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ARTICLE INFO ABSTRACT

Keywords: In this study, the Polymer of Intrinsic Microporosity (PIM-1) was systematically hydrolyzed in the presence of
Electrospinning sodium hydroxide by varying the concentration of base, washing procedure and the time of the reaction. The
Hydrolyzed PIM-1 chemical structure analyses confirmed that PIM-1 could be hydrolyzed by 65% up to 99% conversion depending
Nanofibers

on the synthesis procedure. The hydrolyzed PIM-1 samples have shown improved solubility which facilitates the
fabrication of hydrolyzed PIM-1 ultrafine fibers by electrospinning technique. Extensive optimization studies
were performed for the electrospinning of uniform and bead-free fibers from hydrolyzed PIM-1 with different
degree of hydrolysis (65%, 86%, 94% and 99%). The electrospun hydrolysed PIM-1 fibrous samples have
average fiber diameters (AFD) ranging from 0.58 = 0.15um to 1.21 * 0.15um, depending on the polymer
concentration and applied electrospinning parameters. After electrospinning, self-standing hydrolyzed PIM-1
fibrous membranes were obtained which is useful as a filtering material for the adsorption of organic dyes from
wastewater. Here, the capability of hydrolyzed PIM-1 electrospun fibrous membranes for the removal of dyes
from aqueous solutions was investigated by using a batch adsorption process. The maximum adsorption capacity
of fully hydrolyzed PIM-1 fibers was found 157 = 16 mg g~ ! for Methylene Blue and 4 mg g~ ! for Congo red
when the adsorption was conducted by 20 mg L™ ! dye solution without using any dilution. Moreover, maximum
dye adsorption was also studied by using concentrated Methylene Blue solutions showing up to 272 mg g~ "
adsorption maximum. In addition, the self-standing fibrous hydrolyzed PIM-1 membrane was employed to se-
parate Methylene Blue from an aqueous system by filtration without the necessity of additional driving force.
The results indicate that hydrolyzed PIM-1 electrospun nanofibrous membranes can be a promising filtering
material for wastewater treatment

Dye filtration
Wastewater treatment

contorted structures that cannot pack space efficiently. Thus, they have
high free volume and behave like a molecular basket [14]. PIMs have
been investigated as membrane materials [15-17], sensors [18], ad-

1. Introduction

The consumption of world resources is increasing in correlation

with population growth and industrialization. Therefore, new technol-
ogies and materials are required to improve the efficiency and effec-
tiveness of industrial processes [1-3]. This includes the removal of
organic compounds from aqueous media [4-8], which is important for
several applications, such as recovery of biorefinery products, isolation
of natural products and wastewater treatment [9-12]. Several methods
have been developed to achieve this, including adsorption, cen-
trifugation, precipitation, sedimentation and filtration [13]. Dyes are
useful model compounds to assess the uptake of potential sorbents and
membrane materials.

Polymers of Intrinsic Microporosity (PIMs) possess rigid and
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sorbents [19] and for other applications [20,21]. Although many PIM
polymers have been synthesized, the first member of this class, named
PIM-1, has attracted most attention due to its ready synthesis from
commercially available monomers. PIM-1 is soluble in some common
organic solvents and hence can be processed into the forms of powders,
membranes and fibers [22,23]. PIM-1 has a hydrophobic nature along
with a high free volume that makes it an attractive candidate as a
porous adsorbent.

Among the available techniques for the preparation of porous ad-
sorbents, electrospinning is a simple, cost effective and versatile
method to obtain three-dimensional and self-standing fibrous
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membranes [24-26]. Electrospinning enables the formation of nanofi-
bers/nanowebs with a nanoscale porosity along with a very high sur-
face area [27]. Electrospun fibers are employed in various applications
such as filtration, biomedical, tissue engineering, nanocatalysis, sensors
and food, etc. [24-30] On the other hand, electrospinning of PIM-1 is a
relatively new concept which was investigated very recently [31-34].
Bonso et al. [31] was successfully prepared electrospun PIM-1 fiber in
tetrachloroethane solution which was then carbonized and used as an
electrode for supercapacitors. Following this, Lasseuguette et al. [34]
proposed another solvent system for the fabrication of electrospun PIM-
1 by using THF/DMF mixture. Zhang et al. [33] was prepared PIM-1/
POSS fibrous membranes and they have investigated the ability of the
membranes in oil-water separation. In addition, the adsorption of dyes
from non-aqueous media by electrospun PIM-1 was reported by the
same group [32]. However, the hydrophobicity limits the use of PIM-1
in aqueous solutions as it inhibits its interaction ability with waste
molecules in water. Tailoring the interaction ability of PIM-1 is possible
by modifying the nitrile group in the polymer backbone [35-41]. While
hydrolyzed PIMs show high affinity for cationic species, amine and
hydroxyalkyaminoalkyamide PIMs exhibit enhanced affinity for anionic
species, compared to the parent PIM-1 [42]. Moreover, the water
contact angle of PIM-1 can be reduced from 85° to 60° by either amine
modification or hydrolysis reaction that may improve the possible use
of PIM-1 in aqueous media [35,38]. From this standpoint, Zhang et al.
[43] was studied the post-treatment of PIM-1 fiber with base to obtain
hydrolyzed PIM-1 fiber. The study has revealed that hydrophilicity of
PIM-1 fibers was improved by hydrolysis as well as their dye removal
ability towards cationic dyes in aqueous media. However, the hydro-
lysis procedure of electrospun PIM-1 fibers has caused severe damages
to fibers where fibers become fragile and lost their mechanical and
structural properties.

