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Sunflower seed husks as a cost-effective adsorbent for chloroquine

removal from water

Cascas de semente de girassol como adsorvente econ6mico para a remog¢ao de cloroquina de matriz aquosa
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RESUMO

The increased production and consumption of pharmaceuticals
represent a potential environmental threat. Thus, advanced
treatments are necessary to remove pharmaceutical products from
water. A promising removal alternative is low-cost adsorbents, due
to their availability, low processing, and favorable results. This study
used sunflower seed husks (SSH) and chemically treated sunflower
seed husks (TSSH) as bioadsorbents to remove chloroquine from
water. Results showed that the pseudo-second-order is the kinetic
model with the best fit for both adsorbents. As for isothermic
models, the best fit for SSH was Langmuir, and for TSSH, Freundlich.
Maximum adsorption capacities of q,=168.09+22.98 mg/g and
q,=185.914+27.23 mg/g were found through the isothermic models
for SSH and TSSH, respectively. In addition, SSH reached 80% of its
initial adsorption capacity after three adsorption-desorption cycles,
indicating physisorption and good applicability due to its reusability.
Thus, SSH is an efficient adsorbent for chloroquine removal with
excellent regeneration capacity, low production cost, and low waste
production. This study serves as a model for the use of SSH in the
removal of contaminants of emerging concern.

Keywords: agroindustrial residue; water pollution; bioadsorption;
emerging contaminants; advanced water treatment.

O aumento da produgdo e consumo de produtos farmacéuticos
representa uma ameaga potencial ao meio ambiente. Assim, sdo
tratamentos avangados para produtos
farmacéuticos da dgua. Uma alternativa promissora de remogdo sdo
os adsorventes de baixo custo, devido a sua disponibilidade, baixo
processamento e resultados favoraveis. Este estudo utilizou cascas de
sementes de girassol (SSH) e cascas de sementes de girassol tratadas
quimicamente (TSSH) como bioadsorventes para remover a cloroquina

necessarios remover

da agua. Os resultados mostraram que a pseudo-segunda ordem
é 0 modelo cinético com melhor ajuste para ambos os adsorventes.
Quanto aos modelos isotérmicos, o melhor ajuste para SSH foi
Langmuir, e para TSSH, Freundlich. Capacidades maximas de adsorgdo
de qe=168,09+22,98 mg/g e qe=185,91+27,23 mg/g foram encontradas
através dos modelos isotérmicos para SSH e TSSH, respectivamente.
Além disso, o SSH atingiu 80% de sua capacidade inicial de adsorgdo
apos trés ciclos de adsorgdo-dessorcdo, indicando fisissor¢do e boa
aplicabilidade devido a sua reutilizagdo. Assim, o SSH é um adsorvente
eficiente para remogdo de cloroquina com excelente capacidade de
regeneracdo, baixo custo de produgdo e baixa produgdo de residuos.
Este estudo serve como modelo para o uso de SSH na remogdo de
contaminantes de preocupagdo emergente.

Palavras-chave: residuos agroindustriais; poluigdo da agua; bioadsorgao;
contaminantes emergentes; tratamento avangado de agua.
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Introduction

Chloroquine diphosphate (CLQ) and its derivative hydroxychlo-
roquine (HCLQ) are 4-aminoquinolone antibiotics, used in the treat-
ment of malaria, autoimmune, and rheumatoid diseases (Plantone and
Koudriavtseva, 2018; Zou et al., 2020). These drugs contain a nitrogen
atom in their cyclic ring, increasing their solubility in water and pro-
moting their incidence in aquatic environments, making them two of
the most frequently detected pharmaceuticals in water and soil (Dabi¢
etal., 2019).

The growth in production and consumption of pharmaceuticals
poses a potential threat to the environment (Midassi et al., 2020).
Studies have found that CLQ and HCLQ present chronic effects on
zebrafish embryos and larvae (Silva et al., 2023) and cause alterations
in enzymological and histopathological biomarkers in Cyprinus carpio
(Ramesh et al., 2018). Moreover, CLQ may present synergistic ecotoxi-
cological effects in a complex aquatic system. The combination of CLQ
and copper ions, for example, results on higher toxicity for the repro-
duction of Proales similis than the drug alone (Rebolledo et al., 2022).

