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Over the last years, the strategy of employing inevitable organic waste and residue streams to produce valuable
and greener materials for a wide range of applications has been proven an efficient and suitable approach. In this
research, sulfur-doped porous biochar was produced through a single-step pyrolysis of birch waste tree in the
presence of zinc chloride as chemical activator. The sulfur doping process led to a remarkable impact on the
biochar structure. Moreover, it was shown that sulfur doping also had an important impact on sodium diclofenac
(S-DCF) removal from aqueous solutions due to the introduction of S-functionalities on biochar surface. The
adsorption experiments suggested that General and Liu models offered the best fit for the kinetic and equilibrium
studies, respectively. The results showed that the kinetic was faster for the S-doped biochar while the maximum
adsorption capacity values at 318 K were 564 mg g~ ! (non-doped) and 693 mg g~ (S-doped); highlighting the
better affinity of S-doped biochar for the S-DCF molecule compared to non-doped biochar. The thermodynamic
parameters (AH’, AS®, AG®) suggested that the S-DCF removal on both adsorbents was spontaneous, favourable,
and endothermic.

2008; Kiimmerer, 2001). Therefore, these must be properly removed
from wastewaters before entering the natural water bodies.

1. Introduction

The rapid expansion of industrial activities has also been accompa-
nied by many environmental problems due to the continuous depletion
of fossil-based resources and the large generation of wastes that pose a
serious threat to human existence in the foreseeable future. For instance,
the World has faced issues related to the pollution of water bodies for a
long time due to anthropogenic activities (Ojha et al., 2017; Jayaswal
et al.,, 2018; Owa, 2013; Schweitzer and Noblet, 2018). Moreover,
pollution of waters by traces of pharmaceuticals in water bodies has
posed serious concerns among stakeholders such as government, water
regulators, water suppliers, and civil society regarding possible dangers
of drinking waters containing traces of pharmaceuticals (Zuccato et al.,

* Corresponding author.
E-mail address: glaydson.simoes.dos.reis@slu.se (G. S. dos Reis).

https://doi.org/10.1016/j.envres.2024.118595

Several treatment methods can be employed in the removal of
pharmaceuticals from wastewaters including biological processes (Dio-
nisi and Etteh, 2019), photo-fenton process (Della-Flora et al., 2020),
filtration (Ahsani et al., 2020), coagulation (Zahrim et al., 2019), pho-
tocatalysis (Kovacic et al., 2020), and adsorption (dos Reis et al., 2023a;
Gonzalez-Hourcade et al., 2022; dos Reis et al., 2023b; dos Reis et al.,
2022a,b). However, the majority of these approaches require high costs
of implementation and operation as well as high use of chemicals, which
elevate the costs of the process; besides, huge amounts of by-products
and sludge can be generated, requiring further treatment. Among the
aforementioned treatment methods, adsorption could be considered a
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very suitable one due to its simplified operation, high efficiency,
low-cost process, and no generation of by-products (including sludge),
and the possibility of regenerating the adsorbent after exhaustive use,
including its post-uses in other applications such anodes for battery
application (Yu et al., 2021).

The efficiency of the adsorption method is severely dependent on the
adsorbent characteristics (dos Reis et al., 2022a,b). By far, activated
carbons/biochars are the most known and employed adsorbents, thanks
to their physicochemical characteristics such as high specific surface
areas and a large number of functionalities on its surfaces, which are
important features for high/performance adsorbents (Lima et al., 2022).
Biochars can be synthesized by pyrolysis from different biomass pre-
cursors, which are sustainable resources, owing advantages of
improving the circularity of the biomass wastes, promoting sustainable
approaches for materials syntheses, which has an impact on reducing the
CO4, footprint (Lima et al., 2022). Another advantage of biomass-based
carbon materials is that they can be easily functionalized/modified
through an easy method called “heteroatom doping”, which is the
introduction of heteroatoms (e.g., nitrogen, oxygen, boron, sulfur, and
phosphorus) into the graphitic carbon structure to improve their phys-
icochemical and adsorptive properties (dos Reis et al., 2023a,b).

Among the heteroatoms, nitrogen is the most employed one to dope
biochars (dos Reis et al., 2023b; Li et al., 2019). However, sulfur also
appears as an efficient strategy to modify biochar structure (Gao et al.,
2021; Alimohammadi et al., 2022). The sulfur electronegativity is 2.58,
which is close to that of carbon (2.55) and therefore will not create a
huge imbalance in the electronegativity of the doped carbons but would
change the electron distribution, and produce structural defects of car-
bon layers, which are the reaction sites for boosting adsorptive prop-
erties (Gao et al., 2021; Du et al., 2020). Doping with sulfur can reduce
the energy gap between molecular orbitals, form thiophene groups and
enhance the reactivity of catalysts to electron acceptors (Du et al., 2020;
Xie et al., 2023a, b), which could also boost its adsorptive properties.
Moreover, the strategy of using S as dopant is more interesting due to the
sulfur large reserves worldwide, low cost, and being environmentally
friendly compared to other heteroatoms and toxic transition metals.