In this study, we have reported the optimum conditions to prepare
electrospun hydrolyzed PIM-1 fibers. For this purpose, PIM-1 powder
was hydrolyzed in the presence of base under different conditions in
order to find out the best solubility behavior that enables the electro-
spinning of hydrolyzed PIM-1 fibers. This method has an advantage
over post-treatment method [43] not only it rules out the handling
difficulty but also it introduces a novel polymer matrix for the future
electrospinning studies. The bead-free, smooth and uniform ultrafine
fibers were electrospun from hydrolyzed PIM-1 having different degree
of hydrolysis (65%, 86%, 94% and 99%). The self-standing hydrolysed
PIM-1 fibrous membranes were obtained by electrospinning which
could be used for filtration purposes. The hydrolysed PIM-1 fibrous
membranes have shown enhanced adsorption capacity towards cationic
dyes (i.e. Methylene Blue (MB)) and low adsorption capacity against
anionic dyes (i.e. Congo Red) in the aqueous system. Moreover, self-
standing, fibrous membrane of hydrolyzed PIM-1 was utilized to se-
parate MB dye from an aqueous system. The desorption of MB was also
achieved by using basic alcohol solution which might be the only
limitation about electrospun fibrous hydrolyzed PIMs since PIMs swells
in the presence of alcohol and it causes slight damage on the physical
shape of the membrane.

2. Experimental
2.1. Materials

5,5,6,6’-Tetrahydroxy-3,3,3’,3"-tetramethyl-1,1’-spirobisindane
(TTSBI, 98%, Alfa Aesar) was dissolved in methanol and re-precipitated
from dichloromethane before use. Tetrafluoroterephthalonitrile (TFTN,
98%, Aldrich) was purified by sublimation; it was heated to around
150 °C and the pure product collected without vacuum. Anhydrous
potassium carbonate (KyCOs, 99.0%, Fisher) was dried in an oven at
110 °C overnight before use. Dimethylacetamide (DMAc), toluene, di-
methylformamide (DMF), methanol (MeOH), sodium hydroxide
(NaOH), chloroform (CHCl5), tetrahydrofuran (THF), dichloromethane
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(DCM) and Methylene Blue (molecular formula: C;6H;gCIN3S-3H50;
molecular weight: 373.9) were purchased from Sigma Aldrich, and
Congo Red (molecular formula: C35H55Ne¢Na>OgSo; molecular weight:
696.68) was purchased from Fluka, and they were used as received.

2.2. Synthesis of PIM-1

TTSBI (51.06 g, 0.15 mol), TFTPN (30.01 g, 0.15 mol), anhydrous
K>CO3 (62.2 g, 0.45 mol), DMAc (300 mL) and toluene (150 mL) were
added under a nitrogen atmosphere to a dry 1L three necked round
bottom flask equipped with a Dean-Stark trap and mechanical stirrer, in
an oil bath pre-heated to 160 °C, and the reaction carried out for 40 min
under reflux. At the end of the reaction, when stirring was stopped, a
highly viscous solution formed. The crude polymer was washed with
methanol and then dissolved in chloroform and re-precipitated from
methanol. The product was refluxed for 4 h in deionized water and then
dried at 110 °C for two days. Yield: 62 g (90%). GPC: M,, = 106,000,
M,, = 189,000, M,,/M,, = 1.78. 'H NMR (400 MHz, CDCl;, d, ppm):
6.75 (2H, s), 6.35 (2H, s), 2.26-2.09 (4H, dd), 1.40-1.10 (broad, 12H).
ATR-IR (cm ™ 1): 2995, 2864, 2239, 1605, 1446, 1264. Anal. caled for
CooHy9N2O4 (Wt): C: 75.64, H: 4.37, N: 6.08 found: C: 72.2, H: 4.3, N:
6.0.

2.3. Hydrolysis of PIM-1

Dry PIM-1 powder and NaOH solution (H,O/ethanol: 1/1) were
added to a one neck round-bottom flask equipped with a condenser.
The mixture was heated to 120 °C and left to stir at this temperature
under reflux. The reaction stopped and DI water (40-100 mL) added to
this mixture and solid collected by vacuum filtration.

