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Abstract: Due to climate change and anthropogenic pressure, freshwater availability is declining in
areas where it has not been noticeable so far. As a result, the demands for alternative sources of safe
drinking water and effective methods of purification are growing. A solution worth considering is
the treatment of rainwater by microfiltration. This study presents the results of selected analyses
of rainwater runoff, collected from the roof surface of individual households equipped with the
rainwater harvesting system. The method of rainwater management and research location (rural
area) influenced the low content of suspended substances (TSS < 0.02 mg/L) and turbidity (<4 NTU).
Microfiltration allowed for the further removal of suspension particles with sizes larger than 0.45 pm
and with efficiency greater than 60%. Granulometric analysis indicated that physical properties of
suspended particles vary with the season and weather. During spring, particles with an average
size of 500 pm predominated, while in autumn particles were much smaller (10 um). However, Silt
Density Index measurements confirmed that even a small amount of suspended solids can contribute
to the fouling of membranes (SDI > 5). Therefore, rainwater cannot be purified by microfiltration
without an appropriate pretreatment.

Keywords: rainwater harvesting systems; rainwater management; circular economy; quality of

runoff; TSS particles sizes; microfiltration; SDI test

1. Introduction

Anthropopression, along with an unavoidable climate crisis, will appear in the near
future as there will be a significant shortage of sweet water and more frequent extreme
natural phenomena, such as floods or droughts. Mentioned phenomena are, among others,
caused by improper rainwater management in the environment changed by humans.
Rainwater should not be regarded as a source of risk, but rather as a valuable natural
resource that should not be wasted. Rainwater and stormwater retention is said to be
an important example of circular economy solutions [1]. It can be used for irrigation of
agricultural fields [2], and in individual households, commercial, and public facilities as
an alternative source of water [3-7] or as an element of landscape (i.e., rain gardens [8,9]).
In individual households, the most popular are rainwater harvesting systems (RWHS)
that enable the collection, pretreatment, storage, and subsequent use of rainwater. Such
solutions are usually integrated with property drainage systems. Water is collected from
roofs of buildings, balconies, and terraces, and less often from other hardened/sealed
surfaces (driveways, parking spaces). Due to possible contamination, rainwater after initial
mechanical pretreatment is used for purposes that do not require the highest quality water,
such as flushing toilets, washing, or irrigation. In all of these applications, the use of
raw rainwater does not pose a health threat to users. Nevertheless, significant depletion
of freshwater resources or their pollution requires the use of rainwater for hygienic and
consumption purposes as well. Such practices are commonly applied in tropical areas
(e.g., Africa or Australia). Because of climate and anthropogenic changes, it may also
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become a necessity for other regions of the world, including Europe. Moreover, rainwater
as an alternative source of water may be the only solution in cases where construction of a
water supply network is unprofitable due to the transmission distance, whereas existing
water sources (like individual groundwater intakes) are too polluted to exploit. Thus, a
question arises whether rainwater is a safe source. What are the conditions and processes
that must be used to prepare it as a drinking water?

In Poland, water intended for human consumption must fulfill high quality standards
of the Drinking Water Directive [10], which was transposed into the regulation of the Min-
istry of Health [11]. For hygienic purposes, water must meet the same stringent parameters
of quality. Potable water is usually produced in multi-stage purification processes, and
the more complex, the higher the degree of water pollution. When the source is heavily
contaminated, the cost of treating may outweigh the costs of abstracting water. Moreover,
available resources of groundwater and surface waters are increasingly limited. Therefore,
innovative solutions are investigated to ensure effective application for alternative water
sources that are seemingly difficult to use. Depending on the location (and local environ-
ment pollution), rainwater can be of relatively good quality (sometimes much better than
surface waters). It can be treated by filtration with activated carbon, wetland systems, UV
radiation, or chlorination [12-14]. While nature-based solutions have a landscape-shaping
function and are willingly used to reintroduce runoff to the environment, the physical and
chemical methods are appropriate for the preparation of rainwater for consumption pur-
poses. Among many processes, microfiltration is worth considering, as it does not generate
harmful byproducts. Despite high operating costs of such systems, membrane techniques
are said to be one of the most effective and versatile methods of water treatment [15,16].
In order to verify this assumption, studies were conducted to check the usefulness of
membrane techniques in the treatment of rainwater. The extension and modification of a
commonly available rainwater management system (rainwater rooftop harvesting system)
with a highly efficient cleaning system based on a membrane module was considered, so
that rainwater can become a source of water used economically in a wider range. The
studies referred to the results of microfiltration on filters with a pore size of 0.45 pm, and
particles of this size were intended to be removed. The suitability of the use of membrane
techniques in the treatment of rainwater was tested with the SDI measurement system
(SDI Silt Density Index or micro-suspension contamination index). Conventional param-
eters, such as turbidity and total suspended solids relating to substances undissolved in
water, were also measured, because the presence of suspensions in water has a direct
impact on the applicability of membranes due to the phenomenon of fouling, i.e., blocking
membranes [17,18]. Additionally, particle size measurements with the laser granulometer
were carried out, which were an important element of the characteristics of undissolved
substances present in the tested rainwater. The main objective of the research was to
demonstrate whether rainwater can be treated by microfiltration to achieve a purity level
intended for human consumption.

