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To remove nitrogen in cold conditions, we studied new nature-based treatment solutions using six pilot-scale
reactors. The pilots were woodchip bioreactor (WBR), aquatic floating hook-moss (Warnstorfia fluitans) (MBR),
and a combined woodchip and floating hook-moss hybrid unit (HBR) with an improved hydraulic design. The
experiment was run in a climate room at temperatures of 10 ◦ C and 5 ◦ C and using mine water from two sites
located in northern Finland. Unlike traditional horizontal flow woodchip bioreactors, in this study the hydraulic
efficiency was improved from poor (λ = 0.06) in the woodchip bioreactor to satisfactory (λ = 0.51) in the hybrid
unit by inserting two inner plates along the water flow and adding floating hook-moss. The hybrid bioreactor
revealed the highest capability of nitrogen removal in all inorganic forms at T ≤ 10 ◦ C with a mean HRT of 70.5
h. On average, 30–78 % of dissolved inorganic nitrogen was removed in the hybrid unit, which was 2 and 3 times
more than in units consisting only of woodchip or floating hook-moss. The hybrid bioreactor revealed a
maximum NO− 3-N removal rate of 1.0–5.2 g m− 3 d− 1 and a 21.8–99.7 % removal efficiency for an average
incoming NO− 3-N load of 40 g d− 1. The maximum NH+4-N removal efficiency of 75.6 and 53 % took place in
HBR and MBR, respectively, when the incoming NH+4-N load was 23.6 ± 0.7 g d− 1 at 10 ◦ C. Over the 154 days of
the experiment, the hybrid unit removed a total of 2.95 kg DIN-N, which was 0.8 kg higher than the sum of the
DIN-N mass removed in the individual woodchip (1.7 kg) and moss units (0.55 kg). The nitrogen content of the
aquatic moss was higher in the hybrid unit compared to the moss unit, showing a higher contribution of N plant
uptake. Overall, our results suggest that combining woodchips and aquatic moss in a hybrid unit with improved
hydraulic efficiency using inner walls may enhance nitrogen removal in cold climate conditions.

1. Introduction

limited (Häyrynen et al., 2008; Herbert et al., 2014), highlighting the
importance of decreasing N load in water bodies.
Removing reactive N from mine-influenced water with relatively
high sulphate concentrations is a challenge in the North, as waters are
also characterized with a low carbon (C) content. Over the last decade,
woodchip bioreactors have been identified as an efficient technology for
reducing nitrate in contaminated waters. Woodchip bioreactors are
suitable for low C waters, such as recirculating aquaculture system ef
fluents (Lepine et al., 2020; Pulkkinen et al., 2021; von Ahnen et al.,
2018), mine-influenced waters (Herbert et al., 2014; Nordström and
Herbert, 2018) and urban storm water runoff (Ashoori et al., 2019).
Nitrate reduction in woodchip bioreactors relies on providing sufficient
C as an electron donor to convert nitrate (electron acceptor) through
denitrifying bacteria to nitrogen gas under anoxic conditions. However,