Washing Procedure: Following the filtration of the reaction mixture,
two different routes were applied. Method A: Samples were dried in an
oven at 110 °C overnight. Following this, dry samples were placed in
acidic water (pH was adjusted to 4-5 by 1 M HCI unless stated other-
wise) and left stirring at room temperature for 2 h. Then they were
filtered under vacuum and washed with a copious amount of water. At
the final stage, the powder was stirred in water for 2 h before drying at
110 °C under vacuum overnight. Finally, the polymer was ground with
the help of pestle and mortar to obtain a uniform structure. Method B:
Without prior drying, samples were placed in acidic water and then the
procedure was followed as described in Method A. Experimental details
are given in Table S1.

2.4. Electrospinning

The possible chemical structure of hydrolyzed PIM-1 and the elec-
trospinning process are illustrated in Fig. 1. A certain amount of hy-
drolyzed PIM-1 powder is dissolved in DMF and left to stir overnight at
room temperature to ensure the complete dissolution. For a sample
(HP4-fully hydrolyzed) that needs more dissolution, heating was ap-
plied for 2 h, then it was stirred overnight at room temperature. In the
electrospinning process, a solution of hydrolyzed PIM-1 was placed in a
1 mL syringe equipped with a blunt needle with an outer diameter of
1.20 mm and the syringe was positioned horizontally on the syringe
pump (KD Scientific, KDS 101). Metal plate collector was covered by an
aluminum foil then placed across the syringe to collect microfibers.
Extensive optimization studies have been performed for the electro-
spinning and the applied parameters were as: flow rate of the polymer
solution; 0.3-0.6 mLh™ !, applied voltage; 10-15kV and tip to col-
lector distance; 10-15 cm. Then, the collected fibers were detached
from the aluminum surface and dried in an oven at 110 °C under va-
cuum for overnight.

2.5. Methods

The molecular weight of PIM-1 was measured by an Agilent gel-
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permeation chromatograph (GPC) equipped with a ZORBAX PSM 300-S
column, which was calibrated using polystyrene standard samples. THF
was used as mobile phase at a flow rate of 1 mg mL~ 1. Infrared (IR)
spectra of samples were recorded on a Bruker Vertex 70 spectrometer.
Samples were mixed with potassium bromide (KBr) and pressed under
the pressure of 8 tons to prepare pellets. Each sample was scanned 64
times at a resolution of 4 cm™!. Peak areas were calculated using
Omnic software. Ultraviolet (UV) spectra were recorded on a Varian
Cary 100 Bio spectrometer. Spectra over the wavelength range
200-800 nm were obtained for DMAc. Polymer samples (~1 mg) were
dissolved in solvent (10 mL). DMAc was used as a blank for baseline
correction. 'H nuclear magnetic resonance (*H NMR) spectra was re-
corded using a Bruker DPX-400 MHz spectrometer at room tempera-
ture. Polymer solutions were prepared by in CDClz or de- DMSO.
Chemical shifts were referenced to tetramethylsilane (TMS). Elemental
analysis was carried out using a Thermo Scientific Flash 2000 series
CHNS-O analyzer. 2,5-(bis(5-tert-butyl-2-benzo-oxazol-2-yl))thiophene
was used as a standard. Samples (1-1.5 mg) were mixed with vanadium
pentoxide (8-10 mg) that was used as a catalyst for complete oxidation.
Scanning electron microscopy (SEM) images were obtained using a FEI
Quanta 200 FEG scanning electron microscope. All samples were coated
with 5nm Au-Pt prior to imaging and the analysis was performed at
10 kV. The diameters of electrospun fibers were quantified using
ImageJ software by measuring about 100 different fibers. The viscosity
of the solutions used for electrospinning was investigated using Anton
Paar Physica MCR 301 Rheometer equipped with cone/ plate accessory
(spindle type CP20-4) at 22 °C and shear rate at 100 s~ . Thermal
properties of samples were investigated using thermogravimetric ana-
lyzer (TGA, TA Q500) and differential scanning calorimetry (DSC, TA
Q2000). The samples were heated to 600 °C at 20 °C min "~ ! under N,
atmosphere for TGA measurements. For DSC measurements, the sam-
ples were equilibrated at 0 °C then heated up to 500 °C at 20 °C min~ !
under N, atmosphere. N, adsorption/desorption isotherms at — 196 °C
were measured using an autosorb iQ gas sorption analyzer. A small
amount of sample (~0.1 g) was weighed into an analysis tube and
degassed under high vacuum at 120 °C for 960 min. Analysis was
conducted after reweighing the degassed sample.
Brunauer-Emmet-Teller (BET) surface areas were calculated from N,
adsorption isotherms by multi-point analysis. For dye adsorption stu-
dies, aqueous stock solutions of Methylene Blue and Congo Red were
prepared in deionized water. Different concentrations were prepared by
dilution of the stock solutions with deionized water. Calibration solu-
tions were prepared from 20 to 1.25 mg L.~ ! and their absorbance were
measured using a Varian Cary 100 Bio spectrometer. Values of A, for
Methylene Blue and Congo Red were taken as 664 and 498 nm, re-
spectively. Specific absorption coefficients, a, were determined as
0.1808 Lmg~ ! cm ™~ ! for Methylene Blue and 0.0292 L mg~ ! cm ™! for
Congo Red. An exact amount of oven-dried adsorbent (~5.0 mg) was
placed in 80-20 mL of 20 mg L~ ' dye solution. The dye solution (at
natural pH) containing the adsorbent was stirred well with a magnetic
stirrer for 24h. 3 mL aliquots were taken by syringe and filtered
through a PTFE hydrophobic filter (0.45 mm). The mass of dye ad-
sorbed by the polymer, g. (mg g~ '), was determined from the absor-
bance of the dye solution before contact with polymer, Ay, and the
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Fig. 1. a) Chemical structure of PIM-1 and possible hydro-
lysis products, b) illustration of the electrospinning process
of hydrolyzed PIM-1 fibers.

