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a b s t r a c t

Fabrication of less-fouling and high performance membrane is essential to offer significant cost 
reductions in membrane bioreactor (MBR) processes. In this regard, nanodiamond (ND) embedded 
cellulose acetate (CA) nanocomposite membrane was prepared and characterized in a lab-scale sub-
merged MBR system for treating of pharmaceutical wastewater. In order to achieve efficient disper-
sion and providing more hydrophilic property, NDs were functionalized via heat treatment method. 
Scanning electron microscopy (SEM), and contact angle measurements were used to determine the 
surface properties of membranes. To compare the nanocomposite membranes with a pure CA mem-
brane, critical flux, fouling behavior, and anti-fouling properties against extracellular polymeric 
substances (EPS) were investigated. SEM images showed that in the presence of 0.5 wt% of function-
alized ND nanoparticles, porous structure appears on the membrane surfaces. The obtained results 
showed that in presence of functionalized NDs; ND-COOH, surface hydrophilicity of nanocompos-
ite membrane was much higher than that of pristine CA membrane. Higher critical flux was obtained 
by CA/ND-COOH (0.5 wt.% of NDs) nanocomposite membrane due to the change of surface char-
acteristics. The filamentous bacteria in the MBR resulted in more foulants on the CA membrane 
surface, while less filamentous bacteria were attached on the CA/ND-COOH nanocomposite mem-
brane. Analysis of extractable EPS showed that the concentrations of proteins and carbohydrates in 
the EPS and soluble microbial products (SMP) for CA/ND-COOH (0.5 wt.%) membrane are less than 
other membranes. Also, COD removal for all of the membranes was higher than 90%, whereas only 
83.4% removal efficiency was reached in the activated sludge.
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1. Introduction

Water scarcity has turned in to an issue for many areas 
in the world especially in hot and arid regions with limited 
water resources [1]. Water reuse is a pragmatic and sustain-
able approach to solve this problem and supply fresh water 
and also to help curb environmental pollution [2]. Pharma-
ceutical industry produce a variety of complex industrial 

wastes, which contain relatively high levels of suspended 
solids and soluble organics, many of which are recalcitrant 
[3,4]. Generally, the main part of these compounds cannot 
be completely removed by conventional activated sludge 
(CAS) treatment processes, due to the presence of solvents 
and organic compounds, which are often non-biodegrad-
able or require longer time to be degraded [3,5–7].

In recent years, membrane bioreactor (MBR) has been 
playing a very important role in water and wastewater 
treatment [8]. MBR technology consists of intelligent com-



H. Etemadi et al. / Desalination and Water Treatment 76 (2017) 98–111 99

bination of membrane and biological reactor systems [9], 
which has been widely utilized to treat both municipal 
and industrial wastewater due to its better effluent quality, 
high metabolic activity, small footprint demand and lower 
sludge production, when compared with CAS processes 
[10–15]. However, membrane fouling is still a major obsta-
cle to widespread application of MBR, since it increases 
the hydraulic resistance to fluid flow and operating costs, 
resulting in less permeability and membrane life [11,16–18].

Membrane fouling is directly related to the adhesion of 
sludge matters such as bacteria and extracellular polymeric 
substances (EPS); large molecular weight compounds that are 
released by bacteria, on the membrane surface in MBR. Many 
reports indicate that the EPS is the most significant factor 
affecting fouling in MBR [19,20]. Hydrophilic modification of 
membrane materials and/or membrane surfaces can signifi-
cantly decrease the membrane fouling [21]. Thus, it is highly 
desirable to have a membrane with antifouling capability, or 
anti-biofouling property. With respect to the hydrophobic 
property, membranes with hydrophilic nature, e.g. cellulose 
acetate (CA), potentially enhance the anti-fouling property.

CA is the foremost among polymer membranes. It has 
been widely used in separation processes and has been 
nominated as one of the most applicable polymers in prepa-
ration of membranes, due to its high hydrophilicity, high 
biocompatibility, non-toxic nature, good desalting, high 
potential flux and relatively low cost [22–24]. However, the 
high biofouling tendency and biodegradability are the main 
disadvantages of CA membranes in MBR medium, which 
necessitate the modification of CA [24,25].

Due to the rapid growth of nanotechnology, fabrication 
of nanocomposite membranes has shown to leave effects 
on their efficient performance over the past decades. In 
this regard, the effect of various nanoparticles on the engi-
neering features of polymeric nanocomposite membranes 
has been extensively examined. In many cases a signifi-
cant improvement in mechanical, thermal and antifouling 
properties has been seen. Thus, nanoparticle utilization can 
be regarded as an effective method in fouling reduction in 
MBR [21,26,27]. However, efficient and uniform dispersion 
of nanoparticles are largely governed by the interaction 
attractions that can be dominated to a great extent by the 
mixing process and the surface properties.

