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Abstract—Sorption of Sr(Il) from aqueous solutions has been studied using fabricated lithium magnesium
boron silicate (LMBS) sorbent. LMBS sorbent has been fabricated by the co-precipitation technique and
characterized using different analytical tools like ATR, SEM, TGA, DTA, and XRD. The sorption studies
applied on Sr(II) include the effect of shaking time, ionic strength, pH, and temperature. The sorption of
Sr(I1) is dependent on pH and ionic strength. Reaction kinetics follows the pseudo-2"4-order model, and
thermodynamics are endothermic and spontaneous. The saturation capacity of sorbent calcined at tempera-
tures 50, 200, 400, and 600°C has been found to be 144.1, 134.5, 130.3, and 113.0 mgg~!, respectively. Desorp-
tion studies have revealed that HCI is the optimum eluent for full recovery of Sr(II) ions (about 96.8%).
Finally, according to column data, Sr(II) can be loaded and recovered from aqueous solutions using different
concentrations of HCI eluent. The investigation has proved that LMBS is a suitable sorbent material for the

recovery of Sr(II) from liquid waste.
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1. INTRODUCTION

Since the Fukushima nuclear accident in 2011,
large amounts of radioactive nuclides have been
released into the environment [1]. The released radio-
active nuclides were deposited on the soil, houses,
trees, plants, water, and other structures [2, 3]. The
development and use of nuclear energy are accompa-
nied by the generation of significant amounts of radio-
active waste that cannot be ignored [4]. Radioactive
strontium (°°Sr) is one of the most dangerous fission
products because of its high fission yield (4.5%),
medium half-life (28.9 years), emission of high-
energy beta rays, and high solubility in water [5]. In
addition, °°Sr quickly accumulates in human bones
through the food chain as it resembles calcium; caus-
ing blood and bone cancers [6]. To guarantee that the
presence of 2°Sr in drinking water does not exceed the
Environmental Protection Agency’s upper radioactiv-
ity level of 0.3 Bq L', which is equivalent to about
0.057 ppq (parts per quadrillion), therefor is very
important to remove low concentrations of *°Sr from
natural water which contains a high level of competing
species (Mg?" and Ca®") [7]. Moreover, the presence
of higher quantities of metals in the water/soil leads to
severe diseases and can irreversibly endanger environ-
mental ecosystems [8].

Therefore, for nuclear safety and avoidance of
environmental pollution, specific and efficient treat-

ments for strontium in the aquatic environment must
be developed [9]. A different techniques have been
used to remove *°Sr from contaminated water, such as
adsorption [10, 11], chemical precipitation [12], sol-
vent extraction [13], membrane processes [14], and
ion exchange [15], etc. Adsorption is regarded as the
most promising technique for radioactive wastewater
treatment as it can reduce large volumes of waste into
a more stable solid form considering its ease of use,
affordability, effectiveness, and high capacity.

Therefore, the development of different stable
adsorbents is essential for °°Sr decontamination, par-
ticularly those inorganic ones with high selectivity,
high adsorption affinity, and high thermal, chemical,
and radiation resistance [16]. Strontium has been
removed from aquatic environments using various
kinds of organic and inorganic adsorbents, such as
natural zeolites, porous carbon composites, graphene
oxides, ammonium molybdophosphate composites,
hydroxyapatites, and sodium titanates [9, 17, 18].

Composite ion exchangers based on silica are
regarded as the most effective ones for the selective
removal of heavy metals from wastewater [ 19—21]. The
impregnation of different metal ions inside silica layers
to prepare effective sorbent materials such as MgSi
[22], SiSb [23], and ZrSiSb [24], was previously car-
ried out. Still, the impregnation of Li, Ba, and Mg
inside silica layers has not been carried out yet to
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Table 1. Conditions for the synthesis of different sorbents and their % S.E. of Sr(Il) at 200 mg L~!, ¥/m = 100 mL g,

shaking time 24 h, and at room temperatures

Samples
Solutions and % S.E.
S-1 (MCBS) S-2 (MCAS) S-3 (LMBS) S-4 (LMBSC)

