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Abstract—Recently, there has been an increasing concern in finding sorbents for radionuclide removal from natural
sources. AS-BES sorbent (aluminum silicate composites derived from blast furnace slag) is a suitable candidate for this
purpose; due to economic and environmental reasons. Blast furnace slag (BFS) is a by-product of the iron and steel
industry plants. The development of a cost-effective route for recycling and utilization assessment of BFS is an urgent
task. AS-BFS was prepared from BFS and its physicochemical properties were determined. The elemental composition
of the AS-BFS is mainly oxygen (44%), Si (34%), and Al (19%), with traces of titanium, iron, chloride, and calcium.
Experimental potentiality regarding sorption characteristics of AS-BES to thorium ions was explored via the batch
method. AS-BFS showed good adsorption capacity for thorium (obtained after 240 min) from aqueous streams (39.7
mg/g). The sorption process is fitted to the mono-layer adsorption model at optimum conditions. It was also proved
that adsorption kinetics follows the pseudo-second-order model. The desorption results revealed that thorium ions
(93%) could be eluted using 1 M HNO,. Hence, the research work indicates that the thorium sorption method with
AS-BFS is cost-effective, efficient, and recommended for thorium removal from natural sources.
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INTRODUCTION

Thorium is a naturally radioactive element used in various nuclear
operations. It has different radioisotopes of mass numbers ranging
from 209 to 238; among them, **Th and **Th are the most stable
isotopes. *Th is the parent primordial radionuclide, it is 3 to 5
times more abundant than uranium. The major thorium ores are
Thorite (ThSiO,, Th wt%=71.59), Thorianite (ThO,, Th wt%=87.88),
Allanite (Ca(REE,Ca)AL(Fe*",Fe™")(Si0,)(S,0,)O(0OH), Th wt%=
0.1-2), Monazite ((Ce, La, Nd, Th)PO,, Th wt%=7.83), and Zircon
(ZrSiO,) [1-5]. The radioactivity inherent in thorium is a major
factor impeding its use in industrial applications, but these proper-
ties may also make it a candidate for use as an alternative nuclear
tuel in nuclear reactors in place of uranium. It is predicted that tho-
rium may be able to replace uranium in the future as nuclear fuel
in nuclear reactors. Thorium’s long-term use would improve dra-
matically if it became usable as a nuclear fuel. Thorium compounds
have several uses such as catalysts, high-temperature ceramics, weld-
ing electrodes, electron tubes, photoconductive films, airport runway
lighting, high-refractive glass, detectors, and X-ray tubes. Thorium
use is normally restricted in most of these materials due to issues
about its natural radioactivity.

Contamination of water bodies with radionuclides has become
a significant and emerging issue increasingly important during the
past few years [1,5,6]. In addition to thorium natural sources, tho-
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rium applications produce different thorium liquid and solid waste
which may contaminate the aquatic system. Thorium is non-essen-
tial metal and may cause several health impacts. The U.S. Environ-
mental Protection Agency (EPA) has set a maximum contaminant
level for thorium in drinking water at 15 pCi/L (picocuries per liter)
[7-9]. Thorium is removed from the aqueous solution by different
separation methods. The key methods for thorium recovery are
solvent extraction [10], ionic liquid [11], sorption and ion exchange
[4,6,12,13], and precipitation [5].

Sorption is the primary separation method for thorium because
of its realistic, environmental and strategic advantage [4,6]. Sorp-
tion mechanisms usually involve all ways in which substance ions
or molecules (adsorbate or sorbate) tie the surface or volume of
other material (adsorbent or sorbent). As a result, sorption affects
the composition of an adsorbate on the surface of an adsorbent.
Sorption then transfers the compound concentration (or adsorbate)
from the liquid phase (or adsorption medium) to another solid phase
(or adsorbent) [14,15].

The production of solid absorbers capable of remediation of tho-
rium is one of the safest methods of mitigating water pollution. The
finding of replacements for thorium rehabilitation from natural
sources has recently become more knowledgeable. Recent interest
has been placed on the development of sorting systems that use
natural thorium separation systems of metal oxide, chitosan, alu-
mina, silica, activated carbon [16,17]. Among natural adsorbents,
silica and alumina-based sorbents have received considerable atten-
tion because of their mechanical, chemical, and textural properties
in addition to availability, nontoxicity, and cheap price [14,18-23].
Mesoporous materials have attracted expanding importance within
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the past years and have seen various potential uses in different fields.
Mesoporous silica and/or alumina-based adsorbents are some of
the most promising materials used in environmental remediation
and nudlear engineering for thorium and uranium separation [20,
21,23].

