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Abstract: In this work, sulfonated pentablock copolymer (s-PBC) and s-PBC mixed with graphene
oxide (s-PBC_GO) layers were deposited on polypropylene (PP) fibrous filters and tested as active
coatings for the removal of cobalt ions from water using adsorption and filtration processes. Some of
the coated filters were treated by UV light irradiation to modify their hydrophilic properties. The
filters were characterized, before and after the processes, by energy-dispersive X-ray (EDX) analysis
and Fourier transform infrared spectroscopy (FI-IR). The Q; (mg/g) values, defined as the weight
ratio between the removed ions and the coating layer, were evaluated. In the case of adsorption
processes, the best results for the removal of Co?* ions were achieved by the s-PBC_GO coating, with
a Q; of 37 mg/g compared to 21 mg/g obtained by the s-PBC. This was ascribed to the presence
of GO, which contains more favorable sites able to adsorb positive ions from the solution. Vice
versa, for filtration processes, the s-PBC coated filters show similar or slightly better results than
the s-PBC_GO coated ones. Such differences can be ascribed to the shorter contact time between
the solution and the coating layer in the case of filtration, with respect to adsorption processes,
thus reducing the chance for the ions to be adsorbed on the GO layers before passing through the
filter. A collateral effect, observed in this study and enhanced in the case of UV-treated coatings, is
the release of radical oxysulfur species. The mechanisms involved in this effect are discussed and
identified as a consequence of the interaction between the coating layers and metal ions. In order to
identify the mechanism of oxysulfur radicals formation and considering a water sample closer to real
water, the Co?* ions adsorption experiments were conducted in the presence of a competitive organic
contaminant (i.e., methyl orange, MO).

Keywords: sulfonated pentablock copolymer; ions removal; adsorption; filtration

1. Introduction

Today, many works are dedicated to finding new approaches and strategies to purify
water. In fact, having access to clean water represents a big problem for humanity. Disin-
fection, decontamination, water reuse and desalination are the points on which research
activity is mainly concentrated.

The aim of this study is to propose an active surface coating layer able to increase
the metallic ions removal ability of commercial filters. Heavy and radioactive metal ions,
originating from anthropogenic sources or for geological reasons, are accumulated in
surface and ground water sources and, beyond specific limits, represent a high toxicity
risk for humans since they can enter and bioaccumulate in the human body through the
food chain [1,2]. Cobalt is essential for the growth of humans, being a main component
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of vitamin B12. However, higher concentrations (more than 1 mg/kg (1 ppm) of the
bodyweight) are considered toxic to humans [3,4]. Recently, a higher amount of potentially
toxic cobalt was found in the wastewater from several industrial sectors [5]. Different
methods for the removal of cobalt from water have been reported [6-8], which often show
limitations related to the long time equilibrium, low pH, etc. Thus, alternative methods are
highly desired.

Several approaches for the removal of contaminants have been investigated, such as
adsorption [9,10], photocatalysis [11-13], separation [14], reverse osmosis [15,16], and the
precipitation and ion exchange method [17].

For example, the adsorption method is widely used, being cheap and fast [18]. Differ-
ent materials have been used as an adsorbent, e.g., carbon-based materials, oxides, clay
minerals, resin and others [19-21]. One of the most active options is activated carbon that
was also tested for the removal of cobalt (Co(Il)) from water [1].

Recently, membrane technology has played an important role in this contest, and
polymeric materials are at the basis of the development of water treatment devices. In par-
ticular, the development of a new generation of materials is receiving great attention, such
as porous organic polymers (POPs) [22]. They have interesting properties: they are robust,
flexible, lightweight and the dimensions of the pores and channels can be easily varied. Also,
the filtering properties of polymeric membranes can be increased by incorporating different
materials within the polymers [23,24]. Typical polymers for membrane filtration include
polyacrylonitrile (PAN), polyvinylidene fluoride (PVDF), polyethersulfone (PES) and poly-
sulfone (PSF), whose main disadvantages are membrane fouling, low chlorine resistance,
low long-term stability, etc. [25-27]. In this contest, a new sulfonated pentablock copoly-
mer (s-PBC, commercialized as Nexar™) has really interesting properties. The material
produced by Kraton LCC is a symmetric pentablock copolymer comprised of poly(t-butyl
styrene-b-hydrogenated isoprene-b-sulfonated styrene-b-hydrogenated isoprene-b-t-butyl
styrene) (tBS-HI-SS-HI-tBS). This molecular architecture limits sulfonation to the middle
block only. In this way the polymer presents controlled swelling, good mechanical prop-
erties and mechanical stability. The hydrogenated isoprene block gives the copolymer
additional toughness. Although the properties and possible applications of this polymer
are still being studied, it is known that the molecular architecture of this polymer results in
some characteristics, such as high hydrophilicity, a negative charge, and an acid character
useful for the adsorption of anionic and cationic azo dyes, such as methyl orange and
methylene blue, respectively [28]. Furthermore, s-PBC/graphene oxide (GO) nanocom-
posite membranes, obtained by dispersing GO within a polymer solution, showed good
adsorption capabilities, in particular for the removal of different heavy metal ions (Ni?*,
Co?*, Cr3* and Pb?*) present at different concentrations in aqueous solutions [29]. Similarly,
a photodegradation activity under UV or visible light was observed for composite films
obtained by dispersing inorganic semiconductors (i.e., TiO, and Bi;O3) inside the polymeric
layer and these were tested for the photodegradation of dyes [28,30].

