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Abstract
In this study, a synthetic  BaSO4·CaSO4 composite was prepared by co-precipitation technique, characterised and examined 
for REE sorption. The sorption parameters were; pH = 4, equilibrium time = 20 min, temperature = 303 K, and REE liquor 
volume to composite mass ratio of 0.2:1 L  g−1. The sorption reaction was controlled by pseudo 2nd order kinetic mechanism 
and Langmuir adsorption isotherm with an adsorption capacity of 168.63 mg  g−1. 90.14% of REE (III) was desorbed using 
1 mol  L−1  HNO3. The process was endothermic and spontaneous. Accordingly, 1:1 barite-gypsum (natural ingredient for 
 BaSO4·CaSO4), with 136 mg  g−1 loading capacity, was used for REEs extraction.
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Introduction

Rare earth elements REEs are elements of the 4f sub-level, 
consisting of 15 elements, besides scandium and yttrium, 
although they belong to the first and second transition ele-
ments [1]. Because REEs are widely used in many impor-
tant fields, such as magnetic, optical, and electrical prop-
erties, scientists are working to extract and separate REEs 
from their ores. REEs have nearly identical atomic radii 
in the range of 0.87 to 1.25 A°, which is the controlling 
factor for their similarity in chemical and physical proper-
ties, making individual separation difficult and costly [2]. 
REEs are located in all types of rocks: igneous, sedimen-
tary, and metamorphic rocks [3]. Nevertheless, the main 
REE resources are monazite (one of the black sand ingredi-
ents), bastnaesite, parisit, euxenit, loparit, xenotime [4], and 
phosphate. In Egypt, the main REE resource is monazite, 
which is extensively ascertained at the northern cost of the 
Mediterranean Sea but limited to the southern coast of the 
Red Sea [5]. Many chemical methods have been used to 
separate REEs from their ores or leach liquors, including 

precipitation [6], solvent extraction [7], ion-exchange [8], 
adsorption [9], liquid emulsion membrane [10, 11], and ion 
inclusion membrane [12]. Generally, precipitation methods 
(through double-sulfate or HF or oxalic acid as a precipi-
tate) are probably applied at REE concentrations of more 
than 10%, whereas solvent extraction methods are performed 
at concentrations of > 2000 mg  L−1. Finally, ion-exchange 
and adsorption methods are preferred at concentrations of 
1000 mg  L−1 [13–20]. The sorption process is the transfer 
of adsorbate ions from an aqueous solution to the adsor-
bent (solid phase) across the boundary between the two 
phases. Recently, adsorption has been extensively used in 
scientific research and industrial applications for multiple 
purposes, including separation of valuable elements and 
compounds, purifications, and removal of heavy metals and 
pollutants [21–24]. Ion-exchange is mainly chemisorptions 
in nature due to the exchange of ions between the liquid 
and solid phases. In addition, the chemical energy before 
ionic exchange is higher than that after the exchange pro-
cess, whereas the adsorption process includes two types 
of sorption: chemisorptions and physisorption [25]. REEs 
adsorptions are complemented by many adsorbents that vary 
in performance, uptake, pH range, and selectivity. Many 
adsorbents have been utilised for REE separations, including 
ores (clay minerals, kaolinite, soil, and halloysite) [26–28], 
hyper composites (β-cyclodextrin and silica doped with 
PC88A [29], composite (graphene oxide-tris (4-aminophe-
nyl) amine) [30], polymer composite P(AA-co-AM/PJM-T) 
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[31], metal–organic framework (novel DGA-functionalized 
metal organic frameworks) [32], zeolite (zeolitic imidazolate 
frameworks) [33], biomass (Phosphorylated Hydrogel (Algal 
Biomass PEI) [34], and lignocelluloses biomass based on 
banana waste) [35] and waste material (phosphogypsum) 
[15]. Authors [36–38] investigated the possibility of extract-
ing REEs through the recycling of low value waste streams 
such as bauxite residue, mine tailings, PG, slag and waste 
waters. However, there is no study of the separation of REEs 
from their ores by barite-gypsum composite.

Barite (barium sulphate;  BaSO4) is an important inor-
ganic compound used in painting, coating, plastics and 
pharmaceuticals fibre. The efficient removal of Ra(II) using 
 BaSO4·SrO4 by co-precipitation of Ra-Ba-SO4 attributed to 
the rapid  BaSO4 nucleation rate [39], closer ionic radii of 
Ra(II) with Ba(II) and experimental studies revealed that 
divalent cations (i.e., Mg(II), Ca(II), Sr(II) and Ba(II)) have 
significantly higher impact on radium removal by barite than 
monovalent cations.