High quantities of by-products or slags (mainly solid products)
are produced by iron and steel-making plants, along with pig iron
and steel as the main products. Research on waste recycling sys-
tems, driven by environmental and economic considerations, has
recently gained considerable interest. Blast furnace slag (BFS) is a
by-product of iron and steel industry plants. The development of a
cost-effective route for recycling and utilization assessment of BFS
is an urgent task. BFS contains variable amounts of elements (such
as iron, silica, alumina, manganese, calcium, magnesium) in the form
of oxides, ferrite, aluminate, and silicate, in addition to some heavy
metal elements (such as Cr, As, Cd, Pb). Generally, BES is used in
concrete, agriculture as a soil conditioner and as a fertilizer, and
construction industries. The heavy metal ions in the BFS may have
adverse effects on human health and aquatic life via a potential sea-
water/groundwater contamination, and urgent problems such as
storage and regulations. Hence, the development of new and adv-
anced recycling approaches for waste slags has been required to
promote the sustainable development of the iron and steel indus-
try. Also, in agriculture uses, these slags can induce contamination
of soil by some heavy metal elements found in slags. BFS recycling
has an important role in reducing waste from the environment.
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Fig. 1. AS-BFS synthesis.
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This research was dedicated to the recycling of BES. The pres-
ent work is intended to prepare solid sorbent derived from blast
furnace slag for thorium inclusion from its solution. The chemical
component of BFS from iron and steel making slags is less vari-
able and mainly consists of CaO (40%), SiO, (35%), ALO; (15%),
MgO (5%), FeO (1.5%), Ti (0.8%), and Mn (0.3%). BFS was thus
utilized as a solid sorbent source. Thorium is stripped out of natu-
ral water by the sorbent, AS-BES. The physicochemical properties
of the obtained sorbent were determined using instrumental anal-
ysis. The impacts of different vital thorium sorption parameters were
optimized. It is yet another object of the instant research to pro-
vide a complete kinetic and isotherm characterization of the used
process. This is achieved by the treatment of the batch results by
various models. Another object is to study the reusability of the
waste-based adsorbent.

MATERIALS AND METHODS

1. Synthesis of AS-BFS

From the Helwan factory for iron and steel industries, Cairo,
Egypt, the used BFS was produced. The raw blast furnace slag (BFS)
was first washed, with distilled water, and dried (120 °C) for 24
hours. The dried blast furnace slag was ball-milled at 500 rpm (for
30 min) and sieved using an 80-pum sieve then dissolved 20 g of
fine BFS powder in 400 mL of 3 M HCI (37%, Aldrich product) with
continuous stirring for 3h. A 2M NaOH (97%, Aldrich product)
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solution was added dropwise to the previous solution to get a white
precipitate (pH 5.520.1). The obtained precipitate of aluminum
hydroxide and silicon hydroxide was stirred for 2h at 90°C and 103 F
aged at 50 °C overnight. The slurry was filtered, washed a few times
with de-ionized water until filtrate free-chloride, then twice with
ethanol. The precipitate was filtered, washed, and dried (110°C; 4 h). 97t

The obtained solid was calcined at 500 °C (5 h) to obtain pale grey w il

powder (AS-BFS). The AS-BFS was applied for the adsorption of o1 |

thorium ions from their aqueous solution. Fig. 1 illustrates a cost-

effective route for recycling and utilization assessment of BFS to

produce an aluminum silicate adsorbent (AS-BES). g5 L " . . ) )

2. Adsorption Measurements 3950 3350 2750 2150 1550 950 350

A stock solution of Th(VI) (1,000 mg/L) was prepared by dis-
solving 246 g of thorium nitrate in 1,000 ml of distilled water. Experi-
ments on batch adsorption were done by shaking vials containing Fig. 2. The FTIR spectrum of AS-BFS.
the desired AS-BFS dose in a predetermined concentration of tho-
rium solution, at pH range 1-5, for different time intervals. For a lyzed using a spectrophotometer at A4,,,, 540 nm. In the experiments,
series of bottles containing AS-BFS (10 mg) suspension, 20 ml of the amount of thorium accumulated on the sorbent (uptake, q,)
thorium-containing solution (50 mg/L) was applied to each bottle was calculated by using Eq. (1) from the variation between initial
at various pH values (1-5). For specific experiments, the pH was thorium concentration (C, mg/L) and that remaining in solution
initially adjusted to a fixed value with solutions of NaOH or HNO;. (V; L) after equilibrium with the sorbent (C,, mg/L) [6].

