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Efficient recovery of rare metal lanthanum 
from water by MOF‑modified biochar: DFT 
calculation and dynamic adsorption
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Abstract 

In this research, a novel metal-organic framework-modified biochar composite (MIL-88b@BC) was created for the first 
time by modifying rice husk biochar using the excellent adsorption properties of metal-organic framework (MOF), 
as well as reducing the solubility of MOF using biochar as a substrate, aiming to improve the understanding 
of the adsorption characteristics of rare-earth metal recycling and to predict its adsorption mechanism. Density 
functional theory (DFT) computations allowed for rationally constructing the adsorption model. According to DFT 
calculations, the primary processes involved in the adsorption of La3+ were π–π interaction and ligand exchange, 
wherein the surface hydroxyl group played a crucial role. MIL-88b@BC interacted better with La3+ than biochar 
or MOF did. Accompanying batch tests with the theoretical conjecture’s verification demonstrated that the pseudo-
second-order model and the Langmuir model, respectively, provided a good fit for the adsorption kinetics 
and isotherms. The maximum La3+ adsorption capacity of MOF@BC (288.89 mg g−1) was achieved at pH 6.0, which 
was significantly higher than the adsorbents’ previously documented adsorption capacities. Confirming the DFT 
estimations, the adsorption capacity of BC@MIL-88b for La3+ was higher than that of MOF and BC. Additionally, MOF@
BC can be recycled at least four times. To mitigate the growing scarcity of rare earth elements (REEs) and lessen their 
negative environmental effects, this work laid the path for effectively treating substantial volumes of wastewater 
produced while mining REEs.

Highlights

•	 The novel composite adsorbent was prepared by MOF and biochar in situ growth method.
•	 The adsorption mechanism was innovatively investigated based on DFT calculations.
•	 Ligand exchange and La–O–Fe formation dominated in lanthanide ion removal.
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Graphical Abstract

1  Introduction
Rare earth elements (REEs) encompass the elements 
La–Lu, Sc, and Y (Al Momani et  al. 2023), which 
exhibit advantageous physicochemical properties and 
are often termed "industrial vitamins" because of their 
strategic importance for countries seeking to develop 
high-precision industries (Binnemans et  al. 2013). REE 
mining generates large amounts of low-concentration 
effluent (0.8–130  mg  L−1) and thus results in REE 
waste (Migaszewski and Galuszka 2015). Given the 
scarcity and non-renewability of REE resources and the 
nonbiodegradability and toxicity of REE ions (Edahbi 
et  al. 2019), REE recycling is of high economic and 
environmental significance (Kim et al. 2022).

The REE recovery methods developed to date 
include those based on chemical sedimentation, 
adsorption, extraction, and ion exchange (Huang et  al. 
2017; Okamura and Hirayama 2021; Li et  al. 2015). 
Among them, adsorption offers the benefits of eco-
friendliness, low cost, selectivity, and effectiveness at low 
concentrations (Borges et  al. 2020). It is a challenging 
task to design an efficient and economical adsorbent for 
recycling treatment. Various kinds of adsorbents have 
been created to extract rare earth ions from aqueous 
solutions, including clay minerals (Iftekhar et al. 2017a), 
zeolite imidazolate skeletons (Abdel-Magied et al. 2019), 

cellulose nanocomposites (Iftekhar et  al. 2017b), and 
graphene oxide-based nanocomposites (Zhao et  al. 
2021). However, their poor adsorption capacity restricts 
their use on a broad scale for rare earth ion recovery, 
emphasizing the need for innovative materials.

The carbon-rich solid known as biochar (BC) is created 
when biomass is pyrolyzed in anaerobic or anoxic 
environments. It is a valuable tool for eliminating organic 
and heavy metal pollutants from the environment. 
Meanwhile, biochar is environmentally friendly, 
affordable, and adaptable, converting a wide range of 
agricultural and human-made wastes, including rice 
husks, straw, and manure, into wealth. The production of 
BC also contributes to the mitigation of the greenhouse 
effect, which is consistent with the dual-carbon strategy. 
Adsorption effectiveness of BC is mostly determined by 
its exterior functional groups and high specific surface 
area (Yan et al. 2024). However, the virgin BC has a low 
specific surface area, an undeveloped pore structure, 
few active sites, a limited adsorption capacity, and low 
selectivity in actual. As a result, it requires modification. 
Chemical modification (e.g., chemical treatment of acids, 
bases, metal oxides, and organic compounds before 
and after biomass feedstock pyrolysis) and physical 
modification (e.g., steam activation and ball milling) 
create altered biochar (Zhang et  al. 2024a). A vast 
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number of research have concentrated on modifying 
BC to increase its efficiency in pollution removal. Han 
et  al. developed ZnFe2O4 (ZF) modified porous biochar 
(PBC/ZF), which showed better performance than 
original biochar in terms of specific surface area and Ce 
(IV) adsorption capacity in rare earth wastewater (Han 
et  al. 2023). Wang et  al. prepared ammonium citrate 
(AC) modified biochar. The adsorption capacity of AC@
BC for La (III) was 2.1 times that of the original biochar 
prepared at the same temperature (Wang et  al. 2016). 
The above investigations demonstrated that the modified 
biochar successfully improved adsorption performance. 
However, the modification technique must be carefully 
chosen owing to considerations such as secondary 
pollution, cost, and yield (Du et al. 2023).

