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A B S T R A C T   

The potential use of dodecylamine-functionalized graphene oxide (rGO-DDA) nanoparticles as an antifoulant and 
antibacterial nanofiller was investigated. GO and rGO-DDA were analyzed using Raman spectroscopy, FTIR, 
SEM, TEM, and TGA that all confirmed the successful functionalization of GO structure. Polysulfone (PSF) ul
trafiltration membranes incorporating varied loadings of GO and rGO-DDA were then fabricated via phase 
inversion approach. All membranes were characterized in terms of chemical structure, morphology, hydrophi
licity, porosity and mean pore size. Cross-section SEM images showed the distribution of GO and rGO-DDA 
between the pores and on the polymer walls. AFM results demonstrated that GO addition increased the 
roughness of membrane; while with rGO-DDA addition the surface became smoother. Pristine PSF and rGO-DDA 
based membranes exhibited similar hydrophilicity, while GO-based membranes exhibited higher hydrophilicity 
as revealed by contact angle measurements. Permeability, separation and antifouling experiments were per
formed in a cross-flow membrane setup and showed that flux decreases with the increase in GO and rGO-DDA 
concentration. rGO-DDA membranes showed higher antifouling and antibacterial performance compared to 
the pristine PSF and GO membranes. Neat PSF exhibited 65.4 % flux recovery ratio (FRR) against BSA that was 
increased to 86.9 % and 89.1 % with GO-0.1 and rGO-DDA-0.1, respectively. Against HA, FRR was improved 
from 87.8 % for neat PSF to 95.6 % and 99.3 % with GO-0.1 and rGO-DDA-0.1, respectively. Additionally, rGO- 
DDA membrane exhibited higher bacteriostatis rate (83.6 %) against H. aquamarina than GO membrane (62.9 
%). Moreover, rGO-DDA nanoparticles exhibited excellent dispersibility in several solvents making them 
promising nanofillers for various membranes with high antifouling and antibacterial performance.   

1. Introduction 

Amongst the several technologies evolved in water treatment and 
purification sector, membrane-based processes are considered prom
ising solution to afford clean water [1]. It is considered efficient and 
economical due to the low energy consumption, small footprint, and the 
relatively low cost compared to other technologies [2]. Several 
membrane-based processes have been arisen to meet the various needs 
in water treatment sector including microfiltration (MF), ultrafiltration 
(UF), nanofiltration (NF), reverse osmosis (RO), and forward osmosis 
(FO). Among them, UF is a fast-growing technology that has demon
strated a remarkable contribution to water treatment sector. Because of 
its capability to separate a wide range of impurities from water at low 
cost, it is considered an efficient and economical pre-treatment process 

for NF and RO [3]. UF can separate proteins, turbidity, viruses, bacteria 
and various organic matters from wastewater in a safe, clean and effi
cient way. The utilization of UF membranes is not only limited to water 
treatment but also it showed an increasing interest in chemical recovery, 
dairy production, food industry, pharmaceutical applications, and 
textile industry and paint treatment [4,5]. Despite of the several ad
vantages of membranes, their susceptibility to fouling is still a bottle
neck issue in many applications. Fouling is a phenomenon where 
pollutants in the wastewater accumulate onto the membrane surface and 
block the pores resulting in a decline in the membrane performance and 
shortage in its service life [6]. Hence, investigating new methods, ma
terials, and fillers became the focus of most studies aiming to produce 
high-efficient membranes with high fouling resistance. 

The use of nanomaterials as membrane fillers is one of the well- 
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established methods being developed in membrane sector [7]. The 
addition of nanofillers can improve membrane performance and prop
erties like antifouling, antibacterial activity, flux, and rejection [8]. 
Various nanomaterials have been investigated as membrane nanofillers 
and exhibited high performance such as carbon nanotubes (CNTs) [9], 
zeolites [10], metal organic frame works (MOFs) [11], graphene-based 
materials [12,13], SiO2 [14], MXene [15], TiO2 [16], etc. Among 
them, graphene oxide (GO) and GO-based materials attracted remark
able research interest in the past few years due to their stability, tune
ability, mechanical strength, and easy accessibility [17]. Furthermore, 
GO-based materials exhibit high fouling resistance and bactericidal ef
fects against various foulants and bacteria making them promising 
nanofillers to produce high antifouling membranes [18,19]. Addition
ally, the oxygen content in the functional groups (e.g. hydroxyls, car
boxyls, ketones and epoxides) existing on the GO sheets edges enriches 
GO hydrophilicity and make it a versatile platform for further func
tionalization to derive other graphene-based materials to meet different 
purposes [20,21]. Furthermore, GO can be easily exfoliated in various 
polymer matrices and polar aprotic solvents [22] which makes it a good 
candidate to be utilized as nanofiller in membranes fabrication sector. 

The efficient utilization of nanofillers in membranes fabrication de
pends on the better interfacial interaction between polymeric matrix 
and the nanofiller as well as the uniform and stable dispersion in the 
matrix [23]. However, pristine nanoparticles (e.g. CNTs, GO, etc.) 
cannot achieve stable and uniform dispersion which limits the efficiency 
of using them as fillers in some polymer matrices [24]. Therefore, 
several studies investigated the effect of functionalization on the prop
erties of nanoparticles as well as on the overall membrane performance. 
Studies reported that a successful functionalization could significantly 
enhance GO properties to fit different purposes and applications. For 
example, GO functionalization with hydrophobic materials like octa
decylamine (ODA) [25] and n-butylamine (NBA) [26] enhances the 
performance in membrane distillation (MD) processes where the mem
brane hydrophobicity is preferable. In contrast, GO functionalization 
with hydrophilic materials, like polydopamine (PDA) [27], poly
vinylpyrrolidone (PVP) [28], and starch [29], enhances the performance 
in membrane processes where the hydrophilicity is desirable (e.g. UF, 
NF, RO, etc.). Several studies have been conducted in literature on the 
functionalization of GO for different membrane-based water treatment 
processes including FO, RO, NF and UF. Safarpour et al. [30,31] studied 
the effect of GO functionalization with TiO2 on RO and NF membranes 
and reported a clear improvement of fouling resistance. Rajakumaran 
et al. [32] prepared RO membranes by incorporating 
amino-functionalized zinc oxide (ZnO) and GO composites (GO-ZnO) 
into the thin-film-nanocomposite layer (TFN) and reported better anti
fouling performance compared to pristine membrane. Zhang et al. [33] 
have recently reported that modifying GO with p-aminophenol 
enhanced the antibacterial of RO membranes significantly when 
compared to GO–RO and pristine RO membranes. Similar studies 
investigated the effect of GO functionalization with various functional 
groups on the fouling resistance of UF membranes and showed clear 
improvement against various foulants. Functional materials used to 
functionalize GO include isocyanate [34], hyperbranched poly
ethyleneimine (HPEI) [35], cysteine [36], guanidyl [37], polydopamine 
(PDA) [27]. Among the various functional groups investigated in the 
functionalization of GO nanosheets, amines are considered promising 
agents that can enhance GO properties as well as the overall membrane 
performance. The amination of GO nanosheets is not novel and was 
investigated in different studies using various amines. For example, the 
amination of GO with HPEI could improve the interactions between the 
nanofiller (e.g. GO-HPEI) and the polymer matrix which enhanced the 
mechanical properties of polyethersulfone (PES) membrane [35]. In a 
previous work, we demonstrated that the GO amination with PDA could 
enhance the flux and the fouling resistance without compromising the 
rejection performance [27]. Similar observation has been also reported 
with 3-aminopropyl triethoxysilane (APTS)-aminated GO that showed 