Environmental concentrations (ug L) have been found for both
CLQ and HCLQ. In Nigeria, Olaitan et al. (2014) detected CLQ in
concentrations of 5 ug L' in groundwater and 0.11 pug L' in surface
water. Nason et al. (2022) found concentrations of 50 ug L for CLQ
in the primary sludge of a wastewater treatment plant in the United
States, demonstrating its intense consumption during the COVID-19
pandemic. In Italy, a concentration of 1.7 ug L' of HCLQ was detected
in wastewater (Cappelli et al., 2022).

Thus, advanced treatment alternatives have been studied as po-
tential pharmaceutical removal processes, such as photodegradation,
electro-Fenton oxidation, membrane bioreactors, and adsorption pro-
cesses, because conventional wastewater treatments do not completely
remove pharmaceuticals from water (Sirés and Brillas, 2012; Delgado
etal., 2019; Taoufik et al., 2020; Nippes et al., 2021).

The adsorption technique is a simple and economical alternative for
contaminants removal from water (Mellah et al., 2018; Smiljani¢ et al.,
2021). Low-cost adsorbents are made from naturally available materials
and waste by-products, considered a sustainable alternative due to their
environmental friendliness, energy efficiency, accessibility, recycling
and reutilization approach, and cost reduction when compared to tradi-
tional adsorbents, such as activated carbon (Erto et al., 2013).

Sunflower seed husks (SSH) have been studied as a low-cost adsor-
bent for many contaminants. Literature shows the utilization of SSH in
the removal of metal ions, like copper — Cu(II) (Stankovic et al., 2019)
and nitrogen — Ni(II) (Tadayon et al., 2023); dyes, such as astrazon red
(Kocadagistan and Kocadagistan, 2016), reactive blue 49, and reactive
red 195 (Alhares et al., 2023); and contaminants of emerging concern,
like the pesticides chlorfenvinphos, chlorpyrifos, simazine, and triflu-
ralin (Rojas et al., 2015), and the drugs tetracycline, ciprofloxacin, ibu-
profen, and sulfamethoxazole (Nguyen T.-B. et al., 2023; T.- Nguyen
K.-T. et al., 2023).
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Different biochars derived from low-cost adsorbents efficiently re-
move CLQ (Dada et al., 2021; Bankole et al., 2022; Santos et al., 2023).
However, the aforementioned studies involved thermal treatment,
which improves adsorbents characteristics and adsorption mecha-
nisms but increases production costs. A study by Januario et al. (2023)
investigated the adsorption of CLQ onto black soybean seed husks in
natura with satisfactory removal rates but relatively low adsorption ca-
pacities when compared to biochar.

In this context, this paper aimed to study the adsorption of CLQ
onto in natura SSH and chemically treated sunflower seed husks
(TSSH) for the first time. We expected to provide a cost-effective alter-
native to biochar, with the chemical treatment improving adsorption

capacities compared to the in natura adsorbent.
Materials and methodology

Contaminant

Chloroquine diphosphate (C, ;H, CIN,-2H,PO,, CAS number 50-
63-5) was purchased from Galena Pharmaceuticals (Campinas, Brazil).
CLQ has a molecular weight of 515.86 g.mol’, solubility of 50 g.L! in
water and pKa values of 8.38 and 10.18 (Sigma-Aldrich, 2024).

Preparation and treatment of the adsorbents

Sunflower (Helianthus annuus) seeds were purchased from a local
store. The seeds were manually dehusked and the husks were washed
with distilled water at 60°C (1:20 m/v ratio) until the washing water
became clear. The in natura SSH were then separated, dried in an oven
at 70°C for 24h, and finely grinded.

For TSSH, based on the chemical treatment proposed by Cusioli
et al. (2021), the washed husks were mixed in a 0.1 M methanol solu-
tion (1:5 m/v ratio) for 4h at 500 rpm and room temperature (£25°C).
After that, TSSH were washed with distilled water and mixed in a
0.1 M nitric acid solution (1:5 m/v ratio) for 1h at 500 rpm and room
temperature. Then, TSSH were washed with distilled water again and

dried in an oven at 70°C for 24h. After drying, they were finely grinded.

Adsorbent characterization

A FEI Quanta-250 scanning electron microscope was used to ana-
lyze the surface morphology of SSH and TSSH.

