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Abstract

The current investigation concerns with preparation eco-friendly and cost-effective adsorbent (mesoporous silica nanoparticles
(Mes-Si-NPs)) based on black liquor (BL) containing lignin derived from sugarcane bagasse and combining it with sodium silicate
derived from blast furnace slag (BFS) for thorium adsorption. Thorium ions were adsorbed from an aqueous solution using the
synthesized bio-sorbent (SBL), which was then assessed by X-ray diffraction, BET surface area analysis, scanning electron
microscopy with energy dispersive X-ray spectroscopy (EDX) and Fourier transforms infrared spectroscopy (FTIR). Th(IV) sorption
properties, including the pH effect, uptake rate and sorption isotherms across various temperatures were investigated. The maximum
sorption capacity of Th(IV) on SBL is 158.88 mg/L at pH value of 4, 328 K, and 60 min contact time. We demonstrated that the
adsorption processes comport well with pseudo-second-order and Langmuir adsorption models considering the kinetics and
equilibrium data. According to thermodynamic inspections results, the Th(IV) adsorption process exhibited endothermic and random
behavior suggested by positive AH® and AS° values, while the negative AG° values indicated a spontaneous sorption process. The
maximum Th(IV) desorption from the loaded SBL (Th/SBL) was carried out at 0.25 M of NaHCO5 and 60 min of contact.
Sorption/desorption processes have five successive cycles. Finally, this study suggests that the recycling of BFS and BL can be
exploited for the procurement of a promising Th(IV) adsorbents.

1. Introduction

Thorium (Th(IV)) has low radioactivity, occurs naturally and widely distributed over the earth's crust, making it roughly three times as
plentiful as uranium (Liu et al. 2014) (Mastren et al. 2018) (Mastren et al. 2017). Th(IV) has widespread application in an extensive
palette of disciplines, including radios, optics, aerospace, chemistry, metallurgy, nuclear industry, nuclear medicine and materials
research, giving it both scientific and economic significance. The accumulation of massive amounts of trash around the world has
exacerbated the pollution crisis, as this garbage has the aptitude to ascend the food chain and be consumed by human beings,
where it can cause long-term harm to vital organs and even death (Baybas & Ulusoy 2011) (Keshtkar & Hassani 2014). Harmful
Th(IV) pollution is significant because it bioaccumulates in human tissues via the food chain. After being exposed to Th(IV), human
liver cells proliferated at a rate that was 40-60% higher than usual (Rezk 2018). Consequently, the separation and recovery of Th(IV)
from radioactive wastewater has substantial scientific and practical importance.

Precipitation (Hamed et al. 2016), solvent extraction, membrane separation (Li et al. 2018), ion exchange (Ang et al. 2018), and
adsorption (Ding et al. 2019b) (Varala et al. 2019) are just a few of the methods developed recently for Th(IV) extraction,
preconcentration, and separation from wastewater. Chemisorption systems are the most ubiquitous method for Th(IV) elimination
from fluids because they are simple and straightforward technologies with a convenient process, increased practicability, pricing,
and prospective removal routine (Xiong et al. 2017). The luckiness of this layout improves the efficiency with which the extraction is
accomplished. This means that a line-up consisting of silica nanoparticles (Gomez et al. 2018), natural polymers, and magnetically
sorptive materials (Atta & Akl 2015) (Wu et al. 2013) are ready to capture Th(IV) with the required level of efficiency. However, many
of these materials suffer from flaws that limit their effective enforcement in environmental therapies, such as poor selectivity Th(IV)
adsorption and limited chemical stability in powerful alkaline and acidic conditions. Consequently, designing a high-efficiency
sorbent for thorium removal that has the right sorption capacity, exceptional selectivity, and pH is an exciting task.

