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Abstract 

Direct membrane filtration (DMF) is an emerging wastewater treatment technology for 

providing high-quality effluents as well as efficient organic waste recovery from the 

concentrate. The latter may then be used for methane production, a renewable energy 

source. However, widespread application of DMF in large systems still faces challenges 

due to fouling effects. In this work, polyethersulfone-graphene oxide (PES-GO) 

ultrafiltration membranes were successfully synthesized by phase-inversion and applied 

for the first time in a DMF system for a real municipal wastewater. The incorporation of 

GO resulted in membranes showing increased flux recovery, higher rejection capacity 

and enhanced irreversible fouling resistance which could be mainly attributed to their 

more hydrophilic and restrictive selective layer. More specifically, PES-GO(0.6%) 

membrane reached 91% of flux recovery, indicating a substantial improvement in the 

membrane reusability when compared to PES membrane. The findings of cake layer 

characterization confirm that changes in the membrane surface caused by the addition of 

GO allowed for a reduction in protein deposition, and that its contribution to fouling 

formation during DMF is greater than carbohydrates. Thereby, these results show 

promising features for GO modified membranes in DMF systems aiming organic matter 

recovery for self-energy sustainable wastewater treatment plants. 

Keywords: resource recovery, ultrafiltration, foulants, methane, water reuse, 

nanomaterials, graphene oxide 
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1. Introduction 

World is facing with an unprecedented challenge to overcome the trade-off of meeting 

rising demand with less resources, without compromising water, energy and food 

security. On the other hand, tons and tons of sewage produced daily, with a high amount 

of water, energy and nutrient, are treated as waste and discharged into the environment. 

Therefore, the development of new technologies, designs and flow sheets for municipal 

wastewater treatment plants (WWTPs) based on an interdisciplinary approach is critical 

for the successful paradigm shift from wastewater disposal issue to resource recovery 

solution, towards a circular economy model.  

Significant advances have been made during the last decade in the development of 

resource-oriented technologies for wastewater treatment [1–4]. Among them, Direct 

Membrane Filtration (DMF) is emerging as an innovative concept [5]. In this new 

conception, the organic content of raw wastewater is pre-concentrated by driven-pressure 

membrane for further anaerobic degradation, resulting in a high yield methane 

production, making it economically feasible for energy recovery [6,7]. In addition, the 

permeate produced by the membrane can be directly reused (i.e., for irrigation) or further 

treated for advanced water reuse or nutrients recovery [8]. While previous works have 

found significant results regarding methane production and effluent quality [9,10], the 

absence of DMF technology in the market is greatly hampered by fouling which has a 

significant impact on operating costs [8,11]. 

During pre-concentration of wastewater, membranes are exposed to high contents of 

hydrophobic organic matter, particles and microorganisms (membrane foulants) from raw 

wastewater [12]. Due to the hydrophobic and rough characteristics of commercially 

available polymeric membranes (i.e.; Polyethersulfone - PES, polyvinylidene fluoride-

PVDF), high physicochemical interaction with the foulants is expected [13,14]. 
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Therefore, a significant short-term flux reduction because of the large 

adsorption/deposition of material on the membrane surface and pores is expected to occur 

at constant transmembrane pressure operation [15,16]. Although physical and chemical 

approaches to minimize fouling in DMF system, such as pretreatment by coagulation and 

flocculation [12,17,18], chemically enhanced backwash and aeration [11,19,20], have 

been proposed and tested, these methods result in increased operational costs. In addition, 

these approaches can generate secondary contaminants, reduce the production potential 

of methane from the concentrate (less energy recovery) and shorten the lifetime of the 

membranes [8]. Consequently, the next step in making DMF a feasible resource-oriented 

technology is the development of new membranes with antifouling properties. The 

significance of this topic is further supported by a recent literature review on DMF for 

wastewater treatment and resource recovery [8]. The authors stated that the use of 

membranes with improved antifouling properties, as well as identifying membrane 

fouling mechanisms and dominant foulants, is crucial and necessitates extensive research. 

There is now considerable evidence that the use of nanoparticles can significantly alter 

the physicochemical properties of polymeric membranes (i.e., hydrophilicity, pore size, 

porosity, surface charge, membrane stability) and improve fouling resistance [21–23]. 

Subtil et al. [13] founded a remarkable irreversible fouling suppression for organic 

compounds by adding two nanoparticles (polyaniline and reduced graphene oxide) as 

additives in polymeric UF membranes. Many of these nanofillers are particularly 

hydrophilic (i.e., graphene oxide (GO), titanium oxide), thereby easily spread in 

polymeric solutions.  

In recent years, the use of GO as additive in the synthesis of polymeric mixed matrix 

membranes has received much attention [24–26]. The presence of hydrophilic and 

negatively charged functional groups in their 2D nanosheets can make the membrane 
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selective layer more hydrophilic and less rough, which is required to prevent irreversible 

deposition of hydrophobic organic compounds and increase their rejection [27,28]. Jin et 

al. [29] incorporated GO into the PES polymer matrix to improve hydrophilicity and 

antifouling ability of the PES membrane. Using a bovine serum albumin (BSA) solution, 

the authors discovered that adding GO increased membrane flux while decreasing protein 

static adsorption. Igbinigun et al. [30] proposed a different approach in which GO 

nanosheets were spin coated onto the polyallylamine modified membrane surface to 

reduce organic fouling. The antifouling ability of the membranes was evaluated by using 

humic acid solution as a single foulant and they found that the modified PES membrane 

had relatively smooth surface and exhibited 2.6 times greater flux recovery than an 

unmodified PES-UF membrane. 

