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Arsenic is a concern for its ubiquity in the environment and its accumulative and toxic
properties. Water is often contaminated with this chemical, so developing simple, scal-
able, and green water treatment technologies is urgently needed. We show here that the
ability of the 1-Cysteine biomolecule to form complexes with arsenic inspires its use as a
natural bio-inspired sorbent to develop advanced functional materials. We establish for
the first time a way to chemically anchor 1-Cysteine (1-Cys) inside highly hydrophilic
nanofibers to create a membrane capable of lowering As(V) concentration below the WHO
limit of 10 pg/L. A homogeneous precursor mixture of an aqueous solution of PVA and t-
Cys (5 wt% and 10 wt% of 1-Cys with respect to PVA) was electrospun to obtain a nano-
fibrous membrane. Successful immobilization of L-Cys within PVA nanofibers is achieved
during heat treatment at 190 °C. It occurs through esterification reactions between the
hydroxyl group on the PVA chain and the carboxylic acid on L-Cys. Arsenic sorption (as As
(V)) was assessed by batch experiments in aqueous media and at a controlled pH range.
The maximum removal efficiency was achieved at pH 7, supporting the formation of
thiolate complexes as the primary mechanism for arsenic sorption. We show that .-Cys
confinement makes arsenic diffusion inside the nanofibers a rate-limiting process in
adsorption kinetics, following the pseudo first order equation. Overall, this work estab-
lishes a novel arsenic remediation strategy and encourages the research of nature-
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mimicking adsorbents and biodegradable polymers to develop functional materials in

water remediation.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Institution of Chemical

Engineers.
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1. Introduction

While arsenic (As) is considered one of the most dangerous
hazards in drinking water, at least 140 million people in fifty
countries are exposed to high levels of As, beyond the cur-
rent WHO guideline value (10 pg/L) (Litter et al., 2019; WHO,
2017). In Argentina, 4 million people live in areas con-
taminated with arsenic, reaching up to 2000 pg/L in some
regions (CONICET, 2018) and, due to geological and environ-
mental conditions, the main arsenic species present in
human consumption waters is As(V) (Litter et al.,, 2019;
CONICET, 2018). Long-term consumption of As contaminated
water may lead to severe diseases such as skin lesions, hy-
perkeratosis, bladder or lung cancer (Mohammed Abdul
et al,, 2015). In particular, the toxicity of inorganic arsenic
species, the main species found in water, likely occurs either
by replacing phosphate anion in some metabolic processes
or by binding with sulfhydryl groups (R-SH) in proteins (Shen
et al,, 2013; Tam et al., 2020).

Recently, bio-based sorbents have shown to be a pro-
mising approach for environmental remediation, including
arsenic. They are eco-friendly, sustainable, cost-effective,
and have a similar performance to traditional adsorbents
(Giri et al.,, 2021; Solangi et al., 2021). Due to its unique che-
mical properties, the biomolecule r-Cysteine (.-Cys) can be
used to develop materials with the ability to form complexes
with arsenic and remove this metalloid from water. 1-Cys
(Fig. 1) is a semi-essential amino acid containing an R-SH
group with crucial functions in various biological processes.
It is frequently detected in functional sites of proteins even
though it is not an amino acid often observed in proteins and
enzymes. Due to its reactivity, redox activity, polarizability,
and high binding affinity for metals (such as arsenic (Poole,
2015; Shen et al.,, 2013; Timalsina et al.,, 2021)), .-Cys is an
excellent candidate for incorporating adsorbents for this
specific metal. The reaction between arsenic and sulfhydryl
(thiol) compounds involves displacing the -OH ligands in the
arsenic species by the R-SH group to yield the corresponding
thiolate complexes (Carrero et al., 2001; Spuches et al., 2005).

Several works have reported the use of the thiol group for
environmental remediation. For example, thiol-functionalized
chitin nanofibers for As(lll) adsorption were prepared by
grafting 1-Cys on the chitin surface (Yang et al., 2015). Chen
et al. (2019). prepared nanoscale dialdehyde cellulose-cysteine
fibers to remove As(Ill) from the water showing high adsorp-
tion capacity. Also, keratin protein has been used to improve
arsenic removal efficiency, given that it contains around 20%
by weight of 1-Cys (Timalsina et al., 2021). 1-Cys-based sur-
factants have also been synthesized as an environmentally
friendly and biodegradable material with a cysteine head-
group for selective As(V) binding in water treatment
(Makavipour et al., 2019). The surface functionalization of
magnetic nano-magnetite nanoparticles with 1-Cys (Fe30,@Cy)
presented improved stability and enhanced arsenite and ar-
senate adsorption efficiency (Tripathy et al., 2020). The arsenic

