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In this study, for the first time, a selenium-doped mesoporous biochar was prepared and efficiently employed for
sodium diclofenac and reactive orange 16 dye adsorption. The characterization results indicated that selenium
doping had a remarkable impact on Biochar-Se morphological and physicochemical structures. The efficacy of
developed biochar samples on reactive orange 16 (RO-16) and diclofenac (DCF) removals was fully investigated.
For both molecules (DCF and RO-16), Liu’s equilibrium model offered the best fitness with maximum adsorption
capacity values of 355 mg g ! for DCF and 538 mg g~ * for RO-16 for Biochar-Se. Multiple mechanisms including

pore filling, n-n interaction, and hydrogen bonding between the Biochar-Se and DCF/RO-16 molecules were
involved in the adsorption process. Se-nanoparticles formed metal-oxygen bonds, which boosted the adsorption
of DCF and RO-16 molecules. The current work offered a feasible approach for the development of Se-doped
biochar adsorbent that is incredibly effective in treating wastewater.

1. Introduction

Water contamination has been a serious problem worldwide for a
long time, and anthropogenic activities related to pharmaceutical and
textile industries have worsen the problem due to the release of col-
ourful and drug-loaded effluents into waterbodies. It is reported that
over 20% of the contamination of water worldwide is attributed to dyes
and drugs (Abadi et al., 2023; Omorogie et al., 2021). Into the envi-
ronment, these contaminants may cause damage to aquatic ecosystems
as well as pose risks to human health (Farré et al., 2008; Lin et al., 2022).
Thus, is mandatory to remove these contaminants from the effluents
before they are discharged into natural waterbodies.

Several methodologies have been employed to treat effluents loaded
with drugs and dyes including, biological treatment (Bessa et al., 2017,
Moreira et al., 2018; Ong et al., 2020; Zur et al., 2018), photocatalysis
(Ajmal et al., 2014; Castaneda-Juarez et al., 2019; Rafiq et al., 2021,
Simovic et al., 2023), Fenton-like processes (Qian et al., 2020; Zhang
et al., 2019), membrane filtration (Alfonso-Muniozguren et al., 2021;
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Liang et al., 2021; Liu et al., 2023; Pramono et al., 2023), and adsorption
(Malek et al., 2021; Rostamian and Behnejad, 2018; Thakur et al., 2023;
Xie et al., 2023) and others (Furlan et al., 2010; Lima et al., 2022; Wang
et al., 2021). However, many of these methodologies demand expendi-
ture of elevated costs for implementation and operation; moreover, they
generate huge amounts of by-products and sludge, which require further
treatments and management. However, among these methods, adsorp-
tion appears to be the most affordable, and efficient with simpler
operation (Ahmed et al., 2023; Anastopoulos et al., 2022a, 2022b;
Kalderis et al., 2023; Usman et al., 2022). For an effective adsorption
system, the selection of the adsorbent is crucial, and activated carbon/
biochar (Baccar et al., 2012; Nizam et al., 2021) is the most employed
worldwide due to their high-developed porosity features and surface
functional groups that are crucial characteristics for high/performance
adsorbents.

Biochar can be prepared through pyrolysis from different carbon
precursors, from biomass (sustainable source), which has important
advantages including a low carbon footprint by using a more
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sustainable, abundant, and low-cost source (Do Minh et al., 2020). Be-
sides, biomass-derived carbon materials can be easily modified by
doping with other chemical elements such heteroatoms and some metal
oxides (Guo et al., 2020; Weidner et al., 2022). Selenium (Se), which has
the same electronegativity (2.55) to the C atom is an interesting strategy
for doping carbon materials. Se is a non-metallic chalcogen that pos-
sesses a large atomic size and abundant d-electron, which boost/facili-
tates ion/electron transport and provide additional active sites in the
carbon framework (Piri et al., 2021). In addition, Se can also interact
with its neighbouring molecules (Piri et al., 2021) which is helpful in
attracting pollutants and boost its adsorptive properties.

Herein, Se-doped biochar was prepared using spruce bark wastes as a
sustainable precursor. Norway spruce (Picea abies (L.) Karst.) is an
important and economically valuable tree for the European forest in-
dustry. Only in Sweden, 90 Mm? standing volumes are harvested, which
over 10-15% of this volume is bark that is undesired by-product, which
possesses very low-value for industrial purposes (Jansen et al., 2017).

