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Here we report graphene oxide (GO) concentration dependent protein binding (BSA) and dye filtration (RO-16) capabilities 

of polysulfone-GO composite membranes under different pH conditions (2, 7 and 10). The membranes were fabricated 
with different GO concentrations (1, 2, 4 and 8% w/w) and were successfully characterized for their physical and chemical 

properties, as well as for their performance ability. The best BSA binding and dye rejection rates were observed with 2% 
GO membrane at pH=10, which were 95% and 78.26% respectively, suggesting that 2% is the optimal concentration. 
Further, considering the fact that RO-16 dye is acidic friendly, contact time studies were carried out with 2% GO 

membranes at pH=2 and pH=10. It was realized that 2% GO-polysulfone membrane at pH=2 show the highest dye 
rejection rate with 87.4%, supporting the importance of contact time in filtration technology. 

 

Introduction 

Polymeric membranes are most widely used in filtration 
applications. Though they exist for decades with continuous 

development through time, they do attract some drawbacks like 
fouling, mechanical de-stability, roughness and high essential 

protein binding. Several studies have been carried out for various 
applications in order to retain one or more above mentioned 

characteristics of the polymeric membranes by making composites 
[1-7]. Till date it is still a challenge to produce a perfect membrane 

which possess all the above mentioned characteristics.  

Since the discovery of graphene [8, 9] there have been numerous 

studies related to its applications in almost all known fields of 

science. Though graphene has widely been studied for its electrical 

properties, transparency, flexibility and ease of production at large 

scales [10-15], it is graphene oxide (GO) when it comes to filtration. 

GO is hydrophilic in nature, easy to disperse in water and other 

solvents and facilitates functionalization. There are several methods 

to prepare GO [16-18].  

Graphene oxide is generally prepared by Modified Hummer’s 

method [19]. Its use for filtration studies has been explored by 
integration with different polymeric components like polysulfone 

(PSf), PVDF, PES [20-22], each enhancing one or more properties. 
Several studies have been reported on graphene oxide (GO) - 

polymer composite membranes which are related to their physical,  

 
thermal properties and performance abilities [23-26], while few 

others are related to their applications like anti-fouling property, 

filtration and hydrophilicity [27-31].  While protein binding 

capability of GO integrated polymeric membranes has also been 

studied and reported [32,33], limited literature is available related 

to the filtration of dyes using GO composite membranes. Few other 

applications of graphene oxide-polymer composite membranes 

include biosensors, fuel cells and in electro-chemistry [34-36]. 

 
Most of the dyes used today are synthetic. These dyes are stable, 

having more complex aromatic structure that makes them difficult 
to biodegrade [37,38]. Several types of dyes are used in various 

industries like leather, rubber, plastics, pharmaceuticals, cosmetics 
and food industries for coloring respective products. The residues 

are discharged in to the environment which turns out to be 
hazardous [39,40]. Most of the environmental discharge consists of 

a combination of dyes instead of a single dye which makes it more 
complicated to remove as some dyes are positively charged and 

some are negatively charged. Hence combination of sorbents is also 

needed in order to remove these dyes. Several literature studies 

suggest the removal of different types of dyes using sugarcane 

bagasse [37], protonated waste biomass [41], Microorganisms [42], 

fungi [43] are among a few to mention. 

 

BSA (Bovine Serum Albumin), a standard protein with numerous 

biochemical applications is known to interact effectively with 

different carbon nanomaterials (44) and also can serve as a protein 

glue if chemically modified (45). In this work we report the protein 

(Bovine Serum Albumin) mediated textile dye filtration capability of 
different concentrations of GO- PSf composite membranes. Initially, 

experiments were carried out with bare PSf and BSA coated 
membranes to study the dye filtration mechanism, however, UV 

spectroscopy results between the inlet and outlet concentrations 
showed non-significant results. Though PSf-GO composite 
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membranes were previously fabricated and thoroughly studied for 

different applications, to our knowledge this is the first time where 
dye rejection studies are carried out with GO-PSf composite 

membranes using BSA as an intermediate. Addition of GO to bare 

PSf membranes highly alters the mechanical strength, contact 

angle, pore size, surface charge, roughness and Young’s modulus 

and in turn creates an internal platform for BSA binding. The 

chemical structure and property of BSA to bind to both GO and RO-

16 (Reactive Orange) textile dye makes it feasible for dye filtration. 

After fabrication and prior to testing for protein binding and dye 

filtration, the membranes were characterized for their physical and 

mechanical properties. 

Experimental 

Polysulfone (PSf) was purchased from BASF chemical company and 

polyvinylprrolidone (PVP) (Mw=35,000) from ISP (USA). N, N-methyl 
pyrolodine (NMP) was purchased from Sigma and used as a solvent. 