Hydrolyzed PIM-1
fibers

absorbance of the dye solution after reaching effective equilibrium with
the polymer, A, using Eq. (1).

_ (A — AV

e alm

@

where V is the total volume of dye solution, [ is the path length in the
spectrometer and m is the total mass of polymer.

The adsorption experiments were also studied using concentrated
Methylene Blue solutions from 50 to 500 mg L.~ '. An exact amount of
oven-dried adsorbent (~5.0 mg) was placed in 20 mL of Methylene
Blue solutions and stirred for 24 h to calculate maximum adsorption
capacity of adsorbents. In the filtration experiment, hydrolyzed PIM-1
fiber membrane with a diameter of ~4 cm, a mass of 0.12g and a
thickness of 0.18 mm was used. 500 mL 20 mg L~ ! of Methylene Blue
solution was used and solution was added as 100 mL portions. After the
filtration of each 100 mL, samples were taken and the removal effi-
ciency of the membrane was calculated. Once 500 mL was completely
filtered, the total solution was passed through the same membrane four
times, and for each time the removal efficiency was calculated. %
Removal efficiency was calculated based on the Eq. (2).

(0 e)

%Removal efficieny =
Ag X 100

(2)

3. Results and discussion
3.1. Structural characterization of hydrolyzed PIM-1s

Base catalyzed hydrolysis of PIM-1 was first reported in 2009 as
“carboxylated PIMs” by Due et al. [36] The structure of these products
was proposed as carboxylic acid structures and amide intermediate was
not mentioned in that study. Lately, base catalyzed hydrolysis of PIM-1
was studied by our group and the possible chemical structure of hy-
drolysis products was re-considered using the combination of various
equations that obtained by several different techniques showing amide
structure is the predominant structure along with carboxylic acids,
ammonium carboxylate and sodium carboxylate structures [35]. Even
though several researchers have studied the hydrolysis of PIM-1, recent
publications revealed that the amide intermediate has been overlooked
in these studies [43-47]. Santoso et al. [48] has conducted a detailed
study to investigate the synthesis of carboxylated PIMs which supports
our claims about the amide structure in hydrolysis reaction [35]. Thus,
the same approach was applied to analyze the samples prepared in this
work for the characterization of hydrolysis products. Fig. 2 depicts the
IR spectra of PIM-1 and hydrolyzed PIM-1 powders. The PIM-1 powder
shows characteristic nitrile stretches (2240 cm ™ 1). After the hydrolysis,
the relative intensity of nitrile is reduced and new bands appeared in
the region 3000-3500cm™! along with a carbonyl peak at
~1700 cm™ ! that may indicate either amide or carboxylic acid struc-
ture, as explained in detail previously [35,36]. UV visible spectra of
PIM-1 and hydrolyzed PIM-1s are depicted in Fig. 3. PIM-1 shows two
characteristic signals with A« values of 300 and 440 nm and the in-
tensity of the peak at 444 nm reduces by hydrolysis reaction while new
peak appears in 384 nm. These two peaks (384 and 444 nm) represents
unconverted nitrile, and the peak at 326 nm is associated with
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Fig. 2. IR spectra of PIM-1 and hydrolyzed PIM-1 samples HP1 (20% NaOH, 2 h), HP2
(20% NaOH, 2.5 h), HP3 (25% NaOH, 2 h) and HP4 (25% NaOH, 3 h).

PIM-1
/\ HP1
& HP2
k HP3
HP4
270 320 370 420 470

Wavelength (nm)

Fig. 3. UV spectra of PIM-1 and hydrolyzed PIM-1 samples HP1 (20% NaOH, 2 h), HP2
(20% NaOH, 2.5 h), HP3 (25% NaOH, 2 h) and HP4 (25% NaOH, 3 h).

converted species [35].