LiCl, [0.5 M] 0mL 0 mL 100 mL 100 mL
MgCl,6H,0, [0.5 M] 250 mL 250 mL 100 mL 100 mL
CdCl,2.5H,0, [0.5 M] 250 mL 250 mL 0mL 0mL
AlCl;-6H,0, [0.5 M] 0mL 250 mL 0mL 0 mL
H;BO; [0.5 M] 250 mL 0 mL 100 mL 100 mL
Na,Si05'9H,0, 10% (W/V) 250 mL 250 mL 100 mL 100 mL
CMC, 4% (W/V) 0 mL 0 mL 0 mL 400 mL
% S.E. 32.8 22.5 98.5 75.6

obtain a lithium magnesium boron silicate (LMBS) as
a novel sorbent material with high sorption efficiency
to Sr(Il) from aqueous solutions. In this paper, the
sorption behavior of Sr(II) from aqueous solutions
onto prepared LMBS sorbent was studied. Character-
ization of the synthesized sorbent has been done by
using different tools. Under various batch experimen-
tal conditions, LM BS sorbent was applied for the sep-
aration of Sr(II) from their aqueous solutions.

2. EXPERIMENTAL

2.1. Material. The reagents utilized in this study
were all analytical grades and weren’t cleaned addi-
tionally. For all of the studies, double-distilled water
(DDW) was utilized. Lithium chloride (LiCl), boric
acid (H;BO;), magnesium chloride hexahydrate
(MgCl,'6H,0), cadmium chloride hemi(pentahy-
drate) (CdCl,-2.5H,0), sodium metasilicate nonahy-
drate (Na,SiO5;-9H,0), and carboxymethylcellulose
(CMC) with high viscosity (400—800 cps) (Loba Che-
mie, India). Strontium chloride (SrCl,), aluminum
chloride hexahydrate (AlCl;-6H,0), and hydrochloric
acid (HCI) (Merck, Germany). Sodium chloride (NaCl)
and sodium hydroxide (NaOH) (El-Nasr Co, Egypt).

2.2. Preparation. Different sorbent materials were
prepared using co-precipitation method by dropwise
of equimolar solutions (0.5 M) of LiCl, MgCl,-6H,0,
H;BO;, CdCl,-2.5H,0, and AICIl;-6H,0 to 10%
(W/V) Na,SiO;-9H,0 and 4% (W/V) CMC solutions
by different volumetric ratios as shown in Table 1, with
constant stirring for 2 h. Drops of concentrated HCI
were added to mixture solutions and a white gel was
produced at pH (8.0), and the synthesized mixture was
left without stirring overnight, then washed with
DDW, and dried at 60 & 1°C. After that the dried solid
was converted into H* form by mixing it with 0.1 M
HNO; for 24 h, it was then filtered and washed several
times with DDW to get rid of excess HNO;, finally, it
was dried at 60 * 1°C.
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2.3. Instruments for sorbent and sorbate character-
ization. LMBS sorbent was analyzed with X-ray dif-
fraction (XRD) and attenuated total reflectance
(ATR) spectrum using Brucker XRD diffractometer
D2 Phaser 11, Germany, and Alpha II Bruker, Ger-
many, respectively. Approximately 30 mg of LMBS
sorbent per sample was used to analyze the morpholo-
gies under a scanning electron microscope (SEM)
(JSM-6510A Model, Japan). A Shimadzu DTG-60 H
was used to perform thermogravimetric (TGA) and
differential thermal analysis (DTA) on LMBS sorbent.
Using alumina powder as reference material (20 mg)
samples were tested from the ambient temperature up
to 800°C with a heating rate of 10 deg/min in N, atmo-
sphere. The concentration of Sr(II) was determined
using an atomic absorption spectrophotometer (AAS)
(model S series, thermos electron copration, England).

