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A B S T R A C T   

The difficulty in metabolizing and degrading complex dyes containing three or more aromatic rings ascends new 
alternatives in the treatment of colored water, including adsorption. Despite advances in this area, the adsorption 
of complex dyes has been little reported. In this work, polyacrylonitrile membranes incorporated with graphene 
oxide functionalized with safranin dye (hPAN@GO-SF) were applied to remove the complex cationic dyes basic 
blue 7 (BB7) and basic brown 4 (BB4), and the anionic direct black 22 (DB22) from water. The advantage of 
using nanoadsorbents immobilized on polymeric membranes is their easy removal after adsorption. Under the 
best conditions established for dye removal, high adsorption capacities of 1143/1035, 873/799 and 205/148 
mg⋅g− 1 were achieved for BB4, BB7 and DB22 in the single and saline system, respectively. Henry and Temkin’s 
isothermal models best fitted equilibrium experimental data of dyes in single and saline systems, respectively, 
while the kinetic model of intraparticle diffusion fitted well the empirical data in both systems. Furthermore, 
hPAN@GO-SF can be used for five consecutive cycles without loss of efficiency for the BB7 dye. Theoretical 
calculations and post-adsorbed membrane analyses showed that the adsorbent/adsorbate interactions are based 
on H-bonding, π-π and electrostatic interactions.   

1. Introduction 

Textile and clothing industries are one of the main socio-economic 
pillars of lower-middle income countries. Allied with the growth of 
this sector, the presence of dyes in wastewater becomes recurrent [1]. 
Synthetic dyes, industrially preferred to natural dyes, are classified ac-
cording to their chemical properties, such as azo, triarylmethane, 
phthalocyanine, anthraquinone, and sulfur dyes [2]. The more complex 
the dye, the more difficult it is to decompose. Thus, the so-called com-
plex dyes, substances with more than three aromatic rings, are consid-
erably more difficult to degrade and can produce toxic metabolites [3]. 

The cationic dyes basic blue 7 (BB7, triarylmethane dye, Fig. 1a) and 
basic brown 4 (BB4, azo dye, Fig. 1b), and the anionic dye direct black 
22 (DB22, azo dye, Fig. 1c) are some of the complex dyes commonly 
used in the dyeing of natural fibers and polymeric fibers [4]. Despite 

their wide applications, these recalcitrant organic contaminants usually 
are considered toxic, mutagenic and carcinogenic and when in hydric 
bodies, may obstruct the sunlight passage and reduce oxygen solubility 
[5]. Therefore, the toxicological potentials and the resistance of dyes to 
degradation represent a central challenge for complex dyes removal 
technologies. 

Due to the complexity of their structures, the removal of these dyes 
from water has been little explored, with chemical methodologies, such 
as photocatalysis, oxidation, and ozonation, being the most studied. 
However, these complex and expensive processes can generate by- 
products that are more toxic than the starting materials [6]. Thus, the 
scientific community has shown great interest in treating of colored 
waters by adsorptive processes, given the technique’s advantages [7]. 

Adsorption, a mass transfer phenomenon in which adsorptive mol-
ecules accumulate on the interlayer of a liquid and solid phase, is a 
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simple technique, with low execution and maintenance costs and a high 
removal rate. The adsorbent/adsorbate interactions involve chemical 
and physical processes, so the technique’s performance is strictly linked 
to the sorbent materials used. These materials must have an extensive 
surface area, selectivity, high adsorption potential, and recyclability 
potential [8]. Among the various adsorbent materials used in the 
treatment of colored water, graphene oxide (GO) stands out. GO is a 
nanoadsorbent derived from the incomplete oxidation of graphite. 
Given its nanosheets structure of sp2 hybridized carbons with carboxyl, 
hydroxyl and epoxide groups on the sheets, it can interact with organic 
compounds and metallic ions [9]. 

Despite the adsorptive potential of GO, studies have shown that its 
adsorbent character can be enhanced by functionalization. Neves et al. 
[10] grafted GO with quaternary ammonium salt to prepare a new 
adsorbent with capacity of stripping BB4 dye from water. The maximum 
removal potential of the mCS/GO-QAS adsorbent was about 650 
mg⋅g− 1. Although several studies have demonstrated the preparation 
and application of new GO-based nanomaterials, there is a limiting 
factor regarding the difficulty of removing the adsorbent from water 
after use. Proposals such as immobilization of GO in polymeric struc-
tures and preparation of magnetic adsorbents are some of the alterna-
tives reported in recent years [11]. Among the techniques, GO 
immobilization in polymeric membranes stands out for combining two 
technologies in the treatment of colored water: separation and adsorp-
tion [12]. 

Zhu et al. [13] reported the significant potential for retention of the 
reactive dyes, reactive red 49 (97.2 %) and black 5 (99.2 %), by poly-
ethersulfone loose nanofiltration membrane incorporated with GO 
functionalized by poly(sulfobetaine methacrylate) (PES/GO-PSBMA). 
The use of GO incorporated into polymeric membranes for adsorption of 
dyes in batch assays was reported once by Das et al. [14]. They immo-
bilized chitosan and graphene oxide into polyvinyl alcohol membrane- 
like adsorbents and used it in congo red dye adsorption. However, 
high dose of the adsorbent was required and consequently low congo red 
dye adsorption capacity was achieved, remaining at 12 mg⋅g− 1. 

Recently, we showed that polyacrylonitrile membranes incorporated 
with GO (hPAN@GO) and GO functionalized with safranin (SF) dye 
(hPAN@GO-SF) [15] had great potential for removal of multiple con-
taminants in water. Even under non-optimal conditions, with adsorption 
capacities of 246.7 and 225.6 mg⋅m− 2 for basic green 4 and basic blue 26 
dyes, respectively, in continuous flow and of 200.6, 191.1 and 154.8 
mg⋅g− 1 for propranolol pharmacological drug, methylene blue dye and 
benzalkonium chloride surfactant, respectively, in batch assays. In this 
study [15], we could conclude that the adsorbate’s flow profile directly 
influences the polymeric membranes’ selectivity. Therefore, despite 
advances in this area, the adsorption of complex dyes on polymeric 
membranes incorporated with functionalized GO has not been explored 
in batch assays, and the adsorbent/adsorbate interaction mechanisms 
have not been studied. 

Thus, the goal of the current research was to investigate the removal 
potential of the cationic complex dyes BB7 and BB4 and the anionic 
complex dye DB22 by the hPAN@GO-SF membrane in batch studies and 
to delineate the mechanisms that govern the interactive membrane/ 
complex dyes process. Therefore, parameters such as solution pH, 
adsorbent/adsorbate contact time, nanomaterial content in the mem-
brane, membrane amount, dye concentration and medium temperature 
parameters were analyzed. The membrane adsorption potential for 
complex dyes was also explored in saline medium, and the regenerative 
ability of hPAN@GO-SF was evaluated in consecutive cycles of 
adsorption. Meanwhile, kinetic and isotherm models were employed to 
assess the adsorbent/adsorbate interactions in single system and in the 
presence of interfering agents. Furthermore, studies of the membrane/ 
complex dyes interactive mechanisms were based on FTIR, SEM and XPS 
analyses of the membranes post adsorptive process and on density 
functional theory (DFT) calculations, a tool used to detail quantum 
systems of molecules in the ground state and relate it to the reactivity to 
adsorption on solid surfaces. 

2. Experimental section 

Information regarding this topic is presented in the supplementary 
material. It includes the reagents and methodologies utilized for the 
membranes preparation and descriptions of the adsorption assays and 
the studies performed. 

3. Results and discussion 

3.1. Characterizations 

In previous work [15], hPAN@GO-SF membranes were prepared and 
characterized. A summary of the results of the characterizations per-
formed, is shown in Table 1. 

