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Abstract: Thorium is a weak radioactive element, but the control of its concentration in natural
aqueous systems is of great interest for health, because it is a toxic heavy metal. The present
paper presents the recovery of thorium from diluted synthetic aqueous systems by nanofiltration.
The membranes used for the nanofiltration of systems containing thorium species are composites
containing 4’-Aminobenzo-15-crown-5 ether (ABCE) and sulfonated poly—etherether-ketone (sPEEK).
The composite membranes (ABCE-sPEEK) were characterized by scanning electron microscopy
(SEM), energy-dispersive X-Ray spectroscopy (EDAX), thermal analysis (TG and DSC), and from the
perspective of thorium removal performance. To determine the process performance, the variables
were the following: the nature of the composite membrane, the concentration of thorium in the
aqueous systems, the rotation speed of the stirrer, and the pressure and the pH of the thorium
aqueous system. When using pure water, a permeate flux value of 12 L-m~2 h~! was obtained
for the sSPEEK membrane, and a permeate flux value of up to 15 L-m~2 h~! was obtained for the
ABCE—-sPEEK composite membrane. The use of mechanical stirring, with a propeller stirrer, lead to
an increase in the permeate flux value of pure water by about 20% for each of the studied membranes.
Depending on the concentration of thorium and the pH of the feed solution, retentions between
84.9% and 98.4% were obtained. An important observation was the retention jump at pH 2 for the
ABCE-sPEEK composite membrane. In the paper, a thorium ion retention mechanism is proposed
for the sSPEEK membrane and the ABCE-sPEEK composite membrane.

Keywords: thorium; thorium removing; thorium recovery; composite membranes; crown ether;
sulfonated poly—ether—ether-ketone (sPEEK)

1. Introduction

Thorium is a weak radioactive element, with an abundance similar to that of lead [1-3].
From this point of view, thorium should not concern environmental protection researchers [4].
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However, what must be considered is that thorium is a heavy metal, with a potential toxicity
similar to other heavy metals [5,6]. A special feature of thorium is its presence in various
surface waters [6,7], soil [8], and it can even accumulate in various plants [8]. It is expected
that thorium appears in mining areas in aqueous effluents [9], but also naturally in streams
or rivers that pass-through areas where thorium is accumulated [9,10]. At a common pH
of surface waters [11], thorium precipitates and is found in sediments, but under acidic
water conditions thorium is found in the ionic form Th**, or the hydroxyl forms Th(OH)>",
Th(OH),2*, Th(OH)3* [12,13].

Thus, the recovery of thorium from aqueous systems containing thorium or other
heavy metals becomes extremely important [14]. Classical separation processes (pre-
cipitation, sedimentation, flocculation, ion exchange) can be taken into account [15,16],
but modern extractive, adsorptive, and membrane processes can also be approached
(Table 1) [17-33].

Table 1. The main techniques and methods of thorium recovery.

Techniques or Methods of Thorium Recovery Refs.
Polymer inclusion membrane [17]
Ionic liquid Cyphos IL 104. [18]
oc—Ami.nophosphorEat.es, .—phosphinates, and —phosphine oxides as [19]
extraction and precipitation agents
Polymeric materials [20]
Highly efficient adsorbent [21]
Binary extractant based on 1,5-bis [2—(hydroxye.thoxyphosphoryl) . [22]
—4—ethylphenoxy] —3—oxapentane and methyl trioctylammonium nitrate
2-nitroso—1-naphthol impregnated MCI GEL CHP20P resin [23]
UiO-66—OH zirconium metal-organic framework [24]
Polyurea-crosslinked alginate aerogels [25]
a—Aminophosphonate extractant [26]
8-Hydroxyquinoline-immobilized bentonite [27]
New polymer with imprinted ions [28]
Zeolite adsorption [29]
Nanofiltration membrane [30]
Ionic liquids [31,32]
Nanofiltration extraction [33]

From a practical point of view, to obtain thorium-free drinking water, the use of
emulsion membranes is excluded due to the need for reagents and solvents which would
impurify the water and, at the same time, attempting recovery by breaking the emulsions
raises problems difficult to solve in the isolated areas that we have in view [34,35]. If
an approach based on a membrane technique is desired, then one that uses hollow fiber
membranes is viable [36,37]. The beginning of an application with hollow fiber membranes
occurs, most of the time and in the present study, with the study of separation with bulk or
flat membranes [38—40].