Despite studies on GO for the synthesis of hydrophilic mixed membranes have 

recently been carried out, its application and evaluation for recovery of organic content 

from urban wastewater has yet to be investigated. This is especially important given that 

GO-based membranes performance is strongly linked to the effluent characteristics, and 

raw wastewater contains a high concentration of suspended solids and organic 

compounds that combined with inorganic substances cause more severe fouling than 

other effluent matrices[6,8]. For instance, Lemos et al. [14] demonstrated that the fouling 

rate and cake layer development of GO-incorporated membranes for the treatment of 

landfill leachate and domestic wastewater were significantly lower than in previous 

studies that used only domestic wastewater. The authors also demonstrated that, while 

the GO membrane outperformed the PES control membrane in terms of flow decay and 

humic substance rejection using single model foulant solutions, there were no significant 

differences observed during MBR operation with leachate due to high concentrations of 

humic substances and extracellular polymeric substances. 
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Aside from fouling issues, to enable efficient energy recovery, the organic content of 

municipal wastewater must be concentrated as much as possible, since a Chemical 

Oxygen Demand (COD) > 1500 mg/L is desirable for anaerobic digestion [31]. 

Ultrafiltration (UF) membranes can efficiently reject large organics while allowing 

smaller ones to pass through. For this reason, increasing the rejection capacity of 

membranes during wastewater filtration is a key step for the energetic feasibility of this 

new approach. To achieve high organic matter rejection, forward osmosis (FO) has been 

used in DMF applications. However, the draw solution regeneration [32], low 

concentration factor, and sulfate retention in the concentrate which cause serious 

problems for anaerobic digestion (i.e., toxicity, odor, and reduced methane production) 

are significant drawbacks [6,33,34]. On the other hand, increased amounts of GO in the 

membrane separating layer can improve separation capability of porous membrane by 

enhancing the exclusion mechanism, while reducing the effect of fouling-induced flow 

loss [14]. 

In this work, polyethersulfone-graphene oxide (PES-GO) ultrafiltration (UF) 

membranes is to be synthesized by phase-inversion and applied for the first time for 

fouling reduction and organic matter recovery during direct filtration of urban 

wastewater. Different from previous research, larger amounts of GO in the polymer 

solution were investigated to improve the rejection capacity of mixed matrix membranes 

(MMMs). Membranes were characterized in terms to morphology, composition, surface 

hydrophilicity and water permeability. Furthermore, filterability tests were performed 

with effluent collected in a WWTP to evaluate the pollutants rejection capacity and 

organic matter concentration of the membranes, as well as the characterization and 

quantification of fouling. 
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2. Materials and methods 

2.1. Materials 

Polyethersulfone (PES, molecular weight (MW) of 63,000 g.mol−1) was acquired from 

Solvay. N-Methyl-2-pyrrolidone (NMP) (anhydrous, 99.5%) was provided by LabSynth. 

The GO was synthesized according to a modified Hummer’s method [35] . Spectroscopic 

and morphological analyses were performed to confirm the successful obtaining of the 

2D material (Supplementary Information, Figures S1 and S2).  

2.2. Membrane synthesis and characterization 

Polyethersulfone was chosen for this study because it is recognized as a high-

performance, easy-to-process polyaromatic polymer for the synthesis of porous 

membranes with good chemical resistance, a wide temperature range, and a pH tolerance 

[36,37]. As a result, PES is widely used to produce Microfiltration (MF) and 

Ultrafiltration (UF) membranes among the various polymers used for membrane 

synthesis [38].  

The PES/GO membranes were obtained by phase inversion process via immersion 

precipitation, as described in previous work [14] . Briefly, exfoliated GO was dispersed 

in NMP solutions using a probe sonicator. Then, PES was slowly poured into GO 

dispersions and stirred for 24 h using a mechanical stirrer. A pure PES casting solution 

was also obtained for comparison. Table 1 shows the mass fractions of polymer and GO 

for PES and PES-GO casting solutions. After sonication for 2 h to remove gas bubbles, 

the solutions were cast on a glass plate with an automatic film applicator (Elcometer 

4340) followed by their immersion in an ultrapure water coagulation bath. 

The membranes were previously immersed in isopropyl alcohol for 24 h and dried at 

room temperature before characterization. Morphological analysis of the membranes was 

performed by scanning electron microscopy (SEM) using a JEOL JSM-6010LA 
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microscope. In order to investigate the internal porous structure of the samples, cross-

section surfaces of the membranes were obtained by breaking them after their immersion 

into liquid nitrogen. For the Raman spectroscopy, spectra were collected from the dried 

membranes top-surfaces using a Horiba-Jobin-Yvon T64000 spectrometer operating with 

a Laser-Verdi-G5 (532 nm). The laser excitation source was maintained below 1 mW and 

focused on the samples with a 50x objective. At least, three different regions were 

characterized for each sample. 

 An effective method for characterizing surface properties is to analyze the surface 

energy and affinity of the liquid for the membrane. Wettability or hydrophilicity, in 

particular, has a significant impact on permeability, fouling type, and membrane self-life. 

In this study, the hydrophilicity of the synthesized membranes (i.e., PES and PES-GO) 

was estimated based on optical drop shape method by the sessile drop techniques in its 

dry state at room temperature [39]. An optical contact angle goniometer was employed 

(model SL150E - USA KINO). In a summary, a drop of deionized water was deposited 

on the flat surface of the dried membrane, and the static contact angle of the drop with 

the surface was measured. Three pieces of each membrane were used to estimate the 

contact angle, and five measurements of each sample were taken. A gravimetric method 

was used to determine membrane porosity [40]. An electronic micrometer was used to 

estimate the thickness of each membrane from five different pieces (Digimess, 0-25mm 

0.001mm) and then used to determine the porosity according to Equation 1. 

P(%) = 	
!"#!$
%&
!!

