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Abstract: Many on-site wastewater treatment systems, such as soil treatment systems, are not
sustainable in terms of purification efficiency, nutrient recycling potential, and economics. In this
case study, a sequencing batch constructed wetland (SBCW) was designed and added after a package
treatment plant (PTP) using reactive filter media for phosphorus (P) removal and recycling.
The treatment performance of the entire system in the start-up phase and its possible applicability in
rural areas were investigated. Raw and treated effluents were sampled during a period of 25 weeks
and analyzed for nitrogen, phosphorus, BODy, and bacteria. Field measurements were made of
wastewater flow, electrical conductivity, oxygen, and temperature. The entire system removed total-P
and total inorganic nitrogen (TIN) by 83% and 22%, respectively. High salt concentration and very
low wastewater temperature were possible reasons for these unexpectedly low P and TIN removal
efficiencies. In contrast, removal rates of bacteria (Escherichia coli, enterococci) and organic matter
(as BOD) were high, due to filtration in the alkaline medium Polonite® (Ecofiltration Nordic AB,
Stockholm, Sweden) and the fine sand used as SBCW substrate. High pH in effluent from the PTP
was efficiently reduced to below pH 9 in the SBCW, meeting recommendations by environmental
authorities in Sweden. We concluded that treating cold on-site wastewater can impair treatment
performance and that technical measures are needed to improve SBCW performance.
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1. Introduction

In Sweden, many on-site wastewater treatment systems in rural areas comprise septic tanks
with subsequent soil treatment systems (STS). Low phosphorus (P) retention efficiency in STS
has been observed [1] and the capability of such systems to remove emerging contaminants has
been questioned [2]. Other countries where the STS design is frequently applied are Australia,
Canada, USA, Finland, Norway, and rural parts of Europe. As a result of increasingly stringent
regulations, especially for sensitive environmental areas, discharge permits that require installation
of highly effective on-site treatment systems have been introduced. This has prompted research
on the development of low-cost technologies and improved design of package treatment plants
(PTP), along with constructed wetlands (CW) and STS such as soil infiltration. Package treatment
plants generally comprise sludge removal, aerobic biofiltration, and chemical precipitation of P with
alumina or iron compounds. Several commercial companies in the Nordic countries [3], Lithuania [4],
and Poland [5] are marketing PTPs where P is precipitated in reactive filter media (RFM). RFM usually
consist of Filtralite® (Leca Norge AS, Nordby, Norge), Polonite, or metallurgic slag. Extensive research
during the past two decades has confirmed the utility of these filter products for on-site treatment.
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Many PTPs are designed with the aim of recycling nutrients, particularly P, to agriculture. In the case
of Polonite, a system has been developed with P-filter bags that can be replaced when P breakthrough
occurs and are transferred to available recycling options. The spent RFM in on-site solutions is not
a pure fertilizer that can completely replace commercial fertilizers in agriculture, but it can contribute
significantly to soil improvement and plant growth [6].

RFM are generally alkaline [7], which results in filter effluent pH of 9-12.5, at least in the initial
months of operation. High pH causes the filter medium to be oversaturated with Ca?* ions, which could
have taken part in P precipitation but are released and lost to the recipient. The environmental
authorities may require the pH to be reduced below 9, to eliminate risks to sensitive biota when the
recipient is a surface water body. Moreover, a generally limited total nitrogen (total-N) reduction is
observed in RFM, with only transformation of inorganic N species, i.e., ammonium nitrogen (NH4-N)
to nitrate nitrogen (NOs3-N) [8]. Another feature of RFM is that their P sorption capacity is very
high in the beginning of filtration and decreases with time and decreasing pH value [9]. When the
effluent has reached pH 9, the P concentration is usually around 1 mg L=, which is the statutory
limit applied in Sweden for discharge of treated on-site wastewater to a sensitive receiving water
body. However, at pH 9 the RFM has much more capacity to trap P, which should imply prolonged
use up to the P breakthrough point. An add-on system is therefore required to save lost Ca®" ions
from the filter media for post-precipitation of P. The PTP systems are generally not constructed for
N removal. Post-treatment in a CW or STS could then be a solution to reduce the load of nutrients
to water bodies [10]. Besides these services, the add-on system could also be designed to function as
a small subsurface dam, storing treated wastewater to be used for irrigation during times of water
deficit [11]. Combination of CWs with other treatment technologies has also become a pathway to
tackle the individual drawbacks to achieving improved function of the whole system [12].