In this work, sulfur-doped biochar was prepared using wastes
generated from the harvesting of birch trees (Betula spp.) as a sustain-
able precursor. The Betula spp. Includes several species of trees that are
heavily widespread in the Northern Hemisphere (Hynynen et al., 2010).
Pure sulfur was used as dopant with the doping/activation of the bio-
chars done using single-step pyrolysis. To understand the S-doping
process on the physicochemical characteristics of the S-doped biochar,
several physicochemical characterization techniques were employed,
and a non-doped biochar was prepared and used for comparison. The
biochar samples were used to remove sodium diclofenac (S-DCF) from
water as well as to remove contaminants from synthetic effluents made
of several dyes and inorganic pollutants usually present in wastewater.

Among several pharmaceuticals, sodium diclofenac is one of the
most used worldwide anti-inflammatory drugs and due to its recalcitrant
features, it is poorly removed in conventional wastewater treatment,
therefore the employment of new materials to remove it is highly
justified. This work opens new strategies for the development of efficient
adsorbents for the treatment of water/wastewater contaminated with
pharmaceutical residues.

2. Materials and methods
2.1. Biochars production process

One-step pyrolysis/activation/doping was performed to prepare the
biochar materials. 20.0 g of birch was mixed with 40.0 g of ZnCl, and
5.0 g of sulfur (S-doped biochar). Approximately 30 mL of distilled water
was added to the mixture to obtain a homogenous paste (Lima et al.,
2021). The paste was then placed in a metallic crucible and dried at
75 °C for 24 h, and then pyrolysed at 600 °C, at a heating rate of
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10 °C/min, for 1 h under Ny atmosphere (50 mL min ). After pyrolysis,
the oven was turned off and left to cool down until room temperature
was reached. The pyrolysed carbon samples were ground to a diameter
of 200 pm, and washed with HCI 5 M solution under reflux at 80 °C for 2
h (to extract the remaining ZnCl, from the carbon matrix). Finally, the
biochars were washed multiple times with boiled distilled water to
remove the excessive acidity of their surfaces and dried at 75 °C for 24 h
before being stored for later use.

2.2. Characterization of the biochars

The porosity data was performed from nitrogen isotherms that were
obtained based on standard procedures (dos Reis et al., 2023c). The SSA
values were obtained based on Brunauer-Emmett-Teller (BET) method,
while the pore size distribution curves were obtained from Bar-
rett-Joyner-Halenda (BJH) method. The elemental composition of the
carbon materials was performed and obtained from a device analyser
(EA-IsoLink, Thermo Fisher Scientific). Briefly, oven-dried samples
(0.05 g) were used to determine the contents of C, O, H, and S. Raman
spectra were obtained using a Bruker Bravo spectrometer (Bruker,
Ettlingen, Germany). The spectra were obtained by scanning in the
range from 800 to 2000 em™! (254 scans at 4 em™! resolution).

Hydrophobic-hydrophilic index (HI) for the non-biochar and S-
doped biochar were determined according to the methodology proposed
by (dos Reis et al., 2023c; dos Reis et al., 2018). To obtain the point of
zero charge (pHp,c) of the biochar materials, it was employed a meth-
odology reported by (dos Reis et al., 2023a; dos Reis et al., 2023b).

X-ray diffraction (XRD) patterns were recorded using a PANalytical
X’Pert Pro X-ray diffractometer (Malvern Panalytical, Almelo, The
Netherlands) using standard measuring procedures. Difractograms were
evaluated using the HighScore Plus software (Version 4.0) and the ICDD,
PDF-4+ 2023 RDB databases.

X-ray photoelectron spectroscopy (XPS) analysis was carried out
using a Thermo Fisher Scientific ESCALAB 250Xi XPS System. Mea-
surements were done according to standard measuring procedures.

2.3. Adsorption experiments

The full experimental description of the batch adsorption tests are
described in the supplementary material, as well as information about
Kinetic, equilibrium, and thermodynamic calculations (see supplemen-
tary material).

3. Results and discussion
3.1. Textural properties of the biochars

One of the most important characteristics of a carbon adsorbent is its
porosity features including the specific surface area and the amount of
mesopores, which both usually play a huge influence on the materials’
ability to adsorb organic molecules (dos Reis et al., 2023a,c; dos Reis
et al., 2022a,b).

N, adsorption isotherm is shown in Fig. 1a, the curves show that the
S-doping had an important impact on its behaviour. The S-doped bio-
char exhibited a more obvious hysteresis (between 0.4 and 0.9 P/Pg)
which suggests more mesoporous features, while in non-doped biochar,
the hysteresis is less obvious. Both isotherms also presented portions
related to microporosity due to their high adsorbed amounts of N at low
partial pressures (dos Reis et al., 2022a,b; dos Reis et al., 2021a,b).