Herein, authors decided to examine synthetic  BaSO4·CaSO4 
to separate REEs from the acidic chloride leach liquor of mon-
azite mineral (150 meshes) and apply the optimum conditions 
for REE separation from monazite by synthetic  BaSO4·CaSO4 
onto natural 1:1 barite-gypsum composite.

This paper included the preparation of synthetic 
 (BaSO4·CaSO4) composite by co-precipitation of barium 
sulphate and calcium sulphate (the main constituents for 
barite and gypsum) for the separation of REEs from acidic 
chloride leach liquor of monazite mineral (150 meshes). 
The characterization of the prepared composite was carried 
out by FT-IR, XRD, DTA, SEM, particle size analysis, and 
pore size distribution. All adsorption and desorption behav-
iours were well studied, in addition to adsorption isotherms, 
adsorption kinetics, adsorption mechanisms, and even regen-
eration and reusability. It is well expected that the prepared 
adsorbent (mixed sulphate) has extremely high resistance 
to all mineral acid attacks based on the anionic radical (sul-
phate), which is never replaced with any anionic radial of 
the other mineral acids, besides the low solubility product of 
calcium and barium sulphate. Finally, the optimised adsorp-
tion conditions were applied to barite-gypsum composite as 
a cheap sorbent prepared from natural ores. Eventually, this 
work conducted a novel bio-adsorbent that has high work 
ability, including high resistance to extreme acidic condi-
tions and reusability.

Materials and methods

Preparation of BaSO4·CaSO4 sorbent

At 30  °C, an equivalent amount of  BaCl2.2H2O and 
 CaCl2.2H2O salts are vigorously mixed with distilled water 

until completely dissolved [40]. Finally, add the dissolved 
 BaCl2.2H2O and  CaCl2.2H2O mixtures to  Na2SO4. A white 
precipitate forms immediately, which was separated by fil-
tration. The co-precipitated calcium sulphate and barium 
sulphate were dried at 100 °C for 3 h.

CaCl2.2H2O and  BaCl2.2H2O were co-precipitated 
according to the two following reactions:

Preparation of REE solutions

In a 50 cc solution of concentrated HCl acid, REEs hydrox-
ide cake, (obtained from monazite digestion), was carefully 
dissolved in an 85 °C water bath [31]. Different REE con-
centrations were created for each batch experiment trial by 
diluting the stock standard solution, which had an initial 
concentration of 2000 mg  L−1.

Instruments

The active functional groups in the  BaSO4·CaSO4 compos-
ite were identified using a Bomen Miclson FT-IR spectro-
photometer, model MB157 from Canada. Shimadzu x-ray 
diffraction (XRD); model XD-Dl, Kyoto, Japan, with a 
diffraction angle (2θ) range of 4–70°, was used to identify 
the crystalline phase structure. The Japanese DTA-TGA-50 
maintains thermal stability at a constant rate of 5 °C/min 
from room temperature to 650 °C. The particle morphology 
was investigated using a JEOL JSM-5400 (SEM, FEI Quanta 
FEG-250, and EDX) for SEM and EDX mapping. The pore-
size chromatech 9320, USA, was used to determine the pore 
size distribution and its corresponding porosity. The UV-
spectrophotometer (SP-8001) and the Inductive Coupled 
Plasma Optical Emission Spectrometer (Prodig Axial high 
dispersion ICP-OES model, USA) were used to measure the 
concentration of rare earth ions. However, the concentration 
of calcium ions was measured by an atomic absorption spec-
trophotometer (Buck Scientific, VGP 210).

Sorption studies

The sorption technique was employed to extract REE (III) 
ions from monazite ore. Batch studies were conducted to 
inspect the sorption performance of REE onto  BaSO4·CaSO4 
composite. The impact of  [H+] concentration  (10–2–10–5), 
time (15–120) minutes, REE(III) volume to compos-
ite mass ratio (0.1–0.4), initial REE (III) concentration 
(200–2000 mg  L−1) and temperature were discussed. After 
contacting 0.1 g of  BaSO4·CaSO4 composite with 20 mL of 

(1)Ca (II) + SO4(II) + 2H2O → CaSO4.2H2O

(2)Be (II) + SO
4
(II) + 2H

2
O → BaSO

4
⅄⃞2H

2
O
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REE (III) solution, samples were separated from the solu-
tion by filtration.

Equation (3) gives the sorption efficiency (%) of REE 
(III) at each time interval [41].

Adsorbed amount q (mg  g−1) is calculated using Eq. (4) 
[41]:

where, q denotes the sorbed amount (mg  g−1). The initial 
and final concentrations of the REE (III) are denoted by  Ci 
and  Cf, respectively. The weight of the  BaSO4·CaSO4 (g) is 
denoted by m. (g), where V denotes the volume of solution 
(L).