Se was employed as a dopant to produce a high-performance
adsorbent, and the activation was done using combined hydrothermal
carbonization (HTC) and pyrolysis process. The pristine biochar was
used to compare the performance of Se-doped biochar. A deep investi-
gation on the effect of Se doping over biochar’s final physicochemical
properties was performed through several characterization techniques
such as surface area and porosity analysis, phase identification by X-ray
diffraction (XRD), microscopic visualization (Scanning Electron Micro-
scopy (SEM), and oxidation states by X-ray Photoelectron Spectroscopy
(XPS). The prepared biochars were tested in the removal of two different
molecules diclofenac (DCF) and reactive orange 16 dye(RO-16) dye
from aqueous solutions. The adsorbents’ ability to treat colourful and
pharmaceuticals synthetic effluents containing several dyes and drugs
contaminants were also performed. To the best of our knowledge, Se-
doping biochar was never involved in the adsorption process and this
work gives the first insights about using an easy and effective strategy to
make Se-doped high-performative adsorbents for dyes and drugs re-
movals, which further justifies it. Therefore, we expect that this work
can open new strategies for the fabrication/development of high-
performance adsorbent materials for tackling water/wastewater
pollution.

2. Materials and methods
2.1. Materials
Deionized water was utilized for preparing all solution preparations.

Sigma Aldrich provided the selenium dioxide (SeO,), Reactive orange 16
dye (RO-16), and sodium diclofenac (DCF). All chemicals were used as
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received with analytical grades specified by the sender.

2.2. Carbon material preparation

The biomass carbon materials were prepared in following consecu-
tive steps. First, 15 g of the spruce bark at a particle diameter lower than
0.5 mm were mixed with 5 g of SeO,, and placed into hydrothermal
carbonization (HTC) vessel of 150 mL of internal volume. 100 mL of
H3PO4 25% was added into the HTC vessel and heated at 150 °C for 16 h
with no pressure control. After HTC treatment, the sample was placed
into a beaker and dried in a drying oven for 24 h at 105 °C. After drying,
the dried material was placed in a ceramic reactor and heated at 800 °C
which was maintained for 1 h, under a heating rate of 10 °C/min. The
sample was pyrolysed and subjected to a physical activation with CO5
atmosphere under a CO2 flow of 300 mL/min. The system was subse-
quently cooled until it reached at room temperature. After cooling, the
pyrolyzed material was washed with boiling water to remove the traces
of inorganics weakly attached to the carbon matrix. Subsequently, the
material was dried (105 °C) and called Biochar and Biochar-Se.

2.3. Characterization of the adsorbent materials

Specific surface area (SSA), micropore area (Apjicro), mesopore area
(Ameso), and pore volume were obtained from N; isotherms measured by
a sorptometer (Tristar 3000, Micromeritics Instrument Corp., Norcross,
GA, USA). The adsorbent materials’ surfaces were subjected to
morphological analysis by using scanning electron microscopy (SEM)
method through an equipment FESEM; Zeiss Merlin, using an accelera-
tion voltage of 20 kV. XPS analysis was performed using a Kratos Axis
Ultra spectrometer with Al Ka monochromated source operated at 150
W, with a pass energy of 160 and 20 eV for acquiring survey and element
individual spectra. Raman spectra were obtained from a Bruker spec-
trometer (Ettlingen, Germany). The amorphous/crystalline feature of
both biochar materials were analyzed by an Rigaku SmartLab 9 kW X-
ray diffractometer (Rikagu Corporation, Tokyo, Japan), operating at 40
kV and 135 mA at a 26 angle of 10-80 using Co as source. The software
for analysis was PDXL2 coming together with the XRD device. The peaks
were identified using International Centre for Diffraction Data ICDD
(PDF-4 + 2023). The pHp,. of the biochars was determined by adding
20.00 mL of 0.050 mol/L NaCl with a previously adjusted initial pH (the
initial pH (pHj). The pH of NaCl solution was adjusted from 2.0 to 10.0
by adding 0.10 mol/L of HCI and NaOH to several 50.0 mL falcon tubes
containing 50.0 mg of biochars (Biochar and Se-Biochar in separate
tubes). The suspensions were shaken in an acclimatized shaker at 298 K
and allowed to equilibrate for 48 h. The suspensions were then centri-
fuged at 10,000 rpm for 10 min to separate the biochars from the
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Fig. 1. a) N, isotherms of adsorption-desorption and b) pore size distribution curves of Biochar and Biochar-Se.
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Table 1
Porosity features of the biochar materials.

SSA Amicro ApMeso Mesoporosity Pore volume

(g™ %) (em®g ™
Biochar 1207 402 805 66.7 0.84
Biochar-Se 1300 371 929 71.5 0.83

aqueous solution. The pH;j of the solutions was accurately measured
using the solutions that had no contact with the solid adsorbents; the
final pH (pHg) values of the supernatant after contact with the solid were
recorded. The value of pHy, is the point where the curve of pH (pHs —
pH;) versus pH; crosses a line equal to zero.