An accessible and efficient procedure is nanofiltration, which uses nanoporous com-
posite membranes and achievable pressures (4-8 atm) with usual means [41-45].

The proposed thorium separation process is expected to perform with a similar, com-
plementary, or superior performance to those previously presented [17-33], according to
Table 2.
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Table 2. The performance expected for thorium separation of the proposed process compared to
other processes.

Methods or Processes Characteristics

Operationin  Reagents or

Processes Selectivity/
Re tentior}: Flux Residues Isolated Auxiliary Scale-Up Investments
Locations Materials
Proposed process e e 3% e R bz R
Ionic liquids i ** * * * * *
Polymer inclusion ok " - . - . .
membrane
AdSOI‘ptiOH $ook *k% *% *% *% ®k% ook
Imprinted polymer *H% * X% *% X% *% X%
H344 e * * * 2 *

Extraction

(***) very favorable; (**) favorable; (*) less favorable.

In the present work, the separation of thorium in ionic form, from dilute aqueous solu-
tions similar to those found in isolated places, is addressed, so as to obtain drinking water.

The issue that we propose as a study is the separation of thorium from synthetic solu-
tions using the dead-end filtration technique, with sulfonated poly-ether-ether-sulfonate
ketone (sPEEK) membranes containing 4'~Amino-Benzo15-Crown5 Ether (ABCE).

Compared to the results previously presented for the separation of thorium with
sPEEK membranes [45], in this work it is proposed to use an ionic—-ionic-complexing
composite membrane, which allows efficient separation of the flux and retention of the
Th** ion from acidic media.

2. Materials and Methods
2.1. Reagents and Materials

All reagents and organic compounds used in the presented work were of analyti-
cal grade.

Th (NO3)4-5H,0, HNO3 (65%), HaSO4 (96%), NaOH pellets, HC1 35% super pure, and
NH4OH 25% (analytical grade) were purchased from Merck KGaA (Darmstadt, Germany).

Thorin, C;6H11AsNpNayO1(S;, 1-(2-Arsonophenylazo)-2-hydroxy-3,6-naphthalene-
disulfonic acid sodium salt, or 2-(2-Hydroxy-3,6-disulfo-1-naphthylazo)-benzene-arsonic
acid sodium salt; (Benzo-15-crown-5)-4’-ylamine, or 4~Amino-Benzo15-Crown-5 Ether
(ABCE); and Poly(oxy-1,4-phenyleneoxy-1,4-phenylenecarbonyl-1,4-phenylene), or Poly
Ether Ether Ketone (PEEK) purchased from Sigma-Aldrich Chemie GmbH (Steinheim,
Germany) were used within the study.

The purified water characterized by 18.2 uS/cm conductivity was obtained with an RO
Millipore system (MilliQ® Direct 8 RO Water Purification System, Merck KGaA (Darmstadt,
Germany) [16].

2.2. Procedures and Methods
2.2.1. Preparation of the sSPEEK Membranes

The preparation of SPEEK membranes using a solution of PEEK in 96% sulfuric acid
was previously reported (Figure 1) [45,46]. In short, the predetermined amount of PEEK is
dissolved in 96% sulfuric acid by stirring in an ultrasonic bath, for 48 h. After dissolution,
a solution is obtained in which PEEK has transformed into sPEEK through a chemical
reaction at ambient temperature. The sPEEK gel is deposited on a Petri glass support.
The film formed on the Petri dish is placed in a vacuum oven, with laminar air flow, at a
temperature of 50 °C, for 72 h. After the drying interval, the SPEEK membrane is cut to the
size required for the nanofiltration experiments.
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sPEEK as polymer

PEEK solution

in sulfuric acid

sPEEK as membrane

Figure 1. Preparation of sSPEEK membranes from PEEK solution in sulfuric acid [46].

sPEEK membranes were characterized by scanning electron microscopy (SEM), energy-
dispersive X-Ray spectroscopy (EDAX), and thermal analysis (TG and DSC).

The determination of the degree of sulfonation and the ion capacity exchange
(i.c.e. = 1.65 mmol/g) were reported [47-49].

2.2.2. Preparation of ABCE-sPEEK Composite Membranes
4'-Amino-Benzo-15-Crown-5 Ether-sPEEK composite membranes (ABCE-sPEEK)
were obtained by dissolving the crown ether (ABCE) in a concentration of 1.65 mmol/g
sPEEK, in the sPEEK solution whose preparation was previously described, after which
the steps specified and illustrated in Figure 1 were followed.
The characteristics of the composite membrane compounds are shown in Table 3.

