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Abstract: Novel magnetic lanthanum-iron oxide composites have been synthes-
ized using a one-pot method. The proposed approach simplifies the synthesis
process by eliminating traditional requirements such as pH adjustment and high-
temperature calcination, resulting in a more streamlined procedure and the prod-
uction of a magnetic material. The effects of the Fe-to-La ratio, reaction time,
and reaction temperature on the properties and adsorption performance of the
lanthanum—iron oxide composites were investigated. The synthesized composites
were characterized by scanning electron microscopy, X-ray diffraction, vibrating
sample magnetometry, Fourier-transform infrared spectroscopy, the Brunauer—
Emmett—Teller method, thermogravimetric analysis and X-ray photoelectron
spectroscopy, which indicated that the samples comprised of randomly oriented
particles with sizes ranging from 20 to 200 nm, and possessed excellent crystal-
linity, magnetic responsiveness and thermal stability. Additionally, this study
explored the application of lanthanum—iron oxide in tenofovir ((R)-9-(2-phos-
phonomethoxypropyl)adenine, PMPA) adsorption, with a maximum adsorption
capacity of 34.06 mg/g under the conditions of adsorbent dosage = 0.9 g/L, pH 4,
C=50mg/L and ¢ = 25 °C. The lanthanum—iron oxide was simple to prepare and
enabled rapid separation, which was beneficial for practical applications.

Keywords: one-pot synthesis; lanthanum—iron oxide; superparamagnetism; ads-
orption; pharmaceutical intermediates.
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INTRODUCTION

As a notable transition metal oxide, lanthanum—iron oxide predominantly
comprises variations including LaFeOs,! La;_Sr,FeO3_s2 and Fe/Lay03,3 exhib-
iting diverse compositions and valencies. Its widespread research interest stems
from its abundant availability, non-toxic nature and exceptional chemical stabil-
ity.# Lanthanum—iron oxide has been employed in various applications, such as
electrodes, chemical sensors,® adsorbents’ and catalysts.8:9 The performance of
magnetic composites is influenced by their stoichiometric composition and mic-
rostructure, shaped during the synthesis process. Therefore, the choice of synthesis
method varies depending on the intended application. Established synthesis tech-
niques include high-energy milling,10 the citrate-gel method,! co-precipitation,!!
the hydrothermal method!2:13 and the microwave-assisted method.!4 The first
three methods yield magnetic lanthanum—iron oxide compounds with particle sizes
ranging from 10 to 50 nm, and require high-temperature calcination to enhance
crystallinity.!5 The citrate-gel and co-precipitation methods additionally necessit-
ate pH adjustment. While microwave-assisted synthesis avoids calcination and pH
adjustment,!4 it produces gases during combustion, resulting in samples with
weaker magnetic properties.

In a pharmaceutical context, (R)-9-(2-phosphonomethoxypropyl)adenine
(PMPA), also known as tenofovir, is a key intermediate in immunodeficiency ther-
apy that contains a phosphate group.!® However, the pharmaceutical wastewater
generated during the production of PMPA contains about 1-2 % of the product,
which is considered a harmful pharmaceutical pollutant in the environment.
Therefore, it is of great importance to remove PMPA from wastewater generated
during the syntheses of pharmaceutical intermediates. In recent years, there have
been few reports on the removal of tenofovir, and the treatment methods for phar-
maceutical wastewater can generally be divided into two categories: quantitative
recovery and degradation elimination.!” Among them, quantitative recovery can
alleviate the pressure on downstream wastewater treatment, which has attracted
increasing attention from researchers. The commonly used methods for quantit-
ative separation in industry include multi-effect evaporation,!8 membrane separ-
ation,!? adsorption20-2! and recrystallization.22 Among them, adsorption has
become an attractive approach owing to its economic cost, high efficiency and ease
of operation.23 Extensive investigations have revealed that metal (hydr)oxides
have a strong affinity for phosphate due to the formation of inner-sphere com-
plexes between phosphate species and the functional groups of the adsorbents.24.25
So far, lanthanum-based materials have received widespread attention for phos-
phate removal even at low concentrations due to the strong affinity of La toward
phosphate and the low solubility product of LaPO4 (pKsp = 26.15).23:26 Xiong et
al. prepared La-doped Mn—Al bimetallic oxide composites for phosphate adsorp-
tion reaching equilibrium at pH 7 after 5 h.27 Qiu et al. fabricated a new composite

Available online at: https://www.shd.org.rs/JSCS/

(CC) 2026 Serbian Chemical Society.



