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Gabriela Kamińska and Anna Marszałek *

Department of Water and Wastewater Engineering, Silesian University of Technology, Konarskiego 18,
44-100 Gliwice, Poland; gabriela.liszczyk@gmail.com
* Correspondence: anna.marszalek@polsl.pl; Tel.: +48-32-237-21-73

Received: 22 November 2019; Accepted: 3 January 2020; Published: 4 January 2020
����������
�������

Abstract: Grey water has been identified as a potential source of water in a number of applications e.g.,
toilet flushing, laundering in first rinsing, floor cleaning, and irrigation. The major obstacle to the reuse
of grey water relates to pathogens, nutrients, and organic matter found in grey water. Therefore, much
effort has been put to treat grey water, in order to yield high-quality water deprived of bacteria and
with an appropriate value in a wide range of quality parameters (Total Organic Carbon (TOC), nitrate,
phosphate, ammonium, pH, and absorbance), similar to the values for tap water. The aim of this study
was to treat the real grey water, and turn it into high-quality, safe water. For this purpose, the real
grey water was treated by means of a sequential biological reactor (SBR) followed by ultrafiltration.
Initially, grey water was treated in a laboratory SBR reactor with a capacity of 3 L, operated in a 24 h
cycle. Then, SBR effluent was purified in a cross-flow ultrafiltration setup. Treatment efficiency in
SBR and ultrafiltration was assessed using extended physicochemical and microbiological analyses
(pH, conductivity, color, absorbance, Chemical Oxygen Demand (COD), Biological Oxygen Demand
(BOD5), nitrate, phosphate, ammonium, total nitrogen, phenol index, nonionic and anionic surfactants,
TOC, Escherichia coli, and enterococci). Additionally, ultrafiltration was evaluated in terms of fouling
behavior for three polymer membranes with different MWCO (molecular weight cut-off). The values
of quality parameters (pH, conductivity, COD, BOD5, TOC, N-NH4

+, N-NO3
−, Ntot, and P-PO4

3−)
measured in SBR effluent did not exceed permissible values for wastewater discharged to soil and
water. Ultrafiltration provided the high-quality water with very low values of COD (5.8–18.1 mg/L),
TOC (0.47–2.19 mg/L), absorbanceUV254 (0.015–0.048 1/cm), color (10–29 mgPt/L) and concentration of
nitrate (0.18–0.56 mg/L), phosphate (0.9–2.1 mg/L), ammonium (0.03–0.11 mg/L), and total nitrogen
(3.3–4.7 mg/L) as well as lack of E. coli and enterococci. Membrane structural and surface properties
did not affect the treatment efficiency, but did influence the fouling behavior.

Keywords: grey water; SBR; ultrafiltration; fouling; zeta potential

1. Introduction

Water is emerging as one of the single most important resources of Planet Earth for the prosperity
of the economy and human life. However, freshwater resources have been increasingly polluted
and depleted globally. The constant increase in water usage and climate change—such as altered
weather-patterns (including droughts or floods), deforestation, and increased pollution—are the main
driving forces for the rising global scarcity of water. It is experienced especially by European countries,
due to an improvement of living standards and economic development in recent years. Along with
economic development, the total water use in Europe has been sharply increasing in the last decades [1].
Grey water recycling is the solution to the growing challenges associated with water shortages [2].
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Quantitatively, grey water represents around 65% of the total volume of domestic sewage, making it the
largest stream for water reuse [3]. Grey water contains nitrate, phosphate, organic matter, surfactants,
pharmaceuticals, oils, and pathogens [4]. Therefore, the treatment of grey water before its reuse is
necessary. Purified grey water could be reused for cleaning, car washing, concrete production, and
irrigation [5,6]. The guidelines of the World Health Organization (WHO) point to four criteria for the
reuse of grey water: hygiene, aesthetics, environmental tolerance, and economic feasibility. WHO
recommends biological treatment and ultrafiltration in order to obtain high-quality water. However,
the requirements that define “high water quality” are too sweeping and do not show the physical and
chemical specifications. It is caused by a number of possible applications of reclaimed grey water that
require various different quality standards. In 2006, WHO set microbiological criteria that reclaimed
grey water should meet for its reuse for restricted and non-restricted agricultural irrigation. [7,8].

