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A B S T R A C T   

The growing high demand of rare earth elements (REEs) has prompted extensive research on REE recovery from 
waste streams. This study reports the synthesis and evaluation of phosphonate-functionalized magnetic meso
porous silica (MMS-PP) for REE recovery from the acidic extracts of solid wastes. MMS-PP was synthesized using 
surfactant template and post-synthesis methods, and tested using simulated and real extraction solutions from 
citrate-assisted REE extracts from municipal solid waste incineration (MSWI) ash. The organic-inorganic hybrid 
MMS-PP was evaluated for La recovery from 50 mM simulated citrate extract, with the adsorption capacity of 
13.5 mg/g compared to ~2.5 mg/g for non-functionalized MMS. The MMS-PP material exhibited fast adsorption 
within 10 min, good La selectivity against competing Na+ and Ca2+, moderate selectivity against Al3+ and Fe3+, 
high recyclability over multiple adsorption-desorption cycles, and equivalent efficiency for La, Ce, Nd, and Y 
recovery. The MMS-PP material also demonstrated 70–95% REE recovery from real citrate extracts of MSWI ash, 
and the spent MMS-PP material can be regenerated and reused for multiple cycles. Functionalized mesoporous 
materials in combination with organic-ligand assisted extraction can potentially provide a green, effective, and 
tunable solid-liquid separation platform for REE recovery from complex solid waste streams.   

1. Introduction 

Rare earth elements (REEs) are a group of critical metals that are 
used in a wide range of industries and clean energy technologies (Daigle 
and DeCarlo, 2021). With the rapidly increasing demand and potential 
geopolitical conflicts due to imbalanced resource distribution, it is 
critical to seek new alternative and sustainable resources to secure do
mestic REE supply. Along this direction, REE recovery from various 
waste sources have been explored, such as industrial, electronic, and 
municipal wastes, some of which contain reasonably high REE content 
and may offer unique opportunities for REE recovery (Hsu et al., 2019). 
In addition to resource exploration, it is highly desirable to develop 
green and sustainable technologies for REE and other critical metal re
covery from waste streams with high efficiencies and low environmental 
impacts. Mineral acids (i.e., HNO3, HCl, and H2SO4) are commonly used 
for extracting REEs from solid wastes (Honaker et al., 2019), but they 

tend to generate large amounts of highly acidic waste byproducts and 
pose environmental and health hazards. To minimize environmental 
impacts during REE extraction, research has been directed to the use of 
organic acids (Gergoric et al., 2018; Lazo et al., 2018) or microbially 
mediated processes (Auerbach et al., 2019; Brewer et al., 2019), which 
have shown comparable extraction efficiency to mineral acids under less 
harsh pH conditions (Antonick et al., 2019). Our recent study used a 
citrate-assisted method for the extraction of REE from coal fly ash (Liu 
et al., 2023) and municipal solid waste incineration (MSWI) ash (Wen 
et al., 2023.), which achieved high REE extraction efficiency under mild 
pH of ~4. 

Following the leaching step, REEs can be recovered, concentrated, 
and separated from the acidic leachates using various conventional 
solvent extraction methods (Smith et al., 2019; Wu et al., 2018). Ionic 
liquids (Huang et al., 2019; Makanyire et al., 2016) and membrane 
solvent extraction (Smith et al., 2019; Kim et al., 2015) have been 
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proposed as alternatives to conventional solvent extraction. While these 
methods demonstrated some advantages (e.g., negligible vapor pressure, 
non-flammability, and decreased non-aqueous solvent use), they also 
suffer from several drawbacks such as high cost, slow mass transport, 
and difficulty in REE stripping. Solid-liquid extraction can potentially 
overcome the shortcomings associated with solvent extraction (i.e., high 
cost, low REE recovery rate, and toxic liquid/solid wastes), especially 
with the development of functionalized sorbents such as mesoporous 
silica materials. Mesoporous silica is a form of silicon dioxide with large 
and tunable pores by size and geometry. The pores can be readily 
functionalized with organic ligands (Fryxell et al., 2007), which can 
significantly enhance the effective and selective sequestration of various 
metals from aqueous media (Fryxell et al., 2005). Mesoporous silica 
materials functionalized with several amine-, carboxyl-, and 
phosphonate-type ligands have been tested for REE recovery from 
aqueous media (Ravi et al., 2018a; Salih et al., 2021; Hu et al., 2017, 
2019; Florek et al., 2014, 2015; Ma et al., 2014; Zheng et al., 2015, 
2020a; Yantasee et al., 2009; Liu et al., 2019; Yin et al., 2020; Lee et al., 
2019; Ramasamy et al., 2017; Zhang et al., 2017; Callura et al., 2018). 
These systems demonstrated improved REE recovery efficacy under 
acidic to circumneutral conditions. Mesoporous silica material can be 
further tailored to incorporate a magnetic core for easy operation and 
extraction. Indeed, magnetic mesoporous silica (MMS) has recently been 
applied to the removal and magnetic separation of heavy metals (pri
marily CrO4