Physisorption of N, was conducted to determine the specific surface
area, average pore diameter, total pore volume, mesopore volume and mi-
cropore volume. The adsorbents were previously submitted to degasifica-
tion at 70°C for 6 h. During the experiment, the temperature of the sam-
ples was kept at -196.15°C (77K) in liquid hydrogen, and relative pressure
(p/p,) increased from 0.0016 to 0.9900 bar for adsorption and desorption.
Results were analyzed using the Brunauer-Emmett-Teller (BET) equation.

Zeta potential experiments were conducted on a Delsa NanoC
(Beckman Coulter) to determine the superficial charges of the ad-

sorbents. The analysis was performed using five samples with 20 mL
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of water and 0.02 g of adsorbent each. With 0.1 M sodium hydroxide
(NaOH) and 0.1 M hydrogen chloride (HCI) solutions, the potential of
hydrogen (pH) was corrected to points 2, 4, 6, 8, 10, and 12. The zeta
potential at each point was then measured in triplicate.

Fourier transform infrared spectroscopy (FTIR) was used to deter-
mine functional groups of both adsorbents, before and after CLQ ad-
sorption. The employed method was attenuated total reflectance (ATR)
(VERTEX 70v, Bruker).

Adsorption experiments

Adsorbent concentration and pH effect

The adsorption of CLQ in both adsorbents was tested in batches
and in duplicate, using a contaminant solution concentration fixed at
20 mg L. Adsorbent mass (0.02-0.10 g), contaminant volume (0.02—
0.10 L), and pH (5, 6, 7, 8, 9; and pH natural=5.71) were varied in the
initial tests and the best-tested conditions were determined through
adsorption capacity (q,) and removal efficiency (RE). The solutions
with SSH/TSSH samples were kept in sealed flasks in an orbital shak-
ing incubator for 24h at 25°C, and 150 rpm. Then, the liquid phase was
analyzed in a UV-Vis spectrometer (HACH DR 5000), at 343 nm wave-
length, for equilibrium concentration (C ) measurement. Then, with C_
measurements, q, was calculated (Equation 1):
g =GV M

m

Where:
q,: adsorption capacity (mg g);
C, and C: initial and equilibrium concentrations (mg L);
V: contaminant solution volume (L); and

m: adsorbent mass (g).

Adsorption kinetics

The adsorption kinetics study was performed in duplicate using
0.02 mg of adsorbent in 0.1 L of 20 mg L' contaminant solution, main-
tained in an orbital shaking incubator at 25°C and 150 rpm, at pH=6.0
(SSH) and 7.0 (TSSH). Final concentrations were analyzed at contact
times varying from 2.5-1440 min. Adsorption capacities for each con-
tact time were calculated through Equation 1.

Two kinetic models were applied to the experimental data in this
study. The pseudo-first-order (PFO) model (Equation 2) was proposed

The pseudo-second-order (PSO) model (Equation 3) was pro-
posed by Ho and McKay (1999):

_ koqit

= 3
1+ kyqt 3)

qe
Where:

q, and q,: adsorption capacities at time t and equilibrium (mg g™);
t: contact time (min); and

k,: pseudo-second-order adsorption rate constant (g mg" min™).

The model adjustment and statistical analysis were conducted us-
ing the software Origin (OriginLab, 2018).

Adsorption isotherms

Adsorption equilibrium and temperature effect were studied in du-
plicate using three different temperatures: 25, 35, and 45°C. Contami-
nant concentration varied from 5 to 100 mg L and studies were con-
ducted using m=0.02 g, V=0.1 L, 150 rpm, t=24h, and pH=6.0 (SSH)
and 7.0 (TSSH).

Langmuir and Freundlich isotherm models were applied utilizing
Origin (OriginLab, 2018). The Langmuir model (Equation 4) assumed
a defined number of active sites with no competition between them,
and probability of adsorption at active sites as independent of adjacent
sites (Langmuir, 1916):

_ qmkLCe

- 4
Qe =11 %,0C, @)

Where:
k;: Langmuir’s isothermal constant (L mg™).