The bottles were shaken at 25 °C, 300 rpm, for 24 h then they were

Wave number (cm™)

filtered and the residual thorium concentration was determined in (C,(r—nig) - Ce(r_r%g)) xV(L)
the filtrate. Thorium ions were determined using UV/Vis spectro- Uptake, q,= s of adsorbent (2) 1)
photometer of type Unicam UV2-100, UK. The concentration of §
thorium was quantified spectrophotometricaly at 4,,,, 540 nm using To measure various kinetics and isothermal parameters, the data
the Thoron I method (Supplementary Information, Fig. S1) [24]. obtained was checked by several models.

For kinetic studies, 20 mL of the thorium solution (100 mg/g)
interacted with 0.01 g of the sorbent at pH (4) for (10-240) min. RESULTS AND DISCUSSION

We filtered the AS-BFS and the thorium concentrations into the
filtrate were analyzed and used in kinetic analysis. The thorium ion 1. AS-BFS Characterization

concentrations of the medium were taken against the time for kinetic The AS-BFS adsorbent was prepared simply and easily from BFS
models. waste of the iron and steel industry (Fig. 1). Dynamic light scatter-
Impact of variable thorium concentrations on the sorption by ing analysis (DLS) was performed to characterize the size of AS-

the AS-BES was studied, suspensions containing AS-BFS 0.01 g in BFS. The average size of the AS-BFS particles was 1,877 nm. The
a series of vials, in each bottle, a solution of 20 mL of 10-300 mg/L FTIR spectrum of AS-BFS (Fig. 2) showed the OH bands at 3,215
of thorium at pH 4 for was stirred for 4 h. The residual thorium ion and 3,760 cm™ (stretch and bend), H,O band at 1,692 cm™ (stretch),
concentration in the samples obtained after equilibrium was ana- and CO, (adsorbed from the air) band at 1,545 cm™". The spec-
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Fig. 3. EDX analysis (a) and XRD (b) patterns of the AS-BFS.
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trum also showed the (Si/Al=0) and (Si-O-Si) bands at 1,054 cm™
(stretch), Al-O-Si absorption bands 678 cm™ (stretch), Al-O; band
at 636.cm™ (stretch and bond), and the Al-O and Si-O absorption
bands at nearly 407, 447, and 512 cm ™" (stretch) [25].

Fig. 3 shows the EDX analysis and XRD patterns and of the
AS-BFS. The EDX analysis (Fig. 3 (a)) shows that the elemental com-
position of the AS-BFS is mainly oxygen (44%), Si (34%) and Al
(19%), with traces of titanium (1.4%), iron (0.6%), chloride (0.4%),
and calcium (0.2%). Fig. 3(b) shows that the AS-BES is amorphous
aluminum silicate or calcium aluminum silicate (broad peak between
22 and 35°) [26]. Other researchers [27,28] also observed similar
results for aluminum silicate composites prepared from other sources.
The wide-angle XRD patterns indicated that the AS-BFS sample
consisted of amorphous aluminum silicate composites [29].

The N, adsorption-desorption model of AS-BFS was measured
at 25°C (Fig. 4(a)). The model gives type IV isotherm (at P/P,>
0.48 up to P/P,=0.97) which indicates homogeneous pore shapes
[30]. This type of isotherm is commonly observed in mesoporous
materials. The existence of mesopore in AS-BFS was also verified
by the distribution of the pore as the majority of the AS-BFS pores
fall within the 3.3-4.1 nm range, Fig. 4 (inset) [31,32]. The specific
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surface area of AS-BFS is 36.5 m’/g, which is a good value com-
pared to that for adsorbents prepared by others such as alumina-
silica gel (16.7 m’/g) [33], synthetic aluminum silicate (16.7 m’/g)
[34]. aluminophosphate (90 m*/g) [35].

Fig. 4(b) shows the thermogravimetric behavior (TGA) of AS-
BFS. One main observed weight-loss stage (11%) of prepared AS-
BES composite happened below 100 °C, which should have been
due to the evaporation of physically adsorbed water molecules. The
second loss stage peak (1%) appeared at 270 °CC introduces the
dehydration of the aluminum hydroxide Al(OH); to ALO; [36].

2. Optimization of Thorium Sorption by AS-BFS
2-1. Impact of pH on Thorium Uptake by AS-BFS

To understand the solution’s pH role in the thorium uptake capac-
ity, different pH values were tested (1-5), Fig. 5(a). The adsorption
sites of AS-BFS with low pH levels compete with H' ions (from
the solution), thus thorium adsorption decreases. Increasing the
adsorption medium pH increases the thorium absorption. The
increase in thorium uptake might be due to the reduction in AS-
BES surface protonation at higher pH values. The experimental
results indicate an optimal pH value of 3.5-4. At the optimum pH,
the uptake capacity of thorium is 29.6 mg/g (Fig. 5(a)).
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Fig. 4. (a) BET (and pore diameter (inset)) and TGA analysis of the AS-BFS sorbent.

