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ABSTRACT

Municipal stormwater is a common source of organic and inorganic pollutants. Rainwater pollution
from the streets can be affected by traffic, that is, wear and tear of tyres, brake linings, engines and
vehicle bodies. The main objective of the research was to determine the type of pollutants present
in rainwater from the highway, and then the possibility of their removal in membrane processes. A
number of analyses were performed to determine the concentration of organic and inorganic pol-
lutants and toxicity tests and microbiological studies were performed. Rainwater contained heavy
metals in the amount as follows: nickel 0.41 mg/dm? zinc 5 mg/dm?® lead 0.52 mg/dm?®. In rainwa-
ter, both typically industrial compounds (biphenyls, polycyclic saturated hydrocarbons, aromatic
hydrocarbons, phenols and bisphenol A), naturally occurring compounds and components of plant
protection products were determined. Rainwater toxicity was expressed as percentage inhibition of
Vibrio fischeri luminescence after 5 and 15 min of incubation and based on the growth of the fresh-
water vascular plant Lemna minor. Water showed toxicity to V. fischeri at 27.52% (5 min) vs. L. minor
at 33%. In the ultrafiltration process, the retention coefficient of organic compounds, that is, TOC
and phenol, was respectively 9% and 79%, while in the case of heavy metals, the following values
were obtained: Ni(I) 75%, Pb(II) 67%, Zn(II) 98%, and octadecane was reduced by more than 81%.
In the nanofiltration process, the retention coefficient was higher and was at the TOC level 100%,
phenol 90%, Ni(II) 82%, Pb(II) 67%, Zn(II) 98%, and the octadecane was reduced by more than 85%.
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1. Introduction

Rainwater contains various types of chemical and
microbiological contaminants that can be hazardous to the
environment and human health [1]. The rainwater from
the streets may contain a lot of organic and inorganic pol-
lutants, including heavy metals and polycyclic aromatic
hydrocarbons (PAHs) [2,3]. The source of these pollutants
is road traffic, such as wear and tear on tires, brake linings,
engines and vehicle bodies [4,5]. For example, zinc is used
in the manufacture of car tires as ZnO and various sul-
fur-containing organic compounds (e.g., dithiocarbonates
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and thiazoles) [6,7]. Estimated emissions from tire wear can
range from about 2.4%-36% of the total amount of Zn in the
atmosphere [8]. Particular attention is often paid to the pres-
ence of heavy metals in rainwater due to their toxicity [1].
However, the water flowing out of the streets accumulates
much more pollution. Struk-Sokotowska et al. [9] showed
in samples of runoff water from rainwater and meltwater
in Poland the occurrence of benzotriazoles at a high level.
They concluded that road activities are a common source of
benzotriazole emissions in the urban environment, directly
polluting human habitats with various roads and numerous
urban vehicles. In turn, Sankoda et al. [10] showed a high
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proportion of toxic polycyclic aromatic hydrocarbons, that
is, chrysene and benz[a]anthracene in rainwater samples.
They also found that rainwater had a significant impact
on the occurrence of PAHs in surface waters. Rainwater is
contaminated with dangerous compounds that need to be
removed before it can be used. Therefore, various chem-
ical or physical methods are used to reduce pollution and
improve the quality of the collected rainwater [11-15]. In
order to purify the tested rainwater, membrane processes
were proposed, including ultrafiltration and nanofiltration
in a flow-through system, where the pollutant retention
coefficient was determined. Membrane processes are widely
known techniques in the field of water treatment, which are
characterized by high purification efficiency and the equip-
ment used occupies a small surface area [16]. Kim et al.
[14] conducted a metal membrane filtration study. The test
results showed a high reduction efficiency microbiological
and dust contamination in rainwater. Bau et al. [15] con-
ducted research on the use of ultrafiltration combined with
chlorination for the production of drinking water. The water
produced was shown to meet drinking water standards in
terms of physical, chemical, and microbiological parame-
ters (coliforms and E. coli). Until now, preliminary studies
have been carried out on the use of the ultrafiltration pro-
cess in combination with the UV process for the purification
of water from the roof [17]. The applied membrane process
showed high efficiency of removing organic and inorganic
impurities from rainwater. Therefore, the next step in the
research was to check the possibility of using these processes
to remove micropollutants from water coming from the
streets, also determining the toxicity of the tested water.