SYSTHESIS AND APPLICATION OF LANTHANUM-IRON OXIDE 9 1 5

Ws—N-La by anchoring nano-La(Ill) (hydr)oxides within quaternary-aminated
wheat straw for phosphate adsorption, the maximum adsorption capacity increased
from 19.6 to 67.1 mg P/g.28 However, due to the tedious separation problem
caused by highly dispersed materials, magnetization has received widespread
attention as an environmentally friendly approach, which can not only enhance the
recovery performance of materials, but also improve their adsorption capacity.

Currently, only Ajebli et al.,2% have conducted studies on the removal of ten-
ofovir; they utilized activated carbon prepared through phosphoric acid thermo-
chemical activation for PMPA adsorption. This process involved multiple steps
including washing, drying, and thermal activation of corn cobs, followed by pH
adjustment and drying of the resulting porous carbon. In contrast, we have dev-
eloped a novel one-pot synthesis method to prepare lanthanum—iron oxide com-
pounds, effectively avoiding the need for pH adjustment and high-temperature
calcination, thus significantly streamlining the synthesis process. The resulting
magnetic composite offers a rapid separation of PMPA from pharmaceutical
wastewater under an external magnetic field, demonstrating a more efficient and
potentially impactful approach for pharmaceutical waste management.

In summary, we have aimed to prepare lanthanum-iron oxide using a straight-
forward and efficient one-pot synthesis method. This novel approach not only
simplifies the preparation process but also shows potential for the adsorption of
PMPA from pharmaceutical wastewater. The performance of lanthanumiron oxide
was assessed using batch experiments, demonstrating its ease of preparation, rapid
separation, and exceptional adsorption properties.

EXPERIMENTAL
Materials

Analytical-grade reagents were procured for the experiments. Sodium acetate trihydrate
and ferric chloride hexahydrate were sourced from Shanghai McLean Biochemical Technology
Co., Ltd., while lanthanum nitrate hexahydrate and ethylene glycol (EG) were purchased from
Sinopharm Chemical Reagent Co., Ltd. Tenofovir (PMPA, CyoH 4N504P) was obtained from
Jilin Sihuan Pharmaceutical Co., Ltd. The chemical structure of tenofovir is illustrated in Fig. 1.

NH,
N| X N\> o
LA~ L.
N
\_/ ~_ (L )
////CH3 Fig. 1. Chemical structure of tenofovir.
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Preparation of lanthanum—iron oxide compounds

The synthesis process involved heating 60 mL of EG to 70 °C, followed by the addition of
FeCl;-6H,0 and La(NO;3);-6H,0 in varying amounts to achieve Fe-to-La mole ratios of 0:1,
1:0, 6:1, 8:1 and 10:1. After magnetic stirring until dissolution, 7.2 g of sodium acetate trihyd-
rate was added and stirred for 10 min. The effects of temperature and reaction time on lan-
thanum-—iron oxide preparation were examined at 200 and 210 °C for reaction times of 6, 8, 10
and 12 h in a hydrothermal reactor. After the reaction, the product was cooled, washed and dried
at 70 °C to obtain brown lanthanum—iron oxide powders. Optimal preparation conditions (such
as molar ratios, temperature and time) were obtained based on the performance of lanthanum-
iron oxide for PMPA removal.