2.4. Sorbents choice. For choosing the best sor-
bents of the differently prepared samples, a batch
experiment was carried out by mixing 0.05 g of all pre-
pared samples with 5 mL of Sr(II) at 200 mg L~! with
V/m =100 mL g~! in a shaker thermostat (Kottermann
D-1362, Germany) at 298 + 1 K. After 24 h, the solu-
tion is separated at once from the solid. Hence, the
concentration of the tested ions was determined using
AAS. Equation (1) can be used to compute the % sorp-
tion efficiency (S.E.) [25];

%S.E. = (Mj %100,

Co

(1)

where C,and C;are the initial and final concentrations
of Sr(II) in solution respectively, and the data are tab-
ulated in Table 1. These data exhibit that four sorbent
materials: magnesium cadmium boron silicate
(MCBS), magnesium cadmium aluminum silicate
(MCAS), lithium magnesium boron silicate (LMBS),
and lithium magnesium boron silicate @CMC
(LMBSC) were prepared by the co-precipitation
method. A great improvement in the % S.E. of Sr(1I)
LMBS sorbent, therefore LM BS sorbent was chosen
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for all experimental tests. Also, the data presented in
Table 1 indicated that the % S.E. of Sr(II) onto differ-
ently prepared samples has sequence; LMBS >
LMBSC > MCBS > MCAS, these results prove that
an improvement carried out to the LMBS sorbent by
adding of lithium, while cadmium, aluminum, and
CMC may be caused blocking to active sites.

2.5. Point of zero charges (PZC). To determine the
point of zero charges (PZC) for LMBS sorbent, differ-
ent samples (10 mL each) from 0.1 M NaCl were pre-
pared in the pH range (1—12) using 0.1 M HCl and/or
NaOH, then 0.1 g of the LMBS sorbent was stirred with
each sample for 24 h at room temperature. The solutions
were filtered and the pH of the filtrates was measured
(pH final). The difference between initial pH; and
final pH; (ApH = pH;— pH;) was plotted against pH;.
The point of intersection at which ApH 0 is called
pHch‘

2.6. pH titration. The investigation of pH titration
for LMBS sorbent was achieved by using the NaOH-
NaCl system according to Topp and Pepper method
[26]. 0.1 g of LMBS sorbent was shaken with each of
the various 10 mL NaOH—NacCl systems. The pH of
the solution was measured by a lab pH meter after one
day until reached equilibrium.

2.7. Chemical stability. Different solvents were used
to study the chemical stability of the LMBS sorbent
such as alkaline, mineral acids, and some organic sol-
vents, by shaking 0.2 g of solid with 20 mL of different
solvents for about 3 days at 25 £ 1°C. The amount of
LMBS sorbent released into the solution was deter-
mined gravimetrically [22].

2.8. Sorption studies. Several factors, such as pH
(1-6), temperatures (25—65°C), and shaking time (2—
60 min) are examined to obtain the optimum sorption
conditions. The sorbent and the sorbate solution were
contacted in a batchwise way and after sorption, the
samples were separated from the solution by filtration.
All equilibrium measurements were performed by
shaking 0.05 g of LMBS sorbent with 5 mL of Sr(IT) of
the initial concentration of 200 mg L~! with V/m = 100
mL g~! in a shaker thermostat (Kottermann D-1362,
Germany). In this investigation, all the tests were
duplicated twice to ensure the validity of experimental
data. The capacities at any time 7 (g,, mg g~') and equi-
librium (g,, mg g~"') of Sr(II) retained on the LMBS
sorbent were determined utilizing the next equations,
respectively [25, 27]:

g = (C, - )Y, )
m

g. = (C, - CHE, 3)
m

where C, and C, are the equilibrium concentration and
concentration at any time ¢ of Sr(II) in the aqueous
solution (mg L™!); respectively; V is the volume of the
solution (L), and m is the mass of the dried adsorbent (g).

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY

2.9. Saturation capacity and thermal stability.
Repeated batch equilibration of 200 mg L~! Sr(II) was
shaken with LM BS calcined at a different temperature
ranging from (50—600°C), in ¥/m =100 mL g!, tem-
perature 25°C, it was then performed until no further
sorption of Sr(II) for capacity measurement. The
value of g, was computed from Eq. (3). The saturation
capacity of the LMBS sorbent could be determined by
Eq. (4), using the total number of times added new
volumes (n).

