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Abstract: The paper presents the results of research on the use of ultrafiltration, using membranes
of 200 and 400 kDa separation, for disinfection of municipal treated wastewater. The research was
conducted on a fractional technical scale using real municipal treated wastewater from two large
wastewater treatment plants treating most of the wastewater over the one-million polycentric Gdarisk
agglomeration (1.2 million inhabitants). UF 200 kDa and UF 400 kDa processes enabled further
improvement of the physical and chemical parameters of treated wastewater. Total phosphorus (to
below 0.2 mg/L-UF 200 kDa, 0.13 mg/L-UF 400 kDa) and turbid substances (to below 0.2 mg/L,
both membranes) were removed in the highest degree. COD was reduced efficiently (to below
25.6 mgO, /L-UF 200 kDa, 26.8 mgO,/L-UF 400 kDa), while total nitrogen was removed to a
small extent (to 7.12 mg/L-UF 200 kDa and 5.7 mg/L-UF 400 kDa. Based on the reduction of
indicator bacteria; fecal coliforms including E. coli (FC) and fecal enterococci (FE) it was found that the
ultrafiltration is an effective method of disinfection. Not much indicator bacterial were observed in the
permeate after processes (UF 200 kDa; FC—5 CFU/L; FE—1 CFU/L and UF 400 kDa; FC—70 CFU/L;
FE—10 CFU/L. However, microscopic analysis of prokaryotic cells and virus particles showed
their presence after the application of both membrane types; TCN 3.0 x 102 cells/mL~UF 200 kDa,
5.0 x 103 cells/mL~UF 400 kDa, VP 1.0 x 10°/mL. The presence of potentially pathogenic, highly
infectious virus particles means that ultrafiltration cannot be considered a sufficient disinfection
method for treated wastewater diverted for reuse or discharged from high load wastewater treatment
plants to recreational areas. For full microbiological safety it would be advisable to apply an additional
disinfection method (e.g., ozonation).

Keywords: membranes; indicator bacteria; microscopic methods

1. Introduction

The significant microbiological contamination of treated wastewater, shown in numer-
ous works [1-4] draws the attention of sewage treatment plant operators to the disinfection
processes [5-11]. Treated wastewater contain not only eggs of gastrointestinal parasites
and pathogenic bacteria, but also various types of fecal bacteria with exhibiting of multi-
resistance for commonly used antibiotics [12,13]. Among them, bacterial strains that carry R
plasmids and integrons can contaminate receiver waters or crops and transfer intestinal bac-
terial resistance traits into consumer organisms [14,15]. Therefore, aquatic ecosystems can
become reservoirs of antibiotic resistance genes [16]. Moreover, other research conducted
on a model [17] and technical scale [18-20] indicate a positive selection of bacteria which
show the features of multi-resistance, by wastewater treatment processes with the activated
sludge method. Another significant threat are pathogenic viruses, commonly found in raw
and treated sewage [21-23] as well as in the environment receiving wastewater or other
pollutants of fecal origin [23,24]. Their removal is particularly important in the context of
the epidemiological threat associated with the current Covid-19 pandemic [25-27], as well
as dissemination of other viral diseases [23,24,28].
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Alternative methods of treated wastewater disinfection applied on technical scale
include chemical (with the use of chlorine, ozone, peracetic acid) and physical methods
(with the use of UV radiation, membranes) and they differ in the efficiency of removing
microorganisms [29-31]. For example, chlorine and peracetic acid are effective disinfectants
against bacteria of intestinal origin, while they are ineffective for viruses, bacterial spores
and protozoan cysts, though the important advantage of peracetic acid is its low potential
to form harmful by-products and ease of degradation into harmless products (acetic acid
and oxygen) [6,30].

Although irradiation with UV rays effectively removes viruses, bacterial spores and
protozoan cysts, a serious disadvantage of this method is the possibility of bacterial re-
growth due to reactivation effect (in the light or in the dark) and that the necessary dose
largely depends on the physico-chemical characteristics of the sewage [32,33]. Wastewater
disinfection with ozone is often recognized as an equivalent to the UV-radiation method,
but requires more funding [34]. It has a positive effect on the smell and color of sewage,
but it increases the concentration of biodegradable organic substances [30]. In order
to increase the effectiveness of the disinfection process, it is often necessary to precede
this process by filtration treated wastewater [35]. Another significant aspect, considered
when choosing the appropriate disinfection method, is the potential for the formation of
toxic, mutagenic and/or carcinogenic by-products, e.g., trihalomethanes—usually formed
during chlorination of sewage [36—40]. That is why physical methods using low-pressure
processes (like microfiltration and ultrafiltration) and high-pressure processes (like reverse
osmosis and nanofiltration), which avoid the introduction of harmful by-products into
the environment, are becoming more and more popular. In order to reduce costs and
waste production, substitutes for relatively expensive synthetic materials are increasingly
being sought in membrane technologies. One solution could be the nanocellulose-enabled
membrane technology [41,42] including its modifications [43—45].