Metal-organic framework (MOF) is a novel class of 
crystalline porous material made up of coordination 
bonds connecting metal nodes to organic ligands. 
Compared to conventional adsorbents, it is highly 
effective at removing pollutants from water due to 
its rich functional groups, huge specific surface area, 
porosity, etc. The most important feature of MOF is its 
structural versatility and designability, which allows 
the structure to be customized according to a specific 
application, and the selective binding of desired elements 
in the presence of different interferences. Compared with 
divalent metals, such as Zn and Cu, Fe can attain a higher 
valence state and thus engage in stronger metal–ligand 
interactions and form MOFs with higher hydrothermal 
stability (Devic and Serre 2014). The magnetic effect and 
chemical and hydrolytic stability of iron-based MOFs 
make them ideally suited for capturing contaminants 
from water by adsorption. Although the Lewis-acidic 
REEs often form complexes with oxygenated functional 
groups and are readily adsorbed onto MOFs, the small 
particle size and nonnegligible water solubility of MOF 
powders limit their application scope, particularly in 
continuous-flow systems. And although Fe-doped 
biochar composites have been successfully used for 
the adsorption of metal ions and have shown excellent 
adsorption properties (Hudcová et  al. 2022), Fe-MOF-
doped biochar composites or even other metal ion-doped 
biochar composites are rarely reported, and there is no 
precedent for the adsorption of rare earth ions.

As a result, magnetic MOF-modified BC composite 
aims to use BC as a carrier to reduce the solubility of 
MOF, prevent secondary pollution, and improve the 
recyclability, while also improving the pore volume 
and specific surface area of the composites, increasing 
active sites, and ultimately realizing the composites’ 
high efficiency in pollutant adsorption. There have been 
few publications on MOF@BC and no investigations on 
its ability to adsorb rare-earth ions. This paper presents 

an innovative synthesis of a MOF@BC that was used 
in conjunction with density-functional theory (DFT) 
computations to simulate the loading behaviour of the 
adsorbent on rare-earth ions. The atomic and electronic 
properties of the adsorbent were examined in order to 
explore the adsorption mechanism of the rare-earth ions 
from an atomic level.

Herein, a novel rice husk BC@MOF composite was 
synthesized using MIL-88b(Fe) as a template and 
evaluated as an adsorbent for REE recovery from 
aqueous media. As one of the most abundant and 
useful lanthanides, La is widely used in many fields, 
including the production of precision optical glass and 
ceramics, agriculture, steel processing, and catalysis 
(Wang et  al. 2016). However, due to the genotoxicity 
of La (III) to human peripheral blood lymphocytes, 
the wastewater containing La discharged in industrial 
processes will pollute the environment and endanger 
human health (Yongxing et  al. 2000). Therefore, this 
study chooses La (III) as the research object. The 
relative mechanisms of three adsorbents on La3+ were 
investigated by using density flooding theory (DFT) 
calculations. Thermogravimetric studies, N2 adsorption–
desorption, X-ray diffraction (XRD), and scanning 
electron microscopy (SEM) were used to characterise 
the adsorbents. In addition, we investigated the impacts 
of pH and coexisting ions, looked at the adsorbent 
recyclability, and studied the adsorption isotherms, 
kinetics, and thermodynamics. Fourier transform 
infrared spectroscopy (FTIR) and X-ray photoelectron 
spectroscopy (XPS) were used to conjecture the loading 
mechanism, and the results agreed with DFT simulations. 
Finally, the La3+ recovery performance of the composite 
adsorbent was evaluated under real-life conditions. Thus, 
this study paves the way for the ecofriendly and cost-
effective recovery of La3+ from aqueous media and helps 
solve one of the main problems of REE mining.

2 � Materials and procedures
2.1 � Chemicals
Table  S1 lists the origins and specifications of the 
reagents.

2.2 � Preparation of materials
Text S1 describes synthetic approaches.

2.3 � DFT calculations
The interactions between BC, MIL-88b, BC@MIL-88b, 
and La3+ were rationalized using DFT calculations, 
which were performed using the Device Studio and 
BDF software (Liu et  al. 1997, 2003; Zhang et  al. 2020). 
The GB3LYP functional was used. Due to its precision 
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and computational range, the 6–31G (d, p) basis set 
was selected for C, H, and O, whereas the Lanl2dz 
pseudopotential basis was chosen for Fe and La.

2.4 � Batch adsorption experiments
The study employed batch adsorption tests with an 
adsorbent dose of 0.20  g  L−1 (BC, MIL-88b, and BC@
MIL-88b) to examine the impact of several factors, 
including temperature, pH, coexisting ions, reaction time, 
and initial La3+ concentration, on the adsorption capacity 
of La3+ in water. Every experiment was conducted thrice, 
and the matching averages of the data were presented. 
La3+ solutions were prepared using lanthanum nitrate 
and distilled water. Except for the isotherm studies, 
every batch experiment was carried out with a La3+ 
concentration of 60  mg  L−1. A thermostatic shaker 
was used to agitate the adsorbent and La3+ solution 
at 250  rpm. Using an Arsenazo III-based photometric 
technique, a UV-Visible spectrophotometer (UV-2550, 
Shimadzu, Japan) was utilised to measure La3+ in filtrates 
(Text S2). Equations (1) and (2) were used to compute the 
removal rate (R, %) and adsorption capacity (qe, mg g−1):

2.5 � Utilization in real water and material regeneration
Using untreated surface runoff near a rare earth mining 
location in Ganzhou, Jiangxi Province, the practical 
applicability of BC@MIL-88b for La3+ recovery was 
investigated. The primary characteristics of real water 
bodies are listed in Table S2. Samples of untreated surface 
runoff (30 mL) were mixed with different concentrations 
of the adsorbent and left to react for 24 h at 298 K. The 
aforementioned photometric technique was used to filter 
the supernatant and measure the amount of La3+ in the 

(1)qe =
(C0 − Ce)V

m

(2)R =
C0 − Ce

C0

× 100%

filtrate. A dispersion of BC@MIL-88b in a 5 mg L−1 La3+ 
solution was agitated at 298  K for 12  h at 250  rpm in 
order to assess regenerability. Following centrifugation 
of the reaction mixture, the quantity of La3+ in the 
supernatant was ascertained as previously mentioned. 
After being dried, the adsorbent was put in 0.05 M HCl. 
After centrifuging the mixture, the concentration of 
La3+ in the supernatant was measured according to the 
previously mentioned procedure. After being cleaned 
with ultrapure water until the pH of the washings was 
neutral, the adsorbent was dried and put to use again.