Hydrolysis was also confirmed by NMR spectroscopy. Fig. 4 displays
'H NMR spectra of PIM-1 and hydrolyzed PIM-1 with different degrees
of hydrolysis. Elemental analysis of samples were also obtained and the
degree of hydrolysis was calculated based on the previous approach
[35] using Eq. S1 and S2 in the Supplementary information. The results
are displayed in Table 1. Further characterization data (IR, UV-visible
spectra) are provided in the Supplementary information (Fig. S1-S2).
Also, the comparison of the calculated values of percentage hydrolysis
from UV and IR are shown in the Supplementary information in Fig. S3,
which illustrates good agreement.

Hydrolyzed PIMs show similar characteristic signals on character-
ization, regardless of their degree of hydrolysis. However, it was found
that solubility can differ greatly, depending on the applied reaction
conditions and washing procedures. PIM-1 is soluble in common or-
ganic solvents such as THF, CHCl; and DCM, but is insoluble in DMF
and DMAc. After hydrolysis, the polymer becomes soluble in polar
aprotic solvents such as DMF and DMAc and is no longer soluble in
THF, CHCl3 and DCM [14,36]. As we mentioned previously [35], the
degree of hydrolysis strongly depends on the percentage of the base
used in the hydrolysis reaction. In the current study, we extended the
previous work by using 25, 20 and 10% (w/v) NaOH solutions. The
results show that even though a high degree of hydrolysis is obtained
with 10% (w/v) NaOH solution at a long reaction time, the product
obtained does not show good solubility. Good solubility refers here to
more than 20% (w/v) of polymer in a solvent. However, the resulting
polymers show good processability when they are hydrolyzed by 20 and
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25% (w/v) NaOH solutions, if the washing procedure is followed in the
right order.

Several different samples have been studied to confirm the present
data. According to our findings, when polymer samples are dried im-
mediately after the reaction (Method A), hydrolyzed PIMs show en-
hanced solubility. However, if washing continues (Method B) after the
reaction has stopped, the solubility of the resulting polymer is hindered,
possibly because strong hydrogen bonds inhibit the access of solvent.
This is investigated by samples HP3 and HP10 (Table 1). Both samples
have a high degree of hydrolysis (greater than 90%) but the applied
washing procedure strongly defines the solubility of the product. When
HP3 was produced and washed by method B the polymer became
swollen in DMF and DMAc. Even after a long period of heating, only
5-6% polymer was able to dissolve in the solvent. However, after a
short reaction repeat and washing by method A, the solubility of the
polymer was enhanced up to 65%. Reproducibility of this method was
confirmed by the sample HP10. The sample was divided into two parts
and different washing methods were applied for the identical samples
(HP10 and HP10-2). While method A gives highly soluble material,
Method B gives a product that has a partial solubility in DMF. More-
over, it was observed that soluble products are slightly brownish
compared to their less soluble counterparts. Visual differences based on
the applied washing methods are depicted in the Supplementary in-
formation in Fig. S4.

HP5 was also prepared by method B and the results were similar.
Higher than 70% conversion was obtained but solubility was not good.
On the other hand, HP1 shows less than 70% conversion (method A)
but shows good solubility. Hence, these two samples also support the
significance of the washing procedure. In addition to this, grinding was
applied to the polymer (HP7-9) after the first drying step (before
acidification) to acidify the material more easily as the polymer has low
contact with water. However, we found that grinding at this stage only
makes filtration difficult and time-consuming, due to the small and
well-dispersed particles in water.

3.2. Electrospinning

Four different hydrolyzed PIM-1 samples, HP1 (65% hydrolyzed),
HP2 (86% hydrolyzed), HP3 (94% hydrolyzed) and HP4 (99% hydro-
lyzed), were chosen to produce fibers by the electrospinning process, as
they showed good solubility for the preparation of electrospinning
polymer solutions. The effect of a base concentration and the reaction
time used in hydrolysis on a fiber formation was also considered. While
HP1 (65% hydrolyzed) and HP2 (86% hydrolyzed) were both produced
by 20% NaOH solution in 2 and 2.5 h, respectively (Table S1). HP2
required more concentrated solution compared to HP1 for fiber for-
mation (Table 2). Similar trend was observed in samples HP3 (94%
hydrolyzed) and HP4 (99% hydrolyzed) which were produced by 25%
NaOH solution in 2 and 3 h, respectively. While HP4 required 120%
polymer solution, HP3 only required 62% polymer solution for fiber
formation. Longer reaction times were also attempted, to produced
higher degrees of hydrolysis along with higher degrees of carboxyla-
tion, but we found that maximum hydrolysis time that enables bead-
free fiber formation was found 3 h. The higher the degree of hydrolysis,
the more concentrated the spinning solutions needed to be (Table 2)
depending on the reaction conditions used in hydrolysis. Even though
PIM-1 is thermally and chemically stable against acidic and basic
conditions [14,49-51], long reaction times in a concentrated base may
damage the ether linkages in polymer backbone which required more
concentrated polymeric solution for electrospinning of uniform fibers.
This idea was supported not only by viscosity measurements but also by
BET surface area measurements (Table 2). As can be seen, the viscosity
of HP1 and HP2 shows significant difference. Even though they have
been prepared by different solution concentrations, their average fiber
diameters are quite close to each other indicating long reaction time
reduces the molecular weight of the polymer. Considering their powder
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Fig. 4. '"H NMR spectra of PIM-1 and hydrolyzed PIM-1
samples HP1 (20% NaOH, 2 h), HP2 (20% NaOH, 2.5 h),
HP3 (25% NaOH, 2 h) and HP4 (25% NaOH, 3 h).

