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A B S T R A C T   

The problem of arsenic contamination in water demands sustainable, scalable, and easy-to-implement solutions. 
Various nano-adsorbents flourished in the last decade, but their use alone requires additional filtering processes 
to avoid environmental contamination. This work presents a simple, efficient, green approach to overcome this 
inconvenience while maximizing adsorption capacity. We show for the first time a novel approach to synthe-
sizing ultra-small nanoparticles (IONPs) within electrospun hydrophilic poly(vinyl alcohol) (PVA) nanofibers, 
avoiding NPs release into the environment when submerged in water. The in-situ synthesis favor enhanced 
arsenic adsorption capacity due to the excellent dispersion, tiny size, and surface availability of IONPs, reaching 
3.5 mg/g at 10 μg/L. We show that IONPs alter the polymeric matrix properties, such as the glass transition 
temperature and crystallinity, by preventing the formation of strong hydrogen bond inter/intramolecular in-
teractions of PVA. Insolubility and swelling capacity are essential characteristics of this membrane, which allow 
solution interchange for arsenic adsorption onto IONPs. Isotherm studies show that the increase from 1 wt% to 3 
wt% of IONPs content decreases the active sites for adsorption per mass of IONPs. Still, it does not alter the 
reusability of the membrane, which reaches at least 3 adsorption cycles with 80 % efficiency. We discuss the 
adsorption mechanisms and show that phosphate anions partially inhibit As(V) adsorption and that the mem-
branes are also highly capable of removing Cr(VI), independently of the presence of Ni(II).   

1. Introduction 

Water is a critical liquid on our planet since our biology, chemistry, 
and other physiological characteristics are based on it. Furthermore, 
water is a human right and is included as one of the global 17 sustainable 
development goals (SDGs) for 2030 [1]. However, today, one in three 
humans worldwide does not have access to safe drinking water. Millions 
of people in developing and developed countries [2,3] are affected by 
drinking water contaminants, particularly emerging contaminants [4] 
such as heavy metals or pharmaceuticals [5]. Among them, arsenic is 
considered one of the most dangerous hazards in drinking water[6], and 

at least 230 million people in 108 countries have been drinking water 
containing arsenic at levels above the WHO provisional guideline value 
of 10 μg/L [7]. 

Numerous water purification technologies have been proposed, 
mainly based on membrane filtration, distillation, reverse osmosis, 
adsorption, and ion exchange [8]. Nevertheless, most require several 
stages, increased investment and operating costs, high-energy re-
quirements, and reliance on materials with a high environmental foot-
print [9]. Among them, adsorption accompanied by nanotechnology is 
especially favorable because it involves materials extracted from by- 
products, and it meets a high removal efficiency with sustainability. 
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However, the drawbacks of the use of bulk nano-adsorbents (such as 
nanoparticles) include their tendency to agglomerate (with the conse-
quence of decreasing efficiency [10]) and the additional contamination 
produced if they are directly used in the water system [11]. On the other 
hand, the major problem with using NPs is their toxicity to humans and 
environmental impact [12]. Even biodegradable nanoparticles may 
accumulate within cells and lead to gene alternations [13]. Conse-
quently, retaining the NPs to be used safely is a central problem in nano- 
technological applications. 

In this context, nanoparticle confinement (and immobilization) oc-
cupies a central role in developing materials for water remediation, and 
it is a certain and promising alternative to using bulk adsorbents for 
water remediation [14]. Specifically, for arsenic removal, studies of the 
last decade show that iron oxide nanoparticles are excellent arsenic 
adsorbents [15] due to their enhanced surface-to-volume ratio, high 
affinity towards arsenic, low energy consumption, reversibility, and 
high selectivity [10]. A particular way to immobilize iron oxide nano-
particles is via electrospinning, a versatile and scalable membrane 
fabrication technique, which allows the production of nano- and sub- 
micron polymeric fibers for a wide range of applications, including 
water treatment, oil water filtration, particle filtration, and microor-
ganisms filtration [16–20]. Generally, preparing nano-adsorbent filled 
with nanoparticles involved two steps: the synthesis of NPs and their 
dispersion in the polymeric matrix. However, this procedure raises other 
issues, such as the significant size of the NPs, the limitation of their 
quantity included in the polymer, and their dispersion within the 
polymer. To overcome all these issues at a time, we explored the in-situ 
synthesis of the NPs during the electrospinning process. 

A suitable polymer to prepare membranes using electrospinning is 
poly(vinyl alcohol) (PVA). To start, PVA is biodegradable [21], making 
it perfect green for water purification Secondly, it can dissolve in several 
solvents (a necessary feature for electrospinning), and particularly in 
water. Thirdly, and more importantly, PVA can crosslink or dehydrate to 
become insoluble without losing its swelling capacity [22]. This is an 
essential character as the success of the remediation procedures depends 
entirely on the swelling of the membranes. The membranes must swell 
during the remediation process, allowing contaminants to reach the NPs. 
Therefore, PVA is more appropriate than other polymers to develop 
water treatment membranes. Previous studies of our group have suc-
cessfully confined iron oxide nanoparticles in electrospun PVA nano-
fibers using a two-step procedure. The first step was the synthesis of NPs, 
and the second was their suspension in a PVA solution by ultra- 
sonication before electrospinning. This method showed that NPs were 
excellently dispersed inside the nanofibers but, unfavorably, with a 
minor amount of NPs (0.14 wt%) [23]. 