Numerous approaches, including low and high pressure-driven membrane techniques [9–11],
coagulation [12,13], biological processes, and membrane bioreactors [3], have been proposed for the
treatment of grey water. These technologies vary in both complexity and performance. For example,
Li et al. recommended the employment of an aerobic treatment coupled with membrane filtration
or an aerobic treatment with sand filtration, with disinfection as the last step for both systems [8].
Similarly, Ding et al. suggested applying a system that combines membrane filtration with biological
treatment in a gravity-driven membrane filtration system. In this technique, the fouling layer attached
to the membrane stabilizes a flux and improves the treatment effects due to the microbial activity
of biofilm [14]. From these studies, it is clear that grey water requires both biological and physical
treatment to meet non-potable reuse standards. Aerobic biological processes are effective to remove
organics from grey water. Physical processes, particularly membrane filtration, are recommended
for polishing effluents from the biological treatment step [9,15]. Ultrafiltration (UF) retains bacteria,
suspension, colloids, natural organic matter, and partial micropollutants such as pharmaceuticals
and personal care products. However, the efficiency of ultrafiltration in the removal of individual
pollutants depends on membrane type and its properties such as molecular weight cut-off (MWCO).
Membrane properties such as contact angle and zeta potential play an important role in the fouling
behavior and hydraulic performance of the system [16]. Membrane fouling results in a permeability
loss due to the increase in hydraulic resistances in the filtration system, especially in the case of porous
polymer membranes. There are many studies reported in the literature that aimed at mitigating the
fouling by selecting the most optimal operational parameters for ultrafiltration such as transmembrane
pressure, velocity, temperature, or developing a cleaning method. [17–19]. On the other hand, they
do not consider the effect of structure and surface properties of membrane i.e., MWCO and contact
angle on fouling behavior. Another issue is that most of these studies were conducted for artificial
grey water. While artificial grey water provides useful information for model development, it does not
reflect real conditions, and the composition affects the process significantly.

The main novelty of this work shows that high-quality water can be obtained from grey water.
For a need of this study, we established that high-quality water is water: (1) that fulfills criteria
included in the Polish Regulation from the Minister of the Environment on the conditions to be met
when discharging wastewater into water or soil and (2) with the basic quality parameters (smell,
color, turbidity, TOC, ammonium, nitrate, chloride, conductivity, hardness, E. coli, and enterococci)
like the standards for tap water. In order to gain this purpose, real grey water was treated using a
sequential biological reactor (SBR) followed by ultrafiltration. Treatment efficiency was evaluated for
SBR and ultrafiltration using extended physicochemical and microbiological analyses. Additionally,
ultrafiltration was studied in terms of fouling behavior for three polymer membranes with different
MWCO. In that context, the novelty of this work is also a determination of the effect of membrane type
on the treatment of SBR effluent and fouling behavior.
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2. Methodology

2.1. Grey Water Characteristic

Grey water was collected from a single-family household located in Silesia in Poland. This house
is equipped with an installation to collect grey water from the shower, kitchen sink, and washing
machine. The characteristic of the grey water is given in Table 1. Samples were taken directly from a
storage tank and transported to the lab facilities, stored at 4 ◦C and analyzed within 48 h according to
the methodology presented in Section 2.6.

Table 1. Characteristic of grey water, as taken.

