UI g applied sciences i @

Article

Water Softener Regeneration
Effects on the Operation of
Domestic Wastewater Treatment
Plants: A Preliminary Study

Maciej Pawlak, Agnieszka A. Pilarska, Katarzyna Zimnicka, Sebastian Kujawiak and Radostaw Matz

Special Issue
Hydrology and Water Resources

Edited by
Dr. Amithirigala Widhanelage Jayawardena

https://doi.org/10.3390/app 13052853


https://www.mdpi.com/journal/applsci
https://www.scopus.com/sourceid/21100829268
https://www.mdpi.com/journal/applsci/stats
https://www.mdpi.com/journal/applsci/special_issues/Q5049D26U4
https://www.mdpi.com
https://doi.org/10.3390/app13052853

iriried applied
e sciences

Article

Water Softener Regeneration Effects on the Operation of
Domestic Wastewater Treatment Plants: A Preliminary Study

Maciej Pawlak

check for
updates

Citation: Pawlak, M.; Pilarska, A.A.;
Zimnicka, K.; Kujawiak, S.; Matz, R.
Water Softener Regeneration Effects
on the Operation of Domestic
Wastewater Treatment Plants: A
Preliminary Study. Appl. Sci. 2023, 13,
2853. https://doi.org/10.3390/
app13052853

Academic Editor: Juan Garcia

Rodriguez

Received: 26 January 2023
Revised: 15 February 2023
Accepted: 20 February 2023
Published: 23 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Agnieszka A. Pilarska *(*, Katarzyna Zimnicka, Sebastian Kujawiak and Radostaw Matz

Department of Hydraulic and Sanitary Engineering, Poznari University of Life Sciences, ul. Piatkowska 94 A,
60-649 Poznan, Poland
* Correspondence: pilarska@up.poznan.pl

Abstract: There has been a large amount of scientific research carried out to date on the impact
of salty backwash brine from domestic water softeners (WS) on domestic wastewater treatment
plants (DWTPs). Experts and practitioners agree that the impact is harmful and there is still a
need to look for new technologies. The study of the effect of an increased sodium chloride (NaCl)
concentration after softener regeneration is important from the point of view of the operation of
DWTPs and soil properties. This paper presents the results of a field study of the concentration of
NaCl at the septic tank (ST) drainage point, into which the grey water from the regeneration of the
water softener flowed. During the six-month measurements (recorded every 1 min), an increase in
NaCl concentration was observed in the septic tank outflow, from an average NaCl concentration of
1.5 g-L~!—between regenerations—to an average concentration of 4.5 g-L.~!—after water softener
regeneration. The increased NaCl concentration decreased significantly up to 2 days after the water
softener regeneration. Temperature changes in the treated wastewater were also measured—during
the winter period, temperature differences of up to 10 °C per day were recorded. In the second part
of the study, conducted on a semi-technical scale, the effect of brine from the regeneration of the
water softener on the hydraulic conductivity (Ks) of the soil from the infiltration drain of the DWTPs
studied was assessed. The K; was determined by analysing the time it took the water to soak into
the soil, using the Van Hoorn equation. The results and statistical analysis indicate an increased salt
content in the soil absorbing the brine, which may have been influenced by the reduced absorption
and capacity of the drain due to adverse physico-chemical changes.

Keywords: DWTPs; septic tank; water softener; sodium chloride concentration; soil hydraulic
conductivity

1. Introduction

In non-urbanised areas where, for technical or economic reasons, it is not possible to
connect to the sewerage network, drainless reservoirs or domestic wastewater treatment
plants (DWTPs) are used. The latter are becoming increasingly popular due to their lower
odour nuisance and lower maintenance costs in comparison to the costs incurred for the
disposal of wastewater from drainless reservoirs [1,2].

The simplest DWTPs are those consisting of a septic tank (ST) and a wastewater
leaching system (e.g., a subsurface leaching system) [3,4]. The ST is usually the first unit in
a domestic wastewater treatment plant and is used for the primary treatment of wastewater.
More extensive domestic wastewater treatment plants utilise aerobic biological processes
(flow-through activated sludge, sequencing batch reactor (SBR), trickling filter) after the
preliminary treatment of wastewater, e.g., in a septic tank [5,6]. Effective sorption materials
of various origins are also increasingly used in DWTPs. Sorption is a frequently used
method of water purification and uses, e.g., polymer composites, membranes, graphene,
carbon nanomaterials, and natural adsorbents such as aerogels of biological and natural
origin adsorbents. The latter can be further divided into organic and inorganic materials [7].
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Currently, adsorbents used to remove various types of pollutants from water, including
oils, antibiotics, and heavy metals, can be divided into natural—of organic and inorganic
origin—and synthetic materials [8,9].