Carbon-based nanomaterials are potentially useful due 
to their unique physical and chemical properties. Among 
them, nanodiamond (ND) particles with a diamond core 
(sp3 carbon-carbon bond) that is covered with multiple 
functional groups including carboxylic acids, hydroxyls, 
ketones, ethers, and lactones, are favored for many appli-
cations [28,29]. Because of the interesting characteristics of 
ND as well as its inherent hydrophilicity, [28,30,31], anti-
bacterial activity [32,33], biocompatibility [34,35], chemical 
stability [34], thermal stability [35] non-toxicity [34–36], 
superior hardness, excellent mechanical properties, resis-
tance to harsh environments [34] and ease of surface func-
tionalization [35], it has been nominated as one of the most 
successful reinforcement fillers in the fabrication of nano-
composite materials. The non-diamond carbon from ND 
surface can be removed via thermal or acid treatments and 
some desirable functional groups, such as carboxyl groups 
can be easily formed, which could be beneficial to the dis-
persion capability of ND, especially in polar media [35,37].

ND nanoparticles have recently emerged as an import-
ant focus in the development of antibacterial and antibio-
film forming agents [38]. More recently, concern about 
the cytotoxic effects, aggregation and loss of antibacterial 
activity of some materials with antibacterial activity such 
as silver [39] has dramatically increased. In this case, our 
previous work has confirmed that ND can be used as a 
new effective agent against bacterial growth and prevent 
biodegradability of CA membrane [40]. Some oxygen-con-
taining groups on the surface of ND, such as acid anhy-
drides, seem to be responsible for the antibacterial effect 
of the ND [33].

This research is focused on the fabrication of a nano-
composite membrane by incorporation of ND nanoparticle 
in the CA matrix and the evaluation of its performance in 
MBR. Also, as the dispersion of nanoparticles in the matrix 
strongly depend on efficient interaction between the poly-
mer matrix and the nanoparticles, the pristine ND was 
functionalized via thermal treatment to create carboxyl 
groups on surface; which is denoted by ND-COOH. Nano-
composite membrane was fabricated by applying blending 
and phase inversion methods with different low concentra-
tions of nanoparticles in order to enhance the membrane 
surface hydrophilicity and antifouling properties against 
EPS accumulation in MBR system under a short-term trial 
and sub-critical conditions. Prepared membranes were uti-
lized in the bench scale developed MBR system to investi-
gate waste treatment of a local pharmaceutical Co. 

2. Experimental 

2.1. Materials

Cellulose acetate (Mn = 30000), was supplied by Sig-
ma-Aldrich (Germany) and was used as the basic polymer 
for the preparation of nanocomposite membrane. The deto-
nation ND nanoparticle procured from Nabond technology 
Co., Ltd., China, having phase purity higher than 98% with 
an average diameter of 5 nm and a specific surface area of 
282.8 m2g–1 was used as nanoparticle. N-N-dimethylforma-
mide (DMF, 99.8%) was purchased from Merck and used 
as a solvent to prepare dope solution. Deionized (DI) water 
was used as the non-solvents well as pure water for flux 
measurements. 

2.2. Thermal oxidation of ND 

First, as-received untreated ND were dried at 80°C for 
2 h in vacuum dryer and then oxidized in air atmosphere 
at 430°C for 1.5 h according to literature [41], to remove 
organic impurities and enhance the surface carboxylic 
groups. Hereafter, the oxidized detonation ND is denoted 
by ND-COOH.

2.3. Preparation of nanocomposite membrane

The phase inversion technique was applied to prepare 
both neat and nanocomposite membranes. Dope solution 
containing 17.5 wt.% CA and 0.25–0.75 wt.% of ND or 
ND-COOH (the weight percentage of nanoparticles based 
on total polymer weight) in 82.5 wt.% DMF, was prepared. 
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First, ND and/or ND-COOH nanoparticles were dried at 
80°C for 2 h under vacuum. This was performed to remove 
any possible physically absorbed moisture. After that, 
nanoparticles were added to DMF and stirred (Shimi Fan 
Company, Iran) for 4 h at room temperature. The mixture 
was sonicated (WOSON Company, China) at 50 kHz for 3 
h to ensure a homogeneous spread of the nanoparticles and 
break up the agglomerates. Then CA (17.5 wt.%, by weight 
of the solution) was added to the initial mixture and dis-
solved in the solvent at 2000 rpm for 15 h. The dope solu-
tions were then kept for 24 h to remove air bubbles followed 
by the casting on the glass plates by using automatic cast-
ing machine (Coa Test, Taiwan) at a constant shear rate and 
thickness of 10 mm/s and 200 μm, respectively. The cast 
films were subsequently immersed in a distilled water bath 
for 24 h to complete the phase separation process, where 
exchange between the solvent and non-solvent was carried 
out. The synthesized membranes were washed thoroughly 
with distilled water and kept in DI water to be ready for the 
following structural and operational characterization tests. 

2.4. MBR set up and operational conditions

A lab-scale submerged MBR was used in this study. The 
rectangular tank of bioreactor was made by Plexiglas with 
the length, width and depth of 40, 30, and 30 cm, respec-
tively. The total volume of the system was 36 L, and the 
effective volume was 12 L. Three flat sheet membrane mod-
ules were immersed in the activated sludge and were used 
in parallel under all operating conditions. An aeration pipe 
was installed underneath the membrane modules to pro-
vide oxygen for microorganisms and to create a shear force 
on the membrane surface to hinder the deposition of acti-
vated sludge particles. Fig. 1 shows three flat sheet modules 
submerged in the MBR test system.

