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Abstract
The present study is directed to find the optimal conditions required for efficient separation and purification of  Ce3+ as an 
analog for lanthanides from  Fe3+,  Th4+, and  Zr4+ (interfering ions) using Amberlite IR120H (AIR120H) resin as a strongly 
cationic exchange adsorbent. The main factors affecting the separation processes had been investigated and optimized.  Ce3+ 
 (Ln3+) as an admixture with  Fe3+,  Th4+, and  Zr4+ was successfully separated by batch and column techniques. The sorption 
efficiency (S, %) from different acidic media was in this order: HCl >  HNO3 >  H2SO4. In a quaternary mixture with  Fe3+ and 
 Th4+, the maximum separation factor between  Ce3+ and  Zr4+ was ~ 13 after 90 min of equilibration, and the sorption capacity 
of AIR120H resin for  Ce3+ was 8.2 mg/g. The rate of adsorption was found to follow a pseudo-second-order kinetic model. 
Separation of the absorbed ions was achieved by desorption processes. Firstly, 98 ± 2% of loaded  Ce3+ is fully desorbed 
by 1 M sodium acetate solution without interfering ions. Moreover, ~ 95% of  Zr4+ is desorbed by 1 M citric acid solution. 
Finally, 85% of loaded  Fe3+ and  Th4+ ions are desorbed with 8 M HCl solution. The batch technique was applied to separate 
and purify  Ln3+-concentrate in chloride liquor  (LnCl3), coming from the caustic digestion of Egyptian high-grade monazite. 
However, the enhanced radioactivity in  LnCl3 due to radium -isotopes (228Ra2+, 226Ra2+, 224Ra2+, 223Ra2+) and radio-lead 
(210Pb2+) is initially reduced by a factor of 92% (i.e., safe limit) by pH-adjustment. As result, it can be recommended that the 
sorption process by AIR120H resin is efficient and promising for exploring pure lanthanides from its minerals.

Keywords Lanthanides · Extraction chromatography · Separation · High-grade monazite

Introduction

The degree of purity of lanthanides  (Ln3+, 4f-elements) 
plays a significant role in many areas of contemporary tech-
niques. Lanthanides have many scientific applications such 
as catalysts, synthetic products and a variety of applications 
in nuclear energy (Du and Graedel 2011; Tian et al. 2012; 
Metwally and Rizk 2014). Therefore, the production of lan-
thanides with high purity is very important for such appli-
cations. Variable minerals are considered the main sources 

of lanthanides such as monazite (light Ln-PO4) (Borai et al. 
2017a, b) bastnaesite (Ln-FCO3) and xenotime (heavy 
Ln-PO4) (Rosenblum and Fleischer 1995). Separation of 
lanthanides from these minerals is usually after concentra-
tion, leaching and filtration. The problem is the selective as 
well as quantitative separation of lanthanides in the presence 
of impurities from the post-filtration solution. The separation 
of lanthanides from the most abundant rare earth mineral, 
i.e., monazite ore is usually associated with impurities such 
as U(IV), Th(IV), Fe(III), and Zr(IV) (Hamed et al. 2016). 
The effective separation and purification of lanthanides from 
these impurities is thus an interesting step. Most of the stud-
ies under this aim usually utilize the traditional precipita-
tion method (Abreu and Morais 2010; Borai et al. 2018; 
Kumari et al. 2018; Rodliyah et al. 2015). The disadvantages 
of the precipitation method are that more time is spent in 
digest, filtering, or washing and disposal the precipitates, 
limited recovery of rare earths, highly dependent on pH that 
 Ln3+ can co-precipitate with Th and U with any error in the 
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detection of the pH value, and pollution from the storage of 
radioactive precipitate (Ang et al. 2018; Wang et al. 2013). 
On the other hand, the ion exchange technique is the most 
suitable separation technique due to its non-complication as 
associated with solvent extraction due to less use of organic 
solvent and less waste accumulation (Mayyas et al. 2014; 
Rizk et al. 2022a; Rodríguez et al. 2016; Shu et al. 2018; 
Zhang et al. 2004) and overcomes the traditional precipita-
tion method problems, as well as the ability of ion exchang-
ers and chelating resins to extract  Ln3+ from dilute solution 
(Esma et al. 2014). Monazite is the main source of lantha-
nides and thorium in the world. In Egypt, monazite contains 
on average 50% lanthanide as  Ln2O3. The concentration 
of cerium in  Ln2O3 cake was ~ 45% (Ali et al. 1996). So, 
recovery and separation of lanthanides from monazite-cake 
require quantitative removal of the interfering metal ions as 
 Zr4+,  Th4+or  Fe3+. Therefore, the efficiency of Amberlite 
IR120H resin as a cation exchanger for separation and puri-
fication of  Ce3+ as analog for lanthanides from  Zr4+,  Th4+, 
and  Fe3+, commonly exist in monazite, with high purity and 
yield were studied to determine the optimum conditions for 
separation of  Ce3+ from these undesirable ions using batch 
and column technique. Further, the obtained optimum con-
ditions will be applied to separate and purify Ln(III)-con-
centrate from the caustic digestion of Egyptian high-grade 
monazite.

Experimental

Materials and reagents

All reagents used were of high analytical grade and used 
without further purification. Herein, the solid phase extrac-
tion is done by strongly cationic exchanger resin, Amber-
lite IR120H resin as AIR120H. The chemical structure of 
the AIR120H resin is represented in Fig. 1, while its main 
physicochemical characteristics are listed in Table 1. The 
AIR120H resin is provided from the BDH Chemical Co. 
(England), while  FeCl3,  ZrOCl2, Th(NO3)4 and  CeCl3·7H2O 
were obtained from Sigma-Aldrich. High-grade monazite 

concentrate (> 90%) was supplied by the Egyptian nuclear 
materials authority.