Parameter Unit
Value

Min Max Average

pH - 7.47 7.88 7.6
Conductivity µS/cm 735 772 758

Color mgPt/L 182 228 201
Turbidity FTU 26 31 28.2

AbsorbanceUV254 1/cm 0.468 0.611 0.55
COD mg/L 415 638 543
BOD5 mg/L 190 240 212

N-NO3
− mg/L 0.4 0.8 0.6

P-PO4
3− mg/L 3.8 4.6 4.15

N-NH4
+ mg/L 0 0.3 0.2

Ntot mg/L 9.4 11.3 10.7
Surfactants nonionic mg/L 1.33 1.64 1.42
Surfactants anionic mg/L 12.9 17.5 15.2

TOC mg/L 51.2 59.3 56.3

2.2. Biological Treatment in SBR

The SBR technology used provides for the dosing of wastewater in alternately used anaerobic
reactor oxygen conditions. This guarantees a high degree of removal of carbon, nitrogen, and
phosphorus compounds. The operation of the reactor is simple, and during operation, modifications of
individual separate phases of the technological cycles are possible. The biological process was carried
out under laboratory conditions, using activated sludge taken from the municipal sewage treatment
plant in Gliwice, Poland. The treatment of grey water was carried out in a laboratory SBR with a
capacity of 3 L. During the treatment experiment, the excessive activated sludge was periodically
removed from the SBR in order to keep its concentration at the level of 3.0 g/L. The solid retention time
(SRT) was 20 days. The load of the sludge with the contaminants was equal to 0.1 g COD/gDMd and
the concentration of oxygen was at the level of 3 mg/L. The system was operated as the sequential
biological reactor in one cycle per day. The length of particular operation stages was as follows: filling
and mixing phase for 2 h, aeration phase for 21 h, and sedimentation and SBR effluent removal for 1 h.
The aeration system consisted of aquarium cubes placed on the bottom of the tank with connected
aeration pumps of the Tetratec APS 300 type (Tetra, Melle, Germany). In order to thoroughly mix the
contents of the chamber, it was mixed by means of a magnetic stirrer with the possibility of speed
regulation in the range from 50 to 1000 revolutions/min. The chamber was filled and emptied using
Heidolph peristaltic pumps (Heidolph, Schwabach, Germany). The electronic weekly programmer
controlled the start and end of the relevant SBR work phase.

2.3. SBR Effluent Treatemnt by Ultrafilltration–Ultrafiltration Run

Ultrafiltration is especially dedicated to drinking water production because colloids, particulates,
macromolecules, and pathogens are removed in this process. It is also a suitable process to purify
effluent after biological treatment as this effluent contains bacteria, particles of organic matter, and
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suspended solids. Ultrafiltration was carried out in the lab, using a scale cross-flow configuration
equipped with a plate-and-frame membrane module SEPA CF-NP (GE Osmonics, Minnetonka, MN,
USA) as seen in Figure 1. Three ultrafiltration membranes were used in separate processes. Membrane
properties are presented in Table 2. Before each experiment, the clean water flux was determined using
ultrapure water. The process was operated at a constant pressure of 5 bar and a constant temperature
of 22 ± 1 ◦C and a constant velocity of 1 m/s with continuous dosing of SBR effluent to the feed tank.
Each filtration run consisted of three cycles including 60 min of filtration followed by forward flushing
with ultrapure water during 60 s. The volume of permeate was monitored in order to determine the
permeability from the following equation:

Lp =
V

∆p·A·t
(1)

where: Lp is permeability (L·m−2
·h−1
·bar−1) in short (LMHB), V is permeate volume (L), A is membrane

surface area (m2), t is permeate time collection (h), and ∆p is transmembrane pressure (bar).

Table 2. Properties of ultrafiltration membranes.

