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ABSTRACT

Metals are essential raw materials which have many applications, in household appliances and
from transportation to energy production. Thus, there is a constant need for more and especially
rather rare metals in many of the sophisticated devices apparently essential for today’s standard
of living. In nature, metals are not found as pure elements but are mixed with all kinds of other
elements. The increasing demand for metals has led to increasing amounts of ore mining but
these are also a source of pollution and wastes e.g., mine tailings. It would be advantageous to
recover specific metals from these wastes, because of their high value and toxicity to the
environment. Two good examples of these kinds of metals are scandium and uranium, which
were studied in this thesis.

Scandium is used in several applications such as in scandium-aluminium alloys and solid
oxide fuel cells. However, the availability of scandium is limited because it is rarely found in any
appreciable concentrations in ores. Currently, scandium is mainly produced from secondary
resources such as the mine-tailings produced from the processing of other metals e.g., aluminium,
uranium. In these resources, the concentrations of other metals are much higher than the
concentration of scandium, making its extraction and purification very difficult. Therefore, novel
methods are needed that could efficiently recover scandium from these tailings to meet the
increased need for scandium and to reduce its cost.

Many polymetallic deposits also contain uranium, a compound that is difficult to remove
during the production of other metals. The exploitation of uraniferous ores leads to the creation
of mine tailings contaminated by uranium that are prone to pollute the environment e.g., they
may end up in wells used for drinking water. Since uranium is a toxic radionuclide, its exposure
even at trace amounts is harmful to humans e.g., causing kidney failure. Therefore, it is important
to remove uranium to prevent it from contaminating the environment and the recovered uranium
needs to be stored safely to secure public health.

A major challenge in the recovery of scandium and uranium is associated with their low
concentration with respect to other metals present at higher concentrations such as iron,
aluminium, and magnesium. Especially when the desired metals exist at a low concentration,
conventional metal recovery processes such as precipitation and solvent extraction are not
feasible because of their low selectivity towards the metals and the poor ability to recycle the
spent reagent/extractant. Adsorption technology can be employed to ameliorate this issue; in this
approach, metal ions are adsorbed onto a solid adsorbent from aqueous solutions. However, if it
is to be economically viable and truly sustainable, the adsorbent is not only required to be



reusable for several tens or hundreds of adsorption/desorption cycles but also needs to be
selective towards the target metal.

The aim of the present work was to develop an adsorbent with good reusability and high
selectivity towards scandium and uranium from multi-metal solutions. The adsorbent was made
of carbonized mesoporous silicon functionalized with bisphosphonate molecules. The
bisphosphonates were mainly responsible for metal adsorption whereas the carbonized
mesoporous silicon support maintained the stability of the adsorbent to allow its reutilization.

The mesoporous silicon was prepared using electrochemical etching of silicon wafers and the
carbonization was carried out under thermal treatment in presence of acetylene. The developed
functionalization was based on the utilization of the radicals present on the carbonized surface of
mesoporous silicon which can directly conjugate the bisphosphonate molecules. Due to the stable
carbon-carbon and silicon-carbon bonds between the carbonized surfaces and the
bisphosphonates, the functionalization was stable for several days in water, hydrochloric acid as
well as in sodium hydroxide solutions. Importantly, the adsorbent could be effectively recycled
without any significant reduction in its adsorption/desorption performance for up to the 50 cycles
examined in a flow-through setup.

The metal adsorption properties of the adsorbent such as the adsorption capacity and its
selectivity were studied with artificial metal solutions as well as with processed ore solutions.
When using the artificial metal solution, the adsorption was found to be dependent on the pH of
the solution. For example, the adsorbed amount of scandium at pH 1 was half than that obtained
at pH 3. On the other hand, the selectivity towards scandium was higher at pH 1 than at pH 3
examined using an equimolar metal solution containing scandium, iron, aluminium, copper, and
zinc. However, from a processed ore solution the adsorbent was ineffective in extracting trace
amounts of scandium due to the presence of other metals at higher concentrations. For example,
the concentrations of iron, aluminium and titanium in the solution were about 1000, 300 and 50
times higher than that of scandium. In order to reduce the concentration of these metals, a
precipitation method was used that involved the addition of ammonium hydroxide and
potassium permanganate to the ore solution. This method decreased the concentration of metals
by 99 + 2 % for iron, 100 + 14 % for titanium, 35 + 1 % for aluminium as well as 12 + 1 % for
scandium. After the treatment of the ore solution by precipitation, the adsorbent was capable of
adsorbing scandium in higher amounts.

The extraction of uranium with the adsorbent was examined from a tailing solution processed
from an ore containing some uranium. Regardless of the fact that the concentration of uranium
was 10 times lower in comparison with other metals e.g., iron and magnesium, the adsorbent was
effective at selectively adsorbing uranium. For example, the adsorption efficiency for uranium
reached up to 100 % whereas the efficiencies for other metals were low e.g., 30 % for aluminium,
10 % for iron and 5 % for magnesium. Crucially, the adsorbed uranium was efficiently desorbed
in a small volume where the concentration of uranium was increased by 15 times in comparison
to the original solution. The collection of uranium in a small volume is beneficial as it allows the
uranium contaminated wastewater to be stored safely.

The results emerging from this thesis can serve as a benchmark to further develop the
adsorbent for its potential use in industrial settings. The adsorbent exhibited good reusability as
well as good selectivity towards scandium and uranium. In addition, the porous structure of the
adsorbent meant that it was water permeable and thus could be used in a column system where
metal solutions were continuously passed through the column. The flow-through process is
better than traditional batch process in its ability to recover metals in terms of lowering the
operating cost, low energy consumption and eliminating the need to store the metal solution in
pools or tanks.
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1.INTRODUCTION

The present work is focused on the development of an adsorbent to recover scandium (Sc) and
uranium (U) from solutions containing various metals. This adsorbent combines the metal
adsorption features of bisphosphonate (BP) with the robust stability of thermally carbonized
mesoporous silicon (TCPSi). The developed material was used as a permeable adsorbent in a
column setup where the metal solutions were rapidly passed through.

In the following chapters, the motivation for recovering Sc and U is followed by a
discussion about the need of novel adsorbents especially their reusability features are addressed.
The latter part is concerned with the preparation of mesoporous silicon and the developments
required on the route towards the final product, bisphosphonate modified thermally carbonized
mesoporous silicon (BP-TCPS;i).

1.1 Scandium recovery

Scandium is the 315t most abundant element in the Earth’s crust. However, it is categorized as a
rare earth element (REE) because it is rarely found in concentrated ore deposits [1, 2]. There are
only a few ores (e.g. thortveitite) known to contain considerable concentrations of Sc are in Evje-
Iveland, Norway (250000 g/ton Sc20s) and Befanamo, Madagascar (420000 g/ton Sc20s) [1-3].
Other Sc deposits have also been identified but with low-grades, e.g., in Nyngan, Australia (235
g/ton in geothite), Zhovti Vody, Ukraine (105 g/ton in riebeckite) and in Kiviniemi, Finland (163
g/t in ferrodiorite) [2, 4-6]. There are also ores where Sc co-exists with other metals in minor
quantities e.g., in uraninite (U), bauxite (Al) ilmenite (W) and other REEs [2, 7-11].

Scandium is exclusively produced from secondary resources such as mine tailings and
by-products from the production of other metals [1, 2, 7, 12, 13]. For example, Sc has been
supplied from the Soviet stockpiles that were originally generated from the uranium tailings
produced during the Cold War [1, 14]. At present, China is the major supplier of Sc where it is
recovered from the mine tailing of the Bayan Obo Nb-REE-Fe deposit. The Sc content in the
deposit is 110 g/ton that becomes concentrated up to 163 g/ton in the tailing [10]. The Bayan obo
is the largest known REE deposit worldwide and has been broadly exploited, and hence, a sizable
tailing of up to 200 million tons has been produced while 3.86 million tons of new tailings are
added every year [1, 11, 15]. Another potential source of Sc is the bauxite residue (red mud)
generated from Al production. In the red mud, the Sc content is 41 — 254 g/ton [16]. Globally, an
estimated 4 billion tons of the red mud has been generated until 2015 but this value is increasing
by 150 million tons annually [16-18]. However, it is not easy to efficiently extract Sc from these
kinds of secondary resources because of the presence of high levels of other metals Al, Fe, Ti etc.
[1,17,19].

The wider utilization of Sc is impeded due to the difficulties associated with Sc extraction
as well as its limited availability, and high price (134 000 US$/kg) [4]. Although the use of metallic
Sc has not been exploited, its usage as an effective dopant is beneficial in a variety of applications;
these are attributed to Sc’s properties such as its light weight, good electrical conductivity, and
high melting point. For example, Scis effectively used as an alloying element in combination with
Al, making the end-product stronger and more resistant to corrosion [20]. These Sc-Al alloys are
used in the aerospace industry and in the manufacture of sports equipment.

Another important application of Sc is in solid oxide fuel cells (SOFC). In SOFC, chemical
energy is converted into electricity by directly oxidizing a fuel with the solid-oxide material being
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used as the electrolyte. However, for high performance, i.e., efficient oxygen ion transfer through
the solid electrolyte, the SOFC needs to be operated at extreme temperatures (~1000 °C) that can
potentially damage the cell components and elevate the maintenance costs [21]. It has been shown
that an electrolyte doped with Sc20s increases the power density of the SOFC, even at a lower
operating temperature (~500 °C) [21-23]. Since energy is produced electrochemically in SOFC,
rather little or even no green-house gases (e.g, CO2) are emitted, making SOFC an
environmentally friendly technology in comparison to conventional combustion engines [24].
Various natural gases from hydrogen to hydrocarbons (e.g., methane) can be used in SOFC as the
fuel source [25]. Therefore, to produce energy, SOFC has the potential to reduce the consumption
and burning of fossil fuels (e.g., petroleum, coal), which have been responsible for devastating
effects such as global warming due to the emission of greenhouse gases.

Similarly, it has been also reported that the addition of Sc in piezoelectric materials (e.g.,
Sc-Al-N) was able to enhance the piezoelectric response by 400 % [26]. The increase in the
piezoelectric response was attributed to the suitable coordination of Sc in the crystalline structure
with Al-N, which softened the material and made it more responsive to strain [27]. Since
piezoelectricity involves the generation of an electrical charge by mechanical stress or vice-versa,
a material with a high piezoelectric response can be used in modern high-technology devices
with micro electro-mechanical systems such as touch screens, fingerprint detectors and highly
sensitive microphones [28, 29].

1.2 Uranium recovery

Uranium is one of the most common elements in nature occurring as three radioactive isotopes
U-238 (99.27 %), U-235 (0.72 %) and U-234 (0.005%). The less abundant isotopes, U-235 and U-234
are highly fissile radionuclides, which are the indispensable fuels in nuclear power plants.
Currently, U is mainly mined in Australia, Canada, and Kazakhstan to be utilized in the nuclear
power plants [30, 31]. Although a nuclear power plant produces less carbon emissions, it
generates radioactive wastewaters containing U and at present, there is no facility/method to
ecologically store/dispose of these dangerous wastes [32-35].

Apart from the nuclear industries, another source of U contamination into the
environment results from the mining of uraniferous ores. Many polymetallic deposits are
enriched in U e.g., uraninite, brannerite, torbernite and some REE [17, 31, 36]. The U naturally
present in these minerals can be problematic to remove during the processing of the metals
leading to the mine tailings being contaminated by U [17, 37]. For example, U is now being
recovered from the by-product of the processing of Ni-Zn-Cu-Co deposits in Talvivaara, Finland
[31]. Typically, the wastes accumulate in large volumes and if not disposed of safely, it can leach
into the local soils, groundwater as well as the drinking water [32, 33, 38, 39].

Uranium contamination in the environment is a serious public health concern because of
its toxicity [32, 40]. Although the naturally occurring U is not highly radioactive, its chemical
toxicity is nonetheless harmful to humans [41]. The toxicity depends on its exposure route,
speciation, and solubility. For example, highly soluble U compounds (e.g., uranyl nitrate, uranyl
fluoride) are absorbed through the skin, and the gastrointestinal tract from where they reach the
bloodstream [32, 40, 42]. Drinking water from wells contaminated by the soluble uranium
compounds has been found to cause kidney damage [41, 43, 44]. The insoluble form of U (e.g.,
uranium tetrafluoride) can accumulate in the lungs for a longer timespan causing a risk of cancer
[40, 45]. It has been also reported that U exposure evoked deoxyribonucleic acid (DNA) damage
in workers recruited in U mines and mill sites [46]. Furthermore, animal experiments with mice
have also shown that U can induce reproductive and skeletal defects [47-49]. Because of the severe
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health hazards associated with U exposure affecting different organs, the World Health
Organization and the U.S. Environmental Protection Agency have issued a maximum
contaminant level of U in drinking water as low as 0.03 mg/L and with the objective to reduce it
to zero [50].

1.3 Metal recovery techniques

Immense volumes of mining-associated wastewaters i.e., the mine tailings tend to accumulate.
These wastes containing toxic metals like U can potentially pollute the environment through the
groundwater and local soils, eventually posing a risk to human health. Therefore, it is crucial to
remove U from the wastewater in order to both ensure the public health and guarantee
environmental safety. The wastewaters may also contain other valuable metals such as Sc. The
extraction of Sc from these secondary resources is beneficial because it involves no new mining
or exploitation of natural reserves. The recycling of the wastewaters to produce Sc also fits with
the principle of a circular economy. Nevertheless, it is challenging to extract specific metals from
these wastes because they tend to be co-extracted with other dissolved metals. As an example, Sc
can be recovered from the red mud by extracting (leaching) with an acid, but the leachate contains
many other metals at higher concentrations. For example, the concentration of Sc in bauxite
residue leachates was 2.2 mg/L while the concentrations of other metals were much higher e.g.,
2617 mg/L for Al, 539 mg/L for Ti and 478 mg/L for Fe [18]. The different methods that have been
employed to recover metals from wastewater including precipitation, solvent extraction, and
adsorption are briefly discussed in the following sections.

1.3.1 Precipitation

Precipitation is a common method used in the recovery of dissolved metals where
chemical reagents are added to yield insoluble metal complexes. Unfortunately, these reagents
are expensive and difficult to reuse. In most cases, high amount of reagents is needed to recover
the desired metals at acceptable amounts [51]. The method is not effective when the desired metal
is at a low level because of co-precipitation of the other metals present at higher concentrations
[1, 7]. Often, precipitation tends to be used as pre-treatment step to remove the major constituents
(impurities) from the wastewaters before employing other methods such as solvent extraction
and adsorption [18, 52].

1.3.2 Solvent extraction

Solvent extraction is an extensively used liquid-liquid separation process where one of the liquids
is the aqueous phase containing the dissolved metals and other is the organic phase containing
the extractant (organic compounds) [53]. These liquids are immiscible with each other and can be
easily partitioned. Upon stirring of these liquids, the metals react chemically with the extractant
and migrate into the organic phase [32]. The aqueous phase is separated, and the metals now
present in the organic phase are recovered by stripping. Stripping is a back-extraction process to
release metals form the organic phase into fresh aqueous phase, usually with an acid [54].

In the organic phase, a specific extractant with relevant properties such as solubility and
binding affinity towards the desired metal can be chosen to achieve optimum recovery of the
metal [33, 55, 56]. For instance, several extractants bearing various functional groups such as the
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organo-phosphorus group, -POOH (e.g., di-(2-ethylhexyl) phosphoric acid, DEHPA, tri-butyl-
phosphate, TBP) and carboxylic acid groups, -COOH (e.g., naphthenic acid) have been used to
recover Sc and U [7, 30, 56-58]. Although solvent extraction is the most well-established
technology in the treatment of wastewater, there are several disadvantages associated with this
technique. For example, it requires a large volume of organic solvent and that increases the cost
of recycling. In addition, the solvents are usually toxic and harmful to the environment. During
the stripping process, there is a frequent loss of solvent when separating it from the aqueous
phase. [9, 12, 59]. Moreover, the method is uneconomical when metals are present at low levels
(<0.5 g/L) [53].

1.3.3 Adsorption

Adsorption is another widely used technology in the wastewater treatment, which is effective
also with low-concentrated metals, even those in the ug/L range [33, 53]. Unlike solvent
extraction, adsorption technology does not require the use of the organic solvents meaning that
there are no toxic emissions into the environment. Adsorption is a surface phenomenon where
metal ions (adsorbates) are attached (adsorbed) on the surface of a solid material (adsorbent) and
subsequently released (desorbed) to regenerate the adsorbent for reutilization. There are two
mechanisms how an adsorption can occur: physisorption and chemisorption. Physisorption is the
unspecific attachment via an electrostatic attraction between the adsorbate and the surface of the
adsorbent. Chemisorption is the attachment of the adsorbate via the formation of chemical bonds
on specific binding sites present on the adsorbent [60].

In chemisorption, the binding sites are facilitated by the functional groups (e.g., OH,
COOH, POCH) present on the surface of the adsorbent. The functional groups, also called
ligands, can donate/share electrons with the metal ions resulting formation of metal complexes
[61-64]. These complexes can be formed in several ways depending upon the number of binding
site that the ligands facilitate [62-64]. The number of the binding sites are referred for example as
monodentate (one binding site), bidentate (two binding site) and polydentate (more than two
binding site). In fact, a single metal ion can bind on multiple site of one or more ligands in a
coordination fashion and the number of bonds associated in the metal complex are represented
by coordination numbers [61, 64]. When the coordination number is more than one, the formation
of the metal complexes are described as a chelation process (and the product as chelates). The
chelates formed with higher coordination numbers are more stable, for instance, a metal chelated
with polydentate sites are more stable than the metal bound on a monodentate site [63]. Likewise,
stronger complexes are formed when the chelating ligands facilitate highly electronegative donor
atoms (e.g., several oxygen atoms) to the positively charged metal ions (or cations) [63].
Furthermore, the angle at which the binding sites are configured (bite angle) also determines the
coordination of the metal ion [65-70]. For instance, ligands with larger bite angle favors larger
ions and vice-versa [68]. Some researchers report that a metal ion with an appropriate size that
can perfectly fit in the coordination environment hosted by the ligands is chelated efficiently [62,
71].

It can be recognized that the adsorption mechanism depends upon the surface chemistry
of the adsorbent as well as the chemical forms of the adsorbate (e.g., ionic speciation of the
dissolved metals) [63]. In addition, several other factors such as the ratio of the adsorbent-
adsorbate pair, concentration of the metal ions and pH of the solution also alter the adsorption
process. Accordingly, the adsorption parameters such as the adsorption capacity of the adsorbent
and the binding affinities between the adsorbate and the adsorbent are influenced.
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1.3.3.1 Implementation and characterization of adsorption

Adsorption can be implemented in two ways: batch setup and flow-through/column setup. In the
batch setup, certain volume of metal solution is mixed all at once with a certain amount of
adsorbent in a container (e.g., pools, tanks, Eppendorf). The scale at which this setup can be
implemented is limited by the size of the container. For example, for the treatment of 1000 L of
metal solution, a container with volume capacity of at least 1000 L or alternatively, 5 containers
with the capacity of 200 L are required. In the column setup, certain amount of adsorbent is
packed (fixed) in a column through which metal solution is flown-through continuously. As this
setup does not require storage of metal solution in separate containers, it consumes less energy
and is more efficient over batch setup to be operated in large-scale [72]. However, in the column
setup, the adsorbent is not dispersed in the metal solution, an equilibrium will not be achieved
between the adsorbent bed and the feed solution [73]. In order to characterize the adsorption
parameters such as the adsorption capacity of the adsorbent, equilibrium studies are crucial,
which can be determined using the batch setup [72].

In the batch setup, when the adsorbate and the adsorbent are in contact for long enough
time, an equilibrium is established after which no further adsorption takes place. The equilibrium
describes the distribution of the adsorbate between the solid phase and the liquid phase. If the
adsorbate-adsorbent system already at equilibrium experiences changes (e.g., concentration,
adsorbent mass, temperature), a new equilibrium will be established. The equilibrium data that
are obtained experimentally can be mathematically modeled to predict the adsorption
parameters. To do so, adsorption isotherm models are widely employed.

1.3.3.2 Adsorption isotherm

Adsorption isotherm is the adsorption equilibrium data measured at a constant temperature. The
adsorption isotherm graph correlates the mass of adsorbate adsorbed per unit mass of the
adsorbent at equilibrium conditions (Qe) with the residual concentration of the adsorbate in the
liquid phase at the equilibrium (Ce). The adsorption parameters can be determined by fitting the
equations of various isotherm models with the experimental isotherm data to elucidate the
adsorption parameters. The isotherm models used in this thesis are listed in Table 1.

Table 1. Different isotherm models and their equations. Q. represents the amount of the adsorbed
metal at equilibrium and Cerefers to the metal concentration in the liquid phase at equilibrium.

Isotherm model Equation
Q — QmKLCe
Langmuir ¢ 1+KC
= K,C, /™
Freundlich Qe Jre
. QmsKSCeHS
S —ms S e
b Qe =T K™
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Qm and Qmsrepresent the adsorption capacity.

Kt is used as the approximation of the adsorption capacity

Krand Ks, are the constants defining the binding affinity.

n and ns refer to the degree of surface heterogeneity of adsorbent’s binding sites.