The membrane-filtered effluent was extracted with 
a suction pump (OIL-LESS PISTON VACUUM, EP-40V 
model) connected to the membrane module. The influent 
wastewater and the adapted activated sludge were sup-
plied from the wastewater treatment plant of Dana phar-
maceutical company of Tabriz, Iran. The chemical oxygen 
demand (COD) of the utilized waste water stream was 
about 2800 mg/L. 

The characteristics of the raw wastewater are shown in 
Table 1.

The three flat sheet membrane modules were made by 
polyamide with a volume capacity of 50 ml and an effective 
membrane surface area of 14.7 cm2 [42]. Fig. 2 shows the flat-
sheet membrane and frame configuration. The operation 
conditions are shown in Table 2. Mixed liquor suspended 
solids (MLSS) and volatile suspended solids (VSS) were 
measured as per the Standard Methods for Examination of 
Water and Wastewater (DIN 38 414).

2.5. Determination of critical flux

Jcrit is the critical flux above which particles start to 
accumulate. It was determined by TMP-step method 

Fig. 1. Schematic diagram of the lab-scale MBR.

Table 1
Characteristics of the pharmaceutical wastewater

Item Value

Chemical oxygen demand (COD) (mg/L) 2800
Biochemical oxygen demand (BOD) (mg/L) 1490
BOD/COD 0.53
TKN (mg/L) 221
NH3–N (mg/L) 108
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(variations of TMP via step by step technique) according 
to the method described by Gésan-Guiziou et al. [43]. In 
this method, TMP increases with time (30 min at each TMP 
step before Jcrit was reached, 15 min afterwards), when J 
decreased over the course of time, leading to a non linear-
ity in the J = f (TMP) relationship, which means that the 
hydraulic resistance increased significantly due to deposi-
tion. The results could be separated into two flux groups, 
according to their different flux-TMP behaviors, i.e., lower 
flux group with little or no fouling and higher flux group 
with severe fouling. The intersection of two lines from 
each group was determined as the critical flux of the sys-
tem. Thus, the critical values (TMPcrit and Jcrit) can be deter-
mined, experimentally. 

2.6. Extraction of EPS from membrane surface

The optimal EPS extraction method should be effective 
and not disrupt the EPS structure. The extraction efficiency 
for a given sample can be defined as the total amount of 
EPS extracted from the total organic matter. However, none 
of the extraction methods can completely extract the EPS 
from microbial aggregates [44]. In this work, the EPS solu-
tion was obtained by using the thermal treatment method. 
Thermal treatment method was known to be the most effec-
tive extraction method among the various proposed meth-
ods [45]. For this purpose, the membrane surface was first, 
rinsed with distilled water and the attached sludge on the 
membrane was taken out of the module, physically. In this 

case, two types of EPSs were separated, the loosely bound 
EPS (LB-EPS) and the tightly bound EPS (TB -EPS). The 
sample was centrifuged to remove the bulk solution (4000 
rpm, 15 min), after which the supernatant, containing the 
soluble microbial products (SMP) fraction, was removed 
and then the sludge pellet was re-suspended with saline 
water (0.9% NaCl solution), followed by centrifugation 
under the same operating conditions [46,47]. The organic 
matter in the supernatant was regarded as the LB-EPS of the 
biomass. For the extraction of the TB-EPS, the sludge pel-
let left was suspended again, heated in a water bath (60°C, 
30 min) and centrifuged at 4000 rpm for 15 min [47–49]. 
The collected supernatant was regarded as the TB-EPS. In 
order to measure the protein and carbohydrate contents, the 
extracted bound EPS and SMP were analyzed using Low-
ry’s and Antrone’s methods, respectively [50,51]. 

The bound EPS and SMP content were measured by 
analyzing the VSS of the solution. Fig. 3 shows a flowchart 
scheme of the methods described above.

2.7. Analysis of membrane fouling and fouling mechanism

After pure water flux (Jw1) tests, filtration of activated 
sludge for 6 h was carried out and then the membrane flux 
(JAS) was measured. Thereafter, the fouled membranes were 
flushed with DI water and water flux was measured again 
(Jw2). In order to evaluate the membrane fouling, the flux 
recovery ratio (FRR) was calculated by using the following 
equation [24]:
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The water quality was measured for the permeate water 
produced by the MBR process. COD was determined by 
absorbance method (Bio Quest CE2501).

2.8. Characterization of nanoparticle and membrnaes

2.8.1. Scanning electron microscopy (SEM)

The morphology of membrane samples was observed 
by scanning electron microscope (SEM, LEO model 1455VP, 
UK) operating at 15 Kv. In order to observe the membrane 
cross section, membrane samples were broken by using liq-
uid nitrogen. For cross sectional images, membranes were 
fractured in liquid nitrogen. All the samples were gold-
coated by sputtering to produce electrical conductivity.

Fig. 2. Flat-sheet membrane and frame configuration.