Equation (5) gives the distribution coefficient  Kd [42]

Kinetic modelling

Using kinetic modelling and selecting the appropriate one 
for the sorption reaction, the mechanism of the sorption 
reaction could be proposed. This study employs four kinetics 
models: pseudo first order, pseudo second order, the Elovich 
model, and the intra-particle diffusion model.

Pseudo first order and pseudo second order models

Equations (6) and (7) give the linear equations of pseudo-
first order equation [41] and pseudo second order [43], 
respectively.

where  qe and  qt are the sorbed amounts of REE (III) at equi-
librium time and any time t, respectively,  k1  (min−1) and  k2 
(g  mg−1) express the rate constants of pseudo first order and 
pseudo second order, respectively.

Elovich model

It describes chemisorptions reactions and could be calcu-
lated using Eq. (8) [41].

(3)Sorption efficiency (% ) =

(

Ci - Cf

Ci

)

.100
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(
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)

.
V

m
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(
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)
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(6)Log
(
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)
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t

(7)
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k2q
2
e

+
1

qe
t

where α and β represent Elovich parameters. α (mg 
 g−1   min−1) represents the initial adsorption rate and β 
expressed desorption rate constant (g  mg−1).

Intra‑particle diffusion model

Equation (9) [44] is used to apply the intra-particle diffu-
sion model.

where  kid represents the rate constant of intra-particle diffu-
sion (mg  g−1  min−1/2) and C represents the intercept.

Isotherm Modellin

This study employs four isotherm models: Langmuir [45], 
Freundlich [46], and Halsey [47], and Temkin isotherm [48].

Langmuir and Freundlich model

Langmuir isothermes model examined using linear form 
Eq. (10)

where  Qo is the Langmuir adsorption capacity (mg  g−1), b 
is the constant related to ∆Go (b α  e−ΔGRT ), and  Ce is the 
equilibrium metal ion concentration.

The separation factor RL could be calculated using 
Eq. (11)

Co denotes the initial adsorbate concentration (mg  g−1). 
Adsorption is unfavourable when RL > 1, linear when RL = 1, 
favourable when RL = 1, and irreversible when RL = 0.

While the linear regression for the Freundlich model is 
given by Eq. (12)

where Kf is the Freundlich constant and n is the adsorption 
capacity and intensity.

Halsey model

The Halsey model applied using Eq. (13) [47]

(8)qt =
1

�
ln (��) +
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�
ln t

(9)qt = Kidt
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Ce
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where  kH and n are the Halsey isotherm constant and expo-
nent, respectively. This model applied for multilayer adsorp-
tion and heterogonous nature of the adsorbent.

Temkin model

The linear regression of Temkin is given by Eq. (14) [48]

where: BT =
RT

bT
  Where, AT, BT are constants, AT (L  mol−1) 

is related to the maximum binding energy, bT is said to be 
the adsorption heat.

Desorption studies

The loaded  BaSO4·CaSO4 by REE was desorbed in several 
desorbing agents for an hour. The mixture was filtrate to 
separate the  BaSO4·CaSO4.composite from the liquid phase, 
and then the concentration of REE ions measured. The des-
orption efficiency % was calculated using Eq. (15):

where Caq is assigned to the concentration of REE within 
the aqueous phase Cs is that the concentration of REE within 
the  BaSO4·CaSO4.

Result and discussion

Characteristics f the adsorbent

FTIR analysis

Figure 1 showed the characteristics peaks for the present 
functional groups of  BaSO4·CaSO4 composite and after 
loading with REE (III). The observed wave numbers weree 
3610, 3552 and 1622   cm−1 corresponding to stretching 
band of water molecule. Theses hydroxyls ion increased 
the Ca (II) exchange with REE (III) [49]. While in loaded 
 BaSO4·CaSO4 composite the peaks at 1146, 1084 and 
983  cm−1 in  BaSO4·CaSO4 assigned to symmetrical vibra-
tion of  SO4

2− were shifted to 1128, 1075 and 982  cm−1. 
However, due to deformation structure after REE (III) load-
ing. The band at 2135  cm−1 corresponded to the sulphur-
oxygen stretching vibration is changed to the bending vibra-
tion of  SO4

2− and shifted to 2064  cm−1. The two peaks at 
2925, 2855  cm−1 related to the symmetric and asymmetric 
vibration of  SO4

2− [50].

