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ABSTRACT: Hybrid poly(ether sulfones) (PES)-TiO,
electrospun mats are used as selective filters to remove lead
and zinc ions from water. Presence of TiO, is functional to
trigger fiber’s surface charge that allows for better perform-
ances in terms of ionic adsorption with respect to bare PES
mats. Temperature increase promotes a speed up of ion
removal. Ability of electrospun mats to retain adsorbed ions is
proven by washing procedures, which confirm the lack of
released Pb?" in solution, even after sonication. To detect
presence of metal ions in aqueous solutions, water-soluble
porphyrins are used as chemosensors, which are able to
provide fast, in-field, and real-time analysis. In particular,
cationic H2T4 metalation, occurring both in solution or at
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transparent glass surface, allows for a straightforward spectrophotometric (UV—vis) detection of metal ions in solution.

B INTRODUCTION

Water shortening is a global problem threatening modern
society, and, consequently, there is a worldwide urgency to
provide solutions allowing for treatment and reuse of the
reclaimed wastewater. Heavy metals, such as Pb, Cd, Cr, Cu, Nj,
As, and Zn, are environmental pollutants extensively existing in
water; they can be discharged into the water sources from various
human activities, especially from industrial one. Even at trace
levels, they are poisonous to human health because of their
nonbiodegradability and bioaccumulation in the human body
and therefore causing various diseases and disorders." In
particular, lead, in both its forms Pb** and Pb*, is one of the
extremely toxic heavy metals, even at low concentrations.”>
Hence, it seems a priority to treat lead contaminated wastewaters
before releasing them into the environment. Removal of lead is
achieved by one or more of the methods like chemical
precipitation, adsorption, ion exchange, ultrafiltration, reverse
osmosis, electrodeposition, solvent extraction, foam floatation,
complexation/sequestration, filtration, and evaporation.” Among
all these techniques, adsorption is considered a very effective and
economical process for metal ions removal from wastewaters due
to availability of several low-cost, easily accessible and more
important there is no release or use of secondary pollutants.
Fibrous electrospun mats represent an innovative solution to
face out water pollution:° in fact, electrospinning is an easy and
highly versatile technique, which allows for fabrication of one-
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dimensional micro/nanofibers characterized by very high surface
area, porosity, and tailored mechanical properties.7 Use of fibrous
mats to eliminate metal ions from water have been recently
proposed,s’8 and potentialities of electrospuns mats as sorbent
materials to be used for water treatment purpose have been
discussed in many papers,” especially by considering the
versatility of electrospinning technique in fabrication of
polymeric and ceramic materials in nanofibrous form.” More-
over, electrospun mats can be obtained as self-supporting veils,
which can be additively manufactured to conventional
membranes and filters to provide them additional functionalities.
Different polymers are under investigation, and contaminants
removal is achieved by exploiting the ability of these polymer-
based materials to interact with polluting species by dispersive
forces, electrostatic or chemical interactions, depending on the
nature of used polymers and/or presence of functional molecules
attached onto fibers surface.® To our knowledge, few papers
report about use of poly(ether sulfone) (PES) electrospun
nanofibers for water contaminants removal, whereas most of the
literature data refer to copolymer electrospun mats based on, for
example, poly(acrylic acid) (PAA)/poly(vinyl alcohol) (PVA)"’
or nylon-6 and polycaprolactone.'’ Poly(acrylic acid) (PAA)
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Figure 1. SEM images of PES (a) and PES—TiO, (b) polymeric fibers; (c) energy-dispersive spectroscopy (EDS) analysis of PES—TiO, mats (Au signal

is due to surface metallization).

thermally cross-linked with poly(vinyl alcohol) (PVA) fibrous
mats has been tested for removal of copper(II) ions in water;'”
poly(vinyl chloride) fibers are used to remove Cu(II), Cd(IL),
and Pb(1I);"* aminated polyacrylonitrile nanofiber mat’s ability
to remove Ag(I), Cu(Il), Pb(Il), and Fe(Il) from aqueous
solution was studied."* Many other polymeric mats have been
studied for water treatment applications,”” but poly(ether
sulfone) is particularly appealing since it is conventionally
employed as material in water filter fabrication.'®'” As to the use
of these mats for water treatments, recent work reported about
their use to remove and/or degrade organic dyes'® by
combination of electrospinning techniques with physical vapor
deposition'® or chemical bath deposition.® Semiconducting
oxides are generally coupled to polymeric fibers: electrospinning
is often combined with nanostructures deposition techniques or
oxide nanoparticles are dispersed into micro—nanofibers.

In this work, hybrid poly(ether sulfone)—TiO, (PES—TiO,)
electrospun mats are tested as sorbent filter to remove lead and
zinc from water. The role of TiO, to improve sorption
performance has been demonstrated as well as the ability of
fibrous mats to retain metal ions.

Another important result is also represented by the possibility
to perform a fast and real-time determination of residual lead (or
zinc) in solutions to estimate mats removal performances by
using cationic porphyrins as molecular probes.”’ Porphyrins
represent a multitopic class of organic compounds, which can be
promptly exploited in sensing:*" as for heavy metal detection in
water, metal ions can be coordinated by pyrrolic nitrogens of
porphyrin core by forming a metallated derivative,”> whose
presence in solution induces significant spectral modifications in
the wavelength region between 350 and 700 nm, allowing for
detection of metal ions at concentration below parts per million
(ppm).”® Herein, porphyrins are used both in solution or
immobilized on transparent glass:** the latter approach benefits
any detrimental effect deriving from dispersion of molecular
probe (even if in micromolar concentration) in water.

