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A B S T R A C T   

Polymeric membranes incorporated with graphene oxide (GO) are promising materials for treating contaminated 
water, but few studies relate the chemical and morphological changes in the polymer matrix and permeation flux 
with the membrane performance. In this study, new hydrolyzed poliacrylonitrile (hPAN) membranes containing 
GO (hPAN@GO) and GO modified with the cationic dye safranin (hPAN@GO-SF), with varying nanomaterial 
content of 2–10%, were synthesized, fully characterized and applied to the removal of emerging contaminants 
(ECs) from water. The incorporation of GO-SF in the polymeric matrix reduced the membranes surface rough-
ness, modified the size and shape of the sublayers macrovoids and increased the materials hydrophilicity, 
providing better adhesion of ECs. hPAN@GO-SF reached removal capacities of 200.6, 154.8, and 191.1 mg.g− 1 

for propranolol drug, benzalkonium chloride surfactant and methylene blue dye, respectively, in batch assays 
both at 100 mg.L− 1. Ultrafiltration experiments revealed a high water flux up to 183 L.m− 2.h− 1 and rejection 
rates and removal capacities for the cationic dyes basic blue 26 (84% ~ 242.6 mg.m− 2) and basic green 4 (90% ~ 
237.4 mg.m− 2) by hPAN@GO-SF membranes at concentration of 10 mg.L− 1. Density functional theory calcu-
lations, batch experiments in saline medium and post adsorption XPS analysis indicated that cation-exchange, 
electrostatic and π-π interactions are the main mechanism and that the differences in the solute flow profile 
favor or limit adsorbent/adsorbate interactions according to the contaminant. The results show that poly-
acrylonitrile membranes containing GO functionalized by SF have potential to remove multiple ECs from water 
in batch assays and ultrafiltration.   

1. Introduction 

Called emerging contaminants (ECs) any synthetic or natural sub-
stances with potential to adversely affect the environment and human 
health, pharmaceutical drugs, surfactants and dyes are relevant exam-
ples of this class of compounds [1]. Nowadays, the recurrent presence of 
ECs in water has become one of the main global problems [2] and expose 
the inefficiency of water conventional treatments employed [3]. In this 
context, numerous techniques have been developed to mitigate the 
pollution of water bodies [4-7], including membrane separation [8]. 

An advanced water treatment technique that allows the continuous 
operation of the process, membrane separation has its functionality 
related to the mechanism of rejection of the film to aquatic contaminants 

[8]. Nanofiltration (NF), a membrane separation technology, is the most 
used technology for water treatment and is based on size rejection [9]. 
However, the small pore size of the membrane reduces the flow in the 
process. Seeking to improve this parameter, several studies have 
recently used loose NF membranes [10] or tight ultrafiltration (UF) [11] 
in the treatment of contaminated water, which has its mechanism 
rejection based on electrostatic effect. 

Polyacrylonitrile (PAN), a synthetic polymer obtained from the 
polymerization of acrylonitrile, is commonly used as membrane for gas 
separation [12], air filtration [13] and water NF [14] and UF [15]. It is 
an inexpensive material containing nitrile groups that enable different 
interactions between the polymer and chemical pollutants, due to 
presence of electron-rich and poor centers [16]. Still, PAN UF 
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membranes are rarely used directly for the removal of water contami-
nants such as dyes, surfactants or pharmaceutical drugs due to the pore 
size, slightly larger than contaminant molecules, low flow rate and 
surface fouling [17]. There are methodologies to mitigate these limita-
tions of PAN UF membranes: (1) chemical modification of the membrane 
surface through alkaline hydrolysis [18], amination [19], oxidation [20] 
or UV light modification [21]; (2) membrane integration with other 
separation mechanisms such as adsorption [14], in these cases nano-
particles can be integrated into the polymer solution before the fabri-
cation of the membrane [22] or as a coating layer on its surface [23]. 

In this regard, the use of graphene oxide (GO) in the preparation of 
PAN UF membranes emerges as a possible way of improving the filtra-
tion process. GO, a nanoadsorbent obtained by the incomplete oxidation 
of graphite, can chemically and physically influence the properties of 
membranes. Because it has functional oxygenated groups (for example, 
hydroxyl, carboxyl and epoxy) in the chemical bias, GO can interact 
with microorganisms and pollutants through hydrophobic, electrostatic 
and π–stacking interactions, among others [24]. Regarding morpho-
logical issues, GO imparts surface defects to membranes such as changes 
in pore size and distribution [25], roughness [26], and hydrophilicity 
[27], which can enhance the PAN UF characteristics such as selectivity, 
anti-fouling and hydrophilicity, leading to higher water flux [28]. 

Several studies have evaluated the potential of GO membranes to 
remove organic compounds from water by filtration [27] and these 
membranes have also been used in batch adsorption [29]. Juengchar-
eonpoon et al. [30] studied the adsorption of the antibiotic trimethoprim 
on GO-carboxymethylcellulose films coated in polyethylene tere-
phthalate in batch and continuous flow processes. The maximum 
adsorption capacity of the material was 209.8 mg.g− 1 and 175.9 mg.g− 1 

for the batch and fixed bed tests, respectively. According to the authors, 
this increase in the adsorption potential of the membrane when used in a 
batch process may be associated with the longer contact time between 
adsorbent/adsorbate, which influences the physicochemical in-
teractions of the film with the contaminant. 

Despite the potential incorporation of GO into PAN membranes, the 
removal capacity of these new materials is expressive for cationic con-
taminants but ineffective for anionic compounds, mainly due to the 
incorporation of oxygenated groups of GO in the PAN polymer matrix 
[28]. In this scenario, the incorporation of cations in adsorbents emerges 
as a new methodology to broaden the removal spectrum of PAN mem-
branes with GO [31], as reported by Zhang et al. [32]. According to the 
authors the adsorption of anionic dye methyl orange II (MO-II) onto GO 
surface was enhanced in the presence of cations such as methylene blue 
dye (MB) and lead ions (Pb2+). Following this logic, the question arose 
whether the insertion of cation-functionalized GO in the PAN membrane 
enhance the performance and membrane selectivity in the removal of 
anionic and electron-rich contaminants from water. 

Several studies reported in the literature, using preparation meth-
odologies such as vacuum filtration and layer-by-layer assembly pro-
cesses, have already explored the potential of membranes based on GO 
and modified GO in the removal of ECs in water [33-36]. However, little 
is addressed how the incorporation of these adsorbents into the polymer 
matrix influences the membrane separation potential. Therefore, this 
study aimed to evaluate how the chemical and morphological features 
influence the selectivity of PAN UF membranes incorporated with 
modified GO in the removal of ECs through batch and ultrafiltration 
processes. We prepared new hydrolyzed PAN (hPAN) membranes con-
taining GO (hPAN@GO) and GO modified with the cationic dye safranin 
(hPAN@GO-SF), varying the nanomaterial content by 2, 4, 6, 8 and 
10%. The new membranes were fully characterized by AFM in liquid 
medium, SEM, FT-IR, XPS, zeta potential, water contact angle and 
microtomography to evaluate their chemical and morphological prop-
erties according to the content of incorporated nanomaterial. 
hPAN@GO and hPAN@GO-SF membranes were used in the removal of 
pharmaceutical drugs, surfactants and dyes from water, through batch 
and ultrafiltration tests. Density functional theory (DFT) calculations of 

the contaminants’ molecules were carried out aiming at a deeper un-
derstanding of the interactions between adsorbent/adsorbate and a 
proposal of the main mechanism is presented. To the best of our 
knowledge, it is the first time that GO chemically modified with cationic 
molecule has been incorporated into the PAN membrane and its influ-
ence on membrane characteristics has been systematically studied and 
related to the performance in removal ECs. 

2. Experimental section 

The experimental section of the work can be found in the supporting 
information file attached. This topic describes the chemical reagents and 
materials used in the synthesis of the new membranes (Section S1.1), the 
methodologies addressed for the preparation of materials (Section S1.2), 
descriptions of the characterizations used (Section S1.3), the procedures 
for the removal tests of contaminants (Section S1.4) and the descriptions 
of the theoretical density functional study (DFT) (Section S1.5). 

3. Results and discussion 

3.1. Preparation of membranes 

The synthesis of hPAN@GO-SF membranes was carried out in two 
steps (Fig. 1). Initially the safranin dye (SF) was attached to GO via 
amidation reaction followed by its incorporation to PAN polymer 
generating the functionalized membrane that was partially hydrolyzed 
giving rise to hPAN@GO-membranes. 

