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A B S T R A C T

Polymers of Intrinsic Microporosity (PIM-1) is a promising material for adsorption and separation applications.
While PIM-1 displays high affinity for neutral species, it shows lack of interaction with charged molecules in an
aqueous system due to non-polar nature of it. Functionalization of PIM-1 provides an advantage of tailoring the
interaction ability as well as the adsorption performance of PIM-1 towards target pollutants. In this study,
electrospun Polymer of Intrinsic Microporosity (PIM-1) fibrous membrane (PIM-FM) was reacted with borane
dimethyl sulfide complex to obtain amine modified PIM-1 fibrous membrane (AM-PIM-FM). Furthermore, PIM-1
film, which is referred as PIM-1 dense membrane (PIM-DM), was also modified under the same conditions as a
control material. Structural analyses have confirmed that nitrile groups of PIM-1 have been fully converted to
amine group as a result of the reduction reaction. Average fiber diameter of parent PIM-1 fibers was found
2.3 ± 0.3 μm, and it remained almost the same after the amine modification. In addition, no physical damage
has been observed on fiber structure based on the SEM analysis. Both amine modified PIM-1 dense and fibrous
membranes became insoluble in common organic solvents. Before the modification, water contact angle of PIM-
FM was 138 ± 2° which also remained almost the same after the modification, showing water contact angle of
131 ± 8°. The insolubility along with amine functionality make membranes promising materials for adsorption
of anionic dyes from wastewater. Here, dye (i.e. Methyl Orange) removal ability of AM-PIM-FM from an aqueous
system was investigated and compared with parent PIM-1 (PIM-FM) as well as dense membrane form (AM-PIM-
DM). AM-PIM-FM shows extremely higher adsorption capacity than that of PIM-FM and AM-PIM-DM. The
maximum adsorption capacity of AM-PIM-FM was found 312.5 mg g−1 for Methyl Orange. Langmuir isotherm
model was found more favorable for the adsorption. AM-PIM-FM was employed effectively in continuous ad-
sorption/desorption studies for several times without having any damage on fiber morphology using batch
adsorption process. Furthermore, AM-PIM-FM was successfully used as a molecular filter for the removal of
methyl orange from an aqueous system. The results indicate that AM-PIM-FM could be a promising adsorbent for
removal of anionic molecules from an aqueous system.

1. Introduction

Water pollution has raised a global concern, and tremendous re-
search has been performed on the removal of hazardous materials in-
cluding heavy metals, aromatic compounds and dyes [1,2]. Several
industries utilize dyes and most of the dyes are released into the en-
vironment without proper discharging method, leading to detrimental
effects on the biological system and human body [3,4]. Therefore, their
elimination from an aqueous waste would be of significant concern to
handle wastewater issues. A number of treatment methods have been
developed for dye removal from wastewater including adsorption,
chemical reduction [5], oxidation [6], coagulation [7], biological

treatment [8] and membrane separation [9]. Among all, adsorption is
the most attractive method due to its efficiency and applicability on a
large scale as well as having the potential of reusability of adsorbents
[10]. Electrospinning is a simple and effective method to produce de-
sirable adsorbents, having a high surface area to volume to ratio and
highly porous structure. A variety of materials particularly polymers
can be electrospun into fibers from nanometers to micrometers dia-
meter [11–15].