Therefore, both biochars exhibited combined micro-meso pores
features, which is further observed by the pore size distribution curves
(Fig. 1b). Again, it is obvious that the introduction of S atoms in the S-
doped biochar structure generated more pores in the range of meso-
porosity at the portion from 8 to 20 nm, while non-doped biochar pre-
sented small mesopores and more micropores.

These results clearly match with the Ny isotherms. Such pore feature
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Fig. 1. a) N, isotherms of adsorption-desorption b) and Pore size distribution curves.

differences can have an important impact on the ability of the biochar to
adsorb organic molecules because, e.g., an adsorbent rich in mesopores
could positively affect the adsorption because the size of the organic
molecules are in the range of mesoporosity and therefore the adsorbent
pores would fit in size to “store” the organic pollutants (dos Reis et al.,
2022a,b).

From the N; isotherms, the SSA values of the two carbons were ob-
tained. The results show that both biochars exhibited very high SSA
values regardless of the doping method, and in the SSA value, it seems
that the S-doping had no effect. However, the effect of S-doping is
obviously seen in the pore size effects. The percentage of mesopores in S-
doped biochar is 89% while in non-doped biochar is 77% (see Table 1).
These results are in agreement with the pore size distribution curves that
showed more mesopore features in S-doped biochar (see Fig. 1b).

The morphology of Non-doped and S-doped biochars was examined
by SEM analysis to ascertain the impact of S-doping on the materials
(Fig. 2). It seems that the sulfur doping led a remarkable impact on the S-
doped morphology characteristics. Non-doped biochar seems to display
an intact structure with a very smoother surface with no irregular
morphology such as cracks, big macropores or holes. Compared to the
non-doped sample, S-doped biochar exhibits bigger sizes particles, and a
rougher and irregular surface, evidencing that the incorporation of
sulfur affected the morphology of the material. Such difference between
both biochars may be due to the fact that the incorporation of S
increased the number of defects in the biochar structure/surface which
is also observed in the SEM images (Huang et al., 2021). These results
are corroborated by Raman analysis which showed that S-doped biochar
had more defects than non-doped. Such defective and irregular surface
structure of S-doped biochar could lead to better adsorptive perfor-
mances because they can act as adsorptive sites.

The contents of C, H, O, and S of the biochars are shown in Table 2.
For comparison, a commercial AC possesses approximately 88% of C,
6-7% of O, around 1% of S, 0.5% of H and 0.5% of N, and 3-4% of
impurities (mineral elements or ash) (Correa et al., 2017). The biochars
exhibited high C contents although non-doped had higher C content, and
both presented higher H content than the commercial AC. The higher

Table 1
Biochars surface area properties.
SSA Amicro Apeso % Pore
AMeso volume
(m*g™") (%) (em®g™")
Non-doped 1837 + 427 + 1410 + 77 1.05 +
biochar 26 7 20 0.017
S-doped Biochar 1809 + 200 &+ 1609 + 89 1.07 £

31 3 26 0.015

presence of H could be due to the fact that biomass precursors are
basically composed of hydrocarbon molecules with C-H groups.

The S-doping seems to have had a serious impact on the elemental
composition of the biochars. Although the effect obvious effect on the C
content, the presence of sulfur is highly evident, non-doped biochar
presented only 0.152% while S-doped biochar exhibited 7.33% (wt%) of
S in its structure, highlighting that the doping strategy was very efficient
to introduce S atoms in the biochar matrix. The introduction of S atoms
can be highly beneficial for the uptake of water contaminants due to
electrostatic interactions between S-groups that act as adsorption active
sites for binding molecules and ions (B. Zhang et al., 2022).

The incorporation of S in the carbon matrix caused also an impact on
the surface properties of the S-doped biochar. Table 2 also shows the n-
heptane/water adsorption results, from these results, the hydrophobic-
ity/hydrophilicity index (HI) can be calculated, which indicates whether
the material’s surface has more hydrophobic or hydrophilic features
(dos Reis et al., 2023c; dos Reis et al., 2022a,b; dos Reis et al., 2018). The
results have demonstrated that the S-doping reduced the HI value of the
S-doped biochar turning its surface less hydrophobic, probably due to
the presence of S-functionalities that are more hydrophilic. Adsorbents
with more hydrophilic surfaces are desired because it improve the
contact of solid-liquid interface leading to higher adsorption
performances.