In a septic tank, the wastewater treatment process mainly takes place through the
sedimentation of solids with a higher density than the liquid in the tank. The solids settling
to the bottom form sludge. Meanwhile, for the suspended solids lighter than the liquid in
the tank, a flotation process occurs, resulting in the formation of scum in the vicinity of the
wastewater table. Anaerobic biological processes have little influence on the treatment of
wastewater discharged from septic tanks [10-12]. Psychrophilic fermentation takes place in
the accumulated sludge at the bottom of the tank due to the low temperature inside the
septic tank [9]. A study conducted in Poland observed a range of liquid temperatures in
the septic tank from 3 to 19 °C, with an annual air temperature of —13 to 30 °C [13].

The density of wastewater flowing into a septic tank is influenced by the concentration
of suspended solids and their temperature [14,15]. Wastewater with a high content of
suspended solids acts as if it has a higher density than the wastewater in the septic tank
and settles to the bottom. As a result, the slab velocity is much higher than the theoretical
one, and the septic tank has worse efficiency. When density differences are influenced
by the temperature, there are two possibilities. The first is that when the wastewater
entering the septic tank is cooler than the wastewater in the tank, a bottom slab is formed,
which lifts the sludge accumulated at the bottom. This phenomenon is referred to as
spring turnover or boil of the septic tank and may result in a deterioration of the quality
of the treated wastewater. This situation is particularly prevalent during the summer
when cold water is used more frequently. Instances where warmer wastewater causes a
surface slab are particularly noticeable during winter. In this situation, very little treated
wastewater enters the septic tank outlet [2]. In order to prevent the negative effects of the
temperature difference between the inlet wastewater and the interior of the septic tank, it
is recommended to use special inlet and outlet design solutions in septic tanks [13,16] or
dedicated connections between chambers for multi-chamber tanks [17].

In the last few years, water softeners (WS) have been installed in detached houses to
improve water quality. The application of such a device aims to reduce the hardness of the
water, among other things, in order to reduce the adverse effects of limescale and sediment
deposits on the water supply, heating systems, and the devices that use the water. Water
softening in individual installations takes place on the basis of ion exchange [18,19]. As a
result of the water-softening process, calcium and magnesium cations, responsible for the
hardness of the water, are exchanged for sodium cations. Once the ion-exchange capacity
of the bed has been exhausted to a certain extent, a regeneration process takes place from
time to time in the SW by automatically flushing the bed with a solution of water and salt,
called brine. The solution contains a high concentration of sodium ions with which the bed
is re-supplied with sodium cations [20-22]. During the regeneration process, grey water is
produced, which is usually discharged into the sewage system [20].

It is possible that there may be a negative impact of water softener regeneration grey
waters on the operation of DWTPs, both in relation to biological wastewater treatment
and the leaching system [23]. In the context of biological methods [24], the influent brine
may interfere with the wastewater treatment bacterial microflora (present in the form of
free-floating activated sludge or immobilised on a biomass carrier), reducing the efficiency
of the domestic treatment plant. An important factor of this impact is, among other things,
the size of the tank (e.g., septic tank) where the wastewater pre-treatment is performed. In
wastewater infiltration systems [25], in turn, crystallising salt can have a negative effect. In
the case of a soakaway pit, due to the point of introduction of wastewater, the crystallising
salt deposits can, after a few or several years, reach a salt layer thick enough to obstruct the
free flow of wastewater into the native soil. With infiltration drainage, on the other hand,
the negative impact may be less significant compared to the previously discussed systems,
due to the distribution of treated wastewater over larger areas.
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As demonstrated in a laboratory study by Gross and Bounds (2007), the brine from a
softener rinse contributed to the stratification of the zones in the tank and the increase in the
sludge layer [26]. Based on the observed phenomenon, it was concluded that the salty water
had accumulated at the bottom of the tank and lifted the sludge, which may have adversely
affected the proper operation of the domestic wastewater treatment plant. Higgins and
Novak (1997a) showed that high concentrations of sodium can lead to deflocculation in
activated sludge systems [27]. Novak et al. (1997a) also demonstrated that when the
monovalent-to-divalent cation ratio exceeded two, effluent characteristics in activated
sludge systems deteriorated.

Promoting the concept of “reduce, reuse, and recycle” in DWTPs [21] and following
the principles of a circular economy, brine used in various industries needs to be recovered
and/or managed in an environmentally friendly manner [28]. In the softener regeneration
process discussed in this paper, the brine is traditionally directed to a cesspool, discharged
underground into a dry well or routed through building pipes to grade level. Excessive
amounts of salt in the soil may result in, among other things, physiological drought for
plants, which is related to the loss of their ability to extract mineral nutrients from the soil
solution [25]. Sodium also influences the swelling of some soil particles, making it much
more difficult for water to infiltrate the soil. The rationale and method for controlling the
infiltration of grey waters into the soil, along with other negative effects, are presented later
in this paper.

