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ABSTRACT

In the present work, naturally available diatomaceous earth (DE) was organically modified with
hexadecyltrimethylammonium bromide (DE-HDTMA). The adsorption properties of DE and
DE-HDTMA for lanthanum (La), samarium (Sm), europium (Eu) and gadolinium (Gd) ions in
solution were studied. The effects of adsorbent dosages, ionic strength, and initial concentration
of metal ions, adsorption time, pH value of solution and temperature on adsorption capacity were
investigated. The results showed that the adsorption isotherms of DE and DE-HDTMA for metal
ions satisfied the Langmuir, Freundlich and Dubinin-Radushkevich isotherms. By fitting the
Langmuir equation, the saturated adsorption capacity of DE and DE-HDTMA for La(IIl), Sm(III),
Eu(Ill) and Gd(III) ions can reach 185.185, 232.558, 117.647, 199.60, 111.048, 172.414, 92.593 and
156.250 mg g™, respectively. The mean free energy (E;) for adsorption of metal ions by DE and
DE-HDTMA has been calculated from the Dubinin—-Radushkevich equation and showed that the
physisorption mechanism was operative. The adsorption kinetics confirmed to the pseudo-second-
order kinetic equation. The calculated thermodynamic parameters revealed that the adsorption is a
spontaneous and exothermic process.

Keywords: Lanthanides; Diatomaceous earth, Isotherm Adsorption; Kinetic; Hexadecyltrimethylam-
monium bromide

1. Introduction

The rare earth elements (REEs) are widely used in many
technological devices, such as superconductors, magnets,
catalysts, and batteries [1]. With the increasing use of REEs
and inappropriate production and post-production treat-
ments, the contaminations, which are related to the REEs,
have emerged in recent years and are causing a series of
environmental problems. The toxicity of REEs to humans
is similar to those of lead, cadmium and other heavy
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metals [2]. These hazards associated with REEs have high-
lighted the importance of extraction, recycling and removal
of REEs from contaminated waters [3].

A number of technologies have been used for the sep-
aration and pre-concentration of REEs, such as co-precip-
itation [4], ion-exchange [5], and solvent extraction [6].
However, most of them have disadvantages such as sec-
ondary pollution, inefficiency, and high operational cost [7].
Therefore, the adsorption technique is considered to be
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the most efficient removal method due to its simplicity,
low-cost, quick and lack of harmful by-products [8,9].
La(IIT), Sm(II), Eu(Ill) and Gd(III) ions have been used
as homologs of trivalent actinide elements, due to their sim-
ilar physicochemical properties. These four elements are a
part of REEs family under category namely the light rare
earth. Significant amounts of these four lanthanides exist in
ores and polluted the environment, which needs separation
and extraction. There are various adsorbent materials (raw
and modified) used for the removal of REEs from aqueous
solutions. There is a very good review article published in
2016, summarizing and discussing the published literature
on the use of different adsorbents for REEs adsorption [10].
Thus, only the literature for the last three years concerning
the adsorption of La(IIl), Sm(III), Eu(Ill) and Gd(III) ions are
considered in this work. For example, the nanocomposite
of graphite and magnetite [11] has been reported as a good
adsorbent for adsorbing La** and Eu®* from an aqueous solu-
tion. It was found that the adsorption process was very sensi-
tive to solution pH, evidencing that electrostatic interactions
are the main binding mechanism involved. Removal efficien-
cies up to 80% were achieved at pH 8, using only 50 mg L™
of the nanocomposite. Awual et al. [12,13] study to develop
a highly selective Lewis base adsorbent to investigate the
selective sorption and recovery of Eu(IIl) and Sm(III) from
wastewater. They found that maximum adsorption capac-
ities were 125.63 and 124.38 mg g™ for Eu(IIl) and Sm(III),
respectively. Several natural clay minerals were used for the
removal of La* [14]. The results illustrated that the struc-
ture and surface properties of natural clay minerals are the
key factors that affect the La* adsorption, thus identifying
the types of natural clay minerals and associated impuri-
ties in clay materials are important. The removal of La* and
Sm* by amidoxime-hydroxamic acid polymer was investi-
gated by Alakhras [15]. The adsorption of ions followed the
following order: Sm* > La* and follow the chemisorptions
kinetic rate-determining step. The kinetic models for the
adsorption of La* ions on poly-o-toluidine tungstophos-
phate were investigated by Khalil et al. [16]. It was found
that both the pseudo-second-order and the homogeneous
particle diffusion models were best to correlate the exper-
imental rate data. Kusrini et al. [17] and Oyewo et al. [18]
were used banana peel activated carbon as an adsorbent
for the removal of La* and Sm* ions from an aqueous solu-
tion. The optimum condition for the adsorption of those two
ions was determined to be a contact time of 2.5 h, a pH of
4, and an adsorbent dosage of 100 mg. Synthetic basalumi-
nite was used for the removal of La* and the adsorption has
been investigated with variable sulfate concentrations [19].
Experimental results show that adsorption onto basalumi-
nite is strongly dependent on pH, starting at pH 5 for La*"
Adsorption of Gd* from aqueous and nitric acid solutions
using mesoporous potassium zinc hexacyanoferrate as nano
ion exchanger material was investigated. Isotherm adsorp-
tion data were well fitted by the Freundlich and Dubinin-
Radushkevich (D-R) adsorption isotherms model equation
with a maximum adsorption capacity of 0.55 mg g at a
pH of 4.5 and temperature of 25°C. Kinetic adsorption data
were well fit with the pseudo-second-order equation [20].
The study carried out by Mohamed et al. [21] for the adsorp-
tion capacity of impregnation of trihexyl(tetradecyl)phos-
phonium  bis(2,4,4-trimethylpentyl)phosphinate, as an

ionic liquid, into silica for removal of Gd*" ions from aque-
ous solution. The experimental outcome revealed that the
impregnation process enhanced the sorption behavior of
silica, from 20% to 89.45% for Gd*' ion. From the kinetic
studies, the adsorption could be described well by the
pseudo-second-order model; the results indicated that the
Freundlich isotherm surpasses the Langmuir isotherm
model for the adsorption process.

