Environmental Science and Pollution Research (2018) 25:34103-34113
https://doi.org/10.1007/s11356-018-3212-7

RESEARCH ARTICLE

@ CrossMark

Antimicrobial and antifouling properties of versatile PPSU/carboxylated
GO nanocomposite membrane against Gram-positive
and Gram-negative bacteria and protein

Arun Kumar Shukla’ - Javed Alam'® - Mohammad Azam Ansari? - Mansour Alhoshan'3 -

Fekri Abdulrageb Ahmed Ali3

Received: 19 March 2018 / Accepted: 12 September 2018 /Published online: 3 October 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

Biofouling is a serious issue in membrane-based water and wastewater treatment as it critically compromises the efficacy of the
water treatment processes. This investigation demonstrates the antimicrobial and antifouling properties of a nanocomposite
membrane system composed of carboxyl-functionalized graphene oxide (COOH-GO) and polyphenylsulfone (PPSU). The
PPSU/COOH-GO nanocomposite membrane exhibited excellent antimicrobial properties, achieving maximum bacteriostasis
rates of 74.2% and 81.1% against the representative Gram-negative bacteria (Escherichia coli and Pseudomonas aeruginosa,
respectively) and 41.9% against the representative Gram-positive bacterium (Staphylococcus aureus). The PPSU/COOH-GO
nanocomposite membrane inhibited the attachment, colonization, and the biofilm formation of three species. Antifouling was
assessed through filtration experiments using a model foulant bovine serum albumin (BSA). The fouling mechanisms were
investigated by Hermia’s models (complete blocking, intermediate blocking, standard blocking, and cake formation), and the
analysis involved fitting the volumetric flux decline experimental data to models. The fouling study revealed a less irreversible
fouling and increased flux recovery ratio for the PPSU/COOH-GO nanocomposite membrane. Complete blocking of pores and
cake formation were the major fouling mechanisms for the membrane.
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Introduction croorganisms, and wastewater treatments (Shannon et al.
2008; Bogdanovi¢ et al. 2015; Lee et al. 2016; Koh and Lee

Membrane technology is a green, energy-efficient, and cost-  2017; Morelos-Gomez et al. 2017; Xu et al. 2017). However,

efficient separation and purification technology with diverse
potential applications in food processing, protein separation,
biotechnology, pharmaceutical manufacture, reduction of mi-
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practical application of membrane technology is hampered by
membrane fouling, which reduces membrane performance
stability and water flux, shortens the service life, and increases
the maintenance and operational costs. Fouling is generally
initiated by the growth and deposition of the foulants on mem-
brane surface. Foulants include contaminating microorgan-
isms, inorganic or organic compounds, and colloids (Wang
and Tang 2011; Hu et al. 2016; Perreault et al. 2016;
Emadzadeh et al. 2017; Hou et al. 2017; Ma et al. 2017;
Shockravi et al. 2017; You et al. 2017; Corbaton-Baguena
et al. 2018; Zhang et al. 2018b). Biofouling associated with
microorganisms of microbial proteins is common and can lead
to a biofilm formation on the surface of membranes. Biofilms
result from the attachment and proliferation of bacteria. This
colonization, along with the accumulation of secreted extra-
cellular polysaccharides and proteins, can block the mem-
brane pores, degrade the membrane, and reduce membrane
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flux (Ahmed et al. 2012; Perreault et al. 2016; Gao et al.
2017a; Hou etal. 2017; Liu etal. 2017; Srinivasan et al. 2018).

Elimination of membrane biofouling is challenging, since
even low residual numbers of microorganisms can regenerate
the biofilm. The ideal approach is to restrict the attachment
and surface proliferation of Gram-positive bacteria and Gram-
negative bacteria, with the goals of reducing the decomposi-
tion of essential metabolites, preserving cell membrane struc-
ture, and maintaining the activity of enzymes used for protein
denaturation (Yu et al. 2013a; Koh and Lee 2017; Qiu et al.
2017; Zhang et al. 2018a). Membrane hydrophilicity, surface
charge, and surface roughness also influence membrane foul-
ing, and recent research efforts have focused on enhancing
membrane surface hydrophilicity and charge through mem-
brane modification (Yu et al. 2013a; Ben-Sasson et al. 2014;
Emadzadeh etal. 2017; Zhu etal. 2017; Hu et al. 2018; Shukla
et al. 2018). The numerous modification methods that have
been applied include coating, grafting, and, germane to this
study, mixed matrix membranes (Ho et al. 2017; Abdel-Karim
etal. 2018; Moradi et al. 2018; Nasrollahi et al. 2018). Mixed
matrix membranes can incorporate inorganic nanoparticles
including carbon nanotubes, zinc oxide, titanium dioxide, alu-
minum oxide, silicon dioxide, nanogold, and graphene oxide
(GO) (Safarpour et al. 2016; Chung et al. 2017; Shukla et al.
2017; Hu et al. 2018; Wang et al. 2018).