Starting from these results, s-PBC (Nexar'™) was recently proposed to be applied as a
multifunctional coating for water filters [31-33]. Thanks to its properties (hydrophilicity,
acidity, etc.), it was possible to counteract the adhesion and proliferation of P. aeruginosa
planktonica and Legionella. At the same time, the coated filters have shown excellent ability
to remove dyes and Fe3* and Co?* ions from aqueous solutions. These abilities depend on
the presence of sulphonic groups in the polymeric material, which are directly involved in
metal ion adsorption and antibacterial and antibiofouling activity.

In this work, we coated polypropylene (PP) fibrous filters with s-PBC mixed with
graphene oxide (s-PBC_GO) in order to have an active surface for the adsorption/filtration
of cobalt ions. The PP filter has both the role of support and a porous structure. The s-PBC
and s-PBC_GO layers provide useful additional functionalities to the commercial filter for
a specific scope. The UV treatment of the coated filters’ surface was also investigated to
further enhance their performance. The S-PBC filters showed a better removal performance
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during the filtration process; on the other hand, the s-PBC_GO filters had a better removal
performance during the adsorption process.

As a collateral effect, the formation and release of radical oxysulfur species was
observed during the removal processes, and this was enhanced in the case of UV-treated
coatings. It is known that water purification treatments are very often responsible for the
formation of secondary reaction products, which cannot be reprocessed [34]. For this reason,
the interaction between the cobalt ions and the surface of the filters, and the mechanism
for the formation of byproducts, were investigated. The filters were characterized before
and after use by energy-dispersive X-ray (EDX) analysis and Fourier transform infrared
spectroscopy (FT-IR). Finally, considering that in real wastewater different contaminants
can occur and interact, affecting the final removal efficiency positively or negatively, Co**
ions adsorption by the coated filters was tested in the presence of an additional competitive
contaminant (i.e., MO). The adsorption experiment, performed with the simultaneous
presence of the two contaminants, was useful to understand the mechanisms of radical
species generation.

2. Materials and Methods

Polypropylene (PP) filters were produced using the melt-blown technology pro-
cess, as reported in [35]. The fibers have a diameter smaller than 5 um and create
a three-dimensional network. The filter porosity er was 0.98 and was determined by
ep =1 — psp/(pp-L), where rgp is the surface density calculated as the mass of the filter
divided by the surface area (mp/Ag), pr is the fiber’s material density (910 Kg/ m? for
polypropylene was used) and L is the PP filter thickness. The coating material was pre-
pared starting from the commercial Nexar solution (10 wt%—-12 wt% polymer in a cyclohex-
ane/heptane mixed solvent), with a sulfonation degree of 52 mol% and an ion exchange
capacity (IEC) value of 2.0 meq/g [33]. A solution of s-PBC (0.3 g/mL) was prepared by
redispersing 3 g of polymer (after commercial solvents evaporation) in 10 mL of a polar
solvent (isopropyl alcohol, IPA). A polar solvent is usually preferred for two reasons: the
first one is to induce the ion-rich pathway and channels in the casted film, that can facilitate
the diffusion of ions and/or other polar species through the nanostructured medium; the
second reason concerns the use of an appropriate solvent to obtain the homogeneous
dispersion of GO flakes into the polymeric matrix. For this scope, 1 mL of GO (2 mg/mL)
was redispersed in the same solvent and added to the polymer solution. The final wt (%)
of GO in the polymeric film was 0.67%. The PP filters were cut into circular coupons and
coated with the s-PBC (reference) and s-PBC_GO solutions to obtain the PP-modified filters.

A schematic illustration, showing the preparation of the materials, is reported in Figure 1.

For the adsorption and filtration tests, the PP filters have a circular shape with a
thickness of ~0.3 cm, and a diameter of ~2.25 and ~5 cm, respectively. Samples were air
dried for 24 h before weighing with a precision microbalance. A total of 1 mL of s-PBC/s-
PBC_GO solution was deposited (drop casting) on the PP coupons to cover its surface,
leading to the amount of deposited layer of ~0.030 £ 0.001 g for each coupon. The filters
were coated with 5 mL of s-PBC/s-PBC_GO solution and the amount of deposited s-PBC
was ~(0.147 £ 0.001 g for each filter.