Noteworthy, most of the reported approaches to estimate the
adsorption efficiency make use of inductively coupled plasma
spectrometry (ICP), which is a conventional procedure to
determine mat’s uptake capability. Accordingly, the possibility to
use UV—vis spectroscopy for indirect determination of metal ion
concentration after treatment paves the way to alternative
strategies for in-field and real-time water analysis.

B RESULTS
PES and PES-TiO, Electrospun Mats. Self-supporting

veils of PES-based electrospun mats are tested as filters to remove
lead from water. Figure la shows a typical scanning electron
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microscope (SEM) image of PES polymeric fibers, which are
dimensionally uniform (mean diameter 500 nm) and bead-free.

PES—TiO, mats are obtained by adding Ti-isopropoxide
(TIP) to PES dissolved in dimethylformamide (DMF)/toluene
solutions (Figure 1b); presence of titanium precursor in the mats
is confirmed by EDS analysis (Figure 1c).

Amorphous hydrous oxide precipitate (TiO,-nH,0) forma-
tion inside fibrous mats is promoted by hydrolysis and
condensation of TIIP*® due to water presence in the environ-
ment and solvent solution. Thermal treatments of mats at 100 °C
(overnight) induce a partial loss of water but cannot lead to
crystallization. Figure 2 shows UV—vis spectra of electrospun
solution characterized by a strong absorption at ~4 = 350 nm,
attributed to TiO, band—band transition.*®

Diluted PES solution

— Diluted PES/TIIP solution

Absorbance (a.u)

400
wavelength (nm)

Figure 2. UV—vis absorption spectra of diluted PES (dot line) and PES/
TIIP (solid line) in toluene/DMF.

Pb?* Removal Using PES and PES—TiO, Fibrous Mats.
Residual Pb** ion concentration in aqueous solutions treated
with bare PES mats is measured in real time by UV—vis
spectroscopy after addition of H2T4 (1 uM). Experiments were
conducted by placing 20 cm” fibrous mats in a beaker and by
pouring 20 mL of Pb** containing aqueous solution at pH = 7.

Presence of Pb** metal ions in solution promotes H2T4
metalation and related formation of the metal derivative (PbT4),
as clearly indicated by Soret band splitting in two components, at
A1 = 423 nm and 4, = 476 nm, respectively. By studying
metalation kinetic of H2T4 by varying the metal ions
concentration in water, it is possible to estimate the residual
ions concentration after spontaneous adsorption into the fibrous
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mats. Accordingly, H2T4 (1 uM) Soret band spectral
modifications caused by porphyrin complexation in presence of
lead ions in water are used as reference. Spectra are recorded by
gradually increasing Pb** concentration in aqueous solution, 15
min after each addition (Figure S1, Supporting Information), and
the intensity ratio between component at A, and 4, (I,76/Ls,3) is
plotted upon increasing Pb** concentration.

Pb** concentration decrease, induced by water treatment with
electrospun mats, is provided by UV—vis spectrophotometric
measurements after H2T4 addition to Pb(NO;), 5 uM solution
before (red line) and after (green line) mat dipping (Figure 3a).
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Figure 3. (a) UV—vis absorption spectra of [H2T4] = 1 uM (black line)
with [Pb**] = 5 uM (red line) and after 1 h dipping of PES mats (green
line); (b) schematization of dipping and control procedures.

Upon decreasing metal concentration, the metalation process
is slowed down and intensity ratio I¢/1,,; changes; in particular,
L6/ 143 ratio varies from 2.5 (before fiber dipping) to 1.2 after
dipping of PES mats. Therefore, an evident decrease of the
amount of Pb*" in solution is achieved after 1 h. In agreement
with spectral variations of reference solutions (Figure SI,
Supporting Information), residual Pb** concentration (after 1
h fibers dipping) can be estimated to be <3 uM (~50%). The
efficiency of the proposed sensing approach is remarkable: in
fact, Pb>* concentration is fast determined (15 min) without any
water treatment to get rid of sorbent material (Figure 3b).

It is reasonable to assume that Pb*" is adsorbed by PES fibers
because of dispersive forces.”” Accordingly, to better highlight
the importance of system electrostatics, pH responsive fiber’s
surface charge is achieved by adding titanium isopropoxide
(TIIP) to PES solution to obtain hybrid PES—TiO, fibers.”**’
TiO, has an isoelectric point (IEP) of about 6,” hence, surface
charge becomes more negative upon increasing solution pH. To
validate this assumption, PES—TiO, mats are dipped in H2T4 5
UM solutions having pH = S and 8; this approach is suggested by
the use of TiO, sols, in textile industry, to improve dyeing of
cotton fabrics.”'

H2T4 is a cationic porphyrin whose affinity toward negatively
charged surface has been largely proven.”” At pH > 7, fiber
surface charge is negative, whereas at pH < 7, it is positive.
Consequently, H2T4 adsorption on mats should change upon
varying solution pH (Figure 4); as expected, mats dipping at pH
= S (Figure 4a) lead to a less significant porphyrin
immobilization on surface than that observed at pH = 8 (Figure
4b).