Table 2
The operation conditions for the MBR test system

Parameters Values

TMP (bar) 0.1 (sub-critical conditions)
HRT (h) 24
SRT (day) 25
Aeration (m3 m–2 h–1) 2.5–3
MLSS (mg/L) 6500–7000
Temperature (°C) 25
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2.8.2. Fourier transform infrared (FTIR) spectroscopy

The surface characterization of nanoparticles was per-
formed by Fourier transform infrared spectroscopy (FTIR) 
analysis with a VERTEX 70 FTIR spectrometer (Bruker, Ger-
many) in the range of 400–4000 cm–1.

2.8.3. Contact angle measurement

The hydrophilicity of the membrane was determined by 
measuring the contact angle of the membrane surface with 
a contact angle goniometer (PGX, Thwing-Albert Instru-
ment Co). At least five water contact angles at different 
locations on the membrane surface were recorded to get a 
reliable value

2.8.4. Water content

Water content (WC) tests were conducted to study the 
adsorption of water to the membranes containing the ND 
and ND-COOH nanoparticles. Pieces of different mem-
brane samples were immersed in DI water at room tem-
perature for 24 h and the weight of wetted membrane (Wwet) 
was measured after mopping with a filter paper. The dry 
weight (Wdry) was determined after 48 h drying at 75°C, the 
WC ratio was calculated by the following equation [53]:

WC
W W

W
wet dry

wet

% =
−

× 100  (5)

2.8.4. Membrane porosity

For porous membranes, the membrane porosity ε (%) 
could be determined by a gravimetric method, determin-
ing the weight of liquid contained in the membrane pores. 
The porosity of different membranes was calculated by Eq. 
(6) [54]:

ε(%)
( )/

( )/ /
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−
− +

×
W W D

W W D W D
w d w

w d w d p
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where ε is the porosity of membrane (%), Ww is the wet 
 sample weight (g), Wd is the dry sample weight (g), Dw 
(0.998 g cm–3) and Dp (1.3 g cm–3)are the density of water 
and polymer at 25 °C, respectively.

3. Results and discussion

3.1. ND treatment characterization 

FTIR analysis was carried out to characterize the sur-
face chemistry of pristine ND and thermally treated ND; 
ND-COOH. Fig. 4 compares the FTIR spectra of ND and 
ND-COOH nanoparticles. Main characteristic peaks for ND 
are the absorption peaks at 2922.4 and 2860.7 cm–1 corre-
spond to the asymmetric and symmetric stretching vibra-
tion of C–H band, respectively. Also, the absorption bands 
at 1341 cm–1 can be assigned to the deformation vibration of 
C–H band in alkyl group [55]. The absorption peak at 3423.8 
cm–1 corresponds to the stretching vibration of O–H, while 
that at 1634.2 cm–1 corresponds to the deformation vibration 
of O–H band. The spectrum revealed another bands from 
oxygen containing functional groups, at 1711.4 and 1132.8 
cm–1, which are assigned to the stretching vibration of car-
bonyl, C=O and ether, C–O groups, respectively [56].

Comparing the FTIR spectra of pristine and thermally 
treated ND particles in Fig. 4 reveals that the variety of sur-
face functional groups in pristine ND has been converted 
into their oxidized derivatives. After oxidation, for exam-
ple, the C–H bands in ND completely disappeared and C=O 
vibrations bands are shifted from 1711.4 to 1796.2 cm−1, indi-
cating a conversion of ketones, aldehydes and esters groups 
into the carboxylic acids, anhydrides, or cyclic ketones 
groups. Upon the removal of graphitic layers by oxidation, 
the surface of ND becomes accessible for chemical reactions 

Fig. 3. Flow diagram of the applied protocol for the EPS heating extraction method.
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and is immediately saturated with oxygen or oxygen-con-
taining functional groups.

3.2. Membrane characterization

3.2.1. Membrane morphologies

SEM images were taken to determine the effects of 
ND and ND-COOH nanoparticles on the morphology of 
the CA membrane. Fig. 5 depicts the SEM micrographs of 
top surface of (a) CA, (b) CA/ND (0.5 wt.%) and (c) CA/
ND-COOH (0.5 wt.%) membranes. These images confirm 
the non porous structure, as typical for CA membrane, 
which has been reported in many literatures [57–59]. It can 
be seen that in the presence of 0.5 wt% of both pure and 
functionalized ND nanoparticles, porous structure appears 
on the membrane surfaces. 

SEM images of the cross-sections of the selected mem-
branes; pure CA, CA/ND (0.5 wt.%) and CA/ND-COOH 
(0.5 wt.%) are shown in Fig. 6. All samples show asymmet-
ric structure consisting of superior dense and inferior fin-
ger-like layers. It can be seen that in the presence of ND, the 
length of finger-like macropores increases and micro-cavi-
ties appear. The highly hydrophilic nature of CA strongly 
interacts with water as non-solvent and decreases its diffu-
sion rate, which consequently retards the coagulation rate 
during the phase inversion process and results in the for-
mation of denser skin layer [59]. With the addition of ND 

and ND-COOH particles, the number as well as the length 
of macrovoids increases, while the size of the macrovoids 
decreases after increasing ND and ND-COOH contents. 

The pristine and functionalized NDs particles are not 
discernible in the cross sectional SEM images due to their 
relatively low content in the nanocomposite membranes. 
On the other hand, any ND and ND-COOH clusters or 
agglomerates are not observed in the SEM images of the 
membrane cross section (Figs. 6b and 6c) confirming the 
homogeneous dispersion of ND and ND-COOH particles 
in the CA membrane.