Symbol DSGM V3 BN

Manufacturer GE Osmonics
(Minnetonka, MN, USA)

Synder (Allison Parkway
Vacaville, CA USA) Synder

Polymer material Polyamide-TFC PVDF PVDF
MWCO, Da 8000 30,000 50,000

Thickness *, µm 150 220 200

* own measurements with an electronic micrometer.
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2.4. Membrane Fouling Characterization

In this study, hydraulic resistances were used to characterize the fouling behavior of ultrafiltration
membranes treating SBR effluent. Hydraulic resistances of membrane and fouling layer were calculated
using the resistance in the series model and Darcy’s law using the correlations as shown below [20].

ktot = km + k f (2)

k f = kirr + krev (3)

J =
∆p
µ·k

(4)
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where: k is hydraulic resistance, where subscripts m, f, irr, rev, and tot are related to membrane, fouling,
hydraulically irreversible fouling, hydraulically reversible fouling, and total (m−1), respectively, J is
the flux (m3

·m−2
·s−1), ∆p is the transmembrane pressure (kg·s−2

·m−1), and µ is the dynamic viscosity
of water at given temperature (kg·m−1

·s−1). Membrane resistance (km) was measured for the clean
membrane with ultrapure water prior to feed water filtration. Hydraulically irreversible fouling was
determined from the flux after forward flushing, while hydraulically reversible fouling was determined
from the difference in fouling and irreversible resistances.

2.5. Membrane Characterization

Zeta potential of membranes was determined by the electrokinetic analyzer SurPASS™ 3 (Anton
Paar, Graz, Austria). Measurements of the contact angle were performed using the goniometer PG-1
(Fibro System AB, Hägersten, Sweden) and the sessile drop method was applied. By syringe on top, a
drop of ultrapure water was put on the dried membrane surface. Through an enlarged projection of the
water drop on the gauge, the value of the contact angle was measured. For every type of membrane,
10 samples were measured and the average value was calculated.

2.6. Quality Analysis and Microbiological Assessment

The treatment efficiency in SBR and ultrafiltration was evaluated by the monitoring of the typical
quality parameters (color, turbidity, COD, BOD5, TOC, phenolic index, absorbance of UV254, nitrate
(N-NO3

−), phosphate (P-PO4
3−), ammonium (N-NH4

+), total nitrogen (Ntot), conductivity, pH, and
anionic and non-ionic surfactants). Color and turbidity measurements were performed with a UV-Vis
Spectroquant®Pharo 300 (Merck, Kenilworth, NJ, USA). Phenolic index, COD, nitrate, phosphate,
ammonium, total nitrogen, and anionic and non-ionic surfactant concentrations were determined
spectrophotometrically with Merck test kits (codes of the Merck test kits are given in Table S1).
The absorbance was measured at 254 nm, using a UV-visible light (UV-Vis) Cecil 1000 (Analytik Jena
AG company, Jena, Germany). TOC was measured using a TOC-L series analyzer (Shimadzu, Kioto,
Prefektura Kioto, Japan). pH and conductivity were monitored by multifunctional analyzer CX-461
(Elmetron, Zabrze, Poland). The BOD5 was determined by respirometric measurement using the OXI
Top System WTW set (Xylem Analytics, Weilheim Germany). Microbiological analysis including E. coli
and enterococci was conducted by an external accredited lab according to ISO methods PN-EN ISO
9308-1:2014-12/PN-EN ISO 9308-1/A1:2017; PN-EN ISO 7899-2:2004.

3. Results and Discussion

3.1. Grey Water Treatment in SBR

3.1.1. Reduction of COD, BOD5, and TOC

The biological sewage treatment aimed to reduce biodegradable organic matter and remove the
biogenic substances i.e., nitrogen and phosphorus. In the preliminary stage, the activated sludge
was taken from the municipal wastewater plant, then it was adapted to a new influent (grey water).
The results discussed in Figures 2–4 show the analysis of individual parameters after the adaptation
process. Figure 2 shows the SBR system performance in relation to the concentration of organic
compounds in purified grey water. Detailed results of physicochemical analyses are presented in Table
S2 (in Supplementary file).
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Figure 2. The performance of the sequential biological reactor (SBR) system with respect to the changes
in the concentration of the organic compounds.