Graphene Oxide (GO) was acquired from Graphene Supermarket Inc 
(USA). All chemicals in this study were used without further 

purification. 

Fabrication of bare and graphene oxide nanocomposite 

membranes 

For bare PSf membrane preparation, firstly PVP (6%, w/w) was 

added to NMP and was stirred until it was completely dissolved 

followed by adding PSf (16%, w/w) into this solution. The dope 

solution was stirred at room temperature in order to form a 

homogeneous mixture. For dope solutions with GO (GO-

nanocomposite membranes), firstly four different concentrations of 

GO (1, 2, 4 and 8 w/w) were dispersed in the solvent (NMP) using 

an ultrasonication probe for 30 min, followed by adding PVP (6%, 

w/w) and PSf polymer (16%, w/w) as previously described. Prior to 

membrane casting the formed dope solutions were degassed using 

an ultrasonication bath. The dope solutions were casted using a 

casting knife with gap setting of 200 μm on a glass plate and casted 
with 100 mm/sec velocity using a lab scale casting machine 

(Cambridge, UK, Sheen automatic film applicator). The casting films 
were left for 10 sec for solvent evaporation followed by immediate 

immersion in a de-ionized water bath to obtain polymer 
precipitation. The membranes were stored in de-ionized water for 2 

weeks. 

Membrane characterization techniques 

The membranes were characterized for permeability, contact angle, 
Scanning Electron Microscopy (SEM), mechanical properties, zeta 
potential and porosity (more details are provided in supplementary 

information). 

Preparation of protein-coated membranes 

For protein coating, 100-mL volume of protein solution having same 

concentration (100 mg/L) was prepared by adding BSA to 

phosphate buffer solution (0.05 mol/L, pH 6.2). Dead-end filtration 

cell with a magnetic stirring apparatus was used for coating process. 

Bare and GO nanocomposite flat-sheet membranes were fixed into 

the filtration cell and initially rinsed with distilled water under 

pressure (2 bar) for 1 h. Further, the protein solution was filtrated 

from the same membrane at 1 bar and the protein concentrations 

in the inlet and permeate suspensions after filtration were 

measured to determine the coating efficiency. Concentrations of 
BSA solutions were determined by HachLange DR500 UV 

Spectrophotometer. Retention performances of protein were 

calculated by Eq. (1); 

 

R= 1- 
��

��
 x100% (1) 

 
where, 

R: protein rejection (%), 
Cp: protein concentration at permeate (mg/L) 

Cf: protein concentration at feed (mg/L) 

Dye filtration 

The dye filtration performances of bare and GO nanocomposite 

membranes coated with protein layer were studied with feed 

containing an azo reactive dye solution, 100 mg/L of Reactive 

Orange (RO-16). RO-16 was chosen since it is one of the most 

commonly used dyes in the textile industry throughout the world. It 

has a molecular weight of 617.53 g/mol. The dye shows a maximum 

absorbance at λmax = 496 nm.  

Dye solution at constant concentration was prepared by dissolving 

100 mg of the dye powder in 1 L volumetric flask of de-ionized 
water at room temperature.  

 
The filtration experiments of RO-16 dye solution were carried out at 

2 bar for 1 h using dead-end stirred filtration cell at room 
temperature. The flux profile over time was monitored online 

gravimetrically by Eq. (2): 

 

� =
�

��.
�
(2) 

 
where V is the volume of permeate water (L), A is the active 

membrane area (m
2
) and t is the permeation time (h).  

Further, the feed and permeate samples were taken for color 
analysis.  

Results and Discussion 

Membrane characterization 

The fabricated membranes were characterized for roughness, 

contact angle, pore size, Young’s modulus, surface charge, Scanning 

Electron Microscopy (SEM) and Fourier Transform Infrared 

Spectroscopy (FTIR). Table 1 briefs some morphological and surface 

characterization results. The contact angle of bare PSf membrane 

was measured as 71
0
 and after the introduction of GO the contact 

angles were measured to be 91.49
0
, 87.86

0
, 79.81

0  
 and 69.23

0
 for 

1, 2, 4 and 8% respectively. Zhao et al [46] fabricated PVDF 

nanocomposite membranes with GO nanosheets and realized that 

composite membranes have decreasing contact angles with 
increasing GO concentration. The decrease in contact angle 

(increase of hydrophilicty) was attributed to the large amount of 
oxygen-containing groups of GO which are dispersed on the 

membrane surface.  
Addition of GO increases the pore size of bare PSf membrane which 

further increased with increasing GO concentrations, which is a 
general trend for nanocomposite membranes.  
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 Table 1. Characterization values of the membranes 

 