Saturation capacity = Z q.. 4)

e=1

2.10. The distribution coefficients. The distribution
coefficients (K;) as a function of pH were obtained
from Eq. (5) [28, 29]:

K, :(MJK (mL/g). 5)
C m

In this equation, Vis the solution volume (mL).

2.11. Desorption studies. Desorption of Sr(II)
loaded onto LMBS sorbent was investigated by a batch
method at a fixed temperature of 25 *+ 1°C, using
many eluenting agents with a volume-to-sorbent ratio
of 100 mL g~!'. The used eluents are 0.1 M of (HCI,
NaCl, MgCl,, CaCl,, BaCl,, EDTA, and AICl,).
Loaded LMBS sorbent (0.05 g) was mixed with 5 mL
of these eluents for 24 h, then the two phases were sep-
arated and the concentration of Sr(II) was detected in
the solid phase (C,) and the supernatant (C,), mg L.
The % of desorption was computed using Eq. (6) [30]:

% Desorption = (%j %x100. (6)

d

2.12. Column applications. Applications of chro-
matographic column were assumed as follows, 0.5 g of
LMBS sorbent was put in a glass column. 500 mL of
Sr(IT) with an initial concentration of 200 mg L~! at
optimum pH 5 was passed through LMBS sorbent at a
flow rate of 0.25 mL min~', all bottles were collected
and the concentrations were measured. The values of
breakthrough capacity (BTC, mg g~') were computed
by the formula [31, 32];

BTC = V5 ﬁ, @)
m

where Vs, and m are the effluent volume at 50%
breakthrough (L) and the quantity of the column bed
per gram, respectively.

DDW and various HCI concentrations (0.01, 0.05,
0.1, 0.25, and 0.5 M) were utilized to release the sorbed
Sr(IT) from the columns of LMBS at the same flow
rate of column applications (0.25 mL min™!).
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Fig. 1. (a) XRD analysis, (b) ATR spectrum before and
after loading with Sr(I1), and (c) TGA and DTA analysis of

LMBS sorbent.

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY

3. RESULTS AND DISCUSSION
3.1. XRD Analysis

The crystalline nature of LM BS sorbent was exam-
ined using X-ray diffraction (XRD) as shown in Fig. 1a.
It was found that from this figure LM BS sorbent pos-
sesses a crystalline nature and shows many sharp peaks
centered at 13.89°, 22.26°, 25.63°, 31.69°, 33.66°,
37.57°, 45.42°, 52.51°, 56.6°, 57.72°, and 75.39°
related to Miller index indications 101, 220, 102, 401,
330, 003, 440, 630, 314, 550, and 544, respectively,
with COD 9004367, with a matching of pure uvite that
has a chemical formula [Alsq,6B3;Cag7,6Crg 021 Fo.015-

H 85Li0.057M83 186N 255033.085515 586 T0.033Vo.201] Pre-
pared by MacDonald et al. [33], confirming their
crystalline nature with the hexagonal system.

3.2. ATR analysis

The ATR analysis of LM BS before and after sorp-
tion of Sr(II) was signified in Fig. 1b. Indeed, the cor-
responding infrared spectrum shows an absorption
band at 3594 cm™! attributed to the OH stretching
mode (V(OH)) of lithium hydroxide [34]. The peak at
1620 cm~' was due to the H—OH bending vibrations of
the adsorbed water molecules [35]. A broad band at
1389 cm™! due to the stretching vibration of [B—O]
bonds in the triangle and metaborate groups [36]. The
band appearing at 960 cm ™! is due to the vibrations of
bending modes of B—O—B links in the network of
borate [37]. Four bands were noticed at 469 cm™! (Si—
O out-of-plane deformation), 800 cm ™' (Si—O bend-
ing), 960 cm™! (Si—OH stretching), and 1061 cm™!
(Si—O—Si asymmetric stretching) [38]. The band at
521 cm~! due to Si—O—Mg (bending vibration) [39].
FT-IR analysis shows that the spectrum either of
LMBS before or after loading of Sr(II) is approxi-
mately the same with a very slight shift except for the
peak observed at 589 cm~! which confirms the sorp-
tion of Sr(II) onto the surface of LMBS sorbent.