Sorption experiments

Experiments of the solid phase extraction by AIR120H resin 
have been done to evaluate the feasibility of separation of 
 Ce3+ as analog for lanthanides  (Ln3+) from the undesired 
metal ions, e.g.,  Fe3+,  Th4+ and,  Zr4+. The sorption experi-
ments were performed assuming 100 ppm for each metal ion 
in all the studied solution systems (single or quaternary). In 
batch investigations, 5 mL of the prepared metal ion solu-
tion is mixed with 0.05 g of AIR120H resin, i.e., V/m is 
0.1 L/g at room temperature. The parameters of sorption 
efficiency (S, %), sorption capacity (mg/g), distribution coef-
ficient (Kd, mL/g) and separation factor (SF) were defined by 
the next empirical formulas (El Afifi et al. 2016; Dakroury 
et al. 2020):

where Co and Ce are the initial and final concentrations of 
metal ions, respectively, while V and m represent the solu-
tion volume (L) and adsorbent mass (g). Moreover, the 
extraction chromatography had also been carried out using a 
glass column with 8 mm (internal diameter,� ) and 100 mm 
(length l) with constant flow rate of 0.5 mL/min. Also, sev-
eral solutions were examined for the desorption process of 
the loaded metal ions onto the resin. All experiments were 

(1)Sorption efficiency (S,%) =
Co − Ce

Co

× 100

(2)Sorption capacity, mg/g =
(

Co − Ce

)

×
V

m

(3)Distribution coefficient
(

Kd

)

,
mL

g
=

Co − Ce

Ce

×
V

m

(4)Separation factor (SF) =
Kd(A)

Kd(B)

Fig. 1  The chemical structure of AIR120H resin (Attallah et al. 2020)

Table 1  Main characteristics of the Amberlite IR120 resins 
(AIR120H) (Rizk et al. 2022b)

Properties Amberlite IR120H

Function group Sulfonic,–SO3H
Matrix Poly styrene
Structure Macroporous
pH range 0.0–14
Bead size 0.3–1.0 mL
Capacity 5.4 mg eq/L
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carried out as duplicate determinations with standard uncer-
tainty below 5%.

Instrumentation

The initial and final concentrations of the studied metal ions 
were measured by a Cintra UV–visible spectrophotometer; 
model Cintra 2.2 (model Cintra 2.2, Australia). However, 
concentrations of  Ce3+ and  Zr4+ were measured as colored 
complexes by Arsenazo-III method at wave lengths of λmax 
650 ± 2 and 665 ± 2 nm, respectively (Marczenko 1976). The 
concentration of  Th4+ was measured by the Thoron-I method 
as colored complex at 540 ± 2 nm, while  Fe3+ was measured 
by thiocyanate method at 495 ± 2 nm (Marczenko 1976). On 
the other hand, the radiometric measurements were done 
using multichannel NaI(Tl) scintillation detector and high 
purity germanium detector, Canberra Industries Inc. (USA) 
(Wang et al. 2015). The metal concentrations of  LnCl3 after 
deactivation were measured using ICPS-7500 (Shimadzu 
Sequential Plasma Spectrometer, Japan). The possible spe-
ciation diagrams of the metal ions have been done in HCl 
solution using HYDRA-MEDUSA-32 software (version 
2009, Sweden) (Dakroury et al. 2020). The hydrogen ion 
concentration of the working solutions was adjusted using 
0.1 M HCl or NaOH by pH-meter with accuracy of ± 0.1.

Results and discussion

Exploration of monazite mineral to obtain lanthanides as a 
strategic product face two opportunities, these are how to 
minimize the major undesired metallic impurities (e.g., Fe, 
Zr, Th) associated with lanthanides  (Ln3+) in the chloride 
liquor and the enhanced natural radioactivity due to pres-
ence radium-isotopes (228Ra, 226Ra, 223Ra) and radio-lead 
(210Pb2+). Therefore, the required conditions for the efficient 
separation of lanthanides were investigated assuming simu-
lated solutions containing  Ce3+ as analog for lanthanides 
and  Fe3+,  Th4+ and  Zr4+ as interfering metal ions commonly 
exist in monazite or its corresponded Ln(III)-liquors. Hence, 
the optimized conditions will be applied for the purification 
of real lanthanide liquor from the enhanced natural radioac-
tivity level and the undesired metallic impurities.

Factors affecting the separation conditions

Some factors had been investigated to find sorption behavior 
of  Ce3+ ions and the interfering metal ions, e.g.,  Fe3+,  Th4+ 
and  Zr4+ by AIR120H resin as strongly cationic adsorbent. 
Thus, different parameters included acid solution type, acid 
concentration, and equilibration periods were studied to find 
the optimum conditions required for the efficient separation 

of  Ce3+ from the interfering metal ions  (Fe3+,  Th4+,  Zr4+) of 
our interest, as listed below.