Presence of TiO, in PES mats promotes an adsorption of Pb**
(at pH = 7) higher than that observed for bare PES mats, as
evident in Figure S that points to a variation of I,74/1,,; from 2.5
(red line) to 0.3 (green line) after mats dipping (corresponding
to a Pb** concentration of ~1 M), more significant with respect
to that observed after treatment with bare PES mats.

To conclude, PES—TiO,-based fibrous mats are proven
effective as filter to remove Pb** from water. Upon increasing
dipping time up to 24—48 h, it is possible to decrease Pb*"
concentration down to 0.25 uM (Figure S2, Supporting
Information).

Temperature increase from 20 to 35 °C promotes an almost
total removal of lead in less than S h (Figure 6).
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Figure 4. (a) UV—vis absorption spectra of [H2T4] = S uM before (black line) and after S h (red line) and 20 h (blue line) PES—TiO, fibers dipping at
pH =S. (b) UV—vis absorption spectra [H2T4] = S uM before (black line) and after S h (red line) and 20 h (blue line) PES—TiO, fibers dipping at pH =
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Figure S. UV—vis absorption spectra of [H2T4] = 1 uM (black curve)
after addition of [Pb**] = 5 uM (red curve) and after 1 h PES—TiO,
mats dipping (green curve) at T = 20 °C.
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Figure 6. UV—vis absorption spectra of [H2T4] = 1 uM (gray dotted
line) after addition of [Pb**] = 5 M (red line) and after 1 h (green line)
and S h (blue line) mats dipping at T = 35 °C.

To demonstrate the ability of the fibrous mats to retain
adsorbed lead, they are washed/sonicated with water after Pb**
adsorption. To determine presence of Pb*" in washing solution,
H2T4 1 uM is added as chemosensor (Figure 7).
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Figure 7. UV—vis absorption spectra of [H2T4] = 1 uM (black line) at
T = 20 °C: after addition of [Pb**] = 5 uM (red line), after treatment
with PES—TiO, mats (blue line), and after addition to washing solution
of Pb** adsorbed mats (green line).
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UV—vis spectra confirm the decrease of lead concentration
after mats dipping in [Pb*"] = S M solution (blue line). H2T4
addition to fibers washing solution (green line), resulting from 3
h sonication, does not reveal presence of any appreciable trace of
Pb** ions as pointed by the shape of Soret band, perfectly
superimposable to the signal of free porphyrin reference (black
line).

Zn%* Removal Using PES and PES—TiO, Fibrous Mats.
H2T4 solutions cannot be used to detect Zn* presence in sub-
millimolar concentration (Figure S3, Supporting Information)
due to an unfavorable metalation kinetic.*> However, we can
demonstrate the capability of H2T4 layers, deposited on glass
slides, to detect zinc presence by exploiting the fast metal
insertion into the cavity of distorted porphyrin immobilized on
glass surface (Figure S4, Supporting Information). Dipping of
H2T4-treated glass in a zinc nitrate control solution (5 uM)
causes modification of the Soret band of deposited H2T4, which
appears red shifted, broader, and less intense than that observed
for reference glasses.””** In presence of Zn®" ions, the band
centered at A =433 nm (attributed to free porphyrin immobilized
on surface) shows a new component at 4 = 446 nm due to
formation of ZnT4 and modification of Q-band (inset) region,
where a new band at A = 575 nm appears (red line).

The same control is performed on same solution after
treatment with PES—TiO, mats: the lack of significant spectral
modification suggests a scarce ability of mats to retain Zn** ions,
even after long treatment times. In fact, [Zn**] concentration in
solution does not seem significantly changed even after 24 to 48 h
of mats dipping (Figure 8a, green and blue line, respectively).

On the contrary, if mats treatment is executed at 35 °C, Zn**
ions are almost totally removed from solution after S h (Figure
8b). By observing porphyrin Soret band evolution, before and
after fibers dipping, an evident shift of Soret maximum as well as
modification of Q-bands (inset) is now observable. After 1 h
treatment, Zn>* concentration in solution is still slightly
decreased (green line), but after S h, zinc is almost completely
removed, as indicated by the position of Soret and Q-bands
pattern (blue line), similar to that associated to free base on glass.

Similar results are obtained when same approach is used to
detect Pb** adsorption on fibers (Figure 9), performed by
operating both at 20 °C (Figure 9a) and 35 °C (Figure 9b).

At 20 °C, Pb** concentration is completely removed in about
48 h, whereas at 35 °C, the same results are achieved in about S h.
Noteworthy, treated glass response agrees well with that
provided by the use of H2T4 1 uM solution as Pb** ion sensor.

Selective Removal of Zn?* and Pb?* in Solution Using
PES and PES-TiO, Fibrous Mats. H2T4 (1 uM) Soret band
modification after addition to aqueous solutions containing both
Pb** S uM/Zn*" § uM in which PES—TiO, mats were dipped for
24—48 h is reported in Figure 10a. Noteworthy, broadening of
band component centered at A = 423 nm indicates formation of
both ZnT4 and PbT4. In fact, Pb>" presence promotes Pb*" to
Zn** transmetalation, leading to formation of ZnT4 (not formed
in absence of Pb**). Band narrowing (observed after 48 h)
indicates a concentration decrease of both Zn** and Pb*" ions.