Diatomaceous earth and modified organically has been
identified as a promising material for the environmental
processes because it has a high affinity for the adsorption
of many polluting agents of nuclear and environmental
interest [22]. Its characteristics have been well documented,
and their mechanisms of retention depend upon the metal
chemical species [23]. Previously we have reported the use
of the raw and organomodified diatomaceous earth (DE)
as an adsorbent for organic and inorganic pollutants [24-28].

In continuation, we present here the adsorption of
La(Ill), Sm(II), Eu(Ill) and Gd(III) ions from aqueous
solutions using DE and DE-HDTMA - hexadecyltrimeth-
ylammonium bromide). The effect of various parameters
including the initial concentration of metal ions, adsor-
bent dosage, pH, ionic strength, time and temperature on
adsorption of these metal ions was investigated by batch
techniques. The equilibrium and kinetic adsorption data
were analyzed by Langmuir, Freundlich and D-R iso-
therm models and pseudo-first and pseudo-second-order
kinetic models.

2. Experimental
2.1. Materials and equipment

Diatomaceous earth (DE) was obtained from the
Natural Resources Authority (NRA), Amman, Jordan
from the northeast of the capital Amman (Azraq Region).
Lanthanum(Ill) acetate hydrate, samarium(Ill) acetate
hydrate, europium(IIl) acetate hydrate, and gadolinium(III)
acetate hydrate, arsenazo III indicator and hexadecyltrime-
thylammonium bromide (HDTMABr) were purchased from
Sigma-Aldrich (Saint Louis, MO, USA 63178) with a grade
higher than 99% and used without further purification.

Weighing samples was carried out using Precisa
410AM-FR (CH-8953 Dietikon, Switzerland) analytical bal-
ance. The pH of the solutions was measured with a HI9025
pH-meter. Fourier-transform infrared (FTIR) spectrum was
recorded using Thermo Nicolet Nexus 670 FTIR spectro-
photometer (Waltham, MA USA 02451). X-ray diffraction
(XRD) and X-ray fluorescence (XRF) were recorded using
Philips X'Pert PW 3060 (Eindhoven, Netherlands), oper-
ated at 45 kV and 40 mA. The shape and surface morphol-
ogy of the samples were examined with the FEI inspect F50
(Tulsa, OK 74145) scanning electron microscopy (SEM).
Shaking samples was carried out using the Kottermann 3047
shaker equipped with a thermostat. The concentrations of
the metal ions were determined using UV-Vis Varian Cary
100 spectrophotometer. The specific surface area of the DE
and DE-HDTMA and the cation exchange capacity (CEC)
of DE were obtained using the procedure described in our
previous publication [27]. The Brunauer-Emmett-Teller
(BET) area and pore structure of the samples were obtained
with a NOVA 2200e surface area and pore size analyzer
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(Quantachrome Corp., Boynton Beach, FL, USA), from
analyses of nitrogen gas adsorption isotherms at 77 K.

2.2. Preparation of stock solutions

Stock solutions of 1,000 mg L™ for the four metal ions
were prepared separately by dissolving a specific amount
of each metal salt of La(III), Sm(III), Eu(Ill) and Gd(III) in
0.01 M NaCl. The stock solutions were used to prepare
solutions with different concentrations (5, 10, 15, 20, 25, 30,
35, 40, 45, and 50 mg L), the dilution is achieved by using
0.01 M NaCl solution (to keep the ionic strength constant
for all the different concentrations prepared). The pH of
the solution was adjusted with 0.1 M HCl and 0.1 M NaOH
solutions.

2.3. Preparation of DE and DE-HDTMA

The crushed and milled DE sample was washed sev-
eral times with distilled water then dried in a drying oven
to constant weight at 110°C. The samples were sieved, and
fractions of 200 meshes and below were collected and stored
in bottles. DE-HDTMA was prepared by the ion-exchange
reaction. The amount of HDTMABr (8.5 g) equal to the
CEC of DE (78 meq/100 g) was dissolved in 1 L distilled
water and 30 g of diatomaceous earth was added and
stirred with a mechanical stirrer for 24 h at 350 rpm. The
DE-HDTMA clay was separated from the mixture by filtra-
tion, washed about five times with distilled water, and dried
at 110°C for 3 h until constant mass.

2.4. Adsorption experiments

0.20 g of DE or DE-HDTMA adsorbent was placed
in a solution containing one metal ion (concentration
5-50 mg L) for adsorption at pH ranging from 1 to 7.
All the adsorption experiments were carried out in a ther-
mostatic water bath and the stirring speed was 150 rpm at
a constant temperature of 25°C for 24 h. The adsorbed mix-
ture was separated by centrifugation for 5 min at 2,500 rpm
and filtered through a 0.45-micron filter, and the filtrates
were collected to measure the final ion concentration using
arsenazo III as an indicator. 4.0 mL of the prepared aqueous
test solution from La(IIl), Sm(III), Eu(Ill) and Gd(III) ions
at specific concentrations was added to a 50 mL volumet-
ric flask, then 2.0 mL of 0.10 M HCI solution were added,
then 1.0 mL of arsenazo III was transferred and dilution
was done to the mark with 0.01 M NacCl solution [28]. The
spectrophotometric determination was carried out within
30 min of sample preparation at 651 nm wavelength for
Nd(III) and 653 nm wavelength for each Sm(III), Gd(III)
and Eu(Ill). The calibration curve at these wavelengths
was established as a function of La(Ill), Sm(III), Eu(Ill) and
Gd(III) ions concentration with validity range from 5 to
50 mg L. All experiments were performed in triplicates,
and the reproducibility varied within +1.5%.

The amount of equilibrium uptake of lanthanide
ions is calculated by using the equation.

G -C,)v
L )14 M)

m

where g, is the metal ion up taken by adsorbent mg g7,
C, is the initial La(III), Sm(III), Eu(Ill) and Gd(III) ions con-
centration, C, is these metal ions concentration (mg L™)
after the adsorption process, m is the mass of adsorbent
taken (g), V is the volume of metal ion solution taken (L).
The percentage removal of these metal ions is defined as
the ratio of the difference in metal ion concentration before
and after adsorption (C, — C) to the initial concentration of
the metal ion of the aqueous solution of the dye (C)) and
was calculated by using the equation.

