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a b s t r a c t
For the sustainability of water resources, the recovery of water, organic matter (OM), energy, and 
nutrients from municipal wastewater become very attractive resources. As direct application of 
water, nutrient, and energy recovery from municipal wastewater cannot be feasible, the wastewa-
ter needed to be concentrated. In this study, the molecular weight distribution of OM content was 
determined in wastewater samples, up-concentration potential of direct microfiltration (DMF) of 
municipal wastewater and water recovery were investigated. In OM fractionation studies, around 
52% of the chemical oxygen demand (COD) in wastewater was particulate or colloidal (>10 kDa) 
and 48% was soluble (<300 Da). In DMF tests, the COD concentration was concentrated up to 
1,573 mg/L after sequential DMF experiments. Additionally, the theoretic total energy requirement 
of the DMF process was found around 0.3 kWh/m3 and it would be potentially energy positive. In 
crossflow experiments, the reverse osmosis (RO) process was performed using DMF effluent. When 
microfiltration and RO membranes were chemically cleaned, flux recovery rates of 100% and 99% 
were achieved, respectively. However, the foulants could not be completely removed during the 
cleaning according to scanning electron microscopy, atomic force microscopy, and attenuated total 
reflection-Fourier-transform infrared spectroscopy results of the virgin, fouled, and cleaned mem-
branes. This study reveals that the DMF+RO process is a promising technology for the recovery 
of OM and water from municipal wastewater.
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Membrane fouling

1. Introduction

Sustainable wastewater treatment technologies have 
become crucial in the transformation of the global economy 
from linear to circular. Nevertheless, conventional munici-
pal wastewater treatment plants (WWTPs) consume a large 
amount of energy to remove mainly organic matter (OM) 
and nutrients [1]. The transition toward energy-neutral and 
more sustainable municipal wastewater treatment processes 
needs a new perspective since globally generated 330 km3 
annual municipal wastewater theoretically contains resource 

potential to supply millions of households’ energy needs and 
to irrigate and fertilize millions of hectares of the agricul-
tural area [2].

Energy recovery from OM instead of aerobic oxidation 
requires the upgrade of the existing plants. Anaerobic meth-
ane (CH4) production, which is the most common applica-
tion for the conversion of OM in wastewater into energy, 
has limited direct application for energy generation from 
domestic wastewater due to its low OM content [3]. Different 
treatment processes are being studied for up-concentrating 
municipal wastewater, such as high-rate activated sludge 
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system for OM recovery [4], chemically enhanced primary 
treatment [5], dynamic membrane [6], and direct membrane 
filtration process [7–9].

Direct microfiltration (DMF) is a promising process 
thanks to extreme compactness, a small footprint, and 
reduced energy consumption [10]. The most important 
advantage of the DMF process is that it is purely a physical 
process with a small amount of chemical requirement [11]. 
In this way, the DMF process can be readily implemented 
by dimensioning it in the real-scale application. In addition 
to OM and nutrients, municipal wastewater contains many 
other organic and inorganic pollutants including heavy met-
als and micropollutants [12]. So far, reverse osmosis (RO) 
coupled with various processes for municipal wastewater 
reclamation and reuse has been attracting interest owing 
to its great effectiveness in removing dissolved inorganics, 
organics, and microbial matters [13–15].

