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, . _TOMTAT ,
VAT LIEU HAP PHU TU TINH TREN NEN NANOCELLULOSE LOAI BO
OXYTETRACYCLINE: PONG HQC, PANG NHIET VA NHIET PONG HQC

Du heong Oxytetracycline (OTC) trong méi trwong nwdc gay dnh hwong nghiém trong dén hé sinh thai va
sirc khoe céng dong. Nghién cizu ndy gidi thiéu vat liéu hap phu tir tinh nén nanocellulose (Fe;0,@CNCs)
dwoc tong hop bang phwong phdp dong két tia, sir dung cellulose vi tinh thé (CNCs) chiét xudt tir rau nhit
(Neptunia oleracea). Vt liéu duoc ddc trung bang SEM, EDS, FTIR, XRD, BET va VSM. Khd ndng hdp phu
OTC ot khdo sdt trong cdc diéu kién pH, liéu heong, nong do, nhiét do va thoi gian tiép xdc khac nhau. O
diéu kién pH 6 va 30 °C, hiéu sudt logi bo dat 89,08% Véi dung lrong hdp phu 22,83 mg/g. Dir liéu déng
hoc tuan theo md hinh bdc hai gid (R?2 = 0,9994), cho thdy co ché hdp phu héa hoc. Ca hai md hinh
Langmuir va Freundlich déu phi hop (Qmax = 50,76 mg/g; R2 > 0,98), phan anh hap phu da I6p trén bé mat
khéng dong nhdt. Cac thdng sé nhiér dong hoc (AH = —24.03 ki/mol; AG tir —7.98 dén —6.40 kJ/mol; AS = —
52.96 J/mol-K) chi ra qué trinh |a tu phét, téa nhiét va chi yéu do tuwong tac vat ly. Vat liéu van duy tri hiéu
sudt logi bo trén 70% sau ba chu ky tai siz dung. Fe;0,@CNCs cho thdy tiém ndng cao trong xir Iy nwéc 6
nhiém chira khang sinh.

Tir khéa: Oxytetracycline, tir tinh, nanocellulose, hdp phu, i Iy nuéc

1 INTRODUCTION environments is an urgent and_ important
challenge in the field of environmental
The excessive and often uncontrolled engineering [9, 10].

application of antibiotics in both clinical
and agricultural contexts has led to the
continuous discharge of pharmaceutical
residues into natural water bodies [1-4].
Among these, oxytetracycline (OTC) is
one of the most frequently detected
antibiotics in wastewater, rivers, and lakes
due to its extensive use and poor
degradability [5, 6]. OTC is not only toxic
to aquatic organisms but also poses a risk
of promoting antimicrobial resistance,
which has been classified as a critical
global health threat by the World Health
Organization [7, 8]. Therefore, the
removal of OTC from aqueous

Traditional wastewater treatment systems,
including  biological and chemical
processes, often failed to effectively
remove OTC due to its stable molecular
structure and strong affinity for organic
matter [9, 11]. As a result, adsorption
emerged as a promising method for
antibiotic removal, owing to its simplicity,
efficiency, low cost, and adaptability [12,
13]. However, the success of adsorption
depended heavily on the design of high-
performance adsorbent materials with
sufficient surface area, functional group
availability, and reusability [14-16].
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Cellulose nanocrystals (CNCs), derived

from renewable biomass, possessed
numerous  hydroxyl  groups, high
crystallinity, and large surface area,

making them attractive candidates for use
as green adsorbents [17]. Nevertheless,
their direct application in water treatment
remained limited by their lack of
selectivity, aggregation tendencies, and
difficulty in post-treatment separation. To
address these limitations, the integration
of magnetic nanoparticles, such as Fe;O,,
into CNCs proved effective in improving
both adsorption efficiency  and
recyclability [18-20]. The magnetic
functionality enabled rapid separation
from solution under an external magnetic
field, while Fe;O, nanoparticles
introduced additional active sites and
potential for specific interactions with
target pollutants [21].