2. Materials and Methods
2.1. Analyzed Object and Samples Collection

Field research was conducted in the village of Bogaczewo, located in the western
part of the Warmian-Masurian Voivodeship, in Poland. The considered object is situated
in a small tourist settlement near Narie lake, surrounded by farmlands and forests. The
building is an individual settlement unit (summer house) equipped with a rainwater
collection system. Rainwater is used to flush the toilet and as an additional water source for
household purposes (watering the garden, cleaning works, etc.). Rainwater is collected only
from the roof surface. The rainwater harvesting system is a type of direct (pressure) system,
the basic elements of which are an underground water storage tank and drain well. It serves
as a reservoir of water, where initial treatment takes place during transport (mechanical
pretreatment with filters on gutters or transporting pipes and basket filter) and retention in
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the tank. By introducing an additional stage (with microfiltration) in the treatment system,
it was planned that rainwater could also become a source of drinking water.

Studies were carried out for a period of four years (from May 2014 to December 2017).
Rainwater samples were collected from the storage tank after sedimentation, at a frequency
of not less than once a month. As a reference, rainwater was occasionally taken during
rainfall directly from the roof. Then, water was collected in a plastic tank with a capacity
of 20 L, without subsequent storage. From December to February/March, samples were
obtained from the snow melt, from the research area not exposed to secondary pollution
(tree needles, dust). Snow samples were collected at a distance from the building, from an
area not planted with trees.

Physico-chemical analyses (turbidity measurement and total suspended solid determi-
nation) were performed in unfixed samples, immediately after sampling or after no more
than 12 h of storage at 5 °C. Granulometric measurements and SDI tests were carried out
in the last year of the research (in 2017). The samples for measurements (SDI coefficient,
particle size measurement with laser granulometer) were stored for no longer than 78 h at
5 °C (also without fixation).

2.2. Methods
2.2.1. Total Suspended Solids Determination

Samples of raw rainwater runoff were subjected to the total suspended solid determi-
nation. Determination consisted of filtering an appropriate volume of the sample through
the mixed cellulose ester membrane filters. Due to small amounts of suspension in the
tested samples, the standard methodology of TSS determination was modified. Instead of
filters with a pore size of 1.5 um, filters with a pore size of 0.45 um were applied. Then,
filters were dried at 105 °C to a constant weight and after cooling were down-weighted.

2.2.2. Turbidity Measurements

The standard turbidity measurement method was used in the rainwater tests (PN-EN
ISO 7027-1:2016-09 [19]). Measurement was carried out with a turbidimeter. The method is
characterized by a higher sensitivity in the case of turbidity caused by colloidal particles,
and is preferred especially in the lower measuring range. Turbidity was measured in two
types of samples: unfiltered rainwater (RAW) and rainwater subjected to microfiltration
(MF). Membrane filtration was performed using a conventional vacuum filtration system,
consisting of a pump generating a negative pressure of 0.02 MPa and a microfiltration
set. The transmembrane pressure was thus about 0.08 MPa. For filtration of the samples,
membranes made of glass fiber with a diameter of 47 mm and a pore size of 0.45 um
were used.

On the basis of the obtained turbidity measurements, the percentage degree of reduc-
tion of turbidity by the microfiltration process was also calculated.

2.2.3. Particle Size Analysis

Measurements of suspended solid particle sizes present in the rainwater runoff and
snowmelt were carried out with the laser diffraction particle size analyzer Mastersizer
Hydro 2000MU (Malvern Panalytical Ltd., Malvern, UK) with the measuring range of
0.02-2000 um. The measurement is based on the laser diffraction phenomenon (LALLS-
low angle laser light scattering [20]), whereas results are presented as the particle size
distribution. This mathematical function demonstrates the volume percent of particles
with an equivalent diameter in relation to the total volume of all particles in the sample.
Particle sizes are therefore obtained as an indirect result of volume calculation. The analyzer
determines the characteristic values: d10, d50 (average dimension), and d90 diameters,
which are accordingly defined as 10, 50, and 90% of the total volume of all measured
particles, respectively [21]. Additionally, it also provides information about obscuration
(also known as optical concentration), a ratio of light passing through the sample that is
scattered or absorbed by molecules dispersed in the solution [22]. Obtained data were
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processed using Mastersizer 2000 V5.60 software that also enables the customization of the
measurement settings, such as stirring speed or sensitivity.