 
Characterization values of Mechanical strength and Young's 

modulus are also shown in Table 1. In comparison with bare PSf 
membrane Young's modulus of the composite membranes seems to 

have improved, especially with 4% GO-PSf and 8% GO-PSf 
membranes. Young’s modulus is an intrinsic property under small 

elastic deformations. Unlike ultimate strength and ultimate strain, 
Young’s modulus values only reflect the stress–strain behavior in 

the initial state of the loading process [47]. Thus, the obtained 

results highlight that the coexistence of an efficient GO dispersion 

and PSf/GO covalent interactions may lead to the development of 

PSf/GO composite membranes with better mechanical performance 

abilities. It has also been realized that the surface charge of 

nanocomposite membranes decreases with increasing GO 

concentrations.  

 
Scanning Electron Microscopy (SEM) 

 

The membranes were characterized by Scanning Electron 

Microscope (SEM). As seen in Figure 1A, bare PSf shows a typical 

dense layer on the top followed by huge macrovoids. On the other 

hand GO membrane cross section images show that the macrovoids 

are replaced by a polymer matrix with noticeable changes (Figure 1 

(B,C,D,E)).  

GO as a hydrophilic additive can have an effect on the rate of 

exchange between solvent and non-solvent during phase  

inversion process where it can increase the de-mixing by enhancing 

thermodynamic instability (28). As a result the pores that are 
formed during the phase inversion could grow larger because of the 

stress that is being induced on the polymer surface which in turn 
could be due to the rapid solidification of the polymer (48). 

According to Hagen-Poiseuille relationship, under same pressure, 
membrane thickness and dynamic viscosity of larger pores lead to 

large water flux (49). 
 

This phenomenon can also be well supported by the contact angle 

and surface roughness measurements briefed in Table 1. With 

increase in GO concentration the contact angle reduces which 

shows the increase in hydrophilicty of the membranes. 

Also as mentioned above, there is a fast exchange of solvent during 

the phase inversion and due to this there are some nodules which 
were formed on the polymer, ultimately resulting in the increase of 

surface roughness of the membranes with increasing GO 

concentration except for 2% and 4% [30]. 
 

 

 

 

 

 

 

 

 

 

Fig. 1 SEM cross-section images of bare polysulfone and GO 

nanocomposite membranes. A: Bare PSf;  B, C, D, E:  1%, 2%, 4% 
and 8% GO- PSf composite membranes respectively 

 
From the SEM cross sectional images of 2% and 4% GO it can be 

observed that the dense top layer is well organized and relatively 

less rough (Table 1) compared to 1% and 8%. During the phase 
inversion process, water loving GO sheets tend to move to the top 

layer and settle there (this also has been proved by contact angle 
measurements). The dense top layer of 2% and 4% GO membranes 

show that the GO sheets organized themselves well with the 
available space. In comparison, 1% which had low concentration of 

GO sheets and 8% which had high concentration of GO sheets tend 
to stack and aggregate, increasing the surface roughness of the 

membrane. This low surface roughness has a role to play in the dye 
rejection process which will be explained in further sections. 

Membrane  

type 

Roughness 

(RMS, nm) 

Contact 

Angle (
0
) 

Average 

 pore size (µm) 

Young’s 

modulus 

(x10
7
 Pa) 

Surface charge (mV 

at pH 6.2) 

Permeability 

Bare PSf   70 71.0   ± 6.5   0.038 1.13 -21.0   157 

1.0GO-PSf   170 91.49 ± 4.6   0.047 1.105 -23.4   150 

2.0GO-PSf   90 87.86 ± 5.7   0.054 1.58 -15.1   171 

4.0GO-PSf   140 79.81 ± 4.8   0.071 3.145 -8.7   213 

8.0GO-PSf   240 69.23 ± 3.4   0.127 3.78 -13.2   235 
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Fourier Transform Infrared Spectroscopy (FTIR) 

Prior to FTIR analysis the composite membranes were completely 

air dried. From the spectra shown in Figure 2 it can be observed 

that the peak intensity at 3340 cm
-1

 and 1712 cm
-1 

increases 

with the increase in GO concentration. These are characteristic 

peaks of GO and it can be realized that GO is well dispersed. 

The band at 1712 cm
-1

 is attributed to C=O [50]. The broad 

band between 3000 cm
-1

 and 3650 cm
-1

 attributes to O-H 
functional group stretching from graphene oxide surface. The 

absorption band of PSf spectrum at 1293 cm
-1

 corresponds to 
the O=S=O asymmetric stretching while the peak at 1148 cm

-1
 

corresponds to symmetric stretching of O=S=O [30]. The weak 
peaks between 2850 cm

-1
 and 3200 cm

-1
 correspond to 

aliphatic and aromatic groups. The absorption band at 1241 cm
-

1
 is attributed to asymmetric stretching of C-O-C group [30].  