The effect of S-doping was also evaluated concerning the degree of
structural disorder and defects in the biochar materials. Raman spec-
troscopy analysis was performed in this regard. From Raman spectros-
copy, Ip/Ig was calculated, recognised D (defective structure) band to G
(graphitic) band intensity ratio. The smaller value for Ip/Ig means a
biochar with a more orderly graphitic sheets with a higher graphitisa-
tion degree (dos Reis et al., 2022a,b; dos Reis et al., 2018; Pawlyta et al.,
2015; Piergrossi et al., 2019). On the other hand, a higher Ip/I value
means a carbon structure with a higher amount of structural defects.
Therefore, Table 2 shows Ip/Ig values of 1.76 and 2.11, for the
non-doped and S-doped biochar, respectively. This shows that S-doping
introduced structural defects in the carbon structure which makes sense
since the doping works by replacing carbon atoms with sulfur atoms and
therefore boosts its defects.

Adsorbent materials with a high degree of defects can be beneficial in
the adsorption process because the defects may work as adsorption sites
to accommodate/bind the pollutants. Therefore, the strategy of sulfur
doping may have given to the S-doped biochar, a better adsorptive
performance.

The structural changes related to the sulfur doping were further
evaluated by X-ray diffraction (XRD) analysis (Fig. 3). Both samples
exhibit two broad diffraction peaks located at ca. 23.6° and 43.8°, cor-
responding to the (002) diffraction of the graphitic layer-by-layer
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Fig. 2. SEM images of, a) non-doped biochar at 5 K, b) 10 K of magnifications, c¢) S-doped biochar at 5 K, and d) 10 K of magnifications.

Table 2
Physicochemical characteristics of the biochars.
C H O S HI In/Ig
Non-doped biochar 91.3 1.5 3.05 0.152 1.43 1.76
S-doped Biochar 84.7 1.2 3.25 7.33 1.02 211

Intensity (a.u)

002

— Non-doped biochar
—— S-doped biochar

2 theta(Degree)

Fig. 3. XRD patterns of the biochar materials.

structure and (101) planes of graphite, respectively (Xie et al., 2023).
These two peaks are more broader in Non-doped biochar, revealing its
complete amorphous nature. S-doped biochar shows some crystalline
sharp peaks at 2 theta of 25.1° (marked with asterisk), which matches
with C,S, Carbon Sulfide (ICDD 04-013-4391), and (marked with dosts)
29.5°, 35.8°, 47.2° and 51.6° which match with the mixture of pure
sulfurs. From the analyzed results by the HighScore program, we can see
the sulfurs contain «-S (ICDD 00-08-0247), -S (ICDD 04-007-2070),
Monoclinic S (ICDD 04-011-0387), and Orthorhombic S (ICDD
04-007-2096). The indication of S in physical mixture state of both
amorphous and crystalline phases is because when the amount of sulfur
is high, some of its particles are retained on the biochar’s surface even
after pyrolysis (Lai et al., 2009). The XRD patterns also confirm that the
sulfur doping successfully modified the structure of S-doped biochar.

XPS analysis was employed to investigate the impact of sulfur doping
on the surface chemistry, elemental compositions and sulfur-bonding
configurations of the Non-doped and S-doped biochars. The XPS sur-
vey spectra (Fig. 4a) revealed the obvious presence of C and O in Non-
doped biochar while in S-doped biochar the presence of C, O and S
are observed, suggesting the success of the doping in incorporating
sulfur atoms in the biochar carbon network. Since the sulfur was
detected only in S-doped biochar its S 2p spectra was deconvoluted and
four peaks are observed (Fig. 4b). The sulfur states are related to thio-
phene (C- S-C, 164.1 eV), sulfoxide (C-SO-C, 165.3 eV), sulfone (167.8
eV), and sulfate states (169.1 eV). The peak intensity of C-S-C bonds
(thiophene) suggests that covalent carbon-sulfur-carbon bonds are the
dominant state of S-doped sample.

From XPS analysis, the atomic percentage of the elements C, O and S
were calculated using their respective peak areas after the deconvolu-
tion. The atomic percentage in non-doped biochar were 87.9%, and
11.9% for carbon and oxygen, respectively; while in S-doped biochar
were 79.9%, 14.23% and 5.6% for carbon, oxygen and sulfur,
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respectively. It seems that the incorporation of sulfur also led to a fix-
ation of oxygen in the biochar structure, which means more abundance
of functional groups that can boost the adsorptive properties of the

material.
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3.2. Point of zero charge and pH effect

The pH,,. is an inherent electro-kinetic property of an adsorbent that
plays a crucial influence on its adsorptive properties under certain pH
conditions (dos Reis et al., 2023; dos Reis et al., 2023a,b). The point of
zero charge (pHpy,) of the biochars is the point where the surface charges

"] Non-doped biochar

I s-doped biochar

b)