(13)qe =
1

nH
lnKH +

1

nH
lnCe

(14)qe = BT ln AT + BT ln Ce

(15)Desorption% =
Caq

Cs

%

SEM analysis, EDX and Particle size distribution

Figure 2A, b described the SEM photograph of  CaSO4· 
 BaSO4 composite before and after loading with REE.  Fig-
ure 2a clarified the material has crystalline properties as the 
particles have a definite and regular shape. The morphol-
ogy of the composite powder is polycrystalline. The grain 
size observed is ~ less than 1 µm. Two different regions 
are identified, the white agglomerated particles referred 
to flower shaped of  BaSO4 respectively [51]. However, 
the grey agglomerated particles referred to spherical par-
ticles of  CaSO4 [52]. Figure 2b showed rough surface and 
REEs adhered to the surface of the composite as indicated 
by arrows. Figure 2c represented the difference in fine par-
ticle [53] size of  BaSO4·CaSO4 composite (500 < particle 
size < 1300 nm) before and after sorption. The particle size 
of  BaSO4·CaSO4 composite increases after sorption pro-
cess, which may be attributed to the agglomeration of the 
particles or to sorption of REE(III). The EDX mapping of 
 BaSO4·CaSO4 composite after sorption was represented in 
Fig. 2d, where REE(III) are adequately adsorbed at the sur-
face of the composite and are distributed uniformly. La, Ce, 
Sm, Eu and Gd are taken as examples of REEs.

Thermal analysis

Figure 3 depicts the thermal stability of  BaSO4.CaSO4 com-
posite. The prepared composite shows great thermal stabil-
ity. As shown in Fig. 3, the total weight loss up to 700 °C 
was 3.93%, accompanied by three endothermic peaks at 
132 °C, 205 °C, and 340 °C. The first endothermic peak is 
due to loss of physically adsorbed water, with a weight loss 
3.51%. While the second and third endothermic peaks were 
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Fig. 1  FTIR analysis of (a)  BaSO4·CaSO4 composite (b) Loaded 
 BaSO4·CaSO4 composite with REEs
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Fig. 2  SEM of (a)  BaSO4·CaSO4 composite (b) Loaded  BaSO4·CaSO4 composite with REEs (c) Particle size distribution (d), (e) EDX mapping 
of loaded  BaSO4·CaSO4 composite with REEs
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at 205 °C and 340 °C with a total weight loss 0.42% due to 
removal of the structural water from  BaSO4 and  CaSO4 [54].

Surface measurements

The surface parameters of the  BaSO4·CaSO4 composite 
can be seen at Table 1. The total pore area increase due 
to the roughness of the surface increases after REE (III) 
sorption [55]. However, the average pore diameter decreased 
due to packing of REE (III) ions on the inner wall of pore 
in the sorption process, resulting in a decrease in the total 
pore volume. The bulk density expresses the volume of 
the  BaSO4·CaSO4 composite and closed pores. While the 
apparent density expresses the volume of the  BaSO4·CaSO4 
composite, closed pores and open pores, comparing the two 
densities for  BaSO4·CaSO4 composite before sorption and 
after sorption, it is clear that, the open pores decreases after 
sorption process and a prediction for intra-particle diffusion 
mechanism fitting is considered.

X‑ray diffraction

Figure 4 showed the XRD-pattern of  BaSO4  CaSO4 before 
and after loading with REE (III). The most intense amor-
phous broad peak located at 2θ = 25.9o corresponding to 
 BaSO4, was present in the two diffracting gram. A shift 
in the peaks from at 2θ = 29.59 o to 28.89 o and from at 
2θ = 49.06 o to 42.96 o could be attributed to the insertion of 
 REE3+ in the  BaSO4  CaSO4 lattice.

Sorption studies

pH impact

Sorption of REE (III) was highly affected by the change of 
 [H+]. Investigations were performed by changing pH from 
(1–5) and the results represented in Fig. 5a. It was observed 
that, as the  [H+] concentration decreased, the sorption effi-
ciency increased. This is due to [the competition of  [H+] to 
REE (III) for the active sites of  BaSO4·CaSO4 composite. 
The maximum sorption capacity was found to be at pH 4. At 
pH 5, it was noticed that an increase of sorption capacity, but 
these increase owing to the formation of several hydroxides 
of REE (III) [56]. This result was confirmed by precipitation 
curve Fig. 5b. However, Shukla et al. [57] reported that the 
decrease in pH value below pH 2.5 caused an increase in the 
solubility of  CaSO4 due to higher hydration of ions. There-
fore, pH 4 selected as an optimum pH for the experimental 
batch sorption reaction.