3.3. Thermal Analysis

Figure lc represents thermogravimetric analyses
(TGA) of LMBS sorbent heated at the rate of
10°C/min, via a two-stage process for LMBS sorbent.
The first stage (49.6—190.4°C) is a result of the elimi-
nation of H,O physically adsorbed onto the surface of
the LMBS sorbent [22], and the weight loss in this
region is (11.56%). In the second stage (190.4—
701.1°C) as a result of the loss of chemically bonded
H,0 [32], at this region there is a weight loss of about
(6.25%). Differential thermal (DTA) shows one endo-
thermic peak at (153.6°C) due to loss of free H,O, This
peak resembles the bentonite dolomite composite’s
thermal analysis synthesized by Abass et al. [40]. From
the data of TGA in Fig. 1c, the weight loss for LMBS
sorbent continued up to 700°C. The weight loss of
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LMBS sorbent with the heating temperature that a
(17.815%). This weight loss was obtained when the
sample was calcinated at 700°C.

3.4. Surface Morphology

SEM pictures of LMBS were represented in Fig. 2
at many magnification powers (%500, <1000, and
%x2000). The pictures show a non-homogeneous dis-
tribution of the lithium, magnesium, and boron parti-
cles (white) on the silica sheets (grey). At magnifica-
tion power of X500, the surface of LMBS appears to
have very small porous, by increasing the magnifica-
tion power at X1000 and %2000, the particles were
rugged, sharp, and possess intermolecular distances
that support the physical sorption of Sr(II) on LMBS.

3.5. Point of Zero Charges (PZC) Detection, Sr(1l)
Speciation, and pH Titration

PZC for LMBS sorbent provides us with more
information about the ionization of functional groups
and their interaction with Sr(II). Plots of ApH vs pH;
as represented in Fig. 3a to determine PZC for LMBS
sorbent, the value of ApH increased with increasing
pH; then reduced and PZC was determined at pH 3.73.
These data agreed with the sorption of Sr(II) onto
LMBS sorbent as seen later.

The speciation of Sr(II) was achieved by the
MEDUSA program at a pH range (1—12) and ionic
strength of 0.001 as illustrated in Fig. 3b. The data
showed that the speciation of Sr(II) has no precipitate
at pHs (1—12) [41]. The concentration of H* ions was
reduced with increasing pH values and at pH value 9,
H* ions disappeared as well, and at pH 5, OH™ ions
started to increase with the formation of species
(SrOH™) at pH 9.3.

Figure 3¢ shows the pH titration of LM BS sorbent.
The X-axis characterizes the number of millimoles of
0.1 M NaOH passed through per gram of LMBS sor-
bent and the Y-axis shows the pH of the effluent. The
data show only one inflection point indicating that the
LMBS sorbent has one function group for the sorption
of Sr(Il). This behavior is similar to cerium(IV)
molybdate [42] and SnSiMo [43].

3.6. Chemical Stability

The chemical stability test for LMBS sorbent
toward different reagents (Table 2) reflected that the
prepared sorbent was very stable in many organic sol-
vents, alkalis, and common mineral acids. Table 2
shows that LMBS sorbent has relatively high stability
to chemicals compared to other sorbents [25].
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Fig. 2. SEM images of LM BS sorbent at different magnifi-
cation powers (a) X500, (b) x1000, (c) x2000.

3.7. Influence of pH

The sorption efficiency (% S.E.) of Sr(II) on the
synthesized LMBS sorbent from aqueous solutions
was investigated as seen in Fig. 4a. As seen in this