It was shown that the degree of pollution removal was high, and the values of the quality
parameters in SBR effluent did not exceed the permissible values included in the currently in force in
Poland, Regulation of the Minister of the Environment on the conditions to be met when discharging
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wastewater into water or soil [21]. Over the whole experimental period (22 days), the SBR system
reduced COD by around 92%, from an average value of 543 mg/L (influent) to 44 mg/L (effluent)
(Figure 2a). Fountoulakis et al. obtained a similar result in their studies [22]. More specifically, the
removal of COD was approximately 87%. Such, a high removal was also obtained in studies on grey
water purification in a membrane bioreactor operating in a flow-through system [3], where the COD
reduction degree was 88%.

It was found that the easily biodegradable compounds expressed by BOD5 were removed in
99% of cases, and the average concentration in the effluent was 4 mg/L (Figure 2b). Similarly, a high
reduction was recorded for TOC and absorbance, i.e., 91% and 76%, respectively (Figure 2c,d). Anionic
and nonionic surfactants were reduced by 97% and 100%, respectively (as seen in Table S1 in the
Supplementary File). In the study [22], the removal efficiency of the anionic surfactants was about 80%
in the submerged membrane bioreactor. This is due to the fact that non-ionic and anionic surfactants
are readily biodegradable under aerobic conditions [23–25].

3.1.2. Removal of Biogenic Compounds

As seen in Figure 3, the concentration of nutrients in SBR effluent was low and did not exceed
permissible values laid out in the Polish regulations [21].

Water 2019, 11, x FOR PEER REVIEW 7 of 16 

 

Poland, Regulation of the Minister of the Environment on the conditions to be met when discharging 

wastewater into water or soil [21]. Over the whole experimental period (22 days), the SBR system 

reduced COD by around 92%, from an average value of 543 mg/L (influent) to 44 mg/L (effluent) 

(Figure 2a). Fountoulakis et al. obtained a similar result in their studies [22]. More specifically, the 

removal of COD was approximately 87%. Such, a high removal was also obtained in studies on grey 

water purification in a membrane bioreactor operating in a flow-through system [3], where the COD 

reduction degree was 88%.  

It was found that the easily biodegradable compounds expressed by BOD5 were removed in 99% 

of cases, and the average concentration in the effluent was 4 mg/L (Figure 2b). Similarly, a high 

reduction was recorded for TOC and absorbance, i.e., 91% and 76%, respectively (Figure 2c,d). 

Anionic and nonionic surfactants were reduced by 97% and 100%, respectively (as seen in Table S1 

in the Supplementary File). In the study [22], the removal efficiency of the anionic surfactants was 

about 80% in the submerged membrane bioreactor. This is due to the fact that non-ionic and anionic 

surfactants are readily biodegradable under aerobic conditions [23–25]. 

3.1.2. Removal of Biogenic Compounds 

As seen in Figure 3, the concentration of nutrients in SBR effluent was low and did not exceed 

permissible values laid out in the Polish regulations [21]. 

 

 

Figure 3. The performance of the SBR system with respect to the changes in the concentration of the 

nutrients. GW—grey water, EF—effluent. 

Raw grey water was characterized by a minimum content of ammonium and nitrate nitrogen at 

the level of 0.2 mg/L and 0.8 mg/L, respectively. After biological treatment with the SBR system, the 

0

5

10

15

0 2 4 6 8 10 12 14 16 18 20 22

C
o

n
ce

n
tr

at
io

n
, m

g
/L

Time, d

a)