2− and U(VI)) from contaminated aqueous media (Egoda
watte et al., 2015; Li et al., 2016; Chen et al., 2011; Zhang et al., 2012; 
Zhao et al., 2014), but no studies have investigated the use of func
tionalized MMS for REE separation from organic-ligand containing 
extracts. 

The goal of this study is to design and evaluate molecular meso
porous materials for effective REE recovery from organic ligand-assisted 
extracts of solid wastes. We developed a phosphonate-functionalized 
MMS (MMS-PP) material, and evaluated its performance on REE re
covery from a citrate-assisted extraction simulant and a real MSWI ash 
leachateGutiérrez-Gutiérrez et al., 2015. Benefits of this MMS-PP ma
terials include that: (1) the magnetic core can provide the benefits of 
easy particle retrieval via magnetic separation; (2) the mesoporous silica 
has high surface areas and more active sites leading to high REE 
adsorption capacity; and (3) the functionalized phosphonate ligand can 
improve REE selectivity from complex chemistry solutions. The syn
thesized MMS-PP material was characterized using high and small angle 
powder X-ray diffraction (XRD), N2 adsorption-desorption isotherms, 
13C and 31P cross-polarization magic-angle-spinning nuclear magnetic 
resonance (CPMAS NMR) spectroscopy. The MMS-PP material, in com
parison with non-functionalized MMS, was evaluated for La recovery 
from deionized (DI) water and 50 mM citric acid extraction simulant. 
The maximum La adsorption capacity and the effects of reaction time, 
solid/liquid ratio, citrate concentration, competing cations (i.e., Na, Ca, 
Al and Fe), and adsorption-desorption cycles were investigated. In 
addition, the MMS-PP material was demonstrated for effective REEs 
recovery from a real citrate assisted extraction solution of MSWI ash. 

2. Experimental section 

2.1. Materials and chemicals 

ACS grade or higher chemicals were purchased from Sigma Aldrich 
(St. Louis, USA), Fisher Scientific (Waltham, USA), and Alfa Aesar 
(Haverhill, USA). All chemicals were used as received. Deionized (DI) 
water was used as the solvent for all solutions in this study unless 
mentioned otherwise. 

2.2. Synthesis of MMS material 

Magnetite Fe3O4 was synthesized using a previous reported method 
(Lin and Haynes, 2009). 4.8 g ferric chloride and 2.0 g ferrous chloride 

were dissolved in 30 mL DI water, and the solution was stirred under 
nitrogen atmosphere at 90 ◦C on a hot plate. 20 mL NH4OH solution was 
added to precipitate Fe3O4, and the suspension was aged for 2.5 h, 
vacuum filtered, washed with DI water, and dried at 100 ◦C. Next, MMS 
material was synthesized using an approach previously described for 
mesoporous silica (MCM-41) synthesis, (Egodawatte et al., 2015; Kne
zevic et al., 2012) in the presence of Fe3O4 nanoparticles. Typically, 1 g 
cetyltrimethylammonium bromide (CTAB), 3.5 mL of 2 M NaOH, and 
500 mL DI water were mixed with 300 mg Fe3O4 and sonicated. The 
solution was heated at 80 ◦C on a hot plate and tetraethoxysilane was 
added. The reaction mixture was aged for 2 h and vacuum filtered, 
washed with DI water and methanol, and dried at 120 ◦C overnight. The 
CTAB template was removed by calcining the product at 600 ◦C in 
flowing compressed air for 6 h to obtain MMS. 

2.3. Functionalization of MMS with phosphonate (PP) group 

One gram of calcined MMS was refluxed with 3-(trihydroxysilyl) 
propyl methylphosphonate (4 mmol) in 1,4-dioxane at 100 ◦C for 4 h. 
The reaction mixture was vacuum filtered, washed with 1:1 mixture of 
diethyl ether and dichloromethane, and dried at 100 ◦C overnight to 
obtain phosphonate-functionalized MMS (MMS-PP) (Vivero-Escoto 
et al., 2013). We also synthesized functionalized mesoporous silica 
(MS-PP) without Fe3O4 for NMR characterization, because the Fe3O4 in 
MMS materials interferes with NMR measurements. 