Langmuir isotherm model

The Langmuir isotherm model assumes that the adsorption occurs via chemisorption on
homogeneous (identical) binding sites of the adsorbent with only a monolayer coverage of the
attached adsorbate [60, 74]. The equation of this model can be derived as follows [60, 75].

Let’s consider an adsorbent have a total number of binding sites as 1 and ‘0’ be fraction
of occupied sites by the adsorbate, then the unoccupied sites become (1 - ). Since the rate of
adsorption (ra) is directly proportional to the concentration of the adsorbate (C) and the
unoccupied sites, it can be written as

ryaC(1—0)
ry = koC(1—6) 1)

where ka is the adsorption rate constant.

Before reaching the equilibrium, the rate of desorption (ra) is directly proportional to the adsorbed
amount i.e.,

rqa 0
rq = k40 )

where kd is the desorption rate constant.

When the system reaches equilibrium, the occupied binding sites (0) is equal to the adsorbed
amount of the adsorbate (Qc) divided by the total adsorption capacity of the adsorbent (Qm).

_Q
%] =% 3)

At the equilibrium, the rate of adsorption will be equal to the rate of desorption. Thus, the Eq. (1)
is equal to the Eq. (2)

r, =7y
K,C,(1—8)= K;0  (4)

where Ce refers to the equilibrium concentration of the adsorbate.

If K be the equilibrium constant between the adsorption and desorption, K = ka/ks then above Eq.
(4) can be written as

KC,(1—6)= 8
KC,= 0+KC,0

KC, = 0(1+KC,)
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g = Kc
14K Ce

®)

Combining the equations (3) and (5)

Qe _ Ke
Qm 1+KCe

— QmKLCe
Qe = 1+KLCe ©)

The Eq. (6) is the Langmuir model equation where equilibrium constant K is replaced by
the Langmuir constant (Kv) that refers to the binding affinity. By fitting the Langmuir equation
in the isotherm graph, its parameters can be determined. For example, by plotting the
experimental values, Q. (umol/g) in Y-axis and Ce (mg/L) in X-axis, the maximum adsorption
capacity of the adsorbent (Qm in umol/g) and the Langmuir constant (Kt in L/mg) can be obtained.

It is worthy to note some limitation of the Langmuir model that have been addressed in
literature, which are a) the non-uniformity in the use of unit of the Langmuir constant, Kt (L/mg,
L/mol, L/g etc.) and b) the role of concentration of the adsorbate in the desorption rate is not
considered. To solve these limitations, Azizian et al., presented a modified equation of the
Langmuir model [75] as:

QmKMLCe
=_—-m Mbee 7
Qe (Cs—Ce)+KmLCe @)

where Kwmu (dimensionless) is the modified Langmuir model constant, and Cs is saturation
concentration of the adsorbate.

Nonetheless, in this thesis, the modified Langmuir model was not employed because of
the unavailability of any reliable solubility data (Cs) of Sc and U that simulated the liquid used in
the adsorption experiments. Determination of the Cs values experimentally was also not feasible
because only dilute solutions of the metals were used. Thus, the traditional Langmuir model (Eq.
6) has been used to interpret the adsorption isotherm results.

Freundlich isotherm model
The Freundlich model represents multi-layer coverage via both chemisorption and physisorption

on a heterogenous surface [60]. It assumes that at a low concentration of the adsorbate, adsorbed
amount is directly proportional to the equilibrium concentration given by following equation

Qea C.!

And, at high concentration, adsorption is independent of concentration as;

Qe C.°

At intermediate concentrate, adsorption is proportional to the equilibrium concentration raised
to the power 1/n.

1
Qea Cen

Qe = K; Cor ®)
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The above Eq (8) is the Freundlich equation. The constants K¢ (umol/g) and ‘n’ represent
the adsorption capacity and heterogeneity factor, respectively [76-78]. The value 1/n below 1 (or
n > 1) indicates non-cooperative adsorption, which means that there is no interaction between the
adsorbed and unadsorbed species. On the contrary, the value 1/n above 1 indicates cooperative
adsorption [74, 76, 77].

It should be realized that the parameters derived from this model are considered as an
approximate values for a few reasons [74, 78, 79]. For example, an adsorbent always has a limited
adsorption capacity beyond which no further adsorption is possible despite increasing the
concentration. However, in the Freundlich equation, when the exponent 1/n is equal to 0,
adsorption becomes independent of concentration implying that the model does not limit the
adsorption capacity [79, 80]. Furthermore, at very low concentration, when the exponent 1/n=1,
the equation reduces to linear model. The linear model is explained by the Henry’s law, which
states that the adsorbed amount is linearly proportional to the residual adsorbate concentration.
Since the Henry’s law is valid at low concentration when the coverage of the adsorbate on
adsorption site is low, the adsorbate-adsorbent system should obey the Henry’s law [60, 81, 82].
However, it is often issued in the literature that the Freundlich model does not obey the Henry’s
law at low concentration [76, 81, 83-85].

Sips isotherm model

Sips model is a suitable model to apply when the isotherm data does not strictly follow the
Langmuir and the Freundlich models. Sips model is the combination of the Langmuir and the
Freundlich that describes both the homogeneous and heterogeneous surfaces of the adsorbent,
given by the following equation.

— QmsKSCerlS
Qe = dutstes ©)

where the Sips constants, Qms (mol/g) represent the adsorption capacity, Ks (L/mg) represent the
binding affinity and the ns represents the surface heterogeneity of the adsorbent.

The value of ns lies between 0 and 1. This value is comparable to the Freundlich constant
n (ns = 1/n) [86, 87]. Higher the value of ns, higher is the heterogeneity of the adsorbent [60, 76,
83]. When ns = 1, the Sips equation becomes exactly same to the Langmuir model equation, and
hence, predicts homogeneous and monolayer adsorption [60, 76, 87]. At very low concentration,
the Sips model reduces to the Freundlich model, and therefore, it does not obey the Henry’s law
[60, 81].

1.3.3.3 Adsorbents

Natural adsorbents

Natural adsorbents such as potato skin, eggshell, rice husks, coffee beans, orange peel, and
banana peel can be used to extract a variety of metals [88]. A few studies also reported recovery
of Scand U with some natural adsorbents. Mosai et al., demonstrated higher selectivity of natural
zeolite (clay mineral composed of Si, Al, and O) towards Sc than other metals present in a multi-
metal solution of REEs. However, the adsorption capacity was rather low (0.24 mg/g or 5 pmol/g
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for Sc at pH 5.5) [89]. Mahramanlioglu et al., used carbonized coffee residue to adsorb U which
had the adsorption capacity up to 170 umol/g at pH 4. However, the adsorption efficiency for U
reduced by half when the U was mixed in a binary solution containing either Ca, Cd or Co [90].
Utilization of natural adsorbents is a sustainable approach in terms of valorizing the biomass and
agricultural residue. Nonetheless, a major limitation of employing natural adsorbents in metal
recovery application is associated with their poor reusability. In fact, only few studies are
available that report the reusability of some natural adsorbents although the
adsorption/desorption performance was shown to decrease within a few cycles (< 10 cycles) [88,
91-94].

lon-exchange resins

Ion-exchange resins (e.g., Amberlite, Dowex, Diphonix) are commercialized adsorbents; these are
porous matrices formed by cross-linking copolymers containing ion-exchanging functional
groups [95, 96]. In the metal uptake phenomena, the exchangeable ions from the functional
groups are exchanged with counter-ions (metal ions) in the liquid phase bearing the same charge
[32, 95]. Due to the high density of the functional groups, the resins have good capacity to
exchange high amount of metal ions. However, during repeated adsorption/desorption
processes, the resins suffer from shrinking and swelling of the polymeric structure leading to
poor mechanical stability and contamination problems (fouling). The fouling is caused by the
inclusion of pollutants such as organic substances and other solids present in the wastewater that
hinder the diffusion of metal ions in the resin and downgrade the performance of the ion-
exchange process [51, 96-100].

Mesoporous silica as hybrid adsorbent

Hybrid adsorbents are the synthetic adsorbents that are prepared by conjugating organic
compounds (containing functional groups/ligands) on the surface of a solid material (support).
These adsorbents confer good metal adsorption properties of the functional groups and the solid
support provide better stability compared to the resins or the natural adsorbents. Since the
adsorption is a surface phenomenon, the solid support with high surface area is beneficial as it
makes it possible to graft a large amount of functional molecules. The large surface area is also
preferable to allow good interaction with the adsorbate species (metal ions). One of the supports
widely used in hybrid adsorbents is mesoporous silica because of its interesting properties such
as non-swelling, large surface area (~1000 m2/g) and well defined pore sizes (2-50 nm) [101-104].
In addition, the mesoporous structure of the material enables its effective use as permeable
adsorbent in a flow-through setup [12, 52, 69, 101, 105-107].

Although the chemical structure of mesoporous silica is generally written as SiO;, its
surfaces are covered with silanol groups (Si-OH). These silanol groups can act as active binding
sites, especially when the metal solution is at a high pH. For example, at pH 4, the silanol groups
on mesoporous silica, SBA-15 (Santa Barbara Amorphous -15) were attributed to adsorb up to 340
umol/g U, but the adsorption of U was negligible below pH 4 [108, 109]. At lower pH value (pH
3), Giret et al., reported adsorption of various metals including Sc, lanthanides, Al, and Fe with
some commercial mesoporous silica (SBA-15, silica gel). Nonetheless, the adsorption capacity of
these materials was inadequate, for instance, the SBA-15 with surface area as high as 934 m?/g
containing 2600 umol/g silanol groups adsorbed 26 umol/g Sc, meaning that as much as 100
silanol moieties were needed to adsorb one Sc ion [107]. The low capacity was referred to
improper structural arrangement of Si-OH groups to bind high amount of Sc ions [69, 107]. At
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even lower pH (<2.5), the adsorption of Sc was negligible because of the surfaces of SBA-15 being
positively charged (OH>*), which repelled the positively charged metal ions. Further, the proton
in the Si-OH groups did not dissociate to facilitate a binding site (Si-O) for the metal ion [18, 69,
107].

In order to improve the adsorption of metals, various metal binding ligands have been
functionalized on the surface of the mesoporous silica by modifying the silanol groups [33, 68,
69, 100, 101, 103-105, 109-114]. A frequently used surface modification method is based on
silanization reaction. In this reaction, alkoxysilanes, R-Si-O- (e.g., 3-aminopropyl triethoxysilane,
ATPES) are reacted with the Si-OH groups to conjugate the silane molecules on the surface of the
mesoporous silica as Si-O-Si-R [103]. Typically, to increase the adsorption of metal ions, the
silanized mesoporous silica are further needed to be functionalized with other organic
compounds such as with ethylphosphonic acid (PA) [108], 1-(2-pyridylazo) 2-naphthol (PAN)
[111, 113] and diglycolamide (DGA) [68, 69]. Particularly with Sc and U recoveries, phosphorus-
based compounds such as di-(2-ethylhexyl) phosphoric acid (DEHPA), bisphosphonates (BP) and
tri-butyl-phosphate (TBP) have been frequently applied as the functional molecules [9, 108-110,
115-122]. For instance, adsorption of U with SBA-15 modified with ethylphosphonic acid (PA) at
pH 4 (914 umol/g) was 2.7 times higher than the unfunctionalized sample (340 umol/g) [108].

Despite the adsorption capabilities of functionalized silica are improved, the aqueous
stability of the functionalization is inadequate because of the hydrolysis of Si-O- bonds caused
due to the nucleophilic attack by hydroxide ions [111, 123, 124]. In addition, the pore walls of
mesoporous silica can be extremely thin, dissolution of few nanometers of the surface can lead to
total destruction of the material [101, 125, 126]. Because of the poor stability of the chemical bond
between the functional molecules and the support, leaching of the functional layer during
repeated adsorption/desorption process is often issued in the literature [105, 111-113, 117, 126].
For example, Lebed et al., reported 25 % mass loss of the grafted functional molecules after only
five adsorption/desorption cycles. In some cases, the silica support leached up to 28 % during the
regeneration process [111]. Subsequently, due to the loss of the functional groups (pH 1-5), only
one adsorption/desorption cycle was performed [111, 113].

The hybrid adsorbents have been well developed as advanced materials to recover a
variety of metals. However, there remains a gap to improve the stability of the functionalization.
Meanwhile, the functionalization techniques are also susceptible to increase the cost of the
material. To complement the high cost, the hybrid adsorbents are not only needed to have good
adsorption capacity and desired metal selectivity but are also needed to be reusable for several
tens to hundreds of adsorption/desorption cycles in order to be truly sustainable and
economically feasible.

1.4 Mesoporous silicon

Mesoporous silicon (PSi) is an alternative support material that can be developed as a hybrid
adsorbent. Unlike mesoporous silica that is composed of silicon and oxygen atoms, PSi is
composed of elemental silicon. The mesoporous silicas are synthesized by a bottom-up approach
i.e., combining molecules to form the mesostructures [103]. In contrast, PSi is produced by a top-
down approach based on the dissolution of bulk silicon.
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1.4.1 Electrochemical etching

Electrochemical etching is a widely used method for manufacturing PSi; its advantage lies in its
ability to tune the material’s properties by varying the etching parameters. An etching system
requires an anode, a cathode, and an electrolyte solution. In the present study, PSi was etched
from p-type crystalline Si wafers as the anode, a platinum wire as the cathode, and a mixture of
hydrofluoric acid (HF) and ethanol (EtOH) as the electrolyte solution (Figure 1).

——— Power supply

Platinum cathode

Electrolyte

Silicon wafer

Metal disc —8  ———5

Figure 1. Schematic diagram of electrochemical etching cell used to manufacture porous silicon.

When an electric current is applied through the Si wafer with a current density below the
electropolishing region (i.e., the state where Si is completely dissolved at the current density,
typically above 100 mA/cm?), HF causes a localized dissolution of Si. This dissolution creates
pores first on the surface and subsequently inside the bulk Si. Typically, EtOH is mixed in the
electrolyte to reduce the surface tension of HF and in that way it enhances the permeation of HF
inside the pores [127-131]. A uniform porous layer can be achieved by applying a constant current
density throughout the etching by varying the applied voltage. At the end of the etching, a current
density above the electropolishing region can be applied to dissolve the silicon under the porous
film and to detach the freshly generated PSi film from the wafer [127-130]. The wafer can be
fabricated into PSi microparticles by milling and sieving into the desired particle sizes.

1.4.2 Surface modifications of PSi

Freshly etched PSi has a hydrogen terminated surface, (Si-Hx, x =1 - 3) that will gradually oxidize
even under ambient conditions [132]. With time, this kind of native oxidation temporarily alters
the PSi’s structure. In order to stabilize the PSi surface, various methods have been established
over the past 30 years.

1.4.2.1 Thermal oxidation

A straight-forward approach which can be applied to stabilize the PSi surface is to oxidize it with
heat treatment. At temperatures ~300 °C, the surface hydrides are released and oxygen diffuses
into PSi, resulting in backbond oxidation (Si-O-Si-Hx) [133-135]. At temperatures above 400 °C,
oxidation of the hydrides will increase forming Si-OH groups, whereas above 800 °C, complete
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oxidation into SiO:2 can be achieved with sufficient time [136-138]. Nevertheless, the long-term
stability of oxidized PSi is poor in aqueous basic media because the Si-O bonds tend to be
subjected to a nucleophilic attack (hydrolysis), as described above [123, 124, 139].

1.4.2.2 Hydrosilylation

In order to achieve a more robust stability than possibly with oxidation, the Si-Hx bonds on the
PSi surfaces can be replaced with Si-C bonds by a hydrosilylation reaction where unsaturated
organic compounds e.g. alkenes or alkynes, react with Si-Hx [140-142]. The resulting Si-C bonds
are more stable in aqueous environments than the Si-O bonds because the Si-C bond is less polar
than the Si-O bond making it less susceptible to break down under the nucleophilic attack [140].
However, the hydrosilylated organic molecules (typically with long hydrocarbon chain) do not
cover the PSi surface completely, exposing the unreacted Si-Hx to oxidation and their subsequent
dissolution in aqueous solutions by hydrolysis [131, 142-145].

1.4.2.3 Thermal hydrocarbonization

In order to acquire more complete passivation of PSi, gaseous hydrocarbons, typically acetylene
(CoH2) has been fused with PSi [146-148]. Acetylene is flammable and cannot be used
continuously above 800 °C because it will graphitize to yield carbon powder [146]. However, at
a moderate temperature ~500 °C, acetylene molecules start to dissociate, enabling the carbon
atoms to bind with surface silicon atoms. At this temperature, the hydrogen atoms do not
completely desorb and bounded to carbon, leading to hydrocarbonized PSi surfaces [146]. The
thermally hydrocarbonized porous silicon (THCPSi) have been shown to be further modifiable
through hydrosilylation reaction, for instance, by mixing with undecylenic acid (Un) solution for
16 h at 120 °C [144]. A stability study conducted by Jalkanen et al., reported that the Un
functionalized THCPSi (Un-THCPSi) had improved stability in 1 M KOH (no dissolution
observed after 1 h) in comparison with the hydrosilylated Un-PSi (complete dissolution after 2.5
min). However, after 24 h of immersion, the Un-THCPSi had also dissolved completely [144].

1.4.2.3 Thermal carbonization

It is possible to produce a durable Si-C-Si structure in the PSi skeleton without the need for
graphitization of acetylene. This can be achieved by allowing the adsorption of acetylene
molecules on PSi, first at room temperature. Then, the acetylene adsorbed PSi sample is heated
above 800 °C where the surface hydrides become completely desorbed from PSi, carbon atoms
are disintegrated from the acetylene molecules, and permeate into the PSi skeleton leading to the
formation of a non-stoichiometric silicon carbide (Si-C) layer [146-148]. This thermally carbonized
porous silicon (TCPSi) has excellent stability even under harsh conditions, such as in the presence
of aqueous KOH and HF for several days [143, 148]. The hydrolytic stability of TCPSi in aqueous
NaOH has been visually demonstrated to be greater than the oxidized or hydrocarbonized PSi
[145]. In addition, the thermal carbonization appears to cause less reduction in the surface area in
comparison with thermal oxidation and hydrocarbonization [143]. When one considers the
aforementioned properties relating to the stability and high surface area, it does seem that TCPSi
is a suitable template which can be employed in demanding applications like metal adsorption.
The native TCPSi surface is slowly passivated in ambient air with an oxide layer making
it hydrophilic [149-154]. Despite the presence of the oxide layer, the dissolution of TCPSi even in
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HF is prevented by the stable Si-C-Si layer [149, 151]. Instead, HF regenerates surface hydrides,
which will oxidize into hydroxyl groups that can be utilized for further functionalization via
silanization [149, 155]. Often, if one wishes to intensify the surface density of -OH groups rapidly
after the HF treatment, TCPSi requires priming with oxidizing agents such as hydrogen peroxide,
H20:[155]. Nonetheless, silanization requires Si-O interface between the TCPSi and the attached
moiety, and is therefore, prone to undergo hydrolysis [123, 124].

Although a great amount of research and development has been directed towards
stabilization of PSi, the challenge still remains to improve its stability, especially those of the
functionalized PSi, even under harsh conditions. Therefore, in the present research project, a new
method to directly functionalize a terminal alkene on TCPSi was developed.

1.5 Bisphosphonates as metal chelators

Bisphosphonate (BP) are organophosphorus compounds containing two phosphonate groups
bonded together with a geminal carbon atom (Figure 2). These are biocompatible compounds
clinically used in the treatment of osteoporosis, and have also been shown to be effective in
removing U from different organs in mice [156-158]. BP have also the ability to adsorb/desorb a
variety of metals from different sources including industrial effluents [61, 66, 70, 110, 159-162].
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Figure 2. a) General chemical structure of bisphosphonates and b) the structure of the molecule
employed in this thesis.

The characteristic P-C-P backbone structure of BP is chemically stable because of its high
resistance to hydrolysis [65, 70, 162]. The central carbon can become attached with various
sidechains Ri and Rz, making it possible to vary the structure and subsequently the properties of
the BP [159, 163]. For example, the length of CHz sidechain in an R group can be altered to tune
the hydrophobicity i.e., the longer the chain, the more hydrophobic is the molecule [159, 160, 163].
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2. AIMS OF THE STUDY

Utilization of adsorbents in metal recovery is a sustainable approach only if the adsorbent can
withstand the harsh conditions applied during the adsorption/desorption processes. In addition,
when the targeted metal is found at trace levels, the adsorbent needs to be highly selective
towards that metal. Keeping these requirements in mind, the present work aims to develop a
robust adsorbent that would be capable of capturing scandium and uranium efficiently from
aqueous solutions containing mixtures of various metals. The specific aims of the study can be
listed as follows.

1. To develop a new functionalization method to conjugate bisphosphonate on carbonized
mesoporous silicon (BP-TCPSi).

2. To verify that the hybrid adsorbent and its functionalization would be highly stable even
under harsh conditions.

3. To demonstrate the applicability of the material in a flow-through/column setup.

4. To elucidate the adsorption mechanism and selectivity of BP-TCPSi towards scandium.

5. To assess the applicability of BP-TCPSi to extract trace scandium from a real ore solution
containing many other metals present at higher concentrations.