In this study, we developed and tested an add-on solution intended to increase the sustainability
of systems using RFM. We implemented the solution in full-scale on a farm where two family houses
are connected to a sewerage system and a single on-site treatment system. Based on previous
studies of CWs and STS, we designed a system that technically operates with sequential filling and
draining of wastewater, with the aim of overcoming the problems described above. Such technology
is applied in indoor wastewater treatment using sequencing batch reactors (SBR), and therefore we
named our outdoor system a sequencing batch constructed wetland (SBCW). Similar systems for
outdoor use are described in the literature, under the names CW with tidal-flow operation [13],
reciprocating wetland [14], and compact constructed wetland (CCW) [15,16]. However, of these,
only the last-mentioned has been operated as a large-scale facility. Important criteria for implementing
on-site treatment solutions for private houses are land area requirement [17], technology readiness
level (TRL), and costs for installation and management. We addressed TRL and costs in the planning
of the PTP combined with the SBCW, which is realistic and affordable for owners of such a system.
To the best of our knowledge, this is the first time that such a post-treatment system after a PTP has
been designed and preliminarily investigated.

Specific objectives of the study were to (i) investigate the overall N and P removal capacity of
the entire on-site treatment system, (ii) study the treatment efficiency in relation to physical-chemical
conditions, and (iii) evaluate the SBCW as an add-on unit to PTPs and suggest any changes in the
design in relation to the results obtained.

2. Materials and Methods

2.1. Study Site and Description of Wastewater Treatment System

The case study site is situated 40 km northwest of Stockholm, Sweden, in an agricultural area
where most houses are served by private on-site wastewater treatment and water supply systems.
The studied system was upgraded from having only a septic tank with a 40-year-old soil infiltration
bed. The engineered system was designed and constructed in autumn 2017 and pre-tested in winter
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and spring 2018. The start of system monitoring was delayed to June 2018, due to severe winter
conditions 2017/2018, and continued until December 2018. The new system consists of four wastewater
treatment units: 1) septic tank (not replaced), 2) clarifier tank, 3) PTP comprising aerated biofiltration
tanks (BF) plus a P-filter bag, and 4) SBCW for polishing the effluent from the preceding unit and
reducing the pH (Figure 1).

A - -

(@ o TS

Figure 1. The on-site treatment system in October 2018, showing (a) the clarifier tank in the foreground,
the PTP (package treatment plant) on the mound to the left, and the SBCW (Sequencing batch constructed
wetland) in the background; and (b) close-up of the SBCW, where the green and grey pipes are for
convective aeration and the gravel bed is the infiltration area, followed by a bed with sand, planted with
cattail (Typha latifolia). The outlet pump well is visible at the far end of the sand bed.

The total volume of the septic tank and clarifier tank is 6.5 m?, giving a hydraulic retention time
(HRT) of 11 days for the daily wastewater volume produced. The PTP consists of five 100-L biofiltration
tanks filled with Bioblok® (EXPO-NET A/S, Hjerring, Denmark) media. Three are continuously aerated
in the bottom through air diffusers fed by an air-pump, followed by a P-filter bag filled with 500 kg of
the RFM Polonite (Ecofiltration Nordic AB, Stockholm, Sweden). The wastewater is distributed by
a pipe to the P-filter bag, flows passively upwards, and leaves by a pipe to enter the next treatment
step, the SBCW.

In the SBCW, the wastewater is distributed by perforated pipes (length 10 m, diameter 110 mm)
placed 0.15 m deep in a crushed granite bed (16-32 mm) (Figure 1b). The SBCW is 8 m long and 5 m
wide, i.e., it covers an area of 40 m2. The effective depth of the sand bed material in the SBCW is
0.6 m, of which 0.2 m is gravel in the bottom layer where the two effluent collection pipes are situated.
The bed rests on a 4-mm impermeable plastic liner, forming a waterproof pool. The outlet has a pump
well that is connected to the effluent collection pipes. Treated water is pumped to a tile drainage
system in the adjacent agricultural field that discharges its water to a ditch. Drainage of the SBCW is
managed automatically and starts when the water level is 0.1 m below the soil surface, i.e., the wetland
is saturated. The pump, with a capacity of about 75 L min~!, operates for about 35-40 minutes until
the flow from the wetland is very low and cannot feed the pump.