2.4. Adsorption studies

The batch adsorption was employed to test the ability of Biochar and
Biochar-Se in adsorbing RO-16 and DCF from synthetic solutions. The
mass effect, pH effect, contact time, and initial dye and drug concen-
tration were subjected to a deep evaluation. The adsorption tests were
performed in 50.0 mL Falcon tubes containing 20 mL of solution. The pH
effect was studied at pH range from 2 to 10. The kinetic was performed
using a fixed DCF and RO-16 solution concentrations of 200 mg L, and
with a contact time from 0 to 360 min. For isotherms experiments, both
DCF and RO-16 molecules ranged their initial concentrations from 50 to
1200 mg L'}, The adsorption tests were fixed at a shaking speed of 250
rpm for all experiments. After the contact time, the treated solutions of
DCF and RO-16 were measured by UV-Visible spectrophotometry
technique at wavenumbers of 276 nm (DCF) and 494 nm (RO-16).
The capacity of removal in q and % for both molecules were determined
based on Eqs 1 and 2, respectively, described in the supplementary
material.

3. Results and discussion
3.1. Physicochemical characterization of the materials

The porosity structure including BET surface area, micropore and
mesopore structures, and pore volume are essential features to under-
stand the efficiency of the biochars in the adsorption process, including
the mechanism of adsorption. The Ny isotherms were performed to
obtain the porosity features of Biochar and Biochar-Se. The N3 isotherm
curves (See Fig. 1a) confirmed the highly porous materials’ character-
istics. Based on IUPAC classification, both isotherms can be classified as
type IV, which exhibit a hysteresis loop suggesting high presence of
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mesopores (dos Reis et al., 2021; Thommes et al., 2015). However,
under low partial pressure, a high Ny uptake is observed, which is
attributed to the presence of microporous in the carbon pore structures.
Corroborating with Ny curves, the pore size distribution curves of the
carbon materials are exhibited in Fig. 1b. It can be seen that large
fractions are at diameter of around 2 nm (due to the micropores indi-
cated in N3 isotherms). In addition, big fractions of pores with diameters
up to 10 nm (small mesopores) are clearly seen in both materials.

However, Biochar-Se shows more mesopore features in the range
from 25 to 50 nm (big mesopores), and some presence of macropore
(around 75 nm). It seems that the selenium doping enhanced the number
of mesopores in the biochar. This statement is corroborated by the data
presented in Table 1, which shows SSA, micro and mesopore areas, and
mesoporosity contribution. The obtained areas were 1207 and 1300 m2/
g, for non-doped and Biochar-Se, respectively. The enhancement in SSA
value from Biochar to Biochar-Se sample highlights that the Se can act as
a spacer, due to its large atomic size, which widens the small pore into
bigger ones. In addition, it is known that the introduction of heteroatoms
including Se induces the creation of defects in the carbon structure,
which serves as active adsorption sites for boosting the material’s
adsorptive performance (dos Reis et al., 2023a).

The morphology of Biochar and Biochar-Se was analysed using SEM
to ascertain the impact of Se-doping on the materials. SEM images
correspond to Biochar (Fig. 2a,b,c) and Biochar-Se (Fig. 2d,e,f). The SEM
images were obtained at different magnifications 5 K (Fig. 2a,d), 55 K
(Fig. 2b,e) and 150 K (Fig. 2¢,f). It is clear from SEM images (Fig. 2) that
Se doping had a remarkable impact on surface morphology of biochar.
Pure biochar seems to present an intact structure with a smoother sur-
face with no cracks or holes (Fig. 2a). However, going to a 55KX of
magnification (Fig. 2b), the surface of Biochar sample displays some
roughness what is further confirmed by observing the Fig. 2c (150 K of
magnification). Compared to pure biochar, Biochar-Se presented a much
rougher and lesser intact surface (Fig. 2d,e,f), what can be related to the
effect of selenium doping that created more physical defects on the
doped biochar. Carbon materials rich in defects are reported to be
suitable adsorbent materials because the defects can act as adsorptive
sites (He et al., 2023; Wang et al., 2022).

Fig. 2 also shows the Selenium EDS element mapping is shown in
(Fig. 2d, insert), which revealed a homogeneous distribution of this
element over the biochar structure; the quantitative EDS analysis
showed that roughly 2% of Se was introduced in the carbon structure,
proving the successful Se-doping.

The elemental composition and chemical bonding states biochar
adsorbent materials were evaluated through XPS method and its spectra

Fig. 2. SEM images of materials: a) Biochar at 5 K of magnification; b) Biochar at 55 K of magnification; c¢) Biochar at 150 K of magnification; d) Biochar-Se at 5 K of
magnification with EDS mapping of selenium; e) Biochar-Se at 55 K of magnification; f) Biochar-Se at 150 K of magnification.
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Fig. 4. Raman spectra of Biochar (a) and Biochar-Se (b), and XRD patterns for Biochar (c) and Biochar-Se (d).