In a previous work [15], removal tests for multiple contaminants in 
water were performed to evaluate how GO and GO-SF influenced the 
polyacrylonitrile polymer (PAN) adsorption capacity. The results indi-
cated that incorporating GO and GO-SF into the polymeric matrix has 
provided morphological and chemical-physical modifications to the 
pristine membrane, enhancing the adsorptive character of hPAN. 
Among the evaluated contaminants, the new membranes stood out from 
the hPAN@GO and hPAN membranes for the cationic dyes BB7 and BB4 
and for the anionic one DB22. Thus, the three contaminants were 
selected to investigate the adsorptive potential and the interactive 
mechanisms of hPAN@GO-SF membranes. 

a) b) c)

Fig. 1. a) BB7, b) BB4 and c) DB22 molecular structure.  
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3.2. Adsorption performances of BB7, BB4 and DB22 dyes onto 
hPAN@GO-SF 

3.2.1. Initial pH effects 
Adsorption assays were performed at various initial pHs (Fig. 2a) to 

evaluate the influence of pH on the adsorption of dyes through the 
hPAN@GO-SF membrane. For BB4 and DB22 dyes, the pH ranged from 2 
to 12, while for BB7 dye, the maximum pH was 8 due to its insoluble 
character under basic conditions [4]. 

The adsorbent/adsorbate interactions for the three contaminants 
were pH dependent (Fig. 2a). Concerning the BB7 dye (Fig. 2a), the 
hPAN@GO-SF membrane provided lower adsorption at pH 2, about 
48.7 mg⋅g− 1. This may be associated with protonation of the membrane 
nitrogen and oxygen based-functions, which increased the zeta potential 
(Table 1), reducing the electrostatic attractions with the cationic dye. 
The microspecies of BB7 dye according to pH are shown in Fig. S2a and 
indicate the presence of positively charged molecules at pH 2. At pH 4 
and 8, the adsorption potentials of BB7 were similar, 145.2 and 132.7 
mg⋅g− 1, respectively. At pH 4, despite being less electronegative than at 
higher pH, the hPAN@GO-SF membrane has an estimated surface 
charge of − 25.8 mV (Table 1) while the average charge of BB7 species is 
2.8 (Fig. S2a). At pH 8, the membrane surface charge dropped to − 40.6 
mV (Table 1) and dye molecules decreased to 1.0 (Fig. S2a). In both 
cases, differences between adsorbent/adsorbate charges may have 
generated attractive forces, as indicated by the results (Fig. 2a). At pH 6, 
where the highest adsorption potential of the membrane was observed 
(173.2 mg⋅g− 1), the average charge of the dye species present in the 
medium is 1.03 (Fig. S2a), while hPAN@GO-SF has a decreased surface 
charge of − 35.5 mV (Table 1), compared to basic conditions. Although 
the differences between the charges are similar to those estimated at pH 
8, at pH 6 the presence of di-cationic dye species (Fig. S2a), not present 
at the most basic pH, may contribute to a more significant adsorbent/ 
adsorbate interaction. Thus, as the electrostatic attraction forces are 
higher at pH 6 than at other pHs, there is closer proximity adsorbent/ 
adsorbate, which enables and potentiates H-bonding and π-π 
interactions. 

Regarding BB4 dye (Fig. 2b), the hPAN@GO-SF membrane showed 
lower adsorption capacities at pH 2, 10 and 12, median adsorption ca-
pacities at pH 4 and 8, and the highest value at pH 6. As for BB7, at pH 2, 
the membrane exhibited a low adsorption potential of 28.0 mg⋅g− 1, due 
to the protonation of the hPAN@GO-SF functional groups and the 

average charge of BB4 species of 2.0 (Fig. S2b), which results in elec-
trostatic repulsions between adsorbent/adsorbate. At pH 10 and 12, the 
low adsorption potentials of 85.1 and 73.7 mg⋅g− 1 are associated to the 
loss of stability of the dye molecules due to the excess of OH− ions in the 
medium [16]. At pH 6, the highest membrane adsorbent potential was 
observed (150.3 mg⋅g− 1). In this case, due to the neutrality of the me-
dium, the dye molecules tend not to precipitate as in basic pH, allowing 
greater adsorbent/adsorbate interactions. Also, considering that in this 
pH range, although the hPAN@GO-SF membrane has an electronegative 
charge surface (− 35.5 mV) (Table 1), the dye species in the medium 
have no charge (Fig. S2b) and electrostatic forces of attraction can occur 
between an electrified object and a neutral object [17]. Furthermore, as 
the membrane is endowed with oxygenated and nitrogenous groups, in 
addition to the dye composed of NH2, hydrogen bond can also occur 
[18], further enhancing the π-π and electrostatic interactions between 
the hPAN@GO-SF and dye. At pH 4 and 8, membrane adsorption po-
tentials were similarly expressed, 120.1 and 117.4 mg⋅g− 1, respectively. 
At pH 4, opposite charges of hPAN@GO-SF (− 25.8 mV) (Table 1) and 
dye molecules (0.3) (Fig. S2b) generate electrostatic attraction between 
them, enhancing the adsorbent/adsorbate interactions. In turn, at pH 8, 
the presence of OH− in the solution, albeit at a smaller concentration 
than in the higher pH ranges, reduces the stability of the dye, thus 
decreasing the membrane adsorption capacity compared to pH 6 [10]. 

Regarding DB22 dye (Fig. 2c), the highest membrane adsorptive 
potential of 71.8 mg⋅g− 1 was obtained at pH 2, where most dye micro-
species have charges equal to − 1 (Fig. S2c), which reduces the elec-
trostatic repulsive forces between adsorbent/adsorbate. Furthermore, as 
the dye and membrane have nitrogen and oxygen groups, hydrogen 
bonds may also be present in the process [4], favoring other interactions 
in the system. The decrease in membrane adsorptive potential from 71.8 
to 2.2 mg⋅g− 1 with increasing pH (2− 12) was related to an increase of 
OH− in the medium, which deprotonates the functional groups of DB22 
and hPAN@GO-SF, providing negative charges to the dye and the 
membrane. Thus, increased electrostatic repulsive forces between 
adsorbent/adsorbate result in a decrease in membrane adsorption 
capacity. 

Therefore, according to the pH assays, pH 6 was best established for 
the dyes BB7 and BB4, and pH 2 for the dye DB22. 

3.2.2. Contact time effects 
The adsorbent/adsorbate contact time influence on the process of 

dye removal by the hPAN@GO-SF membrane was evaluated with ali-
quots collected in the time interval of 0.0083–26 h (Fig. 2b). The results 
obtained indicated that the three dyes showed similar behavior over 
time. Initially, there was a progressive increase in the adsorption po-
tential over time, with maximum potential reached in 12 h, followed by 
stabilization of the interactive process. For BB7 and BB4, hPAN@GO-SF 
showed higher equilibrium adsorption capacities of 178,6 mg⋅g− 1 and 
150.0 mg⋅g− 1, respectively. Regarding DB22 dye, the adsorption ca-
pacity was 71.1 mg⋅g− 1, probably due electrostatic repulsion between 
the membrane and dye, both negatively charged. 

The differences observed between the adsorption potentials of 
hPAN/GO-SF for the BB7 and BB4 in relation to the DB22 are associated 
with the surface charges of the membrane and dye species. Despite 
having a fenazinium cation due to the SF, hPAN@GO-SF has a negative 
surface charge, which contributes to attractive electrostatic interactions 
between the membrane and the cationic dyes and repulsive forces be-
tween the membrane and the anionic dye [19]. The proximity between 
the membrane and the BB7 and BB4 dyes, mediated by attractive forces, 
facilitates H-bonding and π-π adsorbent/adsorbate interactions [20]. On 
the other hand, the distance due to the electrostatic repulsions between 
the DB22 dye and the hPAN@GO-SF membrane hinders the other in-
teractions between contaminant and adsorbent, expressed by the lower 
adsorptive capacity of the membrane. 

Furthermore, the differences between the adsorption capacities of 
both cationic dyes, from 178.6 mg⋅g− 1 (0.35 mmol/g, Fig. 2b) and 150.0 

Table 1 
hPAN@GO-SF summary characterizations (analysis data not shown).  

hPAN-GO-SF 

FT-IR There was a reduction in the intensity of the bands referring 
to the hydrolyzed polymer according to the increase of GO- 
SF in the matrix. 

XPS The presence of GO-SF in the membranes was confirmed by 
the increase in N content and appearance of chlorine in the 
elemental composition of hPAN@GO-SF. The high 
resolution C1s spectrum indicated peaks referring to C-sp3/ 
C-sp2 (284.2 eV), C-N/C-O (285.1 eV), C-O-C (286.1 eV), 
C––O (287.2 eV) and COOH (288.0) and high resolution N1s 
spectrum indicated peaks referring to NH2 (399.2 eV) and N- 
C=O/N ≡ C (399.9 eV). 