We also synthesized a series of other functionalized MMS materials 
for La recovery from a citrate simulant and REE recovery from a real 
citrate extract of MSWI ash (Text S2 and Fig. S1). These materials were 
prepared using the same MMS substrate material, but with different 
functional organic ligands (e.g., benzoylthiourea (BT), dihydroimidazole 
(DIM), polyaryloamidoxime (AD), phosphonate-amino (PPA), poly 
(propylenimine) (PPI) dendrimer, poly(amidoamine) (PAMAM) den
drimer, or polyethyleneimine (PEI)) (Li et al., 2016). The experimental 
procedures of functionalizing MMS with other ligands are described in 
Text S1. 

2.4. Characterization of MMS-PP 

The physical and chemical properties of the calcined MMS and MMS- 
PP materials were systematically characterized. Powder XRD (Siemens 
D5000 X-ray diffractometer with Cu Kα and a nickel filter) was used to 
verify the mesoporous silica and iron oxide structure. High angle pat
terns (10–80◦ 2θ, 0.02◦ step size, 1 s/step) and small angle patterns 
(1–10◦ 2θ, 0.02◦ step size, 1 s/step) were collected. The surface areas, 
porosity, and pore diameters of the materials were measured using N2 
adsorption on a Nova 1200 Nitrogen Adsorption Instrument (Quan
tachrome). Calcined MMS and MMS-PP (100 mg) were evacuated 
overnight at 100 ◦C and then a 7-point BET isotherm and a 50-point 
adsorption/desorption isotherm were measured. The data was used for 
calculating the surface area, pore volume and pore diameter. The pore 
volume (Vtot) and pore diameter were calculated by measuring the 
amount of adsorbed nitrogen at 0.97 P/P0 using Barrett-Joyner-Halenda 
(BJH) analysis. 13C and 31P cross polarization magic angle spinning 
(CPMAS) NMR experiments were conducted on the functionalized 
mesoporous silica using a 4 mm rotor and the spinning speed of 10 kHz 
under a magnetic field of 7T. 

2.5. La recovery experiments from simulant solutions 

Batch La3+ adsorption experiments were conducted at an initial La 
concentration of 0.5 mM in DI water and 50 mM citric acid extraction 
simulant under ambient condition. Control experiments were conducted 
without solid materials. Typically, 0.025 g of MMS or MMS-PP and 2.5 
mL solution were added to 15 mL polypropylene centrifuge tubes. La 
(NO3)3•6H2O was used to make a 50 mM La stock solution. After spiking 
with 0.025 mL of the La stock solution, the suspension was reacted on a 
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reciprocating shaker for 24 h if not specified. After reaction, each sus
pension was centrifuged at 10,000 rpm for 10 min and filtered using 0.2 
μm polyethersulfone membrane filter. The filtrate was acidified and 
diluted with 2% HNO3 and analyzed for La concentration by inductively 
coupled plasma mass spectrometry (ICP-MS; NexION 300X, Perki
nElmer, Inc.). The ICP-MS analysis uncertainty was within ±5%. The La 
recovery rate and the mass of La sorbed onto the sorbent (qe, mg/g) were 
calculated using equations (1) and (2), respectively: 

Recovery rate =
Cini − Ceq

Cini
× 100 (1)  

qe =

(
Cini − Ceq

)
× V

M
(2)  

where Cini (mg/L) is the initial La concentration in the control samples, 
Ceq (mg/L) is La concentration in the solution at equilibrium, V is the 
volume of the solution (mL) and M is the mass of the sorbent (g). 

In addition, batch experiments for obtaining the adsorption isotherm 
curves were conducted at initial La concentrations from 0.05 to 5 mM, 
0.025 g solid, and 2.5 mL DI water or 50 mM citric acid simulant. The 
sorption/resorption experiments of MMS-PP were also conducted using 
50 mM citric acid simulant with an initial La concentration of 0.5 mM 
and solid/liquid ratio of 10 g/L, while the La desorption experiment was 
conducted using 1 M HCl solution. 