The primary objective of this study was to carry out six-month field tests at a DWTP
facility equipped with a septic tank and measure the concentration of sodium chloride at
the outflow of a septic tank into which the grey waters from the regeneration of a water
softener (WS) flowed. The regeneration of the bed of the WS occurred cyclically and
consisted of flushing it with a salt solution. The temperature change of the treated effluent
was also recorded during the experiment, together with temperature measurements in a
control well. The aim of the second part of the study was to evaluate the effect of the SW
regeneration brine on the hydraulic conductivity of the soil, carried out on a semi-technical
scale using filter columns.

2. Materials and Methods
2.1. Septic Tank Study

The domestic wastewater treatment plant (DWTP) that was included in the study was
located in the city of Ujazd, Lodzkie Voivodship, Poland. The research was carried out
there in 2022 from January to June. Its primary operation was a septic tank (3)—the subject
of this study—made of polyurethane, with an active volume of 2.0 m3 (see Figure 1).

Figure 1. Simplified diagram of the DWTP as a test stand: (1) detached house, (2) the duct, (3) septic
tank, (4) filter basket, (5) control well, (6) measuring probe, (7) data logger, (8) infiltration drainage,
(9) exhaust pipe.
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At the outlet of the septic tank (3), there was a filter basket (4) filled with volcanic
rock—-pozzolan (distributor company Tycner Sp. z 0.0., Mielec, Poland), which is shown in
the photos below (Figure 2).

Figure 2. Filter basket filled with volcanic rock (pozzolana), installed on the septic tank outflow:
(a) external view, (b) internal view.

The pozzolan used was pure material of volcanic origin, without admixtures or
metallurgical waste. The main components of this material were calcium oxide (CaO,
57.02%), silicon(IV) oxide (S5iO,, 21.77%), magnesium oxide (MgO, 2.71%), aluminium(III)
oxide (Al,O3 2.59%), sulphur(VI) oxide (503, 2.41%), and iron(I1I) oxide (Fe; O3, 0.65%) [29].
Due to its excellent sorptive properties, it is very often used as a filter material for domestic
wastewater treatment plants. Generally, the filling is supposed to slow down the rate
of wastewater flow through the septic tank and additionally act as a strainer, reducing
the amount of suspended solids in the outflow from the ST. Being a material of volcanic
origin, pozzolan is characterised by a highly varied yet significantly developed specific
surface area, ideal for the formation of a biological membrane (bacterial biofilm) [30]. Other
features of this material include its high chemical and mechanical stability, which results in
an extended shelf life [29]. The high quality of pozzolan ensures the effective operation of
the filter—retaining the non-liquid fraction (suspended solids) upstream of the infiltration
section (drainage) while counteracting blockages in sewage infiltration systems.

Behind the ST provided with a filter basket (3 and 4) was a control well (5) with a
volume of several litres, from which the treated wastewater entered the infiltration drain
(8) (see Figure 1). The filter basket should be visually inspected for clogging twice a year.
In the event of clogging, the filter material in the basket should be removed for thorough
flushing with a high-pressure water jet. Then, the filter material is installed in the basket
and refilled if necessary. The filling of the filter basket does not need to be replaced; cures
are usually replaced every 10 years. The price of the material (volcanic rock) for a standard
basket is about PLN 100.

The study began approximately one year after the installation of the water softener
(Viessmann Aquahome Duo 30-N, Viessmann GmbH & Co KG, Allendorf, Germany), while
the domestic wastewater treatment plant had already been operating for several years. The
ST was emptied of accumulated sludge regularly (once a year). Regeneration of the water
softener bed occurred cyclically, after approximately every 4.0 m? of softened water. The
bed was flushed with a salt solution containing about 3.2 kg of salt and about 105 L of
water on average, used for the regeneration process.

The measurement of the sodium chloride concentration was conducted using the
Gravity DFR0300: Analog Electrical Conductivity Sensor/Meter V2 (DFRobot, Richmond,
VA, USA) probe (measurement range: from 1 ms-cm~! to 20 ms-cm™!; accuracy: +10%).
The electrical conductivity was measured, with the simultaneous measurement of the tem-
perature in the distribution well. The end of the probe (6) was installed in the distribution
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well (5) at the level of the outflow of treated effluent (see Figure 1). The measurement was
recorded every minute over a six-month period.

2.2. Annual Costs of Water Softener Use

Based on the current tariffs for water, sewage, and electricity and the market prices for
salt, the annual costs of using a domestic water softener were determined.
Charging rates:

»  Water—3.98 PLN/m?3;

. Sewage—9.86 PLN/ m3;

. Electricity—0.9 PLN/kWHh;
. Salt—60 PLN/25 kg.