Characterization of the lanthanum—iron oxide compounds

Tenofovir concentrations were determined via UV-Vis spectroscopy (UV-2550, Shim-
adzu, Japan). The surface morphology and crystal structure of the composites were character-
ized by scanning electron microscopy (SEM, Regulus-8100, Hitachi, USA) and X-ray diffract-
ion (XRD, DSFOCUS, Bruker, Germany). The magnetic properties of the sorbents were ana-
lyzed using vibrating sample magnetometry (VSM, 7404, Lake Shore, USA). Fourier-transform
infrared (FTIR) spectroscopy (Nicolet 6700, Thermo Fisher, USA), Brunauer—Emmett-Teller
analysis (BET, JW-BK200B, JingWeiGaoBo, China) and X-ray photoelectron spectroscopy
(XPS, AXIS, Shimadzu, Japan) were used to analyze functional groups, specific surface area,
and the elemental chemical states of the samples, respectively. The thermal stability of the
nanocomposites was analyzed using a blast drying oven (DHG-9070A, Yiheng Technology Co.,
Ltd., China) and a thermogravimetric analysis and differential scanning calorimetry (TGA—
—DSC) high-temperature synchronous thermal analyzer (Discovery SDT650, Swart, USA).

Adsorption experiments

Adsorption of PMPA. The adsorption properties of lanthanum—iron oxide for PMPA
adsorption were extensively investigated under various conditions. The experiments assessed
the impact of lanthanum—iron oxide dosage, temperature and pH on PMPA adsorption. For the
dosage study, varying amounts of lanthanum—iron oxide (5 to 40 mg) were added to a three-
-necked flask containing 40 mL of a 50 mg/L PMPA solution at 25 °C, with stirring at 520 rpm.
Upon reaching adsorption equilibrium, samples were filtered through a 0.22 um organic mem-
brane for UV spectrophotometric analysis of the remaining PMPA concentration. The effect of
temperature on PMPA adsorption was examined by adding 35 mg of lanthanum—iron oxide to
40 mL of a 50 mg/L PMPA solution at 25, 35 and 45 °C. Additionally, the influence of pH was
explored by adjusting the pH of a similar PMPA solution to values ranging from 3 to 8 using
0.1 M hydrochloric acid or sodium hydroxide, followed by the addition of 35 mg of lanthanum—
—iron oxide. The adsorption capacity (g.) and removal efficiency (R in %) were calculated as:

V(Cy—-C
GRS m
m
Co—-C
qe=100—°C e ()

0

where Cj and C, are the initial and equilibrium concentrations of PMPA (mg/L), m is the mass
of the material (mg) and V is the solution volume (L).

Adsorption kinetics. A kinetic study involved dispersing 35 mg of lanthanum—iron oxide
in 40 mL of a 50 mg/L PMPA solution at room temperature (RT, 20 °C). Samples were collected
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at set intervals to determine the residual PMPA concentrations by UV spectrophotometric mea-
surement.

Adsorption isotherm. Subsequently, an adsorption isotherm experiment was conducted at
RT. Here, 35 mg of lanthanum—iron oxide was added to 40 mL of PMPA solution at concent-
rations ranging from 30 to 80 mg/L to ascertain the maximum adsorption capacity.

Adsorption thermodynamics. With all other conditions held constant, the adsorption ther-
modynamics of lanthanum—iron oxide were evaluated at 298, 308 and 318 K.

RESULTS AND DISCUSSION
Lanthanum—iron oxide compounds

Fig. 2a displays a histogram representing the adsorption of PMPA by samples
with different Fe-to-La mole ratios. The adsorption capacities were 15.61, 31.26,
28.32, 23.98 and 9.96 mg/g for mole ratios of 0:1, 6:1, 8:1, 10:1 and 1:0, respect-
ively. This trend indicates that the adsorption capacity decreases as the proportion
of La in the sample diminishes, underscoring the crucial role of La in the adsorp-
tion process. Given its superior performance in PMPA adsorption, the sample with
a 6:1 Fe-to-La mole ratio was selected for more detailed investigation in subsequent
experiments. Fig. 2b shows the adsorption capacities of PMPA onto the lan-
thanum—iron oxide were 27.93, 28.54, 31.26 and 25.94 mg/g, at reaction times of
6, 8, 10 and 12 h, respectively. When the reaction time is less than 10 h, the ads-
orption capacity gradually decreases, indicating that some of the raw materials had
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Fig. 2. The effects of Fe-to-La mole ratio (a), reaction time (b) and temperature (c)
on the removal of PMPA by lanthanum—iron oxide.
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not fully reacted to form lanthanum—iron oxide. The influence of temperature on the
adsorption capacity of PMPA on lanthanum—iron oxide was evaluated (Fig. 2c). As
can be seen, at temperatures of 200 and 210 °C, the adsorption capacities were
31.26 and 24.05 mg/g, respectively. Besides, high temperatures can cause damage
to the Teflon®-lined stainless steel autoclave. Moreover, the choice of 200 °C was
based on the objective of producing lanthanum—iron oxide with high adsorption
capacity and minimum waste of energy which is very interesting from an economic
point of view. Finally, it was determined that a sample with an iron—lanthanum
mole ratio of 6:1, a reaction temperature of 200 °C, and a reaction time of 10 h has
the highest adsorption capacity for PMPA.