	 ∙ 100 (1) 

Where m1 is the membrane wet weight, m2 is the membrane dry weight, ρw is the 

specific density of water and Vm is the membrane volume obtained from the thickness 

(m) and area (m2). 

 



   
 

9 
 

 

Table 1: Casting solution composition. 

Membrane PES (wt%) NMP (wt%) GO (wt%) 

PES 17.0 83.0 - 

PES-GO(0.3%) 17.0 82.7 0.3 

PES-GO(0.6%) 17.0 82.4 0.6 

 

2.3. Membrane rejection and organic matter concentration 

The feed (i.e., domestic wastewater collected in a municipal WWTP) permeate and 

retentate were characterized according to the physico-chemical analyses reported in Table 

S1, to evaluate membrane rejection and sewage concentration. The analyses were 

performed following the procedures in Standard Methods for the Examination of Water 

and Wastewater [41], except for carbohydrates [42] and proteins [43] which were 

analyzed using Lowry method and sulfuric acid-UV method, respectively, and dissolved 

nitrogen (DN), that was evaluated using a total organic carbon analyzer coupled with an 

TN unit TNM-L (TOC-LCPH Shimadzu). Prior to dissolved organic carbon (DOC) and 

DN filtrate analysis, samples were vacuum filtrated through 0.45 µm acetate cellulose 

filters. 

2.4. Fouling assessment 

2.4.1. Membrane cell test and filterability assays 

For filterability tests, a crossflow filtration cell with 85.1 cm2 membrane area was used 

(Fig. 1) [44]. The experiments were performed at room temperature (21.9 ± 0.6 °C) and 

constant transmembrane pressure (0.7 bar). Each filtration cycle consisted in membrane 

compaction with deionized water at 1 bar (TMP), following Jw1 initial deionized water 

filtration, JS sample filtration until 50% recovery rate was achieved (initial sample 
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volume: 1 L) and two deionized water filtrations, the first without cleaning the membrane 

(Jw2) and the second after physically cleaning the membrane with a bushing (Jw3). Other 

sample filtration was carried out to evaluate the membrane reusability until a 50% 

recovery rate was achieved. 

 

Figure 1: Schematic diagram of crossflow filtration, where: 1) needle valve; 2) 

manometer and 3) flat sheet membrane. 

The mass of the permeate was quantified using an analytical balance (AUW220D, 

Shimadzu). The corresponding volume was determined using the water specific mass 

(998 kg m-3 at 20 °C) and then the flux was calculated with Equation 2: 

𝐽 = !
"×$'

                                               (2) 

Where V is the permeate volume (L), A the membrane area (m2) and tj time between 

measures (h). Normalized flux was calculated using ratio between initial flux and each 

flux measured. 

2.4.2. Fouling analysis 

Fouling analyses were performed with different approaches for evaluation of 

filtration data. Resistance in series (RIS) model were used to quantify resistances 

attributed to fouling fractions [45] . The standard and the classical cake filtration models 

Analy&cal balance

Feed tank
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Feed pump

Crossflow filtra&on cell
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were also applied to evaluate which fouling fraction governed the filtration and was 

mainly responsible for flux decrease [46] . 

Flux recovery ratio (FR) (Equation 3) and fouling ratios (Equations 4-6) were 

obtained according to Vatanpour et al. [47], for better evaluation of reversibility. Higher 

FR values indicate that physical cleaning was able to recover a larger flux percentage. 

𝐹𝑅(%) = -%&(
%&"
.𝑋100    (3) 

Total fouling ratio (Rt) was defined and calculated according to Equation 4: 

𝑅$% = -1 − %)
%&"
. 𝑋100                                              (4) 

Where Rt indicates the degree of total flux loss caused by fouling. 

Reversible fouling ratio (Rr) and irreversible fouling ratio (Rir) were defined and 

calculated using Equations 5 and 6, with Rt as the sum of Rr and Rir: 

𝑅'% = -%&((%)
%&"

. 𝑋100                                              (5) 

𝑅)'% = -%&"(%&(
%&"

.𝑋100                                     (6) 

 Fouling mechanisms was determined according to RIS model, using Equations 7-

10. In this work, total resistance (Rt) was divided in membrane resistance (Rm) and three 

resistances whose sum is the fouling resistance (Rf), the resistance by the pore blockage 

fraction (Rb), that included resistance by remaining fouling after physical cleaning, 

concentration polarization fraction (Rcb) and cake layer fraction (Rc). Most physical 

cleaning methods were expected to remove most of the cake layer, which is referred to as 

reversible fouling [48]. As a result, in addition to pore blocking (complete and standard 

blocking), the residual fraction from the cake layer was considered mostly irreversible 

fouling, a reminiscent after physical cleaning. However, because the cake layer is mostly 

made up of particles bigger than the membrane pores, only a small portion of this surface 

deposit is predicted to contribute to irreversible fouling and is often overlooked [49]. 
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Based on these previous reports, in this study, reversible fouling is here referred to the 

fraction of the cake layer that can be removed by physical cleaning, abbreviated as Rc, 

whereas irreversible fouling includes pore blocking (complete and standard) as well as 

the remaining surface fraction of the cake layer, all of which are abbreviated as Rb. 

Concentration polarization refers to the layer of solutes accumulated near membrane 

surface due to their rejection on the course of filtration, being responsible for increasing 

filtration resistance [50] and merely replacing the feed solution with DI water is enough 

to remove such accumulation and evaluate its contribution to Rt. 