significant enhancement of the sulfonated-PES performance in terms of 
flux and organic fouling resistance [38]. Moreover, 
amine-functionalization of GO nanosheets was found to enhance the 
membrane’s antibacterial activity [35,39]. In this context, dodecyl
amine (DDA), a cationic surfactant, can be a promising functionalizing 
agent that enhances GO properties in terms of fouling resistance and 
antibacterial activity. DDA was previously used to functionalize 
multi-walled carbon nanotubes (MWCNTs) and exhibited ~46 % anti
fouling enhancement against proteins [40]. Additionally, studies re
ported that DDA has strong bactericidal effects against several bacteria 
[41]. DDA can also promote the formation of alkyl group on the edges of 
GO nanosheets providing better dispersibility of GO in non-polar sol
vents and a better distribution within the polymer matrix [42]. The 
higher dispersibility of GO nanosheets in the solvent leads to a better 
distribution and interactions of GO with the polymer matrix. 

In this work, amine-functionalized GO nanoparticles were prepared 
and used as nanofiller in UF polysulfone (PSF) composite membranes. 
The amination of GO was carried out using the direct functionalization 
of GO nanosheets with DDA via a simple temperature-assisted reflux 
method. We aim through this study to investigate the synergetic effects 
of GO and DDA on the antifouling properties and the bactericidal ac
tivity of PSF composite membranes. Pristine GO and rGO-DDA nano
sheets were incorporated into PSF via the non-solvent induced phase 
separation technique (NIPS) at low concentrations (0− 0.15 wt.%). The 
dynamic fouling resistance of the fabricated membranes was investi
gated against organic and protein fouling represented by humic acid 
(HA) and Bovine Serum Albumin (BSA), respectively. The antibacterial 
activity of the prepared membranes against Halomonas aquamarina 
(H. aquamarina) as the model bacterium was studied using bacteriostasis 
rate determination approach. The effect of GO and rGO-DDA incorpo
ration on the PSF morphology, hydrophilicity, permeability and sepa
ration efficiency was investigated, too. Moreover, the structural and 
spectral properties of GO and rGO-DDA were studied. 

2. Experimental details 

2.1. Materials 

Graphite (Gr) flakes (99.9 %, -10 mesh) were supplied by Alfa Aesar. 
Potassium permanganate (KMnO4,99 %), sulfuric acid (H2SO4, 95 %), 
polyvinylpyrrolidone (PVP, ≥ 95 %), toluene (≥ 99.5 %) were procured 
from Fisher Scientific. Hydrogen peroxide (H2O2, 30 %), hydrochloric 
acid (HCl, 35–38%), phosphoric acid (H3PO4, 99 %), and, hexane (≥
98.5 %) were procured from BDH. Dodecylamine (DDA, > 97 %), pol
ysulfone pellets (PSF, Mw ~ 35,000), Bovine Serum Albumin (BSA, ≥ 96 
%, Mw ~ 66 kDa), N,N-Dimethylacetamide (DMAc, ≥ 99 %), 1-Methyl- 
2-pyrrolidinone (NMP, 99.5 %), ethanol (≥ 99.8 %), and humic acid 
(HA) were obtained from Sigma Aldrich. N,N-Dimethylformamide 
(DMF, ≥ 99.8 %) and dodecane (≥ 99 %) were purchased from Hon
eywell. All chemicals were used as purchased without further 
purification. 

2.2. Preparation and functionalization of GO nanoparticles 

GO nanoparticles were synthesized via a modified Hummers method 
that was previously reported [43]. In brief, a mixture of 24 mL of H2SO4 
and 6 mL of H3PO4 was stirred in an ice bath for several minutes. 1 g of 
Gr flakes and 3 g of KMnO4 were then added into mixing solution under 
the same conditions. The reactants were then stirred at 95 ± 2 ◦C in an 
oil bath for 30 min followed by the addition of 50 mL deionized water 
(DI) and stirring for another 30 min at the same conditions. The reaction 
was then terminated by adding DI (150 mL) and H2O2 (20 mL). The 
mixture was then diluted with HCl (20 %) and centrifuged, followed by 
several washing/centrifugation cycles with DI until obtaining a neutral 
pH. GO nanoparticles were then obtained by drying the samples over
night at 80 ◦C. 
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The dried GO nanoparticles were then aminated with DDA using the 
temperature-assisted solution interaction technique [23]. In brief, 100 
mg of GO were dispersed in DI (50 mL) and 300 mg of DDA were 
dispersed in ethanol (50 mL) and both solutions were then ultra
sonicated for 1 h. Both GO and DDA suspensions were mixed in a round 
bottom flask and stirred in an oil bath (60 ◦C, 48 h) under the reflux 
conditions. The aminated GO (rGO-DDA) nanoparticles were then ob
tained by the solvent evaporation technique followed by several wash
ings with ethanol followed by vacuum drying at 85 ◦C overnight. A 
schematic representation of the GO synthesis, the amination reaction 
with DDA and the anticipated structure of rGO-DDA is presented in 
Fig. 1. 