The crushed granite (6 m?) and postglacial sand used in the SBCW (28 m3) was obtained from
a gravel pit situated 25 km from the study site, to reduce the investment costs. The particle size
distribution of the sand is shown in Figure 2. The wetland was planted in autumn 2017 with 24 rhizomes
of cattail (Typha latifolia) taken from a stand growing in a ditch close to the site. This species was
selected based on its natural occurrence at the construction site and recent findings that it shows better
performance in CWs than common reed (Phragmites communis) in terms of N removal [18].
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Figure 2. Particle size distribution of the unwashed sand-gravel material used in the sequencing
batch constructed wetland (SBCW) and the unwashed Polonite used in the P-filter bag. The difference
between the unwashed and washed fraction indicates the share of fine particles present in the materials.

The system was dimensioned for 10 person-equivalents (p.e.), with a maximum daily wastewater
flow of 1.6 m3. However, much fewer people lived in the houses during the study period, which resulted
in a measured average daily flow of 0.65 m>. The flow was calculated from the numbers of pumping
events, the pump capacity, and pumping time. The hydraulic load of the SBCW was calculated to be
16Lm?d.

2.2. Sampling and Water Quality Analyses

Grab samples were taken from the septic tank, the PTP outlet, and the outlet well in the SBCW
when water was pumped out of the wetland, which usually occurred every 5-9 days. A few samples for
P analyses and pH measurement were also taken at the outlet during pumping, but at varying intervals.
Measurements in situ of pH, temperature (°C), electrical conductivity (EC, uS/cm), dissolved oxygen
(DO), and redox potential (mV) were performed on each sampling occasion, using a Hach HQ40d
Multimeter. Water samples were collected in 100-mL acid-washed polyethylene plastic bottles and
brought to the KTH Royal Institute of Technology Water Centre laboratory for further analyses.
Water turbidity was instantly measured with a Hach 2100Q portable turbidity meter. Analyses of
phosphate-phosphorus (PO,4-P), total phosphorus (Total-P), and inorganic nitrogen species (NH4-N,
NOs3-N, NO;-N) were performed using a SEAL Auto Analyzer (AA3). The samples for PO4-P and N
analyses were filtered through 0.45 pm Sartorius filters prior to analysis.

The indicator microbes Escherichia coli and intestinal enterococci were analyzed using the Swedish
standard SS-EN ISO 7899-2 method and organic load was analyzed as biological oxygen demand
(BODy). These samples for these analyses, which were taken on three occasions, were immediately
delivered to the certified laboratory ALS Scandinavia AB for analysis.

2.3. Analysis of P and N Removal Efficiency

Percentage removal of P (Rp) and N (Ry, measured as total inorganic nitrogen, TIN) for the whole
system, and individually for the PTP (BE, P-filter bag) and SBCW, during the entire study period was
calculated as: Ry, N (%) = (Ci — Ce)/Ci x 100, where Ci and Ce is cumulative influent and effluent
concentration, respectively.
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The amount of P retained in the PTP (P-filter bag) and in the SBCW was calculated based on the
total wastewater flow. The P retention of the units was calculated as: PR (g kg™!) = Wo -x (Ci — Ce)/m,
where Wv is the total measured flow through the system (L), and m is dry mass of the material.
Total inorganic nitrogen (TIN) was calculated as the sum of NH4-N, NO,-N, and NO3-N.

The impact of precipitation was considered for the open SBCW. Data were obtained from
the meteorological station Vallentuna (belonging to the Swedish Meteorological and Hydrological
Institute), situated 19 km from the study site. The period June-September was unusually dry and
warm. Snowfall occurred in December, but melted. Only a few rainfall events with more than 10 mm
rain occurred during the whole monitoring period. In total, the site received 191 mm precipitation and,
with estimated average evapotranspiration of 60% for the period, the total volume that could dilute
wastewater entering the SBCW was 3056 L. This was about 3% of the total volume treated during the
study period.

2.4. Statistical Analysis

The data obtained from the chemical analyses were statistically analyzed using IBM SPSS statistics
version 25 (IBM, 2018, New York, NY, USA) to describe the tendency in data variability and significant
effects of various treatment units in the study system. The box plots of mean values were reported
to describe the normal distribution of the data and compare the removal performance of the system.
A high degree of confidence interval (95%) and p-value (o < 0.05) were employed to describe significant
differences between treatment units. The variation in the data was determined using the standard
error of mean values.