Increasingly the membrane techniques are successfully used in water treatment tech-
nology, including large drinking water treatment installations, but in wastewater treatment
they are used rather in the treatment of relatively small amounts of sewage, mainly indus-
trial ones. The separation of microorganisms from water or sewage in membrane processes
takes place thanks to the sieve mechanism, and the effectiveness of microorganisms re-
tention is determined by their size and pore size of the membrane [31]. For or bacteria,
the smallest of which are 0.2-0.3 um, the use of ultrafiltration, where the pores of the
membranes are smaller than 0.1 um, should guarantee a 100% efficiency of their retention.

In the case of drinking water treatment, despite the interesting effects of retaining
bacteria and even viruses, it is emphasized that no membrane filtration system can be
considered as an absolute barrier for all microorganisms [31]. This is primarily due to
imperfections of membranes and membrane modules and the possibility of secondary
bacterial growth in water after passing through the membrane [31]. In addition, the
cells of microorganisms can penetrate the pores of the membrane with diameters much
smaller than the dimensions of the cells themselves, due to pressure deformation [31,46].
If membrane techniques are used to disinfect treated wastewater discharged into the
environment, this imperfection of membranes is not so signiﬁcant as it is not necessary
to obtain a full guarantee of retention of all microorganisms. An additional advantage
of membrane techniques in this case is the possibility of improving the physico-chemical
quality of the wastewater before it enters the environment [47].

The aim of this study is to evaluate the effectiveness of ultrafiltration processes in the
disinfection of treated municipal wastewater, carried out under technical and operational
conditions, and to assess the impact of these processes on the physico-chemical properties
of treated wastewater discharged to surface waters.

The main novelty of the presented research was its performance on a technical scale.
Its aim was to reproduce, as fully as possible, the technical and operational conditions
of membrane ultrafiltration of biologically treated wastewater. The research was carried
out in two large municipal wastewater treatment plants, with the use of serially produced
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membrane modules and ultrafiltration membranes and on real treated wastewater, which
is directly discharged from the treatment plant to the receiver.

2. Materials and Methods
2.1. Study Area

The research was conducted on a fractional technical scale using real municipal
treated wastewater from two large wastewater treatment plants (Gdarisk-Wschéd and
Gdynia-Debogoérze), which treat wastewater from over one million polycentric Gdarnsk
agglomeration (1.2 million inhabitants [48]), Figure 1. They are the largest municipal
WWTPs located in Northern Poland carrying out disposal of wastewater to the Gdarsk
Bay (the Baltic Sea). Both facilities are mechanical and biological treatment plants.
Gdynia-Debogoérze sewage treatment plant has a biological stage consisting of multi-
phase bioreactors with activated sludge with a total capacity of 104,000 m® designed
in BARDENPHO technology with simultaneous denitrification in the CARROUSEL
system, cooperating with secondary radial settling tanks. To maintain phosphorus con-
centration at an acceptable level, the process of biological dephosphatation is supported
by dosing of iron coagulant [49,50]. The Gdansk-Wschod sewage treatment plant has a
biological stage consisting of multiphase activated sludge bioreactors (modified UCT
system), cooperating with radial secondary settlers. Periodically an aqueous solution
of polyaluminium chloride is used to limit the growth of filamentous bacteria in the
activated sludge system [50,51]. Treated wastewater was collected directly from the
channels draining the treated wastewater to the Gulf of Gdarsk.
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Figure 1. Map with marked wastewater treatment plants on which the research was conducted.

2.2. Experimental Setup

Due to the use of the industrial membrane module in the research and testing performed
directly at the treatment plant using fresh treated wastewater, the scale of the research can be
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considered fractionally technical. Membrane filtration was carried out in a mass-produced,
industrial, tubular module type B1, produced by PCI Membranes, allowing work with tubular
membranes with the MF/UF and RO filtration range [52]. The module was made of stainless
steel and contained 18 internal steel perforated pipes, with tubular (12.7 mm in diameter) filter
membranes connected in series (1.2 m long) placed inside. The total area of the membrane was
0.9 m2. The characteristic feature of B1 type membrane module is the possibility to disassemble
it in order to replace used membranes. According to the authors” own observations, these
types of membrane modules may be particularly vulnerable to leakage and the formation of
internal seepage between the feed and the permeate. The membrane module was supplied
with sewage treated continuously, with cross-flow being used. In cross-flow, the retentate
circulated in a closed circuit forced by an additional vortex pump (without an additional feed
tank), and the total volume of retentate was about 2.8 dm>, which was less than 1.5% of the
total volume of permeate. The flow velocity of the retentate inside the membranes was 3.0 m/s.
Membrane filtration was carried out at transmembrane pressure from 0.3 to 0.5 MPa. Permeate
flux was greater than 50 dm?/m? /h. There were applied long, multi-hour filtration cycles of
3h,5hand 22 h.

