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a b s t r a c t
This paper presents the results of research on the synthesis of graphene oxide/polyacrylonitrile 
(GO/PAN) composite membranes from N,N-dimethylformamide solution using a phase inversion 
method. Our studies have shown that the presence of GO has a significant effect on the physical and 
chemical properties of the composite material, which is also confirmed by scanning electron micros-
copy. In addition, GO has been found to improve the transport properties and prevent fouling behav-
ior. Qualitative studies of the composition of the membranes using an attenuated total reflectance 
Fourier transform infrared spectroscopy technique proved the presence of GO on the surface of the 
GO/PAN membrane and, simultaneously, the lack of bands characteristic for PAN, which may explain 
the phenomena occurring during the transport of liquid through GO/PAN membranes. Thermal anal-
ysis (differential scanning calorimetery) confirmed that when graphene oxide is incorporated into 
the polymer matrix at a level of at least 4%, the properties of the GO/PAN composites are distinctly 
changed, and the PAN cyclization temperature is much lower. Wide-angle X-ray scattering patterns, 
on the other hand, showed good dispersion of GO in the composite membranes.
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1. Introduction

Polyacrylonitrile (PAN) is a popular engineering poly-
mer that can be obtained in the form of either a homopoly-
mer or a copolymer [1]. The oldest and most well-known 
application of PAN is in the textile industry, but it also 
has been used in special textiles [2], carbon fibers [3], anti-
bacterial products [4], superhydrophobic surface finishes 
[5], optoelectronic and photonic devices [6], energy stor-
age systems [7] and many others. PAN has good thermal 
stability [8], mechanical properties, thermal conductivity, 
and UV and chemical resistance [9]. PAN is soluble in 
many solvents including N,N-dimethylformamide (DMF), 
dimethylsulfoxide (DMSO), N,N-dimethylacetamide 

(DMA), chloroacetonitrile, dioxanone, dimethyl phos-
phite, dimethyl sulfone, γ-butyrolactone, ethylene car-
bonate, nitric acid, sulfuric acid, and therefore, it can be 
easily processed from solution [9–11]. This good solubility 
allows the preparation of membranes for ultrafiltration 
(UF), nanofiltration, reverse osmosis and pervaporation 
[12–15]. One membrane preparation method is phase 
inversion. The morphology of membranes obtained by this 
technique, and thus their properties, are influenced by sev-
eral factors, especially polymer concentration, solvent and 
coagulant used, and solvent evaporation time [14,16–18]. 
PAN can also be modified to increase the hydrophobic 
properties of the initially hydrophilic polymer. Physical 
techniques for such modification may include plasma 
treatment [12,19], while the chemical hydrophobization 
of the PAN surface can be performed using, for example, 
sodium hydroxide [20–23].
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Another way to modify the membrane properties is 
to form composite materials by incorporating particles of 
another substance. For polymers, nanoparticles, both inor-
ganic and organic, may be used as such additives. Among 
the varieties of allotropic carbon that can be introduced into 
such polymer composites, fullerenes, carbon nanotubes, 
graphene and graphene oxide have recently received the 
most attention.

Graphene oxide (GO; Fig. 1) can be prepared through 
the oxidation of graphite by various techniques [24,25]. The 
growing interest in GO stems from its excellent sorption 
properties for numerous metal ions, such as Co(II), Cu(II), 
Zn(II), Cd(II), Ni(II), As(III), As(V), Pb(II), Au(III), Eu(III) 
and U(VI) [26]. In addition, GO possesses many different 
oxygen-containing functional groups [27], such as epoxy, 
hydroxyl, carbonyl, and carboxyl, which grant hydrophilic 
properties to GO and makes it easy to form stable aqueous 
GO dispersions [28,29]. GO may also be dispersed in organic 
solvents, for example, DMF, N-methyl-2-pyrrolidone (NMP), 
tetrahydrofuran, and ethylene glycol [30]. The presence of 
numerous functional groups makes GO relatively easy to 
react with. Lee et al. [31] studied the impact of GO on the 
cyclization of PAN in a GO/PAN composite and demon-
strated that the presence of oxygen groups in GO facilitates 
the polymer cyclization by lowering the temperature of the 
process. Other researchers observed the effect of the presence 
of GO in PAN composites on the formation mechanism of 
highly porous carbon fibers, which can be used as electrodes 
in double layer capacitors [32].

GO can also be used to form membranes together with other 
carbon allotropes such as carbon nanotubes [33–36] or graphene 
[37–39]. It can be shaped into thin monolayer films [40–43], which 
may be used for water desalting and purification [37,38,44,45] as 
well as for membrane distillation [46]. To prepare membranes 
containing GO, various polymers are used, such as cellulose [47], 
polyvinylidene fluoride [48,49], polyamide [40,43], polyester 
[46], polysulfone [41,50,51], polyetherosulfone [42,52] and, PAN. 
Membranes with added GO may be obtained through a variety 
of methods, including vacuum filtration [20,53], layer-by-layer 
deposition [21,54], spin coating [55,56], and drop casting [57].