2.6. REEs recovery from a real MSWI ash extract 

Our recent studies (Liu et al., 2023; Wen et al., 2023) developed a 
method for citrate-assisted REE extraction from coal fly ash and MSWI 
ash. This method can achieve high REE extraction efficiency at a mild pH 
of 4. Here we evaluate the performance of MMS-PP material in a real 
extraction solution, which was obtained from the 106 μm size fraction of 
a MSWI ash under experimental conditions of liquid/solid ratio 200 
mL/g, 50 mM citrate, pH 3.75, 240 rpm, and 4 h. Details of the MSWIA 
ash and extraction method are in SI Text S1 and our recent study (Wen 
et al., 2023). The REEs and major metal concentrations in the extraction 
solution are in Table S1. The major REEs are Y 7.56 ppb, La 16.18 ppb, 
Ce 18.71 ppb, Pr 141.22 ppb, Nd 351.77 ppb, and Dy 21.57 ppb. The 
extraction solution also contains high concentrations of Na, Ca, Al, and 
Fe at ppm level. 

2.7. MMS-PP material recycling and regeneration 

To evaluate the regeneration of the MMS-PP material and recovery 
efficiency of REE from the sorbent, HCl stripping solutions of varied 
concentration (0.1, 0.5 and 1 M) were evaluated for four-cycle adsorp
tion-desorption experiments. The goal is to minimize HCl use while 
achieving high efficiency for the material regeneration and REE 
recycling. 

Fig. 1. Characterization of phosphonate-functionalized magnetic mesoporous silica (MMS-PP). (A) High angle powder XRD, in comparison with non-functionalized 
MMS and Fe3O4, (B) Small angle powder XRD, in comparison with MMS, (C) N2 adsorption-desorption isotherms, (D) 13C CPMAS NMR spectrum, (E) 31P CPMAS 
NMR spectrum. 
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3. Results and discussion 

3.1. Characterization of functionalized MMS materials 

The high angle powder XRD patterns of MMS, MMS-PP, and Fe3O4 in 
the range of 10–80◦ 2θ are shown in Fig. 1A. The XRD patterns of both 
MMS and MMS-PP were characterized with a single broad peak at 20◦

2θ, consistent with published XRD pattern for MCM-41 (Kaya et al., 
2010). The characteristic peaks for Fe3O4 are also present for both MMS 
and MMS-PP, confirming that Fe3O4 nanoparticles are present inside the 
core-shell particles. 

Small angle XRD patterns for MMS and MMS-PP are shown in Fig. 1B. 
The peak (100) at 2.3◦ 2θ characterizes the hexagonal ordering of the 
pores in the MCM-41 framework, which is consistent with published 
data (Egodawatte et al., 2015). In addition, two weak peaks corre
sponding to (110) and (200) at 4–5◦ 2θ were observed for MMS and 
MMS-PP. The characteristic (100) peak shifted slightly toward higher 
2θ, and the (110) and (200) peaks became weaker for MMS-PP relative 
to MMS, indicating that the functionalized phosphonate molecule was 
primarily grafted into the mesopores and this functionalization slightly 
altered the hexagonal ordering of the pores in the MCM-41 framework. 

The pore size distributions for MMS and MMS-PP were calculated 
from the N2 adsorption isotherms (Fig. 1C) using Barrett-Joyner- 
Halenda (BJH) analysis. The BET surface area, pore volume, and pore 
size of MMS were 1010 m2/g, 0.33 cm3/g, and 3.3 nm, respectively, 
while these values were 512 m2/g, 0.05 cm3/g, and 3.0 nm for the MMS- 
PP material, respectively. The pore volumes and sizes calculated using 
standard BJH method gave average values for all pores. The pore size 
distribution for the MMS materials calculated using the BJH method was 
consistent with previously reported values on similar magnetic iron 
oxide/mesoporous silica nanoparticles (Egodawatte et al., 2015; Kne
zevic et al., 2012). Compared to MMS, the surface area and pore volume 
of MMS-PP decreased significantly, suggesting that the functionalized 
molecules were primarily grafted into the mesopores (~3 nm) and less 
onto external surfaces of MMS, consistent with previous studies (Ego
dawatte et al., 2015; Datt et al., 2012). However, the pore size essen
tially remained unchanged (Egodawatte et al., 2015). 

The functionalized mesoporous silica (MMS-PP) without Fe3O4 was 
analyzed by 13C and 31P CPMAS NMR because Fe3O4 in MMS materials 
interferes with NMR measurements. The 13C CPMAS NMR spectrum of 
MMS-PP is shown in Fig. 1D. The peak at 65.5 ppm chemical shift cor
responds to carbon 1 (C-O), the peak at 23.3 ppm is attributed to carbon 

Fig. 2. Adsorption isotherm of La on MMS and MMS-PP. Reaction condition: 24 h, solid/liquid ratio 10 g/L, initial La concentration 0.05–5 mM. (A) DI water, (B) 50 
mM citric acid simulant, (C) Langmuir fits to the adsorption isotherm of La on MMS-PP in DI water and 50 mM citric acid simulant. 