Nitrogen (N) pollution is a crucial environmental concern worldwide
(UNEP, 2019). One pollution source is nitrogen released from mining
related explosives, leading to increased nutrient loads in recipient water
bodies and accelerating eutrophication (Bailey et al., 2013; Häyrynen
et al., 2008; Lindeström, 2012). In cold climate regions, mining has
faced sever challenges due to harsh environmental conditions, re
quirements to protect the pristine environment, and conflicts with
traditional livelihoods and tourism (Tolvanen et al., 2019). A key
concern for mining in northern circumpolar area is the impact of mines
on water resources as several mines have been opened in recent years in
this region, and more are planned. Aquatic ecosystems in the northern
region, especially in the Artic and sub-Artic areas, are often nutrient-
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low temperatures in cold climate regions limit the applicability of pas
sive bioreactors due to the temperature-dependency of microbial ac
tivity (Addy et al., 2016; Ghane et al., 2015; Hassanpour et al., 2017;
Povilaitis et al., 2020). To compensate for the negative effect of tem
perature, some studies have suggested the use of additional solid C
sources, such as bottle sedge, barley straw and sewage sludge, to treat
mine-influenced water (Hellman et al., 2021; Herbert et al., 2014;
Nordström and Herbert, 2018, 2017). However, there is no significant
enhancement reported in nitrate removal when using additional solid
carbon sources in low temperatures (e.g. Kouanda and Hua, 2021;
Nordström and Herbert, 2017).
It is essential to take internal hydrodynamic characteristics of re
actors into consideration in order to estimate their performance
(Cameron and Schipper, 2011; Christianson et al., 2013; Liu et al.,
2016). Hydraulic efficiency (λ) is commonly used to evaluate hydraulic
performance (Persson et al., 1999). Possible dead zones and shortcircuiting in wetlands may lead to deviation from the ideal plug flow
conditions (Kadlec Ann Arbor, MI, 1987), this would also limit treat
ment performance by decreasing the contact time and the effective
volume of the reactor (Metcalf et al., 1991). Most woodchip bioreactor
studies have focused on nitrogen removal without considering their
hydraulic efficiency. Several studies have shown that hydraulic reten
tion time could affect the nitrogen removal efficiency in woodchip
bioreactors (e.g., Nordström and Herbert, 2017; Lepine et al., 2016).
Only a few studies have investigated the internal hydraulic character
istics of denitrifying bioreactors (Cameron and Schipper, 2011; Chris
tianson et al., 2013). Cameron and Schipper (2011) showed the effect of
inlet-outlet position on short-circuit flow when denitrifying bed packed
with maize cob. Christianson et al. (2013) studied the internal hydraulic
characteristics of traditional horizontal woodchip bioreactors at the
short mean hydraulic retention times (HRT) of 3.12 and 3.48 h when
treating agricultural drainage. However, little is known of how internal
hydraulic characteristics control N processes in woodchip bioreactors
with longer HRT. Increasing the application of denitrifying bioreactors
highlights the need for a greater understanding of their internal hy
draulic characteristics to improve their design.
In addition to woodchip bioreactors as one of the passive and naturebased treatment methods, N removal by aquatic plants, including
aquatic floating hook-moss (W. fluitans), has previously been reported to
purify mine-influenced water in sub-Arctic wetlands (Choudhury et al.,
2018; Hallin et al., 2015). Aquatic moss is an ideal species for the
phytofiltration of nitrogen rich Arctic waters as it is adapted to low
carbon and temperature conditions (Riis et al., 2010) as well as to the
acidic environments (Sandhi et al., 2018) typical in Arctic and
sub-Arctic regions. In addition, vegetation can improve hydraulic effi
ciency in wetlands (Guo et al., 2017). Previous researches by Hallin et al.
(2015) and Hellman et al. (2021) have studied woodchip bioreactors
and wetland macrophytes and mosses as their own, in separate treat
ment units. However, to our knowledge, this is the first study investi
gating the combination of aquatic moss and woodchip bioreactors as a
combined hybrid unit for N removal relevant to the cold climate con
ditions. In addition to combining woodchips and aquatic mosses, we
optimized the bioreactor design by installing inner walls to improve the
hydraulic efficiency and effective volume of the treatment system.
Although bioreactors with inner walls have been proved to improve N
removal (Herbert et al., 2014) it is still unclear how these walls control
flow dynamics in engineered treatment systems.
By combining woodchip and aquatic-moss materials we tested
innovative passive treatment technology and quantified (I) the nitrogen
purification efficiency in woodchip bioreactors (WBR) and aquatic moss
units (MBR) separately and in a combined hybrid unit (HBR) with an
improved design. We (II) assessed whether N removal was enhanced by
the improved design, i.e., the hybrid bioreactor with aquatic moss. We
were further interested in (III) identifying the effects of water temper
ature and inflow water quality on the studied units and (IV) estimating
the effects of the inner walls on internal hydrodynamic parameters and