2.6 � Characterization method
Characterization methods are presented in Text S4.

2.7 � Column tests
Experiments on La3+ removal were conducted in a 
column that was filled with a combination of BC@MIL-
88b and quartz sand. The column length is 0.5  m, the 
inner diameter is 0.4 mm, the outer diameter is 0.6 mm, 
and the quartz sand has a mesh size of 80–120 (0.1–
0.2 mm). For support, fill the column with 5 cm of quartz 
sand at both the top and bottom. Ten grammes of the 
mixture, of which BC@MIL-88b has a mass of 200  mg, 
were placed in the centre of the column. A peristaltic 
pump operating in bottom-to-top mode at room 
temperature continuously injected 5  mg  L−1 of influent 
water into the column at a rate of 10 mL  min−1. Ninety 
minutes was the associated empty bed contact time 
(EBCT). To ascertain the removal efficiency, the effluent 
samples were gathered at a predetermined period and 
their La3+ concentration was examined.

3 � Results and discussion
3.1 � Characterization of adsorbents
Figure  1a–c presents the representative SEM images 
of BC, MIL-88b, and BC@MIL-88b, respectively. BC 
had an interconnected layered porous structure with a 
smooth surface and no visible material attachment, while 

Fig. 1  SEM images of a BC, b MIL-88b, and c BC@MIL-88b
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MIL-88b comprised nanorods with lengths and widths 
of approximately 1  µm and 200  nm, respectively. BC@
MIL-88b retained the lamellar porous structure of BC, 
although some MIL-88b particles blocked the pores and 
thus possibly reduced the quantity of active sites. 

The XRD patterns of MIL-88b and BC@MIL-88b (but 
not BC) displayed prominent sharp peaks indicative 
of high crystallinity (Fig.  S1a) (Huang et  al. 2022). The 
effective synthesis of this MOF was validated by the 
major peaks in the MIL-88b pattern matching those in 
the related crystal information file (2088535). Similarly, 
the peaks of BC@MIL-88b closely resembled those of 
MIL-88b but were shifted to lower diffraction angles 
(Deng et  al. 2023), possibly because of MOF diffusion 
onto the BC surface or the formation of large interstitials 
in MOF crystals due to flaws or impurities in BC.

The specific surface areas of the samples BC, MIL-88b, 
and BC@MIL-88b were 56.27 m2 g−1, 194.53 m2 g−1, and 
43.23  m2  g−1, respectively, whereas their pore volumes 
were 0.017  cm3  g−1, 0.063  cm3  g−1, and 0.147  cm3  g−1. 
(Table  S3). Theoretically, the specific pore volume and 
specific surface area of BC should rise when MOF 
particles decorate its surface (Ecer and Yilmaz 2024). 
Nevertheless, the introduction of MOF particles may also 
obstruct the internal voids and thus reduce the specific 
surface area (Wang et al. 2020). BC, MIL-88b, and BC@
MIL-88b had average pore sizes of 2.44 nm, 2.23 nm, and 
10.05 nm, respectively, and were therefore predominantly 
mesoporous. The N2 sorption isotherms of all materials 
(Fig.  2e) were of type IV, as expected for mesoporous 
adsorbents. The standard isotherm approaches 
adsorption saturation, with BC, MIL-88b, and BC@
MIL-88b curves concluding at the platform’s inflection 
point (Prabhu et  al. 2019). Additionally, Fig. S1b shows 
the narrow hysteresis obtained for MIL-88b@BC. The 

saturation magnetization strength (Ms) was 0.12 emu g−1, 
which meant that it is intrinsically weakly magnetic. The 
hysteresis curves obtained indicated that the sample was 
a magnetic soft material with ferromagnetic properties at 
room temperature (Qu et al. 2024a).

The thermogravimetric analysis diagram of BC, MIL-
88b, and BC@MIL-88b (Fig. 2a) showed that the thermal 
stability of the composite adsorbent exceeded those of its 
constituents (Yang et  al. 2016). The thermogravimetric 
analysis diagram of MIL-88b and BC@MIL-88b 
featured three weight loss stages, whereas two stages 
were observed for BC. The rapid weight loss between 
30  °C and 110  °C (3.8%, 4.6%, and 3.5%, for BC, MIL-
88b, and BC@MIL-88b, respectively) was ascribed to 
the evaporation of water that had been physisorbed on 
the surface. (Chakhtouna et  al. 2021). Between 300  °C 
and 650 °C was when BC experienced its second weight 
loss (11.99%), which was caused by the breakdown of 
lignin and inorganic carbonate (Chakhtouna et al. 2023). 
The second weight loss of MIL-88b and BC@MIL-
88b (27.89%) occurred between 110  °C and 430  °C and 
reflected the evaporation of solvent molecules trapped 
within the internal pores. The third weight loss (31.74–
34.35%) of MIL-88b and BC@MIL-88b was observed at 
430–600 (700)  °C and ascribed to ligand carbonization 
and MOF structure collapse (Jahan et al. 2022). The final 
product of MOF decomposition was iron oxide (Rad 
et al. 2021; Zhou et al. 2019). The remarkable structural 
stability and performance of BC@MIL-88b motivated use 
to explore its applications.

