsorption AH° and AS° were attained employing the
nonlinear van't Hoff plot [49] (see Fig S5). The K2 values [47,48] were acquired utilizing the
values of Ky from the Liu isotherm at 283-318 K (see Supplementary Material and Table S4).
The standard Gibb's energy change (AG°) values were all negative for 283-318 K (Table S4),
indicating favorable and spontaneous adsorption processes for both carbon-based
adsorbents. The values AH° were —35.46 (BcB-1.0) and —35.18 kJ mol™" (BcB-1.5). These
values of AH° are in agreement with a physical adsorption process [58,59]. Hydrogen bonds
have AH° values ranging from 25 to 60 kJ mol~' [58,59], which matches the value of AH® of
adsorption. Therefore, it could be assumed that the uptake of enalapril onto BcB-1.0 and BcB-
1.5 activated biochars is governed by physical adsorption.

Considering the enalapril physicochemical properties and the chemical structure of
adsorbate (enalapril) and activated biochars, interaction mechanisms between the adsorbent
and adsorbate took place by the donor—acceptor interactions (n—n interaction) that takes place
between arene rings in the biochar that work as an electron acceptor and the carboxylate
groups of enalapril. In addition, the O of carbonyl groups and the N of the secondary amine
and proline groups on the enalapril can work as an electron acceptor [21,33].

Another remarkable interaction is the hydrogen bonding of —OH groups available on
biochars with the O (carbonyl and carboxylate) and N atoms (secondary amine and proline) of
the enalapril, at pH 7.0 (see the structure D in Fig S3) [21]. In addition, C-H's van der Waals
interaction, known as hydrophobic interactions, occurred [21,33]. Furthermore, considering the
BcB-1.0 and BcB-1.5 textural properties, the pore-filling mechanism should also take place as
the primary contributor to the overall uptake of enalapril. The diagram in Fig 7 presented

mechanisms suggested for adsorbing enalapril onto both biochars. In order to identify more
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accurately which kind of interaction mainly drive the adsorption of enalapril, DFT calculations
were conducted.

<Fig 7>.

3.6. DFT computational study

The interaction between enalapril and a graphitic domain of a biochar pore, modeled by a
circumcircumcoronene molecule (CgsH24), has been theoretically explored by the DFT
calculations. Four configurations for enalapril toward the graphitic domain differed in the main
adsorbate segments interacting with the biochar pore (Figure 8). Among these adsorption
configurations, the most stable one, depicted by interaction energy of —88.7 kJ mol™", implies
a face-to-face n—n stacking interaction involving the enalapril phenyl segment and an aromatic
ring of CosH24, as well as London dispersion (van der Waals interaction) arising from the
proximity of ethoxy/pyrrolidine to CgsH24 carbon atoms, with interatomic distances of 3.31 A for
the former and 3.60 A /3.48 A for the latter (Figure 8a). Remarkably, the magnitude of this
interaction energy corresponds to a noncovalent assembly, in line with the adsorption process
herein described.

Slightly lower interaction energies are found for the second adsorption mode, where the
ethoxy contribution to the noncovalent interplay is precluded (Figure 8b), and the third one,
where a tilted face-to-edge n—n stacking occurs (Figure 8c) with an inter-ring distance of 3.57
A, larger than the face-to-face one observed in the most stable case. The obtained interaction
energies are —75.3 kJ mol~" and —67.4 kJ mol™', respectively, suggesting a more relevant role
played by the phenyl ring compared to ethoxy in the adsorbate anchoring to the biochar pore.
Finally, in the last enalapril configuration, the n—r stacking is precluded (Figure 8d), enabling
only the ethoxy and pyrrolidine segments to contact CoeH24, resulting in the lowest interaction
energy of the considered series, i.e., —28.0 kJ mol~', confirming the pivotal role of phenyl in the

enalapril adsorption toward a graphitic domain of biochar.
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<Fig 8>

3.7. Adsorption under synthetic effluent conditions

Based on the batch contact adsorption studies and also the remarkable textural
characteristics of BcB-1.0 and BcB-1.5 activated biochars, it is supposed that both materials
can be applied for wastewater treatment of pharmaceutical industrial effluents. Therefore, 2
synthetic wastewaters (Table S1) were used for evaluating the accomplishment of BcB-1.0 and
BcB-1.5 material for the uptake of several medicines mixed with different chemicals available
in industrial effluents [19,22] (Fig 9 and Table S1).

The molecular absorption spectra of two types of wastewaters were utilized to evaluate the
total quantity of all substances uptaken (Fig. 9). The UV-Vis spectra were recorded from 190
to 500 nm before and after the batch-contact adsorption procedure with both biochars. The
overall removal percentage of all the components in both synthetic effluents was obtained by
integrating the area under the absorption band, as previously described [19-22].