In the literature on the subject you can find many stud-
ies on the analysis of specific pollutants, for example, only
organic or heavy metals or inorganic compounds found in
rainwater [2,9,18-21]. However, many pollutants are still
not analyzed in rainwater. Given the fact that rainwater is
one of the main water resources, continuous improvement
of knowledge about the pollutants present in it is required.
The innovative point of this research was to conduct a
broad analysis of rainwater flowing from the highway to
the retention reservoir, and then an attempt to purify it in

Table 1
Physico-chemical characteristics of the tested rainwater

Parameter Rainwater
COD, mg/dm? 107
Phenol, mg/dm? 0.72
Nickel, mg/dm? 0,41
Zink, mg/dm? 5
Lead, mg/dm? 0.52
pH 7.815
Conductivity, uS/cm 5.26
TOC, mg/dm?® 7.84
Colour, mg-Pt/dm? 23
N-NO,, mg/dm?® 3.8
P-rO,, mg/dm?® 1
N-NH,, mg/dm?® 1.8

membrane processes. In summary, the objective of the study
was to identify and quantify the concentration of organic
and inorganic pollutants and micropollutants in rainwa-
ter from paved areas. In addition, the toxicity of rainwater
was determined before and after the treatment process. This
study can be used as a source of guidelines for rainwater
quality.

2. Methods and materials
2.1. Subject of research

Rainwater was collected in March 2022, as there has
been moderate rain this month. At that time, higher con-
centrations of rainwater pollutants were found compared
to months with heavy rainfall [22]. The amount of precipi-
tation in March was 57 mm. The physicochemical analysis
of rainwater is summarized in Table 1.

2.2. Analytical methods

The efficiency was evaluated by monitoring typical qual-
ity parameters (colour, COD, TOC, phenol, nickel, zinc, lead,
nitrate nitrogen, ammoniacal nitrogen, phosphate phospho-
rus, conductivity, pH). All determinations except pH OWO
and conductivity measurements were performed with a
UV-Vis Spectroquant® Pharo 300 (Merck, Kenilworth, NJ,
USA). Concentrations of this were determined spectropho-
tometrically with a Merck Test Kit. TOC was measured using
a TOC-L series analyser (Shimadzu, Kioto, Prefektura Kioto,
Japan). pH and conductivity were monitored with the multi-
functional analyser CX-461 (Elmetron, Zabrze, Poland).

The chromatographic analysis of the extract was per-
formed using a GC-MS(EI) 7890B gas chromatograph from
Agilent Technologies (Santa Clara, USA). The analytical
tool has been equipped with a 5 ms SLBTM capillary col-
umn (30 m x 0.25 mm with a film thickness of 0.25 um) from
Sigma-Aldrich (Poznan, Poland). Helium 5.0 with a flow
rate of 1.1 cm?/min acts as a carrier gas for chromatographic
analysis. The injection volume was 1 uL and was injected
automatically at a rate of 3,000 mm?/min. The injector tem-
perature was set to 250°C. The GC furnace temperature pro-
gram was as follows: 80°C (6 min), 5°C/min to 260°C, 20°C/
min to 300°C (2 min). The temperature of the ion trap and
the ion source was 150°C and 230°C, respectively. The iden-
tification of compounds present in the collected water sam-
ples was made on the basis of their mass spectra obtained
after chromatographic analysis was carried out in the total
ionic current (TIC) mode. The range of monitored ion
masses was determined to be 50-500 m/z [23].

Microbiological analysis including coliform bacteria,
total number of microorganisms at 22°C + 2°C after 72 h,
E. coli, and Enterococci was performed by an external accred-
ited laboratory according to ISO methods. Analyzes were
performed according to standards PN-EN ISO 9308-1:2014-
12/PN-EN; PN-EN ISO 6222:2004; ISO 9308-1/A1:2017;
PN-EN ISO 7899-2:2004 (Water and Sewage Enterprise,
Poland).

Rainwater before and after membrane processes was
evaluated ecotoxicologically. Enzymatic tests with the bio-
luminescent bacteria Vibrio fischeri and growth tests with
the aquatic plant Lemna minor were performed. Toxicity
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was assessed based on Microtox® test results. The degree
of toxicity was assessed by the change in the intensity of
light emitted by the bacteria. The experiment was car-
ried out in the MicrotoxOmni WET (whole effluent toxic-
ity) system [24]. The Lemna sp. the Growth Inhibition Test
(GIT) was performed in freshwater vascular plants L. minor
according to the OECD Guideline 221. For the study, a plant
with two fronds from its own breeding was used. The test
was carried out at 25°C + 1°C with constant exposure to
6,000 lux light. The toxicological effect determined based
on the morphological changes of the plants was assessed
after 7 d as a percentage of inhibition of plant frond
growth according to Eq. (1) [25].