Some of the s-PBC@PP and s-PBC_GO@PP samples underwent a UV irradiation
process for 7 h, respectively (here named s-PBC@PP_UV and s-PBC_GO@PP_UV). The
irradiation was performed by an 18 W UVA /blue DULUX n.78 OSRAM lamp (producing
mainly UV emission at 365 nm and a few narrow lines in the visible range).

The surface morphology and the chemical composition of the samples were char-
acterized by a field emission scanning electron microscope (Supra 35 FE-SEM by Zeiss,
Oberkochen, Germany), equipped with an energy-dispersive X-ray (EDX) microanalysis
system (X-Max, 80 mm? by Oxford Instruments, Abingdon, UK). The hydrophilicity of the
samples’ surface was investigated using the water uptake, in accordance with Equation (1):

Uptake% = [(mwet — Mgry)/mgry] % 100 1
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where my,y is the mass of the sample air dried for at least 24 h and then put into a desiccator,
and myet is the weight of the sample soaked in distilled water at room temperature for 48 h
and quickly wiped with a paper tissue in order to remove most of the free surface water.

(a) (b) 1T 3 @
O~ .3
| —_— —_— 5./
5 - S-PBC or After LR
\ S-PBC+ GO coating 3 By
Polypropylene - J

(c)

d

s-PBC@PP
(e)

s-PBC_GO@PP

Figure 1. Preparation of s-PBC and s-PBC_GO coated filters. (a) Solution of Nexar and Nexar + GO;
(b) uncoated PP filter; (c) PP filter after s-PBC deposition; (d) s-PBC structure; (e) PP filter after
s-PBC_GO deposition; (f) GO structure; (g) commercial vacuum filtration system (Nalgene®) used

for filtration experiment in this work.

At the beginning, the PP surface was hydrophobic and turned hydrophilic after the
deposition of the coating layers: the initial PP water uptake was 3% and this increased up
to 160% and 230% in the presence of the s-PBC and s-PBC_GO layers, respectively. The UV
irradiation resulted in increasing the hydrophilic nature of the s-PBC and s-PBC_GO filters,
since the water uptake values increased up to 184% and 270%, respectively.

IR measurements were performed using a Jasco FT/IR-4700 spectrophotometer (JASCO,
Tokyo Japan), equipped with an ATR (ATR Pro-one) with a diamond prism.

Adsorption and filtration tests on the Co?" metal ions in water were conducted for
all the samples. As a reference, unmodified PP samples were used to highlight the role
played by the s-PBC and s-PBC_GO coverage. For the adsorption experiments, the samples
were immersed for three hours in the dark in 5 mL of 17.5 mM CoCl; aqueous solution.
This specific concentration was chosen to be able to detect, with sufficient sensitivity, the
occurring Co?* concentration changes using UV-Vis absorbance spectroscopy. The initial
pH was around neutrality and changes to the lower values occurred instantly (about 2)
after membrane immersion, due to the coating acidity.

In the filtration processes, three different 20 mL solutions containing the contami-
nant were filtered. Each solution was filtered several times, consecutively. The tests were
conducted using commercial systems (Nalgene®, Thermo Fisher Scientific, Waltham, Mas-
sachusetts, United States), where the PES Supor® machV membrane was removed and
replaced with the filters to be tested (Figure 1g). The average flow rate (mL/s) was calcu-
lated for all the filters, by filtering 40 mL of H,O four times. The average values obtained
were 4.18, 4.11 and 4.87 mL/s for PP, s-PBC@PP and s-PB@/PP_UYV, respectively. For sam-
ples with GO, lower flux values were obtained, i.e., 0.43 and 0.25 mL/s for s-PBC_GO@PP
and s-PBC_GO@/PP_UYV, respectively.

The removal of the contaminant during both the absorption and filtration processes
was evaluated through the variation of the absorbance spectra. The spectra were acquired
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through an Agilent Cary 50 UV /Vis spectrophotometer (Santa Clara, CA, USA), in a
wavelength range between 200 nm and 800 nm. Co?* removal was evaluated by following
the evolution of the peak, centered at approximately 527 nm, using the Lambert-Beer law.
The formation of secondary species during the absorption and filtration tests was evaluated
by recording the absorbance peak at 250 nm.

3. Results and Discussion

Figure 2 reports the FI-IR spectra of the PP (black line), s-PBC@PP (red line) and
s-PBC_GO@PP (blue line) samples in the range 4000-500 cm ! (Figure 2a). An enlargement
of the region between 1600-500 cm 1! is shown in Figure 2b. For the UV-treated samples,
no differences were observed in the IR spectra (not shown here).
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Figure 2. FT-IR spectra of a PP filter (black line), s-PBC@PP filter (red line) and s-PBC_GO®@PP filter
(blue line): (a) in the range 4000-500 cem~L, (b) an enlargement of the region between 1600-500 cem— L.

