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ARTICLE INFO ABSTRACT

Keywords: Package plants (PP) are implemented around the world to provide on-site sanitation in areas not connected to a
Nitrogen sewage network. The efficiency of PP has not been comprehensively studied at full scale, and the limited number
PhOSPl_“)r“S of available studies have shown that their performance varies greatly. Their performance under cold climate
E::;‘;‘;es conditions and the occurrence of micropollutants in PP effluents have not been sufficiently explored. PP are
Pharmaceuticals exposed to environmental factors such as low temperature, especially in cold regions with low winter temper-
Micropollutants atures and deep frost penetration, that can adversely influence the biochemical processes. The aim of this study

was to investigate the treatment efficiency and possible effects of cold temperatures on PP performance, with
focus on traditional contaminants (organics, solids, nutrients and indicator bacteria) and an additional assess-
ment of micropollutants on two PP. Eleven PP hosting different treatment processes were monitored. Removal of
biological oxygen demand (BOD) was high in all plants (>91%). Six out of the 11 PP provided good phosphorus
removal (>71%). Small degrees of nitrification were observed in almost all the facilities, despite the low tem-
peratures, while denitrification was only observed in two plants which achieved the highest nitrification rates
(>51%) and had sludge recirculation. No strong correlation between wastewater temperature and BOD, nutrients
and indicator bacteria concentration in the effluents was found. The high data variability and the effects of other
process parameters as well as snow-melt water infiltration are suggested as possible reasons for the lack of
correlation. However, weak negative relations between effluent concentrations and wastewater temperatures
were detected in specific plants, indicating that temperature does have effects. When managed adequately,
package plants can provide high BOD and phosphorus removal, but nitrogen and bacteria removal remain
challenging, especially at low temperatures. Pharmaceutical compounds were detected in the effluents at con-
centrations within or above ranges reported for large treatment plants while phthalate ester concentrations were
below commonly reported effluent concentrations.

1. Introduction

On-site wastewater treatment systems are used for the treatment and
disposal of domestic wastewater in areas where households are not
connected to a municipal sewage network. Treatment is mostly achieved
via the implementation of septic tanks followed by soil-based systems
(SBS) such as drain fields or sand filters (Envall et al., 2020; Eveborn
et al.,, 2012; Heinonen-Tanski and Matikka, 2017; Herrmann et al.,
2017). Treatment efficiency is often poor due to construction errors,
operational deficiencies, or inadequate maintenance (Heinonen-Tanski
and Matikka, 2017; Lehtoranta et al., 2022). Consequently, these
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systems contribute to the release of e.g., nutrients and pathogens into
the environment with adverse effects on water sources (Heino-
nen-Tanski and Matikka, 2017; Hiibinette, 2009; Larsson et al., 2017;
Thomasdotter, 2008; Vidal et al., 2018).

As an alternative to SBS, package plants (PP) have been developed.
These are prefabricated treatment units based on widely applied
biochemical wastewater treatment processes such as coagulation/sedi-
mentation, aerobic/anaerobic biological degradation and filtration.
They have become attractive options in areas where space is restricted,
or implementation of soil-based systems is limited by the bedrock, soil
composition or fluctuating groundwater tables. While the contribution
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of PP to the number of on-site treatment systems operating in Europe
today is still small, their implementation has increased in the past five
years and this trend is expected to continue. For example, about 5% of
the on-site sewage systems currently operating in Sweden are PP
(Olshammar, 2021), compared to 2% six years earlier (Olshammar et al.,
2015). The proposal for a revised Urban Wastewater Treatment Direc-
tive suggests that the scope of the Directive expands to agglomerations
above 1000 p.e. and that new standards are developed for decentralized
facilities as discharges from small systems were identified as one of the
three main sets of problems to be addressed (European Commission,
2022). The collection and treatment of wastewater from agglomerations
smaller than 1000 p.e. was also introduced in the Directive (new article
18), as the Member States have the obligation to assess the risks caused
by urban wastewater discharges to the environment and human health
and take additional measures when necessary (European Commission,
2022).

Although well-established processes are applied in PP, their effi-
ciency has not been comprehensively studied at full scale. The limited
number of available studies and monitoring reports have shown that
while PP systems can achieve high removal rates their performance can
vary greatly (Heinonen-Tanski and Matikka, 2017; Hiibinette, 2009;
Lehtoranta et al., 2014; Thomasdotter, 2008). Heinonen-Tanski and
Matikka (2017) studied different types of PP and reported average re-
movals rates of 90% for BOD7, 62% for tot-P and 40% for tot-N while
Vilpas et al. (2005) assessed activated sludge and chemical treatment
based PP and reported removals rates ranging from 85% — 99% for
BOD7, 47%-99% for tot-P and 32%-77% for tot-N.

A special requirement for on-site treatment systems operating in cold
climate regions (e.g., Canada, Northern Europe, USA, China and Russia)
is the ability to sustain treatment performance during periods of low
temperatures. Wastewater treatment systems based on biological pro-
cesses can be especially vulnerable to cold climate conditions as water
temperatures strongly influence microbial growth rates, metabolism and
substrate affinities (Nedwell, 1999). While it has been shown that
treatment in SBS and PP may be disturbed by winter conditions (Hei-
nonen-Tanski and Matikka, 2017; Kauppinen et al., 2014), studies
investigating the effect of air temperature on wastewater temperature
and any corresponding effects on purification processes are difficult to
find. As PP are expected to be more widely implemented and national
regulations to become stricter, better understanding of effects of local
conditions on the treatment processes is needed. This is not only because
of possible impacts on the receiving environment but also for assessment
of PP as suitable systems for on-site wastewater treatment.