Time impact

Figure 6 investigated that the time impact on the sorption 
reaction. The reaction between REE (III) and  BaSO4·CaSO4 
composite firstly was rapid due to the increased number 
of available vacant sites [58]. It then became slower till it 
reached the equilibrium at 20 min due to slower mass trans-
fer from the bulk of the solution to the surface of the com-
posite as the concentration of REE (III) decrease [59]. After 

Fig. 3  TG–DTA of  BaSO4·CaSO4 composite

Table 1  Surface parameters of 
 BaSO4·CaSO4 composite and 
loaded  BaSO4·CaSO4 with REE 
(III)

Sorbent Total pore 
area  (m2g˗1)

Average pore 
diameter (nm)

Bulk density 
(g  mL−1)

Apparent den-
sity (g  mL−1)

Porosity (%)

BaSO4·CaSO4 12.25 212 0.83 1.79 53.82
Loaded  BaSO4·CaSO4 54.27 53.6 0.89 0.54 39.35

Fig. 4  X-ray diffraction of  BaSO4·CaSO4 composite
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equilibrium time, no further increase in the sorbed amount 
due to the saturation state and the available active sites filled 
by REE (III). The equilibrium concentration of REE (III) 
into  BaSO4·CaSO4 composite was 140 mg  g−1.

Concentration impact

The impact of initial metal concentration had a great influ-
ence on the sorption reaction. Figure 7 depicted the sorp-
tion efficiency and the sorbed amount as a function of initial 
concentration. It was observed that at lower initial concen-
tration of 100 mg  L−1; the sorption efficiency and sorbed 
amount were 94.92% and 18.98 mg  L−1, respectively. While, 
at higher initial concentration of 2000 mg  L−1, the sorption 
efficiency and sorbed amount were 34.41% and 137.64 mg 
 L−1, respectively. This behaviour was explained by the 

available free active sites at lower initial concentration [60], 
while an increase in initial REE(III) concentration implies 
that REE(III) ions were present in the mixture and hence 
more ions were attached to same quantity of the active sites 
of  BaSO4·CaSO4 composite in addition to the increase in the 
driving force for the movement of the REE(III) ions from 
the mixture to the composite surface and, in this case, higher 
concentration would result in sorbent surface saturation [61].

Temperature impact

The temperature effected the sorption reaction due to its 
relationship with the kinetic energy of metal ions in the 
solution [59]. Figure 8 investigated the temperature as a 
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function of the sorbed amount (qe) and distribution coeffi-
cient (Kd). The temperature impact was studied at a tempera-
ture range of 30–50 °C. It was shown that as the temperature 
increased, both of the sorbed amount and distribution coef-
ficient increased due to the increase in kinetic energy i.e. the 
increase of the accessibility of REE (III) onto active sites of 
 BaSO4·CaSO4 composite pointed to the endothermic nature 
of the sorption process.

The sorbed amounts of REE (III) onto  BaSO4·CaSO4 
composite were 140, 163.38 and 180.37 mg  g−1 at 30, 40, 
and 50 °C, respectively.

V/m ratio Impact

Figure  9 depicted the effect of the V/m ratio on sorp-
tion of REE(III) onto  BaSO4·CaSO4 composite. 0.1 g of 
 BaSO4·CaSO4 composite was contacted with different 
volumes of REE(III); 10, 20, 30, and 40 ml. The results 
illustrated an increase in sorption efficiency and sorbed 
amount at v/m ratios 0.1 and 0.2. After these ratios any 
extra increase leaded to a decrease in sorption efficiency 
and sorbed amount. This is because there are enough vacant 
active sites available for binding till the 0.2 V/m ratios and 
by increasing the V/m ratios the REE (III) ions increased but 
the active sites did not.[62].

Kinetic Modelling

With the aid of Eqs. (4–6), the kinetic modelling was 
inspected; pseudo-1st – order, pseudo-2nd—order, intra 
particle diffusion model and Elvoich model. S.1 a, b, c, 
and d showed the linear regression of the applied models 
of REE(III) sorption onto  BaSO4·CaSO4 composite, and 
Table 2 listed its estimated parameters. It is evident that 
the value of the  R2 for the pseudo-2nd -order and pseudo 

1st order is higher and closer to one. The values of the calcu-
lated capacity of the sorbed metal ions at equilibrium qe(cal.) 
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Table 2  Kinetic modelling parameters for the sorption of REE(III) 
onto  BaSO4·CaSO4 composite

BaSO4·CaSO4 com-
posite

Pseudo−first order
  qe (mg  g−1) (calculated) 127.06
  qe (mg  g−1) (experiment) 140
  K1  (min−1) 0.151
  R2 0.991

Pseudo−second order
  qe  (mgg−1) (calculated) 144.93
  qe  (mgg−1) (experiment) 140
  K2 (g  mg−1  min−1) 0.003
  R2 0.998

Intraparticle diffusion
  Kdi1 (mg 

 g−1  min−1/2)
Time range
0–2 min

30.064

 C (mg  g−1) 1.147
  R2 0.95
  Kdi2 Time range

2− 15 min
26.5
25.94
0.93

 C
  R2

  Kdi3 Time range
20− 120 min

−
 C 140
  R2 −

Elovich kinetic model
 α (mg.g−1  min−1) 244.148
 β (g.mg−1) 0.026
  R2 0.994
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must match the experimental qe(exp.)
.in all respect. The sorp-

tion reaction mechanism is suggested to follow a pseudo-
2nd-order mechanism by comparing the estimated qe(cal.) and 
observed qe(exp.) values. This comparison also predicted a 
chemisorptions reaction [63].