Cao et al. [55] used a commercial PAN membrane as a sub-
strate for electrospinning a sodium alginate solution contain-
ing GO to obtain layered membranes. Hung et al. [20] formed 
layered PAN membranes by using a phase inversion method, 

starting from a solution of PAN in NMP that was then used 
to coat a membrane of polyester nanofibres, which coagu-
lated in water and were treated under vacuum. Uddin et al. 
[58] prepared GO/PAN membranes from a solution of poly-
acrylonitrile in DMF, which was mixed with GO dispersed 
in polyvinyl phenol and then poured and dried to obtain a 
film. The “layer-by-layer” method with partial hydrolysis of 
PAN was described by Hu et al. [21]. Initially, they obtained 
a membrane from PAN/DMF solution using a phase inver-
sion method and then modified the membrane chemically 
with NaOH. The modified membrane was immersed in a 
polyelectrolyte solution (poly(allylamine hydrochloride)) 
and then in dispersed GO. The process was repeated sev-
eral times, yielding a multi-layer coating of polyacrylonitrile 
membrane. Zhu et al. [59] prepared GO/PAN membranes by 
electrospinning from GO/PAN/DMF solution, while Zhang 
et al. [60] obtained nanofibres from a solution of PAN in 
DMF and then chemically modified the fiber surfaces using 
diethylenetriamine (DETA). Then, on the thus-prepared PAN 
surface, a nano-nonwoven GO dispersion was applied in a 
highly acidic environment, followed by the chemical reaction 
between GO and PAN. A multi-component PAN/EtOH/LiCl/
DMF solution was proposed by Shen et al. [61] for membrane 
formation by phase inversion and subsequent treatment with 
a solution of NaOH. The thus-prepared membranes were 
coated with an aqueous solution of GO and m-phenylenedi-
amine (MPD) and then with a solution of 1,3,5-benzenetricar-
bonyl trichloride (TMC) in hexane. Under these conditions, 
an interfacial polymerization reaction occurred, and a thin 
selective layer of the membrane was created.

A simple technique for the preparation of GO-containing 
composite membranes is the phase inversion of polymeric 
blends, instead of coating of the polymer carriers with a GO 
layer. This paper presents the results of previously unre-
ported studies on GO/PAN composite membrane formation 
from a homogeneous dispersion of nanosized GO addi-
tive in the polymer solution as well as the effect of adding 
GO nanoparticles on the structural, physicochemical and 
transport properties as well as the morphology of the PAN 
membranes. First, GO was synthesized using the modified 
Hummers’ method [62] and dispersed in DMF. Then, PAN 
was introduced to the prepared dispersion. The solution 
preparation procedures are similar to those in Zhu et al. 
[59], but this paper reports different concentrations of GO. 
From the resulting solutions, polymer films were formed 
and coagulated in water. In addition, this study presents 
previously unreported research on the effect of the presence 
of Fe3+ on the transport properties of composite membranes 
containing GO.

2. Experimental

2.1. Materials

PAN (Mw = 85,000) – copolymer (93.9% acrylonitrile/5.8% 
methyl acrylate/0.3% methallyl sulfonate) was purchased 
from Goodfellow Cambridge Ltd., England. Graphite pow-
der <20 μm was purchased from Sigma-Aldrich, Poland. 
NaNO3, min. 95% H2SO4, KMnO4, 30% H2O2, DMF, and 
anhydrous FeCl3 were purchased from Avantor Performance 
Materials Poland S.A.
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Fig. 1. The chemical structure of graphene oxide.
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2.2. Synthesis of GO

GO was synthesized according to a modified Hummers’ 
method [62] as described in our earlier work [49]. In brief, 
1 g of NaNO3, 46 mL of H2SO4, and 2 g of graphite powder 
were placed in a flask in an ice bath. After stirring for 30 min, 
6 g of KMnO4 was added in small portions so that the tem-
perature of the mixture did not exceed 20°C. After adding 
all KMnO4 and waiting for 5 min, the mixture was heated to 
35°C and stirred at this temperature for 4 h. Then, 92 mL of 
distilled water was carefully added in portions. Finally, the 
unreacted KMnO4 was removed. For this purpose, 80 mL of 
distilled water at 60°C and 50 mL of 3% H2O2 were added. 
The obtained GO was centrifuged and washed several times 
with distilled water until the wash water reached pH 7. Wet 
GO was dried in an oven at 60°C, turning into a brown solid. 
The resulting GO powder was dispersed in DMF using an 
ultrasonic bath to prepare the 3.7% w/w GO/DMF dispersion.

2.3. Membrane formation

2.3.1. Forming PAN membranes

PAN membranes were obtained using a phase inversion 
method. First, a 12% w/w PAN solution in DMF was pre-
pared. The polymer was dissolved at 50°C and then cooled 
to room temperature (Zhang et al. [63] used a PAN solution 
at a higher temperature.) The PAN solution was poured onto 
a clean glass plate and spread using an applicator with a gap 
width of 0.2 mm [20] or 0.3 mm [49]. Finally, the polymer 
film was rapidly coagulated in distilled water at room tem-
perature until the membrane detached from the glass. The 
precipitated membranes (“0” membrane) were air-dried by 
interposing a layer of tissue paper. To prevent the membrane 
wrinkling, we used a glass plate load [64].

2.3.2. Forming GO/PAN membranes

PAN solutions (12% w/w in DMF) containing 0.1, 0.5 or 
1.0 g of dispersed GO were prepared. To this end, appropri-
ate amounts of 3.7% w/w GO/DMF dispersion were batched 
and added to a fresh portion of solvent (Table 1) and mixed 
thoroughly. Then, 12 g of PAN was added and stirred at 50°C. 
After complete polymer dissolution, the solution was cooled 
to room temperature. Just before the formation of the mem-
brane, the GO/PAN solution was briefly sonicated, repeatedly 

exchanging the distilled water in the ultrasonic cleaner. The 
well-dispersed GO/PAN solution was then poured onto a 
clean glass plate and spread using an applicator with a gap 
width of 0.2 mm [20] or 0.3 mm [49]. Finally, it was rapidly 
coagulated in distilled water at room temperature until the 
membrane detached from the glass. The formed membranes 
were air-dried by interposing a layer of tissue paper and then 
loaded with the glass plate.