With the main goal of confining a higher amount of NPs in the 
membrane, we explored the in situ synthesis of the NPs during the 
electrospinning process. This method is more straightforward as it is a 
one-step procedure. Additionally, it provides further advantages like 
better NPs growth control, steric stabilization, and homogeneous dis-
tribution of salt precursors. In this sense, there was a previous attempt in 
the literature. Wang et al. [24] reported electrospun PVA nanofibers 
containing in situ synthesized magnetic iron oxide NPs. Still, these fibers 
were not treated to yield a water-insoluble material, and, in turn, they 
did not assess contaminant adsorption. In addition, the electrospun so-
lution was dialyzed, which is expensive, time-consuming, and it can 
potentially contaminate the sample. 

This work shows a novel approach to synthesizing in situ ultra-small 
iron oxide NPs in electrospinning solutions. We obtained self-standing 
membranes with a considerable quantity of NPs compared with other 
membranes in the literature. Moreover, these membranes have high 
arsenic adsorption capacity and can reduce arsenic concentration below 
10 μg/L. We assess the effect of increasing NPs content in nanofibers 
morphology and arsenic adsorption performance. We show the NPs 
distribution inside the nanofibers using TEM microscopy and their 
interaction with the polymeric matrix via DSC and TGA. Moreover, 

increasing NPs content produces agglomeration, consequently reducing 
arsenic adsorption efficiency. Since disposing of the membranes after 
use may have an adverse environmental impact, we also analyze their 
desorption and reuse. Here, we probed three reuse cycles with high 
removal effectiveness (84 %) and without migration of iron to the water. 
Finally, we show that the methodology to make these membranes can 
also be used for the adsorption of heavy metals such as Cr(VI) and Ni(II), 
with a remarkable adsorption capacity for Cr(VI) which, in addition, is 
independent of the Ni content. 

2. Materials and methods 

2.1. Materials 

PVA (Mowiol 10–98) with MW = 61,000 g/mol and 98 % hydrolysis 
was purchased from Sigma Aldrich (Argentina). For the SPIONs in situ 
synthesis, reagent grade NaOH (Sigma), FeCl3 (Sigma), and FeSO4 
⋅7H2O (Biopack-Argentina) were used with no further purification. 
Deionized distilled water with a resistivity of 18.2 MΩ.cm and purged 
with argon gas for 30 min was used to prepare electrospinning solutions. 
For arsenic (V) dilutions, we used a 1000 mg/L As(V) standard solution 
for ICP (Sigma Aldrich) and DI water. Acetate buffers were prepared 
using acetic acid (Sigma Aldrich 99.8 %) and sodium acetate trihydrate 
(Sigma reagent plus > = 99 %). MES buffers were prepared using MES 
sodium salt (Sigma, ≥99 %) and MES monohydrate (Sigma, BioXtra 
≥99.0 %). Phosphate solution was prepared from sodium phosphate 
monobasic (H2NaPO4, Fluka ≥99.0 %). Chromium (VI) and nickel (II) 
solutions were prepared using chromium (VI) oxide (Aldrich) and nickel 
(II) chloride (98 %, Aldrich). 

2.2. Membrane fabrication 

First, 3 g of PVA were dissolved in 19 mL of water by constant stirring 
at 85 ◦C. Next, FeSO4⋅7H2O and FeCl3 were separately dissolved in 1 mL 
of water. After cooling of PVA solution to room temperature, iron so-
lutions were added and stirred until a homogeneous mixture was ob-
tained. Finally, a fixed amount of 2 M NaOH solution was added 
dropwise at 4.0 mL/h under ultrasonic batch sonication (40 kHz, 80 W) 
and mechanical stirring to force the precipitation of iron oxide nano-
particles in the presence of PVA (see solution preparation images in 
Fig. S1). The amount of salt was varied depending on the NPs fraction 
and according to the following precipitation reaction:  

2 Fe3+ + Fe2+ + 8 OH− → Fe3O4 + 4 H2O                                              

NaOH was added in 5 % excess. Then, the solutions were electrospun 
to give PVA-1, PVA-2, and PVA-3 membranes containing 1 %, 2 %, and 
3 % of iron oxide NPs with respect to PVA. All electrospinning solutions 
are stable for at least one week and no precipitate is observed in that 
time. A 12 % PVA solution without NPs was used to electrospin a control 
membrane (PVA-0). A summary of solution properties is shown in 
Table 1. Electrospinning was performed at 30 kV, using a custom 6-nee-
dle injector at 11 cm from the grounded collector. Total flow rate was 
2.5 mL/h for PVA-1 and 1.8 mL/h for PVA-2 and PVA-3. Relative hu-
midity and temperature were kept in the range 50–60 % and 24–26 ◦C, 
respectively. Before use, all electrospun membranes were heat-treated in 
an oven at 190 ◦C for 15 min to give water stability and then washed in 

Table 1 
Physical and chemical properties of the electrospinning solutions measured at 
(26 ± 1) ◦C.  

Solution Viscosity [cP] Conductivity [mS/cm] pH 

PVA-0 242 0.69 ± 0.02 5.50 ± 0.03 
PVA-1 216 3.44 ± 0.02 5.54 ± 0.03 
PVA-2 220 6.10 ± 0.02 6.40 ± 0.03 
PVA-3 231 8.78 ± 0.02 6.06 ± 0.03  
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deionized water (30 g/L) for 3 h at 120 rpm orbital shaking and until 
constant pH was reached to remove reaction by-products. A schematic 
illustration of the process is shown in Fig. 1(a). The membrane weight 
was compared before and after a second identical washing cycle using an 
analytical balance with the main goal of monitoring possible weight loss 
(Denver Instruments APX-200). This procedure was repeated after six 
months of water submersion. 