In both cases (untreated and UV treated), the filters s-PBC@PP and s-PBC_GO@PP
show a wide band at 3700-3000 cm ! due to the stretching vibrations of the hydroxyl
group (OH group) from the water absorbed. This band is absent in the spectrum of the
PP filter (black line), indicating its totally hydrophobic behavior. The features between
2800 cm~1-3000 cm ! are correlated with the asymmetric and symmetric CH stretching
vibrations of the methyl groups. The band at around 1707 cm~! is related to the C=O
stretching vibrations (carboxylic groups). The band overlaps with the peak at 1645 cm ™!
was also related to water. The presence of these signals confirms the greater hydrophilic
character of the coated filters [29]. The region between 2400 cm ! and 2000 cm ! was
discarded in the present study, being strongly influenced by the presence of carbon dioxide.

The peaks at 1411 cm™?!, 1126 ecm™?, 1035 cm~! and 1006 cm ™! are due to SOz~
(characteristic peaks), whereas the peak at 1151 cm ! is related to the C-O stretching [36,37].
After UV treatment, the formation of new peaks was not visible. This indicates that the
process did not induce structural changes in the polymer [38]. The FI-IR spectrum of GO
shows characteristic peaks of carbonyl C=0 at 1730 cm !, carboxyl C-O at 1410 cm™!, as
well as epoxy C-O at 1223 cm ! [39]. However, these peaks overlap with the polymer peaks
and, therefore, no appreciable variations between the IR spectra of the samples s-PBC@PP
and s-PBC_GO®@PP were observed.

The IR analysis confirms that the structure of s-PBC remained unaltered, also after
dissolution in a polar solvent with or without GO flakes, and the coating layers are more
hydrophilic than the PP itself.

3.1. s-PBC/s-PBC_GO Coatings for Co** Tons Removal

The Co?* ions removal properties of s-PBC and a s-PBC_GO coated PP filters were
explored using adsorption and filtration experiments. The source of the Co?" ions used in
this work was anhydrous CoCl,, showing a blue color due to the chloride ions present in
a tetrahedral arrangement around the Co?* ion. When the salt is dissolved in water, the
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strong solvation of Co?* by water makes it difficult to maintain the tetrahedral complex in
an aqueous solution and the hexaaqua complex ([Co(H,0)6]%), consisting of a Co?* ion
surrounded by six water molecules in an octahedral arrangement, is formed. The solution
displays a pink color and its absorption band is found at 520 nm-525 nm [40].

Figure 3 reports the UV-VIS absorbance spectra of the CoCl, solutions, for the s-
PBC@PP and s-PBC_GO@PP samples, untreated (Figure 3a) and UV treated (Figure 3b).
The label inside Figure 3a also applies to Figure 3b. As shown in a previous work [33], even
if the UV treatment does not produce structural changes in the polymer, it nevertheless
affects the hydrophilicity of the surface.

Absorbance (a.u.)

(a)

T T T . T T T T 010 T T T
CoCl2
sPBC@PP ads 2.0+ ~0.08 .
sPBC@PP filt i z
sPBC_GO@PP ads! 2 0.064
sPBC_GO@PP filt | iy 2
T 3 1.54 8004 1
- ~— g
8 <002
J c
8 1.01 0.00 . N
i ‘6 400 450 500 550 600
B Wavelenght (nm)
i <
0.5+ -
T T T e = 0.0+ v T v T L—
300 400 500 600 700 800 300 400 500 600 700 800

Wavelength (nm) Wavelength (nm)

Figure 3. UV-Vis absorbance spectra of CoCl; solution for s-PBC@PP and s-PBC_GO@PP samples:
(a) untreated and (b) UV treated. The label inside (a) also applies to (b). In (b) the spectrum of the
CoCl; solution (black line) is covered by the other curves.

The UV-visible spectra showed a reduction in the absorbance peak at 520 nm for
all the samples and processes as a result of cobalt ions removal and, simultaneously, an
increase in the absorbance peak at 256 nm due to the release of by-products into each
solution. This effect is enhanced for UV-treated samples after adsorption processes and this
aspect is deeply discussed below considering the Ip5p/I515 ratio and Q; values.

Table 1 reports the relative Ip59 /1515 ratio values and the Q; as mg of the adsorbed ions
on the gram of the coating layer, respectively, after filtration and adsorption processes for
the s-PBC@PP and s-PBC_GO®@PP samples, with or without UV treatment.

Table 1. Relative Iy50/I515 ratio values and Q; values for all the samples used in filtration and
adsorption processes. The acronym “ads” or “filt” next to each filter name indicates the type of
process (adsorption or filtration) in which the filter was involved.