%R = (C“C;C) x100 )

0

The effect of adsorbent dose, pH, temperature and equi-
librium isotherm and kinetic studies used for this study
are given in the previous publication [27].

2.5. Determination of adsorption kinetics
and isotherms and their statistical evaluation

Three adsorption isotherm models Langmuir [29],
Freundlich [30] and D-R [31] were conducted in solution
at a pH 5.0 with the initial metal ion concentration varied
from 5-50 mg L. Adsorption isotherms were obtained by
plotting g, vs. C.. The Langmuir Egs. (3) and (4), Freundlich
Eq. (5) and D-R Eq. (6) equations were used to fit the
adsorption isotherms of DE and DE-HDTMA for La(IIl),
Sm(IM), Eu(IIl) and Gd(III) ions.

K,C
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where g, is the amount of metal ions taken up by the DE
and DE-HDTMA (mg g™'), g, .. is the monolayer capacity
of adsorbent (mg g™'), K, is the Langmuir binding constant
(L mg™?), K, is the Freundlich constant [mg g*(L mg™)"]
denoting adsorption capacity, n is the empirical constant,
indicating of adsorption intensity, € is the Polanyi potential
which is equal to RTIn(1 + 1/C), K is the is the constant
related to the adsorption energy (mol*’/kJ?), R and T is gas
constant (8.314 J mol™ K7) and temperature (K), respec-
tively, E, (k] mol™) is the mean free energy of adsorption
per molecule of adsorbate when it was transferred to the
surface of solid from infinity in the solution, which pro-
vides information about the chemical or physical adsorption
and can be determined according to the following equation:

Epg = (ZKDR )71/2 (6)

In the present work, the Lagergren pseudo-first-order (8)
[32] and pseudo-second-order kinetic models (9) [33] were
used to fit the adsorption kinetic data obtained from metal
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ions adsorption. In the adsorption kinetic experiments, the
pH of the initial solution was fixed at a pH 5.0 for metal
ions and the initial concentration of metal ion was 30 mg L.
Samples were collected at different time intervals. The
kinetic curve was obtained by a plot of g, vs. adsorption time.

g,=q,(1-¢™) @)
k,q’t
q,= 24, (8)
1+k,q,t

where g, and g, (mg g') are the amount of metal ions
adsorbed at equilibrium and at any time, respectively,
k, is the pseudo-first-order rate constant (min™) and
k, is the equilibrium rate constant of pseudo-second-order
adsorption (g mg™ min™).

The fitness of the equilibrium and kinetic data were
done using nonlinear methods, which were evaluated
using the simplex method using the fitting facilities of
the MicroCal Origin 2015 software. The suitableness of
the equilibrium and kinetic models were evaluated using
a linear determination coefficient (R?), chi-squared (X?)
values and the error function (F,__ ). Error function of
residues measures the differences between the theoret-
ical and experimental amounts of metal ions adsorbed.
Egs. (10)—(12) are the mathematical expressions for respec-
tive R% x> and F respectively [34].
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In the above equations, g, (mg g”) is the amount
of metal ion uptake at equilibrium obtained from Eq. (1),
q,. (mg g) is the amount of metal ion uptake achieved
from the models, and g, _ (mg g”) is the mean of the
q,.., values, N is the number of experimental data points
and P stands for number of parameters in the model.

3. Results and discussion
3.1. Characterization of adsorbents

The DE and DE-HDTMA samples were characterized
using XRD, XRF, FTIR, SEM and energy-dispersive X-ray
spectroscopy (EDS). The calculated CEC for DE was found to
be 78.75 meq/100 g. The specific surface area value was found
to be 42.2 m? g for DE and 23.0 m? g for DE-HDTMA.
The BET surface area, the total pore volume, and the pore

diameter of DE and DE-HDTMA were found to be 9.95m? g,
0.47 m* g, 0.045 cm® g, 0.006 cm® g7, and 3.66 nm, 2.22 nm,
respectively.

3.1.1. XRD analysis

The XRD patterns of DE and DE-HDTMA are pre-
sented in Fig. 1. These patterns look identical. However,
after the addition of an organic HDTMABr modifier, the
extra peaks at 20 18.20°, 21.45°, 22.00°, and 29.5° appeared,
and the peaks at 20 (17.8°), and (30.98°) disappeared. This
is strong evidence of the modification which is carried out
on the surface of DE. It could be explained that during the
ion exchange mechanism, an amount of HBr was produced
and then reacted with Na, Ca, Fe, and Mg ions forming
minority phases and leached out from the DE and con-
firmed by XRF [25].

3.1.2. XRF analysis

The chemical composition of the DE and DE-HDTMA
as determined by XRF technique (wt.%) is as follows,
DE: SiO,, 61.69; ALO,, 20.74; Fe,O,, 8.32; K,O, 4.01; MgO,
2.06; TiO,, 1.13; Na,0, 1.10; MgO, 2.06; Cl, 0.40; CaO, 0.21;
P,O,, 0.15; SO, 0.11; BaO, 0.04; MnO, 0.02; NiO, 0.01.
DE-HDTMA: SiO,, 60.26; AL,O,, 23.22; Fe,O,, 8.65; K,O, 3.89;
MgO, 2.04; TiO,, 1.18; Na,O, 0.21; MgO, 2.06; CI, 0.06; CaO,
0.15; P,0,, 0.16; SO,, 0.08; BaO, 0.05; MnO, 0.03; NiO, 0.01.
It seems from the chemical composition that the predominant
exchangeable cation was sodium. According to XRF analy-
sis, DE and DE-HDTMA are clay species which mainly con-

sists of silicate, alumina and appreciable quantities of iron.