Recently, Polymers of intrinsic microporosity (PIMs) have generated
significant interest due to their high surface area and packing in-
efficiency as a result of their rigid and contorted structure [16,17]. PIM-
1 is the most studied member of this class and it was utilized in various
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applications including adsorption [18], separation [19], catalysis [20]
and several other applications in the form of powder, membrane and
fibers since its solution processable, and it displays selectivity for some
certain organic compounds [21–23]. PIM-1 exhibits outstanding gas
separation performance in the dense membrane form [17,24]. It also
shows selective adsorption for neutral species from non-aqueous system
in the powder and dense membrane form [23,25]. Although powder
and membrane form of PIM-1 is widely studied, fiber form is compar-
ably a new concept, which can be obtained by electrospinning tech-
nique. Recently, electrospinning of PIM-1 has been performed, and very
few studies have been reported related to fiber production [22,26],
energy storage applications [22], adsorption of aniline from an aqueous
system and air [27], and adsorption of oil soluble (neutral) compounds
from non-aqueous system [28,29]. Functionalization of PIM-1 is also of
interest as it offers the possibility of altering the interaction ability of
PIM-1 with its surrounding, especially in an aqueous system [30–33].
However, modification may cause a serious damage on structure and
the membrane forming ability of polymer. Recently, we have devoted
some efforts to the modification of PIM-1 in order to alter the adsorp-
tion ability of PIM-1 against charged molecules such as cationic and
anionic species in an aqueous system. Our previous results demon-
strated that while hydrolyzed PIMs exhibit high adsorption capacity
against cationic species, amine and ethanolamine modified PIMs show
high uptake for anionic species [25]. Even though we have managed to
obtain several modified PIM powders with an improved adsorption
selectivity along with an enhanced adsorption capacity, they can only
be employed as a powder adsorbent that limits the potentials of these
materials in broader applications due to the handling difficulties.
Therefore, producing more convenient form is necessary to overcome
the handling difficulties. Recently, Zhang et. al.[34] has reported the
hydrolysis of electrospun PIM-1 fiber to improve the cationic dye ad-
sorption performance of electrospun PIM-1. However, post-modifica-
tion of electrospun fiber has caused serious structural damage on fibers.
Afterwards, we have reported a facile method to produce hydrolyzed
electrospun PIM-1 ultrafine fibers for an effective removal of cationic
dye (methylene blue) from an aqueous system [35]. Moreover, elec-
trospun fibrous membrane was successfully used as a filter to remove
methylene blue from aqueous system. These two examples are the only
two modified electrospun PIMs reported so far and they can only be
selective for cationic species. Producing selective fibrous PIM mem-
brane for anionic species has not been achieved yet. In general, amine
functionalization is an effective way to tune the adsorption ability of
material and to empower selectivity against anionic species [36,37].
Previously, amine modification of PIM-1 has been reported by our
group [31], and the powder form of amine PIM-1 showed enhanced
selectivity and high adsorption capacity against anionic species from an
aqueous system [25]. As aforementioned, although amine PIM-1
powder is a good adsorbent, handling difficulty limits the applications
of the material. To overcome this problem, producing the amine PIM-1
in the form of a membrane is more beneficial, since membranes can be
employed in different applications including adsorption, membrane
separation and sensor applications. Even though the dense membrane
(film form) of amine PIM-1 has been reported previously [31], it has
been only employed in gas separation. Thus, no study has revealed the
adsorption ability of amine modified PIM-1 membrane from an aqueous
system yet. Furthermore, the amine modification of electrospun PIM-1
fibrous membranes and their adsorption properties from an aqueous
system has not been reported yet, to the best of our knowledge.

In this study, we have reported the modification of electrospun PIM-
1 ultrafine fibers in the presence of borane dimethyl sulfide complex to
Amine PIM-1 (AM-PIM) ultrafine fibers. Here, we have investigated the
possible effect of the chemical modification on fiber morphology and
we have compared the adsorption ability of dense and fibrous mem-
branes of amine modified PIM-1 samples with parent PIM-1 polymer
and with each other. Although borane dimethyl sulfide complex is a
strong reducing agent, fiber structure of PIM-1 has not been affected

from the reaction conditions. The self-standing amine PIM-1 fibrous
membrane (AM-PIM-FMs) was obtained by modification of electrospun
PIM-1 fibrous membrane that might be a useful material for adsorption
applications due to the insoluble behavior and functionalized fibrous
structure. Furthermore, the amine PIM-1 fibrous membrane has shown
greater adsorption capacity towards anionic dye (i.e. Methyl Orange)
compared with PIM-1 dense/fibrous membranes as well as dense amine
PIM-1 membrane and low adsorption capacity against cationic dye (i.e.
Methylene Blue) from an aqueous system. Moreover, amine modified
fibrous membrane was successfully utilized to decolor Methylene Blue
& Methyl Orange mixtures owing to affinity difference of amine PIM-1.
Desorption of Methyl Orange was achieved by using basic alcohol so-
lutions, and adsorbent was successfully used in several adsorption cy-
cles without having any damage on fiber morphology. Besides, the
application of AM-PIM-FM in filtration application was also in-
vestigated to provide further evidence for the convenience of the ma-
terial.