Nitrate GW Nitrate EF

Total nitrogen GW Total nitrogen EF

0

2

4

6

8

10

0 2 4 6 8 10 12 14 16 18 20 22

C
o

n
ce

n
tr

at
io

n
 o

f 
P

-P
O

43-
, m

g
/L

Time, d

b) Effluent Gray water

Figure 3. The performance of the SBR system with respect to the changes in the concentration of the
nutrients. GW—grey water, EF—effluent.
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Raw grey water was characterized by a minimum content of ammonium and nitrate nitrogen
at the level of 0.2 mg/L and 0.8 mg/L, respectively. After biological treatment with the SBR system,
the concentration of nitrate and nitrogen increased to an average value of 7.6 mg/L. Differences in
the nitrate concentrations in the influent and effluent indicate that a large part of nitrogen in grey
water was organically bound [16]. The average value of total Kjeldahl nitrogen in the influent was
10.6 mg/L. The removal degree of total nitrogen was at the average level of 20% and the concentration
in the effluent was 8 mg/L. It should be emphasized that despite the lack of total denitrification, the
concentrations of individual forms of nitrogen in SBR effluent did not exceed the maximum permissible
values given that are currently in force in Poland, (Regulations of the Minister of the Environment) on
the conditions to be met when discharging wastewater into water or soil [21]. At the initial stage of the
grey water purification process, there was a problem with phosphorus removal. Its value exceeded
several times the permissible value. It can be explained by the variable physicochemical nature of
the SBR influent. The effective dephosphatation takes place when the influent contains an easily
biodegradable COD fraction and the COD/BOD5 ratio is 2 [26,27]. The second factor intensifying
a release of phosphate under anaerobic conditions is the constant delivery of easily biodegradable
organic compounds, e.g., volatile fatty acids and their salts. Their occurrence in grey water is likely
to be changeable. Since grey water was collected in a holding tank over a longer time, it could
undergo an acid fermentation during which volatile fatty acids may be formed. It was found that
in the second week of the process, the degree of P-PO4

3− removal increased along with the increase
of COD concentration of the inflowing grey water. In the following weeks of operation of the SBR
reactor, the phosphate phosphorus concentration ranged from 1.1 to 2.6 mgP-PO4

3−/L. Despite the
increase in efficiency of phosphorus removal, its permissible concentration specified in the Regulation
of the Minister of the Environment [21] (Ptot = 2 mg/L) was still exceeded. In order to improve the
effectiveness of phosphate removal, the cycle of operation of SBR should be modified by means of
changes in the duration of aerobic–anaerobic phases [28].

3.1.3. Removal of Color and Turbidity

Figures 4 and 5 show the treatment efficiency of the SBR system with respect to the changes in the
color and the turbidity. From these results, it is clear that over the whole experiment, the efficiency
of the SBR system in terms of color and turbidity was at a constant high level. During 22 days of
continuous SBR system operation, the color of grey water decreased from an average value of 201
mgPt/L to 44 mgPt/L, which corresponds to an average removal of 78%. Meanwhile, the average grey
water turbidity decreased from 28 FTU to 4 FTU corresponds to an average removal of 84%.
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Figure 5. Changes in the color and the turbidity of grey water under treatment with SBR followed
by ultrafiltration.

3.2. SBR Effluent Treatment by Ultrafiltration

The treatment efficiency of SBR effluent in an ultrafiltration unit with different membranes is
presented in Figure 6 and Table S3 (Supplementary file). As expected, for ultrafiltration, removal
of organics expressed by the color, absorbance, COD, and TOC was very high. More specifically,
the color, absorbanceUV254, COD, and TOC were reduced maximally by 73%, 91%, 84%, and 91%,
respectively. Slightly lower elimination was observed for inorganic quality parameters. Conductivity,
nitrate, phosphate, ammonium, and total nitrogen were reduced by 61%, 64%, 79%, 85%, and 59%. It is
important to emphasize that negative charge of membranes at pH 7–8 (as seen in Figure 8) played
an important role in the reduction of conductivity, phosphate, and nitrate ions in SBR effluent. The
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literature describes that negatively charged ultrafiltration membranes reject phosphate ions by 87%, as
an effect of electrostatic repulsion [29]. Another important influencing factor on the rejection of ions and
organics in the ultrafiltration unit treating wastewater/surface water can be hydrophobic/hydrophilic
interactions between organics and ions in feed water [30]. For example, Shang et al. reported that
high phosphate removal was attributed to the adsorption of phosphate on biopolymers in effluent and
removal with these biopolymers [31].Water 2019, 11, x FOR PEER REVIEW 11 of 16 
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effluent. Each bar corresponds to the filtration cycle 1–3.