In the tests there were deployed serially produced ultrafiltration membranes made of
PVDF by PCI Membranes of two types: with a separation of 200 kDa (FP 200 UF) and with
a separation of 400 kDa (XP 201/04/SIN) [52]. In the further part of the text, the following
membrane symbols were introduced: UF 200 kDa and UF 400 kDa, respectively. At the
end of each filtration cycle and before subsequent tests, the membranes and the entire test
system were cleaned as follows: flushing with a powerful stream of tap water (5 min),
cleaning with hot NaOH solution (55-60 °C; pH = 10.5; 15 min.), cleaning and disinfection
with hot NaOH and NaOCl solution (55-60 °C; pH = 10.5; 15 min.), final rinsing with tap
water (5 min.).

2.3. Wastewater Sampling

The research was carried out in the spring and summer period. A total of 19 research
series were conducted. In the sewage treatment plant in Gdarisk-Wschod there were
performed 9 test series, while in the Gdynia-Debogorze sewage treatment plant the other
10. A single test run was a complete membrane filtration cycle. Due to the use of real
wastewater in the research, the composition of treated wastewater used in the tests differed
in each series and for each of the treatment plants in terms of physico-chemical and
microbiological parameters. Samples for microbiological and physico-chemical tests were
collected about 1 h from the beginning of the filtration process (BF) and at the end of the
filtration cycle (EF).

Wastewater samples were collected immediately after passing through the filtration
module, into sterile 0.5 L polypropylene containers, transported in a dark, cool warehouse
(portable refrigerator) and analyzed immediately upon return to the laboratory.

2.4. Physico-Chemical Analysis

The suspension concentration was determined by weight, after filtration through
nitrocellulose filters with a pore diameter of 1.2 pm (Merck KGaA, Darmstadt, Germany)
according to PN-72/C-04559/02, while COD, total nitrogen and total phosphorus were
determined using colorimetric methods and a Hach Lange Xion500 spectrophotometer (Dr
Lange, GmbH, Homburg, Saarland, Germany) according to the Standard Methods [53].

2.5. Microbiological Analysis
2.5.1. Cultivation Methods

Microbiology analyses included cultivation of fecal indicator bacteria (fecal coliforms
including E.coli-FC and fecal enteroccoci—FE) and microscopic observations to determine
the abundance and characteristics of the prokaryotic microorganisms population present
in the wastewater samples. Detection and enumeration fecal indicator bacteria of carried
out using membrane filtration of 1 and 10 mL samples via cellulose membrane filter
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(47 mm diameter, 0.45 pm pore diameter, Whatman, Merck, Germany). E.coli bacteria
were incubation on mFC agar (Merck KGaA, Darmstadt, Germany) at 44.5 °C for 24 h.
Blue colonies were counted as fecal coliforms including E.coli bacteria (according to ISO
9308-1:2014). Fecal enterococci were cultured on Slanetz-Barteley medium and confirmed
on medium with esculin, azide and bile (according to PN-EN IOSO 7899 2: 2002U).

2.5.2. Microscopic Methods

Microbiological parameters such as total prokaryotic cell number (TCN), average
prokaryotic cell volume (ACV), prokaryotic biomass (PB) and prokaryotic cell morphotype
diversity were determined using direct epifluorescent filter technique (DEFT). Water sam-
ples (50 mL) were fixed with buffered formalin to a final concentration of 2%. Sub-samples
of 1.5 mL were stained with DAPI (4,6-diamidino-2-phenyl-indole) to a final concentration
of 1 ug/mL and filtered through a black Nuclepore polycarbonate membrane filter (0.2 pm
pore diameter, Whatman, Merck, Germany) [54]. Filters were mounted on a microscopic
slide with non-fluorinating oil (Citifluor AF2: Agar Scientific, Stansted, Essex, UK) [55] and
stored at —20 °C until analysis.

Microscopic observations were carried out using a Nikon 80i epifluorescence micro-
scope under 1000-fold total useful microscope magnification. A HBO103 W /2 high pressure
mercury lamp (Osram, GmbH, Munich, Germany), 330-380 nm excitation filter, 420 nm bar-
rier filter and 400 nm dichroic mirror were used. For each sample, 20 fields of microscope
vision with maximum 60 thousand objects were digitalized using Nikon DS-5Mc-U2 high-
resolution color digital camera and NIS-Elements BR 3.0 software. Abundance (TCN), size
(ACV) and geometric parameters (morphological types) of stained prokaryotic cells were
determined with an automatic image analysis system (Multi Scan, v.14.02, CSS, Warsaw,
Poland). ) and modification of Swiatecki [56]. In order to determine the diversity of cell
morphotypes, the frequency of prokaryotic microorganisms morphological forms (cocci,
rods and cylindrical curved) was evaluated [57]. Prokaryotic biomass (PB) was obtained
from average cell volume using biomass conversion factor of 170 fg C um?3 [58].