Chemical Shift (ppm)

and fiber BET surface area data, PIM-1 powder shows quite high BET
surface with 767 m? g~ !. Hydrolyzed PIM powders shows relatively
reduced surface area depending on reaction time and base used for
hydrolysis reaction. This may also indicate the reduction in molecular
weight. Similar comparison can be done by sample HP3 and HP4. The
higher the reaction time and base concentration result in the more re-
duction in the surface area and the more viscous solution for electro-
spinning. The complete N, adsorption desorption data are provided in
the Supplementary information Fig. S5 (a—e).

In addition, electrospun hydrolysed PIMs shows significant reduc-
tion in their BET surface area compared to their powder forms which
may be explained by their interaction by spinning solvent. For this
purpose, TGA measurements were conducted and hydrolyzed PIM-1

Table 1

fibers were compared with parent PIM-1 and hydrolysed PIM-1 pow-
ders. Fig. 5(a) displays that while PIM-1 powder shows no significant
weight loss up to 460 °C, hydrolysed PIM-1 (HP4) powder shows several
degradation steps starting from 150 °C which was explained by func-
tional group degradations in our previous paper [35] showing less
thermal stability compared to parent PIM-1 polymer. However, fiber
and powder forms of hydrolysed PIM-1 show only slight difference
revealing no significant DMF present in the electrospun fibers.

PIM-1 is a non-crystalline/amorphous polymer which does not show
any T, before its degradation temperature since T, is higher than the
degradation temperature. It only shows degradation (T4) around 440 °C
(Fig. 5b) and similar observations have been reported previously [52].
Even though several reports have been published until now [35,36], no

Data from UV, IR, Elemental analysis and 'H NMR spectroscopy, and % hydrolysis calculated by UV and IR of hydrolyzed products.

Sample code” UV absorbance in DMAc Infrared Elemental analysis NMR % hydrolyzed
326 nm 384 nm 444 nm Ien Ien ¢ N H Icoa/Iarnt uv IR
PIM-1 2978.2 183.4 72.2 6.0 4.3 0
HP1 0.62 0.26 0.02 1493.0 32.0 64.1 5.0 4.6 1.00 69 65
HP2 0.82 0.11 0.00 2753.9 23.2 65.4 5.0 4.9 0.91 88 86
HP3 1.35 0.09 0.00 2900.0 10.4 66.6 4.9 4.9 0.85 94 94
HP4 0.68 0.03 0.00 2932.8 1.4 65.5 4.2 5.0 0.79 96 29
HP5 0.65 0.17 0.10 1912.0 30.6 66.8 5.2 5.0 70 74
HP6 1.57 0.11 0.01 2936.0 13.9 93 92
HP7 1.37 0.10 0.02 3758.5 9.0 63.1 4.6 4.7 92 96
HP8 0.86 0.04 0.01 2406.0 0.7 64.2 3.7 4.8 95 100
HP9 0.58 0.02 0.00 3512.0 1.2 62.5 3.5 4.7 97 99
HP10 1.47 0.11 0.00 2212.3 8.0 65.3 5.1 4.9 93 94
HP10-2 1.53 0.14 0.01 2733.0 5.8 65.7 5.2 4.9 91 97
HP11 0.41 0.13 0.02 3907.0 74.7 67.2 5.2 4.9 73 69
HP12 0.47 0.10 0.01 2521.0 25.0 67.2 6.1 5.1 82 84

@ Sample codes for the reaction products: HP = hydrolyzed PIM-1, number = sequence of the experiment.
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Table 2
Percentage hydrolysis, concentration and viscosity of the polymer solutions, average fiber diameters of electrospun hydrolysed PIM-1s and BET surface areas of powder and electrospun
samples.
Sample code % hydrolysis® Concentration of the solution (% w/v) Viscosity (Pas) Average fiber diameter (um) BET (m*g~ 1)
Powder Fiber
PIM-1 - - - - 767 -
HP1 65 40 0.13 1.21 = 0.15 519 320
HP2 86 62 0.29 1.15 = 0.16 451 87
HP3 94 60 0.23 0.58 + 0.08 410 65
HP4 99 120 4.77 0.76 + 0.09 345 25

@ Calculated based on IR.