After the complete adsorption, it was attained a removal percentage of 98.66% (effluent A)
and 98.09% (effluent B) using BcB-1.0 and 99.06% (effluent A) and 98.59% (effluent B) using
BcB-1.5 activated biochars. It is essential to focus on the fact that both carbon adsorbent
materials presented elevated uptake of overall organic compounds, even when the chemical
quantities were doubled. These observations indicate that both carbon-based materials can
be employed for actual wastewater treatment in the pharmaceutical industry.
<Fig 9>

4. Conclusions

The BcB-1.0 and BcB-1.5 activated biochar adsorbed enalapril maleate efficiently from
aqueous wastewater. Both biochars were chemically activated, forming biochar with

outstanding textural properties such as high surface areas 1267 (BcB-1.0) and 1520 m? g~
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(BcB-1.5) and high total pore volumes 0.392 (BcB-1.0) and 0.492 cm?
g~' (BcB-1.5). Based on the Bohem titration, it was obtained the total acidity of 0.5021 (BcB-
1.0) and 0.3937 mmol g~' (BcB-1.5), and the total basicity obtained was 0.1144 (BcB-1.0), and
0.09922 mmol g~' (BcB-1.5). The hydrophobic/hydrophilic ratio (HI) of BcB-1.0 was 0.819, and
that of BcB-1.5 was 0.928. The values of HI obtained for BcB-1.0 and BcB-1.5 are in agreement
with the sum of functional groups present in the carbon-based material. The FTIR analysis
showed that both biochars presented the OH, COOH, arene rings, phenol, esters, and groups
that could interact well with enalapril maleate.

The kinetic studies showed that the fractal-like pseudo-second-order was the most suitable
kinetic model for describing the uptake of enalapril on both carbon-based adsorbents. The
isotherm data were better fitted to the nonlinear Liu model (10-45°C). At 45°C, the maximum
values of Qmax (Liu model) were obtained, being 347.5 (BcB-1.0) and 455.3 mg g~' (BcB-1.0).
The thermodynamic adsorption studies were conducted using the equilibrium constant
obtained from the Liu isotherm from 283-318 K. The standard Gibb's energy change (AG®)
values were all negative for this temperature range, indicating favorable and spontaneous
adsorption processes for both carbon-based adsorbents. The AH® were —35.46 (BcB-1.0) and
—-35.18 kJ mol™" (BcB-1.5). These values of AH° agree with a physical adsorption process
confirmed by DFT calculations. Both activated biochars were used for treating simulated
pharmaceutical industry wastewater. It attained an overall removal percentage of up to

99.06%.
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Weight ratio Molar ratio
Sample %ash HI PHpzc
%C %H %N %0 C/H C/(N+0)
BcB-1.0 72.56 1.99 1.83 21.35 2.27 3.06 4.12 0.819 5.85
BcB-1.5 79.94 1.00 0.94 15.01 3.11 6.71 6.62 0.929 6.61




30

750 List of Figures
751
600 5
2t @ (b)
BET surface area 1520 m°g™  BJH pore volume 0.492 cm®g”
i r‘; —u— BcB-1.5
500 e meRetetene o 4 %
ofowo'{-"—v s
./ g
A — o)
—_ aHE THEaC] °
< 400 D,.p.u'“”" 3
e BET surface area 1267 m%g’'
€ BJH pore volume 0.392 cm®g” : , : ; ; =
= 300 + 1 2 4 8 16 32
-ﬁ 1.8
o —m— BcB-1.0 Adsorption ' g8
200 - —C— BcB-1.0 Desorption ]
—e—BcB-1.5 Adsorptlion O 1.2+ 148 —m—BcB-1.0
I —0=—Bc¢B-1.5 Desorption g 0ig 216 273
100 4 % 0.6
T T T T T T © 03 - 1588
0.0 0.2 0.4 0.6 0.8 1.0 00 ] i
T T T T T T T
P/PQ 1 2 4 8 16 32 64
752 Pore Diameter (nm)

753  Fig 1. Textural characteristics of BcB-1.0 and BcB-1.5 activated biochars. (a)- N2 isotherm. (b)

754  pore size distribution.

755



31

756
757
85
851 a-1462; b-1400; c-1385; d-1253 (a) (b)
80 4 e-1150; f-1120, g-877, h-802
—_ 80
g\ol 754 ;\;;
@ =
8 70 8 754
5 s 5
§ 60 & 704
E 55 Eg a-1614; b-1460; c-1387; d-1255
I— 3402 = 3419 e-1163; 1-1122; £-897; h-590
50 4 65 -
45
40 T T T L} T T T 60 T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2300 2000 1500 1000 500
758 Wavenumber (cm™) Wavenumber (cm™)
759 Fig 2. Vibrational spectra of (a) BcB-1.0 and (b) BcB-1.5 activated biochars.