2. Experimental

2.1. Materials

Tetrafluoroterephthalonitrile (97%, Alfa Aesar) and 5,5′,6,6′-
Tetrahydroxy-3,3,3′,3′-tetramethyl-1,1′-spirobisindane (98%, Alfa
Aesar) were purified as reported previously [32]. Anhydrous potassium
carbonate (K2CO3, 99.0%, Fisher) was dried overnight at 110 °C. Borane
dimethyl sulfide complex solution (5.0M in diethyl ether), 1,1,2,2,
tetrachloroethane, dimethylacetamide (DMAc), methanol, ethanol,
chloroform (CHCl3), dimethylformamide (DMF), toluene, sodium hy-
droxide (NaOH) and Methylene Blue (molecular formula:
C16H18ClN3S·3H2O; molecular weight: 373.9) were obtained from
Sigma Aldrich. Methyl Orange (molecular formula: C14H14N3NaO3S;
molecular weight: 327.3) was purchased from Merck, and they were
used without further purification.

2.2. Synthesis of amine modified PIM-1 fibrous membrane (AM-PIM-FM)

Synthesis and electrospinning of PIM-1 was performed as reported
previously [27]. Highly aligned PIM-1 fibers were prepared using
1,1,2,2 tetrachloroethane as solvent at 2000 rpm rotating speed to
avoid any wetting. Synthesis of amine PIM-1 was achieved according to
previous method [31]. Fibrous membrane of PIM-1 (0.3 g) was placed
in a flange reactor. Condenser and nitrogen inlet were fitted to reactor
which was then placed in oil bath and was heated to 45 °C before the
addition of borane-dimethylsulfide complex (10mL, 5M in diethyl
ether). The reaction was performed overnight, and the excess borane
was quenched by adding ethanol dropwisely. Fibrous membrane was
soaked in 1M methanolic HCl (100mL) for overnight then transferred
into 5% (w/w) aqueous sodium hydroxide (100mL) for a further night
to neutralize the membrane. Following that, membrane was washed
with a copious amount of water and dried at 110 °C overnight to obtain
golden yellow color.

2.3. Synthesis of amine modified PIM-1 dense membrane (AM-PIM-DM)

Dense membrane of PIM-1 (PIM-DM), which is used to express film
form of PIM-1, was prepared by well-known solvent evaporation tech-
nique using chloroform as a solvent. Synthesis of amine modified PIM-1
dense membrane (AM-PIM-DM) was performed under the identical
conditions with AM-PIM-FM sample.

2.4. Methods

FT-IR spectra of membranes were collected on a Bruker Vertex 70
spectrometer by mixing a piece of membrane with potassium bromide
(KBr) which was then pressed to prepare pellet samples. Each sample
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was scanned 64 times at a resolution of 4 cm−1. The morphology of the
fibrous membranes was studied using FEI Quanta 200 FEG scanning
electron microscope. Membranes were sputtered with 10 nm Au prior to
imaging and the analysis was performed at 10 kV. ImageJ software was
used to measure the diameters of electrospun fibers. Thermal properties
of membranes were studied using thermogravimetric analyzer (TGA,
TA Q500), applying 20 °C min−1 heating rate up to 600 °C under ni-
trogen atmosphere. Autosorb iQ gas sorption analyzer was employed to
obtain N2 adsorption isotherms at −196 °C. Approximately 0.05 g of
sample was degassed under high vacuum at 120 °C for 16 h. Analysis
was performed after reweighting the degassed sample. Multi-point
analysis method was used to calculate Brunauer–Emmet–Teller (BET)
surface areas. Dataphysics water contact angle system (OCA) was used
to measure water contact angles of membranes. Deionized water (0.4
μL) was automatically dropped on the membrane surface and Laplace-
Young fitting was performed. The measurements were repeated 5 times
at different positions for an average value. The elemental composition
of membrane surfaces was determined by X-ray photoelectron spec-
troscopy (XPS, Thermo Fisher Scientific, UK). XPS spectra were col-
lected using a flood gun charge neutralizer system which was equipped
with a monochromated Al Kα X-ray source.

2.5. Adsorption studies

Adsorption studies were performed by diluting the aqueous stock
solutions of Methyl Orange and Methylene Blue by deionized water for
desired concentration. Calibration solutions were prepared by diluting
the stock solutions (500mg L−1) 21 times (1mL dye solution: 20mL
deionized water). Thus, solutions in the range of 23.8–1.25mg L−1

were obtained. Varian Cary 100 Bio spectrometer was used to measure
their absorbance values. Values of λmax for Methyl Orange and
Methylene Blue were taken as 464 and 664 nm, respectively. Specific
absorption coefficients, a, were determined as 0.1002 Lmg−1 cm−1 for
Methyl Orange and 0.1808 Lmg−1 cm−1 for Methylene Blue. A piece of
oven-dried membrane (∼5.0 mg) was placed in 20mL of Methyl
Orange solutions ranging from 45 to 500mg L−1. The dye solution (at
natural pH ∼6) containing the membrane was stirred well for 24 h.
100 μL aliquots were taken by pipette and diluted with 2mL deionized
water. The mass of dye adsorbed by the membrane, qe (mg g−1), was
determined from the absorbance of the dye solution before contact with
membrane, A0, and the absorbance of the dye solution after reaching
effective equilibrium with the membrane, Ae, using Eq. (1).