The possibility of reducing virus particles (VP) in the ultrafiltration process was also
evaluated. For this purpose, wastewater subsamples were diluted 500-1000 times with
sterile Milli-Q water, deprived of viruses by filtration, and were preserved in buffered
formalin (final concentration 2%) and stained with fluorescent dye SYBR®Gold (Molecular
Probes, Inc., Eugene, Oregon, US) for 15 min in the dark at room temperature. We used a
concentrated 1:2500 commercial stock solution in DMSO diluted in MQ water deprived of
viruses by filtration [59]. Samples were filtered through 0.02-um pore-size Al,O3 membrane
filters (Anodisc 25 mm, Whatman, USA) (pressure, ca. 100 mm Hg). Then dried in the
dark at room temperature and mounted on glass slides in the presence of antifade solution
(Citifluor AF2: Agar Scientific, Stansted, Essex, UK) [55]. Green fluorescent particles in 20
randomly-selected fields were counted (max. 20,000 per sample).

2.6. Statistical Analysis

The obtained test results were developed using the procedures of the Excel program
(Microsoft Office Standard 2016) and Statistica (13.3). For physico-chemical data (turbidity,
chemical oxygen demand (COD), total nitrogen (TN), total phosphorus (TP), basic descriptive
statistics were calculated: minimum value, maximum value and arithmetic mean.

For indicator bacteria (fecal coliforms including E.coli and fecal enterococci), total prokaryotic
cells number (TPN) and prokaryotic biomass (PB), the results were presented in the form of
box plots (“box with a whisker”), in which the minimum and maximum values, 1st and 3rd
quartiles and arithmetic mean were marked. Drawings have been edited in CorelDRAW 2019.
The statistical procedures for image analysis in microscopy are described above.
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3. Results and Discussion
3.1. Physico-Chemical Analysis

The process of ultrafiltration of treated wastewater resulted in significant changes
in its physico-chemical quality. The best results were obtained for turbidity, which was
reduced to trace levels for both types of membranes. The permeate turbidity, regardless
of the turbidity of the sewage supplied to the system and the method and parameters of
ultrafiltration, was low and for membranes with 200 kDa and 400 kDa separation it did not
exceed appropriately 0.02 NTU and 0.1 NTU, Table 1.

Table 1. Physico-chemical parameters of treated wastewater before and after ultrafiltration.

.1 Chemical Oxygen Demand Total Nitrogen Total Phosphorus
Turbidity (COD) (TN) (TP)
NTU Retention % mg O,/L Retention % mg/L Retention % mg/L Retention %

Treated wastewater—Gdarnisk-Wschod WWTP

Average 3.99 419 8.2 0.32
Max 5.35 60.0 11.5 0.44
Min 1.77 33.9 5.6 0.07
Treated wastewater—the Gdynia-Debogorze WWTP
Average 1.89 32.8 6.38 0.24
Max 2.20 28.2 5.51 0.21
Min 1.69 40.0 7.36 0.30
Permeate—membranes with 200 kDa separation
Average <0.02 99.5 25.6 37.8 7.12 8.4 0.02 94.4
af:’}f;%glfl <0.02 995 254 37.7 7.1 10.0 0.02 95.1
aftv}fgzglfz <0.02 99.5 25.8 38.0 7.2 6.3 0.03 93.6
Max <0.02 995 31.7 15.3 10.2 34.8 0.10 100
Min <0.02 99.5 18.1 54.3 5.6 0.0 0.00 70.2
Permeate—membranes with 400 kDa separation
Average 0.02 98.9 26.8 17.6 5.7 10.9 0.13 494
aftvhegaBglfl 0.02 98.6 26.1 20.3 55 14.0 0.12 497
af:’}fsaE%Fez 0.02 99.1 27.7 14.0 6.1 6.6 0.13 489
Max 0.09 100 30.4 27.8 431 33.0 0.25 72.3
Min 0.00 95.2 21.7 0.0 7.44 0.0 0.07 172

! BF—beginning of the filtration cycle; 2 EF—end of the filtration cycle.

Slightly worse and unstable effects were obtained in relation to the chemical oxygen
demand (COD) value, while overall better results were obtained for membranes with
200 kDa separation. In the case of membranes with 200 kDa separation, the reduction
of the COD parameter ranged from 15.3% to 54.3% (average 37.8%), and the COD value
in the permeate was from 18.1 to 31.7 mg O, /L. In the case of membranes with 400 kDa
separation, the COD decreased from 0% to 27.8% (on average 17.6%), and the permeate
COD value fluctuated from 21.7 to 30.4 mg O, /L Table 1, Figure 2a.

Total nitrogen (TN) was removed only to a small degree for both membranes. The
average retention factor was 8.4% for membranes with 200 kDa separation and 10.9%
for membranes with 400 kDa separation, Table 1, Figure 2b. It was also the only one
of the tested components that was removed slightly better with the use of membranes
with 400 kDa separation, Table 1, Figure 3. It was probably due to high proportion of
dissolved nitrogen forms in total nitrogen [50,60] provided the measurements of primary
and secondary effluent total nitrogen and component fractionation in wastewater treatment
plants in Gdynia and Gdarsk and proved that the contributions of dissolved organic
nitrogen in total organic nitrogen was even 45%.
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Figure 2. Concentrations of selected physico-chemical parameters: (a)—chemical oxygen demand—COD; (b)—total
nitrogen—TN; (c)—total phosphorus-TP, in the permeate after ultrafiltration in relation to their concentration in treated
sewage supplied to the filtration system.
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Figure 3. Comparison of retention coefficients of selected chemical parameters (chemical oxygen demand—COD; total
nitrogen—TN; total phosphorus—TP) of biologically treated wastewater subjected to membrane filtration with the use of
ultrafiltration membranes with separation of 200 kDa and 400 kDa.