Table 3. The characteristics of the components of the composite membrane preparation.

Organic Compounds Name and Symbol Solubility pKa
HoN —
2
0O O
\> 4-Amino-Benzo-15-Crown- organic polar solvents 4.63
o o 5 Ether (ABCE) gamcp :
o/
2 Ifonated Pol
0 © ¢ 0 sutonated 1oy organic polar solvents 20to22

Ether-Ether—-Ketone (sPEEK)
SO4H

Composite membranes (ABCE-sPEEK) were characterized by scanning electron mi-
croscopy (SEM), energy-dispersive X-Ray spectroscopy (EDAX), and thermal analysis (TG
and DSC).

2.2.3. Nanofiltration Experiments

Nanofiltration of the thorium nitrate solution was carried out (Figure 2) at a pressure of
5 to 9 atmospheres through the composite membrane (ABCE-sPEEK) and for comparison
through the sPEEK membrane. The module of nanofiltration, of a dead-end filtration
type, is equipped with a propeller stirrer that performs a turbulent agitation of the feed
solution. The feed solutions have a concentration of 10~% mol/L and 10~ mol/L thorium
nitrate in ultrapure water also containing nitric acid. The pH variation of these solutions is
conducted with nitric acid solutions of 1 mol/L, 10~! mol/L, 10~2 mol/L, 103 mol/L, and
10~% mol/L. The surface of the membrane in the nanofiltration module is 100 + 0.3 cm?.
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The capacity of the module is 2000 cm®. The propeller stirrer has a diameter of 7 cm and
can be rotated from 50 rpm to 250 rpm.

Pressure

Nanofiltration

Module
\/

\

[ ET Y Membrane

\

Stirrer

S

Permeate
Figure 2. Schematic presentation of the nanofiltration module of the thorium solution.

The result of the nanofiltration was presented in the form of the permeate flux (J)
(Equation (1)) or of the nanofiltration retention [50] (R) (Equation (2)):

\Y

J=35at

(L/mzh) )
where: J—permeate flux; V—permeate volume; S—surface of the membrane; At—

operating interval;
R(%) = =S 10 2)
Co
where: R—retention (%); Co—concentration of feed solution; C;—final concentration.

The concentration of the thorium ion was determined by the Thorin spectrophoto-
metric method. The specific determinations are carried out through coupled extraction
separation and spectrophotometric detection at A = 495 nm. The detection limit of the
method is 0.04 pug Th (IV) mL~!, and the RSD (n = 10) is 1.4% [51]. The obtained results
have a total precision of 0.1 ppm imposed both by the traceability of the samples taken and
by the spectrophotometric methods approached.

When establishing the accuracy of 0.1 ppm, the following factors were taken into
account: the measurement deviation of the sample volume taken from nanofiltration,
the pH adjustment deviation of the permeate solution, the deviation from the selected
wavelength compared to that of the absorption maximum, the temperature variation during
the determinations, the validation on two different spectrometric devices, the independent
work of two analysts, and the reduced number of repeated determinations (five).

2.3. Equipment

For the study of the scanning electron microscopy (SEM) and energy-dispersive spec-
trum for the characteristic X-Ray (EDAX) analyses, the membrane samples, subjected to the
analysis, were visualized with the help of the FESEM-FIB workstation (scanning electron
microscope with field emission electron and focused beam of ions), model Auriga (Carl
Zeiss SMT, Oberkochen, Germany), by means of the secondary electron/ion detector (SESI)
in the sample chamber for the topography/morphology of the surface of the analyzed
samples [52].
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The verification of the chemical composition was carried out with the help of the
EDS probe produced by Oxford Instruments, UK—energy-dispersive spectrometer model
X-MaxN with Aztec acquisition and processing software integrated on the FESEM-FIB
Auriga working station [53].

The validation of scanning microscopy studies (SEM and HR-SEM) was performed using
a Hitachi 54500 system (Hitachi High-Tech Europe GmbH, Mannheim, Germany) [54-56].

Thermal analysis (TG-DSC) was performed with STA 449C Jupiter apparatus, from
Netzsch (NETZSCH-Gerdtebau GmbH, Selb, Germany). Each sample was weighed at
approximatively 10 mg. The samples were placed in an open alumina crucible and heated
up to 900 °C with a 10 K-min ! rate, under a flow of 50 mL-min ! dried air. As a reference,
we used an empty alumina crucible [54].

