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Abstract

A natural HEU-type zeolite from Greece was embedded with iron oxyhydroxides via a
simple and fast precipitation method following acid pretreatment. The raw and
modified materials were subsequently evaluated as sorbents for thorium removal
from acidic aqueous solutions. Surface techniques (BET, pHpzc) and structural
characterization methods such as Fourier Transform Infrared Spectroscopy (FTIR) and
X-Ray Diffraction (XRD) were implemented for both materials before and after metal
sorption. The experimental results were used for the construction of sorption
isotherms while the data were also fitted using mathematical models for a brief insight
into the sorption mechanism accompanied by kinetic and thermodynamic studies.
Results showed that the modification process caused changes in the characteristics of
the precursor material and that thorium uptake was greatly affected by the presence

of iron oxyhydroxides.
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INTRODUCTION

Thorium is one of the most commonly occurring actinides in the Earth’s crust, forming
a variety of compounds with many elements. Among others such as thorianite (ThO3),
thorite, and uranothorite, monazite is the most important commercially exploitable
mineral, and often a common by-product of ore mining. However, thorium does not
exhibit the complex agueous chemistry of other actinides like uranium. It is present in
nature only in the 4+ oxidation state, Th(IV), and most of its complexes with common
ligands have very low solubility. As a result, its concentration in natural waters is

significantly lower [1, 2].

Nonetheless, thorium is an important waste produced by ore mining and milling
operations that can contaminate ground- and surface water deposits, posing a threat
to the ecosystem and humans. Exposure to high concentrations of thorium, although
rare, can lead to serious health issues due to its chemical toxicity, including organ

failure, respiratory problems, or even cancer [3, 4].

Among the procedures employed for thorium removal, sorption by natural sorbents
like zeolites and bentonites exhibits a series of advantages including high sorption
capacities, high active surface, low cost, and widespread availability. Many examples
of environmental remediation utilizing aluminosilicate sorbents entail the treatment
of highly acidic wastewater. Most notably in the cases of ore mining and milling, high
volumes of acidic liquid waste (tailings) are produced. When in contact with such
media, zeolites can undergo structural changes, like dealumination or alteration of

surface characteristics, which then affect the materials’ sorption properties [5-8].

Moreover, the iron oxyhydroxides are a group of porous Fe(lll) and Fe(ll) compounds
with oxide and/or hydroxide groups in their crystal lattice. In this category some of the
most common iron minerals in soil substrates like ferrihydrite, goethite, magnetite,
etc. are included. A multitude of applications of these compounds have been reported
due to their useful chemical, structural, and physical properties, including sorption of

toxic and radioactive elements [9, 10].

To the best of our knowledge, the studies related to thorium sorption using

aluminosilicate materials are quite limited, especially where acid pretreatment or



modification by iron compounds is concerned [3—6]. The scope of the present work
was to evaluate the effect that the iron oxyhydroxide introduction in the crystal matrix
and acid pretreatment caused the sorption properties of the precursor material
regarding thorium removal. Natural and modified sorbents were characterized by FTIR,
XRD before and after thorium loading, their pHpzc and BET surface area were
calculated, and the nature of the oxyhydroxides produced was investigated. Isotherm,
kinetic, and thermodynamic studies were carried out, accompanied by data fitting to

theoretical models.

MATERIALS AND METHODS

Natural zeolite from Petrota region in Thrace, Greece was acquired in its powder form,
which was then sieved and separated into fractions of different grain size. In all
experiments described in the following sections, the fraction of particle size smaller
than 50 um was only used. All chemical reagents were of analytical grade and a water
purification system (Millipore) with Elix and Milli-Q was used to provide ultra-pure

water.

Modified zeolite preparation

The modified zeolite (FeZ-HCl) was prepared by acid pretreatment followed by
precipitation in alkaline environment as described in the literature [11-13]. 1.85 g of
precursor zeolite was suspended in a large beaker with 100 mL distilled water at room
temperature and stirred for 15 min. A 50 mL solution of 0.1 mol L™ Fe(lll) was prepared
by dissolution of iron trichloride hexahydrate FeCl3-6H,0 (Riedel-de Haén) and was
mixed with 50 mL of 1.25 mol L™ HCI. The final solution was added to the beaker and
further stirred for 40 min. Slow addition of 100 mL 1.25 mol L™t NaOH solution to create
alkaline environment (pH 10-11) resulted in the immediate formation of reddish-
brown precipitate, which was filtered, washed with distilled water until a neutral pH,

and dried for 24 hours at 60 °C. The final iron-modified zeolite was grinded and sieved



to a particle size less than 50 um. For comparison, the iron-modified zeolite omitting
the acid pretreatment step (FeZ), as well as the pure oxyhydroxides were also

prepared, according to the procedure reported in our previous study [14].