Among the chemical parameters, the reduction of total phosphorus (TP) concentration
was obtained in high degree, and better results were obtained for membranes with 200 kDa
separation, for which total phosphorus was removed almost completely. The total phos-
phorus retention coefficient ranged from 70% to 100% (average 95%), and its concentration
in the permeate did not exceed 0.1 mgP/L, while in over 2/3 of the measurements it was
lower than 0.01 mgP/L. In the case of membranes with the separation of 400 kDa, the
effects of total phosphorus removal were also considerable and its concentration after
ultrafiltration decreased by half on average. The retention coefficient varied from 17.2%
to 72.3% (average 49.4%) Table 1, Figure 2c. The concentration of total phosphorus in the
permeate in the vast majority of samples did not exceed 0.2 mgP/L, while in almost half of
the measurements it was lower than 0.1 mgP /L. The noticeable effects of total phosphorus
removal in the ultrafiltration process can be explained by the presence of a significant part
of it in an undissolved form in treated wastewater, which was the result of using both
the biological dephosphatation process and the use of coagulants in sewage treatment
plants [61,62].

For the membranes with 200 kDa and 400 kDa separation, deterioration of the filtration
effects was observed at the end of the filtration cycle, with greater deterioration of the
purification effects for the UF 400 kDa membranes Table 1. Only in the case of total
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phosphorus, the duration of the filtration cycle did not affect the efficiency of its removal.
The deterioration of the effects after a longer duration of microfiltration occurred most
likely due to the homogenization of the suspension and the progressive decomposition of
organic matter, mainly from the suspension accumulated in the condensate, and the release
of dissolved or colloidal organic compounds.

Comparing the results for both types of membranes, the use of ultrafiltration membranes
with lower separation allows for better wastewater treatment effects, Table 1, Figure 3.

Using both types of membranes, there were removed mainly undissolved impurities
fractions, usually related to the suspension. Colloidal fractions were partially removed and
most likely these fractions were responsible for the differences in the removal of individual
impurities. The colloidal fractions were removed to a greater extent using membranes
with a smaller separation (200 kDa). Solutes remained in the permeate after ultrafiltration,
regardless of the pore size of the membranes.

In general, the quality of the permeate and the degree of removal of individual
components of the sewage was determined primarily by the form of their occurrence in the
sewage. It was observed that the components/parameters whose concentration correlated
with the amount of suspended solids in the effluent from the treatment plant (turbidity,
total phosphorus, COD) were removed better from the wastewater in the ultrafiltration
process than components where no such correlation was found (mainly total nitrogen).
Thus, determining the level of dissolved, colloidal and undissolved fractions of individual
indicators of treated wastewater may be important in forecasting the effectiveness of their
removal using membrane techniques [60].

3.2. Reduction of Indicator Bacteria (Fecal Coliforms, including E.coli—FC and Fecal
Enteroccoci—FE)

After ultrafiltration, significant changes in the physico-chemical quality of treated
wastewater were noted. Apart from that, significant elimination of indicator bacteria, as
well as a change in the number and structure of prokaryotic community were observed. It
should be noted here that because the research used treated wastewater from a full-scale
technological process in two different treatment plants, the number of indicator bacteria
was different in successive research series. In case of a series where UF 200 kDa separation
membranes were used, the number of E. coli bacteria in the pre-filtration wastewater
(TW) was in the range 1.8-3.0 x 10° CFU/L. For the series where UF 400 kDa separa-
tion membranes were used, the fecal coliforms (including E.coli)-FC, count ranged from
1.0-6.0 x 10° CFU/L. For fecal enterococci-FE, these were values respectively: UF 200 kDa
from 8.9 x 10* to 4.8 x 10> CFU/L and UF 400 kDa from 1.0 to 4.0 x 10> CFU/L. Despite
differences, for both groups of indicator bacteria, these were values in accordance with
the results obtained previously on these wastewater treatment plants [18,19] and those
reported in other studies [11,63].