3.2.2. Hydrophilicity, porosity and water content of 
 membranes

The surface hydrophilicity of membranes can affect the 
flux and antifouling ability of membranes. Table 3 shows 
the contact angle, porosity and water content (WC) of 
the neat and nancomposite membranes. To evaluate the 
surface hydrophilicity of the prepared membranes with 
different amounts of ND and ND-COOH particles, static 
surface contact angles of membranes were measured, 
and the obtained results are presented in Table 3. The CA 
membrane exhibited a low water contact angle of 65.4°, 
owing to its inherent hydrophilicity. The results show that 
the membranes hydrophilicity has been enhanced after 
adding ND and ND-COOH particles. When the ND par-
ticle content reaches to 0.5 wt.%, the water contact angle 
of nanocomposite membranes decreased to its minimum 
value; 58° and then increased with further addition of ND 
particles. In comparison with the CA/ND membrane, CA 
membrane with 0.5 wt.% of ND-COOH particles shows 
maximum decrease in water contact angle and reached 54°. 
Any further increase in ND-COOH content (>0.5 wt.%), 
increased the water contact angle. In other words, water 
contact angle of the membrane reduced to the lowest value 
due to the presence of –COOH functional groups of hydro-
philic ND-COOH particles, which were well dispersed 
in the membrane. However, when the amount of ND or 
ND-COOH in aqueous phase is high enough, the distribu-
tion of nanoparticles becomes worse, leading to non-uni-
form dispersion, agglomeration and cluster formation of 
nanoparticles in the solution, which was reduces the effec-
tive surface of nanoparticles and functional groups on the 
surface of membranes [60]. This result proposes that the Fig. 4. FTIR spectra of ND and ND-COOH particles.

Fig. 5. SEM micrographs of top surface of: (a) CA, (b) CA/ND (0.5 wt.%) and (c) CA/ND-COOH (0.5 wt.%) membranes.
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hydrophilic ND and ND-COOH particles migrate sponta-
neously to the membrane surface and makes membrane 
surface hydrophilic [61]. Nanoparticles bundles have 
smaller specific surface area and lower adsorption activ-
ity with membrane surface. These findings are similar to 
other reports [52,60,62,63].

WC of the membrane is associated with the hydrophilic-
ity of the membrane [57]. The WC was calculated according 
to the Eq. 5 and the obtained values were shown in Table 3. 
It is obvious that WC of pure CA membrane is 71.6% 
whereas for CA/ND membranes with 0.5 wt.% nanopar-
ticles in the CA matrix WC increases to 75%, followed by a 
substantial decrease following any further increase in ND 
content. The increased WC may be due to the detachment 
of polymer chains from the ND surface, caused by interface 
voids. The membrane with 0.5 wt.% ND-COOH particles 
exhibited the maximum WC value; 76.1%. With any further 
increase in ND content, WC diminishes. A similar trend in 
WC has been reported by Liu et al. [64] when sulfonated 

mesoporous silica nanoparticles (SMSNs) were incorpo-
rated into sulfonated polyimides membrane.

The porosity of membranes has been measured by 
using gravimetric method and the results are depicted in 
Table 3. The existence of NPs results in a slight increase in 
the porosity of the nanocomposite membranes. It can be 
seen from Table 3 that by increasing the nanoparticles con-
centration, the porosity increases from 76.7% to 80.5% and 
81.4% for CA, CA/ND (0.5 wt.%) and CA/ND-COOH (0.5 
wt.%) membranes, respectively. Higher contents of ND as 
well as ND-COOH do not yield any further increase in the 
porosity of nanocomposite membranes. This finding can 
be attributed to particles agglomeration. However, mixing 
the hydrophilic nanoparticles with the CA matrix could 
enhance the volume fraction among the polymer chains, 
besides causing fast exchange of solvent and non-solvent 
during the phase inversion process.

3.2.3. Critical flux determination

The critical flux is the point, where the flux-TMP rela-
tionship becomes non-linear. The critical fluxes of mem-
branes were measured by using the stepwise method. Fig. 7 
shows the variation of permeation flux and transmembrane 
pressure (TMP), versus time for neat CA, CA/ND (0.5 
wt.%) and CA/ND-COOH (0.5 wt.%) membranes. It can 
be seen from Fig. 7a that the mean permeate flux keeps a 
constant value of 19.2, 25.7, 34.2, and 42 L m–2 h–1 during the 
operation of 30 min at the imposed TMP of 0.06, 0.08, 0.1, 
and 0.12 bar, respectively. When the imposed TMP reached 
up to 0.14 bar, the flux was exponentially decreased from 
49.1 to 45.2 L m–2 h–1. It is easy to understand that, the higher 
TMP conditions cause increment in the transport of par-
ticles and foulants toward the membrane surface and the 
accumulated layer becomes more compact, therefore, filtra-
tion flux is less than lower TMP or sub-critical conditions.

Fig. 6. The SEM images of the cross-sectional morphologies of the (a) CA, (b) CA/ND (0.5 wt.%) and (c) CA/ND-COOH (0.5 wt.%) 
membranes.