2.3. Characterizations 

Microscopy. The membrane morphology was revealed using a 
Scanning Electron Microscopy (FEI Helios 450S) equipped with EDX. 
Images were obtained using electron high tension (EHT) 2 kV, 100,000 
× magnification, and a working distance of 3.6 mm in carbon-coated 
samples. High-resolution transmission electron microscopy (HR-TEM) 
was performed with a JEOL JEM 2011 operating at 120 kV. Samples 
were prepared by electrospinning over Cu grids. 

TGA. Thermogravimetric analysis was performed with a TA In-
struments Q500 at a rate of 5 K/min under a nitrogen atmosphere on 25 
mg samples. Gas was changed to air at 500 ◦C to complete combustion 
and analyze the solid residue. Weigt loss values were normalized to the 
mass of the membranes after water evaporation, near 130 ◦C. The NPs 
load was quantitatively determined as the solid residue of the membrane 
after subtracting the solid residue of a control membrane without NPs. 

XRD. X-ray powder diffraction patterns of the samples were 
collected by using a Philips X’pert PRO automatic diffractometer oper-
ating at 40 kV and 40 mA, in theta-theta configuration, secondary 
monochromator with Cu-Kα radiation (λ = 1.5418 Å) and a PIXcel solid 
state detector (active length in 2θ 3.347◦). Data were collected from 5 to 
80◦ 2θ, step size 0.026◦ and time per step of 1200 s at RT (total time 4 h, 
scan speed 5.6◦/ms). A fixed soller and divergence slits giving a constant 
volume of sample illumination were used. Iron oxide databases were 
obtained from JCPDS (magnetite 01–088-0315), American Mineralogist 
Crystal Structure Database (akaganeite 1349 and lepidocrocite 
0020688) and Materials Project (hematite mp-19770 and goethite mp- 
605437) [25,26]. 

FTIR. Spectra were recorded from 4000 cm− 1 to 600 cm− 1 with a 
resolution of 4 cm− 1 in ATR mode using a Jasco FTIR-4100 (Japan). 

DSC. DSC studies were carried out using a TA Q2000 LNCS at 5 K/ 
min, using non-hermetic aluminum capsules, and running a previous 
drying sequence up to 130 ◦C to suppress the plasticizer effect of water in 
the samples. Glass transition of the materials (Tg) was obtained using the 
bisector method. 

Porosimetry. Nitrogen adsorption/desorption measurements were 
performed with an Autosorb iQ3 instrument (Quantachrome In-
struments) in the relative pressure range P/P0 from 7 × 10− 6 to 1. Before 
the adsorption analysis, the samples were outgassed for 24 h at 100 ◦C. 
The experiments were accomplished with a large sample (approximately 

1 g). 
NPs retention. The possible leaching of iron oxide nanoparticles was 

evaluated by determining the total iron in water after a simulated 
adsorption process (dose of 30 mgIONPs/L in 10 mL of deionized water) 
and for PVA-1 and PVA-2 membranes. After 24 h, the membranes were 
removed and the solution was digested with 500 μL of HNO3 (63 wt%, 
Biopack-Argentina). The iron concentration was determined by Flame 
Atomic Absorption Spectroscopy (FAAS) using air/acetylene (Shimadzu 
AA 6800 with a Shimadzu hollow cathode lamp source). 

2.4. Adsorption experiments 

All arsenic adsorption experiments were performed in batch, in 10 
mL solutions using a dose of 30 mg/L of IONPs (i.e., 30 mg of membrane 
for PVA-1, 15 mg for PVA-2, and 10 mg for PVA-3) under orbital shaking 
at 120 rpm and at (25 ± 1) ◦C. The pH of solutions was kept constant 
using either a 25 mM acetate buffer for pH 4 and 5 or a 4 mM MES buffer 
for pH 6.5 and 7.5. Adsorption isotherms were measured at varying 
initial concentrations of As(V) ranging from 100 μg/L to 2,000 μg/L, 
prepared from a 10 mg/L stock solution. Equilibrium arsenic concen-
tration (Ceq) was measured using an inductively-coupled-plasma atomic 
emission spectrophotometer (ICP-AES) Horiba Jobin Yvon Activa. Ali-
quots were taken at 48 h to measure Ceq, and adsorption capacity (q) was 
calculated as: 

q =
C0 − Ceq

d
(1)  

where C0 is the initial arsenic concentration and d is the adsorbent dose. 
The adsorption isotherms were fitted using both Langmuir and 

Freundlich models (Eqs. (2) and (3), respectively), given that they are 
usually employed to describe arsenic adsorption onto iron oxides [11]: 

q
(
Ceq

)
=

qMCeq

Ceq +
1

KL

(2)  

q
(
Ceq

)
= AC1

n
eq (3)  

where q is the adsorption capacity, Ceq is the equilibrium concentration, 
qM is the maximum adsorption capacity, and KL, A, and n are constants 
of the models [27]. 

For kinetic experiments, initial concentration was 600 μg/L and pH 5 
fixed using a buffer solution. We measured arsenic concentration be-
tween 15 min and 48 h. Data were analyzed using non-linear fittings of 
the pseudo-second order (PSO, Eq. (4)), pseudo-first order (PFO, Eq. (5)) 
and Weber-Morris (WM, Eq. (6)) models [27]. 

q(t) =
t

k− 1q− 2
M + t

qM

(4) 

Fig. 1. Scheme of the PVA-IONPs production process. (b) Scheme of batch adsorption experiments and regeneration of the adsorbent.  
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q(t) = qM[1 − exp( − kt)] (5)  

q(t) = k
̅̅
t

√
(6)  

where qM is the adsorption capacity at equilibrium and k is the char-
acteristic time-related constant that indicates the adsorption speed at 
the beginning of the adsorption process. PFO and PSO equations are 
usually employed in the literature for modeling adsorption of arsenic 
onto adsorbent nanomaterials based on electrospun nanofibers [28,29] 
and iron oxides [30]. Weber-Morris model was also tested to assess 
intraparticle diffusion. 