2.3. Membranes preparation 

Bare PSF, PSF/GO and PSF/rGO-DDA mixed matrix membranes 
(MMMs) were prepared using the well-known non-solvent induced 
phase separation method [44]. In brief, PSF (17 wt.%) in NMP was used 
as the main casting solution with 3 wt.% PVP as the pore former. For the 
preparation of PSF/GO and PSF/rGO-DDA casting solutions, two stock 
dispersions (0.5 mg/mL) of the pristine GO and rGO-DDA in NMP were 
prepared and sonicated for 2 h. Different loadings of GO and rGO-DDA 
were then added to NMP according to Table 1. PSF and PVP were then 
slowly added to the dispersions and stirred vigorously for 2 h followed 
by slow stirring overnight until homogenous solutions were obtained 
(Figure S1 in the supplementary information). The obtained solutions 
were then casted on a clean glass plate at a uniform speed using an 
automated casting machine equipped with a film applicator (Elcometer 
®, UK). The casted solutions were then soaked into a coagulant bath (DI) 
where the phase inversion took place and the membrane detached freely 
from the glass plate. The obtained membranes were then washed and 
kept in DI for until testing. Fig. 2 illustrates the phase inversion tech
nique for the fabrication of membranes studied in this work. The com
positions and codes of the prepared membranes are presented in Table 1. 

2.4. Nanoparticles characterization 

The properties of the synthesized GO and rGO-DDA nanoparticles 
were analyzed using different characterization techniques to investigate 
the contribution of oxidation conditions as well as the functionalization 
reaction to the properties of both samples. The elemental compositions 
were obtained by the CHNSO elemental analyzer (Flash 2000, Thermo 
Scientific™). FTIR spectra were recorded using Perkin Elmer 2000 FTIR- 
UATR spectrometer in the range of 400 – 4000 cm− 1. DXR Raman 
Spectrometer with a 532 nm laser and a 10× objective (Thermo Scien
tific) was used to obtain Raman spectra at room temperature. The 
morphological structures of GO and rGO-DDA were evaluated using the 

transmission electron microscopy (TEM) with FEI Tecnai F20 (200 kV) 
and scanning electron microscopy (SEM) using JEOL model JSM- 
6390LV. Moreover, the thermal stability of both nanoparticles was 
analyzed using the Thermogravimetric analysis (TGA) with a Perki
nElmer thermogravimetric analyzer (Pyris 6 TGA) at a heating rate of 10 
◦C/min, temperature range of 30− 800 ◦C, and under nitrogen. 

2.5. Dispersion studies of GO and rGO-DDA 

The dispersibility of GO and rGO-DDA nanoparticles was investi
gated in DI and various organic solvents including dodecane, hexane, 
toluene, NMP, DMF, and DMAc. The dispersibility measurements were 
conducted with a concentration of 0.5 mg/mL in an ultrasonic bath 
sonicator at room temperature for 2 h. 

2.6. Membranes characterization 

To investigate the effect of GO incorporation into the PSF matrix, the 
prepared membranes were characterized using FTIR-UATR (Perkin 
Elmer 2000). Surface and cross-section SEM images at different mag
nifications were obtained using (JEOL model JSM-6390LV). The prep
aration of cross-section samples was done by freezing the membrane 
samples in liquid nitrogen and then fracturing them to prevent the 
deformation of the membranes structure [45,46]. The surface roughness 
of the prepared membranes in terms of the root-mean-square roughness 
(RMS) and average roughness (Ra) were evaluated using the Atomic 
force microscopy (AFM-MFP-3D) from Asylum Research, US. AFM im
ages were obtained over a scan area of 5 × 5 μm with 1 Hz scan rate. 
Membranes hydrophilicity in terms of water contact angle (CA) was 

Fig. 1. Schematic representation of the functionalization reaction of GO with DDA.  

Table 1 
Notations and compositions of the PSF, PSF/GO, and PSF/rGO-DDA MMMs.  

Membrane PSF 
(g) 

PVP 
(g) 

NMP 
(mL) 

Stock 
dispersion 
(mL) 

GO 
(wt. 
%)* 

rGO- 
DDA (wt. 
%)* 

PSF 5.53 0.975 25 0 – – 
GO-0.02 5.53 0.975 23 2 (GO) 0.02 – 
GO-0.05 5.53 0.975 20 5 (GO) 0.05 – 
GO-0.1 5.53 0.975 14 11 (GO) 0.1 – 
GO-0.15 5.53 0.975 8 17 (GO) 0.15 – 
rGO-DDA- 

0.02 
5.53 0.975 23 2 (rGO-DDA) – 0.02 

rGO-DDA- 
0.05 

5.53 0.975 20 5 (rGO-DDA) – 0.05 

rGO-DDA- 
0.1 

5.53 0.975 14 11 (rGO- 
DDA) 

– 0.1 

rGO-DDA- 
0.15 

5.53 0.975 8 17 (rGO- 
DDA) 

– 0.15 

* GO and rGO-DDA compositions are with respect to PSF weight. 
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measured with a DataPhysics contact angle analyzer (OCA15 Pro, Ger
many). The CA measurements were conducted using DI droplets of 2 μm 
at minimum of 15 points of each membrane. 

Membranes porosity measurements were carried out using the 
gravimetric method. two Circular samples of the prepared membranes 
were obtained using a circular cutter with a fixed cutting area of 12.6 
cm2. The samples were then kept in DI overnight at room temperature, 
excess water was then carefully mopped with a tissue paper and 
weighted immediately (ww). The samples were dried overnight and the 
dry membrane weight (wd) was then recorded. The membrane porosity 
was then estimated using Eq. 1 [27,47] : 

ε =
ww − wd

A × l × ρw
(1)  

Where A (cm2) is the effective membrane area, l (cm) is the membrane 
thickness determined from the cross-section SEM images, and ρw is the 
density of water at 23 ◦C (0.998 g/cm3). Guerout-Elford-Ferry equation 
(Eq. 2) was used to estimate the mean pore size (rm) of the prepared 
membranes [48]: 

rm =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(2.9 − 1.75ε) × 8ηlQ

ε × A × ΔP

√

(2)  

Where ΔP (Pa) is the operational pressure, Q (m3/s) is the volumetric 
flow rate of the permeate, and ƞ is the viscosity of water at 23 ◦C (9.3 ×
10− 4 Pa.s) 

2.7. Permeability, rejection, and antifouling measurements 

Pure water flux, rejection and dynamic fouling measurements were 
performed using a cross-flow membrane unit obtained from (Sterlitech 
Corp, US). The feed tank is equipped with a cooling/heating water 
circulator to control the feed temperature. Fig. 3 illustrates the process 
flow diagram of the membrane unit used in this work. All filtration 
experiments were performed at 1 bar, 46.1 ± 0.3 cm.s− 1 cross-flow 
velocity and a temperature of 23 ± 0.5 ◦C. Briefly, the membrane was 
firstly compacted with DI for 30 min at 4 bar. The pressure was then 
reduced to 1 bar and kept for additional 30 min to ensure a stable flux. 
The pure water flux (Jw0, LMH) and permeability (PWP, LMH/bar) of 

Fig. 2. illustration of the GO based MMMs preparation using phase inversion technique.  