Table 1 
Comparison of REE adsorption capacities on different functionalized mesoporous silica (MS) materials.  

REEs Silica matrix Functional molecules Surface area (m2/g) Adsorption capacity (mg/g) pH Ref. 

Ce3+ KIT-6 1,3-tetradentate phenylenedioxy diamide ~550 ~11 4 Hu et al. (2019) 
MS Acetamide phosphonic acid / 32 2 Yantasee et al. (2009) 

Eu3+ KIT-6 Diglycolamide 621 167 4 Florek et al. (2015) 
KIT-6 Dioxaoctanedioic acid 588 149 4 Florek et al. (2015) 

Gd3+ MS Diethylenetriamine 57.4 157.3 5 Salih et al. (2021) 
MCM-41 Maleic anhydride 575 85.4 4 Zheng et al. (2015) 
Hollow MS Amino-phosphonic acid 825.3 100 2 Yin et al. (2020) 
Hollow MS Amino-phosphonic acid 825.3 387.3 6 Yin et al. (2020) 
MS foam Poly(amidoamine) dendrimer 210 38.2 4 Lee et al. (2019) 
MS foam Poly(amidoamine) dendrimer 210 130.5 6 Lee et al. (2019) 
SBA-15 Inorganic phosphorous acid 669.7 220 4 Gao et al. (2017) 

La3+ MS film Phosphate 300 69.2 7 Liu et al. (2019) 
SBA-15 Phosphoric acid 487 114.8 7 Zheng et al. (2020a) 
MCM-41 Phosphonate 512 31.2 6.0 This work 
MCM-41 Phosphonate 512 13.3 2.1 This work 

Lu3+ KIT-6 Bidentate phthaloyl diamide 726 8.6 4 Hu et al. (2017) 
Nd3+ MCM-41 n-propy titanium phosphate 443 ~47 2.5 Zhang et al. (2017) 

KIT-6 Ethylenediaminetetraacetic acid 334 109.8 6 Ravi et al. (2018b) 
KIT-6 Benzene-1,3,5-triamido-tetraphosphonic acid 276 129.8 6 Ravi et al. (2018a) 
MS Diethylenetriamine 57.4 124.9 5 Salih et al. (2021) 

Pr3+ MS Diphosphonic acid / 32 2 Yantasee et al. (2009) 
Sc3+ SBA-15 Lysine 223 35.3 5 Ma et al. (2014)  

D. Li et al.                                                                                                                                                                                                                                        



Applied Geochemistry 162 (2024) 105900

5

2 from the propyl chain, and the peak at 7.3 ppm is from carbon 3 (C-Si) 
(Hernández-Velázquez et al., 2019). The 31P CPMAS NMR spectrum of 
MMS-PP is shown in Fig. 1E, where the principal peak for phosphonate 
was at 30.0 ppm chemical shift, with two spinning side bands at around 
100 and -40 ppm (Hernández-Velázquez et al., 2019). Both 13C and 31P 
NMR spectra of the MMS-PP demonstrated that 3-(trihydroxysilyl) 

propyl methylphosphonate was grafted onto mesoporous silica and 
MMS. 

3.2. La recovery capacity 

The adsorption isotherms of La onto MMS-PP and MMS from DI 

Fig. 3. Effects of other factors on La recovery from 50 mM citric acid simulant by MMS-PP in comparison with MMS. If not specified, reaction conditions are 24 h, 
solid/liquid ratio 10 g/L, and initial La concentration 0.5 M. (A) Reaction time, (B) Solid/liquid ratio (30 min, initial La concentration 1.25 mM), (C) Citric con
centration, (D) Competing cations Na+, Ca2+, Al3+, and Fe3+, each at 50 mM, (E) Al3+ concentrations, and (F) Adsorption-desorption cycles (30 min, 1 M HCl 
for desorption). 

Fig. 4. Recovery comparison of La, Ce, Nd and Y from DI water and 50 mM citric acid simulant by MMS-PP (reaction condition: 24 h, and solid/liquid ratio 10 g/L). 
(A) Single REE, each at an initial concentration of 0.5 M, (B) Mixed REEs, each at an initial concentration of 0.5 M. 
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water (pH ~6.0, Fig. 2A) and 50 mM citric acid simulant (pH ~2.1, 
Fig. 2B) are shown in Fig. 2. The isotherm data for MMS-PP were 
analyzed using the Langmuir isotherm model (Equation (3)) to obtain 
the maximum adsorption capacity values (qmax) by plotting Ceq/qeq 
versus Ceq (Fig. 2C). 