Additionally, as for large-scale wastewater treatment plants, the
occurrence of micropollutants in the inflow and effluent of on-site sys-
tems is a cause of concern. While only a few studies have investigated
the presence, removal and discharge of micropollutants by on-site
wastewater systems, these have reported the discharge of significant
quantities of micropollutants into the aquatic environment (Gago--
Ferrero et al., 2017; Gros et al., 2017). In general, high removal rates of
per- and polyfluoroalkyl substances (PFAs) and phosphorus-containing
flame retardants (PFRs) have been observed in PP, whereas SBS have
been shown to remove pharmaceuticals more thoroughly (Gros et al.,
2017). However, a lot is still unknown regarding the occurrence of
micropollutants on-site treatment systems influent and their efficiency
in preventing their released into the environment with discharging ef-
fluents. More studies have been conducted at larger plants which can
provide useful information applicable at small on-site scales. The bio-
logical process appears to be the main factor affecting the removal of
contaminants of emerging concern including caffeine and pharmaceu-
ticals, with the retention time and the nitrification processes also being
suggested as having an influence in larger wastewater treatment plants
(Di Marcantonio et al., 2023).

This study addresses some of the knowledge gaps described in the
provided background. The main aim was to investigate the treatment
efficiency and possible effects of temperature on pollutant removal in
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different types of PP treating domestic wastewater. Eleven full-scale PP
systems were systematically sampled. The data collected included
chemical and biological quality of inflow and outflow water (organics,
solids, nutrients and indicator bacteria), wastewater and air tempera-
ture. An additional assessment was done on micropollutants on two of
the larger PP.

2. Methods

The treatment efficiency of 11 PP was studied in terms of removal of
organics, solids, nutrients and indicator bacteria. In addition, the
occurrence of selected micropollutants, including pharmaceuticals and
phthalate esters (not explored to date), in the influent and effluent of
two designated facilities was assessed. The study design was selected to
be able to evaluate the variability of influent and effluent wastewater
quality over time and effects of seasonal and other operational varia-
tions on treatment in full-scale PP.

2.1. Selected package plants

The 11 evaluated on-site facilities included seven types of batch and
continuous flow plants (Table 1). Six plants operated in continuous
mode: one with a trickling filter (TF), one with a rotating biological
contactor (RBC) and four with activated sludge with phosphorus
removal by coagulation (ASC) or alkaline filter (ASF1, ASF2, ASF3)
systems. Five plants supplied by three different manufacturers operated
in batch mode with activated sludge and coagulation for phosphorus
removal (SBR1-5). The facilities were located at ~65 °N latitude in a
subarctic climate (Dfc classification, Koppen), with about 600 mm
precipitation (half falling as snow on average).

All the systems included either a separate or built-in septic tank for
sedimentation of coarse particles before the biological treatment. In
plants using coagulation, aluminum-based salts were added directly into
the process tank before the sedimentation phase (SBR1-5), or a different
chamber after the bioreactor at the inlet of the final clarifier (ASC, RBC,
TF). For better visualization, photos of some of the facilities can be found
in the Supplementary Material.

2.2. Wastewater sampling and analyses

During the period August 2019-April 2021, covering different sea-
sons and temperature ranges, influent samples were collected from the
plant’s sedimentation tanks before the biological process facility and
effluent samples from an outlet pipe, sampling chamber, or the last
chamber containing the treated wastewater before discharge. On each
sampling occasion the wastewater temperature, total suspended solids
(TSS) contents and pH of the samples was measured, and their turbidity
on some occasions. In addition, the water temperature was continuously
measured in the process tank of three PP with HOBO® Pendant®MX
Temp (MX2201) loggers. Data from local weather stations (Swedish
Meteorological and Hydrological Institute, n.d.) were used for the air
temperature analyses. Levels of BOD, phosphorus (total and dissolved:
tot-P and dis-P, respectively), nitrogen (total, nitrite, nitrate and
ammonium nitrogen: tot-N, NOo—-N, NO3-N, NH**-N), and the indicator
microorganisms Escherichia coli and enterococci were measured in
approximately 3 L grab samples of influent and effluent water (and
chloride in some of these samples for facilities ASC, ASF1-3, SBR1-2 and
TF). Portions of samples used for analyses of BOD and nutrients were
stored frozen (<-18 °C) until analysis according to the corresponding
standards (See supplementary Material), and portions used to determine
densities of the bacteria were stored at 5 °C and examined in an
accredited laboratory within 24 h. Detailed information about the
physicochemical analyses is presented in the Supplementary Material.



B. Vidal et al.

Table 1
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Specifications of the 11 evaluated package plants, with codes reflecting the main treatment process. S = sedimentation, AS = activated sludge, C = chemical treatment,
D = disinfection, F = alkaline filter, R = rotating biological contactor, TF = trickling filter, PF = polishing filter (mineral wool).

Code Treatment steps Type People connected Age (years)” Number of sampling occasions (n) Location

ASC S, AS, C, D Continuous 32 5 Influent (10) Sweden
Effluent (10)

ASF1 S, AS, F Continuous 20-30 2 Influent (9) Sweden
Effluent (10)

ASF2 S,AS, F Continuous 2 2 Influent (10) Sweden
Effluent (10)

ASF3 S, AS, F Continuous 3 2 Influent (10) Sweden
Effluent (10)

RBC S,C,R Continuous 10-30 30 Influent (4) Finland
Effluent (4)

SBR1 S, AS, C Batch reactor 4 4 Influent (13) Sweden
Effluent (10)

SBR2 S, AS, C Batch reactor 4 1 Influent (9) Sweden
Effluent (7)

SBR3 S, AS, C, Batch reactor 2 1 Influent (2) Finland
Effluent (5)

SBR4 S, AS, C, Batch reactor 1-4 2 Influent (4) Finland
Effluent (4)

SBR5 S, AS, C, Batch reactor 5 2 Influent (3) Finland
Effluent (4)

TF S, TF, C, PF Continuous 12-14 8 Influent (8) Sweden

Effluent (9)

? Years in operation when the first sample was taken in 2019.