Table 3
Water contact angles, %WC and porosity for pure CA and its 
nanocomposite membranes

Membrane Water 
contact 
angles (°)

Water 
content 
(%)

ε (%)

CA 65.4 71.6 76.7
CA/ND (0.25 wt.%) 60.3 74.2 78.6
CA/ND (0.5 wt.%) 58 75 80.5
CA/ND (0.75 wt.%) 59.1 73.5 78.5
CA/ND-COOH (0.25 wt.%) 57.7 75.5 80
CA/ND-COOH (0.5 wt.%) 54 76.1 81.4
CA/ND-COOH (0.75 wt.%) 59 75.2 80.1
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This finding was similar to the results reported by Li et al. 
[65]. As shown in Fig. 7b and 7c, ND and ND-COOH nanopar-
ticles have significant effects on the critical flux in submerged 
MBR. The hydrophilic and antibacterial ND nanoparticles 
(especially ND-COOH nanoparticles) improved the surface 
hydrophilicity and antibacterial activity of composite mem-
branes, alleviating the interaction between foulants and 
membrane surface, and consequently enhancing membrane 
critical flux. It was reported that the membrane surface prop-
erties such as either hydrophilicity or hydrophobicity, have 
significant effects on the membrane permeability, membrane 
fouling and thus critical flux [26,49].

The variations of TMP vs. filtration flux during the 
measurement of critical point are shown in Fig. 8. For CA 
and CA/ND (0.5 wt.%) membranes, the first unstable point 
emerges in 0.14 bar, resulting in a non-linearity in the J = 
f (TMP) relationship. At this point, this phenomenon indi-
cated the compressibility of the cake layer formed on the 
membrane surface [66], while the first unstable point for 
CA/ND-COOH (0.5 wt.%) membrane emerges in 0.16 bar. 
Thus, the critical fluxes of CA, CA/ND (0.5 wt.%) and CA/
ND-COOH (0.5 wt.%) membranes in this experiment were 
determined as 44, 58.5 and 102 L m–2 h–1, respectively.

However, regarding the super-critical flux, the trans-
port of particles and foulants to the membrane surface will 
increase and the concentration polarization layer and/or 
cake layer will become more compact and thicker, resulting 
in more hydraulic resistance against the flow.

3.2.4. Fouling analysis and membrane performance

Flux decline behavior of the membranes during the fil-
tration of mixed liquor in sub-critical conditions (TMP = 0.1 

bar) is shown in Fig. 9. These results reveal that in compar-
ison with neat CA membrane, flux has increased for both 
nanocomposite membranes. The permeation flux for CA/
ND-COOH (0.5 wt.%) nanocomposite membrane is higher 
than other membrane. That indicates that the membrane 
hydrophilicity played the vital role in the improvement of 
the activated sludge flux. Any further decrease in permeate 
flux was caused by increasing the thickness of cake layer 
due to the deposition of additional foulant on the mem-
brane surface. The slow trend of decline is due to operation 
in the sub-critical conditions, while for super critical condi-
tion, the sharp decline in flux is observed.

Since all the membranes were tested at the same hydro-
dynamic condition, the difference in flux decline behavior 
is attributed to the only surface property of membrane. 

Fig. 7. Determination of the critical flux by the TMP-step method, permeation flux (J) and TMP versus time: (a) CA, (b) CA/ND (0.5 
wt.%), and (c) CA/ND-COOH (0.5 wt.%).

Fig. 8. Variations of TMP and filtration flux during the measure-
ment of critical point.
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According to Table 3, the surface of nanocomposite mem-
branes are more hydrophilic than that of pure CA mem-
brane, due to the presence of hydrophilic nanoparticles, i.e. 
ND and particularly ND-COOH. Therefore, hydrophobic 
adsorption between sludge particle and nanocomposite 
membranes was reduced.

Fig. 10 shows the photographs of fouled membranes 
surface after operation. This photograph indicates that 
the more foulants was attached on the fouled surface of 
CA membrane compared to CA/ND (0.5 wt.%) and CA/
ND-COOH (0.5 wt.%) nanocomposite membranes. The 
hydrophilicity of the nanocompoite membrane surfaces 
also helps mitigate the adhesion of microorganism and 
microbial products due to their hydrophobic characteris-
tics [67].

When a hydrophobic surface contacts a biological 
interface, biomolecules such as proteins show signifi-
cant adsorption on the surface to minimize the interfacial 
energy, while a hydrophilic surface with low surface-wa-
ter interfacial energy resists protein adsorption and cell 
adhesion [68]. Also, due to the antibacterial properties of 
ND and ND-COOH nanoparticles, nanocomposite mem-
branes resist the adsorption of bacterial [40]. Therefore, the 
inhibition of biofouling was affected by the hydrophilicity 
and antibacterial properties of CA/ND (0.5 wt.%) and CA/
ND-COOH (0.5 wt.%) nanocomposite membranes.