In this study, a Fe;O,-decorated CNCs
composite (Fe;0,@CNCs) was
synthesized via a facile co-precipitation
method using CNCs extracted from the
aerenchyma tissue of Neptunia oleracea
(commonly known as water mimosa), a
sustainable aquatic plant. The synthesized
composite was thoroughly characterized
using SEM, EDS, FTIR, XRD, BET, and
VSM techniques to confirm its structure,
morphology, surface area, and magnetic
behavior [18, 20]. The adsorption
performance of FesO,@CNCs toward
OTC was evaluated under different
operational conditions, including pH,
adsorbent dosage, initial concentration,
temperature, and contact time [22].

Furthermore, adsorption Kinetics,
isotherms, and thermodynamic analyses
were carried out to elucidate the
adsorption mechanism. The reusability
and structural stability of the composite
were also assessed through repeated
adsorption—desorption cycles. The
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findings of this work aimed to provide a
cost-effective, magnetically retrievable,
and environmentally sustainable solution
for the removal of antibiotic pollutants
from water [23-26].

2. EXPERIMENT

All reagents used in this study were of
analytical grade and used without further
purification. Iron(ll) sulfate heptahydrate
(FeSO4:7H,0, > 99%) and iron(III)
chloride hexahydrate (FeCl;-6H,0, >
97%) were obtained from Sigma-Aldrich
(USA). Terephthalic acid (H,BDC, >
98%) was purchased from Himedia
(India), and N,N-dimethylformamide
(DMF, 99.8%) was supplied by VN-
CHEMSOL (Vietnam). oTC
(C22H24N209, > 98%), used as the target
antibiotic, was sourced from
MedChemExpress (USA). CNCs were
prepared in-house via acid hydrolysis
from the aerenchyma tissue of Neptunia
oleracea, following the procedure
described in our other work. Deionized
water with a conductivity < 0.05 pS/cm
was prepared using a Milli-Q purification
system.

The Fe;0,@CNCs composite was
synthesized via a co-precipitation method
based on the procedure reported by
Janicijevic et al. (2021) [27]. The
morphological features of the synthesized
materials  were  investigated  using
scanning electron microscopy (SEM,
model  JSM-1T200, Jeol, Japan).
Elemental composition was determined
through energy-dispersive X-ray
spectroscopy (EDS) integrated with the
SEM system. Functional groups were
identified via Fourier-transform infrared
(FTIR) spectroscopy, performed on a
Tensor 27  spectrometer  (Bruker,
Germany). Crystallographic
characteristics were assessed by X-ray
diffraction (XRD) using a LabX XRD-
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6100 instrument (Shimadzu, Japan).
Surface area and pore characteristics were
measured through nitrogen adsorption—
desorption isotherms using the Brunauer—
Emmett-Teller (BET) method on a
TriStar Il Plus 3.03 analyzer
(Micromeritics, USA). Magnetic
properties were analyzed using a vibrating
sample magnetometer (VSM, model EZ9,
Microsense, USA). UV-visible spectral
analysis was conducted with a Cary 3500
UV-Vis  spectrophotometer  (Agilent
Technologies, USA).

The removal efficiency of Fe;0,@CNCs
toward OTC was systematically examined
by varying key operational parameters,
including  adsorbent  mass, initial
contaminant concentration, pH, contact
duration, and temperature. To evaluate the
impact of dosage and OTC levels, 5, 10,
20, and 30 mg of Fe;0,@CNCs were
dispersed in 50 mL of OTC solutions at
concentrations of 10, 20, 30, and 40
mg/L, contained in 100 mL Erlenmeyer
flasks. Solution pH was adjusted within
the range of 2-8 using 0.1 M nitric acid
(HNO3) or sodium hydroxide (NaOH).
The samples were stirred at 250 rpm
across controlled temperatures of 30, 40,
50, and 60 °C for various time intervals
(5, 15, 30, 45, 60, 90, 120, and 150
minutes). At each designated time point, a
neodymium magnet was applied to settle
the magnetic adsorbent. The resulting
supernatant was carefully collected and
centrifuged at 4000 rpm for 2 minutes to
remove any remaining suspended solids.
The concentration of unadsorbed OTC
was quantified by measuring the
absorbance at 355 nm using a UV-visible
spectrophotometer.