Fig. 5. (a) TGA curves, (b) DSC curves of PIM-1 and hy-

100
(8) (b) = drolyzed PIM-1 samples. PIM-1 powder (red solid line),

90 : HP4 powder (black solid line) and HP4 fiber (black dashed
- 3 line). (For interpretation of the references to colour in this
Z 80 ;é figure legend, the reader is referred to the web version of
= = this article.)
= 70 %’
S 2
2 60 =

50 =

40 3 . . . - . . : . .

0 200 400 600 0 100 200 300 400 500
Temperature (°C) Temperature (°C)

DSC data has been supported related to hydrolysed PIMs. Here, we
examined hydrolysed PIMs (HP4) DSC curve. It can be clearly seen that,
both hydrolysed PIMs (HP4 powder and HP4 fiber) show two different
degradation steps; one is around 150 °C and other one is around 230 °C
(Fig. 5b). Both steps have been studied separately as a complete cycle in
order to confirm the degradation and the results are displayed in
Fig. 5(b). At first glance, the degradation at 150 °C was explained as a
T, but the further study with complete cycle has revealed that the
change can only be explained by functional group degradation. The
complete data related to thermal properties of hydrolyzed PIM fibers
are provided in the Supplementary information (Fig. S6 (a) and (b)).
The effect of solvent volatility on electrospun fibers was previously
studied by our group [53]. The research indicated that while volatile
solvents results in ribbon-like fibers, less volatiles solvents such as DMF
and DMAc result in round fibers. Smooth and bead-free uniform ul-
trafine fibers were produced by electrospinning of hydrolyzed PIM-1 in
DMF. Here, synthesis of hydrolyzed PIM-1 having high solubility gave
us the possibility to obtained electrospun hydrolyzed PIM-1 ultrafine
fibers with uniform morphology. This approach is quite valuable in
contrast to what has been reported by Zhang et al. [43] where the
precursor PIM-1 polymer was first electrospun into fibers and subse-
quently hydrolyzed, which resulted in fragile fibers that fractured into
pieces and having rougher surfaces. In our case, the electrospun hy-
drolyzed PIM-1 fibrous membranes have shown mechanical integrity to
be further used as a filtering material. Fig. 6 depicts the SEM images
and fiber diameter distributions of hydrolyzed PIM-1 fibers with dif-
ferent degree of hydrolysis. The average fiber diameters of the hydro-
lyzed PIM-1 s were found to be in the range from 0.58 + 0.15 pm to
1.21 + 0.15pm, depending on the degree of hydrolysis (Table 2).

3.3. Dye adsorption

It has been known that PIM-1 shows high affinity for neutral species
[54,55] and hydrolyzed PIMs show high affinity for cationic species
[35,42,43]. In this study, the adsorption ability of hydrolyzed PIM-1
electrospun nanofibrous membranes with different degrees of hydro-
lysis have been tested for Methylene Blue (cationic) and Congo Red
(anionic) dyes from an aqueous system. The study has been carried out
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in two different sets of experiments. One was aimed to compare the
adsorption capacities of PIM-1 powder and of hydrolysed PIMs fibers
against Methylene Blue and Congo Red dyes without using any dilution
(20 mg L™ ! solutions). The other one was designed to find the theo-
retical max adsorption capacities of hydrolysed PIMs against Methylene
Blue by using concentrated dye solutions.

The first part of our results confirmed that hydrolyzed PIM-1 na-
nofibrous membranes exhibited high affinity for Methylene Blue as
consistent with the literature findings [35,42,43]. In the present work,
while PIM-1 in the powder form has shown only 10mgg~ ' and
16 mg g~ ! adsorption for Congo Red and Methylene Blue, respectively,
fully hydrolyzed PIM-1 (HP4) fibrous membrane has shown 4 mg g~ !
and 157 + 16 mg g~ ! adsorption for the respective dyes in 20 mg L™ *
solutions. Fig. 7a illustrates the UV-visible absorption spectra of Congo
Red and Methylene Blue solutions before and after contact with fully
hydrolyzed PIM-1 (HP4) fibrous membrane. Fig. 7b exhibits the ad-
sorption maximum for PIM-1 powder and hydrolyzed PIM-1 fibrous
membrane with different degrees of hydrolysis against Congo Red and
Methylene Blue dyes in 20 mg L™ * solutions. The adsorption data are
provided in the Supplementary information (Table S2, 3 and 5).