3.2 � Computational analysis
Structural optimization and energy calculations were 
performed for BC, MIL-88b, and BC@MIL-88b to 
investigate the interaction mechanism. During the 
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Fig. 2  a N2 adsorption and desorption isotherms, and b thermogravimetric curves of BC, MIL-88b, BC@MIL-88b
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growth and preparation of BC@MIL-88b, the organic 
ligands and metal ions in the MOF were selectively 
bound to the smallest structural units. As the MOF 
expanded, the smallest structural units established ionic 
associations with the carbon framework surrounding 
the oxygenated functional groups of BC. The remaining 
ligands and metal ions combined near the attachment 
point to form a BC@MIL-88b secondary structural 
unit via self-assembly. During this process, some 
oxygenated functional groups (including carboxyl, 
carbonyl, and aldehyde groups) of BC prevented MOF 
expansion. The surface of BC was found to be covered 

with rod-like MIL-88b structures, as revealed by SEM 
analysis. We simulated the surface structure of the 
aromatized biogenic BC using a pure graphene structure 
to streamline the model calculations. Numerous studies 
have successfully used this strategy with positive 
outcomes (Chen et  al. 2024; Zhang et  al. 2024b). Given 
the large cell structures of Fe-based MOFs, a cluster 
model with Fe as the node and a mono-ligand with 
carboxyl groups on the surface were chosen to improve 
computational efficiency. The structural models of BC, 
MIL-88b, and MIL-88b@BC are shown in Fig. 3a–c.

Fig. 3  Optimized structure of a BC, b MIL-88b, c BC@MIL-88b, adsorption energies of d, e BC@MIL-88b, and f, g MIL-88b for La3+
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Complexation energy, another name for interaction 
energy, is a crucial quantum chemical term that quantifies 
the amount of energy needed for a collection of significant 
atoms to interact with one another or to form complexes 
(Casella and Saielli 2011). To clarify the type of interactions 
present in metal adsorbent systems, this parameter might 
be included while examining the adsorption characteristics 
of adsorbents (Lawal et al. 2018). According to this study, 
the total of the separated compounds has a relationship 
with the interaction energy of the loading procedure. 
Adsorption energy of La3+ on BC was −1.51  kcal  mol−1. 
Functionalization of BC with MOF significantly improved 
the adsorption properties of BC. Figure  3d–g shows 
the optimum adsorption arrangements for MIL-88b 
and BC@MIL-88b. The structure was characterized by 
significantly negative adsorption energy, which suggested 
that the binding of La to these sites was spontaneous. 
The corresponding interactions were primarily caused by 
La–O bond formation and electrostatic attraction of La3+ 
to the benzene ring. Figure  3 shows that the La–O bond 
was significant and its interaction was more stable. Among 
them, La3+ was adsorbed onto MIL-88b and BC@MIL-
88b with interaction energies of −10.48, −10.47, −10.52, 
and −10.51  kcal  mol−1, respectively. Therefore, MOF 
contributes significantly to the adsorption properties of the 
BC surface.

HOMO and LUMO, via intramolecular charge transfer, 
offer pertinent information about quantum chemistry 
(Salahshoori et  al. 2024). Estimating the ionisation 
potential (IP) and electron affinity (EA) will reveal the 
system’s nucleophilic and electron-absorbing capabilities, 
respectively. Equations  (3–10) can be used to calculate 
the quantum chemical descriptor, which consists of the 
following: electronegativity (χ), hardness (η), chemical 
potential (μ), softness (σ), and electrophilicity (ω).

(3)ε =
1

ω

(4)η =
ELUMO − EHOMO

2

(5)σ =
1

η

Estimates of certain quantum chemical properties 
of selected drugs adsorbed on BC, MIL-88b, and 
BC@MIL-88b were provided in Table  1. With 
comparatively lower η and higher σ values, BC@MIL-
88b demonstrated superior reactivity compared to solo 
BC and MIL-88b. This might be the result of MIL-88b’s 
modification of BC, which helps to make the surface of 
BC softer and less rigid. One consistent finding based 
on these characteristics reveals that an upward trend in 
the �E is linked to a decrease in softness, an increase 
in chemical hardness, and a rise in the electrophilicity 
index. Changes in electronegativity are what move the 
electrons, while the hardness parameter serves as a 
resistor. Compounds with high electrophilic indices 
display electrophilic behaviour; the global electrophilic 
index (ω) measures a system’s electrophilic power.

Electrostatic potential (ESP) of BC and MIL-88b 
was also looked at (Fig.  4). The entire electrostatic 
influence that each atom’s charge distribution in a given 
complex carries with it is known as the ESP. The ESP 
surface analysis results agreed with the binding site and 
reactivity expectations. Mapping the net electrostatic 
charged surfaces of molecules allows one to visually 
investigate their relative polarity. Different colours 
are used to designate the electrostatic potential value: 
the colour blue represents the area with the most 
negative electrostatic potential, whereas the colour red 
represents the area with the most positive electrostatic 
potential. A molecule’s concentrated electron density 
attracts protons when its electrostatic potential is 
negative. The nucleus’s repulsion of protons in areas 
with low electron density and partial nuclear charge 

(6)µ =
ELUMO + EHOMO

2

(7)χ = −µ

(8)ω =
(ELUMO − EHOMO)

2

8η

(9)EA = −ELUMO

(10)IP = −EHOMO

Table 1  Quantum chemical descriptors for the sorption process based on DFT

Adsorbents ELUMO EHOMO �E EA IP ε η σ µ χ ω

BC −1.419 −5.456 4.037 1.419 5.456 0.991 2.018 0.495 −3.438 3.438 1.009

MIL-88b −5.192 −7.549 2.357 5.192 7.549 1.698 1.178 0.849 −6.371 6.371 0.589

BC@MIL-88b −4.646 −5.863 1.217 4.646 5.863 3.289 0.608 1.643 −5.255 5.255 0.304
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shielding is known as positive electrostatic potential. 
The surface image is displayed in Fig.  4, and the ESP 
was computed for this adsorption investigation.