Acid solution type

For this purpose, the sorption behavior of 5 ml from100 
ppm  Ce3+ (i.e.,  Ln3+) as well as Fe, Th and Zr was inves-
tigated individually in different acidic solutions of 0.1 M 
HCl,  HNO3 and  H2SO4 solutions, using 0.05 g of AIR120H 
resin with contact time, 2 h and room temperature. The 
results are given in Fig. 2. It is observed that the sorption 
efficiency (S, %) of the metal ions was significantly varied 
with the investigated acid solution type in accordance as 
HCl >  HNO3 >  H2SO4. The lower sorption efficiency from 
 H2SO4 media may be related to the dissociation of sulfu-
ric acid giving two hydrogen atoms that compete with the 
cation on the active site of the resin. On the other hand, the 
removal efficiency from hydrochloric acid is more favorable 
than nitric acid may be due to the higher electronegativity of 
 NO3

− than for  Cl− ion and may be masking for the cations. 
The increase in the sorption efficiency of Amberlite IR120 
resin from HCl more than  HNO3 has been mentioned also 
in our previous work (Rizk et al. 2022b).

It is found that the S, % of metal ions in 0.1 M HCl 
solution was high and approximately similar to around 
93 ± 2% for  Ce3+,  Fe3+ and  Th4+; while was low for  Zr4+, 
(i.e., 40 ± 2%). In 0.1 M nitric acid solutions, the S, % is 
decreased to 80 ± 2, 55 ± 3, 74 ± 2 and 36 ± 3% for  Ce3+, 
 Fe3+,  Th4+ and  Zr4+, respectively. The larger decrease in 
S, % is found in sulfuric acid solution. The values of S, % 
are decreased to 13 ± 1, 7 ± 1, 25 ± 2 and 8 ± 1.1% for  Ce3+, 
 Fe3+,  Th4+ and  Zr4+, respectively (Fig. 2). As a result, 0.1 M 
hydrochloric acid solutions are highly efficient compared 
with nitric or sulfuric acid solutions, thus, it is chosen as a 

Fig. 2  Influence of 0.1  M of different solution media on the sorp-
tion of 100  ppm of  Ce3+,  Fe3+,  Th4+and  Zr4+ ions by 0.05  g of 
AIR120H resin as adsorbent at V/m ratio, 0.1 g/L, contact time 2 h 
and 25 ± 0.3 °C
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suitable medium to investigate the further parameters affect-
ing on the sorption behavior of the studied metal ions.

Concentration of HCl solutions

The influence of HCl solutions on the sorption behavior of 
all the studied metal ions (100 ppm) and contact time, 2 h, is 
investigated within the concentration range 0.001–5 M. The 
sorption process is done individually by the used AIR120H 
resin. The results are illustrated in Fig. 3.

It is observed that the S, % of all metal ions is high in 
diluted solutions (0.001–0.1 M HCl), then, decreased gradu-
ally to1 M, followed by a rapid decrease to 5 M HCl. The 
sorption behavior of Ce, Fe and Th is almost similar com-
pared to Zr. The S, % of Ce, Fe and, Th was in the aver-
age 95 ± 2% within 0.001–0.1 M HCl, while it was about 
40 ± 3% for Zr. Over 0.1  M HCl leads to a significant 
decrease in the S, %. It is found that the S, % of Ce, Fe, Th 
and Zr at 1 M HCl solution is decreased to 72 ± 3, 65 ± 2, 
58 ± 2 and 18 ± 2%, respectively. On the other hand, the S, 
% of all metal ions was nil at 5 M HCl, Fig. 3. The decrease 
in the S, % may be due to a larger competition between the 
positively charged species of the studied metals with protons 
as result of the high acid concentration to be chelated with 
resin sulfonic moieties (El Afifi et al. 2016; Rizk and El-
Hefny 2020). Thus, 0.01 M HCl (pH 2) is chosen as suitable 
and efficient solution for sorption of the metal ions in the 
next investigations. As reported by Hamed et al., this value 
of pH (pH 2) was suitable for selective separation of  Fe3+ 
from  U4+,  Th4+, and  Ce3+ using nanocomposite of polyani-
line functionalized Tafa (Hamed et al. 2019). To know the 
sorption mechanism between the studied metal ions with 
active sites of the used AIR120H resin, speciation diagrams 
of  Ce3+,  Fe3+,  Th4+, and  Zr4+ have been constructed in 
Fig. 4a–d. It is observed that all metal ions were adsorbed 

onto the resin as a result of the ion exchange process between 
the resin sulfonic moieties, i.e., –SO3H, and the positively 
charged species of the metal ions. Regarding Fig. 3, the 
high S, % was obtained at 0.001–0.1 M HCl (i.e., pH 1–3); 
this means that the metal ions created a positively charged 
species with the resin sulfonic moieties, i.e., –SO3H. Thus, 
Ce ions are adsorbed by ion exchange interaction as  Ce3+, 
 CeCl2+ and/or  CeCl2+ (Fig. 4a) with the resin moieties. This 
concept can be also said for the other metal ions, i.e.,  Fe3+ 
or  Th4+, with AIR120H resin moieties with pH’s < 3, how-
ever,  Fe3+ ions exist as species of  Fe3+,  FeOH2+,  FeCl2+ and/
or  FeCl2

+ (Fig. 4b); Th ions present as different species as 
 Th4+,  ThCl3+,  ThOH3+,  ThCl2

2+ or Th(OH)2
2+ (Fig. 4c); Zr 

exists as species of  Zr4(OH)8
8+,  Zr3(OH)5

7+,  Zr4+,  ZrOH3+, 
Zr(OH)2

2+ or Zr(OH)3
+ (Fig. 4d). As seen in Fig. 4d, pres-

ence of bigger and bulkier positively charged species of Zr 
like  Zr4(OH)8

8+ and/or  Zr3(OH)5
7+, as well as the higher 

free energy of hydration for Zr, may explain the lower affin-
ity of Amberlite IR-120 toward Zr (Rizk et al. 2022b). It is 
common knowledge that metals have a stronger tendency to 
stay in the liquid phase and hydrate more water molecules 
as their absolute hydration free energy increases (Xu et al. 
2021; Wang et al. 2020; Speight 2005). The free energy of 
hydration for Zr is higher than that for Th, Fe, and Ce (Wang 
et al. 2020; Mokhtari and Keshtkar 2016; Talebi et al. 2017). 
Therefore, Zr is more likely than Th, Fe, and Ce to remain in 
the liquid phase more than adsorbed in the resin. The pos-
sible ion exchange mechanism for sorption of the metal ions 
with AIR120H resin can be simply represented as