The number of regenerations of the device for a period of 1 year, calculated on the
basis of household water consumption, was 28 regenerations.

The total annual cost of using the household water softener was 259.96 PLN (see
Figure 3a,b). The cost of one regeneration was 9.28 PLN. More than 80% of this amount was
the cost of regenerate (salt); water and sewage made up about 15%; electricity accounted
for less than 2%. The costs of water and wastewater consumption strongly depend on
local tariffs, with different rates applying in each region of Poland. Most devices allow
for the duration of the regeneration modes to be changed, e.g., salting, pre-rinsing, etc.
These changes reduce water and wastewater consumption by 20 to 50%. Unfortunately,
any change requires a water hardness test, so most users opt for the standard settings.

423 1170 (a) (b)
- 28.99
[/
/
215.04
827
Sewage = Salt = Electricity = Water = Sewage = Salt - Electricity

Figure 3. Annual costs of using a water softener expressed in: (a) PLN and (b) %.

2.3. Study of the Effect of Brine on the Hydraulic Conductivity of the Soil

The second part of the study, carried out at a semi-technical scale, consisted of an
analysis of the effect of brine from water softener regeneration on the hydraulic conductivity
of the soil. This involved the use of nine pipes with an internal diameter of 105 cm,
simulating the action of an infiltration drain into which the grey water from the regeneration
of a water softener enters. The pipes, which were given the function of filter columns,
were filled with soil extracted at a distance of approximately 4 metres from the infiltration
drainage of the DWTPs under study. The excavation of the test material was carried out to
a depth of 0.5 m. A layer of stones of about 10 cm was poured onto the bottom of the pipes,
and then soil was added to a height of 1 m, as shown in Figure 4.

The columns were stably placed in a shaded area and secured so that the dosed liquid
flowed freely through them. Treated wastewater was poured into the first group (columns:
1a, b, c), treated wastewater and brine into the second group (columns: 2a, b, c), and water
into the third group (columns: 3a, b, c). The treated wastewater was collected from the
septic tank outflow in the DWTPs under study when the salt concentration did not indicate
softener flushing. The brine, on the other hand, was prepared (prior to each injection) using
tap water and regeneration salt, with a concentration analogous to that of the brine used
in the technical-scale study. In addition, the columns were moistened each time with the
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appropriate type of liquid before measuring the time it took for the liquid to soak into the
soil (see Figure 4).

0.1m

!

Stones

0.%.% [%e%°] [°%° 0.%° 1°e%°] 1°°° %% [°e%°] 1°°%°*
o 6 o] |ee o] |oe e s ool |[eo el |oece oo o] |oeoe] |oee
A B C A B Cc A B C
First group Second group Third group

Figure 4. Diagram of the filter column arrangement used in the study of the effect of brine on the
hydraulic conductivity of the soil, at a semi-technical scale; first column group—treated wastewater,
second column group—treated wastewater + brine, third column group—water (A, B, C repetitions
for a specific group).

The hydraulic conductivity Ks was determined by analysing the time it took for the
water to soak into the soil, using the Van Hoorn Equation (1):

log- (Ho+ 5) —log- (H1+3)

Ks =1.15r ;

M

where:

Ks—hydraulic conductivity, m-s~1;

r—opening radius, m;

t—water subsidence time, s;

Hyp—initial water level in the opening, m;
Hj—final water level in the opening, m [31].

Hydraulic conductivity testing was performed after 2-3 cycles of brine dosing to the
corresponding filter column group.

On the basis of the monthly water meter readings—in terms of water consumed per
day at the property in question—it was calculated that the average water consumption was
approximately 300 L-d~! (d—day). In accordance with the diagram (see Figure 5), which
shows the permissible hydraulic loading of the soil surface (q) with the wastewater treated
in the septic tank—it was determined, in accordance with the source literature [32-34],
that for the soil located at the household in question, the maximum hydraulic loading was
17.7 L-m~2.d~1 [32,33].

On the basis of the value read from this diagram and the value of the surface area of
the filter column (A = 0.00865 m?), the theoretical maximum daily dosage of solution to the
filter column was obtained, which was 0.153 L-d L. In the experiment, however, a dosage
of 0.100 L-d~! was used. A brine concentration of 5.0 g-L ! at a volume of 0.05 L (dosage
calculated at a semi-technical scale) was applied to the second group of columns (2a, b,
c) for regeneration, which took place every 10 days (10 d-0.100 L-d~'—i.e., every 1 L). Its
dosage was estimated from a proportional calculation of the actual volume of water used
between regenerations of the domestic water softener and from an approximate amount of
water used to rinse the bed. Rinsing the ion exchange bed consumed approximately 3.9 m3
of water, and the process itself consumed between 105 and 175 L of water.
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Figure 5. Permissible hydraulic loading of soil with treated wastewater g, based on (1) Polish technical
guidelines for the design of infiltration drains and sand filters from 1971, calculated in accordance
with a correction by Btazejewski (2003) [32], (2) French standard DTU 64.1 [33], (3) Laak (1986) [34].