Fig. 3. Process flow diagram of the cross-flow membrane unit.  
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membranes were then calculated using Eqs. (3) and (4), respectively 
[49]. 

J =
V
A.t

(3)  

PWP =
Q

ΔP.A
(4)  

Where V (L) is the volume of permeate, t (h) is the sampling time, A (m2) 
is the effective filtration area, Q (L/h) is the volumetric flow rate of 
permeate, and ΔP (bar) is the trans-membrane pressure difference. 

The rejection and antifouling experiments were then conducted by 
shifting the feed to freshly prepared solutions of HA (25 mg/L) and BSA 
(500 mg/L) as model organic and protein foulants, respectively. After 1 
h filtration time, the foulant flux (Jwf) and rejection (R%) were then 
calculated according to Eqs. 3 and 5, respectively. 

R(%) =

(

1 −
Cp

Cf

)

× 100 (5)  

Where Cf and Cp are the foulant concentrations in the feed and permeate, 
respectively. HA and BSA concentrations were measured at 254 nm [47, 
50], and 278 nm [51,52], respectively, with a UV–vis spectrophotom
eter (UV-2700, Shimadzu, Japan). After foulants filtration, the feed was 
shifted back to DI for membrane washing. Three washing cycles (10 min 
each) were performed without an applied pressure at 46.1 ± 0.3 cm.s− 1 

cross-flow velocity. The steady PWF (Jw1) was then recorded at 1 bar 
and the same cross-flow velocity. The flux recovery ratio (FRR%), total 
fouling ratio (Rt%), irreversible fouling ratio (Rir%) and reversible 
fouling ratio (Rr%) were then calculated by Eqs. 6 to 9, respectively [53, 
54]: 

FRR(%) =
Jw1

Jw0
× 100 (6)  

Rt(%) =
Jw0 − Jwf

Jw0
× 100 (7)  

Rir(%) =
Jw0 − Jw1

Jw0
× 100 (8)  

Rr(%) =
Jw1 − Jwf

Jw0
× 100 (9)  

2.8. Antibacterial activity measurements 

The antibacterial properties of the pristine PSF and composite 
membranes were evaluated by the bacteriostasis rate determination 
method [35,55]. H. aquamarina were used as the model bacterium. 16 
mg of the PSF, PSF/GO and PSF/rGO-DDA were cut and washed with 
ethanol then with DI to remove ethanol residuals. Membrane samples 
were then added to 10 mL of Luria Bertani (LB) solution incubated with 
appropriate volume of Halomonas to obtain initial optical density of 0.1 
at 600 nm (OD600). Samples were then incubated at 30 ◦C for 18 h after 
which they were removed from cultures and rinsed with saline. The 
serial dilution technique was employed to get the actual number of cells 
at the beginning and the end of experiment (t = 0 and t = 18 h). The 
number of colonies on each plate was determined using the counting 
method. Bacteristasis rate (BR%) was then calculated using Eq. 10: 

BR(%) =
n0 − n1

n0
× 100% (10)  

Where n0 and n1 represent the number of colonies on the plates treated 
with the control membrane (e.g. pristine PSF) and plates treated with 
the hybrid membranes (e.g. PSF/GO and PSF/rGO-DDA), respectively. 

3. Results and discussion 

3.1. Nanoparticles characterization 

The FTIR-UATR spectra of DDA, pristine GO, and rGO-DDA are 
presented in Fig. 4a. The graphite oxidation can be confirmed by the 
presence of different bands related to the oxygenated functional groups 
in the spectra of pristine GO. These bands were previously reported with 
GO nanoparticles [43,56]. Fig. 4a confirms also the successful func
tionalization of GO with DDA by the emergence of different bands. The 
two bands around 2917 and 2849 cm− 1 correspond to C–H stretching 
vibration [57]. Moreover, the formation of amide-carbonyl bonds be
tween DDA and GO sheets is confirmed by the presence of N–H amide 
bending and CN– amide stretching at ~1546 and 1464 cm− 1, respec
tively [58]. The spectra also show that the C––O band at ~ 1707 cm− 1 

was reduced with the rGO-DDA due to the reduction of the oxygen along 
with the alkyl chain addition to the GO structure [22]. Fig. 4b shows the 
Raman spectra of the pristine GO and rGO-DDA and confirms the GO 
formation through the presence of D and G bands, that are characteristic 
for GO-based materials [43]. It has been reported in various studies that 
the intensities ratio of D and G bands (ID/IG) is related to the crystallite 
properties of GO [59,60]. The ID/IG ratio for the pristine GO and 
rGO-DDA were estimated from the spectra deconvolution and fitting and 
were found to be 1.8 and 2.1, respectively, indicating an obvious change 
in the crystallite structure caused by the functionalization reaction with 
DDA. The increase in the ID/IG ratio can be attributed to the formation of 
sp3 carbon within the sp2 carbon network of graphene [57]. The 
deconvolution and fitting of Raman spectra as well as the bands pa
rameters are presented in Figure S2 and Table S1 in the supplementary 
information, respectively. The Elemental analysis results (Table 2) 
shows good degree of graphite oxidation represented by the high oxygen 
content and O/C ratio (50 % and 1.1, respectively). However, the 
functionalization with DDA reduced the GO oxygen content to 12.3 wt. 
% and increased C, N and H compositions to 77.4, 3.8 and 6.5 wt.%, 
respectively, due to the addition of the alkyl chain which agrees with the 
findings of the FTIR analysis. 