3.2. Characterizations 

The graphene oxide employed in this work was characterized in our 
previous work [37]. According to AFM analyses the adsorbent sheets 
had a lateral size of 0.9–5.2 µm and average thickness of 1.2 nm [37], 
suggesting the presence of GO monosheets and BET analysis estimated 
that the synthesized adsorbent had a surface area of 351 m2..g− 1 [37]. 

3.2.1. Characterizations of GO-SF 

3.2.1.1. X-ray diffraction (XRD). The diffraction patterns of graphite, 
GO and GO-SF are shown in Fig. 2(a). The data indicated that as the 
graphite oxidation and later, the functionalization of GO, the 2θ angle of 
the materials decreased, with the observed patterns being 26.6◦, 12.5◦

and 9.6◦, for graphite, GO and GO-SF, respectively. Applying the Bragg’s 
law equation, the interlayer spacing of the materials increased signifi-
cantly with the modifications, with graphite having a spacing of 0.3 nm, 
GO 0.71 nm and GO-SF 0.9 nm [38]. The increase in the interlayer 
spacing between GO and graphite indicates the presence of defects in the 
mineral’s crystalline structure, suggesting the insertion of oxygenated 
groups generating GO [39]. In turn, the increase in interlayer spacing 
from GO to GO-SF suggests the insertion of SF in the structure, since the 
presence of phenazine units in GO increases the electrostatic repulsion 
between the material’s nanosheets [7]. 

3.2.1.2. Fourier-transform infrared spectroscopy (FT-IR). The FT-IR 
spectra of GO, SF and GO-SF are shown in Fig. 2(b). The spectrum of 
GO reveals bands around 3437, 1734 and 1632 cm− 1 attributed to the 
presence of OH, ketone and carboxyl groups, respectively. The SF dye 
spectrum reveals a broad band at 3435 cm− 1 referring to the presence of 
OH and another at 3198 cm− 1 attributed to NH groups [40]. It is also 
possible to verify the presence of bands at 2930 and 2857 cm− 1 referring 
to the symmetric and asymmetric stretching of CH units, respectively 
[7]. The band at 1646 cm− 1 is attributed to the SF aromatic rings. The 
bands at 1612, 1534, 1494 and 1334 cm− 1 refer to the N+ cation, the 
heterocyclic rings, and the symmetric and asymmetric bending vibra-
tions of the CH3 groups, respectively [41]. The bands at 1194 and 1021 
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cm− 1 are attributed to vibrations of the C-N bonds in amines [42]. 
The GO-SF spectrum has bands referring to the GO and SF functional 

groups, with some shifts. Young et al. [43] associated these changes in 
band shape and peak shifting with intermolecular interactions. For 
example, the broadband in the region of 3400 cm− 1, referring to the OH 
groups, shifted to 3428 cm− 1 compared to the GO (3437 cm− 1) and SF 
(3435 cm− 1) spectra, suggesting the presence of hydrogen bonds be-
tween the hydroxyl and carboxyl of the adsorbent and the nitrogen 
groups of the SF. At 3200, 2928 and 2851 cm− 1, it is possible to verify 
the bands of NH groups and of the symmetrical and asymmetrical 
stretches of CH units of SF, respectively. In 1729 and 1646 cm− 1 are the 
bands attributed to the presence of ketones and carboxyl, respectively. A 
new band observed at 1657 cm− 1 is attributed to the formation of the 
amide bond between GO and SF [7,44]. The other bands are similar to 
those found in the SF spectrum. Through the FTIR analysis, it can be 
concluded that we were successful in preparing the GO-SF. 

3.2.1.3. X-ray photoelectron spectroscopy (XPS). The elemental compo-
sition of the materials and the high resolution spectra of GO and GO-SF 
are shown in Fig. 2(c-g). Analyzing the tabulated data obtained from the 
survey spectrum of the materials in Fig. 2(c), it was possible to observe 
that the GO had an elemental composition endowed only with carbon (C 
– 77.2%) and oxygen (O – 22.8%). While GO-SF had of C (78.1%), O 
(15.2%), nitrogen (N – 6.0%) and chlorine (Cl – 0.6%). The elemental 
composition obtained for the GO-SF indicated the insertion of SF in the 
GO, since the incorporation of the dye increased the carbon content 
present in the material, in addition to adding the N and Cl structure, 
characteristic elements of SF. 

High resolution C1s spectrum for GO (Fig. 2(d)) revealed peaks 
centered at 284.8 eV (C-sp3/C-sp2), 286.9 eV (C-OH) and 288.5 (O-C =
O) [45,46]. For GO-SF, the high-resolution C1s analysis (Fig. 2(e)), in 
addition to the characteristic peaks present in GO, with N at the bands 

286.9 eV (C-OH /C-N) and 288.5 (O-C = O/O = C-N) [47], showed a 
new peak centered at 287.5 eV associated with C = O/C = N bonds [48]. 
Furthermore, the high resolution N spectrum (Fig. 2(f)) of the material 
indicated two signals at 399.0 and 400.3 eV, referring to amine group 
(NH2) and amide group (N-C = O), respectively [49]. 

3.2.1.4. Zeta potential. The zeta potential of GO and GO-SF, in the range 
of pH 4–10 is shown in Fig. 2(g). Both materials, had a negative surface 
charge in the range of evaluated pH. The GO-SF presented zeta potential 
(− 7.41 to − 25.8 mV) less electronegative than the GO (− 14.9 to − 45.1 
mV). GO has several carboxyl (COOH), hydroxyl (OH) and epoxy (O) 
groups in the basal plane and on the edges of the nanosheets, which 
contribute to its electronegative character [50], while GO-SF has less 
electronegative surface charge due to insertion of the cationic dye SF in 
the GO domain. Thus, although the presence of SF incorporates phe-
nazinium cations into the nanomaterial matrix, the intense presence of 
oxygenated groups in GO still maintains the surface charge of GO-SF 
with electronegative potential. Similar result was obtained in our 
recent study that reported electronegative potentials for magnetic 
composite based on chitosan and GO-quaternary ammonium salt [7]. 

3.2.2. Characterization of new membranes 

3.2.2.1. X-ray diffraction (XRD), Fourier-transform infrared spectroscopy 
(FT-IR) and X-ray photoelectron spectroscopy (XPS). Fig. S1(a-d) show 
the XRD patterns and FT-IR spectra of the GO/GO-SF nanomaterials, the 
hPAN membrane and the incorporated membranes at levels ranging 
from 2 to 10% of nanoadsorbents. The hPAN@GO and hPAN@GO-SF 
spectra did not show relevant changes when compared to hPAN spec-
trum. This result was expected due to two factors: (1) The mass of ad-
sorbents incorporated into the polymer matrix are small [51] and (2) 
XRD and FT-IR characterizations analyze the sample surface [52], and as 
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Fig. 1. (a) Synthesis of GO-SF; (b) Scheme for preparing hPAN@GO-SF membranes.  
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the adsorbent is incorporated into the PAN solution, GO and GO-SF are 
not present on the surface of the material. 

The membranes elemental composition by XPS survey analysis and C 
1 s and N 1 s high resolution XPS spectra for hPAN, hPAN@GO 6% and 
hPAN@GO-SF 6% are shown in Fig. 3(a-g). The tabulated data (Fig. 3 
(a)) obtained from the survey analysis show that hPAN had an elemental 
composition endowed with C (76.9%), N (11.3%), O (11.4%) and Na 
(0.3%), the last due to the alkaline hydrolysis [53]. The membranes 
incorporated with GO showed a similar elemental composition, however 

an increase in the oxygen content was observed. In general, the more GO 
incorporated into the membrane, the greater its O content. The presence 
of GO-SF in membranes was confirmed by the increase in N content, as 
well as the appearance of chlorine in the elemental composition of 
materials. Both elements are characteristic of the SF dye. 