Microorganisms can be attached, grow on the mem-
brane surface and produce enough extracellular polymeric 
substances (EPS) to facilitate the growth of a biofilm on the 
membrane surface. Fig. 11 shows the microscopic images 
of sludge flocs in mixed liquor and the attached filamen-
tous bacteria on the membrane surfaces at the end of the 
test. It is revealed that the number of filamentous bacteria 
on the surface of CA/ND-COOH (0.5 wt.%) membrane is 
much less than other membranes. Choi et al. [17] reported 
that the filamentous bacteria produced more foulants than 
floc forming bacteria. The filamentous bacteria have a fix-
ing action on the membrane foulants due to adhesion onto 
membrane surface [69]. The overgrowth of filamentous bac-
teria leads to a sharp increase in bound EPS concentration 
and then induces an increase in sludge viscosity and sludge 
hydrophobicity [70]. That is why the excess growth of fila-
mentous bacteria resulted in the formation of a non-porous 
cake layer. Therefore, the filamentous bacteria played an 
important role in the membrane permeability.  

Fouling analysis was made by calculating the revers-
ible fouling ratio (RFR), irreversible fouling ratio (IFR), 
total fouling ratio (TFR), and flux recovery ratio (FRR) of 
membranes after activated sludge filtration test. These 
parameters are summarized in Table 4. All experimental 
data showed that RFR was the main fouling mechanism, 
and effect of IFR was negligible. Since all membranes were 
tested at the same condition, surface property of membrane 
was a key factor in determining the amount of TFR. Lower 
values of TFR exhibit that less foulant adsorption took place 
on the membrane surface or pore walls. When the mem-
brane surface became more hydrophilic, the membrane’s 
fouling was retarded, so the higher hydrophilicity and 
subsequently higher FRR of the CA/ND-COOH (0.5 wt.%) 
membranes created a lower fouling tendency than those 
of the CA and CA/ND (0.5 wt.%) membranes. According 
to Zhao et al. study [26], PVDF/GO composite membrane 
showed high antifouling properties in MBR media due 
to the hydrophilic properties of GO nanosheets, resulted 
in improved hydrophilicity of membrane surface. As 
shown in Table 4, the modification of CA membranes with 
ND-COOH nanoparticles improves its antifouling proper-
ties. This effect may be due to the negatively charged and 
hydrophilic skin layer of the nanocomposite membrane, 
which reduces the adsorption/plugging of foulants in the 
pore structure of nanocomposite membranes. Also, the anti-
bacterial activity of nanocomposite membranes reduced the 
adsorption of bacteria on the membrane surface. 

Fig. 9. Flux decline with operation time for CA, CA/ND (0.5 
wt.%) and CA/ND-COOH (0.5 wt.%) membranes under 
sub-critical conditions and constant TMP (0.1 bar). 

Fig. 10. Photographs of fouled membranes after MBR run in 
sub-critical conditions: (a) CA, (b) CA/ND (0.5 wt.%), and (c) 
CA/ND-COOH (0.5 wt.%) membranes.

Table 4
Fouling parameters of prepared membranes during activated 
sludge filtration under sub-critical conditions

Membrane RFR 
(%)

IFR 
(%)

TFR 
(%)

FRR 
(%)

CA 77.5 15.5 93 84.5
CA/ND (0.5 wt.%) 76 12.9 88.9 87.1
CA/ND-COOH (0.5 wt.%) 76.3 7.8 84.1 92.2
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COD is the most important parameter which has been 
selected to assess the efficiency of a wastewater treatment 
process. COD removal of activated sludge and MBR was 
measured and illustrated in Fig. 12. The COD removal from 
supernatant was primarily due to biological degradation in 
the bioreactor while COD removal in the permeates was due 
to simulatouns impact of membrane filtration and biofilm 
formation (biofouling layer) on the membrane surfaces [3]. 
COD removals for all of the membranes were higher than 
90%, whereas only 83.4% removal efficiency was obtained 
in the CAS bioreactor. That means the filtration membrane 
can effectively remove the COD and improve the effluent 
quality. 

Results in Fig. 12 show that the pure CA membrane 
exhibited high COD removal compared to both nanocom-
posite membranes. As mentioned above, the membrane 
fouling was mostly attributed to the pore blocking as well 
as to the formation of a cake layer. Since the cake layer 
formed with the biofilm on the CA membrane surface was 
more dense than nanocomposite membranes, thus, it acts 
as a secondary membrane that filters and prevents the pen-
etration of foulants (see Fig. 13) [71].

3.2.5. EPS analysis

It is well documented that the EPS is a controlling fac-
tor of membrane biofouling in MBR system [48,72]. The 
main fouling mechanisms of EPS include deposition, accu-
mulation and consolidation of EPS on the membrane sur-
faces [73] and/or reduction in the permeability by filling 

the void spaces among cell particles [74]. SMP and solu-
ble EPS are the same. SMP can be defined as the pool of 
organic compounds that are released into solution from 
substrate metabolism (usually with biomass growth) and 
biomass decay, while bound EPS has been reported as the 
major sludge floc components keeping the floc in a three-di-
mensional matrix [70,75,76]. The amounts of proteins and 
carbohydrates in terms of SMP, LB-EPS and TB-EPS accu-
mulated on the membrane surfaces during the filtration test 
are shown in Fig. 14. 