  𝑅$ =
*+,
-	%)

= 𝑅/ + 𝑅0 + 𝑅1 + 𝑅10 =	𝑅/ + 𝑅2             (7) 

𝑅10 =
*+,(%&$(%))

-	%)%&$
= ∆,*

-	%)
− (𝑅/ +	𝑅0 + 𝑅1)	   (8) 

𝑅1 =
*+,(%&((%&$)

-	%&$%&(
= *+,

-	%&$
− (𝑅/ +	𝑅0)	   (9) 

𝑅0 =
*+,(%&"(%&()

-	%&(%&"
= *+,

-	%&(
− 𝑅/    (10) 

 Where TMP is the transmembrane pressure (bar), J is the flux at the related 

filtration stage (L m2 h-1) and η is permeate dynamic viscosity (Pa s).  

 Standard filtration (t/V-t) (Equation 11) and the classical cake filtration (t/V-V) 

(Equation 12) models were evaluated by adjusting sample filtration data, which 

corresponds for fouling caused by particles smaller than membrane pores (flow reduced 

owing to pore clogging), and fouling caused by particles larger than membrane pores 

(development of a cake layer on the membrane surface), respectively. 

 $
!
= 6

7+
+ 8

9
𝑡                                          (11) 

 Where t is filtration time (min), V is accumulated permeate volume (L), Q0 is 

initial flow (L.min-1) and k is a filtration constant (L-1). 

  $
!
= :.<!

"∙*+,
+ :.1.<,

9"$∙*+,
𝑉 = 6

7+
+ >

9
𝑉                      (12) 
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 Where μ is dynamic viscosity (Pa s), Rm is membrane resistance (m-1), A is 

membrane area (m2), c is particle concentration (kg L-1), Rc is cake layer resistance (m 

kg-1), TMP is transmembrane pressure (Pa) and K is cake filtration constant (min L-2). 

2.4.3. Characterization of the fouled membrane  

Morphological and spectroscopic analyses of the fouled membranes were 

performed by SEM and Fourier-transform infrared spectroscopy (FTIR), respectively. 

The FTIR was carried out using a Varian 640-IR FT-IR spectrometer operating with an 

attenuated total reflectance (ATR) accessory. The amount of proteins and carbohydrates 

accumulated in membrane surface was also evaluated. A fouled membrane piece of 2 x 7 

cm was separated, cut into smaller pieces, and put in a beaker with 25 mL of DI water 

and a magnetic stirred for 3 min. After stirring, the solution with foulants was separated 

from the membrane pieces and analyzed in terms of carbohydrates [42]  and proteins [43]. 

3. Results and discussion 

3.1. Membrane characterization 

The incorporation of GO into PES matrix was assessed by Raman spectroscopy analysis. 

Figure 2 shows Raman spectra of only GO and membranes (PES and PES-GO). Raman 

spectrum of PES shows the characteristic polymer peaks at 1071 and 1105 cm-1 ascribed 

to the symmetric and asymmetric stretching vibrations of O=S=O groups, as well as the 

strong peak at 1147 cm-1 corresponding to the C-O-C stretching. PES Raman spectrum 

also exhibits broad bands at 1580 and 1601 cm-1 related to the phenyl structures [40]. 

Likewise, Raman spectrum of GO shows the characteristic D and G bands at 1350 and 

1590 cm-1, respectively. The G band refers to the inherent sp2 hybridized carbon bonds 

of graphene pristine, whereas the D band corresponds to the sp3 hybridized carbon bonds 

resulted from attached hydroxyl, ether and carboxylic functionalities after oxidation 

process.  The favored dispersion of GO into PES matrix could be confirmed by the strong 
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presence of the GO bands at PES-GO membranes spectra. It has been knwon that the high 

number of polar funcionalities from GO contributes to enhance their interaction with PES 

mainly by hydrogen bonds [40]. Also, the digital pictures obtained with different GO 

concentrations display uniform colors, which gradually changes from white to gray with 

the increase of GO concentration, indicating that GO nanoparticles are dispersed into the 

MMMs homogeneously. 

 

Figure 2. (a) Raman spectra of GO, PES and PES-GO membranes, where D and G 

correspond to the characteristics bands of GO. (b-d) Respective digital pictures of PES 

and PES-GO membranes. 

The reduced porosity and mean pore size as well as the increased skin layer 

thickness showed by PES-GO membranes had an impact on their permeability (Table 3). 

Permeability dropped from 290 ± 37 L.m-2.h-1.bar-1 (PES) to 105 ± 6 L.m-2.h-1.bar-1 [PES-

GO(0.3%)] due to the increased water transport resistance across the membrane. On the 

b)

c)

d)

a) PES

PES-GO(0.3%)

PES-GO(0.6%)
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other hand, higher concentration of GO contributed to increase PES-GO(0.6%) 

wettability resulting in slightly enhanced membrane permeability (120 ± 2 L.m-2.h-1.bar-

1). This phenomenon could be observed through the decreased contact angle of PES-GO 

membranes and is mainly attributed to the higher concentration of hydrophilic groups 

from GO which enhances the interaction between the water molecules and the membrane 

pore structure, favoring a larger uptake of water molecules and a higher membrane 

wettability [24].   

 

Figure 3: SEM images of membrane cross-section of PES (a), PES-GO(0.3%) (b) and 

PES-GO(0.6%) (c). 

Table 3. Average values of porosity, mean pore size, skin layer thickness, contact angle 

and permeability for PES and PES-GO membranes. 