2.3. Micropollutant analyses

Grab samples of the influent and effluent of two facilities (ASC and
TF) and blank samples of the sampling equipment (using tap water)
were collected on three occasions (March, June and August 2021) for
micropollutant analyses, using a stainless-steel sampler, then stored in
glass jars before analysis. The investigated micropollutants included 19
pharmaceuticals (Table 2), an artificial sweetener (acesulfame K),
caffeine and 15 phthalate: Bis(2-ethylhexyl) phthalate (DEHP), Bis(4-
methyl-2-pentyl) phthalate (BMPP), Benzyl butyl phthalate (BBP), Bis
(2-ethylhexyl) terephthalate (DEHT), Dibutyl phthalate (DBP), Diethyl
phthalate (DEP), Di-n-hexyl phthalate (DHP), Diisobutyl phthalate
(DIBP), Diisononyl phthalate (DINP), Diisopentyl phthalate (DISP),
Dimethyl phthalate (DMP), Dioctyl phthalate (DNOP), Dipentyl phtha-
late (DPP), Dicyclyhexyl phthalate (DCHP) and Hexyl-2-ethylhexyl
phthalate (HEHP). Samples were analysed in an accredited laboratory
using LC-MS/MS and GC-MS/MS techniques (detailed information
provided in the Supplementary Material).

Table 2
Analysed pharmaceuticals in the influent and effluent of two package
plants (ASC and TF).

Compound Characterization/uses
Diclofenac Analgesic and anti-inflammatory
Ibuprofen Analgesic and anti-inflammatory
Bisoprolol B-blocking agents

Candesartan ACE inhibitor

Clarithromycin Antibiotic

Enalapril ACE inhibitor

Eprosartan ACE inhibitor

Fenbendazole Antiparasitic drug

Fluconazole Antifungal medication
Gabapentin Anticonvulsant

Ketoprofen Analgesic and anti-inflammatory
Levetiracetam Anticonvulsant

Metoprolol B-blocking agents

Primidone Anticonvulsant

Ramipril ACE inhibitor

Sertraline Antidepressant

Venlafaxine Antidepressant

Warfarin Anticoagulant

Xylometazoline

Nasal decongestant

2.4. Removal efficiency calculations and data analyses

The percentage removal efficiency was calculated for each facility
using median influent and effluent values (Table 3) on each sampling
occasion. The overall removal of each compound was based on the
influent concentrations in samples taken from the last chamber of the
septic tanks or influent pipe before the process tank, so the estimated
removal excluded possible removal in the pre-sedimentation stage. The
pre-treatment steps likely differed across PP that had different opera-
tional modes, like continuous flow and batch reactors, with the latter
providing less time for particles sedimentation based on TSS results. In
the few occasions when influent samples were not taken within 24 h of
the effluent samples (mainly due to logistics, time constrains and
weather e.g., snow cover), the average of all measured influent con-
centrations was used to calculate the pair-wise removals. Nitrification
rates were estimated by subtracting NHJ-Nefiuent from NHZ-Nifiuent
then dividing by tot-N * 100, and denitrification rates by subtracting
NHi -Neffluent, NO2.3-Ninfluent and NO2.3-Neffiuent from NHZ-Ninfiuent then
dividing by tot-N * 100.

Bacteriological data were log;-transformed for statistical analyses,
half of the lower detection limit was used for left-censored data, and
upper detection limits for right-censored data. The significance of dif-
ferences between influent and effluent concentrations were assessed
using the Wilcoxon signed rank test for non-parametric data and cor-
relations between parameters using Spearman rank correlation analysis
(with o = 0.05 significance level).

3. Results and discussion
3.1. Relationship between air and process temperatures

The possible effect of air temperature on the wastewater temperature
in the process tanks was evaluated in three of the PP (Fig. 1C). The air
temperature generally influenced the wastewater temperature as seen in
two treatment facilities and indicated by linear regression coefficients
obtained for ASF3 and SBR1 (Fig. 1A-B) although other factors, such as
snow melting also had a considerable impact. The horizontal distribu-
tion of the data in Fig. 1A-B indicates that the water temperature in the
process tanks (2-20.6 °C in ASF3 and 1.4-17.5 °C in SBR1) can remain
stable across a wide range of ambient temperatures, e.g., from —35 to 30
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Fig. 1. A and B: Relationships between air and wastewater temperatures in process tanks of two selected facilities, ASF3 and SBR1, respectively. “R” refers to the
correlation coefficient and “p” to the p-value indicating the statistical significance. C: Time series of the continuous water temperature measurements in the process
tanks of three facilities (ASF2, ASF3 and SBR1) and corresponding air temperatures.

of microbial activity and floc sedimentation (Keefer, 1962; Niku and at Ty = 7.5 °C and Tgg = 6.5 °C) compared to warm months (>96%

Schroeder, 1981). However, studies on BOD removal have reported both removal at Tip= >11.5 °C). However, it was even lower (<30%) during
strong and weak correlations between water temperature and BOD the snowmelt period, which had below average influent concentrations
effluent concentrations (Niku and Schroeder, 1981). In this study, in the (BODjgs = 140 mg L™Y) and elevated effluent concentrations (BODeg =
PP SBR1 e.g., BOD removal was lower during cold months (74% removal 100 mg L™Y). Therefore, the effect of low wastewater temperatures on
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Fig. 2. Effluent BOD, BOD removal rates estimated per sampling event and temperature at four selected facilities with sample sizes n > 9. The lines show data trends
and do not indicate significance.
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BOD removal were also exacerbated by the dilution of inflow water
which reduced influent BOD concentration and wastewater retention
time in the system (Niku and Schroeder, 1981).