Ceq

qeq
=

1
qmax

Ceq +
1

KLqmax
(3)  

where qeq is the mass of La sorbed onto the sorbent at equilibrium, qmax 
is the saturation sorption capacity, Ceq is the La concentration in solution 
at equilibrium, and KL is the Langmuir constant that is directly related to 
the binding site affinity. The functionalization of phosphonate onto 
MMS significantly improved the adsorption of La onto the MMS mate
rial. The La adsorption capacity of MMS-PP increased from DI water (pH 
6) relative to that from 50 mM citric acid simulant (pH 2.1). The 
maximum adsorption capacity of La onto MMS-PP from DI water 31.2 
mg/g from DI water, compared to ~7.0 mg/g for La onto MMS, while 
the maximum adsorption capacity of La onto MMS-PP from 50 mM citric 
acid simulant was 13.3 mg/g, compared to ~2.5 mg/g for La onto MMS. 

The La recovery capacity obtained for MMS-PP were compared with 
the maximum adsorption capacities of REEs on functionalized meso
porous silica materials from literature in Table 1. The La recovery ca
pacities obtained in this work were similar to those of REEs onto hybrid 
mesoporous silica materials reported in some references (Hu et al., 2017, 
2019; Yantasee et al., 2009). However, it is noted that several recent 
studies reported higher sorption capacities for REEs onto other func
tionalized mesoporous silica materials (Ravi et al., 2018a; Salih et al., 
2021; Florek et al., 2015; Zheng et al., 2015, 2020a; Liu et al., 2019; Yin 
et al., 2020; Lee et al., 2019; Zhang et al., 2017). The discrepancy of the 
REE adsorption capacities reported between this work and other studies 
is likely related to pore sizes of the used mesoporous silica, selected 
organic ligands, and the tested conditions. As expected, the larger pore 
size of mesoporous silica contributes to higher REE adsorption capacity. 
Meanwhile, for the same material, higher REE adsorption capacity is 
achieved under a less acidic pH condition, which is consistent with 
Fig. 2. 

We also synthesized a series of other functionalized MMS materials 
for La recovery from a citrate simulant and REE recovery from a real 
citrate extract of MSWI ash (Text S2 and Fig. S1). These materials were 
prepared using the same MMS substrate material, but with different 
functional organic ligands (e.g., benzoylthiourea (BT), dihydroimidazole 
(DIM), polyaryloamidoxime (AD), phosphonate-amino (PPA), poly 
(propylenimine) (PPI) dendrimer, poly(amidoamine) (PAMAM) den
drimer, or polyethyleneimine (PEI)) (Li et al., 2016). Our results 

demonstrated that MMS-PP material was outstanding among all func
tionalized MMS materials for La recovery from 50 mM citric acid sim
ulant (Fig. S1) or for REE (i.e., Y, La, Ce, Pr, Nd, and Dy) recovery from a 
real citrate extract of MSWI ash (Fig. S3). The high Gd3+ adsorption 
capacities of amino-phosphonate-functionalized hollow mesoporous 
silica (Yin et al., 2020) and poly(amidoamine) dendrimer) functional
ized mesoporous silica foam (Lee et al., 2019) were likely due to their 
high surface areas (Table 1). Thus, functionalizing phosphonate onto 
other mesoporous silica such as SBA-15 or KIT-6 is expected to sub
stantially improve the REE recovery efficiency from the real citrate ex
tracts of MSWI ash, which requires future research to confirm. 

3.3. Effects of other factors on La recovery 

Batch experiments were conducted to evaluate the effects of reaction 
time, solid/liquid ratio, citric acid concentration (pH), competing cat
ions (Na+, Ca2+, Al3+ and Fe3+), and adsorption-desorption cycles on La 
recovery by MMS and MMS-PP from citric acid simulant (Fig. 3). The La 
adsorption reactions by both MMS and MMS-PP reached steady state 
within 10 min, and MMS-PP displayed significantly higher La recovery 
efficiency (>80% vs. ~20%) (Fig. 3A). The La recovery rate by MMS-PP 
from the 50 mM citric acid simulant increased with increasing solid/ 
liquid ratio (Fig. 3B). With an initial La concentration of 1.25 mM, a 
MMS-PP loading at the solid/liquid ratio of 40 allowed a nearly 100% La 
recovery. 

