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Abstract

Electrospun fibers are advanced supporting layers in water purification. Coating the fibers with polydopamine should increase
the hydrophilicity and removal efficiency. Here, we report a simple method to fabricate an adsorbent based on polydopamine
and electrospun fibers. Polyacrylonitrile and dopamine coelectrospun micro-/nanofibers were selected as supporting layer,
and then self-polymerization of polydopamine was used to functionalize the fibers. The polyacrylonitrile/polydopamine
micro-/nanofibers were characterized by scanning electron microscopy (SEM), Fourier transform infrared (FTIR) and contact
angle. Hexavalent chromium Cr(VI) was then used to investigate the adsorption by fabricated fibers. Results show that the
fibers display a super-hydrophilicity and relative excellent adsorption capacity g,, of 61.65 mg g~! of Cr(VI). This finding
is explained by the occurrence of amino and hydroxyl groups of polydopamine, and by the porous fibrous morphology of

the electrospinning.
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Introduction

The removal of contaminants and the fabrication of novel
and valuable adsorbents are both of great significance to
ensure the safety of drinking water (He et al. 2020). The
strategy of membrane adsorption, with characteristics of
relatively easy operation and higher separation efficiency,
has attracted more attention in the field of water purification
(Dharupaneedi et al. 2019; Chen et al. 2019). Thereinto, pol-
ymer-based adsorptive membranes, owing to high mechani-
cal properties, good stability (especially the stability that
within aqueous media) and excellent corrosion resistance,
are more suitable for removing contaminants from aqueous
media (Bao et al. 2019; Foster et al. 2020).

Electrospinning technique, a typical and efficient method
for assembling nanofibrous polymer membranes, has been
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used to fabricate novel and effective adsorbents. The wildly
used polymers included polyacrylonitrile, poly(vinylidene
fluoride) and polyurethane (Mohamed et al. 2019; Liao et al.
2018; Mishra et al. 2019), and fabricated membranes would
usually exhibit porous structures with adjustable porosity
and other peculiar characters, such as higher water stabil-
ity, good chemical durability and mechanical properties
(Suja et al. 2017; Ge et al. 2018). Hence, the electrospun
polymer fibers could be potentially used as the supporting
layer to further prepare composite membranes with high-
performance and satisfactory water flux. In addition, hydro-
phobic polymer membranes suffered easily fouled feature
by bacteria or protein, resulting in an obvious reduction in
the adsorption and filtration efficiency (Zhai et al. 2020).
Through blending or modifying with hydrophilic agents, the
hydrophilicity of the polymer membranes could be improved
availably (Huang et al. 2018; Chauque et al. 2016).
Besides the selection of suitable polymer and the
designing of peculiar morphology, introducing effective
adsorptive sites into this system might be available to
improve its adsorptive abilities (Zhao et al. 2017; Zey-
tuncu et al. 2018). As a potential and green route to modify
and functionalize the surface of material, self-polymeriza-
tion of bio-inspired dopamine to form polydopamine coat-
ings would couple with the surface of such interactions
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as covalent bond and show relative stronger adhesion and
better stability (Zhang et al. 2020a, b; Dreyer et al. 2013).
Moreover, polydopamine-functionalized surfaces with sev-
eral advantages of lower cost, nontoxic and adaptable in
chemical environment, have been widely studied as water
purification membranes and enzymatic carrier, and showed
great potential in the fields of tissue engineering, gene
delivery, batteries, sensor, catalysts, and so on (Ahmad,
et al. 2020; Zhang, et al. 2020a, b). Particularly, due to the
existence of plentiful amine groups, polydopamine coat-
ings could further improve the adsorption performance,
hydrophilicity and the water flux of polymeric membrane
during the usage in water treatment.

In this work, the electrospun polyacrylonitrile/dopamine
micro-/nanofibers were fabricated as support membrane,
and then green and nontoxic polydopamine coating was
introduced onto the surface of fibers to improve the hydro-
philicity and the adsorption performance. Combining elec-
trospinning technique and self-polymerization method, the
composite fibrous membranes of polyacrylonitrile/polydo-
pamine were facilely prepared by two steps. The micromor-
phology, structures, hydrophilicity and hexavalent chromium
(Cr(VD)) adsorption abilities and adsorption mechanics of
polyacrylonitrile/polydopamine were all investigated in
detail.

Experimental section
Materials and preparation of micro-/nanofibers

The details of the used chemicals are described in the Sup-
porting Information, and the chemicals were used directly
without recrystallization. Typically, 0.14 g of dopamine
and 0.28 g of polyacrylonitrile were dissolved in 1.72 g
of N,N-dimethylformamide to form a homogeneous spin-
ning solution. Then, the spinning solution was loaded into a
2.5-mL syringe (with a 0.84-mm-diameter nozzle), and the
electrospinning process was carried out at a feeding rate of
0.1 mL h™!, a collecting distance of 15 cm and a voltage of
19 kV at room temperature.