3.1.3. FTIR spectra

FTIR technique could be used to identify the major
functional groups present in these two adsorbents. Fig. 2
shows the FTIR spectrum of DE, DE-HDTMA and HDTMABE.
Both DE and DE-HDTMA show characteristic bands of
DE. The absorption band at 3,623 cm™ is due to stretching
vibrations of structural OH groups of diatomaceous earth.
Large broadband at 1,086 cm™ is related to stretching vibra-
tions of Si-O groups. The H,O-stretching vibration was
observed as broadband at 3,431 cm™'. For DE-HDTMA, there
appeared two new absorption bands at 2,920 and 2,851 cm™,

: —— DE-HDTMA

Intensity

4z 3

22 3z
2 0 (degree)

Fig. 1. X-ray diffraction patterns for DE and DE-HDTMA.
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which represented the stretching vibrations of polymeth-
ylene groups (CH,). These two characteristic bands are
present in the FTIR spectrum of HDTMABr confirming the
cationic exchange reaction between organic cation of the
quaternary ammonium salt of surfactant and cations of DE.

DE HDTMA

\K/Mw

%

HDTMABr

Ny VT

Wave number (cm'®)

Fig. 2. Fourier-transform infrared spectra for DE, DE-HDTMA,
and HDTMABT.

3.1.4. SEM observations

SEM micrographs for DE and DE-HDTMA are pre-
sented in Fig. 3. For DE it can be seen the presence of a
hole in the surface as a form of a sieve. The porosity size
as shown in Fig. 3c was reached on average 644 nm. The
porosity of DE-HDTMA (Fig. 3b) became less due to the
occurrence of the full interaction between DE and organic
surfactant HDTMABr which covered the holes and pores.

3.1.5. Energy-dispersive X-ray spectroscopy

EDS chart gives a descriptive view of some chemi-
cal elements present in the DE before and after organic
modification. The EDS for the DE and DE-HDTMA are
shown in Fig. 4. The EDS gives the type and weight per-
cent of each element present in the selected point of the
sample at SEM micrographs. The percentage of each ele-
ment after normalization is as follows, element, (%mass)
DE: O, 69.25; Na, 1.73; Mg, 1.62; Al, 8.67; Si, 14.16; K, 1.37;
Fe, 3.19. DE-HDTMA: C, 5.16; N, 9.54; O, 68.61; Na,.98;
Mg, 1.05; Si, 11.60; K, 0.35; Fe, 1.24; Br, 1.49. It was noticed
the differences between EDS analysis of DE and DE-HDTMA
which are the appearance of new elements such as C and

Fig. 3. Scanning electron micrographs for (a) DE, (b) DE-HDTMA, and (c) porosity dimension in DE.

b (a)

3% 4

L]

(b)

Fig. 4. Energy-dispersive X-ray spectroscopy for (a) DE and (b) DE-HDTMA.
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N due to HDTMA, which resulted in the decrease in the
percentage of Mg, Al and Si. This gives an indication of the
presence of HDTMA on the surface of DE.

3.2. Effect of adsorbent dosage

The effect of DE and DE-HDTMA dosage (0.02-0.35 g)
on metal ions adsorption was studied at pH 5.0 and 25°C
and presented in Fig. 5. The removal percentage of metal
ions extracted from the solution clearly increases with
DE and DE-HDTMA content increasing at 0.2 g/50 mL,
and only very slightly increases with solid content after
that amount. Hence, the optimal dose is 0.2 g/50 mL for
the four metal ions. The increase of metal ions adsorption
is easily explained by an increase in the surface area and
thus the metal-binding sites of DE and DE-HDTMA sam-
ples. This availability enhances the adsorption of metal
ions from solution to solid keeping the initial concen-
tration of metal ions constant with the increasing of DE
and DE-HDTMA dose. The decrease in g, for metal ions
by DE and DE-HDTMA can be attributed to the fact that
some of the adsorption sites remain unsaturated during the

120
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adsorption process; whereas the number of available adsorp-
tion sites increases by an increase in adsorbent and this leads
to an increase in removal efficiency. A similar trend was
earlier reported in the literature for the removal of U(VI),
Th(IV), Sm(III) and Nd(III) ions by diatomaceous earth and
its organomodified form from aqueous solutions [27,28].

3.3. Effect of ionic strength

The effect of ionic strength on adsorption uptake of
metal ions on the DE and DE-HDTMA surfaces was stud-
ied at a variable concentration of sodium chloride (0.01,
0.05, 0.10, 0.15 and 0.20 M). (Ionic strength (I) = 0.01, 0.05,
0.10, 0.15 and 0.20, respectively). The influence of ionic
strength on the amount of metal ions adsorbed by DE and
DE-HDTMA at pH 5.0 and 25°C was illustrated in Fig. S1.
The results showed a decrease in the uptake amount of
metal ions with the increase of electrolyte concentra-
tion (and hence the ionic strength). These results can be
attributed to first, increasing Na* concentration and there-
fore increasing competition for the adsorption sites on
the DE and DE-HDTMA, and second, decreasing activity

40
(c) —e—La(in)/DE
30 —=-La(Ill)/DE-HDTMA

= Sm(1ll)/DE
E”zo —>Sm(lll)/DE-HDTMA
s \ ]

O 1 1 1

0.00 0.10 0.20 0.30 0.40
Adsorbent dosage (g)

60

5 | (d) —o—Eu(lll)/DE
_ ~@—Eu(lll)/DE-HDTMA
% 40 —<Gd(lll)/DE-HDTMA
£ 30 Gd(in)/DE

o
20
10
O | |
0.00 0.10 0.20 0.30 0.40
Adsorbent dosage (g)

Fig. 5. Effect of adsorbent dosage on the DE and DE-HDTMA percentage removal for (a) La(III) and Sm(III) and (b) Eu(III) and Gd(III).
Effect of adsorbent dosage on the DE and DE-HDTMA adsorption efficiency for (c) La(Ill) and Sm(III) and (d) Eu(Ill) and Gd(III).
Initial metal ions concentration 30 mg L™'; pH = 5.0; time of contact 24 h; temperature 25°C.
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of metal ions in solution due to increasing non-ideality of
solution. This non-ideality is due to increasing electrostatic
interaction between Cl- and La(IIl), Sm(III), Eu(IIl) and
Gd(III) ions [28].

