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A B S T R A C T   

ZSM-5 zeolite is a multifunctional material highly efficient for adsorbing ions. Our ZSM-5 was synthesized by 
employing a nucleating gel as a structure-directing agent, followed by homogenization and hydrothermal 
treatment. The as-prepared ZSM-5 was physicochemically characterized to assess its properties. Next, the as- 
prepared zeolite was employed as an adsorbent to remove rare earth elements, REEs from synthetic solutions 
and real phosphogypsum leachate under batch mode operation. As expected, the ZSM-5 adsorbent was discov-
ered to be highly microporous with abundant surface functionalities, which could positively impact REE 
adsorption. The adsorption data indicated a high affinity between ZSM-5 and all three REEs with rapid kinetics 
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and high adsorption capacities. The modeling study suggested that the adsorption kinetic data were well fitted by 
Avrami-fractional order, and Liu described the equilibrium data. The maximum adsorption capacity for Ce3+, 
La3+, and Nd3+ were 99.42 mg g− 1, 96.43 mg g− 1, 118.10 mg g− 1, respectively. Further, the thermodynamic 
analysis revealed that the interaction between ZSM-5 and Ce3+, La3+, and Nd3+ was favorable, spontaneous, and 
endothermic. The efficiency of ZSM-5 adsorbent was also studied in recovering several REEs from leachate of 
phosphogypsum wastes, and the data results proved its potency to do so. The findings reported in this work 
support the idea that ZSM-5 can be successfully used as an adsorbent to recover REEs from synthetic and real 
samples.   

1. Introduction 

Rare earth elements (REEs) are essential for a wide range of modern 
technologies, including electric vehicles, wind turbines, smartphones, 
and medical devices. The global supply of REEs is dominated by a few 
countries, among which China is the largest producer, with more than 
80 % of the world’s market [1,2]. This concentrated supply could be 
used to exert economic pressure on other countries, restrict access to 
critical technologies, or lead to concerns about REEs scarcity and its 
impact on industries that rely on these. Mining and processing of these 
elements also come along with significant environmental impacts, 
including water pollution, air pollution, and land degradation [2,3]. The 
problems related to REEs scarcity are complex, and there is no easy 
solution. However, by taking steps to develop new sources of REEs, 
reduce demand, and recycle, the risks associated with REEs scarcity can 
be mitigated [4,5]. 

The recovery of REEs from secondary sources is becoming increas-
ingly important as the demand for these elements grows [6,7]. These 
sources offer several advantages over primary sources, such as an 
environmentally friendly approach, less energy expenditure, lower CO2 
footprint, wide worldwide availability, easier extraction, and so forth 
[8]. The recovery of REEs from secondary sources is still in its early 
stages, but it is a promising area of research. As the demand for REEs 
continues to grow, this technology is likely to become increasingly 
important [4]. Secondary sources of REEs are those that are not mined 
from the earth but are recovered from waste products or recycled ma-
terials. These sources include materials such as slags from the refining of 
metals [9], bauxite residue (red mud) from the aluminum industry [10], 
mine tailings [11], electronic waste [12], and phosphogypsum [13–16]. 
The latter is a by-product of the wet process of phosphoric acid and 
fertilizer production based on phosphate rock [6]. The concentration of 
REEs in phosphogypsum varies depending on the source of the phos-
phate rock [6,17]. According to Walawalkar et al. [17], the contents of 
REEs in phosphogypsum (from Kapuskasing phosphate rock) are in the 
range of 1–53 mg kg− 1. The authors found that the most abundant REEs 
are yttrium (Y), lanthanum (La), cerium (Ce), neodymium (Nd), 
samarium (Sm), gadolinium (Gd) and praseodymium (Pr). 