Morphological 
Properties 

hPAN@GO-SF showed asymmetrical and narrower fingers- 
like macrovoids sublayer, less rough surface and higher VOI 
and pores volume. 

Water contact angle hPAN@GO-SF was more hydrophilic than hPAN@GO, due 
to the incorporation of SF dye, which contains two amino 
and one phenazinium groups in its structure. 

Pure water flux 
(PWF) 

hPAN@GO-SF showed higher PWF 127.38 L⋅m− 2⋅h− 1 

related to its permeability and morphological properties. 
Zeta potential The incorporation of GO-SF into the hPAN membrane 

provided a less negative surface charge compared to the 
hPAN@GO membranes. For hPAN@GO-SF 6 % the zeta 
potential was − 25.85, − 35.5, − 40.57 and − 42.2 mV for pH 
4, 6, 8 and 10.  
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mg⋅g− 1 (0.32 mmol/g, Fig. 2b) for BB7 and BB4, respectively, may be 
related to the amount of aromatic rings in each molecule. While BB7 dye 
has four aromatic structures, BB4 dye has three. Previous studies have 
shown that π-π interactions are some of the strongest present between 
adsorbent/adsorbate in adsorptive systems [21]. Thus, as BB7 has more 
aromatic rings than BB4 contributes to greater π-π interactions between 
membrane and BB7 [18]. 

As the equilibrium in dye removal by hPAN@GO-SF was reached, on 
average, in 12 h, the other experiments of the optimization process were 
performed within this time interval. 

3.2.3. Effect of nanomaterial content on the hPAN@GO-SF membrane 
The adsorbent dosage on the membrane and its relation to dye 

adsorption was evaluated by varying the GO-SF content from 0 to 10 % 
(w/w) (Fig. 2c). For all three dyes, the results showed that embedding 
GO-SF into hPAN membranes improves the adsorptive capacity of the 
material, with qe variating 135.1–179.3 mg⋅g− 1, 136.9–155.6 mg⋅g− 1 

and 4.5–71.8 mg⋅g− 1 for the dyes BB7, BB4 and DB22, respectively. For 
the three dyes evaluated, up to the incorporation of 6 % by mass of GO- 
SF in hPAN, there is a progressive rise in the adsorption capacity of the 
new membranes, and, subsequently, a stabilization of the material’s 
adsorption capacity. 

This higher efficiency is related to the increase in the adsorbent/ 
adsorbate contact surface and the higher amount of active sites on the 
material due to the incorporation of GO-SF in the membrane [22]. The 
stabilization of the membrane adsorbent system after the addition of >6 
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Fig. 2. a) Initial pH variation from 2 to 8 for BB7 and 2 to 12 for BB4 and DB22. b) Variation in dyes uptake overtime from 0 to 24 h. c) GO-SF content in membrane 
range 2 to 10 %. d) Membrane mass variation from 0.0005 to 0.005 g. e) Initial dyes concentration variation from 50 to 700 mg⋅L− 1. f) Temperature variation from 25 
to 55 ◦C. Optimized conditions, to BB7: Nanomaterial content 6 %, membrane mass: 0.0025 g, 100 mg⋅L− 1 of dyes initial concentration, pH 6 and at 35 ◦C, to BB4: 
Nanomaterial content 2 %, membrane mass: 0.001 g, 100 mg⋅L− 1 of dyes initial concentration, pH 6 and at 35 ◦C and to DB22: Nanomaterial content 6 %, membrane 
mass: 0.0025 g, 100 mg⋅L− 1 of dyes initial concentration, pH 2 and at 25 ◦C. 
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% of GO-SF in the material is associated with the unsaturation of the 
interaction centers of the spare adsorbent in the membrane [23] or even 
due to the clustering of GO-SF, which, by forming conglomerates, re-
duces the membrane/dye contact surface [24]. Thus, the optimized GO- 
SF content was 6 % for BB7 and DB22 dyes, and 2 % for BB4 dye. 

3.2.4. Influence of membrane mass variation 
The dye adsorption performance of the new membranes concerning 

their mass was evaluated with variations from 0.0005 g to 0.005 g of 
material in 5 mL of dye solution, and the evolution of hPAN@GO-SF 
adsorption potential for the three dyes can be seen in the Fig. 2d. 
Overall, for all dyes evaluated, the membranes showed similar adsorp-
tion profiles. There was a gradual decline in the membrane adsorption 
potential and a progressive rise in the contaminant percentage removal 
with increasing hPAN@GO-SF mass. 

When the initial membrane mass was 0.0005 g, higher qe and lower 
removal rate were obtained for the three dyes, around 295.3 mg⋅g− 1 

(27.7 %), 545.1 mg⋅g− 1 (58.3 %) and 121.6 mg⋅g− 1 (12.9 %) for BB7, 
BB4 and DB22, respectively. In turn, for the mass of 0.005 g these values 
decreased for qe and increased for percentage removal, around 91.5 
mg⋅g− 1 (83.3 %), 78.3 mg⋅g− 1 (87.5 %) and 35.7 mg⋅g− 1 (36.6 %) for 
BB7, BB4 and DB22, respectively. The adsorption capacity, an inherent 
characteristic of the material, is related to the number of interactive 
centers available in the substrate after the tests. Furthermore, the per-
centage removal is related to how much of the total contaminant is 
adhered to the substrate after the adsorptive process. Therefore, the 
more the unsaturated interaction centers after the adsorptive process, 
the lower the material’s adsorption capacity [25] and the greater the 
amount of adsorbate molecules adhered to the solid [26]. For the assay, 
the greater availability of interactive centers in the adsorbent according 
to the rise in the material mass, results in an increase in unsaturation of 
interaction centers and contaminating molecules adhered to hPAN@GO- 
SF. 

As these amounts are inversely proportional, the choice of the mass 
of membranes to be used in the subsequent assays must consider good qe 
and percentage removal. Thus, for the BB7 and DB22 dyes, the opti-
mized hPANGO-SF membrane mass was 0.0025 g and for the BB4 dye it 
was 0.001 g. 

3.2.5. Dye concentration effects 
The effect of the initial dye content on the adsorption capacity of 

hPAN@GO-SF was evaluated by ranging the concentration of BB7, BB4 
and DB22 dyes from 50 to 700 mg⋅L− 1, and the results obtained are 
presented in Fig. 2e. 

The membrane adsorptive potential for the three dyes (Fig. 2e) 
increased with the increment of contaminant in the medium, up to the 
material saturation around the concentration of 600–700 mg⋅L− 1. In 
these plateaus, the adsorption capacity of hPAN@GO-SF was 873.7 (1.7 
mmol⋅g− 1), 1143.1 (2.5 mmol⋅g− 1) and 204.9 mg⋅g− 1 (0.2 mmol⋅g− 1) 
for BB7, BB4 and DB22 dyes, respectively. 

As previously discussed, the increase of the adsorption potential of 
the membranes is related to the saturation of the active sites available in 
the solid after the adsorption process [10]. In this case, the rise in the 
content of contaminant molecules in the solution culminates in the 
filling of the interactive centers of the membrane, until its complete 
saturation from 600 mg⋅L− 1 of dye. Thus, the initial concentration of 
100 mg⋅L− 1 of dyes was estimated for the other tests. 

3.2.6. Effect of temperature variation 
The effect of temperature on the adsorption capacity of hPAN@GO- 

SF membranes was evaluated by ranging the system temperature from 
25 to 55 ◦C (Fig. 2f). The membrane adsorption efficiency for cationic 
dyes increases up to 35 ◦C, from 173.2 to 206.2 mg⋅g− 1 and from 319.2 
to 388.7 mg⋅g− 1 for BB7 and BB4, respectively, and remains constant up 
to 55 ◦C for the former and decays to 335.5 mg⋅g− 1 for the latter. As for 
DB22 dye, the higher the temperature, the lower the membrane 

adsorption capacity, ranging from 71.8 to 11.9 mg⋅g− 1 for the temper-
ature range from 25 to 55 ◦C, respectively. 