3.4. Effect of pH

The adsorption efficiency of adsorbents can be affected
by a variety of parameters: The pH of metal ion solution
plays an important role during the adsorption process and
particularly affects the adsorption capacity. Fig. 6 shows
the influence of pH on the adsorption of La(Ill), Sm(III),
Eu(Ill) and Gd(III) ions on DE and DE-HDTMA. The study
was carried out in the pH range of 2.0-7.0 keeping all other
parameters constant. Alkaline conditions did not be studied
to avoid complications from precipitation. Based on Fig. 5,
it can be found that the adsorption of DE and DE-HDTMA
for the metal ions had a similar change trend within the pH
range studied. At low pH values, the hydrogen ion con-
centration is high; therefore, protons can compete with the
lanthanide cations for surface sites. In addition, increasing
the pH value would result in lower columbic repulsion of
the adsorbed metal ions [35,36]. It is well known that the
hydrolysis of trivalent lanthanides begins at low pH val-
ues and various species can be formed, such as Ln(OH)*,
Ln(OH)", Ln(OH), and Ln* [37]. These hydrolyzed spe-
cies, more hydrophobic than trivalent lanthanide cations,
can be dehydrated and stick to the adsorbent surface [38].
This explains the slow increase in adsorption efficiency
values in the 2-5 pH range, which is responsible for the
formation of different surface complexes of trivalent lan-
thanide cations with silanol: Si-OH and aluminol: Al-OH
groups exist in DE and DE-HDTMA surfaces. After pH 5,
the hydrolysis precipitation most probably would start due
to the formation of various hydrocomplexes in an aqueous
solution leading to lower adsorption efficiency of these ions.
Therefore, for further experiments, the pH was set to five to
avoid any misinterpretation of the adsorption performance.

3.5. Effect of contact time and initial metal concentration

The equilibrium time has a crucial impact in the adsorp-
tion process, Fig. 7 shows plots of the adsorption uptake
for La(Illl), Sm(IM), Eu(Ill) and Gd(IIl) ions as a function
of contact time (5-210 min) at a constant initial concen-
tration of 30 mg L. From the results, it is observed that
with the increase in contact time up to 60 min, the removal
efficiency for DE and DE-HDTMA was sharply increased
and equilibrium was reached after 180 min. The quick
adsorption rate of the four lanthanide ions on DE and
DE-HDTMA was due to the higher surface area and easy
accessibility of a large number of active sites [28].

The adsorption of metal ions onto DE and DE-HDTMA
from an aqueous solution of different concentrations
10, 30 and 50 mg L™ is presented in Fig. 8. The uptake
increases with increasing metal ions concentration of the
aqueous solutions. The adsorption capacity was increased
with concentration increased from 10 to 30 to 50 mg L
from 70.912 to 119.934 to 163.934 mg L™ for La/DE, from
113.636 to 156.250 to 208.333 mg L' for La/DE-HDTMA,
from 78.125 to 185.185 to 303.030 mg L™ for Sm/DE, from

20 |
180 |
— 140 |
20
1)
Eqpo |
-
60 |
—=La(lll)/DE —&—La(lll)/DE-HDTMA
2 Sm(lll)/DE Sm(lll)/DE-HDTMA
" —e—Eu(lll)/DE —m—Eu(lll)/DE-HDTMA
—a—Gd(II1)/DE —<Gd(lll)/DE-HDTMA
20 s
1.0 3.0 5.0 7.0

pH

Fig. 6. Effect of pH on the DE and DE-HDTMA adsorption
efficiency for La(Ill), Sm(III), Eu(Ill) and Gd(III). Initial metal
ions concentration 30 mg L™; adsorbent dosage 0.20 g/50 mL;
time of contact 24 h; temperature 25°C.

—o—La(lll)/DE ~&-La(ll)/DE-HDTMA

50 —4—Sm(1ll)/DE —Sm(Ill)/DE-HDTMA

~>%—Eu(Ill)/DE ~@—Eu(lll)/DE-HDTMA
Gd(Ill)/DE , Gd(Ill)/DE-HDTMA |
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Time (minute)

Fig. 7. Effect of contact time on the DE and DE-HDTMA
adsorption efficiency for La(Ill), Sm(IIl), Eu(Ill) and Gd(III)
ions. Initial metal ions concentration 30 mg L7, pH = 5.0;
adsorbent dosage 0.20 g/50 mL; temperature 25°C.
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= Sm(II1)/DE-HDTMA
® Eu(Ill)/DE-HDTMA

Gd(1ll)/DE-HDTMA

300 +
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Fig. 8. Effect of initial metal concentration on the DE and
DE-HDTMA adsorption efficiency for La(III), Sm(III), Eu(III)
and Gd(III) ions. Initial metal ions concentration 30 mg L7;
pH =5.0; adsorbent dosage 0.20 g/50 mL; temperature 25°C.
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163.934 to 227.272 to 373.852 mg L™ for Sm/DE-HDTMA,
from 43.668 to 116.279 to 222.222 mg L™ for Eu/DE, from
74.672 to 196.078 to 294.118 mg L for Eu/DE-HDTMA,
from 55.921 to 91.743 to 175.439 for Gd/DE and from 80.645
to 172.414 to 286.343 mg L for Gd/DE-HDTMA, respec-
tively. These findings show that energetically more favor-
able sites are involved in increasing concentrations of the
metal ions. Thus, high concentrations of these ions in feed
mean faster adsorption and greater system efficiency [27].
It can be seen in Fig. 7 that DE and DE-HDTMA had the
highest removal of these four metal ions at high concen-
trations of 50 mg L. This can be adduced to the fact that
the concentration gradient of metal ions is directly propor-
tional to the initial concentration and the increase in the
transfer of metal ions from the solution to the adsorbent
material was due to the increase in driving force [39].