The presence of a significant number of indicator bacteria in treated wastewater
confirms observations that, although conventional treatment processes (primary and sec-
ondary treatments) remove up to 95-99% of some micro-organisms, the properties of
treated wastewater make it unsuitable for direct re-use due to the presence of potentially
high concentrations of pathogenic micro-organisms [64]. Moreover, due to the significant
wastewater flow of treated wastewater discharged from large urban wastewater treatment
plants, such as those discussed in this study (population equivalent Gdarisk Wschéd—
840,200 PE, Gdynia Debogo6rze—440,000 PE) [65], the load of pathogenic bacteria brought
into the receiver (in this case, these are coastal areas of the Baltic Sea, of great recreational
value) may pose a threat to public health and the environment [66,67]. Therefore, the need
to disinfect waste water becomes a necessity [5,11,68-70]. Membrane filtration is one of
the alternatives to commonly used methods such as chlorination, UV or ozone. Filtration
membranes were used in the research, whose pore diameter should retain procaryotic
cells, due to their size. Actually, the retention efficiency for indicator bacteria was high on
both types of membranes, both during ultrafiltration with UF 200 kDa and UF 400 kDa
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membranes. The differences between types of membranes were observed mainly at the
end of the filtration cycle.

The use of membranes with UF 200 kDa separation has resulted in a significant
reduction of the fecal coliforms (including E.coli)-FC. At the beginning of the filter cycle
(BF) their average number decreased by 4 log (to below 20 CFU/L) and at the end of the
filter cycle (EF) their average number was 5 CFU/L (Figure 4a). For fecal enterococci-FE,
at the beginning of the filtration cycle (BF) their average number decreased by 5 logs
(below 5 CFU/L) and at the end of the filtration cycle (EF) their average number did not
exceed 1 CFU/L (Figure 4b).
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Figure 4. Comparison of the indicator bacteria number in treated wastewater (TW) subjected to membrane filtration with
the use of ultrafiltration membranes with separation of 200 kDa and 400 kDa at the beginning of the filtration cycle (BF) and
at the end of the filtration cycle (EF); (a)—FC, 200 kDa; (b)—FE, 200 kDa; (c¢)—FC, 400 kDa; (d)—FE, 400 kDa.

Other dependencies were found when using membranes with UF 400 kDa separation.
Here too, at the beginning of the filter cycle (BF) a significant reduction of indicator bacteria
was noted. For FC the average reduction was 4 log (below 70 CFU /L), for FE—5 log (below
1 CFU/L). However, at the end of the filter cycle (EF), the number of indicator bacteria in
the permeate increased again. For FC the average number increased to 1.8 x 102 CFU/L,
(Figure 4c) and for FE to 10 CFU/L (Figure 4d). The increase in the number of bacteria in
the permeate towards the end of the filter cycle was probably due to a significant increase
in the number of bacteria in the condensate [31].

3.3. Reduction of Single Prokaryotic Cells Determined by Microscopic Method

Apart from the indicator bacteria reduction assessment, also another microbiological
parameter based on direct microscopic analysis were estimated: total prokaryotic cells
number (TCN), prokaryotic biomass (PB) and the percentage share of rods, cocci and
curved shaped cells divided into five volume size classes. The combination of fluorescent
microscopy techniques and computer image analysis methods allows to obtain fully repro-
ducible and statistically reliable results [71-74]. In the research presented in this work the
automatic image analysis system combined with statistical analysis developed by Swiatecki
was used [56]. This solution has been successfully applied by the authors of this work in
studies of various types of environments [75-78].
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Filtration on both types of membranes has considerably reduced the total prokaryotic
cells number (TCN) and prokaryotic biomass (PB). In treated wastewater the average value
was for TCN 5.0 x 10 cells/mL and for PB 132 ngC/L, which were similar to the values
previously quoted by the authors [79]. At the beginning of the filtration cycle (BF) for UF
200 kDa the average value for TCN and PB dropped by 3 log, and for UF 400 kDa decreased
by 2.5 log. At the end of the filtration cycle (EF) a further TCN and PB drop was noted
for both membrane types. For the UF 200 kDa membrane average value TCN was below
300 cells/mL and PB 0.02 ugC/L. However, for the UF 400 kDa membrane the reduction
was not so evident—in some series of tests it exceeded TCN 5.0 x 10° cells/mL and PB

0.37 ngC/L) (Figure 5a,c).
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Figure 5. Comparison of the total prokaryotic cells number (TCN) and the prokaryotic biomass (PB) in treated wastewater
(TW) and subjected to membrane filtration with the use of ultrafiltration membranes with separation of 200 kDa and
400 kDa, at the beginning of the filtration cycle (BF) and at the end of the filtration cycle (EF); (a)—TCN, 200 kDa; (b)—PB,
200 kDa; (¢)—TCN, 400 kDa; (d)—PB, 400 kDa.

The occurrence of procaryotic community cells of different shapes (cocci, rods, curved)
was also analyzed. In treated wastewater, due to different parameters of wastewater in
successive research series, similarly to the number of indicator bacteria, differences in the
number of procaryotic cells in particular shapes were also noted. It was generally noted, that
cocci dominated in the treated wastewater. (average value 2.2 x 10°—3.4 x 10 TCN/ mL)
Rods were less numerous in all series (a.v. 1.9 x 10° TCN/mL). The least numerous were
curved (a.v. 1.8 x 10°-2.7 x 10° TCN/mL) (Figure 6a,d).