removal efficiency in these previous works ranged from 27% to
75%, and the adsorption process required long contact times.
In most cases, the adsorption experiments were conducted at
initial arsenic concentrations ranging from 5 mg/L to 2500 mg/
L, far above the typical levels found in drinking water. Fur-
thermore, one drawback of using loose adsorbents is that re-
moving them requires an extra process, often adding another
filtering step. Without immobilizing them inside a membrane,
the adsorbent might be released into the water with further
contamination of the environment.

A great way to immobilize thiol groups could be achieved
by anchoring them in a permeable, self-standing membrane
capable of interchanging water with the medium. In fact, in-
corporating adsorbents within a membrane has shown to be
an effective way to remove arsenic from water (Zhang et al.,
2021). In this sense, electrospinning is a versatile and scalable
approach to producing porous membranes with high perme-
ability and a great surface area made up of nano or sub-mi-
cron polymeric fibers. Electrospun membranes are a complex
and advanced functional structure with unique properties
compared to other bio-sorbents such as films or gels. For ex-
ample, electrospun nanofibers have a tunable porous struc-
ture that allows their use as microfiltration membranes
(Goncalves et al., 2022). These fibers may contain additives or
be functionalized for specific purposes like water remediation,
air filtration, adsorption, catalysis, etc. (Ray et al., 2016; Ribba
et al,, 2017). Among available electrospinning polymers, poly
(vinyl alcohol) (PVA) is soluble in water, bio-compatible, and
non-toxic. It also has good thermal and chemical stability
(Koski et al.,, 2004). The insolubility of an electrospun PVA
membrane can be achieved with a proper heat treatment or
crosslinking agent (Lopez-Cordoba et al.,, 2016; Estevez-Areco
et al., 2018). In particular, insoluble electrospun PVA has been
successfully applied as a membrane for the filtration of TiO,
NPs and as high-flux microfiltration filters (Cimadoro and
Goyanes, 2020; Liu et al., 2013).

Moreover, the fibers swell underwater because they are
still hydrophilic after insolubilization (Cimadoro and
Goyanes, 2020; Miraftab et al., 2015). PVA electrospun mem-
branes have shown excellent performance in water re-
mediation. For example, Pereira et al. (2021) reported a novel
bio-hybrid membrane of PVA nanofibers and free-living
bacteria to simultaneously remove Cr(VI) and phenol. Like-
wise, PVA nanofibers crosslinked with glutaraldehyde were
capable of absorbing Pb(Il) and Cu(ll) (Tian et al., 2019). In
particular, for arsenic removal, high As(V) adsorption was
achieved by confining and dispersing iron oxide nano-
particles inside electrospun PVA nanofibers (Torasso et al,,
2020). Other functionalized electrospun membranes have
been reported to remove arsenic from water using chitosan,
an amino-based biopolymer (Talukder et al., 2021; Min et al.,
2019), or styrene-divinylbenzene copolymer functionalized
with phosphonium pendant groups impregnated with crown
ether and iron ions showing high adsorption in the
25-175 pg/L range (Negrea et al., 2014). Although, in the lit-
erature is reported that electrospun nanofibers are modified
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Table 1 - Composition and properties of electrospun solutions. Conductivity and viscosity were measured at 25 °C. Suffix

HT in sample names stands for heat-treated membranes.

Sample % PVA (w/w) % CA (w/w)* % L-Cys (w/w)* Conductivity (mS/cm) Viscosity (cP)
PVA 11 10 = 0.91 + 0.01 380 = 3
PVA-LCys 5% 11 10 5.0 3.97 = 0.01 347 + 3
PVA-LCys 10% 11 10 10 8.31 + 0.01 348 + 3

® Percentage respect to the mass of PVA in solution (wt%/PVA weight).

to incorporate 1-Cys, such functionalization is performed in
additional steps that require the use of chemicals harmful to
the environment. Thus, the final product is made of metallic
oxides nanofibers for sensing purposes (Arvand and Sayyar
Ardaki, 2017; Halicka and Cabaj, 2021; Oliveira et al., 2020).
There are no reports of in situ incorporation of the amino
acid into electrospun PVA membranes for remediation, par-
ticularly for arsenic removal.