Membrane fouling is the key limitation for both the DMF 
and RO processes, though they have significant potential 
for recovery of OM, nutrients, and water from wastewa-
ter. Several membrane fouling mitigation strategies were 
investigated including coagulation/flocculation, aeration, 
flushing for DMF and feed pretreatment, membrane surface 
modification, and chemical cleaning for RO process [16–21]. 
Despite the implementation of membrane-based pretreat-
ment to ensure the production of superior feed for RO, it is 
noteworthy that dissolved matter, comprising both organic 
and inorganic constituents, may still permeate through the 
aforementioned pretreatment process. Thus, these constitu-
ents adhere, accumulate, or precipitate onto the surface of 
the RO membrane, resulting in the formation of membrane 
fouling [22–24]. In order to address the issue of membrane 
fouling, it is imperative to investigate the fouling mecha-
nisms and assess the impact of physical and/or chemical 
cleaning on the membrane flux recovery [25,26]. The exist-
ing body of literature provides information on the conven-
tional techniques utilized to mitigate fouling and the effects 
of these mitigation strategies on the membrane surface in 
membrane bioreactors (MBRs), which have gained wide-
spread adoption due to their maturity and prevalence in 
numerous installations [27]. However, investigations are 
still required for the DMF process in order to analyze the 
fouling mechanism and the impact of the cleaning proce-
dure. Furthermore, the existing literature regarding DMF 
operation indicates that most applications perform in a sub-
merged configuration, with only a limited number of studies 
where crossflow configuration is performed [28].

To the best of our knowledge, there is a lack of infor-
mation on detailed membrane surface characterization and 
fouling mechanisms of each membrane for the integrated 
DMF+RO process for wastewater reclamation and resource 
recovery. It should be emphasized that membrane fouling, 
particularly in pressure-driven membrane filtration, lim-
its the use of DMF in wastewater treatment and resource 
recovery. Furthermore, understanding membrane fouling 
mechanisms and their impact on membrane surface prop-
erties are critical for sustainable long-term DMF process 
operation. This paper presents the results of a study evalu-
ating the integrated DMF+RO process performed on a labo-
ratory scale for increasing energy and water recovery from 
municipal wastewater. Regarding the fouling characteristics 

of membranes, the surface of the virgin and physically/
chemically cleaned membranes were characterized using 
spectroscopic and microscopic techniques. As a prelimi-
nary test, for estimating process performances, OM content 
was determined by using fractionation of wastewater sam-
ples in terms of chemical oxygen demand (COD) and total 
organic carbon (TOC) in dead-end filtration mode. After 
fractionation, DMF was performed using a microfiltration 
(MF) (0.1 µm) membrane for increasing the energy poten-
tial of wastewater and for producing permeate suitable to 
feed the RO process. In addition, RO treatment has a high 
potential for nutrient recovery by enriching them in the con-
centrate as well as producing high-quality water for reuse. 
This study provides information for future research work 
related to resource and water recovery using membrane  
processes.

2. Materials and methods

2.1. Wastewater analysis and membranes

Raw wastewater was collected from the effluent of the 
pre-settling tank in Kayseri municipal WWTP, in which a 
conventional activated sludge process is applied. A char-
acteristic of wastewater is given in Table 1. All the analy-
ses were performed according to the “Standard Methods 
for Water and Wastewater” published by the American 
Public Health Association [29].

The most common and commercially available flat 
sheet MF, ultrafiltration (UF), and nanofiltration (NF) mem-
branes and MF and RO membranes were used in the frac-
tionation and up-concentration experiments, respectively. 
The properties of these membranes are listed in Table 2.

2.2. Experimental set-up

2.2.1. COD fractionation of wastewater samples

Determination of COD and TOC fractions provides 
detailed information about the OM content of wastewater 
and the results can be used in the design of treatment pro-
cesses. The OM fractionation experiments were conducted 
using the Sterlitech HP4750 dead-end stirred cell (Sterlitech, 
USA) with a 14.6 cm2 filtration area and the instrument 

Table 1
Characteristics of a sample of wastewater treatment plant 
primary settling tank effluent

Parameters Values

pH 7.1 ± 0
Conductivity (µS/cm) 1,420 ± 22
Turbidity (NTU) 82.0 ± 5.2
Chemical oxygen demand (mg/L) 564 ± 9
Total organic carbon (mg/L) 212 ± 5
Total nitrogen (mg/L) 35.8 ± 1.6
PO4

3– (mg/L) 10.3 ± 0.4
Cl– (mg/L) 169.2 ± 0.9
SO4

2– (mg/L) 21.7 ± 0.4
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setup. The stirred filtration cell was endowed with a mag-
netic stirrer, mixing at 300 rpm to simulate crossflow filtra-
tion mode and thereby minimize concentration polarization. 
For fractionation, wastewater samples were sequentially 
filtrated by using MF and UF membranes. In the sequen-
tial filtration experiments using MF membranes with 10 
and 0.45 µm pore sizes and UF membranes with molec-
ular weights of 10 kDa and NF membrane with molecular 
weights of 150–300 Da were used, respectively.