High resolution C1s for hPAN (Fig. 3(b)) revealed peaks centered at 
284.5 eV (C-sp3/C-sp2), 285.4 eV (C-N/C-O), 286.3 (C-O-C), 287.6 eV (C 
= O) and 288.8 eV (COOH), corresponding to the percentages of carbon 
bonds of 43.8%, 17.4%, 25.7%, 10.8% and 2.2%, respectively [54]. For 

Fig. 2. (a) XRD pattern of GO-SF (blue line), GO (red line) and graphite (black line); (b) FTIR spectra of GO-SF (blue line), SF (red line) and GO (black line); (c) Data 
obtained for GO and GO-SF by XPS survey; (d) C1s high-resolution XPS spectrum of GO; (e) C1s high-resolution XPS spectrum of GO-SF; (f) N1s high-resolution XPS 
spectrum of GO-SF; (g) Zeta potential of GO-SF (red circle) and GO (black circle). 1:2.3 g mass ratio of GO:SF. 
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Fig. 3. (a) Data obtained for membranes by XPS survey; (b) C1s high-resolution XPS spectrum of hPAN; (c) N1s high-resolution XPS spectrum of hPAN; (d) C1s high- 
resolution XPS spectrum of hPAN@GO 6%; (e) N1s high-resolution XPS spectrum of hPAN@GO 6%; (f) C1s high-resolution XPS spectrum of hPAN@GO-SF 6%; (g) 
N1s high-resolution XPS spectrum of hPAN@GO-SF 6%. 
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the membranes containing GO and GO-SF, high-resolution C1s (Fig. 3(d, 
f)) also indicated the presence of these characteristic peaks, but with a 
decrease in the peak at 284.5 eV (C-sp3/C-sp2) and an increase in the 
relative area of the centered peak at 288.8 eV (COOH). These results 
indicate that the presence of nanomaterials in the membrane matrix 
decreases the content of C–C bonds at the expense of COO– bonds, as 
expected due to the incorporation of oxygenated functions from GO and 
GO-SF. The high resolution spectrum of N1s for the pristine membrane 
hPAN (Fig. 3(c)) showed three peaks at 399.3 (73.7%), 400.1 (20.1 %) 
and 401.6 (6.2%) eV, referring to the bonds C-N/C≡N, C = N/(N-C = O) 
and N-(C)3, respectively [55-57]. Pérez-Álvarez [54] when evaluating 
the optimization of the alkaline hydrolysis process of polyacrylonitrile 
membranes, observed that as the oxygen content increases on the 
membrane surface, there is a progressive decrease in the nitrogen in the 
composition. This trend is related to the hydrolysis mechanism, which 
although in a first stage maintains the N and O content constant, in a 
second stage the N content decreases while the O increases due to the 
loss of cyano groups for the formation of carboxylic groups [54]. For 
membranes with GO and GO-SF the decovolution of N1s (Fig. 3(e,g)) 
showed the disappearance of the peak centered at 401.6 eV (tertiary 
amines), which ends up being masked due to the incorporation of COO– 

bonds in the structure by the nanoadsorbents. 

3.2.2.2. Morphological properties. The morphology of the surface and 
cross-section of the dry membranes was assessed by SEM analyses as 
shown in Fig. 4(a1-g1). All membranes presented a dense and thin upper 
layer with a finger-like sublayer. SEM images of the surface of the ma-
terials showed that the membranes of hPAN, hPAN@GO 2% and 
hPAN@GO-SF 2% had a dense and smooth upper layer; this morpho-
logical profile was modified with the increment of nanomaterial. The 
images indicated that the greater the content of GO and GO-SF in the 
membrane, the greater the presence of nanosheets on the surface of the 
material. The increase in nanomaterial content in the membrane also 
affected the morphology of the materials’ cross-section. hPAN, among 
all other membranes, had a symmetric and thin finger-like sublayer 
which was altered according to the amount of incorporated GO and GO- 
SF. As nanomaterial content increased, the sublayer structures became 
asymmetrical and tended to thicken, decreasing the spacing between 
them. In membranes with higher content of GO and GO-SF, the finger- 
like structure was no longer observed, giving rise to a structure with 
compacted walls. 

These conformations suggest that when added to the casting solu-
tion, nanomaterials create zones of high hydrophilicity in polymer 
membranes, due to the hydrophilic groups of GO and GO-SF nanosheets, 
which leads to an accelerated rate of water diffusion during the process 
of phase inversion, causing a rapid solidification of the membrane [58]. 
Dias et al. [59], when studying the influence of viscosity on the 
morphology of polyethersulfone hollow fiber membranes with addi-
tives, reached the same conclusion. According to the authors, the 
incorporation of nanomaterials increased the viscosity of the casting 
solutions, which in turn reduced the diffusion rate between the solvent 
and the non-solvent in the membrane sublayer, resulting in a quick 
surface demixing, triggering a densification in the upper layers and a 
slow internal precipitation. Regarding membrane thickness, no signifi-
cant changes were observed, and the values varied between 260.8 and 
279.4 µm. This indicates that although the casting solutions are more 
viscous, the presence of GO and GO-SF in the solution does not affect 
membrane thickness. These results were expected, since variations in 
the thickness of polymeric membranes with nanomaterials are only 
common in layer-by-layer assembly processes [27]. 

The AFM analyses were perfomed in liquid medium to assess the real 
characteristics of the membranes, since they are measured in water 
without going through the drying process that changes several param-
eters of membranes. Unlike the SEM technique presented above, AFM in 
liquid media makes it possible to assess the porositiy and measure the 

roughness of the new membranes within their actual testing conditions. 
After being sythesized, the hPAN, hPAN@GO and hPAN@GO-SF mem-
branes are stored submerged in water and used without drying in the 
water purification. When wet, the membranes are soft to the touch, 
elastic and dense; once dry, they become rigid, fragile and brittle. The 
SEM analysis discussed above, therefore, describes the physical char-
acteristics of membranes when dry, and may not match the actual 
morphological properties of the materials used in the tests. In turn, AFM 
in liquid medium, a technique that is rarely used in current studies, 
portrays with greater accuracy and precision the physical characteristics 
of membranes. 

Thus, the surface morphology of wet membranes was assessed in 
AFM in liquid medium as shown in Fig. 4(a2-g2). The image of the hPAN 
membrane showed apparent pores on the upper surfaces and high sur-
face roughness, with an estimated mean square roughness index (Sq) of 
226.5 nm. These characteristics were reduced with the incorporation of 
GO and GO-SF in the membranes. When only 2% by mass of GO was 
added, the amount of apparent pores on the upper surface of the 
membrane became negligible and the rq dropped to 14.9 nm. Further-
more, with the increase of 6% and 10% in mass of GO in the membrane, 
the Sq of the materials were estimated at 68.3 nm and 101.9 nm, 
respectively. No pores on the upper surface of these membranes were 
verified in the AFM images acquired in liquid media. This same 
morphological profile was observed for membranes containing GO-SF. 
With the increase in nanomaterial content of 2, 6 and 10%, there was 
progressive rise in the Sq of the materials, reaching 8.3, 17.1 and 39.2 
nm, respectively. No pores on the upper surfaces of the membranes were 
verified either. The hPAN@GO-SF membrane less rough surface than 
hPAN@GO because the GO-SF is more hydrophilic than GO (Table 2). 

Analyzing the results, it is clear that the addition of graphene 
nanomaterials to the membrane reduces pore size on the upper surfaces, 
which was not observed in the images. Also, the surface roughness of 
hPAN tends to increase according to the increment of material in the 
pristine membrane. These conformations indicate that the incorporation 
of GO and GO-SF in the casting solution, by creating zones of high hy-
drophilicity in the polymeric membranes, accelerates the process of 
external solidification of the membrane during the phase inversion 
process, generating an upper layer with narrow pores [26]. Further-
more, the increased roughness with the increment of materials in 
membranes may be related to the nucleation effect of GO and GO-SF 
nanosheets; the presence of these nanomaterials on the surface of the 
membranes increases compound crystallization leading to the formation 
of large crystal grains in the structure [60]. Similar results were 
observed by Zhu et al. [61] when preparing PVDF nanohybrid mem-
branes with GO. According to the authors, the absence of apparent pores 
on the upper surfaces of the membranes was related to the preparation of 
the material. When the molding solution containing the polymer and the 
GO was submerged in water, the outer surface of the membrane 
instantly solidified, generating a thin and dense layer. The difference in 
roughness of membranes with different contents of GO was attributed to 
the nucleation and growth of the polymer induced by the addition of the 
nanomaterial. According to the authors, when using a smaller amount of 
GO (0.5% by weight) in the casting solution, there could be an induction 
of more nuclei and smaller crystal grains leading to the formation of a 
less rough upper surface, increasing according to the increment of 
nanomaterial. 