the enhancement of N removal. The overall aim was to design and test
advanced nature-based solutions to enhance nutrient removal in cold
climatic conditions.
2. Material and methods
2.1. Mining effluent water quality
The study was conducted using mine-influenced water obtained from
two mining sites located in northern Finland. Water from Europe’s
largest gold mine (67◦ 54′ N; 25◦ 22′ E), hereafter referred to as Mine-I,
and water from a nickel mine (67◦ 41′ N;26◦ 55′ E), hereafter Mine-II
(Table. S1). Water from both mining sites was transported and kept in
computer-controlled climate rooms at the University of Oulu. The water
quality of Mine-I and Mine-II is reported as supplementary material
(Table. S1).
2.2. Bioreactor design
A total of six pilot-scale units (two replications for each filter unit),
with dimensions of 50.2 (length) × 12 (wide) × 25 cm (deep) and a
rectangular cross-section, were used to investigate nutrient removal in
novel hybrid units (HBR), combining woodchip and aquatic moss
(W. fluitans) (Fig. 1). The hybrid bioreactor (HBR) consists of a 17 cm
woodchip layer with an aquatic moss layer on top (depth = 7 cm). Two
other individual filter units, a woodchip bioreactor (WBR) and an
aquatic moss unit (MBR) were packed with the same volume of saturated
woodchips and aquatic moss as used in the hybrid bioreactors (Fig. 1;
Table.1). The Woodchip and aquatic moss units were built as individual
units to study the contribution of moss and woodchips on nutrient
removal. The hybrid bioreactors were divided into three compartments
(C1-C3) by placing two inner plates at 15 cm intervals (Fig. 1) in order to
efficiently use the bioreactor volume by forcing water flow below the
surface, providing anaerobic conditions through the flow path (Herbert
et al., 2014). For the same purpose, the bottom part of the quartz layer
close to the inlet was replaced with woodchips with higher hydraulic
conductivity. In each filter unit, layer of quartz gravel (3–5 mm) were
placed at the inlet to provide uniform distributed flow. The quartz layer
was separated from packed materials using a perforated stainless-steel
plate with a 5 mm pore size. The aquatic moss layer in each compart
ment of the hybrid bioreactors was separated from the woodchips by
placing it in plastic netting (pore size = 2 mm; Fig. 1c). All filter units
were designed as an open box made of polyethylene (PE). Water was
added from the surface on one side using a peristaltic pump and was
collected from the other side using outlet pipes which controlled the
water level in the units (Fig. 1).
In this study we used same local birch tree woodchips as used in the
column test by Kiani et al. (2020) (Table. S2). The native, sub-Arctic
aquatic moss was taken from a natural spring ecosystem, located in
Finnish Lapland. The aquatic mosses were transferred to the University
of Oulu and kept in growth chambers (Table. S2). Prior to the test,
woodchips were washed and saturated for 48 h in de-ionized water. The
mean porosity (ρ = 65 %) of the woodchips was calculated based on the
total pore volume in the two single woodchip bioreactors (WBR) filled
with water with a packing density of 373 kg m− 3 (Fig. 1a). The calcu
lated porosity was in range with previous woodchip bioreactor studies
(Christianson et al., 2013; Kiani et al., 2020). The same method was used
to calculate the pore volume in the vegetation layer.
2.3. Operation and sampling
The experiment was run in computer controlled (Fidelix Ltd., Van
taa, Finland) climate rooms (Arctest Ltd., Espoo, Finland) with a con
stant humidity of 70 %, a 16 h light period with an intensity of 70 μmol
m− 2 s− 1 and an 8 h dark period to simulate the natural conditions of
spring ecosystems in the sub-Arctic region (e.g. Finland; Hallin et al.,
2
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Fig. 1. Schematic diagram of the pilot set-up including the water sampling points and operation conditions. a) Cross section of units with dimensions and filter
material, individual units of woodchips, floating hook-moss (Warnstorfia fluitans) and the hybrid bioreactor refereed as WBR, MBR and HBR, respectively. Blue
arrows in the saturated zone show the potential flow direction. Divided components in HBR are denoted as C1-C3. b) Water sampling points from the middle of each
component in each layer (for example, water sample from component number 1 and moss layer (m) is referred to as C1m. c) Plan view of HBR showing the divided
moss layer placed in plastic netting. d) Operation condition for different temperatures and inflow water quality. Mine-I and Mine-II represent the two different inflow
mine water loaded to the units. The water quality can be found in Table S.1. Tracer test-1 and Tracer test-2 have been performed by using tab and Mine-II water,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2015). Prior to loading the mine effluents, units were loaded with tap
water to run a first tracer test. After the tracer test, the performance of all
six units was evaluated at two different temperatures and inflow water
qualities (Fig. 1d). Changes in inflow water quality and temperature
took place at different stages along the experimental period to simulate
the conditions in nature in which microbial communities and vegetation
also evolve and covary over time (Fig. 1d). Sudden temperature varia
tion and quality changes in mine-influenced water are common in cold
climate conditions (see e.g., Khan et al., 2020). Therefore, water quality
and temperature have changed after certain time when bioreactors
reached stable N removal (Fig. 1d). The mean flow rate for all units was
set to 1.2 mL min− 1 to provide a hydraulic loading rate (HLR) of 2.87 cm

Table 1
Packed density of the woodchips and plant biomass of the moss used in all
studied units.
Type of unit
HBR
WBR
MBR