Ez(L"L;L’)xloo% 1)

k

where L, is the number of living indicator organisms (num-
ber of fronds) for the control sample; L, is the number of
living indicator organisms (number of fronds) for the test
sample.

2.3. Experimental procedure

The process of ultrafiltration and nanofiltration was car-
ried out using polymer membranes. An ultrafiltration mem-
brane with the symbol MT, manufactured by SUEZ (GE)
TM, made of polyethersulfone, with a limiting molar mass
of 5,000 Da was used. Then the nanofiltration membrane
with the symbol NF-270, produced by FilmTec™, made of
polyamide-TFC, with a limiting molar mass of 200 Da. Before
the actual rainwater filtration process, the membranes were
conditioned by passing deionized water through them.
Transmembrane processes were carried out using a pres-
sure for UF of 0.3 MPa and for NF 2 MPa, the flow velocity
over the membrane surface was 18 cm/h and the tempera-
ture was maintained at 20°C. Each process was carried out
for 4 h, rainwater was collected every 15 min, the volume
of collected permeate was measured and the effectiveness
of removing contaminants was measured every hour. Each
process was carried out separately. The efficiency of the pro-
cess was assessed by determining the volumetric stream of

Fig. 1. The catchment area of rainwater from the highway.

deionized water (J ) and the volumetric stream of treated
rainwater (] ) and based on the degree of removal of the pol-
lutant load. Physico-chemical processes and analyses were
carried out three times.

The volumetric permeate flux was calculated according
to Eq. (2) [26]:

14
I:m @

The intensity of membrane blocking (IF) is described
as follows [26]:

IF= U] x100% 3)

w

where | — volumetric permeate flux, dm’*/m*h, V — permeate
volume, dm?, s — membrane area, m?, t — time, h.

Separation properties were determined by calculating
the pollutant retention coefficient (R%) [26]:

C
R%:[l—”Jxloo (4)
C

r

where R% —, C, — concentrations in permeate, mg/dm?
C, - concentration of pollutants in rainwater, mg/dm?®.

Membrane processes were performed in a laborato-
ry-scale cross-flow configuration equipped with a plate-
frame membrane module SEPA CF-NP (GE Osmonics,
Minnetonka, USA), as shown in Fig. 2.

3. Discussion of results

3.1. Transport properties of ultrafiltration and nanofiltration
membranes

In the first stage of the research, the transport charac-
teristics of the membranes used, that is, ultrafiltration and
nanofiltration membranes for deionized water, were deter-
mined. The polyethersulfone membrane was characterized
by a volume flux of deionized water at a level of 86.11 dm?/
m%h in the ultrafiltration process and 45.83 dm*m?h in the
nanofiltration process. The change in the volumetric flow
of rainwater depending on the time for the ultrafiltration
and nanofiltration process is shown in Fig. 3.

Then the process of ultrafiltration of rainwater was
carried out. After 15 min of process, the value of the volu-
metric permeate flux was 77.78 dm’/m*h. Subsequently,
this value decreased after 1 h of the process until the value
of 66.67 dm*/m*h was reached. There was a 22% reduction
in the volumetric flow of permeate. It has been shown that
during the process there was an intensification of the phe-
nomenon of membrane fouling. Then the raw rainwater
was processed nanofiltration. After 15 min the value of the
volumetric permeate flux decreased by 12%. However, after
4 h of operation the flux decreased by 36% from the initial
flux. The fouling followed slowly and stabilized. On the basis
of the ] and ] fluxes, the value of the parameter that illus-
trates the intensity of membrane fouling was calculated. The
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Fig. 2. Cross-flow filtration set-up (photo and scheme) [26].
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Fig. 3. Change in the volumetric flow of rainwater according to
the time for the ultrafiltration and nanofiltration process.

lower their values, the more intensively the surface of the
membranes is covered with a layer of substances contained
in the purified solution. Fig. 4 shows the intensity of mem-
brane blockage in the UF and NF processes.