GO nanoparticles have been widely researched concerning
membrane applications due to their superior physico-chemical
properties caused by different functional groups, which render
them bactericidal yet comparatively safe for humans
(Akhavan and Ghaderi 2010; Benelli 2018). The carboxyl
groups (COOH) on GO makes it easy to obtain hydrophilic
and negatively charged membranes. GO forms strong com-
plexes with water molecules, is outstandingly suited for mem-
brane formation, and enhances antibacterial and antifouling
properties of membranes (Luyts et al. 2013; Yu et al. 2015;
Xu et al. 2016; Eng et al. 2017). GO also has reactive groups
that can strongly interact with bacterial cells and easily cover
cell surfaces. As a result, the surface affinity for bacteria is
increased. GO has also been implicated as a possible antibiotic
for bacteria because it can permanently damage bacteria by
disrupting membrane potential (Gao et al. 2017b). The sharp-
ened edges of GO can physically damage to bacterial walls.
These collective advantages of GO may be useful in new
antibacterial and antifouling technologies.

In pursuing our previous study on the nanocomposite
membranes, comprising polyphenylsulfone (PPSU) and
carboxylic-functionalized GO (COOH-GO), it was observed
that carboxylated-GO produced a membrane with enhanced
properties (such as surface charge, hydrophilicity and mem-
brane morphology) that exhibited superior performance in
terms of heavy metals removal. Here, we discuss the extraor-
dinary potential of COOH-GO in developing a nanocompos-
ite membrane with antimicrobial and antifouling properties.
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The use of the COOH-GO nanofiller increased COOH capture
through the formation of a strong complex with the PPSU
matrix and produced an electrostatic interaction between neg-
atively charged membrane and the foulants. The fabricated
PPSU/COOH-GO nanocomposite membrane demonstrated
the effective and long-lasting reduction of biofouling. The
antibacterial performance of the membrane was examined
using Escherichia coli and Pseudomonas aeruginosa as rep-
resentative Gram-negative bacteria and Staphylococcus
aureus as a representative Gram-positive species. The anti-
fouling mechanisms were investigated using 1.0 g/l BSA as
the model protein in the feed solutions using Hermia’s models
(complete blocking, intermediate blocking, standard blocking,
and cake formation). The experimental data obtained during
the ultrafiltration was compared with the predictions based on
the cake formation, complete blocking of the membrane sur-
faces, and fouling mechanisms.

Materials and methods
Materials and chemicals

PPSU (Ultrason P 3010) was purchased from BASF
(Germany). COOH-GO was supplied by Grafen Chemical
Industries (Turkey). N-methyl-pyrrolidone (NMP; Loba
Chemie, India) was used as a solvent. Polyethylene glycol
(PEG, MW = 600), sodium lauryl sulfate, sodium azide, sodi-
um chloride, disodium hydrogen phosphate dehydrate, and
potassium dihydrogen phosphate were all purchased from
Merck (Germany). BSA was procured from Sigma-Aldrich
(USA). Deionized water prepared using the Milli-Q system
(Millipore, USA) was consistently used.