The dry membranes were also analyzed through X-ray computed 
microtomography (Micro-CT) to obtain more information about the 
structure and porosity of the membranes. The relevant descriptions of 
the porosity of membranes (10x10 mm) as well as the images obtained 
are shown in Table 1 and Fig. 4(a3-g3), respectively. It can be observed 
that the hPAN membrane has the lowest volume of interest (VOI) (3.1 
m3) and the variation in nanomaterial content increased the VOI to 3.5 
and 3.6 m3 in the case of hPAN-GO 10% and hPAN-GO-SF 10%, 
respectively (Table 1). Regarding the porosity rate, the same behavior 
was observed. The pristine membrane had a lower average porosity of 
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Fig. 4. SEM images of the surfaces and cross sections of (a1) hPAN; (b1) hPAN@GO 2%; (c1) hPAN@GO 6%; (d1) hPAN@GO 10%; (e1) hPAN@GO-SF 2%; (f1) 
hPAN@GO-SF 6%; (g1) hPAN@GO-SF 10% membrane; AFM images in liquid media of (a2) hPAN; (b2) hPAN@GO 2%; (c2) hPAN@GO 6%; (d2) hPAN@GO 10%; 
(e2) hPAN@GO-SF 2%; (f2) hPAN@GO-SF 6%; (g2) hPAN@GO-SF 10% membranes. Micro-CT images of (a3) hPAN; (b3) hPAN@GO 2%; (c3) hPAN@GO 6%; (d3) 
hPAN@GO 10%; (e3) hPAN@GO-SF 2%; (f3) hPAN@GO-SF 6%; (g3) hPAN@GO-SF 10% membranes. Where THK is the thickness membrane and Sq is root mean 
square roughness membrane. 
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89.3%, and it increased according to the nanomaterial content, reaching 
maximum values of 93.9 and 90.7 % for the hPAN-GO 10% and hPAN- 
GO-SF 10% membranes, respectively. Therefore, the addition of GO and 
GO-SF changed the polymer casting solution viscosity, although it 
accelerated the surface demixing rate of the new membranes, generating 
denser upper layers. It also reduced the diffusion rate between the sol-
vent and non-solvent in the sublayer of materials, leading to formations 
of thicker and asymmetrical finger-like structures in the sublayers of 
membranes with higher nanomaterial content. This modification in the 
internal structure of the materials, according to MicroCT, increases the 
average porosity of the materials and consequently the VOI. Similar 
results were obtained by Otitoju et al. [62] in the preparation of nano-
composite membranes endowed with different nanoparticles (NPs). On 
average, the porosity of composite membranes (78–80%) was higher 
than that of the pristine membrane (70%). According to the authors, 
porosity can be influenced by the casting solution and the hydrophilicity 

effect of inorganic NPs. The presence of different compounds resulted in 
a faster phase inversion, increasing the exchange rate between non- 
solvent and solvent in the membrane, thus resulting in increased pore 
formation in the material. 

3.2.2.3. Water contact angle. The hydrophilicity of the surface of pre-
pared membranes was determined by the measurements of the water 
contact angle, and the detailed variation of this parameter over time is 
described in Table 2. A hydrophilic surface exhibits a static contact angle 
with water of less than 90◦, while a hydrophobic surface exhibits a static 
contact angle above 90◦ [63]. Thus, analyzing the results for the mem-
branes (3.6◦–32.1◦) it was possible to conclude that all of them have a 
good wetting surface, being hydrophilic in nature. This characteristic 
influences the minimization of permanent adhesion of scale on the 
membrane surface and increases water flux [64]. 

Although all analyzed membranes have a hydrophilic surface, the 
values observed between them diverge. A remarkable change in the 
contact angle between PAN and hPAN was observed, decreasing from 
32.1◦ to 3.7◦, respectively. This discrepancy was associated with mem-
brane hydrolysis. The PAN membrane has repetitive hydrocarbon and 
CN groups in its structure, making it less hydrophilic in nature [65], 
which results in the largest observed contact angle. During the alkaline 
hydrolysis of PAN membranes, carboxyl groups and amides are formed 
in the polymer matrix, which increases the hydrophilicity of the mem-
brane [53], culminating in the reduction of the contact angle with water. 

Regarding membranes containing nanomaterials, an increase in the 
water contact angle was observed with the increment of GO and GO-SF 
dosage in the membranes, ranging from 3.5◦ to 17.6◦ and 3.6◦ to 6.9◦, 
respectively. In the case of hPAN@GO, GO is formed by a domain of 
hydrophobic carbons hybridized in sp2 in the basal plane which is bound 
to hydrophilic carboxyl, hydroxyl, epoxy and carbonyl groups on the 
edges of the nanosheets [66], having hydrophobic and hydrophilic 

Table 1 
Brief description of the porosity of membrane samples by micro computed 
tomography.  

Material MicroCT Analyses Data 

Total VOI volume 
(m3) 

Volume of pores 
(m3) 

Porosity 
(%) 

hPAN  3.08  2.75  89.29 
hPAN@GO 2%  3.08  2.82  91.48 
hPAN@GO 6%  3.30  3.10  91.63 
hPAN@GO 10 %  3.54  3.23  93.84 
hPAN@GO-SF 

2%  
3.09  2.80  89.55 

hPAN@GO-SF 
6%  

3.41  3.05  90.04 

hPAN@GO-SF 
10%  

3.61  3.25  90.67  

Table 2 
The water contact angle for PAN, hPAN, hPAN-GO and hPAN@GO-SF with different nanomaterials content.  
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domains. Thus, when incorporated into hPAN, GO contributes to 
decreasing the hydrophilicity of the membranes, reaching 17.3◦ of water 
contact angle. In relation to hPAN@GO-SF membranes, the insertion of 
GO-SF also enhanced hydrophobicity, though to a lesser extent, reaching 
the maximum value of 6.9◦. This is probably due to the incorporation of 
SF dye, which contains two amino and one phenazinium salt in its 
structure, providing more hydrophilicity to the membrane when 
compared to GO [67]. 

3.2.2.4. Pure water flux (PWF). Filtration assays with pristine and 
nanomaterials-incorporated membranes were carried out to evaluate 
pure water flux (PWF) (Fig. 5). Pristine hPAN, hPAN@GO 2% and 
hPAN@GO-SF 2% showed higher PWF, reaching 185.8, 183.1 and 180.5 
L.m− 2.h− 1, respectively. The hPAN@GO 6% and hPAN@GO-SF 6% 
membranes showed intermediate PWF values of 137.9 and 127.4 L.m− 2. 
h− 1, respectively. While lower values were obtained for the membranes 
with 10% of nanomaterial, with hPAN@GO-SF 10% (87.6 L.m− 2.h− 1) 
outperforming than hPAN@GO 10% (39.8 L.m− 2.h− 1). This behavior of 
water flow reduction with the increment of nanomaterial in the mem-
brane is associated with factors such as hydrophilicity and porosity of 
the membranes. 

The higher flux presented by hPAN, hPAN@GO 2% and hPAN@GO- 
SF 2% can be attributed to the slightly superior hydrophilic character of 
these membranes when compared to the others containing higher 
nanomaterial’ content (Table 2). Greater hydrophilicity increases the 
attraction of water molecules and the membrane matrix, resulting in 
higher PWF values [60]. Regarding the higher PWF of hPAN, the pres-
ence of pores in the outer layer of material, not visible in the membranes 
with GO and GO-SF (Fig. 4(a1-g1)), suggests increased pore size in the 
superficial layers of the pristine membrane, and large pores result in 
greater water permeation [28]. In the case of membranes incorporated 
with higher nanoadsorbent’ content, the decrease in hydrophilicity of 
the materials with the increase of GO and GO-SF (Table 2) culminated in 
reduced attraction of water molecules into the interior of the polymer 
matrix. Being hPAN@GO-SF 10% more hydrophilic than hPAN@GO 
10% (Table 2), the obtained results were expected. Besides hydrophi-
licity, the fact that the GO membrane has an internal finger-like struc-
ture more asymmetric and less spaced than the GO-SF membrane (Fig. 4 
(a-g)) indicates greater blockages of the internal connections between 
the pores of the materials, which contributes to a decrease in the water 
flux. Beluci et al. [68] observed a similar behavior when evaluating the 
PWF of a biopolymer incorporated with GO. The pure membrane 
showed higher PWF (230 L.m− 2.h− 1) compared to the modified 

membranes (120 – 0.3 L.m− 2.h− 1). In addition to the hydrophilicity of 
the membranes, which decreased with the increase of GO in the mate-
rial, the authors related this conformation to the nanoadsorbent accu-
mulation in the polymeric matrix, which obstructed the membrane 
pores and made it difficult for water to pass through. 