Materials characterization

The mineralogical composition of the sorbents was determined through Powder X-Ray
Diffraction (pXRD) using a Rigaku MiniFlex diffractometer with Ni-filtered CuKa
radiation. Each pulverized material was scanned with a step size of 0.01° 20 in the 26
interval of 3-90°. Attenuated Total Reflectance-Fourier Transform Infrared
Spectroscopy (ATR-FTIR) was carried out in the range of 4000-400 cm™ using a Thermo
Scientific Nicolet iS20 spectrometer. The characterized materials were in contact with

a diamond reflectance crystal.

The point of zero charge (pHpzc) of the sorbents was found by the pH-drift method.
Solutions of 0.1 mol L™ KNOs; were prepared and fixed at initial pH values from 1 to 9.
The sorbents were shaken for 18 hours at room temperature and the pHpzc was
determined by plotting the ApH (difference between the initial and final pH) against
the initial pH. BET surface area and volume were measured with an Autosorb-1MP,
Quantachrome porosimeter by recording the adsorption/desorption of nitrogen at —
196 °C in the partial pressure range of 0.01 to 0.995 and after heating the samples

under vacuum at 150 °C.

Sorption experiments

Stock solution of 250 mg L™ thorium was prepared by dissolving Th(NO3)4:5H,0
(Merck) in bi-distilled water and was diluted to achieve the desired initial metal
concentrations (5-100 mg L™!). Sorption experiments were conducted at room
temperature (ca. 298 K) using 10 mg of the sorbents contacted with 10 mL of the
solutions (ratio of 1.0 g L™) in centrifuge tubes for 24 hours, enough time for the
establishment of equilibrium. The liquid phase was afterwards separated by

centrifugation (4000 rpm for 10 min) and filtration, and the equilibrium pH was



measured. Thorium concentrations in the supernatant solutions were determined
photometrically with the Arsenazo Ill method at 660 nm working wavelength. The
initial solution pH was adjusted to 3 by slow, dropwise addition of HNOs or NaOH, so

as to avoid possible precipitation of thorium hydroxides occurring at higher pH values

(Fig.1) [5, 15].
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Fig. 1 Speciation diagram of ionic thorium species in aqueous solutions as calculated

by the code MEDUSA.

The experimental data were then used for uptake calculations and for modelling with
the Langmuir (Eq.1), which considers monolayer coverage of specific adsorption sites,
and Freundlich (Eq. 2) linear isotherm, which assumes heterogeneity in the solid/liquid

interface [16]. Evaluation of the linear correlation coefficients, R?, revealed the best-

adjusted model.

C, 1 1

Langmuir (L) —= + Ce. (1)
qe KLCImax Qmax

. 1
Freundlich (F) Inge = InKp +—InC, (2)



In the above equations ge and Ce are the equilibrium uptake (in mg g™) and liquid metal
concentrations (in mg L), respectively, gmax the maximum sorption capacity (in mg g
1), K1 and Kr the Langmuir and Freundlich equilibrium constants and n, in the case of

Freundlich equation, a parameter associated with the heterogeneity.

Kinetic and thermodynamic studies

The effect of contact time and temperature was investigated using stock thorium
solutions of 100 mg L™ concentration (at pH 3) at three different temperatures, 298,
308, and 318 K. Known amounts of the raw zeolite and each solution (with 1.0 g L™
ratio) were contacted, and at predetermined time intervals between 2 and 60 min, 10
mL aliquots were drawn with a syringe, filtered, and transferred to polypropylene

tubes for photometric thorium determination.

The results were afterwards fitted to the pseudo-first (PFO) and pseudo-second order
(PSO) kinetic models, using the linear forms of the equations (Eq. 3 and Eq. 4).
According to the PFO model, sorption is due to physical interactions and mass transfer
by diffusion, while according to the PSO model, the critical step of the process may

involve chemical interactions between the adsorbent and the adsorbate [17].

PFO In(q, — q¢) = In(qe) — kqt (3)
t 1 1

PSO —=——+—t (4)
Qt Qe k2 e

In both previous cases, g: (in mg g™) is the thorium uptake at time t (in min), and ge (in
mg g!) is the thorium uptake at equilibrium. The pseudo-first and pseudo-second
order reaction rate constants are represented by k; (in min™) and k2 (in g mg=* min™2)

respectively.