2.2.2. Membrane filtration tests

A crossflow membrane filtration system (Sterlitech, 
Sepa CF, USA) was used to perform the DMF and RO pro-
cess with 5 L of the feed sample. The effective area of the 
membrane module was 150 cm2. During the filtration exper-
iments, the temperature was 25 ± 2°C. DMF and RO filtra-
tion tests were performed according to the operational 
conditions given in Table 3.

For each stage of DMF and RO tests, flux was calcu-
lated by using Eq. (1).

J V
A t

�
�

 (1)

where J is the water flux (L/m2·h, LMH), V is the permeate 
volume (L), A (m2) is the effective membrane area, and t (h) 
is the filtration duration. Filtration experiments were con-
ducted in triplicate and average flux values were provided.

In the crossflow membrane filtration tests, the water 
fluxes were measured under steady-state conditions after 
physical and chemical cleanings of the membranes. The 
fouling behavior of the membranes was investigated using 
pure water in terms of flux recovery ratio (FRR) and rel-
ative flux reduction (RFR) according to Eqs. (2) and (3), 
respectively.
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where J is the flux value of wastewater at steady state (LMH), 
J1 is the pure water flux value before wastewater filtration 

at steady state (LMH), and J2 is the pure water flux value 
after physical or chemical cleaning at steady state (LMH).

2.2.3. Membrane cleaning

To investigate water flux recovery for the MF and RO 
membranes physical and chemical cleaning was applied. 
After wastewater filtration, the cleaning of the fouled mem-
brane for 15 min was directly carried out in the membrane 
module for cleaning the fouled membrane using flushing at 
1.2 m/s cross flow velocity. The cleaning process involved 
using DI water for physical cleaning and an alkaline 
solution (0.75% NaOCl) for chemical cleaning.

2.2.4. Membrane characterization

The surface of membranes was characterized after each 
filtration and cleaning process to evaluate the fouling phe-
nomena. Before the characterization tests, the samples 
were dried at 50°C in a laboratory-scale oven.

The morphology of the virgin and fouled membrane 
surface was investigated by scanning electron microscopy 
(SEM) on a Zeiss GeminiSEM 500 Field Emission Microscope 
operated at 3 kV. Before the measurements, membranes 
were coated with gold. The SEM images for the surface of 
the membranes were taken at 20 and 30 K magnification 
for MF and RO membranes, respectively.

Atomic force microscopy (AFM) was used to determine 
the effect of fouling on membrane topography. Membranes 
were compared in terms of surface roughness (average 
surface roughness (Ra), root mean square roughness (Rq), 
and the maximum height of the profile (Rmax). AFM mea-
surement was conducted by MultiMode 8-HR and Veeco 
operated in tapping mode (Model: RTESP-300). The analy-
ses were performed using 10 × 10 µm and 5 × 5 µm image 
sizes for MF and RO membranes, respectively. AFM mea-
surements were performed at two different locations. 

Table 2
Specifications of membranes used in this study

Process Membrane Membrane material Pore size/Molecular weight cut-off From

Fractionation

MF Cellulose 10 µm Macherey-Nagel, Germany
MF Nitrocellulose 0.45 µm Millipore, Germany
UF PESa 10 kDa GE, USA
NF PAb 150–300 Da GE, USA

DMF MF PESa 0.1 µm Sterlitech, USA
RO BW30-XFR PAb 99% NaCl/100 Da Dupont Filmtech, Netherlands

aPolyethersulfone;
bPolyamide.