The UV-Vis analyses of the solutions were performed on a Spectrometer CamSpec
M550 (Spectronic CamSpec Ltd., Leeds, UK) [55].

The UV-Vis studies on the samples’ composition were validated on dual-beam UV
equipment—Varian Cary 50 (Agilent Technologies Inc., Santa Clara, CA, USA) at a resolu-
tion of 1 nm, a spectral bandwidth of 1.5 nm, and a 300 nm/s scan rate. The UV-Vis spectra
of the samples were recorded for a wavelength from 200 to 800 nm, at room temperature,
using 10 mm quartz cells [56].

The pH of the medium was followed up with a combined selective electrode (HI4107,
Hanna Instruments Ltd., Leighton Buzzard, UK) and a multi-parameter system (HI5522,
Hanna Instruments Ltd., Leighton Buzzard, UK) [57].

Other devices used were as follows: ultrasonic bath (Elmasonic S, Elma Schmidbauer
GmbH, Singen, Germany), vacuum oven (VIOLA—Shimadzu, Bucharest, Romania) [58].

3. Results and Discussion

The morphological and structural characterizations of the prepared membranes were
carried out by scanning electron microscopy (SEM), energy-dispersive X—Ray spectroscopy
(EDAX), and thermal analysis (TG and DSC), and the performance in the retention process
of thorium from acidic aqueous solutions was established by determining the permeate
fluxes (J) and thorium retention (R%).

3.1. Characterization of the Prepared Membranes
3.1.1. Morphological Characterization

The section morphology of the two membranes—the sSPEEK membrane and the ABCE-
sPEEK composite membrane—was examined in the section and on the bottom surface
using scanning electron microscopy (SEM) (Figures 3a—c and 4a-c). The images were
obtained using the FESEM-FIB workstation on samples fractured in liquid nitrogen and
without metallization.

The images in Figures 3d and 4d were obtained after the metallization of the top
surfaces of the membranes with a gold layer of about 50 nm.

The section of the sSPEEK membrane (Figure 3a) is a porous structure (orange arrows)
in which a selective, more compact upper layer can be observed (red arrow). The bottom
surface of the membrane (Figure 3b,c) has submicron pores.

The section of the ABCE-sPEEK composite membrane is also compact at the selective
layer (Figure 4a, red arrows) and porous (Figure 4a, orange arrows). The bottom layer
reveals uniform micro-porosity (Figure 4b,c).

At a magnification of 40,000 %, the compactness of the two membranes can be observed
on the top surfaces (Figures 3d and 4d). Most likely, the pores are nanometric.

From the point of view of the membrane surfaces, the pore size on the bottom surface
of the sSPEEK membrane (Figure 3b,c) is smaller than that of the pores of the ABCE-sPEEK
composite membranes (Figure 4b,c). On the top surfaces, the size of the nanopores of the
two membranes (Figures 3d and 4d) is almost similar.
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In section (Figures 3a and 4a), the difference between the two membranes is significant.
The sPEEK membrane is less porous (more compact) (Figure 3a) than the ABCE-sPEEK
membrane which is looser (Figure 4a).

Although they have a different structure, both in section and on the bottom sur-
faces, these membranes are likely to be used for the nanofiltration of solutions contain-
ing ionic thorium, because the materials from which they are made are ion exchangers
and/or complexants.

Mag= 502KX 2um WD= 40mm EHT = 5.00 kv Signal A= SESI Date :25 Jul 2024 Time :12:03:35 [

ALY
Operator = MV FIB Imaging=SEM  Noise Reduction = Pixel Avg. System Vacuum = 5§.02e-003 rnblr.
(a)

Mag= 2000KX 1pm WD = 4.1 mm EHT= 500kY  Signal A=SESI Date :25 Jul 2024 Time :17:59:24 ﬁ
Operator = MY FIB Imaging = SEM  Noise Reduction = Pixel Avg. System Vacuum = 5.07¢-003 mbar|

Figure 3. Cont.
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Mag= 5000K X 100 nm WD = 4.1 mm EHT= 500kY  Signal A= SESI Date :25 Jul 2024 Time :17:50:58 ﬁ
Operator= MY H FIB Imaging= SEM  Noise Reduction = Pixel Avg. System Vacuum = 5.07¢-003 mbar|
()