Characterization of lanthanum—iron oxide

SEM characterization. The morphology of lanthanum—iron oxide samples
with varying Fe-to-La mole ratios was characterized by SEM, as shown in Fig. 3.
Fig. 3a shows that at a 6:1 ratio, the sample comprises densely packed, randomly
oriented particles with sizes ranging from 20 to 200 nm. In contrast, at higher ratios
of 8:1 (Fig. 3b) and 10:1 (Fig. 3c), the particles exhibit a spherical shape and a
uniform size distribution with a diameter of approximately 170 nm. This mor-
phological shift is attributed to the reduced mole ratio of La in the synthesis pro-
cess, favoring the predominant formation of Fe304 microspheres in the product.

]
o N

o Boo b

Fig. 3. SEM images of lanthanum—iron oxide compounds with different Fe-to-La mole ratios:
a)6:1,b) 8:1 and ¢) 10:1.

FTIR measurement. FTIR spectroscopy was utilized to analyze five lanthanum—
—iron oxide samples with varying Fe-to-La mole ratios, as depicted in Fig. 4a. The
peaks at 1600 and 3420 cm™! correspond to the stretching and bending vibrations
of O-H bonds on the surface of the material 393! The peak at 1450 cm™! is due to
the stretching vibration of the La-bound hydroxyl groups (La-OH bonds).32.33
Notably, the peaks at 575 and 636 cm™! are ascribed to Fe-O and La—O bonds,
respectively.10:34 A noteworthy trend was observed: the intensity of the La—O
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bond peak (636 cm™!) gradually diminished with increasing Fe amount. Particul-
arly for ratios of 8:1 and 10:1, the La—O bond peak vanished, whereas the Fe-O
bond peak (575 cm™!) became more prominent. At a mole ratio of 6:1, the FTIR
spectrum clearly demonstrated the coexistence of both characteristic Fe—O and La—O
bond peaks in the sample.
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Fig. 4. a) FTIR spectra of lanthanum-iron oxides with varying Fe-to-La mole ratios: 0:1, 6:1,
10:1 and 1:0. b) XRD Patterns of lanthanum—iron oxides with Fe-to-La mole ratios of 0:1, 6:1,
10:1 and 1:0. ¢) Comparison of the XRD patterns of lanthanum-iron oxide with a 6:1 Fe-to-La
mole ratio and reference materials. d) Vibrating sample magnetometry (VSM) analysis of
lanthanum—iron oxides with Fe-to-La mole ratios of 6:1, 10:1, and 1:0. ) Thermogravimetric
analysis (TGA) of lanthanum—iron oxide with a 6:1 Fe-to-La mole ratio.

XRD analysis. Fig. 4b presents the XRD patterns of lanthanum—iron oxide
compounds with five different Fe-to-La mole ratios. For a mole ratio of 1:0,
distinct diffraction peaks were noted at 26 values of 30.05, 35.43, 43.08, 56.96 and
62.45°, indicative of the sample’s excellent crystallinity. Moreover, these peaks
align precisely with the (220), (311), (400), (511) and (440) crystal planes of
standard Fe30y4 as per JCPDS card no. 19-0629 in the XRD library.35> The XRD
pattern of the as-synthesized magnetic sample with a mole ratio of 6:1 did not
match those of the LaFeOs, Fe3O4, FeyO3, La(OH)3, LayO3 and La reference
materials (Fig. 4c). With an increase in the La(NOj3)3-6H,O content and decrease
in the Fe-to-La mole ratio from 10:1 to 0:1, new diffraction peaks for lanthanum
oxide emerged at 7.68, 16.39 and 24.59°, each becoming progressively more int-
ense. The appearance of the peak at 7.68° indicates the generation of a new phase.