The SEM images shown in Fig. 5a show clear difference in the 
morphology of GO and rGO-DDA nanoparticles. The pristine GO nano
particles exhibit clear, sharp and smooth surface, while rGO-DDA 
showed irregular structure and high roughness. This observation has 
been reported with different amine-functionalized GO nanoparticles 

Fig. 4. (a) FTIR-UATR spectra and (b) Raman spectra of the pristine GO and 
rGO-DDA nanoparticles. 
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[23,25,61] and can be explained by the intercalation and attachment of 
DDA molecules between GO sheets. The different morphological struc
ture can be also confirmed by the TEM images shown in Fig. 5b. The 
pristine GO sheets exhibit wrinkled surface with high transparency 
indicating a low stacking level and high oxidation degree of GO nano
particles [43,56]. On the other hand, rGO-DDA exhibits opaque and 
dense surfaces caused by the GO reduction which cause an increase in 
the staking level of GO sheets. Similar observations were reported with 
the functionalization of GO with different amines such as PDA [61], 
ODA [62], p-phenylenediamine (PPD) and hexamethylene diamine 
(HMD) [63]. The thermal stability of GO and rGO-DDA nanoparticles 
was investigated using the TGA analysis. The TGA curves shown in 
Figure S3 in the supplementary information suggest different thermal 
stabilities of GO and rGO-DDA nanoparticles which is mainly attributed 

to the difference of their elemental compositions [43]. The TGA curve of 
pristine GO shows a slight weight reduction around 100 ◦C attributed to 
the evaporation of water molecules between the GO nanosheets. How
ever, no weight loss was observed before 100 ◦C with rGO-DDA which 
indicates a hydrophobic nature of rGO-DDA that resists water to be 
attached to its surface during functionalization. Both GO and rGO-DDA 
exhibited a major weight loss around 243 ◦C and 307 ◦C. The major loss 
in this temperature range is usually attributed to the thermal degrada
tion of oxygenated functional groups of GO [64]. The oxygenated groups 
of GO sheets were reduced when functionalized with DDA as revealed by 
the FTIR and the elemental analysis. Therefore, the major weight loss 
with rGO-DDA nanoparticles occurred at higher temperature compared 
to the pristine GO. In summary, all characterization techniques confirm 
the successful functionalization and incorporation of DDA molecules on 
the surface and between GO sheets. 

3.2. Dispersion studies of GO and rGO-DDA 

Photographs of GO and rGO-DDA dispersions just after sonication are 
shown in Fig. 6. GO showed good degree of dispersion in DI, DMF, DMA 
and NMP. However, in dodecane, toluene and hexane, the dispersion 
was very poor which agrees with other studies in the literature [23,61]. 

Table 2 
Elemental compositions of the prepared GO and rGO-DDA.  

Sample 
Elemental analysis (wt.%) 

O/C 
N% C% H% S% O% 

GO 0.3 46.8 2.6 0.3 50.0 1.1 
rGO-DDA 3.8 77.4 6.5 0.0 12.3 0.2  

Fig. 5. (a) SEM and (b) TEM images of GO and rGO-DDA nanoparticles at different magnifications.  
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In comparison, rGO-DDA exhibited higher dispersibility in all solvents 
except in DI. The poor dispersion of rGO-DDA in DI can be related to the 
reduction of the oxygen along with the alkyl chain addition to the GO 
structure [22] which reduces the hydrophilicity of GO sheets. The good 
dispersion of rGO-DDA in other solvents allows it utilization as mem
brane filler with various types of polymers (PSF, PVDF, PES, PAN, etc.) 
and for different applications (UF, NF, FO and RO). However, the limited 
dispersion properties of the raw GO restrict its usage for such applica
tions [24]. 

3.3. Membranes characterization 

3.3.1. FTIR-UATR spectra 
FTIR-UATR spectra of the control PSF, PSF/GO and PSF/rGO-DDA 

composite membranes are presented in Fig. 7. The PSF characteristic 
bands are presented in all spectra around 1664, 1320, 1291, 1241, 1150, 
1108 cm− 1 corresponding to aromatic ring breathing, O–SO– asym
metric stretching, S––O stretching, COC stretching, OSO–––– 

symmetric stretching, and S––O stretching. The two bands around 1586 
and 1487 cm− 1 correspond to the aromatic ring stretching. These bands 
have been previously reported with PSF membranes [65,66]. The 
spectra of the composite membranes are almost identical to this of the 
pristine PSF and depict no difference which can be related to the 
dominance of PSF and the low concentrations of nanofillers in the 
polymer matrix [67]. 

3.3.2. Morphology (SEM & AFM) 
Surface and cross-section SEM were studied at various magnifica

tions to investigate the influence of GO and rGO-DDA incorporation on 
PSF morphological structure. Figs. 8 and 9 show the obtained SEM im
ages with different concentrations of GO and rGO-DDA, respectively. In 
the surface SEM images, no clear difference between the bare PSF, PSF/ 
GO and PSF/rGO-DDA can be observed. On the other hand, clear in
fluence of GO and rGO-DDA addition on PSF structure can be observed 
from the cross-section SEM images. All membranes showed two distinct 
layers: a top layer with a semi-dense structure and a sublayer with a 

Fig. 6. Photographs of GO and rGO-DDA dispersions in water and different organic solvents.  

Fig. 7. FTIR-UATR spectra of PSF, PSF/GO and PSF/rGO-DDA MMMs.  
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sponge structure. The sub-layer is characterized by the presence of 
several macro-voids with finger-like structure that have been enlarged 
and became wider with the GO embedding (Fig. 8). Similar findings 
have been reported in the literature and can be attributed to the GO 
hydrophilicity that accelerates the mass-transfer between water and 
solvent during the NIPS process [54,68,69]. In contrast, no significant 
enlargement can be observed in the pore structure with the addition of 
rGO-DDA (Fig. 9), which can be related to its hydrophobic nature as 
discussed earlier. High magnification SEM images presented in Fig. 10 
show that both nanofillers aggregate in some areas of the sublayer and 
partially clog the membrane pores. This is considered one of the draw
backs of GO embedding in MMMs as this blockage decreases the water 
permeance across the membrane as elaborated in the following sections. 

The membrane separation and antifouling properties are also 
affected by the surface roughness [70]. Therefore, AFM analysis was 
employed to investigate the effects of GO and rGO-DDA embedding on 
the surface roughness. The 3D AFM images over 5 × 5 μm scan area and 
roughness parameters of the tested membranes are shown in Fig. 11 and 
Table 3, respectively. The results show a clear increase in the surface 
roughness with the high concentrations of pristine GO while it remains 
the same with low concentrations of GO (e.g. 0.02 %). The roughness 
parameters of the neat PSF were 7.1 and 5.7 nm for RMS and Ra, 
respectively, that increased up to 16 and 11.5 nm with 0.15 wt.% GO. 
When comparing PSF and GO-based membranes with rGO-DDA-based 
membranes, RMS and Ra were found to decrease with rGO-DDA addi
tion indicating that rGO-DDA based membrane were apparently 

smoother than the neat PSF and GO-based MMMs. It well known that 
membranes with rough surfaces have higher fouling propensity because 
of the accumulation of foulants in the surface valleys [67,71], while 
membranes with smoother surface have higher fouling resistance 
capability [72]. 