2.2.4. Silt Density Index Test

Determination of the SDI test was performed according to the standard procedure
for measuring the index, defined by ASTM International (ASTM standard test method
D4189 [23]). The susceptibility of the membranes to fouling was measured as a decrease in
volumetric flow rate during the 15 min filtration process through a filter membrane with a
pore size of 0.45 um, at a constant pressure of 207 kPa. The decrease in the volumetric flow
rate resulted directly from blocking the pores of the membrane with the suspension present
in the sample. Then, the SDI value was calculated according to the following formula:

SDI = (1 — to/t5)/15)-100 1)

where

to—filtration time of 0.5 L of water through the membrane at the beginning of the
test, and

tys—filtration time of 0.5 L of water through the membrane after 15 min of continuous
operation of the system.

The value of the micro-suspension index calculated according to the equation should
be lower than that required for the membranes (usually <3 or <5). Thus, it was possible to
determine whether the membrane used in the tests would fulfill its role in the treatment
of rainwater.

For purposes of the research, a test bench to measure the SDI of rainwater was created,
as shown in Figure 1. The laboratory test bench consisted of a column made of acrylic glass
with an estimated volume of 15 L, compressor, vacuum pump, membrane module (filter
holder), pressure-reducing valve with a manometer, pressure transducer, and flowmeter,
where the last two elements were connected to a digital recorder. In the research, the
FP050/0 filter cell (Whatman) made of polysulfone was used, with a filter surface area of
12.5 cm? [24].

Figure 1. Silt Density Index (SDI) test bench. On the left: storage tank/column; on the right: equip-
ment for measuring the Silt Density Index: flowmeter (1), pressure-reducing valve with manome-
ter (2), pressure transducer (3), and membrane module (filter holder) (4) (photos: K. Fitobor).

3. Results
3.1. Total Suspended Solid Concentrations

The concentration of total suspended solids in all samples of runoff obtained from
Bogaczewo was relatively low, not higher than 0.027 mg/L. Such a result was noticed
during the test in May 2014. Some increases in concentration were observed during the
winter season for snowmelt (from December to February, in the range of 0.02 to 0.022 mg/L),
as well as in the spring and autumn, when plant matter (pollen, leaves) appeared in the
runoff. The general trend was values close to 0.005 mg/L.
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The highest values of the suspension concentration were noticed in May 2014 (0.027 mg/L;
Figure 2A-sample 1), November 2015 (0.021 mg/L; Figure 2B-sample 12), December 2016
(0.02 mg/L-snowmelt; Figure 2C-sample 14), and January and July 2017 (Figure 2D;
accordingly: 0.019 mg/L-sample 1 and 0.022 mg/L-sample 8). However, in those cases,
runoff samples were collected not from the retention tank, but directly from the roof (after
sedimentation), and then TSS concentration was determined. Additionally, results from
May 2014 (Figure 2A—samples 1-3) were part of the experiment that included rain phases
(first 10, 20, and 30 min of rainfall) and changes in the runoff pollution degree with time.
The suspension concentration for subsequent phases of rain were as follows: 0.027 mg/L
(phase 1), 0.0089 mg/L (phase 2), and 0.0089 mg/L (phase 3), which indicates that the first
flush of rainfall is the most polluted and decreases and stabilizes over time.
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Figure 2. Seasonal total suspended solids variation for roof runoff (sampling sessions: (A) 2014, (B) 2015, (C) 2016, and
(D) 2017).

3.2. Turbidity Changes

During the research conducted from May 2014 to September 2017, raw rainwater
turbidity below 10 NTU was reported, wherein increased turbidity was periodically noted.
In the samples tested in 2014, raw water turbidity generally did not exceed 5.95 NTU. After
microfiltration, the water turbidity decreased to the level of 0.66 NTU, and the reduction of
turbidity was between 67.5 and 93.6%. Particular attention should be paid to the results
of the experiment carried out in May 2014 (Figure 3A), including subsequent phases of
precipitation. The rainwater sample collected after the first 10 min of precipitation was
characterized by the highest turbidity, and it was 51.91 NTU. It should be noted that
significant amounts of plant pollen were observed in the sample. Over time, the turbidity
of the rainwater decreased. In the sample collected after 20 min of precipitation, the
turbidity was only 8.05 NTU, while after 30 min of rainfall, it was 7.25 NTU. The samples
were microfiltered, as a result of which the turbidity in all three samples decreased by
over 90% (respectively: 1.10 NTU (sample 1/14), 0.56 NTU (sample 2/14), and 0.66 NTU
(sample 3/14)).