The equilibrium  adsorption  capacity
(Ge, Mg/g) was determined using equation

(eq 1):
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_ (CO _Ce)-V

qQe == 1)

m

where C, and C, (mg/L) represent the
initial and equilibrium concentrations of
OTC, respectively; V (L) is the solution
volume, and m (g) denotes the mass of
adsorbent used.

To evaluate the adsorption at any given
time (q,, mg/g), equation (eq 2) was
applied:
Co—Cp).
qo =t @
with  C, (mg/L) indicating the
concentration of OTC at time t.

The percentage removal efficiency (R, %)
was calculated based on equation (eq 3):

R =% 100% (3)
Co

After identifying the optimal conditions
for OTC adsorption by Fe;0,@CNCs, a
comparative study was conducted to
evaluate the adsorption capacities of
CNGCs, Fe;0,, and Fe;O,@CNCs. For
this, 20 mg of each material was added to
50 mL of 20 mg/L OTC solution at pH 6
under ambient temperature.

After adsorption, the retained
oxytetracycline was desorbed using 0.2 M
HCI by shaking at 200 rpm for 120
minutes. A magnet was placed at the
bottom of the Erlenmeyer flask to
separate the magnetic adsorbent, and the
supernatant was collected to measure the
absorbance at 355 nm for quantifying
desorbed OTC. Following desorption, the
Fe;O,@CNCs composite was recovered,
rinsed with deionized water until neutral
pH, and dried at 50 °C. This adsorption—
desorption cycle was repeated until the
material showed no further reusability.
Adsorption and desorption efficiencies
were recorded and evaluated after each
cycle.
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3. RESUILS AND DISCUSSION
3.1. Characterization of Fe;O,@CNCs

The mixture of FeSO,7H,O and
FeCl;-6H,0 salts was precipitated onto a
nanocellulose matrix at a mass ratio of
Fe;O, to CNCs of 1:5. The resulting
product was a black-brown solid with
observable magnetic properties.

1C Spc_009-Fe304@CNCs
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Figure 1. (a) SEM images and (b) EDS spectrum
of Fe;O,@CNCs.

The successful fabrication of the
Fe;0,@CNCs composite was confirmed
by a combination of morphological,
structural, chemical, and magnetic
analyses. SEM image (Figure 1a) revealed
a uniform distribution of Fe30,
nanoparticles on the nanocellulose
surface, with particle sizes ranging from
81.03 to 149.4nm, indicating effective
nucleation and stabilization facilitated by
hydroxyl groups on CNCs. EDS analysis
(Figure 1b) verified the presence of C
(44.91%), O (47.47%), and Fe (7.62%),
consistent with the expected composite
composition.

The XRD pattern of the Fe;O,@CNCs
composite (Figure 2a) confirmed the
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coexistence of both nanocellulose and
Fe;O, phases. Characteristic peaks of
cellulose Ip were observed at 260 =~ 15,6°
(T10), 22,5° (200), and 34,5° (004),
corresponding to the crystalline structure
of CNCs (JCPDS No. 00-060-1502).
Simultaneously, distinct peaks at 20 =
30,2° (220), 35,6° (311), 43,2° (400),
57.2° (511), and 62,8° (440) matched well
with the standard cubic spinel structure of
Fes0, (JCPDS No. 19-0629), indicating
the presence of the magnetite phase with
high  crystallinity.  These  findings
collectively confirmed the successful
incorporation of Fe;0, nanoparticles into
the nanocellulose matrix.

FT-IR spectroscopy (Figure 2b) further
supported the formation of the composite.
The spectrum exhibited the typical
absorption bands of cellulose (O—H, C-H,
C=0, and C-O stretching), while Fe30,
contributed a prominent Fe—O band at 580
cm™. A red shift in the O-H stretching
vibration in the composite suggested
hydrogen bonding between Fe;0O, and the
cellulose  surface, indicating strong
interfacial interaction.

BET surface area analysis (Figure 2c)
revealed a specific surface area of 6.3350
+ 0.0713 m?/g, based on a slope of 0.6858
and an intercept of 0.00127 from the
nitrogen  adsorption isotherm.  This
moderately high surface area suggested
the development of a porous structure,
favorable for enhanced adsorption and
surface-driven processes.