The extraction of REEs from phosphogypsum is a relatively new 
process. There are several different methods for extracting REEs from 
phosphogypsum, usually including a combination of processes such as 
acid leaching [13], solvent extraction, and adsorption [15–18]. 
Adsorption shows up to be one of the most suitable and efficient 
methods due to its simpler operation and high effectiveness in removing 
ions from water media, and it presents the advantage of employing a 
wide range of low-cost and sustainable adsorbents [14–17]. Among 
these adsorbents, zeolites have been widely used as potent adsorbents 
for the separation process since their industrial breakthrough in the 
1950s and continue to be employed in many separations (and other 
industrial) processes [18,19]. Zeolites are a type of porous crystalline 
materials that have a high surface area and a negatively charged 
framework that create an ion-exchange ability that renders them 
well-suited for the adsorption of cations, such as rare earth elements 
(REEs). 

Zeolites occur naturally in abundance as well as they can be prepared 
in the laboratory [17,18]. Synthetic zeolites have attracted enormous 

interest from the research community due to their easy and scalable 
preparation methods and easy control of their physicochemical prop-
erties, such as pore structure and surface functionalities [17,18]. Syn-
thetic zeolites may also offer the advantage of having a larger pore 
volume than natural zeolites, which favors their uses as adsorbents for 
adsorbing/trapping various contaminants (molecules and ions) from 
wastewater [17,18]. 

In this work, a zeolite material (ZSM-5) with adjusted microporosity 
and high presence of surface functionalities was synthesized and 
employed as an effective adsorbent for the adsorption and recovery of 
cerium (Ce3+), lanthanum (La3+), and neodymium (Nd3+) from syn-
thetic and real samples. The as-prepared zeolite was characterized using 
analytical techniques such as FT-IR, XRD, SEM, TGA, and BET analysis. 
The adsorption process was characterized by measuring the effect of the 
pH of the solution on the adsorption capacity, kinetic, isotherm, and 
thermodynamics of adsorption. To study the potential of using the 
produced zeolite to recover RREs from a secondary source (phospho-
gypsum leachate). Based on the physicochemical characterization and 
adsorption data of the ZSM-5, the mechanism was also elucidated. As far 
as we know, ZSM-5 was never studied as an adsorbent for adsorbing 
Ce3+, La3+, and Nd3+ and extracting REEs from real phosphogypsum 
leachate samples, which further justifies this work. Thus, we hope this 
work can serve as a strategy that generates further studies on the 
development of high-performance adsorbents that can be successfully 
used in tackling wastewater pollution and extraction of REEs. 

2. Materials and methods 

2.1. Chemical reagents, preparation, and quantification of REEs synthetic 
solutions 

The analytical grade reagents such as sulfuric acid (H2SO4, 95.0 %), 
Sodium silicate (Na2SiO3, Na2O: 53 %; SiO2: 47 %), fumed silica [SiO2 
(Aerosil) (0.2– 0.3 mm)], aluminum sulfate [Al2(SO4)3], sodium hy-
droxide (NaOH, 99.0 %) and tetrapropylammonium hydroxide (TPAOH 
(20 % v/v)) were purchased from Sigma Aldrich (Germany) and VETEC 
(Brazil). Cerium(III) nitrate hexahydrate, neodymium(III) nitrate hexa-
hydrate, and lanthanum(III) nitrate hexahydrate (Sigma–Aldrich). 

Stock solutions of 1000.0 mg L− 1 of each REE were prepared using 
cerium(III) nitrate hexahydrate, neodymium(III) nitrate hexahydrate, 
and lanthanum(III) nitrate hexahydrate. All the tests were performed by 
diluting the stock solution in Erlenmeyers. ZSM-5 loaded with REEs was 
separated by centrifugation (5000 rpm for 5 min). The REEs residual 
concentrations in the liquid phase were quantified by inductively 
coupled plasma optical emission spectrometry (ICP-OES) (PerkinElmer, 
Waltham, MA, United States). 