6. To efficiently collect uranium from a tailing obtained from the processing of an ore
sample using BP-TCPSi
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3. MATERIALS AND METHODS

3.1 Bisphosphonates and metal solution

The synthesis of the bisphosphonate molecule and the preparation of a leached solution of an ore
sample (Kiviniemi Sc-deposit, Finland) containing Sc (III) were done in the School of Pharmacy,
University of Eastern Finland (UEF). A minewater tailing sample containing U (VI) processed by
Knelson concentration method (Knelson tails, KT) was carried out by the Geological Survey of
Finland, GTK Mintek, Outokumpu, Finland. Artificial metal solutions were purchased from
commercial suppliers (Merck, Finland and AccuStandard, USA).

3.2 Preparation of PSi microparticles

Si wafers (p-type, 0.01-0.02 Qcm) were electrochemically etched using an electrolyte solution of
1:1 mixture of HF (38 — 40%, Merck) and EtOH (99.5 %, Merck) at a current density 30 — 40 mA/cm?
for 40 min. A high current pulse (160 — 255 mA/cm?) was applied to detach the PSi film from the
wafers. The dried PSi film (65 °C) were fabricated into microparticles using a planetary ball mill
and sieved to the 25 — 75 pm size fraction.

3.3 Surface modifications of PSi

The milled microparticles were briefly immersed with the electrolyte solution to produce fresh
Si-Hx terminated surfaces. The hydrogen terminated PSi is denoted as HTPSi. Hydrosilylation of
HTPSi by undecylenic acid was performed by immersing the HTPSi particles in pure undecylenic
acid at 120 °C for 16 h. The undecylenic acid functionalized HTPSi (UnHTPSi) particles were
washed using chloroform to remove unbound undecylenic acid, and the sample was dried at 65
°Cfor2h.

With the exception of the hydrosilylation, all other surface modifications were carried
out in a tube oven with continuous flow of N2 gas (1 L/min) unless otherwise mentioned. For
thermal carbonization, HTPSi microparticles were transferred into a quartz tube and the sample
was flushed with N2 for 30 min. Then, acetylene (1 L/min) was added for 15 min at room
temperature, followed by heating at 500 °C for 14 min 30 sec. The acetylene flow was then cut off,
and the sample was taken out of the oven at 30 s after terminating the acetylene flow. The sample
was allowed to cool down to room temperature for 30 min. Then, the acetylene flow was resumed
for 9 min 40 s. After 20 s at room temperature without any acetylene flow, the sample was heated
at 820 °C for 10 min. The synthesized thermally carbonized porous silicon (TCPSi) particles were
cooled down to room temperature.

In the functionalization of TCPSi, pure undecylenic acid or the BP in a mesitylene
solution was mixed in the quartz tube under nitrogen flow. The nitrogen flow was then
terminated, and the tube was closed. The sample was heated at 120 °C for 16 h or 19 h. To ensure
that unbound molecules were eliminated, the undecylenic acid functionalized TCPSi (UnTCPSi)
was washed with chloroform, EtOH, sodium hydroxide (NaOH), water (H20) and hydrochloric
acid (HCl) whereas the BP functionalized TCPSi (BP-TCPSi) was washed with chloroform and
methanol (MeOH). The characteristics of the functionalized and unfunctionalized samples such
as surface area, pore diameter, pore volume and amount of functionalized bisphosphonates were
thoroughly characterized using various techniques.
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3.4 Characterization of the material

The surface chemistry of the prepared samples was examined with several techniques i.e.,
Electron Paramagnetic Resonance (EPR), Fourier-transform Infrared (FTIR) and Nuclear
Magnetic Resonance (NMR) spectroscopy.

The changes in the paramagnetic species during functionalization were measured using
an EPR device (Bruker EMX-plus Biospin). The TCPSi samples were transferred under an inert
atmosphere into a glove box and put into glass tubes and sealed. The tube was put inside the
spectrometer and measured. The undecylenic acid was injected through the cap in the tube and
the measurements were repeated.

The surface compositions were analysed with FTIR (ThermoScientific Nicolet mode 8700)
measurements in the transmission mode using freestanding PSi films. The molecular structures
of the samples were measured with NMR (Bruker Avance II 300 spectrometer) to obtain the 'H-
»6i cross polarization magic angle spinning (CPMAS) spectrum.

The surface area, pore diameter, and pore volume were determined from N2
adsorption/desorption measurements (Micromertics Tristar II 3020). The surface area was
calculated using the Brunauer-Emmett-Teller (BET) equation [164]. The pore volume and pore
size distribution were evaluated using the Barrett-Joyner-Halenda (BJH) equation [165]. The
amount of grafted molecules in the functional layer was estimated based on thermogravimetric
analysis (TGA, Q50 TA instruments or NETZSCH 209 F1 Libra) by first heating the sample at 80
°C for 30 min to remove any adsorbed water (moisture) and then increasing the temperature at
20 °C/min up to 700 °C under an N: flow (200 mL/min). The morphology of the PSi samples
(prepared on an aluminum stub with conducting carbon adhesive) was visualized with a
scanning electron microscope (SEM, Zeiss Sigma).

3.5 Adsorption studies

Before the adsorption experiments, the microparticles were primed with HCl to confirm that the
phosphonate moieties were fully protonated. Adsorption experiments were done either in a batch
setup or in a flow-through setup. In the batch setup, 15 mL Eppendorf tubes were used where
the desired amount of adsorbent and metal solutions at pre-determined concentrations were
agitated in an orbital shaker (80 rpm) for 24 h at room temperature. Selectivity and reusability
experiments were conducted in a flow-through setup where the adsorbent was packed in a glass
column, and the metal solutions were passed through the adsorbent bed using a syringe pump
(Figure 3). The concentrations of the metals were measured using inductively coupled plasma
mass spectrometer (ICP-MS, NexION 350D, PerkinElmer).
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bisphosphonate carbide layer

silicon
Max. pressure = 80 bar
Max. volume = 0.2 ml
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metal ion /*

BP-TCPSi (25-75 um)

PP filter (10 pum pore-size)
PE frit (25 um pore-size)

Figure 3. Schematic representation of the flow-through setup consisting of a syringe pump (left),
a column filter (middle) and the BP-TCPSi (right). Inside the column, adsorbent was packed on
top of polypropylene filter (PP) supported onto a polyethylene (PE) frit.

37



38



4. RESULTS AND DISCUSSION

4.1 Surface functionalization

Publication I focuses on the development of the functionalization method of TCPSi. The entire
surface modification of PSi, i.e., the stabilization with thermal carbonization (TCPSi) followed by
the conjugation of the functional molecules was made congruently under an inert atmosphere.
When the freshly prepared TCPSi was abruptly exposed to air, a bright light was produced. This
is because of the presence of highly reactive radicals on the TCPSi’s surface [153].

According to the EPR measurements at room temperature, there were 3.4 x 10'8/g radicals
on the TCPSi sample that were not exposed to air after carbonization. With the TCPSi sample that
was exposed to air, the number of radicals were lower (7.2 x 10'#/g). As long as the material
resided in an inert atmosphere, those radicals on the TCPSi surface remained highly reactive.
When the particles were mixed with an alkene, a radical addition reaction occurred resulting in
direct functionalization of the TCPSi’s surface. Functionalized materials prepared by the radical
addition method and the conventional hydrosilylation method were compared by using
undecylenic acid as the model molecule (Figure 4). The comparisons were done in terms of the
amount of conjugated molecules, surface chemistry and stability.
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Figure 4. Schematic representation of undecylenic acid functionalized PSi samples by two
separate methods a) hydrosilylation of HTPSi’s surfaces (UnHTPSi) and b) radical addition onto
the surface of the TCPSi (UnTCPSi).

Based on the mass loss (-wt %) during TG measurements of the samples, the amounts of
conjugated molecules on the UnTCPSi and UnHTPSi were calculated by comparing their mass
losses with the corresponding reference samples, TCPSi and HTPSi. The mass losses associated
with the decomposition of the functional layer were comparable between UnHTPSi (2.7 + 0.8 %
w/w) and UnTCPSi (2.3 + 0.3 % w/w) regardless of the different methods applied. This confirmed
that the functionalization of the undecylenic acid molecules by both methods was successful. In
addition, in the FTIR spectra, the intensity of the CHx and C=O peaks associated with the
undecylenic acid were higher in UnTCPSi and UnHTPSi samples in comparison to the
unfunctionalized TCPSi and HTPSi samples respectively (Figure 5A). With the HTPSi and the
UnHTPSi samples, distinct peaks associated with Si-Hx were observed but these were not evident
with the carbonized samples. This means that the TCPSi sample was principally hydride-free,
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and the functionalization occurred on the carbonized surface. In the NMR analysis, there were
also higher signals of carbons from the CH2 and COOH groups in the UnTCPSi sample than in
the TCPSi sample (Figure 5B).
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Figure 5. Surface chemistry of functionalized and unfunctionalized samples studied with (A)
FTIR spectra and (B) 'H-29Si CP-MAS spectrum.

4.2 Stability of the functionalized surfaces

The stabilities of the UnHTPSi and the UnTCPSi samples were studied separately in deionized
water, 1 M HCl, and 1 M NaOH at 30 °C. At pre-determined time-points (1, 3, 6, and 20 days),
small aliquots of the microparticles were taken while the liquid was replaced with a fresh liquid.
The microparticles at each time points were washed copiously with water and EtOH. After drying
at 65 °C, TG measurements were carried out to calculate the remaining functionalization (%) on
the samples in comparison to the original mass losses.

In water and HCl, 70 - 80 % of the functionalization was intact on the UnTCPSi sample,
even after 20 days whereas only 25 — 40 % of the functionalization remained present on the
UnHTPSi sample (Figure 6). In NaOH, the UnHTPSi sample dissolved within a few minutes, but
no degradation was observed with UnTCPSi for up to 6 days. Nevertheless, the present
functionalization (UnTCPSi sample) exhibited good stability under the harsh conditions in
comparison to that encountered with the commonly used hydrosilylation technique (UnHTPS;i).
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Figure 6. Stability of UnTCPSi in comparison with UnHTPSi in deionized water, IM HCl and 1
M NaOH. Remaining functionalization (%) in the sample was calculated based on the difference

in TG mass losses at time point 0 h and at pre-determined time points. The error bars represent
the mean + o (n=23).

4.3 Characterization of BP-TCPSi

In order to utilize the PSi as efficient adsorbents with good stability and selective metal
adsorption properties, the developed functionalization method (by radical addition) was
employed to functionalize the TCPSi with the bisphosphonate molecules. The BP-TCPSi was
characterized with SEM, gas adsorption and TGA. The SEM images of BP-TCPSi show the pore
openings on the irregular and rough surface of the microparticles (Figure 7). In comparison with
the unfunctionalized TCPSi, the surface area, pore size and pore volume were reduced after the
functionalization (Table 2). However, the pores were not completely blocked by the functional
layer and the BP-TCPSi retained a mesoporous structure with a pore diameter of approx. 10 nm

and a large surface area of approx. 220 m?/g. The mass losses associated with the decomposition
of BP varied between the studies (1 — 3 wt %) (Table 2).
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Figure 7. SEM images at various scale showing the morphology of BP-TCPSi.

Table 2. Characterization of the materials based on gas adsorption and TG measurements (mean

+0,n=23).
Surface area  Pore volume Pore diameter BP content
Publications | Material (m?%g) 2 (cm¥/g) ® (nm) « wt % 4 umol/g
TCPSi 240+5 0.98 +£0.02 15.8+0.1 - -
I BP-TCPSi 224 +2 0.87 +0.01 14.5+0.6 29+0.5 88 +15
TCPSi 250+3 0.6+0.1 10.5+0.1 - -
I BP-TCPSi 220+2 0.5+0.01 10.1+0.1 1.98 £0.04 60+1
TCPSi - _
11 BP-TCPSi 212+1 0.6+0.1 10.1+0.1 1.19+0.03 36+4
TCPSi 238+1 0.8+0.1 12.3+0.2 - -
v BP-TCPSi 2211 0.7+0.1 10.5+0.1 1.71+0.03 521
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aBET surface area calculated from the isotherm.
b Specific pore volume calculated from the desorption isotherm at p/po=0.9.

¢ Average pore diameter calculated by the BJH theory using the desorption branch of the
isotherm.

dMass loss of BP divided by total mass of the sample as determined by TG.

4.4 Adsorption isotherms of scandium

The predominant oxidation state of Sc (III) exists in a soluble form only in acidic pH as Sc3* [166].
Above pH 4, Sc starts to precipitate and becomes insoluble above pH 7 (e.g., as Sc(OH)s and
Sc(OH) +) [12, 71, 107, 166]. Thus, adsorption of Sc was studied at pH 1 and pH 3.

Adsorption isotherms were conducted at room temperature and the experimental
equilibrium data were fitted with various isotherm models . The parameters derived from the

non-linear fittings (Figure 8) are given in Table 3. Note that only the Langmuir model was
employed in the original publication II.
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Figure 8. Adsorption isotherms of Sc with BP-TCPSi at room temperature. Experimental
conditions: BP-TCPSi (10 — 100 mg) was in contact with 10 mL of Sc solution at concentrations of
2.5mg/L (pH 1) and 4 mg/L (pH 3) for 24 h (Publication II).
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Table 3. Adsorption isotherm results of Sc with BP-TCPSi.

Langmuir Double Langmuir
Qm Ke Qmi Qmo Kia Kiz
Rz (umol/g)  (L/mg) | R*  (umol/g) (umol/g)  (L/mg)  (L/mg)
pH1 | 0.95 25+1 780+90 | 0.98 20+3 8§+2 1000 £300 10+10
pH3 | 0.89 46 +2 19050 | 0.95 32+5 18+5 2000* 13+7
Freundlich Sips
K n Qms Ks
R?  (umol/g) (L/mg) | R*  (umol/g)  (L/mg) ns
pH1 | 091 28+1 81 0.98 28+1 20+10 05+0.1
pH3 | 093 47 +1 6+1 0.95 60+ 10 3+2 04+0.1

*Unreliable standard error

With the unfunctionalized TCPSi, the adsorption of Sc was negligible at both pH values
(2—-5 pmol/g, publication II) because of the absence of active binding sites for Sc. In the case with
BP-TCPSi, adsorption of Sc at pH 3 (50 + 2 umol/g,) was two-times greater than at pH 1 (26 +2
umol/g,). These are the experimental values corresponding to the adsorbed amount of Sc at the
highest concentration of Sc used in the isotherm, which are represented by equilibrium
concentrations, Ce at 1.8 mg/L (pH 1) and 1.2 mg/L (pH 3) (Figure 8). The total amount of the BP
grafted on the BP-TCPSi sample employed in this adsorption isotherm was 60 = 1 pumol/g
(publication II).

One observation that can be made is that one BP molecule was sufficient to adsorb one
Sc ion at pH 3, whereas at pH 1, at least two BP molecule were required to participate in the
adsorption of one Sc ion. In other words, the binding ratio of BP:Sc were 2:1 (pH 1) and 1:1 (pH
3). The pH dependent adsorption mechanism can be explained by the degree of deprotonations
from the BP molecule. There are four -OH groups on the phosphonate moieties, each of them
have different pKa values. The first pKa is < 1, the second pKa is around 2.5, whereas the
remaining pKa values are above 6 [160, 163, 167]. This implies that the binding sites could be
monodentate at pH 1 and bidentate at pH 3, explaining the pH dependent adsorption. After the
deprotonations have occurred in relation to the solution pH, the anionic oxygen atoms function
as the ligands for metal cations that facilitated a suitable coordination environment to form the
chelates [70, 168]. Additionally, the oxygen in P=O group is also postulated to participate in the
chelate formation via a coordination bond [118, 161, 169-171]. Thus, there appears to be several
ways with which the chemisorption can occur; by virtue of deprotonation or by coordination with
P=0, or by a combination of both mechanisms. It is noteworthy that the alcoholic -OH group of
BP does not deprotonate below pH 13 and its role in metal complexation is unclear [70, 168].

When the experimental data were fitted with the Langmuir model, the coefficient of the
fitting at pH 3 (R2 = 0.89) was not as good as at pH 1 (R2=0.95) (Figure 8 and Table 3). Since the
Langmuir model assumes that the adsorption occurs on identical binding sites with monolayer
coverage, its poor fitting especially at pH 3 indicated that the binding sites were not identical. In
cases where the monolayer coverage is assumed to take place at two active but energetically non-
identical binding sites, the double Langmuir model can be used given by following equation [86,
172,173]
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— Qm1KL1Ce Qm2KL2Ce
Q= 1+K11Ce + 1+K2Ce (10)
Where Qmi, and Qm2represent the adsorption capacity whereas, Kii, and Ki2 are the constants
representing the binding affinity.

With the double Langmuir model, the data fitted better both at pH 3 (R?=0.95) and at pH
1 (R2 =0.98), indicative of the presence of two non-identical (heterogeneous) binding sites. The
binding affinities of one of these sites (Kt1= ca. 1000 L/mg) was substantially higher than the other
(Kt2 = ca. 10 L/mg). The total capacities of BP-TCPSi obtained with this model (Qmi+ Qmz), 50 + 7
umol/g at pH 3 and 28 + 4 pumol/g at pH 1 were also comparable to the above-mentioned
experimental values at pH 1 (50 + 2 umol/g) and at pH 3 (26 + 2 umol/g).

The isotherm data were also fitted with the Freundlich and the Sips models, both of
which provided good coefficient values at pH 3 with R? of 0.95 and 0.93, respectively indicating
heterogeneous adsorption sites (non-identical) on the surface of BP-TCPSi. This further
supported the assumption used in the double Langmuir model that the adsorption sites are
heterogeneous. With the Freundlich model, the heterogeneity factor, n was > 1 at both pH values
that represents non-cooperative adsorption, implying that there was no interaction between the
adsorbed and unadsorbed Scions [74]. Also with the Sips model, the heterogeneity factor, ns was
< 1, implying that the adsorption sites were heterogeneous [60, 76]. The adsorption capacity
values obtained with the Freundlich model (Kf) was comparable to the Langmuir model. The
adsorption capacities (Qms) based on the Sips model at pH 1 (28 + 1 umol/g) and pH 3 (60 + 10
umol/g) were slightly higher than those obtained with the double Langmuir model.

It is evident that the adsorption was pH dependent such that the adsorption of Sc at pH
3 was twice as higher than at pH 1. Also in publication III, the experimental equilibrium data
revealed that the adsorption of Sc at pH 3 (61 + 1 umol/g) was two times higher than at pH 1 (33
+ 1 pumol/g). Surprisingly, the binding ratios of BP:Sc were not in agreement between the BP-
TCPSi samples used in publication II and publication III. In publication III, the BP content
determined from the TG measurements was 36 + 4 umol/g (Table 2). Based on this amount of the
grafted BP, the ratios of BP:Sc were 1:1 (pH 1) and 1:2 (pH 3). While the same binding ratios were
opposite in publication I i.e., 2:1 (pH 1) and 1:1 (pH 3). Because of this discrepancy, the exact
binding mechanism in terms of the formation of metal complexes and the coordination number
between the BP ligands and Sc still remain to be explored further.

The adsorption capacity of BP-TCPSi was also compared with a commercial ion-
exchange resin, Dowex50WX8, frequently used in the literature [8, 174-180]. The Dowex is a
strong cation exchange resin containing sulfonic acid functional groups with exchangeable Na*
ions (Figure 9).
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Figure 9. Chemical structure of Dowex resin.
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Based on the Langmuir model fitted on the adsorption isotherm datasets (Publication II),
the adsorption capacity of Dowex50WXS8 for Sc was 830 + 30 umol/g (pH 1) and 940 + 40 umol/g
(pH 3). In comparison to the developed BP-TCPSi, the capacity of Dowex was 30 and 20 times
higher at pH 1 and pH 3, respectively. The low capacity with BP-TCPSi can be attributed to fewer
number of functional groups (60 + 1 umol/g). By contrast, the theoretical ion-exchange capacity
of the Dowex is 1.7 mEq/ml, corresponding to 708 umol/g for Sc* ions. For a brief comparison,
the adsorption capacity of some of the hybrid adsorbents (with or without functionalization) used
in literature for Sc recovery is listed in Table 4.

Table 4. Characteristics of some adsorbents in terms of their surface area (S.A), adsorption
capacity (Qm) and the number of adsorption/desorption cycles (reusability) reported in literature

for recovery of Sc.

Om, S.A
Adsorbents pH  Reusability Reference
umol/g  m%g
SBA-15 25 934 3 —a [107]
KIT-6 23 850 3 10 [107]
Silica gel 11 378 3 -a [107]
PAN-APTES-silica 1700 128 4 1 [113]
PAN-APTES-MWNT-silica 730 107 4 5 [114]
TRPO/SiO2-P 295 53 —a —a [120]
SG-MTPB 600 —a 3 -2 [181]
Zr-P 830 -a 1.5 3 [182]
Ti-P 540 -2 2 5 [71]
BP-TCPSi 28 220 1 50 This study
BP-TCPSi 50 220 3 -a This study

anot measured.