Sample/Process Io50/I515 Q: (mg/g)
s-PBC@PP/ads 4.81 21
s-PBC@PP/filt 0.65 24
s-PBC_GO@PP/ads 7.44 37
s-PBC_GO@PP /filt 0.60 21
s-PBC@PP UV /ads 34.84 20
s-PBC@PP UV /filt 2.50 17
s-PBC_GO@PP UV/ads 12.63 20
s-PBC_GO®@PP UV /filt 0.87 13

The results for the uncoated PP filter are not reported because it does not show any
removal activity. Coating the filter surface with a layer of s-PBC or s-PBC_GO makes the
adsorption of Co?" ions possible, thanks to the negatively charged groups. In addition
to the sulphonic groups in the polymeric matrix, additional negatively charged oxygen
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moieties are present when GO is added to s-PBC. The larger number of negative sites
allows the higher adsorption capacity shown by the s-PBC_GO composite with respect to
s-PBC itself to be explained (i.e., 37 mg/g and 21 mg/g, respectively). The main adsorption
happened in the first 30 min, and afterwards just small variations occurred until they
reached an equilibrium after two hours. Thus, Table 1 reports the values obtained for CoCl,
adsorption after two hours of contact with the filters.

For the filtration processes, s-PBC showed a slightly higher removal efficiency with
respect to adsorption, i.e., 24 mg/g, while the s-PBC_GO composite showed an even lower
removal efficiency, i.e., 21 mg/g. If, on the one hand, the dispersion of GO flakes increases
the number of active sites interacting with the metal ion, as observed by the adsorption
efficiency, on the other hand, no evident effect on the filtration efficiency was observed
after adding GO flakes inside the coating layer. The main difference was observed when
comparing s-PBC_GO@PP adsorption or filtration: in the former, the interaction time
between the Co ions and the active sites was higher than during filtration resulting in
higher removal efficiency.

These results point out that the increase in the active adsorption site through the disper-
sion of GO flakes inside the polymeric matrix results in higher adsorption efficiency, but this
is not sufficient to increase the filtration efficiency that strongly depends on the structure of
the coating layer and the distribution of the GO flakes inside the polymeric layer.

The UV treatment does not seem to have any relevant effect as regards the adsorption
processes for the s-PBC@PP filter, while a slight reduction in the efficiency was reported for
the filtration. However, more negative effects on the adsorption and filtration processes
were observed for the s-PBC_GO@PP filter, where a reduction in the Q; was evident. This
will be explained later in the text.

For all the samples used in the tests (adsorption and filtration), a significant variation
in the absorbance spectra took place at wavelengths below 400 nm after the interaction of
all the filters with the Co?* ions solution, with the formation of a peak at 250 nm. The ratio
values between the intensity of the peak at 250 nm and that at 515 nm, for all the filters and
processes, are also reported in Table 1.

The data show that the intensity of I50/I515 was higher in the case of adsorption than
for the filtration processes for all the materials. Considering that the filtration processes
last a few minutes, while the adsorption processes last two hours, it is clear that the longer
the CoCl, interacts with the filter, the higher the I559/I515 ratio. The presence of GO had
the opposite effect on the I50 /1515 ratio, depending on the presence of UV treatment. For
untreated samples, GO dispersion increased the Co?* adsorption and also the Ip5p/I515
ratio. For UV-treated samples, even if the s-PBC and s-PBC_GO@PP samples have the same
adsorption efficiency, the I»50 /1515 ratio was lower for the sample with GO flakes.

We believe that the increase in the absorption peak at 250 nm depends on the inter-
action of cobalt with the sulfonic groups present in the polymer, and that this interaction
leads to the formation and release of by-products. Indeed, sulfite ions were recently found
to react with transition metals, such as Co and Fe, to generate oxysulfur radicals such as
504-, SO3- and SOs- used in the advanced oxidation process for water purification [41].
The sulfite ions have an absorption peak in the lower UV region of the UV-Vis absorbance
spectrum, corresponding to the absorbance at 250 nm observed in our spectra. Our hy-
pothesis is that the interaction of sulfonilic groups in the polymer with cobalt ions formed
oxysulfur radicals within the release of sulfite ions in the solution (i.e., 250 nm absorbance
peak) [41]. In the adsorption process, the interaction time between sulfonilic groups and
Co ions is higher with respect to filtration, generating a larger amount of oxysulfur species
in solution.