2.2. Synthesis and characterization of ZSM-5 zeolite 

The synthesis of the ZSM-5 zeolite was carried out according to the 
methodology described by Stamires et al. [20], which employs a 
nucleating gel as an inducer for the formation of the MFI-like structure. 
This methodology has some advantages, such as a reduced need for 
TPAOH (an expensive reagent) in the synthesis of the zeolite and a short 
crystallization time. The molar composition of the synthesis gel was as 
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follows: SiO2: 0.033 Al2O3: 0.6 Na2O: 0.001 TPA2O: 25 H2O: 0.2 OH-. 
The nucleating gel was prepared with the following molar composition: 
SiO2: 0.3 Na2O: 0.05 TPA2O: 24 H2O: 0.3 OH-. These compositions were 
chosen in order to result in a zeolite with a Si/Al ratio equal to 30. 
Na2SiO3 and SiO2 were used as a source of silicon, and Al2(SO4)3 was 
used as a source of aluminum. TPAOH was used to prepare the nucle-
ating gel. Concentrated sulfuric acid was employed to reduce the alka-
linity of the medium so that the content of free OH- ions reached the 
previously defined level. Initially, the synthesis gel was prepared based 
on the previously established stoichiometric quantities, and at the end of 
the process, 1 % (by mass) of nucleating gel was added. The 

crystallization of the synthesis gel was performed by the static hydro-
thermal method inside Teflon containers coupled to a stainless steel 
autoclave at 170 ºC for 24 h. Afterward, the formed solid was washed 
with deionized water and dried for 12 h at 110 ºC. 

2.3. REEs adsorption experiments 

The full experimental description of the batch adsorption followed as 
reported in [16,21,22], and they are completely detailed in the sup-
plementary material, as well as information about kinetic, equilibrium, 
and thermodynamic calculations (see supplementary material). In brief, 

Fig. 1. a) FTIR of the ZSM-5 zeolite, b) XRD of the ZSM-5 zeolite, c) Nitrogen adsorption/desorption isotherms of the ZSM-5 zeolite, and d) pore size distribution 
curve of the ZSM-5 zeolite. 

Fig. 2. SEM images of the ZSM-5 zeolite.  
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the adsorption tests were made in discontinuous mode under different 
conditions of pH metal concentration, contact time, and temperature. 
All the experiments were carried out in triplicate to ensure reproduc-
ibility, reliability, and accuracy of the experimental data. The relative 
standard deviations of all measurements were below 4 %. 

2.4. REEs concentration from the phosphogypsum leachate 

ZSM-5 was employed to extract the three REEs from real phospho-
gypsum leachate, which was obtained from a mining abandoned pile 
located in the southern part of Brazil [16,21,22]. The phosphogypsum 
was put in contact with citric acid to leach out the REEs into the acid 
solution to form a liquor [16,21,22]. The leached liquor containing 
several REEs was characterized in terms of REEs identification and 
concentration as follows: Ce (150.2 mg L− 1), Dy (1.0 mg L− 1), Eu 
(1.2 mg L− 1), Gd (2.3 mg L− 1), La (70.3 mg L− 1), Nd (55.4 mg L− 1), Pr 
(10.4 mg L− 1), Sm (7.6 mg L− 1), and Y (1.0 mg L− 1). It was worthwhile 
to stress that the liquor is strongly acidic (pH 1), and Ca in elevated 
concentration is found. Thus, 100 mL of the liquor was injected with 
200 mg of ZSM-5 (2 g L− 1) for 8 h at 298 K and 250 rpm. 

3. Results and discussion 

3.1. ZSM-5 physicochemical features 

FTIR was employed to identify the presence of functional groups on 
the surface of ZSM-5 adsorbent—it enables a better understanding of the 
surface features, which have a huge impact on the adsorption properties 
since the functional groups serve as adsorption site for binding ions and 
molecules. The FT-IR analysis of the ZSM-5 zeolite is shown in Fig. 1a. 

The bands at 434 and 535 cm− 1 can be assigned to bending vibra-
tions of internal Al/Si-O bonds of AlO4 and SiO2 [23]. The band at 
approximately 787 cm− 1 can be assigned to symmetrical stretching of 
the external Si-O-Al/Si bonds, and the band at 1090 cm− 1 can be 
assigned to internal asymmetric stretching of Si-O-Si/Al bonds. External 
asymmetric stretching of four-chain structures formed by 
five-membered rings can be assigned to adsorption bands in the region 
of 1200 cm− 1. The band that occurs at 1635 cm− 1 could be related to the 
vibrations of the O–H group [24]. The band seen at approximately 
3400 cm− 1 is assigned to water molecules adsorbed on the zeolite sur-
face. The ZSM-5 has shown the presence of many functionalities on its 
surface, which could positively impact the removal of ions such REEs. 