3.2.2. Nitrogen treatment

Most of the influent nitrogen was in the form of ammonia in all fa-
cilities (Table 3). Tot N removal (the difference between influent and
effluent tot N concentrations) was only significant (Wilcoxon signed
rank test, p-vale <0.01) at five of the plants: ASF2 (21%), ASF3 (23%),
SBR1 (55%), SBR2 (79%) and TF (17%). Most of the nitrogen removed
was organic, likely through particle sedimentation or filtration (in the P
filters). Nitrification occurred in most studied PP, to different degrees.
For example, up to 51 and 78% of the NH;-N was nitrified in facilities
SBR1 and SBR2, respectively, while in ASF2 and ASF3 less than 44 and
27% of the NH}-N was nitrified, respectively. In facilities SBR1 and
SBR2, denitrification of NO,-3 also contributed to tot N removal (42%
and 64% of the nitrified N was denitrified). Nine of the 11 plants did not
meet N removal levels set by the Swedish authorities (50% (SwAM,
2016),) and Finnish authorities (30-40%, (Finnish Ministry of the
Environment, 2017)). In SBR1 and SBR2, effluent tot-N concentrations
(18.9 + 13.3 and 7.2 + 7.4 mg L™}, respectively) were within ranges of
concentrations measured in effluents of other facilities due to the high
influent concentrations (Table 3), likely due to partial recirculation of
the sludge, despite good removal rates.

Package plants’ configurations strongly influence their nitrogen
removal capacity, as the treatment mechanisms depend on variables
such as substrate quality and quantity, pH ranges, and the presence of
aerobic and anaerobic niches for microorganisms capable of trans-
forming nitrogenous compounds (Sharma and Ahlert, 1977). Nitrogen
removal by denitrification can be fostered by recirculating the water or
sludge from the aerated process tank into a tank with sufficient substrate
such as the primary sedimentation or septic tank with anaerobic
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conditions (Shaw and Dorea, 2021). This was only possible for the batch
reactors, so PP which operated in that mode, i.e., SBR1 and SBR2, effi-
ciently removed N. Certain degrees of denitrification have also been
observed by Johannessen et al. (2012) in PP that provide organic-rich
substrate in anaerobic environments through wastewater recirculation
and contact between the nitrate and influent wastewater. Moreover,
anaerobic conditions could be unintentionally provided at the bottom of
tanks where chemical precipitation occurs, e.g., in facility TF. However,
the alkaline effluent environment in facilities with reactive filter mate-
rial (e.g., ASF2 median pHegr = 10 and ASF3 median pHegs = 9.3) could
inhibit denitrification due to high pH (above 10 as discussed by Renman
et al. (2008)).

No significant correlation was found between the wastewater tem-
perature and effluent total N concentrations (p = 0.301) or NO2.3-N (p =
0.619; Fig. 3) in the whole dataset and individual facilities. The only
exception was facility SBR1 where strong correlations between the
water temperature and the effluent tot-N (r = —0.9) and NH4-N (r =
—0.75), but not ANO5.3-N (p = 0.364), were found, likely indicating the
removal of organic particulate nitrogen. These results are in line with
previous studies of on-site treatment systems including PP e.g., Vilpas
and Santala (2007) where no correlation between the air or wastewater
temperature and nitrogen removal was found.

Temperature reportedly affects the ammonia-oxidizing bacterial
community, together with other variables such as pH, alkalinity, oxygen
concentration, retention time and organic load. Bacterial growth and
activities can be retarded or inhibited by low temperatures (Rodri-
guez-Caballero et al., 2012), so nitrification rates are expected to be
higher during warmer periods. Temperatures below 8.3 °C reportedly
limit nitrification, and little or no growth of nitrifying bacteria occurs at
temperatures below 4 °C (Sharma and Ahlert, 1977; Taylor Eighmy and
Bishop, 1989).

In this study, despite the lack of strong correlations between
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Fig. 3. Effluent temperatures and effluent minus influent NO.5-N concentrations in four selected facilities where nitrification occurred to some extent and the

sample size was n > 7.
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wastewater temperature and nitrogen removal, the trends observed in
facilities with efficient BOD reduction (n > 7) indicated a generally in-
verse relationship between effluent nitrogen (tot-N and NH4-N) and
wastewater temperature. Measured temperatures in the studied facilities
were lower than the range considered optimal for growth of nitrifying
bacteria (28-36 °C) and often below the limit for nitrification and
growth of nitrifiers (Sharma and Ahlert, 1977), which likely explains the
low nitrification rates in most facilities. For example, nitrification rates
in SBR1 and SBR2 were highest during the warmest periods (<18.6 °C)
and lowest in cold periods (e.g., nitrification rates at 3.4, 5.6 and 17 °C at
SBR1 were negative, 36% and 87%, respectively). Difficulties in estab-
lishing a thriving community of nitrifying bacteria and maintaining it
stably during cold periods in most plants probably exacerbated disrup-
tions of nitrogen removal. Furthermore, the hydraulic residence time in
small PP is likely too short for high nitrification rates to be reached
(Dinger and Kargi, 2000).

Another important factor for nitrification is pH. The pH of waste-
water treated in SBR1 and SBR2 (plants with high tot N removal)
decreased substantially from 6.9 to 7.9 and 8.1-8.9 to 4.9 and 6,
respectively. Nitrification consumes alkalinity and is normally inhibited
by low pH (Sharma and Ahlert, 1977). The decrease in wastewater pH
values observed in SBR1 and SBR2 indicated both consumption of
alkalinity due to nitrification and low buffering capacity. Adjustment of
pH in plants where N removal is targeted might be necessary to sustain
nitrification.

3.2.3. Phosphorous removal in different P-targeting facilities

In eight of the 11 studied plants chemical coagulation and sedi-
mentation were the main phosphorus-removal processes (Table 1). The
effluent tot-P concentrations were significantly lower (Wilcoxon signed
rank test, p-value <0.02) than the influent concentrations in three of the
eight facilities that included chemical precipitation (SBR1, SBR2 and
TF). The tot-P median concentrations in RBC, SBR3, SBR4, SBR5 were
lower in the effluent than in the influent (Table 3), but the limited data
did not allow further statistical analysis.