Magnetic characterization (Figure 2d)
demonstrated superparamagnetic
behavior. While the saturation
magnetization of pure Fe;0, reached
82.52 emu/q, it decreased to 14.91 emul/g
in the composite due to dilution by non-
magnetic cellulose. Nevertheless, the
magnetic response was adequate for rapid
magnetic separation, highlighting the
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reusable
as OTC

composite’s  potential  for
adsorbent applications, such
removal from aqueous systems.
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Figure 2. (a) XRD patterns; and (b) FTIR spectra
of CNCs; Fe3;0,; and Fe;O,@CNCs. (c) BET
surface area plot; and (d) VSM curves with
magnetic separation inset of Fe;0,@CNCs.

3.2. Adsorption Performance
Evaluation

Effect of adsorption time. Figure 3a
showed that OTC removal increases

rapidly within the first 60 minutes,
followed by a gradual plateau, reaching
equilibrium at 150 minutes with a
maximum g. of 27.40 mg/g and removal
efficiency R of 51.25%. This indicated
rapid initial occupation of active sites on
the composite surface.

Effect of adsorbent dosage. As shown in
Figure 3b, increasing the adsorbent
dosage from 5 to 30 mg reduced g, (50.18
to 21.11 mg/g) but enhanced R (20.25% to
60.69%). This trend reflected a greater
number of available active sites, though
excessive dosage might lead to site
aggregation and underutilization.

Effect of OTC concentration. Figure 3c
illustrated that g, increased from 18.76 to
38.43 mg/g as OTC concentration rose
from 10 to 40 mg/L, while R declined
from 73.59% to 36.06%. The decline in R
was attributed to surface site saturation

171

and increased molecular interactions

hindering further adsorption.

Effect of pH. The point of zero charge
(pH,zc) of Fe;O,@CNCs was determined
to be 5.9 (Figure 4a). Below this pH, the
surface was positively charged; above it,
negatively charged. Since OTC formed
anionic species at higher pH, electrostatic
repulsion reduced adsorption. As shown
in Figure 4b, optimal adsorption occured
at pH 6 (R = 89.08%, g. = 22.83 mg/g).
Deviation from this pH led to diminished
performance due to charge repulsion and
reduced electrostatic attraction.
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Figure 3. Adsorption performance evaluation
Fe;0,@CNCs: (a) Effect of contact time; (d)
Effect of adsorbent dosage; and (c) Effect of OTC
concentration.
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Figure 4. Adsorption performance evaluation
Fe;0,@CNCs: (a) Point of zero charge (pH_pzc)
of the material; (b) Effect of pH; and (c) Effect of

temperature.

Effect of temperature. Figure 4c indicated
that room temperature (30 °C) yields the
highest R (89.08%) and q. (22.83 mg/qg).
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Higher temperatures (40-60 °C) caused a
slight decline in both metrics, suggesting
the process was exothermic and more
favorable at ambient conditions.

Evaluation of Adsorption Capacity and
Reusability. Figure 5a showed that
Fes0,@CNCs exhibited superior OTC
removal efficiency compared to pristine
CNCs under identical conditions (303 K,
pH 6, 20 mg adsorbent, 120 minutes, 20
mg/L OTC). The poor performance of
CNCs was likely due to limited pore size
and unfavorable surface interactions with
OTC molecules. In contrast, FesO0,
functionalization improved both pore
accessibility and chemical affinity,
resulting in  significantly enhanced
adsorption  performance. To  assess
reusability, the Fe;O0,@CNCs composite
was subjected to four consecutive
adsorption—desorption cycles. As shown
in Figure 3b, 0.2 M HCI achieved high
desorption efficiency, reaching 97.66%
after 120 minutes. The composite
maintain high removal efficiency during
the first three cycles (84.15%, 80.09%,
and 70.11%, respectively), before
declining to 53.95% in the fourth cycle.
This trend suggested a gradual reduction
in performance, likely due to deactivation
of active sites, pore blockage, or
irreversible adsorption of OTC molecules.
Nonetheless, the material exhibited robust
recyclability —with  >70%  removal
efficiency over three reuse cycles,
indicating its practical applicability in
wastewater treatment. XRD and FT-IR
analyses (Figures 5c¢ and 5d) revealed no
major structural changes in the composite
after four cycles. Characteristic peaks of
Fe;0, and nanocellulose remained, with
only minor intensity reductions likely due
to iron leaching and material loss. These
results confirmed the composite’s
excellent phase stability and structural
resilience, underscoring its potential for
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in environmental