Organic and inorganic impurities, colloids, and micro-
organisms are considered the main cause of membrane
pollution. Fouling membranes have a strong effect on the
filtration stream, and which limits the purification process,

increases operating costs and shortens the life of the mem-
brane. Therefore, periodic chemical cleaning should be
considered, which can effectively reduce irreversible
fouling, achieving greater membrane filtration efficiency.

The efficiency of rainwater pretreatment was evaluated
on the retention coefficient of total organic carbon, phenol,
colour, and heavy metals. Fig. 5 shows the dependence of
the concentration of individual impurities on the time of
ultrafiltration and nanofiltration.

The effectiveness of rainwater pretreatment was eval-
uated, among others, on the basis of the assessment of the
concentration of organic compounds. The total organic car-
bon in rainwater in the studies conducted studies was at a
level of 7.84 mg/dm?® before pretreatment. In the UF process,
the average retention rate was 9%. On the contrary, in the
NF process, a complete reduction in TOC was observed. Ba
et al. also confirms in his research that the UF membrane is
not an ideal barrier to smaller pollutants, such as dissolved
organic matter, which can be suspected to constitute the
whole TOC [15].

In the further course of research, the analyzed rainwater
parameter was phenol. According to the Polish regulation,
the limit value of phenol is 0.1 mg/dm? [27]. Its concentration
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Fig. 4. The intensity of the membrane fouling phenomenon depending on the time.
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Fig. 5. Dependence of individual pollutants on the duration of the UF and NF process.

in rainwater was 0.7 mg/dm® On the graph, a decrease in
phenol concentration is noticeable during the process. In
the ultrafiltration process, the concentration of phenol
was recorded at the level of 0.15 mg/dm?® (79% reduction).
However, the value of this compound still exceeds the limit

value. Only in the nanofiltration process was the phenol
concentration 0.07 mg/dm® (R = 90%). Another important
element of the research of the ultrafiltration process was the
concentrations of heavy metals, the content of which was
recorded in rainwater taken from the highway. According
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to the said regulation, the limit value for zinc is 2 mg/dm?,
while for nickel and lead 0.5 mg/dm?. Compared to other
heavy metals, the zinc concentration from the rainwater
intake was high and was 5 mg/dm?. Fuerhacker et al. [28]
also observed a high concentration of zinc in the water flow-
ing from the parking lot. This is probably due to the fact
that zinc is used in the production of car tires and accounts
for 1.5% of the material. As a result of tire wear, tire wear
are released into the atmosphere which, together with rain-
water, penetrate the soil. The collected rainwater comes
from the highway, which is an highway and heavy vehicle
traffic, and as a result a possibly high concentration of zinc
in the tested rainwater [29,30]. The heavy metal retention
coefficient in the ultrafiltration process was Ni(Il) = 75%,
Pb(Il) = 67%, Zn(Il) = 98%, while in the nanofiltration pro-
cess Ni = 82%, Pb(Il) = 67%, Zn(Il) = 98%. Heavy metals are
known to exist as free ions in highly acidic environments.
Under these conditions, their molecular sizes are smaller
than those of the pore sizes of ultrafiltration membranes
and freely pass through the membranes. The reason for such
a high removal of these ions in the ultrafiltration process
may be electrostatic interactions between the membrane
and the contaminating components. The studied rainwaters
were complex mixtures containing a wide range of pollut-
ants. Interactions between these substances and the sur-
face of the membrane can significantly change the surface
charge resulting from interactions between charges on the
membrane surface and charged solutes. Therefore, it is the
surface charge that has a significant impact on the separa-
tion properties of the membrane, the nature and extent of
contamination [30]. The tested rainwater was characterized
by a pH of 7.8. At neutral pH, membranes made of deriva-
tives of sulfonic acid have a negative charge. Mechanisms of
fouling of UF membranes, that is, pore blockage, gel forma-
tion, cake formation and adsorption, may also be affected.
However, more than one contamination mechanism may
be involved at the same time [31]. This negative membrane
charge can attract and bond with positive feed components,
such as divalent ions (e.g., zinc), causing a drop in perme-
ate flux. In the case of metal removal with NF, it is achieved
by size exclusion and electrical interactions between the
ions in the feeding aqueous solution and the charged NF
membranes [32,33].