The proportion of dissolved phosphorus was higher in influent than
in effluent samples (Table 4) from most facilities (all except RBC, SBR3
and SBR5), indicating that some of the dissolved phosphorus precipi-
tated and the particulate form predominated after the treatment.

Coagulation/flocculation of phosphorus is generally affected by
temperature, because effects of reducing the temperature on the solu-
bility of aluminum hydroxide species raise the optimal coagulation pH,
and change floc characteristics such as size (Bratby, 2016). However, we
detected no significant correlation between the wastewater temperature
and total phosphorus removal rates (p = 0.277), or effluent concentra-
tions (p = 0.08). Neither the measured effluent concentrations nor
calculated removal rates had a clear monotonic relationship with the
wastewater temperature. The lack of correlation between temperature
and total phosphorus concentration was likely due to the high variability
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of the data, and effects of other parameters, such as type and dosage of
coagulant (assumed to be similar between the systems), pH, alkalinity
and ionic strength (Clark and Stephenson, 1999; Zhou et al., 2018).

In the facilities that included chemical precipitation treatment the
effluent TSS concentration was strongly correlated with effluent con-
centrations of tot-P (r = 0.69, p = 0.000) and particle-bound P, esti-
mated from differences between tot-P and diss-P (r = 0.78, p = 0.000).
Thus, the low phosphorus removal observed in some plants could be due
to insufficient sedimentation and subsequent release of particles.
Furthermore, the pH strongly influences phosphorus precipitation due
to its impact on chemical charges and competition between metal hy-
drolysis products and natural organic compounds (Bratby, 2016). The
optimum pH reported for phosphorus removal (using aluminium co-
agulants) is 5.5-6.0 (Bratby, 2016), so the chemical precipitation of
phosphorus may have been impaired in facilities with median pH lower
than that range, such as SBR1 which had pH < 5 in more than half of the
effluent samples. The P treatment was also probably compromised in the
investigated PP by the lack of thorough mixing (high turbulence) at the
dosing points, which is required for good precipitation of dissolved P
(Kroiss et al., 2011). In summary, suboptimal pH, low chemical dosage,
insufficient mixing of coagulant, insufficient flocculation and sedimen-
tation, equipment malfunction or lack of coagulant are commonly re-
ported reasons for low P removal in PP (Johannessen et al., 2012; Kroiss
et al., 2011) and may explain the low removals observed in some of the
plants we studied.

Three of the facilities studied had alkaline filters for P removal
(Table 1): ASF1, ASF2 and ASF3, with estimated tot-P removal rates of
3%, 83% and 46%, respectively. Influent wastewater into ASF1 was
clearly affected by dilution, as previously discussed, and was not
considered in this analysis. Estimated pair-wise removal rates varied
considerably with time at each facility. For example, ASF2 removed
between 28% of tot P in February 2020, when there was an unusually
high effluent tot-P concentration (8.6 mg L’l) and 94% in June 2020,
and on both occasions the effluent pH was high (10.1 and 9.7, respec-
tively). ASF3 removed tot P less efficiently, between 23% (in June 2020)
and 83% (in October 2019), with effluent pH values (7.8 and 9.7,
respectively) lower than those measured in ASF2.

The phosphorus removal capacity of alkaline filters is affected by the
residence time, influent phosphorus concentrations, pH and tempera-
ture. The removal mechanism mainly involves precipitation reactions
after dissolution of calcium ions from the filter material (Eveborn et al.,
2009; Jucherski et al., 2021; Vohla et al., 2011). Precipitation of calcium
phosphates is favored by high pH (Feenstra and De Bruyn, 1979), which
gradually decreases with time during operation (Eveborn et al., 2009;
Renman and Renman, 2010). As pH falls below 9 due to exhaustion of
the alkaline filter media, previously precipitated calcium phosphates
may dissolve (Eveborn et al., 2009). In this study, the effluent pH
measured in facility ASF3 was below 9.9 at the beginning of the sam-
pling campaign (Fig. 4b) and decreased over time, indicating that the

Table 4
Average influent and the effluent diss-P/tot-P ratios, effluent mean concentrations and removal rates for all investigated facilities. C = chemical treatment; F = alkaline
P-filter.

Facilities P-removal method Influent diss-P/tot-P ratios Effluent diss-P/tot-P ratios Effluent concentration (mg LY P removal

Mean StDev Mean StDev Diss-P Tot-P (%)

ASC C 0.75 0.03 0.65 0.09 25+0.8 3.8+1.2 13

ASF1 F 0.78 0.06 0.83 0.16 0.7 £ 0.4 0.9 +0.9 3

ASF2 F 0.89 0.04 0.55 0.30 0.7 £ 0.4 1.98 +2.4 83

ASF3 F 0.90 0.05 0.89 0.24 29+1.8 32+1.6 46

RBC C 0.84 0.02 0.88 0.07 24+1.7 27+1.9 50

SBR1 C 0.86 0.07 0.27 0.35 0.3+0.3 24+15 78

SBR2 C 0.84 0.03 0.44 0.24 0.98 £ 0.6 2.3 +£0.98 86

SBR3 C 0.71 0.02 0.77 0.16 0.98 + 0.8 1.2 +£0.99 71

SBR4 C 0.73 0.03 0.33 0.29 0.07 + 0.07 0.2+0.2 95

SBR5 C 0.86 0.03 0.90 0.05 13.4 £ 3.9 15+ 47 42

TF C 0.81 0.03 0.26 0.16 0.1 +0.2 0.8 +£0.9 95
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Fig. 4. Relations between the water temperature (a) and effluent pH (b) with effluent phosphorus concentrations in facilities ASF2 (blue) and ASF3 (red) featuring
alkaline P-filters (facility ASF1 is not shown due to the dilution issues). Sequential regression coefficients (R-Sq) values for the ASF2 and ASF3 data are 30 and 0.7%,

respectively.

filter media was reaching exhaustion. The low pH at the end of the
sampling campaign (pH = 7.3), and higher tot-P concentrations in the
effluent than influent indicate that some dissolution of previously
formed calcium phosphates may have occurred. Moderately negative
correlations (based on combined data from ASF2 and ASF3) were found
between the effluent pH and effluent tot-P concentrations (r = —0.47, p
= 0.04) and diss-P (r = —0.60, p = 0.006), confirming the inverse
relation between these parameters.