For regeneration and reusability studies, PVA-IONPs membranes 
were subjected to three adsorption cycles (dose of 30 mgIONPs/L) fol-
lowed by desorption and washing. For adsorption, a solution of 2 mg/L 
As(V) buffered at pH 5 was used, and the final concentration was 
measured at 24 h. Desorption was performed using a 0.5 M NaOH so-
lution under orbital shaking at 120 rpm for 8 h. For washing, the 
membranes were rinsed three times with deionized water. A scheme of 
the adsorption experiments is shown in Fig. 1 (b). Cr(VI) and Ni(II) 
adsorption were tested using 10 mL solutions containing initial con-
centrations of 556 μg/L and 463 μg/L, respectively. Experiments were 
conducted using a PVA-2 membrane with a dose of 60 mg/L of IONPs. 
The pH was fixed at 5 using a buffer solution. Removal efficiency (RE) 
was calculated as: 

RE =

(

1 −
Ceq

C0

)

× 100% (7) 

The effect of competing phosphate anion in solution was tested using 
10 mL solutions containing 600 μg/L of As(V) and varying the phosphate 
concentration from 150 to 1500 μg/L. Experiments were conducted 
using a PVA-3 membrane with a dose of 30 mg/L of IONPs and at two 
different pH values using buffer solutions (pH 4 and pH 5). 

3. Results and discussion 

The electrospinning solutions were successfully electrospun under 
optimized conditions providing homogeneous, self-supporting mem-
branes containing ultra-small iron oxide nanoadsorbents. Heat treat-
ment produced water insolubility and polymer dehydration, observed as 
a weight loss of (7.5 ± 1) %, size shrinking, and a slight color shift to 
brown (see Fig. S2) [31]. The so-obtained membranes are stable in water 
for at least six months (see Fig. S3). According to gravimetric 

measurements, no weight was lost within instrumental error (0.33 wt%). 
Fig. S4 shows the unaltered structure of the nanofibers after that time. 
Fig. 2(a) shows SEM images of the membranes after being washed with 
water. The typical porous structure of electrospun nanofibers is 
observed, which is optimal for microfiltration because it allows water 
interchange within the nanofibers and gives low-pressure drop during 
water filtration. The wrinkled appearance of the nanofibers is due to 
submersion in water, as can be observed by comparing them with 
electrospun membranes after heat treatment and before submersion 
(Fig. S5). These changes are explained by tensions created at the 
boundaries between amorphous and crystalline zones due to their 
different response to the swelling process [23]. 

Average nanofibers diameter decreases with IONPs content from 
(129 ± 4) nm to (96 ± 4) nm, as depicted in Fig. 2(b). This is because the 
dissolved ions in the electrospinning solution raise conductivity and 
favor jet elongation in the presence of the electric field (see Table 1) 
[32]. In fact, the increase in conductivity limits the application of this 
production method for higher IONPs content. Solutions with higher NP 
content were electrospun but resulted in a significant loss of solution by 
dripping at the tip of the needles, more inhomogeneities in the mem-
brane due to the ejection of droplets into the collector, and an increase in 
the number of beads in the nanofibers. Despite these limitations, finer 
fibers are desirable because of readily accessible IONPs inside the 
polymeric matrix due to increased specific surface area. 

Iron content does not change appreciably after washing, as shown by 
EDAX analysis. Therefore, the membrane production method proposed 
herein can successfully entrap IONPs within the nanofibers and avoid 
their release to the environment when submerged in water. Moreover, it 
shows that washing the sample with deionized water is sufficient to 
remove the remaining counter-ions of the synthesis (sulfur, chloride, 
and sodium). Given that EDX is not suitable for an accurate quantifi-
cation at the low IONPs concentration of the samples, the iron oxide 
content was obtained from the combustion residual in TGA (see Fig. 5 
(a)). To evaluate possible leaching of IONPs, a more accurate approach 
is discussed at the end of this section. 

Ultra-small iron oxide nanoparticles within the nanofibers of each 
membrane can be observed in TEM images, shown in Fig. 3. In situ 
synthesis in the presence of a viscous PVA solution limits the growth of 
the nanoparticles, as can be appreciated in their extent (less than 4 nm), 
especially compared to the size obtained in previous works (9 nm) 
without the presence of a stabilizer [23]. Increasing IONPs content also 
increases the number of agglomerates (see PVA-2). It provides more 

Fig. 2. (a) SEM microscopy of the electrospun membranes containing 0, 1, 2, and 3% IONPs after washing with water (b) nanofiber diameter histograms for each 
sample. (c) EDAX spectra of the membranes after washing. As a reference, the spectrum of PVA-1 before washing is also shown. 
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precursor salts per unit volume, which in turn gives bigger IONPs ((3.3 
± 0.4) nm for PVA-3 compared to (2.1 ± 0.4) nm for PVA-1) and a 
broader size distribution. Despite having approximately the same mode, 
the mean value of PVA-2 IONPs significantly increases due to the pres-
ence of agglomerates. The distribution of PVA-3 IONPs significantly 
broadens and becomes asymmetric, probably due to more reactants, 
which also increases the distribution mode. There are no significant 
differences between the measured mean values of PVA-2 and PVA-3, 
given the images resolution of 0.3 nm. Every image shows that IONPs 
are confined inside the nanofibers, and that the composite has a sig-
nificant amount of interphase between the polymer and IONPs. 