0.2 ’L
04 s - |;_ -

There was also a very high degree of colour removal from
treated rainwater, namely this value decreased to 5 mg-Pt/
dm?® (81%). Reliable identification of sources of particulate
pollutants accumulated on road surfaces and characteriza-
tion of particle composition are important for the develop-
ment of best management practices to mitigate stormwater
quality. According to many studies, the chemical composi-
tion of road dust and soils indicates that the material associ-
ated with vehicle movement is the main source of amorphous
content, consisting of a significant amount of heavy met-
als. Furthermore, the surrounding soil is the source of Fe,
Al, and Mn in road dust, while the sources of Zn, Cu, Pb,
Ni, Cr, and Cd are associated with vehicle traffic [34,35].

Chromatographic analysis allowed for the identifica-
tion of organic micropollutants contained in the tested solu-
tions. Fig. 6 shows the chromatogram of the sample before
the implementation of the membrane filtration processes.
Each of the peaks corresponds to the presence of a differ-
ent organic compound. The number of peaks and the inten-
sity of the detector signal (which may indirectly indicate
the concentration of individual compounds in the sample),
indicate a very complex composition of the tested sample,
which may explain its toxic nature towards the test organ-
isms used in the Microtox Test (Table 5). Figs. 7 and 8 show
the chromatogram for the sample after the implementation
of the membrane filtration processes.

The mass spectra analysis of the compounds noted on
the chromatogram allowed for their identification. In this
case, it was decided that a compound is considered identi-
fied if its mass spectrum coincides with the mass spectrum
of the NISTv17 database in not less than 70%. Table 2 lists
the determined compounds as well as their retention time
and peak area. Particular attention should be paid to the
chromatogram obtained after the UF process. The four peaks
with the highest signal intensity correspond to compounds
that were not determined in raw rainwater. It can therefore
be assumed that they come from the membrane itself, or
rather from the agent used by its manufacturer for main-
tenance. Despite the procedure to remove the preservative
indicated by the manufacturer, it remained in the pores of
the membrane and migrated into the permeate. However,
it should be emphasised that the peaks corresponding to
specific preservative compounds do not interfere with the
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Fig. 6. Chromatogram obtained for rainwater before the treatment process.



A. Marszatek et al. / Desalination and Water Treatment 305 (2023) 217-226 223
:(1%):‘7- + TIC Scan UF pow.d
.1 ]
0.94
0.8
0.7
0.6
0.54
D.44
0.2+
0.2 l
0.1
D_l\—- et _-\L Ll_.l\_AL._dhL'- [ I.uI..L . I
-0.14
€ & 10 12 14 16 18 20 22 24 26 283 3 32 % 38 40 42 45
Counts (%) vs. Acquisition Time (min)
Fig. 7. Chromatogram obtained for rainwater after the UF process.
x10€ [+ TIC Scan NF pow.d
E4
E
4
3_
7
‘] 4
0
6 & 10 12 14 1 18 20 2 24 % 28 30 2 /38 40 42 46
Counts (%) vs. Acguisition Time (min)
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Table 2
Organic compounds identified in rainwater before and after the membrane filtration process
Compound R, (min) Pow. (uj.p)
RW After UF After NF
2,4-Di-tert-butylphenol 22,608 54,818.2 n.d. n.d.
Butyl octyl phthalate 24,829 118,109.64 76,611.89 69,732.04
2,6-Diisopropylnaphthalene 27,581 23,755.36 n.d. n.d.
Bisfenol A 27,694 41,063.23 n.d. n.d.
1,3-Diisopropylnaphthalene 27,825 52,730.05 n.d. n.d.
7-Methylheptadecane 28,05 332,810.11 122,709.80 14,531.82
4-Ethyltetradecane 28,201 249,969.85 142,744.25 5,102.78
3-Methylheptadecane 28,645 454,304.87 84,894.25 14,993.50
Octadecane 29,264 17,249,130.6 2,510,496.00 147,169.19
1-Iodo-2-methylundecane 33,242 44,293.56 n.d. n.d.
1-Nitroheptane 33,668 5,707.93 4,269.18 2,894.06
Trans-2-hexenal 34,831 2,129.12 n.d. n.d.
Butyl citrate 37,671 2,914.38 542.00 n.d.
1-(4-Nitrophenyl)piperazine 38,172 5,649.83 5,410.23 n.d.
Silane, diethyloctadecyloxy(3-phenylpropoxy) 41,531 178,576.43 3,426.73 n.d.
Oktylofenol 41,693 4,745.94 n.d. n.d.
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correct analysis of the composition of rainwater after the
filtration process. Retention times of the preservative com-
pounds do not coincide with the retention times of the com-
pounds identified in the rainwater prior to the process.