MNlustrations of the adsorbent’s abbreviations:
e SBA-15 (Santa Barbara Amorphous batch no. 15 mesoporous silica)
e KIT-6 (Kores Institute of Institute of Science and Technology -6 mesoporous silica)

e PAN-APTES-silica

(1-(2-pyridylazo)-2-naphthol — 3-aminopropyl-triethoxy silane

modified on silica gel)

e PAN-APTES-MWNT-silica

functionalized on silica nano powder)
e TRPO/SiO:-P (trialkyl phosphine oxide extractant functionalized with styrene-

divinylbenzene copolymer in porous silica)

(PAN-APTES-

e Zr-P (zirconium functionalized with phosphate)
e  Ti-P (Titanium functionalized with phosphate)
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4.5 Selective adsorption of Sc from an artificial multi-metal solution

The selectivity of BP-TCPSi towards Sc was tested at pH 1 and pH 3 and compared to the
selectivity of Dowex50WX8 towards Sc from an equimolar multi-metal solution. The experiment
was conducted in the flow-through setup where 5 mL of the equimolar multi-metal solution
containing Sc, Al, Fe, Cu and Zn was flown-through 20 mg of either BP-TCPSi or Dowex50WX8.
The initial concentrations of the metals were adjusted such that the molar amount of each metal
was at the same level as the adsorption capacities of the adsorbents, as determined by the
isotherm results.

When the BP-TCPSi was used as the adsorbent, the initial amount of each metal was
adjusted to 25 pmol/g and 50 umol/g at pH 1 and pH 3, respectively. The corresponding molar
concentrations of each metal was 110 uM and 220 uM. In the case when the Dowex50WX8 was
used as the adsorbent, the initial amount of each metal was 700 umol/g at pH 1, corresponding
to the molar concentration of 3100 uM. The result with Dowex50WX8 at pH 3 was unreliable due
to the precipitation of Fe (34 %) at high concentration (3500 uM Fe).

The selectivity results were interpreted by using a distribution coefficient (K4 values, Eq
11) that defines the ratio of the concentration of metals between the solid phase and the liquid
phase.

(Ci—=Cp) _ V
R (11)

Where, Ci and Ct are the metal concentrations in the liquid phase before and after the adsorption,
respectively, m is the mass of adsorbent and V is the volume of metal solution.

The Ku is frequently used parameter to elucidate the adsorption performance such that
higher the Ka value of a metal, the higher is the adsorption of the metal [62, 69, 71, 100].
Furthermore, the K4 values can be used to calculate a separation factor between a given set of two
metals. The separation factor (3) can be computed using following equation

_ kqM1)
T Kq(M2)

B

(12)

Where, Ka (M) is the distribution coefficients of a metal (in the present study, either Sc or U)
and Ka (M) is the distribution coefficient for another metal either Fe or Al and so on.

At pH 1, the Ka values with BP-TCPSi for Sc was higher (ca. 1200 mL/g ) in comparison
to other metals (Ka < 20 mL/g) (Figure 10). Also, with Dowex50WX8, the Ka values for Sc was
higher (ca. 200 mL/g) than for other metals (< 70 mL/g). Since the experiment was conducted in
an equimolar metal mixture, higher Ka value of Sc in comparison to other metals indicate that
both adsorbents were selective towards Sc at pH 1. Especially with BP-TCPSi at pH 1, Sc was
selectively adsorbed with a  values as high as 100 for Al, 200 for Cu, 150 for Zn and 30 for Fe
(Table 5). By contrast, the 3 values with Dowex50WX8 for Sc were below 30 with respect to every
other metals. The result affirmed BP-TCPSi to be superior to Dowex50WX8 in terms of the
selective adsorption of Sc from the examined multimetal solution.
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Figure 10. Distribution coefficients of BP-TCPSi towards Sc from an equimolar multi-metal
solution at pH 1 and pH 3 in comparison with the ion-exchange resin, Dowex50WX8 at pH 1.
Error bars represent the standard deviation (n = 3).

Table 5. Separation factor of either BP-TCPSi or Dowex50WXS8 for Sc with respect to other metals
(mean £ g, n=3).

Adsorbent, pH B (Sc/AD) B (Sc/Fe) B (Sc/Cu) B (Sc/Zn)

BP-TCPSi, pH 1 90 +10 30+10 200+10 150+ 10

BP-TCPSi, pH 3 10+2 101 50 +20 60 +30
Dowex50WX8, pH 1 4+1 3+1 15+3 20+10

The Ku values of Sc with BP-TCPSi at pH 3 (ca. 500 mL/g) was at-least one half smaller
than at pH 1 (1200 mL/g). Subsequently, the {3 values of Sc with BP-TCPSi at pH 3 were reduced
in comparison to pH 1. At pH 1, the concentration of protons is comparatively higher that at pH
3. In the sense that more positively charged surfaces at pH 1 enhances the electrostatic repulsion
against the metal ions, the affinity between the metal ion and the ligand needs to be greater than
the electrostatic force of repulsion for it to occupy a binding site. Based on the affinity constant
values (Kv) generated by fitting the Langmuir model in the isotherm data (Table 3), the affinity
of Sc at pH 1 (780 + 90 L/mg) was superior to pH 3 (190 + 50 L/mg) suggesting Sc to be more
strongly bonded with the BP moiety at pH 1. Furthermore, in publication III, the Ku values
obtained from the Langmuir model fittings of individual isotherms of Sc, Al and Fe at pH 1 were
32 +6,L/mg, 5+1L/mgand 8 +4 L/mg respectively. These K. values also corresponded to the K4
values, which were in the following order, Sc > Fe > Al (Figure 10).

The selectivity of the functional ligands towards specific metal also depends on various
other factors such as the ionic charge of the metal ion (speciation), the radii of the ion, and the
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electronic configurations of the atom. Generally, in multi-metal solutions, the metal with a higher
ionic charge is more likely to occupy the binding site because it exerts stronger electrostatic
attractive forces than a metal with a smaller ionic charge. This phenomenon can also be explained
by the {3 values of Sc, which were greater to the divalent ions Cu?* (200 + 10) and Zn?* (150 + 10) in
comparison to the trivalent ions, AI** (90 + 10) and Fe3* (30 + 10).

Despite the equal ionic charge and the comparable concentration between the Sc, Al and
Fe, the Ka value of Sc was higher than that of Fe and Al. The higher adsorption of Sc than Fe and
Al may be explained based on the hydration enthalpies of these metal ions. When the metals are
first dissolved in an aqueous solution, they undergo hydration where water molecules surround
the metal ion (forming a hydration shell). The energy released during this process is the hydration
enthalpy. Upon addition of the adsorbent into the system, the hydrated metal ions has to release
the water molecules before it can bind with the functional ligands on the adsorbent. Thus, a metal
ion with low hydration enthalpy requires a low energy to dehydrate and hence, can be more
favorably bound onto the binding sites [18, 182-186]. In accordance with this hypothesis, Sc which
has a lower hydration enthalpy (-3897 kJ/mol) than Fe (-4430 kJ/mol) and Al (-4665 kJ/mol) was
more selectively adsorbed with BP-TCPSi [184, 187].

4.6 Reusability of BP-TCPSi in Sc recovery from artificial solution

The reusability is crucial feature of an adsorbent in terms of the sustainability and economical
point of view. Although a great number of hybrid adsorbents have been developed, their
reusability is inadequate because of the poor stability of the material or the degradation of the
functional layer [105, 111, 113, 117, 188-190]. Moreover, the reusability of the adsorbents are rarely
reported for more than 10 adsorption/desorption cycles [52, 68, 100, 105, 118, 171, 191].

In the present work, the reusability of BP-TCPSi was studied up to 50
adsorption/desorption cycles of Sc in the flow-through setup. In order to expose BP-TCPSi at its
full potential, adsorption was conducted at the maximum capacity i.e., 25 umol/g at pH 1 so that
the actual loss of the adsorption capacity or the leaching of functional layer can be examined. The
pH 1 was chosen because the adsorbent depicted higher selectivity towards Sc than at pH 3, as
described above.

In the 1+ cycle, the adsorption reached 88 + 3 % of the adsorption capacity (Figure 11).
This incomplete adsorption can be attributed to shorter contact time between the adsorbent bed
and the Sc ions (filtration time, 20 min), while the maximum capacity was determined at longer
time (contact time, 24 h). The desorption of Sc from the 1st cycle was not complete. It is possible
that the fraction of Sc ions that remained on the BP-TCPSi (21 + 4 %) were chelated with higher
coordination number. For instance, both P=O and the POs- groups were involved to bind the Sc
ions (binding affinity, K. = 1000 + 300 mL/g, Table 3) while only either of the binding sites was
involved in binding the fraction of Sc ions that were desorbed (K. =10 + 10 mL/g). However, from
the 2nd to the 50t cycle, BP-TCPSi exhibited good stability without essential reduction in the
performance with the average of 60 + 4 % adsorption efficiency and 98 + 4 % desorption efficiency.
To investigate the possible leaching of the functional layer, TG measurements of the BP-TCPSi
sample was made after the 50 cycle has been completed. The difference in the mass losses of BP-
TCPSi before (1.98 + 0.04 wt%) and after the 50 cycles (2.3 + 0.6 wt%) was not statistically
significant (p > 0.5) implying that the BP ligands remained intact on the material (Figure 12).
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Figure 11. Adsorption/desorption cycles of Sc with BP-TCPSi examined in a flow-through setup.
Adsorption step; 10 mL of 5 mg/L Sc at pH 1, flowrate 0.25 mL/min. Desorption step; 15 mL of 1
M HNOS3, flowrate 1.25 mL/min. Error bars represent the standard deviation (n=4).
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Figure 12. TGA curves of TCPSi, BP-TCPSi and cycled BP-TCPSi (50 adsorption/desorption of
scandium).
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4.7 Recovery of trace Sc from a leached solution of Kiviniemi Sc-deposit

Publication III focuses on the extraction of Sc from an ore solution using BP-TCPSi. The pH of the
leached ore solution (LOS) was 0.7. The concentration of Sc in the solution was relatively low (3
mg/L, 65 uM) in comparison to the other metals such as Fe (80000 uM) and Al (21000 uM). Despite
BP-TCPSi depicted good selectivity towards Sc in an equimolar metal mixtures as discussed in
section 4.5, only negligible (<1 umol/g) Sc was adsorbed from the ore solution at pH 1 (adjusted
using 1M NaOH) (Figure 13). The adsorbed amounts of other metals were exceptionally high
(e.g., above 100 pmol/g Al) than the total BP content in the sample (36 + 4 umol/g, Table 2). The
high adsorption can be attributed to physisorption phenomena involving co-operative
adsorption such that the interaction between the adsorbed and unadsorbed metal ions existed. In
order to employ BP-TCPSi to extract the trace Sc, pre-treatment steps (precipitation) were carried
to remove/diminish the major constituents from the LOS solution.
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Figure 13. Amounts of metals in the leached ore solution, LOS (initial) and after adsorption with
BP-TCPSi examined in the flow-through setup. Error bars represent standard deviation (n=3).
Experimental conditions: 15 mg BP-TCPSi, 10 mL LOS (pH 1), flowrate 1 mL/min.

4.7.1 Pre-treatment of the ore solution by precipitation

Since Sc precipitates above pH 4, the precipitation experiments were conducted at pH 4. Two
separate reagents were tested: a) sodium hydroxide (NaOH) or b) combination of ammonium
hydroxide and potassium permanganate (NH:OH/KMnOs). With NaOH, the pH of the LOS
solution (20 mL) was first adjusted from 0.7 to 4, stirred at 90 °C for 2 h to accelerate the hydrolysis
reaction, and the obtained solid residues (precipitates) were discarded by filtration. The final
volume after the filtration was adjusted to 100 mL. The efficiency of the precipitation was
calculated from the molar amounts of the metals in the LOS, before (20 mL) and after (100 mL)
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the treatment. As shown in Table 6, the concentration of Ti was reduced effectively by 99 + 37 %.
At the same time 7.5 + 0.2 % Sc was also precipitated. However, in comparison to the
concentration of Sc in the treated solution (12 + 0.1 pM), the concentrations of Al (1740 + 62 uM),
Mn (355 + 11 uM) and Fe (4826 + 51 uM) still remained higher.

Table 6. Concentration and amounts of metals in the leached ore solution (LOS), before and after
the oxidative precipitation (mean + o, n=3).

Precipitation Unit Al Se Ti Mn Fe Cu Zn
C@uM) 21000 65 4000 2000 80000 25 200
Original, 20 mL
n;(umol) 413 1.3 77 36 1600 0.5 3
CQM)  1740+62 121401 8+3 355411 4826451 4+1 34+1
NaOH, 100 mL ne(umol) 174%6 121001 08=03 35511 4835 04401 3.4+001
% 58+2 75402 99437 25400  70+2 1841  2.5+0.1
C(uM)  2700+30 111 21403  88+1 841 541 31
NH,OH/KMnO,
¢ + + + + + + +
100 L ne(umol) 270+3  1.15£0.05 0214003 88+0.1 8401 05+01 3.1+0.1
% 35+1 12%1 10014 76=2 99+2 241 101

2 Precipitation efficiency calculate based on the difference in molar amounts of metals, before and
after the treatment, (ni-n¢)/ni.

In order to improve the precipitation efficiency of the metals than by NaOH, an oxidative
precipitation using NH4«OH and KMnO: was employed. First, 2.5 mL of NH«OH (7 wt%) was
added to 20 mL of LOS until the pH increased from 0.7 to 4. Secondly, 2.5 mL of KMnOs (1 wt %)
was added, and the solution was agitated for 30 min at 60 °C. Finally, the solution was filtered to
remove the precipitates, the pH was adjusted to 1 by adding 1 M HNO:s and the total volume was
adjusted to 100 mL.

Since KMnO: is a strong oxidizing agent that can oxidize Fe?* to Fe** and Mn?* to Mn*, as
much as 76 + 2 % Mn and 99 + 2 % Fe was precipitated out from the ore solution as Fe(OH)s and
MnO:. The precipitation reaction can be illustrated as follows [192, 193].

MnOs + 5Fe?* + 8H* — 5Fe3 + Mn2* + 4H20
Fe3* + 30H- — Fe(OH)s (s)
3Mn2+ + 2KMnOs + 2H20 — 5MnO: (s) + 2K+ + 4H*

Even though the Mn and Fe were effectively reduced with the oxidative precipitation,
the precipitation efficiency of Al (35 +1 %) was not as good as the one obtained using NaOH (58
+2 %). Nevertheless, oxidative precipitation effectively reduced Mn, Fe as well as Al, which were
adsorbed on the BP-TCPSi in major amounts (Figure 13). Hence, oxidative precipitation was
exploited to pre-treat the ore solution before using it with BP-TCPSi.
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4.7.2 Adsorption of metals using BP-TCPSi from the pre-treated ore solution

The performance of BP-TCPSi to selectively adsorb Sc from the pre-treated solution (oxidative
precipitation) was studied in the flow-through setup. Adsorption of the metals was evaluated
based on the breakthrough curve, which describes how the outlet metal concentration (Cs) varies
with the inlet concentration (Ci) as function of filtration volume. The breakthrough graph was
plotted with the relative concentration of metal ions (C¢/Ci) in Y-axis and the filtrated volume in
X-axis. The better the metal was retained by the column, the slower the metal permeated out of
the column. As the metal solution passed through and out of the column, the concentration in the
outlet gradually increased. When the column did not adsorb a given metal ion anymore, the
outlet concentration of the metal ion was equivalent to its inlet concentration i.e., C¢/Ci=1 (100 %
permeation/breakthrough).
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Figure 14. Adsorption of metals with BP-TCPSi from pre-treated ore solution (pH 1) in the flow-
through setup. A) Breakthrough curves of the metals with BP-TCPSi as function of filtration
volume and B) Cumulative adsorbed amounts of the metals as function of the filtrated volumes.
Error bars represent standard deviation (mean + o, n = 3). Experimental condition: 15 mg BP-
TCPSi, flowrate; 1 mL/min.

Based on the breakthrough curves of the metal ions, the retention time of the metals were
in the order of Ti > Sc > Fe > Al = Cu = Zn = Mg (Figure 14A). With the exception of Ti, Sc was
retained longer than other metals. For example, when 3 mL of the solution has passed through,
about 20 % Sc eluted out of the column while as much as 60 % Fe and 75-90 % Al, Cu, Mn an Zn
were eluted. This means that adsorption efficiency of Sc was 80 %. However, the adsorbed
amount of Sc was very low (2.1 = 0.1 umol/g) compared to Al (90 + 10 pmol/g) and Fe (10 + 1
umol/g) (Figure 14 B). Although meagerly, the adsorption of Sc increased at 5, 7 and 10 mL with
the cumulative adsorbed amount being 2.8 + 0.1 pmol/g, 3.3 + 0.1 pmol/g and 3.6 + 0.1 pmol/g,
respectively. Nevertheless, the adsorption of Sc seem to reach a plateau after the 5mL had passed
through. Therefore, 5 mL of the ore solution was utilized to examine the reusability of BP-TCPSi.
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4.7.3 Reusability of BP-TCPSi to recover Sc from the pre-treated leached ore solution

With the information obtained from section 4.6 (Figure 11) that the nitric acid (1 M HNOs) was
not effective to desorb Sc completely from the BP-TCPSi, several acids and acid mixtures were
tested to desorb the Sc completely (Figure 15A). As expected, the desorption of Sc with 1 M HNOs
was not complete (10 %). Also, with hydrochloric acid (1 M HCI) and sulfuric acid (1 M H250s),
the desorption was inadequate, the efficiencies being 5 and 50 %, respectively. However, with
phosphoric acid (1 M HsPOs), up to 90 % Sc was desorbed. Importantly, complete desorption (100
%) was achieved using the mixture of the 1 M HsPOs either with 1 M HNOs, 1M HCl, or 1 M
H2S0s. The effective desorption with the phosphoric acid can be attributed to a high affinity of Sc
with PO#* jons [67, 194]. In particular, with the phosphonate-based adsorbents, acid mixtures
containing phosphoric acid has often been often applied to efficiently desorb Sc [71, 182]. Zhang
et al,, used mixture of phosphoric acid and nitric acid to desorb Sc from titanium phosphonate in
a selective manner. In brief, a pre-desorption step with nitric acid was used that desorbed
majority of other metals such as Fe, Al, Na, La and Ca whereas only the mixture of phosphoric
acid and nitric acid was able to desorb the Sc completely [71].
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Figure 15. Results of Sc recovery from the pre-treated ore solution using BP-TCPSi in the flow-
through setup. A) Desorption of Sc examined ina) 1 M HNOsb) 1 M HCl ¢) 1 M H2SO: d) 1 M
HsPOs e) 1 M HsPOs + 1 M H2SOs f) 1 M HsPOs + 1 M HNOsand g) 1 M HNOs+ 1 M HCI, B)
Reusability of BP-TCPSi to recover Sc (desorption with 1 M HsPOs + 1 M H2SOs), C) distribution
coefficient (Ka values, Eq 11) of the metals calculated from the adsorption data and D)
concentration of the metals (uM) after desorption step. Error bars represent standard deviation
(n=3). Adsorption conditions: 15 mg BP-TCPSi, 5 mL pre-treated ore solution (pH 1), flowrate: 1
mL/min. Desorption conditions: 5 mL, flowrate:0.5 mL/min.
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Since the sulfuric acid and phosphoric acid yielded higher desorption than other single
component acid, mixture of these acids i.e., 1M H2504 + 1M H3sPOs was utilized in the reusability
experiment. It should be noted that the results for Ti was unreliable because of its contamination
(about 1.5 mg/L Ti, 30 uM) in the phosphoric acid. Therefore, the results of Ti are not included in
the present results. In total, 10 adsorption/desorption cycles were completed.

Although the desorption of Sc was complete (99 + 4 %) in the first cycle, adsorption was
reduced by 12 % in the 27 cycles and further by 23 % until the 5" cycles (Figure 15B).
Nevertheless, in the remaining cycles, the performance was stable. Accordingly, the Ka values of
Sc also dropped from 650 mL/g to 350 mL/g until the 5% cycle and remained steady in the
remaining cycles (Figure 15C). Despite the low concentration of Sc in the ore solution, BP-TCPSi
was capable to adsorb Sc efficiently from the ore solution. Especially at the 1¢t cycle, Sc was
adsorbed with a high separation factor of 80 + 30 for Mn, 60 + 40 for Zn, 50 + 30 for Al, 7 + 1 for Fe
and 3 + 3 for Ti (Table 7). As the Ka values decreased in the subsequent cycles, the separation
factor also decreased. However, the separation factor from several samples could not be reliably
calculated because of the very low amount adsorbed amounts (Ct> Ci).

Table 7. Separation factor of BP-TCPSi for Sc with respect to other metals (M) present in the ore
solution during the reusability studies (mean + o, n = 3).

Cycle B (Sc/Al) B (Sc/Fe) B (Sc/Ti) B (Sc/Mn) B (Sc/Zn) B (Sc/Cu)
Cycle1 50+ 30 7+1 3+3 80 +30 60 +40 —
Cycle 2 20+2 4+1 — 100 £ 10 50+ 50 —=
Cycle 3 102 4+1 3+1 — 90 + 40 —a
Cycle 4 10+1 4=+1 2+2 100 +50 130 +110 —a
Cycle 5 10+1 4+1 —a —a —a _a
Cycle 6 10+10 4+1 1+1 —a —a —a
Cycle7 10+ 10 4+1 4+1 —a —a —a
Cycle 8 10+10 4+1 2+1 —a - —a
Cycle9 10+ 10 4+1 4+3 —a —a —a
Cycle 10 10+10 3+1 3+1 —a —a —a

2 3 values could not be reliably determined because of very low adsorbed amounts.