The XRD analysis of the ZSM-5 zeolite (Fig. 1b) corresponds to an 
MFI structure with characteristic diffraction peaks of calcined zeolites 
[25]. The structure indicates the orthorhombic end member of the 
pentasil family of zeolites, which suggests the formation of the ZSM-5 
zeolite [26]. The diffractogram also shows that the ZSM-5 zeolite is 
totally crystalline due to the absence of a broad humped zone at low 
angles. 

The porosity features (specific surface area and the amount of micro- 
mesopores) are highly important characteristics of an adsorbent, which 
usually play a huge influence on the materials’ ability to adsorb ions/ 
molecules [22,27]. Nitrogen adsorption-desorption isotherms (N2 
physisorption) of the ZSM-5 zeolite (Fig. 1c) illustrate a hybrid type I/IV 
behavior. Type I contribution is due to the high N2 uptake at low partial 
pressure, which is due to a big amount of micropores; type IV is due to 
the presence of a hysteresis loop at higher partial pressures, behavior 
that is typical of materials with mesoporous structures. The SBET is 
approximately 264 m2 g− 1, of which 225 m2 g− 1 correspond to micro-
pores and 39 m2 g− 1 to mesopores. The pore size distribution derived 
from the BJH model (Fig. 1d) shows that the majority of the pore volume 
is within pores with a radius of 12–200 Å. 

SEM analysis provides valuable information on the morphology of 
the adsorbent materials that can be used to understand their adsorptive 
performances. SEM imaging at different magnifications is shown in 
Fig. 2 and it reveals that the surface of the ZSM-5 zeolite is highly 
irregular, composed of crystals with varied shapes and sizes. The ma-
terial is dominated by hexagonal prism-shaped crystals, which are 
3–5 micrometers long, which is in accordance with the literature [28]. 
The spaces and cavities scattered randomly across the surface can in-
crease the surface area available for uptaking molecules/ions, thus 
boosting the adsorption performances. 

The thermal stability of the ZSM-5 material was evaluated by TGA 
analysis (see Fig. 3). The TGA curve shows a very temperature-stable 
structure of zeolite material with only 8 % mass loss even reaching 
high temperatures (800◦C). The weight loss can be attributed to bound 
water that is liberated from the zeolite during the heat treatment that 
accured mainly at the temperature up to 200 ◦C. This result is in 
accordance with the results reported by Schnee et al. [29] who studied a 
similar zeolite material. 

3.2. pH effect on the REEs adsorption 

The pH of the solution of REEs plays an essential role during the 
adsorption process because it affects the ionization of functional groups 
on the surface of the adsorbent [22,30]. Experiments were carried out 
using REEs solutions with pH from 1 to 6. The results for the adsorption 

Fig. 3. Thermogravimetric analysis of the ZSM-5 zeolite.  

Fig. 4. Effect of the pH on the adsorption of Ce3þ, La3þ, and Nd3þ. Conditions: 
C0 = 50 mg L− 1, temperature = 298 K, adsorbent dosage = 1 g L− 1 and contact 
time = 2 h. 
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Fig. 5. Kinetics of adsorption of Ce, La, and Nd onto ZSM-5 zeolite at different initial concentrations. Conditions: pH = 6, 298 K, adsorbent dosage = 1 g L− 1.  
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of Ce3+, La3+, and Nd3+ are presented in Fig. 4. The adsorption capacity 
(q) increases with the increase of the pH, and the highest adsorption 
capacities were obtained at pH 6 for all elements. 