Here we developed a novel electrospun PVA membrane
containing immobilized 1-Cys, preventing the migration of
the sorbent to the environment, and assessed its efficiency
for the removal of arsenic from water. The specific objectives
are (i) use a green process via electrospinning of an aqueous
solution of PVA and :-Cys followed by heat treatment at
190 °C to produce a self-supporting membrane, that is in-
soluble in water, (ii) reach the removal of arsenic to 10 pg/L,
the maximum permitted by WHO, and (iii) perform the re-
moval at pH 7, the optimal for a drinking water treatment in
a short contact time. We show, via thermal and structural
characterizations, that heat treatment (never used in the
literature for these membranes) is a fundamental step for
covalently attaching 1-Cys to PVA chains through an ester-
ification reaction. Batch experiments at different pH values
evaluated the As(V) removal performance of the membrane.
These results indicate that the thiol group is mainly re-
sponsible for As(V) capturing through a complexation reac-
tion. Finally, kinetic experiments suggest that the
encapsulation of 1-Cys makes diffusion of arsenic species
inside the nanofibers a rate-limiting step for adsorption. All
experiments were done at typical concentrations commonly
detected in Buenos Aires province, Argentina.

2. Materials and methods
2.1. Materials

PVA (Mowiol 10-98) with MW = 61,000 g/mol and 98% degree
of hydrolysis was supplied from Sigma Aldrich. Citric acid
(CA), 1-Cysteine hydrochloride (1-Cys), ascorbic acid, anti-
monyl tartrate, and ammonium molybdate were purchased
from Biopack (Argentina). All these chemicals were 98% pure
or higher. Sulfuric acid (98% wt.) and hydrochloric acid (36%
wt.) were supplied by Cicarelli (Argentina). A 1000 mg/L
NaH,As0,4-7H,0 standard solution (Merck) was used in ar-
senic adsorption experiments. Deionized water was used to
prepare reagents and stock solutions.

2.2. Membrane preparation

PVA and citric acid (CA) were dissolved in water at 80 °C for
2 h under stirring to obtain a homogeneous mixture. After
cooling to room temperature, .-Cys was added and stirred for
24 h. Table 1 describes each sample’s electrospinning solu-
tion and nomenclature. These solutions were electrospun

using an electrospinning machine (Tong Li Tech, China) at
30kV, an injection rate of 0.5 mL/h per needle, and a collector
distance of 12.5 cm. The membranes were heat-treated (HT)
at 190 °C for 10 min to obtain a water-insoluble material
(Cimadoro and Goyanes, 2020). Solution viscosity and con-
ductivity were measured with a Brookfield viscometer
(model LV-DV-E) and an Orion Versastar conductometer
(Thermo scientific).

To study the possible loss of 1-Cys during membrane
contact with water, samples of heat-treated membranes
(2 x 2 cm?) were immersed in water at room temperature
(22-25 °C) for 24 h under orbital shaking at 120 rpm. Then, the
samples were dried at 50 °C until constant weight (Cimadoro
and Goyanes, 2020) and characterized by SEM, FTIR, and TGA.

2.3.  Adsorption experiments

Batch experiments were carried out at a fixed amount of bio-
adsorbent (670 mg/L of 1-Cys) and 300 pg/L As(V) initial
concentration, at room temperature in a rotary shaker at
120 rpm to determine the material performance for arsenic
removal. Batch experiments are the standard procedure to
test the adsorption capacity and kinetics of materials, in-
cluding bio-sorbents and electrospun membranes like the
one presented in this study (Bahmani et al.,, 2019; Guo et al.,
2021; Min et al., 2015). Optimal pH for arsenic adsorption was
tested by measuring equilibrium concentrations (24 h) for a
100 pg/L As(V) in the pH range from 4 to 10, fixed either using
a citrate buffer (up to pH 7) or a 0.1 M NaOH solution (from pH
8 to 10). The As concentration used in pH studies was similar
to that found in 60% of the districts studied in Buenos Aires
province, Argentina (Bardach et al., 2015; Litter et al., 2019).
For kinetic studies, pH was adjusted to 7 with a citrate buffer,
and arsenic concentration was measured at times between
15 min and 24 h.
The removal efficiency (%R) was calculated as

%R = (Ci - Cf) / (Ci) 100%

where Ci and Cf are the initial and equilibrium As(V) con-
centrations respectively. As(V) concentration was measured
according to a well-known arsenomolybdate colorimetric
method (Baigorria et al., 2020; Dhar et al., 2004) using an UV
spectrophotometer (Shimadzu UV-Vis 1800), with little
modification in the mixing ratio of the reagent for the color
development. The optimal mixing ratio was found to be
2:3:1.5:6 for the solutions of ascorbic acid, ammonium mo-
lybdate solution, potassium antimonyl tartrate and sulfuric
acid respectively. This colorimetric method has proven to be
simple, economical, and suitable to study the arsenic re-
moval efficiency of polymeric nanocomposites (Baigorria
et al., 2020). The calibration solutions and blanks were pre-
pared with a citrate buffer to consider possible interference
in the methodology. To dismiss possible reduction of As(V) to
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Fig. 1 — Molecular structure of .-Cysteine, a thiol-containing
amino acid.