Samples collected in April and May 2015 (Figure 3B) were characterized by relatively
high turbidity, equal to 9.84 NTU. Moreover, the samples were heterogeneous, with a lot of
pollen of different morphology, which could also affect the average turbidity measurement.
Microfiltration reduced the turbidity of the samples to the level of 0.14 NTU (corresponding
to an almost 99% degree of turbidity removal). High turbidity of raw water was also
recorded during measurements carried out in December 2015. Before purification, turbidity
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of the sample was equal to 5.98 NTU, whereas after microfiltration, it decreased to 1.01 NTU.
The efficiency of the rainwater treatment process was 64.5%, which was one of the two
lowest results in the study. Nevertheless, the reduction of turbidity of all tested samples
in 2015 was not lower than 64.5%, and for the majority of samples equal or even higher
than 80%.
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Figure 3. Seasonal turbidity variation of rainwater runoff (sampling sessions: (A) 2014, (B) 2015, (C) 2016, (D) 2017).

The turbidity of the rainwater investigated in 2016 was not higher than 2 NTU for
most samples (Figure 3C). After the microfiltration process, the turbidity of the samples
usually did not exceed 0.5 NTU. On the other hand, samples collected in the winter
season (December to February) were characterized by increased turbidity. Particularly high
turbidity equal to 9.67 NTU (sample 14/16) and 5.95 NTU (sample 15/16) were recorded
in December 2016. A similar correlation of results was obtained during the research
conducted in 2017 (Figure 3D). Melt waters were characterized by the highest turbidity
(samples collected in January and February 2017; respectively, turbidity equal to 3.48 and
2.98 NTU). The rainwater samples collected during the tree pollen season (May, June 2017)
and in the period of low rainfall intensity and frequency (July 2017) were characterized by
increased turbidity.

3.3. Granulometric Analysis

Presented results of roof runoff relate to selected samples obtained in the spring (May)
and autumn (November) period in the year 2017. Tested samples were collected from
the rainwater storage tank. Before sampling, rainwater was mechanically treated during
transport (filter on a drain pipe and basket filter before the tank) and natural sedimentation
as a result of retention in the underground tank. Thus, larger fractions of contaminations
and a significant part of fine suspension were eliminated. Measurements were carried out
in several series, with different settings (stirring speed: 600-2000 rpm; sensitivity: normal
sensitivity or higher test sensitivity). Figures 4 and 5 show the selected series of tests
conducted in May and November. In May, two types of samples were tested (collected
at the beginning of May and in mid-May), whereas in November, three types of samples
were collected (collected at the beginning, in mid-November, and at the end of November).
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2017: May (average)

Series corresponded to the following samples and measurement settings, as presented
in Table 1.

Table 1. Measurement settings of granulometric analysis (tests conducted in May and Novem-
ber 2017).

May 2017

Series 1: sample 1, beginning of May (600 rpm; higher sensitivity)

Series 2: sample 1, beginning of May (1200 rpm; normal sensitivity)

Series 3: sample 2, mid-May (1200 rpm; normal sensitivity); subjected to degassing
Series 4: sample 2, mid-May (1200 rpm; higher sensitivity); subjected to degassing

November 2017

Series 1: sample 1, beginning of November (2000 rpm; normal sensitivity)

Series 2: sample 1, beginning of November (1600 rpm; normal sensitivity)

Series 3: sample 2, mid-November (600 rpm; higher sensitivity)

Series 4: sample 3, end of November (1600 rpm; normal sensitivity); subjected to degassing.

|2017: November (average)}
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Figure 4. Particle sizes of the suspension in rainwater (after sedimentation). (a) Average of the spring measurements
(May 2017); (b) average of the autumn measurements (November 2017).
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Figure 5. Comparison of particle size distribution in rainwater samples (after sedimentation) in spring and autumn season
(2017). (a) Average of the measurements; (b) cumulative distribution function.

In the runoff samples collected during the spring period (May 2017; Figure 4), particle
sizes ranged from approximately 0.4 um to 1000 um. For the whole spring season, the aver-
age particle size (d50) was approximately 175 um. It should be added that 10% (by volume)
of the analyzed suspension were particles smaller than 21 pm, whereas 90% (by volume)
were smaller than approx. 470 um. On the other hand, that means that 10% of particles
present in the sample were larger than 470 um. The smallest particles with dimensions
below 10 um (which are the most important for the separation of suspension from water,
because they are the most problematic) accounted for about 12% of all suspension particles
volume and particles with dimensions smaller than 1.0 pm and not more than 1.5%. Gener-
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ally, two types of particles predominated: particles with dimensions below 100 pm and
above 100 um. The contractual boundary of this division is quite clearly indicated by the
lowest minimum point of the graph relating to series 2 (May 2017; Figure 4). Such a trend
was observed in almost every measurement series carried out in the spring season.