 

Equilibration periods

It is well known that contact time is one of the predomi-
nant factors governing the distribution of the metal ions 
between two phases. (Satusinprasert et al. 2015). The sorp-
tion behavior of  Ce3+, i.e.,  Ln3+, is investigated with  Fe3+, 
 Th4+ and  Zr4+ as interfering metal ions in admixture to 
simulate the presence of lanthanides in monazite matrix or 
its corresponded lanthanide chloride liquor  (LnCl3). The 
sorption performance of the investigated ions in admix-
ture from 0.01 M HCl solution was conducted at different 
intervals ranging from 15 to 120 min. and V/m ratio of 
0.1 L/g at 25 ± 1 °C. Figure 5 shows that the S, % of all 
metal ions from admixture is decreased than from single 

(5)
For M3+(Ce3+

(

Ln3+
)

or Fe3+
)

: M3+

+ 3AIR − SO3H ↔ M
(

AIR − SO3
)

3 + 3H+

(6)
For M4+(Th4+ or Zr4+

)

:M4+

+ 4AIR − SO3H ↔ M
(

AIR − SO3
)

4 + 4H+.

Fig. 3  Influence of HCl concentration (M) on the sorption of 
100 ppm of  Ce3+,  Fe3+,  Th4+and  Zr4+ ions by 0.05 g of Amberlite-
IR120H resin at V/m ratio, 0.1 g/L, contact time 2 h and 25 ± 0.3 °C
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Fig. 4  Speciation diagram of a 
 Ce3+, i.e.,  Ln3+, b  Fe3+, c  Th4+ 
and d  Zr4+
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system (Figs. 2, 3). This result can be attributed to the 
increase in the total concentration of ions in the solution 
that have competitive effect on the active sites of sulfonic 
moieties, i.e., –SO3H, on the surface of the used resin. 
The main sorption parameters described in Eqs. (2–4) are 
calculated and given in Table 2. It is observed that the all 
sorption parameters (S, %—sorption capacity, mg/g–Kd, 
mL/g–SFs) of the studied metal ions are increased through 
the first 30 min., followed by a slow increase till one hour. 
Therefore, 90 min. is enough time to attain constant equi-
libration for the studied metal ions. Hence, the maximum 
S, % at 90 min was ~ 82 ± 2% for  Ce3+ ~  Fe3+ ~  Th4+ and 
was about 26 ± 2% for  Zr4+. The initial fast increase in 
the sorption parameters may be due to the existence of 
numerous vacant active sites on the surface of AIR120H 
resin at the initial stage, which was occupied by the metal 

ions with the increase in the contact time (Shahr El-Din 
et al. 2019).

The values of the SFs between  Ce3+ (i.e.,  Ln3+) and  Zr4+ 
are rapidly increased till one hour, then, the high SF values are 
attained within equilibration periods of 1–2 h. Thus, the maxi-
mum SF between  Ce3+ and  Zr4+ in quaternary admixture with 
 Fe3+ and  Th4+ was 12.98 at an equilibration period of 90 min, 
Table 2. Further, the results at equilibrium are compared 
with those reported elsewhere in the literature. Regarding the 
sorption capacity obtained herein, it is found that the sorption 
capacity of  Ce3+ found by AIR120H resin (qe, 8.2 mg/g) was 
larger than that reported by Jian et al., (qe, 2.5 mg/g) (Jain et al. 
2001), close to that found by Gok et al. (2007) (qe, 8.3 mg/g) 
and below that reported by Bhatt et al. (2014) (qe, 86.4 mg/g) 
for sorption of  Ce3+ using different sorbents. The variations 
between the obtained results herein and those reported can be 
due to differences in their experimental conditions. In the case 
of separation factor, the values of separation factor of  Ce3+ 
are still very limited by solid phase extraction (SPE). Herein, 
the SF value of  Ce3+/Zr4+ is low relative to those reported by 
Eusebius et al. (1977) to separate  Ce3+ from  Ce4+ and  UO2

2+ 

Fig. 4  (continued)

Fig. 5  Influence of equilibration periods on the sorption of 100 ppm 
of  Ce3+,  Fe3+,  Th4+and  Zr4+ ions in admixture by 0.05 g of AIR120H 
resin at V/m ratio, 0.1 g/L, and 25 ± 0.3 °C

Table 2  Influence of equilibration periods on values of Kd  (mL/g) 
and SFs of Ce (~ Fe ~ Th) and Zr between the admixture solution and 
AIR120H resin

Time, min qe, mg/g Kd, mL/g SF
Ce

3+

Zr
4+

Ce3+  ~  Fe3+  ~  Th4+ Zr4+ Ce3+ Zr4+

0.0 0.0 0.0 0.0 0.0 0.0
15 1.9 0.8 23.5 8.7 2.7
30 4.3 1.5 75.4 17.6 4.3
60 7.7 2.1 334.8 27.0 12.4
90 8.2 2.6 455.6 35.1 12.98
120 8.2 2.6 455.6 35.1 12.98
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in ammonium acetate solution using Dowex 50 W-X8 resin 
as cationic adsorbent. On the other hand, the SF for  Ce3+/Zr4+ 
is relatively high relative to those obtained by solvent extrac-
tion technique as reported by Healy et al. (2019) to separate 
 Ce3+ from  La3+ or  Pr3+ in 0.9 M  HNO3 solution; or Masuda 
et al. (1998) to separate  Ce3+ from  Eu3+ in aqueous solution 
(pH 6–7), Table 3.