As(IIl) by 1-Cysteine, a 2 mM KIO; oxidizing solution was
added to the samples before analysis (Dhar et al., 2004).

All adsorption experiments were performed in triplicate.
The error was estimated as the standard deviation of the
three measurements. The quantification limit of the spec-
trophotometric method was 10 pg/L.

2.4. Characterizations

Chemical characterization was performed by ATR-FTIR (model
4100, Jasco, Japan). Spectra were recorded from 4000 cm™ to
600 cm™* with a resolution of 4 cm™. The C-H bending (-CH,) at
1421 cm™ was selected as the reference band, given that it was
not expected to change after the ester/crosslink reaction
(Lopez-Cordoba et al., 2016). The intensity ratio of the band of
interest to the reference band was calculated to track relative
changes in the functional groups of the samples.

Morphology of the membranes was observed by SEM using
a JEOL JSM 6390LV operated at 30 kV. Elemental composition
was evaluated by EDX. Contact angle was studied using an
Optical Tensiometer (OneAttension theta - Biolin Scientific).
Thermogravimetric analysis (TG) and differential thermal
analysis (DTA) were performed in a Shimadzu DTG-60 (Japan)
under a dry nitrogen atmosphere in the range of 25-550 °C at a
heating rate of 10 K/min. Differential scanning calorimetry
(DSC) measurements were performed on ~10 mg samples

g\,‘;‘ AP fe
DXSE AT LIRS

48

et VAR e L

using a TA Instruments Q2000 at a heat rate of 5 K/min. The
samples were placed in non-hermetic aluminum pans and
put through a previous drying sequence up to 150 °C. A helium
flow rate of 25 mL/min was used at all times. Glass transition
of the materials (Tg) was obtained using the bisector method.

3. Results and discussion
3.1. Surface morphology analysis

The developed PVA-LCys membranes are homogeneous and
self-supporting, and their thickness can be controlled by the
electrospinning time (see Fig. SO). Their morphology and
composition are essential aspects that determine their func-
tionality as an adsorbent for arsenic. Thus, the nanofiber
structure was first analyzed via scanning electron microscopy,
shown in Fig. 2. The typical porous structure of randomly
oriented nanofibers produced by electrospinning with nano-
fiber diameters of (120+10) nm can be seen. Adding 1-Cys
increases the rugosity of the fibers and the diameter dis-
tribution width without significantly changing the mean of
the nanofiber diameters. EDX analysis confirms the presence
of 1-Cys through sulfur detection and shows that the sulfur
content of PVA-LCys 10% HT doubles that of PVA-LCys 5% HT.

3.2. FTIR analysis

In Fig. 3, a comparison of the FTIR spectra of samples before
and after heat treatment is shown. It is seen that the an-
choring of the 1-Cys to the PVA chain is performed during the
heat treatment through the reaction between the -OH group
in the PVA and the -COOH group of the L-Cys. Also, it is ob-
served that the 1-Cys remain covalently attached to the na-
nofibers after washing (Fig. 3(b)).

The presence of 1-Cys within the PVA nanofibers is also
revealed in the FTIR spectra through the presence of amino
group bands. The asymmetric bending vibration of the -NH,
group at 1619 cm™ (Kogelheide et al., 2016; Pereira et al., 2014)

PVA-LCys 5% HT35./

VIR

® LCys10%

LCys 10%

LCys 5%

® ¢

1 2 keV

Fig. 2 - SEM images of PVA and PVA-LCys heat-treated samples. EDS spectra of PVA-LCys 5% HT and PVA-LCys 10% HT are
also shown, along with the corresponding relative sulfur content.
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Fig. 3 - FTIR spectra of samples (a) before heat treatment, and (b) after heat treatment and after washing.

is observed in the samples before and after heat treatment,
and even after washing (Fig. 3(a) and (b) respectively).