40

20 F

Uptake (mg/g)

10 f

Zeta Potential (mv)
-
S}

pH

Fig. 5. Impact of pH on thorium uptake by AS-BFS (a) and zeta potential measurements of the AS-BES (b).
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Fig. 5(b) shows the Zeta potential measurements of the AS-BFS
at various pH. The zero point of charge of the AS-BFS is at about
pH 2, so the surface AS-BFS is positively charged at pH<2 and
negatively charged at pH>2. This value gives AS-BFS the capabil-
ity to adsorb cations at pH>2. The lower uptake at pH<2 may be
due to repulsion between thorium ions and the positively charged
AS-BFS surface, in addition to competition with H" ions (from the
adsorption solution) for the AS-BES active sites. As the pH value
rises, the AS-BFS surface becomes positively charged and compe-
tition with H' ions decreases; consequently, the uptake of thorium
ions by AS-BES increases.

Thorium adsorption relies on pH values and can be correlated
with solution chemistry. At lower pH values (<4), thorium pres-
ents as Th™, Th(OH)", Th(OH),"” and Th(OH)," species. These cat-
ionic species can interact with the adsorbent, so uptake increases.
At higher pH values (>4) different polynuclear thorium species are
formed (i.e., Thy(OH),,*" Thy(OH),s”"). These species have a lower
tendency to interact with the adsorbent, so uptake decreases. A fur-
ther increase in pH led to the precipitation of thorium hydroxide [37].

On the other hand, according to Beardmore et al. [38], two sug-
gested hydroxyl aluminosilicate structures may be formed (Fig. 1).
The Al(OH), dimer with either single or double hydroxy bridge,
and incorporating (Si(OH),) into the structure in the form of Al-
O-S§i-O-Al The other coordinating sites in silica were linked to O-
H groups, Si(OH), [39]. The AS-BFS surface charges became more
negative with increasing solution pH (point of zero charges of AS-
BFS is 2.0), which enhanced the interaction between the thorium
cationic species and the negatively charged AS-BFS surface charges.

The suggested thorium adsorption process on AS-BES can be
caused by either coordination (Eq. (2)) or by the exchange of bound
H" ion on the AS-BFS surface with thorium (as suggested by Eq. (3)).

Th* +[- AS— BFS— OH]—[- AS— BFS—O—Th* H'] )

Th* +x[- AS— BES— OH]—Th[- AS—- BES- O] *+xH" 3)
2-2. Effect of Initial Thorium Ion Concentration

The effect of initial thorium ion concentration (C;) provides the
main driver to resolve all thorium ion mass transfer resistance be-

tween the liquid/solid phases. At various thorium concentrations,
different q, values are achieved; the larger the thorium C, the greater
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Fig. 6. Impact of Th(VI) concentration on thorium uptake by AS-
BES.

Table 1. Comparison of various adsorbents capacities for U(VI) ions

Adsorbent Sorption capacity (mg/g) Reference
Zeolite 9.2 40
gibbsite 0.9 41
tin oxide 62.5 42
Alumina 153 43
AS-BFS 39.7 This work

the number of thorium ions bound to the AS-BFS surface at equi-
librium (Fig. 6).

It is observable that adsorption capacity increases with the rise
in the initial thorium concentration (Fig. 6). Higher C; of thorium
enhances adsorption potential (39.68 mg/g); this may be because
the reaction with the same active site is possible for increased tho-
rium ions. As compared to other natural adsorbents (Table 1), AS-
BES has a large capacity for thorium ions; on the other hand, its
chemical stability, low cost, and ease of synthesis suggest that it may
be a viable adsorbent in thorium removal technology.

2-3. Adsorption Isotherms

Isotherm is an empirical relation that predicts how much solid
sorbent can adsorb solute. The adsorption isotherm as a graph
describes the link of the adsorbed quantity by a unit weight adsor-
bent and the adsorbed quantity remaining in a test medium. The
adsorption isotherm is based on knowledge unique to each system,
and the isotherm must be calculated for all applications. There-
fore, the adsorption isotherm maps the distribution of adsorbate at
different equilibrium concentrations between the liquid/solid phases.
An adsorption isotherm, in addition to offering a designation of
the method, studied succinctly, shows how effective this is for com-
mercial application for the specific solute.