2.4. General characterization

The thickness (l) of the membranes was measured with 
an Elmetron MG-1 thickness gauge. Samples with dimen-
sions of 1 × 1 cm were weighed using a Sartorius CP224S-0CE 
analytical balance with an accuracy of 0.0001 g.

The mass per unit area (Ws, g/cm2) and the density (dm, 
g/cm3) of the membranes were calculated using the following 
equations:

W w
ss =  (1)

d w
s lm =

×
 (2)

where w is the mass of a membrane with an area of 1 cm2, s 
is the membrane surface area (cm2), and l is the membrane 
thickness (cm).

The sorption of water (U) was measured as follows: 
dry membrane samples (Wd) with dimensions of 1 × 1 cm 
were weighed on an analytical balance with an accuracy of 
0.0001 g and then immersed in distilled water for 10 s. The 
membranes were then blotted on filter paper and weighed 
again in the wet state (Ww). The sorption of water was calcu-
lated according to Eq. (3):

U
W W
W
w d

d

=
−

×100%  (3)

The porosity of the membranes (ε), which is defined as 
the ratio of pore volume to the volume of the membrane, was 
calculated using the following equation [46]:

ε =
−

− +
×

( ) /
( ) / /

%
W W d

W W d W d
w d w

w d w d p

100  (4)

Table 1
The composition of the solutions used for the membrane preparations

Type of membrane Applicator gap 
width (mm)

Amount of GO in 
PAN/DMF solution (g)

Amount of PAN (g) Concentration of 
GO (% w/w)

Concentration of 
PAN (% w/w)

“0” 0.2 0.0 12.0 0.0 100.0
0.3

A 0.2 0.1 12.0 0.8 99.2
0.3

B 0.2 0.5 12.0 4.0 96.0
0.3

C 0.2 1.0 12.0 7.7 92.3
0.3
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where dw is the density of distilled water (0.998 g/cm3) and dp 
is the polymer density (1.184 g/cm3) [9].

2.5. Measurements of water flux 

The transport properties of the formed membranes were 
tested using a Millipore Amicon 8400 UF cell with a 350 mL 
capacity and a 7.6 cm membrane diameter that was equipped 
with an equalizing tank with an 800 mL capacity. First, dry 
membranes were immersed in distilled water for 1 h. Then, 
they were treated with distilled water for an additional 2 h 
under a pressure of 0.2 MPa to improve the membrane stabil-
ity. UF tests were performed at operational pressures of 0.1, 
0.15, or 0.2 MPa. Permeate flux (Jv) was calculated using the 
following equation:

J Q
A tv =

×
 (5)

where Jv is water flux (L/m2 × h), Q is the permeate volume 
(L), A is the effective membrane area (m2), and t is the per-
meation time (h).

Pore size (rm) was calculated on the basis of the specific 
permeate flux and porosity using the Guerout–Elford–Ferry 
equation [52]:

r
lQ

A Pm =
−( )×

× ×

2 9 1 75 8. . ε η

ε ∆
 (6)

here η is the water viscosity (8.9 × 10−4 Pa∙s), l is the membrane 
thickness (m), Q is the volume of permeated pure water per 
unit time (m3/s), A is the effective membrane area (m2) and 
ΔP is the operational pressure.

2.6. Measurements of rejection

Studies of membrane transport properties using anhy-
drous FeCl3 aqueous solution with a concentration of 0.1 g/L 
were also conducted. The FeCl3 solution was poured into the 
UF cell with a previously tested membrane. The contents of 
the UF cell were mixed using a magnetic stirrer to prevent 
fouling. The permeation process was conducted by succes-
sively removing 5 mL batches of permeate, simultaneously 
measuring the time of the permeate flow from the testing tank. 
The permeate flux (Jv) was calculated using Eq. (5), assuming 
that in this case, Q is the permeate volume (FeCl3 solution) per 
unit time (m3/s) and ΔP is the operational pressure (0.2 MPa).

The concentration of FeCl3 in the permeate was deter-
mined using UV–Vis spectrophotometry by measuring the 
absorbance at 280 nm. Based on the calibration curve, the 
concentrations of ferric ions in each sample were calculated. 
Then, using Eq. (7), the rejection performance (R) for FeCl3 
was calculated, which is closely associated with the occur-
rence of fouling.

R
C
C
p

f

= −












×1 100%  (7)

where R is the rejection performance of the membrane (%) 
and Cp and Cf are the concentrations of FeCl3 in the permeate 
and feed solution (g/L), respectively.

2.7. Analytical methods

All measurements were performed using a Nicolet 6700 
FT-IR spectrometer (Thermo Electron Corp., Madison, WI, 
USA) with an attenuated total reflectance (ATR) accessory 
equipped with a multiple bounce crystal of KRS (TlBrI) and 
an angle of incidence of 45°. The following measurement 
parameters were used: resolution, 4 cm−1; spectral range, 
500–4,000 cm−1; (DTGS) detector; number of scans, 256. 
Data collection and post-processing were performed using 
OMNIC software (v. 8.0, Thermo Electron Corp.).

Raman spectroscopy was performed with a Renishaw 
InVia micro-Raman spectrometer, with an excitation laser at 
633 nm, a laser power of approximately 15 mW, a spectral 
resolution of 2 cm−1, and a long working distance objective 
Olympus LMPLFLN 20X.