 

 
 

Fig. 2 FTIR spectra of polysulfone and different PSf + GO composite 

membranes 

Permeability 

Permeability tests were carried out using these membranes and the 

results are represented in Figure 3. The permeability of bare PSf 

membrane was found to be 154±15 L/m
2
.h.bar, where after GO 

introduction the permeability values were measured to be 150±20 

L/m
2
.h.bar, 171±14 L/m

2
.h.bar, 213±17 L/m

2
.h.bar and 235±20 

L/m
2
.h.bar for 1%, 2% and 4% and 8% GO concentrations 

respectively. As seen in the graph there is no difference between 

bare PSf and 1% GO membranes but with further increase in GO 

concentrations, the permeabilities of the nanocomposite 
membranes increase. GO increases the pore size of the membranes 

(Table 1) and the permeabilities of the phase inversed membranes 

are generally related to the porosity and pore size of the 

membranes. From Table 1, it is clearly evident that with increased 
GO concentration there is an increase in the pore size of the 

membranes, further increasing the permeability. 

Fig. 3 Permeability graphs of bare PSf and Graphene oxide 

nanocomposite membranes 

Membrane Flux 

Membrane flux can be increased by increasing the hydrophilicity of 
the membrane. As seen in Table 1, with increasing GO 
concentration the contact angle reduces which means that the 

membranes are more hydrophilic (excluding bare PSf). Figure 4 

shows the flux comparison between bare PSf and PSf-GO 

membranes of different GO concentrations. From the collected data 

and the trend it can be seen that 8% GO-PSf membrane has high 

flux compared to other membranes. So, the higher the 

hydrophilicity of the membranes the higher is the flux. 

In this case it has to be noted that the contact angles of bare PSf 

and 8.0% PSf-GO composite membranes are almost similar but 8.0% 

PSf-GO membranes has high flux.  

Explanation:  The hydrophilicity and flux are directly proportional 

however as can be seen from Table 1. the average pore size of 8.0% 

PSf-GO membranes is 0.124 µm compared to that of bare PSf which 

is 0.038 µm, which directly contributes to the increase in flux. 

 

 
Fig. 4 Flux comparison between bare PSf and different PSf-GO 

composite membranes 
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Dye filtration mechanism and performance of the membranes 

Initially, experiments were carried out with bare PSf, 1, 2, 4 and 8% 

GO membranes (without BSA) for dye filtration. UV spectroscopy 

results revealed that these membranes are not effective enough to 

filter the dye molecules. Further, experiments were performed in 

two different stages: 

 
1. Studying the protein binding ability of PSf + GO composite 

membranes and  
2. Studying the dye rejection capability of protein bound GO + PSf 

membranes 
 
These studies were carried out at acidic (2), neutral (7) and basic pH 
(10). 
 
Bovine serum albumin (BSA), a standard protein was chosen as a 

protein of interest because of its numerous biochemical 

applications, low cost and stability. The preparation of BSA coated 

membranes was explained above, under sub-section “preparation 

of protein coated membranes”. 

Dye sorption is mainly pH dependent and one of the most 

important factors that is to be considered for filtration mechanism. 

Experiments were carried out with all the membranes (bare PSf, 1, 

2, 4, and 8% GO) at different pH values (2, 7 and 10). The pH of the 
solutions was optimized using HCl for acidic pH and NaOH for basic 

pH. Schematic representation of protein coating on to the 
composite membranes and dye binding to these protein coated 

membranes is shown in figure 5. 

BSA binding 

In our studies 2% GO membranes at pH=7 seem to be optimal for 
BSA binding. After permeability test results with different  

concentrations of GO + PSf membranes using BSA, UV spectroscopy 

results show that BSA binds to GO. The absorbance efficiency is  

calculated by: 

 

Absorption efficiency = ((BSA inlet concentration – BSA outlet 

concentration) / BSA inlet concentration) * 100 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In our experiments, constant BSA concentration was used all 
through. BSA covalently binds to GO [51]. The amine groups of BSA 

bind to the carboxyl groups of GO (Figure 5).  

As seen in Figure 6, the highest BSA binding efficiency was observed 

with 2% GO membranes at pH=7 which is about 95%, though bare 

PSf, 2% GO at pH=10 and 4% GO at pH=2 come close. 
 
If we observe the trend with pH=7, after 2% GO the binding 

reduced only to increase again with 8% GO membrane. We 

presume that with the availability of more carboxyl groups, BSA 

naturally tends to bind further reaching a saturation level after 2%. 

With 4% GO there were enough free carboxyl groups available 

compared to amine groups of BSA (as mentioned above the BSA  

concentration is constant all through the experiment) and so the 

decrease in binding efficiency.  