The Freundlich model (Equation 5), on the other hand, was applied
to heterogeneous surfaces and assumed interactions between adsorbed
molecules (Freundlich, 1906):

1
Ge = kpCE ®)
Where:
k.: Freundlich’s isothermal constant [(mg L")(L g)""].

The thermodynamic parameters were calculated using the
isothermal results. Gibbs free energy (AG) was obtained through

by Lagergren (1898): Equation 6.
e = qe[1 —e71] (2)  AG = —RTnK, (6)
Where: Where:
q,and q,: adsorption capacities at time t and equilibrium (mg g"); AG: Gibbs free energy;
t: contact time (min); and K: adimensional equilibrium constant determined using experimen-
k : pseudo-first-order adsorption rate constant (min™). tal data.
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To estimate enthalpy (AH) and entropy (AS) values, a graph of
In (Kc) x 1/T was plotted. AH was obtained from the slope of the
plotted line and AS, from the linear coefficient, as shown in Equa-

tion 7:

i = _AH 85

M= TR TR )
Where:

AH: enthalpy value; and
AS: entropy value.

Regeneration study

To investigate the reusability of SSH and TSSH, an adsorption ex-
periment was conducted with 0.1 L of CLQ solution (20 mg L") and
0.02 g of adsorbent, in duplicate. The loaded adsorbents were then fil-
tered, dried at 70°C and stirred for 24h in 0.1 L of five different eluents:
deionized water, pure methanol, pure ethanol, 0.1 M NaOH solution
and 0.1 M HCl solution. The recycled SSH/TSSH were filtered, washed

with deionized water and dried at 70°C. Three cycles of adsorption—de-
sorption were conducted and desorption capacity (q,) was calculated
according to Equation 8.

C,v
Qa=- — (8)
Where:

q,: desorption capacity;

C,: CLQ concentration after desorption (mg L™);
V: solution volume (L); and

m: adsorbent mass (g).

Results and discussion
Adsorbent characterization

Scanning electron microscope (SEM) micrographs of SSH and TSSH
(Figure 1) showed a heterogeneous and fibrous morphology, common to or-

ganicadsorbents, withhighligninandcellulosecontent(Janudrioetal.,2023).

Zeta potential (mV)
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(4] o (4]

'S 1 1

&
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(D)

Zeta potential (mV)
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Figure 1 - (A) Micrograph of sunflower seed husks at 1000x; (B) Micrograph of treated sunflower seed husks at 1000x; (C) Zeta potential for sunflower seed

husks; (D) Zeta potential for treated sunflower seed husks.
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After chemical treatment, the pores became noticeably larger and more
open, thus favoring the adsorption process. This could be due to oxida-
tive lignin depolymerization by methanol (Sang et al., 2023) and nitric
acid (Ahmad et al., 2021).

Zeta potential results for SSH and TSSH are displayed in Figure 1.
For SSH, charges were negative for the entire examined pH range,
suggesting possible exchangeable cations. Similar results were found
for in natura SSH in the literature (Stankovic et al., 2019). As for
TSSH, the material presented a different behavior, being negatively
charged from approximately pH=2.0 to 9.0 and positively charged
at very low and high pHs. Isoelectric points were approximately at
pHs 2.0 and 8.8.

The physisorption of N, experiments results are displayed in Ta-
ble 1. BET specific surface areas of 0.5257 m*g"! (SSH) and 0.8960 m’g!
(TSSH) were observed, which are similar to findings for other in natu-
ra bioadsorbents reported in the literature (Weber et al., 2013; Araujo
etal., 2021; Toli¢ et al., 2021; Jaihan et al., 2022). Among the researched
studies, only tangerine peel presented larger specific surface area than
TSSH, with 0.965 m?®g"! (Toli¢ et al., 2021). As for average pore diam-
eter, the results were 71.43 A (SSH) and 80.39 A (TSSH); thus, both
materials can be classified as mesoporous.

Total pore volume values were 0.000764 cm’g' (SSH) and
0.001529 cm®g* (TSSH). The chemical treatment increased total pore
volume by 100%; micropore volume went from 0.000392 (SSH) to
0.000636 cm?®g! (TSSH), demonstrating that the chemical treatment
successfully modified the adsorbent’s surface. The researched studies
suggest similar values to those found for the adsorbents; only Guazu-
ma ulmifolia Lam. presented higher total pore volume than TSSH, with
0.00187 cm®g! (Araujo et al., 2021).