2024



6 ABASS et al.

2.5~ 100 (a)
(a)
2.0} . 0
/ \ 80 -
1.5+ . .
4 L
__u /
a 1.0+ 0 S
/ S 60t
05 . AN
-/ \
0 le—o—e :—.—.—.—.—.—.—.—:
./'7‘ 40 -
—
0.5 PZC =3.73
1 23 4 56 7 8 9 1011 12
1- pH;
()
oL
—1f HF
LY ERN OH™,
S 3 N &5
5 *\ %
QO)D —4r \\\ SI'2+ ®
o)
= 5k "
6} SrOH
& 84, 298 K
=7k N i -%-318 K
—8F \\ /'/' 811 1 1 1 1 1 1 1 1 1 "I"3|38|K
L L at 1L L Sl 0 5 10 1520 25 30 3540 45 50 55 60
1 23 4 5 6 7 8 9 1011 12 Shaking time, min
pH 100 - 120
(c) 118
1r el 90 |
L 116
10 - e 80| 114
9L P m 70k +412 ‘OI)
an) : %) 410 g’
as8r a R 60 ;
) 18 =
o s0f 16
]
6r 14
40 —=— % S.E. 15
s -*-ge, mgg!
1 1 1 1 1 1 1 1 1 1 1 30 1 1 1 | | | | 0
01 2 3 4 5 6 7 8 910 0 05 1.0 15 20 25 3.0
Volume of NaOH added Ionic strength, M
Fig. 4. Sorption of Sr(1I) onto LMBS sorbent: (a) effect of
Fig. 3. (a) Plots of ApH vs pH; for PZC, (b) speciation at pH on the % S.E., (b) effect of shaking time on the % S.E.,
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Fig. 4, there was an increase in the % S.E. with all experimental work was performed at pH 5. Further-
increasing pH (1—5) from 31.7 to 98.7%. Above this more, it was found that at small pH values, the % S.E.
pH value, no change was observed for the % S.E and  of Sr(II) is small which is due to the protonation of the
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Table 2. Chemical stability of LMBS sorbent in different
solvents

Solvents % Solubility

DDW Below detection limit
Ethanol 1.1

Methyl ethyl ketone 2.15

0.5 mol/L HNO; 0.99

3 mol/L HNO; 5.55

0.5 mol/L HCI 2.1

3 mol/L HCI 6.28

0.5 mol/L KOH 3.5

1 mol/L KOH 18.6

surface of LMBS sorbent and the increase of H;O"
ions in the aqueous solutions. As a result of the posi-
tively charged surface sites, H;O" and Sr(IT) competed
for the available binding surface active site, resulting in
decreased Sr(II) sorption. As the initial pH value
increased, the concentration of H;O" ions decreased

while the concentration of OH™ ions increased, caus-
ing sorbent surface deprotonation; such results indi-
cate that the surface of the LM BS sorbent has a nega-
tive charge. Which enhances the attraction between
the sorbent’s surface and the positively charged Sr(II)
in the solution. These data are compatible with the
PZC of LMBS sorbent (3.73).

3.8. Effect of Shaking Time

The influence of shaking time on % S.E. of Sr(II)
on the synthesized LMBS was performed at different
temperatures (298—338 K), C, = 200 mg L', V/m =
100 mL g~!, shaking time (5—60 min), and pH 5, the
obtained data are given in Fig. 4b. The % S.E. of Sr(II)
on the synthesized LMBS sorbent increases with time
and attained equilibrium at ~30 min. There is a rapid
increase in the rate of Sr(II) uptake onto LMBS sor-
bent with time from 5 to 25 min, a slow increase in
time was observed from 25 to 30 min, and the uptake
hasn’t changed above this time, for additional experi-
mental work, 30 min used to be the equilibrium time.
In addition, the data show that the % S.E. of Sr(1I) on
the synthesized LMBS sorbent increases with tem-
perature reflecting the endothermic nature of the

sorption process. The increase in adsorption with
increasing temperatures up to 65°C is due to increased
penetration of Sr(II) inside pores at higher tempera-
tures or the creation of new active sites [44].

3.9. Influence of lonic Strength

The plots between the % S.E. and amount uptake
(g., mg g 1) of Sr(II) onto LMBS sorbent and the ionic
strength of NaCl (0.01—3 M) are shown in Fig. 4c. The
experiment was performed at [C, =200 mg L=, V/m =
100 mL g~!, shaking time 30 min, and pH 5]. Figure 4c
exhibits a great decrease in the % S.E. and ¢, of Sr(I1I)
with rising ionic strength leading to ionic strength
dependence, the strong ionic strength dependence is
mainly dominated by B-plane sorption [45].