6
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Fig. 5. a) pHpzc of the non-doped biochar and S-doped biochar samples.
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are null. It provides crucial information such as that the adsorbent has its
surface positively charged if the value of pHp,. is below zero and
negatively charged if pHp,. value is above zero (dos Reis et al., 2023a;
dos Reis et al., 2023b). The values of the pHy, are 4.4 (S-doped) and 5.7
(non-doped) (see Fig. 5a), indicating the acid character of the samples’
surfaces but S-doped being having a more acid surface, which shows that
the S-doping introduced some positive functionalities (sulfur functional
groups) on S-doped biochar’s surface; however, at pH higher than 4.4
(S-doped) and 5.7 (Non-doped) the surface of these carbons become
negatively charged while at lower pHs these biochars’ surface become
positively charged. Obtained results are in agreement with results pre-
viously reported by Huang et al. (2021) that prepared S-doped carbons
and the pHy,. presented acid character of the samples’ surfaces. The
PHp, results are in total agreement with the HI data that showed that
S-doped biochar exhibited lesser hydrophobic features (lower HI value)
compared to non-doped carbon, possibly due to the insertion of
S-functionalities that reduces hydrophobicity and increases the hydro-
philicity (Kinemuchi and Ochiai, 2018).

The pH of the adsorbate-adsorbent solution plays a huge influence on
the adsorption process since it affects both the speciation of the adsor-
bate (S-DCF) solution and the surface charge of the adsorbent (biochars).
In Fig. 5b, it is possible to see how the pH influenced the S-DCF
adsorption capacity of the biochars. As can be seen, for both biochars,
the efficiency towards S-DCF removal did not vary much in the pH range
from 2 to 10 (see Fig. 5b). The association constant value (pKa) of S-DCF
is around 4.35, which means that S-DCF stays as unionized form below
4.2 and has negative charge at higher pH values than 4.35 due to its
ionization (Bagal and Gogate, 2014; dos Reis et al., 2023a). Fig. 5b
shows a small decrease in the S-DCF removal was observed under
alkaline pH, for both biochars because both adsorbent and adsorbate
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have negative charges at these pH values and hence electrostatic
repulsive interaction would act more effectively compared to under acid
pHs. When the value of the S-DCF solution pH is higher than the pH,,
the S-DCF removal suffers a decrease, possibly because the electrostatic
repulsion that happens between both the negatively charged biochars’
surfaces and the S-DCF negatively charged molecules (Xie et al., 2023a,
b).

This result strongly indicates that the electrostatic mechanism should
not play a great influence in the adsorption process because it is highly
dependent on the pH, which was not the case here. However, a small
influence of the pH is observed suggesting that electrostatic attraction
was also involved in the process but in less extent (dos Reis et al.,
2023a). Considering these results, further adsorption tests (kinetics and
isotherms) were done using S-DCF solutions at pH 6.0 (the same pH as
deionized water).

3.3. Kinetic, equilibrium, thermodynamic and mechanism of adsorption

3.3.1. Kinetic studies

In the adsorption process, the kinetics play a huge importance in
properly understanding the adsorption mechanism between specific
adsorbate-adsorbent systems. Fig. 6 displays the kinetic curves of
adsorption for S-DCF on biochar adsorbents. Both curves show similar
trends regardless of S-doping, however, the S-doped biochar presented
higher uptake values at the referenced times, which would be a reflex of
the presence of more S-functionalities, which could serve as adsorption
active sites to boost its adsorptive properties.

The kinetic of adsorption was further evaluated by assessing the
suitability of the kinetic models regarding Rf\dj and SD (dos Reis et al.,
2021a, b; Teixeira et al., 2021; Salomon et al., 2020; Gonzalez-Hourcade
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)
o 150
E
& 100
0 Q@ Experimental points
5 — pseudo-first order
— Pseudo-second order
0410 j=— General order
0 15 30 45 60 75 90 105 120
Time (min)
d)250- B
.9""0 Second stage
200 + 0
v First stage
"> 150+
g
~ 100+
(=
50 +
0+
00 05 1.0 15 20 25 3.0 35

Time®® (min®?®)

Fig. 6. Kinetic curves S-DCF adsorption on biochar adsorbents at a C, of 500 mg L la Non-doped biochar; b) S-doped biochar; c) intra-particle curve for non-doped

biochar; d) intra-particle curve for S-doped biochar.
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et al., 2022). The most suitable model must have a higher R,%dj and lower
SD values, which indicate a smaller disparity between the q measured
experimentally and theoretical q values obtained by the models. Thus, it
can be concluded that General order was the model that better described
the relation between S-DCF and non-doped and S-doped biochars due to
its highest and lowest values for Rﬁdj and SD, respectively (see Table 3).

The General order’s fitting points to an adsorption process order that
proceeds as a chemical reaction, possibly being measured only experi-
mentally (dos Reis et al., 2023a,b; Gonzalez-Hourcade et al., 2022). In
addition, general order may present different n values (order of
adsorption rate), depending on the adsorbate’s concentration, which is
difficult to be measured. Thus, to help to further understand the
behaviour of the kinetics of S-DCF on the biochars, it is calculated and
evaluated the initial sorption rate hy (Gonzalez-Hourcade et al., 2022;
Ho, 2006). The initial sorption rate is presented in Eq. (1): hg = ky. qg.
(for the details of the equation, see supplementary material).