are shown in Fig. 3. The XPS survey spectra (Fig. 3a) of Biochar and
Biochar-Se indicate the presence of carbon, oxygen, and phosphorus in
both materials while Se is observed only in Biochar-Se indicating its
successful doping. It is worthwhile to note that the phosphorus present
in both biochars is in PO3" form, and it comes from H3PO4 that was used
to chemically activate the biochars. The Se 3d deconvoluted XPS data of
Biochar-Se is shown in Fig. 3b and it exhibits similar to those of Se-doped
carbon in the literature (B. Zhang et al., 2020). The Se 3d peaks at 55.6
eV and 56.5 eV are ascribed to Se 3d5/2 and Se 3d3/2, representing the
selenium-carbon bond (Jin et al., 2012) while the peaks at 58.3 and 59.5
eV are attributed to selenium bonded to oxygen (Liu et al., 2020; Luo
et al., 2015). The quantitative values for carbon, oxygen, phosphorus
and selenium for Biochar-Se were 86.5, 10.8, 1.80 and 1.10% (at. ratio

%), while for Biochar were 87% (carbon), 8.9% (oxygen), and 1.2%
(phosphorus) (see supplementary Table S3). Se was not detected in
Biochar sample. The XPS results showed that Biochar-Se nanostructure
contains selenium, indicating the formation of C-Se chemical bonds in
the carbon frameworks.

Raman spectroscopy is a widely informative technique for the eval-
uation of the microstructure of the materials in terms of degree of order/
disorder/graphitization (Gonzalez-Hourcade et al., 2022; Piergrossi
et al., 2019; Yang et al., 2019). The above discussed characterization
data have proved the successful incorporation of Se in the biochar
structure. To further investigate the structural changes of Se-doping on
biochar characteristics, Raman analysis was accessed (Fig. 4a,b). It can
be observed two peaks at 1,340 cm ! and 1,600 cm ™!, characteristics of
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defect and graphite structures, respectively. The peak related to defect
(D-peak, 1,340 cm ™)) is attributed to carbon atoms rich in defects/
disordered structures that is dominant in biochar with amorphous
feature (dos Reis et al., 2022a, 2023a). The peak at 1,600 cm! that
corresponds to graphitic C atoms with sp? electronic configuration
(Pawlyta et al., 2015; Piergrossi et al., 2019).

From Raman spectrum, the intensity of the D and G peaks can be
calculated based on its areas, and the ratio between D and G bands (Ip/
Ig) is widely studied to evaluate the level of material’s graphitization
(Piergrossi et al., 2019; Yang et al., 2019). The Ip/Ig values for Biochar
and Biochar-Se were 2.3 and 3.2, respectively, which implied that Se-
doping enabled the creation of disorder/imperfection structure in the
Biochar-Se carbon lattice. As already mentioned, an adsorbent rich in
defects can have its adsorptive performance boosted, thus Se-doping was
an efficient strategy for the preparation of suitable biomass adsorbent
materials.
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The amorphous/crystalline structure of the pristine biochar and
Biochar-Se materials were examined by XRD shown in Fig. 4,c and d.
The XRD pattern for the pristine biochar show two broad peaks. One
higher peak at around 26 of 22° which can be attributed to amorphous
carbon structures C (002), and a weaker peak at 20 of 40-50° may
attributed to graphite structures, these two peaks are matching well with
characteristic carbon-based peaks (Xie et al., 2023; Omorongie et al.,
2021). On the other hand, the XRD patterns for Biochar-Se showed many
crystallite peaks. The two broad amorphous C peaks can be observed
also at 20 of 22° and 50°. The peaks at 20 of 26.8°, 32.4°, 36.1° and 50.2°
are match to Se (ICDD 04-009-6204). The peaks at 26 of 28.9° and 34.5°
are match with SeC40, (ICDD 04-013-9181). The peaks at 20 of 22.4°
and 30.4° are match to SeO3 (ICDD 04-007-1435). The graphite carbon
peak exhibits at 20 of 30.4° which is overlapping with SeO3 peak. The
peaks at 20 of 24.2° and 36.1° are match with P,Os (ICDD 01-071-6182)
as phosphoric acid, which was used for the biochar activation during
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Fig. 6. The effect of pH on DCF and RO-16 removal.
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HTC. The peak at 20 of 16.6°and 40.1° are match to SesS, (ICDD 04-007-
0631) denote trace impurity of Sulfur.

The XRD results indicate the successful introduction of Se nano-
particles in Biochar-Se. The Se is partly oxidized and bonded with C as
well. Moreover, it also indicates that Se nanoparticles were highly
dispersed in Biochar carbon matrix yielding a crystalline structure.

3.2. Adsorption studies

3.2.1. Mass effect on DCF and RO-16 adsorption

In an adsorption process, the quantity of adsorbent (in mass) is a very
important factor to evaluate its efficiency and industrial applicability.
Moreover, the study of the mass of the adsorbent is also important to
avoid waste generation and reduce costs associated with the adsorbent
application during the adsorption process. Fig. 5 displays the influence
of the adsorbent mass on DCF and RO-16 removal with mass amounts
ranging from 10 to 70 mg in 20 mL of adsorbate solution. The curves
display that Biochar-Se exhibited better results with lower mass
amounts than pristine Biochar. For instance, for DCF with 20 mg of
Biochar, 96% of removal was achieved while Biochar-Se removed
almost 100%. For RO-16 the same trend was observed, with 20 mg of
adsorbents, pristine biochar removed 74% while Biochar-Se removed
97%. The better performance of Se-doped biochar can be the fact that
the doping process introduced more active sites that improve the
adsorptive skills of the Biochar-Se. for the subsequent adsorption tests, a
mass of 20 mg was fixed (an adsorbent dosage of 1 g/L).