Parameters PES PES-GO(0.3%) PES-GO(0.6%) 

Porosity (%) 66.1 ± 1.4 64.2 ± 1.7 60.4 ± 1.2 

Mean pore size (nm) 40 29 30 

Skin layer thickness (µm) 0.51 ± 0.18 0.85 ± 0.41 0.89 ± 0.39 

Contact angle (o) 60.1 ± 1.3 53.9 ± 1.8 47.1 ± 1.4 

Permeability (L.m-2.h-1.bar-1) 290 ± 37 105 ± 6 120 ± 2 

 

3.2. Membrane rejection, permeate quality and COD concentration 
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The effects of the morphology, hydrophilicity and permeability features on the 

filterability and rejection efficiency of the membranes were analyzed (Table 4 and Figure 

4). In general, PES-GO membranes exhibit higher rejection capacities when compared to 

the PES specimen. Table 4 shows an enhanced reduction of the permeate turbidity for 

PES-GO membranes which is related to their smaller pores size (Table 3) and consequent 

better size exclusion capacity. In addition, PES-GO membranes show superior decrease 

on true color and Abs254. While the PES membrane reduced color and humic substances 

by only 31% and 35%, respectively, the MMMs were able to achieve mean removals of 

more than 73% for color and up to 51% for Abs254.  

Table 4. Wastewater and permeates physical-chemical characterization. 

Parameters Wastewater PES PES-GO(0.3%) PES-GO(0.6%) 

Turbidity (NTU) 70.6 ± 2.3 1.4 ± 0.3 0.4 ± 0.1 0.3 ± 0.1 

Color (uC) 169.1 ± 6.2 116.8 ± 3.6 46.1 ± 8.9 42.5 ± 1.5 

Abs254 (10 x cm-1) 3.40 ± 0.04 2.21 ± 0.02 1.66 ± 0.02 1.81 ± 0.02 

COD* 214.0 ± 7.4 27.5 ± 5.7 29.5 ± 11.2 21.1 ± 7.9 

DOC* 27.2 ± 0.1 16.6 ± 0.6 12.9 ± 0.3 13.5 ± 0.3 

Proteins* 39.1 ± 1.1 7.7 ± 1.5 4.6 ± 1.3 5.2 ± 1.0 

Carbohydrates* 14.5 ± 2.3 1.4 ± 0.2 0.4 ± 0.2 0.4 ± 0.2 

* mg/L 

Analyses of DOC, proteins, carbohydrates, and COD were carried out to evaluate 

organic compounds rejection efficiency (Table 4 and Fig. 4). Higher proteins rejection 

and, in particular, higher carbohydrates rejection were obtained for PES-GO membranes 

than for PES membranes, which could have a positive effect as pretreatment for high-

pressure RO processes for non-potable drinking water production, assisting in the long-
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term sustainable operation of the RO process.  Furthermore, PES-GO membranes 

outperformed PES membranes in DOC removal, being 13% and 11% higher for PES-

GO(0.3%) and PES-GO(0.6%), respectively. Since municipal wastewater may contain a 

large percentage of dissolved organic substances with low molecular weight (i.e., less 

than 1000 Daltons) [51], these results suggest that the addition of GO modified the 

physicochemical properties of the membranes and favors other separation mechanisms 

that go beyond just size-difference exclusion. It may have contributed to a reduction in 

the amount of organic contaminants with low molecular weight that passes through the 

UF membranes, and thus decreased DOC from permeate.  

Indeed, the presence of GO results in diminished electrostatic and hydrophobic 

interactions between the membrane and negatively charged organic compounds of the 

influent, with some mechanisms acting together for this [14]. GO addition in MMMs is 

associated with increased humic substances removal, a pollutant associated to color and 

Abs254 in water [52]. Algamdi et al. [53] achieved removal of 95-98% of humic 

substances (10 to 100 mg/L solutions) for PES-GO membranes (1-5%wt. GO content, 

relative to %wt. PES) and reduction of humic acid solution adsorption for 1-4%wt GO 

content in membranes. Such results were attributed to the formation of a hydration layer 

(produced by -OH and -COOH groups in GO) that reduced interaction between these 

hydrophobic pollutants and the hydrophobic PES. Beyond the hydration layer, Igbinigun 

et al. [30] showed that the more negative zeta potential of PES-GO allowed better 

repulsion between humic compounds and the membrane itself, promoting better retention 

and less fouling. Such benefits are also expected to allow better retention of proteins, as 

indicated by Hu et al. [54], who achieved 99.3-99.4% of BSA rejection, for a 1 g/L 

solution, with a MMM made of PES, sulfonated polysulfone, PEG and GO (0.004-

0.016wt. %). 
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Figure 4: Average pollutant removal for PES and PES-GO membranes. 

PES and PES-GO membranes exhibit a high COD reduction (>86%), with no 

significant differences, demonstrating high filterability efficiency by producing permeate 

with average COD less than 30 mg/L (Table 4).  Compared to commercial membranes 

used for wastewater treatment and organic matter concentration, these PES-GO 

membranes achieved similar or better COD removal. For instance, Gong et al. [55] 

achieved 30.9-37.6 mg COD/L in permeate with a commercial PVDF-UF membrane, 

whereas Ortega-Bravo et al. [56] achieved 49 mg COD/L in permeate with a commercial 

PES-UF membrane.  

The improved performance of PES-GO membranes for dissolved and colloidal 

organics (i.e., color, Abs254, and DOC) opens the potential of improving organic 

micropollutant removal during DMF, allowing for better permeate quality to meet more 

stringent legislation for water disposal and reuse. This is a critical aspect of DMF because 

there is no other integrated process for removing these compounds, and solute-foulants 

and solute-solute interactions, as well as effluent-membrane interactions, play a major 

role in micropollutant removal. 
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The efficiency of PES and PES-GO membranes in organic content concentration was 

assessed using COD measurements in a single cycle with a sample volume of 1 L. As 

shown in Figure 5, COD in the concentrate increased significantly with the increasing of 

permeate recovery from 80% to 90%. For PES-GO(0.6%) membrane, COD concentrate 

increased from 985.6 mg/L to 1950 mg/L (concentration factor increased from 4.5 to 8.8), 

for 80% and 90% of permeate recovery, respectively.  