Since General order displayed better suitability, more accurate hg
values are obtained from it. The h, values were 43.0 and 78.4 for non-
doped and S-doped biochar, respectively (see Table 3); meaning that
the kinetic process was faster in S-doped biochar compared to non-
doped, which could be reflexes of the more active adsorption sites pre-
sent in S-doped material.

Further evaluation of the kinetic process is shown in Fig. 6¢ and
d (intraparticle diffusion curves). Adsorption is a multi-step process,
which involves the migration/diffusion of S-DCF molecules in the so-
lution to the biochar’s surfaces/pores. Since both biochar adsorbents
exhibited very porous features is likely that the inner pore diffusion
played an important role in the adsorption process. The intra-particle
curves exhibited two stages of adsorption (Fig. 6¢ and d). The first
stage is related to boundary and intraparticle diffusion into the bichar
pores, which seems to be faster in S-doped biochar, which can be
explained by the higher number of mesopores (see Table 1). Mesopores,
due to their wider size, facilitate liquid diffusion in comparison to the
micropores and this in turn facilitates S-DCF penetration and adsorption.
Besides, as discussed earlier, S-doped biochar has more active adsorp-
tion sites due to the abundant S-functionalities, and this also contributes
to the first stage of the kinetic. In the second stage, the S-DCF was
adsorbed and diffused into the interior site of the biochars until the
equilibrium was attained.

3.3.2. Equilibrium of adsorption

The isotherm of adsorption are helpful approach to describe and
understand how an adsorbate interacts with an adsorbent, giving useful
insights about the adsorption interactions/characteristics of S-DCF on
biochars. Many isotherm models are available, however Langmuir,
Freundlich, and Liu were used to study the experimental measurements.

Table 3
Kinetic parameters for DCF adsorption.

Non-doped biochar S-doped biochar

Pseudo-first-order

ge (mg/g) 233 270

k; (1/min) 1.72 50.7
RZyj 0.987 0.957
SD (mg/g) 8.17 19.2
Pseudo-second-order

Qe (mg/g) 237 280

ko (g/mg min) 0.0162 0.0138
Ry 0.995 0.994
SD (mg/g) 4.87 6.61
General order

Q. (mg g™ 252 416

k, (min~! (g mg~ )™ 1) 45x 1078 9.11 x 10732
n 3.74 13.3
R34 0.999 0.996
h, 43.0 74.8

SD (mg g 1) 1.87 0.780
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Their curves and parameters at different temperatures (298 K, 308 K and
318 K) are shown in Fig. 7 and Table 4. The suitability of isotherm
models was explored using a similar approach to the kinetic studies
(through SD and R%dj). In this sense, Liu provided the highest R‘%‘dj and
the lowest SD values at the three employed temperatures (see Table 4),
suggesting that the q fitted by the Liu isotherm model was the closest to
the experimental data.

The suitability of the Liu model may indicate that the active
adsorption sites on the biochar surfaces do not possess the same energy,
which makes sense since biochars have different surface functionalities
and have more heterogeneous characteristics. Comparing all three
models, the Langmuir model was shown to be the most unsuitable
because it gave the lowest and highest R;zidj and SD values. On the other
hand, Freundlich presented SD and Rﬁdj values closer to Liu’s values,
suggesting a certain level of heterogeneity in the adsorption of S-DCF on
both biochars.

3.3.3. Comparison between adsorption capacities of the S-doped biochar
and other adsorbents

The results have shown excellent affinity between S-doped biochar
and S-DCF molecules. However, to clearly understand the biochar
effectiveness in adsorbing S-DCF it is necessary to compare its results
with other adsorbents reported in the literature (dos Reis et al., 2023;
Obeso et al., 2023; Rigueto et al., 2021; Zhao et al., 2016; dos Reis et al.,
2016; de Souza dos Santos et al., 2020; S. Zhang et al., 2022; Hua et al.,
2019; Xu et al., 2020; Alvarez et al., 2015). Therefore, aiming to assess
their efficacy, the adsorption data are compared with other different
adsorbents (Table 5). The gmax of S-doped biochar presented the highest
adsorption capacity among all adsorbents shown in Table 5. To better
understand how excellent the S-doped biochar adsorption performance
in adsorbing S-DCF was, it is compared to the performance of Al
(IID)-based MOF (MOF-303) (Obeso et al., 2023) that adsorbed 334.89
mg g}, much lower than S-doped biochar (693 mg g ~1); furthermore, Al
(Ii1)-based MOF (MOF-303) presents a much more complex synthesis
route, which implies in higher costs in the adsorption process when
compared to the S-doped biochar adsorption system. The same logic is
followed for the adsorption of S-DCF on Commercial gelatin/CNT’s
beads (Rigueto et al., 2021), which exhibited an even lower adsorption
capacity 26.97 mg g . Therefore, considering the complexity of the
adsorption preparation and its respective adsorption efficiency, S-doped
biochar can be considered a highly effective adsorbent for emerging
pollutant removal.