3.2.2. pH effect on DCF and RO-16 adsorption

The pH of the solution is one of the most influential factors affecting
the adsorption process because it affects the speciation of the adsorbates
and therefore its ability to bind adsorbents surfaces (Iftekhar et al.,
2018; Yang et al., 2019). The pH effect on DCF and RO-16 removal was
evaluated in the pH range of 2-10, and the results are shown in Fig. 6. It
is observed that acidic conditions favoured both DCF and RO-16
adsorption on both adsorbents. It is widely reported that the pH in-
fluences the chemical speciation of DCF and RO-16, and different
molecule structures can be obtained considering their pKa value (Bagal
and Gogate, 2014; de Azevedo et al., 2023; Kheradmand et al., 2022;
Naddeo et al., 2010). DCF exists in its molecular form when the pH is
lower than its pKa value (4.35 + 0.2). However, ionic form of DCF is
predominant when the pH values greater than the pK, value (Bagal and
Gogate, 2014; Naddeo et al., 2010). Since the RO16 structure has hy-
droxyl groups, these groups form hydrogen bonds with the adsorbent’s
OH sites. RO 16 pKa value is 11.23 and dye ionizes into anion form at
lower pH and affects electrostatic interaction with the charged adsor-
bent surface (Kheradmand et al., 2022).

The point of zero charge (pHy,c) is an important measurement for
determination of the charge of an adsorbent, which helps to understand
the interaction between adsorbent and adsorbate. The pHp,. of the
biochar materials was performed to obtain the point that indicates
where the material’s surface charges is equal to zero, which below this
point, the surface charge is positive and above is negative. Supplemen-
tary Fig. S1 shows the pHp,, for Biochar and Se-Biochar. The Se-Biochar
exhibited a pHy,. of 2.3 which is lower than of that exhibited by the
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Table 2

Kinetic model parameters for DCF and RO-16 adsorption.
DCF Biochar Biochar-Se
Pseudo-first order
q (mgg™) 167.0 189.0
k; (min~?) 2.100 2.331
R3y; 0.9841 0.9870
SD (mg g~ 1) 5.400 5.630
Pseudo-second order
Q2 (mgg™) 168.0 191.0
ko (g mg™! min~?) 0.03310 0.03830
Ry 0.9912 0.9915
SD (mgg™) 4.041 4.580
General order
qn (mg g™H) 182.0 339.1
ky (min~! (g mg~ )" 1) 6.4 x 10 2.3 x 102
n() 5.201 11.52
tose, (min) 22.19 26.12
R2i 0.9991 0.9999
SD (mg g 1) 1.751 1.603
RO-16 Biochar Biochar-Se
Pseudo-first order
q1 (mgg™) 128.3 136.1
ky (min™1) 0.9102 0.9104
R2i 0.7901 0.6234
SD (mg g 1) 17.93 17.70
Pseudo-second order
gz (mg g™ 136.2 154.0
ky (g mg~! min1) 0.005112 0.001822
R 0.8821 0.7630
SD (mg g~ 1) 13.1 12.87
General order
qn (mg g™ 155.1 178.3
k, (min~! (g mg~ )" 1) 3.1 x 101 7.1 x 10716
n() 9.971 37.50
tose, (min) 160.0 190.2
R3y; 0.9524 0.9702
SD (mg g~ 1) 8.422 10.13

pristine biochar (4.3). pH < pHyp,, it would be favorable for the RO-16
anionic dye adsorption (dos Reis et al., 2023b). This is highlighted in
Fig. S1 which shows higher removals of RO-16 at lower pHs. The
removal of DCF showed the same trend of having its higher removals at
lower pHs (see Fig. S1). When the pH value was higher than the pHyy,c,
the adsorption decreased due to the electrostatic repulsion between the
negative charge on the biochars’ surfaces and the negative charge on
DCF molecules (Xie et al., 2023; Liu et al., 2013). However, it is noted
that the decrease in the adsorption was not so high which demonstrated
that the electrostatic interactions were not the main mechanism
involved in the adsorption process. Similar behaviour was observed in
the case of RO-16 dye.

3.2.3. Kinetic study

The adsorption rate provided by the kinetic of adsorption is an
important information to understand the efficiency and practicability of
an adsorbent and to better design a high-effective adsorption process
(Lima et al., 2015; Yu et al., 2021). Fig. 7 and Table 2 show the kinetic
curves and parameters for both DCF and RO-16 removals on both carbon
materials. Similar behaviour for both molecules on both adsorbents, an
extremely rapid uptake for both DCF and RO-16 at the very first minute
for both adsorbents is observed, which gradually seems to reach the
equilibrium within 45 min. The fast uptake at the beginning of the ki-
netic can be attributed to the many available active adsorption sites
available on the biochar adsorbents that easily adsorb DCF and RO-16
molecules, and plateau, which is related to the equilibrium process
due to the saturation of these active adsorbent sites.