3.3.3. Hydrophilicity, porosity and mean pore size 
Water contact angle (CA) of the prepared membranes was measured 

to investigate the effect of GO and rGO-DDA embedding on PSF hy
drophilicity and is presented in Fig. 12. The results show a slight 
enhancement in the hydrophilicity with the embedding of pristine GO as 
the CA decreased from 83.5◦ with PSF to 75.5◦ with GO-0.15. The hy
drophilicity enhancement with GO addition is attributed to the GO hy
drophilicity which was observed and reported in several studies [67,73]. 
In contrast, rGO-DDA based MMMs exhibited less hydrophilicity than 
GO based MMMs. The average CA of rGO-DDA based membranes were 
close to this of the pristine PSF and were in the range of 81.9◦ - 83.1◦. 
This agrees with the characterization results of rGO-DDA that showed a 
hydrophobic nature of rGO-DDA compared to unfunctionalized GO. 

The effect of GO/rGO-DDA incorporation on the membrane porosity 
(Ɛ) and mean pore size (Rm) was investigated by the gravimetric method 
and the measured values of Ɛ and Rm are listed in Table 3. Low dosage of 
both GO and rGO-DDA (e.g. 0.02 wt.%) increased the porosity of PSF 
from 81.2 % to about 86.6 % and 86.5 %, respectively. This increase can 
be attributed to the acceleration of mass-transfer rate between the sol
vent and the coagulant during the NIPS process as discussed earlier. 

Fig. 8. SEM images of PSF with different loadings of GO.  
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However, when increasing the concentration to 0.15 %, the porosity 
decreased to 79.9 % and 78.7 % for GO and rGO-DDA, respectively. 
Excessive compositions of nanofiller increase the dope solution viscosity 
which slows the mass transfer rate during the NIPS process, lowers the 
membrane porosity and forms smaller pores [27]. The mean pore size 
(Rm) of the bare PSF membrane was estimated to be ~37.5 nm and was 
decreased with the addition of both nanofillers. The estimated Rm values 
were ranging between 33–36.9 nm and 27.5–36.6 nm with GO and 
rGO-DDA membranes, respectively. Similar findings were reported in 
the literature [68,73,74], and can be attributed to the increase in dope 
solution viscosity accompanied with the accumulation of nanofillers in 

the pores as revealed by the SEM analysis (Fig. 10). 

3.4. Permeability and rejection properties 

The performance of the prepared membranes in terms of the pure 
water permeability (PWP) and rejection is illustrated in Fig. 13. The 
measured PWP of the neat PSF was 181.7 ± 4.6 L.m− 2. h-1. bar-1. With 
low concentration of nanomaterial, no significant change was observed 
and the measured PWP was 181.1 ± 9.4 and 180.4 ± 4.5 L.m− 2. h-1. bar- 

1 for GO-0.02 and rGO-DDA-0.02, respectively. However, with excessive 
concentrations of the GO and rGO-DDA, membranes exhibited higher 

Fig. 9. SEM images of PSF with different loadings of rGO-DDA.  

Fig. 10. cross-section SEM images (10,000 x magnification) of PSF, GO-0.02, and rGO-DDA -0.02 showing pores clogging by nanomaterial.  
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decreases in PWP. With 0.15 wt.% GO, PWP decreased by approximately 
26 % while the decrease was much higher with 0.15 wt.% rGO-DDA 
(~51 %). The flux decline at high GO concentrations was reported in 
many studies [35,67,73] and is mainly attributed to the increase in dope 
solution viscosity [75–77]. As discussed earlier, the increase in viscosity 
decreases the porosity and the mean pore size and hence decreases the 
water flux. The filler concentration after which the permeability de
creases is generally referred to as the tipping mass percentage that dif
fers depending on the type of polymer and filler [67]. Hence, the 
findings in this work indicate that the tipping mass percentage of both 
GO and rGO-DDA is lower than 0.02 wt.%. Further analysis of the PWP 
results obtained taking into consideration porosity, mean pore size and 
contact angle measurements shows that PWP decreases as the porosity 
and pore size decrease regardless the increases in surface hydrophilicity. 
This observation suggests that porosity and pore size have more impact 
on permeability compared to surface hydrophilicity which agrees with 

Fig. 11. AFM images of the PSF, GO and rGO-DDA based membranes.  

Table 3 
The measured roughness parameters (RMS and Ra), porosity (Ɛ) and mean pore 
size (Rm) of the pristine PSF and composite membranes.  

Membrane RMS (nm) Ra (nm) Ɛ (%) Rm (nm) 

PSF 7.1 5.7 81.2 ± 0.1 37.5 ± 0.1 
GO-0.02 7.0 5.7 86.6 ± 5.1 33.7 ± 2.1 
GO-0.05 9.4 7.4 85.5 ± 0.2 34.4 ± 0.1 
GO-0.1 13.2 10.5 82.9 ± 0.1 36.9 ± 0.0 
GO-0.15 16.0 11.5 79.9 ± 2.8 33.0 ± 1.1 
rGO-DDA-0.02 6.3 5.2 86.5 ± 3.4 32.6 ± 1.2 
rGO-DDA-0.05 7.2 5.4 81.1 ± 0.1 36.6 ± 0.1 
rGO-DDA-0.1 5.1 4.0 79.8 ± 1.7 36.4 ± 0.8 
rGO-DDA-0.15 4.9 4.1 78.7 ± 1.2 27.5 ± 0.4  

Fig. 12. contact angle of the prepared membranes.  
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findings by several studies [67,78,79]. 
As depicted in Fig. 13, a complete rejection of both HA and BSA was 

observed with the pristine PSF and all the GO and rGO-DDA composite 
membranes. Figure S4 in the supplementary information presents pho
tographs of feed and permeate samples taken during HA separation 
experiments. The high rejection can be mainly linked to main mecha
nisms: the molecular size exclusion mechanism that retain large mole
cules like HA and BSA accompanied with the charge-based mechanisms 
that enhances the electrostatic repulsion of foulant molecules with the 
negatively charged membranes [38,80]. Similar results were obtained 
with other GO-based MMMs investigated in the literature like 
PES/SPSF/GO [80], PSF/GO [67], PSF/GO-PDA [27], PES/CSGO [36], 
PSF/GOQD [81], and SPES/GO-SiO2-NH2 [38]. 