As can be seen from the previous results, separation of  Ce3+ 
was not achieved yet. Therefore, the desorption process for 
separation of  Ce3+ from majority  Fe3+,  Th4+, and minors of 
 Zr4+ loaded onto AIR120H resin is investigated below.

Adsorption kinetic study

After studying appropriate contact time for adsorption of  Ce3+, 
 Fe3+,  Th4+, and  Zr4+ using AIR120H resin, it is important to 
establish the sorption kinetic models in order to examine the 
controlling mechanism of the adsorption process. Therefore, 
the experimental sorption data were analyzed using the linear 
form of pseudo-first-order (Lagergren 1898) Eq. (7), pseudo-
second-order (Ho and Mckay 1999) Eq. (8).

In these formula, qe and qt are the concentration of the 
metal ion sorbed at equilibrium and at time t (mg/g) and 
k1  (min−1) and  k2 (g/mg min) are the pseudo-first-order and 
second-order rate constant, respectively. The initial sorption 
rate, h (mg/g min) at t → 0, is calculated using the second-
order rate constant k2 as follows:

(7)log
(

qe − qt
)

= log qe −
K1

2.303
t

(8)
t

qt
=

1

K2q
2
e

+
1

qe
t

(9)h = k2q
2
e

Figure 6a, b shows the results of the two kinetic models, 
and their kinetic parameters are given in Table 4. It was 
demonstrated that good linear correlation factor (R2) values 
were obtained for both the first and second kinetic models, 
especially for adsorption of  Fe3+ and  Th4+, but that pseudo-
second-order achieved closer agreement between theoretical 
and experimental qe values for all investigated ions. These 
findings demonstrate that the pseudo-second-order kinetics 
for the whole sorption period accurately describes the sorp-
tion data. These data imply that the chemisorption process 
appears to be in control of the overall rate of these metal 
ions adsorption process (Patawat et al. 2020; Pathania et al. 
2017). The exterior liquid film diffusion, surface adsorption, 
and intra-particle diffusion processes that coexisted during 
adsorption are also explained by this model (Fan et al. 2017; 
Patawat et al. 2020).

Desorption investigation

The desorption process is mainly aimed at liberating  Ce3+, 
i.e.,  Ln3+, separately without interfered metal ions  (Fe3+, 
 Th4+ and  Zr4+) as possible. For this purpose, several solu-
tions including double distilled water (DDW) and 1 M of 

Table 3  Comparison for separation factors of  Ce3+ relative to various 
metals

a Solid phase extraction (SPE)/solvent extraction (SE)
b Bis-lactam-1,10-phhenanthrolin
c 1,4,10,13-Tetrathia-7,16-diazacyclooctadecane-dichloroethane
d Lauric acid

Ce3+/M System mode (SPE/SE)b SFs References

Zr4+ SPE: AIR120H 12.98 The present work
Ce4+ SPE: Dowex 50W-X8 195 Eusebius et al. (1977)
UO2

2+ SPE: Dowex 50 W-X8 258 Eusebius et al. (1977)
La3+ SE:  BLPhenb/0.9 M  HNO3 1.7 Healy et al. (2019)
Pr3+ SE: BLPhen/0.9 M  HNO3 8.1 Healy et al. (2019)
Eu3+ SE: ATCO-DCEc/LAd pH 

6–7
2.5 Masuda et al. (1998)

Fig. 6  The pseudo-first-order (a) and second-order kinetic (b) for 
adsorption of  Ce3+,  Fe3+,  Th4+ and  Zr4+ ions on AIR120H resin. 
25 ± 0.3 °C
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sodium chloride, citric acid, sodium sulfate, sodium acetate, 
hydrochloric acid, and ammonium thiocyanate solutions had 
been examined for desorption of the metal ions loaded onto 
the AIR120H resin. Firstly; quaternary admixtures of Ce, 
Fe, Th and Zr (100 ppm for each) were prepared in 0.01 M 
HCl solution, then, loaded onto the AIR120H resin for equi-
libration after 90 min assuming V/m ratio of 0.1 L/g at room 
temperature. However, the resin-loaded by metal ions is fil-
tered off and submitted for desorption process. Secondly; 
the loaded resin samples were desorbed by equilibrated with 
5 mL of the examined solution for 90 min (V/m) ratio of 
0.1 L/g at room temperature. Then, the desorption efficiency 
(D, %) of certain metal ion from the AIR120H resin is cal-
culated according to (Rizk and El-Hefny 2020):

where CL and CD represent concentration of the adsorbed 
and desorbed metal ions, respectively. The values of D, % 
using several solutions as eluents are given in Table 5. 