All spectra showed the characteristic PVA absorption
bands: C-H symmetric (2910 cm™*) and asymmetric (2939 cm™)
stretching, C-H bending at 1421cm™, O-H bending at
1328 cm™, C-O stretching at 1089 cm™, C=0 stretching at
1716 cm™ and O-H stretching at 3314cm™ (Estevez-Areco
et al., 2018; Vergara-Rubio et al., 2022). Some PVA bands are
also present in the PVA-LCys spectrum, and, as can be seen in
Table S1 (in Supplementary information), their relative in-
tensity increases with the content of -Cys in the materials.

By comparing Fig. 3(a) and (b), it is observed that heat
treatment changes the chemical structure of PVA and PVA-
LCys membranes. The main difference between the treated
(Fig. 3(b)) and the untreated samples (Fig. 3(a)) is the increase of
the peak at 1142 cm™ assigned to C-O-C stretching (Socrates,
2004). Besides, the O-H bending and stretching vibrations are
less intense in PVA-LCys HT than in the PVA-LCys spectrum.

Note that all samples were prepared with CA and that
PVA can undergo esterification/crosslinking reaction with
either CA or 1-Cys (Lopez-Coérdoba et al., 2016). Hence, in
PVA HT spectra, the C=0 and C-O-C bands are assigned to
ester/crosslinking reactions between PVA and CA. Fur-
thermore, the relative intensity of C-O-C increases with -
Cys content (I;142/l1421 ratio in Table S1 in SI), which is
probably due to further esterification reactions between the
-OH group in PVA and the -COOH group in 1-Cys. This fact is
also supported by less intense O-H bending and stretching
vibrations in PVA-LCys HT compared to the PVA HT spec-
trum (Is314 / l14p1 in Table S1 in SI). The extent of the es-
terification reaction significantly increases with 1-Cys
content, which can be estimated by the intensity ratio of
C=0 to O-H bands (I;71¢/I3314) (Sonker et al., 2018). Given
that the content of CA is the same for every sample, these
results provide clear evidence of the PVA chain’s functio-
nalization with 1-Cys through an esterification reaction
during heat treatment.

1-Cys immobilization within PVA nanofibers through
covalent bonding prevents them from leaching into the
water when submerged for arsenic adsorption. This hy-
pothesis is confirmed, given that the FTIR spectrum of PVA-
LCys 10% HT wash sample (Fig. 3(b)) does not present dif-
ferences from that of PVA-LCys 10% HT.

3.3. Thermal degradation

Thermogravimetric analysis can also assess L-Cys content
and interaction with the membrane. TG measurements were
performed on bulk 1-Cys, on the membranes before and after
heat treatment (see Fig. 4(a) and (b)), and on washed PVA-
LCys 10% HT (Fig. 4(c)).

Fig. 4(a) shows that bulk L-Cys abruptly degrades and loses
74% of its mass at 250 °C. In PVA-LCys samples, this would
represent a 3.7 and 7.4 wt% loss for PVA-LCys 5% and PVA-
LCys 10% membranes, respectively. Effectively, the inset of
Fig. 4(a) shows an increased weight loss at 250 °C for samples
containing 1-Cys: 3.3% for PVA-LCys 5% and 6.4% for PVA-
LCys 10%. These results suggest that L-Cys content is roughly
two times higher in PVA-LCys 10% than PVA-LCys 5% sample.
This tendency was also observed in the -NH, band ratio in
FTIR studies (see Ijg10/l14p1 in Table S1 in SI) and in EDS
analysis.

Three clear degradation steps can be observed for the
membranes, corresponding to evaporation of adsorbed water
(up to 100 °C), degradation of side groups (300-400 °C) which
form water and other volatile compounds such as ketones
and acetaldehyde, and decomposition of the main polymer
chain (400-450 °C) (de Dicastillo et al., 2017; Holland and Hay,
2001). Fig. 4(b) shows that adding 1-Cys scarcely increases the
thermal stability of the heat-treated membranes, delaying
the beginning of the side group's degradation (the peak shifts
towards higher temperatures by only 3°C (see also DTG
curves in Fig. 5)). This behavior was also reported by Sonker
et al. (2018) for PVA films crosslinked with suberic or ter-
ephthalic acid, in which the decomposition temperature in-
creased with the concentration of organic acid. r-Cys
degradation is not seen in TGA degradation curves of heat-
treated membranes in Fig. 4(b), suggesting that L-Cys is not
free inside the nanofibers. The reduction of -OH groups in the
side chains of PVA would also explain the slight increase in
thermal stability for samples containing r-Cys (see also
Fig. 7). Overall, these results further support the esterification
reaction previously observed in FTIR studies.