The effect of citric acid concentration or solution pH on La recovery 
is shown in Fig. 3C. Increasing citric acid concentration from 0 to 5 mM 
in the simulants decreased the solution pH from 6.0 to 2.6. The La re
covery at remained high at 97.4% and 99.8% for MMS and MMS-PP 
materials. Increasing citric acid concentration to 50 mM (pH 2.1) in 
the simulant led to a significant decrease of La recovery to 8.5% for 
MMS. At this pH, the surface charge of MMS is near zero or slightly 
positive, as the isoelectric point of mesoporous silica such as SBA-15 is 
pH 2.3, (Calzada et al., 2019; Zheng et al., 2020b; Puziy et al., 2007) so 
the electrostatic attraction between MMS and trivalent La cation is 
weaker compared to a higher pH, at which the MMS surface is negatively 
charged. In contrast, MMS-PP still recovered 91.2% of La from the 50 
mM citric acid simulant, thanks to the strong binding of La to func
tionalized phosphonate groups on MMS-PP. These results showcase the 
superior uptake efficiency of La by MMS-PP from acidic to near-neutral 
condition compared to MMS. 

There is generally an excess of competing metal cations in real 
extraction solutions due to the unselective leaching processes, which 
might significantly interfere the selective recovery of La and other REEs. 
The impacts of Na+, Ca2+, Al3+, and Fe3+ (major cations at high con
centrations in the extraction solution of MSWI ash, Table S1) on La re
covery by MMS and MMS-PP materials were investigated in 50 mM citric 
acid simulant (Fig. 3D). The concentration of each competing cation (50 
mM) was 100 times that of La (0.5 mM) in the simulant. For both MMS 
and MMS-PP, the La recovery percentage decreased in the presence of 
Na+ and Ca2+, but more significantly for Al3+ and Fe3+. The stronger 
inhibitory effect of Al3+ and Fe3+ is expected because they carry the 
same charges as La3+ and could compete for binding sites on MMS or 
MMS-PP surfaces. Similar observation has also been reported by a pre
vious study on REE adsorption by functionalized silica particles that 
trivalent cations (e.g., Al3+ and Fe3+) showed a stronger impeding 
impact than divalent cations (e.g., Ca2+, Mg2+, and Zn2+), especially at 
elevated concentrations (Callura et al., 2018). Fig. 3E shows the effect of 
Al3+ concentrations on La recovery efficiency from 50 mM citric acid 
simulant. For MMS, the La recovery efficiency increased initially with 
increasing Al3+ concentration, and afterward decreased at the 50 mM 
Al. For MMS-PP, the La recovery efficiency decreased as the Al3+ con
centration increased to 50 mM. The effect of Fe3+ concentrations on La 
recovery efficiency was similar to that of Al3+ (Fig. S2). These results 
indicate that the selectivity of MMS-PP material toward La is good 
against Na+ and Ca2+, but just moderate against Al3+ and Fe3+. To 

Fig. 5. REEs (Y, La, Ce, Pr, Nd, and Dy) recovery efficiencies from the real 
citrate extraction solution of MSWI ash by MMS-PP against the solution pH 
values and storage time. 
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secure a high selectivity towards La, pretreatment processes such se
lective precipitation might be needed to reduce the concentrations of Al 
and Fe in the extraction solution prior to MMS-PP sorption (Liu et al., 
2023). 

The La adsorption/desorption behaviors by MMS-PP were investi
gated by using 1 M HCl solution as a stripping agent. Over the four 
adsorption-desorption cycles, the La recovery efficiency by MMS-PP 
remained at 82–93% from the 50 mM citric acid simulant with an 
initial La concentration of 0.5 M, and the La desorption efficiency from 
MMS-PP remained at 92–100% (Fig. 3F). These results show that the 
MMS-PP material can be regenerated and reused for La recovery from 
the citric acid extraction solution for at least four times, and La can be 
readily desorbed and concentrated by 1 M HCl stripping solution, indi
cating a high recyclability. 