Furthermore, the Iy50/I515 ratio increases for UV-treated samples. In particular, the
absorbance spectrum of sample s-PBC@PP UV shows the greatest Ip5)/I515 ratio (34.84)
after an adsorption process of two hours (Figure 3b, red line). The high value of the I»5) /1515
ratio reported for UV-treated samples suggests that the formation of these new species
in solution could be influenced by the presence of an electrical charge induced on the
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coating surface. It was reported that, as an effect of such a modification, methylene blue
(MB) in contact with the s-PBC polymer surface was transformed (in solution or when
adsorbed on the polymer surface) into leuco form because of a reduction process involving
the MB molecules. It was attributed to the presence of a negative charge induced on the
polymer surface by UV irradiation [33]. Similarly, we think that an excess of electrons on
the surface of the coated filters induced by UV treatment favors the formation of oxysulfur
species in solutions due to the interaction with cobalt ions. For the samples treated with UV,
although the absorption of the s-PBC_GO@PP UV sample was the same as the s-PBC@PP
UV sample (Q; = 20 mg/g), the Ip50/I515 ratio was lower in the presence of GO (12.63
instead of 34.84). However, it is known that GO works as an electron scavenger when it is
suitably coupled with other materials [42,43]. It is, therefore, possible that in the presence
of a higher concentration of electrons (induced by the UV treatment), these are captured
by the GO layers, thus, favoring the adsorption process of the ionic species (Co?*) in the
filter rather than its reaction with sulfonilic groups on the polymeric layers, followed by its
release in solution.

For samples s-PBC@PP UV and s-PBC_GO®@PP UV, five successive filtrations of the
same aliquot of solution were conducted (not reported here). In both cases, the greatest
reduction in Co ions occurs during the first filtration. The adsorption/filtration of these
ions during the successive filtrations is quite negligible. However, the intensity of I50/I515
continues to increase with the number of filtrations, as reported in Table 2.

Table 2. List of the processes and the I,50/1515 ratio for samples s-PBC@PP UV and s-PBC_GO@PP UV.

Process s-PBC@PP UV s-PBC_GO®@PP UV
1st filtration 2.26 0.80
2nd filtration 3.59 1.19
3rd filtration 4.29 1.55
4th filtration 4.71 1.86
5th filtration 5.02 2.13

The trend in these values for both filters confirms that the Co?* ions trapped on the
filters continue to react with the sulfonic groups on the polymer in the presence of an excess
of electrons and, then, oxysulfur species are released into the solution.

In order to investigate the induced modifications on the coating layers, the FI-IR and
EDX spectra were acquired for the samples after interaction with the Co ion, in particular after
the adsorption process since these report the higher I,50/1I515 ratio values. Figure 4 reports
the FI-IR spectra for: (a) s-PBC@PP UV and (b) s-PBC_GO@PP UV samples in the range
2000-500 cm !, before (black line) and after (red line) the Co?* ion adsorption process.
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Figure 4. FT-IR spectra of: (a) s-PBC@PP UV filter and (b) s-PBC_GO@PP UV filter in the range
2000-500 cm ™!, before (black line) and after (red line) the Co?* ion adsorption.
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For samples treated with CoCly, the C/O, S/O and S/C weight ratios are strongly
reduced compared to samples not exposed to the contaminant. UV treatment (red bars)
only slightly modifies (reduces) the relative quantities of O and S compared to C, as it
weakens the 5=0O bonds which are more susceptible to breaking. The high decrease in the
S content in the samples after the interaction with CoCl; is in agreement with the FI-IR
results (reported in Figure 4) that show a reduction in the S=O contributions (1411 cm™~!,
1126 cm™1, 1035 cm ™! and 1006 cm ™). The FT-IR and EDX analyses, thus, confirm that
in the presence of the interaction between the cobalt ions and the polymer (in particular
with the sulfonilic groups) oxysulfur species form and are released in solution from the
polymeric layer.

Sulfate radical (SOy4 - ™) is an emerging oxidative species for the degradation of con-
taminants in various environmental matrices [44]. The main advantages of sulfate radicals
with respect to hydroxyl ones are [45]: (1) the oxidation potential of SO4 = (2.5-3.1 V
vs. NHE) is higher than OH; (2 SO, -~ reacts more selectively and efficiently via electron
transfer with organic compounds, in particular aromatic ones, over a wide pH range of 2-8;
(3) the half-life period of SO, -~ is generally supposed to be 30—40 times that of OH, which
enables SO4 -~ to have more stable mass transfer and better contact with target compounds.

Compared to the past [46], the production of SO "~ through the use of sulfite [47]
increased production, lowered production costs and lowered the toxicity of the forma-
tion process.

In fact, SO4 "~ can be generated in homogeneous or heterogeneous systems via pho-
tolysis, thermolysis and radiolysis or via transition metal activation (Co, Fe, Ni etc.) of
persulfate (5,0g PS) and peroxymonosulfate (SO5 PMS) [41].