It is found that desorption of the loaded metal ions was 
nil by using double distilled water (DDW), HCl, or  NH4SCN 
solutions. Further, 47 ± 1% and 98 ± 2% of adsorbed  Ce3+ 
are desorbed by using 1 M of NaCl and  Na2SO4 solutions 
but contaminated with 90% and 95% of  Zr4+ as an inter-
fered metal ion using both solutions, respectively. Next, 
98 ± 2%, i.e., 80.4 ± 1.6 ppm of  Ce3+ is fully desorbed by 

(10)Desorption efficiency(D,%) =
CD

CL

× 100

1 M sodium acetate solution, while  Fe3+,  Th4+, and  Zr4+ 
are not desorbed using the mentioned solutions. This means 
that  Ce3+ is successfully separated without ions interference. 
Moreover, ~ 95%, i.e., 24.7 ± 0.8 ppm of  Zr4+ is desorbed by 
1 M citric acid solution, while  Ce3+,  Fe3+ and  Th4+ are not 
detected (ND). The subsequent batch desorption had been 
suggested for successive separation of  Ce3+ from  Fe3+,  Th4+, 
and  Zr4+ loaded as a quaternary admixture in 0.01 M HCl 
solution onto AIR120H resin. The desorption processes 
had been done successively for the loaded AIR120H resin 
sample under equilibrium conditions using 1 M sodium 
acetate solution followed by 1 M citric acid, and finally, 
the used sample washed by 8 M hydrochloric acid solution 
(used for the flushing of the resin after desorption process) 
after 90 min of contact time. Figure 7 shows that 98 ± 3% 
of loaded cerium ions are efficiently separated with purity 
of 100% in presence of interfering metal ions, e.g.,  Fe3+, 
 Th4+ and  Zr4+, simulating lanthanide concentrate solu-
tions associated with monazite mineral processing, using 
1 M sodium acetate solution. Finally, 87% of loaded  Zr4+ 
ions are desorbed with 1 M citric acid then the remained 
metal ions  (Fe3+ and  Th4+) are desorbed with about 85%, 
i.e., (69 ± 2 ppm) of loaded ions when the AIR120H resin is 
flushed by 8 M hydrochloric acid solution. The influence of 
sodium acetate concentrations on the desorption and separa-
tion of  Ce3+ from  Fe3+,  Th4+, and  Zr4+ loaded on AR120H 
resin had been also investigated within the concentration 
range (0.25–1.5 M). The results are given in Fig. 8. It is 

Table 4  The calculated 
parameters of the pseudo-first-
order and pseudo-second-order 
kinetic models of  Ce3+,  Fe3+, 
 Th4+ and  Zr4+ at 25 ± 1 °C

Ion Pseudo-first-order parameter Pseudo-second-order parameter qexp (mg/g)

K1  (min−1) qcal mg/g R2 k2 (g/mg min) qcal mg/g h (mg/g min) R2

Ce3+ 0.0158 1.2 0.776 0.013 8.8 1 0.998 8.2
Fe3+ 0.036 5.27 0.996 0.0045 9.5 0.365 0.99 8.5
Th4+ 0.033 7.39 0.998 0.01 9 0.81 0.998 8.4
Zr4+ 0.037 4 0.733 0.022 2.9 0.185 0.988 2.6

Table 5  Sorption and 
desorption processes of 
 Ce3+,  Fe3+,  Th4+ and  Zr4+ by 
AIR120H resin

DDW: double distilled water, ND: not desorbed

Process Metal ions

Ce3+  (Ln3+) Fe3+ Th4+ Zr4+

A. Loading in 0.01 M 
HCl, % (ppm)

82 79 82 25

B. Desorption, % (ppm)
 DDW ND ND ND ND
 1 M HCl ND ND ND ND
 1 M  NH4SCN ND ND ND ND
 1 M NaCl 47 ± 3% (38.5 ppm) ND ND 90 ± 3% (22.5 ppm)
 1 M  Na2SO4 98 ± 2% (80.36 ppm) ND ND 95 ± 2% (23.8 ppm)
 1 M  CH3COONa 98 ± 2% (80.4 ± 2 ppm) ND ND ND
 1 M Citric acid ND ND ND 90% (22.5 ppm)
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observed that the D, % increases sharply with an increase in 
the concentration of the eluent till reaches equilibrium. As 
a results, 1 M of sodium acetate solution is suitable and effi-
cient for desorption of  Ce3+ ions as a pure solution without 
interfering with metal ions of  Fe3+,  Th4+ or  Zr4+.

Column technique

Assuming the subsequent conditions for sorption and des-
orption of  Ce3+ in quaternary admixture with  Fe3+,  Th4+ and 
 Zr4+ by batch technique, the solid phase extraction (SPE) is 
examined by column technique using AIR120H resin as cati-
onic exchange as adsorbent. For this purpose, a pre-cleaned 
glass column ( ∅= 8 mm, L = 100 mm) is packed with a 
pre-conditioned AIR120H resin by double distilled water 
(DDW) for 24 h. The height of the resin in the column was 
adjusted to 4 ± 0.1 cm, and a steady flow rate of 0.5 mL/min 

of DDW, then 0.01 M HCl solution (2 × 15 mL) was used to 
condition the column. The column is kept wet before use. 
An admixture containing  Ce3+ (i.e.,  Ln3+) with  Fe3+,  Th4+ 
and  Zr4+ (100 ppm for each) is prepared in 0.01 M HCl solu-
tion. An accurate 5 mL of the admixture solution is loaded 
onto the pre-conditioned column resin bed (AIR120H). For 
desorption process, the column bed is rinsed by 3 × 5 mL of 
sodium acetate solution (1 M) then citric acid (1 M) and fol-
lowed by 8 M HCl solution (used for the flushing process of 
the column resin after the elution process), with a constant 
flow rate of 0.5 mL/min. Hence, the effluents associated with 
the loading and elution processes of the column resin were 
measured to evaluate the amount of metals loaded onto the 
column resin or eluted from the column itself. The obtained 
results for loading and elution through the suggested column 
resin technique are demonstrated in Fig. 9.