3. Results

3.1. Overall P, N, BOD, and Bacteria Removal Capacity of the On-site System

The system was operated without breaks and the daily volume wastewater produced was almost
constant during the study period, as shown in Figures 3-5 and Table 1.
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Figure 3. Box-plot showing (data range, quartile range, and mean values, dots indicating outliers) the
concentrations of total phosphorus (Total-P) and phosphate-phosphorus (PO,-P) at different sampling
points in the on-site system. ST = septic tank, BF = biofiltration tank, SBCW = sequencing batch
constructed wetland.
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Figure 4. Change in total phosphorus (Total-P) concentration in the septic tank (ST), biofiltration tank
(BF), P-Filter, and sequencing batch constructed wetland (SBCW) units of the on-site system during the

study period.
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Figure 5. Box-plot showing (data range, quartile range, and mean values, dots indicating outliers) the
concentrations of ammonium-nitrogen (NH4-N), nitrate-nitrogen (NO3-N), and nitrite-nitrogen (NO;-N)
at different sampling points in the on-site system during the entire study period. Concentrations of
NO3-N, NO,-N in the septic tank (ST) effluent were below 1 and 0.05 mg L~1. BF = biofiltration tank,
SBCW = sequencing batch constructed wetland.

Table 1. Occurrence of bacteria and results of BOD measurements in the septic tank, P-filter,
and sequencing batch constructed wetland (SBCW) during the study period.

Septic Tank P-filter SBCW
Parameter
July Sept. Dec. July Sept. Dec. July Sept. Dec.
BOD; (mg L) 91.2 95.1 101.5 2.1 2.2 2.9 <1.0 <1.0 2.4
E. coli (cfu/100 mL) 79000 82000 96000 91 113 500 2 2 73

Intestinal enterococci

(cfu/100 mL) 39000 36000 37000 210 241 2050 5 5 135

3.1.1. Phosphorus Removal

The influent Total-P concentration showed expected values for on-site wastewater, ranging from
3.9 t010.2 mg L1 (mean 6.9 mg L (Figure 3). The BF tanks did not reduce P, but rather transformed
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particulate-bound P to dissolved POy-P. The P-filter bag filled with Polonite showed varying removal
efficiency with time and started to lose its high P retention capacity by the end of the 25-week study
period (Figure 4). However, the Polonite removed 88% of Total-P and 94% of POy4-P that flowed
from the BE. The SBCW dampened the Total-P variations measured in the effluent from the P-filter
bag, but the mean Total-P concentration was higher in the SBCW effluent than in the P-filter effluent.
However, in the effluent leaving the on-site system to the recipient ditch, reactive PO4-P showed an
average low concentration of 0.87 mg L~! (Figure 3). The Total-P concentration in pumped water from
the SBCW was slightly higher than in the water collected from the effluent well. The entire system
removed 83% of Total-P and 82% of PO4-P.

3.1.2. Nitrogen Removal

The inorganic N forms showed typical average concentrations for wastewater in the septic tank
effluent (Figure 5). However, there was great fluctuation in the concentration of NH4-N, with the
highest values in July and August and the lowest in October to December. The aerated BF tanks
oxidized NHy4-N to mainly NO3-N. However, a large share of NHy-N left this system component
and entered the P-filter bag (Figure 5). A two-tailed t-test of multiple comparison of the reduction in
NH;4-N concentration showed no significant difference between the BF and P-filter effluents (p < 0.05).
The P-filter in turn increased the average NH,-N concentration from 21 mg L~! in the influent to 44 mg
L1 in the effluent. The SBCW was able to reduce this NH4-N concentration in the P-filter effluent
to an average of 15 mg L1, by transformation to NO3-N and NO,-N, i.e., a significant increase in
NOs-N concentration was measured at the outlet of the SBCW (p > 0.05). The PTP and SBCW together
reduced NHy-N and TIN by 74.6% and 22%, respectively.

3.1.3. BOD and Bacteria Removal

The data obtained for BOD; showed that the water leaving the entire system was cleared
of organic matter, to a concentration below 1 mg L~'. This was evident also from the very low
concentration of E. coli and enterococci in the effluent. However, by the end of the sampling period in
December, the colony-forming units (cfu) values increased noticeably and a slight increase in BOD was
also observed.

3.2. Retained P in the On-Site System

The P-filter, containing the reactive medium Polonite, retained 1.21 g Total-P kg’l during the
25-week study period. The P-filter treatment step released 86.2 g Total-P, none of which was apparently
removed in the SBCW since the transport out of it was 96.1 g Total-P. Organic P removal by sludge
generation in the septic tank and in the BF tanks was not measured.