Fabrication of membrane

A fabrication method of the resulting membranes was similar
to our previously published paper (Shukla et al. 2018).
According these methods, PPSU and PPSU/COOH-GO nano-
composite membranes were prepared through phase inversion
technique. COOH-GO (0.5 wt%) was mixed to N-methyl-pyr-
rolidone solvent and sonicated for 1 h using a sonifier
(Branson Ultrasonics Corporation, USA) to disperse the sol-
vent and reduce aggregation. Vacuum-dried PPSU polymer
(17.0 wt%) and polyethylene glycol additive (10 wt%) were
then added to the solution mixture and stirred at 70 +5 °C for
24 h to produce a homogeneous solution. For membrane cast-
ing, the solution was poured onto a cleaned glass plate and
spread out using a casting blade with a gap of 78 +3 pm and
immersed into a non-solvent coagulation bath (water) at am-
bient temperature. Finally, the obtained membranes were
washed a number of times using a distilled water and pre-
served in 0.2% sodium azide solution until further study.
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Preparation of microbial suspension

The antimicrobial and antiadhesion properties of prepared
membranes were determined using pure cultures of E. coli
(ATCC-25922) and P. aeruginosa (ATCC-PAO1) as model
Gram-negative bacteria and S. aureus (ATCC-9144) as the
model Gram-positive bacterium. The bacteria were cultured
in Nutrient Broth in a shaking incubator (200 rpm) at 37 °C for
24 h. The bacterial biomass of each culture was washed sev-
eral times with phosphate buffered saline (PBS) to remove
media. The final suspension of each culture was diluted in
sterile 0.9% NaCl solution to a concentration of approximate-
ly 107 colony-forming units (CFU/ml).

Antimicrobial activity of membrane

The antimicrobial properties of the uncoated PPSU and PPSU/
COOH-GO membranes were examined by standard plate
count protocols to determine the viable number of each tested
bacterium remaining in the suspensions. Bacteriostasis rates
were used to quantitatively examine the antibacterial activities
of PPSU/COOH-GO membranes. The PPSU and PPSU/
COOH-GO membranes (6 cm”) were placed in 6-well flat
bottom polystyrene plates (Sigma-Aldrich) containing 3 x
10° CFU/ml E. coli, P aeruginosa, or S. aureus suspension
for 6 h at 37 °C and 150 rpm. The membranes were removed
from each bacterial suspension and were serially diluted 10-
fold, with 100 ul of each diluted bacterial suspension spread
onto agar plates and incubated for 24 h at 35 °C. The number
of colonies that developed was analyzed using the standard
plate count technique. The bacteriostasis rate (B,) was calcu-
lated using Eq. (1):

B, = (A-B/A) x 100% (1)

where A is a number of the colonies of PPSU (control) mem-
brane and B is a number of the colonies of PPSU/COOH-GO
membrane.

Adhesion test

For adhesion testing, 6 cm? of each PPSU and PPSU/COQH-
GO membrane was immersed in E. coli, P. aeruginosa, or
S. aureus suspensions in 6-well flat bottom polystyrene plates
(Sigma-Aldrich). The plates were incubated at 150 rpm and
37 °C for 6 h. Each membrane was removed and washed to
eliminate planktonic bacteria and loosely attached bacteria.
The membranes were fixed with 2.5% glutaraldehyde at
4 °C for 6 h; dehydration in a sequential series of 25, 50, 75,
and 100% ethanol (10 min each); and dried at 30 °C in a
desiccator. Samples were then mounted on stubs, coated with
gold, and viewed using scanning electron microscopy (SEM)
at an accelerating voltage of 20 kV (Ansari et al. 2014).

Antifouling properties of membrane

The volumetric flux of pure water (J,) was measured at 2 bar
TMP. BSA (1.0 g/l in 0.1 mol/l phosphate buffer, pH 7.0) as a
model fouling protein was used as the feed solution at room
temperature. The foulant volumetric flux (J,,,) data were col-
lected at 15 min intervals during the filtration process using a
filtration CF042 cell (Sterlitech, USA). An effective mem-
brane area was approximately 42 cm?. Subsequently, the
fouled membrane samples were washed using deionized water
and the final water volumetric flux (J,;) was determined. The
volumetric flux variation was used to evaluate the membrane
fouling property, which was defined by the flux recovery ratio

(J,RR) using Eq. (2):
JuRR (%) = J/J, x 100 (2)

To study the fouling behavior of the membranes in further
detail, several parameters including the total fouling ratio (R,),
reversible fouling ratio (R,), and irreversible fouling ratio (R;,.)
were defined using Egs. (3)—(5), respectively (Huang et al.
2018):

R(%) = (Jy=Jp)/Jy x 100 (3)
R (%) = (Jui=Jp)/Jy x 100 (4)
R (%) = (J,=J 1)/ J, x 100 (5)

Statistical data analysis

The one-way analysis of variance (abbreviated one-way
ANOVA) was used to determine the antimicrobial and anti-
fouling properties of pure PPSU and PPSU/COOH-GO nano-
composite membranes whether there were any statistically
significant differences between the means of two or more
independent duration of interaction by against Gram-positive
and Gram-negative bacteria and protein. ANOVA was per-
formed with IBM SPSS® statistics software version 25.
Tukey’s HSD test was applied as post hoc test to compare
the multiple treatments. All statistical data were checked for
normality and equality of residual error variances assumptions
of ANOVA.