Figure 3g–d also displays the �E of MIL-88b and BC@
MIL-88b, with smaller gaps signifying higher electron 
transport capability and reactivity (Lawal et  al. 2020). 
It could be seen from Fig.  5, for BC, HOMO is an off-
domain π orbital that facilitates binding to the target. 
LUMO is an off-domain π* orbital that affects reactivity 
with other chemicals. The HOMO value was about 
−5.4569 eV and the LUMO value was about −1.4195 eV. 
The organic ligand’s benzene ring structure was where 
most of the HOMO was concentrated in the MIL-88b 
structure. This ring structure’s electronic delocalization 
within the conjugated system was facilitated by the 
delocalized π-orbital across the conjugated system, 
which increased stability. On the other hand, LUMO 
was mainly found on ketone and ester functional groups 
that were close to the metal centers and organic ligands. 
This reactive orbital was affected by nearby organic 
ligands and metal centers, and it facilitated nucleophilic 
assault. The LUMO value was around −5.1929 eV, while 
the HOMO value was approximately −7.5498 eV. While 
the LUMO was focused on the benzene ring structure 
of biochar, the HOMO was mainly confined to the 
metal core of MIL-88b, which was linked to Fe and O 
atoms in the BC@MIL-88b structure. The HOMO value 
was about −5.8638  eV and the LUMO value was about 
−4.6469 eV. Chemical activity and charge transfer of the 
structures can be determined using ΔE to determine the 
gap (ELUMO–EHOMO). The �E energies of the constituents 
have a strong correlation with their chemical stability and 
reactivity. Greater orbital gaps result in less polarization 
and chemical reactivity in molecules. The efficiency is 
enhanced by the decreased gap in ΔE values since it takes 
less energy to extract the electron from the final occupied 
orbital. BC, MIL-88b, and BC@MIL-88b have ΔE values 

of 4.0370 eV, 2.3352 eV, and 1.2169 eV, respectively. The 
�E gap shows a trend of BC<MIL-88b<BC@MIL-88b, 
suggesting more frequent chemical interactions in BC@
MIL-88b. The outcomes showed that ligand exchange 
and electrostatic attraction may efficiently adsorb La3+ on 
the composite surface. The synergistic impact of ligand 
exchange and π–π interaction is logical, as the empirical 
observations align well with the predictions made using 
Density Functional Theory (DFT).

3.3 � Adsorption isotherms
After agitating the mixture for 24  h at 298  K and 
250  rpm, La3+ adsorption isotherms were obtained at 
starting pH 6.0.    Figure  6a displays relative results. Up 
until equilibrium was attained, the loading capacities 
of three materials as the La3+ concentration rose. At 
La3+ concentrations below 60  mg  L−1, the adsorption 
rate rose with accelerated concentration, whereas it 
dropped higher than 60 mg  L−1. This is because at 
low concentrations, the surfaces of BC, MIL-88b and 
BC@MIL-88b contain enough adsorption sites, with 
La3+ occupying just a tiny percentage of them. As 
the concentration of La3+ grows, it possesses a more 
powerful driving force to raise the frequency of collisions 
between La3+ ions and adsorption sites and overcome 
the mass transfer barrier of BC, MIL-88b, and BC@
MIL-88b, which improves the adsorption capacity of the 
above three adsorbents. Finally, the adsorption sites on 
these three materials were saturated and the adsorption 
reached equilibrium. The maximum adsorption of 
La3+ on BC, MIL-88b, and BC@MIL-88b reached 
146.29  mg  g−1, 165.55  mg  g−1, and 288.89  mg  g−1 at 
298 K, respectively.

Notably, the La3+ loading capacities of similar 
materials (Table  S4) were considerably lower than 
that of BC@MIL-88b. To further investigate the 
process underlying the loading characteristics of 

(a) (b)

Fig. 4  Electrostatic potential of a BC and b MIL-88b
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Fig. 5  HOMO orbital diagrams of a BC, c MIL-88b, e BC@MIL-88b and LUMO orbital diagrams of b BC, d MIL-88b, and f BC@MIL-88b
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three adsorbents on La3+, we investigated the BC, 
MIL-88b, and BC@MIL-88b adsorption isotherms 
using the Freundlich, Langmuir, and Temkin models. 
(Fig.  6b–d), and Eqs.  (3)–(5) are shown in Text 
S5 (Huang et  al. 2022). The three models’ fitting 
coefficients (R2) at 298  K showed the following order: 
Langmuir > Freundlich > Temkin. The outcomes 
demonstrated that Langmuir model was consistent 
with the loading process of La3+ by three adsorbents. 
Hence, the adsorption of La3+ on the three materials 
may be accurately characterized using the Langmuir 
model. The Langmuir model parameter RL denotes the 
favorability of adsorption (Eq. (6)). (Tang et al. 2021):

where C0 is the starting La3+ concentration and KL is the 
Langmuir equilibrium constant.

(11)RL =
1

1+ KLC0

Conditions that are either favourable or unfavourable 
are indicated by RL values of 0–1 and >1, respectively. 
Herein, the RL values of BC, MIL-88b, and BC@
MIL-88b (Table  S5) were below 1, showing favorable 
adsorption. The Temkin model’s BT values were 
positive, as Table S4 demonstrates, suggesting that the 
adsorption of La3+ was exothermic. 