Layer
Woodchips*
Aquatic-moss**
Woodchips*
Aquatic-moss**

Packed density

biomass

Porosity

(kg m− 3)

(kg m− 2)

(%)

392
373

8.8
8.3 ± 0.1(n = 2)

65
70
65
70

*

Saturated weight.
**
Manually dewatered weight
3

S. Kiani et al.

Ecological Engineering 177 (2022) 106562

d− 1 and a theoretical retention time (HRT) of 94 h based on the indi
vidual woodchip bioreactor volume.
Water samples were collected at the inflow tank and outlet of all six
units. For 157 days, samples were collected weekly, at the same time for
all outlets and the inlet. After this, the sampling interval was increased
to once per 2–3 weeks. Solid samples (mosses and woodchips) were
taken before (initial value) and at the end of the experiment for
elemental analysis, assed using coupled plasma mass spectrometry (ICPMS). The sampling of pore water from different compartments inside of
the HBR, WBR and MBR was performed 114 days after the start of the
test (Fig. 1 b). Porewater was collected from the middle of each
compartment (C1 – C3) in HBR and labelled based on existing layers (e.
g., C1m stands for compartment number 1 and moss layer; see Fig. 1b
and c). Sampling was done by placing the 10 mL pipets into the sampling
points (Fig. 1 b). The same procedure was used for two other single
units; WBR and MBR (Fig. 1 b).
All water samples were analyzed on-site for dissolved inorganic ni
trogen compounds (NO− 3-N, NO− 2-N, NH+4-N), sulphates (SO2− 4) and
chemical oxygen demand (COD) using LCK cuvette tests (Hach Lange DS
3900). The elemental analysis of solid and water, as well as the total
nitrogen (TN), biological oxygen demand (BOD7) and dissolved organic
carbon (DOC), was determined by an accredited laboratory using
Finnish national standards (National Board of Waters, 1981). Dissolved
oxygen (DO), redox potential (Eh), pH and electrical conductivity (EC)
were recorded manually with Multi 3630 IDS.

where c(t) and q (t) are the tracer concentration and outflow rates at the
sampling time of (t), respectively and dt is the sampling interval. The
hydraulic efficiency (λ) suggested by (Persson et al., 1999) was calcu
lated in Eq. (4) to quantitative estimates of hydraulic performance re
actors. A value of λ > 0.75, 0.5 < λ ≤ 0.75 and λ ≤ 0.5 corresponds to
good, satisfactory and poor hydraulic efficiency (Persson et al., 1999).
λ=

tp
tn

(4)

Where tp is tracer peak time. A tanks-in-series model applied to
evaluate the internal hydraulic characteristic of reactors, where an in
finitive number of tanks (N) corresponds to a plug flow condition and a
totally mixed reactor is classified with N = 1.0 (Kadlec and Knight,
1996).
N=

tmean
tmean − tp

(5)

The developed measurement for short-circuiting, created by Ta and
Brignal (1998), was calculated based on Eq. (6):
S=

t16
t50

(6)

Where t16 represents the time when 16 % of the salt is recovered and
t50 corresponds to the time when 50 % of the tracer is eluted from the
systems. S values close to 0 indicate short-circuiting in the system.

2.4. Tracer test and hydraulic efficiency calculation

2.5. Statistical analysis

Two tracer tests were performed, one before discharging mine waters
to the units and another at the end of the experimental run (Fig. 1d). A
concentrated solution of sodium chloride (NaCl) was used in both tracer
tests. The first test was conducted after loading tap water for two weeks
and achieving a stable EC (119 ± 10.7 μs cm− 1) in outlets with a high
mean flow rate (9.7 mL min− 1) and T = 10 ◦ C. The second tracer test was
done at a low flow rate (1.2 mL min− 1) and T = 5 ◦ C with Mine-II water.
Tracer solutions of 100 g and 7000 g (NaCl) L− 1 were injected into the
units for 15 min and 90 min in test-1 and test-2, respectively. The EC and
water temperature were recorded automatically with HOBO loggers in
the inlet and outlets at 0.5- and 2-min intervals. For a better under
standing of the internal flow dynamic of combined HBR, EC values were
monitored automatically with two Multi 3630 IDS meters placed along
the flow path (C2m and C3m) and in the outlets (Fig. 1 b).
The corresponding electrical conductivity of the salt concentration
(Csalt) was plotted by adding a certain amount of salt to 250 mL of tap
and mine water in the first and second test. The calibration line was
achieved using linear fitting on the Csalt – EC data. Linear fitting equa
tions were used to calculate the salt concentration based on measured EC
during two tracer tests. The internal flow dynamic of the differently
designed bioreactors was evaluated based on a tracer residence time
distribution curve. The nominal residence time (tn) of each reactor was
calculated using a commonly used plug flow reactor method (e.g. Kadlec
Ann Arbor, MI, 1987; Christianson et al., 2013) in Eq. (1).