Membrane fouling mechanism

To ascertain the potential mechanism of membrane fouling,
Hermia proposed a mathematical model to define the declined
volumetric flux during constant transmembrane pressure
(TMP). The fouling mechanism was ascribed to four basic
types of fouling: complete blocking, intermediate blocking,
standard blocking, and cake formation models. These models
are physically meaningful and therefore contribute to the un-
derstanding of the membrane fouling mechanisms. Hermia’s
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models can be written in a common mathematical equation
shown in Eq. (6):

d*t/dV* = K(dt/dV)" (6)

The fouling model was characterized by the value of n in
Eq. (6). Complete blocking model (n =2), standard blocking
model (n = 1.5), intermediate pore blocking model (n = 1), and
cake formation model (n=0) are presented in Eq. (7)—(10),
respectively (Ng et al. 2014):

InJ,, = InJ =K.t (7)
1/ (Jo) " =1/ (o) * + Kt (8)
I/vat:l/vaO+Kit (9)
1/(vat)2 = 1/(va0)2 + Kyt (10)

Results and discussion
Antimicrobial properties of membrane

The antimicrobial, antibiofilm, and antifouling properties of
COOH-GO and polymeric membrane functionalized with
graphene-based nanomaterials for Gram-negative and Gram-
positive bacteria and biofilm forming microorganisms have
been amply reported (Akhavan and Ghaderi 2010; Abinaya
et al. 2018; Gurunathan et al. 2012; Yu et al. 2013b; Zhang
et al. 2015; Ji et al. 2016; Gao et al. 2017b; Lu et al. 2017;
Whitehead et al. 2017; Yousefi et al. 2017; Zou et al. 2017).
However, the antimicrobial and antiadhesion activities of
PPSU/COOH-GO have not been yet explored. The antimi-
crobial properties of pure PPSU and nanocomposite PPSU/
COOH-GO membranes were presently assessed using E. coli,
P aeruginosa, and S. aureus cultures (Fig. 1). Each tested

Fig. 1 Schematic model for

antimicrobial and antifouling
properties of nanocomposite

membranes

>
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culture (1 x 10" CFU/ml) was exposed to prepared mem-
branes at 37 °C for 6 h. After spreading on agar plates over-
night, the number of bacterial colonies was determined.
Viable counts of E. coli, P. aeruginosa, and S. aureus were
higher on PPSU membranes than on PPSU/COOH-GO nano-
composite membranes (Fig. 2a, c, ¢). Furthermore, the counts
on the PPSU/COOH-GO membranes significantly decreased
after 6 h (Fig. 2b, d, f). It has previously been observed that
the deposition of COOH-GO on the PPSU surface restricted
biofouling and inhibited bacterial growth. As shown in Fig. 2,
the viable count from the PPSU/COOH-GO nanocomposite
was significantly decreased compared to the membrane pre-
pared of pure PPSU. The bacteriostasis rates of the nanocom-
posite PPSU/COOH-GO membrane for E. coli and
P aeruginosa were 74.2% and 81.1%, respectively (Fig. 3).
These values were similar to that reported for GO-
functionalized hyperbranched polyethylenimine (HPEI)/poly-
ethersulfone (PES) membranes (74.8%) against E. coli (Yu
et al. 2013b). The 41.9% bacteriostasis rate of the PPSU/
COOH-GO nanocomposite membrane against S. aureus
(Fig. 3) was similar to the previous report of 53.7% inactiva-
tion of S. aureus using GO-functionalized polyvinylidene
fluoride membranes (Zeng et al. 2016). The values of F, df,
and P were showed 115.253, 2, and 0.001 by using through
the statistical analysis and post-hoc letters from ANOVA
followed by Tukey’s HSD test. The data clearly indicate that
Gram-negative bacteria were affected more by COOH-GO
than the Gram-positive species. This superior antimicrobial
activity for E. coli and P. aeruginosa is likely attributed to the
physical puncture of bacterial cells) and chemical effects,
such as oxidative stress, that occur when the bacteria directly
contact the PPSU/COOH-GO nanocomposite membrane
(Gurunathan et al. 2012; Sanchez et al. 2012; Perreault
et al. 2015). These findings implicate the PPSU/COOH-GO
nanocomposite membrane as a promising nanomaterial for
antifouling systems.