 

Figure 5. COD in the concentrate stream as a function of concentration factor and energy 

recovery potential, with mass balance of PES-GO(0.6%) membrane taken into account. 

One of the goals of DMF technology development is to concentrate wastewater for 

subsequent treatment by anaerobic digestion, which produces methane, a renewable 

energy source [57]. The theoretical potential for energy production from anaerobic 

digestion of the concentrate is shown in Figure 5 (assumed:1 g of COD yields 350 mL of 

CH4  [58,59], and only 33% of methane energy is converted to electrical energy [60]). It 

is clear that the permeate recovery rate has a significant impact on DMF's energy recovery 

potential. Values greater than 80% would make it possible to recover up to 1.0 kWh.m-3 

of filtered wastewater, which would be sufficient to meet the technology’s energy 
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demand, given that DMF full-scale energy consumption was estimated to be similar or 

lower than that consumed in an activated sludge system (0.3 to 0.6 kWh/m3) [6,7].  

Aside from sewage concentration, DMF technology contributes to water recovery and 

reuse. Depending on the water reuse application, a post-treatment may be required after 

the DMF process. For agricultural irrigation, the world largest water consumer, 

regulations and guidelines require a maximum and a minimum turbidity and COD of 14-

0.2 NTU and 500-40 mg/L, respectively [61]. For PES-GO membranes, a high quality 

permeates with COD less than 30 mg/L and turbidity less than 0.5 NTU were obtained, 

allowing the water reuse after disinfection process and assurance of biologically and 

chemically safety in some agricultural irrigation applications, such as fiber crops, corn 

oil crops, and pastures irrigation [61]. 

3.3. Membrane fouling 

3.3.1 Filterability   

Table 5 and Figure 6 show the initial and normalized flows during filtration tests for 

each membrane.  PES membrane had a greater flux reduction during direct wastewater 

filtration than PES-GO membranes.  In first cycle, the flux of all membranes decreases 

similarly and rapidly until approximately 80% of normalized flux. Following that, a 

distinct behavior is observed between the flux of PES and PES-GO membranes. While 

the flux decay rate for the PES-GO membranes is clearly reduced, the permeate flux 

decay for the PES membrane remains high up to approximately 50% of normalized flux. 

In the second wastewater filtration cycle (i.e., after physical cleaning), the difference in 

flow behavior between the membranes is even more pronounced. PES membrane exhibits 

a greater loss of flow than PES-GO at the start of filtration. Membranes incorporating 

GO, on the other hand, maintained a flow behavior similar to the first cycle, particularly 
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for the membrane with the highest amount of nanoparticles, indicating that adding GO is 

beneficial for maintaining their properties after physical cleaning (i.e., better reusability). 

Despite the PES control membrane higher permeability, the permeate flux at the 

pseudo steady-state was close (Table 5), with the flux of the PES-GO membranes being 

slightly higher. PES membrane achieved 24% and 23% of the initial flux in the first and 

second filtration, respectively (initial flux: 117 LMH). For PES-GO membranes, the PES-

GO(0.3%) had the lowest flux decrease in both filtration cycles, reaching 57% and 51% 

of the initial flux in the first and  second, respectively (initial flux: 59 LMH), while the 

PES-GO(0.6%) reached 47% for both filtrations. This result indicates that the decrease in 

permeability caused by the higher concentration of GO in the polymer matrix had no 

negative effect on the permeate flux during direct filtration of wastewater, and that the 

type of fouling and its interaction with the membrane has a greater impact on permeate 

maintenance. 

Table 5: Initial and final flux values during wastewater filtering, with percentages in 

brackets referring to the first cycle initial value.  

Membrane 
Flux (1st cycle) Flux (2nd cycle) 

Initial Final Initial Final 

PES 150 36 (24%) 117 34 (23%) 

PES-GO(0.3%) 71 38 (53%) 59 36 (51%) 

PES-GO(0.6%) 79 37 (47%) 72 37 (47%) 

 

It should also be noted that, while the better-normalized flux for GO-based membranes 

has been reported for model solution filtration, the flux behavior observed in this study 

follows the same trend, that is, significantly less decay for PES-GO membranes. For 

example, Igbinigun et al. [30] achieved lesser flux decay with PES-GO membranes (GO 
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content: 2, 4 and 6%) compared to a commercial PES membrane, with a final normalized 

flux of approximately 65% with 2 and 4% GO content and only ~20% with PES. It 

demonstrates that GO addition preserves its benefits in a complex matrix like raw 

municipal wastewater, which, when combined with the improved reusability of the PES-

GO membrane, would maintain higher fluxes after several cycles of organic material 

concentration. The extent and significance of this result is further demonstrated by the 

findings of Gong et al. [55], who showed a great loss of permeability (from 110 LMHbar 

to 10 LMHbar) after 800 h of operation with a commercial PVDF membrane for organic 

matter up-concentration from wastewater. 

 

Figure 6: Normalized fluxes during filtration assays for the same volume of permeate. 

3.3.2 Fouling mechanism and flux recovery 

The standard (t/V-t) and classical cake (t/V-V) filtration models were applied to better 

understand the fouling behavior on the membrane surface, and the results are shown in 

Table 6. Despite the high correlation also obtained with the standard filtration model, the 

R2 was higher for the classical cake filtration, indicating a better fit in this model and that 

cake formation is the main fouling mechanism (1 h of filtration testing). The data shows 

a fast decrease in flux during early filtration (Figure S3), most likely due to pore 

obstruction caused by foulant deposition and adsorption, followed by the formation of a 
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curve slope also contributes to comparing fouling between membranes, as higher values 

imply greater cake layer resistance [64]. The highest slope was obtained with PES 

membranes and the lowest with PES-GO(0.3%), showing the modified membrane 

advantage in terms of fouling reduction. 