The sorption activation energy, Eg, is the amount of energy required for the reaction
to occur, and can be easily calculated using the appropriate k constant, as determined

by previous analysis of the kinetic data, with the Arrhenius equation (Eg. 5), where A



(same units as k) is the Arrhenius factor, R (=8.314 J mol™ K™) is the universal gas

constant, and T (in K) the absolute temperature.

E,
= - — 5
Ink=1nAd RT (5)

Finally, thermodynamic parameters were calculated. The Gibbs free energy change,
AG’ (in ) mol™), is related to the spontaneity of the sorption and is given by Eq. 6, in

which Kp=g¢/Ce (L g72) is the distribution coefficient at equilibrium [18].

AG° = —RT In K, (6)

The enthalpy change, AH° (in J mol™), which determines the exothermic or
endothermic character of the reaction, and the entropy change, AS° (in J mol™ T73),
which is a measure of the degree of disorder in the system, can be calculated using the
van’t Hoff equation (Eq. 7).

AS° AH°1

Inky=— 22 7
nKp R R T ()

RESULTS AND DISCUSSION

Materials characterization

The FTIR spectra of the raw and loaded sorbents are presented in Fig. 2. The pattern
observed for the natural zeolite is characteristic for HEU-type zeolites [19-21]. The
broad band at approximately 3390 cm™ is attributed to stretching O—H vibrations of
water molecules and hydroxyl groups while the band at 3616 cm™ is due to surface Si—
OH and AI-OH groups of the lattice. The respective bending O—H vibrations can be
seen at 1630 cm™. Typical aluminosilicate bands are detected at 1005, 792, and 585
cm™ corresponding to the asymmetric stretching vibrations of both the zeolitic

tetrahedra (T-O-T) and similar vibration modes of possible mineral impurities (quartz,



feldspars), the symmetrical internal stretching vibrations of O—T—0 bonds, and finally

vibrations related to the pore structure of HEU-type zeolites.
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Fig. 2 FTIR spectra of the raw (Zeolite) and modified zeolites (FeZ-HCI) before and after

thorium loading.

Acid treatment and the introduction of iron oxyhydroxides did not alter the peak
pattern of the precursor material pointing to retention of the basic zeolite structure
after modification [13, 21, 22]. However, minor changes in the intensity and position
of the main band can be observed. Specifically, the shift towards higher wavenumbers
(1035 cm™) could be explained by the interaction between newly-introduced Fe—-O
groups of the oxyhydroxides and surface tetrahedra, as well as the acid pretreatment
step. A high concentration of H* ions can attack and break Si—O—Al bonds, leading to
dealumination and removal of AI3* from the lattice. The stronger Si—O bonds are
detected in higher wavenumbers [23]. Thorium sorption did not affect band position

and number for both materials.
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Fig. 3 pXRD patterns of raw zeolite and iron-modified zeolite, before and after uranium

sorption.

The powder XRD pattern of the zeolite (Fig. 3) reveals the characteristic clinoptilolite
diffraction peaks at 26=10.01, 11.33, 22.55, 30.16° which correspond to the (020),
(200), (400), (151) planes. The natural zeolite consisted of up to 89% HEU-type zeolite,
but small quantities of impurities like quartz, feldspars, clay, and mica were also
present, as indicated by the diffraction peaks at 20=26.77 and 28.27° [22, 23]. In the
modified material (FeZ-HCl) the clinoptilolite peaks remained unchanged in number
and position, confirming the zeolite structure without any new mineral phases.
However, the material has a more amorphous character, induced by acid treatment
and partial dissolution of the lattice [23]. Thorium sorption did not alter the basic peak
pattern for both materials, meaning that no new mineral phases were created. Minor
shifts in the range of 0.2° to lower 26 values indicate lattice expansion, related to

thorium binding.



Table 1 shows the results of the BET and pHpzc methods. The point of zero charge has
decreased by almost 2.5 units in the modified sorbent. As revealed by the pHpzc curves
(Fig. 4) surface charge characteristics are different for FeZ-HCI. Similar results have
been observed by other researchers and were attributed to a possible positively
charged film of AI**ions or otherwise by the more intense H* adsorption due to defects

by dealumination and partial amorphization [23, 26].

Table 1 Surface areas and pore volumes calculated with the BET method, and the point

of zero charge of the evaluated materials.