repeated
applications.
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Figure 5 (a) Dual-column bar chart illustrating
ge and removal of the material components; (b)
Desorption and reusability of Fe;0,@CNCs for
OTC adsorption; (c) XRD patterns and (d) FTIR
spectra illustrating the crystalline structures of
Fe;O,@CNCs before use and after four reuse

cycles.
3.3. Kinetic Studies
The adsorption mechanism of
oxytetracycline (OTC) onto

Fe;0,@CNCs was investigated by fitting
experimental data to the pseudo-first-
order (PFO), pseudo-second-order (PSO),
and Weber—Morris intraparticle diffusion
models. The respective linearized forms
were:

PFO model (eq 4):

In(qe — q¢) = In(qe) — kqt 4)
PSO model (eq 5):

t 1 t

; B kzqg de (5)

Weber-Morris model (eq 6):

1
qd: = kdif' tz +C
(6)
where k; (min®) was the PFO rate
constant, k, (g/mg.min™) was the PSO
rate constant, kg (mg/g-min*?) was the
intraparticle diffusion rate constant, t*
(min*?) was the square root of time, and
C (mg/g) was the constant related to the
thickness of the boundary layer.
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By applying linear regression to the
Kinetic data at an initial OTC
concentration of 10 mg/L, the parameters
Je, Kz, and k. were estimated, and model
fitting is evaluated using the coefficient of
determination (R2?) and residual sum of
squares (RSS), as shown in Table 2.

Table 2. Comparison of pseudo-first-order (PFO)
and pseudo-second-order (PSO) kinetic

parameters.
oTC .
Concentration Goron Iﬁ:ggg;: e ca k R?
(mg/L) |(Mg/g) (mg/g)
PFO | 5.28 |0.0235/0.9919
10 22.83
PSO |22.89 |0.0147/0.9994
The PFO model (Figure 6a) yields an R?
of 0.9919 and significantly

underestimated the equilibrium adsorption
capacity compared to experimental data,
indicating a poor fit. In contrast, the PSO
model (Figure 6b) produced an R2 of
0.9994 and a calculated g. value closely
matching the experimental  result,
demonstrating superior agreement. These
findings suggested that the OTC
adsorption process followed pseudo-
second-order Kkinetics, governed primarily
by chemisorption rather than degradation.
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Figure 6. Linear fitting of the adsorption kinetics
of OTC onto Fe;0,@CNCs using (a) the Pseudo-
first-order kinetic model; (b) the Pseudo-second-
order kinetic model; and (c) the Weber-Morris
intraparticle diffusion model
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As shown in Figure 6c¢, the intraparticle
diffusion plot revealed a two-stage
adsorption process. The first stage (within
the initial 45 minutes) corresponded to
rapid external surface adsorption of OTC,
followed by a second stage involving
slower diffusion into the internal pores
and interaction with active sites. The
extended duration of the second stage
might be attributed to the relatively large
molecular structure of OTC, which
limited its penetration into the adsorbent’s
porous network.

3.4. Adsorption Isotherms

To elucidate the adsorption behavior of
OTC on Fe;0,@CNCs, the Langmuir
and Freundlich isotherm models were
applied. The Langmuir model assumed
monolayer adsorption on a homogeneous
surface and is expressed linearly (eq 7) as:

P (7)
de Amax-KL dmax
In contrast, the Freundlich model

described adsorption on heterogeneous
surfaces with the formation of multilayer
adsorption, represented by the equation

(eq 8):
logq. = logKr +%logCe
(8)

where Qmax (Mg/g) was the maximum
adsorption capacity, K_ (L/mg) was the
Langmuir  adsorption  constant, K¢
(mg/g.(L/mg)¥™ was the Freundlich
constant related to adsorption capacity,
and n (dimensionless) was the Freundlich

exponent indicating the favorability of the
adsorption process.