Fig. 4 shows an HR-TEM image of a single agglomerate in the PVA-2 
membrane. It can be seen that the crystalline nature of the IONPs agrees 
with DRX studies (see Fig. 6). The presence of rings in the electron 
diffraction pattern confirms that the structure comprises an agglomerate 
of individual IONPs. 

Fig. 5(a) shows the thermal degradation curves of the membranes. 
The thermal degradation of pure PVA (PVA-0) has three distinct regions. 
The first one (80–150 ◦C) is associated with free water evaporation, the 
second (200–350 ◦C) with chain decomposition (starting with OH 
groups), and the third (350–450 ◦C) with subproducts degradation due 
to cyclic conjugated compounds [33]. Air-gas inlet was opened at 
500 ◦C, which allows the quantification of the solid residue of the 
membranes, resulting in (1.05 ± 0.14) %, (2.0 ± 0.2) %, and (3.2 ± 0.2) 
% for PVA-1, PVA-2, and PVA-3 respectively. These results are consis-
tent with the proportion used in the electrospinning solutions, proving 
that IONPs do not precipitate during the electrospinning process. 
Although heating in the presence of air could change the composition of 
iron oxides in the sample, the expected change in weight percent is 
negligible [34]. For example, the transformation of magnetite to he-
matite would result in a 3 % weight gain [35]. 

Fig. 5(a) shows that adding IONPs results in earlier degradation of 
the main chain. In the synthesis process, the iron oxide nanoparticles 
interact with the hydroxyl group of PVA, preventing intermolecular 
hydrogen bonding between the polymer chains [36,37]. This reduction 
in degradation temperature was also observed in PVA/PAA nanofibers 
after adding Fe3O4 NPs [38]. Conversely, the IONPs increase the sta-
bility of the subproducts (350–450 ◦C), which has already been observed 
in the PVA matrix filled with modified IONPs [38,39]. 

DSC studies show that the addition of IONPs alters both the amor-
phous and crystalline regions of the polymer (Fig. 5(b)). The presence of 
IONPs shifts the Tg to lower temperatures (from 105 ◦C to 86 ◦C), sug-
gesting an increased free volume [40,41]. Regarding the crystalline re-
gion, PVA-0 melting involves two different processes, as indicated by the 
peaks at 213 ◦C and 218 ◦C. The presence of IONPs inhibits the first 
melting process, meaning that one of the crystalline structures cannot 
form in the presence of NPs. This fact also reduces the crystallinity from 
47 % for PVA-0 to 36–40 % for samples containing IONPs. Finally, the 

Fig. 3. TEM microscopy of the electrospun membranes containing 1, 2, and 3% IONPs (PVA-1, PVA-2, and PVA-3, respectively). Histograms of nanoparticle di-
ameters are also shown with the corresponding mean diameter. 

Fig. 4. HR-TEM of an agglomerate in PVA-2 membrane. Inset shows electron 
diffraction pattern. 
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presence of IONPs broadens and shifts the melting peak at 219 ◦C to a 
lower temperature, and more heterogeneities in the crystallites explain 
this behavior. 

Crystallinity changes due to the presence of IONPs can also be 
observed in the X-ray diffraction pattern of the membranes, shown in 
Fig. 6. It is evident that the IONPs act as nucleation centers favoring the 
growth of the 10-1 diffraction plane at 20◦ [42], in agreement with the 

DSC melting studies. Fig. 6(b) shows a close-up of the region comprising 
the main diffraction peaks of some iron oxides and hydroxides that could 
form during the in situ synthesis, such as magnetite, maghemite, aka-
geneite, goethite, and hematite [43]. Different from the ex-situ synthesis 
in which a single iron oxide can be easily obtained, these results suggest 
that the ultra-small IONPs synthesized herein show a combination of 
iron oxides. The most prominent diffraction peak in the region of iron 

Fig. 5. (a) TG analysis of the membranes containing different amounts of IONPs. Inset shows the char residue region after opening the air-gas valve at 500 ◦C. (b) 
DSC analysis of the membranes. Curves were vertically shifted for better visualization. Insets show the regions of the polymer’s glass transition (left) and melting 
(right). Purple dots indicate the glass transition temperature. 

Fig. 6. (a) X-ray diffraction patterns of PVA-0, PVA-1, PVA-2, and PVA-3 membranes. Inset shows a close-up of the main crystalline peak of PVA. (b) Close-up view in 
the region of iron oxides main diffraction angles. Inset shows measurement at 190 ◦C and a distinctive peak in the PVA-1 sample compared to PVA-0. 

Fig. 7. (a) FTIR spectra of the membranes PVA-0, PVA-1, PVA-2, and PVA-3. (b) Close-up showing the shift in O–H vibration band.  
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oxides is located at 35.5◦ and can be assigned to either magnetite, 
maghemite, or akageneite. Peaks associated with these iron oxides are 
pointed with arrows. The appearance of this peak was further confirmed 
by measuring the region between 30◦ and 38◦ near the melting tem-
perature of PVA to reduce the interference effect of PVA crystallites on 
the diffraction pattern (inset of Fig. 6(b)). 