3.3. Influence of Physical-Chemical Conditions

3.3.1. Water Temperature

The temperature of the septic tank wastewater decreased continuously from 24 °C in July to
3.9 °C in December (Figure 6). Noticeable differences in temperature started to appear in autumn,
where the septic tank effluent had a lower temperature than the influent. At the end of the study
period, when outdoor temperature was below —10 °C, the temperature of the SBCW effluent was as
low as +2.5 °C, while that in the incoming wastewater was +6.1 °C.
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Figure 6. Mean water temperature in the different units of the on-site system. ST = septic tank,
BF = biofiltration tank, SBCW = sequencing batch constructed wetland.

3.3.2. Electrical Conductivity

The EC of the influent wastewater varied between 1500 and 2450 1S cm™! with one occasional
exception, where the EC dropped to 1000 pS cm™! (Figure 7). The difference between EC in the outlet
well and the septic tank increased towards the end of the monitoring period, i.e., in autumn and
early winter.

2500
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Figure 7. Change in EC in water flowing out from different units of the on-site system. Values missing
for sampling occasion 12 December 2018. ST = septic tank, BF = biofiltration tank, SBCW = sequencing
batch constructed wetland.

3.3.3. pH

The measured data for pH are shown in Figure 8. The water flowing from the P-filter bag showed
high pH values throughout the study period, but the values decreasing successively from pH 12 in
July to 8.8 in December. Two peaks with increasing pH from the trend-line were observed, but also
sudden pH drops. The pH of the influent wastewater showed a decreasing trend from values around
8.3 in summer to close to pH 7 in late autumn. The pH in the system effluent (outlet well) was always
below 9 and decreased as the pH of water from the P-filter bag decreased. However, during pumping
in July and August, when pH in the effluent from the P-filter bag was above 10, the pH was slightly
higher than 9 in the SBCW effluent.
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Figure 8. Changes in pH in water flowing out from different units of the on-site system. ST = septic
tank, BF = biofiltration tank, SBCW = sequencing batch constructed wetland.

3.3.4. Dissolved Oxygen

Dissolved oxygen showed a constant low concentration, around and below 1 mg L7, in the
septic tank (Figure 9). Data from other sampling points showed varying concentrations, with those
from the P-filter bag deviating most, from below 1 mg L™! to up to 9.5 mg L™!. The DO in the outlet
water had an average concentration of 1.8 mg L~ and increased from September but was still low,
reaching a concentration of around 3 mg L.
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Figure 9. Concentration (box plot with data range, quartile range, and mean values) of dissolved oxygen
(DO) in water flowing from different units of the on-site system. ST = septic tank, BF = biofiltration tank,
SBCW = sequencing batch constructed wetland.

4. Discussion

4.1. Nitrogen and Phosphorus—Transformation, Removal, Retention

The dominant N species in the septic tank effluent, NH4-N, was not completely oxidized to
NOs3-N in the aerated biofiltration system. The first, second, and fourth tank are aerated. Data were
collected only from the fifth tank, where extensive growth of biofilm and sludge generation were
observed. The low DO concentrations were probably the reason for the incomplete nitrification,



Sustainability 2019, 11, 3172 10 of 16

but high EC (Figure 7), caused here by wastewater salinity, can also inhibit the biology of sewage
treatment plants [19].

The P-filter with Polonite changed the N concentrations of the wastewater coming from the BF,
with NH-N and NO3-N increasing and decreasing, respectively. Surprisingly, an increase in TIN was
observed, which is suggested to be related to accumulation and degradation of lighter sludge flocs
flowing out from the BE. A previous investigation using real wastewater and columns operated under
unsaturated conditions showed capacity of Polonite to transform NH4-N to NO3-N and even reduce
TIN by 17.7% [8]. However, in another study, the reduction was only 11%, although in that case the
wastewater was treated in saturated conditions [20]. The very different results obtained in the present
study reveal that another factor or combination of factors caused the adverse effects on N transformation
and removal in the P-filter bag. Besides the already-mentioned problem of low DO concentrations and
sludge flocs, low temperature of the wastewater prevailing for two months must be added to possible
reasons for the N removal failure. Temperature was not an issue in the previous column experiments,
as they were performed under indoor conditions (20 °C) [8,20], while the wastewater in the P-filter
bag in the present study varied between 6 and 20 °C (Figure 6). Domestic wastewater usually has
a temperature of about 12 °C when it reaches the municipal treatment plant. The temperature in on-site
systems is much lower because of long retention times in sewers and septic tanks that are placed deep
in the ground. This calls for a different strategy for storing wastewater, e.g., indoors and via short
pipes to the treatment system, which should be placed close to the house.