The intercept (S.1c) ascribed to the thickness of the 
surface during interparticle-diffusion model evaluation 
revealed the participation of the surface adsorption in the 
rate-determining step. The larger the intercept, the more is 
its participation to the sorption reaction. The intra-particle 
diffusion model taken through three steps. The  1st step, 
which occurred within the first two minutes, represents the 
diffusion of metal ions from the solution to the surface of 
the  BaSO4·CaSO4 composite. The second stage (from 3 to 
15 min) was designed to simulate the gradual sorption of 
REE (III) on the surface onto  BaSO4·CaSO4 composite may 
be the rate-determining step. The third stage (extended from 
20 to 120 min) is the equilibrium saturation. The sorption 
reaction mechanism was controlled by multi-diffusion step.

The high correlation factor R2 of Elvoich indicated that 
the sorption reaction was controlled by chemisorption mech-
anism with a confirmation to pseudo 2nd order fitting as the 
value of β (desorption constant) was very small compared 
to α (adsorption constant) [64].

Adsorption isotherm

To examine the fitting model to sorption reaction, 
Eqs. (10–14) were used. The parameters of the applied mod-
els were listed in Table 3. While S.2. a, b, c, and d depict the 
plots for the applied model; Langmuir, Freundlich, Halsey, 
and Temkin, respectively. The order of increase of correction 
factor was Langmuir > Halsey > Freundlich > Temkin. This 
order reflected the suitability of Langmuir model in describ-
ing the sorption of REE (III) onto  BaSO4·CaSO4 composite. 
The sorption process was favourable because RL = 0.0654, 
i.e. 0 <  RL < 1.

Freundlich data results in Table 3 showed values of Kf and 
1/n are 10.45 mg  g−1 and 0.4161 (n = 2.403), respectively; 
the sorption was considered to be favourable because the fre-
undlich exponent values of n were in the range (2–10) [65].

S.2. reflected a relatively good agreement of Halsey to 
the adsorption data with R2 = 0.96 than the Freundlich iso-
therm; this result confirmed the heterogeneous nature of 
 BaSO4·CaSO4 composite [65].

Applying Temkin isotherm model, R2 = 0.92 and this 
model was not fit well to the equilibrium data compared 
to the Langmuir, Freundlich and Halsey. The calculated 
parameters  AT (1.005 L  g−1) was the equilibrium binding 
constant, which indicates the maximum bonding energy; bT 
(176.534 kJ  mol−1) is the constant related to the heat of 
adsorption [66].

Thermodynamic studies

In S.3, a plot of ln  Kd against 1/T for the sorption of REE 
(III) onto a combination of  BaSO4·CaSO4 was shown. The 
parameters for thermodynamic studies were presented 
in Table  4. The free energy change ∆Go obtained dur-
ing the adsorption reaction at temperatures of 303, 313, 
and 323 K indicated that the adsorption of REE (III) onto 
 BaSO4·CaSO4 composite was spontaneous and favourable. 
Additionally, increase in negative values of ∆Go as tem-
perature increased indicates greater driving force for bind-
ing of rare earth ions. The endothermic nature of the sorp-
tion process was confirmed by the positive value of ∆Ho. 
The positive value of ∆So was an evident for the affinity of 
REE (III) sorption onto  BaSO4·CaSO4 composite due to the 
increase in randomness at the solid-solution interface during 
the adsorption process.