The FTIR spectra of the PVA-IONPs membranes after being washed 
are shown in Fig. 7. The samples were heat-treated, washed, and dried 
following the methodology described in Material and Methods. All the 
samples presented the characteristic bands of PVA: at 3300 and 1088 
cm− 1, corresponding to the stretching vibration of the O–H and C–O 
bonds, respectively. The bands at 2939 cm− 1 and 2909 cm− 1 are related 
to asymmetric and symmetric stretching vibrations of the C–H bond in 
the CH2, at 1430 cm− 1 corresponding to bending vibrations of C–H in 
the CH2 group, and at 845 cm− 1 to stretching vibration of C–C bonds. 

As shown in Fig. 7(b), the absorption band of the O–H bond is 
shifted to a lower wavenumber with the presence of IONPs, demon-
strating the presence of hydrogen bonds. Kayal and Ramanujan stated 
that the surface of IONPs attach through hydrogen bonds to –OH groups 
in PVA [44]. This chemical interaction was also proposed by Lee et al. 
when synthesizing magnetite in the presence of PVA (up to 2 % of PVA 
with respect to the iron oxide)[45]. Similarly, the shift can be associated 
with the coordination of iron ions with the hydroxyl groups in the PVA 
structure [36]. 

Nitrogen adsorption studies (shown in Fig. S6 in SI) show that PVA 
nanofibers with NPs have barely larger pore sizes than nanofibers 
without NPs (12.3 nm for PVA-1 compared to 11.1 nm for PVA-0). Apart 
from these nanometric pores, both membranes are non-porous, as seen 
in the low total pore volume values obtained (10 cm3/kg for PVA-0 and 
5 cm3/kg for PVA-1). These results are in accordance with IONPs 
entrapped between polymeric chains that prevent polymeric chains 
from interacting. 

The earlier main chain degradation, the decrease of Tg, the shift in 
FTIR O–H vibration band, and the reduction of crystallinity degree 
indicate that the ultra-small IONPs prevent the strong hydrogen bond 
interaction of PVA. As already seen in the TEM images, these charac-
teristics imply that IONPs were successfully entrapped within the 
nanofibers, as depicted in Fig. 8. Thus, these membranes can be used to 
adsorb contaminants from water. We show in the following experiments 
the ability to deep-treat As(V) contaminated water, starting from natu-
rally occurring concentrations of As(V). 

Arsenic adsorption onto iron oxides strongly depends on the pH of 
the medium [30]. Thus, adsorption isotherms were measured at fixed pH 
values using buffer solutions, shown in Fig. 9(a). PVA-1 membranes can 
remove arsenic from 120 μg/L to less than the WHO limit of 10 μg/L, 
with a tiny dose of 30 mgIONPs/L. This performance surpasses that re-
ported in the literature for iron oxide nanoparticles (see Table 2). It can 
be attributed to both the excellent dispersion of IONPs in the polymer 
matrix, which maximizes surface availability, and the ultra-small size of 
the nanoparticles (less than 5 nm, see Fig. 3), which maximizes specific 
surface area. The specific surface area of spherical particles is 3/(ρ r), 
where ρ is the material’s density and r the radius of the sphere. By taking 
r as the average NP diameter for PVA-IONPs membranes, an estimation 

of specific surface area for each membrane yields 552 to 772 m2/g for 
PVA-1, 341 to 477 m2/g for PVA-2, and 351 to 491 m2/g for PVA-3. 
Given that the exact composition of the IONPs is unknown, intervals 
were calculated using the higher and lower densities of the proposed 
crystal types obtained from XRD studies [46]. The hydrophilic nature of 
PVA and its underwater swelling capability is essential to allow solution 
interchange [22,23]. Fig. 9(a) shows that the arsenic adsorption ca-
pacity of the membranes is optimal at pH 5 and drops to at least 32 % of 
its value for pH ≥ 6.5, as can be seen in the inset of Fig. 9(a). This is 
expected, given that As(V) species form both inner sphere and outer 
spheres complexes with iron oxide particles which immobilize soluble 
arsenic species [15,47]. The outer sphere complexes are electrostatic in 
nature and result from the interaction between the surface of positively 
charged nano iron oxide surface and As(V) oxyanion species at a given 
pH [8]. Nano iron oxides have shown a pHpzc between 5.7 and 7.6 
[48,49], and in this pH range the H2AsO4

− /HAsO4
2− species are present in 

the reaction medium[50]. On the other hand, the inner sphere com-
plexes are based on Lewis acid-base interaction between As(V) oxy-
anions and the iron coordination sphere through ligand exchange 
reactions [8]. Both H2AsO4

− /HAsO4
2− are Lewis bases or ligands with 

high affinity for Lewis acid sites such as iron in oxide nanoparticles to 
yield mono or bidentate complexes [8,51]. At higher pH values, the 
surface of the IONPs loses its positive charge needed to interact with 
arsenate anions, and in consequence, it reduces adsorption capacity by 
decreasing electrostatic interaction. Also, the ligand exchange is 
reduced at higher pH as the OH− groups predominate in the reaction 
medium. Isotherms measured at pH 4 have similar adsorption perfor-
mance to pH 5 for low equilibrium concentrations, but it drops above ≈
500 μg/L. At pH values lower than 5, some arsenate ions may neutralize 
and lose their charge, which is needed for ligand exchange to occur [15]. 
In consequence, pH 5 buffered solutions were used in the following 
experiments. 

Freundlich model best fits the adsorption isotherms of PVA-IONPs 
membranes, even at different pH values. This indicates the presence of 
heterogeneous active sites and multilayer adsorption on the surface of 
the IONPs [11,52]. Freundlich model was reported as the best model for 
some works concerning iron oxyhydroxides (GFH) and iron oxide 
nanoparticles (IONPs) [49,53–55]. Fit results are shown in Supple-
mentary Information (Table S1). 