3.5. Antifouling measurements 

The high fouling resistance against various foulants is an essential 
characteristic of a high-efficient membrane. Fouling is a typical phe
nomenon associated with the membrane filtration process caused by the 
concentration polymerization and formation of cake layers that block 
the membrane pores and reduces the flux and permeate quality [2]. A 
flux reduction was observed with all the tested membranes when shift
ing the feed solution from DI to HA or BSA due to the accumulation of 
foulant molecules on the surface and the formation of cake layers. After 
1 h of foulant filtration, the membranes were washed with DI three times 
(10 min each) and exhibited a partial flux recovery that was accordingly 
calculated (FRR). The antifouling performance against both foulants 
(BSA and HA) of the prepared membranes represented by FRR values is 
depicted in Fig. 14a. Obviously, all GO and rGO-DDA based membranes 
showed higher FRR compared to this of the neat PSF that exhibited 65.4 
% and 87.8 % with BSA and HA, respectively. With BSA as foulant, the 
FRR% was significantly improved to 81.3, 84.6, 89.1 and 93.7 % with 
the embedding of 0.02, 0.05, 0.1, and 0.15 wt.% rGO-DDA, respectively. 
In contrast, the FRR% enhancement with the pristine GO addition was 
lower and the maximum FRR% was 86.9 % with GO-0.1. When using HA 
as foulant, the FRR increased up to 97.0 % and 99.3 % with GO-0.15 and 
rGO-DDA-0.1, respectively. The antifouling properties of the tested 
membrane were further analyzed by estimating the fouling resistance 
parameters that are presented in Fig. 14b and c for HA and BSA, 
respectively. Obviously, the total fouling ratio (Rt) and the irreversible 
fouling ratio (Rir) of the pristine PSF were higher than these of all 
modified membranes and vice versa for the reversible fouling ratio (Rr). 
These results lead to the same conclusion that the modified membranes 
have higher fouling resistance compared to the neat PSF. 

It is well known that the reversible fouling ratio (Rr) of a membrane 
is highly affected by its surface hydrophilicity and roughness [82]. As 
confirmed by the AFM analysis, rGO-DDA based membranes have 

relatively smoother surfaces than PSF and GO-based membranes. 
Therefore, the accumulation of foulants is restricted and can be washed 
easily from the surface during the washing cycles. In contrast, GO-based 
membranes showed higher surface roughness than this of the pristine 
PSF and rGO-DDA based membranes. Hence, surface roughness en
hances the accumulation of foulant molecules in the valleys which cause 
a significant reduction in the flux during the foulant filtration stage. In 
the next stage (washing with DI), the hydrophilic nature of GO nano
particles, distributed on the membrane surface and within the mem
brane pores, induces the removal and washing of foulants with water 
[82,83]. Therefore, the fouling resistance was enhanced with GO 
embedding regardless the high surface roughness, which agrees with 
some studies in the literature [38,70,84]. Taken together, the findings 
herein suggest that the fouling resistance of the composite membranes 
were enhanced by the hydrophilicity in case of the pristine GO addition, 
and by the lower surface roughness in case of rGO-DDA addition. 

Figures S5 and S6 in the supplementary information present SEM 
images for some fouled membranes at magnification of 10,000 x at two 
different locations on the surface with BSA and HA, respectively. 
Figure S7 in the supplementary information shows microphotographs of 
HA-fouled membranes at two different locations on the surface. Both 
SEM images and microphotographs confirm the higher fouling resis
tance of GO and rGO-DDA based MMMs compared to the bare PSF. 

3.6. Antibacterial activity measurements 

Bacteriostasis rate (BR%) determination is commonly performed to 
quantitatively evaluate the membranes antibacterial activity [35,55, 
73]. As depicted in Fig. 15, the number of colonies on the pristine PSF 
plate indicates no bactericidal effect against H. aquamarina. In contrast, 
the number of colonies was much lower with GO-0.15 and 
rGO-DDA-0.15 composite membranes suggesting a clear antibacterial 
activity of both nanoparticles. The lowest number of bacterial colonies 
was observed with rGO-DDA-0.15 that exhibited an antibacterial rate of 
83.6 %, while the antibacterial rate of GO-0.15 was only 62.9 %. Both 
GO and DDA have bactericidal activity against various bacteria. The 
bactericidal activity of GO nanosheets is mainly attributed to two 
mechanisms. The sharp edges of GO sheets cause a physical disruption 
and damage of the bacterial cells when contacting GO nanoparticles. 
Additionally, GO induces the oxidative stress on the bacterial cells due to 
the formation of reactive oxygen species (ROS) [55,85]. Some studies 
have reported that the oxidative stress is the major antibacterial 
mechanism of GO-based materials and hence GO possesses an antibac
terial effect even if there is no direct contact between the bacterial cells 
and GO edges [86,87]. The GO bactericidal activity is further enhanced 
when functionalized with DDA due to the amine functionality that as
sists the electrostatic interactions between the bacteria and GO 

Fig. 13. Separation performance of the prepared membranes.  
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nanosheets [39]. Therefore, rGO-DDA exhibited a synergetic antibac
terial effect against H. aquamarina resulting in a higher bacteriostasis 
rate. Duan et al. [55] prepared PES UF membranes incorporating gra
phene oxide immobilized lysozyme (GO-Ly) and reduced graphene 
oxide (CRGO) and reported antibacterial rate of 68 % and 71 %, 
respectively. Similar work was conducted by Yu et al. [35] by embed
ding GO-modified by hyperbranched polyethylenimine (HEPI-GO) into 
PES and reported a bacteriostasis rate of 74.88 %. 

It is commonly known that the antibacterial activity of a GO-based 
material is highly dependent on the topography, roughness, wetta
bility and hydrophobicity of the surface [88,89]. Furthermore, the 
bacterial adsorption on surfaces with moderate hydrophobicity (contact 
angle of 45− 130◦) is stronger than this on hydrophilic surfaces [88–90]. 
Therefore, the bacterial adsorption on rGO-DDA membranes might be 

higher than this on GO-based membranes as they have slightly higher 
hydrophobicity. This implies that DDA increased the adsorption of 
bacterial cells to GO sheets due to its hydrophobicity along with the 
amine functionality and hence increased the contact and interactions 
between them resulting in more physical damage to the microorganisms. 
Therefore, rGO-DDA-based membranes showed as well as or better 
antibacterial activity than other GO-based membranes reported in 
literature. It is worth mentioning that UF membranes are resistant to 
chlorine that is widely used as disinfectant [2]. However other mem
brane technologies relying on polyamide materials like RO and NF are 
not chlorine tolerant, and chlorine must be removed from water before 
reaching the polyamide membranes. With increasing concerns about 
chlorine usage in environment and especially the potential formation 
trihalomethanes which are considered as carcinogenic products, a need 

Fig. 14. Antifouling properties of the prepared membranes represented by (a) FRR values after HA and BSA filtration, fouling resistance parameters of (b) HA and 
(c) BSA. 
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to look for alternatives is a vital issue. Developing new membranes with 
antibacterial properties offers a good alternative to eliminate or reduce 
using the disinfectants. GO membranes and functionalized GO mem
branes are offering such an advantage over using the disinfectants 
especially when used as a pre-treatment process for NF and RO 
processes. 