It is essential to notice no significant differences in de-
gradation curves for samples before and after washing with
water (Fig. 4(c)). In particular, this means that the washing of
the sample does not alter its weight loss in the r-Cys
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Fig. 4 - TGA analysis of the samples (a) before heat treatment, (b) after heat treatment and (c) after washing. .-Cys
degradation is shown in (a). Insets show a close up on bulk 1-Cys main degradation temperature.
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Fig. 5 - DTG of the samples with thermal treatment. Inset
shows degradation of remnant un-bonded r-Cys in the
samples.

degradation region, indicating that r-Cys is not lost during
washing, as previously shown in FTIR studies.

3.4. DSC analysis

To reveal the role of 1-Cys in the polymeric matrix, DSC
studies of the membranes (Fig. 6) before (a) and after (b) heat
treatment were performed for different contents of 1-Cys.
DSC curves of membranes before heat treatment show that
the increase of 1-Cys from 0% to 10% modifies both the
amorphous and crystalline regions of the nanofibers. A sys-
tematic decrease in the glass transition temperature (77 °C,
75 °C, and 73 °C increasing the -Cys content from 0% to 10%)
suggests that 1-Cys acts as a plasticizer. Furthermore,
changes in the molecular interactions induced by 1-Cys also
affect the endothermic peak (i.e., the melting process),
broadening and shifting towards higher temperatures. In
particular, the broadening of the endothermic peak was re-
ported in previous studies in which plasticizers were added
to the polymeric matrix (Lim and Wan, 2008; Srithep and
Pholharn, 2017).

In the case of heat-treated membranes, a new T arises
around 125 °C. The presence of two glass transitions even for
the membrane without r-Cys indicates a heterogeneous
material at a microscopic level (inset of Fig. 6(b)). Some of
these regions correspond to those generated by esterifica-
tion/crosslink with CA, which gives a higher T, The other
region is the unaltered polymer with a T, around 60 °C.

Conversely, a single Ty at 125°C is observed for 1-Cys-
containing membranes, possibly due to further esterification
reactions involving L-Cys previously observed in FTIR studies.
Interestingly, the heat treatment induces esterification of
PVA with 1-Cys or CA, preventing them from acting as plas-
ticizers. These interactions also generate substantial mod-
ifications in the endothermic peak related to polymer
melting. In the heat-treated materials, these peaks become
sharper and shift towards higher temperatures. The broad
shoulder at 150°C vanishes, indicating a different melting
process in these samples compared to membranes without t-
Cys or CA. These results suggest that the plasticizers (CA
and/or 1-Cys) are no longer available within the structure and
are now bonded with the polymer chains, according to the
observations in FTIR and TGA studies.

3.5. Water contact angle measurements

The previously mentioned changes in membrane structure
after heat treatment produce changes in their surface en-
ergy, as demonstrated by water contact angle measurements
(Table 2). While the untreated membrane (PVA) immediately
dissolves in water preventing contact angle measurement,
the heat-treated membranes are insoluble in water. The
addition of 1-Cys increases water contact angle and reduces
solubility in water, evidencing the increase in the number of
esterification reactions. These reactions lower the surface
energy of the membranes and lead to a reduction in inter-
molecular interaction with water.

The conjunct interpretation of FTIR, EDS, DSC, and con-
tact angle results, indicates that the r-Cys is covalently
bonded with PVA polymer chains in the nanofibers, pre-
venting its loss by migration out of the membrane and into
the water. Furthermore, the mechanism proposed for this
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Table 2 - Contact angle and solubility in water for samples containing different amounts of .-Cys.
PVA-LCys 5% HT PVA-LCys 10% HT

Material PVA PVA HT

Contact angle Not detected (35 £ 3)° (67 £ 5)° (71 £ 5)°

Drop picture - . F I ' r I

Water solubility 100% (5.5 +0.1) %

(1.8 + 0.1) % (17 + 0.1) %

interaction does not affect the availability of thiol groups, 3.6. Removal of As (V)

responsible for arsenic adsorption.