3.2.2.5. Zeta potential. The zeta potential measurements of PAN and 
hPAN, as well as of hPAN@GO and hPAN@GO-SF membranes in the pH 
range 4–10 are shown in Fig. 6. The PAN membrane (Fig. 6a) showed an 
electronegative potential (− 11.17 to − 16.65 mV) mainly due to the 
ionization of nitrile groups (C≡N) of PAN in response to pH change [69]. 
When PAN is hydrolyzed in alkaline solution, the surface charge of the 
hPAN membrane becomes more negative (− 15.20 to − 34.95 mV). The 
alkaline hydrolysis of the PAN membrane generates carboxyl and amide 
groups in the membrane matrix, conferring a greater negative character 
and better selectivity in the adsorption of organic compounds [53]. 

hPAN@GO and hPAN@GO-SF membranes (Fig. 6(b,c)) showed a 
rise in zeta potential with the increase in nanomaterial content in the 
membrane. hPAN@GO membranes (2–10 wt%) showed greater nega-
tive potential (− 20.30 to − 44.53 mV) than hPAN@GO-SF membranes 
(2–10 wt%) (− 15.63 to − 40.8 mV). GO has several carboxyl, hydroxyl, 
epoxy and carbonyl groups in the basal plane and edges of the sheets, 
which contributes to its electronegative character [70]. Thus, when 
incorporated into hPAN membrane, GO enhanced the negative charge 
on the surface of the new material. In relation to hPAN@GO-SF, the GO- 
SF surface is less electronegative due to the insertion of the cationic dye 
safranin into the GO matrix. Thus despite the contribution of oxygenated 
groups to GO, the insertion of phenazinium cation of SF [71] into the GO 
surface reduces the negative charge of the membrane. Therefore, the 
incorporation of GO-SF into the hPAN membrane afforded a lower 
negative surface charge compared to hPAN@GO membranes. Further-
more, it is possible to observe that up to 4% increase in GO-SF mass, the 
new membrane had a lower electronegative potential than hPAN, unlike 
what was observed with hPAN@GO membranes, confirming the pres-
ence of safranin dye attached on GO. 

3.3. Adsorption studies 

The new prepared membranes were submitted to adsorption of ECs 
in batch and continuous flow processes. The purpose of this part of the 
work was to evaluate the potential of these membranes as adsorbent and 
filtering agents, as well as to understand how the presence of GO and 
GO-SF could influence the membranes’ adsorptive potential. To this end, 

Fig. 5. (a) PWF of hPAN (blue blocks), hPAN@GO (black blocks) and hPAN@GO-SF (red blocks) membranes. 5 cm average membrane diameter, 1 bar of pressure, 
pH 6 and at room temperature. 
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hPAN, hPAN@GO 6% and hPAN@GO-SF 6% membranes were used. 
The separation of charged solutes from permeation by filter membranes 
mainly involves parameters such as steric hindrance and electrostatic 
adsorbent/adsorbate interactions [72]. As reported in the literature, 
porous membranes with more retained sublayers, with intermediate 
fluxes (above 90 L.m− 2.h− 1) and electrostatic potentials, outperform 
others in removing charged contaminants [68]. In this regard, mem-
branes incorporated with nanomaterials at 6% were selected. These 
membranes, with finger-like narrower macrovoids and upper interme-
diate roughness, due to steric hindrance, presented greater potential for 
the retention of contaminants. In addition, the good permeance of the 
membranes and their electronegative potential helped in the in-
teractions of the solute in the material. 

3.3.1. Batch adsorption study 
The adsorption potential of membranes in batch assays for common 

ECs was evaluated for the anionic dyes remazol brilliant blue (RRB), 
reactive orange 122 (OR122), direct black 22 (BB22) and acid black 194 
(AB194); the cationic dyes basic brown 4 (BB4), methylene blue (MB) 
and basic Blue 7 (BB7); the surfactants benzalkonium chloride (BZC) and 
cetylpyridinium chloride (CPC); and the pharmaceutical drug propran-
olol (PRO). The use of membranes in batch adsorption experiments has 
the great advantage of the easy removal of the adsorbent from the 
aqueous medium post-process, eliminating the filtration step that makes 
the purification process more expensive. 

The results obtained, subdivided in anionic dyes and cationic con-
taminants, are shown in Fig. 7(a,b). The overall results showed that for 
different classes of contaminants, the composite membranes hPAN@GO 
and hPAN@GO-SF had higher adsorption capacity compared to pristine 
hPAN membranes, indicating that the incorporation of graphene nano-
materials into hPAN membranes enhanced their adsorbent performance. 

The results obtained in anionic dyes adsorption (Fig. 7(a)) indicated 
that hPAN@GO-SF membranes had higher adsorption capacity than 

hPAN@GO membranes, with potentials of 39.9 versus 14.9 mg.g− 1 for 
RBB, 28.4 versus 26.1 mg.g− 1 for RO122, 29.1 versus 10.6 mg.g− 1 for 
DB22 and 11.6 versus 3.9 mg.g− 1 for AB194, respectively. The results 
suggest that the adsorption process of anionic dyes occurs mainly by 
electrostatic interactions. GO and GO-SF provided oxygenated and 
phenolic groups to the membranes, which may have improved their 
adsorbent ability enabling π-π interactions between adsorbent/adsor-
bate [28]. The hPAN@GO membranes, which had higher electronega-
tivity zeta potential (Fig. 6), showed lower adsorption capacities than 
the hPAN@GO-SF membranes, probably due to electrostatic repulsion 
with anionic dyes. In turn, the hPAN@GO-SF membrane have a less 
charged surface compared to hPAN@GO, due to the incorporation of 
phenazinium cations into the structure, which may have generated less 
electronegative surface zones on the membrane. These domains enabled 
greater proximity between the anionic dye and the membranes through 
electrostatic attractions, and these adsorbent/adsorbate interactions, in 
turn, favored other interactions, such as hydrogen bonding and π-π. 

When cationic ECs were used in the adsorption tests, excellent results 
were observed (Fig. 7(b)). The hPAN@GO-SF membranes outperformed 
the hPAN@GO membranes with maximum adsorption potentials esti-
mated at 200.6 versus 177.4 mg.g− 1 for the pharmaceutical PRO, 154.8 
versus 129.3 mg.g− 1 for BZC surfactant and 191.1 versus 183.5 mg.g− 1 

for MB dye, respectively. Suggesting that the adsorption process of these 
contaminants by membranes, in addition to taking place via electrostatic 
and π-π interactions, has an influence on the physical and mechanical 
properties of the membrane. Regarding the interactive processes by 
physicochemical bias, while hPAN mostly governs the adsorption of 
organic contaminants via electrostatic interactions and hydrogen 
bonding [73], the presence of GO-derivatives in both materials, as 
previously commented, would enable π-π interactions between adsor-
bent/adsorbate [74]. On the other hand, the presence of SF in the ma-
terial could cause electrostatic repulsions between hPAN@GO-SF and 
cationic contaminants, thus reducing the adsorption potential of the 

Fig. 6. Zeta potential measurements of (a) hPAN (blue circle) and PAN (red circle), (b) hPAN@GO membranes with different GO content and (c) hPAN@GO-SF 
membranes with different GO-SF content. 
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membrane. However, the results obtained indicated the opposite, 
corroborating to the zeta analysis (Fig. 6), which indicated that the 
hPAN@GO-SF membranes still had a negative surface charge, despite 
the cationic dye incorporation. This suggests that, like hPAN@GO 
membranes, hPAN@GO-SF membranes interact with cationic com-
pounds through electrostatic, π-π and hydrogen bonding interactions. 

Therefore, considering that both membranes, hPAN@GO and 
hPAN@GO-SF, interact in a similar physicochemical way with cationic 
compounds, what might contribute to hPAN@GO-SF membranes 
excelling in the removal of this class of compounds? According to the 
performed characterizations, hPAN@GO-SF has different mechanical 
properties than hPAN@GO, suggesting that changes in the material 
structure influence its removal potential. Few studies in the literature 
related the morphology surface of polymeric membranes to its potential 
to removal organic compounds in batch adsorption process [75]. How-
ever, studies involving the adsorption of organic compounds on carbo-
naceous [76] and silica [77] surfaces have already reported the 
influence of substrate roughness on the adsorbent/adsorbate interactive 
process. According to these works, the rate of activation energy required 
for the adsorption of compounds increases with the roughness of the 
substrate, making adsorption difficult. The higher the surface roughness 
of the material, the lower its adsorption potential. In an analogous way, 

the new hPAN@GO-SF membranes for having a less rough and porous 
surface, when compared to hPAN@GO and hPAN, contribute to a better 
adhesion of contaminants on the polymer matrix. In turn, this adsor-
bent/adsorbate proximity contributes to greater physicochemical in-
teractions between membrane and organic compounds. 