The P-filter bag filled with Polonite was the unit of the system responsible for the main P removal.
This filter material is designed for efficient P sorption [21], replacing conventional coagulants such
as polyaluminum chloride and flocculants based on polyacrylamide used in other types of PTPs.
The removal efficiency unexpectedly declined rapidly in comparison with the wastewater loading rate
and at the end of the 25-week study period it was 89%, which was similar efficiency to that reported for
another PTP, but where the wastewater loading was much lower and lasted during a longer period [9].
However, on one occasion in December, when the highest P concentration in the ST effluent was
recorded (Figure 4), the removal was 93%. Vidal et al. [22] investigated filters for on-site wastewater
treatment and found that eight out of nine P-filters removed between 43 and 99% of Total-P. The influent
Total-P concentrations varied in that study, mostly between 7.5 and 14.8 mg L™!, while our study
system showed Total-P concentrations ranging from 3.9 to 15.1 mg L~!. A filter with 850 L of Filtralite
P reduced Total-P by 61% during a test period of 112 days at a wastewater load of 1 m®> d~! and a mean
influent P concentration of 7.8 mg L~! [4]. The same material was extensively tested in trials for two to
three years and the effluent, including pre-filtration step, showed Total-P concentrations below the
effluent limit of 1 mg L1 [3]. However, the filter beds had volumes between 6 and 40 m> and an
estimated lifetime of the media of 15 years. This means that a treatment bed volume of 2.7 m3 yr~!
is needed to meet the effluent limit. Our studied system used 0.7 m? of Polonite and it is expected
to last for one year with the current dimensioning criteria. In December 2018, when the monitoring
period ended, the P concentration showed a clear tendency to increase and remain over 1 mg L1
However, the increase could be related to very low water temperatures in winter, so better removal can
be expected during spring (see discussion in Section 4.2).

The SBCW received treated water from the P-filter bag with Total-P and PO4-P concentrations
of 0.78 mg L~! and 0.28 mg L7}, respectively. The slightly higher average concentration of Total-P,
with no significant difference between the P-filter bag and SBCW effluents (p > 0.05) but significantly
higher POy4-P concentration (p < 0.05) in water in the outlet well, showed that the SBCW released P
stored in the sand medium. Our sampling started after the treatment system had been operating for
four months and when the P-filter was temporarily not in use, and it is suggested that organic matter
and high concentrations of P reached the SBCW. This contamination was even more visible when water
was pumped from the wetland, resulting in increasing Total-P concentrations in the outflow (Figure 3).
Constructed wetlands with varying flow directions or soil treatment systems using sand/gravel as
media are known to have limited ability to remove P [1,23,24]. The planted Typha in the study system
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has not yet fully established and therefore can probably not contribute much to P uptake and storage in
the plant tissue. However, overall plant efficiency in removing P is not large, accounting for between
10.76 and 34.17% [25], or less than 20% [26]. We measured the stem length of cattail in the SBCW
and found significantly decreasing length from the inlet towards the outlet zone (data not shown),
which could be related to different concentrations of nutrients being available for plant uptake in
the substrate.

Retention of P in the study system was expected in the P-filter and in the SBCW. The P-filter did
not approach the saturation point, i.e., C, = C;, during the short field measurement period. In fact,
it would probably take up to 5 years to reach that point, according to modeling results [27]. Due to the
unexpected high organic loading of the RFM in this case (see Section 4.2), it is likely that much less
time will elapse until breakthrough. However, the filter bag must usually be replaced every two years
because of the strict effluent limits for P in Sweden. High P retention in Polonite has been described in
many laboratory investigations [28,29], but there have been only a few studies on treatment systems
operated under real conditions [9,22]. Experimental systems studied in the laboratory can be controlled
better than those operated in the field, particularly when it comes to flow conditions and quality
of the influent wastewater. Large discrepancies in estimated P retention can therefore be observed.
The P retention of 1.21 g Total-P kg™! Polonite obtained in our full-scale system is comparable to that
reported for a column experiment with real, untreated ST wastewater, where retention was 1.14 g
PO,-P kg™! Polonite [20]. However, the hydraulic loading in that case was 4.6-fold higher than in our
full-scale system and the columns were operated at room temperature. It was extrapolated from the
column experiment that 78 m? of wastewater could be treated in 700 L of Polonite (i.e., P-filter bag)
with a removal efficiency of 81% [20]. In the latter case, the retention was only estimated as POy4-P,
but the Total-P concentration should then approach approximately the same retention rate as ours for
Total-P. The P-filter in the present study treated approximately 111 m? of wastewater and had PO,-P
removal efficiency of 94%. The better removal capacity, despite the much lower water temperatures,
was probably related to the lower hydraulic loading and pre-treatment before filtering. However, the P
retention was almost the same in both studies, which probably depended on the higher influent P
concentration in the column experiment.