To that end, the scientists' focus has been dragged toward waste management in an effort to preserve the planet. Waste
management strategies include source reduction, proper disposal, and pollution elimination or mitigation (Ding et al. 2019a).
Adsorption methods are first developed for Th(IV) recovery to extract radioactive components from liquid waste (Kaynar et al. 2021).
A wide variety of sorbents have been used to purge radioactive elements from wastewater, including activated carbon (Omar &
Moloukhia 2008), algae (Kim et al. 2019), modified nanoparticles (Xia et al. 2020), zeolites (Jiménez-Reyes et al. 2021), imprinted
mesoporous silica (Yang et al. 2017), and so on. As a result of their wide availability, low cost, and low impact on the environment,
adsorbents made from biomass waste have also attracted a lot of interest (Khosravi et al. 2022). The bagasse from sugarcane
production is a type of agricultural waste that could be processed into silica. It's been asserted that natural silica is entirely harmless
to handle and inexpensive and easy to produce with readily available materials. Using waste biomass to create mesoporous SiO, for
removing contaminants from aqueous solutions aids in both preserving an eco-friendly environment and repurposing waste streams
to treat additional waste streams (Rahman et al. 2015).
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Meanwhile, mesoporous bio-silica, an inorganic substance consisting of Si and oxygen, has gained a lot of interest since it is safe to
use, stable, biocompatible, and easy to produce (Niculescu 2020). Mesoporous materials, i.e., porous materials with pore size at 2-
50 nm, have garnered significant interest in a wide range of scientific disciplines over the past two decades (Boissiere et al. 2011)
(Kwon et al. 2010) (Liang et al. 2006) (Liu et al. 2011) (Ma et al. 2011) (Yang et al. 2011). These substances were used to purge
waste solutions of Th(IV). Moreover, mesoporous silica nanomaterials are unique families of attractive porous silica featuring very
large specific surface areas, mechanical and thermal durability, extremely consistent pore arrangement, strong sorption capacity, and
extraordinarily wide prospects of functionalization (Thirumavalavan et al. 2011) (Walcarius & Mercier 2010) (Yousefi et al. 2009).
Because of these benefits, mesoporous silica is a great substrate for thorium extraction from geological and environmental samples.
Solid-phase extraction has been reported to be used for Th(IV) recovery and preconcentration (Ghasemi & Zolfonoun 2010) (Jiang et
al. 2019) (Lin et al. 2010). Mesoporous molecular screens (AI-MCM-41) were investigated for their ability to adsorb Th(IV). According
to the findings, Th(IV) sorption on AI-MCM-41 was an endothermic and spontaneous process that reached equilibrium in 12 hrs (Zuo
et al. 2011). Correspondingly, the produced nanoporous ZnO was used to remove Th(IV) from waste solutions, whereas nano tin
oxide was used to remove Th(IV) and U(VI) ions from water (Kaynar et al. 2015) (Nilchi et al. 2013).

This investigation intended to prepare mesoporous silica nanoparticles (Mes-Si-NPs) using sugarcane bagasse-produced lignin with
sodium silicate. This technique provides improved Mes-Si-NPs with pores and inner cavities for Th(IV) uptake from its solution. Also,
Mes-Si-NPs was utilized for assessing the best sorption parameters of Th(IV) using the batch adsorption technique. Also, the
isotherms and kinetics studies are studied for Th(IV) sorption on the synthesized Mes-Si-NPs.

2. Materials and methods
2.1. Materials

Fluka AG in Switzerland was the source of the 36.5% hydrochloric acid, 98.0% ascorbic acid, 99.0% tartaric acid, and 99.0% Thoron.
None of the precursor or reagents used in this work have undergone any extra purification procedures.; they were all of the analytical
grades. The blast furnace slag (BFS) purchased from Helwan Company for Iron/ steel production (Helwan, Egypt). Sugarcane
bagasse black liquor (BL) was gathered from the Qous company for paper industry (Qena, Egypt). To prepare a Th(IV) stock solution
od 1000 mg/L, we dissolved 0.2535 g (Th(NO3) ,.6H,0) from Sigma-Aldrich into 100 mL of acidified de-ionized water (DW) with 10
mL of 36.5% HCI.

2.2. Extraction of Na,SiO3 from Blast Furnace Slag (BFS):

Granulated blast furnace slag (GBFS) was grinded, and sieved only to grains with particle size of > 50 pym (Amdeha et al. 2021). The
chemical composition of BFS utilized in this study's is presented in Table S1. GBFS was treated with excess hydrochloric acid (3M)
to elute metal components as expressed in the following equation:

Slag + HC!I (excess) — CaCly + SiOy | +MCl,

Filtered solution contains CaCl, and other metal chlorides (M Cl,, with M = Al, Mg, Fe, Mn, etc.). Silica was filtrated out in gel form
since it is not soluble in acid. After numerous rounds of washing with de-ionized H,0 and C,H5;OH to remove any remaining acid,
silica gel was dried at 120°C overnight. The obtained silica used as precursor of sodium silicate for preparation of Mes-Si-NPs
adsorbents. Where the silica was then dissolved in a 5 M NaOH solution at 90°C for 2h, according to the following equation:

Si09 + 2NaOH — NaySi0O3 + HyO

2.3. Black liquor-containing Lignin Extraction

Black liquor (BL) containing lignin is produced as a waste of paper and pulping process (EI-Nemr et al. 2020) (Jonglertjunya et al.
2014). Firstly, spent sugarcane bagasse was sieved through a 60-mesh screen after drying at 70°C in electrical furnace overnight
and milling for 3h. The subsequent processes gained the black fluid. 30 g of sugarcane bagasse powder were placed within a
polytetrafluoroethylene-lined (PTFE-lined), 400 mL hydrothermal autoclave. The autoclave was filled with 240 mL of 5M NaOH and
heated to 150°C for 3 hrs to facilitate a hydrothermal reaction. Allowing the autoclave to reach room temperature before filtration
leads to almost complete separation of cellulose from the black liquor is in the form of a solid precipitate (Fig. S1). Lignin content in
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black liquor is = 6.6 g according to NREL (National Renewable Energy Laboratory) analytical technique (= 22% lignin from
sugarcane bagasse waste).