Using H2T4 deposited on glass to monitor the ionic residual
concentration, we can confirm the partial removal of both ions as
indicated by increased intensity and narrowing of component at
A =433 nm and presence of component at A = 500 and 575 nm
attributable to PbT4 and ZnT4 species, respectively (Figure
10b). These results point to a decreased selectivity, at T = 20 °C,
of PES—TiO, mats toward adsorption of Zn** and Pb** when
both species are present in solution.
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Figure 8. (a) UV—vis absorption spectra of H2T4 on glass (black line): after dipping in Zn>* solution [ M] (red line) and after dipping in the solution
of Zn* treated with mats for 24 h (green line) and for 48 h (blue line) at T = 20 °C. (b) UV—vis absorption spectra of H2T4 on glass (black line): after
dipping in Zn** solution (5 #M) (red line) and after dipping in the solution of Zn* treated with mats for 1 h (green line) and for S h (blue line) at T=35

°C. Q-bands region is shown in the insets.
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Figure 9. (a) UV—vis absorption spectra of H2T4 on glass (black line): after dipping in Pb** (5 uM) solution (red line) and after dipping in the solution
of Pb** treated with mats for 24 h (green line) and for 48 h (blue line) at T = 20 °C. (b) UV—vis absorption spectra of H2T4 on glass (black line): after
dipping in Pb** (5 M) solution (red line) and after dipping in the solution of Pb** treated with mats for 1 h (green line) and for $ h (blue line) at T = 35
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Figure 10. (a) UV—vis absorption spectra of [H2T4] = 1 M solution (black line) at T = 20 °C: after addition to Pb** (5 uM)/Zn** (5 uM) solution
(red line) and after addition to Pb*>*/Zn?* solution treated with mats for 24 h (green line) and for 48 h (blue line). (b) UV—vis absorption spectra of
H2T4 on glass (black line) at T = 20 °C: after dipping in Pb** (5 uM)/Zn** (5 uM) solution (red line) and after dipping in Pb**/Zn** solution treated
with mats for 24 h (green line) and for 48 h (blue line). Q-bands region is shown in the inset.

Different adsorption performances are achieved if temperature promotes ZnT4 formation via Pb>*—~Zn** transmetalation; in

is increased to T = 35 °C, as shown in Figure 11. fact, a clear red shift of H2T4 Soret band associated with
Figure 1la shows H2T4 (1 uM) Soret band modification metalated derivative is well evident (red line). After 1 h dipping
behavior after addition in Zn>*/Pb*" solution, before and after of PES—T1i0, mats, a remarkable decrease of the component at A
treatment with PES—T1iO, mats. It is clear how high temperature = 476 nm is due to a faster adsorption of Pb** with respect to
7186 DOI: 10.1021/acsomega.8b00284

ACS Omega 2018, 3, 7182-7190


http://dx.doi.org/10.1021/acsomega.8b00284

ACS Omega
0.251 0054 b ——H2T4 on glass
a — HZT‘:"I uM . R +Pb 5 uM - Zn*'5 uM
0.204 +Pb™ 5uM - Zn™ 5 uM after mats dipping (1h)
. after mats dipping (1h) 0.04 4 after mats dipping (5h)
— —— after mats dipping (5h) 5
=} A
8 0.15- 3 -
3 § 0.03 :
c S 5o
3 2 i
5 0.10+ 50.02 2
2 Q
< <
0.05 0.01 ’ wavelengih (om)
,J’h/
0.00 T T T T T T 1 0.00 T T T T T T T T T Y T ! 1
350 400 450 500 550 600 650 700 350 400 450 500 550 600 650 700

wavelength (nm)

wavelength (nm)

Figure 11. a) UV—vis absorption spectra of H2T4 (1 uM) solution (black line) at T = 35 °C: after dipping in Pb** (5 uM)/Zn>* (5 uM) (red line) and
after dipping in Pb**/Zn*" solution treated with PES—TiO, mats for 1 h (green line) and for 5 h (blue line). (b) UV—vis absorption spectra of H2T4 on
glass (black line) at T = 35 °C: after dipping in Pb** (5 4M)/Zn?* (5 uM) (red line) and after dipping in Pb**/Zn*" solution treated with PES—TiO,
mats for 1 h (green line) and for S h (blue line). Q-bands region is shown in the inset.

Zn*" (green line), while the other component remains still red
shifted with respect to free base reference. After S h, Pb** is
almost totally removed and, for this reason, transmetalation is
slowed down. However, presence of low concentration of PbT4
is indicated by a Soret band intensity (now centered at A = 423
nm) lower than that referred to porphyrin-free base (black line).
Validation of hypothesis of a reduced adsorption of Zn>* with
respect to Pb** is provided by spectral analysis of H2T4
deposited on glass (Figure 11b). In this case, an evident
modification of the Soret band shape, after 1 h mats dipping,
clearly indicates the presence in solution of [Zn**] = § uM (see
Figure 8 for comparison), whereas Pb*" concentration is
dramatically reduced and estimated close to ~1 uM. By
prolonging dipping time, [Zn?*] slightly decreases by formation
of a well discernible component at 4 = 432 nm having same
intensity as that at 4 = 450 nm associated to ZnT4. Spectral
changes in Q-bands region confirm the invariance of [Zn**] as
indicated by predominance of component at 4 = 575 nm (green
line) whose intensity slightly decreases after S h (blue line).