X-ray diffraction (XRD) investigations were performed 
with a URD 63 Seifert diffractometer. Cu Ka radiation was 
used at 40 kV and 30 mA. Monochromatization of the beam 
was obtained by means of a nickel filter and a pulse-height 
analyzer. A scintillation counter was used as a detector. 
Diffractograms were recorded from 18° to 26° with a step of 
0.01°. Each diffraction curve was corrected for polarization, 
the Lorentz factor, and incoherent scattering.

Thermal studies of the membranes were conducted 
using a TA Instruments MDSC 2920 differential scanning 
calorimeter (DSC). The DSC curves obtained were analyzed 
using the TA Instruments Universal v4.5 software package. 
Measurements were performed under a nitrogen atmosphere 
(flow rate 40 mL/min) while heating at 10°C/min from −10°C 
to 320°C.

Membrane surface morphologies and their cross-sections 
were observed using a JSM 5500 LV JEOL scanning electron 
microscope. All samples were coated with a layer of gold in a 
JEOL JFC 1200 vacuum coater at 3 × 10−5 Torr.

The concentration of FeCl3 in the permeate was determined 
using a Perkin Elmer Lambda 35 UV–Vis spectrophotometer.

3. Results and discussion

3.1. Characteristics of GO

GO, which was used to prepare GO/PAN composite 
membranes, was studied using XRD, DSC thermal analysis, 
and FTIR spectroscopy. The analysis results were very similar 
to the ones obtained in our earlier work [49].

3.2. Membrane characteristics 

This paper describes extensive characteristics of GO/PAN 
composite membranes produced through the phase inver-
sion coagulation of a polymer solution. Membranes were 
prepared from a PAN solution in DMF containing dispersed 
GO nanoparticles. Our study shows how the concentration 
of GO affects the structure and physicochemical properties of 
the obtained membranes. The following measurements and 
calculations were recorded: thickness, mass per unit area, 
density, sorption, porosity, pore size, and specific permeate 
flux measured in the distilled water and an aqueous solution 
of FeCl3.

We determined that even a small addition of GO affects 
the membrane coagulation process, resulting in an increase 
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in the mass per unit area (Fig. 2(a)). For membrane A, con-
taining 0.8% w/w GO in a solution of PAN/DMF, there is a 
slight increase in the mass of the formed membrane regard-
less of the thickness of the polymer film. Increasing the 
amount of GO to 4% w/w results in an approximately 50% 
increase in the mass per unit area for membrane B prepared 
with an applicator gap width of 0.2 mm (B-0.2). In contrast, 
membrane B prepared with a larger applicator gap width, 
that is, 0.3 mm (B-0.3 membrane), is characterized by a 10% 
increase in the mass per unit area compared with the pure 
PAN membrane (“0”-0.3 membrane). Increasing the concen-
tration of GO to 1:12 parts w/w in the PAN/DMF solution did 
not significantly affect the mass per unit area when the mem-
brane was formed into a 0.2 mm film. However, in the case of 
the C-0.3 membrane processed from the 0.3 mm film, an 80% 
increase in mass per unit area was observed with respect to 

the reference membrane (“0”-0.3). The study shows that for 
the applicator gap width of 0.2 mm, the greatest masses per 
unit area were characteristic for membranes B-0.2 and C-0.2. 
However, the membrane formed using the 0.3 mm gap width 
applicator and containing 7.7% of GO (C-0.3) had the highest 
mass of all the examined membranes.

Comparing our results with the results of work from 
Feng et al. [65], it can be concluded that more hydrophobic 
polymers coagulate more rapidly. The studies show that the 
lowest of the GO additions used has little effect on the mem-
brane coagulation, as the membranes A are similar in terms 
of mass per unit area. The difference in mass per unit area 
starts to occur at the 1:24 and 1:12 ratios of GO. GO present 
in the polymer matrix is responsible for the strong hydro-
philization of the polymer solution, which is most visible for 
the C-0.3 membrane.

Analyzing the thickness measurements of all studied 
membranes (Fig. 2(b)), the GO addition has a strong impact 
on this parameter. Even a small addition of GO into the 
polymer matrix causes more than a 4.5-fold increase in the 
thickness of membrane A-0.2 and more than a 3-fold increase 
in the thickness of membrane A-0.3. Larger contents of GO 
cause further increases in the thickness of the resulting mem-
branes. For membranes formed using the applicator with 
a 0.2 mm gap width, the increase in thickness is 550% for 
membrane B and 600% for membrane C. The increases in 
thickness of membranes formed from a thicker polymer film 
(0.3 mm) are 350% and 430% for the B-0.3 and C-0.3 mem-
branes, respectively. The large increase in thickness of mem-
branes upon GO addition for all membranes formed using 
the 0.2 mm gap width applicator is due to the facilitated pen-
etration of the coagulant into the thinner film and changes in 
the hydrophilic properties of the membrane. GO is strongly 
hydrophilic, resulting in the membrane coagulation process 
slowing down. The observed phenomenon was described 
by Feng et al. [65] in a study on polyphenylsulfone (PPSU) 
membranes. However, for membranes formed using the 
0.3 mm gap width applicator, their thickness also increases, 
but because of the thick layer of the processed films, the 
observed values are slightly lower.

The mass and thickness measurements allowed the den-
sity of the examined membranes to be calculated (Fig. 2(c)). 
When comparing the results, it is evident that membranes 
made from pure PAN have the highest densities, which 
means they are the most compact. The densities of the other 
membranes are reduced by approximately two-thirds and 
have very similar values. The low densities and high thick-
nesses of all the GO/PAN membranes may indicate high 
porosity in these membranes.