Surprisingly, membrane DSGM with the lower value of MWCO provided permeate quality
values very similar to the values for BN and V3 membranes with higher MWCO. This brings an
important finding that the treatment efficiency was more affected by operational conditions of
cross-flow ultrafiltration than by membrane properties. When good mixing and turbulent flow along
the membrane surface are guaranteed, as it is in cross-flow, other factors affecting permeability and
selectivity are less important [32]. Feed nature could also play an important role. From the quality
parameters of SBR effluent, we can assume that SBR effluent did not contain a significant portion of
low molecular weight organics that needed to be removed. Another reason could be the fouling layer
that supported the retention of pollutants by BN and V3 membranes. Jerman et al. found that the cake
or gel layer acts as an additional membrane in ultrafiltration and improves retention by up to 40% [33].

It was also found that treatment efficiency increased within cycles 1–3 for all membranes (Figure 6).
It can be related to the formation of the cake layer on the membrane surface of BN and V3. This
corresponds well with the permeability loss observed for these membranes. Many authors suggest
that the cake layer decreases membrane permeability by the reduction of effective pore size and
improves the retention of organics and ions [34–36]. However, in the case of the DSGM membrane,
there was no fouling so the cake layer was probably not created. The reason for increasing retention
over time for DSGM can be related to the concentration effect of feed components within cycles
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1–3. In the literature, the influence of the feed concentration on both ions and organics removal
can be found [37,38]. Muthumareeswaran et al. have found that a change of the concentration of
feed components in the multicomponent system affects their retention due to the ionic interaction
between the feed components (Columbic interaction), molar volume, and interaction between ions and
membrane surface charge [39].

Importantly, physical, chemical, and microbiological specifications (smell, color, turbidity, TOC,
ammonium, nitrate, chloride, conductivity, hardness, E. coli, and enterococci) of the permeate correspond
well with typical tap water values of basic quality parameters [40].

3.3. Microbiological Quality of Grey Water

Pathogens, such as Escherichia coli and Enterococci, have been identified in grey water (Table 3).
The concentration of these bacteria was above 100 CFU per 100 mL. During the biological purification
process in the SBR system, the presence of Escherichia coli did not change, while Enterococci decreased
to an average of 3 CFU per 100 mL of sample. Then, ultrafiltration for each UF membranes resulted in
the complete removal of the determined pathogens [41]. High pathogen removal from the E. coli group
was also noted in the SMBR system from Khalid Bani-Melhem et al. [3].

Table 3. Microbiological quality of grey water.

Parameter Unit Grey Water SBR Effluent UF Permeate of BN/V3/DSGM

Escherichia coli CFU/100 mL >100 >100 0
Enterococci CFU/100 mL >100 3 0

3.4. Membrane Permeability and Fouling Behavior in Ultrafiltration

Hydraulic performance of membranes was evaluated by permeability loss as a function of time.
As seen in Figure 7, the permeability decreased gradually for BN and V3 membranes, while for
DSGM, permeability was constant along the ultrafiltration. In other words, fouling was not observed
for the DSGM membrane. This finding is very important in the context of membrane lifetime and
reducing operational cost. Similarly, Acero et al. reported that UF membranes (with higher MWCO)
revealed higher fouling than NF membranes (with lower MWCO) [42]. It can be explained by different
surface properties of given membranes, such as hydrophilicity/hydrophobicity and surface charge
(zeta potential curve and isoelectric point). The contact angle and isoelectric points of clean and
fouled membranes are listed in Table 4. Zeta potential curves for clean and fouled membranes are
presented in Figure 8. Owing to the lowest contact angle and strong negative surface charge, the DSGM
membrane had the best antifouling properties. On the contrary, the surface of BN and V3 membranes
was much more hydrophobic, and thus more prone to adsorb the feed components. Some authors
reported a high importance of membrane hydrophilicity and negative charge for fouling mitigation in
ultrafiltration [43–45] treating water or wastewater.