Available online at: https://www.shd.org.rs/JSCS/

(CC) 2026 Serbian Chemical Society.



920 LIU et al.

As the lanthanum ion content increased, the intensity of the peak at 7.68° inc-
reased, as did the crystallinity. This finding indicates that a new crystal type of
lanthanum—iron oxide was obtained through the one-pot method, demonstrating
the potential for adjusting the Fe-to-La mole ratio to tailor the material’s structural
properties.

BET measurements. The specific surface areas and pore characteristics of lan-
thanum-iron oxides with different mole ratios are summarized in Table I. For Fe-
-to-La mole ratios of 6:1, 8:1 and 10:1, large specific surface areas of 73.64, 63.02
and 79.94 m2/g, respectively, were obtained. These observations indicate that the
incorporation of Fe and La metals in the Fe-to-La 1:0 and 0:1 (hydr)oxides differs
from that in the other three type. In addition, compared with Fe-to-La 1:0, the int-
roduction of lanthanum increases the specific surface area of the lanthanum—iron
oxide, which is conducive to the enrichment of target molecules.27-36

TABLE I. Physical characteristics of lanthanum—iron oxides with different mole ratios

) BET surface area Total pore volume  Average pore diameter
Fe:La 2 3
m-/g cm’/g nm
1:0 26.64 0.0136 1.92
6:1 73.64 0.0395 2.06
8:1 63.02 0.0345 2.01
10:1 79.94 0.0436 2.05
0:1 1.28 0.0009 2.6

VSM measurement. Fig. 4d illustrates the magnetic properties of the lanthanum—
—iron oxide compounds with varying Fe-to-La mole ratios. Notably, the saturation
magnetization values for molar ratios of 1:0, 10:1, 8:1 and 6:1 were 80.5, 65.6,
51.7 and 18.8 emu/g, respectively. None samples exhibited obvious remanence or
coercivity, indicating their superparamagnetic nature. The hysteresis loop diagram
highlights that the saturation magnetization decreases as the amount of La inc-
reases, which is attributable to the decreasing Fe content in the compounds. Des-
pite this, the sample with a 6:1 mole ratio maintained excellent magnetic respon-
siveness, as evident from the inset.

TGA analysis. The TGA of lanthanum—iron oxide have been presented in Fig.
4e. The decomposition process can be divided into three stages. The initial stage,
from RT to 184 °, involves a 5.65 % weight loss due to the evaporation of surface-
-adsorbed water. The second stage, spanning 184 to 418 °C, shows a minimal
weight loss of 6.85 %, mainly due to the minimal decomposition of acetate and
nitrate. The final stage, from 418 to 800 °C, involves weight-loss steps: 2.68 and
1.46 %. During this stage, the oxygen-containing groups on the surface of lan-
thanum—iron oxides were completely eliminated, leaving 83 wt. % of lanthanum—
—iron ash.
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XPS analysis. To further investigate the electronic valence of the elements,
XPS was used to characterize the sample with a 6:1 Fe-to-La mole ratio, as shown
in Fig. 5. The full spectrum (Fig. 5a) reveals characteristic peaks for La 3d, Fe 2p,
O 1s and C 1s, confirming the presence of La, Fe, O and C in the synthesized
material. The detection of C can be attributed to atmospheric moisture absorption,
leading to minor carbonate formation. In Fig. 5b, the La 3d3/; and La 3ds/; peaks
occur at 851.9 and 835.1 eV, respectively,2? with a binding energy of 16.8 eV,
indicative of La in the +3 oxidation state.37 The Fe 2p spectrum in Fig. 5c exhibits
Fe 2p1,2 and Fe 2p3/, peaks at 724.4 and 710.7 eV, respectively, characteristic of
both Fe2" and Fe3* states. The O 1s spectrum in Fig. 5d predominantly consists of
lattice oxygen, along with surface-adsorbed oxygen or hydroxyl groups, correspon-
ding to the Fe—O and La—O bonds and oxyhydroxides in the lanthanum—iron oxide
compound. These findings offer a comprehensive insight into the structural and
chemical properties of lanthanum-iron oxide, particularly in relation to its Fe-to-
-La ratio-dependent morphology and elemental composition.38
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Fig. 5. XPS spectra of lanthanum—iron oxide with a 6:1 Fe-to-La mole ratio.
a) Lanthanum—iron oxide, b) La 3d, ¢) Fe 2p and (d) O 1s spectra.
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Adsorption of PMPA