Results for the FTTR-ATR analysis (Figure 2) showed organic func-
tional groups, as is expected for lignocellulosic material (Vidovix et al.,
2022). The peak at 3337 cm ™ suggests the presence of oxygen-hydrogen
(O-H) bonds, related to oxygen groups (Janudrio et al., 2023). The peak
intensity at 3337 cm™ was higher for TSSH than SSH, indicating the
changes caused by chemical treatment with methanol.

As for the peak at 2900 cm, it indicates the presence of car-
bon-hydrogen (C-H) bonds, possibly H-bonds between CLQ and
the adsorbents; weaker peaks at 1300-1400 cm, associated with

aromatic rings, indicate m-interactions (Vidovix et al, 2022).

Table 1 - Results for physisorption of N,,.

BET specific surface area [m’g'] 0.5257 0.8960
Total pore volume [cm’g™] 0.000764 0.001529
Micropore volume [cm’g’] 0.000392 0.000636
Average pore diameter [A] 71.43 80.39

BET: Brunauer-Emmett-Teller equation; SSH: sunflower seed husks; TSSH:
treated sunflower seed husks.

These are both possible adsorption mechanisms, especially H-bonds,
presenting accentuated changes in detected intensity before and after
adsorption. Aromatic rings were also more accentuated in TSSH than
in SSH, possibly due to chemical modification.

The peak at 1732 cm™ was more intense in TSSH, showing the pres-
ence of C=0 bonds from esters. After CLQ adsorption, the peak shift-
ed to 1598 cm™, indicating possible N-H interactions (Pradhan and
Sandle, 1999; Cusioli et al., 2021). At 1225 cm, the peak was caused
by C-O stretches, present in glucose-cellulose bonds (Januério et al.,
2023). The accentuated peak at 1025 cm™ also indicates the presence of
C-O and C-OH bonds, characteristics of lignin and celluloses (Cusioli
etal,, 2021), and the change in intensity from SSH to TSSH may also be
an indicator of chemical modification.

The FTIR-ATR findings are comparable to those of the studies that
used in natura SSH, in which peaks were detected at similar wave-
lengths (Tadayon et al., 2023). The results also indicate that the chem-
ical treatment promotes changes in the superficial functional groups.

Adsorption experiments

Adsorbent concentration and pH effect

The conducted experiments achieved higher g, for both SSH and
TSSHwhenm=0.02 gand V=0.1L, resultingin anadsorbent concentra-
tion of 200 mg L. For SSH, q, was highest at pH=6.0 (q,=47.88 mg g'',
RE=49.84%) and for TSSH at pH=7.0 (q,=54.33 mg g, RE=56.32%)
(Figure 3). Those conditions were then used to perform the subse-

quent experiments.

Figure 2 - Fourier transform infrared spectroscopy-attenuated total
reflectance spectra for sunflower seed husks and treated sunflower seed
husks, before and after adsorption.

FTIR: fourier transform infrared spectroscopy; ATR: attenuated total reflectan-
ce; SSH: sunflower seed husks; TSSH: treated sunflower seed husks.
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The sharp decrease in adsorption capacity at pH 8.0 and 9.0 sug-
gests the adsorption process works best with CLQ in its molecular
form. When pH>8.38, CLQ is mostly in its ionizable form with neg-
ative charges in the solution due to its pKa value. As seen in the zeta
potential study (Topic 2.1), both SSH and TSSH presented mostly neg-
ative surface charges in the 5.0-9.0 pH range, occurring electrostatic

repulsion to the solution and thus decreasing adsorption capacity.
Adsorption kinetics

The kinetic experimental data obtained for SSH and TSSH are
shown in Figure 4.

(A)

50 -
—— SSH
40
)
S 30
E
(]
&
20
10
0 T T T T T
5 6 7 8 9

pH

The curve for SSH presented a rapid increase in q, in the initial
minutes, with the removal rate of CLQ decreasing over time until
stabilization at t=120 min, indicating that adsorption sites are readily
available (Janudrio et al., 2023). The kinetic model that presented a
better fit to the SSH experimental data was PSO, as seen in Table 2.
After stabilization, the maximum value of q,=47.31, standard devia-
tion+1,07 mg/g, and RE=42.05% for SSH was obtained through the
PSO kinetic model.