2.4. Mesoporous silica nanoparticles (Mes-Si-NPs) preparation

Sol-gel technology was used to make mesoporous silica particles (Zhu et al. 2017). For one hr, 30 g of sodium silicate (Na,SiO5)
were added to a BL containing lignin, and the mixture was agitated constantly at a pH =~ 13. The solution was then acidified with 3M
H,S0, to precipitate lignin and SiO, together (The initial pH of BL was 12-13 while the final pH of BL was adjusted to pH = 7). The
resulting colloidal precipitating reagent in the solution is a lignin/silica composite. The precipitate was centrifuged separately after
an hour at 70°C. The precipitate was purified by washing several times with DW to remove any remaining contaminants before the
lignin/silica composite was collected. To remove any remaining organic matter, the composite was calcined for 3 hrs at 700°C in air
furnace; the resulting white product is Mes-Si-NPs (Fig. S1).

2.5. Characterization

Thorium contents in the original and removed samples measured by UV-vis spectrophotometer (Metertech Inc., model SP-8001,
Taiwan) (Marczenko & Balcerzak 2000). mesoporous silica’s crystal structure was studied with a Philips PW1390 X-ray
diffractometer. Dynamic light scattering measurements with a Zetasizer Nano ZS was used to calculate the sorbent's zeta-potential
(Malvern Instruments Ltd., Malvern, UK). Using a Quanta Chrome Nova 3200 analyzer, N, adsorption/desorption isotherms at 77 K
were examined to evaluate the textural properties of Mes-Si-NPs. Using a Nicolet Nexus-870 FTIR spectrometer (USA), The functional
groups of the materials under study was investigated using Fourier transform infrared (FTIR) spectroscopy. The elemental
composition and interaction mechanism of SBL adsorbent before and after adsorption was carried out using X-ray photoelectron
spectroscopy (Thermo Fisher Scientific; USA). Physical morphology of sorbent beads was assessed by Scanning Electron
Microscopy (SEM) while the chemical composition of SBL before and after thorium adsorption was investigated with Energy
Dispersive X-ray spectroscopy (EDX).

2.6. Adsorption studies

In adequate glass beakers, 0.1 g of silica bio-adsorbent (SBL) was incorporated with 200 mL of Th(IV) working synthetic solutions
whose concentrations range 50—400 mg/L at various temperatures to conduct targeted adsorption studies. At 200 rpm, the prepared
mixtures were stirred using mechanical stirrer. 20 mL of sample solution is repeatedly removed at specified intervals and in pH
ranging of 1-7. The used SBL adsorbent was filtered after each experiment to remove any tiny particles before being examined for
the adsorbed metal ions. Multiple experiments are used to determine the desired levels of significant variables that affect the
adsorption process, including pH, contact time, dose amount, initial Th(IV) concentration, and solution temperature. The mean value
was always implemented in studies, which were all done in triplicate. whereas the analogous experiments are carried out to
determine the Th(IV) equilibrium isotherm via mixing 0.1 g of SBL adsorbent with 200 mL of a different Th(IV) solution
concentration at a temperature range of 298-328 K. In these studies, the mixture is agitated to equilibrium for a contact time of up
to 3 hours. The following equation was used to determine how much Th(IV) was absorbed by the SBL adsorbent (mg/L):

\%
q. = (CO _CB) —
m

Where g, is the metal uptake (mg/g), Cyand C, are the initial and equilibrium (mg/L) Th(IV) concentrations in the solution,
respectively, solution volume (L) expressed by Vand mis the mass (g) of the SBL adsorbent.

2.7. Desorption and reusability studies

The loaded SBL adsorbent from the previous adsorption step was subjected to desorption in order to evaluate the desorption
characteristics of Th(IV). NaHCO4 is used as an eluent for metal-loaded sorbent. Each desorption run is achieved by shaking 0.2 g of
SBL adsorbent saturated by Th(IV) with 20 mL of 0.25 M NaHCO;4 for 1 hr at 25°C and shaking speed 200 rpm. After filtering Thoron
is used to measure Th(IV) concentration spectrophotometrically in filtrate. The following equations were used for estimating the
regeneration quantity (RE) and desorption efficacy (DE):

g; X m
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RE =2 100

4.
Where g,4(mg/g) is the sorption capacity for metal-loaded material (before desorption experiment) and g, (mg/g) is the sorption

capacity at the first cycle, Cp (mg/L) is the Th(IV) concentration in the eluate. Between each sorption and desorption cycle,
demineralized water was used for rinsing.