N removal in different experimental conditions (eg., bioreactor type,
temperature and inflow water quality) was tested with an analysis of
variance (ANOVA) and with post-hoc Tukey HSD tests. All statistical
analyses were conducted in R statistical software (R Core Team, 2019)
using an FSA package (Ogle et al., 2021).

tn =

V
Q

3. Results
3.1. Nutrient removal
Outflow nitrogen concentration in all of the studied units showed
instant removal from both inflow sources (Mine-I and Mine-II) (Fig. 2).
Over the entire study period, the inflow mean total nitrogen (TN) con
centration was 25.3 mg L− 1 and the mean outflow concentration was
18.7 mg L− 1 for all studied bioreactors. TN concentration of the inflow to
the all bioreactors ranged between 18.7 and 50 mg L− 1, from which 95
% was dissolved inorganic nitrogen (DIN: sum of NO− 3-N, NH+4-N,
NO− 2-N). Organic nitrogen concentration was estimated by subtracting
the DIN (sum of NO− 3-N, NH+4-N, NO− 2-N) from the measured total
nitrogen in the laboratory (number of samplings n = 10). On average,
only 4 % of the total nitrogen in inflow water was in an organic form,
this amounted to 0.3 mg N L− 1. Outlet organic N was higher than inflow
in all bioreactors but at low consecrations of 1.75, 2.23 and 0.88 mg L− 1
in hybrid bioreactor (HBR), woodchip bioreactor (WBR) and moss
bioreactor (MBR), respectively. Inorganic nitrogen compounds varied in
the inflow waters used (Mine-I and Mine-II) (Fig. 2a, Table. S1) resulting
in different removal efficiencies. Dissolved inorganic nitrogen (DIN) in
Mine-I inflow was comprised of 67 ± 4 % NH+4-N (amounting to 13 ± 2
mg L− 1), 31 ± 4 % NO− 3-N (5.15–6.7 mg L− 1) and minor amounts of
NO− 2-N (2 ± 0.8 %). However, the nitrogen in Mine-II water was mostly
in an NO− 3 form (99.6 ± 0.3 %) at a higher concentration, ranging from
23.50–49.40 N mg L− 1 (Fig. 2a). Although all studied units showed ni
trogen removal, significant differences were noted in N removal be
tween the hybrid bioreactor (HBR) and individual units. In the HBR, all
nitrate and nitrite was removed, and ammonium decreased clearly in
Mine-I water. The WBR removed less nitrate and ammonium compared
to the HBR. Although the MBR removed the least nitrogen, there was
more ammonium removed in the unit from Mine-I at T = 10 ◦ C

(1)

where V is pore water volume calcuated as Vtot and Q is the mean inflow
rate to the reactors. The mean residance time (tmean) and recovered
tracer mass (M) were caculated based on the tracer residence time dis
tribution curve using Eq. (2 and 3):
∫∞
t × c(t) × dt
tmean = 0 ∫ ∞
(2)
c(t) × dt
0
∫
M=

∞

q(t) × c (t) × dt
0

(3)
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Fig. 2. Nitrogen compounds at the inlet and outlet of all studied units. Gray dash lines and boxes show the day on which water types have been changed and the
adopting period in the experiment, respectively. Mine – I and Mine – II represent the inlet water types (see Fig. 1d and Table. S1).