At a low pH, the removal of these REEs is low due to the active sites 
being occupied by H+ that compete with the REEs. Also, at low pH, the 
strong electrostatic repulsion between the positively charged zeolite and 
the REEs occurs, hindering the adsorption process. By increasing the pH, 
the removal of the REEs from the solution increases due to the decrease 
of H+ in the aqueous solution, which reduces the competition with the 
REEs and enhances adsorption. At pH 6, almost complete removal of the 
three RREs was achieved from solutions with an initial concentration of 
50 mg/L when using an adsorbent dosage of 1 g L− 1. 

3.3. Kinetics of REEs adsorption 

The kinetics of adsorption is a very important step of any adsorption 

process for elucidating the mechanism(s) involved in the process, such 
as diffusion control and mass transport processes. It also gives crucial 
information to understand the efficiency and practicability of an 
adsorbent and to better design a highly effective adsorption process. 

Two initial concentrations were employed for the kinetics of Ce3+, 
La3+, and Nd3+ onto ZSM5 adsorbent (see Fig. 5). Firstly, a typical ki-
netic profile is observed for the three REEs, where the adsorption ca-
pacity increased over time. The adsorption capacities behaviors of the 
REEs did not differ much over time, with values around 25 mg g− 1 and 
50 mg g− 1 for 25 and 50 mg L− 1, respectively. 

The nonlinear pseudo-first order, pseudo-second order, and Avrami 
fractional order kinetic models were used for the evaluation of the 
experimental measurements (Fig. 5). The models’ ability to fit the 
experimental points was judged based on the R2

adj and SD parameters 
[22,31–33]. A higher R2

adj and lower SD values mean a lower discrep-
ancy between the experimental q value and the one predicted by the 
model and, therefore, a better fit of the model to the experimental data. 

The curves of kinetic data are displayed in Fig. 5, and their param-
eters are shown in Table 1. Based on Fig. 6 and Table 2 results, the 
Avrami-fractional order displayed the highest R2

adj and lowest SD 
values, and thus, it was the best-suited model to describe the kinetics of 
adsorption for the three REEs (Ce3+, La3+, and Nd3+) onto the ZSM-5 
adsorbent. The Avrami model is world widely employed to understand 
kinetic processes [333− 35]. The suitability of the Avrami model in-
dicates a complex process with different kinetic pathways in which the 
mechanism (s) change while the adsorption is taking place [33–35]. 

This model may follow multiple different kinetic orders (instead of 
one), in which changes occur during the contact between REEs (Ce3+, 
La3+, and Nd3+) and ZSM5. Moreover, the Avrami equation exponent 
(nAV) indicates the multiple adsorption kinetic orders that commonly 
have a fractional value [33–35]. 

Taking into account the Avrami-fractional order complexity in un-
derstanding its own parameters, such as the constant kinetic rate (k). To 
better understand the kinetics’ behavior of Ce3+, La3+, and Nd3+ onto 
ZSM-5, the sorption rate (h0) was accessed [16], which is shown by the 
Equation (1): h0 = kn. qe

n (see Equation’s details in the supplementary 
material). For the calculation of h0, the Equation’s parameters were 
taken from the best-fitted model [16]. The ho values for higher for Nd3+

followed by La3+ and Ce3+ (See Table 1), which suggests that the fastest 
kinetics was for Nd3+ followed by La3+ and Ce3+. 

3.4. Equilibrium and thermodynamics of REEs adsorption 

To properly study the equilibrium process of an adsorption system, it 
is crucial to deeply understand the relationship between an adsorbate (e. 
g., REEs) at different initial concentrations and its degree of accumula-
tion onto the adsorbent surface at a constant temperature. Moreover, it 
gives valuable insights into the effectiveness of an adsorbent because it 
gives its maximum adsorption capacity; thus, it enables to design of an 
efficient adsorption process. 

The results obtained from the equilibrium isotherms of adsorption 
measurements at temperatures ranging from 298 K to 328 K are shown 
in Fig. 6. The experimental points were fitted using the nonlinear 
Langmuir, Freundlich, and Liu models, respectively. The suitability of 
the models was also judged based on the R2

adj and SD parameters. Ac-
cording to the results shown in Table 2, the Liu model demonstrated the 
best fit to the experimental data. This isotherm is a combination of the 
Langmuir and Freundlich isotherm and suggests a complex adsorption 
mechanism with different pathways. The Langmuir model exhibited SD 
and R2

adj values closer to those of the Liu model, compared to Freundlich, 
suggesting that the adsorption process is more homogeneous than 
heterogeneous. 