In the final filtrate after the desorption (Figure 15D), the average concentration of the
metals were in the decreasing order as follows: Fe (41 + 3 uM) > Al (14 + 3 uM) > Sc (6 = 1 uM) >
Zn (0.8 £ 0.2 uM) > Mn (0.11 £ 0.05 uM) > Cu (0.3 + 0.1 uM). In comparison with the pretreated
ore solution (oxidative precipitation, Table 6), the concentrations of the metals after
adsorption/desorption with BP-TCPSi were reduced to 50 + 10 % for Fe, 100 + 20 % for Al, 50 +
10 % for Sc, 100 + 20 % for Zn, 100 + 50 % for Mn, and 90 + 30 % for Cu. Although Sc was not
totally purified by BP-TCPSi from the ore solution, the major components were significantly
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reduced in the final filtrate. After the 10% cycle, TG measurements were carried to examine the
degradation of the functional layer. The mass loss associated to BP molecule before (1.19 + 0.03
%) and after the 10t cycle (1.17 + 0.03 %) was not statistically significant (p >0.5) indicating that
the functionalization was stable during the regenerations.

4.8 Recovery of uranium from a tailing solution using BP-TCPSi

Publication IV focuses on the recovery of U from the tailing solution (Knelson tails, KT) using BP-
TCPSi. The concentration of U in the KT sample was 9 mg/L (38 uM). The concentration of other
metals were Mg 452 pM, Fe 368 uM, Al 40 uM, Mn 17 uM, Cu 13 uM. In aqueous media below
pH 5, only U (VI) is stable and exists as uranyl ion [UOz]**. Hence, the oxidation state of U is
expected to be U (VI) in the KT sample since the pH of the solution was 3.3 [32, 118, 195]. The
adsorption isotherm of U at room temperature was studied at pH 3 using standard U solution.

4.8.1 Adsorption isotherm of U

The experimental isotherm datasets of U were fitted with the different isotherm models listed in
Table 1. The fitted curves of the isotherm models are shown in Figure 16, and the obtained
parameters are given in Table 8.
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Figure 16. Adsorption isotherm of U with BP-TCPSi at pH 3. Experimental conditions: BP-TCPSi
(10 mg) was in contact with 10 mL of U solution (4 — 20 mg/L U) at pH 3 for 24 h (Publication IV).
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Table 8. Adsorption isotherm results of U with BP-TCPSi at pH 3.

Langmuir Double Langmuir
R2 Qm Ko R2 Qm1 Qm2 K1 Kr2
(pmol/g)  (L/mg) (pmol/g)  (umol/g)  (L/mg)  (L/mg)
0.88 45+2 9+3 0.97 30+2 22+2 40+ 10 0.5+0.2
Freundlich Sips
R2 Kt n R2 Qms Ks ns
(pmol/g)  (L/mg) (umol/g)  (L/mg)
0.95 34+1 6+1 0.97 60+7 2+1 04+0.1

The total amount of BP grafted on the BP-TCPSi sample (publication IV) was 52 + 1
umol/g (Table 2). The Langmuir isotherm model did not fit the isotherm data well (R2=0.88). It
should be noticed that the Langmuir model did not fit well also with the Sc isotherm data at pH
3 as described above (R?=0.89, Table 3). However, the fit of the double Langmuir to the isotherm
data of U was good (R?=0.97) yielding a value for the total adsorption capacity from the two non-
identical binding sites (Qmi+ Qm2) as 52 + 3 pmol/g.

The Freundlich and the Sips model, both fitted the data well with R? values of 0.95 and
0.97, respectively suggesting the presence of heterogeneous adsorption sites on the BP-TCPSi. It
is noteworthy that the Freundlich constant values with U isotherm data (n =6 + 1, Table 8) and
with the Sc isotherm data (n = 6 + 1, Table 3) were identical. Similarly, the Sips constant values
with U isotherm data (ns = 0.4 + 0.1, Table 8) and with Sc isotherm data (ns = 0.4 + 0.1, Table 3)
were also identical. Since these values indicate that there are heterogeneous adsorption sites on
the surface of the adsorbent with n>1 and ns <1, it is apparent that the BP-TCPSi possessed non-
identical binding sites at pH 3, which was concluded by the double Langmuir model as described
above. Nonetheless, the adsorption capacity values obtained from the Sips model for U (60 + 7
umol/g) were slightly higher than the total BP amount (52 + 1 umol/g) grafted onto the adsorbent.
For a brief comparison, adsorption capacity of other adsorbents reported in literature for U
recovery is listed in Table 9.

Table 9. Characteristics of some adsorbents in terms of their surface area (m?/g), adsorption
capacity (Qm) and the number of adsorption/desorption cycles (reusability) used for recovery of
U.

Adsorbents p.n?Omi /g :121/; pH Reusability Reference
SBA-15 339 815 4 —a [108]
SBA-15-PA 914 495 4 6 [108]
SBA-15-P 189 601 4 —a [105]
KIT-6-P 235 540 4 5 [105]
P-Fe-CMK-3 630 187 4 5 [118]
Diphos-NF silica 540 123 7.5 4 [110]
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PO4/PE 730 - 8.2 8 [189]
SBA-15-DIMS 1126 - 5 1 [122]
PPAF 87 238 1 5 [171]
DETA-magnetic chitosan 747 —a 3.6 6 [190]
BP-TCPSi 52 220 3 10 This study

anot measured.
Illustrations of the adsorbent’s abbreviations:
e SBA-15-PA (SBA-15 mesoporous silica functionalized with ethylphosphonic acid)
e SBA-15-DIMS (SBA-15 mesoporous silica functionalized with dihydroimidazole)
e KIT-6-P (KIT-6 mesoporous silica functionalized with phosphonate)
¢ Diphos-NF-silica (bisphosphonate functionalized on nanofibre silica)
e  P-Fe-CMK-3 (phosphonate functionalized with iron embedded mesoporous carbon)
e PO4/PE (phosphonate functionalized on polyethylene),
e PPAF (phosphorus functionalized porous aromatic frameworks)
e DETA-magnetic chitosan (Diethylenetriamine functionalized magnetic chitosan
nanoparticles)

4.8.2 Adsorption performance of BP-TCPSi from the tailing solution

The adsorption performance of BP-TCPSi for the metal ions present in the Knelson Tails (KT)
sample was experimented in the flow-through setup. From the breakthrough curves (Figure 17A),
it is evident that the BP-TCPSi retained U for a longer time than other metals despite the fact that
the concentration of U was relatively smaller (38 uM) than, for example, Mg (452 uM) and Fe (362
uM). The majority of the metals were adsorbed during the first 5 mL (Figure 17B), where the
adsorption efficiency of U was 100 % (adsorbed amount; 9 + 1 umol/g) and did not elute out of
the column (0 % breakthrough). Meanwhile, the adsorption efficiency and the adsorbed amounts
of other metals were 60 + 10 % for Al (7 + 1 pmol/g), 20 £ 10 % for Cu (0.7 = 0.2 pmol/g), 10 £ 3 %
Fe (14 + 4 umol/g), 5 + 3 % for Mn (0.1 £ 0.1 umol/g), and 3 + 1 % for Mg (5 + 1 umol/g) (Figure 17
B). Combining all the adsorbed amounts, the total amount of metals in the BP-TCPSi was 35 + 1
umol/g, meaning that ~70 % of the total capacity (52 + 3 pmol/g, determined by double Langmuir)
has been saturated at the 5 mL filtrated volume.

When further passing the metal solution, at 10 mL, only Al (14 + 8 %, 3 + 1 umol/g) and
U (96 +4 %, 8 + 1 umol/g) were adsorbed while other metals reached 100 % breakthrough. At this
point, the total amount of all the metals adsorbed in the BP-TCPSi was 47 + 1 pmol/g, which was
slightly lower than the total capacity i.e., 52 + 3 umol/g as mentioned above. Nevertheless, at the
subsequent filtration volumes i.e., 20, 30 and 40 mL, only U was adsorbed with adsorption
efficiencies of 51 + 3 % (5 £ 1 umol/g), 43 +7 % (4 = 1 umol/g) and 2 + 1 % (0.2 + 0.1 umol/g)
respectively (Figure 17B).
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Figure 17. Adsorption of metals in BP-TCPSi from Knelson tails (pH 3.3) in flow through setup.
A) Breakthrough curves of the metals with BP-TCPSi as function of filtration volume (up to 40
mL) and B) Cumulative adsorbed amounts of the metals as function of filtration volume.
Experimental condition: 20 mg BP-TCPS;i, flowrate 0.25 mL/min.

At the end of the experiment, i.e., at 40 mL, the total amount of all adsorbed metals on
the BP-TCPSi was 55 + 1 umol/g, which is comparable with the total capacity of the adsorbent (52
+ 3 umol/g), meaning that the binding sites has been fully saturated. At this saturation stage, the
total amount of adsorbed U was 26 + 1 umol/g i.e., 50 % of all the binding sites were consumed
by the U ions. Since the adsorption of U was predominant over other metals despite its low
concentration, BP-TCPSi was more selective towards U than other metals. The good selectivity of
BP-TCPSI towards U can be attributed to its lower hydration enthalpy (- 70.2 k]/mol) than Al (-
4665 kJ/mol), Fe (- 4430 kJ/mol), Mg (-1921 kJ/mol), Mn (- 1841 kJ/mol), and Ca (- 1577 kJ/mol)
[187, 196]. Because of the lower hydration enthalpy of U than other metals, it required lesser
energy to dehydrate and occupied the binding sites on BP-TCPSi rapidly.

4.8.3 Reusability of BP-TCPSi to recover U from the tailing solution

With the aim to reduce the U concentration in the final filtrate, reusability of BP-TCPSi was
examined using 10 mL of KT because at this volume, the total adsorption efficiency of U was as
much as 96 + 4 % (16 + 1 umol/g). The adsorbent was effectively regenerated to recover U with
average adsorption and desorption efficiencies of 91 + 6 % and 97 + 9 %, respectively (Figure 18
A).
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Figure 18. Results from the flow-through setup A) reusability of the adsorbent for 10
adsorption/desorption cycles of U, B) distribution coefficient (Ka) of the metals present in the KT
sample and C) concentration of the metals after the desorption steps. Error bars represent the
standard deviation (n = 4). Experimental conditions: 20 mg BP-TCPSi, adsorption: 10 mL of
Knelson tails (pH 3.3), flowrate 0.25 mL/min, desorption: 0.5 mL of 1 M H250s, flowrate 1.25
mL/min.

Because of the good selectivity of BP-TCPSi for U, the Ka value of U was as high as 22000
mL/g (cycle 1, Figure 18 B) with the adsorption efficiency close to 100 %. Whereas the Ka values
for other metals were substantially low; 500 mL/g for Al (adsorption efficiency 50 %) or below
100 mL/g for Fe, Mg, Cu, and Mn (adsorption efficiencies < 20 %). The separation factor of BP-
TCPSi for U to every metal was > 20 in all cycles (Table 10). However, after the 1+t cycle, the Ka
values of U decreased largely. This decreasing trend can be attributed to the small volume of acid
used for desorption. Small volume in desorption was utilized to fulfill the aim of the study to
safely dispose the collected U. Due to the small volume in the desorption step, 0.5 mL of 1 M
H2S0s, the adsorbed U did not release completely at the 1t cycle (desorption efficiency, 80 + 7 %).
This incomplete desorption caused the K4 value to decrease in the following cycles because the
concentration of U in the filtrate increased (Ct= 0.2 — 1.2 mg/L). Since the Ka is inversely related
to the concentration in the filtrate (Eq 11), it decreased in the subsequent cycles. Nonetheless, the
values remained steady at about 5000 mL/g after the 4 cycles and was still greater than the Ka of
other metals. Consequently, in the final filtrate after the desorption (Figure 18 C), the
concentrations of other metals were smaller than that of U due to lower adsorption of the metals
than U, as described above. The average concentration of these metals in the final filtrate from
the 10 cycles were 230 + 50 uM for Fe, 80 + 20 uM for Al, 30 + 4 uM for Mg, 7 + 3 uM for Cu and
<1 uM for Mn. In contrast, the concentration of U in the final filtrate was increased by at-least 15
times (640 + 70 uM) in comparison to the original solution (38 uM).

Table 10. Separation factor ((3) of BP-TCPSi for U with respect to other metals (M) present in the
Knelson tails during the reusability studies (mean + o, n = 4).

Cycle B (U/Mg) B (U/Fe) B (U/AD) B (U/Mn) B (U/Cu)
Cycle 1 700 + 300 300 + 100 50 +20 900 + 400 300 + 100
Cycle 2 500 + 300 200 + 50 30+10 600 + 200 -

Cycle 3 400 + 100 100 + 50 40+10 400 =100 200 + 100
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Cycle 4
Cycle 5
Cycle 6
Cycle 7
Cycle 8
Cycle 9

Cycle 10

200 =100

200 + 50

100 + 20

90 +20

100 +50

60 + 20

100 +50

100 +50

60+10

50+10

50+ 10

30+10

20+10

30+10

30+20

30+10

20+10

20+10

200 +30

100 =50

90 +30

100 +50

80 +20

100 +50

90 +20

70+10

60 +10

50+10

a 3 values could not be reliably determined because of very low adsorbed amounts.
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5. CONCLUSIONS

A new functionalization method to directly conjugate terminal alkenes on the carbonized
mesoporous silicon was developed successfully. The adsorbent was stable under harsh
conditions such as in the presence of water, hydrochloric acid, and sodium hydroxide solutions
for several days. The adsorbent demonstrated good stability also during 50
adsorption/desorption cycles without any evidence of a significant reduction in its performance.

Adsorption was found to be pH dependent process such that the adsorption capacity was
twice greater at pH 3 than at pH 1. Especially at pH 3, the adsorption isotherm studies reveal that
the binding sites on BP-TCPSi were heterogeneous because the Langmuir isotherm model did
not adequately fit the experimental datasets. The heterogeneous binding surface was further
confirmed with the double Langmuir, Freundlich and Sips isotherm models, which fitted the
experimental datasets adequately.

In terms of selectivity, BP-TCPSi was more selective towards Sc at pH 1 (Ka = 1200 mL/g)
than at pH 3 (Ka= 500 mL/g) examined in an equimolar multi-metal solution containing Sc, Al,
Fe, Cu and Zn. At pH 1, the selectivity of BP-TCPSi towards Sc was found to be higher in
comparison with a commercial ion exchange resin, Dowex50WX8 (K4 200 mL/g). Despite the
good selectivity towards Sc from the equimolar multi-metal solutions, BP-TCPSi was incapable
of adsorbing trace amounts of Sc from a leached ore solution because of the presence of other
metals at high concentrations. However, after reducing the major constituents effectively by
undertaking a precipitation step using NH4«OH and KMnOs, the BP-TCPSi was capable to
selectively adsorb Sc in comparison with other trivalent metals with a separation factor of 50 + 30
for Aland 7 + 1 for Fe.

When the BP-TCPSi was employed to recover U from a tailing solution, it adsorbed U
efficiently with a substantial Ka value (22000 mL/g) regardless of the high concentrations of other
metals dissolved in the solution. More importantly, the adsorbed U could be collected in a small
volume where its concentration was increased by 15 times compared to the original solution. The
ability to utilize a low volume to collect U is beneficial in situations when one needs to dispose of
uranium contaminated wastewaters.
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6. FUTURE PERSPECTIVES

The developed adsorbent has been shown to be effectively reusable through numerous
adsorption/desorption cycles. However, it requires some improvements in several aspects before
it can be considered to be used in a large-scale operation. For example, the cost of the adsorbent
needs to be reduced. The silicon wafers used as the raw material to produce the mesoporous
silicon are expensive and only commercially available. A real step forward would be the
identification of an alternative raw material that would be cheap and widely available and more
economic raw material to produce in large quantities than the mesoporous silicon.

Currently, our research group is focusing on the syntheses of nanostructured silicon
carbide (SiC) from silica-rich plant-based residues such as tabasheer [197] and barley husk [198].
The syntheses involves the purification of silica from the residues followed by the conversion of
the silica into porous silicon carbide (SiC) using a magnesiothermic reduction reaction in presence
of carbon precursors (5i0z +2 Mg + C — SiC +2 MgO). The SiC functionalized with BP have been
shown to be reusable (examined up to 5 adsorption/desorption cycles of Mn), even when the
adsorption was carried out under harsh condition (pH 8) [198]. Nonetheless, the surface area
(~140 m?¥g), the BP content (2.6 wt %) and the adsorption capacity (89 umol/g for Mn) were
comparable to the present study and still needs improvement.

It is evident that commercial ion exchange resins as well as other hybrid adsorbents
reported for Sc and U recoveries have substantial capacity than the adsorbents we have
developed. The adsorption capacity is an important factor that needs to be improved significantly
with porous silicon-based adsorbents. Since the adsorption capacity relied upon the functional
molecules grafted onto the material, there are several possibilities to improve the density of the
functional molecules. Few of them include optimization of laboratory apparatus, experimental
conditions and even the structure of the functional molecules. Some studies demonstrated that
smaller functional molecule (e.g., shorter alkyl chain length) can be grafted in higher amounts on
the adsorbent than the molecules with bigger size [109]. Accordingly, adsorbent with a high
functional groups were more efficient to recover high amount of metals. Therefore, it would be
interesting to investigate the functionalization and adsorption capabilities of bisphosphonate
molecules containing shorter alkyl chain length than the one used in the present study (chain
length = 9). Moreover, the carbonized silicon support with a very high surface can also
implemented to increase the degree of the functionalization and subsequently the adsorption
performances.
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Mesoporous silicon (PSi) is an emerging nanomaterial studied in e.g. biomedical, sensor and energy appli-
cations. In many applications, a major obstacle in its commercial use is the instability of its surfaces,
especially when functionalized with organic molecules. In the present work, we introduce a surface
functionalization method for PSi, in which carbonized surface of silicon is functionalized with terminal
alkenes. A good surface coverage of 0.3 molecules per nm? was achieved and the material showed excel-
lent aqueous stability at low and neutral pH. It also withstood a highly basic solution for several days. The
developed method was used to graft bisphosphonates on the surface and the material was used for metal
adsorption. Because of its excellent stability, the adsorbent material lasted up to 50 adsorption/desorption
cycles without a significant deterioration of its performance.
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1. Introduction

Mesoporous silicon (PSi) has many potential applications in
e.g. drug delivery, sensing, Li-ion batteries and adsorption. It
is relatively unstable in its native form because of its high
surface area and reactivity of the Si-Si bonds. Therefore,
surface of PSi is typically passivated by oxidation, carboniz-
ation or hydrosilylation to improve its stability.

Many applications of PSi, such as sensing and separation,
require grafting of functional molecules on the surface."” The
stability of these surfaces has been a focus of several
studies.>”® Among the first functionalization strategies of PSi
was grafting of alkenes, or alkynes on PSi by hydrosilylation.”
Although the highly hydrophobic surfaces passivated by hydro-
silylation are shown to be stable for several hours even at pH
13,% the grafting of molecules with functional groups, such as
carboxylic acids, leads to significantly less stable materials.®
Good to moderate stability of the hydrosilylated materials in
aqueous solutions near neutral pH has been shown only up to
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few hours®™® with the exception of a 2-month stability study
conducted by Kilian et al.’ They observed dissolution of PSi in
phosphate buffered saline visually after one month but also
saw significant changes in the structure in the first few days.
However, the amount of the grafted molecules on the surface
was not studied directly.

Many surface functionalization strategies rely on grafting
organic molecules on oxidized PSi via Si-O bonds which are
easily hydrolyzed in an aqueous environment and are thus sen-
sitive to degradation.’® A more stable functionalization can be
achieved if only stable Si-C and C-C bonds are exposed on the
surface. Sciacca et al. and Jalkanen et al. studied hydrophobic
PSi that was thermally hydrocarbonized at 500 °C and sub-
sequently functionalized with a carboxylic acid.»® Sciacca et al.
observed an improved structural stability of the material in
phosphate buffered saline for 2 h. Jalkanen et al. studied the
stability in harsher conditions and observed complete dis-
solution of the material in 1 M KOH in 24 h.

Thermal carbonization of PSi at high temperatures (above
800 °C) has been shown to produce highly stable surfaces con-
sisting of silicon carbide, silicon oxycarbide and carbon.'*'*
So far, functionalization of thermally carbonized PSi (TCPSi)
has been performed via silanization which grafts functional
molecules on the surface via Si-O bonds leaving the functional
molecules susceptible to hydrolysis."*

In the present study, a new functionalization method for
TCPSi is introduced in which terminal alkenes are directly
grafted on the carbonized silicon surface leading to
functionalization which is highly stable in aqueous solutions
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for several weeks and resists even high pH solutions for several
days.

The developed method is used to functionalize TCPSi with
bisphosphonates that are good chelation agents for metals."*
Several mesoporous materials have been proposed for metal
adsorption applications'*° but their repeated use has often
not been studied supposedly due to their low stability and
diminishing performance. If repeated use is studied, it is
reported for less than ten ad/desorption cycles and even the
most stable materials lose at least 1% of their capacity per
cycle.”>™ The aim of the present study is to provide a material
that can be reused several tens of times without significant
reduction of its capacity thus essentially reducing the costs in
demanding applications.