760



32

761
762
100 4.<a.c . (a) 100 A< ) (b)
—~ 804 —~ 80
< S
@ @
& 60 4 BcB-1.0 o 604 BcB-1.5
: Step [ti (°C) |tf (°C) |weight loss (% E Step |ti (°C) [tf (°C) |weight loss (%
= a | 286 741 3.41 > a | 173 1782 5.19
D 404 b | 7441|4671 -1.56 @ 40 b [178.2] 4313 -26.86
o c | 467.1/739.8 924 = c [ 431.3] 7945 642
= d | 739.8] 1000 036 —d | 7945 963.0 -58.13
e |963.0] 1000 -0.29
20 A[overall weight loss -97.73 204
overall weight loss -96.89
0 g T T T T T 0 -I T L] T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
763 Temperature (°C) Temperature (°C)
764 Fig 3. Thermogravimetric analysis of (a) BcB-1.0 and (b) BcB-1.5 biochars.

765



33

766
24
1 -
S0
<]
=
2
2 4 6 8 10 2 4 6 8 10
767 initial pH initial pH
768 Fig 4. pHpzc of (a) BcB-1.0 and (b) BcB-1.5 activated biochars.

769



770

771

772

773

774

775

776

200 ~ S
~ I
150 4
‘_'CD m Experimental points
o)) ——PFO
& T80 -
= —FPSO
50 4
O 1'L T T T T T
0 50 100 150 200 250
Co(mgL™)
250 +
PO PO
200 ~
‘Tg 1504 « ;?(ggrimental points
e 4 e PSO
= —— FPFO
T 100 4 ——FPSO
50 +
O 1l Ll L T T T
0 50 100 150 200 250

Ce (mg L)

34

(b)

(d)

@) 0.
= = e S =]
200 1
A ® Experimental points
g 150 4 ——PFO
I ¥ PSO
> ——FPFO
o 100 1 —FPSO
50 4
0 Rl = r T T T
0 50 100 150 200 250
C, (mg L)
(©) 00 .
250~
<~ 200 1 ) !
[ [ ® Experimental points
pug —PFO
£ 1504¢ - PSO
=z ——FPFO
T ——FPSO
10044
50 4
0 19 T T T T T
0 50 100 150 200 250

Co (mg L)

Fig 5. Kinetics of adsorption of enalapril. (a) and (c) using initial concentration of 450.0 mg L

- (b) and (d) 900.0 mg L. (a) and (b) using BcB-1.0 and (c) and (d) using BcB-1.5 carbon

material. Conditions: initial pH 7, adsorbent mass 30.0 mg, and 25°C.



35

77
778
300 400
(a (b)
350 4
250 1
300 4
200
el o~ 2504
o) o)}
o 150 4 = Experimental points @ 200 4 e Experimental points
£ Langmuir £ Langmuir
e 100 4 Freundlich o 1501 Freundlich
—— Liu —— Liu
100 4
50 4
50 4
0 L T L) T T 0 A T T T Ll
0 200 400 600 800 0 200 400 600 800
779 Co(mgL™) Ce(mgL™)

780  Fig 6. Enalapril adsorption isotherm. Conditions: 45°C, adsorbent mass 30.0 mg, contact time

781 40 min, pH 7. (a) BcB-1.0 and (b) BcB-1.5.

782



36

783
(
hydr\oirii b
bonding .\ o \
e ~ hyd
7Y * o | e
Pore filling
RS
enalapriland_ * “»
R e S otherorganic% .“
The interaction mechanism occurs at the external surface and internal pores of the biochar
External surface
adsorption
784
785 Fig 7. The possible interactions between enalapril and activated biochars.

786



37

787
788
@ -88.7 kJ mol™! @ -75.3 kJ mol™! @ -67.4 kJ mol™! @ i -28.0 kJ mol”’
1326 Ty
789

790  Fig 8. Possible adsorption configurations of enalapril on a graphitic model of biochar unraveled

791 by DFT calculations.

792



38

793
4.0 4.0
(a) — Effluent B 10X diluted before adsorption (b)
3.5 —— Effluent A 10X diluted before adsorption 354 —— Effluent B after treatment with BcB-1.0
> —— Effluent A after treatment with BcB-1.0 . —— Effluent B after treatment with BcB-1.5
—— Effluent A after treatment with BeB-1.5
3.0 3.0
gc'g 254 § 254
(0] (0]
£ 201 £ 201
8451 2451 /98.09% Removal using BcB-1.0
<" <"
1.0 4 G " 1.0 4
"98.66/0 Removal using BcB-1.0 ..98.59% removal using BcB-1.5
0.5+ - 99.06% removal using B¢B-1.5 0.5+ ’
0.04; T T : T : T 0.04; T T . - . ;
200 250 300 350 400 450 500 550 200 250 300 350 400 450 500 550
794 Wavelength (nm) Wavelength (nm)

795  Fig 9. Synthetic pharmaceutical industry wastewaters. The absorption spectra before and after

796  adsorption. (a) Effluent A; (b) Effluent B. Conditions: 25°C, adsorbent mass 30.0 mg, contact

797  time 40 min.
798

799