Effect of adsorbent dosage on PMPA adsorption. Fig. 6a shows the relation-
ship between the dosage of lanthanum—iron oxide and its adsorption capacity for
PMPA. With increasing dosage, there is a noticeable decrease in PMPA adsorption,
while the removal rate increases significantly.20-39 This observation suggests an
increase in the number of available adsorption sites on the lanthanum—iron oxide
surface. However, the concentration of PMPA remains constant. This indicates that
the adsorption process has not reached saturation. The removal rate of PMPA not-
ably rises from 18.61 to 60.30 % as the lanthanum—iron oxide dosage increases,
indicating that 35 mg is the optimal dosage.
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Fig. 6. Influence of adsorbent dosage (a), temperature (b) and pH (c) on PMPA adsorption
and the zeta potential of lanthanum—iron oxide (d).

Effect of temperature on PMPA adsorption. Concerning the influence of temp-
erature on adsorption, as depicted in Fig. 6b, the process appears to be endother-
mic. With an increase in temperature from 25 to 45 °C, the maximum adsorption
capacity increases from 34.06 to 39.10 mg/g, suggesting that higher temperatures
favor the adsorption process. Consequently, 25 °C was chosen as the experimental
temperature based on energy-saving considerations.
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Effect of pH on PMPA adsorption. Fig. 6¢ shows the impact of pH on PMPA
adsorption by lanthanum—iron oxide. The adsorption capacity increases as the pH
increases from 3 to 4, which is primarily attributed to two factors: electrostatic
attraction between negatively charged PMPA and positively charged lanthanum—
—iron oxide (Fig. 6d). Ligand exchange occurs via the —OH in lanthanum—iron
oxide and phosphate group in tenofovir. Moreover, the protonation process that
occurs under acidic conditions likely facilitates the ligand exchange process. For
instance, -OH," (protonated state) has been reported to be more easily replaced
than —OH in its original state.*0 Considering these results, a possible removal
mechanism was proposed, as depicted in Fig. S-1 of the Supplementary material
to this paper. Therefore, these effects significantly enhance the adsorption cap-
acity. At pH 4.0, the adsorption capacity reaches a maximum of 34.48 mg/g.
Beyond pH 4.0, the removal rate gradually decreases due to competition from
hydroxide ions at higher pH levels with negatively charged PMPA 294! In sum-
mary, the primary removal mechanism involves electrostatic attraction and inner-
-sphere complexation through ligand exchange.

Adsorption kinetics. The adsorption kinetics were analyzed using pseudo-first-
-order (Eq. (S-1), Supplementary material) and pseudo-second-order (Eq. (S-2),
Supplementary material) kinetic models, providing a deeper understanding of the
adsorption mechanisms and kinetics under different experimental conditions. Fig.
S-2 of the Supplementary material presents the kinetic analysis of PMPA adsorp-
tion on lanthanum—iron oxide. The pseudo-first-order reaction model yielded a
correlation coefficient (R2) of 0.9603 (Fig. S-2a), indicating a poorer fit to the exp-
erimental data compared with the pseudo-second-order model, which displayed a
higher correlation coefficient of 0.9981 (Fig. S-2b). Furthermore, Table II com-
pares the experimentally obtained equilibrium adsorption capacity (¢e exp) With the
calculated values (geca1) from the pseudo-second-order model, showing close
agreement. This finding indicates that the adsorption capacity is directly related to
the number of active sites on the lanthanum-iron oxide surface and suggests that
chemical adsorption might be the rate-limiting step in this process.

TABLE II. Kinetic parameters for PMPA adsorption on lanthanum-iron oxide.