Between each sorption and desorption cycle, demineralized water was used for rinsing. Th(IV) sorption and desorption efficiencies
were evaluated through five successive sorption-desorption cycles using the same sorbent in order to evaluate the reusability of the
sorbent. According to the experimental sorption conditions, 400 mL of a 50 mg/L Th(IV) solution and 0.2 g of sorbent must be mixed
for 60 min before metal analysis and a mass balance calculation are performed. Then the desorption step cycled as reported above.
The value obtained for the first cycle was compared to the sorption efficiency after five regeneration cycles.

3. Results and discussion
3.1. Sorbent description

3.1.1. XRD analysis

XRD pattern of the mesoporous-SBL adsorbent was illustrated in Fig. 1. The diffraction spectrum of mesoporous-SBL exhibited a
major broad peak at 26 = 24°. Due to crystalline silica not forming at a low calcined temperature (700 °C), the large diffused peak
indicated that only amorphous silica had formed (Proctor et al. 1995). On the other hand, silica starts to crystallize above 900 °C,
and the calcination temperature has a significant impact on this process (Bakar et al. 2016).

3.1.2. BET and BJH analysis

Textural features of the Mes-Si-NPs sorbent were examined using BET measurements (Fig. 2). According to the Langmuir
classification, the sorption and desorption patterns might be categorized as H1-type isotherms. The isotherm showed a hysteresis
loop characteristic. A long extended cylindrical pore type is a characteristic of this type of isotherm. The surface area (Brunauer-
Emmet-Teller, or BET analysis), pore volume (Barrett, Joyner, and Halenda, or BJH analysis), and average pore diameter were
determined using the N, adsorption isotherm method. Specific surface area (SSAgg7) of mesoporous SBL was found to be 42.96

m?2/g with an average pore diameter of =~ 1.5 nm (i.e., the pore size distribution profile showed a monomodal class). Moreover, the
pore volume of 0.074 cm3/g.

3.1.3. SEM & EDX Studies

The most dependable and practical method for assessing the physical morphology of sorbent beads is SEM. In addition, as shown
in Fig. 3a,b mesoporous SBLs surface and physical structures were examined using SEM. It displayed different compositions and
structures, as well as distinct roughness. The mesoporous SBL skeleton was built from various unrelated pieces with varying
diameters. In addition, the photograph taken after the SBL was uptake with Th(IV) shows that the figure was constructed from
aggregate particles with bigger interstitial holes.

Chemical composition of SBL before and after thorium adsorption was investigated with EDX, as shown in Fig. 3c,d. Before
adsorption, the chemical constitution of SBL was discovered. Only Si (31.81%) and O (68.19%) peaks were noticeable from the data
in Fig. 3c; no other peaks were found. The only silica structures that contain SiO, tetrahedra have an approximate 1:2 silicon to
oxygen atomic ratio, and the 1:2 ratio of SBL demands that two tetrahedra share each oxygen atom in silica (Douglas & Ho 2006). It
indicates that the prepared SBL is highly pure. After Th(IV) adsorption on the adsorbent, the chemical composition change Fig. 3d
that there was a distinct peak of Th(IV) on the adsorbent spectrum. Th(IV) adsorption on SBL was confirmed by the occurrence of a
Th(IV) peak.

3.1.4. FTIR analysis
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FTIR spectroscopy was implemented for studying SBL and Th/SBL, and the results are shown in Fig. 4. In the SBL spectrum, a
prominent peak at about 1103 cm™" is observed, which is the stretching Si-O asymmetric vibrational band (Das & Das 2015). The
peak at 823 cm™! is Si—0, the symmetric bending vibration owing to the motion of oxygen atoms (Moncada et al. 2007). The peak at
505 cm™ is Si-0-Si bending vibration (Thambiliyagodage et al. 2020). The broad peak at around 3375 cm™" was contributed to the
O-H stretching vibration band. The peak at 2350 cm™" can be originated from absorbed water (Qasim et al. 2015). FTIR spectrum of
the prepared silica after calculations suggested that prepared SBL is pure and free from organic matter.

After Th(IV) adsorption, as shown in Fig. 4 (Th/SBL spectrum), the -OH vibration band for the sorbent was reduced to 3369 cm™’,
which could be caused by the linkage of Th(IV) to the SBL surfaces. Additionally, intense peaks were identified at 1381 cm™" for
Th/SBL; this peak matched to the Th-O vibration band of Th(IV), demonstrated that Th(IV) adsorption on the SBL adsorbent
occurred. (Pool et al. 2005). Also, other peaks that appeared at 630, 580, and 550 cm™ " give a good evidence for adsorption of
Th(1V) on the SBL adsorbent surfaces.

3.1.5. XPS analysis

X-ray photoelectron spectroscopy (XPS) is one of the most popular spectroscopic techniques because of its capability to
differentiate among the various chemical states employing experimentally determined chemical shifts. The chemical compositions
of SBL sorbent and its complexation with Th(IV) were investigated by XPS (Fig. 5a). XPS spectra of prepared sorbent showed C 7s
(287.22-290.35 eV), O 75(534.20-536.68 eV) (Jensen et al. 2013), Si 2p (105.13-109.14 eV), signal obtained before and after
Th(IV) complexation. Unexpectedly, the detection of two signals at 534 eV and 105 eV, respectively, that together constitute the O 7s
and Si Zp signals, demonstrates that the sorbent contains silicon and oxygen components. The absorbed Si 2p signal at 105.13 eV
reveals the existence of pure SBL (Jensen et al. 2013) (Kanungo et al. 2010) (Pal et al. 2014).