Fig. 3 demonstrates that the porosity of pure polyacry-
lonitrile membranes is 85% (membrane “0”-0.2) and 83% 
(membrane “0”-0.3). Comparing the thickness, density and 
porosity of the “0” membranes, it may be assumed that the 
membranes contain many small pores. Analysing the other 
membranes, it can be observed that the addition of GO causes 
a slight decline in the porosity value from approximately 
83%, through 81%, to 80.5% for the following membranes: 
A-0.2, B-0.2, C-0.2. For the thicker membranes, however, the 
decrease is higher and proceeds from 82% (A-0.3), to approx-
imately 78.5% (B-0.3) through to 77% (C-0.3). Notably, look-
ing at all the results, all the membranes with GO addition are 
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characterized by high porosity from 77% to 85%. Comparing 
the thickness and density values with the porosity of the 
composite GO/PAN membranes, it can be assumed that they 
are all composed of large pores, whose size will increase with 
the amount of GO addition.

In examining the sorption properties of all the obtained 
membranes (Fig. 3(b)), it must be emphasized that the values 
are very high, 300%–500%. The membranes prepared from 
pure polyacrylonitrile display the best sorption properties: 
493.14% ± 51.64% and 438.19% ± 42.22% for the “0”-0.2 and 
“0”-0.3 membranes, respectively. Comparing the polyacrylo-
nitrile sorption values with those used in our earlier study 
[64], it can be seen that the type of PAN copolymer has a 
very strong influence on the properties of the membrane. In 
both cases, the same polymer concentrations and the same 
solvent were used, and for membranes obtained from a 
copolymer containing 93%–94% acrylonitrile/5%–6% methyl 
acrylate/1% sodium allyl sulfonate, Mw = 50,000, and water 
sorption was 352.69% ± 5.16% for a 0.2 mm applicator gap 
width. Analysing the water sorption values of the compos-
ite GO/PAN membranes, it can be seen that with increasing 
GO concentration in the polymer matrix, the sorption prop-
erties decline. The highest sorption is characteristic of mem-
branes A, 428.21% ± 46.77% for membrane A-0.2 and 397.79% 
± 31.84% for membrane A-0.3, which also have the lowest 
density and the highest porosity. Membranes C, on the other 
hand, which have the highest density of all membranes with 
GO addition, are characterized by the lowest water sorption. 
Moreover, membranes C display the lowest porosity. All 
the results from studying the physicochemical properties 
of the C-0.2 and C-0.3 membranes indicate that their water 

sorptions had the lowest values: ~360% for the thinner mem-
brane and ~290% for the thicker one.

3.3. Transport properties and pore sizes of membranes

An important parameter determining the transport prop-
erties of membranes is the specific permeate flux (Fig. 4(a)). 
Membranes A, which contained the lowest nano GO addi-
tion, exhibited specific permeate flux values of 1.65, 1.94 and 
2.28 L/m2 × h for membrane A-0.2 at operational pressures 
of 0.10, 0.15, and 0.20 MPa, respectively. Compared with the 
results for the membranes made from pure PAN (“0”-0.2), 
we can observe 3.5-, 4.5-, and 5-fold decreases in the specific 
permeate flux values. The results may be due to interac-
tions between PAN and GO that impede transport through 
the membrane. Further increases in the GO concentration in 
composite GO/PAN membranes cause increases in the spe-
cific permeate flux. The highest permeate flux values are the 
ones for membrane C. For membrane C-0.2, they are equal 
to 5.92 ± 0.12; 8.30 ± 0.08, and 10.52 ± 0.17 L/m2 × h for oper-
ational pressures of 0.10, 0.15, and 0.20 MPa, respectively. 
For these membranes, the permeate flux values compared 
with pure PAN membrane are increased by 40%, 12%, and 
9%, respectively, for the various working pressures of the 
membrane. The obtained results may indicate that with the 
increase in the pressure at which the membrane is operated, 
it is being crushed, which impedes the water flow. For mem-
branes formed using the 0.3 mm gap width applicator, an 
increase in the specific permeate flux values can be observed 
with increasing GO concentration. The permeate flux values 
for the A-0.3 membranes are very similar to those obtained 
for “0” membranes. Comparing the transport properties with 
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the porosity and water sorption values, it is evident that all 
the parameters of the membranes (“0”-0.3 and A-0.3) men-
tioned above have similar values. The specific permeate 
fluxes for membrane B-0.2 are 7.65 ± 0.01, 9.65 ± 0.05, and 
12.29 ± 0.01 L/m2 × h for the given pressures (0.10, 0.15, and 
0.20 MPa), that is, increases by 90%, 77%, and 68% relative 
to membrane “0”-0.3. Furthermore, for C-0.3 membranes, 
additional 240%, 200%, and 180% increases in the determined 
flux at operational pressures of 0.10, 0.15 and 0.20 MPa are 
observed. Thus, in each case, the membranes may be crushed 
under operational water pressure.

The transport property studies lead to the conclusion 
that additional GO has no effect on the specific permeate 
flux if the membranes are formed using an applicator with 
a 0.2 mm gap width. For membranes molded using an 
applicator with a 0.3 mm gap, however, there is a steady 
increase in the transport properties with increasing nano 
GO concentration in the GO/PAN membrane. The specific 
permeate flux can also be explained in another way. During 
the formation of membranes using phase inversion – the wet 
method – the coagulation process speed is known to depend 
on the thickness of the polymer film. Therefore, in this case, 
all the composite GO/PAN membranes formed using the 
0.3 mm gap width applicator coagulate slower than those 
formed with the 0.2 applicator. The longer coagulation may 
provide the additional time necessary an arrangement of GO 
nanoparticles that can better facilitate the transport of liquid 
through the membrane.