compared to the WBR.
3.1.1. Purification efficiency of the hybrid bioreactor - HBR
On average, 48 % of dissolved inorganic nitrogen was removed in the
HBR (Fig. 2b). Over the 157 days of the experimental runs, the total
inflow DIN-N mass was 8.7 kg, of which 3.5 kg was removed in HBR
(Fig. 1S). Immediately after starting the experiment, when inflow con
sisted of Mine-I, inlet NO− 3-N concentration decreased from 6 mg L− 1 to
a mean value of 0.14 mg L− 1 in the outlet, indicating a removal effi
ciency of 96 ± 0.3 % and a volumetric NO− 3-N removal rate of 1.3 ± 0.1
g m− 3 d− 1 (Fig. 2b, Table.2). After changing the inflow water to Mine-II
(high NO− 3-N, no NH+4-N), outlet NO− 3-N concentration was varied in a
similar way to the inflow (Mine-II) NO− 3-N concentration (Fig. 2a and
b). Outlet concentration exceeded the maximum value of 34.5 mg L− 1
(day 79) in Mine-II and tended to decrease to a stable mean concen
tration of 16 mg L− 1 over the last two months of the experiment
(Fig. 2b). Even though the outlet NO− 3-N concentration showed fluc
tuations during the inflow of Mine-II, removal efficiency remained sta
ble at 33.2 ± 7.5 %, and volumetric removals were higher and ranged
between 1 and 5.2 g NO− 3-N d− 1 (Fig. 2b, Table.2). During this stable
removal from inflow Mine-II, the HBR exhibited linear NO− 3-N removal
through all the compartments (C1-C3) divided by moss (m) and wood
chip (w) layers (Fig. 3). NO− 3-N removal occurred in all compartments,
ranging between 3 % to 8 % and 1.0 to 3.2 g NO− 3-N d− 1, with a higher

Fig. 3. The nitrate reduction profile through different compartments of the
hybrid bioreactor (HBR) during Mine-II inlet water and T = 5 ◦ C on day 141.
Water samples taken from different components and layers as indicated
in Fig. 1.

Table 2
Summary of nitrate and ammonium incoming load, hydraulic loading rate, reduction rate and efficiency in hybrid bioreactor (HBR), woodchip bioreactor (WBR) and
moss unit (MBR) over 157 days. The data represented in mean ± standard deviation for two temperatures (T = 5 and 10 ◦ C) and water qualities (Mine-I and Mine-II).
HBR
Temperature (◦ C)
Incoming NO-3 load (g N d-1)
Incoming NH+4- load (g N d-1)
NO3 removal efficiency (%)
NH+4- removal efficiency (%)
NO-3 removal rate (g N m-3 d-1)
NH+4- removal rate (g N m-3 d-1)

WBR

MBR

Mine-I

Mine-I

Mine-II

Mine-I

Mine-I

Mine-II

Mine-I

Mine-I

Mine-II

T=10
11.7 ± 1
23.6 ± 0.7
96 ± 0.3
67 ± 4
1.3 ± 0.1
1.6 ± 0.1

T=5
11.9 ± 1
27.8 ± 4
98.5±1
42.4±22
1.3±0.1
1.1±0.6

T=5
65.3 ± 21
0.2 ± 0.2
33.2 ± 7.5
N/A
2.5 ± 1.2
N/A

T=10
11.7 ± 1
23.6 ± 0.7
80 ±10
27.2 ± 5
1.2 ± 0.2
0.9 ± 0.2

T=5
11.9 ± 1
27.8 ± 4
40.4 ± 5
23.7 ± 16.4
0.6 ± 0.1
0.9 ± 0.6

T=5
65.3 ± 21
0.2 ± 0.2
19.5±5
N/A
1.7 ± 0.8
N/A

T=10
11.7 ± 1
23.6 ± 0.7
46 ± 4
43.6 ± 9.4
1.2 ± 0.2
2.4 ± 0.6

T=5
11.9 ± 1
27.8 ± 4
13.5 ± 9
11.5 ± 4
0.4 ± 0.2
0.7 ± 0.3

T=5
65.3 ± 21
0.2 ± 0.2
6.3 ± 3
N/A
0.9 ± 0.4
N/A
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magnitude in the woodchip layers. By the sampling on day 144, 32 % of
NO− 3-N had been removed (amounting to 15 g d− 1 load), of which 73 %
was removed in the woodchip layer and placed in the middle of the HBR
(C2w).
Inlet NH+4-N concentrations of 13 ± 2 mg L− 1 in Mine-I decreased by
53 % to a mean concentration of 6.2 mg L− 1 during the first two months
of the experiment. The volumetric NH+4-N removal rate from Mine-I
ranged between 0.24 and 2.3 g NH+4-N m− 3 d− 1 with a mean value of
1.3 g NH+4-N m− 3 d− 1. In the first month, an average of 67 ± 4 % of
ammoniacal nitrogen was removed and purification efficiency
decreased to 42.4 ± 22 % for the rest of Mine-I treatment. After 56 days,
when inflow NH+4-N concentration decreased lower than 0.27 mg L− 1 in
Mine-II, outlet NH+4-N concentration remained below the detection
limit (0.015 mg L− 1).
On average 98 % of NO− 2-N was removed from Mine-I with a mean
inlet concentration of 0.4 mg L− 1. However, outlet NO− 2-N concentra
tion was higher than at the inlet for all sampling events in Mine-II
(ranging from 0.4 to 1.4 mg L− 1).