Two models have assessed the monolayer formation of thorium
over AS-BFS surface, Langmuir and Dubinin-Radushkevich iso-
therms [4,6,44,45]. Langmuirs theory (Eq. (4)) is limited to situa-
tions where just a monolayer of ions or molecules adsorbs on an
adsorbent surface. In monolayer adsorption, at moderate concen-
trations, the adsorbed quantity reaches a maximum value, corre-
sponding to the full surface coverage of the adsorbent.
C 1

+

C
Langmuir model: —==—=

— 4
@ Q K Q B

From the Langmuir plots intercept and the slope, Q; and K;
were derived (Fig. 7(a), Table 2). The agreement between the Q;
and q, values, plus R*>0.997, indicates the ability of this model to
explain the adsorption process with a high surface coverage (Lang-
muir surface coverage, =K, C/(1+K;C)) of AS-BFS ranged between
(0.45-0.96), (Fig. 7(b)). The AS-BFSs degree of suitability to thorium
ions was predicted by the Langmuir separation factor (R;) values.
The adsorption of thorium ion by AS-BFS is desirable when the
R; values are within the range 0<R; <1. As seen in Fig. 7(c), R; values
fall in the range of 0.04-0.6, which suggests a suitable adsorption
process.

Another isotherm that describes the monolayer adsorption sys-
tem is the Dubinin-Radushkevich isotherm (D-R). This isotherm
is a temperature-dependent model for the estimation of apparent

Korean J. Chem. Eng.(Vol. 38, No. 11)
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Fig. 7. Langmuir adsorption isotherm (a), Langmuir surface coverage (b) Langmuir separation factor (c), and Dubinin-Radushkevich adsorp-
tion isotherm (d) for thorium ion adsorption by AS-BFS.

Table 2. Adsorption isotherms of thorium ion adsorption on AS-

BFS

Isotherm model Parameters Value

Langmuir Q 41.67
K, 0.081
R’ 0.9978

D-R Qor 38.93
Kpr 4.0 E-08
E 3.54
R? 0.9955

Freundlich K 10
1/n 0.267
R’ 0.9012

Temkin B 6.64
Ap 2.005
R’ 0.9107

adsorption energy (E); also, this isothermal model is used to esti-
mate the characteristic porosity. The adsorption is commonly used
with Dubinin-Radushkevich isotherm by Eq. (5) and (6).

Dubinin-Radushkevich model: Inq,=Inqpz— KDR&‘Z

The apparent adsorption energy: E=

(2 KDR)

1
1/2

®)

©)

Constants such as qpy (D-R capacity, mg/g) and Kp; (D-R con-

November, 2021
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Fig. 8. Effect of time on thorium ion adsorption by AS-BFS.

stant, mol’/kJ?), and E (KJ/mol) were determined from the D-R
plot (Fig. 7(d)), using Eqs. (4) and (5) above, qp; was determined
to 38.93 mg/g, and Ky (4x10™") and, E=3.54 KJ/mol indicating a
physic-sorption process.

Two models were used to test the multilayer formation of tho-
rium over AS-BFS surface, Freundlich (Eq. (S1)) and Temkin (Eq.
(S2)) isotherms (Supplementary information file), and the corre-
sponding parameters were inserted in Table 2. The results obtained
indicate the incompatibility of these models to explain the thorium
ion adsorption by AS-BFS.

2-4. Impact of Time on the Mechanism of Adsorption
To determine the kinetic parameters necessary to design an ad-
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sorption plant, an investigation of the adsorption kinetics is required.
The batch system is widely used for kinetic investigations. In this
system, 0.01 g of adsorbent and 20 mL solution of 100 mg/g initial
thorium concentration were mixed and stirred, while the time
variation of concentration was taken as output (Fig. 8).

Initial fast thorium uptake can be caused by the presence of
vacancy sites on the AS-BFS surface. As the thorium ions filled up
more adsorption sites, the uptake rate became less efficient; this
slow uptake may be due to repulsive forces between the adsorbed
thorium ions and to the diffusion of thorium ions into the AS-BFS
inner surfaces.

2-5. Kinetic Studies

When an adsorption process starts, the reverse is also initiated,
desorption or freedom of adsorbed molecules (i.e., coordinated water
molecules) from the AS-BFS surface starts. After a few times, equilib-
rium is attained, the numbers of adsorbed thorium on the AS-BFS
surface at a time unit corresponds to the number of molecules de-
sorbed or taken off the AS-BFS surface, and the thorium adsorbed
no longer varies in time. It was found that in the first 30 minutes,
the uptake was quick. The AS-BFS surface was packed with more
time and the plateau was obtained after 240 min.