Pore size is a parameter that impacts variables such as 
porosity, thickness, or specific permeate flux; for the stud-
ied membranes, the estimated pore sizes are presented in 
Fig. 4(b). The pristine polyacrylonitrile “0”-0.2 membrane has 
the smallest pore size, 15.3 nm, and the “0”-0.3 membrane 
has a pore size of 17.8 nm (Fig. 4). Comparing these results 
with those described by Fryczkowska et al. [64], it appears 
that the pore sizes are doubled, confirming that the type of 
polymer used has a decisive influence on all parameters of 
the obtained membrane. The pore sizes of the composite 
GO/PAN membrane molded using the 0.2 mm gap width 
applicator increase with the increase in added GO and equal 
18.1–46.8 nm, whereas for thicker membranes (0.3 mm), they 
are in the range of 35.3–74.1 nm. The calculations allowed us 
to conclude that the addition of GO evidently affects the mor-
phology of the membrane structure. Of the thin membranes, 
the pore size of the A-0.2 membrane is comparable with that 
of the pure “0”-0.2. membrane. If we examine the results, the 
GO scarcely affects the pore size; it slightly reduces the water 
sorption as well as the calculated porosity of the A-0.2 mem-
brane and reduces the specific permeate flux by 5–3.5 times, 
depending on the applied pressure. This is probably related 
to the thin surface layer of membrane A-0.2. However, with 
a larger quantity of GO addition, the pore size increases 
by approximately 124% for membrane B-0.2 and 306% for 
membrane C-0.2. Such a pore size may explain the transport 
properties of membranes with GO, which gradually improve 
with the addition amount. Perhaps, after exceeding a certain 
amount of GO, a thin layer of GO on the surface of the mem-
brane surface layer alters the characteristics by increasing the 
concentration of the oxide, which slowly begins to agglom-
erate. As a result of this process, “channels” are formed 
through which water transport is facilitated.

For thicker membranes (0.3 mm), the calculated pore 
size increases by 102%, 175%, and 336%. This increase in the 
pore size is correlated with an increase in the density of the 
membranes, and therefore, in these conditions, large pores 
may be formed with thick walls to prevent being crushed 
during the permeation process. Such a membrane struc-
ture is also confirmed by the water sorption and porosity, 
which decrease with an increasing concentration of GO in 
the membrane.

3.4. Rejection of Fe3+ ion

In the Fe3+ rejection experiments, the transport property 
testing was performed by using an aqueous solution of iron 
salt (FeCl3) at a concentration of 0.1 g/L. During the tests, the 
specific permeate flux was determined (Fig. 5) in addition to 
the retention performance (Fig. 6).

Studies have shown that introducing a solution of iron 
ions to pure PAN and GO/PAN membranes resulted in 
increases in the specific permeate flux (Fig. 5). The trans-
port properties at the beginning of the measurements 
increased in comparison with the results for distilled water. 
Observing the specific permeate flux values while passing 
a solution of iron ions through the “0”-0.2 membrane, we 
can see that the flow decreases with time to approximately 
11.6 L/m2 × h, a value very similar to the flow of distilled 
water. Tor the thicker membranes (“0”-0.3), the membrane 
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operation stabilization during the transport of the ferric 
ions occurs at higher specific permeate flux values, namely, 
8.6 L/m2 × h. Such results may confirm that the pore sizes 
determine the transport properties. Analysing the results 
of the studies, the curves for membranes B-0.2 and B-0.3 
appear similar in shape to the curves representing mem-
branes “0”-0.2 and “0”-0.3. The permeate flux values also 
decrease when a solution of ferric ions is passed through, 
with membrane B-0.3 demonstrating a value of 11.1 L/2 × 
h, which is similar to the flow calculated for the distilled 
water. However, for a thinner membrane (B-0.2), the spe-
cific permeate flux falls slightly below the values for pure 
water, which is approximately 9.0 L/m2 × h. This behav-
ior of the GO/PAN composite membranes may indicate 
the adsorption of ferric ions within the small pores of 
membrane B-0.2. The highest increase in the specific per-
meate flux (5-fold increase) was observed for membrane 
A-0.2, whereas for membrane A-0.3, a 3-fold increase was 
recorded. These results clearly indicate a change in the 
nature and charge of such membranes that favors the trans-
port of iron ions. During operation, there are decreases in 
the transport properties to 4.5 and 12 L/m2 × h, respectively, 
for membranes A-0.2 and A-0.3. These values are approxi-
mately 2 times higher compared with the specific permeate 
flux of clean water. Thus, one can surmise that during the 
permeation, ferric ion adsorption can occur on the mem-
branes, which does not interfere with the permeate flow. 
The specific permeate flux results for membranes A and 
C, illustrated in Fig. 5, show that curves of Jv related to 
permeate volume relation are similar. However, for mem-
brane C, the permeate flux is reduced during operation of 
the membranes. For membrane C-0.2, it is reduced almost 
twice, to approximately 6.4 L/m2 × h, whereas for thicker 
membranes (C-0.3), the reduction is lower, to approxi-
mately 13.8 L/m2 × h. The obtained values of specific per-
meate flux may be related to pore size, which is higher for 
thicker membranes.