It is found that the loading efficiency (L, %) of the metal 
ions onto the column resin was 69 ± 4, 65 ± 3, 67 ± 4 and 
21 ± 2% for  Ce3+,  Fe3+,  Th4+ and  Zr4+, respectively. On the 
other hand, the desorption data indicated that  Ce3+ 95 ± 5% 
(i.e., 65.6 ± 4  ppm) of loaded ions was only present in 
sodium acetate solution without contamination with  Fe3+ or 
 Th4+ or  Zr4+. Next, 86 ± 6% (18.1 ± 1.3 ppm) of loaded  Zr4+ 
was eluted in citric acid solution, while the other metals, 
i.e.,  Fe3+ and  Th4+, were not present. Finally, 83% (i.e., ~ 54 
and, 55.61 ppm) of loaded Fe and Th ions are eluted with 
8 M HCl solution. Thus,  Ce3+  (Ln3+) is successfully sepa-
rated out the metal ions commonly interfered with lantha-
nides either by batch or column techniques. By comparison 
between the data obtained from bath and column techniques, 
it can be concluded that the S% and L% values, in addi-
tion to, the amount of metal ions yield, i.e., desorbed (D) or 
eluted (E) were varied. This result may be due to the varia-
tions in their experimental conditions, in which there are no 
agitation, stirring and/or equilibrium in column technique 

Fig. 7  Sequential desorption process of loaded ions into AIR120H 
resin using 1 M of sodium acetate, citric acid and 8 M hydrochloric 
acid. V/m ratio, 0.1 L/g, 90 min contact time and at 25 ± 1 °C

Fig. 8  Influence of sodium acetate concentrations on desorption effi-
ciency of  Ce3+,  Fe3+,  Th4+and  Zr4+ ions loaded into IR120H resin 
after 90 min of contact time, V/m ratio of 0.1 L/g, and at 25 ± 1 °C

Fig. 9  Column operations of loading and elution of  Ce3+,  Fe3+, 
 Th4+and  Zr4+ admixture using IR120H resin
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(Rizk et al. 2022a). The amounts of metal ions separated by 
batch and column techniques are reported in Fig. 10.

Application study

It is well known that monazite mineral is a com-
plicated matr ix since i t  contains considerable 
amounts of lanthanides (~ 34%) as  Ln2O3 (e.g., 
Ce > La > Nd > Pr > Sm > Gd), beside high radioactiv-
ity levels of actinides (e.g., 232Th and 235,238U) and their 
respective long-lived decay progenies, e.g., radium-iso-
topes [(228Ra, 226Ra and 223Ra) and radio-lead (210Pb)] 
(Borai et al. 2017a, b). Therefore, exploration of  Ln3+ 
from monazite faces opportunities such as (1) presence of 
the interfering metal ions such as Fe, Th, and Zr, Table 6. 
(2) presence an enhanced natural radioactivity above the 
permitted limits (IAEA 2017); Table 7. Thus, the separa-
tion of  Ln3+ needs the next purification.

Removal of undesirable radionuclides

For this purpose, a sample of the high-grade monazite is 
digested by the caustic method. The produced hydroxide 
cake of Ln(III) is solubilized by hot concentrated HCl with 
stirring, then, it is filtered off to eliminate the non-reacted, 
suspended and/or insoluble matters. Hence, 1 mL of carrier 
solution containing 25 mg/mL of  Ba2+ and  Pb2+ is added to 
the lanthanide concentrate solution. Then, the lanthanides 
concentrate as  LnCl3 liquor is homogenized, adjusted to 
pH 2.5 ± 0.1, and left overnight. The mixture is filtered off 
to separate the ‘insoluble residues’ as a by-product away 
from the lanthanide concentrate as clear ‘LnCl3 liquor.’ 
The radiometric measurements of the products indicated 
that ~ 92% of natural radioactivity due to  Ra2+-isotopes 

Fig. 10  Quantitative comparison for desorbed and eluted ions by 
batch and column techniques using IR120H resin

Table 6  The XRF measurements of high-grade monazite mineral 
(92%)

a Ca, Sr, Pb, Al, Mn, Ti, Zn, Cr

Element Compound Concen-
tration, %

Lanthanides (35.1%)
Ce CeO2 16.7
La La2O3 8.8
Nd Nd2O3 6.4
Pr Pr2O3 1.4
Sm Sm2O3 1.0
Gd Gd2O3 0.8
Impurities (64.9%)
Fe Fe2O3 12.1
Zr ZrO2 11.6
Th ThO2 5.40
P P2O5 10.1
Si SiO2 5.5
Othersa M-oxides 20.2

Table 7  The natural 
radioactivity levels found 
in monazite mineral and its 
chloride liquor  (LnCl3) (Borai 
et al. 2017a, b)

NR, not reported
a Minimum detectable activity (< 5 Bq/kg)

ID radionuclide Monazite, Bq/kg LnCl3 liquor, Bq/L Permitted safe limit, 
Bq/kg (El Afifi et al. 
2019)