Every study presented here showed that 1-Cys content is 3.6.1. Effect of pH
more significant in the sample PVA-LCys 10% HT. Since ar- Arsenic contaminated groundwater is usually under neutral
senic adsorption occurs in thiol and/or amino groups, we to slightly alkaline pH conditions (Kumar et al., 2019). In ad-
chose this sample to perform arsenic adsorption experiments. dition, the arsenic adsorbent’s performance is pH-dependent
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Fig. 8 - Effect of pH on the adsorption of As(V) by PVA-LCys
10% HT membrane. Initial As(V) concentration was 100 pg/
L, dose of 670 mg 1-Cys/L, and 24 h contact time.

(Yang et al., 2015). Therefore, it is crucial to study the removal
efficiency of the PVA-LCys 10% HT membranes at different pH
values. Moreover, the pH of the water determines the arsenic
speciation. Fig. 8 shows the arsenic removal efficiency of the
PVA-LCys 10% HT membrane at different pH values.

The maximum removal efficiency was achieved at neutral
pH, which is desirable because most natural water sources
have a pH near 7.

The remaining As(V) concentration after adsorption
(10 pg/L) lies in the maximum permissible level of arsenic in
drinking water, according to WHO (2017). This value could be
even lower, considering that 10 pg/L is the limit of quantifi-
cation of our method. Furthermore, this result shows that
PVA-LCys 10% HT membranes are effective even in waters
with low arsenic levels (< 100 pg/L), which, for example, have
been reported in 290 localities of the Buenos Aires province
along with the south of Santa Fe province and the Atlantic
coast (Bardach et al., 2015; Litter et al., 2019; Taylor, 2017).
This low-level arsenic adsorption performance surpasses
previous works that use L-Cys containing adsorbents for As
(V) (Makavipour et al., 2019).

The behavior observed in the removal efficiency depen-
dence with pH (Fig. 8) owes to the formation of the well-
known thiolate complex between arsenic species and L-Cys
(Spuches et al., 2005), which are favored in a neutral or
slightly acidic medium (Yang et al.,, 2015; Chen et al., 2019).

At pH 7, the H,AsO, / HAsO,> As(V) arsenic species are
expected to be present in the reaction medium (Kumar et al.,
2019), and according to pKa value for R-SH in -Cys (~ 8.5), the
thiol group is mostly protonated (Poole, 2015). Therefore, it is
likely that the following reaction will take place:

2H* + HAsO,> + 5R-SH — As(SR); + R-S-S-R + 4H,0 (2)

In this reaction, the hydroxyl group (-OH) in arsenic spe-
cies is displaced by thiol groups (R-SH, in the end-side of
bounded 1-Cys where R is -CH,CH(NH,)COO-[CH-CH,)y,) in t-
Cysteine, to yield the thiolate complexes (Carrero et al., 2001).

At low pH (pH<S5), arsenic adsorption likely occurs
through electrostatic attraction between protonated amino
groups (NHs*) in 1-Cys and the negatively charged arsenic
species. For example, it has been reported that negatively
charged arsenic species can be adsorbed onto the positively
charged surface of a chitosan-based membrane (Min et al.,,

/ R

/ I

R As R
L 4
S S

Fig. 9 - Reaction products of the proposed mechanism of
arsenic bonding to PVA-LCys membrane, preceded by a
reduction of As(V) to As(Ill), yielding a disulfide bond. R is
-CH,CH(NH,)COO-[CH-CH,],.).

2019). Besides, in the removal of chromium species by 1-Cys-
capped Fe3;0, nano-adsorbent, the main adsorption me-
chanism is the interaction of electronically rich anionic
HCrO, species with a protonated amine at acid conditions
(pH <5) (Bashir et al., 2021). At pH > 8, the decrease in arsenic
removal probably is due to the repulsive interaction between
HAsO,> and the negatively charged surface of the adsorbent.

From these results, we can conclude that the dependency
of arsenic removal on the pH of the medium suggests two
modes of interaction of 1-Cys with pentavalent arsenic.
Thiolate complex formation through the -SH group at near-
neutral pH is the primary mechanism for arsenic sorption. In
contrast, at water pH values lower than 4, the interaction
between protonated amino groups and anionic arsenic spe-
cies predominates. Hence, the arsenic removal by r-Cys
containing membrane is a pH-dependent process. Fig. 9
shows the As adsorption structure and the disulfide by-
product based on the proposed reaction (Eq. 1).

3.6.2. Adsorption kinetics and isotherm
Testing adsorption kinetics is fundamental to understanding
arsenic migration into the nanofibers.