The rejection (R) for iron(III) ions on the membranes 
can be seen in Fig. 6. The highest rejection values reach 
70.30%–56.38% and 62.56%–50.48% for membranes 
“0”-0.3 and “0”-0.2, respectively. However, the rejection 
by the GO/PAN composite membranes drops sharply, by 
30%–60%, at the beginning of the membrane operation and 
then slowly stabilizes. The highest retention rate values 
were obtained for membranes containing the highest GO 
addition (membrane C). The obtained results correspond 
to those of Zhao et al. [66]. Such behavior of the GO/PAN 

composite membranes indicates that GO undoubtedly 
affects the performance of the membrane, facilitating the 
transport of ferric ions. Thus, for the studied membranes, 
the fouling process does not occur. The behavior of the 
membranes under the influence of an aqueous solution of 
FeCl3 can be explained by coordinating interactions between 
oxygen functional groups of GO and permeating ions of 
various metals, as described in the literature. Mo et al. [48] 
studied the effect of electrolytes containing sodium, potas-
sium, magnesium, and calcium ions on the membrane oper-
ation and arrangement of GO layers to explain the observed 
membrane transport phenomenon. Similar studies were 
also presented by Mahmoud et al. [37]. One can therefore 
presume that coordination bonds may be formed between 
the electronegative PAN membrane and GO.

Pictures of membranes after UF of FeCl3 solutions are 
shown in Fig. 7. The image of the pure PAN (“0”) membrane 
reveals an orange coloration arising from Fe3+ ions, which 
precipitate on the membrane to form the fouling as described 
earlier (Fig. 6). However, in the case of GO/PAN composite 
membranes, the deposition of iron ions on the membrane 
decreases with the concentration of GO in the membrane. 
These observations confirm the results of our studies, 
clearly indicating the anti-fouling properties of GO/PAN 
membranes.

3.5. SEM analysis

The use of scanning electron microscopy (SEM) allowed 
us to examine the surface and cross-section morphology of 
the studied composite GO/PAN membranes. SEM images 
(Fig. 8) confirm the asymmetric construction of all mem-
branes. For membrane “0”, a dense skin layer with a thick-
ness of 2.5–3.0 mm is clearly visible, whereas in the images 
and cross-sections of composite membranes, in the skin layer, 
a surface coated with a vast amount of very small capillaries 
is observed. Images of the skin side of membranes show a 
smooth, flat surface for membrane “0”, while for the compos-
ite GO/PAN membranes, uneven and hollow areas without 
any visible pores on the skin layer are observed. The struc-
ture and morphology of the support layer is even more inter-
esting. The surface of the support layer of membrane “0” is 
heavily creased, and at higher magnifications, distinct pores 
are visible, whereas the surfaces of the composite membranes 
consist of easily visible, sizable pores, and at higher magni-
fications, a very interesting, multidimensional structure can 
be seen.

Membrane “0” Membrane A Membrane B Membrane C 

Fig. 7. The surface of membranes after UF experiments of FeCl3 solution.



75B. Fryczkowska et al. / Desalination and Water Treatment 81 (2017) 67–79

3.6. ATR–FTIR analysis

The molecular structure of the skin surface was determined 
using an attenuated total reflectance Fourier transform infra-
red spectroscopy (ATR–FTIR) method. In the spectra (Fig. 9), 
characteristic absorption bands can be observed via the oscil-
lators in PAN. The band at 2,925 cm−1 corresponds to C–H 
oscillator stretching vibrations, 2,243 cm−1 reflects C≡N oscilla-
tor stretching vibrations, and 1,450 cm−1 and 1,360 cm−1 are the 
deformation vibrations of CH2 and CH groups [30,56], respec-
tively. In the GO spectrum, a wide band at approximately 
2,800–3,400 cm−1 reflects oscillations of the OH group. In the 
analysis of the spectral bands of PAN and its blends with GO, 
the introduction of GO into the PAN matrix clearly reduces the 
intensity of the C≡N oscillator band. The intensity of the dis-
cussed bands decreases, starting from the spectrum of mem-
brane A and continuing through the spectra of membranes 
B and C. This observed phenomenon may be due to the for-
mation of unstable coordination bonds between the polymer 
matrix and GO functional groups. In the spectra of composite 
membranes, a broad but weak band at 1,376 cm−1 is present, 

associated with the epoxy or ether groups existing in the chem-
ical structure of GO [39]. Another frequency characteristic for 
the C=O oscillator of the carbonyl groups in GO is the signal at 
1,650 cm−1, whose intensity increases with the addition of GO in 
subsequent membranes. The band at approximately 1,730 cm−1 
appearing in the spectra is the characteristic of stretching 
vibrations of the C=O oscillator in ester groups [30] and can be 
derived from raw PAN (copolymer containing approximately 
6% of the ester) and GO [39]; hence, the difference in the inten-
sity compared with the other bands. The appearance and inten-
sity of this band indicate the presence of GO on the surface of 
composite GO/PAN membranes to a depth comparable with 
the wavelength of the measurement beam.

3.7. Raman spectroscopy analysis

Raman spectroscopy (Fig. 10) revealed characteristic GO 
bands: ~1,340 cm−1 (D line) and ~1,594 cm−1 (G line) [67]. In the 
Raman spectrum of the pure PAN (membrane “0”), character-
istic peaks appear: ~1,665, ~1,450, ~1,360, and, 1,320 cm−1 [58]. 
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The spectra of the GO/PAN composite membranes contain 
characteristic peaks for both components of the composite. 
The G peak is single and sharp and occurs at approximately 
1,580–1,594 cm−1. In contrast, the D peak is wide and flat for 
membranes A and B, which contain 0.8% and 4% GO w/w. 
For membrane C, a single and strong peak from GO is 
observed. In addition, the spectra for all GO/PAN composite 
membranes include a ~1,450 cm−1 peak, which comes from 
the PAN. Ionita et al. [68] also observed the occurrence of a 
double peak in Raman spectra of composites containing GO.