The ratios of dissolved phosphorus to total phosphorus (diss-P/tot-P)
were higher in the influent than the effluent of ASF2 (0.89 + 0.04 and
0.55 =+ 0.3, respectively), but the same (0.9) in the influent and effluent
of ASF3, with high effluent diss-P concentrations (Table 3), indicating
that the soluble phosphorus had not been successfully precipitated,
while the measured removal was mainly due to particulate phosphorus.

A strong correlation between the effluent wastewater temperature
and effluent phosphorus concentrations was found at facility ASF2 (r =
—0.71, p = 0.03), but not at ASF3 (p = 0.86) (Fig. 4a). Previous labo-
ratory studies have shown that the temperature significantly affects the
binding capacity of phosphorus in alkaline filter materials, as precipi-
tation of calcium phosphates is an endothermal reaction, favored by
high temperatures (Herrmann et al., 2014; Jucherski et al., 2021).
Herrmann et al. (2014) found that total P binding capacities of two
tested filter materials increased 1.2- and 1.5-fold when the temperature
was increased from 4.3 to 16.5 °C. Because the filter material in ASF3
was only exhausted towards the end of the sampling campaign, changes
in its chemistry may have masked temperature’s negative impact on the
treatment process. Nevertheless, the highest effluent tot-P concentra-
tions we recorded (6.4 and 8.6 mg L) were at ASF2 and ASF3 during
cold months (4.2 and 3.9 °C, in February 2020).

3.2.4. Inactivation of indicator bacteria

High concentrations of indicator bacteria were found in effluents of
most plants, <2.3-5.9 (logo) E.coli and <1-4.9 (log;() enterococci per
100 mlL, exceeding in most cases European Union limits for acceptable
bathing water quality—200 cfu/100 mL for enterococci and 500 cfu/
100 mL for E. coli (EU, 2006)—in line with similar studies of on-site
systems (Hiibinette, 2009; Vilpas and Santala, 2007). Similar inactiva-
tion rates were obtained by plants with different configurations e.g.,
ASF2 operating in continuous flow and with an alkaline P-filter had an
average removal of 2.5 logjy for E.coli whereas SBR1 operating in
batches had 2.1 log;p removal. The removal rates were generally low,
<2.5 (logip), suggesting that extra polishing treatment steps (e.g.,
chlorination and UV radiation (EPA, 2003)) would be needed to obtain
more hygienic effluents. Likely, the short retention times typically found
in on-site PP did not allow enough sedimentation, encapsulation in the
flocs, natural decay or predation mechanisms to occur (Henze et al.,

2008). Methods like chlorination or UV radiation can be implemented as
tertiary treatment and their disinfection success is related to the con-
centration of colloidal and particulate constituents in the wastewater.
While low dosages of UV radiation may not inactivate some viruses,
spores and cysts, the method has no residual effect that could harm
humans or aquatic life, as compared to chlorine (EPA, 2003).

No correlation was found between the effluent temperature and
densities of either E. coli (p = 0.154) or enterococci (p = 0.834), in line
with previous studies of conventional activated sludge systems oper-
ating at 9-15 °C (Barrios-Hernandez et al., 2020). However, regression
analyses of variables at specific facilities revealed strong inverse corre-
lations at SBR1 between wastewater temperature and effluent densities
of both enterococci and E. coli (R-Sq = 70.9 and 48.1%, respectively, n =
9). Moreover, at SBR1, the lowest E. coli effluent densities (logio 2.4)
were recorded in August, when the water temperature was one of the
highest measured (about 17 °C), and highest (logio 4.4) in April, when
the water temperature was coldest (Tinfluent = 3.7 °C, Teffluent = 5.9 °C).

3.3. Occurrence and removal of micropollutants in selected facilities

Twelve of the 19 analysed pharmaceutical compounds were detected
in at least one of the influent samples taken from facilities TF and ASC
(Table S1). Of these 12 compounds, nine were detected in effluents of
the TF and nine (not the same) on effluents of ASC facilities (Table 5).
The pharmaceuticals detected included anti-inflammatory drugs
(diclofenac, ibuprofen and ketoprofen), p-blocker drugs (bisoprolol and
metoprolol), an ACE inhibitor (enalapril), anticonvulsants (gabapentin
and levetiracetam) and the antidepressant venlafaxine. Effluent con-
centrations of bisoprolol, anticonvulsant levetiracetam and ketoprofen
were within ranges of previously reported effluent concentrations from
large WWTPs and on-site systems, but those of venlafaxine and meto-
prolol were slightly higher (Table 5). Effluent concentrations of diclo-
fenac were generally higher than reported concentrations in effluents of
conventional wastewater treatment plants (WWTPs), but within ranges
of those reported in effluents of on-site sewage systems. In contrast,
effluent concentrations of ibuprofen and gabapentin were much higher
than those recorded in previous studies. Low concentrations of the ACE
inhibitor, enalapril were found, while previously reported concentra-
tions have typically been sub-limit of quantification (Leiviska and
Risteela, 2022).