3.10. Thermal Stability and Saturation Capacity

The saturation capacity of LMBS sorbent that was
calcined at temperatures (50, 200, 400, and 600°C)
toward Sr(II) was determined at 25 + 1°C and the
results are summarized in Table 3. A significant
decrease in capacity was seen with increasing calcining
temperatures, which corresponded to the degradation
of the water content in TGA&DTA data [46]. LMBS
sorbent has a good retention behavior up to 600°C,
and this behavior reflects its thermal stability. Also,
the data on the saturation capacity of LMBS calcined
at different temperatures are higher than that reported
by Abass et al. [35].

3.11. Kinetic Study

Pseudo-1st-order and pseudo-2"¢-order were uti-
lized to investigate and analyze the computed data
from the sorption of Sr(IT) onto LMBS sorbent at dif-
ferent reaction temperatures and can be calculated
from Egs. (7) and (8) [47]:

, 7
2.303 7

IOg(qe - qt) = Ique -
Lo L1 (8)

q: que q.
in which, K; (min~') and K (g mg~' min~!) are the rate
constants of two kinetic models. Plotting log(g. — ¢,)
and t/q, against ¢ for pseudo-1st-order and pseudo-

Table 3. Effect of calcining temperatures of LMBS sorbent on the saturation capacity of Sr(I1I)

Calcining temperature, °C Weight loss, %
50 Nil
200 3.35
400 12.1
600 16.1

Saturation capacity, mg g~! % Retention
144.1 100.0
134.5 93.3
130.3 90.4
113.0 78.4
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2"_order linear relations, respectively as shown in
Fig. 5. The plot of pseudo-1%-order relations displays
straight lines with a bad linearity while the pseudo-
2"d_order plot illustrates straight lines with a good lin-
earity. K;, K, and R? computed from these plots were
tabulated in Table 4. These data reveal that pseudo-
2"d_order kinetic is the major mechanism, as R? for
Sr(II) is high and closer to unity and more than the
pseudo-first-order model as well as the values of g,
(cal.) for pseudo-2"4-order very close to g, (exp.). This
means the adsorption of Sr(II) onto LMBS sorbent is
controlled by a chemisorption process [48].

3.12. Thermodynamic Studies

The linear relation between InK; of Sr(II) onto
LMBS and 1000/T were shown in Fig. 6a based on
Van’t Hoff relation [49]:

ASE_AHZ )
R RT

where AS°, AH°, R, and T are the entropy change of
adsorption, enthalpy change of adsorption, gas con-

stant, and absolute temperature, respectively. As rep-
resented in Fig. 6a, K, of Sr(1I) improved with rising
temperature from (298—338 K). This enhancement of
the adsorption process is related to the acceleration of
previously slow adsorption steps and the formation of
new active sites on the surface of LMBS [50]. From
both slopes and intercepts of the straight lines exhib-
ited in Fig. 6, A H° and AS° were computed and repre-
sented in Table 5. The positive values of A H® reflect
the endothermic nature of the adsorption process [50].
The positive values of AS° indicate the increased ran-
domness of the solid solution interface during the
adsorption of Sr(II) onto LMBS sorbent [50]. The
data in Table 5 reveal that the value of A H° for Sr(1I)
onto LMBS sorbent is 47.56 kJ mol~! at pH 5 which
indicates the presence of another mechanism for the
adsorption of Sr(II) onto LMBS sorbent beside the
ion exchange mechanism [51]. The free energy change
of specific adsorption (AG°) was calculated using
equation (10):

AG° = AH° -TAS". (10)

The negative values of AG° presented in Table 5
reveal that the adsorption process is spontaneous and

Table 4. Kinetic parameters and correlation coefficients (R?) for pseudo-1%-order, and pseudo-2"9-order models for the
sorption of Sr(I1I) onto LMBS sorbent at different reaction temperatures

Reaction ( ) Pseudo-1%-order Pseudo-2"9-order
q. (exp.
temperature, K ¢ q. (cal.) K; R g, (cal.) K, R?
298 19.75 3.66 0.059 0.985 19.85 0.055 0.997
318 19.88 3.29 0.053 0.969 19.89 0.061 0.997
338 19.98 3.93 0.096 0.852 20.23 0.064 0.999
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY 2024
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Fig. 6. (a) A plot of In K against 1000/T for sorption of Sr(II) onto LMBS sorbent [Cj = 200 mg L V/m =100 mL g’l, and pH = 5]
and (b) desorption of Sr(II) loaded onto LMBS sorbent using different eluents.

reflects the desirable adsorption of Sr(1I) onto LMBS
sorbent compared with the H* ion [52].