After the filtration process, with the use of both types of UF membranes, a significant
decrease in the number of cells of all shapes was noticed. For UF 200 kDa after the first
stage it was a decrease of 3 log for cocci and rods and 2 log for curved. At the end of the
filtration cycle only cocci and rods (a.v. 3.8 x 10> TCN/mL) were found. For UF 400 kDa
in the first stage this decrease was slightly smaller than after filtering by UF 200 kDa—for
cocci, rods and curved by 2 log. At the end of the filtration cycle a further decrease in the
number of cells was observed, but more cells were observed than after filtration with UF
200 kDa (Figure 6b,e).
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Figure 6. Comparison of the cells number of differently shaped (cocci, rods and curved), in treated wastewater (TW) and
subjected filtration using membranes UF 200 kDa and UF 400 kDa [(a,d), respectively], at the beginning of the filtration
cycle (BF) [(b,e) respectively] and at the end of the filtration cycle (EF) [(c,f) respectively].

Average number of cells for: cocci—1.8 X 10 TCN/mL, rods—2.8 x 10° TCN/mL
and curved 5.5 x 10> TCN/mL. The particularly high number of rods recorded in the
permeate after UF 400 kDa filtration seems interesting (Figure 6¢,f). It was noted that it is
consistent with the results for FC (fecal coliforms including E.coli), which also increased at
the end of the filtration process with UF 400 kDa. It is possible that the reason why bacilli
penetrated the membranes to a greater extent than cells of other shapes is because of their
elongated shape (much smaller dimension in one axis).

Differences in the total reduction of prokaryotic cells may result not only from their
different shapes but also from their different sizes [68]. Therefore, the percentage share
of particular cell shapes (rods, cocci and curved) was also analyzed, taking into account
their size (division into five bio-volume classes) (Figure 7). Clear differences between
permeate coming from different membranes were observed. For UF 200 kDa membrane a
clear reduction of larger rods and cocci was noted. At the end of the filtration cycle (EF)
only the smallest cells (<0.1 um?) were recorded in the permeate. Larger forms of curved
cells appeared more numerous at the beginning of the filtration cycle (BF), and then they
were not recorded at all. Although the UF 400 kDa membrane clearly decreased TCN
(2.5 log—Figure 5c) at the beginning of the filtration cycle (BF), cells with a larger volume
also appeared in the permeate, even at the end of the filtration cycle (EF).
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Figure 7. Comparison of the percentage share of cocci, rods and curved, with respect to five bio-volume classes in treated
wastewater (TW) subjected to membrane filtration with the use of ultrafiltration membranes with separation of 200 kDa and
400 kDa at the beginning of the filtration cycle (BF) and at the end of the filtration cycle (EF).

Despite significant reduction of prokaryotic cells number due to the ultrafiltration
process, their presence in the permeate can be surprising. The pore size of UF membranes
is much smaller than the length or width of individual cells, therefore theoretically even sin-
gle cells should not be observed in the permeate. Nevertheless, the presence of prokaryotic
cells in the permeate after UF is indicated by many authors [31,46,80,81]. Membrane pores
smaller that the cell sizes could be penetrated by microorganisms due to their pressure
deformation [46,80]. UF membranes are also not a sufficient barrier to ultramicrobacte-
ria [82]. In addition, especially in the case of technical installations, discontinuities and
damage to the membrane skin layer as well as possible leaks in the membrane module are
indicated [31].

3.4. Reduction of Virus Particles (VP)

As mentioned before, virus particles (VP) present in the wastewater may also pose an
epidemiological risk [21-23,27]. Viruses are typically too small (20-200 nm) to be observed
and counted under a light microscope. However, after being captured on an alumina filter
(pore diameter 0.02-pm—-Anodisc 25 mm, Whatman, USA) and stained with the sensitive
DNA dye SYBR Green I [83,84] or SYBR Gold [59,85], they can be visualized and counted
on an epifluorescence microscope. However, when stained with Sybr Green I or SYBR
Gold, they can be observed under epifluorescence microscope. Based on that method,
the potential of VP reduction by ultrafiltration was tested in this study (Figure 8). The
UF200 kDa membrane was selected for VP reduction tests.
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(a) (b)

Figure 8. Virus particles (VP) stained with SYBR®Gold fluorochrome (a) in treated wastewater; (b) after filtration with a UF
400 kD membrane at the end of filtration (EF). Nikon Eclipse 90i microscope and digital camera Nikon DS-5Mc-U2 were

used. Pictures done in Gdansk University of Technology, Faculty of Civil and Environmental Engineering, Department of

Water and Wastewater Technology, photo: K. Jankowska.