=

−q A A V
alm

( )
e

e0
(1)

where V is the total volume of dye solution, l is the path length in the
spectrometer and m is the total mass of membrane. All adsorption
studies were performed as duplicates and mean values were used.

For continues adsorption/ desorption experiments, 20mg Amine
PIM-1 fibrous membrane was placed in 20mL 500mg L−1 Methyl
Orange solution and was stirred well for 24 h. Then, membrane was

washed with water to remove the excess of Methyl Orange from
membrane surface. Subsequently, it was placed in basic ethanol solu-
tion (∼1mL 1M NaOH(aq) in 20mL Ethanol) and stirred well for an
hour to ensure complete desorption of Methyl Orange. Once membrane
was recovered, it was washed with a copious amount of water to re-
move salt particles from fiber surface. The same procedure was applied
for 4 times.

For filtration studies, ∼20mg Amine PIM-1 fibrous membrane was
packed in a 1mL plastic syringe. Then, 1mL 20mg L−1 Methyl Orange
solution was pumped through the membrane with a flow rate of
0.5 mLmin−1 and filtrate was collected for each time. Similarly, des-
orption of Methyl Orange has been achieved by 1mL basic ethanol
solution.

2.6. Isopropanol treatment

Porosity of AM-PIM-DM and AM-PIM-FM was compared using iso-
propanol solution. The membranes having 2.2 cm diameter were placed
in 5mL isopropanol for an hour. Swelling of the membranes was
monitored, and weight changes were compared.

3. Results and discussion

Characterization and electrospinning of pristine PIM-1 were re-
ported in detail in our previous study [27]. Electrospun PIM-1 ultrafine
fibers were obtained via electrospinning technique as depicted in Fig. 1.
A detailed procedure of amine modification of PIM-1 has been reported
previously by our group [31]. Here, we performed the amine mod-
ification reaction onto the electrospun PIM-1 ultrafine fibers (Fig. 1) to
examine the modification from two aspects. First, to investigate the
effect of the reaction conditions on fiber morphology since borane
complex is a strong reducing agent that may damage the fiber structure.
A similar approach has been applied by Zhang et al. [34] in the hy-
drolysis reaction of PIM-1 fibers. However, they have ended up with
damaged fibers. Second, amine modified PIM-1 powder has a high af-
finity for anionic species and a low affinity for cationic species but it
still maintains handling difficulty as the material is insoluble in any
common organic solvents [25]. A useful form has been obtained by
reacting self-standing dense membrane of PIM-1 with borane complex
resulting amine PIM-1 dense membrane which shows significant se-
paration performance in gas separation [31]. Therefore, study was
designed to produce another useful form of amine PIM-1 compared to
powder and dense membrane form for adsorption and separation stu-
dies, and to compare the adsorption performance of dense and fibrous
membranes of amine modified PIMs against anionic dye (i.e. Methyl
Orange) from an aqueous system.

The insoluble behavior of amine PIM-1 limits the characterization
methods that can be applied in solution form. However, the char-
acterization of amine PIM-1 is possible by using complementary tech-
niques including FT-IR and XPS. After reacting PIM-1 fibrous membrane

Fig. 1. Illustration of electrospinning process and production of AM-PIM-FM.
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(PIM-FM) with borane complex, the structural changes have been in-
vestigated by FT-IR. Fig. 2 displays the FT-IR spectra of PIM-FM and
amine modified PIM-1 fibrous membrane (AM-PIM-FM). The nitrile
stretches (2240 cm−1) of PIM-1 were disappeared after reduction, in-
dicating complete conversion of nitrile. Additional peaks were ap-
peared at 3360 and 800 cm−1, indicating N-H stretches [31]. The same
signals are also obtained for dense membrane which are presented in
supplementary information in Fig. S1.