Table 4 compares the performance of GO-0.1, GO-0.15, rGO-DDA- 
0.1 and rGO-DDA-0.15 with other GO-based UF MMMs in literature in 
terms of PWP, rejection, FRR, and bacteriostasis rate. Most of these 
membranes were prepared using polyethersulfone (PES) as the main 
polymeric material while PSF, PVDF, PVC and PEI were used in some 
studies. Obviously, GO-0.1 and GO-0.15 lies in the range of other GO- 
based membranes in literature with respect to FRR and rejection. rGO- 
DDA-0.1 and rGO-DDA-0.15 showed higher FRR against both foulants 
with pure water flux in the range of other recently reported GO-based 
membranes. Some literature reported high flux GO-based membranes 
(>300 L. m− 2. h-1. bar-1) [47,70,73,82,91], but these membranes have 
either low FRR or low rejection. 

4. Conclusion 

In this work, the potential use of rGO-DDA as membrane nanofiller 
was investigated. GO nanoparticles were successfully synthesized and 

functionalized with DDA as revealed by the characterization results and 
formed rGO-DDA. rGO-DDA was found to have better dispersion prop
erties in several organic solvent. However, it showed poor dispersion in 
water caused by its hydrophobic nature. The effect of rGO-DDA on the 
flux, rejection, antifouling, and antibacterial properties of PSF MMMs 
was also investigated. The incorporation of GO and rGO-DDA was per
formed via sonication and direct mixing followed by casting using the 
NIPS technique. Results obtained from membrane characterizations 
confirmed the successful incorporation of nanoparticles into the poly
meric matrix of PSF. The synthesized membranes exhibited different 
characteristics with respect to morphology, hydrophilicity, porosity and 
mean pore size. Surface roughness increased with GO addition, while 
membrane surface became smoother with rGO-DDA addition. Hydro
philicity was also found to increase with GO addition due to its hydro
philic nature. In contrast, due to the hydrophobic characteristics of rGO- 
DDA, no obvious change on hydrophilicity of PSF was recorded with the 
addition of rGO-DDA. 

Flux and rejection experiments performed in a cross-flow membrane 
setup revealed that the increase in concentration of both GO and rGO- 
DDA in the polymeric matrix lead to reduction of the pure water flux. 
This can be related to the smaller pore size of these membranes as 
depicted in the mean pore size measurements. All membranes including 
the bare PSF showed complete rejection of HA and BSA. Antifouling and 

Fig. 15. antibacterial activity observations of pristine PSF, GO-0.15, and rGO-DDA-0.15.  

Table 4 
Comparison of membranes investigated in this work with GO-based UF membranes in literature.  

Membrane Foulant composition (ppm) PWP (L. m− 2. h-1. bar-1) Rejection % FRR% BR% Ref. 

Isocyanate-GO/PSF 1000 ppm BSA 135 95 40.27 – [34] 
GO-APTS/PVDF 1000 BSA 401.39 57 95 – [82] 
GO-Ag/PES 500 ppm BSA 143.3 98 67.2 – [44] 
Co3O4-GO/PES 1000 ppm BSA 347.9 95 81.1 86.7 (E. coli) [73] 
PEI-GO/BPPO 200 ppm BSA 532.5 91 63 – [70] 
GO-PES 10 ppm HA ~ 91 93.9 89.5 ± 7.3 – [50] 
GFG-PSF 200 ppm BSA 217 95.2 82.4 – [37] 
GO-PVC 1000 ppm BSA 430 91.2 70.4 – [91] 
CGO-PSF 1000 ppm BSA 48.8 ± 3.7 100 76.3 ± 17 – [67] 
LIG-GO-PES 1000 ppm BSA 78 ± 7 69 ± 2 91 – [92] 
GO-PES 50 ppm HA 340 95 - 98 80 -95 – [47] 
GO-PSF 1000 ppm BSA 309.2 ± 5.3 – 90.4 ± 2.8 – [83] 
TiO2-GO-PVDF 1000 ppm BSA 199.97 91.38 89.22 – [48] 
PES/CRGO-Ly – 372.3 – – 71 (E. coli) [55] 
PSF/GO – 158 – – 66 (E. coli) [93] 
PES/GO-HPEI 1000 ppm BSA 153.5 – 92.1 74.9 (E. coli) [35] 

PES/ZGO-NH 1000 ppm BSA 95.5 95 84.4 
81.1 (E. coli) 

[39] 
85.7 (S. aureus) 

GO-0.1 500 ppm BSA 167.4 ± 1.2 100 BSA: 86.9 ± 0.1 
– 

This work 

25 ppm HA 

HA: 95.4 ± 4.2 

GO-0.15 134.3 ± 3.2 100 
BSA: 83.2 ± 1.2 

62.9 (H. aquamarina) HA: 97.0 ± 0.5 

rGO-DDA-0.1 161.0 ± 9.3 100 
BSA: 89.1 ± 2.4 

– HA: 99.3 ± 0.3 

rGO-DDA-0.15 89.6 ± 7.1 100 
BSA: 93.7 ± 4.6 

83.6 (H. aquamarina)  
HA: 97.9 ± 0.2  
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antibacterial properties of the GO-based MMMs were in the range of 
other GO-based membranes reported in literature. However, rGO-DDA 
based membranes exhibited superior antifouling and antibacterial 
properties compared to pristine PSF and GO based membranes. In 
summary, the functionalization of GO with DDA enhanced GO charac
teristics and therefore resulted in high-antifouling and antibacterial UF 
membranes. The utilization of rGO-DDA is not limited to the incorpo
ration with PSF. It has the potential to be used as nanofiller with several 
polymers due to its ability to be well-dispersed in various organic sol
vents. Additionally, it can be incorporated as nanofiller in TFN layers to 
form NF or RO membranes. For example, in interfacial polymerization 
technique that is commonly used for NF and RO membranes [94], 
rGO-DDA can be easily incorporated in the organic layer by the 
dispersion in hexane or dodecane. 
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