For this particular case (May 2017; Figure 4), smaller particles had dimensions from
0.48 pum to about 98 pum. Characteristic values were, accordingly, about 3.9 pm (d10),
25.7 pm (d50), and 56.6 pum (d90). Dimensions of larger particles ranged from about 90 pm
even up to 1050 pm, whereas characteristic values were about 225 pm (d10), 415 pm (d50),
and 1050 pm (d90). Thus, particles larger than 100 pm represented less than half of the
volume (44%) of all suspension particles. The periodic appearance of larger particles (above
100 pm) in rainwater, despite sampling after sedimentation in a storage tank, was probably
caused by a large amount of plant pollen. Such suspension was very light, and had a
tendency for flotation, which can be connected with the morphological structure of pollen.
Moreover, the presence of this type of suspension was observed during the four-year study
only in spring (from May to June). After some time, suspension tended to aggregate,
and formed larger, spongy structure complexes that easily disintegrated by stirring or
using ultrasounds.

The particle size distribution of the autumn samples was completely different from the
spring samples. In general, much smaller particles of suspension were observed (Novem-
ber 2017; Figure 4). The rainwater samples contained a suspension with particle sizes
from 0.04 to 24 um. The average diameter (d50) was 2.5 pm, while other characteristic
values were about 0.25 um (d10) and 7.8 um (d90). Almost 93% of undissolved substances
were particles smaller than 10 um, whereas a quarter of the volume of the rest particles
accounted for particles smaller 1.0 pm. It should be also mentioned that autumn samples
were characterized by very low obscurance (i.e., optical concentration ratio) below 0.5%.
Such low obscurance indirectly indicates a very small amount of suspension, which coin-
cides with the results of TSS determinations. The relationship between the particle size
distribution in investigated rainwater and season of the year is compared in Figure 5.

3.4. Silt Density Index Measurements

Silt Density Index measurements were carried out in November and December 2017,
only for raw rainwater collected from the storage tank. Five independent experiments/tests
were conducted, each consisting of no less than two measurements (Table 2). Additionally,
the temperature of rainwater was monitored during each test.

The first experiment was conducted in November 2017 (Table 2, TEST 1). Raw rain-
water collected from the underground storage tank was used. During the test, the water
temperature was about 19 °C. The SDI values ranged from 5.96 to 6.63.

In another experiment in November (TEST 2), two measurements were made. Before
measurement 1, the temperature of water was 5 °C, while before measurement 2, the
water temperature rose to 15 °C. The micro-suspension contamination index was 6.42 for
measurement 1 and 6.23 for measurement 2.

Test number 3 was conducted in mid-November 2017. The water temperature in-
creased gradually from 10 °C (measurement 1, TEST 3) to 20 °C (measurement 3, TEST 3).
The values of the SDI coefficient obtained as a result of calculations for subsequent mea-
surements were in the range of 6.06-6.52 (Table 2, TEST 3).

The rainwater investigated in the fourth experiment, similarly to the previous experi-
ments, was collected from the underground storage tank, and three measurements were
made. The temperature of the sample at the beginning of the experiment (measurement 1,
TEST 4) was between 5 °C and 10 °C, and it gradually increased with each subsequent
measurement. In the last stage of the test (measurement 3, TEST 4), the temperature ranged
between 15 °C (at the start point of the measurement) and 19 °C (at the end). The SDI
coefficient for all measurements carried out in experiment 4 was high, and amounted to
6.48, 5.85, and 6.38, respectively, for measurements 1 to 3 (Table 2, TEST 4).
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Table 2. Results of SDI measurements conducted with rainwater samples; tj: start time of the
measurement, ty: end time of the measurement.

to tx SDI
Measurement
[Min] [Min] [-]
TEST 1
1 01:39 13:10 5.96
2 00:13 24:55 6.63
3 02:32 29:25 6.14
TEST 2
1 01:40 38:47 6.42
2 01:53 23:47 6.23
TEST 3
1 01:08 48:37 6.52
2 01:37 15:14 6.06
3 02:26 46.52 6.34
TEST 4
1 01:41 49:24 6.48
2 01:35 11:08 5.85
3 01:56 36:03 6.38
TEST 5
1 01:24 20:45 6.26
2 01:57 30:58 6.32
3 01:12 17:11 6.23

Experiment 5 was conducted in December 2017 (Table 2, TEST 5), and consisted of
three measurements. The rainwater temperature was measured before the start of the test
(T =9.8 °C) and after each measurement. The temperature of the water immediately after
the first measurement (measurement 1, TEST 5) was equal to 12.9 °C. After measurement 2,
the temperature of 15.8 °C was recorded, and after measurement 3, the temperature
increased to 18.3 °C. The results of the SDI measurements in test 5 significantly exceeded
the value of 6 (respectively, 6.26, 6.32, and 6.23).