3.13. Desorption Studies

The desorption of Sr(Il) loaded onto LMBS sor-
bent using many eluent agents was performed in a
batch technique and the data were exposed in Fig. 6b.
The data show that the Sr(II) is difficult to release
from the surface of LM BS by rinsing with AICl;. While
it is easily released by rinsing with NaCl, MgCl,,
CaCl,, BaCl,, and EDTA solutions. The great desorp-
tion of Sr(IT) from the loaded on LMBS sorbent was per-
formed using 0.1 M HCl as eluent. Hence, the efficiency
of the used desorbing agents to release Sr(II) from the
loaded LMBS follows the order: HCI (96.8%) > NaCl
(69.8%) > MgCl, (63.3%) > CaCl, (62.1%) > BaCl,
(57.0%) > EDTA (44.4%) > AICl; (5.1%).

3.14. Chromatographic Applications

The breakthrough curve for Sr(II) (200 mg L)
sorbed onto the LMBS column was represented in Fig. 7a.
Figure 7a represents the plot of the percent concen-
trations of Sr(Il) in the effluent to the feed solution
(C/C, %) vs effluent volume, V' (L). The BTC for the
Sr(IT) was calculated using Fig. 7a and using Eq. (7)
and was found to be 134.2 mg g~!. By comparison
between the capacity performed by batch and column
methods, the BTC is lower than that of the saturation
capacity, this is related to the speed dynamic motion of
Sr(II) through the column bed. Also, the BTC of pres-
ent work is higher than the BTC of Sr(II) through the
binary system (Pb—Sr) and multicomponent system
(Pb—Cd—Co—Zn—Sr) using P(AA-AN)-talc nano-
composite [35].

The elution data for Sr(II) were examined in Fig. 7b

using DDW and various HCI concentrations (0.01,
0.05, 0.1, 0.25, and 0.5 M). From Fig. 7b no release of

Table 5. Thermodynamic parameters for the sorption of Sr(II) onto LMBS sorbent

Temperature, K AH°, kJ mol™! AS°, I mol~! K! AG®, kJ mol™!
298 —21.66
308 —23.98
318 47.56 232.3 —26.31
328 —28.63
338 —30.95
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Fig. 7. (a) Column operation for loading of Sr(II) sorbed onto LMBS sorbent at 25 £+ 1°C and (b) chromatographic elution of
Sr(11) sorbed onto LMBS by H,O and different concentrations of HCI at 25 + 1°C.

Sr(IT) by DDW. A slight release of Sr(1I) was observed
using (0.01 and 0.05 M) of HCI as eluents, while a
great release of Sr(I) was observed using (0.1 and 0.5 M)
of HCI as eluents. In addition, Fig. 7b reveals that at
0.5 M of HCI, the column packed with LM BS sorbent
becomes free from any Sr(I1I). Therefore, LM BS sor-
bent it can be used for chromatographic applications
as a best sorbent for the recovery of Sr(II) from liquid
waste.

4. CONCLUSIONS

LMBS sorbent was fabricated by co-precipitation
technique. LMBS was characterized and used for
batch sorption of Sr(II) from aqueous media. The
sorption data of Sr(II) confirms that LMBS has an
equilibrium time of 30 min, applicable for pseudo-2"9-
order kinetic, and thermodynamic parameters have
spontaneous and endothermic. Solutions of HCI show
optimum desorption of Sr(II). Finally, column appli-
cation results prove that Sr(II) can be loaded and sep-
arated from an aqueous solution using various concen-
trations of HCI as a desorbing agent. The investigation
supported that LM BS sorbent is suitable for the recov-
ery of Sr(II) from liquid waste.
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