The adsorption of organic substances depends substantially on the 
water solubility of these compounds [27] and the increase in tempera-
ture causes an increase in the kinetic energy and mobility of the dyes, 
promoting greater solubility and chemical potential of the compound 
[28]. This conformity may be indicative of the endothermic process 
observed for the BB7 dye (Fig. 2f). The temperature rise increased the 
diffusion rate of the dye up to the interactive sites of the material, a 
relationship attributed to the weakening of H-bonding between solvent, 
adsorbate and adsorbent [27]. For BB4 dye, this same profile was 
observed with growing temperatures from 25 to 35 ◦C. However, the 
decay of the membrane’s adsorption capacity at higher temperature 
ranges suggests that another process may be taking place. Previous 
studies [4] indicated that at higher temperatures, there is an increase in 
the oscillatory energy of molecules adsorbed on solid surfaces due to the 
rise in the medium energy, sufficient to supply the interactive adsor-
bent/adsorbate forces, facilitating the migration of contaminant mole-
cules to the surface solution. Thus, as the BB4 molecules are larger than 
the BB7 molecules (Fig. 5), the increase in temperature facilitates the 
desorption of this dye from the solid to the medium. 

For DB22 dye, the decrease in membrane adsorption potential with 
increasing temperature can be associated with two factors. First, the 
ascending temperature increases the dye molecules’ oscillatory energy, 
hampering the adsorbent/adsorbate interactions [29]. Second, given the 
medium’s acidity, the temperature increase can lead to acid hydrolysis 
at the membrane surface [30]. In this process, the CN groups of the 
membrane are protonated, culminating in the material’s electronega-
tivity reduction. As discussed earlier, at pH 2, the oxygenated anions of 
the dye are also protonated [31]. Thus, there is an increase in electro-
static repulsive forces between adsorbent/adsorbate with increasing 
temperature. 

Thus, the optimized temperatures are 25 ◦C for the DB22 dye and 
35 ◦C for the BB7 and BB4 dyes. 

3.3. Adsorption kinetics 

The adsorption kinetics of the three dyes was studied under the 
optimized conditions of each contaminant, varying the initial concen-
tration of BB7, BB4 and DB22 (50–400 mg⋅L− 1) for 12 h. Pseudo-first 
order [32], pseudo-second order [33] and intraparticle diffusion [34] 
kinetic models were fitted to the adsorption curves in linear and non- 
linear forms and calculations were performed for average relative 
error (ARE). Values calculated using linearized kinetic models were 
selected because, they have lower ARE. Therefore, the graphs for the 
best linear fits of each contaminant and the calculated parameters of the 
models are presented in Fig. S3 and Table 2, respectively. The criterion 
to determine the best model involved the highest value of R2 and the 
lowest variance between the calculated qe and the experimental qe. 

The results indicated the intraparticle diffusion model fit the 
experimental data for three dyes, with R2 values ranging from 0.96 to 
0.98, 0.92–0.97 and 0.92–0.98 for the dyes BB7, BB4 and DB22, 
respectively. This model infers that in addition to adsorption, the 
interactive adsorbent/adsorbate system occurs through mass transfer. 
The contaminant diffuses from an external layer, the internal structure 
of the material [35], corroborating the characterizations carried out in 
hPAN@GO-SF (Table 1), which showed that the membrane is a porous 
material (89.55 % porosity) with asymmetric and thickened finger-like 
sublayer. 

Regarding the other models, BB7 and DB22 data were better adjusted 
to the pseudo-first order kinetic model, with calculated qe similar to the 
experimental one and R2 values >0.90. In comparison, the pseudo- 
second-order kinetic model fitted better the BB4 adsorption data. 
These results indicate that the occupancy rate of the hPAN@GO-SF 
surface interaction sites by the BB7 and DB22 dyes is proportional to 
the amount of unoccupied centers on the membrane, while for the BB4 
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dye this occupancy is proportional to the square of the numbers of un-
occupied active sites in the solid [36]. 

3.4. Effect of NaCl on BB7, BB4 and DB22 adsorption 

The recurrent presence of chloride in surface waters highlights the 
need to study the adsorption equilibrium of new materials in multi- 
component systems. Under these conditions, due to competition for 
substrate interaction centers between the ions and the pollutants present 
in the medium, there can be significant variation in the adsorption po-
tential of the solid. [37]. This work investigated the removal of BB7, BB4 
and DB22 dyes by the adsorption on the membrane in the presence of 
NaCl salt. The parameters defined for the study were based on the 
membrane optimization conditions and the concentration of 100 mg⋅L− 1 

of NaCl (Fig. 3). 
As indicated in the analysis (Fig. 3), the presence of salt in the me-

dium resulted in a marked decrease in the adsorption capacity for the 
cationic dyes and a slight increase in the removal of anionic dye. The qe 
decreased from 205.4 to 127.5 mg⋅g− 1 (38 %) and from 388.7 to 250.9 
mg⋅g− 1 (35 %) for BB7 and BB4, respectively, and increased from 71.9 to 
82.8 mg⋅g− 1 (15 %) for DB22 dye. 

For cationic dyes, these results indicate competition for the centers of 
membrane interaction between contaminant molecules and salt ions in 
the medium [18]. The 38 % and 35 % decrease in adsorbent/adsorbate 
interactions between hPAN@GO-SF and BB7 and BB4 correspond to 
electrostatic interactions, ion exchange and hydrogen bonds. This sug-
gests that for these systems >60 % of the interactions are attributed to 

π-π and hydrophobic interactions. A like result was observed by Silva 
et al. [18] when evaluating the effect of saline medium on the adsorption 
of BB7 complex dye in nanocellulose/GO nanocomposite. 

The slight increase in the adsorption capacity of DB22 by 

Table 2 
Kinetic models parameters of the adsorption of dyes on the hPAN@GO-SF membrane.    

BB7 (mg⋅L− 1) 

50 100 200 300 400 

Experimental qe  99.65 205.38 339.17 442.82 635.96 
Pseudo-first order k1 (min− 1) 0.0041 0.0021 0.0037 0.0037 0.0028 

qe (mg⋅g− 1) 97.0287 209.2185 331.2836 551.9503 630.8777 
R2 0.9772 0.9869 0.9586 0.9264 0.9771 

Pseudo-second order k2 (g⋅mg− 1⋅min− 1) 1.0417E-05 0.1294 6.2359E-06 1.4715E-06 1.6898E-05 
qe (mg⋅g− 1) 181.8181 3.0166 476.1905 526.3158 625.0000 
R2 0.7495 0.7822 0.8997 0.3769 0.9567 

Intraparticle diffusion kdif (mg⋅g− 1⋅min–0,5) 4.2131 7.7051 14.0270 19.9290 18.8880 
R2 0.9582 0.9454 0.9625 0.9544 0.9788     

BB4 (mg⋅L− 1) 

50 100 200 300 400 

Experimental qe  202.30 388.69 564.68 629.02 766.39 
Pseudo-first order k1 (min− 1) 0.0039 0.0029 0.0048 0.0062 0.0023 

qe (mg⋅g− 1) 91.0961 235.9935 315,6458 504.1967 614.7521 
R2 0.8988 0.9737 0.9752 0.9727 0.9066 

Pseudo-second order k2 (g⋅mg− 1⋅min− 1) 1.40E-04 4.9592E-05 40363E-05 2.4194E-05 1.98E-03 
qe (mg⋅g− 1) 204.0816 370.3704 588.2353 666.6667 769.2307 
R2 0.9958 0.9781 0.9957 0.9334 0.9713 

Intraparticle diffusion kdif (mg⋅g− 1⋅min–0,5) 4.5964 9.6752 14.5460 19.8640 22.2360 
R2 0.9700 0.9684 0.9241 0.9447 0.9375     

DB22 (mg⋅L− 1) 

50 100 200 300 400 

Experimental qe  60.34 71.93 88.96 97.74 113.39 
Pseudo-first order k1 (min− 1) 0.0034 0.0074 0.0037 0.0037 0.0037 

qe (mg⋅g− 1) 65.6447 75.6983 104.5924 88.3690 121.1435 
R2 0.9814 0.9884 0.9197 0.9733 0.9033 