3. Results and Discussion
3.1. Changes in NaCl Concentration within the Septic Tank

The major type of measurement made during the fieldwork was the recording of
changes in the NaCl concentration within the septic tank. Figure 6a presents the salinity
measurements obtained over a period of two weeks (13.01-27.01). This was the initial
period that the measuring device was installed behind the septic tank. In this graph, a
fluctuation in the average NaCl concentration of 1.5 g-L~! can be observed. At minute 1905
(i.e., 14.01), there was an increase to the highest concentration in the period, at 4.4 g-L_l,
which indicates that regeneration was taking place at this time. Twelve days later (26.01),
i.e., at minute 18,797, another increase was observed—one of the highest concentrations of
the two weeks in question, at 3.5 g-L.~!. Due to the time of occurrence, which was 8.23 a.m.,
the presence of grey waters from the water treatment plant may be inferred.
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Figure 6. Changes in the NaCl concentration in the septic tank outflow (a) between 13 and 27 January
and (b) between 31 May and 14 June.

Figure 6b presents the next two weeks of salinity measurements, six months after
the beginning of the study (31.05-14.06). The average NaCl concentration in the treated
wastewater during this period was 1.6 g-L~!. Water softener regeneration occurred twice:
at minute 2560, when the maximum NaCl concentration in the septic tank outflow was
4.9 g-1.71, and at minute 17818, with a maximum value of 4.3 g-L 1.

Figure 6a,b shows that the increased NaCl concentration level after regeneration
lasted for approximately 1.5 to 2 days, after which it returned to the average concentration.
Based on these graphs, an increased concentration of NaCl in the wastewater after the
softener regeneration period was also noted. Similar results related to the increase in the
NaCl concentration after the softener regeneration and such uncontrolled fluctuations
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in the brine concentration have also been observed by other researchers in pioneering
experiments [35,36]. The destabilisation of the system, caused by the increase in NaCl
concentration, inhibited the wastewater treatment processes.

The next graph (Figure 7) demonstrates an example of the NaCl concentration over a
two-day period from the start of the regeneration on 2 June.

5.0
4.5
4.0
3.5
3.0

25

Salinity (g-L™")

20 Y
15 a A B
1.0

0.0 +— T T T T T T T T
0 180 360 540 720 900 1080 1260 1440 1620 1800 1980 2160 2340 2520 2700 2880

Time (min)

Figure 7. Example of a two-day period of NaCl concentration measurements at the septic tank
outflow, after the start of water softener regeneration.

The above-discussed changes in the NaCl concentration at the septic tank outflow are
in line with laboratory studies carried out by Gross and Bounds (2007) [26]. The authors
recognised that water backwash brine can be detrimental to onsite wastewater treatment
system performance. The researchers concluded that concentrated salt water accumulates
at the bottom of a septic tank receiving brine and can be periodically discharged to the ad-
vanced treatment unit, with consequent adverse effects on the treatment performance [26].
In the case of the presented studies regarding the grey water from the water softener
regeneration, the wastewater most likely did not mix with the liquid in the septic tank
and rather accumulated in the clarification zone or moved the accumulated sludge in the
tank. The zone of clarification was between the sludge accumulated on the bottom and
the floating blanket near the water table. This was followed by leaching of the grey water
from the septic tank over a period of up to 2 days, which was associated with a period of
an increased NaCl concentration at the septic tank outflow.

From the results of the measurements, presented in Figure 7, it may be concluded that
the regeneration of the water softener started at around 7:00 a.m. and lasted for more than
an hour. Considering, in turn, the six-month study period, it appears that the frequency of
regeneration of the water softener occurred every 10-13 days on average. The maximum
salinity concentration during the bed rinsing in the softener was 5.1 g-L~1.

The analysis of the collected data did not show a statistically significant increase in the
NaCl concentration in the septic tank outflow after successive regenerations of the water
softener. Diagram 8 shows a graph of the average salinity occurring between successive
regenerations. The NaCl content of the treated wastewater increased with a slight decrease
from March to mid-April. The trend line in the graph exhibits an increasing trend; however,
the coefficient of determination R?> was 0.216, which means that the variability in the
observed data is relatively low.