The second part or adsorption experiments showed that the ex-
perimental maximum adsorption capacity of hydrolysed PIMs can reach
up to 272 mg g~ ! based on the degree of hydrolysis (Fig. 8a) which is
quite close the value of theoretical maximum adsorption capacity
(278 mg g~ 1) calculated by using Langmuir parameters that can be
found in detail in Table S4 in Supplementary information. Fig. 8 (b) and
(c) show Langmuir and Freundlich models for adsorption of Methylene
Blue on hydrolysed PIMs. Unlike previously reported data [43], the
present data confirms that Langmuir model is more favorable than
Freundlich model indicating monolayer formation of Methylene Blue
on hydrolyzed PIM surface. The data is also in good agreement with
similar study which was conducted by Shakeel et al. [56]. Langmuir
model is also favored in the adsorption of methyl orange on PIM-1
powder.

Even though the hydrolyzed PIMs highest uptake is lower than the
commercial activated carbon and other most promising adsorbent
materials [57], the ability to form as a membrane enables them to
employ hydrolysed PIM fibers as a self-standing membrane in filtration
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Fig. 6. SEM images of (al) HP1(65% hydrolyzed), (b1) HP2 (86% hydrolyzed), (c1) HP3
(94% hydrolyzed) and (d1) HP4 (99% hydrolyzed). (a2-d2) higher magnifications (5 pum)
and (a3-d3) fiber diameter distributions of corresponding samples.

applications. Thus, following the electrospinning, the hydrolyzed PIM-1
electrospun ultrafine fibers formed self-standing fibrous membranes
having mechanical integrity which can be used as a filtering material.
Fig. 9a shows the fibrous membrane form of hydrolyzed PIM-1 (HP3)
before and after filtration of Methylene Blue aqueous solution, and il-
lustrates the filtration process. Previously, self-standing PIM-1 mem-
branes (solution cast) have been studied for pressure-driven nanofil-
tration [16,54,55]. PIM-1 fibers with additives have also been used in

@
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Wavelenght (nm)
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filtration experiments [33]. In so far as we are aware, this is the first
report of a electrospun ultrafine fibrous self-standing hydrolyzed PIM
membrane for filtration. Here, Methylene Blue was removed from so-
lution by a gravity-fed process using a hydrolyzed PIM-1 fibrous
membrane (see Supplementary video 1).

The relationship between removal efficiency of hydrolyzed PIM-1
fibrous membrane against filtered volume of Methylene Blue solution
(Fig. 9b) and against filtration cycle (Fig. 9¢) was also studied by the
same membrane. The solution was filtered and removal efficiency was
calculated based on the filtered volume. At the early stages of filtration,
the removal efficiency was high (over 99.8%), but over the time the
adsorption ability of the membrane was reduced and removal efficiency
decreased to 80%. This behavior was expected as the adsorption rate is
higher at the initial stage and reduced by the time. Moreover, repeating
the filtration cycles also provides an evidence for this approach. While
the removal efficiency was 80% in the first filtration cycle, the effi-
ciency increased gradually up to 96% after the fourth filtration cycle
(Fig. 9¢). Furthermore, hydrolyzed PIM-1 fibers keep the fiber mor-
phology after the adsorption experiment as it displayed in Fig. 9a with
SEM images before and after in contact with dye solutions.

4. Conclusions

This research aimed to investigate systematic hydrolysis of PIM-1 in
the presence of sodium hydroxide by varying the concentration of base,
washing procedure and the time of the reaction in order to obtain hy-
drolyzed PIM-1s via electrospinning. PIM-1s with different degrees of
hydrolysis along with sufficient solubility were successfully achieved
which enables the electrospinning of self-standing nanofibrous mem-
brane for filtration of wastewater. The hydrolysis products became
highly soluble when hydrolysis was conducted with 20 or 25% (w/v)
ratio of base and with drying prior to the washing procedure. Extensive
optimization studies were performed for the electrospinning of uniform
and bead-free ultrafine fibers from hydrolyzed PIM-1 with different
degree of hydrolysis (65%, 86%, 94% and 99%). The fiber diameters
range from 0.6 to 1.2 um depending on the degree of hydrolysis. The
hydrolyzed PIM-1 self-standing nanofibrous membrane demonstrated
high affinity for a Methylene Blue compare to Congo Red dye. The
maximum adsorption capacity of fully hydrolysed PIM-1 for Methylene
Blue was found 157 + 16 mg g~ ! when the adsorption was conducted
by 20mg L~ ! dye solution without using any dilution. Futhermore,
experimental maximum Methylene Blue adsorption capacity of fully
hydrolyzed PIM-1 was found 272 mg g~ '. Hydrolyzed PIM-1 fibers
were used as a self-standing membrane material for the separation of
Methylene Blue from an aqueous solution. Electrospun hydrolyzed PIM-
1 fibers could adsorb a large amount of Methylene Blue from an aqu-
eous system without the necessity of additional driving force.
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