HV |spot mag WD HFW | det
30.00 kV| 3.5 40 000 x/10.0 mm|7.46 um ETD

(d)

Figure 3. Scanning electron microscopy (SEM) images of the sSPEEK membrane: (a) section; (b) bottom
surface; (c) detail of the bottom surface (50,000 % ); and (d) detail of the top surface (40,000 x).
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HER -
Mag= 500KX 1pm WD = 4.1 mm EHT= 500kY  Signal A= SESI Date :25 Jul 2024 Time :12:04:55
Operator= MV H FIB Imaging = SEM MNoise Reduction = Pixel Avg. System Vacuum = 4.93e-003 mbar|

@

Mag= 2000 KX 1 pum WD = 38mm EHT= 500kY  Signhal A=InLens Date :25 Jul 2024 Time :18:04:17 w
Operator= MY FIB Imaging=SEM  Noise Reduction = Pixel Avg. System Vacuum = 4.98e-003 mbarl
(b)

Figure 4. Cont.



Appl. Sci. 2024, 14,9937 10 of 21

Jul 2024 Time

Mag= 5000K X 100 nm WD = 41 mm EHT= 5.00kV  Signal A=InLens  Date: w
Operator = MV H FIB Imaging=SEM  Noise Reduction = Pixel Avg. System Vacuum = 5.07e4003 mbar|
(9)

HV |spot mag WD HFW | det
30.00 kV| 3.5 40 000 x/9.7 mm|7.46 um ETD

(d)

Figure 4. Scanning electron microscopy (SEM) images of the ABCE-sPEEK composite membrane:
(a) section; (b) bottom surface; (c) detail of the bottom surface (50,000%); and (d) detail of the top
surface (40,000 x).
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3.1.2. Compositional Analysis

Compositional analysis (EDAX) was performed on the surface of the membranes
(Figure 5a,b).

. Map Sum Spectrum
Wt% (J
C 80.5 01
(0) 125 0.0
S 6.8 01

ls]

2 8 keV

-
o

w

—
O

N
‘ 's|

o

0 P 8 keV

Figure 5. Energy-dispersive X-Ray spectroscopy (EDAX): (a) sSPEEK membrane; (b) ABCE-sPEEK
composite membrane.

The EDAX spectrum of the sPEEK membrane (Figure 5a) highlights the presence of
carbon 80.5%, oxygen 12.5%, and sulfur 6.8%. The EDAX spectrum of the ABCE-sPEEK
composite membrane (Figure 5b) shows the presence of carbon 69.6%, oxygen 15.5%, sulfur
5.4%, and nitrogen 8.7%. The analysis shows a decrease in the concentration of carbon and
sulfur at the expense of oxygen and nitrogen. The increase in oxygen concentration is a
consequence of the 4~Amino-Benzo-15-Crown-5 Ether (ABCE) ring, and the amino group
provides the nitrogen in the EDAX spectrum.
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3.1.3. Thermal Analysis

Thermal analysis was performed to indicate the thermal behavior of the membranes
from a scientific point of view, but also from a practical point of view (when recycling the
membrane polymer through heat treatment).

The sample of the sSPEEK membrane (Figure 6) presents a smaller mass loss than
sPEEK in the interval RT—300 °C, only 3.12%, with the process being accompanied by a
small endothermic peak at 79.8 °C and a small exothermic peak at 264.5 °C. These effects
correspond with the elimination of residual solvent molecules and the beginning of the
desulfurization processes. Above 300 °C, oxidative degradation becomes evident due to
mass loss and associated exothermic effects, indicating the complexity of the sample and
degradation reactions. The recorded mass loss between 300-475 °C is 86.41%. As indicated
in Figure S1, the residual carbonaceous mass is burned after 475 °C, when a mass loss
of 9.98% is recorded and the FTIR of evolved gases identifies CO, as the major product.
Similar behavior is reported in the literature [59].

TG 1% DSC [(mW/mg)
100 Mass Change:-3.12 % = ,,Pea'k: ZO3RG 1€exo g
sl . 7

Value: 300.0 °C : 3 o
80 Peak: 423.3 °C H peak azs6c sPEEK e 6
Peak: 406.5°C~ \ & -~ . DSC 5
60 Peak: 395.0°C . Mass Change:-86.41 % 4
40 Peak: 3403 °C / : .. Peak 559.1°C ?
Peak: 264.5 °C : 2
20 K * Mass Change:-9.98 % |4
Peak: 79.8 °C -t o\ K ——
B P -~ e aiar
100 200 300 400 500 600 700 800

Temperature /°C

Figure 6. Diagram of thermal analysis (TG and DSC) of the sPEEK membrane.