The amine modification only adds up two more hydrogens to PIM-1
structure (Fig. 1), hence, a successful modification can be confirmed by
the existence of nitrogen and by its relative ratio to carbon. The pre-
sence of nitrogen in amine modified PIM-1 membranes is confirmed by
XPS study. As can be seen in Fig. 3, N peak centered at 399 eV remains
stable after the reaction for both dense and fibrous membranes. On the
other hand, the purity of the samples showed slight differences. While
PIM-DM does not show any peaks except for C (285 eV), O (533 eV) and
N (399 eV), PIM-FM shows ∼1% chlorine peak (199 eV) that comes
from spinning solvent tetrachloroethane. Even after drying in an oven a
small amount of residual solvent can be found in PIM-1 sample due to
high boiling point nature of tetrachloroethane (∼147 °C). After the
amine modification, this peak (Cl) disappeared as the membrane
treated with methanolic HCl which leads a swelling in membrane thus
helps to remove residual solvent. Also, dense amine PIM-1 membrane
shows slight (∼1%) Na peak around 500 eV which reveals dense
membrane requires further washes with water. The percentage of atoms
for the samples by XPS analyses are provided in supplementary in-
formation in Table S1.

The data obtained by FT-IR and XPS are further supported by TGA

measurements. Fig. 4 shows the TGA curves of dense and fibrous
membranes of PIM-1 and amine PIM-1 samples. PIM-1 is stable up to
460 °C, and above this temperature polymer backbone degradation
occurs. Unlike PIM-DM, around 2% weight loss is observed for PIM-FM
below 200 °C, which is due to the solvent residual of tetrachloroethane.
The result is in accordance with the data obtained by XPS. Weight loss
of amine modified membranes starts around 320 °C due to the loss of
amine moiety in polymer and similar decomposition is observed after
460 °C with parent PIM-1 polymer. Furthermore, a significant differ-
ence for the remaining weight percent of the samples is marked be-
tween dense and fibrous membranes for both PIM-1 and amine PIM-1 at
600 °C. While the weight percent of dense membranes remains around
73%, the weight percent of fibrous membranes remains around 60% at
the same temperature.

Fig. 5 a1 and b1 show the SEM images of PIM-1 and amine mod-
ified PIM-1 fibers, and a significant difference was observed in the
alignment of the fibers. While PIM-1 fibers display highly aligned
structures since the rotating drum is used as a collector in order to
obtain dry fibrous web, amine modified PIM-1 fibers show more
random structure in which alignment of fibers was disturbed under the
amine modification reaction conditions. As we treated the membranes
with ethanol and methanol after the reaction, that leads swelling and
more entangled structure for amine membrane. On the other hand, no
structural damage has been observed not only on the size of the fibers
but also the diameters of the fibers remain almost the same after amine
modification as depicted in Fig. 5a2–3 and b2–3.

After confirming the stability of fiber morphology, the flexibility of
membranes is also compared. As is well known, PIM-1 dense membrane
is quite flexible [38], but dense amine membrane is more brittle than
PIM-1. It can be seen by simply bending the membranes by hand as
shown in supplementary information in Fig. S2. On the other hand,
both PIM-FM and AM-PIM-FM remain their flexibility (Fig. S2). Thus,
the reaction has no adverse effect on the flexibility of the fibrous
membrane.

The wettability of the material is primarily determined by the tex-
ture of the solid surface [39–41]. When a liquid is in contact with
smooth surface, it shows equilibrium or Young‘s contact angle (θ) [42].
On the other hand, if a liquid is in contact with textured (rough) sur-
face, it shows apparent contact angle (θ*) by aiming to minimize its
overall free energy. The droplet displays either fully wetted Wenzel
State (a droplet completely permeates the surface) [43] or the non-
wetting Cassie-Baxter State (pockets of air trapped under the droplet)
[44]. The latter is preferred to design super-repellent surfaces [39].
Hence, the hydrophobicity of both dense and fibrous membranes of
PIM-1 and amine modified PIM-1s was monitored by measuring their
water contact angles (WCA). A significant difference was found be-
tween dense and fibrous membranes of both PIM-1 and amine modified
PIM-1 (Fig. 6). The wettability of all membranes is strongly affected by

Fig. 2. FT-IR spectra of PIM-1 and amine PIM-1 fibrous membranes.

Fig. 3. XPS spectra of dense and fibrous membranes of PIM-1 and amine PIM-1.