Fig. 9(b) shows the arsenic adsorption performance of the PVA-1, 
PVA-2, and PVA-3 membranes at the same IONPs dose. It becomes 
clear that the adsorption capacity of the IONPs depends on the elec-
trospinning solution synthesis and the nanofiber formation conditions, 
which determine the IONPs size, their distribution along the nanofibers, 
and their tendency to agglomerate. The adsorbent capacity of iron ox-
ides is directly related to their surface chemistry. For magnetite nano-
particles, for example, arsenate anions mainly form inner sphere 
complexes with iron atoms on the surface [15]. It is then expected that 
an increase in specific surface area would lead to better adsorption. PVA- 
1 has the highest adsorption capacity, likely because of the better 
dispersion of the IONPs in the polymeric matrix and their smaller size 
(see Fig. 3), which maximizes sites available for adsorption (specific 
surface area). PVA-2 and PVA-3 have similar adsorption isotherms, 

Fig. 8. Diagram showing the proposed interaction and structure of IONPs and PVA compared to the membrane without IONPs.  
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which two contrary effects can explain: Fig. 3 shows that PVA-2 nano-
fibers have smaller IONPs than PVA-3 but more agglomerates distrib-
uted along the nanofibers. 

Adsorption experiments were performed with the same dose of 
IONPs to evaluate the effect of IONPs’ entrapment, so the mass of the 
membrane used was inversely proportional to the NP’s content. This is a 
crucial consideration for escalation purposes, given that the polymer 
represents the highest membrane cost (80 % to 90 % according to ma-
terials cost in Argentina). It should be minimized to incorporate the 
membrane in a filtration system. In this sense, PVA-3 is the best option 

because it has three times more adsorbent than PVA-1, which is more 
than enough to compensate for the mean reduction in adsorption ca-
pacity of approximately 20 %. 

Kinetics experiments were performed to enlighten the mechanism of 
arsenic interchange within the nanofibers, shown in Fig. 9(c). Adsorp-
tion kinetics of all the membranes followed the pseudo- second-order 
model (Eq. (6)), with a linear correlation coefficient higher than 0.989 
for all the data. This suggests that chemisorption is the main adsorption 
mechanism [29,59]. Among the membranes, PVA-1 presented slightly 
faster adsorption, while PVA-2 and PVA-3 had similar and slower ki-
netics. This can be explained by the delay in species diffusion when more 
IONPs are present in the polymeric matrix. Pseudo-first order and 
Webber-Morris models were also tested, but they were less adequate to 
fit the data, as concluded by the reduced chi squared (χr

2) parameter and 
the plot fit residuals (fit plots and results shown in Fig. S7 and Table S2, 
respectively). The failure of Weber and Morris model is expected, as 
arsenic adsorption onto iron oxide nanoparticles is a surface phenome-
non with no intraparticle diffusion mechanisms involved [60]. 

Moreover, the presence of agglomerates also delays the adsorption 
by making adsorption sites inaccessible. Nevertheless, the difference in 
adsorption velocity is much less significant than the differences in 
adsorption capacities, as depicted in isotherm studies. It is worth noting 
that kinetic experiments were performed at relatively low concentra-
tions, where PVA-2 and PVA-3 adsorption isotherms do not differ 
significantly. 

Fig. 9(d) shows that PVA-IONPs membranes can be reused after 

Fig. 9. (a) Adsorption isotherms at different pH values using the PVA-1 membrane. Inset shows the variation of adsorption capacity as a function of pH for selected 
initial concentrations. (b) Adsorption isotherms of PVA-1, PVA-2, and PVA-3 membranes at pH 5 and a dose of 30 mgIONPs/L. Dashed lines show non-linear fittings 
using the Freundlich model. (c) Adsorption kinetics of PVA-1, PVA-2, and PVA-3 membranes. Initial arsenic concentration was 600 μg/L and pH 5 fixed using a buffer 
solution. Dashed lines are fittings using the PSO model. Inset shows linearized data according to the PSO model and their corresponding linear fit lines. (d) Relative 
As(V) adsorption capacity of PVA-1 and PVA-2 membranes on each adsorption cycle, followed by regeneration in an alkaline solution. 

Table 2 
Adsorption capacity of iron oxide adsorbents at 10 μg/L.  

Adsorbent Size 
[nm] 

pH Dose 
[mg/L] 

Adsorption capacity 
at 10 μg/L [mg/g] 

Reference 

Ultrafine 
γ-Fe2O3 

3–8 5–7 2150 Not reported. [49] 

Fe2O3 20–30 3.5 2000 0.50 [56] 
Fe2O3 20 6.5 400 Not reported 1.7 mg/g 

at 32 μg/L 
[57] 

Iron oxide 
NPs 

72 7 1000 less than 0.7 mg/g [58] 

Iron oxide 
NPs 

7–11 3 8.4 Not reached [23] 

Ultra-small 
IONPs 

1–3 5 30 3.5 ± 0.3 This work  
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arsenic adsorption, which is a key aspect towards escalation purposes. 
Moreover, adsorption capacity is higher than 80 % in the successive 
adsorption cycles of PVA-1 and PVA-2 membranes. Further studies 
showed that 8 h was sufficient time for desorption, provided that arsenic 
concentration of the regeneration solution reached equilibrium within 
the first 3 h. 