= ,& ’ Alive microbes
e ¥ l& # Dead microbes
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Microbial adhesion

Polymeric membrane surfaces are readily colonized by bacte-
ria that reside in the water that contacts the membrane. The
bacteria can attach and proliferate to form biofilms. These
biofilms represent a complex community of bacteria embed-
ded in an extracellular polymeric matrix (Zodrow et al. 2009;
Sawada et al. 2012). Biofilms develop on water filtration
membrane units that are generally used in water treatment
systems. This problem may be controlled if the adherence
and colonization of bacteria on the membrane could be
prevented. Prior studies have demonstrated that GO-
functionalized membranes significantly restrict the attachment
and biofilm formation of bacterial cells by disrupting the cell
integrity and loss of cell viability (Akhavan and Ghaderi 2010;
Hu et al. 2010; Mejias Carpio et al. 2012; Shanmuganathan
et al. 2018).

In the present study, the attachment of both Gram-negative
and Gram-positive bacteria on the surface of PPSU and PPSU/
COOH-GO nanocomposite membranes was investigated

Fig.2 Antimicrobial properties of membranes assessed by plate counting
technique: a E. coli, ¢ P. aeruginosa, and e S. aureus treated with PPSU
(control) membrane; b E. coli, d P. aeruginosa, and f S. aureus treated
with PPSU/COOH-GO nanocomposite membrane
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Fig. 3 Bacteriostasis rate (%) of PPSU/COOH-GO nanocomposite mem-
brane against E. coli, P. aeruginosa and S. aureus. Different letters indi-
cate significant differences (p <0.05) between treatments using a one-
way ANOVA with a post-hoc Tukey’s HSD test

P. aeruginosa

using E. coli, P. aeruginosa, and S. aureus. After 12 h of
incubation of the membranes with each of the bacterial cul-
tures, bacteria that remained attached on the membrane sur-
face were observed by SEM. Significant inhibition of biofilm
formation and growth of all three bacteria were evident on
PPSU/COOH-GO nanocomposite membranes (Fig. 4). In
contrast, the biofilm formed by E. coli, P. aeruginosa, and

Fig. 4 SEM micrograph showing adhesion tests: Morphology of E. coli
(a, b), P. aeruginosa (¢, d), and S. aureus (e, f) on pure PPSU membrane
(images: a, ¢, and e) and PPSU/COOH-GO nanocomposite membrane
(images: b, d, and f)
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Fig. 5 The membranes
morphology after antifouling
study using a BSA fouling agent:
a—c surface and cross section of
pure PPSU, ¢ the doted boxes for
deposit foulants layer on the
surface of membrane, and b—d
surface and cross section of
PPSU/COOH-GO nanocompos-
ite membrane

S. aureus on PPSU membranes covered a larger surface area
and had a smooth and intact appearance, indicating that the
cells were normal and healthy (Fig. 4a, c, e). The biofilm
formed on PPSU/COOH-GO nanocomposite membranes
displayed an altered morphology and was scattered over the
membrane surface as individual cells rather than as the visual
appearance that is typical of a biofilm (Fig. 4b, d, f). Scanning
electron micrographs revealed that the PPSU/COOH-GO
nanocomposite membrane inhibited attachment, colonization,
and biofilm formation by the three tested bacteria (Fig. 4b, d,
and f). Furthermore, an obvious increase in size, roughness,
indentations, and elongation of E. coli and P. aeruginosa cells
suggested that the cell wall and membrane of the Gram-
negative bacteria were severely damaged due to direct contact
with the PPSU/COOH-GO nanocomposite membrane (Fig.
4b, d). The exact mode of action of the GO-based polymeric
membrane is not completely understood. (Liu et al. 2011)
reported the irreversible damage and destruction of E. coli
due the direct contact with of the graphene-based membrane
surface. Oxidative stress and lipid peroxidation have been
proposed to play major roles in the killing of bacterial cells
when exposed to the GO-based polymeric membrane (Liu
et al. 2011; Gurunathan et al. 2012; Krishnamoorthy et al.
2012). The sharp edges of graphene may penetrate the bacteria
and disrupting their membrane integrity (Akhavan and
Ghaderi 2010; Hu et al. 2010). In the current study, the effect
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of COOH-GO on bacterial adhesion was more pronounced for
the two Gram-negative bacteria than for S. aureus. The re-
duced adhesion of S. aureus could be attributed due to the
thick peptidoglycan layer. Our collective data demonstrating
the strong antimicrobial and antiadhesion properties of the
PPSU/COOH-GO nanocomposite membrane agreed with
the excellent performance reported for other types of GO-
coated membranes, such as polyethersulfone, polypropylene,
polyvinylidene fluoride, polyamide, and polysulfone
(Perreault et al. 2013; Yu et al. 2013b; He et al. 2015; Zhang
et al. 2015; Zeng et al. 2016).