Bl DISCUSSION

Lead selective adsorption provided by the investigated polymeric
mats is significantly higher on PES—TiO, fibers (Figure 5) than
on PES ones (Figure 3). Modulation of PES—TiO, surface
charge by varying pH (from S.5 to 8) is verified by adsorption
performances toward cationic H2T4 (Figure 4). In fact, TiO,
IEP (~6) triggers surface charge from positive (below IEP) to
negative (above IEP).”> Hydroxylated bridging groups and
terminal groups on oxide surface, which can be positively charged
(—OH—-H") or negatively charged (—O7), are progressively
deprotonated upon increasing pH, forming negative surface
charge. These functional groups are responsible for coordinative
interactions with metal ions that “interfere” with protonation
equilibrium

Ti — OH + M** = TiOM* + H*

At neutral pH, ion complexation is responsible for both
physisorption and chemisorption on PES—TiO, fibers.>> The
overall surface charge of fibers, at neutral pH, favors binding of
metal ions to hydrous amorphous oxide through interaction at
the solid surface—solution interface. Accordingly, these processes
are triggered by many factors that influence the resulting surface
complexing constant. In particular, stability of aqua ions and their
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acidity need to be accounted for. In fact, divalent metal ions
undergo hydrolysis in water; thus, this equilibrium in
homogeneous solution can compete with formation of hydroxo
complexes at solid surface.*®

Noteworthy, working at room temperature (~20 °C), PES—
TiO, fibers show a high selectivity toward Pb*" rather than Zn®*;
no significant decrease of Zn®" concentration in solution is
observed even if dipping time of PES—TiO, mats is prolonged up
to 48 h. Zn?* ions are hydrolyzed at pH higher than Pb**, and this
condition can explain their lower affinity toward amorphous
TiO, surface.””** Upon increasing temperature, Zn** adsorption
is increased due to the endothermic nature hydrolysis and surface
adsorption onto TiO, surface; thus, this evidence supports the
role of chemisorption process in both Pb** and Zn®' ions
adsorption on PES—TiO, mats surface, since generally
physisorption should decrease upon increasing temperatures.
In fact, adsorption at surface hydroxyl sites can be discussed in
terms of formation of coordination bond, resulting from an
electron lone pair donation of surface oxide ion to metal ions. Of
course, electrostatic nature of adsorption process is supported by
considerations about hydration energy and stability of an aqua
ion in solution (proportional to Z/r ratio), which can be invoked
to explain Zn** reduced adsorption®® on TiO, surface. In
particular, it has to be remarked how chemical reactivity of the
aqua ions is connected with stability of the intermediate products
formed during ion coordination of water molecules exchange
with ligands (i.e, M(H,0)*"); in the present case, Zn*" penta-
coordination tendency can explain its inertia.

B CONCLUSIONS

A combined adsorption—detection approach to treat heavy metal
ions dispersed in water has been proposed. The presented results
have been shown in the preliminary study aimed to demonstrate
ability of PES—TiO,-based mats to work as heavy-ion sorbent.
The approach proposed to monitor Pb** and Zn?** removal is
based on the use of porphyrins as molecular probes, which are
able to reveal ion concentration below ppm. The presented
approach allows for a real-time detection and removal of trace
lead in wastewater without the requirement of expensive and
complex instrumentation, such as atomic absorption spectros-
copy or inductively coupled plasma (ICP) spectroscopy.
Electrospun PES-based fibrous mats are validated as effective
sorbent material to be used in water without any drawback
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related to their dispersion and contamination in solution. After
treatment, in fact, they can be easily removed out from solution,
and any filtration or purification procedure is further required.
Addition of titanium isopropoxide to PES electrospun solution
leads to hybrid PES—TiO, mats, whose negative surface charge,
easily modulated by pH, promotes an enhanced adsorption of
metal ions with respect to bare PES. A remarkable difference in
term of affinity toward Zn>* and Pb** ions is observable at room
temperature (T = 20 °C). In particular, PES—TiO, mats are able
to drop Pb** concentration without interference of Zn** ions. On
the contrary, upon increasing temperature (T = 35 °C), both
species are readily removed out from water. In particular, ion
removal is almost complete (>90%) at 35 °C, after S h dipping
(corresponding to a removal of ~1.3 mg/g for Pb** and 0.5 mg/g
for Zn?*).*

This behavior remarks the importance of aqua ion’s
coordination chemistry to rationalize selective adsorption of
metal ions on hydroxylated surface, thus pointing to a more
complex phenomena description rather than mere system
electrostatics.

Noteworthy, ability of PES—TiO,-based electrospun fibrous
mats to absorb lead and zinc ions present in water has been
investigated using cationic H2T4 as metal ion chemosensor.
Homogeneous (in 1 M aqueous solution) and heterogeneous
(onto glass surface) H2T4 core metalation both provide clear
spectroscopic evidences to sense metal ions presence in water (at
sub-micromolar concentration). For this reason, very low metal
ion (Pb** and Zn*") initial concentrations (~1 ppm) are used to
confirm the ability of H2T4 probes used both as diluted solution
and deposited monolayers on glass, to detect residual ion
concentration at sub ppm level. Such values are much lower than
those conventionally used (>100 ppm) to calculate sorption
capability and, in this regard, it is also important to remark that
sorption capability depends on initial metal ion concentration. In
fact, it has been demonstrated that an increase in the initial metal
ion contributes to overcome mass transfer resistance between
solid/solution interfaces.***'

The fabricated mats are extremely stable in water, easy to
handle, and robust, thus allowing for a prolonged use (up to
complete removal of ionic species) without any release of both
fibrous material as well as adsorbed species.