The integral area of D band and G band (ID/IG) peak 
intensity height ratio for GO is 0.97, while the D:G peak area 
ratio is 1.81. For the GO/PAN composite membranes, the ID/
IG intensity height ratio increases as the GO concentration 
increases in the polymer matrix, from 1.06 (membrane A) to 
1.10 (membrane B) and then 1.11 (membrane C). Comparing 
the peak areas ratio, the results were, respectively, 2.04, 2.11, 
and 2.20 for membranes A, B, and C. Our studies show that 
the polymer matrix interacts with GO, increasing the number 
of defects in its structure.

3.8. WAXS analysis

Fig. 11 shows wide-angle X-ray scattering (WAXS) diffrac-
tion curves of membrane “0” (pristine PAN), GO and the com-
posite GO/PAN membrane C with the highest GO content. In 

the diffraction curve of membrane “0”, a sharp, intense peak 
at 16.7° and a weak peak at 28.5° can be seen. The first peak 
corresponds to the (100) diffraction of the hexagonal lattice, 
and the second peak is ascribed to the second-order diffrac-
tion of the first peak [69]. The XRD pattern of the composite 
membrane shows an additional peak at 10.5°, corresponding 
to the (002) reflection of GO while still presenting the PAN 
peaks at 16.7° and 28.5°. The appearance of both PAN and GO 
peaks indicates that the structure of GO and the PAN chains 
did not change during the membrane formation.

3.9. DSC analysis

Fig. 12 summarizes the DSC curves recorded during the 
calorimetric tests. For all tested membranes, at temperatures 
just below 300°C, the curves show a very strong exothermic 
peak, which is the dominant element of the thermogram. The 
discussed thermal effect reflects the PAN cyclization reaction 
that occurs during heating. Lee et al. [31] studied the influ-
ence of GO on the PAN cyclization reaction. According to 
these researchers, the PAN homopolymer cyclized as a result 
of free-radical reaction at 306.2°C. In our case, the commer-
cial PAN used to prepare membranes is a copolymer of acry-
lonitrile with methyl acrylate and methallyl sulfonate, and 
its cyclization occurs at 294.2°C with a specific enthalpy of 
cyclization of 576.1 J/g. However, the temperature of cycliza-
tion of the composite membranes is slightly lower, at 293.8°C, 
293.4°C, and 289.1°C for membranes A, B, and C, respectively. 
The observed changes in cyclization temperature in the pres-
ence of GO are in agreement with the results for composite 
membranes described by Lee et al. [31]. In our previous stud-
ies, we demonstrated that at a temperature of approximately 
185°C, there is a partial reduction of pure GO [70]. In the pres-
ent study, DSC curves recorded for composite membranes B 
and C (Fig. 12), an additional, relatively weak exothermic peak 
with a maximum at 216.9°C or 180.7°, respectively, can also be 
observed. These peaks probably correspond to the reduction 
of GO in composite membranes. The shift in the position of 
the maxima from these effects can be explained by the differ-
ent compositions of the examined membranes and GO [31]. 
The determined specific enthalpy of GO reduction for mem-
brane B is 58.3 J/g, while for membrane C, it is 58.8 J/g.
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Fig. 10. The Raman spectra of the GO, the GO/PAN A, B and C 
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4. Conclusion

This paper presents results of research on the effect of the 
presence of GO on the properties of composite PAN mem-
branes. The membranes were prepared by a phase inversion 
method from a dispersion of GO in PAN solution in DMF, 
using distilled water as a coagulation bath. The advantages 
of this technique are its simplicity and the durability of the 
links between the composite components. The investigated 
membranes varied in composition, structure, and physico-
chemical and transport properties. Effect of GO addition on 
the coagulation process was observed, resulting in increases 
in mass per unit area and thickness and decreases in density, 
sorption properties and porosity of the composite GO/PAN 
membranes. The noticeable differences in morphology and 
structure in the SEM images confirmed the observed changes 
in the composite membranes’ physicochemical properties. 
A significant increase in the specific permeate flux, equal to 
12.53–18.89 L/m2 × s, and the largest pore sizes (46.8–74.1 nm) 
were characteristic for membrane C, which contained the 
highest amount of GO. The qualitative studies of the compo-
sition of the membranes using an ATR–IR technique proved 
the occurrence of GO on the surface of GO/PAN membranes. 
DSC studies confirmed that GO incorporated into the PAN 
matrix at a level of at least 4% influences the properties of the 
polymer, lowering the temperature of the PAN cyclization 
reaction.

An interesting phenomenon was observed for the per-
meation of FeCl3 solution through the GO/PAN composite 
membranes. At the beginning of UF, the specific permeate 
flux was high, and it then quickly fell and stabilized. At 
the same time, the retention of Fe3+ ions was low, indicat-
ing that GO/PAN membranes are unlikely to cause fouling. 
Thus, the unusual behavior of the composite membranes 
is caused by the addition of GO. Our studies allow us to 
propose that the formation of unstable coordination bonds 
between the PAN matrix and the GO functional groups is 
possible and results in the changed nature of the resulting 
composite membrane. The formation of coordination inter-
actions between GO in the composite GO/PAN membrane 
and Fe3+ ions is also possible, which prevents the occurrence 
of fouling.
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