The stimulant caffeine and sweetener acesulfame K were detected in
all the influent and effluent samples of the two studied facilities. Ace-
sulfame K is a commonly used artificial sweetener with suggested suit-
ability as an indicator of wastewater contamination in the environment
due to its persistence (Doummar and Aoun, 2018; Luo et al., 2014). Its
insensitivity to treatment was observed in this study, as the influent and
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Table 5
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Summary of concentrations of the selected pharmaceuticals (except enalapril), caffeine and Acesulfame K (ug L") detected in influents and effluents in this study and
effluents of previous studies. LOQ = Limit of quantification; ND= Not detected. All the measured concentrations are shown in Table S1.

Compound This study Other studies
Range (influent) Range (effluent) Range (effluent)

Diclofenac TF: 0.43-13 TF: 0.54-14 0.2% (max.), <0.001-0.69", 1.4° (max.), 0.03-0.14",2.4-3.9°
ASC: 0.15-2.4 ASC: 0.85-1.2

Venlafaxine TF: 1.1-1.5 TF: 1.3-1.4 0.548" (max.), 0.5-1.3°,
ASC: <LOQ ASC: <LOQ

Bisoprolol TF: <LOQ -0.06 TF: <LOQ-0.06 0.423" (max.), 0.04-1.1°
ASC: 0.1-0.8 ASC: 0.2-0.5

Ibuprofen TF: 9.6-35 TF: 6.7-15 2.1° (max.), ND-55°, 17° (max.), 0.1-4.2°
ASC: 17-69 ASC: 22-67

Ketoprofen TF: 0.6-8 TF: 0.006-1.5 1.6" (max.), 0.003—3.92“, 2.1° (max.), <0.003—0‘03‘], 0.1-0.5°
ASC: <LOQ ASC: <LOQ

Metoprolol TF: 2.1-3.1 TF: 1.6-2.9 0.003-0.25", 0.03-0.1%, 0.6-1°
ASC: 0.7-1.7 ASC: 0.5-1.5

Gabapentin TF: <LOQ-0.01 TF: 0.008-0.08 3-42.6%, <0.9-6.5°
ASC: 43-62 ASC: 29-78

Levetiracetam TF: 0.7-1.5 TF: <LOQ-0.8 0.1-1°¢
ASC: 0.2-0.7 ASC: 0.3-0.5

Caffeine TF: 180-303 TF: 73-192 3% (max.), ND-43.5°, 70.8° (max.), 0.2° (max.)
ASC: 46-187 ASC: 99-149

Acesulfame K TF: 40-140 TF: 37-123 2500" (max.)
ASC: 1.8-11 ASC: 7.1-19

2 Loos et al. (2013). Effluents from 90 WWTPs.

b Luo et al. (2014). Review of effluents from WWTPs in various countries.
c

Matamoros et al. (2009). Effluents from 13 on-site wastewater treatment systems.

4 Kasprzyk-Hordern et al. (2009). Effluents of a WWTP treating mainly communal wastewater using trickling filter beds.
¢ Leiviskd and Risteeld (2022). Effluents of one WWTP with conventional activated sludge.

effluent concentrations did not vary greatly (Table 5). Caffeine is
excreted unchanged in the urine but, in contrast to Acesulfame K, it is
readily degradable in conventional WWTPs and conventional on-site
sewage systems, with high reported removals (>70%) (Deblonde
et al.,, 2011; Luo et al., 2014; Matamoros et al., 2009). In this study,
concentrations in facility TF were clearly lower in the effluent than the
influent (Table 5), but not in facility ASC, corroborating the poor per-
formance of ASC’s biological treatment.

Diclofenac and metoprolol are considered to be poorly removed
(<40%), ketoprofen moderately removed (40-70%), and ibuprofen and
caffeine highly removed (>70%) in conventional WWTPs according to a
simple classification scheme (Luo et al., 2014). Our results are consistent
with these general patterns, particularly for diclofenac and metoprolol,
whereas ibuprofen was removed to a lesser extent (<45%) than previ-
ously reported and only in facility TF. Caffeine was also removed to a
lower degree (about 50% in TF, negligible in ASC) than reported in the
literature. In contrast to Kasprzyk-Hordern et al. (2009), we did not
detect high removal (about 84% was reported) of the anticonvulsant
gabapentin by activated sludge treatment. The antidepressant ven-
lafaxine was found in all the influent and effluent samples of facility TF,
in similar ranges, confirming its persistence in aerobic processes and
ability to resist wastewater treatment, as previously reported (Falds
et al., 2016).

Caffeine, ibuprofen, metoprolol and venlafaxine may be environ-
mentally relevant micropollutants, based on their removal efficiency,
estimated persistency, bioconcentration factor, toxicity potential, con-
centration in wastewater effluents and frequency of detection in samples
(Gros et al., 2017). Use of ibuprofen is considered to result in moderate
environmental risk and the predicted non-effect concentration (PNEC) is
1 pg L™t according to the Swedish pharmaceutical database (FASS, n.d.).
The lowest PNEC for diclofenac is 0.05 pg 17! according to the Norman
Ecotoxicology Database (Norman, n.d.). A suggested environmental
quality standard (EQS) of 0.040 pg L™! for diclofenac is under consid-
eration for inclusion in the EU water legislation (watchlist) (Leverett
et al., 2021). All the effluent diclofenac concentrations recorded in this
study exceeded 0.5 pg L~! (Table 5 and Table S1), implying environ-
mental hazards because of its toxicity to aquatic organisms.