As for TSSH, similar behavior is observed, although the initial in-
crease in q_ is less accentuated, and stabilization occurs only after t=720
min. The PSO kinetic model was also the best fit to the experimental data.

(B)

Figure 3 - Adsorption capacity at varying pHs for sunflower seed husks (A) and treated sunflower seed husks (B).
SSH: sunflower seed husks; TSSH: treated sunflower seed husks; g : adsorption capacity at equilibrium; pH: potential of hydrogen.
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Figure 4 - Kinetics experimental data and model adjustment for sunflower seed husks and treated sunflower seed husks.
SSH: sunflower seed husks; TSSH: treated sunflower seed husks; g : adsorption capacity at equilibrium; t (min): time in minutes.
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Parameter values obtained through the PSO model are displayed in Table 3,
with a maximum value of q =57.88+2.99 mg/g and RE=57,08% for TSSH.

Other studies with CLQ also reported that the best fit for the ad-
sorption kinetics was PSO, suggesting that the active sites of SSH and
TSSH surfaces are directly related to the adsorption capacity (Dada
et al., 2021).

Table 2 - Kinetic model parameters for sunflower seed husks and treated
sunflower seed husks.

Kinetic Estimated Experlmental data | Experimental data
model parameter values TSSH

9y (mg g") 44.9510.05 52.40%2.12
BT k (min™) 0.0102+0.0011 0.0087£0.0012
R? 0.9372 0.9637
X2 2.221 15.925
Qg (mgg") 47.31%£1.07 58.6212.18
k, (g mg"' min™) 0.00388+0.00006 0.00019£0.00003
Fs0 R? 0.9782 0.9868
X2 4.645 5.789

SSH: sunflower seed husks; TSSH: treated sunflower seed husks; PFO: pseu-
do-first-order; PSO: pseudo-second-order; q,: adsorption capacity at equili-
brium; k : pseudo-first-order adsorption rate constant; k,: pseudo-second-order
adsorption rate constant; R* coefficient of determination; y* qui-square value.

Adsorption isotherms

The adsorption isotherms for SSH and TSSH are shown, respectively,
in Figures 5A and 5B. Parameters for each isotherm model for both adsor-
bents are summarized in Table 3. Non-linear isothermal models were used.

It is observed that, for SSH at 25°C, the model that best fit the ob-
tained experimental data was the Freundlich model, with a determi-
nation coefficient (R?) of 0.97085 and reduced chi-square value (}?)
of 27.212. For 35°C and 45°C, however, the best fit was the Langmuir
model, with R?=0.99504 and y*= 3.3326 for 35°C and R?=0.97941 and
%?=32.11738 for 45°C. This indicates that CLQ adsorption probably oc-
curs in a monolayer and without interaction between adsorbate mole-
cules for SSH (Vidovix et al., 2022).

For TSSH, the model that best fit the obtained experimental data for all
tested temperatures was the Freundlich model, suggesting that adsorption
occurs with interactions between molecules, which may be due to chem-
ical treatment. When T=25°C, R*>= 0.9678 and %?=22.866. For T=35°C,
R?=0.9559 and %?=37.582. Finally, for T=45°C, R?=0.9591 and %*=56.977.

The highest RE achieved were 82.61% (C=5 mg/L, T=35°C) for
TSSH and 93.40% (C=10 mg/L, T=45°C) for TSSH.

For both adsorbents, a significant increase in q,is observed with the
change of temperatureto45°C. However, evenat 25and 35°C, and the max-
imum q, found in this study is still higher than other results in literature for
CLQ adsorption (Dada et al., 2021; Araujo et al., 2023; Santos et al., 2023).

Table 3 - Isotherm model parameters for sunflower seed husks and treated sunflower seed husks.

q,(mgg")
k (L mg™)
R2
SSH X2
kF (mgL—l)(Lg—l)I/n
1/n
R2
X2

Langmuir

Freundlich

q, (mgg"
k (L mg")
RZ
TSSH X2
kF (mgL-l)(Lg-l)lln
1/n
RZ
XZ

Langmuir

Freundlich

25°C 35°C 45°C
121.04£7.40 123.11£7.67 168.09+22.98
0.0256+0.0035 0.0293£0.0044 0.0155%0.0039
0.98756 0.99504 0.96770
11.760 3.333 39.218
8.536%1.986 10.643%0.605 6.989£0.921
0.5162+0.0575 0.4804+0.0141 0.5892+0.0322
0.9709 0.9828 0.9850
27.212 16.238 14.768
25°C 35°C 45°C
123.1449.96 133.92+13.24 185.91+27.23
0.035620.0075 0.033440.0084 0.021520.0067
0.9632 0.9504 0.9386
38.323 60.715 112.887