The film, external, porosity diffusion, and/or adsorption regu-
late the kinetics of thorium adsorbed from the solution (solvent-
solute process). Four kinetic models were used to interpret the find-
ings. To calculate thorium distribution, linear regression of differ-
ent kinetic models was chosen, adsorption methods were tested
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Fig. 9. Pseudo-second-order model for thorium ion adsorption by
AS-BFS.

mathematically; the exactness and theory of these kinetic models
were validated. The earliest model of the rate of liquid/solid adsorp-
tion was introduced in the Lagergren model (Supplementary infor-
mation file, Eq. (S3)). The rate kinetic evaluation was also done by
the pseudo-second model using Eq. (7) [44,45].
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Fig. 10. Liquid film diffusion model (a), Intraparticle film diffusion model (b), Elovich model (c), and Bangham model (d) for thorium ion

adsorption by AS-BFS.
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stant) were acquired from the pseudo-second-order model plot (Fig.
9, (t/qy) vs. (t)). The plot gives a straight line with a higher R’ value,
relative to pseudo-first-order, the thorium adsorption complied with
the pseudo-second model. The findings demonstrate that the pseudo-
second-order can be used for thorium/AS-BFS adsorption charac-
terization with a strong regression coefficient value (>0.99).

If the adsorbent is nonporous, adsorption occurs only on the
external surface, the adsorption rate will be controlled by film dif-
tusion onto the aqueous film surrounding the adsorbent. If the ad-
sorbent is porous, adsorption may occur onto the surface and pores.
Two processes, either film diffusion or intraparticle diffusion, typi-
cally regulate the adsorbent rate within porous adsorbents. Both
mechanisms are in practice present, but one mechanism is generally
prevalent. Film diffusion primarily depends on particle size, solu-
tion composition, film thickness, and the effective coefficient of film
diffusion of the ions.

The boundary layer can play a major role in the adsorption pro-
cess during the transport of thorium-ion species from the bulk lig-
uid phase into the AS-BFS surface. The time adsorption data can
be checked by applying the liquid film diffusion equation (Eq. (8)).

KLF

log(1-F)=- 2'303t €]

The value of K. is obtained from the log(1-F) versus (t), where
F is fractional attainment at equilibrium (F=q/q,), Fig. 10(a). In
general, the adsorption processes which are regulated by diffusion
by the liquid film at the adsorbent interface describe when the
plots contain a null intercept line. The liquid film diffusion rate
constant (K;z) is 0.017; the plot gives a straight line (R*>0.92) that
refers to a boundary layer effect; the small intercept (—0.215) indi-
cates that the film diftusion in the studied adsorption process is not
the only slow step. Intraparticle diffusion refers to the rate of diffu-
sion of ions or molecules in the adsorbent matrix. Intraparticle dif-
fusion is typically the rate-control step (slow) for porous adsorbents
and is measured by the Weber-Morris equation, Eq. (9). Intrapar-
ticle diffusion relies on the fixed charge concentration and the par-
ticle-diffusion coefficient, which differ according to the composition
of the adsorbent. Weber-Morris equation or intraparticle diffusion
concerns the diffusion rate of adsorbate within the adsorbent matrix,
Eq. (9) [44].

=kt *+C ©)

Using Eq. (9), initial uptake constant k;; (mg thorium ion per
gram AS-BFS) can be determined from the q, versus the (time)'"”
slope. The intraparticle diffusion (IPD) is the slow phase on a sin-
gle linear plot, where multi plots suggest mixed effects to be rate-
limiting steps (Fig. 10(b)). The Weber-Morris model gives two lines
with intercepts of —4.6996 and 23.019; R? values of 0.9957 and 0.9744,
Table 3. The value of the rate constant of the first linear portion
(K, is 0.3.46 mg/gmin”’. The presence of two straight lines indi-
cates that intraparticle film diffusion does not have much role in
controlling the reaction. The results refer to the effect of both bound-
ary layer (first curve portion) and intraparticle or pore diffusion
(second curve portion) in the adsorption process; therefore, the
adsorption process is controlled by mixed effects.

Elovich equation is valuable when the thorium interaction with
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Table 3. Kinetic models parameters for the Th(IV) adsorption on

AS-BFS

Model Parameters Value
Pseudo-first-order q, (mg/g) 229

k, (min™") 0.017

R’ 0.9266
Pseudo-second-order q, (mg/g) 40

K, (g/mg-min) 0.001

R’ 0.9975
Liquid film diffusion model K 0.017

R’ 0.9266
Weber-Morris model K,» (mg/g-min™’)  6.05, 0.96

C —-4.7, 23.02

R’ 0.9957, 0.9744
Elovich model B (g/mg) 0.14

o (mg/g-min) 7.72

R’ 0.9413
Bangham kinetic model K 8.99

a 0.29

R’ 0.8974

the adsorbent active sites is the slow step [44-46]; Elovich equation
is given by Eq. (10).