3.4 � Adsorption kinetics
One important component affecting the loading process 
is reaction time. Here, at a temperature of 298 K and an 
agitation rate of 250 rpm, the effect of reaction duration 
(3–600 min) on the loading of La3+ (60 mg  L−1) on BC, 
MIL-88b, and BC@MIL-88b was examined. Every time 
an adsorption equilibrium was attained, the adsorption 
capacity rose over time and stabilized above a particular 
threshold (Fig.  7a). As can be seen from the figure, the 
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adsorption basically reached equilibrium when the 
reaction time reached 6 h, and the subsequent adsorption 
experiments were all completed in the adsorption 
equilibrium time. The adsorption kinetics were fitted 
using internal diffusion, pseudo-second-order, and 
pseudo-first-order models (Ji et  al. 2024). The following 
are the equations for these models:

where C (mg g−1) is a constant associated with the liquid 
sheet’s thickness and k1 (min−1), k2 (g mg−1 min−1), and ki 
(mg g−1 min0.5) are the adsorption rate constants for the 

(12)qt = qe(1− e−k1t)

(13)qt =
q2e k2t

1+ qek2t

(14)qt = kit
0.5

+ C

pseudo-first-order, pseudo-second-order, and internal 
diffusion models, respectively.

The dynamic model’s factors are listed in Table  S6, 
and the fitting models are shown in Fig.  7b–d. For BC, 
MIL-88b, and BC@MIL-88b, the fitting coefficients R2 
showed a pseudo-second-order > pseudo-first-order 
hierarchy. The pseudo-second-order model’s estimated 
qe values for each of the three adsorbents showed strong 
concordance with the experimental data. As a result, 
the pseudo-second-order model provided the best 
description of the La3+ adsorption kinetics and suggested 
that chemisorption was involved in the process. Fig. S2 
shows the internal diffusion models used for the three 
adsorbents. The internal diffusion model featured three 
stages corresponding to adsorption processes involving 
multiple diffusion mechanisms. In the first stage 
(0–30  min, Fig.  7d), the maximum adsorption rates of 
BC, MIL-88b, and BC@MIL-88b were 6.42464, 8.74556, 
and 10.8674  mg  g−1 min0.5, respectively, and the main 
event was membrane diffusion. In the second (gradual 
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adsorption) stage (30–300 min), these rates decreased to 
4.67171, 4.05375, and 3.79929 mg g−1 min0.5, respectively. 
The third step involved the establishment of an 
adsorption equilibrium. The fact that the linear segments 
in Figure S2 do not cross at the origin suggests that a 
number of kinetic mechanisms, including intrapore 
diffusion, surface adsorption and external mass transfer, 
as well as intramaterial diffusion affect the adsorption 
processes on the three adsorbents.

3.5 � Thermodynamics
The La3+ adsorption capacity was observed to be 
favourably linked with temperature (298–328  K) (Fig. 
S3a). Calculating the standard entropy change (∆S0), 
Gibbs free energy change (∆G0), and standard enthalpy 
change (∆H0) of La3+ adsorption provided further 
information (Text S6). Fig. S3b displays the correlation 
between ln k and 1/T, while Table S7 lists the parameters 
of the corresponding linear fit. The positive ∆H0 value 
suggested that the adsorption was endothermic and, 
hence, promoted by high temperatures. The degree of 
disorder at the solid–liquid interface increased following 
adsorption, as indicated by the positive value of ∆S0, 
whereas the negative ∆G0 value revealed that La3+ 
adsorption was spontaneous (Gu et al. 2017). Therefore, 
the adsorption of La3+ was temperature sensitive.

3.6 � Effects of pH
The solution pH affects the state of La3+ ions in aqueous 
media and thus strongly influences their adsorption 
(Wang et  al. 2015). Figure  8a shows the distribution 
of La species over a broad pH range, revealing a sharp 
decrease in the concentration of La3+ and formation of 
insoluble La(OH)3 at pH > 6. Therefore, it was determined 

that the pH of the solution is a significant impact. Fig. S4 
shows the zeta potentials of BC@MIL-88b at pH 1–11, 
demonstrating that at pH < 10.58, the adsorbent surface 
was positively charged. This positive charge hindered the 
adsorption of La3+ because of electrostatic repulsion (Qu 
et al. 2024b). Therefore, the adsorption mechanism needs 
to be further explored and elucidated in addition to the 
electrostatic interactions.

The effects of pH (1–6) on the three adsorbents’ 
La3+ adsorption capacity, which was evaluated at 
C0 = 60 mg  L−1, are displayed in Fig. 8b. In acidic water, 
numerous active sites remained protonated, which 
prevented the adsorption of La3+ and reduced the 
adsorption capacity. At neutral pH, La3+ replaced more 
protons at the active sites, which resulted in an increased 
adsorption capacity. The competition for adsorption 
decreases (Xie et  al. 2023). Moreover, high pH favored 
the deprotonation of organic ligands, increasing their 
ability to bind metal cations and, hence, adsorption 
capacity. As the adsorption saturation point was reached, 
the adsorption capacity remained relatively constant with 
increasing pH. Given that the La3+ adsorption capacity 
peaked at pH 6, this pH was selected for subsequent 
experiments. The electron cloud in the aromatic ring of 
the organic ligand, terephthalic acid, strongly interacted 
with the La3+ ions, leading to their adsorption via 
electrostatic attraction (Jiang et al. 2016).

To ascertain whether MIL-88b and BC@MIL-88b will 
produce secondary contamination in aquatic ecosystems, 
the structural stabilities of these compounds were 
investigated by quantifying the quantity of remaining 
metal ions in the solution following adsorption. 
According to Table  S8, the concentration of Fe3+ in the 
solution was nearly negligible at pH 3.0–6.0 and was 
well below the 0.3 mg  L−1 level specified in the Chinese 
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Drinking Water Sanitation Standard (GB5749-2006). 
Therefore, MIL-88b and BC@MIL-88b were concluded 
to be ecofriendly in real-life applications. These findings 
validated the structural stabilities of MIL-88b and BC@
MIL-88b, highlighting their significant potential for 
adsorptive recovery applications.