13.238%1.762 13.85042.242 11.336%2.126

0.4439510.0333 0.446510.0407 0.535440.0462
0.9678 0.9559 0.9591
22.866 37.582 56.977

SSH: sunflower seed husks; TSSH: treated sunflower seed husks; q_: maximum adsorption capacity; R* coefficient of determination; x*: qui-square value; k;: Freun-

dlich’s isothermal constant; k : Langmuir’s isothermal constant
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Figure 5 - Adsorption isotherms for sunflower seed husks (A) and treated sunflower seed husks (B).
SSH: sunflower seed husks; TSSH: treated sunflower seed husks; T: temperature; qe: adsorption capacity; Ce: equilibrium concentration.

For black soybean hulls in natura, a q max of 75.06 mg g™ was obtained
(Janudrio et al.,, 2023), which is approximately half of the maximum
adsorption capacity found for SSH in this study. Soybean hulls residues
functionalized with iron oxide nanoparticles reached q max=98.84 mg
¢! (Vidovix et al., 2022), while acid-activated hibiscus seed pods bio-
char achieved q max=161.29 mg g (Bankole et al., 2022). Thus, the
results indicate that SSH and TSSH present high adsorption capacity
and are suitable for CLQ removal.

As for the thermodynamic parameters, Gibbs free energy (AG) val-
ues increased negatively for both SSH (from 0.628 at 25°C to -8.423 at
45°C) and TSSH (from -2.731 at 25°C to -3.628 at 45°C), which suggests
a spontaneous process. The positive variation of enthalpy (AH=10.595
for SSH and AH=10.565 for TSSH) suggests an endothermic process,
justifying the increase in adsorption capacity when T=45°C.

Enthalpy variation is also an indicator of the adsorption mecha-
nism, since values between 2.10 and 20.90 k] mol* suggest physisorp-
tion, while 80 to 200 kJ mol" indicate chemisorption (Cusioli et al.,
2020). Thus, it is inferred that the adsorption of CLQ into SSH and
TSSH occurs through physical mechanisms such as the H-bonds and
T-interactions verified in the FTIR-ATR analysis (Figure 2).

Regeneration study
The eluent with the best desorption capacity was 0.1 M HCI

solution. After three adsorption-desorption cycles, SSH was able

8

to maintain over 80% of initial adsorption capacity (from 48.98 to
40.25 mg g"), indicating physisorption and good regenerative charac-
teristics. For TSSH, however, adsorption capacity dropped to 55% over
three cycles (from 58.73 to 32.47 mg g*), showing a decrease in regen-
erability and indicating partial chemisorption, consistent with FTIR-
ATR results found in item 2.1.

Conclusion

Through this study, it was found that both SSH and TSSH are vi-
able options for the removal of CLQ, presenting high maximum ad-
sorption capacities and removal efficiencies at the lowest adsorbent
concentration tested and neutral pH conditions, which is beneficial for
full-scale applications.

Forthe SSHand TSSH, maximum adsorption capacities werereached
at the adsorbent concentration of 200 mg/L, T=45°C, and pH=6.0 and
7.0, respectively. TSSH presented higher q__ (185.91427.23 mg g*)
and RE (93.40%), but lower regeneration than SSH. Considering SSH
reached a q__=168.09422.98 mg g* and RE=82.61% under the same
conditions, the increase of 10.60% in adsorption capacity and 10.79%
in removal efficiency promoted by the studied chemical treatment does
not justify the higher processing, costs, and production of pollution in-
herent to the modification process.

Thus, it is concluded that SSH is the most efficient biosorbent for

CLQ, with outstanding regeneration capacity, low production costs, and
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low waste generation. The developed methodology serves as a model for
the use of SSH in the removal of other pharmaceutical compounds and
contaminants of emerging concern, consisting of an environmentally
friendly approach, with minimal waste and by-product production, low
reagent consumption, low cost, and high reuse potential.
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