It was observed that for all curves, enhancing the temperature pro-
voked a drop in the maximum adsorption removal (See Fig. 6 and 
Table 2), highlighting the negative effect of the temperature on their 
uptake. Further discussion is provided in the next section, 

Table 1 
Kinetic parameters of Ce3+, La3+, and Nd3+ adsorption onto ZSM-5.  

C0 (mg L¡1) 25 50 

Cerium (Ce) 
Pseudo-first-order    
qe (mg g-1)  24.14 47.94 
k1 (min1)  0.041 0.042 
R2

adj  0.991 0.989 
SD (mg g1)  0.805 1.676 
Pseudo-second-order    
qe (mg g1)  27.48 54.29 
k2 (g mg1 min1)  0.002 9.679 E-4 
R2

adj  0.993 0.997 
SD (mg g1)  0.665 1.163 
Avrami fractional order    
qe (mg g1)  24.58 49.21 
ka (g mg1 min1)  0.038 0.038 
n  0.852 0.803 
ho  0.58 0.87 
R2

adj  0.991 0.995 
SD (mg g1)  0.636 0.96 
Lanthanum (La) 
Pseudo-first-order    
qe (mg g-1)  23.11 45.91 
k1 (min1)  0.046 0.052 
R2

adj  0.996 0.989 
SD (mg g1)  0.685 1.525 
Pseudo-second-order    
qe (mg g1)  25.92 51.12 
k2 (g mg1 min1)  0.002 0.001 
R2

adj  0.993 0.993 
SD (mg g1)  0.604 1.301 
Avrami fractional order    
qe (mg g1)  23.33 46.55 
ka (g mg1 min1)  0.045 0.049 
n  0.894 0.853 
ho  0.75 1.3 
R2

adj  0.997 0.992 
SD (mg g1)  0.392 1.019 
Neodymium (Nd) 
Pseudo-first-order    
qe (mg g-1)  24.52 48.83 
k1 (min1)  0.099 0.106 
R2

adj  0.993 0.996 
SD (mg g1)  0.626 0.938 
Pseudo-second-order    
qe (mg g1)  26.25 52.06 
k2 (g mg1 min1)  0.006 0.003 
R2

adj  0.974 0.986 
SD (mg g1)  1.196 1.724 
Avrami fractional order    
qe (mg g1)  24.42 48.98 
ka (g mg1 min1)  0.099 0.087 
n  1.092 1.112 
ho  3.2 6.6 
R2

adj  0.993 0.996 
SD (mg g1)  0.525 0.842  
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"Thermodynamic studies." The equilibrium isotherms have shown that 
ZSM-5 demonstrated remarkable efficiencies in the removal of the three 
REEs. A way to better access the ZSM-5 adsorptive performance is to 
compare it with the adsoptive metrics of other adsorbents reported in 
the literature. In this regard, Table 3 shows a comparison between ZSM- 
5 and other adsorbents [36–44]. Assuming all adsorption data were 
obtained through best-optimized conditions, ZSM-5 displayed a very 
competitive level of removals for the three REEs (See Table 3). 

A much better performance was achieved by an adsorbent based on 
lanthanum ion imprinted polymer [39], which exhibited a much higher 
qmax value for REEs. However, it is worthwhile to state that this adsor-
bent faces issues regarding a much more complex synthesis process and 
high use of chemicals and energy that reflect in higher costs that hinder 
its real application; instead, zeolite is an abundant, natural, low-cost, 
and effective adsorbent with enormous effectiveness real application 
in removing/extracting REEs from a synthetic and real application. 

3.5. Thermodynamic studies of Ce3+, La3+, and Nd3+ on ZSM-5 

For the right evaluation of the influence of temperature on an 
adsorption process, it is desired and important to calculate the ther-
modynamic process data, which brings important insights in relation to 

the adsorption’s nature regarding spontaneity, feasibility, randomness, 
exothermicity or endothermicity [21,22,31–33]. Table 4 shows the 
thermodynamic adsorption parameters of ZSM-5 adsorbent material for 
the three REEs (Ce3+, La3+, and Nd3+). 