The kinetic study was deeply evaluated by the fitness of three kinetic
models, including pseudo-first-order, pseudo-second-order, and General
order (Fig. 7 and Table 2). The models’ suitability was statistically
evaluated through R2,¢; and SD values (Cimirro et al., 2022; dos Reis
et al., 2022a; Dotto et al., 2023; Gonzalez-Hourcade et al., 2022) (see
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Supplementary Material). The model that possesses the highest Rgdj and
lowest SD values is the one with the best fitness of experimental data.
This statistically means that the experimental and theoretical q values
(obtained from the models) have smaller differences (Cavalcante et al.,
2022; dos Reis et al., 2022b). In this sense, general order exhibited the
best fitness for the experimental results for both adsorbate molecules
(DCF and RO-16) on Biochar and Biochar-Se adsorbents because it
exhibited the highest Rgdj and lowest SD values.

General order is a widely employed model to study the kinetic of
adsorption process and its suitability means that the order of adsorption
process should be the same as that of a chemical reaction, in which the
reaction kinetic order is measured experimentally (Bergmann and
Machado, 2015; Lima et al., 2015). However, General order displays
different n values when the adsorbates (DCF and RO-16) initial con-
centrations are varied making extremely complex the comparison be-
tween the constant Kinetic rates (ky) (Cavalcante et al., 2022).

Therefore, tgsy, can be easily explored to compare the kinetics of
adsorption of DCF and RO-16 on Biochar and Biochar-Se. tgsy, is the time
to attain 95% of the total saturation provided by the best fitted kinetic
model (Cavalcante et al., 2022; dos Reis et al., 2022b). Tgse, values show
that the adsorption of both molecules were faster for Biochar compared
to Biochar-Se, and the adsorption of DCF was much faster than RO-16
(See Table 2). The faster adsorption of DCF highlights its more affinity
compared to RO-16, which could be explained based on its physical
features of these two molecules. For instance, DCF has a smaller size
(1.012 nm) compared to RO-16 (1.68 nm); in addition, the molecular
weight of the DCF is 318.1 g mol ! while RO-16 is 617.7 g mol ! (almost
twice the size of DCF). Smaller molecules are easily and faster diffused
into the adsorbent pores and this could explain why DCF was faster than
RO-16.

Thus, in order to continue the equilibrium tests, the contact time for
the subsequent tests was fixed at 40 min for DCF and 200 min for RO-16
to ensure that the contact times were sufficient for attaining equilibrium.

3.2.4. Equilibrium study

To obtain the equilibrium study of an adsorption system is crucial to
properly understand the relationship between an adsorbate (e.g., DCF
and OR-16) at different initial concentrations and its degree of accu-
mulation onto adsorbent surface at a constant temperature. Moreover,
the equilibrium study is essential to have important insights over the
adsorption mechanism, affinity and adsorbent’s surface properties. In
the literature, there are several isotherm models used to describe the
equilibrium in adsorption processes but in this work Langmuir,
Freundlich and Liu models were employed to evaluate the equilibrium
data.

The isotherm curves and parameters are shown in Fig. 8 and Table 3.
The suitability of the equilibrium models was evaluated as the same as
the kinetic studies (from Rgdj and SD values). Observing that Liu model
exhibited the lowest SD and highest Rgdj values, it is possible to state that
statistically, Liu model presented the best fitness for both molecules
(DCF and RO-16) on both adsorbent materials (see Table 3). The Liu
model assumes that the adsorbent’s adsorption active sites do not
possess the same energy. Therefore, the adsorbents may present active
sites preferred by both molecules (DCF and RO-16) for occupation.
However, under the explored conditions, Freundlich exhibited the sec-
ond most suitable isotherm model, indicating a more heterogeneous
adsorption for both adsorbents and molecules, with different energy
adsorption sites.

3.2.5. Comparison of adsorptive properties of the Se-Biochars with other
adsorbents reported in the literature

The adsorption data have shown that Biochar and Biochar-Se
exhibited very good affinity for adsorbing DCF and RO-16 from
aqueous solutions. Nevertheless, in order to assess their efficacy, they
were subjected to a comparison with different adsorbents, reported by
previous researchers (Table 4). For an easy comparison, it is assumed
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Fig. 8. Equilibrium curves at 298 K for DCF (a,b) and RO-16 (c,d) on Biochar and Biochar-Se. Conditions: initial pH 6, contact time of 40 min (DCF) and 200 min

(RO-16), and adsorbent dosage of 1 g/L.