4.2. Influence of Physical-Chemical Parameters on Nutrient Removal

There are several physical-chemical conditions that can have affected the mechanisms responsible
for removal and/or transformation of nutrients in the on-site system. The role of the BF is to degrade
organic matter and oxidize NHy-N, while the Polonite has the primary role of trapping P, and the
SBCW the multiple role of transforming NOs3-N to atmospheric Ny, polishing effluent from the P-filter
in terms of P, and reducing the pH to desirable levels below 9.

On-site outdoor systems are generally vulnerable to weather conditions. The processes responsible
for N and P removal can be affected by temperature and precipitation. There is consensus among
researchers that a low-temperature environment is unfavorable for microbial denitrification, but results
concerning P and its dependence on temperature are contradictory [30]. The system in the present study
received wastewater through 75-m long underground pipes and it was stored in one large and one small
septic tank. The large seasonal temperature difference shown in Figure 6 is then suggested to influence
the removal processes in the PTP and SBCW. The N and BOD removal showed a clear decline from
summer to winter months. The P removal in the P-filter also showed a decline. Sensitivity of P-binding
capacity to temperature has been reported by Herrmann et al. [28], who suggest that it is due to
decreased precipitation of calcium phosphates at lower temperature. They found for Polonite a 1.5-fold
higher binding capacity at 16.5 °C than at 4.3 °C in a column experiment using secondary-treated
wastewater. However, when considering the decline in binding capacity, not only temperature but
also the aging process of the filter medium in the PTP must be considered. Successive accumulation
of organic matter probably occurred in the filter, observed as low DO levels in the BF tank and in
the P-filter effluent (Figure 9). Nilsson et al. [19] showed that organic matter (as total organic carbon,
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TOC) influences the P sorption capacity of Polonite and the bacteria count. The BOD value was
surprisingly low, despite the almost hypoxic water, although it increased towards the end of the study
period. The minor plant cover in the SBCW probably did not contribute much to the removal of P and
N. However, many investigations have shown that plants contribute significantly to removal of N,
with denitrification being one of the most important sinks [26].

The high EC values recorded throughout the field test indicate that the household tap water must
have been saline. One sample from the water supply system was therefore analyzed for common
elements, including CI” and Na', and it was found that the Cl~ and Na+ concentration was 160 mg L1
and 134 mg L1, respectively. On-site wastewater usually has an EC around or below 1000 pS cm™,
but in the present case it regularly showed values over 1500 uS cm~!. Salt inhibition effects can occur in
PO,4-P removal [31], which will probably shorten the life span of the Polonite RFM. Salt in wastewater
is a general and often overlooked problem in on-site treatment systems. It is not only caused by NaCl
in the water supply, e.g., it can also be the result of use of water softeners that remove the minerals
such as calcium and magnesium that cause water hardness. The concentrated brine water regularly
released from the softener is usually discharged to the on-site sewerage and on to the treatment system.

The air temperature was unusually high and precipitation was unusually low during the study
period, which could have affected the water balance. We considered dilution to be of minor importance,
but the estimated volume of 3056 L that infiltrated could still have changed the active-solid water
interface and water chemistry, as reported previously for another on-site system [32].

4.3. The SBCW as a pH Reducer for the Alkaline Effluent and a P Post-Precipitation Step

The RFM Polonite used in our full-scale experiment had an initial pH of 12.2 and a varying pH
around 9 to the end of the study period (Figure 8). In effluent water, pH > 9 is considered a critical
level for aquatic organisms [33]. The environmental authorities in Sweden, which set regulations
for on-site treatment systems, have introduced a rule of thumb that effluents from alkaline P-filters
must have pH < 9. The SBCW was able to reduce the high pH effluent from the P-filter to around or
below 9 (Figure 8). The gravel and sand used in the SBCW had an initial pH of 7.8, which, in the short
term, could help to reduce pH. In the long term, the development of biofilm communities can also
help to reduce alkalinity. Gomez et al. [34] showed that a diurnal cycle of 1 to 1.5 pH units occurs in
biofilm-colonized systems due to CO, uptake and release, which is associated with respiration and
photosynthesis. Conventional buried sand filters, where wastewater is distributed in the top layer of
the sand bed and percolates through the unsaturated sand medium, are known to develop biofilm [35].
In the present study, the sand bed in the SBCW also has top-layer distribution pipes, but the sand
becomes successively water-saturated during the filling phase until the draining phase starts. It can be
assumed that biofilm develops well under such conditions, but the oxygen supply varies much more
than in conventional sand filters.