Fig. 4. TGA curves of dense and fibrous membranes of PIM-1 and amine PIM-1.
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surface roughness. While PIM-DM shows WCA of 83 ± 2°, PIM-FM
displays WCA of 138 ± 2° indicating more hydrophobic nature in the
form of a fibrous membrane for the PIM-1 structure which is in good

agreement with previous data [26–28]. A similar trend is also observed
in amine modified PIM-1 membranes with water contact angles
78 ± 2° and 131 ± 8° for dense and fibrous amine PIM-1 membranes,

Fig. 5. SEM images of (a) PIM-FM and (b) AM-PIM-FM; (1) at 100 μm magnification, (2) at 10 μm magnification, (3) average fiber diameter distributions.

Fig. 6. Digital images of water contact angles of dense and fibrous membranes of PIM-1 and amine PIM-1.
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respectively. Generally, the presence of amine functionality ought to
improve the wettability of the material due to the potential hydrogen
bonding cites [45] but no substantial change was observed in WCA
which might be possibly due to the amount and the placement of the
amine groups on the surface of the membranes.

As reported previously, amine modification enhances the interac-
tion ability of PIM-1 powder with anionic species [25]. In this work, we
have studied the Methyl Orange adsorption by PIM-1 and amine mod-
ified PIM-1 dense and fibrous membranes to find out the impact of
modification on the interaction ability of different forms of samples.
The results were surprising for authors, since we expected both PIM-DM
and PIM-FM show almost no affinity for Methyl Orange due to the non-
polar structure of PIM-1, displaying high affinity for neutral species
(Fig. 7a, digital images of the dye solutions are also provided in sup-
plementary information in Fig. S3) [23]. Amine modified dense and
fibrous membranes showed marked difference in Methyl Orange ad-
sorption. While AM-PIM-DM shows little adsorption, AM-PIM-FM
shows extremely high adsorption of Methyl Orange from an aqueous
system compared to all other samples in this study (Fig. 7a), revealing
the effective adsorption cannot be obtained by simply changing the
functionality of the material, the form of the material is also crucial.

Usually high surface area denotes high adsorption capacity.
Therefore, BET surface area measurements were conducted to elucidate
the reason for adsorption ability of PIM-1 and amine PIM-1 dense and
fibrous membranes. A surprising finding was that while PIM-1 mem-
branes display 770m2 g−1 BET surface area (Fig. S4), amine modified
PIM membranes show BET surface area below ∼15m2 g−1 (Fig. S4).
Even though both amine membranes do not show any significant BET
surface areas, amine PIMs have better adsorption ability against Methyl
Orange from an aqueous system than that of parent PIM-1s. Therefore,
losing apparent BET surface area does not limit the enhancement of
adsorption capacity. It is noteworthy that, BET surface area measure-
ments are performed by using N2 molecules, which have kinetic dia-
meter of 3.64 Å, that penetrates the smallest pores in the polymer.
However, when it comes to Methyl Orange adsorption, Methyl Orange
molecules do not penetrate inside the pores, they only interact with
accessible surface. Thus, it is believed that the driving force of ionic
dyes and PIMs mainly depends on the electrostatic interactions due to
the selective behavior. If π-π interactions are the main driving force, no
selectivity would be observed [36]. To further support this, study
continued with AM-PIM-FM. First, the selectivity of fibrous membrane
in the mixture was studied and it was confirmed that fibrous amine
membrane is selective towards anionic species same as previously re-
ported powder form [25]. Fig. 7b displays the UV spectra of the mixture
of Methyl Orange and Methylene Blue solutions for AM-PIM-FM. When

two solutions were mixed, the concentration was expected to reduce by
half but precipitation occurred due to the charge affect and we observed
lower absorbance than the expected. Once AM-PIM-FM adsorbed the
Methyl Orange from the solution, the intensity of Methylene Blue
(664 nm) signal increased while the intensity of Methyl Orange reduced
(464 nm). Thus, it was confirmed that AM-PIM-FM is also selective
towards anionic species. Digital image of this experiment is also pro-
vided in Fig. 7b.