 
It was observed that BSA binding efficiency again increases with 8% 

GO, which we presume is due to the stacking of GO flakes on top of 

each other after certain concentration. Due to this stacking, there 

were relatively more and more bonding sites realized for BSA to 

bind to GO. 

In the case of pH=10 after 2% we can observe a complete saturation 

and this can be attributed to the increase in surface charge. At 

higher pH, the zeta potential of the system is high, which means 

higher negative charge. As GO itself is negative and BSA is 

asymmetric (change in pH effects the protein form and structure), 
at high pH the electrostatic repulsion is also high. 

 
In the case of pH=2 there was a decrease in trend after 4% which 

means that there was no stacking of GO sheets till this 

concentration. If we observe the above graph, pH=2 and pH=10 
values of 8% GO membrane are almost similar in comparison to 4% 

GO membranes which shows a large difference. At pH=2 the system 
tends to be protonized due to H

+
 ions which means it attracts more 

asymmetrically charged BSA molecules. 

 

Fig. 5 Schematic illustration of protein coating onto membranes with dye attachment (note: the figures are 

only a structural representation but not up to the scale) 
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Fig. 6 Graphical representation of the calculated data for protein 

(BSA) binding 

 
On the other hand BSA is non-uniformly charged at its primary 

structure, though it is more stable within the tertiary structure and 
these changes are caused due to the change in pH [52-54]. Due to 

this asymmetrical charge distribution it might be possible that BSA 
binds to GO (negative surface charge) at certain functional points 

(cationic) and repels itself from other locations. It has also been 

theoretically reported that only certain binding sites on BSA can be 

occupied by the dye molecules and the affinity varies from site to 

site due to the difference in polarity [55]. 

 

Due to this peculiar property of BSA it would be hard to achieve 

100% binding even with significant increase in GO concentrations as 

the form of BSA also keeps changing with the change in pH [56]. 

 
Dye rejection 

 

Permeability tests with the membranes of different GO 

concentrations with covalently bonded BSA were carried out. UV 

spectroscopy results suggest that the dye molecules were adsorbed 

on to the BSA (Figure 5). A constant RO-16 concentration was used 

in our experiments. The dye rejection rate is calculated by: 

 

Removal efficiency = ((Dye inlet concentration – Dye outlet 

concentration) / Dye inlet concentration) * 100 

 
The calculated values and plotted graphs can be seen in Figure 7. In 

our studies maximum dye rejection was observed with 2% GO 

membranes at pH=10 though 2% GO at pH=2 comes closer.  If we 

observe the trend at pH=2, after 2% the rejection rate gradually 

dropped. In case of pH=10 though the trend drops after pH=2, it 

draws a constant value for 4% and 8%. 

Results at different pH’s (2, 7 and 10) conclude that dye rejection 

rate increased till 2% further reducing with 4% and 8% which states 

that 2% GO concentration was optimal (Figure 7). 

 

 
Fig. 7 Graphical representation of the calculated data for dye (RO-

16) rejection 

 
Note: Initial permeability tests on GO membranes with direct dye 

solution didn’t show any significant variation with UV spectroscopy 

results. UV absorbance is same for the stock and the filtrate because 

the size of the RO-16 molecules was so small that they could easily 

pass through the intermolecular spaces within the membrane. By 

using GO-BSA bonded membranes, significant change in absorbance 

was observed. 

 
In Figure 7 as seen in the graph, the rejection rate decreases after 

2% GO. Certain parameters are to be taken in to consideration to 

explain this reduction phenomenon: 

 
Size of the dye molecules in comparison to BSA: With increasing GO 

concentrations most of the free amine sites on BSA were occupied 

and along with this the intermolecular spacing was also blocked. 

BSA molecules are relatively huge compared to RO-16 molecules 

(BSA M.wt is approximately 66, 430 da as compared to that of RO-

16 which is 617.53 g/mol) so the dye molecules were infact blocked 
on the other side and this is valid only till 2% GO.  

 

Further with the increase in GO concentrations there was an 

increase in BSA binding (except for 4%) which means the availability 

of more binding sites for RO-16 till 2%. With increase in GO 

concentration, we presume that the GO flakes stack on top of each 

other followed by BSA binding to them. This broadens the 

intermolecular spacing through which the dye molecules could 

easily permeate and because of this there was a reduction in dye 

rejection. 

 

Anionic property of dye: RO-16 is anionic [57] so is GO which carries 

negative surface charge and due to columbic repulsions the 

probability of GO binding to the dye molecules is very less. So, with 

increasing GO concentrations, dye molecule rejection is also 

supposed to increase but infact after 2% GO concentration it 

reduces. As explained above, this is because GO flakes tend to stack 

on top of each other with increased concentrations and there by 

hindering the net negative surface charge and in turn broadening 

the intermolecular spacing which gives an easy access for the dye 

molecules to pass along with the permeate. 