3.3.4. Thermodynamic studies

The effect of the temperature was further evaluated by employing
the thermodynamic studies using the thermodynamic parameters such
as Gibb’s free energy change (AG®), enthalpy change (AH®), and entropy
change (AS°), these quantities help to understand the adsorption sys-
tem/mechanism in relation to the magnitude and spontaneity of the
adsorption system.

Calculated thermodynamic data for S-DCF uptake on biochars are
presented in Table 6. AGo negative values indicate that the removal of S-
DCF ion non-doped biochars and S-doped biochar were spontaneous
(dos Reis et al., 2023; Maia et al., 2019; Lima et al., 2019; dos Reis et al.,
2022a,b). AH® was positive indicating an endothermic nature of DCF
adsorption on both biochars, explaining adsorption capacity increased
with higher temperatures. The positive values of AHo confirmed the
thermodynamic feasibility of this adsorption process. The negative ASo
values indicate an increase in randomness at the biochars/S-DCF inter-
face in solution and might indicate an increase in the degree of freedom
of S-DCF molecules (dos Reis et al., 2023; Lima et al., 2019; dos Reis
et al.,, 2022a,b). Similar thermodynamic behaviour was reported by
Maia and co-workers (Maia et al., 2019), who studied the adsorption of
S-DCF removal on commercial organoclay adsorbents.
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Fig. 7. Equilibrium curves of S-DCF on biochar adsorbents at different temperatures; non-doped biochar, a) 298 K; b) 308 K; c) 318 K, S-doped biochar, d) 298 K; e)
308 K; f) 318 K.
ble 4 3.3.5. Regeneration and reusability tests
Table X . The regeneration and reusability of the adsorbent materials are
Isotherm parameters for adsorption of S-DCF on biochar adsorbents. . . . . o1
important steps for evaluating the real adsorption applicability of the
Non-doped biochar 298K 308K 318K adsorbents, which can implies in the process affordability and sustain-
Langmuir ability. Both biochars (non-doped and S-doped) were employed in
Amax (Mg/8) 338 377 404 consecutive adsorption-desorption tests. The desorption tests were
K; (L/min) 0.496 0.600 0.666 proceeded as the same procedure of the adsorption tests (50 mg of the S-
RZyj 0.892 0.888 0.857 DCF loaded bioch . ith the el 25 M of NaOH
SD (mg/g) 42.4 48.3 57.1 CF loaded biochar was put in contact with the eluent (0.25 M of NaO
Freundlich + 20% Ethanol, 150 rpm of stirring for 2 h). After the test, S-DCF in the
Ky ((mg/g) (mg/L); /™) 81.0 107 117 desorbed solution was quantified (after each adsorption step) by UV-vis
Iy 4.22 4.76 4.81 spectrophotometry. Fig. 8 displays the desorption-adsorption cycles of
R24; 0.996 0.988 0.973 ; .
SB ’(mg /o) 642 160 246 S-DCF on Non-doped biochar and S-doped biochar adsorbents. It can be
Liu seen that the adsorption capacities of both samples exhibited a small
Qmax (Mg/g) 493 531 564 decrease but they still kept very good sorption efficiency even after six
Kyg(L/mg) 0.00120 0.00833 0.0166 cycles (see Fig. 9), highlighting the adsorbents’ stability over successive
D 0.239 0.245 0.204 adsorption and desorption cycles. Comparing both biochars, the S-doped
RZyj 0.998 0.991 0.988 . o e R
SD (mg/g) 5.89 1.6 19.6 biochar exhibited better cyclability performance indicating that the
S-doped biochar introduction of sulfur atoms in the carbon network enhanced the
Langmuir adsorption stability of the adsorbent. These results strongly suggest that
Gmax (Mg/8) 380 437 472 the S-doping process created an adsorbent with very good recyclability
Ipfé (L/min) 8';33 g‘;?; g’;é? performance showing that it can be used multiple times, giving to the
dj . . . . . . .
b J(mg /%) 47.8 56.2 70.5 adsorption process a more sustainable and environment-friendly status.
Freundlich
K ((mg/g) (mg/L)z /™) 128 156 195 3.3.6. S-DCF adsorption mechanisms on sulfur-doped biochar
e 511 5.47 6.34 Based on literature adsorption data and physicochemical character-
Ryi 0.985 0.937 0.964 " f th b al late th bl hani ¢
SD (mg/g) 18.5 3011 35.3 ization o t e car on.materla s, we speculate the possible mechanism o
Liu adsorption involved in the S-DCF removal. Due to fact that both carbon
Qmax (mg/g) 585 647 693 materials are highly porous, with high SSA and mesopore features, the
Kg (L/mg) 0.0034 0.0264 0.0467 primary adsorption mechanism should be the pore filling (dos Reis et al.,
Esidj 3:522 g:gg: 0.977 2023; dos Reis et al., 2023). For instance, S-DCF has a molecule size of
SD (mg/g) 16.7 30.7 27.9 nearly 1.012 nm, which can easily be adsorbed and diffused into mes-

opores (between 2 and 50 nm). However, besides pore filling, the S-
doped biochar has abundant surface functionalities that serve as active
adsorption sites to bind the S-DCF molecules through electrostatic
interaction, hydrogen bonding, n-n and Lewis acid-base interactions as
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Table 5
Comparison between adsorption capacities of the S-doped biochar and other
adsorbents.