The next graph (Figure 8) shows the maximum values of the NaCl concentrations in
the septic tank outflow that occurred during the successive water softener regenerations.
The trend line in this case had an increasing tendency; however, as with the data in Figure 9,
the coefficient of determination has a low value. The maximum NCI concentration during
the water softener regeneration ranged from 3.5 g-1.~! to 5.1 g-L ™!, with a mean value of
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4.5 £ 0.5 g-L L. The range of inter-quarter intervals was 4.2 g-L~! to 4.8 g-L~!, while the
median was 4.7 g-L. 1.
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Figure 8. Average NaCl concentration at the septic tank outflow occurring between softener
regenerations.
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Figure 9. Maximum NaCl concentration at the septic tank outflow during water softener regeneration.

Although the study demonstrated that the increase in NaCl concentration in the septic
tank outflow was not statistically significant, a number of researchers and leading prac-
titioners are convinced of the negative impact of the brine produced by the regeneration
of the water softener exchange resin on the ability of septic tanks to settle solids and treat
wastewater [27,37]. There is no doubt that the increased levels of sodium inhibit settling
and increase the deflocculation of settled solids, especially in industrial and domestic
WTPs [38,39]. Consequently, it can also invalidate manufacturers’ warranties on all ele-
ments of the most common technologies. Concerns regarding this issue have led areas in
the United States, including the states of Massachusetts and Connecticut, to formulate legal
prohibitions on discharging brine into septic tanks and instructions for other technological
solutions for discharging regenerate outside of the ST [16,40].

3.2. Temperature Value on Outflow from the Septic Tank

In parallel to the salinity measurements, the temperature of the wastewater flowing
into the control well, located downstream of the septic tank, was also measured. Figure 10
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shows the changes in temperature and NaCl concentration over two days (measurements
every 1 min). From the course of the NaCl concentration, it was concluded that the regen-
eration process of the water softener had started at approx. 8 a.m. (480 min), after which
the NaCl concentration in the septic tank outflow reached a value of approx. 4.0 g-L 1.
Meanwhile, the change in the temperature of the wastewater discharging from the septic
tank (and flowing into the control well) showed a difference of approx. 10 °C, over a
period of one day—such a situation generally occurs in winter. The maximum recorded
temperature reached about 24 °C (in the summer) and the minimum reached lower than
2 °C (in the winter).

14
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Figure 10. Changes in the temperature and salinity of treated wastewater, during an example of two
days of the winter period.

By comparing the values of the results in Figure 11a,b, which show the temperature
pattern from a selected week of the summer and winter period, small temperature variations
of around 2 °C per day in summer (Figure 11a) and up to 10 °C per day in winter (Figure 11b)
were noted. During the winter period, the wastewater cooled down—most often during
the night hours, when there was no warm wastewater inflow [37]. However, in the case of
the conducted tests, after the first day, as evidenced by the graphical image in Figure 11b,
there was no cooling down (in the week considered in the graph) of the wastewater in the
control well. Cooling only occurred on subsequent days during the night period, when the
temperature decreased to around 5 °C. The highest wastewater temperatures during the
winter period occurred during the evening peak when bathing water (a large volume of
wastewater with a significant temperature value) was discharged.

The temperature values obtained for the wastewater discharged from the septic tank
are consistent with the temperature range (319 °C) reported by Pawlak et al. (2015), who
showed a more significant relationship between the temperature of the wastewater in the
tank at the outlet of the septic tank and the air temperature, obtaining a linear determi-
nation coefficient for this relationship R? = 0.76 [13]. Similar values for the temperature
of wastewater draining from septic tanks were reported by Bounds (1997) in his work,
i.e., ranging from 10 to 23 °C [41]. On the other hand, Leverenz et al. (2010) reported
monthly average temperatures in a septic tank in San Francisco (USA) that ranged from
approximately 17 °C, between February and May, to 22 °C, in September, while in Quebec
(Canada), temperatures ranged from 9 °C in January to 22 °C in July, and in Kansas (USA),
from 7 °C in April to 18 °C in August, confirming a significant relationship between the air
temperature and the wastewater temperature in septic tanks [42].
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Figure 11. Changes in temperature of the treated wastewater in sample weeks of (a) the summer
period and (b) the winter period.

Patterson (2003) also carried out an experiment to measure the temperature of the
wastewater in a septic tank, located in Australia, using a recorder with a 15 min time
interval [43]. In his opinion, temperature fluctuations in the septic tank should be small
and brief due to the relatively small volume of hot and cold wastewater compared to the
volume of the tank. This researcher deduced that temperature changes caused by warm
effluent from—for example, a shower at 38 °C or a dishwasher that runs at 60 °C—can be
significant during winters, while at other times of the year, they may be small, which was
confirmed by the results of field studies presented in his publication [37]. He also believes
that cold water changes the temperature of wastewater during the summer, providing the
example of a 1.5 °C drop in temperature due to the use of high volumes of cold water from
flushing toilets and washing hands. During the 14-day study period of the four septic
tanks, temperature fluctuations fell within a relatively wide range of 20 °C to 31 °C.