In this perspective, we believe that the proposed hybrid PES—
TiO, mats represent scalable and versatile solutions for
application in water remediation. Their ability to adsorb heavy
metal ions represents a specific functionality that can be
combined also to photocatalytic properties of the material to
obtain active membranes for wastewater treatment.

B EXPERIMENTAL SECTION

Materials. Commercial poly(ether sulfone) (PES) with a
molecular mass of about 20 000 Da was chosen for membrane
production. Dimethylformamide (DMF), toluene, titanium
isopropoxide (TIIP), and acetylacetone were purchased from
Sigma-Aldrich.

Tetrakis(N-methyl-4-pyridyl)porphyrin (H2T4), Pb(NO,),,
and Zn(NOj,), were used without further purification. All stock
solutions were prepared by dissolving the solid in ultrapure water
obtained from the Elga Purelab Flex system by Veolia.

H2T4 stock solution (1 X 107* M) was prepared by dissolving
the solid in ultrapure water at pH 7. H2T4 1 M solutions (&, =
2.34 X 10°) were prepared directly in cuvettes by adding
microliter aliquots of the stock solution to 2.5 mL of water (pH =
7).
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Pb(NO;), and Zn(NOs), stock solutions (1 X 107> M) were
prepared in ultrapure water at pH = 7 directly from the solid.

Fibrous Mats Preparation. PES solutions were obtained by
dissolving 2.5 g of polymer in a DMF/toluene (1:1) solution: the
mixture was stirred continuously for 3 h at 40 °C. A second
solution was prepared by mixing 2.5 mL of toluene, 1.5 mL of
TIIP, and 1 mL of acetylacetone and stirring for 3 h under
nitrogen flow. This latter solution was slowly added to former
polymer solution and stirred overnight under nitrogen flow.
Then, it was loaded into a 10 mL syringe mounted on a peristaltic
pump (flow rate 20 yL/min) and electrospun: distance between
the needle tip and collector was kept at 15 cm and voltages were
set at +18 and —3 kV, respectively.

Metals Adsorption. Lead nitrate (Pb(NO;),) and zinc
nitrate (Zn(NO;),) were dissolved in deionized water at room
temperature. Electrospun fibers (20 cm?, weight &~ 40 mg) were
dipped in 20 mL of resulting solutions (pH = 7) where initial
concentration of Pb** and/or Zn®* ions was set at S 4M. Dipping
time is varied from 1 h up to 48 h and temperature from 20 to 35
°C.

After dipping, 2.5 mL aliquots of treated solutions were
analyzed by adding 25 uL of H2T4 stock solution to estimate
residual metal concentration. No filtration is required for any
solution withdrawals.

Spectrophotometric Metal lon Detection in Water
Using H2T4 in Solution or Immobilized on Glass. H2T4-
treated glass was used to directly monitor metal residual
concentration in treated solution, thus avoiding porphyrin
dispersion in water. Microscopic glass slides (Forlabs; Carlo
Erba, cut into 2.5 cm? pieces) were sonicated in water, isopropyl
alcohol, and ultrapure water before use.

H2T4 deposition is achieved by dipping glass slides into H2T4
solutions (10 M) at pH S.5 for 45 min: afterward glass slides
were rinsed with water to remove the excess of porphyrin. The
amount of H2T4 deposited on glass has been spectroscopically
calculated by desorption experiments (in sodium dodecyl sulfate
solution at 10%,,) and estimated to be ~3 X 1077 M.

UV—visible spectra were obtained on a JASCO V-560 UV—vis
spectrophotometer. All of the measurements were performed at
room temperature and under an atmospheric pressure. UV—vis
spectra of H2T4 deposited on glass were recorded from 4 = 700
to 350 nm (data pitch 0.5 nm; band width 2.0 nm; scanning
speed 100 nm/min) before and after dipping (time ranging from
1 to 48 h) in the water containing the residual Pb** and/or Zn**
after fibers PES—TiO, treatment.

SEM analysis was performed using a Field Emission Supra
ZEISS VP 55 microscope equipped with an Oxford 10 mm?* SDD
Detector for energy-dispersive spectroscopy (EDS).

B ASSOCIATED CONTENT
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recorded in presence of increasing concentration of Pb**
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on glass before and after dipping in aqueous solutions
containing [Zn** ] = 1 uM and [Zn** ] = S uM (PDF)

B AUTHOR INFORMATION

Corresponding Author
*E-mail: me.fragala@unict.it. Phone +39 095 7385149. Fax: +39
09S 580138.

ORCID

Alessandro D’Urso: 0000-0002-0255-1792
Maria Elena Fragala: 0000-0001-9414-7780

Author Contributions

G.O. and C.M.A.G. equally participated in the whole experiment
and in manuscript preparation. The manuscript was written
through contributions of all authors. All authors have given
approval to the final version of the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors would like to acknowledge Bio-nanotech Research
and Innovation Tower (BRIT) project that supports the research
activity.

B REFERENCES

(1) Graeme, K. A; Pollack, C. V., Jr. Heavy Metaltoxicity, Part I:
Arsenic and Mercury. J. Emerg. Med. 1998, 16, 45—56.

(2) Pohl, H. R;; Ingber, S. Z.; Abadin, H. G. Historical View on Lead:
Guidelines and Regulations. Met. Ions Life Sci. 2017, 17, 435—470.