Table 3
Isotherm equilibrium model parameters for DCF and RO-16 adsorption.
Biochar Biochar-Se Biochar Biochar-Se

Langmuir DCF RO-16
Qe (mg g™ b 328.3 362.0 304.2 395.3
ki (L mg L 0.1003 0.3221 0.01611 0.1412
Rgdj 0.8731 0.8642 0.8332 0.9552
SD (mg g~ 40.12 58.32 44.41 38.44
Freundlich
ke ((mg g7 (mg L)) 105.2 155.1 66.7.4 107.2
ng (dimensionless) 5.344 6.974 4.503 4.570
Rgdj 0.9444 0.9123 0.9640 0.9550
SD (mg g1 33.41 48.72 21.69 36.12
Liu
Qmax (mg g1 354.7 434.0 331.8 538.1
Kg (L mg D] 0.005699 0.09688 0.001402 0.02399
n;, (dimensionless) 0.1006 0.2197 0.2211 0.4704
Rgdj 0.9600 0.9321 0.9698 0.9701
SD (mg g D) 30.12 42.10 18.19 31.41

that the data in Table 4 were obtained under optimum adsorption
conditions. In this sense, Biochar-Se shows to be very competitive and
efficient for the uptake of both molecules (DCF and RO-16) when
compared to other adsorbent materials displayed in Table 4. Some of the
adsorbents, including those based on ground nut shells and sawdust,
demonstrated the removal of dyes, but the pH was extremely low,
requiring the use of additional chemicals to maintain pH (Mur-
alikrishnan and Jodhi, 2021; Shah et al., 2020).

Analyzing the data in Table 4, it is seen that two adsorbents had
better performances than Biochar-Se, Cyclamen persicum tubers based
activated carbon (Jodeh et al., 2016) and Chitosan tripolyphosphate/
TiO5 nanocomposite (Abdulhameed et al., 2019); however, despite
having higher qmay, it is crucial to highlight that Chitosan tripolyphos-
phate/TiO, nanocomposite has much more complex synthesis method,
which implies in much higher costs, which could not justify their real
scale application. In contrast, Biochar-Se can be made from an abundant,
natural, low-cost precursor with enormous potential for real application.

3.2.6. Proposed mechanism of adsorption

On the basis of the adsorption data obtained in this research, possible
mechanism interactions between Biochar-Se and DCF and RO-16 were
proposed (See Fig. 9). A common explanation for the possible mecha-
nisms of adsorption between metal-doped porous biochars and organic
pollutants (adsorbates) include electrostatic interaction, hydrogen
interaction, n-n interaction, and interaction among metal particles and
carbon materials (Feigiang et al., 2018; Kazeem et al., 2018). Also, since
both materials are very porous, pore filling is one of the main mecha-
nism involved in both adsorbates. Cationic metal-doped carbon mate-
rials and anionic dyes attract each other by electrostatic forces to form
chemical bonds. Also, the phosphate groups can attact the DFC and RO-
16 molecules. n-n interaction is basically involved between the aromatic
rings of Biochar-Se and aromatic rings of DCF and RO-16 molecules. H-
bonding occurs between atoms (e.g., O, H, N) present in Biochar-Se and
adsorbate molecules (DCF and RO-16) that tend to form H bonds. The
metal doping on the carbon matrix also creates synergic effects that
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Table 4
Comparison of the gmay for reactive orange 16 dye and sodium diclofenac using different adsorbents.

Adsorbents Adsorbate  Qmax Isotherm T (°C) pH Adsorbent dosage (g Refs.
(mg gl) Model LY
MnFe204 functionalized magnetic sawdust-based biochar DCF 344.26 Sips 25°C 4.0 0.15
(Zhang et al., 2022)
Aquatic plant-derived biochars DCF 23.25 Langmuir 20 °C 6.0 0.12 (Xu et al., 2020)
Cyclamen persicum tubers based activated carbon DCF 606.78 Freundlich 15°C 2.0 14 (Jodeh et al., 2016)
Anthriscus sylvestris-derived activated biochar DCF 3929 Langmuir 35°C 6.0 0.25 (Shirani et al., 2020)
Biochar from waste sludge/leaf DCF 287.81 Temkin 25°C 6.5 6.25 (Zhang et al., 2020)
MgAl/layered double hydroxide supported on Syagrus DCF 168.04 Sips 60 °C 5.0 0.05 (de Souza dos Santos et al.,
coronata biochar 2020)
Biomass of Ulva Prolifera RO-16 232.0 Langmuir 45°C 2.0 2.0 (Ravindiran et al., 2022)
Psyllium seed powder RO-16 206.6 Langmuir 30°C 4.0 2.0 (Malakootian and Heidari,
2018)
Melia Azedarach waste sawdust RO-16 58.54 Langmuir 30°C 20 1.0 (Shah et al., 2020)
Groundnut shell, Arachis hypogaea RO-16 11.05 Freundlich 30°C 2.0 1.0 (Muralikrishnan and Jodhi,
2021)
Activated carbon from Brazilian-pine fruit shell (AC-PW) RO-16 472 Sips 50 °C 6.0 0.4 (Calvete et al., 2010)
Chitosan tripolyphosphate/TiO, nanocomposite (CCTPP/ RO-16 618.7 Freundlich 40 °C 40 1.8 (Abdulhameed et al., 2019)
TiOz NC)
Chitosan-polyvinyl alcohol/fly ash (m-Cs-PVA/FA) RO-16 123.8 Freundlich 30°C 4.0 0.6 (Malek et al., 2021)
Biochar RO-16 332 Liu 25°C 6.0 1.0 This work
Biochar DCF 355 Liu 25°C 6.0 1.0 This work
Biochar-Se RO-16 538 Liu 25°C 6.0 1.0 This work
Biochar-Se DCF 434 Liu 25°C 6.0 1.0 This work