Fig. 10 shows the adsorption kinetic curve of PVA-LCys
10% HT, varying the contact time up to 60 h. Fast initial ad-
sorption is observed, with a characteristic time of 120 min
and a slow convergence towards a stationary state at
480min. To evaluate possible adsorption mechanisms,
pseudo first order (PFO), pseudo second order (PSO), and
Webber-Morris adsorption models were proposed. Among all
of them, PFO best fits the kinetic results.

Pseudo first order kinetics is obtained from the differ-
ential equation dg/dt =k (gm - q), and can be expressed in its
integral form as:

q(t) = qm [1- exp(-k t)] ©)

where gy, is the equilibrium adsorption capacity and k is the
inverse of the characteristic time (Lagergreen, 1907). Its lin-
earized form can be written as:

In(qm - q(t) = In(qm) - k t (3)

where it can be seen that g,, must be proposed as an input
parameter. Given that this should be made by the trial-and-
error method to obtain the optimal gy, value (Ho and McKay,
1998), a non-linear fitting was performed instead, as sug-
gested by Tran et al. (2017). Kinetic of adsorption of the
pseudo second order equation is obtained from equation dg/
dt =k, (qm - q)°, where k; is a constant and which integral
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Fig. 10 - Adsorption kinetics (a) and adsorption isotherm (b) of PVA-LCys 10% HT, measured with a dose of 667 mg .-Cys/L

and at pH 6.8.

form can be written as follows, in its non-linear form:

a) = qm’t/ (1 /k+qm/t) (4)
Weber-Morris adsorption can be expressed as:

q) =k t** +C (5)

The goodness of fit was assessed with the reduced chi-
squared statistic (y%g), which is more suitable when com-
paring non-linear models and is encouraged to use in ad-
sorption kinetic analysis (Tran et al., 2017). Table S2 (in SI)
shows the summarized result of the tested models, from
which we conclude that PFO better describes the chemical
mechanism of adsorption. This fact can also be appreciated
in the residual plots of the fits (Fig. S1).

Even though PFO is usually associated with physisorption
in particulate sorbents (Alkurdi et al., 2021), the case pre-
sented in this work involves an encapsulated adsorbent inside
highly hydrophilic nanofibers. Plazinski (2010) has shown that
modeling adsorption kinetics using film diffusion mechan-
isms lead to PFO equation for the case of a Henry-like ad-
sorption regime, even when chemisorption occurs in the core
of the solid phase. We measured the adsorption isotherm of
PVA-LCys 10% HT membrane to confirm this, shown in Fig. 10
(b). It is clearly observed that the isotherm of adsorption has a
linear behavior (R? = 0.98), as expected from Henry’s law. The
equilibrium concentration range of the isotherm includes the
one obtained in the kinetic adsorption experiment. With these
results, we conclude that PFO is compatible with the diffusion
of arsenate species into the nanofibers being the rate-con-
trolling step. This means that arsenic must first enter the
polymeric matrix, where species diffusion is slow as a con-
sequence of tortuosity induced by the polymer, and then react
with 1-Cys to form the thiolate complex. This agrees with the
usual adsorption mechanism of heavy metals in nanofibrous
membranes (Talukder et al.,, 2021; Zhu et al., 2021).

Adsorption studies have shown that binding sites for ar-
senic species are readily accessible even when the adsorbent
lies within the nanofibers, which is possible thanks to the
hydrophilic nature of PVA and its capability to swell under-
water (Cimadoro and Goyanes, 2020).

4, Conclusions

A Dbio-inspired membrane using a biodegradable polymer
was successfully developed based on the immobilization of

L-Cys inside PVA nanofibers. It can efficiently remove arsenic
from water down to 10 pg/L, surpassing the adsorption per-
formance of 1-Cys found in the literature and without
needing a further filtration process to remove the adsorbent.

Our results showed that 1-Cys anchor covalently to PVA
chains during heat treatment, providing active sites for ar-
senic adsorption in an insoluble, esterified/crosslinked
structure. FTIR and TGA results demonstrate that L-Cys mo-
lecules are not released into the environment, even when
washing the sample with water.

The maximum As(V) removal efficiency is obtained at
neutral pH, the optimal for drinking water treatment. We
have shown that thiolates are the leading functional groups
responsible for arsenic binding to 1-Cys. Adsorption kinetics
could be modeled using the pseudo first order equation,
compatible with subsurface diffusion of arsenic being rate-
limiting in the adsorption process.

Given that the demand for new green solutions to remove
arsenic from water increases continuously worldwide, these
findings are a mainstay for developing electrospun PVA-
based advanced nanostructured materials and bio-inspired
composites for water filtration.
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