The sample of the composite membrane (ABCE-sPEEK) (Figure 7) is stable, losing
only 0.36% up to 190 °C (residual molecules of water as indicated by FTIR and by the
very weak endothermic effect from 79.9 °C). Further, the sample loses 3.75% of its mass
up to 300 °C, and the process is accompanied by a weak exothermic peak at 260.8 °C,
indicating oxidation.

TG % DSC /(mW/mg)
Peak: 466.0 °C
100 Mass Change:-0.36 % Mass Change:-3.75 % - sax. T exo
_— L 8
Value: 190.0 °C _— ’ -
=E9 Value: 300.0 °C Peak: 445.7 °C ABCE-sPEEK
80 o TG 6
Peak: 403.9 °C : Peak:456.9°C ... DSC
60 Peak: 355.4 °C 4
Peak: 260.8 °C e T . >
40 '-.‘. Mass Change:-84.76 %
g,
PR T K = O eecee conasccscsracnm sssasesses on saen
20 ossiagpeninnnonns StE - e L Mass Change: -10.68 % 2
Peak: 79.9 °C 3 \ —— I o
0 e
100 200 300 400 500 600 700 800

Temperature /°C

Figure 7. Diagram of thermal analysis (TG and DSC) of the ABCE-sPEEK membrane.

Between 300475 °C, the sample loses 84.76% of its mass in a series of oxidative—
degradative processes, accompanied by exothermic peaks at 355.4, 403.9, 445.7, 456.9, and
466.0 °C. The strong and quick oxidation process towards the end of the interval starts for
ABCE-sPEEK at 440 °C, ~10 °C earlier than the sPEEK sample, and the exothermic peak
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is placed at approximately the same temperature, 466 °C vs. 467.3 °C. The oxidation of
the sample becomes highly exothermic and quick after 450 °C. After 475 °C, a mass loss of
10.68% is recorded as the residual carbonaceous mass is burned away.

3.2. The Process Performance of the Prepared Membranes

When dissolving thorium nitrate in water, hydroxyl species are formed [41,45,60,61]
as shown hypothetically in Figure 8 [41,45].

1 Ihi
09 [Th(OH)2]*
0.8

07

06

U qos

04

[Th(OH)4]

03
0.2
01

0

pH

Figure 8. Hypothetical stability diagram of thorium hydroxyl complexes in aqueous media, reprinted
from [41].

The degree of formation in the solution of various chemical species can be determined
exactly if the acidity constants of the chemical species and/or the stability constants of the
hydroxyl complexes are known [62]. The existence of chemical species of thorium can be
found in Pourbaix diagrams, which take into account both the pH and the electrochemical
potential of the aqueous system [63].

The appearance of thorium dioxide is also related to the pH of the solution [61,62], but
in this paper we consider the separation of thorium from acidic solutions, of a pH from 0 to
4, when the predominant chemical species is Th**.

3.2.1. Determination of Hydrodynamic Performance

The determination of the hydrodynamic performance of the membranes was carried
out using ultrapure water. The variable parameters were the working pressure (Figure 9a)
and the rotational speed of the propeller agitator [64] (Figure 9b).
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Figure 9. Dependence of permeate flux (J) on: (a) working pressure; (b) stirring regime (rpm).

The shape of the flux curves (J) as a function of the working pressure, corresponding
to the sPEEK membrane and the ABCE-sPEEK composite membrane, is the same. From the
obtained results, at a stirring speed of 50 rpm (Figure 9a), it appears that the working pres-
sure causes an increase in the permeate flux (pure water), in the range of 5-8 atmospheres,
after which a plateau is observed. For both membranes, the optimal working pressure is
8 atmospheres. The appearance of the flux plateau (pregnant for the sSPEEK membrane)
can be explained by the compaction of the membranes at high pressure. The ABCE-sPEEK
membrane has a higher flux than the sSPEEK membrane over the entire pressure range
studied. This observation is in agreement with the porous structures on the section of
two membranes presented in Figures 3a and 4a. Also, the pores on the bottom surfaces
shown in Figure 3b,c for the sSPEEK membrane, compared to the pores of the ABCE-sPEEK
composite membrane in Figure 4b,c, justify the higher fluxes of the composite membrane.