Co Qecexp Pseudo-first-order Pseudo-second-order
mg/L mg/g ki Geca/mgg! R ky _ Geca/mgg' R
50 33.92  2.57x1072 16.38 0.9603 8.85x1073 35.01 0.9981

Isothermal adsorption study. The study further involved fitting the adsorption
data to the Langmuir (Eq. (S-3), Supplementary material) and Freundlich (Eq. (S-
4), Supplementary material) isothermal adsorption models. Fig. S-3 of the Supple-
mentary material illustrates the adsorption isotherm plots of PMPA at various ini-
tial concentrations at RT; the correlation coefficients, Ry 2 and Rp?, for these
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models were 0.9937 and 0.5461, respectively. The higher R 2 value than Rg? sug-
gests that the Langmuir model, which assumes monolayer adsorption, provides a
better fit for the adsorption behavior of PMPA on lanthanum—iron oxide. Accord-
ing to Table III, the maximum adsorption capacity of lanthanum—iron oxide for
PMPA, as determined by the Langmuir model, was 37.36 mg/g. This value closely
aligns with the experimentally calculated maximum adsorption of 34.06 mg/g,
further supporting the applicability of the Langmuir model in this context.

TABLE III. Freundlich and Langmuir isotherm parameters for the adsorption of PMPA on lan-
thanum-—iron oxide

Temperature Qe.exp Langmuir Freundlich
K mg/g  guax/mggl  k /L mg! R? n kp/mg gl R?
298 34.06 37.36 0.49 0.9937 15.33 28.11 0.5461

Adsorption thermodynamics. The thermodynamic equations are shown in Egs.
(S5) and (S6) of the Supplementary material. As can be seen in Fig. S-4 of the
Supplementary material, the AH and AS parameters for PMPA were calculated
from the slope and intercept of the In K vs. 1/T plot. The related thermodynamic
values are shown in Table IV. Both AH and AS are greater than zero, indicating
that the process is an entropy-increasing and heat absorption process. The prefer-
ential polar interactions, which are associated with the release of water molecules
between the hydration layers of the adsorbent and adsorbate. All the values of AG
are negative at different temperatures and the Gibbs energy change decreases with
the temperature increasing, indicating that PMPA adsorption on lanthanum—iron
oxide proceeds spontaneously.

TABLE IV. Thermodynamic parameters for the adsorption of PMPA on lanthanum-iron oxide.

AG / kJ-mol’!
-l HK-lemal-1
AH / kJ-mol AS/J-K-'*mol 203K 308K 38K
0.0120 43.14 -12.85 —13.28 —~13.78

A comparison of lanthanum—iron oxide with other adsorbents, including mag-
netic, non-magnetic and bimetal materials, which widely used for the treatment of
pharmaceutical wastewater,20-2942.43 and the relevant data are summarized in
Table S-I of the Supplementary material. Clearly, it is easy for lanthanum—iron
oxide to separate from the solution by an external magnetic field, which is cond-
ucive to the separation and recovery of adsorbents. In addition, lanthanum—iron
oxide is easy to prepare and exhibits a high adsorption capacity.