(3) Ordemann, J. M; Narehood, A. R. Lead Neurotoxicity: Exploring
the Potential Impact of Lead Substitution In Zinc-Finger Proteins On
Mental Health. Metallomics 2016, 8, 579—588.

(4) Fu, F; Wang, Q. Removal Of Heavy Metal Ions From
Wastewaters: A Review. J. Environ. Manage. 2011, 92, 407—418.

(S) Ramakrishna, S.; Fujihara, K; Teo, W.-E; Yong, T.; Ma, Z,;
Ramaseshan, R. Electrospun Nanofibres: Solving Global Issues. Mater.
Today 2006, 9, 40—50.

(6) Ognibene, G.; Cristaldi, D. A.; Fiorenza, R.; Blanco, I; Cicala, G.;
Scire, S.; Fragala, M. E. Photoactivity Of Hierarchically Nanostructured
Zno—PES Fibre Mats For Water Treatments. RSC Adv. 2016, 6,42778—
4278S.

(7) Bhardwaj, N.; Kundu, S. C. Electrospinning: A Fascinating Fiber
Fabrication Technique. Biotechnol. Adv. 2010, 28, 325—347.

(8) Huang, Y.; Miao, Y.-E.; Liu, T. Electrospun Fibrous Membranes for
Efficient Heavy Metal Removal. J. Appl. Polym. Sci. 2014, 131, 40864.

(9) Amhed, F. E.; Lalia, B. S.; Hashaikeh, S. A review on
Electrospinning for membrane fabrication: Challenges and Applica-
tions. Desalination 2015, 365, 15—30.

(10) Xiao, S.; Ma, H.; Shen, M.; Wang, S.; Huang, Q.; Shi, X. Excellent
copper(II) removal using zero-valent iron nanoparticle-immobilized
hybrid electrospun polymer nanofibrous mats. Colloids Surf, A 2011,
381, 48—54.

(11) Teo, W. E.; Ramakrishna, S. Electrospun nanofibers as a platform
for multifunctional, hierarchically organized nanocomposite. Compos.
Sci. Technol. 2009, 69, 1804—1817.

(12) Xiao, S.; Shen, M; Ma, H;; Guo, R;; Zhu, M.; Wang, S.; Shi, X.
Fabrication of Water-Stable Electrospun Polyacrylic Acid-Based Nano-
fibrous Mats for Removal of Copper (II) Ions in Aqueous Solution. J.
Appl. Polym. Sci. 2010, 116, 2409—2417.

(13) Sang, Y; Li, F; Gu, Q; Liang, C; Chen, J. Heavy Metal-
Contaminated Groundwater Treatment By A Novel Nanofiber
Membrane. Desalination 2008, 223, 349—360.

(14) Kampalanonwat, P.; Supaphol, P. The Study of Competitive
Adsorption of Heavy Metal Ions from Aqueous Solution by Aminated
Polyacrylonitrile Nanofiber Mats. Energy Procedia 2014, 56, 142—151.

7189

(15) Min, L.-L.; Zhong, L.-B.; Zheng, Y.-M; Liu, Q.; Yuan, Z.-H.; Yang,
L.-M. Functionalized Chitosan Electrospun Nanofiber For Effective
Removal Of Trace Arsenate From Water. Sci. Rep. 2016, 6, No. 32480.

(16) Xu, Z.-L; Qusay, F. A. Polyethersulfone (PES) Hollow Fiber
Ultrafiltration Membranes Prepared By PES/Non-Solvent/NMP
Solution. J. Membr. Sci. 2004, 233, 101—111.

(17) Boussu, K.; Vandecasteele, C.; Van der Bruggen, B. Study of the
characteristics and the performance of self-made nanoporous
polyethersulfone membranes. Polymer 2006, 47, 3464—3476.

(18) Homaeigohar, S.; Zillohu, A. U.; Abdelaziz, R.; Hedayati, M. K;
Elbahri, M. A Novel Nanohybrid Nanofibrous Adsorbent for Water
Purification from Dye Pollutants. Materials 2016, 9, No. 848.

(19) Alberti, A.; Bongiorno, C.; Pellegrino, G.; Sanzaro, S.; Smecca, E.;
Condorelli, G. G.; Giuffrida, A. E.; Cicala, G.; Latteri, A.; Ognibene, G.;
Cassano, A,; Figoli, A.; Spinella, C.; La Magna, A. Low temperature
sputtered TiO2 nano sheaths on electrospun PES fibers as high porosity
photoactive material. RSC Adv. 2018, S, 73444—73450.

(20) Ding, Y.; Zhu, W.-H.; Xie, Y. Development of Ion Chemosensors
Based on Porphyrin Analogues. Chem. Rev. 2017, 117, 2203—2256.

(21) Paolesse, R.; Nardis, S.; Monti, D.; Stefanelli, M.; Di Natale, C.
Porphyrinoids for Chemical Sensor Applications. Chem. Rev. 2017, 117,
2517-2583.

(22) Ding, Y.; Zhu, W.-H.; Xie, Y. Development of Ion Chemosensors
Based on Porphyrin Analogues. Chem. Rev. 2017, 117, 2203—2256.

(23) Zamadar, M.; Orr, C.,; Uherek, M. Water Soluble Cationic
Porphyrin Sensor for Detection of Hg**, Pb**, Cd**, and Cu?*. J. Sens.
2016, 2016, No. 1905454.