When the pressure increased above the value of 9 atmospheres, the break-up of the
membranes was observed.

On the other hand, increasing the rotation speed while operating at a pressure of
8 atmospheres (Figure 9b) causes an increase in the permeate fluxes between 50 rpm and
200 rpm, after which a plateau is observed for both membranes. The appearance of the
plateau is determined by the turbulent flow regime that appears at 200 rpm and continues
at the following rotation values of the propeller. The speed chosen for the subsequent
studies was 200 rpm. The flow regime led to an additional flow contribution of about 20%
for the sSPEEK membrane and about 15% for the ABCE-sPEEK composite membrane.

The permeate fluxes, both depending on the working pressure and the rotational
speed of the agitator, are higher for the ABCE-sPEEK composite membrane compared to
the sPEEK membrane.

3.2.2. The Retention over the pH and the Concentration of the Thorium Ion Solution

At a working pressure of 8 atmospheres and an agitator rotation speed of 200 rpm, the
retention variation according to pH was followed for the two membranes, at concentrations
of 10~% mol/L and 10~° mol/L thorium nitrate in ultrapure water (Figure 10).

In all cases studied, the retention increases with the increase in pH. In the case of the
sPEEK membrane, the retention is between 85% and 90% with a uniform increase over
the entire pH range. The retention values for the sSPEEK membrane are higher for the
107> mol/L concentration solution compared to the 10~% mol/L concentration solution.

The thorium retention for the ABCE-sPEEK composite membrane varies between 90%
and 98%, being higher for the 107> mol/L concentration solution than for the 10~% mol/L
concentration solution, over the entire pH range. In the case of the ABCE-sPEEK composite
membrane, for both thorium concentrations studied, a jump in retention was found at pH 2.
This observation is correlated with the acidity constant of sSPEEK, which is between 2.0 and
2.2 (Table 2), but also with the presence of the crown ether in the form of the ammonium
ion. A plausible explanation would be that the acidic, molecular form of sPEEK (R-SO3;H)
passes into the basic, anionic form (R-5037) that interacts more strongly with the thorium
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ion. At the same time, the crown ether specifically complexes the thorium ion, causing
an increase in the retention of the ABCE-sPEEK composite membrane compared to the
sPEEK membrane.
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Figure 10. Dependence of retention (R%) for sSPEEK membrane (orange and gray curves) and ABCE-
sPEEK composite membrane (green and blue curves) for Th** solution concentration of 10~% and
1075 mol/L.

The previous considerations justify the superior retention of the ABCE-sPEEK composite
membrane compared to the sSPEEK membrane. Theoretically, for the ABCE-sPEEK composite
membrane, which is more porous (Figure 4a) and has a higher flow than the less porous
sPEEK membrane (Figure 3a), it would have been expected to present a lower retention.

3.2.3. Determination of Membrane Retention and Flux over Time

In order to follow the variation in the retention of the membranes depending on
the operating time, the pH of the solution at the value of 4, the concentration of tho-
rium ions of 107> mol/L, and the stirring regime of 200 rpm were chosen as parameters.
Both membranes show a slight decrease in retention (Figure 11), which can be estimated to
be within the acceptable limit for the dead-end nanofiltration-type working system. The
retention of the ABCE-sPEEK composite membrane decreases from 98% at the first hour
of operation to 95% at eight hours. For the sPEEK membrane, the decrease is from 90%
in the first hour of operation to 85% after eight hours. The obtained values show that in
the first hour of operation, the retention mechanism is of the adsorption type, after which
it switches to the ionic expulsion regime, which determines the acceptable decrease at a
relatively long operating time.

Depending on the operating regime, the evolution of the permeate flux for the thorium
nitrate solution of concentration 107> mol/L and pH 4, and with the stirring regime at
200 rpm, has the same pattern for both prepared membranes (Figure 12). From the initial
flux, an important decrease is observed until the fourth hour of operation, after which the
flux maintains a quasi-constant value.

The performance of the ABCE-sPEEK composite membrane is superior to the perfor-
mance of the sSPEEK reference membrane, in all operating situations.
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Figure 11. Dependence of retention (R%) on operating time: sSPEEK membrane (in orange) and
ABCE-sPEEK composite membrane (in blue).
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Figure 12. Dependence of the flux (J) on operating time: sPEEK membrane (in orange) and
ABCE-sPEEK composite membrane (in blue).