3.7 � Effects of coexisting ions
Adsorbent selectivity is essential for their real-world 
uses. One should reduce the impacts of various cations 
on the adsorption process due to the complexity and 
variety of the ambient circumstances. The selectivities 
of BC@MIL-88b for La3+ were tested using Tb3+, 
Y3+, Lu3+, Ce3+, A13+, Fe3+, Na+, K+, Ca2+, and  Mg2+ 
as interfering cations at a concentration of La3+of 
60 mg L−1 and interferent concentrations of 10, 20, and 
40  mg  L−1 (Fig. S5a). The effect of metal ions on the 
adsorption of La3+ by BC and MIL-88b is shown in Fig. 
S5b, c. Ce3+, A13+, Fe3+, Na+, K+, Ca2+, Mg2+ did not 
markedly interfere with the adsorption of BC@MIL-88b 
for La3+, whereas Tb3+, Y3+, and Lu3+ had detrimental 
effects on La3+ adsorption, with higher concentrations 
resulting in stronger interference. The concentrations 
of Tb3+, Y3+, and Lu3+ in natural samples are typically 
considerably lower than those used herein. Notably, 
the adsorption efficiency of REEs increases with their 
decreasing ionic radius because of the concomitant 
increase in the strength of REE ion binding by the 
adsorbent (Liang and Zeng 2024). Consequently, we 
concluded that the three adsorbents exhibited robust 
anti-interference capabilities and effectively extracted 
La3+ from wastewater in the presence of competing 
species.

3.8 � Application to real‑life samples
To evaluate the practical application of BC, MIL-88b, 
and BC@MIL-88b, water samples were analyzed. Fig. 
S6a reveals that with the increasing adsorbent loading, 
the concentration of La3+ in the overland runoff rapidly 
decreased until equilibrium was reached. While there 
are no precise maximum permitted limits for REEs 
in drinking water (Balaram 2019), ecotoxicological 
calculations indicate that 10.1  ng  mL−1 of La3+ is the 
highest allowed concentration in drinking water (Al 
Momani et  al. 2023). The loading on La3+ reached 
equilibrium when the dose of BC@MIL-88b reached 
0.2  g  L−1. In contrast, the dose of MIL-88b did not 
saturate the load on La3+ even at 1.0  g  L−1. The 
adsorbent loading could possibly be increased further 
according to the trend shown in the figure; however, 
this would also increase treatment costs. The superior 
performance of BC@MIL-88b demonstrated the 
advantages of this composite over its precursors and 

confirmed its applicability in complex environments. 
The adsorption capability of BC for La3+ is maximal 
at low concentrations, as shown in Fig. S4a, consistent 
with the findings of the adsorption isothermal 
experiment.

3.9 � Absorbent regeneration
The recyclability of BC@MIL-88b was examined 
at 298  K using 0.05  M HCl as an eluent (Fig. S6b). 
After four reuse cycles, BC@MIL-88b maintained an 
adsorption rate of >93% for a 5  mg  L−1 La3+ solution, 
with the desorption rate exceeding 80% in all cycles 
until the final cycle. This adsorbent was structurally 
stable and well suited for practical applications. The 
SEM patterns of spent BC@MIL-88b (Fig. S8) indicated 
that recycling had no impact on its basic framework, 
indicating that the adsorbent structure was stable. 
The efficient regeneration and reuse of BC@MIL-88b 
demonstrated the high practical value of this adsorbent 
for La3+ removal from aqueous media.

3.10 � Dynamic adsorption experiment
By using fixed-bed column tests to mimic the dynamic 
adsorption process, the usefulness of BC@MIL-88b was 
examined. It is evident from Fig. S7 that bed decay was 
achieved within 540  min, indicating that BC@MIL-88b 
has a strong affinity for La3+. This dynamic process was 
examined using the Thomas and Yoon–Nelson model, 
see Eqs. (12), (13).

where X (g) is the weight of BC@MIL-88b, Q (mL min−1) 
is the flow rate, KTh (mL  min−1  mg−1) is the Thomas 
constant, and q0th (mg  g−1) is the maximal adsorption 
capacity. The Yoon–Nelson constant is KYN (min−1) while 
the time needed for a 50% breakthrough is τ (min).

A kinetic model for column adsorption, the Thomas 
model is primarily used to assess permeation curves 
and compute column performance in adsorption. The 
Langmuir model of the adsorption process is assumed 
to be followed by the model. The derivation’s primary 
drawback is its reliance on second-order kinetics. 
Moreover, interfacial mass transfer, not chemical 
processes, controls adsorption (Delgado et  al. 2006). 
Typically, the Yoon–Nelson kinetic model is used to 
analyze a solution’s ionic concentration range between 
saturation and burst times. This is predicated on the idea 

(15)ln

(

C0

Ct
− 1

)

=
KTh

Q
(q0thX − C0t)

(16)ln

(

Ct

C0 − Ct

)

= KNY t − τKNY
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that it is feasible to decrease each pollutant molecule’s 
rate of adsorption in proportion to the rate at which the 
adsorbent ruptures and the pace at which adsorption 
occurs (Chu 2020).

Table  2 shows the relevant fitted data for the column 
experiments, and the R2 values demonstrate the 
applicability of both models to the La3+ adsorption 
process. From the table the τ value represents the time 
required for 50% contaminant breakthrough in the Yoon–
Nelson model. In this study, the breakthrough time takes 
345  min. The Thomas model fitted well the adsorption 
of BC@MIL-88b under fixed bed with q0th = 121 mg g−1. 
The good dynamic adsorption experimental results and 

low treatment cost proved the suitability of BC@MIL-
88b for the recovery of low concentration of La3+, which 
is promising, economically viable and cost-effective.