3.3.1.1. DFT-based molecular chemical descriptors calculations and batch 
assays. DFT calculations were carried out to achieve a deep under-
standing of the reactivity of organic compounds in the interactive 
adsorbent/adsorbate processes with emphasis on the molecular and 
electronic properties of adsorbates. For the DFT calculations, we 
selected one cationic contaminant from each class that stood out in the 
membrane adsorption process due to high adsorption capacities. Thus, 
BZC was the surfactant, MB was the dye and PRO was the drug. The 
geometric optimization of the isolated compounds used the B3LYP 
method and the molecules were evaluated by the molecular basis 6-31G 
(d, p), which among those analyzed had the lowest energy and therefore 
more stable structures. 

Fig. 8(a-c) shows the optimized molecular structures of BZC, MB and 
PRO, and the size of the molecules, which were estimated at 22.9 Å, 
14.2 Å and 14.3 Å, respectively. While the optimized structures of the 
drug and dye exhibited molecules with planar tendencies due to the 

Fig. 7. Batch adsorption of (a) Cationic contaminants by hPAN (blue blocks), hPAN@GO (black blocks) and hPAN@GO-SF 6 (red blocks) membranes and (b) Anionic 
contaminants by hPAN (blue blocks), hPAN@GO (black blocks) and hPAN@GO-SF (red blocks) membranes. Nanomaterial dosage of membranes 6%, membrane 
amount 0.01 mg, volume of 5 mL, initial concentration of contaminants 100 mg.L− 1, agitation of 180 oscillations/min, pH 6 and at room temperature. 

T.F. Neves et al.                                                                                                                                                                                                                                 



Chemical Engineering Journal 446 (2022) 137176

12

π–conjugate system, the surfactant had a twisted long carbon chain due 
to hysterical carbon repulsion. The conformation of contaminant mol-
ecules, as well as their size, are fundamental parameters for evaluating 
the interactions of these compounds with solid surfaces. Large, twisted 
molecules make it difficult for the compound to contact the sites of 
interaction of solids, due to steric hindrance, as demonstrated by 
Deepatana et al. [78]. 

Fig. 8(d-f) shows the 3–D contours of the HOMO (EH) and LUMO (EL) 
molecular boundary orbitals of the compounds BZC, MB and PRO. 
Considered the main orbitals in the chemical stability of molecules, EH 
represents the highest energy occupied orbital, with potential to donate 
electrons, while EL represents the lowest energy empty orbital, with 
potential to receive electrons [79]. Thus, EH energy is linked to reac-
tivity to the electrophilic attack of the compounds and EL energy to 
reactivity to the nucleophilic attack [80]. Of the compounds, MB has a 
greater tendency to donate electrons (HOMO≫) and to accept electrons 
(LUMO≪). The EH-EL energy gap (ΔH–L) (Fig. 8(d-f)) and Table 3), 
molecular conformation barrier, provides information regarding the 
stability and reactivity of the compounds. The higher the ΔH–L, the 
greater the stability of the molecule and, consequently, the lower its 
reactivity towards the adsorbent and vice versa. MB has a lower ΔH-L 
(0.04238 eV) compared with BZC (0.12368 eV) and PRO (0.17068 eV), 
suggesting that MB has greater reactivity towards the adsorbent. 

Regarding the other molecular chemical descriptors described in 
Table 3, chemical potential (µ), global chemical hardness (η) and elec-
trophilicity index (ω) also corroborate the previous statement. Elec-
tronic chemical potential (µ), responsible for determining the tendency 
of electrons to leave the system [81] and global chemical hardness (η), a 
parameter that provides information about the resistance to deformation 
in the electron density of a molecule [82], are key indicators of a mol-
ecule’s general reactivity and essential descriptors in determining 
charge transfer during a chemical interaction [80]. The most reactive 
molecule is characterized by high μ and low η values. MB, PRO and BZC 

have μ of 0.13950 eV, 0.11285 eV and 0.10985 eV, respectively, and 
estimated η of 0.02119 eV, 0.08534 eV and 0.06184 eV, respectively, 
indicating that MB is the most reactive among the molecules analyzed. 
When indicating the stabilization of the system saturated by electrons ω 
gives information about structural patterns, selectivity and reactivity of 
molecules [83]. A higher ω indicates that the compound has a tendency 
to accept electrons until the molecule’s energetic stabilization. Lower 
values were obtained for the BZC and PRO molecules, 0.09757 eV and 
0.07461 eV, respectively, indicating that these compounds are less 
reactive than MB. 

Considering the adsorption potential of hPAN@GO-SF membranes 
towards the molecules of the contaminants, it was observed that the 
modeling data showed some discrepancies in relation to the affinity 
tests. As seen in Table 3, experimental results showed that PRO was the 
most removed contaminant (0.8 mmol.g− 1), followed by MB (0.6 mmol. 
g− 1) and BZC (0.5 mmol.g− 1). According to the DFT study, the dye 
molecule, due to its greater reactivity and greater propensity to undergo 
electron density deformations, should have been most adsorbed 
contaminant by the membrane, followed by BZC and PROP molecules, 
respectively. The DFT calculations, when investigating the electronic 
structure of organic molecules, mainly provides clues about π- π 

Fig. 8. Optimized structures size of (a) BZC; (b) MB; (c) PRO. Tridimensional frontiers orbitals HOMO and LUMO plots of (d) BZC; (e) MB; (f) PRO (blue color: 
positive phase; red color: negative phase). 

Table 3 
Obtained data for molecular chemical descriptors, HOMO and LUMO energy for 
BZC, MB and PRO.  

Molecular Chemical Descriptors BZC MB PRO 

Experimental qe (mmol.g¡1)  0.4964  0.5975  0.7742 
HOMO energy (EH, eV)  − 0.17169  − 0.16069  − 0.19819 
LUMO energy (EL, eV)  − 0.04801  − 0.11831  − 0.02751 
Energy gap (ΔH-L, eV)  0.12368  0.04238  0.17068 
Chemical Potential (µ, eV)  0.10985  0.13950  0.11285 
Chemical hardness (η, eV)  0.06184  0.02119  0.08534 
Electrophilicity index (ω, eV)  0.09757  0.45918  0.07461  

T.F. Neves et al.                                                                                                                                                                                                                                 



Chemical Engineering Journal 446 (2022) 137176

13

interactions [84]. Therefore, the results obtained suggest that the MB/ 
membrane system has a greater contribution of π- π interactions than the 
PRO and BZC systems. 

The analyzed molecules have cations in their structures and since the 
membranes are electronegative, electrostatic interactions are possible, 
which are not considered in the DFT calculations performed [85]. 
Furthermore, PRO endowed with NH and OH groups can interact with 
the COO– of the membranes by hydrogen bonding [86]. Thus, to assess 
how much these other interactions are present in the adsorptive process, 
tests in saline medium were performed (Fig. S2). In this system, the 
excess of Na+ and Cl– ions competing for the material’s interactive sites 
is indicative of possible electrostatic and hydrogen bond adsorbent/ 
adsorbate interactions [87]. The decrease in the adsorption capacity of 
hPAN@GO-SF for the contaminants indicated that about 82% (Fig. S2) 
of PRO interactions are related to electrostatic and hydrogen in-
teractions, while for BZC and MB that figure is about 69 and 62% 
(Fig. S2), respectively. These results confirm that, in addition to π-π 
interactions, the adsorptive process of membranes includes electrostatic 
and hydrogen bonds. 

Thus, the conjuncture of the results suggests that PRO, when inter-
acting with the membrane through hydrogen bonds and π-π and elec-
trostatic interactions, is better adsorbed by the material, and MB and 
BZC, given the π-π and electrostatic bonds, are respectively the second 
and third compounds better adsorbed by hPAN@GO-SF. In the case of 
BZC, in addition to the chemical bias, the decrease in its adsorption 
potential is related to the steric impediment of the compound, which, 
due to the formation of micelles, has a large structure [38]. 