Table 3
Operational parameters for DMF and RO process

Operational parameters DMF OF

Crossflow velocity (m/s) 0.5 0.8
Pressure (bar) 0.5 15
Recovery rate (%) 80 60
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The surface roughness values which are Ra, Rq, and Rmax 
were given average values with these two locations.

ATR-FTIR was employed for the identification 
of functional groups of the virgin and fouled mem-
branes of the deposited foulants using an FTIR spec-
trometer (Thermo Nicolet Avatar 370). The analysis was 
conducted in the wavelength range of 4,000–400 cm–1.

3. Result and discussion

3.1. COD fractionation of wastewater samples

In order to estimate the effectiveness of the OM recov-
ery process, OM content was evaluated using fractionation 
of wastewater samples in terms of COD and TOC in dead-
end filtration mode. The molecular weight distribution of 
OM content was determined in wastewater samples using 
different MF, UF, and NF membranes. As shown in Fig. 1, 
around 52% of the COD in the raw municipal wastewater 
consists of particulate or colloidal (>10 kDa) and 48% was 
soluble (<300 Da). Besides, 49% of TOC of the municipal 
wastewater consists of particulate or colloidal (>10 kDa) 
and 51% was soluble (<300 Da). Hence, more than half of 
the OM in the wastewater sample can be recovered with MF 
membranes. The outer layer of rejected particles may act as 
a dynamic membrane, screening out the more highly foul-
ing species of smaller size [30]. It should be noted that the 
wastewater was sampled from the effluent of the primary 
settling tank. Therefore, some of the OM can also be recov-
ered in the sludge of the primary settling tank. Assuming 
that approximately 25% of the COD is removed in the pri-
mary settling tank and 52% of the remaining OM is recov-
ered by the proposed process, the recovery potential can 
be calculated as approximately 64%. Similarly, Noyan et al. 
[31], reported that particulate and soluble COD account for 
between 70%–71% and 29%–30%, respectively in munic-
ipal wastewater. Additionally, the COD/TOC ratio was 
2.73, and values for this ratio in the literature ranged from 
2.15 to 3.00 [32,33].

3.2. DMF+RO experiments

3.2.1. Sample characterization

In COD fractionation tests, the efficiency of COD 
removal through MF membranes with pore sizes of 10 and 
0.45 µm was reached at about 30%. Since COD is one of 

the most essential characteristics for improving the energy 
recovery potential of municipal wastewater, a more selec-
tive MF membrane with a pore size of 0.1 µm was used in 
DMF testing to increase removal efficiency and produce 
more concentrated wastewater. The initial concentration 
of COD in the feed wastewater was measured at 564 mg/L. 
Following the DMF experiment, the concentration of COD 
was observed to increase to 1,573 mg/L, indicating a concen-
tration factor of approximately 3. Assuming around 25% of 
the COD was removed in the primary settling tank and the 
CH4 production potential of 1 g COD is around theoretically 
0.35 L, the proposed process can promote energy-neutral 
or positive wastewater treatment [34]. According to the cal-
culations, around 0.39 kg/m3 COD can be recovered using 
primary sedimentation and DMF process. Theoretically, 
0.135 m3-methane/m3-wastewater or around 1.35 kWh/
m3-wastewater energy recovery potential can be calculated. 
If we assume that the efficiency of electricity generation 
from methane is around 45%, approximately 0.6 kWh/m3 
of electricity can be generated. Assuming that 0.2 m3-air/
(m2-membrane·h) aeration requirement to scour cake from 
the membrane surface in the DMF process, around 30 LMH 
flux in the membrane, 5 m water depth, and 0.8 blower effi-
ciency, the aeration energy requirement to scour cake layer 
would be around 0.12 kWh/m3. Physical treatment and other 
pumping energies would be lower than 0.2 kWh/m3 [30]. 
Theoretically, the total energy requirement of the process 
would be around 0.3 kWh/m3. Hence, the process would be 
potentially energy-positive, especially DMF treatment is met 
the effluent quality requirements for agricultural irrigation. 
Additionally, the degree of commercialization of the DMF 
processes should be considered. Consequently, preliminary 
assessments must be performed at the pilot scale to establish 
the feasibility of DMF usage before its implementation on a  
larger scale [35].