4. Discussion
4.1. Total Suspended Solid Concentration

All tested samples of rainwater and snowmelt were characterized by a rather low
content of suspension, although slightly lower TSS concentrations were typical for the
summer season. In addition, especially in the spring months, aggregation and flotation
of the suspension was observed. It was probably related to the increased content of plant
pollen rinsed from the roof surface. On the other hand, a high content of suspension in the
winter months can be explained by the long-term exposure of snow to contaminations that
were present in the atmosphere [25-27].

The main reason for low concentrations of undissolved substances in the tested
rainwater should be explained by the specificity of the region in which the building is
located. This region of Poland is located away from highly industrialized and urbanized
areas (as a source of pollution), and is characterized by good air quality. Undoubtedly,
the point and method of sampling also influenced the obtained results (initially treated
rainwater collected from the roof or storage tank, in both cases, after sedimentation) and
the length of the rainless periods. The reduced suspension content might be also connected
with rainfall frequency (especially during the spring season) that regularly washed away
impurities accumulated on the roof surface. Moreover, runoff from the roof is definitely
less polluted than runoff from other sealed surfaces (roads and streets). Therefore, results
were significantly different from those obtained by other authors [28-30].

In addition, the experiment of May 2014 confirmed that the quality of the runoff is
strongly connected with the precipitation phase. The highest concentration of impurities
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was noticed in the first collected sample (after the first 10 min of precipitation) and de-
creased with time. Other authors also confirmed that the first phase of rain carries the
greatest pollutant load [31-33]. Especially after a long rainless period, it flushes away
substances accumulated on the roofing, as well as those that might be present in the atmo-
sphere [34,35]. Thus, precipitation after long rainless periods (regardless of the season) will
to some extent purify the atmosphere [36], at the same time deteriorating the quality of
rainwater runoff.

4.2. Turbidity Changes

The results of turbidity measurements showed a similar trend to the results of the
determination of total suspended solids in tested rainwater samples. In general, increased
turbidity correlated with a high concentration of suspension. Most likely, the reasons for
the appearance of periodic dependencies were also of a similar nature. The turbidity of
raw rainwater for almost all tested samples was lower than 10 NTU, usually no more than
4 NTU. It was found that the turbidity was higher in samples collected directly from the
roof of the building. Meltwater was also characterized by a high turbidity. In samples
collected from the underground storage tank, the turbidity was relatively low, and did
not exceed 3.1 NTU. As a result of microfiltration, a significant reduction in turbidity
was observed. For all tested samples, the turbidity removal efficiency was higher than
60%, and in a few samples, it even exceeded 90%. Application of microfiltration (using
membranes with a pore diameter of 0.45 um) for the treatment of rainwater enabled the
removal of certain amounts of suspension and achieved an acceptable water turbidity
level below 1 NTU required for drinking water [11]. Moreover, the turbidity did not
exceed 0.85 NTU in almost all treated samples. Admittedly, microfiltration is a treatment
method that allows to remove only suspended substances or those that are present in
water in an undissolved form. However, in the case of rainwater, undissolved fractions
may constitute the largest pollutant load, and the remaining impurities can be associated
with the suspension. A high concentration of suspended solids is closely related to the
level of rainwater contamination, because suspension is an excellent carrier of pollutants.
Depending on the type of catchment, it might be correlated with a higher concentration
of organic substances (including petroleum-based products), nutrients, heavy metals, or
microorganisms [37]. In the study, the microscale research with the use of a filtration system
in laboratory conditions was not aimed at the comprehensive assessment of rainwater
quality, but to define only specific parameters. Microbiological analyses were not carried
out, therefore, nothing can be said about the bacteriological quality of tested rainwater
before and after microfiltration. Other researchers indicated that in the rainwater runoff
from the roof, fecal bacteria may be present [38]. According to Dobrowsky et al. [39],
microfiltration of rainwater (with a synthesized PVA nanofiber membrane, followed by
filtration through activated carbon column) reduced the amount of bacteria, but did not
completely eliminate the risk of microbial contamination, as some strains of bacteria and
viruses still remained. Therefore, in order to verify the safety of rainwater usage (including
bacteriological quality), additional tests on a semi-technical or technical scale would be
highly recommended.

4.3. Granulometric Analysis

Typical indicators of water quality, such as turbidity or total suspended solid concen-
tration, do not provide the full characteristics of insoluble or colloidal substances present
in rainwater. Application of laser granulometer to measure the size of suspension particles
perfectly complements this information. An analyzer is a useful tool in assessing the
morphology of suspension molecules and colloidal substances in all types of water [40-42],
as well as in detailing the characteristics of suspension observed in rainwater/snowmelt
samples, which were research materials.

Presented results concern selected samples of rainwater collected in spring and the
autumn to winter period in 2017. Rainwater obtained from the storage tank was tested.
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Analyzed rainwater (before its collection) was subjected to filtration during transport and
natural sedimentation in the underground tank. Due to both processes, larger fractions
of impurities and a part of the finer suspension were initially removed. Despite the low
concentration of suspension in the tested rainwater (confirmed by TSS determinations),
which was the result of the pretreatment processes that took place in the tank, it cannot
be assumed that such a preparation of the feed (rainwater) for microfiltration is sufficient.
Particle size analysis revealed that, in rainwater, there were still fine particles that could
cause microfiltration membrane blocking.