SBET Smicro Vaer Vmicro
Material pHpzc
(m?%/g) (m?/g) (cm3/g) (cm3/g)
Zeolite 32 9 0.106 0.004 7.00
Fez-HCl 90 13 0.133 0.006 4.60
4
3 —a— Zeolite
] = FeZ-HCl .
2 | n
:I;:..: 14 w - -
| /
£0 - = wd
:I.:- [ - 5 = //
o
" N
b .,__'/
-2 4
_3 T T T T T L T T

pH

initial

Fig. 4 N, adsorption-desorption isotherms and pore size distribution calculated

according to the NLDFT model for the raw and iron-modified zeolites.

Concerning BET measurements, it is obvious that both surface area as well as volume

have been significantly enhanced post modification. The amorphous nature of the



surface-deposited iron oxyhydroxide layer results in the creation of vacant space
among the randomly precipitated particles, thus enhancing the surface area [21, 26,
27]. This is further confirmed by the pore size distribution (Fig. 5) showing a large
increase in the pores with diameters in the region of 1-4 nm. The increase in total

volume can be attributed to the structural changes caused by acid treatment.
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Fig. 5 N, adsorption-desorption isotherms and pore size distribution calculated

according to the NLDFT model for the raw and iron-modified zeolites.

A detailed presentation of the characterization results for FeZ and the pure iron
oxyhydroxides is given in our previous study [14], where it was observed that even
without acid pretreatment, iron modification had in general similar effects as
discussed above. Concerning the nature of iron oxyhydroxides produced, it was
concluded that they were a mixture consisting mostly of amorphous ferrihydrite co-

existing with small amounts of low-crystallinity goethite (a-FeOOH).

Thorium sorption

Fig. 6 displays the thorium sorption isotherms on natural and modified zeolites, which

demonstrate the change of uptake values as a function of the equilibrium metal



concentration. These data can afterwards give information on the phenomenon and
help elucidate the sorption mechanism. A significant decrease in the amount of
thorium sorbed can be observed concerning the modified materials. At initial
concentration equal to 25 mg L™, almost 70% of the metal has been adsorbed onto
the natural zeolite, compared to the 55% and 32% removed by the FeZ and FeZ-HCI

modified zeolites respectively.
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Fig. 6 Thorium sorption isotherms onto the raw and modified zeolites (dosage: 1 g L™,

T: 295 K). Solid lines depict the Freundlich fitting and dashed lines the Langmuir fitting.

As it is known, the zeolitic framework hosts mainly negative charge owing to the
[AlO4)>~ tetrahedra, which is then compensated by exchangeable cations like Na*, Ca?*,
K*, Mg?* [20, 24]. As a result, cations like Th**, [Th(OH)]?*, [Th(OH),]?* which dominate
in acidic media (Fig. 1) readily sorb on the material’s surface. However, since the initial
solution pH was quite acidic, the competition for active site binding between the

cationic thorium species and H* is high.

The further decrease in uptake in the case of the modified materials can be explained

by considering the following two points. Firstly, researchers have observed a decrease



in porosity in iron oxyhydroxide-treated sorbents [28] which in turn deters the large
size thorium ions from reaching the active binding sites. This is supported by BET
surface area results, showing a sharp increase in small diameter micropores. Secondly,
concerning specifically FeZ-HCl the dealumination process described before has
affected surface charge characteristics. As a result, the electrostatic repulsion is higher

and inhibits the approach of thorium ionic species to the surface.

Table 2 contains fitting data of the experimental results for the Langmuir and
Freundlich models. As can be seen for all investigated materials, the Langmuir
isotherm shows a higher correlation factor, meaning that the sorption proceeds via the

monolayer coverage described by the model.

Table 2 Parameters of the Langmuir and Freundlich models for thorium adsorption.

Langmuir Freundlich

K. Omax
Material R? Ke 1/n R?

(Lmg™) (mgg™)
Zeolite | 0.9355 20.88 0.9948 | 7.4940 0.2722 0.8052

Fez 1.7846 14.90 0.9983 | 7.9526 0.1649 0.9466
FeZ-HCI 2.7845 7.74 0.9911 | 59787 0.0670 0.7765

There are few literature-works concerning thorium sorption on natural aluminosilicate
sorbents under different conditions (e.g. pH, concentration, dosage) [3-6, 29, 30].
Even more limited is the number of works examining sorption on oxyhydroxide-
modified zeolites or bentonites [31-33]. In most cases the authors have concluded
that the sorption mechanism includes mainly the formation of surface complexes,
especially when iron oxyhydroxides are present, while ion exchange can also take

place. The results of the current study are compared to the literature works in Table 3.