COD, pH, conductivity, PO4
3–, Cl–, and SO4

2– results of the 
collected samples from the DMF and RO process are shown 
in Table 4. While the COD concentration increased in the 
DMF concentrate sample, there was no significant increase 
in SO4

2– concentration. In anaerobic methane production 
processes, some part of the OM is used for SO4

2– reduction 
[31]. In the proposed process, the membrane does not reject 
sulfate and its concentration per OM is also low compared 
to the original wastewater content, and the consumption of 
the OM for sulfate reduction is reduced in the DMF process.

 
Fig. 1. Molecular weight fractions of total organic carbon and chemical oxygen demand of municipal wastewater.
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If higher quality water is required for various reuse alter-
natives, for example, industrial reuse, the DMF process can 
be fed to the RO process. In this way, higher-quality water is 
generated, and the nutrients can be concentrated for further 
recovery. For example, PO4

3– concentration was increased to 
16.8 mg/L in the concentrate of the RO process, which makes 
it potentially feasible to recover PO4

3– [36]. The RO process 
is a powerful alternative for obtaining high-quality prod-
uct water and sustainability of water. However, the perme-
ate of the DMF process has the potential to be reused for 
agricultural irrigation.

3.2.2. Membrane characterization

3.2.2.1. SEM images

SEM analysis provides a better understanding of the char-
acterization and development of fouling on the membrane 
surface after wastewater filtration. The cake layer develop-
ment is a crucial part of membrane fouling, and its charac-
teristics are projected as the main factor affecting membrane 
fouling mitigation [37]. The surface images of the MF mem-
branes that were used in DMF tests, are shown in Fig. 2. The 
thick and dense cake layer was formed on the membrane 

Table 4
Sample characteristics after performing DMF and RO experiments

Parameters Raw wastewater DMF RO

Concentrate Permeate Concentrate Permeate

pH 7.1 ± 0 7.3 ± 0.1 7.3 ± 0.1 8.0 ± 0.3 9.1 ± 0.4
Conductivity (µS/cm) 1,420 ± 22 1,352 ± 105 993 ± 52 2,520 ± 226 72.8 ± 8.1
Chemical oxygen demand (mg/L) 564 ± 9 1,573 ± 9.4 104.7 ± 5.2 308.0 ± 4.7 <5
PO4

3– (mg/L) 10.3 ± 0.4 12.2 ± 1.7 9.4 ± 0.2 16.8 ± 1.0 ND
Cl– (mg/L) 169.2 ± 0.9 99.4 ± 1.3 141.9 ± 0.9 322.5 ± 1.4 6.1 ± 0.5
SO4

2– (mg/L) 21.7 ± 0.4 24.5 ± 0.6 12.3 ± 1.5 30.9 ± 0.2 ND

*ND, not detected: indicates less than detectable value.

 

(a) (b) 

(c) (d) 

Fig. 2. Scanning electron microscopy images of the virgin (a), fouled after DMF (b), physically cleaned (c), and 
chemically cleaned (d) MF membrane.



O. Ozcan et al. / Desalination and Water Treatment 303 (2023) 1–106

surface (Fig. 2b). After physical cleaning, although the cake 
layer was eliminated, membrane pores were still blocked by 
pollutants (Fig. 2c). The SEM images suggest that the size of 
pores in chemically cleaned membrane membranes is larger 
(Fig. 2d). Polyethersulfone (PES) membranes are considered 
highly chlorine-tolerated and stable in hypochlorite solu-
tions [38]. However, Arkhangelsky et al. [38] showed that 
escalated hydrophilicity of chemically cleaned membranes 
can also be represented by the formation of bigger pores 
due to degradation of the membrane.