 

As observed, the change in the pH of the system affects the surface 

charge of the protein molecule and so the adsorption of charged 

dye molecules [58]. It has been reported that acidic pH is favourable 

for RO-16 removal [57]. A lower percentage of dye removal with 
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increase of GO concentrations is because of the presence of excess 

carboxyl groups which compete with the binding sites of the dye 
[59] resulting in electrostatic repulsion between anionic dye 

molecules and negatively charged GO sites. Table 2 summarizes the 

best performing membranes in terms of BSA binding and dye 

rejection.  

 

Table 2. Comparison of membrane performance at different pH 

 
As can be seen in Table 2, 2% GO membrane is found to be the best 

performing membrane in terms of BSA binding and dye rejection 

except for bare PSf at pH=10. Though bare PSf at pH=10 has 88% 

BSA binding ability, it fared quite poor in terms of dye rejection. 

 

With the above experimental data we can conclude that 2% GO 

membranes are optimal in order to carry out high efficient filtration 

for textile dye RO-16. The maximum dye rejection capability 
observed was 78.26% at pH=10. Along with pH there are also 
certain other factors like initial concentration, agitation time and 
contact time which influence the filtration mechanism. 

 

Effect of initial concentration: Initially when BSA or dye molecules 

were introduced in to the membrane there was a rapid adsorption 

further slowing down to be a gradual process, this is due to the 

availability of more free binding sites at the initial phase. 

 

Agitation time: Agitation rate is also found to play an important 

role in the whole process as the increase in agitation rate decreases 

the film resistance and facilitates mass transfer. 

 

Contact time: The most important of all is the contact time 

between the protein and the dye molecules. It has previously been 

reported that with increase in contact time the rejection capability 
increases [60-63]. During the adsorption process the dye molecules 

first have to overcome boundary layer effect and then adsorb on to 
the sorbent [58]. This process relatively takes a longer time. 

 
Considering the above experimental results and facts, further 

experiments were carried out to study the effect of contact time 
between the protein and dye molecules. We have chosen 2% GO 

membrane based on its performance in terms of protein binding 

and dye rejection at difference pH values. Flux values were acquired 

for three different time intervals (45, 90 and 135 min). 

 

The above presented data is reproducible and is not random. As 

explained in the above sections the correlation between bare PSf, 1, 

2, 4 and 8% GO-PSf membranes, there has been either an increasing 

(roughness, pore size, Young’s modulus) or decreasing (contact 

angle and surface charge) trends with increase in GO concentration, 

which is constant. This can be realized from the presented values 

and provided experimental evidence. 

Contact time experiments 

Taking in to consideration the importance of contact time between 

the protein and the dye molecules for higher dye rejection rate [60-

63], contact time studies were carried out with the best performing 

membranes from the above experimental results. 

Contact time experiments with 2% GO membranes at pH=2 and 

pH=10 were carried out in accordance with the above results.  BSA 

solution at two different pH was prepared separately as mentioned 
in the previous section. Two 2% GO membranes were compressed 

for an hour at 2 bar before running the di-water flux. Firstly BSA 
solution at pH=2 was taken in the dead-end stirred cell filtration 

system (Steriltech), wait for 15 min for the solution to settle down, 
followed by the addition of dye solution. The BSA-dye solution was 

left under stirring for 45 min before acquiring first flux profile. After 
acquiring the first data the solution was left under continuous 

stirring for another 45 min (total 90 min) before acquiring the 
second flux profile, followed by third flux profile after 135 min. The 

same process was repeated for pH=10 BSA solution as well using a 

different 2% GO membrane. 

The calculated values and plotted graph for contact time 

experiments are shown in Figure 8. As predicted, 2% GO at acidic 

conditions with 45 min contact time turned out to be most efficient 

in terms of dye rejection with 87.4% rejection rate. Previously it has 

also been stated that acidic conditions favour RO-16 removal [55]. 

As observed in Figure 8, the trend line after 45 min keeps reducing 

which shows that the contact time between the BSA and dye  

 

 
 

Fig. 8 Graphical representation of the calculated data for dye (RO-

16) rejection after contact time studies 
 

molecules turned out to be inefficient after 45 min. A valid reason 
for this decreasing trend line lies within BSA which will be further 

discussed in the next section. Table 3 briefs the comparison of final 
results in terms of dye rejection. 