3.6. Adsorption isotherms

The adsorption isotherms, Langmuir Eqgs. (3) and (4),
Freundlich Eq. (5) and D-R Egs. (6) and (7), were studied
in order to understand the type of interaction between
adsorbent and adsorbate for adsorption process and to
determine the adsorption efficiency and the nature of
metal ions adsorption. The adsorption isotherm parame-
ters together with R? x? and F__, fitted by the Langmuir,
Freundlich and D-R models were summarized in Table 1
and presented in Figs. S2 and S3. These figures showed
that with the increase of equilibrium concentration in the
system, the equilibrium adsorption efficiency of DE and
DE-HDTMA for these four metal ions increased gradually,
and it stabilized when the equilibrium mass concentration

Table 1

was = 45 mg L. The high regression coefficient R? values
(0.9907-0.9975), (0.9725-0.9959) and (0.9919-0.9999), low
¥ (0.028-0.918), (0.175-1.465) and (0.008-0.527) and low
F, .. (1.495-5.586) for Langmuir, Freundlich and D-R iso-
therm models, respectively show good fitting of the data
obtained, which follows that La(IIl), Sm(III), Eu(Ill) and
Gd(III) ions adsorption fits the three isotherm models.
The applicability of the three isotherm models to the all
investigated systems implies that both monolayer adsorp-
tion and heterogeneous surface conditions exist under the
experimental conditions studied. The adsorption of these
four metal ions on the DE and DE-HDTMA surfaces is
thus complex, involving more than one mechanism. The
Freundlich isotherm model data gave n values greater
than 1, which revealed that there was favorable adsorp-
tion. Maximum adsorption capacities (g, ) for La(lll),
Sm(III), Eu(IIl) and Gd(III) ions by DE and DE-HDTMA at
25°C were obtained to be 185.185, 232.558; 117.647, 199.601;
111.048, 172.414 and 92.593 and 156.250 mg L™, respectively.

Adsorption capacities g and the mean free energies
of adsorption E_, (k] mol™) are calculated from D-R iso-
therm for the four metal cations, Table 1. The adsorption
is driven by physical forces if the value of E__ is less than
8 (k] mol™), is driven by chemical ion-exchange if E_, is
between 8-16 (k] mol™) and is driven by particle diffusion
if the value of E__ is greater than 16 (k] mol™) [40]. It was
seen that all the experimental E_ , value ranged between
0.858-2.887 k] mol™, which clearly demonstrates the phys-
ical adsorption of La(Ill), Sm(III), Eu(Ill) and Gd(III) ions
adsorbed onto DE and DE-HDTMA surfaces. The difference
in g derived from the Langmuir and D-R models may
be attributed to the different definitions of g in the two

Langmuir, Freundlich and D-R isotherm constants for the adsorption of La(Ill), Sm(III), Eu(IIl) and Gd(III) ions on DE and DE-HDT-
MA. Initial metal ions concentration 10-50 mg L™'; pH = 5.0; adsorbent dosage 0.20 g/50 mL; temperature 25°C

Adsorbent La/DE La/DE-HDTMA Sm/DE  Sm/DE-HDTMA Eu/DE  Eu/DE-HDTMA Gd/DE Gd/DE-HDTMA
Langmuir isotherm
9. (mgg') 185.185 232.558 117.647  199.601 111.048 172.414 92.593  156.250
K, (Lmg™) 0.017 0.077 0.029 0.012 0.025 0.017 0.032 0.014
R? 0.9969 0.9975 0.9907 0.9980 0.9978 0.9976 0.9966 0.9993
x> 0.141 0.121 0.096 0.061 0.918 0.824 0.226 0.11
rrort 2.23 1.56 1.76 1.49 5.59 3.26 2.51 1.49
Freundlich isotherm
K. (Lg" 5.234 3.066 5.787 4.572 4.528 5.068 5.335 3.085
n 1.400 2.066 1.562 1.419 1416 1.422 1.617 1.283
R? 0.9873 0.9959 0.9725 0.9910 0.9797 0.9824 0.9808 0.9919
x> 1.079 0.981 1.121 0.629 1.465 0.175 0.995 0.6883
ot 7.013 4.39 6.45 5.09 8.03 1.31 5.42 449
D-R isotherm
9. (Mg g") 87.575 182.911 89.756 91.836 53.016 113.228 55.556  72.799
E (k] mol™) 1.244 2.283 2.887 2.858 2.643 0.621 0.816 2.071
R? 0.9998 0.9919 0.9963 0.9999 0.9993 0.9919 0.9991 0.9997
x> 0.062 0.418 0.085 0.061 0.527 0.441 0.008 0.028
2.127 2.81 2.94 2.59 4.62 2.25 0.65 0.91

error%
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models. In Langmuir, g represents maximum adsorp-
tion of metal ions at monolayer coverage, whereas the D-R
represents the maximum adsorption of metal ions at the
total specific microspores volume of the adsorbent. Thereby,
the value of g . derived from the Langmuir model is
larger than that derived from the D-R model [41].

It is clear from the values of q__, (Table 1) that the
organically modified clay (DE-HDTMA) is much more
efficient adsorbents of metal ions than the unmodified
clay (DE). Clays that are organically modified with long-
chain organic cations such as hexadecyltrimethylammo-
nium surfactant used in this work are often referred to as
“partitioning complexes”. The mechanism in DE and in
their adsorbent complexes is considered to be of the sur-
face adsorption type; hence has a limited capacity due to
the finite surface area available. On the other hand the
mechanism for “partitioning complexes” is considered
to be organic partitioning; hence has no such limitation.
This explains the higher values of g of the surfactant-
modified clay in comparison to the unmodified clay [42].
Also from the values of the g__, it can be concluded that
the capacity of adsorption of DE and DE-HDTMA surfaces
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for these metal cations follows the sequence, La(III) > Sm
(III) > Eu(Ill) > Gd(III). An adsorbent’s affinity to a par-
ticular ion can correlate with its atomic mass, electroneg-
ativity, and ionic radii [43]. This pattern is observed by
the adsorption capacity sequences for those four metal
ions. Similar observations have been reported by many
researchers [17,44-47] for the adsorption of La(III), Sm(III),
Eu(III) and Gd(III) ions by different adsorbents.