Seven of the 15 analysed phthalates (DEHP, BBP, DEHT, DBP, DEP,
DIBP, DMP) were detected on at least one occasion in effluents of the
two studied plants (Tables S2a-b, Fig. 5). The highest concentrations
measured in the effluents were of the phthalates DEP and DIBP (380 and
270 ng L' in TF effluents, 240 and 310 ng L' in ASC effluents,
respectively). Concentrations of DBP and DEHT were also high in ef-
fluents of facility ASC (408 and 380 ng L', respectively). The influent
and effluent concentrations of the mentioned phthalates were below
concentrations reported in effluents of conventional WWTPs (Deblonde
et al., 2011; Gao and Wen, 2016; Luo et al., 2014), likely due to their
smaller scale (e.g., excluding industrial wastewater). The concentrations
of phthalates in facility TF were always lower in the effluents than the
influents, indicating some removal, but concentrations were higher in
some effluents from the plant ASC than the influents (Fig. 5, Table S2a).

DEHP is included in the European Union’s list of priority substances
(EC, 2013). The highest DEHP effluent concentration measured in the
present study was 0.27 pg L~! (Table S2a), which is lower than the EQS
(annual average value) for inland and other surface waters of 1.3 pg Lt
(EC, 2013) and not shown in the graph due to the high concentrations
found in two of the three blanks taken.

Biodegradation by bacteria and fungi, or adsorption, are considered
important mechanisms in the degradation and transformation of
phthalate esters (Gao and Wen, 2016). The degradation is much slower
in anaerobic than in aerobic conditions because of the lack of syntrophic
microbial communities, together with sub-optimal temperatures, pH,
initial phthalates concentrations and carbon sources (Gao and Wen,
2016). The removal rates in conventional WWTPs are reportedly high
for most phthalates, including DEP, DBP, BBP, DEHP and DMP, e.g.,
>90% according to Deblonde et al. (2011) and 73-87% according to
Gao and Wen (2016). We found stronger removal of phthalates in fa-
cility TF than in ASC (Fig. 5.), in accordance with the other measured
parameters and indicating that removal of phthalate esters will be
sub-optimal in PP with suboptimal biological treatment.

Micropollutants’ fate and likelihood of escape in WWTP processes
are affected by various characteristics, such as their sorption capacity
(affected by their hydrophobicity) and biodegradability (affected by
their bioavailability), so non-volatile and polar compounds are most
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Fig. 5. Influent and effluent concentrations of six selected phthalate esters detected in the two studied facilities, ASC (blue markers) and TF (green markers). All the

measured concentrations, including blanks, are shown in Table S2a-b.

likely to remain untreated (Luo et al., 2014). Parameters of the treat-
ment plants, such as sludge and hydraulic retention times, likely influ-
ence micropollutants’ removal as they affect key components of the
microbial community (e.g. nitrifying bacteria), and time available for
biodegradation and sorption processes (Fernandez-Fontaina et al.,
2012). The PP investigated in this study generally had shorter retention
times (and thus presumably the contact time for biodegradation and
sorption processes) than full scale WWTPs.

Gros et al. (2017) found no clear differences between on-site PP and
medium and large scale WWTPs in concentrations and removals of
micropollutants (e.g., pharmaceuticals), and concluded that pharma-
ceuticals removals in both types of facilities seem to be rather low.
However, there are treatment-related variations, e.g., use of trickling
filters reportedly results in lower removal of pharmaceuticals (<70%)
than activated sludge systems (85%) in full-scale WWTPs (Kasprzy-
k-Hordern et al., 2009). We found that the facility with a trickling filter
(TF) seemed to provide higher removal than the activated sludge plant
(ASC), which was underperforming, so the results should not be
extrapolated. Most PP do not discharge directly into receiving water
bodies, but into ditches or infiltration beds where the effluent is in
contact with soil and vegetation, so further treatment processes may
occur before the substances reach aquatic environments. Nevertheless,
the results indicate that many on-site sewage plants may function poorly
and discharge significant amounts of micropollutants into the sur-
rounding environment and receiving waters, in contrast to general re-
sults of studies limited to relatively well-functioning sewage systems, as
discussed by Blum et al. (2017).

4. Conclusions

The treatment efficiency of eleven PP was studied in terms of
removal of organics, solids, nutrients and indicator bacteria. In addition,
the occurrence of selected micropollutants, including pharmaceuticals
and phthalate esters (not explored to date), in the influent and effluent
of two designated facilities was assessed. The conclusions can be sum-
marized as follows:

10

- Wastewater temperatures remained above freezing (>1.4 °C) even
during periods with the lowest outside temperatures (about —30 °C).
Snow melting appeared to have a stronger cooling effect (due to
water infiltration into the systems) on the wastewater temperatures
than air temperatures.

No strong correlations were found between PP effluent BOD or
nutrient concentrations and the wastewater temperature, although e.
g., the BOD removal appeared to be the lower in some facilities (e.g.,
SBR1, SBR2) during the coldest months.

Nitrogen removal was generally low, however, both nitrification and
denitrification were observed. Nitrification rates were high (>51%)
in SBR1 and SBR2, especially during the warmest periods. Denitri-
fication was also observed, to a limited extent, in these facilities
which included water/sludge recirculation of the nitrified N to the
septic tank.

- Phosphorus removal rates were good (>71%) in six of the 11 plants,
and highest in plants with coagulation. However, no clear relation-
ships between temperature and total phosphorus concentration or
removal were established.

An effect of temperature on the adsorption/precipitation processes in
alkaline P filters was confirmed in one facility (ASF2) where the
effluent pH remained high (>9.5), but not in the plant where the
filter media was already likely exhausted (ASF3, effluent pH < 7.3).
Large densities of E. coli and enterococci indicator bacteria were
found in effluents of most plants as the removal rates were low, <2.6
(log10), suggesting that additional treatment steps are needed to
improve sanitation.

Thirteen of the 19 analysed pharmaceutical compounds were
detected in at least one of the effluent samples taken from the two
monitored facilities. Seven of 15 analysed phthalates were detected
on at least one occasion in effluents of the two studied plants.
Therefore, PP for domestic wastewater treatment may be sources of
micropollutants for the receiving environment.
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