The Elovich model: q,= %ln(a[)’) + %ln(t) (10)

Using Eq. (10), and q, versus In(t), Fig. 10(c) initial adsorption
rate (o, mg/g-min) and Elovich constant (4 g/mg) can be calcu-
lated. The large difference between the calculated values of o and
experimental g, suggests that the adsorption mechanism is not de-
fined by the Elovich model very well. Bangham’s model applies to
adsorption schemes in which the slow phase is the IPD. The ad-
sorption data for the Bangham model were added according to
Eq. (11) [44, 46).

IOgOOg(Q—C rinq)) - IOg(z.r;oI;Bv) + alogt (1

where (m) is the AS-BFS weight per liter of thorium solution
(g/L), the constants of Bangham are ¢z and Kj. Fig. 10(d) shows the
plots of the adsorption time data according to the Bangham model.
The Bangham model suggests that boundary layer diffusion par-
ticipates in the adsorption, but not the only one rate-determining
step; a linear plot with zero intercepts refers to an adsorption pro-
cess controlled by that intraparticle diffusion only, otherwise film
diffusion plays a factor in the process. The straight line with a low
R’ value (0.8974) indicates that pore diffusion may not be the slow
step in the reaction rate. Also, the plot has intercept —1.7, and there-
fore, the adsorption process is controlled by mixed effects.

Based on the previously discussed results, which are detailed in
Table 3, it is clear that the values of R” are in the order 0.9975 (pseudo-
second-order), 0.9957 (Weber-Morris model), 0.9413 (Elovich model),
0.9266 (pseudo-first-order), 0.9266 (Liquid film diffusion model),
and 0.8974 (Bangham kinetic model). Thus, the compatibility of
these models with the outcome of the kinetic data will follow the
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same order as follows: Pseudo-second-order>Weber-Morris model>
Elovich model>Pseudo-first-order>Liquid film diffusion model>
Bangham model.
3. Thorium Desorption and AS-BFS Regeneration

Desorption and recycling of adsorbents used ensures cost-effec-
tiveness, limited cost of disposal, and eliminates environmental risks
of thorium ions loaded on AS-BFS. The elution of thorium ions
from the loaded AS-BFS was studied using a batch system. AS-BFS
(5g) was treated with 1 M HNO; solution (100 mL) to recover tho-
rium ions. After 2h, the solution was filtered and the eluted tho-
rium ions were determined. A total of 93% of the loaded thorium
ions were eluted. After washing the AS-BFS with H,O to pH 7, it
is regenerated again and is thus ready for further use in thorium
sorption. In the second and third runs, the uptake capacity is 32.2
and 23.4 mg/g, respectively.
4. Application

Groundwater is used for drinking and other human activities in
southwestern Sinai, Egypt. A water sample from southwestern Sinai
(Wadi Naseib area) was treated with AS-BES at its natural pH value.
The sample was analyzed before and after treatment by induc-
tively coupling plasma optical emissions. The non-treated sample
shows thorium, nickel, copper, cadmium, lead, and iron of 0.3, 17.6,
0.02, 0.01, 0.09, and 2.07 mg/L. After treatment, these values were
decreased to 0.05, 8.4, 0.01, 0.007, 0.03, and 0.5 mg/L, respectively.
These results suggest the promising application of the AS-BES in
the water treatment field.

CONCLUSIONS

Mesoporous aluminum silicate sorbent (AS-BFS) was developed
from an iron industrial by-product and applied for thorium sorp-
tion from its aqueous solutions. The chemical component of BFS
consists mainly of Ca, Si, Al, Mg, Fe, Ti, and Mn oxides. The EDX
analysis of the AS-BFS shows that the elemental composition is
mainly oxygen, silicon, and aluminum, with traces of titanium, iron,
chloride, and calcium. The XRD patterns show that the AS-BFS
consists of amorphous aluminum silicate composites. The N, adsorp-
tion-desorption isotherm of AS-BFS gives type IV isotherm (at P/
P,>0.48 up to P/P,=0.97) indicates homogeneous pore shapes. The
existence of mesopore in AS-BFS is also verified by the distribu-
tion of the pore (3.3-4.1 nm). The relevant conditions for the tho-
rium sorption of (pH, time, concentration, and reusability) were
studied and optimized. Furthermore, kinetic and isotherm model-
ing were tested to determine the nature of the thorium/AS-BFS
interaction. The adsorption of thorium on AS-BFS was found
strongly affected by initial pH and thorium concentration. The maxi-
mum uptake capacity is obtained after 240 min. AS-BFS showed
high uptake capacity of 39.67 mg of Th(IV) ions per gram of AS-
BFS. The overall kinetic analyses refer to pseudo-second-order ad-
sorption of thorium on AS-BFS controlled by mixed steps. The sug-
gested mechanism of thorium adsorption on AS-BFS may be due
to either coordination or by the ion exchange on the AS-BFS sur-
face with thorium. The results show that D-R and Langmuir iso-
therms are applicable to characterize the monolayer surface coverage
of AS-BES by thorium ions. Temkin and D-R parameters indicate
the physical adsorption of thorium on the AS-BFS surface. The de-