Pseudo-second order k2 (g⋅mg− 1⋅min− 1) 5.7465E-07 3.1861E-04 9.6181E-06 2.1792E-05 2.1424E-05 
qe (mg⋅g− 1) 434.7826 45.1879 158.7301 140.8450 147.0588 
R2 < 0.7 0.8495 0.7183 0.9631 0.8546 

Intraparticle diffusion kdif (mg⋅g− 1⋅min–0,5) 2.5951 1.2871 3.6970 4.0139 4.4076 
R2 0.9853 0.9202 0.9614 0.9622 0.9765 

Entries in bold refer to the models that best fit the experimental data. 
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Fig. 3. NaCl effect on the adsorption of BB7, BB4 and DB22 dyes on 
hPAN@GO-SF membranes. Contact time: 12 h, nanomaterial content: 6 % for 
BB7 and DB22 and 2 % for BB4, membrane mass: 0.0025 g for BB7 and DB22 
and 0.001 g for BB4, initial dye concentration 100 mg⋅L− 1, pH 6 for BB7 and 
BB4 and pH 2 for DB22, and temperature of 25 ◦C for DB22 and 35 ◦C for BB7 
and BB4. 
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hPAN@GO-SF in a saline medium indicates that the adsorbent/adsor-
bate interactions are enhanced under this condition. The surplus of Na+

cations in the solution could induce the covering of the membrane 
surface through electrostatic interactions with COO− , making the 
membrane less electronically rich and more accessible to interact with 
the negatively charged DB22 dye. Similar results were obtained by 
Quezada et al. [38] when evaluating the adsorption of an anionic 
polyelectrolyte on quartz surface in saline medium. According to the 
authors, the Na+ cations protected the COO− groups of the poly-
electrolyte and adhered to the solid surface. In turn, these effects pro-
vided greater proximity between the materials, favoring interactions by 
cationic bridge and hydrogen bonds between the polyelectrolyte and 
quartz [38]. 

To interpret how the presence of NaCl affects the adsorption equi-
librium of the membrane for the dyes, the adsorption isotherm study of 
the contaminants in saline medium was performed. The Langmuir [39], 
Freundlich [40], Temkin [41] and Henry [42] isothermal models were 
fitted to the adsorption data in linear and non-linear forms and calcu-
lations were conducted referring to the average relative error (ARE). The 
values calculated by the linearized isothermal models were selected, 
since they showed lower ARE. Therefore, the fit of the linearized models 
to the empirical data and the calculated values for each isotherm are 
presented in Fig. S4 and Table 3, respectively. The criterion for deter-
mining the best model involved a higher value of R2. 

The results revealed that the Temkin model offered a better fit to the 
empirical data of the BB7 and BB4 dyes, with R2 of 0.9287 and 0.9296, 
respectively, and the Henry model was the best adjusted to DB22 data, 
with R2 of 0.9057. The Temkin isotherm postulates that adsorbent/ 
adsorbate interactions resulting from the coverage of the solid by the 
contaminant molecules linearly reduce the heat of adsorption of the 
interactive process. Thus, the adsorptive process is expressed by a 
binding energies regular distribution and when maximum, the system 
saturation is reached [43]. 

Regarding the Henry model, at low concentrations of adsorbate it 
expresses that the adsorbent/adsorbate interactions are reduced due to 
the high affinity of the solute to the solvent, and when at high concen-
trations, this model fits the Langmuir isotherm [44]. The Langmuir 
isotherm adopts that the adsorbent/adsorbate interactions are inde-
pendent of the surface area of the solid, restricting themselves to occur at 
interactions centers on the adsorbent, and that the maximum saturation 
occurs when a monomolecular layer of the adsorbate completely covers 

the surface of the solid [45]. Thus, DB22 dye, when at low concentration 
in the medium, has a higher affinity with the solvent than to the 
hPAN@GO-SF membrane. While at high concentrations, possibly due to 
the size of the contaminant molecule and its affinity for the medium, 
only a saturated monolayer of the DB22 dye is formed on the membrane. 

3.5. Reuse tests 

Linked to the reuse of the solid and the operational cost of the pro-
cess, the replicability of new materials in further adsorption assays 
without loss of efficiency is an important parameter to be evaluated 
[46]. Thus, reuse tests were carried out in five consecutive cycles with 
hPAN@GO-SF membranes, using acidic (pH 2) and basic (pH 12) solu-
tions and organic solvents, acetone and ethyl alcohol, as eluents in the 
desorption step. The general results of the adsorption of BB7, BB4 and 
DB22 dyes in consecutive cycles for the different eluent solvents can be 
seen in Fig. S5 and Fig. 4 summarizes the best results for the three 
contaminants in the assays. 

In the adsorption assays, the maximum adsorption capacity of the 
cationic dyes was reached at pH 6, and of the anionic dye at pH 2, which 
leads us to believe that contaminating molecules adhered to the material 
can be easily removed in acidic and basic solutions, respectively [47]. As 
expected, the best membrane reuse efficiency for the cationic dyes was 
achieved using an acidic medium as eluent solvent, while for the anionic 
dye, this profile was reached using basic conditions. The reason is that in 
an acidic solution, the protonation of the nitrogen and oxygen groups of 
the membrane due to the excess of protons on the surface of the material 
results in electrostatic repulsion between the molecules of the cationic 
dye and the adsorbent [48], facilitating desorption. In the other case, 
excess OH− ions deprotonate the oxygenated groups of the anionic dye 
and the functional groups of hPAN@GO-SF, increasing the adsorbent/ 
adsorbate repulsive forces [49]. 

For BB7 (Fig. 4), the hPAN@GO-SF membrane maintained its dye 
uptake efficiency at 100 % even after five cycles of reuse. Regarding BB4 
(Fig. 4), the membrane efficiency was maintained at 100 % until the 4th 
cycle of solid reuse. In the fifth test, the material’s performance dropped 
16 % from the previous cycle. Even with a small loss of adsorption ca-
pacity, the membrane removal efficiency of 74 % was higher compared 
to other materials in the literature used in only one adsorption cycle 
[50]. For DB22 (Fig. 4), hPAN@GO-SF showed 100 % efficiency in up to 
3 reuse cycles, showing a 53 % drop in the fourth test and another 24 % 

Table 3 
Isothermal adsorption models parameters of the adsorption of dyes on 
hPAN@GO-SF membrane.   

BB7 BB4 DB22 

Isothermal models/qmax
(
mg.g− 1) 799.74 1035.36 147.77 

Langmuir 
KL (L⋅mg− 1)  0.0044  0.001  0.0601 
qm (mg⋅g− 1)  500.0000  2500.0000  125.0000 
R2  0.8763  0.8363  0.7125  

Freundlich 
KF (mg1–1/n⋅g− 1⋅L1/n)  3.1406  5.2709  32.629 
n  0.9596  0.8801  4.3744 
R2  0.8509  0.9048  0.8939  

Temkin 
KT (L⋅mg− 1)  0.0461  0.0335  0.6009 
b (kJ/mol)  7.8484  7.168  104.4155 
R2  0.9287  0.9296  0.8244  

Henry 
KHE = 2.9454  2.5216  2.0998  0.1378 
R2 = 0.8399  0.7402  0.9001  0.9057 

Entries in bold refer to the models that best fit the experimental data. 
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Fig. 4. BB7, BB4 and DB22 reuse assays. Adsorption test: Contact time: 12 h, 
nanomaterial content in membrane: 6 % for BB7 and DB22 and 2 % for BB4, 
membrane mass: 0.0025 g for BB7 and DB22 and 0,001 g for BB4, 100 mg⋅L− 1 

of dyes initial concentration, pH 6 for BB7 and BB4 and pH 2 for DB22, 35 ◦C 
for BB7 and BB4, and at room temperature for DB22. Desorption test: Contact 
time: 12 h, nanomaterial content in membrane: 6 % for BB7 and DB22 and 2 % 
for BB4, membrane mass: 0.0025 g for BB7 and DB22 and 0,001 g for BB4, 
35 ◦C for BB7 and BB4, and at room temperature for DB22. For the desorption 
tests the eluent solvent was the acid solution for BB4 and BB7 and basic solution 
for DB22. 
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drop in the last cycle. The decrease in membrane removal efficiency for 
the anionic dye, may be associated with the adsorbent/adsorbate 
interaction strength. In addition to electrostatic interactions, ion ex-
change is commonly present in interactions between oppositely charged 
objects [18], this mechanism raises the enthalpy of binding [51], 
increasing the energy required to segregate the systems, which culmi-
nates in reduced efficiency of the material recycling. 