CONCLUSION

In this study, we successfully synthesized lanthanum—iron oxide compounds
using a streamlined one-pot method, employing EG as the solvent and FeCl3-6H,O
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and La(NOj3)3-6H50 as the primary materials. This approach, in contrast to trad-
itional methods such as high-energy milling, the citrate-gel method, and co-pre-
cipitation, eliminates the need for step-by-step sample processing. Moreover, it
offers significant advantages over the microwave-assisted one-step method by
obviating the need for pH adjustment, thus enhancing efficiency and energy savings.
SEM analysis revealed that the lanthanum—iron oxide compound comprises den-
sely packed particles with sizes ranging from 20 to 200 nm. FTIR analysis con-
firmed the existence of Fe—O (575 cm™!) and La—O (636 cm™!) bonds, while XRD
analysis showed that a new crystal type of lanthanum—iron oxide was produced by
the employed one-pot method. VSM highlighted the superparamagnetic nature of
the samples, which enables rapid separation under an external magnetic field. XPS
results confirmed the presence of La, Fe, O and C in the sample. The synthesized
lanthanum—iron oxide was then used to study tenofovir ((R)-9-(2-phosphonometh-
oxypropyl)adenine, PMPA) adsorption. The kinetic and isothermal adsorption
models suggested that the adsorption behavior was best described by the pseudo-
-second-order kinetic model and the Langmuir isothermal model, indicative of a
monolayer chemical adsorption mechanism. Meanwhile, the spontaneous and
endothermic process is indicated by adsorption thermodynamics. The mechanism
of PMPA adsorption on lanthanum-iron oxide was identified as inner-sphere com-
plexation and electrostatic attraction. This study not only presents an innovative
method for synthesizing lanthanum—iron oxide materials but also demonstrates
their potential as adsorbents for the treatment of actual phosphate-containing
wastewater.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13599, or from the correspond-
ing author on request.
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U3BO[T
E®HMKACHA COJIBOTEPMATHA CUHTE3A JIAHTAH-TBOXBE-OKCHIA Y JEJHOM
KOPAKY U ITPUMEHA Y AICOPIIIHWJHY TEHOPOBHUPA
ZHIGANG LIUY, PING XU? SHIHUA YU?, XIANG LI', XIAODAN ZENG?, JIBO ZHANG' 1 JUNJING HAO*

ICollege of Petrochemical Technology, Jilin University of Chemical Technology, Jilin 132022, China, *College
of Chemical & Pharmaceutical Engineering, Jilin University of Chemical Technology, Jilin 132022, China,
3Centre of Analysis and Measurement, Jilin Institute of Chemical Technology, Jilin 132022, China u
“China Petroleum Jilin Chemical Engineering Co., Ltd., Jilin 132000, China

HoBM MarHeTHM KOMIIO3WTH JIaHTaH-TBOKHe-OKCHa CHHTETH30BaHU Cy KOpHLIIhemem
MeToge y jemrHoM Kopaky. [IpefnokeHy NpUCTYH N0jeqHOCTaBIbyje Mpoliec CHHTe3e 3axBasbyjyhu
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usderaBawy TpafIMIMOHAIHUX 3aXTeBa Kao 1ITO Cy NojeliaBawme pH BpeJHOCTH U KallMHal1ja
Ha BHCOKMM TeMmIlepaTypama, LITO pe3yaTHpa edHKacHHjUM MOCTYNKOM M IMPOU3BOAKOM
MarHeTHor Marepyjana. MicniuraH je yrtunaj ogHoca Fe/La, BpeMeHa peakuuje U TeMIeparype
peakuuje Ha CBOjCTBA M ancOpILUOHe NepdopMaHCe KOMIO3UTa JaHTaH-TBOXxDe-okcuia.
CHUHTeTH30BaHU KOMIIO3UTH Cy okapakTeprucanu metogama SEM, XRD, VSM, FTIR, BET, TGA
u XPS, yume je yTBpheHO a ce y30pLH cacToje O HaCyMHUYHO OPHjeHTHCAHUX YeCcTHLa
BennurHa of 20 zo 200 nm, 1a nocenyjy oIIMYHYy KPUCTATHHUYHOCT, MarHETHY OCET/BUBOCT U
TEpMHUYKY crabunHocT. Ilopen Tora, y OBOM HCTpaKMBailhy CHHTETHCAHM JlaHTaH-TBOXxbe-
-OKCUIM Cy NpUMEHeHH 3a afcopdoBame TeHOodoBUpa ((R)-9-(2-pocdoHOMETOKCUTIPOIIHII)-
ageHuHa, PMPA), ca MakCHMalHMM KanalMTeToM afcopnuuje on 34,06 mg/g, npu nosu
apcopbenta = 0,9 g/L, pH 4, C = 50 mg/L u t = 25 °C. OBO UCTpaKHBake je MoKasaao Aa je
IIPpUMemeHa MeToza jeHOCTaBHA 3a NMPUIPeMy JlaHTaH-TBOXxhe-okcuaa, Koju ce Jlako ofBaja
0Jl TPETHpaHe BOJie, IITO je KOPUCHO 32 NPaKTUYHY NPHMEHY.

(ITpumsseHo 25. oxrodpa 2025, peBunypaHo 26. janyapa, mpuxsaheHro 1. jyna 2026)
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