According to the mechanism reported above, the Co (II) forms the Co(II)-SO3 and it
is oxidized to the Co(IlI)-5O3+ complex with dissolved oxygen. As a consequence of the
redox reaction between this complex and sulfite anions, Co (III) is reduced to Co (II) and the
SO;5°~ radical is formed. This underwent many reactions with dissolved oxygen generating
other oxysulfur radicals, such as SO4 -~ and SOs ~. In our case, the sulfur radicals were
generated by contact by the cobalt ions with sulfite anions on the polymer, according to the
following reactions:

2R-SO3~ (on polymer) + Co(II) — 2R-SO3~ Co(II) + O, — 2R-SO3*~ Co(III)
2R-SO3*~ Co(III) + 2R-SO3~ — 2 R~ SO3~ Co(Il) + 25053 -~ + 2R

The above mechanism points out that sulfonilic groups on the polymeric layer are
removed by the interaction with Co(II) and released in solution. This is evidenced by the
peak at 250 nm, observed in the UV-Vis spectra of the Co solution where the samples were
immersed (see Figure 3). Furthermore, the IR and EDX spectra acquired for the samples
used for the Co ions adsorption and filtration showed a decrease in the signals linked to
the S content. This effect is more evident for samples treated by UV: light is adsorbed,
generating electrons that weaken the bonds in the sulfonilic moieties favoring the formation
of oxysulfur radicals.

To confirm that the oxysulfur radicals are generated by a direct interaction between the
Co ions and the sulfonilic groups on the membrane, adsorption experiments were repeated
for the s-PBC@PP filters in the presence of multiple contaminants.

3.2. s-PBC Coatings for Multiple Contaminants Removal

S-PBC@PP filters as deposited and after UV treatment were immersed in 5 mL of
methyl orange dye (MO 10> M) solutions in the presence or absence of CoCl, (17.5 mM).
In this experiment, only adsorption processes were investigated since the radical generation
effect was more evident for adsorption than for filtration.

The process of adsorption/degradation of the anionic MO was shown to occur partially,
only after a protonation induced by contact with the s-PBC surface [28]. In principle, due
to electrostatic effects, we expect that MO could interact with Co ions, therefore reducing
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any interaction between the Co ions and sulfonic groups. A lower interaction between the
polymer and Co ions would reduce the generation of oxysulfur radicals in solution.

Figure 6a reports the absorbance spectra for the MO (orange spectrum), MO + CoCl,
mixed solution (brown spectrum), MO after the immersion of the polymer membrane
(blue spectrum, named as “MO(H*)”), MO + CoCl, mixed solution after the immersion
of the polymer membrane (light green spectrum, named as “MO + Co (H*)”) and CoCl,
(magenta spectrum). The immersion time for the membranes in the solutions was 60 min.
For convenience in the labels, CoCl, is indicated by Co.
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Figure 6. (a) Absorbance spectra for MO (orange spectrum), MO + Co mixed solution (brown
spectrum), MO after the immersion of the polymer membrane (MO (H*) (blue spectrum), MO + Co
mixed solution after the immersion of the s-PBC membrane (MO + Co (H") (light green spectrum),
CoCl, (Co, magenta spectrum). (b) Adsorption in the first 15 min for s-PBC@PP samples, with
or without UV treatment, immersed in MO or MO + Co solutions. (c) Q; versus adsorption time.
(d) Ins6 /1507 ratio versus adsorption time.

The MO solution shows two bands, one at about 465 nm due to azo linkage and
another at 257 nm due to benzene rings (orange spectrum). The CoCl, solution, instead,
is characterized by an absorbance band at about 510 nm (magenta spectrum). In the
mixed solution (MO + CoCl,, brown spectrum), the Co ions and MO interact as evidenced
by the decreasing and enlargement of the absorbance peak at 465 nm. By bringing the
MO solution into contact with the polymeric samples, the solution immediately changes
color, and the absorption spectrum changes (blue spectrum). The absorbance band at
465 nm shifts towards higher wavelengths (about 507 nm), a peak at 325 nm and an
additional hump occurs at a larger wavelength on both peaks due to the protonation of
MO. The same changes were observed for the MO + CoCl, solution put in contact with
the s-PBC surface due to protonation of MO (blue spectrum), and the two spectra (green
and blue) are superimposable. This means that in the presence of an acidic environment,
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the interaction between the Co ions and MO (brown spectrum) is suppressed, the two
species are distinguished in solution and the MO is protonated. Therefore, during the
adsorption/degradation processes for the samples immersed in MO or MO + CoCl,, the
protonated MO spectrum was used as a reference spectrum (initial solution). For the
calculation of the Qy, the variation in the peak at 507 nm was considered.

As an example, Figure 6b shows the absorption in the first 15 min for the s-PBC@PP
samples, with or without UV treatment, immersed in MO or MO + CoCl, solutions. The
decision to show only these spectra depends on the fact that the most important changes
occur after 15 min. All the samples show a reduction in the peak intensity at 507 nm. The
peaks at 256 nm, instead, show small increases in the intensity for untreated samples, while
a significant increase occurs for UV-treated samples. These trends will be used to explain
the results reported in Figure 6¢,d.