Antifouling properties of the nanocomposite
membrane

The antifouling properties of a membrane can be ascribed to
several mechanisms, which include the foulants that are
adsorbed or deposited into or on the membrane, cake layer
formation on the membrane surface, and morphological and
physical changes during the prolonged use of the membrane
for filtration. PPSU/COOH-GO nanocomposite membrane in-
corporating the COOH-GO nanomaterial effectively im-
proved the membrane antifouling properties, as it was shown
in surface and cross-section morphology (Fig. 5). We per-
formed a long-term filtration experiment using BSA to ex-
plore the antifouling properties. The flux recovery ratio
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Fig.6 Antifouling properties study: the variation of fouling parameters of
a pure PPSU and b PPSU/COOH-GO nanocomposite membranes at the
BSA protein experiment. Different letters indicate significant differences
(p <0.05) between treatments using a one-way ANOVA with a post-hoc
Tukey’s HSD test

(J,RR) was evaluated, and the results are shown in Fig. 6. The
PPSU/COOH-GO nanocomposite membrane displayed a
higher J,RR value of 95.3% than the pure PPSU membrane
(61.7%) as shown in Fig. 6a, b. The outstanding antifouling
property of the nanocomposite membrane was attributed to
the nanoparticles embedded in the PPSU matrix. The marked-
ly higher J,RR value indicated that the deposition of the BSA
on the membrane surface could be directly prevented by hy-
draulic cleaning owing to the surface charge and surface hy-
drophilicity of the nanocomposite membrane. The excellent
antifouling properties of the PPSU/COOH-GO nanocompos-
ite membrane reflected the presence of numerous carboxylic
groups of the GO nanoparticles on the membrane surface. The
carboxylic groups increased the negative charge of the mem-
brane and enhanced its hydrophilicity (Shukla et al. 2018).
The negative charge and hydrophilicity of the surface effec-
tively decreased the fouling via the adsorption of water mol-
ecules and the subsequent increase in the electrostatic

repulsion between the surfaces of membrane and protein,
which hindered cake formation and adsorption of foulants
onto the membrane surface also shown the model in Fig. 1
(Mo et al. 2012; Kaleekkal et al. 2016). To investigate the
antifouling properties of the prepared membranes in more
detail, during BSA filtration, R;, R, and R;, were determined.
Asrevealed in Fig. 6a, R, and R;; for the pure PPSU membrane
were 64.0% and 34.5%, respectively. These ratios were less
for the nanocomposite membrane (42% and 5.5%, respective-
ly). The reduced R; of the PPSU/COOH-GO nanocomposite
membrane was indicative of the reduced deposition of
foulants and reduced adsorption to the membrane surface.
These reductions would contribute to a very low flux decline.
On the other hand, the R;, values indicate that the foulants
could not be removed by physical cleaning due to the strong
attachment of foulants molecules to the surface or their plug-
ging of the membrane pores. The R, of the PPSU and nano-
composite membranes (30% and 36.5%, respectively) indicat-
ed that the foulant molecules were easily eliminated by simple
backwashing through hydraulic cleaning and recovery of wa-
ter flux for loose deposition of the cake layer on the PPSU/
COOH-GO nanocomposite membrane surface. The F, df, and
P values were showed for pure PPSU membrane 53.315, 3,
and 0.001 and for PPSU/COOH-GO nanocomposite mem-
brane 203.922, 3, and 0.000 against the protein fouling. For
comparison, pure PPSU membrane and PPSU/COOH-GO
nanocomposite membrane incorporating the COOH-GO
nanomaterial and their antifouling properties were compared
by using through the statistical analysis. Foregoing explana-
tions support the idea that, for the nanocomposite membrane,
adhesion forces, such as Van der Waals force, electrostatic
force, hydrogen bonding force, and hydrophilic force, are re-
sponsible for the elimination of the BSA foulant at the mem-
brane surface because the surface of membrane harbors many
carboxylic functional groups and provides good clamping of
the membranes (Ayyaru and Ahn 2017; Chen et al. 2018). The
above results markedly demonstrate the superior antifouling
character of PPSU/COOH-GO nanocomposite membrane.