Subsequently, the as-prepared polyacrylonitrile/dopamine
micro-/nanofibers were immersed into 100 mL of dopamine
HCI (2 g L™!) at a pH value of 8.5. Then, for different peri-
ods of time (0-30 h), the fibers were taken out, washed
and dried at 80 °C overnight. The sample was denoted as
polyacrylonitrile/polydopamine-x (PAN/PDA-x), where x
referred to the polymerization time (h) of polydopamine.
Characterization, instruments and the detailed preparation
procedures of pure polyacrylonitrile and polydopamine-
coated polyacrylonitrile micro-/nanofibers are described in
Supporting Information.
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Cr(VI) removal experiments and adsorption
detections

Polyacrylonitrile/polydopamine micro-/nanofibers (20 mg)
were immersed into a solution of Cr(VI) (20 mL) for dif-
ferent period of times, and the concentration of Cr(VI)
was determined with 1,5-diphenyl carbazide and spectro-
photometric method, which was measured by a an ultra-
violet—visible spectrometer (760 CRT, INEAA, China) at
540 nm. Then, the adsorption capacity was calculated by
Equations S1 and S2.

Results and discussion

Morphology, structures and hydrophilic
of polyacrylonitrile/polydopamine micro-/
nanofibers

Comparison with pure polyacrylonitrile micro-/nanofib-
ers (Fig. 1a) and polydopamine-coated polyacrylonitrile
micro-/nanofibers exhibited a thin covered layer onto
the surface of the fibers, and the porous structures were
blocked partially with the disappearance of the fibrous
morphology to some extent (Fig. 1b) (Ma et al. 2018). In
order to avoid such phenomenon, to guarantee the uniform
distribution of polydopamine across the single fiber and
to maintain the fibrous morphology, mostly, polyacryloni-
trile/polydopamine fibers were fabricated by combining
the coelectrospinning of polyacrylonitrile/dopamine and
the self-polymerization of dopamine (Fig. 1c).

Different from the relatively smooth surface of poly-
acrylonitrile/dopamine (Figure S1), the morphology of
polyacrylonitrile/polydopamine showed a relatively coarse
surface with observable particles (as shown in Fig. 2a—h).
Furthermore, upon prolonging the self-polymerization
times of polydopamine, more and obvious particles could
be formed with stacked or agglomerated states on the sur-
face of fibers, and it could cause the increased roughness
of the fibers. Therefore, polyacrylonitrile/polydopamine
micro-/nanofibers exhibited obvious porous and fibrous
states with the uniform distribution of polydopamine coat-
ings on the surfaces. Moreover, as shown in Fig. 2i, after
coating by polydopamine, the color of the membranes
changed gradually (from the original white to gray, and
to dark black after 5-h treatment). The obvious changes
in colors might be resulted from the self-polymerization
of polydopamine (Son et al. 2013), which indicated the
successful and rapid fabrication of novel fibers based on
polyacrylonitrile and polydopamine by simple synthesized
approaches.
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1) electrospinning

Fig.1 Scanning electron microscopy (SEM) images of a polyacry-
lonitrile and b polydopamine-coated polyacrylonitrile; ¢ preparation
procedures of polyacrylonitrile/dopamine by electrospinning (1); the

Fourier transform infrared (FTIR) spectra of a series of
polyacrylonitrile/polydopamine are represented in Fig. 2j.
The broad peak at around 3313 cm™! was ascribed to the
stretching vibration of —OH, while peaks at 2240, 1600
and 1246 cm™! were assigned to the stretching vibration
of —CN within polyacrylonitrile, C—O and aromatic ben-
zene ring within polydopamine, respectively (Wu et al.
2017). Moreover, increasing the self-polymerization times,
the relative intensities of peaks at 3313 and 1600 cm™!
increased and the contents of polydopamine within poly-
acrylonitrile/polydopamine increased gradually, confirm-
ing the self-polymerization of polydopamine on the sur-
face of the fibers (Ma et al. 2017).