The surface images of the BW30-XFR membranes used 
in RO tests are shown in Fig. 3. The cake layer formed on 
the membrane surface during filtration (Fig. 3b). The removal 
of most of the deposited materials from the membrane sur-
face is clearly observed after two-step physical and chemi-
cal (0.75% NaOCl) cleaning in Fig. 3c and d. Similarly, in the 
literature, it was shown that basic cleaning reagents pro-
vide effective cleaning instead of acids for the recovery of 
fouled RO membranes [39].

3.2.2.2. Atomic force microscopy

The three-dimensional surface morphology of the virgin, 
fouled, physically cleaned, and chemically cleaned mem-
branes were analyzed for both DMF and RO processes using 
tapping mode AFM and are shown in Fig. 4. The roughness 

of the virgin MF and RO membrane is not different from 
typical MF and RO membranes [40,41]. The effect of foul-
ing on the membrane surface was clearly observed in AFM 
images. The porous structure could not be specified on the 
surface of the fouled membrane because of the cake layer. 
However, as physical and chemical cleaning was carried 
out, the roughness of the MF and RO membrane’s surface 
might be observed.

The roughness parameters, Rq, Ra, and Rmax are summa-
rized in Table 5 for both MF and RO membranes. The vir-
gin membrane had the lowest roughness for both MF and 
RO. Similarly, chemically cleaned MF and RO had the high-
est roughness because of the deterioration of the membrane 
surface [38]. After physical cleaning, the roughness of the 
MF membrane was more similar to the virgin MF mem-
brane. While Ra, Rq, and Rmax were 35.2, 37.8, and 553.1 nm 
for virgin MF membrane, they were 34.8, 44.0, and 339.4 
for physically cleaned MF, respectively. However, physical 
cleaning did not have the same effect on the RO membrane 
in terms of roughness.

3.2.2.3. Attenuated total reflection-Fourier-transform infrared 
spectroscopy

The ATR spectra that include the vibration bands spe-
cifics of the membranes’ substrate and the accumulated 

 

(a) (b) 

(c) (d) 

Fig. 3. Scanning electron microscopy images of the virgin (a), fouled after filtration (b), physically cleaned (c), and chemically cleaned 
(d) RO membrane.
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(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

Fig. 4. AFM images of the virgin (a), fouled after filtration (b), physically cleaned (c), chemically cleaned (d) MF membrane, 
and the virgin (e), fouled after filtration (f), physically cleaned (g), chemically cleaned and (h) RO membrane.
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foulant were conducted taking into consideration the weak-
ening of the substrate-specific bands. The intensity of these 
bands was directly related to the wavenumber of IR radi-
ation and the thickness of the accumulated foulant layer. 
The FTIR spectra in the range of 500–4,000 cm–1 of the MF 
membranes are shown in Fig. 5. ATR-FTIR spectra spec-
ify the presence of multiple lines resulting from the vibra-
tions of the sulfonic groups in the range of wavenumbers 
between 500 and 1,800 cm–1, as well as relatively weak lines 
in the range of wavenumbers between 2,400 and 3,800 cm–1 
for MF membrane [42]. They are specific peaks for the PES 
membrane. The FTIR spectrum in the latter range of wave-
length also had weak bands associated with the presence of 

residual foulant even in the chemically cleaned membrane. 
C–S vibration reveals due to the intensity of the peak at 
1,485 cm–1, which was lower in the chemically cleaned MF 
membrane than in the virgin MF membrane. This intensity 
indicated a weakening of the C–S vibration [39].

The FTIR spectra in the range of 500–4,000 cm–1 of the 
BW30-XRF membranes are shown in Fig. 6. In the 500–
4,000 cm–1 region, peaks were associated with the PSF sub-
layer and the polyamide (PA) layer [43]. The strong peaks in 
the region between 700 and 1,750 cm–1 were associated with 
carbonyl groups and amide bands where the PA thin-film 
membranes presented their characteristic peaks [44]. The 
second specific peak with the presence of carbonyl groups 

Table 5
Roughness properties of MF and RO membranes

Process Membrane Ra (nm) Rq (nm) Rmax (nm)