3.3.1.2. Post adsorption XPS analysis. XPS analysis of post-adsorption in 
batch assays of hPAN@GO-SF 6% membrane was performed to evaluate 
the adsorbent/adsorbate interactions according to variations in the 
elemental composition and chemical bonds of the materials (Fig. 9(a-g)). 
Regarding the XPS survey spectrum, the hPAN@GO-SF membrane 
before adsorption endowed with C, O, N, Na and Cl in a content of 76.4, 
10.3, 12.5, 0.1 and 0.7 % (Fig. 3(a)), respectively. In the hPAN@GO-SF 
with BZC-loaded (Fig. 9(a)) the presence of surfactant in the membrane 
could be confirmed by the increase in C content (78.0%), and decrease in 
O (9.3%), Na (0%) and Cl (0.1%) contents. As the pollutant molecule 
was endowed with many carbons and does not have any oxygen (Fig. 8 
(a)), the increase of carbon and decrease of oxygen in the membrane was 
expected. Regarding the reduction of Cl and Na, this perspective sug-
gests a cation exchange between the cationic BZC and Na+ of 
hPAN@GO-SF [87]. In hPAN@GO-SF MB-loaded (Fig. 9(a)) there was 
an increase in N content (from 12.5 to 13.6%) and a disappearance of Cl 
and Na. The dye molecule endowed with nitrogen functional groups 
(Fig. 8(b)), so the increase of this element in the membrane was expected 
and the reduction of Cl, being the counter ion of MB dye, suggests the 
cation exchange between Na+ of the membrane and the cationic dye 
[87]. Furthermore, the adsorption of MB to the membrane can also be 
attested due to the appearance of S (1.2%) in the sample, an element 
presents in MB dye (Fig. 8(b)). Regarding hPAN@GO-SF with PRO- 
loaded, the increase in O (10.8%) and N (12.9%), as well as the 
absence of Cl, attest to the adsorption of the contaminant to the material. 
As the PRO drug contains oxygenated and nitrogenous functional groups 
(Fig. 8(c)), an increase of these elements was expected. As above 
mentioned for the adsorption of BZC and MB, the disappearance of Cl 
and Na after the process indicates cation exchange of Na+ and the 
cationic drug [88,89]. 

The C1s and N1s high resolution analyses of the membranes after the 
adsorptive process (Fig. 9(b-g)) indicated changes in binding energy and 
peak intensity of the materials compared to the pristine hPAN@GO-SF 
6%, suggesting interactions between the material and the contami-
nating molecules [87,90]. The C1s high resolution XPS spectrum of the 
pristine membrane (Fig. 3(f)) indicated peaks at 284.2, 285.1, 286.1, 
287.1 and 288.0 eV referring to the C = C/C–H, C-N/C-O, C-O-C, C = O, 

COOH bonds, respectively. Shifts in binding energy attributed to C = C 
were verified, from 284.2 eV to 284.6, 284.7 and 284.4 eV for mem-
branes containing BZC, MB and PRO (Fig. 9(b,d,f)), respectively. These 
results indicate the presence of π-π interactions between the aromatic 
rings of hPAN/GO-SF and contaminant molecules [90,91]. Moreover, 
the appearance of the peak at 291.4 eV in the membrane with PRO, 
referring to specific π-π interactions [92], which attests the presence of 
stronger interactions between the membrane and pharmaceutical drug, 
compared to BZC and MB. This perspective may be related to the elec-
tronic of the molecule, which has an electron-rich naphthalene ring that 
may be more reactive towards GO-SF adsorbent (Fig. 8(c))[93]. Shifting 
in peaks associated to C-O/C-N bonds from 286.1 eV to 286.0, 285.6 and 
285.9 eV were also observed for membrane with BZC, MB and PRO 
adsorbed (Fig. 9(b,d,f)), respectively, indicating the presence of 
hydrogen bonds between adsorbent/adsorbate [94]. This could also be 
confirmed by shifting in energies related to the C = O interactions, 
which changed from 287.1 eV to 286.9, 287.6 and 287.8 eV for the 
membranes containing the contaminants BZC, MB and PRO (Fig. 9(b,d, 
f)), respectively [94]. 

The N1s deconvolutions of the hPAN@GO-SF 6% membrane before 
adsorption (Fig. 3(a)) showed peaks at 399.2 and 400.0 eV, referring to 
the C-N/C≡N and C = N/N-C = O bonds, respectively. For the mem-
brane with BZC-loaded ((Fig. 9(c)) these peaks shifted to 399.4 and 
400.7 eV, respectively and for PRO ((Fig. 9(g)), these were estimated at 
399.4 and 400.5 eV, respectively. Regarding the hPAN@GO-SF adsor-
bed with MB ((Fig. 9(e)), a single peak referring to the C = N/N-C = O 
bonds was observed at 399.4 eV. These shifting in binding energies 
suggest that nitrogen groups play important role in the adsorption 
mechanism, mainly in hydrogen bonds [57,95]. 

3.3.2. Continuous flow adsorption study 
Considering that in the batch tests the new membranes showed a 

greater adsorption for cationic contaminants, filtration tests were per-
formed only for this class of contaminant. The cationic dyes gentian 
violet (GV), basic blue 26 (BB26), basic green 4 (BG4), rhodamine B 
(RhB), MB and BB4 were available and the solute rejection by mem-
branes are shown in Fig. 10. As in the batch tests, the general results 
showed that the composite membranes, hPAN@GO and hPAN@GO-SF, 
presented greater adsorption capacity compared to the hPAN mem-
branes. Greater differences were found for the BB26, GV and MB dyes, 
where the pristine membrane reached values of 47.6, 39.9 and 27.3%, 
respectively. GO and GO-SF membranes reached superior rejection rates 
of 72.0% and 83.6% for BB26; 57.9% and 71.6% for GV; and 44.6% and 
67.0% for MB, respectively. These results corroborate the data presented 
for PWF membranes (Fig. 5), which suggest that hPAN membranes, 
because of their larger surface pore sizes, have lower resistance to the 
retention of contaminant molecules. This reinforces once again that the 
incorporation of GO and GO-SF nanomaterials in pristine membranes, 
by generating greater blockages of the internal connections between the 
pores of the materials, potentiates their adsorbent character. 

As mentioned above, hPAN@GO-SF membranes performed better 
than hPAN-GO. The highest rejection rates were found for the BB26 
(83.6% versus 72.0%) and BG4 (90.6% versus 82.2%) dyes by 
hPAN@GO-SF and hPAN@GO, respectively. These results can be related 
to the roughness profile of the membranes. hPAN@GO-SF membranes, 
as they present lower mean square roughness than hPAN@GO mem-
branes, tend to a greater imprisonment of dye molecules on their surface 
during filtration [96]. This longer contact time between adsorbent/ 
adsorbate contributes to the establishment of chemical interactions be-
tween them, which culminates in a greater adsorption potential for 
hPAN@GO-SF membranes. Mansor et al. [75] stated that roughness, by 
affecting permeance and the tendency for membrane fouling, has a high 
impact on the adsorptive performance of membranes. 

While in the batch tests for cationic dyes higher adsorption rates of 
the hPAN@GO-SF membranes were obtained for BB7 (200.4 mg.g− 1) 
and MB (191.1 mg.g− 1), in ultrafiltration assays higher performance was 
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Fig. 9. (a) Data obtained for membranes by XPS survey; (b) C1s high-resolution XPS spectrum of hPAN@GO-SF 6% with BZC; (c) N1s high-resolution XPS spectrum 
of hPAN@GO-SF 6% with BZC; (d) C1s high-resolution XPS spectrum of hPAN@GO-SF 6% with MB (e) N1s high-resolution XPS spectrum of hPAN@GO-SF 6% with 
MB (f) C1s high-resolution XPS spectrum of hPAN@GO-SF 6% with PRO; (g) N1s high-resolution XPS spectrum of hPAN@GO-SF 6% with PRO; 
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verified for the cationic dyes BB26 (83.6% ~ 225.6 mg.m− 2) and BG4 
(90.6% ~ 246.7 mg.m− 2). These results suggest that the selectivity of 
membranes changes according to the adsorption process to which they 
are submitted. This indicates that in addition to parameters such as 
roughness index, porosity and hydrophilicity, adsorbent/adsorbate 

interactions can be influenced by the adsorptive process. Hernández 
et al. [97] studied the adsorption rate of phenol on an activated carbon 
tissue, and found that hydrodynamics plays a relevant role in the 
adsorption process, mainly in laminar flows. This statement was also 
expressed by Wang et al. [98] who reported that at low agitation rates 

Fig. 10. Continuous flow adsorption of cationic dyes by hPAN (blue blocks), hPAN@GO (black blocks) and hPAN@GO-SF (red blocks) membranes. 6% of nano-
material dosage of membranes, 5 cm average membrane diameter, cationic dyes initial concentration of 10 mg.L− 1, 50 mL of dye solution, 1 mL.min− 1 of flux, pH 6 
and at room temperature. 