 
Table 3. Comparison of final results after contact time studies 

pH Time frame 

45 min (dye 

removal 

efficiency) 

Time frame 

90 min (dye 

removal 

efficiency) 

     

Time frame 

135 min (dye 

removal 

efficiency) 

2 87.4% 56.2% 45.45% 

10 64.86% 50% 46% 

pH BSA 

(better 

performance) 

Binding efficiency 

DYE 

(better performance) 

Removal efficiency 

2 (4% GO)   88% (2% GO)   74% 

7 (2% GO)   95% (2% GO)   34% 

10 (control)    88% (2% GO)   78% 
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Discussion 

Though the binding and rejection mechanisms are not completely 

clear at atomic level, there are certain factors which directly or 

indirectly affect the whole filtration process. In our studies, 

standard BSA concentration was used but increase in BSA 

concentration increases the binding and rejection capabilities of the 

membranes till a saturation point [55]. Other parameter is the 

temperature which affects certain proteins and dyes. In the case of 

RO-16 the removal is favoured at lower temperatures [57].  
 

One of the most important parameter that has to be addressed is 
the advantage of using different concentrations of GO in the whole 

process. As shown in the above mentioned data it can be clearly 
seen that GO-PSf composite membranes produce far better results 

than bare PSf membranes. If GO was not used as an intermediate 
the mechanical strength, contact angle, pore size, surface charge, 

roughness, Young’s modulus and permeability will highly be altered 

in comparison to bare PSf membrane (Table 1). 

UV spectroscopy results suggest that the binding between bare PSf 

membranes and BSA was negligible in comparison to PSf-GO. BSA 

coated membranes fared better in terms of dye filtration, which 

means that GO is creating an internal platform for BSA binding. The 

relation between size and surface charge of BSA molecules and GO 

plays an important role in increasing the BSA binding efficiency 

which in turn increases the dye rejection capability. 

The chemical structure and property of BSA to bind to both GO and 

RO-16 (Reactive Orange) textile dye makes it feasible for dye 
filtration. 

To understand the complete mechanism that was involved in the 
dye rejection process it is quite important to know the effect of pH 

on GO, BSA and RO-16. 

Effect of pH on GO 

GO sheets primarily contain hydroxyl and epoxy groups which 
makes it more hydrophilic [64] but recently reported studies state 

that small quantities of COOH groups at the edges of GO sheets are 

the ones which actually determine the solution behaviour of GO 

sheets [65,66]. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
According to MD simulation results it was figured out that the basal 

plane of GO is much hydrophobic compared to the COOH edges. It 

is this COOH which determines the solution behaviour of GO [66]. It 

has also been reported that at lower pH the COOH groups are 

protonated (Figure 9) and the sheets become less hydrophilic and 

form aggregates but do not precipitate due to the formation of GO-

water-GO sandwich structure which keeps it stable and surface 

active [67]. However at high pH, GO sheets are more hydrophilic 

due to the deprotonated carboxyl groups (Figure 9) which tend to 

dissolve in water like salt. So these larger differences make GO 

behave like an amphiphile [67].  
 
Particles with zeta potential ranging from -30mv to +30mv are 

considered to be stable due to the electrostatic repulsions [68,69]. 

Also at lower pH the zeta potential is drastically less compared to at 

higher pH which means that at low pH the surface negative charge 
is less as the carboxyl groups are highly protonated [67,68]. 

 
GO sheets at higher pH act like surfactants and also as calculated by 

Chih et al [65], the surface tension of GO at pH=14 is around 72 
dyn/cm which also suggests that GO concentration doesn’t really 

effect the overall film or solution properties at high pH.  
Interestingly at lower pH values the surface tension reduces 

drastically from 70 to 52 dyn/cm with increase in GO concentration 

which shows that GO sheets are surface active at lower pH. 

 

Though our experiments are related to GO composite membranes it 

is also important to understand the behaviour of GO sheets in a 

solution. An interesting fact to know regarding the effect of pH on 

the sheet size of GO is that with increase in pH the sheet size and 

stability increases. Swarnima et al. has explained this phenomenon 

[68] by DLS (Dynamic Light Scattering) technique. Generally, to 

increase the pH, NaOH is used (also in our case) which acts as a 

hydrogenating agent for GO [70]. On the other hand when HCl is 
used to reduce the pH, very large graphene oxide sheets with poor 

stability are observed. This can be attributed to the increase in H
+ 

ion concentration within the solution which gradually increases the 

sheet size [66] (increase in H
+
 ions also adds to the protonation 

which means the decrease in electrostatic repulsion) and in turn 

attracting more BSA and dye molecules to bind to the membrane. 
 