Electrostatic interaction

- interactions

[ A4
]

Hydrogen bonding q",-

Fig. 9. Proposed mechanism of adsorption involved in the DCF and RO-16 adsorption onto Se-doped biochar.

boost the adsorption of DCF and RO-16 (Feigiang et al., 2018; Kazeem
et al., 2018). The introduction of Se-nanoparticles can interact with
oxygen funcionalities present on the surface of biochar to form the
metal-oxygen bond, which creates physicochemical and electronic
changes/defects on adsorbent’s surface resulting in the metal-oxygen
bond easier to binding DCF and RO-16 molecules (Feigiang et al., 2018;
Kazeem et al., 2018).

3.2.7. Synthetic effluent treatment

The adsorption results have proved that the prepared adsorbents
were very efficient in removing a single molecule (DCF or RO-16) from
aqueous solution. However, in this section, the adsorbents (Biochar and
Biochar-Se) were subjected to treat 4 different synthetic wastewaters
(carried with several dyes, drugs, and inorganic compounds, See sup-
plementary Table S1 and Table S2). Which means that if the materials
are efficient in treating the synthetic effluents it could also be efficient in
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Fig. 10. Adsorption of synthetic effluents. a) Effluent A containing drugs; b) Effluent A containing dyes; c) Effluent B containing drugs, b) Effluent B containing dyes.
See supplementary Table S1 and Supplementary Table S2 for compositions and types of the effluents. Conditions for the effluent adsorption: 298 K, adsorbent dosage

of 1.0 g/L, and 250 rpm.

the treatment of real effluents. The UV-Vis spectra of the untreated and
treated effluents with Biochar and Biochar-Se were recorded from 190 to
400 nm for the effluents containing drugs (see Fig. 10a,c), and from 190
to 800 nm for the effluents carried with dyes (see Fig. 10b,d). The areas
under the absorption bands were used to calculate the percentage of the
mixed compounds for the effluents.

The total of the compounds removal (in %) were 76% (Biochar) and
80% (Biochar-Se) for the effluent A (containing drugs), and 53% (Bio-
char) and 70% (Biochar-Se) for the effluent A (containing dyes). For the
Effluents B, 49% (Biochar) and 55% (Biochar-Se) for the effluent-
containing drugs (Fig. 10c), and 55% (Biochar) and 66% (Biochar-Se)
for the effluent-containing dyes (Fig. 10d). These results evidence that
despite Biochar-Se had better outcome in treating different effluents,
pure biochar also presented good results, indicating their good suit-
ability for treating effluents rich in organic-inorganic contaminants.

4. Conclusions

In the current study, biochar and biochar doped with Se were suc-
cessfully synthesized by hydrothermal method followed by pyrolysis at
800 °C for 1 h. SEM-EDS, XPS, and XRD investigation revealed Se-doping
in biochar. Biochar-Se acquired a rough surface and a less intact surface
due to selenium doping, which exacerbated the physical defects on the
doped biochar. The Biochar-Se sample was shown to have superior
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adsorption capacity than the biochar sample for both DCF and RO-16
molecules. Acidic pH was found to be favorable for the adsorption of
both DCF and RO-16. The maximum adsorption capacity of Se-Biochar
was 355 mg g~ for DCF and 538 mg g~ * for RO-16, according to data
from the Liu isotherm model fitting. For both adsorbate molecules (DCF
and RO-16) on Biochar and Biochar-Se adsorbents, the general order
kinetic model showed the best fit for the experimental results. The key
processes for both DCF and RO-16 adsorption on Biochar-Se were the
formation of hydrogen bonds, n-n interactions, and electrostatic attrac-
tion. In Biochar-Se, the oxygen functionalities present on the surface of
biochar can interact with Se-nanoparticles to form the metal-oxygen
bond, resulting in physicochemical and electronic changes/defects on
the adsorbent’s surface which facilitate the metal-oxygen bond easier
for binding DCF and RO-16 molecules. As a result, Se-biochar not only
allows for the value-added use of waste biomass but it is also also
effective in the removal of both dyes and drugs. Se-biochar can be
considered a potential adsorbent material for water remediation.
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