3.6. Adsorption mechanism based on DFT study and FT-IR, XPS and SEM 
analyses 

3.6.1. DFT study 
The dye molecules’ formulations were optimized using the func-

tional hybrid B3LYP, and two sets of 6-31G bases were compared to 
verify which one achieved the lowest molecule energy (more stable 
structure) for each dye. According to Fig. S6, for BB7 and BB4, 6-31G++

(d,p) obtained slightly lower energies than 6-31G(d,p), being used to 
perform the molecular orbital (MO) calculations. For DB22, 6-31G(d,p) 
was the base set applied to the MO simulations because convergence 
criteria were not met using 6-31G++(d,p) applied to (MO) calculations. 

The optimized geometries are shown in Fig. 5, where the largest 
dimension of BB7, BB4 and DB22 molecules is 16.1 Å, 18.3 Å and 36.1 Å, 
respectively. Fig. 5a shows BB7 as a triarylmethane dye with a naph-
thylamine group. The structure has the triarylmethane rings twisted 
together due to repulsion forces, giving the molecule a non-planar ge-
ometry. BB4 (Fig. 5b) presents a planar conformation with a double azo 
group (disazo dye) connecting the methyl-benzene-diamine groups and 
the central toluene group. DB22 (Fig. 5c), in turn, is a sulfonated azo dye 
that has the flat shape and length characteristic of direct dyes that 
maximizes van der Waals interactions and dipole hydrogen bonds to 
cellulose fibers [52]. 

The three molecules’ electrostatic potential (ESP) map is shown in 
Fig. 5, where the blue color represents positively charged areas, and the 
red represents the negative regions. Clark et al. [53] mention that the 
positive charge of cationic dyes can be located in ammonium groups, or 
it can be arranged as a delocalized charge on the dye cation as found in 
triarylmethanes, which corroborates the simulation results of BB7 
(Fig. 5a) and BB4 (Fig. 5b). For DB22 (Fig. 5c), the negative charge is 
concentrated around the sulfonated groups. The other regions are at 
most uncharged, like the extremities of the molecule. The dipole 
moment of each dye is 5.5, 2.2 and 43.4 Debye, for BB4, BB7, and DB22, 
respectively. 

Fig. 6 shows a rendering of the HOMO and LUMO orbitals of BB7, 
BB4 and DB22 molecules. HOMO and LUMO show the regions of a 
molecule that can donor or receive electrons, respectively [54]. HOMO 
and LUMO are the principal orbitals in a chemical reaction [55]. The 
HOMO energy is immediately associated with the ionization capacity 
and the LUMO energy to the electron affinity [56]. Thus, they indicate 
the reactivity/stability of the structures and determine how the mole-
cule interacts with other species, which is relevant information to 
describe adsorption mechanisms. 

For BB7 (Fig. 6a), HOMO is more concentrated in the naphthylamine 
group and in one of the arylamine groups. The LUMO density occurs 
over the three arylamine structures, where electrophilic interactions 
with the adsorbent occur. In the BB4 molecule (Fig. 6b), the HOMO and 
LUMO densities are distributed throughout the molecule, indicating that 
any region can accept and donate electrons, being prone to both elec-
trophilic and nucleophilic interactions with the adsorbent functional 
groups. In DB22, (Fig. 6c) the HOMO energy density is homogeneously 
dispersed in all aromatic rings, and LUMO is intensified in the central 
rings of the molecule. And the HOMO and LUMO orbitals do not present 
electrical density in the –SO3 group, as also found by Nemr et al. [57]. 
Comparing the energy gap values of BB4, BB7 and DB22, 3.1, 2.5, and 
2.49 eV, respectively, the most stable (less reactive) compound is BB4, 
which has the greater energy gap. The larger the boundary orbitals, the 
more energetically unfavorable the energy gap is in adding an electron 

to the high-lying LUMO and remove electrons from the low-lying HOMO 
[58]. BB7 and DB22 have similar boundary orbital energy gaps. 

Other quantum chemical parameters based on the HOMO and LUMO 
energies Eqs. (S3)-(S5) are presented in Table 4, such as chemical po-
tential (μ), electron escaping tendency; global chemical hardness (η), 
resistance to change in electronic density; electrophilicity index (ω), 
electron-accepting ability [59–61]. Comparing the values of μ, η, and ω 
for the dyes, BB7 showed the highest chemical potential (μ = 4.3 eV), 
which means a greater tendency to lose electrons, followed by BB4 (μ =
3.8 eV) and DB22 (μ = 3.8 eV). BB4 is the hardest molecule (η = 1.6 eV), 
meaning it is more resistant to change in its electronic density, which 
agrees with the energy gap conclusion that BB4 is the most stable 
molecule among the three dyes. The ω = 7.5 eV of BB7 confirmed the 
greater electrophilic nature of this dye. The intermediary electrophi-
licity index of DB22 (5.6 eV) suggests that, despite the negative charge of 
the compound in aqueous solution, this dye has a more remarkable 
ability to accept electrons than BB4, a cationic species. This may be 
related to the high chemical hardness of BB4, which makes significant 
changes in charge density. 

These results suggest that the adsorption potential of the hPAN@GO- 
SF membrane by π-π interactions should be higher for DB22 dye, the 
most reactive molecule, than for BB7 and BB4 dyes. However, the 
adsorption assays indicated that BB4 was the dye best removed by the 
membrane (2.5 mmol⋅g− 1), followed by BB7 (1.7 mmol⋅g− 1) and DB22 
(0.2 mmol⋅g− 1) (Table 4). These divergences between the calculated 
data and results obtained in the adsorption experiments suggest that 
besides π-stacking [62], other interactions may be predominant in 
removing the dyes by hPAN@GO-SF. 

The adsorption tests indicated the presence of electrostatic in-
teractions and hydrogen bonds in removing dyes through the mem-
brane. In agreement, the tests in saline media, when demonstrating that 
the presence of ions influenced the adsorbent/adsorbate interactions, 
confirmed the presence of electrostatic interactions and hydrogen 
bonding between the membrane and dyes, which were estimated at 38 
%, 35 %, and 15 % for BB7, BB4 and DB22 dyes (Fig. 3), respectively. 
Regarding electrostatic interactions, the hPAN@GO-SF membrane, due 
to its electronegative surface charge, has a greater affinity for cationic 
dyes and, corroborating the DFT study, the BB7 molecules, having cat-
ions homogeneously distributed along their structure, present a higher 
electrostatic potential than BB4 molecules, with have localized cations. 
Regarding hydrogen bonds, as the contaminant molecules BB7 and BB4 
have NH and OH groups in their structure, they can interact the mem-
brane carboxyl groups [63]. Because it is proximity-based binding, this 
type of interaction is difficult for DB22 and BB7 molecules. For the 
anionic dye, the electrostatic repulsions hinder the adsorbent/adsorbate 
proximity. For the cationic BB7 dye, the four aromatic rings attached to 
the nitrogen groups in the structure cause a steric hindrance to form the 
OH/NH groups to the COO− of hPAN@GO-SF. Thus, hydrogen bonds are 
more effective between the BB4 dye molecules and the material. 

Regarding π-stacking, the BB7 dye has a nucleus with 4 aromatic 
rings (triarylmethane group), presenting a large rigid three-dimensional 
structure, making it challenging to pair the molecule of contaminant and 
the benzyl groups of the membrane [64]. On the other hand, the BB4 and 
DB22 molecules, because they have a smaller nucleus with a linear 
structure, have greater mobility, enabling different conformations be-
tween adsorbent/adsorbate, and consequently facilitating the π-π 
interactions. 