Adsorbent Adsorbent pH Temperature Qmax Ref.
dosage (g 9] (mg
LY g h
Selenium doped 1.0 6.5 25 355 dos Reis
biochar etal.,
2023
Al(IID)-based 1.0 7.0 25 334.89 Obeso
MOF (MOF- et al.
303) (2023)
Al(III)-based 1.0 7.0 25 103.36 Obeso
MOF (DUT-5) et al.
(2023)
Commercial 2.0 8.15 25 26.97 Rigueto
gelatin/CNT’s et al.
beads (2021)
RCTLW gelatin/ 2.0 815 25 20.57 Rigueto
CNT’s beads et al.
(2021)
Multi-walled 157 Zhao et al.
carbon (2016)
nanotubes
sludge activated 1.5 6.0 25 92.7 dos Reis
carbon et al.
(2016)
MgAl/layered 0.05 5.0 60 168 de Souza
double dos Santos
hydroxide et al.
supported on (2020)
MnFe,04- 0.15 4.0 25 344.26 Zhang
magnetic et al.
biochar (2022)
Cellulose 1.0 4.5 25 444 Hua et al.
nanocrystals/ (2019)
chitosan
composite
Plant-based 0.12 6.0 20 23.25 Xu et al.
activated (2020)
biochar
Carbon xerogels — — 6.0 25 80.0 Alvarez
et al.
(2015)
Non-doped 1.5 6.0 45 564 This
biochar work
S-doped biochar 1.5 6.0 45 693 This
work
Table 6

Thermodynamic parameters of S-DCF on biochar adsorbents.

T (K) AG° (kJ mol™) AHC (kJ mol ™) AS° (kJ mol ' K1)
Non-doped biochar

298 —30.54 43.2 —41.2
308 —30.88

318 —30.71

328 —-29.15

Sulfur-doped biochar

298 —30.80 41.0 -335
308 —30.88

318 —30.53

328 —29.77

illustrated in Fig. 9. Since the pH of the S-DCF solution did not have huge
effect on its removal, we can state that the electrostatic interactions was
not the main one of the main mechanism involved in the process,
although it played some influence. Another possible mechanism could
involve the hydrogen bonding between H of the S-DCF molecules and O,
H, and S atoms of the biochar (Xie et al., 2023a,b) (see Fig. 9).

The S-DCF has a carboxyl group (-COOH) that can create a strong
electron-withdrawing effect on the aromatic ring from the biochar,
which allows the aromatic ring to bind to the electron donor biochar
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Fig. 8. Regeneration and reusability tests of Non-doped and S-doped biochars
over six cycles of S-DCF adsorption-desorption.

surfaces that establish n-n interactions (de Azevedo et al., 2023).
Therefore, it is stated that the main mechanisms involved in the S-DCF
adsorption are listed as the pore-filling effect, electrostatic attraction,
n-n EDA interaction, and H-bonding (Fig. 8).

4. Conclusion

In this work, the effect of sulfur doping on biochar physicochemical
properties as well as on its adsorption performance in removing S-DCF
were fully investigated. The elemental composition showed that the S-
doped has 7.33% of sulfur in its structure while non-doped biochar
presented only 0.153%. The higher S content had a great impact on S-
doped biochar structural and surface properties. The S-doped biochar
showed to have a more hydrophilic surface and lower pHp,. value
compared to non-doped biochar. Moreover, the higher presence of S was
responsible for introducing more structural defects as showed by Raman
analysis. The modification of the S-doped biochar properties positively
affected its adsorptive properties. The kinetic results of S-DCF was much
faster in S-doped biochar and it presented the highest adsorption ca-
pacity. The adsorption data showed that General and Liu models offered
the best fitness for the kinetic and equilibrium studies, respectively. The
S-doped biochar exhibited a maximum adsorption capacity of 693 mg
g 'at 318 K while non-doped presented 564 mg g~ 'at 318 K, evidencing
the better affinity of S-doped biochar for S-DCF molecule compared to
non-doped biochar. The thermodynamic parameters (AH®, AS®, AGY
suggested that the S-DCF removal on both adsorbents were spontaneous,
favourable, and endothermic.
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Fig. 9. Schematic of the S-DCF adsorption mechanism on S-doped biochar.
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