 
Fig. 9 Schematic representation of GO protonation and deprotonation at acidic and basic pH respectively 
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Though the surface charge and contact angle decrease with the 

increase of protonation at lower pH, the degree of change varies 
from dispersed GO to integrated GO. El kadi et al’s [71] work gives 
more insight in to this where supernatant GO (SGO) and remanent 

GO (RGO) were compared at different pH values. Overall, the 

degree of change in terms of protonation, surface charge, contact 

angle and stability is in the order of SGO˃RGO˃composite 

membranes. 

Effect of pH on BSA 

Bovine serum albumin (BSA) undergoes conformational changes 

when the pH is altered from neutral to 2 [72,73] though these 
changes are not yet known at atomic resolution. There is a partial 

unfolding of the protein [74,75] and decrease in the ellipticity 

loosing approx 40% of its initial helix [71]. The isoelectric point of 

BSA is 4.8 and below this value several structural alterations are 

caused due to the repulsive forces acting below the isoelectric 

point. By exposure to acid environment partial unfolding of BSA 

helices start, [76-78] leading to progressively exposing the protein 

surface to the acid environment. This leads to the increase in 

hydration where more and more H
+
 ions are accommodated thus 

leading to protonation [71]. In other words, under acidic conditions 

ionizable groups on BSA are protonated and due to charge 

repulsion, unfolding takes place [79]. Due to the protonation, BSA 

molecules tend to attract more dye molecules which carry surface 

negative charge. The higher the protonation, higher is the dye 
binding to BSA molecules. 
At pH=7, BSA is relatively stable irrespective of the concentration 
and ionic strength [80].  

 

What happens to BSA during incubation at pH=2 and pH=10?   

At pH=2, BSA loses its monomers and starts to form aggregates (this 
is contact time dependent) which was not observed in our case as 

our BSA concentration and contact times are quite low (there might 

be a chance of formation of non-native aggregates which were 

undetectable).  

 

At alkaline pH, there are certain conformational changes in BSA 

transforming from one form to another [81] but at high alkalinity 

(pH above 12) the secondary structure of BSA is completely lost 

[82].  

 
The rate of degradation depends on the BSA concentration in the 

solution. The higher the concentration the faster is the degradation. 

In comparison to the study by Estey et al [80] which is related to the 

pH dependent degradation of BSA with time, in our case we 

presume that the degradation of BSA is quite low. Estey et al 

concluded that 100 mg/ml of BSA looses 50% of the monomers in 

one day which is equal to 10 mg/ml in 5 days. Considering our BSA 

concentration which is 100 mg/1000 ml, the degradation rate at 

pH=2 is calculated to be 0.05%. 

Effect of pH on RO-16 

Due to the presence of sulfonate groups, reactive dyes generally 
tend to ionize in aqueous solutions to form anions. This happens by 

the dissociation of sulfonate (-SO3-) groups and posses negative 
charge. When the pH of the system decreases, it’s been protonated 

due to the transfer of H
+
 ions, creating more binding sites and can 

easily attract more negatively charged dye molecules [57,83]. 

 

When the pH of the system is increased, deprotonation takes place 

which means more surface negative charge further resulting in 
electrostatic repulsion between the anionic dye molecules and 

negatively charged sites of the system due to which the sorption of 

the dye molecules at alkaline pH is less compared to acidic 

conditions. 

 

Contradicting the above theory, in the experimental results 

presented above, the highest dye rejection value of 78.26% (before 

contact time studies) was observed with 2% GO membrane at 

pH=10 followed by 74.16% with 2% GO membrane at pH=2. Though 

there is a very little difference between the values, we attribute 

that this is because of the Effect of initial concentration. 

 

Contact time study results are in correlation with the literature 

where there is an increase in dye rejection from 78.26% (pH=10) 

and 74.16% (pH=2) to 87.14% (pH=2) with 2% GO membrane. Due 

to the increase in contact time between BSA and dye molecules, the 

anionic dye molecules tend to occupy most of the available binding 

sites within the acidic system.  

Conclusions 

Protein mediated textile dye filtration using GO-PSf composite 

membranes has been studied and presented with experimental 
evidence. GO integrated polysulfone membranes were fabricated 

and characterized. Effect of GO concentration on protein binding 
and dye rejection capabilities at acidic and basic pH was 

experimentally elucidated.  
It was observed that 2% GO membrane at pH=10 is optimal in terms 

of BSA binding and dye rejection capabilities. Considering the fact 

that RO-16 is acidic friendly, contact time studies were carried out 

where the BSA and dye molecules were left in contact for different 

time intervals (45, 90 and 135 min) before acquiring flux profile. 

Highest dye rejection rate observed was 87.4% (table 3) after 45 

min. Higher contact times (more than 45 min) didn’t render any 

significant advantage. 

Realizing these parameters helps in developing a new class of 
composite membranes where the pore size more or less becomes 

irrelevant and will highly be dependent on binding and adsorption 
properties.  
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