The O 7s spectral signal peak absorbed at 534.2 eV clearly shows increased oxygen contribution with porous silica (Jensen et al.
2013) (Pal et al. 2014). Table S2 shows the binding energies (BEs, eV) and atomic fractions (%) of SBL and Th/SBL. The XPS
atomic analysis of SBL exhibits the ratio Si (27.98%) / O (59.78%) is 2.13, whereas the SBL stoichiometric ratio is 2.0. Figure 5a and
Table S2 summarize the XPS survey scan spectra of mesoporous SBL and the deconvoluted bands of Na 7s, Cl 2p, Si 2p, C 7s, and
0 7s, signals (from High-resolution (HRES) XPS spectra). According to survey scans, the substance is mainly silicon and oxygen
with tiny contamination from carbon, sodium, and chlorine.

Meanwhile the Si Zp spectrum is deconvolved, it reveals two primary components that correspond to a Si-C bond at 101.08 eV and a
Si-0/Si-0-C bond (silicon oxide/silicon oxycarbide) at 102.08 eV, respectively. The oxycarbide phases may have grown on the film's
surface as due to of prolonged contact with environment. (Avila et al. 2000) (George et al. 2002). For Si 2p spectra in Fig. 5a, only
one chemical structure corresponding to the Si oxidation state Si(IV) was clearly observed at a binding energy of 105.13 eV
(Campbell et al. 2009) (Rellergert et al. 2010).

The thorium sorption on SBL is confirmed by the incidence of Th 4f peaks at 339.86 eV. The distinctive doublets of Th 4f5,,and Th
4f,,, are depicted at 344.82 and 335.45 eV in Fig. 5b, providing strong evidence that Th/SBL formed. (Hu et al. 2022) (Liu et al.
2022). Notably, a small amount of chloride (Cl 2p) is presented in both spectra (SBL and Th/SBL); it may be due to the usage of DW
during the sorbent preparation.

3.2. Thorium sorption properties
3.2.1. Effect of pH

The sorption of thorium species by a particular sorbent is significantly influenced by the pH. The Th(IV) adsorption uptake for the
mesoporous SBL was measured for the pH range of pH (1-7) at room temperature, 200 mL of 50 mg/L Th(IV), and 0.1 g porous
SBL dose, for 3 hrs contact time (Fig. 6a). From the data, at pH < 3, Th(IV) adsorption capacity on porous SBL gradually decreased to
a low value. The reduced rate of Th(IV) adsorption is reasonably understood in the light of competence between the hydrolyzed

thorium species (Th(IV), Th(OH),?* and Th(OH)3*) on the mesoporous SBL binding sites as well as the increased solubility of the
thorium species (Kaynar et al. 2023). At pH > 3, the negative surface charges on the porous SBL start to increase, and Th(IV) uptake
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capacity increased due to the increase of the attraction between the thorium cationic species and porous SBL. Due to the fact that
Th(IV) were initially precipitated at pH >4 in accordance with the species distribution for Th(IV) hydrolysis, the capacity of thorium
ions to bind to mesoporous SBL declined as pH increased >4 (Ding et al. 2019c).

Moreover, Zeta potential and pH effect were examined to pH values 8 in the desired system. As shown in Fig. 6b, the zeta potential
corresponding to the pH of SBL sorbent was determined at 2 to 8 with a surface charge between +6 mV to - 42 mV. When the
surface charge was decreased gradually till pH > 2.8, the negative charge of the sorbent surface was increased. Hence, the pH of the
point of zero charges (pHpZC) was measured at 2.8. As the pH continued to decrease from pH,,, the surface charge remained
slightly positive charge (<+ 6 mV). Meanwhile, increasing the pH above pH = 2 (Fig. 6a) affected the surface charge (Zeta potential)
and negative charge increase to - 42 mV. The porous SBL had a negative charge; in the interim, the pH persisted larger than the
PHpc that might be appropriate for Th(IV) adsorption; this indicated that the surfaces would be negatively charged and
functionalized with Si-0, which is beneficial for the sorption of thorium ions due to electrostatic attraction and chemical sorption.
Consequently, the best sorption pH for Th(IV) is 4.