DMF

Virgin MF 35.2 ± 3.3 37.8 ± 6.7 533.1 ± 19.0
Fouled MF 56.1 ± 6.5 70.2 ± 9.6 553.1 ± 111.8
Physically cleaned MF 34.8 ± 7.6 44.0 ± 9.6 339.4 ± 83.9
Chemically cleaned MF 72.8 ± 6.8 98.4 ± 14.4 907.6 ± 252.2

RO

Virgin RO 39.0 ± 0.4 48.2 ± 1.8 361.9 ± 32.6
Fouled RO 65.5 ± 15.9 79.6 ± 16.2 476.7 ± 69.7
Physically cleaned RO 66.5 ± 23.8 85.7 ± 29.9 776.2 ± 250.4
Chemically cleaned RO 77.0 ± 20.1 97.2 ± 24.2 726.1 ± 129.7

 

Fig. 5. ATR-FTIR spectra of the virgin, fouled after filtration 
(FDF), physically cleaned (PC), and chemically cleaned (CC) 
MF membrane.

 

Fig. 6. ATR-FTIR spectra of the virgin, fouled during filtration 
(FDF), physically cleaned (PC), and chemically cleaned (CC) 
RO membrane.

Table 6
Membrane characteristics during DMF and RO experiments

Membrane J1 (LMH) J (LMH) J2 (LMH) FRR (%) RFR (%)

PCM CCM PCM CCM PCM CCM

MF (2 bar TMP) 77.5 28.7 76.3 79.8 98.5 >100 1.5 –
RO (15 bar TMP) 48.6 36.3 45.2 42.6 93 99 7 12

J1: pure water flux values before wastewater filtration; 
J2; pure water flux values after wastewater filtration for physically and chemically cleaned membrane; 
J: wastewater filtration flux values.
FRR, flux recovery ratio; RFR, relative flux reduction.
PCM, physically cleaned membrane; CCM, chemically cleaned membrane.
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and amide bands was indicated between 2,700 and 3,700 cm–1 
[45]. There was a broad absorbance peak at 3,350 cm–1, cor-
responding to the overlap of the amine groups (–N–H) and 
hydroxyl groups (–O–H) stretching vibrations. In order to 
demonstrate the effectiveness of membrane cleaning, vir-
gin, and chemically cleaned membranes had quite similar 
spectra except for regions between 2,800 and 3,000 cm–1. 
The decrease in the peak strength was consistent with the 
reduced hydrogen bond. All these results suggested that 
chlorine had been attached to the PA chains [46].

3.2.2.4. Flux recovery

In membrane processes, the reduction of productivity 
is directly related to fouling development on the membrane 
surface. Calculated pure water fluxes, wastewater filtration 
fluxes, FRR, and RFR are given in Table 6. In DMF, physi-
cal cleaning provided 98.5% flux recovery. Furthermore, 
pure water flux was higher than the initial flux after chem-
ical cleaning. The increase in pure water flux is caused by 
the degradation of the PES membrane due to chemical 
exposure [47]. In RO, it was achieved to 93% and 99% of 
flux recovery by physical cleaning and chemical cleaning,  
respectively.

4. Conclusion

In this study, resource recovery potential in wastewa-
ter collected from the effluent of the primary settling tank 
of a municipal WWTP was evaluated using an integrated 
DMF+RO process. DMF is a promising technology for con-
centrating OM from municipal wastewater for improving 
the energy generation potential by subsequent anaero-
bic processes. Regarding the RO process, higher-quality 
of water was generated, and the nutrients were concen-
trated for further recovery processes. This study provides a 
promising approach for resource recovery from municipal 
wastewater. However, SEM, AFM, and ATR-FTIR findings 
indicated that chemical cleaning led to the deterioration of 
the membranes, especially for MF membranes.

In future works, periodic flushing should be evaluated 
for high performance in MF membrane fouling control with 
also considering the energy consumption. Additionally, 
more studies are needed to determine and optimize the 
cleaning procedures for the membrane and to evaluate the 
nutrient recovery potential of RO concentrate, all of which 
would help advance efforts toward a circular economy.
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