The data in Table 4 suggest that the uptake of Ce3+, La3+, and Nd3+

onto ZSM-5 was spontaneous for all four temperatures (298, 308, 318, 
and 328 K) due to the negative ΔG0 values [21,22,31–33]. Further, 
when studying the adsorption process, the ΔH0 values are higher than 0, 
and thus, the adsorption process was endothermic for all three REEs. 
Moreover, the ΔH0 values indicate magnitudes of the adsorption for 
three REEs onto ZSM-5 compatible with ion exchange [16,21]. 

Finally, for all three REEs, the values of the changes in the entropy 
(ΔS0) were negative, suggesting a diminution of the randomness and a 
more organized state of the adsorption system after the Nd3+, Ce3+ and 
La3+ are adsorbed by ZSM-5, adsorbent material [16,21,46–49]. 

3.6. REEs concentration from the PG leachate 

The suitability of the ZSM-5 zeolite for its use as an adsorbent for the 
recovery of REEs in real conditions was determined using phospho-
gypsum leachate. Fig. 7 shows the influence of the adsorbent dose on the 
adsorption capacity (q) and the corresponding percentage of removal. 

Fig. 6. Isotherms of adsorption of Ce, La, and Nd onto ZSM-5 zeolite.  
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The highest adsorption capacity for Ce (32 mg g− 1), corresponding to a 
recovery of around 84 %, was obtained using a sample dose of 5 g L− 1. 
For La, the maximum adsorption capacity (12 mg g− 1) with a recovery 
of around 75 % was also obtained using a sample dose of 5 g L− 1. When 
using the same adsorbent dose, the q for Nd was approximately 
20 mg g− 1, which corresponds to a percentage of removal of around 
97 %. Adsorbent doses higher than 5 g L− 1 result in removals of nearly 
100 %, but the adsorption capacity (q) is reduced drastically, meaning 
that adsorbent doses higher than 5 g L− 1 are probably not justified 
economically speaking. 

4. Conclusions 

Herein, we demonstrated that ZSM-5 zeolite could be successfully 
employed as an adsorbent to remove La3+, Ce3+, and Nd3+. The suit-
ability of the ZSM-5 zeolite for its use as an adsorbent for the recovery of 
REEs in real conditions was determined using phosphogypsum leachate. 
The maximum adsorption capacity for Ce3+, La3+, and Nd3+ were 
99.42 mg g− 1, 96.43 mg g− 1, 118.10 mg g− 1, respectively. The 

thermodynamic study indicated a favorable, spontaneous, and endo-
thermic adsorption process. When employed to recover several REEs 
from leachate of phosphogypsum wastes, the ZSM-5 showed high per-
formance in recovering such REEs. The findings reported in this work 
support the idea that ZSM-5 can be successfully used as an adsorbent to 
recover REEs from synthetic and real samples. 
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Table 2 
Isotherm parameters for adsorption of Ce3+, La3+, and Nd3+ onto ZSM-5.   

298 K 308 K 318 K 328 K 

Cerium (Ce) 
Langmuir         
qmax (mg g− 1)  95.87  78.42  54.83  29.99 
KL (L mg− 1)  2.574  0.054  0.051  0.037 
R2

adj  0.908  0.993  0.994  0.996 
SD (mg g− 1)  11.12  1.907  1.539  0.929 
Freundlich         
KF ((mg g− 1) (mg L− 1)− 1/n