(24) D’Urso, A.; Di Mauro, A.; Cunsolo, A; Purrello, R.; Fragala, M. E.
Solvophobic versus Electrostatic Interactions Drive Spontaneous
Adsorption of Porphyrins onto Inorganic Surfaces: A Full Noncovalent
Approach. J. Phys. Chem. C 2013, 117, 17659—1766S.

(25) Mahshid, S.; Askari, M.; Sasani Ghamsari, M. Synthesis of TiO2
Nanoparticles by Hydrolysis and Peptization of Titanium Isopropoxide
Solution. J. Mater. Process. Technol. 2007, 189, 296—300.

(26) Zhang, Z.; Maggard, P. A. Investigation of Photocatalytically-
Active Hydrated Forms of Amorphous Titania, TiO,-nH,O. J.
Photochem. Photobiol,, A 2007, 186, 8—13.

(27) Ko, Y. G.; Choi, U. S. Observation Of Metal Ions Adsorption On
Novel Polymeric Chelating Fiber And Activated Carbon Fiber. Sep.
Purif. Technol. 2007, 57, 338—347.

(28) Wan Ngah, W. S.; Teong, L. C.; Hanafiah, M. A. K. M. Adsorption
of Dyes and Heavy Metal Ions by Chitosan Composites: A Review.
Carbohydr. Polym. 2011, 83, 1446—1456.

(29) Kampalanonwat, P.; Supaphol, P. Preparation and Adsorption
Behavior of Aminated Electrospun Polyacrylonitrile Nanofiber Mats for
Heavy Metal Ion Removal. ACS Appl. Mater. Interfaces 2010, 2, 3619—
3627.

(30) Kosmulski, M. The Significance of the Difference in the Point of
Zero Charge Between Rutile and Anatase. Adv. Colloid Interface Sci.
2002, 99, 255—264.

(31) Alebeid, O.K,; Zhao, T.; Seedahmed, A. I. Dyeing and Functional
Finishing of Cotton Fabric Using Henna Extract and TiO, Nano-Sol.
Fibres Polym. 2018, 16, 1303—1311.

(32) Hambright, P. Chemistry of Water-Soluble Porphyrin. In
Porphyrin Handbook; Kadish, K., Smith, K., Guilard, R., Eds.; Elsevier,
Academic Press, 2009; Vol. 3, pp 132—208.

(33) Savenije, T.J.; Maree, C. H. M.; Habraken, F. H. P. M.; Koehorst,
R. B. M,; Schaafsma, T. J. Deposition Of Water Soluble Porphyrins On
Solid Substrates. Thin Solid Films 1995, 265, 84—88.

(34) Zhang, Z.; Verma, A. L.; Nakashima, K.; Yoneyama, M.; Iriyama,
K; Ozaki, Y. Substrate-Dependent Aggregation and Energy Transfer in
Langmuir-Blodgett Films of 5-(4-N-Octadecylpyridyl)-10,15,20-tri-p-
tolylporphyrin Studied by Ultraviolet-Visible and Fluorescence
Spectroscopies. Langmuir 1997, 13, 5726—5731.

(35) Tan, C; Fan, W.-H,; Wang, W.-X. Role of titanium dioxide
nanoparticles in the elevated uptake and retention of cadmium and zinc
in Daphnia magna. Environ. Sci. Technol. 2012, 46, 469—476.

DOI: 10.1021/acsomega.8b00284
ACS Omega 2018, 3, 7182-7190


http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00284/suppl_file/ao8b00284_si_001.pdf
mailto:me.fragala@unict.it
http://orcid.org/0000-0002-0255-1792
http://orcid.org/0000-0001-9414-7780
http://dx.doi.org/10.1021/acsomega.8b00284

ACS Omega

(36) Tamura, H.; Furuichi, R. Adsorption Affinity of Divalent Heavy
Metal Ions for Metal Oxides Evaluated by Modeling with the Frumkin
Isotherm. J. Colloid Interface Sci. 1997, 195, 241—249.

(37) Li, W,; Pan, G.; Zhang, M.; Zhao, D.; Yang, Y.; Chen, H,; He, G.
EXAFS Studies on Adsorption Irreversibility of Zn(II) on TiO2:
Temperature dependence. J. Colloid Interface Sci. 2008, 319, 385—391.

(38) Mpofu, P.; Addai-Mensah, J.; Ralston, J. Influence of Hydro-
lyzable Metal Ions on the Interfacial Chemistry, Particle Interactions,
and Dewatering Behavior of Kaolinite Dispersions. J. Colloid Interface
Sci. 2003, 261, 349—359.

(39) Yunpeng, H.,; Yue-E, M,; Tianxi, L. Electrospun fibrous
membranes for efficient heavy metal removal. J. Appl. Polym. Sci.
2014, 131, 40864.

(40) Zhijiang, C.; Jianru, J.; Qing, Z.; Haizheng, Y. Preparation of
amidoxime surface-functionalized polyindole (ASFPI) nanofibers for
Pb(II) and Cd(II) adsorption from aqueous solutions. RSC Adv. 2015,
S, 82310—82323.

(41) Senthamizhan, A.; Balusamy, B.; Celebioglua, A; Uyar, T.
“Nanotraps” in porous electrospun fibers for effective removal of
lead(I) in water. J. Mater. Chem. A 2016, 4, 2484—2493.

7190

DOI: 10.1021/acsomega.8b00284
ACS Omega 2018, 3, 7182-7190


http://dx.doi.org/10.1021/acsomega.8b00284