Figure 6¢ reports the Q; versus the adsorption time, as mg of the adsorbed species
of MO (peak at 507 nm) per gram of the s-PBC layer for the s-PBC@PP samples, with or
without UV treatment. As shown in our previous work [28], MO adsorption onto s-PBC
membranes is hindered, due to the electrostatic repulsions between the charge of the dye
(negative) and the charge of sulfonilic groups (also negative). Only a few MO molecules
are adsorbed, since these become positively charged due to their protonation.

Both for the untreated and the UV-treated samples, the Q; is higher for the samples
immersed in MO only and the greatest adsorption occurs in the first 15 min. This means
that the MO adsorption (and therefore the removal) is hindered in the presence of Co ions,
confirming a favored interaction by these ions with sulfonilic groups.

Figure 6d shows the Iy54 /1507 ratio versus the adsorption time. Also, in this case, after
15 min the maximum adsorption of the two species in solution takes place. The intensity
of the peak at 507 nm depends only on the concentration of MO in solution, while the
intensity of the peak at 256 nm depends both on the concentration of MO (it increases as
the concentration decreases because the molecule breaks up and, therefore, the amount of
benzene rings increases) and on the concentration of oxysulfur radicals released in solution
(see Figure 3). Regarding the untreated samples (black curve and red curve), the two
curves coincide in the first 15 min and then, the black curve has a slightly higher ratio (i.e.,
Ins6 > I507). However, the Q; value (Figure 6c¢) is higher for the s-PBC sample immersed
in MO, with respect to the sample immersed in MO + CoCl,. Anyway, the I,54 /1507 ratio
is the same at 15 min for both samples, confirming that the peak at 256 nm increased in
the presence of Co and this increase is due to both MO degradation and oxysulfur radicals
absorption at the same wavelength (256 nm).

For UV-treated samples (Figure 6¢,d, blue and magenta lines), although MO removal
is higher (higher Q;) when no Co is present in solution, the Iys¢/I507 ratio is the same.
Therefore, if the two values are equal, it means that in the case of the s-PBC sample in
MO + CoCl; at 256 nm, besides the contribution related to MO degradation, there should
be another one due to oxy-sulfuric groups, generated by the interaction of the Co ions with
sulphonic groups on the polymer.

This effect is more evident in the presence of UV-treated samples, since the treatment
introduces electrons on the polymer surface [33], which favor the formation of radical
groups on the polymer surface and, therefore, the interaction with the cobalt.

4. Conclusions

In this work, polypropylene (PP) fibrous filters were coated with sulfonated pentablock
copolymer (s-PBC) and s-PBC mixed with graphene oxide (s-PBC_GO). Some of them
were treated with UV light to enhance their hydrophilicity. Tests for the removal of Co?*
ions from water by adsorption and filtration processes were carried out. In the filtration
processes, the highest Q; (24 mg/g) was shown by the s-PBC coated sample. Instead, for
the adsorption processes, the highest Q; (37 mg/g) was achieved by the s-PBC_GO coated
sample. The dispersion of GO within the polymer seems to have a positive impact only for
the adsorption properties, increasing the negative charge present on the coating surface
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and favoring the adsorption of anionic compounds. No improvement is obtained with
respect to the s-PBC as concerns the filtration efficiency.

During the adsorption processes, the interaction times between the ions and the filters
are long, generating and releasing new species into solution (oxy-sulfuric radicals), as
evidenced by the appearance of a new absorbance peak at 256 nm. Through FT-IR and
EDX analysis it was possible to confirm the mechanisms involved in the metal ion removal
processes. In particular, the interaction of cobalt ions with the sulfonic groups of the
polymer were responsible for both the adsorption and the generation of oxysulfur radicals.
In presence of another cationic contaminant, namely protonated MO, the interaction of the
sulfur groups with Co is preferred, as evidenced by the formation of oxysulfur radicals.
The mechanism of oxysulfur radicals formation was discussed and confirmed by studying
the Co?* ions adsorption experiments in the presence of a competitive organic contaminant
(i.e., methyl orange, MO).

To conclude, the s-PBC layers, thanks to its hydrophilic, acidic and negatively charged
character, gives additional functionalities to PP fibrous filters, that are just used as a support
structure. The addition of GO is shown to increase the adsorption capabilities of the
modified filter. However, in the presence of metal ions, the ion concentration and the
ion/filter interaction time play a key role in the removal process and in the eventual
formation of by-products. In this work, it was shown that the interaction between Co**
ions and sulphonic groups in the polymer leads to the formation of unwanted secondary
species (oxy-sulfur radicals). However, in the future, the generation of these oxidizing
species could find applications in photocatalytic processes and for metals detection in
water (sensing).
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