Moreover, AM-PIM-FM shows extremely higher adsorption capacity
than AM-PIM-DM (Fig. 7a) which indicates the form of the material is
as important as the functionality to improve the adsorption perfor-
mance. Although the chemical structure of the membranes is identical,
fibrous membrane has greater accessible surface than the dense form.
Since adsorption is a surface phenomenon, the presence of more ac-
cessible amine groups in fibrous membrane results in higher adsorption
capacity. Similar observations related to accessible surface and the
porosity of thin film (dense membrane) and fibers have been mentioned
in literature [46–48]. Therefore, the porosity of the amine membranes
has been investigated and porosity difference between two forms of
membranes highlighted visually using isopropanol treatment as shown
in Fig. 8. AM-PIM-FM shows significant change in the size after ad-
sorbing isopropanol. Conversely, no significant change is observed in
the size of the AM-PIM-DM. Data associated with isopropanol treatment
of the membranes are provided in supplementary information in Table
S2. Also, membranes can return their original size and shape after the
removal of isopropanol. In addition to dimensional change, the weight
gain of the membranes also shows distinct differences. The weight gain
of AM-PIM-FM is 11 times higher than that of AM-PIM-DM. Therefore,
high adsorption capacity in AM-PIM-FM is mainly based on the elec-
trostatic interactions of amine functionality and the accessibility of
these functional groups.

Time profile and the adsorption capacity of AM-PIM-FM for Methyl
Orange are also investigated. It was found that the adsorption reaches
the effective equilibrium within 24 h (Fig. 9a) in which there is a slight
increase after this point. Fig. 9b shows the relationship between the
adsorption capacity and equilibrium concentration of Methyl Orange in
solution. The adsorption capacity is increased rapidly with an increased
Methyl Orange concentration. Then reached the plateau after the initial
concentration was greater than 300mg L−1. The saturation adsorption
capacity was 301.4 mg g−1 at 500mg L−1. To distinguish the adsorp-
tion system, two commonly used isotherm models, Langmuir and
Freundlich have been utilized in their linearized forms for Methyl Or-
ange adsorption onto AM-PIM-FM [49]. A detailed explanation related
to these forms are provided in supplementary information in Eqs.
S1–S3. While Langmuir isotherm indicates homogenous adsorption

Fig. 7. UV spectra of (a) Methyl Orange solutions before and after in contact with membranes, (b) Methyl Orange (1), Methylene blue (2) and Methyl Orange/
Methylene Blue mixture before (3) and after (4) in contact with AM-PIM-FM and digital images of corresponding solutions.
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surface, Freundlich isotherms denote heterogenous surface. Fig. 9c and
d display the applied Langmuir and Freundlich models. The correlation
coefficient (R2) of Langmuir model is higher than that of Freundlich
isotherm, suggesting monolayer adsorption for Methyl Orange. This is
in parallel with the previous adsorption studies reported for aniline and

Fig. 8. Digital images of swelling behavior of AM-PIM-DM and AM-PIM-FM by isopropanol treatment (a) before isopropanol adsorption, (b) in isopropanol, (c) after
drying at room temperature.

Fig. 9. Relationship between (a) qe and time, (b) qe and Ce, (c) Langmuir model and (d) Freundlich model for Methyl Orange on AM-PIM-FM.

Table 1
The constants of Langmuir and Freundlich isotherms and respective correlation
coefficients for Methyl Orange adsorption on AM-PIM-FM.

Langmuir parameters Freundlich Parameters

qm (mg g−1) KL (L mg−1) R2 nF KF (L g−1) R2

312.5 0.056 0.997 9.16 151.3 0.875

Table 2
Comparison of adsorption capacities of various fibrous membranes for Methyl
Orange.

Adsorbents Adsorption capacity (mg
g−1)

Ref.

Amidoxime-modified polyacrylonitrile 68.1 [53]
PMMA/zeolite 95.3 [54]
EDTA functionalized PAN 99.2 [55]
PDA modified Co0.3Ni0.7Fe2O4@SiO2 116.2 [56]
Chitosan/PVA 183 [57]
Polyaniline-coated nylon-6 370 [58]
Amine modified PIM-1 (AM-PIM-FM) 312.5 This work
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Methyl Orange of adsorption PIM-1 and Methylene Blue adsorption of
hydrolyzed PIM-1 fibers [27,35,50]. The constants of Langmuir and
Freundlich isotherms and respective correlation coefficients are given
in Table 1. The value of the separation factors (RL), provides an in-
dication whether the adsorption is favorable or not, which is favorable
in the experiment concentration if 0 < RL < 1, unfavorable RL > 1,
linear RL= 1 or irreversible RL= 0 [51]. In this regard, the separation
factors (RL) were 0.034–0.283 for Methyl Orange, suggesting that the
adsorption process is favorable. Another parameter, Freundlich con-
stant (n) can be used to distinguish whether the adsorption is easy or
difficult when the value of n is smaller than 1, it denotes the adsorption
is difficult and if the value is in between 2 and 10 implies an easy ad-
sorption [52]. Considering this, Freundlich constant was found 9.16 for
Methyl Orange, indicating the adsorption is favourable.