3.4. Comparison of La, Ce, Nd and Y recovery from simulants 

La, Ce, Nd and Y are the four major REEs with the highest concen
trations in MSWI ash based on our preliminary analysis (Table S1). Two 
batch experiments were conducted to evaluate if the MMS-PP material is 
also effective for Ce, Nd, and Y recovery. Fig. 4A shows La, Ce, Nd, or Y 
recovery efficiency for a single REE with an initial concentration of 0.5 
M in DI and 50 mM citric acid simulant. The La, Ce, Nd, and Y recovery 
efficiency was 98.5–99.9% from DI water, and 91.2–98.8% from 50 mM 
citric acid simulant. Fig. 4B shows La, Ce, Nd, or Y recovery percentage 
from DI and 50 mM citric acid simulant in which the four REEs co- 
existed with an initial concentration of 0.5 M for each REE. With a 
total REE concentration of 2 M, the La, Ce, Nd, and Y recovery efficiency 
by MMS-PP reached 96.9–99.7% from DI water, but varied from 34.5% 
(Nd), 42.5% (La), 47.2% (Ce), to 81.7% (Y) from 50 mM citric acid 

Fig. 6. REEs (i.e., Y, La, Ce, Pr, Nd, and Dy) recovery and desorption efficiencies from the real citrate extraction solution of MSWI ash by MMS-PP. Adsorption 
conditions: 30 min, solid/liquid ratio 10 g/L. Desorption conditions: 30 min, HCl striping solutions of 0.1, 0.5, or 1 M. 
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simulant due to saturation effect. Interestingly, sorption by MMS-PP 
exhibited a fractionation trend towards Y over La, Ce, and Nd, which 
could have important implications for separating light and heavy REE. 
The results demonstrated that the MMS-PP material is effective for REE 
recovery from citric acid simulant, especially for Y, and can be poten
tially utilized for La and other REE recovery from citric acid extraction 
solution of MSWI ash. 

3.5. MMS-PP material for REE recovery from a real citrate extract of 
MSWI ash 

MMS-PP was also evaluated for REE (i.e., Y, La, Ce, Pr, Nd, and Dy) 
recovery from a real citrate extract of MSWI ash (Table S1) in compar
ison with non-functionalized MMS and several other functionalized 
MMS materials (Fig. S3). The results illustrate the outstanding perfor
mance of MMS-PP among these MMS materials, with REE recovery ef
ficiencies of 80–95% from the real citrate extract. MMS-PP was further 
evaluated for REE recovery from the real citrate extract against different 
solution pH values and storage times of extraction solution (Fig. 5). The 
results show that at pH 1.91, REE recovery by MMS-PP was at 40–50%, 
which increased to 70–95% at pH 2.28–3.16. The pH values of the real 
citrate extraction solution were stable at 3.13–3.16 during nearly four- 
month storage, and the REE recovery efficiencies of MMS-PP also 
remained at 70–95%. 

The MMS-PP material was evaluated for REE (i.e., Y, La, Ce, Pr, Nd, 
and Dy) recovery and recycling efficiencies from the real citrate 
extraction solution over four adsorption-desorption cycles. As shown in 
Fig. 6, at pH 2.28, REE recovery efficiencies were 65–80% for the first 
cycle but decreased to 40–55% for the subsequent cycles; whereas at pH 
3.16, the REE recovery efficiencies remained at 65–85% over four cy
cles. For REE recycling or desorption, a 0.1 M HCl striping solution was 
not effective and only desorbed 0–5% REE for each of the four cycles. 
Increasing the HCl concentration to 0.5 and 1 M was markedly more 
effective in REE stripping (40–80% desorbed). For all these REEs, the 
recycling efficiencies were higher (70–80%) in the first two cycles and 
decreased to 40–50% in the last two cycles. Overall, the MMS-PP still 
demonstrated a decent recyclability over four cycles. 

4. Conclusions 

In this work, functionalized MMS materials were developed for se
lective REE recovery from a complex matrix. With such organic- 
inorganic hybrid materials, magnetite core can facilitate their separa
tion from liquid media, and mesoporous silica exhibits high and tunable 
surface area and pore size, which can provide high capacity for REE 
recovery. In addition, functionalization of organic ligands onto meso
porous silica pores can further improve REE recovery capacity and 
selectivity. Phosphonate-functionalized MMS material was effective for 
La recovery from 50 mM citric acid extraction simulant, and exhibited 
fast adsorption reaction, good La selectivity against competing Na+ and 
Ca2+, and robust efficacy over four adsorption-desorption cycles. The 
MMS-PP material was demonstrated for effective REE (i.e., Y, La, Ce, Nd, 
Pr and Dy) recovery (70–95%) from real citrate-assisted extraction so
lution of MSWI ash. The spent MMS-PP material can be regenerated, and 
REEs can be recycled for at least four adsorption-desorption cycles. This 
research demonstrated that functionalized mesoporous materials in 
combination with citrate-assisted extraction can potentially provide a 
green, effective, and tunable solid-liquid separation platform for REE 
and other critical metal recovery from complex solid waste streams. 
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