The discussions held above indicated that BB4 interacts with 
hPAN@GO-SF through H-bonding, electrostatic and π-π interactions, 
while the BB7 and DB22 dyes, do so through electrostatic and π-π in-
teractions. Which denotes the best membrane removal potential for BB4, 
followed by BB7 and DB22. For DB22, the adsorbent/adsorbate elec-
trostatic repulsions indicative a decrease in the membrane adsorption 
potential for the contaminant. The three-dimensional structure of the 
compound and the large molecule size may contribute to the steric 
impediment of the compound on the hPAN@GO-SF surface [65]. 
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Fig. 5. Optimized structure and ESP map of a) BB7, b) BB4 and c) DB22. (blue color: positively charged zones; red color: negative zones). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 

T.F. Neves et al.                                                                                                                                                                                                                                 



Journal of Water Process Engineering 50 (2022) 103248

10

HOMO LUMO 
-5.57 eV -3.07 eV gap = 2.50 eV 

HOMO LUMO 
-5.37 eV -2.27 eV gap = 3.10 eV 

HOMO 

LUMO 

-4.99 eV 

-2.51 eV 

gap 
2.49 eV 

a) 

b) 

c) 

Fig. 6. HOMO and LUMO orbitals of a) BB7, b) BB4 and c) DB22. Positive (red) and negative (green) phase distributions in the molecular orbital wave function. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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3.6.2. FT-IR, XPS and SEM post-adsorption processing analyses 
To further explore the possible mechanisms of dye interactions with 

hPAN@GO-SF membranes, in addition to the DFT study, FTIR, XPS and 
SEM analyses were carried out on post-adsorption materials. 

FTIR analysis was employed to delineate variations in membrane 
functional groups according to dye adsorption onto the structure 
(Fig. 7). Analyzing the hPAN@GO-SF FT-IR spectrum (black line, Fig. 7) 
it was possible to denote functional groups characteristic of the partially 
hydrolyzed polymer and GO-SF. The broad signal in the region of 3436 
cm− 1, the small bands at 2931 and 2864 cm− 1 and the sharp vibration at 
2240 cm− 1 are associated to OH stretching, the symmetrical and 
asymmetrical bending of CH units and nitriles (C–––N), respectively [10]. 
The bands centered at 1696, 1573, 1457, 1398, 1222 and 1074 cm− 1 are 
assigned to C––C, NH, CH2 bonds, OH inflections, CO inflections and 
COC elongations, respectively [66]. These conformations were also 
observed in the membrane spectra with the adsorbed dyes BB7 (red line, 
Fig. 7), BB4 (blue line, Fig. 7) and DB22 (pink line, Fig. 7), except for 
some variations, such as displacement, convalescence and appearance of 
bands. These changes indicate the existence of interactions between 
adsorbent/adsorbate. 

The bands associated to OH (3436 cm− 1) and NH (1573 cm− 1) in the 
hPAN@GO-SF spectrum blue-shifted to 3428, 3424 and 3420 cm− 1 and 
1568, 1567 and 1587 cm− 1 in the membrane spectra with BB7, BB4 and 
DB22 adsorbed, respectively (Fig. 7). This indicate the existence of 
adsorbent/adsorbate H-bonding and variations in the counter-ions, 
related to the oxygenated groups of membrane and DB22 and the 
nitrogenous groups of BB7 and BB4 [67]. Furthermore, the hPAN@-
GOSF band shifted at 1696 cm− 1 to 1646, 1691 and 1684 cm− 1 for BB7, 
BB4 and DB22 dyes, respectively (Fig. 7), suggesting the attendance of 
π-stacking between adsorbent/adsorbate [68]. 

XPS analysis was used to evaluate how adsorption of the dyes 

influenced the elemental arrangement of the membranes (Table 5), as 
well as to obtain information on the chemical bonds between the ma-
terial and the dyes (Fig. 8). The XPS spectrum (Table 5) indicated the 
attendance of elements C, O, N, Na and Cl in 75.6 %, 11.0 %, 12.6 %, 0.2 
% and 0.6 % for hPAN@GO-SF 2 % and 76.4 %, 10.3 %, 12.5 %, 0.1 % 
and 0.7 % for the membrane incorporated with 6 % of GO-SF. The 
proportion of these elements in membranes with loaded dyes varied, 
indicating the presence of contaminants in the membrane. Regarding 
the membrane adsorbed BB4 (Table 5), the contents of C, N, O, Cl and Na 
were 73.5 %, 16.0 %, 10.0 %, 0.3 % and 0.2 %, respectively. The rise in 
N was expected since the dye is endowed with nitrogen groups in its 
structure. For the membrane incorporated with 6 % of GO-SF adsorbed 
BB7 (Table 5), the contents were 72.1 %, 17.0 %, 17.0 %, 0.6 % and 0.1 
% were found for the elements described above, respectively, indicating 
that, like BB4, BB7 is endowed with N. The hPAN@GO-SF 6 % loaded 
with DB22 (Table 5), showed 71.0 %, 14.1 %, 12.3 %, 2.4 %, 0.1 % and 
0.1 % for C, N, O, S, Na and Cl, respectively. The enhancement of O and 
N, and advent of the S element, indicated the presence of DB22 dye in 
the material. Furthermore, a decrease in the Cl content of the membrane 
with anionic dye, indicates that there was anion exchange between the 
oxygen groups of the dye and the Cl− in the SF [67], attesting to the 
adsorption of DB22 to the membrane. 

Deconvolution of the high resolution C1s spectra of membranes with 
loaded dyes (Fig. 8a, c, e) indicated changes in peak intensities, as well 
as variations in binding energy, indicating possible adsorbent/adsorbate 
interactions. Changes in binding energy related to the ethylene groups, 
from 284.2 eV (Table 1) to 284.0, 284.3 and 284.6 eV for the DB22, BB4 
and BB7, respectively, indicate the attendance of π-π interactions of 
contaminating phenyl groups and the membrane [68]. Changes in sig-
nals related to CO/CN from 285.1 eV (Table 1) to 285.3, 285.7 and 
285.9 eV for DB22, BB7, and BB4, respectively, suggest hydrogen bonds 
between the dyes and hPAN@GO-SF [69]. Variations in the C––O 
binding energy from 287.2 eV (Table 1) to 287.6, 287.3 and 287.5 eV for 
BB7, BB4 and DB22, respectively, indicate that carbonyl functional 
groups acted as hydrogen bond acceptor [70]. The N1s high-resolution 
XPS spectrum of membrane after adsorption (Fig. 8b, d, f) showed 
shifts in binding energies and peak intensities variation for each dye, 
indicating the participation of N as an electron acceptor in hydrogen 
bonds [18]. The peaks concerning to the CN/C ≡ N and C=N/NCO 
groups shifted from 399.2 and 399.9 eV (Table 1) to 399.7 and 400.0 eV 
for BB7, 399.1 and 400.4 eV for BB4 and 399.1 and 400.1 eV for DB22, 
respectively [71]. These results indicate that nitrogen functions have a 
significant impact on the adsorption process, due to H-bonding. 

SEM analysis was also performed to investigate the morphology of 
the membranes after adsorption (Fig. 9). The images obtained indicated 
the attendance of dyes on the membrane surface, highlighting the con-
taminants as light gray particles on the dark gray material. Furthermore, 
by the technique it is clear that the mass of the adsorbed BB7 and BB4 
dyes is greater than for DB22 dye, since the images show higher con-
centration of dye per membrane area for the cationic dye crystal. These 
results corroborate the tests performed, which showed that the 
hPAN@GO-SF membrane has an average adsorption capacity of 1143.1, 
873.7 and 204.9 mg⋅g− 1 for BB4, BB7 and DB22, respectively. 

Table 4 
Quantum chemical parameters calculated for the dyes BB4, BB7 and DB22.  

Molecular Chemical Descriptors BB7 BB4 DB22 

Experimental qe (mmol⋅g− 1)  1.7  2.5  0.2 
HOMO energy (EH, eV)  − 5.57  − 5.37  − 4.99 
LUMO energy (EL, eV)  − 3.07  − 2.27  − 2.51 
Energy gap (ΔH-L, eV)  2.50  3.10  2.49 
Chemical Potential (μ, eV)  4.32  3.82  3.75 
Chemical hardness (η, eV)  1.25  1.55  1.24 
Electrophilicity index (ω, eV)  7.47  4.70  5.65  
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Fig. 7. Pristine membrane (black), hPAN@GO-SF 6 % + BB7 (red), hPAN@GO- 
SF 2 % + BB4 (blue) and hPAN@GO-SF 6 % + DB22 (pink) FTIR spectrum. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Table 5 
Data obtained for membranes by XPS survey.  