Here, the contact angle of ultra-water on the fibers was
detected and used to evaluate the hydrophilicity of the
fibers (as shown in Fig. 2k). The contact angle of polyacry-
lonitrile was 106° with stable values, indicating the hydro-
phobicity of polyacrylonitrile micro-/nanofibers. Whereas,
the contact angle of polyacrylonitrile/dopamine decreased
gradually from 28° to 0°, indicating the hydrophilicity.
Moreover, super-hydrophilicity polyacrylonitrile/polydo-
pamine could be wetted by ultra-water within the contact
time of one second (the contact angle was 0°). That meant,
owing to the existence of large amount of hydrophilic
groups (amino and hydroxyl) within polydopamine struc-
tures, the self-polymerization of polydopamine on the sur-
face of the fibers could increase the surface charge density,
and further increase the hydrophilicity (Koopal 2012). In
addition, by the increase in hydrophilicity, the water fluxes
of polyacrylonitrile/polydopamine could be increased after
the modification of polydopamine (as shown in Figure S2),
which was attributed to the improvement in the permeabil-
ity of micro-/nanofibers by the hydrophilic polydopamine
(Zhan et al. 2018).
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The removal capacity and the adsorption isotherms

In this work, Cr(VI) was selected as the target adsorbate to
detect the adsorption performance of the fabricated fibers.
The equilibrium adsorption capacity (g,) of polyacryloni-
trile was 9.47 mg g~! (as shown in Figure S3). After the
modification of polydopamine, polyacrylonitrile/polydopa-
mine exhibited remarkably increased adsorption capacity
toward Cr(VI) (Fig. 3a). Increasing the self-polymerization
times, the values of g, increased obviously with the maxi-
mum values for that polyacrylonitrile/polydopamine-20 up
t0 49.01 mg g~'. Hence, the dramatically improved adsorp-
tion performance by the coating of polydopamine due to
the provided active sites by polydopamine. Moreover, as
shown in Figure S4, the value of g, of 35.25 mg g~ for
polydopamine-coated polyacrylonitrile was less than that of
polyacrylonitrile/polydopamine, indicating that the blocking
of the porous structures would reduce the efficiency of active
sites and the water flux, thus further decreasing the adsorp-
tion performance of the membranes. Therefore, combining
the effects of the fibrous morphology and the introduction
of active sites by polydopamine, the efficient adsorption of
polyacrylonitrile/polydopamine micro-/nanofibers could be
achieved effectively.

Then, the adsorption isotherms were simulated by Lang-
muir and Freundlich models (Equations S3 and S4). As
shown in Fig. 3b and ¢, comparing the values of R? (the cor-
relation coefficients), the adsorption data of Cr(VI) obeyed
the Langmuir model. It could be deduced that the active sites
were widely distributed on the surface of polyacrylonitrile/
polydopamine micro-/nanofibers, and the adsorption process
was mainly controlled by the monolayer adsorption. Besides,
calculated by the Langmuir model, the maximum adsorption
capacity (g,,) of polyacrylonitrile/polydopamine was about
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Fig.2 Scanning electron microscopy (SEM) morphological images
of fibers, which are taken at relatively low (a—d) and high magnifi-
cations (e-h); a and e polyacrylonitrile/polydopamine-5; b and f
polyacrylonitrile/polydopamine-10; ¢ and g polyacrylonitrile/poly-
dopamine-20; d and h polyacrylonitrile/polydopamine-30; i the
digital photographs of polyacrylonitrile/polydopamine with different

61.65 mg g~! and that was comparable or superior to some
reported adsorbents (as shown in Table 1).

Furtherly, to investigate the applicable stability of the
fabricated fibrous membranes within aqueous media, and
to confirm the distribution of the active sites onto the fib-
ers, polyacrylonitrile/polydopamine-20 was selected to have
the SEM observations, and the related elemental mapping
scanning images after being adsorbed for 8 h are shown in
Fig. 3g—i. The unobvious changing of the morphology indi-
cated the good water stability of polyacrylonitrile/polydo-
pamine micro-/nanofibers. Furthermore, the elemental map-
ping images showed the homogeneous distribution of the
elements (Cr and C), demonstrating the self-polymerization
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self-polymerization times; j FTIR spectra of polyacrylonitrile/dopa-
mine and polyacrylonitrile/polydopamine; and k the comparison of
the contact angle of ultra-pure water on the surfaces of the different
micro-/nanofibers with the increasing times; the abbreviations in fig-
ures are explained as follows: PAN/PDA polyacrylonitrile/polydopa-
mine, PAN/DA polyacrylonitrile/dopamine, PAN polyacrylonitrile

of polydopamine underwent uniformly on the surface of the
fibers, and thus, the following adsorption of Cr(VI) could be
guaranteed evenly on the surface of the fibrous membrane.