3.2.4. The Proposed Mechanism of Thorium Ion Retention

The results obtained in this study show that the SPEEK and ABCE-sPEEK membranes
retain the thorium ion through specific superficial interactions followed by ionic expulsion
(Figure 13).

At a working pH, chosen between 0 and 4 units, the ionizing—complexing chemical
species interact differently with the Th** ion (Table 4).

The choice of sSPEEK membrane was made for comparison with the newly prepared
composite membrane ABCE-sPEEK (Figure 13). The reference sSPEEK membrane retains the
thorium ion due to its strong acidity (pKa = 2) that manifests as such in the acidic environment)
with pH 0 to pH 2, and as sulfonated anion at pH 2 to 4. The thorium ion retention occurs at
the surface of the sSPEEK membrane (Figure 13a,c,e). This retention of the thorium ion does
not completely annihilate the 4+ charge. A large part of the thorium ion accumulates on the
surface, which is justified by the ionic expulsion from the nanofiltration process [65-73].
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Figure 13. Schematic presentation of the proposed mechanism of thorium ion retention on sPEEK
(a,c,e) and ABCE-sPEEK (b,d,f) membranes: (a,b) before nanofiltration; (c,d) beginning of nanofiltra-
tion; and (e,f) ionic expulsion nanofiltration.

Table 4. The ionizing-complexing groups of the prepared membranes depending on the pH of the

aqueous solution.

pH (Solution of Th*+)

Membrane

0 1 2 3 4
sPEEK R1-SOs;H R1-SOs;H R1-SO3~ R1-SO3~ R1-S03~
The ionizing-complexing groups
(Table 2) ABCE- R1-SO3H R1-SO3H R1-SO5~ R1-SO3~ R1-S05~
sPEEK R2-NH3* R2-NH3* R2-NH3* R2-NH3* R2-NH,

R1: PEEK; R2: Benzo-15C5-Ether.

In the case of the ABCE-sPEEK composite membrane (Figure 13b,d,f), it was desired
to combine the effect of the sulfonic groups of sSPEEK with that of ABCE. The choice of the
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crown ether is justified because the ionic radius of the thorium ion (r = 179 pm) is similar to
that of sodium (r = 180 pm) with which this ether specifically complexes (Figure 13b).

4. Conclusions

The toxicity of thorium is only partly related to the fact that it is a radioactive element,
because its half-life is extremely long. However, being a heavy element, its removal from
aqueous systems is imperative.

If we consider that it is desired to remove thorium from waters in isolated areas (for
example, mining operations, mountain areas, etc.), one of the more accessible and efficient
processes of doing so would be the membrane process. In this paper, nanofiltration is
approached as a procedure for removing thorium from diluted synthetic aqueous solutions.

The composite membrane that is proposed in this study is made of sulfonated polyether
ether ketone (sPEEK) in which Amino-Benzo-15C5-Ether (ABCE) is incorporated.

The performance of the nanofiltration process is compared between a SPEEK mem-
brane and the composite membrane (ABCE-sPEEK), prepared by the same procedure.

The membranes were characterized by scanning electron microscopy (SEM), energy-
dispersive X-Ray spectroscopy (EDAX), thermal analysis (TG and DSC), and from the
perspective of thorium removal performance.

For all test parameters: pH and thorium ion concentration; working pressure; and stir-
ring regime, the composite membrane (ABCE-sPEEK) has superior performance compared
to the sSPEEK membrane.

Thorium retention for the composite membrane (ABCE-sPEEK) reaches a maximum
of 98% compared to the SPEEK membrane which does not exceed 90%.

The fluxes determined under the optimal conditions resulting from the study (pres-
sure, stirring regime, concentration, and pH of the thorium solution) are a maximum
of 16 L-m~2-h~! for the ABCE-sPEEK composite membrane, and 15 L-m~2-h~! for the
sPEEK membrane.

The results obtained during the nanofiltration of the solution containing thorium are in
agreement with the initially expected requirements when working with the ABCE-sPEEK
membrane: selectivity/retention over 90%, operation over the entire pH range (also covering
the acidic environment), maximum working pressure of 9 atmospheres, the possibility of
application in isolated places, no need to use reagents or auxiliary materials, the possibility of
being scaled up by simply increasing the membrane surface, and a reduction in investments.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app14219937/s1, Figure S1. Fourier Transform Infra-Red (FTIR)
spectrum at 500 °C.
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