3.2.2. Contact time impact and kinetics

The Th(IV) adsorption is shown as a function of time in Fig. 7a. The contact duration between the Th(IV) solution and the solid
sorbent is crucial to the Th(IV) adsorption reaction because it may reveal the kinetics of interactions between the surface sorbent
and Th(IV). For this purpose, contact time effect on Th(IV) adsorption onto Mes-Si-NPs was investigated at 50 mg/L Th(lV), pH = 4,
and 0.01 g sorbent. The uptake of Th(IV) ions reached about 64.25 mg/g of the uptake plateau within 30 min. The abundance of
active sites on the adsorbent surface may be the cause of the initial promptly adsorption. There are three kinetic characteristics
steps, which can be summed up as follows:

Due to the significant initial concentration difference between the solution and the surface-active sites, the accessible external sites
initially exhibit rapid initial sorption and a nearly linear increase in sorption capacity with time. Mainly, in the first 30 min, about
64.25 mg/g of the total sorption of the sorbent. Secondly, slowly increase with increasing sorption time (till 30-60 min), representing
more than 92.0 mg/g of total sorption associated with a decrease in the concentration gradient and mesoporous in the polymer
network. Lastly, for the adsorbent, the adsorption capabilities were fixed after 60 min, whilst the further time increment had no effect
on the adsorption of Th(IV). Therefore, the equilibrium experiments require 60 min of contact time. The resulting adsorption/time
data were fitted using the simplified intraparticle diffusion equations (sIPDE) kinetics, simplified pseudo-second-order linear
equations (sPSOLE), and simplified pseudo-first-order equations (sPFOLE) (Weber and Morris) (Sen et al. 2017). Figure 7b-d
describes the kinetic profiles for the sPFOLE, sPSOLE and sIPDE using the kinetic linear equations for the three models and model
parameters summarized in Table S3. The performance of the straight line (R?) was utilized to evaluate each model's validity, which
was higher in sPSOLE than those of sPFOLE and sIPDE, as well as the consistency between experimental and calculated values of
qe; the sorption capacity (g,.,) was closer to the experimental sorption capacity (qe,exp) for the sPSOLE. So, the data revealed that
the sPSOLE model was ideal for describing the sorption. As shown in Fig. 7b,c and Table 1, the adsorption data suggested that the
rate-limiting adsorption step followed the pseudo-second-order model.

The adsorption process would be governed by intraparticle diffusion; in contrast, the regression of g,vs t%°in the intraparticle
diffusion model is linear and passes through the origin. The positive values of C show that intraparticle diffusion was not the only
rate-controlling step, as shown by R? of 0.925 in Fig. 7d (Sen et al. 2017). These results reveal that the sPSOLE was an ideal model
for describing the sorption process. A chemisorption reaction involving valence forces for sharing or exchanging electrons through
complexation between the sorbent surface and metal ions is suggested to have taken place during the sorption of Th(IV).

Table 1
Kinetics parameters for Th(IV) sorption on mesoporous SBL
sPFOLE sPSOLE sIPDE
kq Ge R2 ka Qe R? Y Kint R2
0.0624 111.17 0.907 79x10-4 102.04 0.997 2.06 11.742 0.925
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3.2.3. Sorption isotherms

Th(1V) ion adsorption isotherm on the examined sorbent at different Th(IV) concentrations (50—400 mg/L), pH = 4, 1 hr contact time,
and different temperatures (298-328 K) are shown in Fig. 8a. Sorption isotherms illustrated whereby Th(IV) combined with Mes-Si-
NPs, and it provided the required essential materials for the strategy of the Th(IV) adsorption system. They describe the relationship
between the equilibrium Th(IV) concentration in the solution (C,) and the amount of Th(IV) adsorbed onto the sorbent (g,) at a fixed
temperature. Utilizing the linear versions of the Langmuir, Freundlich, and Temkin equations, the sorption processes were examined
(Ding et al. 2019c). Table S4 reports and expresses the linear forms of the Langmuir, Freundlich, and Temkin equations. The fitting
of experimental profiles using the Langmuir, Freundlich, and Temkin equations is shown in Fig. 8b,c,d.

The uptake of Th(IV) ions went up with increase Th(IV) concentration and also increased with rising temperature as the initial and
equilibrium concentrations regularly increased, according to the adsorption curves at different temperatures. As the driving force
elevates, enough energy is generated between solution and the active sorption site (Fig. 8a). The maximum uptake of SBL toward
Th(IV) was found to be 158.88 mg/g at 328 K.

Langmuir, Freundlich, and Temkin models are plotted in Fig. 8, and their relevant parameters are reported in Table 2. The uptakes (g,)
for Langmuir (104.16, 117.65, 135.14, 151.52 mg/g) at 298, 308, 318, 328 K were nearer to the experimental uptakes (g, ), Which

are 106.33, 122.03, 143.70, and 158.88 mg/g, respectively. Moreover, R? for the Langmuir generally has higher coefficients than the
Freundlich and Temkin coefficients, regardless of sorbent type and temperatures. These findings indicated that SBL was
homogenous in solutions, and the Th(IV) sorption technique followed the Langmuir isotherm. Additionally, it argues that a finite
number of identical sites are dispersed over the sorbent surface and that metal sorption occurs through monolayer uniform sorption.
Additionally, the Langmuir constant values (b) related to the sorption energy greater than 0.05 L/mg indicate that the higher force
between the sorbent and the adsorbate results from chemical interaction (Araujo et al. 2018) (Rangabhashiyam et al. 2014). These
results indicate that the sorption is favorable at a high temperature (i.e., increasing interaction of reactive groups with Th(1V)), hence
it is anticipated that the sorption will be endothermic.