sorption results revealed that thorium ions could be eluted using
1 M HNO,;. Hence, the research work conveys that the proposed
adsorption method using AS-BFS is suitable for the thorium sorp-
tion from contaminated water bodies.
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Thorium Determination

Thoron I method is one of the most commonly spectrophoto-
metric methods employed for thorium determination. Thoron I
reacts with Th(IV) in an acid medium to yield a red, water-solu-
ble complex, which forms the basis for the spectrophotometric
determination.
Reagent:

1. Thoron I: 0.1% aqueous solution.

2. Ascorbic acid solution: 1% aqueous solution.

3. Stander Th(IV) solution: 1,000 ppm solution of Th(IV) was
prepared by dissolving 2.46 g of Th(NO,),-5H,0 in 1L of
bidistilled water acidified with 5 mL of conc. HNO,.

4. Tartaric acid solution: 1% aqueous solution.

Procedure:

1. Place the sulfate-free sample solution in a 50-ml volumetric
flask.

2. Add 2 mL of ascorbic acid solution and mix well.

3. Add 2 mL of tartaric acid solution and mix well.

4. Add 4 mL of Thoron I solution and mix well.

5.Add sufficient hydrochloric acid to make its concentration
0.25 M after dilution to the mark with bidistilled water.

6. Measure the absorbance of the colored solution at A, 540
nm, using a reagent blank solution as a reference.

Calibration Curve

To a series of 50 mL volumetric flasks add; 1, 2, 3, 4, or 5mL of
50 ppm standard Th(IV) solution; 2 ml of ascorbic acid solution;
2 ml of tartaric acid solution; 4 ml of thoron I solution and suffi-
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Fig. S1. Calibration curve of Th(IV) with Thoron L.

cient hydrochloric acid to adjust its concentration at 0.25M after
dilution to the mark with bidistilled water. Measure the absorbance
at A,,,=540 nm using a reagent blank as a reference (Fig. SI).
Freundlich Isotherms

Freundlich isotherm model was used to test the multilayer for-
mation of thorium over the AS-BFS surface (Eq. (S1)).

Freundlich isotherm: logq,=logK+ (ﬁ)logce (S1)

Freundlich-type isotherm is dlassified by the term K; (Freundlich
constant adsorption) and 1/n (intensity of adsorption capacity).
Values of (1/n<1) represent favorable adsorption and values (1/n)> 1
represent unfavorable adsorption. Fig. S2 shows the equilibrium iso-
therm obtained.

Temkin Isotherm

Temkin Isotherm is an early registered isotherm that indicates that
the adsorption heat (/) is minimized linearly by increasing cover-
age. In the following equations, the Temkin isotherm is used.

q.= %FIHAT-F glnCZ=MnAT+ﬂnCe (82)

Using the Temkin plot of Eq. (S2) above, the constant A (Tem-
kin binding constant), b (Temkin constant), and f were calculated.
The value of b is 373.03, and =6.64 (are <20kJ/mol) and A;=
2.005 confirming the physic-sorption process nature (Fig. S3).
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Fig. S2. Freundlich adsorption isotherm for thorium ion adsorption
by AS-BFS.
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Fig. S3. Temkin adsorption isotherm for thorium ion adsorption by Fig. $4. Pseudo-first-order model for thorium ion adsorption by AS-
AS-BFS. BEFS.

Pseudo-second Model (Lagergren Model)

The earliest model of the rate of liquid/solid adsorption was intro-
duced in the pseudo-second model or Lagergren model, the depen-
dence of log(q,—q,) with (t), Eq. (S3).

k
log(q,~q))=log(q)) - 57553t (83)

qu> theoretical Lagergren capacity and k; Lagergren constant were
acquired from the Lagergren plot (Fig. $4, log (q.—q,) vs (t)).