Table 6: Results of Standard (t/V-t) and classical cake (t/V-V) filtration models. 

Membrane Standard filtration Classical cake filtration 

Equation R2 Equation R2 

PES (t/V) = 1.24t + a1 0.97 (t/V) = 0.16V + a1 0.99 

PES-GO(0.3%) (t/V ) = 0.70t + a2 0.95 (t/V) = 0.11V + a1 0.97 

PES-GO(0.6%) (t/V) = 0.79t + a3 0.95 (t/V) = 0.12V + a1 0.98 

 

The PES membrane presents the highest total fouling resistance (6.08 x 1012 m-1), 

almost double that observed for MMMs, and the highest resistances for all three divisions 

of fouling considered in this work (i.e., Rc, Rb and Rcb). The results for the RIS model 

(Table S2) also show the greater influence of the cake layer on total fouling and the 

differences between fouling layers in each membrane. Cake resistance was the highest of 

all three resistances for all filtrations, collaborating to indicate the predominance of such 

fouling mechanism. Hube et al. [65] reported similar results, demonstrating that after 

initial intermediate pore blocking, cake layer resistance became the largest during direct 

microfiltration and ultrafiltration of primary sewage. Pore blocking resistance decreased 

as the GO content increased. The Rb (0.328 x 1012 m-1) value of the PES-GO(0.6%) 

membrane was nearly two and a half times lower than the Rb of the PES membrane, 

corroborating the results in Fig. 7, that show a lower irreversible resistance for this 

membrane. 
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Figure 7 shows the flux recovery ratios and relative fouling contributions for all three 

membranes analyzed. The flux recovery ratio (Fig. 7-a) obtained with physical cleaning 

of the PES membrane surface was 63%, lower than the flux recovery for PES-GO(0.3%), 

87%, and for PES-GO(0.6%), 91%, implying a higher antifouling performance of 

modified membranes. The FRR results obtained in this study with raw wastewater are 

consistent to most of those reported in the literature, which show flux recovery of 45% to 

96% for GO-based UF membranes. The differences in FRR found in the literature are 

generally related to the type of solution and the amount of GO in the mixed matrix. 

Algamdi et al. [53], for example, demonstrated an increase in FRR from 77% to 95% with 

an increase in GO content after filtration of a humic acid solution, followed by simple 

washing with water. Abdel-Karim et al. [40], on the other hand, obtained FRR ranging 

from 45% to 65% depending on the amount of GO after filtration of a BSA solution 

followed by cleaning with DI water. The higher FRR observed in this study when 

compared to model solution filtration can be attributed to differences in the cake layer 

formed with the wastewater matrix and its efficiency acting as a pre-filter for internal 

fouling prevention. 

In addition to FRR, fouling reversibility is a useful in interpreting the membrane 

antifouling behavior. Figure 7-b clearly shows that as GO increases, the irreversible 

fouling fraction decreases. While reversible fouling contributed only 54% of total fouling 

over the PES membrane, it increased from 71% to 83% in PES-GO(0.3%) and PES-

GO(0.6%), respectively. The low contribution of the irreversible fraction to total fouling 

by GO-based membranes indicates that the foulants are weakly deposited on the 

membrane surface and can be easily removed by physical cleaning processes, lowering 

chemical costs, and increasing membrane life-spam. 
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Figure 7: Flux recovery ratios (A) and relative fouling contributions (B) for filtration 

assays. 

The differences in fouling behavior between PES and PES-GO membranes can be 

justified by the changes in pore size and permeability discussed in section 3.1, which have 

a strong impact on fouling formation, since membranes with larger pore sizes might 

present higher permeability but are more susceptible to inner pore blockage promoted by 

foulants. On the other hand, for membranes with smaller pores, certain particles would 

only adhere to the membrane surface or become part of the cake layer due to size 

exclusion [66–68]. Moreover, the better PES-GO membranes performance may be 

attributed to their higher hydrophilicity and more negative zeta potential. The contact 

angle results show that PES-GO membranes have lower hydrophobicity, implying weaker 

attachment of hydrophobic compounds to the membrane surface and pores. With less 

interaction between the membrane and foulants, adsorptive fouling is reduced, and shear 

stress caused on membrane surface can easily remove such compounds [24,69]. 

Furthermore, the presence of GO functional groups reduces the membrane zeta potential, 

increasing electrostatic repulsion of negatively charged foulants which contributes to an 

easier removal of foulants by physical methods. Besides, GO addition can make the 

membrane surface smoother, with lower roughness and fewer sites where foulants could 
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potentially get attached [70]. These advantages will lead to less frequent chemical 

cleaning for flux recovery (e.g., sodium hypochlorite, sodium hydroxide). 

3.3.3 Fouling composition 

The cake layer could be visualized by the SEM top surface images of PES and PES-

GO fouled membranes (Fig. 8-a-c). In order to further study their composition, FTIR 

analyses of the membranes before and after fouling were performed (Fig. 8-d-f). FTIR 

spectra of PES and PES-GO membranes exhibit the characteristic peaks of the polymer 

which includes those at 1577 and 1484 cm-1 associated to the C=C of the aromatic ring 

as well as those at 1320 and 1155 cm-1 corresponding to the S=O stretching of the sulfonic 

group. In addition, the peak showed at 1241 cm-1 refers to the C-O stretching of the 

polymer ether groups [71,72]. On the other hand, most of these peaks are overlapped in 

the spectra of the fouled membranes (F-PES and F-PES-GOs) due to the presence of 

organic compounds of the cake layer. FTIR spectra of the F-PES and F-PES-GOs show 

characteristic peaks of protein secondary structures, known as amide I (stretching 

vibrations of C=O and C-N at 1652 cm-1) and amide II (N–H bending and C-N stretching 

at 1554 cm-1) [73–75]. F-PES and F-PES-GOs spectra also exhibit a broad band centered 

at 3301 cm-1 and a strong peak at 1054 cm-1 related to O-H and C-O bonds stretching, 

respectively, which are characteristic of polysaccharides or polysaccharide-like 

substances [76]. Moreover, the sharp peaks in the vicinity of 2923 cm-1 corresponds to C-

H bonds of long linear aliphatic chains [77,78].  