Temkin isotherm proposes the assumption that the surface covering affects the sorption's free energy. The constant Arreflects the
initial sorption heat for the sorbent; the A;values are decreased with increasing the temperatures to 328 K. Hence the lower affinity
of the sorbent to the sorbate (Araujo et al. 2018) (Rangabhashiyam et al. 2014). Furthermore, R? values are the smallest when

compared with the R? of Langmuir and Freundlich models. The data showed that the Temkin model did not fit the experimental data.
The obtained data illustrates that sorption processes are fitted well with the Langmuir isotherm model.

Th(IV) sorption isotherm parameters fc;rraLbe:ﬁ;muir, Freundlich and Temkin equations
Temp. Gexp Langmuir isotherm Freundlich isotherm Temkin isotherm
®) (mg/g) Gmax b R? n ke R? Ar Kr br g2
(mg/g) (L/mg) (mg/g) (J/mol)  (L/mg)

298 106.33 10416  0.158 0.996 298 2477 0.985 19.98 1.75 1.24 0.933
308 122.03 117.65 0.171 0.994 289 2735 0.995 23.19 1.65 110  0.958
318 143.70 135.14 0.185 0.993 3.74 41.62 0.976 21.86 1.52 121 0.923
328 158.88 151.52 0.194 0.993 3.42 43.87 0.988 25.27 1.44 108  0.932

3.2.4. Temperature impact and sorption thermodynamic

The temperature impact was assessed for Th(IV) sorption at different sorption temperatures (298, 308, 318 and 323 K). The
maximal sorption capacity increases with increasing temperature, as seen in Fig. 8a. Hence, the sorption process is endothermic for
each temperature. The thermodynamic equilibrium constant, K, for the sorption is determined from the experimental data. The Van't
Hoff equations is used to study the thermodynamic parameters (enthalpy change (AHP), entropy change (AS°), free energy change
(AG®), as follow:
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Figure S2 illustrate the linear curve of /nK, vs. 1/T. A good fit of experimental data is obtained and permits the determination of
thermodynamic parameters of Mes-Si-NPs sorbent in Table 3. AH° value is +28.39 kJ/mol, which confirms the endothermic nature
of the sorption process, and the reaction becomes more favorable at high temperatures. The entropy change is +0.209 kJ/mol,
which indicates an increase in randomness after Th(IV) sorption at the solid/liquid interface and the feasibility of adsorption. Also,
AG° values range from - 33.89 to - 40.16 kJ/mol, indicating the spontaneous sorption reaction. The —AG"® values increased with
increasing temperature, confirming that the sorption spontaneity increased.

Table 4 investigates and contrasts the sorption characteristics of Th(IV) for various sorbents. It is challenging to make a direct
comparison considering the experimental conditions (such as sorbent dosage, duration, pH, and solution composition) are not the
same. However, the maximum sorption capacities of the comparing adsorbents are in the term uptakes (g;,,,,) among the most
efficient Th(IV) recovery from acidic solutions (at pH =~ 4). This is shown that mesoporous SBL has a good sorption activity with the
advantages of a low-cost and facile synthetic method.

Thermodynamic parametergz?l'ﬁlf(lv) sorption by SBL sorbent
Temp. (K) AHe (kJ/mol) AS° (kJ/mol K) AG° (kJ/mol) TAS® (kJ/mol) R2
298 28.39 0.209 -33.89 62.28 0.974
308 -38.98 64.37
318 -38.07 66.46
328 -40.16 68.55
Table 4

Maximum sorption capacity for Th(IV) ions with selected sorbents
Adsorbent Uptake (mg/g)  Ref.
Organophosphate polymer 27.84 Luca & Hanna 2015
Modified mesoporous silica 49.00 Yousefi et al. 2009
Activated carbon 20.18 Kiitahyali & Eral 2010
PVA/Fe;0,/Si0, composite 62.50 Mirzabe & Keshtkar 2015
Humic acid 4.64 Khalili & Al-Banna 2015
N,N,N',N'-tetraoctyldiglycolamide impregnated graphene aerogel  66.80 Chen et al. 2018
Triethylene-tetramine modified magnetic chitosan 133.30 Xu et al. 2015
Mesoporous silica nanoparticles (Mes-Si-NPs) 158.88 Present study

3.3. Th(IV) desorption and SBL sorbent recycling

Figure 9 and Table S5 illustrate the efficiency of SBL adsorbent for Th(IV) adsorption and desorption for 5 cycles. A crucial phase in
the design of a sorption system is the metal desorption step. Indeed, this is most beneficial in improving the target metal
concentration for the ultimate recovery or removal of Th(IV). Furthermore, experiments for sorbent regeneration should be done in
order to attain a sorption of lowest expenses. So, desorption studies were conducted aimed to assess the eluting performance of the
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sorbent and its regeneration. Preliminary studies revealed that 20 mL of 0.25 M NaHCO3 solution efficiently desorbed Th(IV) (96.04%
desorption in the first cycle) from 0.2 g of Th/SBL at 60 min desorption equilibrium time, as shown in Fig. 9.