Table 3 Literature data for thorium sorption on natural and iron-modified

aluminosilicates, as well as on iron oxyhydroxides.

e Concentration Dosage
Material (mg &) range pH (g L) Reference
(mgL™)
Clinoptilolite 19.89 5-100 3 1.0 This work
ZSM-5 2.55 0-2.78 3.6 2.4 [3]
NKF-6 64.97 10-33 3 0.45 [4]
Activated bentonite 26.22 1.76-23.2 2.5 0.3 [5]
Na-clinoptilolite 175 154-3870 4 10.0 [29]
Phillipsite/chabazite tuff 21.9 5-40 3 1.0 [30]
Na-bentonite 41.24 1.2-235 6.2 2.5 [31]
Clinoptilolite/FeO(OH)s 14.99 5-100 3 1.0 This work
Clinoptilolite/FeO(OH)s/HCI 7.54 5-100 3 1.0 This work
Na-bentonite/Fes04 31.34 1.2-235 6.2 2.5 [31]
Ferrihydrite/Fe304 0'%1264/0 0.255 2.9 10 [32]
Fe30a4 4.64 0.25-29.5 2.6 0.6 [33]

Effect of contact time and temperature

The effect of contact time and temperature on thorium sorption on the natural zeolite
is depicted in Fig. 7. Equilibrium conditions are achieved very fast, within the first 20
min of contact time, which is generally observed if ion exchange takes place [34]. By
increasing the solution temperature, adsorption is strengthened and thus, the reaction
is endothermic. In the literature, thorium sorption on aluminosilicate materials has
mostly been found to be an endothermic phenomenon [3-6], attributed to the
increased degree of hydrolysis and easier elimination of the hydration spheres at

higher temperatures [33], but it has also been reported as exothermic [30, 31].

Kinetic results from the three different temperatures are best fitted to the pseudo-
second order (PSO) model (Table 4), which signifies that the reaction-controlling step
of adsorption may be of chemical nature. The activation energy calculated by the
Arrhenius equation (Fig. 8a) is also indicative of a complex mechanism. Complex
processes consist of separate reaction steps each having a certain activation energy.
This way, the negative value of the overall experimentally observed activation energy

can be explained if it is considered that an increase in temperature has a different



effect on each of these individual steps. Negative activation energies of metal sorption

of comparative magnitude have also been reported in other works [35, 36].
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Fig. 7 Effect of contact time and temperature on thorium sorption onto the natural

zeolite (dosage: 1 g L™}, Co: 100 mg L™?)

Table 4 Kinetic parameters for thorium sorption at different temperatures and

activation energy as calculated by modeling of experimental data.

Pseudo-First Order

Pseudo-Second Order

k1 qe k2 CIe Ea
T (K) R? R?
(min™) (mgg™) (gmg™min™!) (mgg™) (k) mol™)
298 0.4258 15.43 0.9707 0.1613 15.51 0.9991 —-62.99
308 0.4657 21.46 0.9164 0.0819 22.27 0.9992
318 0.4969 27.93 0.8744 0.0325 29.33 0.9997

Finally, the van’t Hoff diagram (Fig. 8b) was used to determine the thermodynamic

parameters AG°, AH°, and AS° after calculating the distribution coefficients Kp at



equilibrium (Table 5). As can be seen, the phenomenon is spontaneous (due to the

negative values of the Gibbs free energy), is confirmed to be endothermic (due to the

positive enthalpy), and leads to increased disorder in the solid/liquid interface (due to

the positive entropy).
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Fig. 8 Arrhenius plot (a) and van’t Hoff diagram (b) for the adsorption of thorium on

zeolite

Table 5 Distribution coefficients and thermodynamic parameters of thorium sorption

on zeolite.

T Kp AG° AH® AS°

(K) (mLg™) (k) mol™) (k) mol™) (k) mol™t K1)
298 179.9 -12.9 33.91 0.157
308 274.2 -14.4
318 406.5 -15.9




CONCLUSIONS

A natural zeolite was successfully modified with hydrochloric acid and/or iron
oxyhydroxides using a simple and fast precipitation by base method. The
oxyhydroxides were identified as mostly amorphous ferrihydrite coexisting with

poorly crystalline a-FeOOH.

Consideration of FTIR, XRD, N2-BET, and pHpzc revealed that after modification, the
fundamental zeolite structure was preserved, but charge and surface characteristics

were greatly affected.

Thorium sorption was lower on the modified zeolites possibly due to greater

electrostatic repulsion and limited access of Th(IV) ions to the active binding sites.

Isotherm fitting data showed better correlation with the Langmuir theoretical

model, indicating monolayer coverage.

Evaluation of kinetic and thermodynamic parameters revealed a complex
phenomenon, fitted to the pseudo-second order reaction model with a

spontaneous, endothermic character.
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