Influence of carbohydrates (mainly polysaccharides) and proteins over fouling is 

extensively described in literature [63,79]. Polysaccharides can cause severe irreversible 

fouling in microfiltration due to internal pore blockage or/and formation of a gel layer 

over membrane surface, resultant of polysaccharide crosslinks in the presence of cations, 

such as Ca2+ [79,80]. The adsorption on membrane surface should also be considered. It 
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has been shown that foulant polysaccharides show great adsorption to phenyl groups, 

which are present in PES. On the other hand, the presence of carboxylic and (mainly) 

hydroxyl groups over PES-GO membrane surface should prevent such adsorption 

phenomenon [81,82]. Besides, the beneficial effect of enhanced hydrophilicity also 

reduces polysaccharides adsorption [83].  

 
Figure 8. SEM images (a, b, c) and FTIR spectra (d, e, f) of the external fouling layer of 

the fouled membranes. 
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Similarly, protein fouling is mainly related with hydrophobic and electrostatic 

interactions between their functional groups (e.g. -OH, COOH and -NH2) and membrane 

surface. This is because certain groups like phenyl, present in PES, are more prone to 

protein adsorption, resulting in irreversible fouling and strongly collaborating to cake 

layer formation [81,84]. Recent works with model proteins (BSA) show lower flux 

decays for PES-GO membranes [14,40] due to their strong presence of hydroxyl groups 

and enhanced hydrophilicity, which minimize the protein attachment [29,85]. 

To clarify the cake layer composition, proteins and carbohydrates over membrane 

surface were quantified and presented in Figure 9-a. The amount of carbohydrates 

increased from 0.14 ± 0.01 g/m2  for PES to 0.17 and 0.18 g/m2  for PES-GO(0.3%) and 

PES-GO(0.6%), respectively. However, the amount of proteins deposited differed for 

each membrane, with a higher value obtained for PES membrane surface (1.16 ± 0.03 

g/m2) and the lower value for PES-GO(0.3%) (0.71 ± 0.07 g/m2).  

The results of carbohydrates and proteins deposited on membrane surfaces are even 

more important when they are associated with the membranes rejection capacity. As 

previously demonstrated (Fig. 4), the MMMs had higher rejection efficiencies for both 

foulants (i.e., proteins and carbohydrates) than PES. PES-GO membranes, for example, 

were able to reject 28% more carbohydrates from sewage (Table 4), which explains the 

21% and 28% increases in this compound in the fouling layers of PES-GO(0.3%) and 

PES-GO(0.6%), respectively. Protein, on the other hand, demonstrated a different trend. 

Even though PES-GO membranes rejected more protein, the concentration of protein in 

the cake layer of these membranes was lower. Furthermore, the quantification of these 

foulants revealed higher amounts of proteins than carbohydrates compared to those in the 

raw wastewater (Fig. 9-b). The P/C ratio increased from 2.7 in raw wastewater to 8.0 in 
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the cake layer of the PES membrane, and the same trend was seen in the PES-GO 

membranes (P/C ratio - 4.1 and 5.4), though to a lesser extent.  

Although the reduction of protein deposited does not follow the amount of GO, these 

findings strongly suggest that changes in the membranes surface caused by the addition 

of GO allowed for a reduction in protein deposition, and its contribution to fouling 

formation during DMF is greater than carbohydrates. Despite that, further research is 

needed to investigate quantitatively adsorption and internal pore blockage caused by this 

foulant. 

 
Figure 9: Protein and carbohydrate removed from cake layer (a) and protein/ 

carbohydrate ratio (b). 

4. Conclusions 

The addition of nanoparticles significantly alters the physicochemical properties of the 

polymeric membranes, making selective layer more hydrophilic, preventing the 

deposition of hydrophobic compounds and increasing rejection capacity. In this study, we 

show that PES membranes synthesized with concentrations of GO did not lead to greater 

permeate flux, but improved membrane reusability, flux recovery and a substantial 

increase of reversible fouling resistance when applied in DMF of municipal wastewater. 

The main foulant present in the cake layer was protein, and the addition of GO was able 

to reduce its deposition. Membrane selectivity was enhanced, resulting in higher rejection 
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of colloidal and dissolved compounds, with lower concentrations of compounds in the 

permeate that have little effect on COD but may be related to other micropollutants. In 

terms of COD recovery, there were no differences between the membranes, and no gain 

was observed for energy production through anaerobic digestion of organic material. 

However, the synthesized membranes showed high organic matter recovery, 1,950 mg of 

COD/L, for 90% of permeate recovery, exceeding anaerobic digestion minimum 

concentration, for methane production, aiming energy sustainability of the wastewater 

treatment plant. Since a higher quality of permeate was obtained, future research studies 

should investigate the organic micropollutants removal and its application in water reuse. 

Besides, the higher reversibility of the fouling layer on the membrane due to addition of 

GO, open possibilities for the use of more straightforward physical cleaning methods, 

including non-abrasive granular cleaning materials, to assist the fouling control and 

enhance the energy efficiency of this novel and promising conception of sewage treatment 

and resources recovery. 
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