Adsorption of REEs on an adsorbent is a complex pro-
cess where multiple mechanisms, such as ion-exchange,
surface complexation, and electrostatic interactions take
place simultaneously. The description of the adsorption
mechanism for REEs onto DE and DE-HDTMA could occur
via surface complexation between REEs and deproton-
ated carboxylic and silica groups and active sites on DE
via ion exchange or chelation. The mechanism for “parti-
tioning complexes” in case of DE-HDTMA is considered
to be organic partitioning; due to molecular electrostatic
interactions.

The comparisons of DE and DE-HDTMA adsor-
bents with other materials reported in the literature
[18,12,40,48-59], (Table 2) show that those two adsorbents are

Table 2
Comparison between the maximum monolayer adsorption capacity (g, , mg g™) of La(III), Sm(III), Eu(IIl) and Gd(III) ions on various
adsorbents
Adsorbent Adsorbate Conditions 9o (Mg &) Reference
pH T(°C)
. La(III) 47.8
Banana peels biochar Gd(i) 5.2 25 506 [18]
Magnetic nano-hydroxyapatite Sm(III) 5.5 25 370 [48]
Dimethacrylate-methacrylic acid copolymers Gd(III) 6.0 20 19.4 [49]
Organomodified bentonite Sm(I1I) 4.0 25 17.7 [50]
Fe-modified biochar Eu(III) 6.0 22 9.8 [40]
Granular hybrid hydrogel La(II) 6.0 25 269.37 [51]
Organomodified red clay La(Ih 6.0 25 19.46 [52]
Eu(III) 41.21
Ethylenediaminetetraacetic acid (EDTA)- La(III) 40 25 47.67 (53]
B-cyclodextrin Eu(III) 55.48
Lewis base ligand Srlrll((IIIIII)) 4.0 25 Eig: [12]
Marine sediments Eu(III) 8.0 25 34.96 [54]
Silica-urea—formaldehyde composite Eu(III) 5.0 25 52.33 [55]
Cysteine — chitosan magnetic nanoparticle La(III) 5.0 27 16.0 [56]
Chitosan/carbon composite Gd(I1I) 7.0 20 79.84 [57]
Animal-plant biosorbent La(III) 6.0 50 200 [58]
No-silica monolith hybrid adsorbent Eu(III) 4.0 25 163.13 [59]
La(III) 185.185
DE Sm(llh 5.0 25 117.647 This work
Eu(IIl) 111.048
Gd(III) 92.593
La(III) 232.558
Sm(III) 199.601 )
DE-HDTMA Eu(IIl) 5.0 25 172.414 This work
Gd(III) 156.250
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potential effective for the removal of La(III), Sm(III), Eu(III)
and Gd(III) ions from aqueous solution.

3.7. Adsorption kinetics

Pseudo-first-order kinetic and pseudo-second-order
kinetic models were used to fit the adsorption kinetics of
the process and the results were shown in Figs. S4 and S5.
The fitting parameters were given in Table 3, R? (>0.9999),
X* (<0.834) and F__ ., (<1.99) values were found to be best
fitted for pseudo-second-order kinetic model compared to
pseudo-first-order kinetic model R? (>0.7382), x* (<29.716)
and F__ . (<14.03). In addition, the equilibrium adsorp-
tion capacity obtained by fitting the pseudo-second-order
kinetic equation was closer to the equilibrium adsorp-
tion capacity obtained in the experiment. Therefore, the
pseudo-second-order kinetic model can better reflect the
adsorption process of DE and DE-HDTMA for La(IIl),
Sm(III), Eu(Ill) and Gd(III) ions. According to the mecha-
nism developed by the pseudo-second-order kinetic model,
the process of adsorption could be carried on because
of the availability of the adsorption sites rather than the
concentration of metal ions [60].

3.8. Adsorption thermodynamics

The activation energy (E, in k] mol™) may be defined
as the minimum amount of energy required to adsorption
process proceeds, and it was calculated from the Arrhenius
equation:

E
Ink, =InA——2 12
2 - (12

where k, (g mg™ min™): the rate constant of the pseudo-
second-order kinetic model in an adsorption system of the

Table 3

Pseudo-first-order and pseudo-second-order adsorption rate constants and calculated g

four metal ions for DE and DE-HDTMA, T (K): temperature
and R: gas constant (8.314 k] mol™), A plot of Ink, vs. 1/T
yields a straight line (Fig. 56) with slope — E /R is obtained.

The thermodynamic parameters are one of the indis-
pensable instruments in the prediction of the adsorption
system, whether it is a physisorption or chemisorption
method. The thermodynamic parameters could be calcu-
lated from the following laws of thermodynamics:

AG® = —-RTInK, (13)

where K, for the adsorption reaction can be defined [61]:

q.
K =1¢ 14
=C (14)
Values of K, are obtained by plotting Inq/C, vs. q, and
extrapolating g, to zero.

AG® = AH® —TAS® (15)
Ik, = _AH? A5 (16)
RT R

where AG® (k] mol™): standard Gibbs free energy change,
K, equilibrium constant, AH® (k] mol™): enthalpy change,
AS° (k] mol™): entropy change. Predictions of the intercept
and slope of the linear plot of InK, vs. 1/T (Fig. S7) give,
respectively, AS® and AH® values.

The values of AG®, AH®, AS° and E_ for the adsorption
of La(Ill), Sm(III), Eu(Ill) and Gd(Ill) ions onto DE and
DE-HDTMA are given in Table 4. The negative values of
AG® suggest that the adsorptive of metal ions occurred
favorably and spontaneously with low requirements for
adsorption energy. The negative values of AH® for DE and

and experimental ¢, values for the ad-

e,cal

sorption of La(III), Sm(III), Eu(IIl) and Gd(III) ions onto DE and DE-HDTMA. Initial metal ions concentration 10-50 mg L, pH=>5.0;