Table 3
Results of two-way ANOVA considering (a) effect of bioreactor type (BR(t)),
temperature (T = 5 and 10 ◦ C) and their interactions (BR(t) × T) in inflow mine-I
and (b) the effect of bioreactor type, inflow water quality (W(t)) and their
interaction (BR(t) × W(t)) on nitrogen removal at T = 5 ◦ C.
a)

BR(t)

Nitrogen removal
(%)

F

P

T
F

P

BR(t) × T
F

P

DIN
NO-3-N
NH+4-N

49.9
381.6
14.1

***
***
***

30.3
122.6
15.2

***
***
***

2.4
37.8
2.5

ns
***
ns

b)

BR(t)

Nitrogen removal
(%)

F

P

F

P

F

P

DIN
NO-3-N

7.6
368.9

***
***

50
437

***
***

8.9
138.1

***
***

W(t)

BR(t) × W(t)

ns, not significant; *p < 0.05; ** p < 0.01; *** p < 0.001; (df for BR(t) = 2, T = 1,
BR(t) × T = 2, W(t) = 1, BR(t) × W(t) = 2).

3.1.2. Purification efficiency of woodchip bioreactor - WBR
Over the study period, the WBR removed 1.7 kg of the total accu
mulated DIN (Fig. 1S). On average, 37 % of nitrate-N and 1.3 g NO− 3-N
m− 3 d− 1 was removed in the woodchip bioreactor, with an average of
57 ± 23 % and 19.5 ± 5 % from Mine-I and Mine-II, respectively (Fig. 2c,
Table. 2). The maximum nitrate-N concentration was removed in the
first month at a mean value of 80 ± 10 %, which then decreased to 50 %
at the end of the inflow of Mine-I. During inflow of Mine-II (days
72–157), the outlet NO− 3-N concentration followed the same pattern as
observed in the hybrid bioreactor but at higher concentrations
(19.8–40.0 mg L− 1) and a lower removal efficiency (Fig. 2c and b,
Table.2). Moreover, the woodchip bioreactor demonstrated a lower
removal rate of 1.7 ± 0.8 g NO− 3-N m− 3 d− 1 compared to the hybrid
bioreactor (Table. 2).
The woodchip bioreactor removed NH+4-N in all sampling events
except on days 72 and 79, when inlet water was changed (Fig. 2a and c).
Outlet concentrations in the woodchip bioreactor showed similar fluc
tuations as in the hybrid bioreactor. The outlet NH+4-N concentration
ranged between 6.9 and 15.9 mg L− 1 for Mine-I, amounting to 50 % of
NH+4-N removal in the hybrid bioreactor. On average, the woodchip
bioreactor removed 0.83 ± 0.4 g NH+4-N m− 3 d− 1 during Mine-I. During
the inflow of mine-II, outlet concentration of NH+4-N increased for a
short time (days 72–79) then dropped lower than the mean inlet con
centration (0.05 mg L− 1) by 75 %. Unlike NO− 3-N and NH+4-N, outlet
NO− 2-N concentrations elevated mean inlet in all sampling events but
remained at the low mean concentration of 0.68 mg L− 1.