2. Experimental

2.1. Production of PSi

PSi was produced by electrochemical etching in 1:1 HF
(38-40%)/EtOH mixture on p+ Si wafers (0.01-0.02 Q cm) with
40 mA cm™ current density for 2400 s. HF is highly toxic and
a special care should be taken to prevent any contact with the
liquid and inhalation of vapor. PSi films were detached from
the wafer with a high current pulse and dried at 65 °C for 2 h.
The PSi films were milled to microparticles in a planetary ball
mill and sieved to 25 pm-75 pm size fraction. PSi was used in
different forms, microparticles, freestanding films or films
supported on the substrate depending on the demands of
measurement in order to obtain high quality data. Films sup-
ported on the substrate were produced similarly as above by
etching a 5 um porous layer on the wafer without the high
current pulse.

2.2. Bisphosphonate synthesis

10-Undecenoic acid, oxalyl chloride and P(OSiMe;); were pur-
chased from Aldrich. CDCl; (D 99.96%) used as NMR solvent
was purchased from Euriso-Top.

The bisphosphonate molecule (Tetrakis(trimethylsilyl) 1-(tri-
methylsilyloxy)undec-10-ene-1,1-diylbisphosphonate) was  syn-
thesized according to the method published by Lecouvey et al.
(ESI Fig. $11).>' 10-undecenoic acid (13.56 mmol, 2.50 g) in
20 ml of freshly distilled dichloromethane was placed in dried
two necked flask equipped with an argon inlet. Oxalyl chloride
(27.10 mmol, 3.44 g) was added dropwise on ice. The reaction
mixture was stirred at room temperature for 1 hour, evaporated
and the formation of the corresponding acid chloride was
observed by NMR. Two equivalents of tris(trimethyl silyl) phos-
phite (27.10 mmol, 8.09 g) was added dropwise to the acid
chloride under argon at 0 °C. Once the addition was complete,
the reaction mixture was left under magnetic stirring at room
temperature for 2 h. Volatile fractions were then evaporated
under reduced pressure. Yellow oily substance with 94% yield
was obtained. '"H NMR (500.1 MHz, CDCl;) § 5.80 (ddt, 1H,
*Jau = 17.2, 10.3 and 6.7 Hz, CH,—CH-CH,), 4.98 (dd, 1H,
Jan = 17.2, >Jan = 2.2, CH;=CH), 4.92 (d, 1H, *Jun = 10.3,
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*Jan = 2.2, CH,=~CH), 2.07-1.99 (m, 2H), 1.96-1.84 (m, 2H),
1.60-1.51 (m, 2H), 1.41-1.33 (m, 2H), 1.33-1.20 (m, 8H),
0.34-0.25 (m, 45H); °C NMR (125.8 MHz, CDCl;) & 139.0,
114.1, 78.2 (t, YJop = 166.2 Hz), 35.6, 33.7, 30.3, 29.4, 29.4, 29.0,
28.9, 23.8 (t, JJcp = 6.5 Hz), 2.8 (3C), 1.4 (6C), 1.3 (6C); *'P NMR
(202.5 MHz, CDCl3) 6 1.95 (s). The compound was left in sily-
lated form to achieve good solubility in mesitylene.

2.3. Surface modifications

Three independent surface modifications were performed for
each sample type. First, hydrogen terminated PSi (HTPSi) was
prepared by briefly immersing PSi in 1:1HF/EtOH mixture
and drying at 65 °C for 2 h.

The carbonization was performed to the HTPSi in a quartz
tube under continuous N, flow of 1 L min™" throughout the
process. Samples were first flushed with nitrogen for 30 min
then acetylene flow of 1 L min™" was added for 15 min. The
sample was then placed into a preheated oven at 500 °C. After
15 min at 500 °C, the acetylene flow was terminated and the
tube was removed from the oven and sample were let to cool
down to room temperature (in nitrogen flow). At room temp-
erature, acetylene flow (1 L min~") was applied again for 9 min
40 s and the sample was inserted into the oven at 820 °C 20 s
after the acetylene flow was terminated. Sample was heated in
the oven for 10 min and then cooled down to room tempera-
ture (in nitrogen flow).

For surface functionalization of TCPSi, the neat alkene
(undecylenic acid or decene) was added on the TCPSi in the
quartz tube and the tube was heated at 120 °C for 16 h.
Bisphosphonate functionalization was performed with a
mesitylene solution®” of BP (9 wt%, 1: 1 mass ratio of BP and
PSi). The undecylenic acid grafted TCPSi is labeled UnTCPSi,
the decene grafted TCPSi DeTCPSi and the bisphosphonate
grafted TCPSi BPTCPSi. The structures of all the PSi
materials used in the study are presented in ESI Fig. S2.1 The
UnTCPSi samples were rinsed thrice with 25 ml chloroform
to remove excess undecylenic acid and then six times with
25 ml of a 1:1 mixture of EtOH and 1 M NaOH in order to
remove physisorbed or dimerized undecylenic acid. The par-
ticles were then washed with water and 1 M HCI to convert
grafted undecylenic acid from Na salt to the acid form and
finally rinsed with water to remove HCI and dried at 65 °C.
DeTCPSi was washed eight times with 25 ml of chloroform
and dried at 65 °C for 1 h. BPTCPSi was washed eight times
with 25 ml of chloroform, then with methanol and dried at
65 °C for 1 h.

To prepare undecylenic acid grafted HTPSi (UnHTPSi),
HTPSi was immersed in neat undecylenic acid and heated at
120 °C for 16 h. The material was washed eight times with
25 ml of chloroform and dried at 65 °C for 1 h.

2.4. Liquid NMR

'H, *'P and *C NMR spectra were measured on a Bruker
Avance 500 DRX spectrometer operating at 500.1, 202.5 and
125.8 MHz, respectively. The NMR spectra measured in CDCl;
were calibrated on the solvent residual signals at 7.26 ppm for
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'H and 77.1 ppm for *C and 85% H;PO, was used as an exter-
nal standard in the *'P measurements.

2.5. Nitrogen sorption

Prior to the measurements, the samples were degassed in
vacuum at 65 °C for 2 h. The nitrogen adsorption and desorp-
tion isotherms were measured with Micromeritics Tristar II
3020. Surface area was calculated using BET (Brunauer, Emmett
and Teller) theory, pore size distributions were calculated with
BJH (Barrett, Joyner and Halenda) theory and pore volume was
calculated from a single point at relative pressure of 0.95.

2.6. Electron paramagnetic resonance (EPR)

TCPSi microparticles which were not exposed to air were trans-
ferred under nitrogen atmosphere into a glove box with Ar
atmosphere. In the glove box, the sample was transferred into
6 mm cylindrical quartz tubes and closed. Electron paramag-
netic resonance experiments were performed using an X-Band
spectrometer (Bruker EMX-plus Biospin). The radicals were
observed under Ar atmosphere at room temperature. The
experimental procedure has previously been described in
detail.”®> The double integral of the EPR spectrum is pro-
portional to the concentration of paramagnetic centers. A cali-
bration was first done using TEMPO to ensure that this pro-
cedure was usable in solid state. TEMPO was also used as stan-
dard for calibration of the g-factor (g = 2.0061). To measure
change in paramagnetic species caused by addition of undecy-
lenic acid on the TCPSi particles that had not been exposed to
air, undecylenic acid was injected into the quartz tube and the
EPR spectrum was measured immediately. In addition to the
above measurements TCPSi that had been in contact with air
was measured in air atmosphere.

2.7. Solid state NMR characterization

'H-*°Si CPMAS NMR experiments were performed at room
temperature, with a Bruker Avance II 300 spectrometer operat-
ing at B, = 7.1 T (Larmor frequency: wo(*°Si) = 59.61 MHz and
wo(*H) = 300.08 MHz) with a Bruker double channel 7 mm
probe at a spinning frequency of 4 kHz, with a proton w/2
pulse duration of 4.1 ps, a contact time of 4 ms and a recycle
delay of 5 s according to T1 measurements. >°Si Chemical
shifts were referenced to tetramethylsilane (TMS).

*1p solid-state MAS NMR experiments were performed at
room temperature on Bruker Avance II 400 spectrometer oper-
ating at B, = 9.4 T equipped with a Bruker double channel
4 mm probe at a Larmor frequency of 161.99 MHz. The spec-
trum was recorded with a n/2 pulse duration of 3 ps and a re-
cycling delay of 5 s at a spinning frequency of 12 kHz. *'P spin
lattice relaxation times (7;) were measured with the saturation-
recovery pulse sequence. *'P spectrum was referenced to
H;PO, (85% in water).

2.8. DNP NMR characterization

Solid State DNP experiments were performed with a Bruker
263 GHz Solid-State NMR DNP spectrometer with a gyrotron
microwave source,”*** Ascend DNP 400 WB NMR magnet,
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Avance III NMR console and a low-temperature 3.2 mm triple
resonance "H/X/Y DNP MAS probe. The NMR 400 MHz Ascend
DNP magnet is equipped with a sweep coil for optimization of
the frequency match between the NMR and the electron fre-
quencies. The sample temperature reported was 108 K with
microwave irradiation. The microwave power was optimized to
achieve the highest DNP signal enhancement. 'H-'C cross
polarization (CP) MAS experiments were performed with
Spinal64® *H decoupling during acquisition time. During the
CP contact time, both 'H and *C R.F. field were set to 60 kHz,
the 'H decoupling R.F. field strength was set to 95 kHz during
the acquisition time. The contact time during the CP step was
set to 1 ms. The sample spinning frequency was set to 12 kHz.
8192 scans were acquired with a recycle delay of 6 s which
corresponds to a total acquisition time of about 13.5 h.

DNP polarization buildup time (TDNP) measurements were
performed using saturation-recovery experiments and results
were fit in the T1/T2 relaxation module of Topspin software.

Approximately 10 mg of TCPSi microparticles were loaded
in a 3.2 mm sapphire rotor. The rotor was sealed with a Teflon
top insert and a Zirconia cap. Chemical shifts were referenced
to tetramethylsilane (TMS).

2.9. XPS analysis

X-ray photoelectron spectroscopy (XPS) spectra were recorded
with a VG SCIENTA SES-2002 spectrometer equipped with a
concentric hemispherical analyzer. The incident radiation
used was generated by a monochromatic Al Ka X-ray source
(1486.6 eV) operating at 420 W (14 kV; 30 mA). Photo-emitted
electrons were collected at a take-off angle of 90° from the
surface substrate, with electron detection in the constant ana-
lyser energy mode (FAT). Widescan spectrum signal was
recorded with a pass energy of 500 eV and for high resolution
spectra (Si 2p, C 1s and Cu 2p) pass energy was set to 100 eV.
Approximately 24 mm? area of TCPSi film on Si substrate was
analysed. The base pressure in the analysis chamber during
experimentation was ca. 10”° mbar. The spectrometer energy
scale was calibrated using the Ag 3d*?, Au 4f”* and Cu 2p*?
core level peaks, set respectively at binding energies of 368.2,
84.0 and 932.6 eV. Spectra were subjected to a Shirley baseline
and peak fitting was made with mixed Gaussian-Lorentzian
components with equal full-width-at-half-maximum (FWHM)
using CASAXPS version 2.3.17 software. The surface compo-
sition expressed in atom% was determined using integrated
peak areas of each component and take into account trans-
mission factor of the spectrometer, mean free path and
Scofield sensitivity factors of each atom. All the binding ener-
gies (BE) are referenced to the C 1s peak at 284.5 eV and given
with a precision of 0.1 eV. The measured samples were porous
films on silicon substrate except for the BPTCPSi samples
which were measured as microparticles.

2.10. FTIR analysis

FTIR measurements were done in transmission mode with
freestanding PSi films with Thermo Scientific Nicolet 8700.

The spectral range was 500-4000 cm™" and resolution 4 em™.
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2.11. Thermogravimetry

Microparticles were measured by TA TGA Q50 under nitrogen
atmosphere. The samples were equilibrated at 80 °C for
30 min and then heated up to 700 °C with 20 °C min™"
heating rate.

2.12. Scanning electron microscopy

Zeiss HD|VP HR-SEM was utilized for investigation of the mor-
phologies of the particles. The particles were attached to stan-
dard aluminum SEM sample holders with conductive carbon
adhesive. The imaging was performed with acceleration
voltage of 5 kv and InLens detector.

2.13. Stability study

One hundred mg of UnHTPSi and UnTCPSi microparticles
were first wetted with EtOH and then immersed in 45 ml of 1
M HCI, deionized water or 1 M NaOH. The samples were kept
at 30 °C. Part of the samples were removed at predefined time
points and washed on a filter paper 3x with 50 ml of deionized
water, 3x with 50 ml of 1:1 mixture of deionized water and
ethanol and 4x with 50 ml of EtOH. The particles were then
dried at 65 °C. At each time point the liquid in which the par-
ticles were immersed was replaced with a fresh one.

2.14. Metal adsorption

Metal adsorption capacity towards copper was investigated
using ~200 mg BPTCPSi particles primed in 20 ml of 5 M HCl
for 1 h at RT. After washing thrice with 20 ml water, the par-
ticles were immersed in 20 ml of 200 ppm Cu®" solution (from
CuCl,) at pH = 4.02 with constant mixing. The contact time
was 24 h at RT. Cu concentration of the solution was measured
before and after adsorption using total reflection X-ray fluo-
rescence spectroscopy, tXRF (S2 Picofox, Bruker). The adsorbed
amount was calculated from the concentration difference of
the solutions. The reusability of the material was studied by
repeating 50 adsorption/desorption cycles. 50 mg of BP-TCPSi
particles were placed inside a syringe filter and the following
solutions were passed through the particles by gravitation in
each cycle: 5 ml of 10 ppm Cu*', 5 ml of deionized H,0, 5 ml
of 0.1 M HCL and 5 ml of deionized H,O. Cu concentrations of
the solution before and after each cycle was measured with
PerkinElmer 5100 flame atomic absorption spectrometer (AAS)
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with a wavelength of 327.4 nm to calculate the adsorbed/des-
orbed amounts of Cu.

3. Results and discussion

Thermal carbonization of PSi was performed under nitrogen
atmosphere with acetylene gas in a two-step process at 500
and 820 °C.'' After carbonization, the material is cooled to
room temperature in nitrogen gas. According to a previous
observation, the material will react strongly with a sudden
exposure to air and emit bright light (see video in ESI}). A
TCPSi sample, that had not been exposed to air, was
measured with EPR and observed a high number of carbon
radicals in the material (3.4 x 10'® g™"). We hypothesized that
these radical groups could be utilized to functionalize the
material by free radical addition. Therefore, undecylenic acid
or 1-decene was added on the TCPSi immediately after car-
bonization before exposing the material to air. The mixture
was then heated at 120 °C for 16 h to further enhance the
grafting. The undecylenic acid and 1-decene modified TCPSi
samples are referred to as UnTCPSi and DeTCPSi, respect-
ively. Bisphosphonate (BP) grafted TCPSi (BPTCPSi) was also
prepared in a similar way for metal adsorption experiments
(see Materials and methods for details). A reference sample
was prepared by grafting undecylenic acid on hydrogen termi-
nated PSi (UnHTPSi) using conventional hydrosilylation by
immersing hydrogen terminated PSi (HTPSi) in undecylenic
acid at 120 °C for 16 h. All the surface functionalizations
were performed in triplicates to assess repeatability of the
method.

The amount of grafted molecules on the samples, measured
by thermogravimetry (TG), was 2.3 + 0.3 wt% in UnTCPSi, 4.6 +
0.3 wt% in DeTCPSi and 2.7 + 0.8 wt% in UnHTPSi corres-
ponding to grafting densities of 0.3, 0.9 and 0.4 molecules per

m?, respectively (Table 1). Analysis of UnHTPSi was difficult
because mass increase was taking place during the measure-
ment presumably because of oxidation of the material by
residual oxygen in the instrument. Very little mass loss was
observed in UnTCPSi under 350 °C proving that undecylenic
acid was covalently grafted on the surface whereas in DeTCPSi
mass loss begun already at 200 °C indicating that some physi-
sorbed molecules were also present (Fig. 1). A control sample

Table 1 Mass of the organic layer on the materials and the results of nitrogen sorption experiments

A% (m* g™ Cier” V (em® g™) D% (nm) m° (%) Coverage’ (nm™2)
HTPSi 242 +1 28.8+0.3 1.33 £0.01 17.0 £ 0.1 — —
UnHTPSi 211+7 35.0+0.4 0.94 + 0.08 15.2 £ 0.2 2.7+0.8 0.4+0.2
TCPSi 240+ 5 73.9 £ 0.6 0.98 +0.02 15.8£0.1 — —
UnTCPSi 223 4 57+6 0.91 = 0.01 15.6 £ 0.2 2.3+0.3 0.34 £ 0.04
DeTCPSi 220 =20 35+3 0.9+0.1 15.2+£0.5 4.7 £0.3 0.90 + 0.08
BPTCPSi 224 +2 50+1 0.87 = 0.01 14.5 £ 0.6 2.9+0.5 0.23 £ 0.04

“Specific surface area from nitrogen adsorption calculated by BET theory. ® BET constant. ¢ Specific pore volume area calculated from a single
point (p/po = 0.95) on nitrogen adsorption isotherm. ¢ Average pore diameter calculated by BJH theory from nitrogen desorption isotherms.
¢Mass of functional molecules divided by the total mass of the sample as measured by TG.” Number of functional molecules per surface area.
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Fig. 1 TG curves of functionalized TCPSi samples showing mass loss
due to decomposition of the functional layer.

was also prepared by exposing a TCPSi sample to air after the
carbonization and subsequently immersing it in undecylenic
acid at 120 °C for 16 h. In this sample, a significant amount of
undecylenic acid was grafted on the TCPSi surface but the
mass of the organic layer was 46% smaller than in the sample
not exposed to air before functionalization.

The effect of surface functionalization on the pore structure
was measured by nitrogen sorption. The surface area, BET con-
stant, pore volume and average pore diameter for HTPSi
and TCPSi samples before and after functionalization are
shown in Table 1 and the isotherms are shown in ESI S3.}
Functionalization caused a decrease in surface area, pore
volume and average pore diameter. These values decreased
between 10 and 30% after functionalization of HTPSi and
between 1 and 12% after functionalization of TCPSi showing
that the new functionalization method did not affect the pore
structure substantially. Functionalization also affected the BET
constant (Cggr) of the materials. HTPSi had a small Cggr value
of 28.8 that increased to 34.4 after the functionalization with
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undecylenic acid. The opposite is observed with TCPSi that
had a relatively high Cpgr of 73.9. After the functionalizations
with undecylenic acid or decene, the Cpgr decreased to 57 and
35, respectively, indicating that the functionalized surface had
weaker interactions with the N, molecule than the non-func-
tionalized surface.

The materials were characterized by X-ray photoelectron
spectroscopy (XPS), Fourier transform infrared spectroscopy
(FTIR), 2°Si cross polarization magic angle spinning nuclear
magnetic resonance spectroscopy (CP-MAS NMR) and B¢ cp-
MAS dynamic nuclear polarization (DNP) NMR in order to
characterize the chemical groups present on the materials.
According to XPS, the samples consisted of Si, C, O and trace
level impurities of Na and F (Table 2). As reported earlier,
TCPSi consisted mainly of silicon, graphitic carbon, SiC and
silicon oxycarbides.”> No silicon dioxide was detected. An
increased amount of COOH was detected for undecylenic acid
functionalized samples, UnHTPSi containing more COOH
compared with UnTCPSi. It is worth noting that three
measurements were performed on each sample revealing a
good reproducibility for the TCPSi samples whereas it is not
the case for the HTPSi samples indicating higher instability
and/or heterogeneity. Relatively high carbon content from 21
to 65 atomic % was due to the surface sensitive nature of the
measurements and impurities adsorbed from the air and does
not reflect accurately the overall carbon content.

According to the FTIR spectra (Fig. 2), amount of CH,
species increased after grafting. Similar increase in C=O
species was observed in undecylenic acid functionalized
samples (UnTCPSi and UnHTPSi). Increase in =CH species
present in free undecylenic acid and decene molecules were
not observed.