3.11 � Adsorption mechanism
As Fig. S8 illustrates, the adsorbed La3+ was uniformly 
distributed on the surface of BC@MIL-88b, which, in 
combination with Fig.  1, showed a clear homogeneity 
before adsorption, with both isolated particles and 
aggregates resulting from particle stacking. These 
structures showed characteristic nanorod shapes. 
Throughout the adsorption process, the morphology 
of BC@MIL-88b gradually transited to a more rounded 

Table 2  Column experimental model parameters

Yoon–Nelson Thomas

Adsorbates KYN (min−1) τ(min) R2 KTh (mL min−1 mg−1) q0th (mg g−1) R2

La3+ 0.0126 345.144 0.977 1.782 121.839 0.988
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shape with granular protrusions, demonstrating a 
characteristic stacking that resulted in aggregates with 
granular protrusions on their surface and a reduction 
in the unique nanorods’ clarity, which suggested that 
the rare earth elements were adsorbed on the surface 
of BC@MIL-88b, leading to a change in morphology. 
Furthermore, it was found that the La-loaded crystals 
had a flocculant layer adhered to their surface. Due to its 
0.27% La3+ content, the material was able to transfer La3+ 
and lodge in micropores with efficiency.

FTIR spectroscopy was utilized to analyze the 
adsorption-induced changes in the adsorbent functional 
groups and study their interactions (Figs.  9a and S9). 
The FTIR spectrum of pristine BC@MIL-88b (Fig.  9a) 
displayed a distinctive O–H peak at 3436.51 cm−1 as well 
as carboxyl C–O peaks at 1682.84  cm−1 (asymmetric 
stretch) and 1393.88  cm−1 (symmetric stretch). The 
peaks at 1500–1600 cm−1 were ascribed to the stretching 
vibrations of the benzene ring skeleton, while those 
at 1297.82  cm−1 and 1157.53  cm−1 corresponded to 
C–O–C moieties. The peak appearing at 500–700 cm−1 is 
attributed to the Fe–O group, and after adsorption, the 
relative intensity of the peak at 555.48 cm−1 is significantly 
reduced, which can be explained by the coordination 
between Fe–O and La3+. The peak at 3392.27  cm−1 lost 
intensity after adsorption, which demonstrates that 
La3+ was adsorbed through the substitution of hydroxyl 
groups rather than by direct binding to Fe. The change in 
the peaks at 1500–1600 cm−1 indicated the participation 
of the benzene ring structure in the adsorption of La3+. 
Thus, we concluded that during the adsorption process, 
hydroxyl groups were substituted by La3+ via ligand 
exchange to create Fe–O–La bonds, which agrees with 
the results of adsorption kinetics experiments.

The mechanism of La3+ adsorption was further probed 
by XPS. The Fe 2p spectrum showed characteristic Fe 
2p1/2 peaks at 728.58 eV and 724.78 eV as well as Fe 2p3/2 
peaks at 716.78 eV and 711.78 eV (Tong et al. 2022). The 
above peaks were redshifted to 728.98  eV, 725.28  eV, 
717.58  eV, and 712.28  eV following adsorption, which 
suggested electron transfer in the 2p valence band of Fe 
(potentially resulting from the replacement of functional 
groups in the adsorbent). This modification modified the 
chemical milieu surrounding Fe, suggesting that internal 
Fe–O–La complexes could be formed) (He et  al. 2017; 
Feng et  al. 2022). The O 1s spectrum featured Fe–O 
(530.47  eV), –OH (531.87  eV), and O–C=O (533.3  eV) 
peaks. After adsorption, the –OH peak vanished and 
was replaced by the propranolol peaks of Fe–O–La 
(531.98 eV) and La–O (532.48 eV) (Li et al. 2023). The C 
1s spectrum featured C–C (284.8 eV), C–OH (285.92 eV), 
O–C=O (287.11  eV), and carbonate (288.81  eV) peaks. 
Following adsorption, the C–OH and O–C=O peaks 

shifted, and their areal percentages decreased from 13% 
to 5% and 7% to 5%, respectively. Thus, the reactive –OH 
groups could be substituted by La to form internal Fe–O–
La complexes through ligand exchange and adsorb La3+. 
These results agreed with those of FTIR spectroscopy.

4 � Conclusions
A novel BC-MOF composite was synthesized and 
validated by practical experiments based on the relevant 
theoretical basis obtained from theoretical calculations, 
which proved that its adsorption performance for La3+ 
was significant and significantly better than that of the 
parent BC and MOF, and was used to recover lanthanum 
from surface runoff around the Jiangxi Rare Earth Mining 
Area both directly and selectively. The strong electrostatic 
attraction of the benzene ring and the creation of Fe–O–
La coordination bonds by La3+ through the substitution 
of hydroxyl groups were credited with this outstanding 
performance, which were the main factors for the ultra-
high adsorption of La3+ at pH 6. In addition, BC@
MIL-88b can be regenerated by rinsing with dilute 
hydrochloric acid without changing the crystal structure. 
In continuous adsorption experiments, BC@MIL-88b 
exhibited excellent bed decay time (540 min). Thus, BC@
MIL-88b is considered a highly robust material for the 
adsorptive recovery of La3+ from wastewater in various 
environments. The in-depth look at a new way to treat 
wastewater using biochar modified with a metal-organic 
framework in this study shows that it could work well 
and reduce pollution for a long time. This study heralds 
a transformative shift toward cleaner, more resource-
efficient water management practices, demonstrating 
the enormous potential for scalable, cost-effective, and 
environmentally friendly solutions. We will need more 
cooperation and implementation to achieve a sustainable 
future.
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