In order to investigate this further, the hydraulically reversible and hydraulically irreversible
resistances were calculated. As seen in Figure 9, the total fouling (sum of reversible and irreversible
resistances) was higher for the V3 membrane. However, considering the proportion of reversible and
irreversible resistances for these membranes, it is clear that fouling behavior for these membranes
exhibited the opposite trend. More specifically, a significant proportion of the increase in resistance for
the V3 membrane was hydraulically reversible, while hydraulically irreversible for the BN membrane.
Reversibility/irreversibility of fouling depends on the surface properties of membranes. It is in good
correspondence with changes of course of zeta potential curves and shift in isoelectric point for clean
and fouled membranes. Membrane V3 with the lower negative charge was more sensitive to fouling
overall than the BN membrane. However, for the BN membrane, we observed the higher shift in
isoelectric point (from 3.01 to 3.55) than for V3 (from 5.1 to 5.25) indicating a persistent change in BN
membrane properties caused by irreversible fouling.
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Figure 7. Permeability loss as a function of time of UF for different types of membranes. Ultrafiltration
with DSGM membrane was performed without forward flushing due to constant permeability.

Table 4. Contact angle and isoelectric point for clean and fouled membranes.

Membrane
Contact Angle Isoelectric Point

Clean Membrane Fouled Membrane Clean Membrane Fouled Membrane

DSGM 45.5 ± 3.2 46.25 ± 2.8 - -
V3 71.5 ± 1.9 73.5 ± 3.8 5.05 5.25
BN 75.0 ± 1.4 78.6 ± 1.2 3.01 3.55
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Figure 9. Irreversible and reversible fouling resistances of ultrafiltration for all membranes.
Each bar corresponds to the filtration cycle 1–3. kf irr and kf rev are irreversible and reversible
resistances, respectively.

4. Conclusions

This study proved a great performance of SBR followed by ultrafiltration to obtain high-quality
water for non-potable purposes from real grey water. Purified grey water fulfilled criteria for wastewater
discharged into water or soil as well as physical, chemical, and microbiological requirements for tap
water. It is a good starting point to find new reuse application of reclaimed grey water.

The following conclusions can be reached from the experimental results.

1. The SBR system ensured the complete removal of nonionic surfactants and 97% removal of
anionic surfactants from grey water.

2. Removal of phosphate in SBR was, on average, 42%, but its concentration still exceeded acceptable
values. It could probably be related to the variable concentration of raw grey water. It was stated
that in order to improve the phosphorus reduction, in subsequent studies, the cycle of operation
of SBR should be modified by means of changes in the duration of aerobic–anaerobic phases.

3. In ultrafiltration treatment, there was an efficiency increase in filtration time due to the formation
of a cake layer or concentration effect.

4. Treatment efficiency in ultrafiltration was mainly influenced by the cross-flow filtration mode
and nature of feed water.

5. Membrane properties played an important role in fouling behavior, but did not greatly affect
treatment efficiency.

6. Membrane DSGM did not show fouling in permeate flux monitoring. It is a consequence of the
initial properties of this membrane such as the lowest contact angle and the most negative zeta
potential when compared with the BN and V3 membranes, for which fouling was observed.

Supplementary Materials: The following is available online at http://www.mdpi.com/2073-4441/12/1/154/s1,
Table S1: Codes of the Merck test kits, Table S2: Values of quality parameters and reduction degree for SBR system,
Table S3: Values of quality parameters measured in SBR effluent and permeate samples.
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