One reason for constructing the combined system was to establish conditions for post-precipitation
of P not bound in the Polonite and which is partly lost simultaneously with Ca?* and or Ca(OH)j.
The calcium products can turn into CaCOj (calcite) during transport to and in the SBCW, but the calcite
growth rates are dependent on the solution stoichiometry [36], which can vary widely in this system.
Evidence of growth of calcite has been found for REMs in column experiments [9,37] and in PTPs using
Polonite [38]. However, calcite is less reactive for P binding but the continuous transport out from the
P-filter bag will feed the SBCW. Figure 2 shows that Polonite contains fine particles that can be washed
out from the P-filter bag but they should be trapped in the SBCW. Over time, this pH-increasing loading
of calcite can possibly counteract the desired function of the SBCW as a pH reducer. The present study
was too short to observe such an influence and more investigations must be performed during coming
years to deliver information on this issue.
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4.4. Operation and Design Considerations of the SBCW

Research evaluating filling and draining of CWs has found no treatment advantage [11] and
extensive removal of organic matter and NHy4-N [39]. During the short period we ran the SBCW,
it was evident that bacteria, organic matter (measured as BOD7), and NH4-N were significantly
removed. In the absence of fully developed stands of Typha latifolia, denitrification could possibly not be
completed, but probably occurred because of the effects of water level fluctuations [40]. Different groups
of nitrogen-transforming bacteria (NTB) can be present in different layers of a wetland operated with
feed and rest periods [41]. The low temperature in the SBCW during at least two months probably
limited the development of NTB, while gas exchange to deeper layers was probably not efficient due
to the fine sand used here. Figure 2 showed the difference in particle size distribution for a washed
and unwashed sand, where the latter was used in the SBCW. The water-holding capacity was high,
since only 3 m® was easily drained of the theoretical calculated pore volume 9 m>. A part of the
remaining pore water probably slowly percolated downwards, where it started to mix with the fresh
incoming water from the PTP.

The construction of the SBCW must be reconsidered in terms of placement of drainage pipes and
covered insulation. The first reason for this change is based on observations that the drainage in the
bottom of the SBCW makes shortcuts for the stored water, so that the entire filled water volume is
not in contact with the wetland substrate for a reasonable time. A few samples were taken (data not
shown) during pumping of water from the wetland and it was found that the P concentration was
much higher, up to 10 minutes compared with that in the water after 30 minutes. The conclusion is
that the drainage pipes should be located close to the outlet well and that the pumping must take place
in such a way that it corresponds to the inflow of water from the SBCW. In this way, no water from the
infiltration part with the gravel bed (see Figure 1) can bypass straight to the pumping well.

The second reason for changing the design concerns the conditions in winter and effects of rain
and snow. The distribution pipes are only 0.2 m below the gravel bed surface and water tends to freeze
in winter, so a 0.5-m thick soil cover and a waterproof liner should be included in the construction.
The liner can divert water from rainfall and snow melt to outside the SBCW. The remaining area
of the system will receive natural insulation when the plants grow to form a stand and plant litter
accumulates on the bed surface.

5. Conclusions

Sustainable on-site treatment solutions must be developed to replace many of the older types
that are still in use and are having undesired effects on water bodies and groundwater. In this study,
we investigated the function of a PTP receiving wastewater from a septic tank and proposed an
add-on unit to polish its effluent. The entire system showed promising capacity to remove N and P,
but several disturbances were observed that should be considered in similar PTPs. Low temperature
of the wastewater is an issue in cold-climate regions and high concentrations of salt appeared to have
negative effects on the nutrient removal processes. The constructed wetland as an add-on system was
not able to remove released P from the PTP, but it significantly enhanced N removal during the start-up
phase of 25 weeks. However, the planted stand of cattail had not yet developed, so sand filtration
was probably the most important of the removal processes. The sequential filling and draining of
wastewater to the system could not exchange the total stored volume during every pumping occasion,
due to the water-holding capacity of the fine sand used here. As regards system design, changes in
the location of drainage pipes are needed to avoid short-cut flows, which affect contact time with the
wetland substrate, and insulation of the infiltration part is needed to avoid freezing or temperature
decrease and the influence of precipitation. These measures, in a system with a dense stand of cattail,
and monitoring of the system over a longer period, will reveal the real capacity of the engineered
system and establish grounds for recommendations on its use.
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