The value of qm (312.5 mg g−1) obtained from Langmuir isotherm

indicates the theoretical maximum adsorption capacity of AM-PIM-FM
for Methyl Orange which is compared with a handful of available lit-
erature data related to adsorption performance of fibrous membranes
for Methyl Orange in Table 2. Note that, the majority of research re-
lated to electrospun nanofibers/microfibers mainly focuses on cationic
dye removal or metal ion removal. Selective electrospun nanofiber for
the use of anionic dye removal is only a handful and most of them are
composite fibers unlike amine modified PIM-1 fibrous membrane.
Consequently, the value of qm is not the greatest in all reported data but
it is higher than that of many other fibrous membranes reported so far.
One possible advantage of amine modified PIM-1 fibrous membrane is
that it might be possible to use as a filtering material in real filtration
experiments due to its water-insolubility. Moreover, some further re-
action can be conducted on amine modified PIM-1 fibrous membranes
to obtain new functionalities and features.

Fig. 10. (a) Reuse of AM-PIM-FM for Methyl Orange adsorption, (b) SEM images of AM-PIM-FM after 4 adsorption desorption cycle.

Fig. 11. Filtration of Methyl Orange using AM-PIM-FM (a) preparation of filtration column, (b) decolorization of dye solutions using same membrane, (c) removal
efficiency of membrane for dye solutions, (d) desorption of dye solution.
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Desorption of Methyl Orange was also achieved by using basic
ethanol solutions within minutes as provided in the supplementary
video 1. Regeneration of AM-PIM-FM and continues adsorption/deso-
rption efficiency can be seen in Fig. 10a. that exhibits AM-PIM-FM
maintain 78.6% of its adsorption capacity after 4 cycles. Furthermore,
no physical damage has been observed on fiber morphology after 4
cycles (Fig. 10b). Note that, following the desorption of Methyl Orange
from the membrane surface by basic ethanol solution requires further
water treatment. While the dye molecules are removed from the sur-
face, the salt particles were attached as shown in Fig. S5. If the mem-
brane is not properly neutralized, the following adsorption data will be
higher than that of the previous cycle leading a miscalculation and
higher than the expected value.

In addition to successful usage of electrospun AM-PIM-FM in batch
adsorption process, the practical usage of this membrane in real fil-
tration application has been studied with a small amount of sample.
Fibrous membrane was packed inside a syringe as shown in Fig. 11a,
and Methyl Orange solution was passed through this membrane.
Fig. 11b displays the digital image of the filtration of Methyl Orange
continuously using the same membrane, and the removal efficiency was
still 96% after 8 filtration cycles (Fig. 11 c). Whole filtration process
was provided in supplementary video 2. Moreover, the regeneration of
the membrane has also been achieved using the same system as can be
seen in Fig. 11 d. Similarly, regeneration of membrane in filtration
system is provided in supplementary video 3.

4. Conclusions

Chemical functionalization of electrospun PIM-1 fiber is achieved
using borane dimethyl sulfide complex resulting amine modified PIM-1
fibers. Modified fibers were found insoluble in any common organic
solvents indicating chemically stable material. The fibers obtained in
the form of a self-standing fibrous membrane which has not only ex-
hibited good thermal stability but also maintained the flexibility, unlike
the dense form. The reaction has no adverse effect on fiber morphology,
and the hydrophobic nature of PIM-1 fibers is maintained by amine
modification. It was found that amine modified PIM-1 fibrous mem-
brane shows enhanced adsorption capacity against Methyl Orange
compared to the PIM-1 fibrous membrane as well as amine modified
PIM-1 dense membrane. Moreover, it shows selective adsorption for
anionic species (Methyl Orange) in the presence of cationic species
(Methylene Blue). The theoretical maximum adsorption capacity was
found 312.5mg g−1. The Langmuir isotherm has a better fit for the
adsorption, and the adsorption is favorable. The comparative study of
functionalization of PIM-1 dense and fibrous membranes provides an
inspiration for the production of novel membrane materials from PIM
type of polymers. The introduction of amine functionalization in fibrous
membrane form may find wide applications in other fields such as
catalysis, detection and membrane separation since AM-PIM-FM can be
effectively used in real filtration applications to remove the con-
taminants rapidly from an aqueous system.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.apsusc.2018.05.069.
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