Table 3  Isotherm modelling parameters for the sorption of REE(III) 
onto  BaSO4·CaSO4 composite

BaSO4·CaSO4 composite

Langmuir isotherm parameters
  qmax (mg  g−1) 168.63
 b (L  mg−1) 0.013
  RL
  R2

0.065
0.997

Freundlich isotherm parameters
 n 2.403
  KF  (mgn−1  g−1  L−n) 10.45
  R2 0.958

Halsey isotherm parameters
  nH 2.403
  KH 0.84
  R2 0.96

Temkin isotherm parameters
  AT (L  mg−1) 1.005
  BT 176.534  × 103
  R2 0.92

Table 4  Thermodynamic parameters of the sorption of REE(III) onto 
 BaSO4·CaSO4 composite

Composite ∆H  kJmol−1 ∆S 
 Jmol−1  K−1

∆G  kJmol−1

Temperature (K)

303 313 323

BaSO4·CaSO4 38.783 176.70 −14.76 −16.43 −19.26
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Desorption studies

Desorption experiments had been conducted to evaluate 
the ability of  BaSO4·CaSO4 composite to release REE (III) 
ions using a variety of desorbing agents, including  HNO3, 
 H2SO4, Citric acid, and distilled water. Figure 10a showed 
that the  HNO3 was the optimum desorbing agent for REE 
(III) sorbed onto  BaSO4·CaSO4 with a Desorption efficiency 
90.135%. The effect of increasing concentration of  HNO3 
on the desorbing efficiency (Fig. 10b) implied that the des-
orbing efficiency increased with the increase in nitric acid 
concentration up to 1 mol  L−1. However, above 1 mol  L−1 
concentration of  HNO3, the desorbing efficiency was not 
changed. The difference in desorbing efficiency of  HNO3, 
 H2SO4 and citric acid owing to the difference in acid strength 
where the order of increase of  Ka is  H2SO4 >  HNO3 > citric 
acid >  H2O. However, an exception of the desorbing effi-
ciency of  HNO3 is higher than that using  H2SO4 due to 
the presence of  SO4

2− ions and common ion effect with 
 BaSO4·CaSO4 leads to decrease the desorption of REE(III). 
In case of using distilled water as desorbing agent, the des-
orption efficiency was zero due to precipitation of REE 
(III) as RE (OH)3. Comparatively higher REE(III) desorp-
tion from the  BaSO4·CaSO4 composite was performed by 
increasing concentration of  HNO3 can be explained due to 
the increase of  [H+] which results in the protonation of the 
surface of  BaSO4·CaSO4 composite and electrostatic repul-
sion between REE (III) ions and  BaSO4·CaSO4 composite 
[67].

Mechanism of sorption reaction

The mechanism of the sorption reaction was suggested to 
perform through three possible mechanisms as shown in 

Fig. 11; inclusion, occlusion, and adsorption. Inclusion was 
the process of replacing the main metal (Ba (II) or Ca (II)) 
in the crystalline structure with a REEs metal. Occlusion 
occurs when REEs are physically trapped between the layers 
of a growing mineral (i.e.,  BaSO4 or  CaSO4), as evidenced 
by surface measurements and a decrease in porosity. Adsorp-
tion occurred at the surface when REEs were physically or 
chemically bound to the outer layer of  BaSO4·CaSO4 [68]. 
The surface of  BaSO4·CaSO4 composite was not electro-
neutral like the bulk of the composite due to the active sur-
face  SO4

2− groups form incomplete coordination spheres, 
[68, 69]. Such a negatively charged surface has the poten-
tial to attract positively charged REE (III) ions from the 
liquor of monazite from surrounding solution, resulting in 
the formation of an electrical double layer (EDL) around 
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Fig. 10  Desorption study of REE (III) sorbed onto  BaSO4·CaSO4 composite (a) using different eluents (b) different concentrations of  HNO3

Fig. 11  Schematic diagram for the mechanism of sorption of REE 
(III) onto  BaSO4·CaSO4 composite
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 BaSO4·CaSO4 composite. As a result, electrostatic interac-
tions occurred.

The suggested mechanism could also be evaluated by 
measuring the concentration of Ca(II) released in the solu-
tion by ion exchange. This exchange related to high charge 
density that will favour the exchange with Ca(II) within 
 BaSO4·CaSO4 layers [70]. Table 5 includes the initial and 
final concentrations of Ca(II) and REE(III) in the solution 
after sorption of REE(III) onto  BaSO4·CaSO4 composite.

The LRE ions (light rare earth ions) have similar ionic 
radii to Ca (II) leads to high incorporation extent of LRE 
ions than HRE ions [71]. However, the charge difference 
between rare earth ions and Ca(II) limits the extent of the 
solid state substitution [71] where the Ca(II) released in 
solution was 488 mg  L−1; i.e. 19.52% of Ca(II) was substi-
tuted by rare earth ions [72].