Compounds that have been determined in rainwater
due to their origin are both typically industrial compounds
(biphenyls, polycyclic saturated hydrocarbons, aromatic
hydrocarbons phenols, and bisphenol A), naturally occur-
ring compounds, and components of plant protection prod-
ucts (pesticides), the so-called xenoestrogens. Octylphenol,
a xenoestrogen that has been labelled in rainwater, is still
a common substance used in industry, although its use to
dissolve pesticides has been banned since 2005. In addition
to the estrogenic effect, octylphenol also has toxic effects
on aquatic organisms as well as humans. On the contrary,
bisphenol A, which also belongs to the group of xenoestro-
gens, is one of the most important chemicals used mainly
in the production of epoxy resins, polyesters (mainly poly-
carbonates), polyether’s (polysulfons) and some high-qual-
ity transparent plastics, fungicides and antioxidants used
worldwide in very large quantities [8].

Based on the peak area of compounds present in rain-
water before and after the membrane filtration process, it
can be concluded that the UF process allowed for complete
removal of 2,4-di-tert-butylphenol, 2,6-diisopropylnaphtha-
lene, bisfenol A, 1,3-diisopropylnaphthalene, 1-iodo-2-meth-
ylundecane, trans-2-hexenal and oktylofenol. Furthermore,
the concentration of 3-methylheptadecane, octadecane, butyl
citrate, and silane, diethyloctadecyloxy(3-phenylpropoxy)
was reduced by more than 81%. The permeate after the NF
process did not contain 2,4-di-tert-butylphenol, 2,6-diiso-
propylnaphthalene, bisfenol A, 1,3-diisopropylnaphtha-
lene, 1-iodo-2-methylundecane, trans-2-hexenal, butyl
citrate, 1-(4-nitrophenyl)piperazine, silane, diethyloctade-
cyloxy(3-phenylpropoxy) and oktylofenol. In addition, the

Table 3

concentration of 7-methylheptadecane, 4-ethyltetradecane,
3-methylheptadecane and octadecane was reduced by more
than 85%. Table 3 summarize the reduction of the compound
concentration after the UF and NF processes, respectively.

3.2. Microbiological analysis

Immediately after collecting raw rainwater samples,
microbiological analyses were performed, and the results
are presented in Table 4.

There were no Escherichia coli and Enterococci in both
rainwaters. The total number of microorganisms 22°C + 2°C
after 72 h was above the laboratory’s upper measuring
range. There are no norms that define the number of the
microorganisms in the rainwater.

3.3. Toxicity test

In the studies, toxicity tests were also performed with
the use of V. fischeri bacteria. The results are presented in
Table 5.

The toxic effect of rainwater was expressed as the per-
centage inhibition of luminescence after 5 and 15 min of
incubation. Rainwater before pretreatment showed a tox-
icity level of 27.52% for a contact time of 5 min, and after
10 min the toxicity decreased to 16.26%. The results showed
that the rainwater was toxic, but it was of low toxicity.
The ultrafiltration process ensured a reduction of toxic-
ity to 16% and nanofiltration to 5% after 5 min of contact.
Depending on the environmental conditions, urban runoff
may be toxic to both marine and freshwater species, where
the main cause of toxicity may be cationic metals, mainly
Cu and Zn [36]. According to the procedure described in
Section 2.5, the toxicity of raw and treated rainwater was
tested for L. minor, the toxicity level was 33%. After the

Reduction of the compound concentration after the UF and NF process

Compound Removal of compounds after membrane filtration, % (average values)
UF NF
2,4-Di-tert-butylphenol - -
Butyl octyl phthalate 35.13+0.88 40.96 +0.23
2,6-Diisopropylnaphthalene - -
Bisfenol A - -
1,3-Diisopropylnaphthalene - -
7-Methylheptadecane 63.13 £ 0.58 95.63 £ 0.39
4-Ethyltetradecane 42.90 +0.07 97.96 + 0.45
3-Methylheptadecane 81.31+0.03 96.70 + 0.42
Octadecane 85.45+0.14 99.15+0.48
1-Iodo-2-methylundecane - -
1-Nitroheptane 25.21+0.63 49.30+0.23
Trans-2-hexenal - -
Butyl citrate 81.40 £ 0.94 -
1-(4-Nitrophenyl)piperazine 4.24+0.11 -
Silane, diethyloctadecyloxy(3-phenylpropoxy) 98.08 + 0.45 -