In Fig. 14a, the TB-EPS content in the cake layer on the 
surface of all membranes is the dominant foulant. By com-
paring the LB-EPS and TB-EPS in protein components for 

Fig. 11. Microscopic images of (a) sludge flocs in mixed liquor, (b) the attached filamentous bacteria on the CA, (c) CA/ND (0.5 wt.%) 
and (d) CA/ND-COOH (0.5 wt.%) membrane surfaces.

Fig. 12. COD removal percentage for activated sludge and mem-
branes.
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all of membranes, it could be easily found that the TB-EPS 
content was quite higher than that of LB-EPS content. The 
protein concentration in terms of bound EPS (LB-EPS and 
TB-EPS) on CA/ND-COOH (0.5 wt.%) nanocomposite 
membrane (11.6 mg/g VSS) was lower than that of CA/
ND (0.5 wt.%)  (20.24 mg/g VSS) and CA (30.18 mg/g VSS) 
membranes. The same behavior was observed for SMP on 
the membrane surfaces. SMP can be accumulated on the 
membrane surface or penetrate into the membrane pores. 
The concentration of proteins on the CA membrane surface 
was relatively higher than the both nanocomposite mem-
branes in term of SMP for each membrane.

As shown in Fig. 14b, the trend of carbohydrate concen-
trations on the membrane surface is similar to the proteins. 
Carbohydrates are usually synthesized extracellular for a 
specific function, while proteins can exist in the extracel-
lular polymer network due to the excretion of intracellular 
polymers or cell lysis [77]. The carbohydrate content of both 
LB-EPS and TB-EPS on CA membranes was 3.3 mg/g VSS, 
approximately 2 times higher than that of CA/ND-COOH 
(0.5 wt.%) nanocomposite membrane (1.68 mg/g VSS).

According to Jorand et al. [78], protein content mainly 
determines the hydrophobic characteristics while carbo-
hydrate content usually determine the hydrophilic char-
acteristics. Therefore, in this study, the SMP and EPS had 
hydrophobic properties. Hydrophobic interaction is gener-
ally considered as important mechanism regarding fouling 
[69]. This result proves that fouling in CA/ND-COOH (0.5 
wt.%) membrane was reduced and less SMP and EPS, par-
ticularly carbohydrates, were adsorbed. Generally, carbohy-
drates can mediate cohesion of cells and play an important 

role in maintaining the structural integrity of biofilms. 
ND-COOH nanoparticles improved surface hydrophilicity 
of membrane. As a result, less amount of EPS, particularly 
polysaccharide was accumulated.

Sweity et al. [79] showed that the increased carbohy-
drates content on the membrane surface is proposed to 
be a result of stronger adherence properties of the EPS. As 
shown in Fig. 14b, CA/ND-COOH (0.5 wt.%) membrane 
has the lowest value in carbohydrates content with respect 
to other membranes. This means that CA/ND-COOH (0.5 
wt.%) membrane shows weaker adherence with the EPS.

On the other hand, several studies have shown that 
SMP has a significant impact on the membrane fouling and 
scientific researches on SMP became one of the hot topics 
in membrane fouling [70,80–84]. However, in this study the 
SMP content of CA/ND-COOH (0.5 wt.%) nanocomposite 
membrane for both protein and carbohydrate is less than 
other membranes. In short, total EPS concentrations were 
generally one order of magnitude higher than those of SMP 
[3].

As shown in Fig. 14, the changing tendency of the car-
bohydrate and protein was similar to that of membrane 
fouling. This result indicates that EPS is one of the most 
influenced parameter of membrane fouling in MBR.

4. Conclusions

In this study, the antifouling behavior of pristine and 
heat treated nanodiamonds; ND and ND-COOH, embed-
ded cellulose acetate (CA) nanocomposite membranes 

Fig. 13. Schematic illustration of biofilm formation on the membrane surface, (a) CA and (b) CA/ND-COOH membranes.

Fig. 14. SMP and bound EPS analysis of (a) proteins and (b) carbohydrates.
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during the filtration of pharmaceutical wastewater in 
bench-scale MBR system was investigated. The obtained 
results reveled that nanocomposite membrane fabricated 
by 0.5 wt.% ND-COOH embedded CA polymer exposes 
high hydrophilicity, high porosity and excellent antibiofoul-
ing properties and are suitable and promising membrane 
for MBR process. A video file supplied in the present work 
shows that the fouled membrane is easily cleaned either by 
tissue or rinsing by very slow water stream. 

Analysis of extractable EPS showed that the concen-
trations of protein and carbohydrates in the EPS and SMP 
for CA/ND-COOH (0.5 wt.%) membrane is less than other 
membranes. The filamentous bacteria in the MBR resulted 
in a thick and dense cake layer on the CA membrane sur-
face and these properties were the essential factors affecting 
membrane permeate flux. COD removals for all of the mem-
branes were higher than 90%, whereas only 83.4% removal 
efficiency was obtained in the conventional activated 
sludge (CAS) system. As a final result, the CA/ND-COOH 
nanocomposite membrane showed excellent antifouling 
properties with respect to CA and CA/ND membranes, due 
to the presence of more hydrophilic groups (COOH) on the 
surface of ND-COOH particles.
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