As shown Figures 7a and 7b, both
Langmuir and Freundlich isotherm
models fit the experimental data well,
with high correlation coefficients (R? >
0.98). The Langmuir model yields R? =
0.9876, while the Freundlich model
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achieved a better fit with Rz = 0.9987. In
the Freundlich model, the exponent n was
greater than 1, indicating surface
heterogeneity and favorable multilayer
adsorption across the tested concentration
range. This supported the assumption that
each adsorption site could accommodate
more than one OTC molecule. The
Langmuir model also demonstrated good
agreement, as the calculated separation
factor (R.) values range from 0.0056 to
0.0222, which fell within the favorable
range (0 < R_ < 1). Overall, the adsorption
of OTC onto Fe;0O,@CNCs was
consistent with both Langmuir and
Freundlich isotherm behaviors.

M
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0.4 0.6 0.8 10 12 14 o5 )
log(Ce) CemgL)

.2
3.00 3.05 3.10 3.15 3.20 3.25 3.30
1000/T (K 1)

Figure 7. Linear regression curves fitted to (a) the
Freundlich and (b) Langmuir isotherm models for
OTC adsorption. (c) Plot of In(K¢) versus 1000/T.

3.5. Adsorption Thermodynamics

Thermodynamic studies were performed
to elucidate the adsorption mechanism of
OTC onto Fe;0,@CNCs using key
parameters: Gibbs free energy (4G),
enthalpy (4H), and entropy (4S). These
values were derived from adsorption

experiments  conducted at  various
temperatures, based on the linearized
Van’t Hoff equation (eq 9):
AH 1 AS
ln(KC) = _?'F-I_? (9)

The corresponding Gibbs free energy at
each temperature (eq 10) was calculated
using:
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AG = AH —T.AS (10)

Thermodynamic parameters (Table 3 and
Figure 7c¢) confirm that OTC adsorption
onto Fe;0,@CNCs was spontaneous and
exothermic. The negative AG values (—
7.98 to —6.40 kJ/mol) across 303.15—
333.15 K indicated favorable adsorption,
though decreasing AG with increasing
temperature suggested reduced
spontaneity at higher temperatures. The
enthalpy change (AH = —24.03 kJ/mol)
fell within the range for physisorption,
implying that weak interactions such as
hydrogen bonding and van der Waals
forces dominate. The negative entropy
change (AS = -52.96 J/mol-K) reflected
decreased randomness due to OTC
immobilization on the surface and
restructuring of interfacial water. Overall,
the adsorption was a mildly exothermic
physisorption process, consistent with the
slight decline in efficiency at elevated
temperatures.

Table 3. Thermodynamic parameters of OTC
adsorption onto Fe;0,@CNCs

Temperature| 4G AH AS R
(K) (kd/mol) | (kd/mol) | (J/mol.K)
303 -7.98
313 -7.45
-24.03 | -52.96 |0.9152
323 -6.92
333 -6.40

4. CONCLUSION

This study demonstrated the successful
synthesis of a magnetic nanocellulose-
based adsorbent (Fe;O,@CNCs) with
uniformly distributed FesO,
nanoparticles, a porous architecture, and
superparamagnetic behavior (Mg = 14.91
emu/g). The composite exhibited
excellent performance for oxytetracycline
(OTC) removal, achieving a monolayer
adsorption  capacity of 50.76 mg/g
(Langmuir  model). Under optimal
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conditions (pH 6, 30 °C, 20 mg adsorbent,
10mg/L OTC), it reached a removal
efficiency of 89.08% and an adsorption
capacity (qe) of 22.83 mg/g. Adsorption
kinetics followed a pseudo-second-order
model (R2 = 0.9994), indicating
chemisorption as  the dominant
mechanism. Thermodynamic parameters
(AG, AH, AS < 0) confirmed that the
process was spontaneous, exothermic, and
primarily driven by physical interactions
such as hydrogen bonding and van der
Waals forces. After three consecutive
adsorption—desorption cycles, the material
maintained a removal efficiency above
70%, and FTIR and XRD analyses
showed no  significant  structural
degradation. These results highlighted the
potential of Fe;O,@CNCs as a reusable,
magnetically separable, and eco-friendly
adsorbent for the remediation of
antibiotic-contaminated water.
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