3.3. Hydraulic Conductivity of Soil—Semi-Technical Scale Test

On a semi-technical scale, a study was carried out to assess the hydraulic conductivity
of soil exposed to sodium chloride using constructed filter columns (see Figure 4). During
the course of this experiment, 84 days, i.e., 12 weeks of operation of the water softener
system, working together with the septic tank, were simulated. As designed, a salt solution
was injected into the second group of columns every 10 simulated days (Figure 3; 2a, b, c,).
In order to assess the potential difference between the effects of the treated wastewater,
brine from the grey water and water on the ground, four hydraulic conductivity tests were
carried out on all columns, which were each performed on the fourth simulated day after
the regeneration of the water softener.

Figure 12a—c shows the changes in height difference between the initial water level
and the level after 60 min during the hydraulic conductivity tests for each group of fil-
ter columns.

The linear trends in Figure 12a—c are mostly decreasing. However, in Figure 12b,
which shows the columns supplied with treated wastewater and brine, there are more
leading trends. This may be due to the increased salt content of the soil. It is likely that
the NaCl may have influenced the swelling of the soil and reduced the water-permeable
surface area [22]. The coefficient of determination relating to the first group of columns
(treated wastewater, Figure 12a) reached values above 55% in two cases (Column 1a and 1b),
while it was below 10% for Column 1c. Regarding the second group of columns (treated
wastewater + brine, Figure 12b), variable X had an influence of more than 80% on the value
of variable Y in two cases, while the remaining third had an influence of less than 70%. The
coefficient of determination R2 in the third group of columns (tap water, Figure 12c) ranged
from 56% to 68%. When comparing all three column variants, it was found that for column
group 2 (i.e., the column variant supplied with treated wastewater and brine), the decrease
in the height difference between the initial water level and the level after 60 min (AH), was
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most evident. In this case, the trend lines (Figure 12b) show the greatest decreases, while
the coefficients of determination were the highest compared to the others (Figure 12a,c),
with column group 1 distinguished by the lowest decrease in AH.
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Figure 12. Difference in height between the initial water level and the level after 60 min (AH), for:
(a) column group 1a, b, ¢ supplied with treated wastewater, (b) column group 2a, b, ¢ supplied with
treated wastewater and brine solution periodically and (c) column group 3a, b, ¢ supplied with tap
water; terms from 1-8 represent the measurement periods after 1-8 regenerations.

Table 1 presents the values of water level differences during hydraulic conductiv-
ity testing.

Table 1. Summary of water level differences during hydraulic conductivity testing.

Column Marking Solution Differences in L_llquld Level
Type (cm-h—1)
la 0.3
1b Wastewater 0.3
1c 0.1
2a 0.6
2b Wastewater + brine 0.9
2c 0.7
3a 0.4
3b Water 0.8
3c 0.6

Explanation: Differences between the period after 1 regeneration and after 8 softener regenerations were consid-
ered; h—hour.

On the basis of the Shapiro-Wilk test of normality [44], it can be deduced that the dis-
tribution follows a normal distribution—there are no grounds to reject the null hypothesis
p =0.827 > oc = 0.01 (p—test probability, x(n)—tabulated test coefficient for sample size n
(see Figure 13)).

The next step was to check for the homogeneity of variance [44] in order to select an
appropriate statistical test for the significance of differences between the results. A p-value
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of 0.787 > o = 0.05 means that, at a significance level of 0.05, there are no grounds to reject
the null hypothesis of homogeneity of variance.

H

. i
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\
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-/
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Class boundaries

Figure 13. Shapiro-Wilk test for the difference between the measurement after 1 regeneration and the
measurement after 8 regenerations (W(o,n)—critical value for fixed «, read from the quantile tables
for the Shapiro-Wilk test).

In order to indicate the significance of differences between the measurement after
1 regeneration and the measurement after 8 regenerations in pairs, Fisher’s test was per-
formed. Table 2 presents the differences between the measurement of the change in the
height of the liquid in the column at 60 min after 1 regeneration and the same measurement
after 8 regenerations, obtained using the Fisher test carried out in Statistica 13.3 software
(StatSoft Inc., 2013, Tulsa, OK, USA).

Table 2. Comparison of the difference between the measurement after 1 regeneration and the
measurement after 8 regenerations—Fisher’s test.

Option 1 2 3
1 - 0.008653 0.030791
2 0.008653 - 0.346422
3 0.030791 0.346422 -

Explanation: Option numbers refer to column groups 1-3.