228Ra (232Th-series) 141,000 ± 2000 11,000 ± 400 < 1000
226Ra (238U-series) 37,000 ± 300 1900 ± 80 < 1000
223Ra(235U-series) 19,000 ± 400 1400 ± 30 < 1000
210Pb (238U-series) 2900 ± 200 2300 ± 60 < 1000
40K (potassium) <  MDM1 < MDA < 10,000
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(228Ra, 226Ra, 223Ra2+) and radio-lead(210Pb2+) is removed 
by co-precipitation with the carriers add and/or adsorption 
onto the very insoluble metal oxides or hydroxides formed 
at pH 2.5 ± 0.1, e.g., Ca(OH)2,  Ksp 5.5 ×  10–6; Ba(OH)2, 
2.6 ×  10–4, Fe(OH)3/Fe(OH)2.7Cl0.3, 2.8 ×  10–39, Pb(OH)2, 
1.4 ×  10–15; Mn(OH)2, 1.9 ×  10–13; Zn(OH)2, 3 ×  10–17 and 
ZrO2(c)/ZrO(OH)2/Zr(OH)4, 6.3 ×  10–49 (Speight 2012; 
Shahr El-Din et al. 2019; El Afifi et al. 2019). As result, the 
activity concentration is reduced below the recommended 
safe limits (IAEA 2017) in the  LnCl3 liquor. Moreover, the 
ICP-OES of  LnCl3 liquor showed presence high concentra-
tion of  Ln3+ and minor amount of  Th4+ without the pres-
ence of  Zr4+ and  Fe3+ (not detected), Table 8. It can be said 

that  Fe3+ or  Zr4+ disappeared in  LnCl3 liquor due to their 
co-precipitation and/or adsorption onto the insoluble metal 
oxides or hydroxides (Borai et al. 2017a, b; El Afifi et al. 
2019). Thus, the clear  LnCl3 liquor is ready now for the 
further solid phase separation by the IR120H resin using 
the column technique.

Separation of lanthanides from  LnCl3 liquor

One milliliter of the de-activated  LnCl3 liquor was evapo-
rated till near dryness, then, the residue is dissolved again 
by 500 µL of concentrated HCl diluted by double distilled 
water till the pH of the solution reached pH 2 ± 0.1 (i.e., 
0.01 M HCl). Assuming the previously optimized conditions 
assuming batch investigations, 10 mL of the diluted  LnCl3 
mixed with 0.1 g of AIR120H resin (V/m 0.1 L/g and at 
room temperature) was shaken for 90 min. The mixture is fil-
tered off. Further, the loaded AIR120H resin is equilibrated 
again with 1 M sodium acetate solution to desorb the loaded 
 Ln3+. Next, the solution was filtered off; the previous step 
was repeated with the same sample of the resin using 8 M 
hydrochloric acid solution for flushing the used AIR120H 
resin. Lanthanides and Th were selectively measured before 
and after equilibration of  LnCl3 liquor with the used resin 
and the solutions used for the subsequent desorption pro-
cess. The concentration of the total  Ln3+ and  Th4+ in the 
prepared real sample was 92 and 14.2 ppm, respectively. 
After equilibration with the resin, the sorption % of total 
 Ln3+ and  Th4+ were about 82 ± 2% (~ 75.4 ppm  Ln3+) and 

Table 8  The ICP-OES measurements of chloride liquor as  LnCl3 
after deactivation

a Not detected

Element Compound Concen-
tration, 
ppm

Lanthanides
Ce CeCl4 14,410
La LaCl3 7920
Nd NdCl3 4780
Major impurities
Fe FeCl3 NDa

Zr ZrCl4 ND
Th ThCl4 3110

Fig. 11  A flowchart for separa-
tion and purification of lantha-
nides  (Ln3+) from monazite by 
Amberlite IR120H



2536 Chemical Papers (2023) 77:2525–2538

1 3

81 ± 2%, (~ 11.5 ppm  Th4+), respectively. After the desorp-
tion investigations, only total  Ln3+ are detected in sodium 
acetate solution without  Th4+. It is found that 90 ± 5% of 
total  Ln3+, i.e., ~ 68 ppm  Ln3+, was recovered in sodium 
acetate solution and 86 ± 4% of loaded Th ions was eluted 
after washing the AIR120H resin with 8 M HCl. Moreover, 
the ICP-OES measurement for sodium acetate confirmed the 
presence of Ce, La and Nd as major elements without inter-
fering metal ions. Figure 11 shows the flowchart for separa-
tion and purification of lanthanides  (Ln3+) from monazite 
by Amberlite IR120H.

Conclusion

Briefly, the sorption and desorption processes in this study 
were verified under optimal conditions. The order of the 
sorption effectiveness (S, %) for several acidic media 
was HCl >  HNO3 >  H2SO4. After 90 min of equilibra-
tion in a quaternary mixture containing  Fe3+ and  Th4+, 
the maximum separation factor between  Ce3+ and  Zr4+ 
was ~ 13, and the sorption capacity of AIR120H resin for 
 Ce3+ was 8.2 mg/g. This work used pseudo-first-order 
and pseudo-second-order kinetic models to explain the 
adsorption mechanism. The findings demonstrate that 
these metal ions adhered to pseudo-second-order during 
their adsorption processes on AIR120H resin, indicat-
ing that liquid film diffusion, intra-particle diffusion, and 
surface adsorption coexisted. This study was successful 
in isolating  Ce3+, an analog of lanthanides  (Ln3+), with 
100% purity from undesirable ions such as  Zr4+,  Fe3+, and 
 Th4+ using AIR120H resin as a strongly cationic exchange 
whether from a simulated or actual sample of the high-
grade monazite. Additionally, these undesirable ions were 
also successfully separated from one another by desorp-
tion using different eluents such as 1 M citric acid for 
desorption of loaded  Zr4+ and then the loaded  Fe3+ and 
 Th4+ ions were desorbed by 8 M HCl which also used for 
the flushing process of the column resin after the elution 
process. Therefore, after desorption of all the loaded ions 
and flushing the sample with 8 M HCl, the used sample 
of AIR120H resin can easily be reused. It is concluded 
that the AIR120H resin can be considered an efficient and 
promising cationic adsorbent to explore  Ln3+-concentrate 
in the chloride liquor  (LnCl3) associated with monazite 
processing.
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