Reusability

The efficiency of the  BaSO4·CaSO4 composite was evaluated 
by regeneration and recycling of  BaSO4·CaSO4 composite 
through (Adsorption–desorption-Adsorption) cycle. The 
desorbing agent was 1 mol  L−1  HNO3. The Sorbed amount 
of  BaSO4·CaSO4 composite decreased after the first cycle 
from 140 to 103.4 mg  g−1. From the second cycle to fifth 
cycle, the sorption capacity was nearly 103 mg  g−1 and not 
changed. i.e., the reusability of  BaSO4·CaSO4 composite was 
73.9%; this confirmed the suggested mechanism and nearly 
74% of sorption was carried out by occlusion and adsorption. 
Figure 12 depicts the Adsorption–desorption-Adsorption 

cycles of  BaSO4·CaSO4 composite for adsorption of REE 
(III) using 1 mol  L−1  HNO3.

Sorption of REE (III) onto barite‑gypsum composite

1:1 (wt/wt) Barite-gypsum composite (the natural ingredi-
ents for  BaSO4·CaSO4 composite) was prepared by a physi-
cal mixing technique where barite and gypsum were crushed 
using an agate mortar, then thermally treated at 300 °C for 
2 h with a rate of 5 °C  min−1. Then, the resulting mixture 
was grounded again before being used as an adsorbent. The 
previous sorption experimental results pointed to the effi-
cient possibility of the use of barite. Gypsum composite in 
sorption of REE (III) digested solution. Table 6 illustrated 
the sorbed amounts of REE (III) on barite, gypsum, and 
barite-gypsum composite at the optimum conditional param-
eter determined during the previous experiments.

Conclusion

A synthetic  BaSO4·CaSO4 composite was successfully pre-
pared via the co-precipitation technique. Characterisation of 
 BaSO4·CaSO4 composite was performed by FT-IR, XRD, 
DTA, SEM, particle size analysis, and pore size distribu-
tion. Adsorption of REEs elements from acidic aqueous 
solutions was examined using  BaSO4·CaSO4 composite. 
The best adsorption parameters at 303 K of REEs ions were 

Table 5  Initial and final concentrations of Ca (II) and REE (III) 
before and after sorption onto  BaSO4·CaSO4 composite

Metal 
concen-
tration

Ionic radius 
(Ao)

Initial con-
centration mg 
 L−1

Final concen-
tration mg 
 L−1

Sorption 
efficiency 
%

Ca(II) 1.14 462 950
La(III) 1.03 416.79 151.17 63.72
Ce(III) 1.01 518.13 188.18 63.68
Pr(III) 0.99 49.04 17.82 63.66
Nd(III) 0.98 91.83 33.44 63.58
Sm(III) 0.958 12.09 4.41 63.52
Eu(III) 0.947 0.54 0.197 63.51
Gd(III) 0.938 8.65 3.158 63.49
Tb(III) 0.923 0.76 0.277 63.47
Dy(III) 0.912 1.54 0.564 63.36
Ho(III) 0.901 0.27 0.099 63.33
Er(III) 0.89 0.36 0.1328 63.11
Tm(III) 0.88 0.02 0.00738 63.09
Yb(III) 0.868 0.06 0.0221 63.08
Lu(III) 0.86 0.005 0.00185 63

Total 1100.13 399.47 63.68
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Fig. 12  Reusability of  BaSO4·CaSO4 composite for adsorption of 
REE (III) using 1 M  HNO3

Table 6  Sorbed amounts of RE(III) onto Barite, Gypsum, and Barite.
Gypsum composite

Sorbent Barite Gypsum Barite.Gypsum

Amount sorbed (mg  g−1) 133 135 136
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volume to composite mass ratio 0.2:1 L  g−1, pH = 4, initial 
concentration of REE sorbent; 1100 mg  g−1, and 20 min 
contact time. Kinetic and isotherm models were applied. The 
results indicated that, pseudo 2nd order model was more fit-
ted. The adsorption mechanism was checked for Langmuir, 
Freundlich, Hasely, and Temkin isotherm models. Maximum 
adsorption capacity of rare earth ions onto the prepared 
 BaSO4·CaSO4 composite was 168.63 mg  g−1. Thermody-
namic studies showed the extent of adsorption capacity 
increases with temperature, i.e., the sorption reaction was 
endothermic and spontaneous. Desorption of REE (III) was 
performed using 1 mol  L−1  HNO3 with a desorption effi-
ciency of 90.135%. The reusability of the  BaSO4·CaSO4 
composite was 73.9% for five successive adsorption –des-
orption-adsorptions cycles. The studied experimental results 
showed that we can use 1:1 (wt/wt) barite-gypsum compos-
ite; as natural ingredient for  BaSO4·CaSO4 composite; for 
REE (III) sorption, barite-gypsum composite were prepared 
by physical mixing and thermally treated at 300 oC for 2 h 
as a host and cheap sorbent for rare earth ions. The amount 
of REE (III) that has been sorbed onto the barite-gypsum 
composite was 136 mg  g−1.
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