*9Si CP-MAS NMR spectrum of TCPSi (Fig. 3) shows three
prominent features. The broad resonance between —45 and
+25 ppm could correspond to several species such as: (i) M,,
species [M,, = Si(R,R,R")(OH);_,,,(0OSi), (0 £ m < 1) where R,
R’ and R” correspond to C in this particular case] that are

Table 2 Composition of the samples determined by XPS expressed as atomic %

HTPSi (%) UnHTPSi (%) TCPSi (%) UnTCPSi (%) DeTCPSi (%) BPTCPSi (%) BPTCPSi + Cu (%)

Total C 21 52 65 63 63 36 36

SiC 0 0 20 15 14 19 17
Cc-C 90 83 72 70 76 57 50
C-OR 7 6 5 9 6 11 20
C=0 1 1 1 3 2 4 7
COOH 2 10 2 3 1 2 2
Total Si 74 26 23 21 24 38 38
C3Si0 3 7 0 0 0 0 0
CSiO3 0 10 7 10 5 0 0

SiO0, 0 21 0 0 0 14 23
C,Si0, 0 0 18 17 17 16 19

SiC 0 0 53 57 56 19 17
Si-Si 97 62 22 16 22 51 41
Total O 4 21 11 15 13 23 24
Total F 1 0 1 0 1 0 0
Total Na 0 0 0 0 0 0 0
Total P 0 0 (1] 0 0 Traces Traces
Total Cu 0 0 0 0 0 0 0.3
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Fig. 2 FTIR spectra of functionalized (solid lines) and unfunctionalized
(dashed lines) TCPSi and HTPSi samples.

expected between 0 and 15 ppm, (ii) D, species [D,, = (R,R)-Si
(OH),_,(0Si),, 0 < n < 2] expected in the —25 to —5 ppm
range®’ and/or (iii) SiC (from —27 to —10 ppm (ref. 28)). The
broad resonance may also be due to oxidized silicon species
such as [Si(Si),(OH),_p, n = 2-3] expected at —14 and —12 ppm
or Si(Si),(OH)(H) or Si(Si)(OSi)(OH)(H) expected at —22 and
—24 ppm, respectively.”® These findings are supported by the
XPS results in which Si-Si groups, SiC species and C,SiO, (D)
species are the major components (see Table 2).

The broad resonance between —50 and —80 ppm is
assigned to T, groups [T, = R-Si(OH);_,(OSi),, 0 < n < 3] such
as CSiO; species that were also detected by XPS.

The third broad resonance between —110 and —80 ppm
could correspond to Q, species [Q, = Si(OSi),(OH);_p, 0 < 1 < 4]
and/or hydrogenated silicon species such as O;SiH (expected at
-84 ppm), Si;SiH (=91 ppm) and Si,SiH, (=102 ppm).*°
Presence of Q, species in NMR spectra despite their absence in
XPS spectra can be explained by the fact that the signal corres-
ponding to Si atoms spatially close to hydrogen nuclei such as
SiOH species are enhanced in the "H->?Si CP-MAS spectrum.

Undecylenic acid and decene functionalized TCPSi show
enhanced intensity of the M, D and T species relative to
Q/hydrogenated silicon species. This indicates that the surface
functionalization occurs on silicon carbides/oxycarbides
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Fig. 3 2°Si CP-MAS NMR spectra of functionalized and unfunctiona-
lized TCPSi. The intensity of the spectra is normalized according to the
height of the highest peak (M, = Si(R,R",R")(OH);_,,(OSi),, (0 <m < 1);
D, = (R,R)-Si(OH),_,(OSi),, 0 <n < 2; T,, = R-Si(OH)3_,(0Si),, 0 <n < 3;
Qp, = Si(0Si),(OH)4-pn, 0 <N < 4).

species because grafting of a decyl carbon chain close to Si
atoms will enhance the magnetization transfer from 'H to >°Si.
The intensity increase is more significant for the DeTCPSi
sample than for the UnTCPSi, in agreement with the higher
grafting yield for DeTCPSi. The more pronounced enhance-
ment of the resonance between —20 and +25 ppm with respect
to the others suggests grafting of several carbon atoms on one
Si atom is favored.

For the UnHTPSi sample, the reaction of SiH with undecyl
acid creates a Si-C bond. Indeed, resonances corresponding to
T or D species are seen on the 2°Si CP-MAS NMR spectrum of
UnHTPSi as expected (ESI S471).

Measuring '*C CP-MAS NMR spectra for these samples was
challenging due to relatively low amount of carbon in the
samples and inherently low sensitivity of the method. As
reported earlier, we were able to use dynamic nuclear polariz-
ation with the endogenous radicals in the samples to obtain
significantly higher quality spectra.'> Spectra of TCPSi and
UnTCPSi are shown in Fig. 4. The resonance corresponding to
sp> carbon from graphitic carbon is observed in both samples
between 150 and 110 ppm (ref. 31) as well as the resonance
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UnTCPSi

100
Chemical shift (ppm)

200

Fig. 4 3C CP-MAS DNP spectra of TCPSi and UnTCPSi. Spinning side-
bands are marked with an asterisk.

corresponding to sp® carbon in SiC and silicon oxycarbide
between —10 and 40 ppm.**** As expected, UnTCPSi showed
an additional resonance centered at 29 ppm from CH, groups
and at 178 ppm characteristic of COOH groups.

In order to gain insight into the grafting mechanism, EPR
measurements were performed for the TCPSi samples stored
under inert atmosphere before and immediately after
addition of undecylenic acid. The profile fitting revealed that
the spectra consisted of two Lorentzian lines with g-factors of
2.0034 + 0.0002 and 2.0043 + 0.0002 (ESI S5t). There was no
statistically significant increase in the total intensity of the
resonance with addition of undecylenic acid. This is not sur-
prising since there is no obvious termination reaction for the
radical addition. Interestingly, the proportional intensity of
the two lines reversed after addition of undecylenic acid on
the material. Before the addition of undecylenic acid, the
ratio between the peak at lower and higher g-values was 0.09
+ 0.02 and after the addition 1.2 + 0.4. This suggests that
there is a transfer of radicals from one species to another. It
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is challenging to identify the species definitively because of
the broad resonances and disordered nature of the material.
It has been shown that in Si,_;C, the spins form a strongly
interacting system with g-factors decreasing from 2.0055 to
2.0037 as x increases from 0 to 1.>**® The low g-factor com-
ponent corresponds likely to radicals in the parts of the
material with a high carbon content and the high g-factor
component corresponds to Si rich parts. Therefore, increase
in the intensity of the lower g-value peak indicates increasing
C content in Si rich parts because of the functionalization.
Alternatively, the shift towards lower g-values may be due to
transfer of radicals from Si rich parts to the organic molecule
typically having g-factor of approximately 2.0023.%” Similar
reversal in the intensities of the relative intensities of the two
Lorentzian lines was not observed when undecylenic acid
was added on the TCPSi which was not kept under inert
conditions.

The 2°Si CP-MAS NMR and EPR results suggest formation
of chemical bonds between the surface Si atoms and undecyle-
nic acid molecules. However, neither of these results rule out
formation of bonds between surface carbon atoms and unde-
cylenic acid molecules. In fact, reaction with the surface
carbon atoms is highly probable because carbonization of PSi
results in a carbon rich surface'” and the radical groups in the
SiC composites are more likely to be found on carbon than
silicon atoms.***® Furthermore, undecylenic acid molecules
can react with other undecylenic molecules which have already
reacted with the surface forming molecular chains. This does
not seem to take place excessively because the pore size is not
significantly reduced after grafting.

The main aim of the new functionalization method is to
provide functionalized PSi that is stable in aqueous solutions
in a wide pH range. To determine the stability, the UnHTPSi
and UnTCPSi microparticles were immersed into 1 M HCI,
deionized water and 1 M NaOH at 30 °C. After 1, 3, 6 and
20 days, part of the powder was collected from the liquid,
washed to remove any physisorbed molecules and dried. The
liquid was changed to a fresh one at each time point.
Microparticles were measured with TG to determine the
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Fig. 5 Results of stability study in deionized H,O (left), 1 M HCL (middle) and 1 M NaOH (right).
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Fig. 6 Scanning electron microscopy images of UnTCPSi before (A and B) and after (C and D) 20 days incubation in 1 M NaOH solution.

amount of the remaining grafted species in the particles. The
results of the stability studies (Fig. 5) show that 68 to 79% of
the functional molecules in UnTCPSi remain even after 20
days in 1 M HCI and water, respectively, whereas in UnHTPSi
only 24 and 39% of the molecules remains after 6 days in 1 M
HCI and water, respectively. In 1 M NaOH solution, UnHTPSi
dissolved in just few minutes and no stability data was gath-
ered. However, the functionalization in UnTCPSi remained
relatively stable for 6 days. At 20 d time point, a clear increase
in the amount of functionalization was observed. This coun-
terintuitive result is due to dissolution of silicon underneath
the carbonized and functionalized layer, which decreased the
total mass of the sample. Because the organic layer itself was
relatively stable, its mass compared to the total mass of the
sample increased leading to erroneous values. This con-
clusion is supported by nitrogen sorption results. The surface
area of UnTCPSi sample more than doubled after immersion
in 1 M NaOH for 20 days indicating that dissolution of
Si below the carbonized layer revealed new surface. The
UnTCPSi samples immersed in HCl and water for 20 d
showed less than 4% change in specific surface area, pore
volume or average pore diameter. Pore structure of UnHTPSi

Inorg. Chem. Front.

sample experienced significantly larger changes. For
example, the specific surface area increased 20 and 40%

during 20 d immersion in HCI and water, respectively. SEM

HO\//O OH R
<L

OH

\

Fig. 7 Bisphosphonate molecule grafted on BPTCPSi. To prevent a
reaction between the bisphosphonate group and the surface of TCPSi,
the —OH groups were protected by replacing the hydrogen atoms with
trimethylsilyl groups. The OH groups were deprotected by washing the
BPTCPSi particles with methanol after grafting.
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images were taken of the UnTCPSi particles before and after
20 d incubation in NaOH (Fig. 6). The typical fir tree pore
structure can still be recognized in the particles even after the
20 days incubation (Fig. 6D), but also some pits were formed
in the particles (Fig. 6C and D). It can be concluded, that a
highly stable surface functionalization was achieved.
However, during a long immersion at very basic conditions
the silicon structure under the functionalized surface begun
to degrade.

The developed functionalization method was used to graft
bisphosphonates (Fig. 7) on the surface of TCPSi (ESI
Fig. S2t). The BPTCPSi samples contained 2.9 + 0.5 wt% of BP

BPTCPSi+Cu

BPTCPSI

6'0 4I0 2I0 (l) -2lO
Chemical shift (ppm)

T T
-40 -60
Fig. 8 3!P MAS spectra of BPTCPSi before (bottom) and after (top)

adsorption of Cu?*. The line at 20 ppm corresponds to 3P nuclei in
bisphosphonates. Spinning sidebands are marked with an asterisk.
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molecules (Fig. 1) corresponding to coverage of 0.23 molecules
per nm?. Results of the nitrogen sorption and XPS measure-
ments are shown in Tables 1 and 2. *°Si CP-MAS NMR and
Fourier transform infrared spectra of the material are shown
in ESI Fig. S6 and S7,f respectively, and the nitrogen sorption
isotherm in ESI S3.1 The BPTCPSi sample was characterized by
*'P MAS NMR (Fig. 8). The spectrum shows an intense reso-
nance at 20 ppm from the phosphorus atoms of the bispho-
sphonate. In addition to the main resonance, decomposition
of the signal suggests at least three other components at —11,
1 and 11 ppm indicating different protonation states, confor-
mations or possible side products of the grafting reaction.*®
The sharp resonance at 1 ppm corresponds to the silylated
bisphosphonate based on liquid state NMR indicating that
some silyl groups that were used as protective groups during
the functionalization remained in the material.

The performance of the material in metal adsorption appli-
cations was tested with CuCl, solution. The maximum capacity
of the material towards chelation of Cu®" was 40 + 4 umol g™
corresponding to 0.46 Cu®* ions per bisphosphonate molecule.
This is a slightly higher ratio than was reported for solid
bisphosphonates (0.35)."* After the Cu®" adsorption the inten-
sity of the resonance at 20 ppm in the *'P MAS NMR spectrum
decreases significantly (Fig. 7). This suggests interaction
between copper and the grafted bisphosphonates as the pres-
ence of paramagnetic species such as Cu®' is known to
broaden and shift the resonances.*

The ability of the material to repeatedly adsorb copper ions
from aqueous solution and subsequently to release them into
0.1 M HCI solution was tested by exposing the material to 50
consecutive adsorption-desorption cycles. Between 60 to 80%
of the copper ions were adsorbed by BPTCPSi (Fig. 9).
Importantly, the results show only small decrease in the per-
formance of the material within the 50 cycles. Similar experi-
ment was also done with unfunctionalized TCPSi.
Approximately 90% of Cu*" ions were adsorbed and 30% des-
orbed (relative to amount of Cu®" ions initially in the solution)
in the first cycle (Fig. 9). However, subsequent cycles showed

100 - A
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850- g
-2 254 2
£ 8 g
g 9 g
< g -254 o
2 S
g -501 5
© =
@ 754

-100 -\ r-  n  9pnA i P ki i r m T T V

10 20

40 50

Cycle

Fig. 9 Fifty adsorption—desorption cycles of Cu®* ions on TCPSi and BPTCPSi. The amount adsorbed or desorbed is presented relative to the
amount of Cu?* available for adsorption initially. The positive values represent adsorption and negative values desorption.
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adsorption or desorption values smaller than 20%. The results
suggest that there is some irreversible adsorption of Cu®" ions
on TCPSi surface as well as small reversible adsorption.
However, BP molecules are mainly responsible for the revers-
ible adsorption of Cu®" in BPTCPSi.

4. Conclusions

Thermally carbonized porous silicon was functionalized by
grafting terminal alkenes directly on the surface. The
functionalization was performed with three kinds of mole-
cules; a linear alkane, a carboxylic acid and a bisphosphonate.
The resulting material has an unprecedented stability. It can
withstand immersion in aqueous solutions at low and neutral
PH up to 20 days with loss of less than a third of the functiona-
lized layer. It can also withstand highly basic solutions up to 6
days. This surface functionalization is highly beneficial in
applications such as sensing and adsorption that require
extended stability of the material in aqueous solutions.
Applicability of the bisphosphonate functionalized material
was demonstrated in metal adsorption. The material was able
to adsorb and desorb copper ions from solution repeatedly for
50 cycles without significant loss of performance.
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Figure S2. The structures of the surfaces of the materials produced in the present work. HTPSi
consists of silicon framework with hydrogen termination on the surface. UnHTPSi is produced by
grafting undecylenic acid on HTPSi by hydrosilylation. TCPSi consists of silicon framework with a
carbon rich surface layer including silicon carbide silicon oxycarbide and graphitic carbon.
BPTCPSi, DeTCPSi and Un TCPSi are produced by grafting bisphosphonates, decene and undecylic
acid, respectively on the surface of TCPSi.
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Figure S5. EPR spectrum of TCPSi kept under inert atmosphere a) before addition of undecylenic
acid and b) after addition of undecylenic acid with fitted Lorentzian peaks.
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ARTICLE INFO ABSTRACT

Keywords: Anthropogenic activities such as mining and ore beneficiation generate large amounts of uranium-contaminated
Umm“ﬂ_‘ wastewater. The metal is radioactive and toxic; therefore, it needs to be removed to protect the environment and
Adsorption human health. Adsorption is a viable method to remove uranium from wastewater because of the low energy
Bisphosphonate . .. . .

consumption and ability to remove even low concentrations of uranium. However, most adsorbents are not
Mesoporous . . . . I . N .
Silicon effective to selectively adsorb uranium and their stability is typically degraded in repeated adsorption/desorp-

tion cycles. Herein, we employed a novel nanostructured adsorbent to selectively remove uranium from a tailing
obtained from processing of real ore sample by Knelson concentration method. The adsorbent consisted of
bisphosphonate ligands grafted on highly stable carbonized surfaces of mesoporous silicon. The porous structure
of the adsorbent enhanced its permeability allowing it to be used in a column setup where metal solutions were
flown through the adsorbent. The adsorbent was capable of repeatedly adsorbing and desorbing uranium without
significant reduction in the performance. Importantly, the adsorbent showed essentially higher selectivity to-
wards uranium than towards other less harmful metal ions, and the material could be regenerated with an acid.
Desorption was carried out with sulfuric acid resulting in 15-fold enrichment of uranium compared to the initial
solution, while other metals did not concentrate efficiently. The adsorbent was capable of selectively capturing
uranium from a solution with various other metals and the adsorbed uranium was rapidly desorbed and quan-
tified with a reasonable purity, indicating the adsorbent as a potential candidate for industrial applications.

1. Introduction used because of its good stability and selectivity towards U owing to its

ability to form stable coordination complexes with uranyl ions [7-9].

Even though naturally occurring uranium is not highly radioactive, it
is chemically toxic causing dysfunction of the skeleton and the kidneys if
ingested [1-3]. Hexavalent U(VI), which is typically present in water as
uranyl ion UO%", forms soluble compounds that prevail in some radio-
active wastewater [4,5]. Large volumes of such wastewaters are
generated from nuclear industries, mining, and hydrometallurgical
processing of uraniferous ores. Development of new technologies to
remove U from the wastewater is crucial to secure the public health and
the environmental safety without jeopardizing industrial output.

Conventional techniques such as precipitation, reverse osmosis, and
solvent extraction have been utilized in U extraction. The precipitation
and reverse osmosis are not able to extract U selectively because of the
co-extraction of dissolved metals [3,6]. In solvent extraction, phospho-
rous based extractants, for instance, tri-n-butylphosphote is frequently
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E-mail address: vesa-pekka.lehto@uef.fi (V.-P. Lehto).
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However, solvent loss and release of volatile compounds are the short-
comings of the solvent extraction technique [5,6]. Moreover, these
methods generate additional wastes that require further treatment and
are not feasible with low metal concentrations [6].

To overcome the above-mentioned challenges, adsorption is profi-
cient technology, in which metal ions are directly accumulated onto
solid-phase adsorbents [4,5,10-13]. Since the wastewaters are typically
acidic and contain low concentration of U among other, more concen-
trated metals [12-14], the adsorbent must be highly selective at low pH
to capture U predominantly in order to acquire high purity products for
the safe U disposal and wastewater management. Moreover, the adsor-
bent needs to have excellent stability during repeated use without
deterioration in the adsorption/desorption performance for it to be
sustainable and economically feasible.
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In recent years, mesoporous silica have shown potential as efficient
adsorbents [12-19]. The rigid mesoporous framework offers a large
surface area facilitating conjugation of ligands that are selective towards
U. In particular, phosphorous based ligands have been demonstrated to
extract U effectively from aqueous solutions because of their high af-
finity towards U species [12-17]. Furthermore, the porous structure of
the mesoporous silicas enhances water-permeability enabling its use in a
flow-through process to recover U from continuous wastewater streams.
Nevertheless, in terms of long-term use, the stability of mesoporous
silica is hampered in aqueous environments because of dissolution of the
few nanometer thin pore walls [18,20,21].

Besides the mesoporous framework, the functional ligands also need
to be stable in repeated use. As ideal ligands for metal adsorption,
bisphosphonates (BP) with two phosphonate [PO(OH);] moieties
bonded together with geminal carbon atom (P-C-P) are highly stable
molecules, which have been demonstrated to extract a variety of metals
from aqueous solutions [22-24].

In our previous studies, we synthesized highly stable thermally
carbonized mesoporous silicon (TCPSi) as supporting material [24],
upon which BP molecules were grafted via a terminal double bond
[22,24]. Herein, we synthesized BP-TCPSi microparticles and employed
them in a flow-through filter to extract U from a continuous wastewater
stream. The stability of BP-TCPS;, its selectivity towards U and its effi-
cacy in desorption for safe and economic disposal of U were
investigated.

2. Experimental section
2.1. Materials

Silicon wafers (Okmetic Oy), hydrofluoric acid (HF 38-40%, Merck),
ethanol (EtOH 99.5%, Altia Oyj) was used in electrochemical etching to
produce porous silicon (PSi). The synthesis of the bisphosphonate has
been described elsewhere [24]. Mesitylene (99% extra pure, ACROS
Organics™) was supplied by Fisher Scientific, Finland. Uranium ICP
standard (1000 mg/L in 2-5% HNOs3, AccuStandard® Inc.) was used to
prepare U solutions. Sulfuric acid (H2S04, 95-97%) and hydrochloric
acid (HCl, 37%) were purchased from Merck, Finland. Wastewater
sample containing U (9 mg/L) was obtained from a laboratory scale
mineral processing test on a natural uranium-bearing ore sample. The
experiment was performed at GTK Mintec in Outokumpu, Finland and
the process consisted of crushing, grinding, flotation and Knelson
gravity concentration. The pulp obtained from Knelson concentrator
was filtrated using vacuum filtration and the filtered Knelson tails (KT,
PH 3.3) was used in metal adsorption experiments.

2.2. Synthesis of BP-TCPSi and its characteristics

PSi films were produced from Si wafers (p-type, 15 cm in diameter,
0.01-0.02 Qcm resistivity) through electrochemical etching. The elec-
trolyte contained 50% HF and 50% EtOH. The applied current density
during the etching was 30 mA/cm? for 40 min. The films were detached
from the substrate with high current pulses (160 mA/cm? for 1 s fol-
lowed by 255 mA/cm? for 2 s). The films were dried at 65 °C for 1 h and
then communized with ball mill (Fritsch Pulverisette 7) at rotation speed
of 100 rpm for 3 min. The milled particles were sieved through 25 and
75 pm sieves to obtain the final microparticle fraction [25].