Oktylofenol -
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Table 4
Microbiological analysis of rainwater

Parameter Results UF NF

Coliform bacteria, CFU/100 mL 19 +[11; 32] 0 0

Escherichia coli, CFU/100 mL 0 0 0

Enterococci, CFU/100 mL 0 0 0

Total number of microorganisms at 22°C + 2°C after 72 h, CFU/1 mL >300 >300 101 £ [72; 139]

Notes: The number after the given result after the symbol + represents the expanded uncertainty calculated for the coverage factor k = 2,
which corresponds to a confidence interval of approximately 95%. For microbiology, the confidence interval of the obtained was given
according to PKN-ISO/TS 19036:2011. The sign “>” indicates that the test result is above the laboratory’s upper measuring range.

Table 5
Toxic effect of rainwater is expressed as a percentage of
inhibition of luminescence

Type of rainwater Toxicity effect

Contact time 5 min Contact time 15 min

Rainwater 27.52% 16.26%
Rainwater after UF  16.45% 10.34%
Rainwater after NF  5.12% 1.23%

use of membrane processes, that is, UF, the toxic effect was
reduced to 25%. Similarly, in the nanofiltration process.
Carrying out extensive pollution studies can help pinpoint
the factor that falls short of being toxic to flora and fauna
[37]. The analysis of micropollutants showed the pres-
ence of pesticides in the tested water, which, in addition
to heavy metals, could also affect the toxic effect. This has
been extensively described by Rouvalis et al. [38] in stud-
ies on the determination and toxicity of pesticides from
rainwater samples in western Greece. Among the pollut-
ants detected in the tested rainwater, fatty and carboxylic
acids, which are present in higher concentrations in urban
areas, may be toxic [39]. The toxicity of rainwater toward
the tested organisms was influenced by phenol, the over-
estimated concentration of which was already detected at
the level of spectrophotometric analyses [40]. Based on the
peak areas of compounds present in water, both straight
(octadecane) and branched (7-methylheptadecane) alkanes
were etched. Octodecane is one of the components of petro-
leum. Gasoline-powered cars emit harmful hydrocarbons,
nitrogen oxides, carbon monoxide, and lead compounds
into the atmosphere [41]. It can be assumed that these
pollutants also contributed to the toxicity of the studied
rainwater.

4. Conclusion

The following conclusions were drawn on the basis of
the conducted research:

¢ Rainwater contained heavy metals in the amount
as follows: nickel 0.41 mg/dm? zinc 5 mg/dm?® lead
0.52 mg/dm® In rainwater, both typically industrial
compounds (biphenyls, polycyclic saturated hydrocar-
bons, aromatic hydrocarbons, phenols, and bisphenol

A), naturally occurring compounds, and components of
plant protection products were determined.

¢ The intensity of fouling ultrafiltration membranes within

4 h of the process was 53.2%, while in the case of nano-
filtration it was 63.6%. A lower value indicates a more
intensive phenomenon of membrane fouling.
In the ultrafiltration process, the retention coefficient
of organic compounds, that is, TOC and phenol, was
respectively 9% and 79%, while in the case of heavy met-
als, the following values were obtained: Ni(Il) = 75%,
Pb(II) = 67%, Zn(II) = 98%.

¢ Inthe nanofiltration process, the retention coefficient was
higher and was at the level of TOC = 100%, Phenol = 90%,
Ni(II) = 82%, Pb(II) = 67%, Zn(II) = 98%.

e UF process allowed for complete removal of Bisphenol
A and octylphenol, the concentration of octadecane was
reduced by over 81%.

* The permeate after the NF process did not have many
micropollutants compared to the raw rainwater, and
the concentration of octadecane was reduced by more
than 85%.

e Highway rainwater showed a low toxicity to V. fischeri
bacteria at a level of 27.5%. The ultrafiltration process
reduced toxicity to 16%, and the nanofiltration process
to 5% after 5 min of contact. In the case of L. minor, the
level of toxicity of rainwater was 33%. After using mem-
brane processes, both the toxic effect of UF and NF was
reduced to 25%.
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