In our study, the average number of virus particles in treated wastewater was equal
to 7.8 x 10° /mL which is in agreement with other studies [21]. At the end of filtration
cycle (EF) the amount of VP decreased by more than 4 logjo (average: 1.0 x 10°/mL),
which corresponds to 99.9% reduction requirement (EPA US). It should be noted that
many of the virus particles (VP) present in treated wastewater are bacteriophages or
non-pathogenic forms. For example, in a study carried out in Japan, the number of
colifags in treated wastewater was estimated for 103~10* copies/mL [86]. However, a study
conducted in the UK on human Norovirus (NoV), which is responsible for millions of
gastrointestinal diseases in developed countries, the number of copies of the virus after
secondary wastewater treatment reached 1.0 x 10° copies/mL [23]. Moreover, given the
high infectivity of pathogenic virus particles and the very significant volume of treated
wastewater discharged to the environment by the treatment plants analysed in these studies
(Gdarisk Wsch6d—33,930,000 m3 / year; Gdynia Debogérze—20,182,310 m3/ year) [65], the
VP reduction achieved cannot be considered sufficient. The discharge of such wastewater
into the environment in recreational areas may pose a serious epidemiological risk [24],
especially in the context of the threat posed by the current Covid-19 pandemic [25-27].

In the context of the presented results, it should be emphasized that technical mem-
branes and membrane modules produced serially were used in this study. Applied modules
allow for module disassembly and membrane replacement. Authors’ observations have
shown that such modules may be particularly vulnerable to leaks. The installation of the
membranes in a single module required 36 gaskets, and their installation posed some prob-
lems. Furthermore, it was not possible to carry out a system leak test after the membranes
installation. Therefore, it cannot be excluded that the presence of prokaryotic cells and
virus particles in the permeate was the result of the leakage of the membrane module
and the imperfections of the membranes themselves. This was also noted in the case of
reverse osmosis membranes [47]. Moreover, the possibility of secondary bacterial growth
in water after membrane filtration cannot be rejected [31,46]. Therefore, to ensure full epi-
demiological safety, the ultrafiltration process should be combined with other disinfection
technologies—e.g., UV or ozone application [10,23].

4. Conclusions

The conducted studies of treated wastewater ultrafiltration allow for the following
conclusions:
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The ultrafiltration process enables further improvement of the physico-chemical pa-
rameters of treated wastewater. Suspension, permeability and total phosphorus were
removed the best up to a trace level in most samples. High phosphorus removal efficiency
is important because of the ability to remove phosphorus in biological wastewater treatment
is limited, especially in small treatment works [87,88] and, moreover, the eutrophication of
the water bodies is one of the most important environmental problems.

Good results were also obtained in the removal of COD. On the other hand, total ni-
trogen was removed to a small extent. The use of membranes with lower separation allows
for better sewage treatment results. Most likely, the colloidal fractions were responsible for
the differences in the removal of individual pollutants.

The permeate quality and the degree of removal of individual wastewater components
was determined primarily by the form of their presence in the wastewater. Thus, deter-
mining the level of dissolved, colloidal and undissolved fractions of individual indicators
of treated wastewater may be of significant importance in forecasting the effectiveness of
their removal using membrane techniques.

The use of ultrafiltration resulted in a significant reduction in the number of indicator
bacteria in the treated wastewater. For both separation membranes (200 kDa and 400 kDa),
a reduction in the number of fecal coliforms (including E.coli) by 4 log and fecal enterococci by
5 log was achieved.

However, the research showed, that in technical and operational conditions the dis-
infection effects of biologically treated wastewater using ultrafiltration are worse than
expected. Despite the use of membranes with pore sizes much smaller than the size of the
bacteria, bacterial cells are still observed in the permeate. Most likely this is due to leaking
diaphragm modules and/or damaged diaphragms.

Single cells of indicator bacteria were observed in the permeate, slightly more nu-
merous when UF 400 kDa membrane was used. Microscopic analysis also confirmed
the presence of prokaryotic cells in the permeate after the ultrafiltration, regardless the
membrane types. The membrane UF 200 kDa was more effective in retaining larger cells.

It was observed that after passing through the ultrafiltration membrane, regardless of
the significant decrease in the total number of bacteria, the proportions of prokaryotic cells
grouped according to their morphology and size changed. In general, the permeate had a
higher percentage of smaller and more compact cells (cocci, rods) than the effluent before
filtration. This partially selective membrane action was more pronounced during filtration
through more compact membranes (200 kDa) and at the end of the filtration cycle.

On the basis of the tests carried out, it is not possible to directly determine by which
routes microorganisms enter the permeate. Whether directly through the membrane
structure or through leaks in the membrane module. However, the fact that for a less
compact membrane, the retention efficiency of prokaryotic cells was lower and that there
was less selection due to their size and shape may indicate that at least some bacteria enter
through the membrane structure, through the membrane pores or discontinuities in the
epidermal layer.

Average number of virus particles were reduced over 4 log, however, due to the high
infectivity of pathogenic virus particles potentially present in treated wastewater that are
discharged to recreational areas, it cannot be considered sufficient.

Ultimately, on the basis of the studies carried out, we conclude that ultrafiltration can
be regarded as an effective method of wastewater disinfection. However, using it on a
technical scale requires integrated systems.

Further research should be carried out in order to identify the causes of worse ultrafil-
tration effects in technical membrane systems, to select the places, where microorganisms
enter the permeate and to determine the scale of this phenomenon.
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