Material Content  

C(%) O(%) N(%) Na(%) Cl(%) S(%) 

hPAN@GO-SF 2 %  75.6  11.0  12.6  0.2  0.6 – 
hPAN@GO-SF 2 % + BB4  73.5  10.0  16.0  0.2  0.3 – 
hPAN@GO-SF 6 %  76.4  10.3  12.5  0.1  0.7 – 
hPAN@GO-SF 6 % + BB7  72.1  10.2  17.0  0.1  0.6 – 
hPAN@GO-SF 6 % + DB22  71.0  12.3  14.1  0.1  0.1 2.4  
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3.6.3. hPAN@GO-SF adsorption mechanism 
The hPAN@GO-SF membrane, when used in singular systems for the 

removal of BB7, BB4 and DB22 dyes showed expressive adsorption ca-
pacity due to adsorbent/adsorbent interactions. The optimization study 
suggested that electrostatic and π-π interactions were critical in the 
adsorption of the dye by the membrane. Corroborating these perspec-
tives, the assay in saline medium revealed that 38, 35 and 15 % of the 
interactive processes between hPAN@GO-SF and the dyes are by elec-
trostatic interactions and H-bonding [72]. DFT study showed that π-π 
govern the process, and are most expressive for the dye DB22. Post- 
adsorption characterizations confirmed that ion exchange, H-bonding, 
π-stacking and electrostatic interactions rule adsorption mechanisms, 
with electrostatic and π- π interactions being the main ones (Fig. 10). 

The maximum qe of hPAN@GO-SF for the BB4, BB7 and DB22 dyes 
of 1143.1, 873.7 and 204.9 mg⋅g− 1 indicated the remarkable removal 
potential of the membranes, which obtained values higher than most 

tridimensional materials reported in the literature (Table 6). In general, 
for the materials used in the literature (Table 6), the new membranes 
presented greater mass, and even in these circumstances, hPAN@GO-SF 
stood out from the others. 

4. Conclusions 

In this study, GO-based polymeric membranes functionalized with SF 
dye were applied to treat complex dyes, such as the cationic dyes BB7 
and BB4 and the anionic dye DB22 from water. The membrane, 
hPAN@GO-SF, was used in batch assays because previous studies 
showed that its selectivity varied with permeate flux and due to facile 
removal of the material post-process from the aqueous solution. The 
optimized experimental conditions indicated that the medium pH and 
temperature are important parameters for the dye removal by the 
membranes. The maximum adsorption potential of 1143.1 mg⋅g− 1, 

294 291 288 285 282

C-O/C-N

O-C=O

C=O

C-O-C
In

te
ns

ity
 (a

.u
.)

Binding Energy (eV)

C-C/C=C

l

406 404 402 400 398 396 394

C-N/

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

C=N/N-C=O

N-(C)3

C N 

291 288 285 282

O-C=O

C=O

C=C/C-C

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

C-O/C-N

404 402 400 398 396

C-N/

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

C=N/N-C=O

C N 

291 288 285 282

C=O

C-O-C

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

C-C/C=CC-O/C-N

404 402 400 398 396

C=N/N-C=O

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

C-N/C N 

a) b)

c) d)

e) f)

Fig. 8. a) High-resolution C1s XPS spectra of a) Membrane adsorbed BB7, c) Membrane adsorbed BB4 and e) Membrane adsorbed DB22. High-resolution N1s XPS 
spectra of b) Membrane adsorbed BB7, d) Membrane adsorbed BB4 and e) Membrane adsorbed DB22. 

T.F. Neves et al.                                                                                                                                                                                                                                 



Journal of Water Process Engineering 50 (2022) 103248

13

Fig. 9. SEM images of the surfaces a) Membrane endowed with 2 % of GO-SF b) Membrane endowed with 6 % of GO-SF, c1–3) hPAN@GO-SF 6 % + BB7, d1–3) 
hPAN@GO 2 % + BB4 and e1–3) PAN/GO-SF 6 % + DB22. 
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873.7 mg⋅g− 1 and 204.9 mg⋅g− 1 for BB4, BB7 and DB22, respectively, 
were obtained at pH 6 and 35 ◦C for complex cationic dyes and pH 2 and 
25 ◦C for complex anionic dye. 

The adsorption kinetics for the single system indicated that the 
intraparticle diffusion model fitted the experimental data for the three 
dyes and the pseudo-first order kinetics fitted the BB7 and DB22 data, 
while the pseudo-second order kinetics fitted the BB4’s data. The tests in 
saline medium indicated that electrostatic interactions, ion exchange 

and hydrogen bonds were common to the adsorbent/adsorbate pro-
cesses and corresponded to 38, 35 and 15 % of the interactive processes 
between hPAN@GO-SF and the dyes BB7, BB4 and DB22, respectively. 
Furthermore, studies of the adsorption isotherm for the dyes in saline 
medium showed that the maximum membrane adsorption capacities for 
the dyes in the presence of NaCl were 1035, 799 and 148 mg⋅g− 1 for 
BB7, BB4 and DB22, respectively, and indicated that the interactions 
between the hPAN@GO-SF and the cationic dyes and the anionic dye 

Fig. 10. Adsorption mechanisms of BB7, BB4 and DB22 on the hPAN@GO-SF.  

Table 6 
Comparison between the removal potential of hPAN@GO-SF and other 3D adsorbents.  

Adsorbents Dyes Morphology pH Temperature qm (mg⋅g− 1) Ref. 

HCP–1 BB7 Microporous polymer 6 25 ◦C  496.7 [73] 
Si–POP–1 BB7 Porous polymer 5–7 25 ◦C  44.0 [74] 
Si–POP–2 BB7 Porous polymer 5–7 25 ◦C  740.0 [74] 
CS/TPP BB7 Beads 6 25 ◦C  1410.1 [4] 
hPAN@GO-SF BB7 þ NaCl Membrane 6 35 ◦C  799.7 This work 
hPAN@GO-SF BB7 Membrane 6 35 ◦C  873.7 This work 
IONs BB4 Nanosphere 10 55 ◦C  34.0 [75] 
MIONS BB4 Nanosphere 6.7 55 ◦C  54.9 [75] 
Hen Feather BB4 Barbs 3 50 ◦C  240 [76] 
hPAN@GO-SF BB4 þ NaCl Membrane 6 35 ◦C  1035.4 This work 
hPAN@GO-SF BB4 Membrane 6 35 ◦C  1143.1 This work 
Chitosan DB22 Beads 5 r.t.  40.0 [77] 
Sawdust immobilized in chitosan DB22 Beads 5 r.t.  50.0 [77] 
Ash immobilized in chitosan DB22 Beads 5 r.t.  51.0 [77] 
hPAN@GO-SF DB22 þ NaCl Membrane 2 25 ◦C  147.8 This work 
hPAN@GO-SF DB22 Membrane 2 25 ◦C  204.9 This work 

Entries in bold refer to the experimental data obtained in this work. 
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could be expressed by the Temkin and Henry isothermal models, 
respectively. 

The DFT study of the contaminants indicated that π-π interactions 
were expected in the process and that the most reactive dye was DB22, 
followed by BB7 and BB4, respectively. Experimental adsorption data 
and FTIR, XPS and SEM analyses performed post-adsorption processing 
showed that ion exchange, hydrogen bonding, π-π and electrostatic in-
teractions, govern the system. Thus, from the mechanisms linked to the 
interactive process between the membrane and the dyes, electrostatic 
and π-π interactions stand out. The material maintained the high 
removal efficiency even after 3 cycles of reuse, confirmimg the weak 
bonds of adsorbent/adsorbate polarization. The potential of the mem-
brane for dye removal was attested by other 3D materials, indicating the 
effectiveness of the new material. 

CRediT authorship contribution statement 

Tauany de Figueiredo Neves: Methodology, Investigation, Data 
curation, Formal analysis, Validation, Software, Writing – original draft, 
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Carlos Moreno-Castilla, Temperature Dependence of Herbicide Adsorption from 
Aqueous Solutions on Activated Carbon Fiber and Cloth, Langmuir. 22 (2006) 
9586–9590, https://doi.org/10.1021/LA061666V. 
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