F )  50.48  7.701  5.293  2.497 
nF  3.071  1.889  1.939  1.947 
R2

adj  0.821  0.987  0.979  0.975 
SD (mg g− 1)  15.63  2.534  2.406  1.434 
Liu         
qmax (mg g− 1)  99.42  84.89  59.42  28.82 
Kg(L mg− 1)  2.652  1.031  0.062  0.041 
nL  3.328  0.819  0.921  1.051 
R2

adj  0.966  0.993  0.992  0.994 
SD (mg g− 1)  6.739  1.841  1.347  0.678 
Lanthanum (La) 
Langmuir         
qmax (mg g− 1)  121.8  57.44  47.51  19.87 
KL (L mg− 1)  0.288  0.114  0.046  0.046 
R2

adj  0.988  0.996  0.997  0.996 
SD (mg g− 1)  3.939  1.364  0.983  0.889 
Freundlich         
KF ((mg g− 1) (mg L− 1)− 1/n

F )  28.49  9.942  4.381  2.108 
nF  1.917  2.372  1.949  2.143 
R2

adj  0.939  0.951  0.974  0.968 
SD (mg g− 1)  8.758  4.479  2.311  1.137 
Liu         
qmax (mg g− 1)  96.43  55.76  45.25  18.96 
Kg(L mg− 1)  0.475  0.123  0.051  0.032 
nL  1.476  1.059  1.064  1.073 
R2

adj  0.999  0.995  0.996  0.994 
SD (mg g− 1)  1.055  1.261  0.841  0.414 
Neodymium (Nd) 
Langmuir         
qmax (mg g− 1)  101.6  145.8  151.2  121.4 
KL (L mg− 1)  6.899  0.964  0.306  0.088 
R2

adj  0.984  0.981  0.994  0.993 
SD (mg g− 1)  4.937  5.568  3.134  2.684 
Freundlich         
KF ((mg g− 1) (mg L− 1)− 1/n

F )  84.02  64.68  34.62  12.67 
nF  2.847  1.768  1.653  1.639 
R2

adj  0.943  0.941  0.972  0.963 
SD (mg g− 1)  9.322  9.977  6.601  6.059 
Liu         
qmax (mg g− 1)  118.1  113.1  108.6  92.07 
Kg(L mg− 1)  5.638  1.623  0.503  0.157 
nL  0.879  1.466  1.311  1.375 
R2

adj  0.983  0.991  0.997  0.999 
SD (mg g− 1)  4.132  4.052  2.219  0.455  

Table 3 
Comparison of the qmax for REEs using different adsorbents.  

Adsorbents qmax 

(mg 
g1) 

REEs pH Ref. 

Zeolite-based from kaolinite  53 Ce3+ 6.0 [36] 
Adsorbent based on Bacillus licheniformis  39 Ce3+ 6.0 [37] 
Magnetic nanocomposite  91 Ce3+ 6.0 [38] 
La-ion imprinted polymer  563 La3+ 5.0 [39] 
Nano-magnetite functionalized with H3PO3 

group  
20 La3+ 6.0 [40] 

Durian rind  41 La3+ 4.0 [41] 
CA/P(P-T-A)/NZFO  71 Nd3+ 5.5 [42] 
Lanthanide-ion imprinted polymer 

adsorbent  
126 Nd3+ 6.0 [43] 

CA@Fe3O4 NPs  41 Nd3+ 7.0 [44] 
Diatomite  23 La3+ 2.0 [45] 
Diatomite  56 Ce3+ 2.0 [45] 
Diatomite  101 Nd3+ 2.0 [45] 
ZSM-5  99.4 La3+ 6.0 This 

work 96.4 Ce3+

118.1 Nd3+

Table 4 
Thermodynamic parameters of Nd3+, Ce3+, and La3+ on ZSM-5.  

T (K) ΔG0 (kJ mol− 1) ΔH0 (kJ mol− 1) ΔS0 (J mol− 1 K− 1) 

Ce3+

298  -31.68     
308  -30.42  98.2  -223.1 
318  -27.79     
328  -25.10     
La3+

298  -27.49     
308  -24.96  73.3  -155.5 
318  -23.44     
328  -22.91     
Nd3+

298  -33.72  96.8   
308  -31.66    -211.6 
318  -29.59     
328  -27.34      

G.L. Dotto et al.                                                                                                                                                                                                                                 



Colloids and Surfaces A: Physicochemical and Engineering Aspects 698 (2024) 134549

9

reported in this paper. 
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