Thermal carbonization of PSi (TCPSi) was conducted in a tube oven
as described elsewhere as follows [24]. Microparticles were incubated
with the fresh electrolyte (50% HF and 50% EtOH) for 10 min. After
sedimentation, the particles were separated from the supernatant and
dried at 65 °C for 45 min. Particles were placed inside a quartz tube. Ny
gas was used to flush the tube at the rate of 1 L/min for 30 min and later
with acetylene at 1 L/min for 15 min. With continuous flow of both
gases, the quartz tube was placed in a tube oven at 500 °C for 14 min 30
sec. Acetylene flow was stopped and after additional 30 s with N5 flow at
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500 °C, the sample was taken out and cooled for 30 min at RT. After the
cooling, acetylene flow was again applied for 9 min 40 s and terminated
while the N flow was continued for further 20 s at the room tempera-
ture. Then, the quartz tube was put back into the oven and the sample
was heated at 820 °C for 10 min under the N, atmosphere. After the
heating, the quartz tube was kept under N5 flow at room temperature for
40 min.

For functionalization of TCPSI, BP molecules (Fig. 1) were mixed
with TCPSi in ratio of 1:2 w/w under the continuous Ny flow. The BP
(250 mg) were pre-degassed (bubbling with N2) in 10 mL mesitylene
solution and mixed with the freshly prepared TCPSi (500 mg) in a quartz
tube. The tube opening was closed with a Teflon cap. The sample was
then incubated at 120 °C for 19 h. The synthesized BP-TCPSi particles
were cooled to RT (30 min), washed with 200 mL MeOH using suction
filtration (polypropylene, 10 um pore size) and dried at 65 °C for 1 h.

As the reference material, unfunctionalized TCPSi was produced
with mesitylene treatment as described above but without adding BP
into the solution. The synthesized BP-TCPSi and TCPSi samples were
characterized as follows. Laser diffraction (Mastersizer 2000, Malvern
Instruments, UK) was used to measure the particle size of the samples in
EtOH. Scanning electron microscopy (SEM, Zeiss Sigma HP VD) coupled
with energy dispersive X-ray spectroscopy (Thermo Noran NS7 double-
EDS, ThermoFisher) was used to study the morphology and elemental
compositions of the samples. SEM samples were prepared on aluminum
stub and the images were taken with SE2 or InLenS Detector and the
applied voltage was 5 kV. The voltage of 15 kV was used for the EDS
analysis. Thermogravimetric analysis (TGA, NETZSCH TG 209 FI
Libra®) was used to determine the conjugated BP amount applying the
parameters as follows: equilibration at 80 °C for 30 min and heating to
700 °C at the rate of 20 °C/min under nitrogen flow (200 mL/min).
Surface area, pore diameter and pore volume of the particles were
measured using gas adsorption (Micromeritics Tristar II 3020) using Ny
but before the measurement the samples were dried in vacuum for 1 h at
65 °C (VacPrep 061, Micromeritics) in order to remove the moisture.

2.3. Batch adsorption experiments

Adsorption kinetics and adsorption isotherms were studied at pH 3
by mixing 10 mg BP-TCPSi with 10 mL of solution with desired U con-
centrations prepared from an artificial U standard. The pH of the U so-
lutions was adjusted with HNO3/NaOH. Samples were shaken at 80 rpm.
Before starting the adsorption tests, the BP-TCPSi was primed by

HO\/P//O OH//0
HO [
~
HO/

OH

\

Fig. 1. Structure of the bisphosphonate molecule.
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incubating in 10 mL of 5 M HCI for 1 h followed by washing thrice with
10 mL milliQ water.

The adsorption kinetics was examined using initial U concentration
of 10 mg/L at varying contact times from 5 min to 48 h. At each pre-
determined time point, 200 pL of the supernatant was taken out to
measure the U concentration. The adsorption isotherm was measured
after 24 h of mixing in varying initial concentration of U from 4 to 20
mg/L. The particles were centrifuged (6000 rpm, 1 min), and superna-
tant was taken for inductively coupled plasma mass spectrometer, ICP-
MS (NexION 350D, Perkin Elmer) measurements for the determination
of the concentrations of the metals. In the ICP-MS measurements, rinse
solution was 2.5% HNOs3 and the internal standards were 100 pg/L Sc
and 100 pg/L Lu. The amount of adsorbed U per gram of BP-TCPSi was
calculated from the U concentrations before and after the mixing.

2.4. Flow-through setup

BP-TCPSi (~20 mg) powder was packed in borosilicate glass column
(Omnifit® Labware, 2.5 x 0.3 cm). Desired liquid was pushed through
the material using plastic syringe attached to a syringe pump (Al-1600,
New Era Pump Systems Inc., Supplementary Fig. S1). The adsorbent was
primed with 5 mL of 5 M HCI at 0.2 mL/min followed by washing with
10 mL milliQ water at 1 mL/min. For the adsorption step, 10 mL of the
minewater sample (KT) was filtered at 0.25 mL/min, whereas the
desorption was carried out by using 0.5 mL of 1 M H2SO4 at 1.25 mL/
min. The absolute volumes of the filtrated liquids were measured by
weighing and the metal concentrations were determined by ICP-MS.
After every adsorption and desorption step, the particles were washed
with water.

3. Results and discussion
3.1. Material characterization

Particle size distributions of TCPSi and BP-TCPSi were measured
with laser diffraction (Fig. S2) and the median particle sizes were
determined to be 72 ym and 73 pm, respectively. The SEM images show
the irregular structure and rough surface of the microparticles (Fig. 2).
The N; sorption isotherms were of type IV, which is typical for meso-
porous materials (Fig. 3A). The pore-size distributions had peaks in the
range between 7 and 20 nm, which indicated the material to have
mesoporous structures (Fig. 3B). The surface area, pore diameter, and
pore volume of BP-TCPSi were slightly reduced as a result of the
conjugation of the BP molecules (Table 1). The conjugated BP amount in
BP-TCPSi was calculated by comparing the TG curves of the function-
alized and unfunctionalized TCPSi samples (Fig. 3C). The mass loss
associated with decomposition of BP was 1.71 + 0.03% w/w, which is
equivalent to 52 + 1 umol BP per gram of the sample with the surface
coverage of 0.141 + 0.003 molecules/nm?. The functionalization was
additionally confirmed by the EDS analysis where the phosphorous peak
was detected at 2.01 keV with BP-TCPSi but not with TCPSi (Fig. S3).
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3.2. Batch setup adsorption

Artificial U solution was used in batch experiments to study the
adsorption of U with BP-TCPSi at various pH. The results indicate the
adsorbed amount to increase with increasing pH (Fig. S4). Since the pH
of the KT was 3.3, adsorption kinetics and the adsorption isotherm were
studied at pH 3. Adsorption kinetics was examined to find out the time
needed for complete adsorption. The adsorption kinetics curve (Fig. 4A)
showed rapid U uptake at the beginning and was very slow after 10 h.
Increase in the adsorbed U amounts from 24 h to 48 h was negligible.
Based on this finding, 24 h time was used in the adsorption isotherm
measurements to allow long enough time to reach the equilibrium at
every concentration.

The adsorption isotherm data was fitted with different isotherm
models (Fig. 4B) and the parameters derived from the fittings are listed
in Table 2. Langmuir model did not fit the data well (R? = 0.88) indi-
cating that the adsorption did not take please solely by monolayer
chemisorption on identical binding sites. Freundlich model gave a better
fit (R? = 0.95) but does not represent the plateau in adsorption at high
equilibrium concentrations adequately. To overcome the limitation of
the Langmuir and Freundlich model, Sips model is typically used to
predict the degree of heterogeneity of the adsorption sites [26-28]. The
Sips model showed good fit with the experimental data (R? = 0.97)
suggesting that the adsorbent consisted of heterogenous binding sites
since ng < 1 (Table 2) [26-28]. The adsorption capacity value generated
by the Sips model (qms = 60 & 7 umol/g) is slightly higher than the total
amount of BP ligands grafted on the BP-TCPSi sample (52 + 1 umol/g).
On the other hand, adsorption of U with unfunctionalized TCPSi sample
under similar experimental setup was negligible, 2 + 1 umol/g with
initial concentration, C; = 10 mg/L and C. = 9 mg/L. Therefore, the U
adsorption on BP-TCPSi must be principally associated with the BP
moieties. However, the shape of the isotherm implies that non-identical
binding sites exist in the material. To model adsorption on two distinct
sites, the experimental data was fitted with double Langmuir model,
which consists of two Langmuir isotherms. The double Langmuir model
showed good fit with the experimental data (R? = 0.97) and the com-
bined maximum capacity (Qmax = Gm1 + Qmz2 = 52 + 3 pmol/g) was in
line with the total amount of BP grafted on the material (52 + 1 umol/g).
Therefore, it seems plausible that the adsorption of U is associated with
BP ligands but with two separate binding mechanism with different
affinities (K1 and Kps). Nonetheless, the exact mechanisms of the
binding of U on the BP-TCPSi remains unclear.

In literature, several adsorbents functionalized with phosphonate
moieties have been reported to have considerable adsorption capacity
for U, for instance with polyvinyl alcohol fibers modified with phos-
phonic acid (135 pumol/g at pH 4.5) [29], mesoporous organosilica-
phosphonate hybrids (220 ymol/g at pH 4) [15], phosphonate grafted
on mesoporous carbon (630 umol/g at pH 4) [11], phosphate func-
tionalized polyethylene (730 pmol/g at pH 8) [30], and diphosphonic
acid functionalized on nanofiber silica (540 umol/g at pH 7.5) [31].

Fig. 2. SEM images at various length scales showing morphology of BP-TCPSi particles.
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Fig. 3. N, physisorption isotherms (A), pore size distributions (B) and TG curves (C) of TCPSi and BP-TCPSi samples.
present results.
Table 1

Results from N, physisorption of BP-TCPSi in comparison with TCPSi (mean + o,
n=3).

Material Surface area (m?/g)" Pore volume (cm®/g) Pore diameter (nm)
b
TCPSi 238+1 0.8 +0.1 12.3+0.2
BP- 221 £1 0.7 £ 0.1 10.5 + 0.1
TCPSi

# BET surface area calculated from the adsorption isotherm.

P Specific pore volume calculated from desorption isotherm at p/po = 0.9.

¢ Average pore diameter calculated with BJH theory using desorption branch
of isotherm.

3.3. Flow-through setup

The KT sample was used to study the adsorption, desorption, and
selectivity of BP-TCPSi towards U. The original pH of the KT was 3.3.
The initial concentration of various metals in KT sample were analysed
with ICP-MS (Fig S5). The initial concentrations of the main constituents
were: Mg 452 pM, Fe 368 uM, Al 40 uM, U 38 uM, Mn 17 uM, Cu 13 uM.
The metals with concentrations below 5 pM are not evaluated in the
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3.3.1. Breakthrough curves

The breakthrough curves of the metals with BP-TCPSi were evalu-
ated as function of the filtration volume. As shown in Fig. 5, the U ions
retained longer in the column than the other metals indicating superior
selectivity of the adsorbent towards U. For instance, the volume required
to dispense 5% (C¢/C; at 0.05) of U in the raffinate was approximately 10
mL equal to 285 bed volumes, while other metals were dispensed in
significant quantities already in the first 2 mL (57 bed volumes).

3.3.2. Reusability, selectivity, and desorption studies

The stability of BP-TCPSi was tested by using it in ten consecutive
adsorption/desorption cycles in a flow through setup. As shown in
Fig. 6A, the BP-TCPSi was highly stable to repeatedly adsorb U from the
KT sample followed by desorption with sulphuric acid. The average
adsorption efficiency was 91 + 6% and the average desorption efficiency
was 97 + 9% from the 10 cycles examined in the flow-through setup. In
our earlier study, the material has been shown to be reusable for as many
as 50 cycles without significant reduction in the adsorption/desorption
performance [22].
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Fig. 4. Adsorption kinetics (A) and adsorption isotherm (B) of U with BP-TCPSi at pH 3. The isotherm is plotted with the amount of adsorbed U (Q.) as function of

equilibrium concentration (C.) in the supernatant.
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Table 2
Isotherm parameters derived from adsorption isotherm models and their
equations.

. 4uKLCe R A Ky,
Li uir Q, =
angmr Q. = TR G (umol/g)  (L/mg)
0.88 45+2 9+3
Freundlich Q, = K¢C,'"  R? Kp n
(umol/g)
095 34+1 6+1
. R? Qs Ks (L/ n,
S — msS e
PsQ = TR (umol/g)  mg)
097 60+7 241 0.4 +
0.1
Double Langmuir Q. = R Qm1 m2 Kia K2
9m1 K1 Ce + Am2Ki2Ce (umol/g)  (umol/g)  (L/ (%
1+KuCe ' 1+KpaCe mg) mg)
097 30+2 2242 40 + 0.5 +
10 0.2
where,

R? is the non-linear regression coefficients of the fitted curves.

Am> Kg, Qms, Qm1, and qm2 represent the adsorption capacity.

Ky, K, Kp3, and Ky, are the constants representing the binding affinity.

n and ng are the constants representing adsorption intensity or surface
heterogeneity.

——U
—o— Al
— o Mg
—o— Fe
— o= Mn
—eo— Cu

Relative concentration (C;/ C;)

40

Filtration volume (mL)

Fig 5. Breakthrough curves for adsorption of metals as function of filtration
volume. The KT sample was fed into a column with 20 mg BP-TCPSi at flow rate
of 0.25 mL/min until the metal concentrations after filtration (Cg) was equiv-
alent to the initial concentrations (C;). The error bars represent the standard
deviation (mean + o, n = 3).

The distribution coefficient, Kq was used to interpret the selectivity
of BP-TCPSi towards U in comparison with the other metals. The K4
values were calculated using Eq. (1)

C—C) Vv

_(
K, = G X (€8]

where, C; and Cy are the metal concentrations before and after the
adsorption, respectively, m is the mass of adsorbent and V is the volume
of metal solution.

Regardless of the high concentrations of interfering metals, such as
Mg and Fe, the Kq values of U were higher in all 10 cycles in comparison
with other metals (Fig. 6B). Notably, the K4 values of U decreased from
ca. 22000 to 5000 mL/g in the first four cycles. The decrease is because
the adsorption of U was not 100% efficient in every cycle resulting small
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amount of U to prevail in the filtrate after the adsorption (Cf= 0.2 -1.2
mg/L) (Fig. $6). Since the Kq value is inversely proportional to the C¢
values, a small increase in C¢ values corresponded to a large drop in the
Kq values. However, the Kq (U) value remain steady after the 4th cycle,
which was still substantially higher in comparison to the K4 values for
other metals. Nonetheless, the K4 (U) values are comparable with other
adsorbents reported in literature, for instance, carboxyl functionalized
metal organic framework [32], superparamagnetic phosphonate grafted
mesoporous carbon [11], and ion-imprinted mesoporous silica [13].

To further compare the selective adsorption of BP-TCPSi for U in
relation to the other metals, the selectivity coefficients (B) values were
determined, which were calculated using equation (2)

K4(U)

=Ko @

where K4 (U) and Kq (M) are the distribution coefficients of uranyl ion
and an interfering ion in the solution, respectively.

The B values were > 20 in every cycle against all the interfering
metals emphasizing that BP-TCPSi can selectively capture U even at low
concentrations (Supplementary material, Table S1). In the literature,
there are comparable p values for U from the range of interfering metal
ions such as with dihydroimidazole functionalized SBA-15 adsorbent (
> 10 at pH 3.6) [18] and multi-layered vanadium carbide nanosheets (§
> 10 at pH 4.5) [33].

The present results show an excellent selectivity of BP-TCPSi towards
the uranyl ion, which as a strong Lewis acid has a high affinity with P =
0 and PO%' functional groups [11,29,30,34]. Furthermore, larger radius
(5f orbitals) of uranyl ion bind more strongly with the donor ligands in
comparison to other metals with smaller ionic radius [11,34]. On the
other hand, adsorption of the metals with unfunctionalized TCPSi were
negligible (< 1 pmol/g) (Fig. S7), emphasizing that the BP functionali-
zation was necessary for efficient metal adsorption.

Although various adsorbents that are reasonably selective towards U
have been studied, their stabilities are rarely reported adequately and
the reusability studies are done only in batch setup
[11-13,15,18,30,32,35-39]. Typically, the adsorbents have reduced
adsorption performance in repeated use because the functional ligands
are not stable during the regeneration phase [15,18,30,32,35]. In case of
BP-TCPSi, the BP ligands are directly grafted on carbonized silicon
surfaces via terminal alkenes leading to exception stability of the func-
tional layer [22,24]. To detect possible leaching of the BP molecules
from BP-TCPSi during the stability experiment, TG measurements were
carried out with fresh and the cycled BP-TCPSi. The difference in the TG
mass loss of BP-TCPSi before and after the experiment was not signifi-
cant (p-value > 0.5), indicating that BP ligands were intact on the
sample after the 10 cycles (Fig. S8).

Desorption was carried out with 1 M HS04 and the U was rapidly
desorbed in 0.5 mL of HySO4 corresponding to 14 bed volumes (0.035
mL). As shown in Fig. 6A, apart from the 1st cycle, U desorbed
completely although the volume of the eluent was relatively small.
Therefore, the concentration of U in the final filtrate (150 + 20 mg/L)
was enriched by at least a 15-fold in comparison to the initial concen-
tration (9 mg/L) (Fig. 6C). Besides U, the concentration of the interfering
metals in the filtrate were relatively low such as Fe (13 & 3 mg/L) and Al
(2 £+ 1 mg/L) and other metals at levels below 1 mg/L.

The BP-TCPSi fulfils important requirements of a potent adsorbent i.
e., material was able to selectively capture U, efficiently desorb the
metal, and was stable in repeated use. Moreover, BP-TCPSi was used as
filters in an easy-to-use flow-through system, in which large volumes of
the eluent can be continuously flown through porous structure of BP-
TCPSi. The flow-through system opens a new avenue to simplify the
adsorption technology, for instance, by directly coupling it with
analytical devices for online separation/determination of metals.
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Fig. 6. Reusability of BP-TCPSi in U extraction for 10 adsorption/desorption cycles (A), distribution coefficients (K4) of metals (B), and metal concentrations in the
filtrate after desorption with 0.5 mL of 1 M HySO4 (C). Error bars represent standard deviation (n = 4).

4. Conclusions

Nanostructured thermally carbonized porous silicon with functional
BP molecules on the surface (BP-TCPSi) was employed to extract ura-
nium from a minewater sample obtained from a beneficiation process of
uranium-bearing ore sample. Adsorption isotherm was best described
with a model consisting of two Langmuir isotherms indicating the
adsorption of U with BP-TCPSi to occur at two non-identical binding
sites. The combined maximum adsorption capacity of the two sites was
determined to be 52 + 3 umol/g. The adsorbent showed substantial
distribution coefficient values (Kq as high as 22000 mL/g) for uranium
as well as high selectivity coefficient values (p > 20), indicating the
material to have excellent selectivity towards uranium despite larger
concentrations of other metal ions. Essentially, the uranium extracted by
BP-TCPSi was rapidly desorbed in a small volume corresponding to 14
bed volumes using 1 M sulfuric acid. Concentration of uranium after the
desorption (150 + 20 mg/L) was 15 times higher than the initial con-
centration while the concentrations of other metals were reduced
effectively. Concentrating the uranium in a low volume of liquid allows
a safer and more economical disposal of the uranium containing waste.
Removal of the radioactive and highly toxic metal protects the water
resources, improves environmental safety, and secures human health.
Furthermore, the BP-TCPSi showed great stability for repeated adsorp-
tion/desorption cycles, which is crucial for industrial scale operations in
terms of the cost-effectiveness and feasibility. The adsorbent was suc-
cessfully used in a flow-through process, which greatly simplifies pro-
cessing large volumes of wastewater that need to be treated in an
industrial setting.
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Table S1. Selectivity coefficient (B) values (averages, n = 4) of BP-TCPSi for U
relative to other metal ions (M) in the KT for the 10 consecutive adsorption desorption

cycles.

Selectivity coefficient, p = Ka (U) / Ka (M)

Cycle
Mg Fe Al Mn Cu

Cycle1 | 700+ 300 | 300+ 100 | 50 +20 | 900 +400 | 300+ 100

Cycle2 | 500+300 | 200£50 | 30+ 10 | 600+ 200 -

Cycle3 | 400+ 100 | 100+50 | 40+10 | 400+ 100 | 200 + 100

Cycle 4 - 100+£50 | 30+10 - 100 £ 50

Cycle 5 200 + 50 60+£20 |20+£10 | 200+50 80+ 20

Cycle 6 - @ 100+£50 | 30+10 - ¢ 100 £ 50

Cycle7 | 200+ 100 | 100+50 | 30+20 - ¢ 90 £ 20

Cycle8 | 200+50 60+10 | 30+10 | 200+30 70 £ 10

Cycle 9 100 + 20 50£10 | 20+£10 | 100+50 60+ 10

Cycle 10 90 £ 20 50+10 |20+10 90 + 30 50+ 10

4 B values could not be reliably determined because of very low adsorbed amounts.
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through setup. Adsorption was performed with 10 mL of processed minewater (Knelson
tails, KT) at pH 3.3 with 20 mg TCPSi. The flow rate was 0.25 mL/min. Desorption was

performed using 0.5 mL of 1 M H2SO4 with the flow rate of 1.25 mL/min.
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Fig. S8. TGA curves of TCPSi and BP-TCPSi before adsorption as well as BP-TCPSi

after the 10 adsorption/desorption cycles (Cycled BP-TCPSi).
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that can be employed in an industrial setting.
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