Granulometric analysis showed that the physical properties of the suspended particles
present in rainwater varied depending on the season, while their distribution was irregular.
In the spring season, particles of sizes up to 500 pm predominated. The particle size range
was very wide, from 0.4 um to even 1000 pm. The main component of solid substances
present in tested rainwater could be pollen influencing the properties of the suspension
(its higher susceptibility to flotation and the agglomeration of particles). Mineral particles
(like sand or dust) were probably also rinsed from the roof surface. In the autumn and
winter period, particles were much smaller (below 10 pm), whereas the total amount of
suspension in the tested samples was reduced. Most likely, it was related to the frequency
and intensity of precipitation in autumn, which is reflected in the amount of contamination
accumulated on the sealed surfaces.

Obtained results indicated that the irregular particle size distribution might be con-
nected with extended rainless periods. Substances of various morphological and qualitative
characteristic accumulated on the sealed surfaces (including roofs) are rinsed off by rain.
On the other hand, the wide particle size range in tested samples may lead to some
mistakes during the analysis of particle size distribution. The smallest particles might
be omitted, whereas their distribution might be overestimated, which was pointed out
by Burszta-Adamiak and Stodolak [36]. It was also noticed that, in tested roof runoff
samples, larger particles (with dimensions over 100 um) with an irregular particle size
distribution occasionally appeared. Furthermore, subsequent analyses of the same research
material did not provide the expected repeatability of results. It was assumed that gas (air)
bubbles present in the sample deposited on the surface of the granulometer’s measuring
cell. Therefore, rainwater degassing was implemented before measurements. Irregular
appearance of particles of an unknown origin was eliminated, and the degassing process
was introduced as an essential step of sample preparation methodology. Moreover, such
an operation influenced the sensitivity of the measurements by directing it towards the
smallest particles.

When assessing the influence of the particles sizes present in rainwater on the mem-
brane blocking, it can be expected that, in the spring season, the blocking of the membranes
will be rather a reversible process due to the predominance of larger suspension parti-
cles. The fouling phenomenon will take place on the surface of membrane, which, with
proper maintenance of the membrane (regular washing) or preparation of the feed (initial
pretreatment of rainwater), should not cause operational problems. In periods when the
amount of the smallest particles is the highest (especially in autumn), there is a risk of
irreversible fouling. The study confirmed that the fine particles had dimensions smaller
than the pores of the membrane used (0.45 um). However, it should be noticed that, in
both cases (the series of spring and autumn to winter tests), there were relatively few of the
smallest particles (with dimensions smaller than 0.45 um). With regard to the membranes
with a pore sizes of 0.45 um, the smallest particles may contribute to the phenomenon of
irreversible blocking of pores. Therefore, it can be assumed that tested rainwater tended to
cause surface fouling of microfiltration membranes.

A good solution seems to be the additional treatment of rainwater, before further
purification with a microfiltration module. This would reduce the amount of suspended
solids deposited on the surface of the membrane and prolong its usefulness. Perhaps,
treatment by filtration (with a properly selected filter material to reduce turbidity) would
be sufficient, however, studies confirming this assumption have not been performed
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so far. Certainly, an effective treatment preceding the use of microfiltration would be
coagulation, which guarantees a significant removal of turbidity and suspended solids
from water [43,44]. However, the introduction of additional chemical reagents might
cause some difficulties under household conditions (because such a system application
was considered). Among other operations, selection of the appropriate dose of coagulant
could be troublesome. The coagulant dose would have to be constantly corrected due to
the heterogeneous and variable nature of rainwater, especially in the spring and summer
seasons. Thus, a hybrid coagulation—microfiltration system seems to be not suitable for
small-scale solutions, because home system should be quite easy to operate and maintain.

4.4. Silt Density Index Measurements

The microfiltration contamination index for all tests was significantly higher than 5,
with values in the range from 5.85 to 6.63. In parallel with the measurement of the SDI,
the decrease in the volumetric flow rate over time was also monitored. Despite the fact
that volumetric flow rate results are not presented in this paper, there are findings that are
worth sharing. For all measurements, a significant reduction in the permeate flux occurred
within the first 5 min of each test. In the further stage of the measurement (after 10 min
of measurement and later), the flow was low, but relatively constant. This demonstrates
that the phenomenon of fouling took place almost exclusively during the first 5 min of
the measurement.