The presence of phosphate anion in water is of particular interest 
because of its similar chemical structure to that of arsenate and its 
known interference with arsenic adsorption when using iron-based ad-
sorbents [61]. We studied the effect of phosphate on arsenic uptake by 
the PVA-3 membrane at pH 4 and pH 5 (Fig. 10(a)). In both cases, 
phosphate reduces the removal efficiency from 84 % down to 43 %, 
which is a 51 % reduction in arsenic adsorption capacity. No significant 
difference can be observed when changing pH from 4 to 5, which can be 
explained by the prevalence of a single species of inorganic phosphate in 
solution (see inset of Fig. 10(b)). A similar reduction was observed in the 
literature for iron oxides such as magnetite [57,62]. At pH 5, the pre-
dominant phosphate species is H2PO4

− , similar to that of arsenate 
H2AsO4

− found at the same pH. Given the high affinity of phosphate 
species to iron oxide nanoparticles, it competes with arsenic species for 
adsorption sites [61]. 

IONPs entrapped inside electrospun nanofibers can also be used to 
remove other water contaminants. Fig. 10(b) shows that the produced 
membranes can also adsorb Cr(VI) and Ni(II), with an 85 % removal 
efficiency of Cr(VI), which gives a chromium adsorption capacity of (8.0 
± 0.1) mg/g at 75 μg/L. This value dramatically exceeds those reported 
in the literature for removing Cr(VI) using iron oxides. For example, 
Kumari et al. achieved an adsorption capacity of less than 1.6 mg/g at 
1000 μg/L and Chowdhury & Yanful less than 1 mg/g at 267 μg/L 
[63,64]. In our case, this adsorption is independent of the presence of Ni 
(II), suggesting the presence of heterogeneous adsorption sites, in 
accordance with the Freundlich model fitting As isotherms. The removal 
of Cr(VI) by iron oxides nanoparticles can be explained in terms of 
electrostatic attraction mechanism. It is well known that in the pH range 
1–6 the main Cr(VI) species found in water is HCrO4

− while at pH > 6 the 
CrO4

2− species is dominant [65]. Thus, it is expected that at pH 5 (pH at 
which the adsorption experiments were performed) the negatively 
charge HCrO4

− specie would be adsorbed onto the iron nanoparticles, 
which will be positively charged according to their pHpzc [48,49]. This 
result is consistent with the adsorption mechanism for chromium re-
ported in the literature at pH < pHpzc [65], showing that it is possible to 
remove both metals without interference simultaneously. 

Although less studied, non-iron-based As(V) adsorbents can be found 
in the literature, such as amine-based like chitosan [66], thiol-based like 
L-Cysteine [67], manganese oxides [68], among others [69]. Their 

adsorption capacity is strongly dependent on the initial (and equilib-
rium) concentrations. For example, Min et al. prepared a chitosan based 
electrospun nanofiber membrane, having an adsorption capacity of less 
than 12 mg/g for As(V) equilibrium concentration as high as 1000 μg/L 
[29]. Regarding other Cr(VI) adsorbents, several chitosan based mate-
rials have shown high adsorption capacities but usually testing on low 
pH (pH 3) and high equilibrium concentrations (above 20 mg/L) [70]. 

The efficiency of the membranes to retain the IONPs was evaluated. 
The iron content detected in the water for PVA-1 and PVA-2 membranes 
was (0.4 ± 0.1) mg/L and (0.3 ± 0.1) mg/L, respectively. These quan-
tities represent (1.8 ± 0.4)% and (1.4 ± 0.5)% of the total iron content 
in each case. No significant differences were found, which indicates that 
for the same dose of IONPs used, iron leaching is independent of the 
mass fraction of IONPs in the membrane. Moreover, the developed PVA- 
1 and PVA-2 membranes were capable of retaining more than 98 % of 
the iron content during the simulated adsorption process. 

4. Conclusions 

We have shown a novel way to entrap iron oxide nanoparticles inside 
PVA nanofibers via an in situ approach. This strategy leads to a 
remarkable arsenic adsorption capacity of (3.5 ± 0.3) mg/g at a low As 
(V) concentration of 10 μg/L, significantly higher than those reported in 
the literature for loose adsorbents. Self-supporting, insoluble mem-
branes could be effectively electrospun, containing up to 3 wt% of IONPs 
in a simple, straightforward, and green process. IONPs remain trapped 
in the nanofibers even after washing the membrane. 

The presence and distribution of IONPs were confirmed using HR- 
TEM microscopy. DSC analysis showed that the presence of IONPs 
lowers the Tg of the polymer and alters its crystalline structure, sug-
gesting that the IONPs distribute uniformly along the nanofibers. 
Adsorption isotherm studies showed that adsorption capacity is maximal 
at pH 5 and that the increase from 1 wt% to 3 wt% of IONPs content 
decreases the number of active sites for adsorption per unit mass of 
IONPs. Adsorption isotherms followed the Freundlich model, and ki-
netics followed the PSO model, both compatible with heterogeneous 
adsorption sites. The membranes obtained herein are reusable and have 
a high adsorption capacity for Cr(VI) independent of Ni(II) presence . 

For the first time, it is shown the effect of increasing the NPs loading 
in the As adsorption capacity of a composite membrane, which serves as 
a mainstay for the development of nanoconfinement-mediated materials 
for water treatment. 

Fig. 10. (a) Removal efficiency of arsenic in the presence of phosphate ions at pH 4 and pH 5, with 600 μg/L initial arsenic concentration. Inset shows inorganic 
phosphate speciation. (b) Removal efficiency of Cr(VI) and Ni(II) starting from a solution containing only Cr(VI), Ni(II) or both (Cr(VI)/Ni(II)) at pH 5. 
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