A reusability experiment was used to evaluate the regeneration-reuse feature. The adsorption-desorption study also was a critical
factor in diminishing the recovery cost of Th(IV). Mesoporous SBL regeneration and reuse was examined. Figure 9 and Table S5
reported that Th(IV)'s sorption-desorption efficiency on mesoporous SBL decreased slowly with increasing cycle number. The
regenerated and reused sorbent was washed with 50 mL DW to eliminate any entrained sodium ions regeneration solution from
sorbent before recycling it into the Th(IV) sorption system. The sorption-desorption step was repeated five times. The desorption
efficiency re-expanded up to 81.43% of the preliminary desorption efficiency. As a result, mesoporous SBL with long-term stability
may be thought of a superb, reusable sorbent for Th(IV) recovery. It suggests an excellent performance with repeated usage in Th(1V)
recovery from aqueous solutions. The sorbent has good durability/stability in terms of sorption capacity.

3.4. Mechanism of adsorption

At pH < 2.8, thorium species was mainly in the form of Th(IV) (Fig. S3), while SBL was positively charged due to the high protonation,
as reported before in zeta potential interpretation. According to (Liao et al. 2022) Th(IV) and separating agents may exhibit
considerable electrostatic attraction, leading to a low separation efficiency. Th(IV) could be bound by the active sites of the
separating agent at pH > 2.8 owing to the strengthening of the electrostatic attraction between it and the Th(IV) due to the
intensification of deprotonation with rising pH (Liu et al. 2021). The negatively charged sites of the SBL adsorbent have a high
tendency to occupied by the positively thorium species (Th(IV), Th(OH),?* and Th(OH)3*), as showed in Fig. S3. According to of the
significant pH dependence, our findings showed that surface complexation was the primary mechanism of SBL for Th(IV)

separation (Zhao et al. 2021). The conversion of silica derived BFS and BL into mesoporous silica nanoparticles (Mes-Si-NPs)
adsorbent for the separation and recovery of valuable metals would be expected to realize the waste management of industrial
waste by-products.

4. Conclusion

Mesoporous silica nanoparticles (Mes-Si-NPs) were synthesized and fully characterized to produce an efficient bio-sorbent for Th(IV)
recovery. FTIR analysis and zeta-potential measurements confirmed the expected structures of the studied material. To pinpoint its
ideal sorption parameters, Th(IV) sorption experiments were conducted on the proposed bio-sorbent. As temperature increased from
298 to 328 K at a pH = 4, upon adding 0.01 g of silica bio-adsorbent to 20 mL of 50 mg/L Th(IV) for an hour of contact time, the
maximum sorption capacity rose from 106.33 to 158.88 mg/g. sPSOLE models effectively uptake kinetics while the sorption
isotherm is compatible with the Langmuir model. The thermodynamic parameters were determined to show the endothermic and
spontaneous sorption reaction. Besides, system randomness increases with Th(IV) sorption. Sodium bicarbonate solution (0.25 M)
was utilized for the bio-sorbent effectively rejuvenation. Finally, mesoporous silica nanoparticles (Mes-Si-NPs) prepared from BFS
and BL lignin presents a novel utilization of the two wastes.
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Figure 1

XRD analysis of the mesoporous SBL
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Figure 2

Textural characterization of mesoporous SBL by (a) N, adsorption-desorption analysis and (b) pore-size distribution
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Figure 3

SEM photos of (a) SBL, (b) Th/SBL, and EDX spectra of (¢)mesoporous SBL, (d) Th/SBL
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FTIR spectra of mesoporous SBL and Th/SBL
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Figure 5

Survey XPS spectra of mesoporous SBL and Th/SBL (a) and XPS spectra of Th 4ffor Th/SBL (b)
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Figure 6

(a) pH impact on the Th(IV) sorption on silica composite, (b) Zeta potential and PHp for SBL sorbent.
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(a) Time effect on Th(IV)sorption on mesoporous SBL, (b) kinetic model of sPFOLE, (c) kinetic model of sSPSOLE, (d) kinetic equation
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Figure 8

(a) Effect of equilibrium concentration and Th(IV) sorption uptake, (b) Langmuir, (¢) Freundlich, (d) Temkin plots for Th(IV) ions
sorption
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Figure 9
Adsorbent efficiency through desorption and reusability
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