adsorbent dosage 0.20 g/50 mL; temperature 25°C

System La/DE La/DE-HDTMA Sm/DE Sm/DE-HDTMA Eu/DE Eu/DE-HDTMA Gd/DE Gd/DE-HDTMA
Dyep (mgg™) 185.185 232.558 117.647 199.601 111.048 172414 92593  156.250
Pseudo-first-order
9, (Mg ™) 81.101 130.632 95.231  153.879 88.637  137.759 63.236 113.511
k, (min™) 0.041 0.031 0.010 0.031 0.017 0.036 0.021 0.017
R? 0.8802 0.8554 0.7817  0.7382 0.7718  0.7789 0.7990 0.7661
X2 35.853  36.559 35.978  47.145 55.237  61.918 29.716  57.245
ot 19.49 14.789 20.764  23.33 41.17 33.25 14.03 23.33
Pseudo-second-order
Jocal (mgg™ 184.502 227.237 116.279 197.978 110.906 171.821 91.743  155.763
k, (g mg™ min™) 0.002 0.004 0.035 0.007 0.024 0.011 0.008 0.069
R? 0.9998  0.9993 0.9998  0.9994 0.9997  0.9996 0.9998 0.9996
X2 0.219 0.594 0.119 0.029 0.035 0.528 0.834 0.067
1.24 1.99 1.08 1.56 0.59 1.90 0.65 0.69

error%
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Table 4

Thermodynamic parameters for the adsorption of La(IIl), Sm(III), Eu(IIl) and Gd(III) ions onto DE and DE-HDTMA

T (K) —AG (k] mol™?) —AH (k] mol™) —AS (k] mol™) E, (k] mol™)
La(1II)/DE

298 6.368

308 4.735 40.932 116.429 7.182
318 4.060

La(IlI)/DE-HDTMA

298 1.093

308 0.933 6.109 17.459 27.302
318 0.756

Sm(IIT)/DE

298 4.464

308 3.748 28.442 80.322 23.562
318 2.854

Sm(IIT)/DE-HDTMA

298 2.209

308 1.750 14.293 40.586 26.177
318 1.399

Eu(Ill)/DE

298 4.427

308 3.769 29.902 85.235 23.130
318 2.714

Eu(Ill)/DE-HDTMA

298 5.363

308 4.655 26.991 72.515 10.437
318 3.912

Gd(III)/DE

298 7.498

308 7.125 19.002 38.569 21.267
318 6.726

Gd(III)/DE-HDTMA

298 6.131

308 5.337 22.831 56.261 18.386
318 5.015

DE-HDTMA, indicating that the adsorption processes were
exothermic. Moreover, the decrease of AG° values with
increasing the temperature from 298 to 318 K asserted the
exothermicity of the adsorption process, which was also
confirmed by the negative value of AH°. In addition, the
negative values of AS° reflect a decrease in the degree of
freedom of metal ions on the solid-solution interface of
the adsorbents. The magnitude of activation energy gives
a type of adsorption, which is mainly physical or chem-
ical. The range of 5-40 k] mol™ of activation energy cor-
responds to a physisorption mechanism [62]. The activa-
tion energy values obtained by this study are calculated
between 7.182 and 27.302 k] mol™ (Table 4) indicating that

the adsorption has a low potential barrier and is assigned
to physisorption. These results are in good agreement
with that obtained above from the calculation of mean free
energies of adsorption (E;) using D-R isotherm.

4, Conclusions

In this study, the adsorption properties of naturally
available low-cost diatomaceous earth (DE) and its organo-
modified form (DE-HDTMA) for La(Ill), Sm(III), Eu(III)
and Gd(III) ions in solution were investigated. Based on
R% x%, and F__, values, the adsorption equilibrium data
were best fitted by the Langmuir, Freundlich and D-R
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isotherms. The maximum adsorption (g, ) capacities
of DE and DE-HDTMA for metal ions were found to be
185.185, 232.558, 117.647, 199.60, 111.048, 172.414, 92.593
and 156.250 mg g, respectively. The adsorption capacity
was higher for DE-HDTMA (1.26-1.80 times) as compared
with the raw DE. Moreover, the results of the D-R isotherm
model suggest that the adsorption process was dominated
by physisorption mechanisms. The kinetic experiments
have shown that it is in best agreement with the model of
pseudo-second-order, where the process was spontaneous
and exothermic in nature. These results indicate that DE
and DE-HDTMA might serve as an efficient, simple, and
low-cost material for lanthanides metal ions removal from
wastewaters.
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Fig. S1. Effect of ionic strength on the DE and DE-HDTMA adsorption efficiency for (a) La(Ill) and Sm(III) ions and
(b) Eu(IIl) and Gd(III) ions. Initial metal ions concentration 30 mg L™'; pH = 5.0; adsorbent dosage 0.20 g/50 mL; time of contact 24 h;
temperature 25°C.
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Fig. S2. Equilibrium isotherm for adsorption of La(Ill) and Sm(IIl) ions onto DE and DE-HDTMA, using the non-linear
regression method. Initial metal ions concentration 10-50 mg L~; pH = 5.0; adsorbent dosage 0.20 g/50 mL; temperature 25°C.
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Fig. S3. Equilibrium isotherm for adsorption of Eu(IIl) and Gd(III) ions onto DE and DE-HDTMA, using the nonlinear regression
method. Initial metal ions concentration 10-50 mg L™; pH = 5.0; adsorbent dosage 0.20 g/50 mL; temperature 25°C.
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Fig. S4. Kinetic models for the adsorption of La(Ill) and Sm(Ill) ions onto DE and DE-HDTMA, using the non-linear
regression method. Initial metal ions concentration 30 mg L; pH = 5.0; adsorbent dosage 0.20 g/50 mL; temperature 25°C.
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Fig. S5. Kinetic models for the adsorption of Eu(Ill) and Gd(IIl) ions onto DE and DE-HDTMA, using the non-linear
regression method. Initial metal ions concentration 30 mg L'; pH = 5.0; adsorbent dosage 0.20 g/50 mL; temperature 25°C.
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Fig. S6. Determination of E using the Arrhenius equation for the adsorption of La(III), Sm(III), Eu(III) and Gd(III) ions onto DE and

DE-HDTMA.
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Fig. S7. Determination of AH° and AS° using the van't Hoff equation for the adsorption of La(Ill), Sm(III), Eu(Ill) and Gd(III)

ions onto DE and DE-HDTMA.