Fig. 11. (a) Morphological and (b) Physicochemical adsorption mechanisms of multiple organic contaminants into the hPAN@GO-SF.  
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there is greater heterogeneity of solutions, which limits solute distri-
bution and makes the permeation flow uneven. Such phenomena can 
explain the differences in membrane selectivity in the two adsorptive 
processes, which have different solute flow profiles. While in direct flow 
the flow is laminar, in batch this process is characterized as turbulent. 

3.4. Adsorption mechanisms of organic contaminants on hPAN based GO 
membranes 

GO-SF incorporation in the polymeric matrix, by causing morpho-
logical and chemical changes in the pristine membrane, potentiated the 
ability to remove multiple organic contaminants in different flow pro-
files of hPAN. In terms of morphology, the nanoadsorbent reduced 
membrane surface roughness, modified the size and shape of the sub-
layers macrovoids, and increased the materials’ hydrophilicity. These 
new conformations maintained a good PWF for hPAN@GO-SF and 
contributed to a better adhesion of contaminating molecules to the 
material. In the chemical bias, hPAN and GO-SF provided hydroxyl, 
carboxyl, epoxy and phenazinium groups to membranes, which 
contributed and potentiated electrostatic and π–π interactions and 
adsorbent/adsorbate hydrogen bonds [28] (Fig. 11). 

In general, hPAN@GO-SF membranes exhibit maximum adsorption 
potential for contaminants of 200.6 mg.g− 1 for PRO, 191.1 mg.g− 1 for 
MB and 154.8 mg.g− 1 for BZC in batch assays, and in ultrafiltration 
reached 225.6 mg.m− 2 for BB6 and 246.7 mg.m− 2 for BG4 (Table 4). 
hPAN@GO-SF membranes achieved superior removal and filtration 
capacities when compared to other 3D materials described in the liter-
ature. In a practical application, the new membranes, in addition to 
good adsorption for multiple ECs, have good flexibility, which facilitates 
their handling and operation during adsorption processes [99]. 

4. Conclusions 

The new proposed hydrolyzed poliacrylonitrile (hPAN) membranes 
containing GO and GO modified with the cationic dye safranin (GO-SF) 
were synthesized, fully characterized and applied to water treatment. 
hPAN@GO and hPAN@GO-SF were prepared using low-cost chemical 
reagents and classical chemical modifications and some structural 
elucidation was carried out to confirm the differences between both 
materials. The increase in interlayer spacing from GO to GO-SF in the 
XRD pattern, the presence of SF bands in the GO FTIR spectrum and the 
presence of N and Cl in the XPS analysis confirm the successful synthesis 
of GO-SF. Zeta potential demonstrated that GO-SF had a lower electro-
negative surface charge than GO due the presence of phenazinium 

cations of SF in the nanomaterial matrix. Regarding the AFM in liquid 
media, SEM and MicroCT of news membranes, the analyses indicated 
that the addition of nanomaterial to the membrane modified the finger- 
like macrovoid sublayers, reduced surface roughness and increase VOI. 
The water contact angle analysis indicated that the hPAN@GO-SF 
membranes were more hydrophilic than others, reaching a maximum 
value of 6.95◦. From the zeta potential analysis, it was found that even 
after the insertion of the phenazinium cation, hPAN@GO-SF still had an 
electronegative potential (− 15.63 to − 40.8 mV). 

Batch experiments showed that hPAN@GO-SF had higher adsorption 
capacity compared to pristine hPAN and hPAN@GO membranes, with 
maximum adsorption potential for the drug PRO (200.6 mg.g− 1), the 
surfactant BZC (154.8 mg.g− 1), the cationic dye MB (200.4 mg.g− 1) and 
the anionic dye RBB (39.88 mg.g− 1) both at 100 mg.L− 1. DFT calcula-
tions, adsorption experiments in saline media and post adsorption XPS 
analysis showed that cation exchange, hydrogen bond, π-π and electro-
statics interactions are common between adsorbent/adsorbate. The ul-
trafiltration experiments with hPAN@GO-SF presented better rejection 
rates than hPAN and hPAN@GO, achieving a maximum rejection to the 
cationic dyes BB26 (84% ~ 242.60 mg.m− 2) and BG4 (90% ~ 237.39 
mg.m− 2). This difference is probably related to the lower mean square 
roughness of hPAN@GO-SF compared to hPAN and hPAN@GO 
membranes. 

These results indicated that the adsorption potential of new mem-
branes depends on three specifics factors: chemical, morphological and 
permeance characteristics. Although these are unique parameters, their 
combination affects the selectivity of the membrane. Through chemical 
properties, GO-SF provides oxygenated, phenolic and phenazinium 
groups to the membranes which may have improved their adsorbent 
ability through π–π and electrostatic interactions, as well as, hydrogen- 
bonds between adsorbent/adsorbate. Regarding the morphological 
features of hPAN@GO-SF, it showed an asymmetrical and thickened 
finger-like macrovoid sublayer and a less rough surface, which 
contributed to better adhesion of the compounds to the material. And 
the change of membrane selectivity according to the adsorption process 
could be explained by the flow profile differences, as in laminar flow 
there is greater heterogeneity of solutions, which limits solute distri-
bution and makes the permeation flow uneven. hPAN@GO-SF has a 
superior adsorption capacity for multiple ECs compared to other 3D 
materials and these results are encouraging, indicating that the modi-
fications made to the membrane enhance its ability to remove contam-
inants from water. The present study guides to new insights on how the 
incorporation of adsorbents into polymeric materials affects the chem-
ical and morphological properties of the membranes as well as their 

Table 4 
Comparison of hPAN@GO and hPAN@GO-SF adsorption capacity in batch experiments with other 3D adsorbents and ultrafiltration rejection rate.  

Adsorbent Contaminants Morfology pH Temperature qm Ref. 

GVCP BZC Membrane 6 r.t. 0.94 mg.g− 1 [100] 
FTKNRL BZC Membrane 6 r.t. 2.00 mg.g− 1 [100] 
hPAN@GO BZC Membrane 6 r.t. 129.3 mg.g¡1 This work 
hPAN@GO-SF BZC Membrane 6 r.t. 154.8 mg.g¡1 This work 
PVDF/MWCNT MB Membrane 6 r.t. 4.4 mg.g− 1 [101] 
PLLA MB Membrane 6 20 ◦C 74.51 mg.g− 1 [102] 
hPAN@GO MB Membrane 6 r.t. 183.5 mg.g¡1 This work 
hPAN@GO-SF MB Membrane 6 r.t. 191.1 mg.g¡1 This work 
DMPA Liposome PRO Biomembrane 6 r.t. 155.6 mg.g− 1 [103] 
DMPC Liposome PRO Biomembrane 6 r.t. 181.5 mg.g− 1 [103] 
hPAN@GO PRO Membrane 6 r.t. 177.4 mg.g¡1 This work 
hPAN@GO-SF PRO Membrane 6 r.t. 200.6 mg.g¡1 This work 
Carbon/Ba/alginate BB26 Beads 4 – 1.9 mg.g− 1 [104] 
Activated carbon (AC3-R2) BB26 Beads 5.8 30 ◦C 76.0 mg.g− 1 [105] 
hPAN@GO BB26 Membrane 6 r.t. 209.7 mg.m¡2 This work 
hPAN@GO-SF BB26 Membrane 6 r.t. 225.6 mg.m¡2 This work 
Chitosan BG4 Beads 8 30 ◦C 93.5 mg.g− 1 [106] 
CD/CMC BG4 Granules 8 25 ◦C 91.9 mg.g− 1 [107] 
hPAN@GO BG4 Membrane 6 r.t. 232.4 mg.m¡2 This work 
hPAN@GO-SF BG4 Membrane 6 r.t. 246.7 mg.m¡2 This work  
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[37] T.N. Magalhães de Paula, J.A. Souza Vendemiatti, N.G. Camparotto, B. Toledo, Á. 
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