Adsorption thermodynamics and adsorption
kinetics

For polyacrylonitrile/polydopamine-20, the adsorption of
Cr(VI) was conducted under different temperatures, and
the results are shown in Figure S5. The adsorption capac-
ity increased gradually with the increasing temperatures.
Then, the thermodynamic parameters of standard Gibbs free
energy change (AG°®), enthalpy change (AH®) and entropy
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Fig.3 a Comparison of Cr(VI) adsorption amounts for different poly-
acrylonitrile/polydopamine as indicated with the increasing adsorp-
tion times; b the Langmuir isothermal model and ¢ the Freundlich
isothermal model for the adsorption of Cr(VI); d the plot of InK ver-
sus I/T to determine the thermodynamic parameters; e the pseudo-

Table 1 The comparison of the
adsorption capacity of Cr(VI)

by different adsorbents

change (AS°) were all calculated by Equations S5 and S6
and given in Fig. 3d. The negative values of AG° decreased
with the increasing temperatures, indicating the spontaneous

tively

first-order kinetic model and (f) the pseudo-second-order kinetic
model for the adsorption of Cr(VI); g SEM images of the adsorption
of Cr(VI) on the sample of polyacrylonitrile/polydopamine-20; h and
i the elemental mapping images for elements of C and Cr, respec-

Adsorbent q,, (mg g™ References
Modified peach stone 24.68 Lan et al. (2019)
Chitosan-combined magnetic biochars 30.14 Xiao et al. (2019)
Nano Uio-66-NH, Metal-organic frameworks 32.36 Wu et al. (2018)
Polystyrene/thermoplastic polyurethane @ SiO, microfiber 57.73 Wang et al. (2019)
membrane
Morphology-controlled synthesis of boehmite 64.70 Lietal. (2019)
Polyacrylonitrile/polydopamine micro-/nanofibers 61.65 This work

process of the adsorption, and thus, increasing the tempera-
tures would be a beneficial way to adsorption. In addition,
the positive values of AS° (89.24 J mol~! K~!) and AH®
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(14.12 kJ mol~") further confirmed the endothermic process
for the adsorption, and the process would be promoted by
the heating treatment.

Moreover, by the well-known pseudo-first-order adsorp-
tion model and pseudo-second-order adsorption model
(Equations S7 and S8), the adsorption kinetics were investi-
gated and the results are shown in Fig. 3e, f. Thereinto, the
value of R? of the pseudo-second-order model (0.9977) was
higher than that of the pseudo-first-order model (0.9002),
the calculated value of g, by the pseudo-second-order model
was more fitting to the experimental data, and the value of
K, was larger than that of K. These results indicated that
the adsorption process toward Cr(VI) was matched better
with the pseudo-second-order model. Therefore, a chemical
process was the leading role during the adsorption process,
which was related to the electrons sharing or transferring
between the adsorbent and the adsorbate.

Changing the pH values of the adsorbent solution would
influence the adsorption process through governing the
protonation of adsorbents and simultaneously adjusting the
capacities of different Cr(VI) species (as shown in Table S1).
Thus, the effect of pH values on the adsorption capacity
was further investigated under the pH ranges of 3.0-11.0 (as
shown in Figure S6). The values of g, increased steadily with
the decrease in pH values, owing to the full protonated forms
of the amino and hydroxyl groups, and to the promoting of
the attraction to negative Cr(VI) species. While at a lower
pH value of 3.0, the adsorption capacity reduced due to the
disappearance of protonation and the formation of neutral
Cr(VI) species. On the base of the previous references and
the above results (Zhang et al. 2018), the adsorption mecha-
nism of Cr(VI) onto polyacrylonitrile/polydopamine might
be driven by electrostatic interaction and complexation (as
shown in Fig. 1¢). In conclusion, combining the advantages
of electrospun polyacrylonitrile fibers and self-polymeri-
zation of polydopamine, polyacrylonitrile/polydopamine
micro-/nanofibers exhibited porous and fibrous morphol-
ogy with large amounts of the attached functional groups
(including amino and hydroxyl from polydopamine coat-
ings); thus, it would be potentially applied in heavy metal
ions adsorption.

Conclusion

A new adsorbent based on hydrophobic polyacrylonitrile and
hydrophilic polydopamine has been successfully fabricated,
via coelectrospinning of polyacrylonitrile and dopamine,
following by self-polymerization of polydopamine onto
the fibrous surface. The obtained polyacrylonitrile/polydo-
pamine micro-/nanofibers displayed a porous and fibrous
morphology with homogeneous polydopamine coatings.
Besides, polyacrylonitrile/polydopamine exhibited fibers’
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well water stability and surfaces’ super-hydrophilicity
simultaneously. Then, the fibers were applied to removal of
Cr(VI) experiments and shown good adsorption capacity (g,
of 61.65 mg g~!), which was comparable or superior to some
reported adsorbents. Thus, polyacrylonitrile/polydopamine
micro-/nanofibers with higher flexibility, water stability and
excellent adsorption performance could be facilely synthe-
sized and potentially applied in wastewater treatment.
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