Based on the results presented in Table 2 at the significance level of a = 0.01, using
Fisher’s test, the specific hypotheses were rejected for column pair 1-2 (because p = 0.009
< oc = 0.01). At a significance level of 0.01, we found that the true differences between the
measurement after one regeneration and the measurement after eight regenerations of
the column pairs listed above (treated wastewater dosing option and treated wastewater
dosing with brine) were significantly different. In contrast, the differences between the
measurement results for column pairs 1-3 and 2-3 (i.e., comparison of the options for water
supply alone and the other options) are not significantly different.

Figure 14a—c presents the estimated hydraulic conductivity (Ks) according to the Van
Hoorn Formula (1) for the individual filter columns.

When analysing the effect of the grey water discharged from the water softener into
the DWTPs, with reference to the results in Figure 14a—c, no significant effect was found on
the deterioration of the hydraulic conductivity of the investigated soil. However, returning
to Figure 12b, which shows the height difference between the initial water level and the
level after 60 min for column group 2, supplied with treated wastewater and brine, it
is important to recall the leading linear trends. This course of the graph, as previously
mentioned, is most likely the result of increased salt content in the soil. It cannot, therefore,
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be excluded that, recorded at a semi-technical scale, the lack of a significant effect of
grey water on changes in the hydraulic conductivity of the soil under investigation was
unambiguous with the actual state. In this respect, there is a need to continue research with
other parameters, including microbiological and physicochemical research.
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Figure 14. Hydraulic conductivity for: (a) column group 1, supplied with treated wastewater,
(b) column group 2, supplied with treated wastewater and brine solution periodically, and (c) col-
umn group 3, supplied with tap water; terms from 1-8 represent the measurement periods after
1-8 regenerations.

The brine used in the regeneration process must be disposed of in a proper manner.
Conventionally, it is directed to a cesspool, discharged underground into a dry well or
routed through building pipes to grade level. Regardless of where it flows, brine has the
potential to affect groundwater or surface water. The brine for flushing contains excess
chloride, sodium, and potassium ions from regeneration salts and naturally occurring
ions removed from tap water that may have been concentrated by the water softener.
Particular areas of concern, as mentioned in the introduction of this paper, are high chloride
concentrations [22,23].

Domestic wastewater has a high nutrient content in organic matter and macro- and
micro-nutrients, especially nitrogen and phosphorus, which could favour crop production.
Wastewater reuse has been practised for centuries in drylands and semi-arid countries
such as Israel, Saudi Arabia, Libya, and Egypt [45]. With the growth of the closed-loop
economy and environmental pressures, the disposal and management of wastewater
are becoming an increasingly important research topic [46]. However, the reuse of raw
wastewater in a soil application may endanger the environment through increased salinity,
heavy metal contamination, densification, and the introduction of pathogens, viruses,
and others [47]. The source literature describes a growing number of technologies that
address the above-mentioned issues. For example, Liu et al. developed a short-term
column experiment on simulating the infiltration process of wastewater in desert soil [25].
Wastewater irrigation and plant growth decreased the soil zeta potential while increasing
the formation of aggregates and bacterial abundance and diversity in soil. This course of
action is promising.
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4. Conclusions

During the water softener regeneration in the DWTPs included in this study, a short-
term maximum NaCl concentration in the treated wastewater was observed at the septic
tank drainage point, ranging from 3.5 to 5.1 g-L !, with an average value of 4.5 + 0.5 g-L 1.
The six-month research results of the average NaCl concentration at the ST outflow, con-
ducted at a real scale, did not provide a clear position on the increase in the value of the
average NaCl concentration between the regeneration periods of the WS. The data obtained
systematically demonstrate a low coefficient of determination value for the trend line.
Nevertheless, the increased value of the NaCl concentration after WS regeneration may
have had a negative impact on the biological processes occurring in the subsequent stages
of wastewater treatment. The above results, therefore, provide a basis for further research
into the effects of WS treatment on the biological processes in DWTPs. In order to opti-
mise the processes in DWTDPs, further research will include the analysis of microbiological,
physicochemical parameters, and the type of filter material.

The results of the hydraulic conductivity and statistical analysis, obtained from the
semi-technical scale experiment, made it possible to observe differences between the filter
columns supplied with treated wastewater and columns to which treated wastewater
with brine was applied. The differences in the liquid height values between the columns
indicate the accumulation of salt and the likelihood of its influence on the permeability
and absorption of the drain due to physico-chemical changes, including the process of soil
swelling and the siltation of porous structures, among others. Presumably; it is the type
of soil that may have a decisive influence on the intensity of siltation of the infiltration
drainage. Further studies on the effect of brine on the hydraulic conductivity of the soil for
different types of soil and over a longer period of time are therefore planned.
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