Fouling mechanisms

Continuing the evaluation, Hermia’s models were applied to
understand the fouling mechanisms occurring throughout
membrane filtration with BSA. The experimental fouling data
were fit with the models to predict the flux decline of pure
PPSU and nanocomposite PPSU/COOH-GO membranes
(Fig. 7). The correlation coefficients (R?) were used to assess
the fitted model parameters and identify the type of pore
blockings. The findings are summarized in Table 1. The R
values that were obtained were the highest, indicating the
suitability of the theoretical Hermia models to describe mem-
brane fouling (Ng et al. 2014). The obtained experimental and
model-predicted data provided an indication of the
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Fig. 7 Obtained volumetric flux
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predominant factor of the gradual temporal decline of the flux.
The cake formation model was the dominant mechanism for a
sample containing COOH-GO nanomaterials (Fig. 7). Thus,
cake formation was implicated as the primary fouling mecha-
nism, followed by intermediate pore blocking. For pure PPSU
membranes, the best modeling of the data occurred with the
complete blocking mechanism. Data from the combined foul-
ing models as well as experimental data for the membranes are
depicted in Fig. 7. Hermia’s models displayed a lack of fit for
the experimental flux decline data over the entire time interval
for PPSU membranes and indicated the involvement of mem-
brane fouling in several simultaneous mechanisms
(Torkamanzadeh et al. 2016). The findings can be interested
as indicating that the fouling of PPSU membranes very likely
is due to the membrane’s lower surface charge and hydropho-
bic characteristic. The BSA flux of the membranes depended
on the membrane hydrophilicity as well as pore structure. The
results of the combined fouling mechanisms confirm the

Table 1  Obtained correlation coefficient (R%) values based on Hermia
fouling models during membrane fouling

Blocking models PPSU PPSU/COOH-GO
Complete pore blocking (n=2) 0.9911 0.5774
Standard blocking (n=1.5) 0.9882 0.5786
Intermediate blocking (n=1) 0.9622 0.5794
Cake formation (n=0) 0.8665 0.5802

@ Springer
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positive influence of the embedded COOH-GO in the mem-
brane surface in the resistance to membrane fouling.

Conclusions

To develop a cost-effective membrane technology for the bio-
fouling, such as that caused by microorganisms or protein in
an aqueous environment, the antimicrobial and antifouling
properties of a PPSU/COOH-GO nanocomposite membrane
fabricated through an immersion precipitation phase inversion
process were evaluated. The nanocomposite had excellent an-
tibacterial properties, with higher bacteriostasis rate for two
Gram-negative bacteria (74.2% for E. coli and 81.1% for
P aeruginosa) compared to the 41.9% rate for the Gram-
positive bacterium S. aureus. E. coli and P. aeruginosa were
more susceptible than S. aureus. In addition, the nanocompos-
ite membrane inhibited attachment, colonization, and biofilm
formation by these bacteria. The cell wall and outer membrane
of E. coli and P, aeruginosa were susceptible to physical dam-
age upon direct contact with the PPSU/COOH-GO nanocom-
posite membrane. Furthermore, the surface of the nanocom-
posite membrane significantly enhanced antifouling, as dem-
onstrated by a less irreversible fouling and higher flux recov-
ery ratio. The cake formation and complete blocking were the
main fouling mechanisms for the membranes. Hence, the pre-
pared PPSU/COOH-GO nanocomposite membrane
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demonstrated excellent antimicrobial and antifouling proper-
ties when tested against biofoulant; thus, the developed GO-
based nanocomposite membrane is an optimum choice for
water treatment.
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