Another observation was related to the construction of SDI test system. The highest
value of the SDI coefficient was obtained where the cell/filter holder elements were not
washed between measurements (when changing the filter membrane). This may indicate
that not only the pores of the filter membrane can be blocked, but also the perforated plate
(sieve), which is a movable element of the filter holder. The specificity of the construc-
tion of the storage tank (column) should also be taken into account, resulting in faster
sedimentation of suspension.

Rapid blocking of the membrane and the high SDI values can also be associated with
the relatively high turbidity of raw rainwater (before microfiltration, for almost all samples
turbidity was higher than 1 NTU), whereas it is said to be that the SDI test is dedicated to
solutions of low turbidity (<1 NTU), such as groundwater (well water), filtered water, or
treated sewage [23]. Therefore, for samples with higher turbidity, the membrane fouling
occurs relatively quickly from the start of the SDI test, and measurement lasts a long time.

One of the key test conditions is also the temperature of the samples. As recom-
mended [23], a sample temperature should be constant (+1 °C) during a measurement.
For tested rainwater, there were difficulties in fulfilling the condition. Due to the quite long
duration of single measurements, meeting this assumption turned out to be impossible.
This method (the Silt Density Index test) does not take into account a possible correction
for temperature changes during a measurement, which was an indispensable phenomenon
accompanying the research (confirmed by temperature measurements). This kind of dis-
advantages of the classic SDI method (as well as the influence of pressure fluctuations,
membrane resistance, and the lack of a linear relationship between the index and sus-
pension concentration) was indicated by many authors [45-47]. A remedial measure is
to use Modified Fouling Index (MFI0.45), although it still does not provide information
on the smallest particles (<0.45 pm) present in water and also contributes to the fouling
phenomenon [48].

Despite being fully aware of the limitations of the conventional SDI test, this method
allowed to obtain, to some extent, the answer to question asked in the study. It was proven
that microfiltration can be considered as a method of rainwater purification, under certain
operating conditions of installation and with proper pretreatment of the feed (rainwater).
Moreover, it was also confirmed that standard SDI test cannot be regarded as a universal
tool for assessing the suitability of membrane techniques for treatment of all kinds of
aqueous solutions, especially those (like rainwater) that are only seemingly pure.
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5. Conclusions

The research carried out as part of the study shows that the storage of rainwater in
the underground retention tank improved selected parameters of quality, such as turbidity
and total suspended solids concentration. Additionally, physico-chemical analyses of
raw rainwater samples revealed the convergence of the results of these determinations
(TSS, turbidity), associated with the seasonal fluctuations in the concentrations of sus-
pended particles. There was also a correlation between the level of rainwater pollution and
precipitation parameters, including frequency and intensity.

Mechanical pretreatment during the transport of rainwater to the tank (filtration on
downpipe filters and the basket filter), followed by a natural sedimentation process at
the stage of water storage in the tank, probably reduced the amount of undissolved and
colloidal substances, which was confirmed by the results of the TSS determinations. In turn,
the use of microfiltration (although only on a laboratory scale) ensured a further reduction
of the suspension concentration and improved the turbidity of rainwater. A microfiltration
membrane was therefore an effective barrier for suspension particles larger than 0.45 pum.
Microfiltration allowed to achieve a satisfactory level of turbidity (below 1 NTU), whereas
the process efficiency was not lower than 60% and even exceeded 90%. On the other hand,
undissolved substances retained by the membrane limited its usefulness and service life,
which was indicated by the high values of the SDI. A significant decrease in the volumetric
flow rate during measurements and their duration (approximately a 30 min, in some cases
almost 50 min measurement) proved that even visually clean rainwater might contain
a certain amount of suspended solids, which promotes membrane fouling. Due to the
limitations of the standard SDI measurement method, on its basis, it was not possible
to unequivocally demonstrate the relationship between the quantity and quality of the
suspensions present in the tested samples and their potential impact on the phenomenon
of fouling. The SDI measurements did not provide information on actual amount of
suspended solids and undissolved substances in rainwater. It also did not define the
specificity of these kind of substances. Such information was obtained by physico-chemical
analyses (i.e., the concentration of total suspended solids and turbidity) and particles
sizes measurements conducted with the laser granulometer. The last method in particular
provided the characteristics of substances present in investigated samples, which made it
possible to learn more about the morphology of the suspended particles in the rainwater.
By analyzing the size of the particles present in samples of rainwater, a certain direction of
application of the microfiltration membranes in water treatment was determined, valuable
for designers and operators of such systems.

Moreover, the research showed that microfiltration can be used as a rainwater treat-
ment process, but only under an important condition. A proper preparation of water
before the filtration process with the use of a microfiltration membrane is recommended.
Omission of the pretreatment not only makes the microfiltration process ineffective, but
above all, it eliminates the membrane techniques as a possible method of rainwater pu-
rification. Despite the high cost of the microfiltration system, research on the proposed
solution should be continued, as it turned out to have significant application potential.
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