removal differed significantly across the different types of bioreactors
(Table.3). The hybrid bioreactor had the highest DIN, NO− 3-N and
NH+4-N mean removal efficiency, followed by WBR across all tested
experimental conditions (Figs. 2 and 4). MBR removed the lowest
amount of nitrogen compounds in all experimental conditions, except
for the removal of NH+4-N and DIN from Mine-I when the temperature
was 10 ◦ C (Fig. 4 a-c). We also found significant interaction between
bioreactor type and temperature on nitrate removal (F(2,1) = 37.8, P <
0.001, Table. 3a). In the hybrid bioreactor, NO− 3-N removal efficiency
did not differ (P > 0.05) when the temperature was lowered from 10 to
5 ◦ C due to the low inlet NO− 3-N concentration in Mine- I, whereas the
opposite was observed for NH+4-N (P > 0.05) (Fig. 3a and 5b-c). The
significant temperature effect on NO− 3-N removal in the WBR and MBR
is highlighted in Fig. 4.b, with removal efficiency decreasing by 50 %
and 70 %, when the temperature was decreased from 10 to 5 ◦ C.
Temperature and bioreactor type had an effect on NH+4-N removal
(P < 0.05, Table. 3a). The highest mean NH+4-N removal of 67 %
occurred in HBR at T = 10 ◦ C and the lowest was in the MBR, at around
14 % at T = 5 ◦ C (Fig. 4c) when inflow was Mine-I. MBR had the lowest
mean NH+4 removal at T = 5 ◦ C, but at the higher temperature the unit
removed more NH+4-N than the woodchip bioreactors (Fig. 4c). NH+4-N
data from Mine-II was not presented due to the low inflow concentra
tions (Fig. 2a). Decreasing the temperature from 10 to 5 ◦ C had a sig
nificant effect on NH+4-N removal in the hybrid bioreactor, leading to
lower removal efficiency, whereas temperature decrease did not affect
the woodchip bioreactor (P > 0.05) (Fig. 4c).
By Changing the inflow water from Mine-I to Mine-II, nitrate removal
efficiency decreased to a mean value of 33 % and 19 % in the hybrid unit
and individual woodchip unit, respectively. However, changing the ni
trate concentration in inflow water did not have an effect on the removal
of individual moss units (P > 0.05) (Fig. 4 a and b).

3.1.3. Purification efficiency of the moss unit - MBR
On average, 16.7 % of DIN (0.86 kg) was removed in the moss unit
over the entire study period, with a maximum mean removal of 44.5 %
during the first month of the experiment, indicating 53 and 43.6 % mean
removal of NO− 3-N and NH+4-N, respectively (Fig. 1S and Fig. 2d). After
21 days, outlet NO− 3-N and NH+4-N concentrations in Mine-I tended to
increase by 55%, from 5 to 11.6 mg L− 1, while inlet concentrations
stayed stable (NO− 3-N = 5.85 ± 0.5, NH+4-N = 13 ± 1.88). For Mine-II,
the MBR revealed the lowest mean nitrate removal of 6.3 ± 3 %,
amounting to 0.9 ± 0.4 g NO− 3-N m− 3 d− 1 and the outlet NH+4-N
concentration remained below 0.36 mgL− 1(Table. 2). Similarly to the
woodchip bioreactor, the outlet NO− 2-N concentration exceeded the
inlet during the study period, but concentrations were lower during the
inflow of Mine-II (after day 72).

3.3. Hydraulic properties of the units
The results of two tracer tests for all units are illustrated as
normalized tracer curves for two different experimental conditions in all
of the studied units (Fig. 5). The tracer results were then used to
calculate the hydrodynamic parameters, as shown in Table. 4.
During tracer test-1, when flow rate (9 to 10 mL min− 1) was 10 times
higher than the experiment flow rate, the mean residence times were 10
h, 6.4 h and 15.4 h for the woodchip bioreactor, hybrid unit and moss
unit, respectively (Table. 4). Tracer response curves differed among the
units (Fig. 5a). In the woodchip bioreactor, a significant proportion of
injected tracer rapidly eluted in 0.6 h and reached peak concentration
only in 0.06 cumulative pore volume when tn = 11 h (Fig. 5a). During
the same tracer test, the tracer response curve in the moss unit had a

3.2. Effect of temperature, inflow water quality and bioreactor type on N
removal efficiency
Bioreactor type, water temperature and inflow water type influenced
nitrogen removal efficiency in tested units (Table.3, Fig. 3). Nitrogen
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Fig. 4. Marginal mean nitrogen removal efficiency in all studied units under experimental conditions. a) Dissolved inorganic nitrogen; b) Nitrate and c) Ammonium
removal efficiency in the hybrid bioreactor (HBR), Woodchip bioreactor (WBR) and Moss unit (MBR) at 5 and 10 ◦ C temperature. Mine-I and Mine-II represent the
inflow water type. The ammonium removal efficiency in Mine-II was neglected due to its low inflow concentration (lower than 0.27 mg L− 1). The dark blue dots show
the mean values in boxplots. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Table 4
Summary of hydrodynamic measures in two applied tracer tests. Tracer test-1
was done with tap water when Q1 = 9-10 mL min− 1and T1 = 10 ◦ C and trac
ert test-2 was applied at the end of the experiment with inflow water Mine-II
when Q2 = 1.1–1.2 mL min− 1 and T2 = 5 ◦ C.
Tracer test-1
Average flow rate (mL min− 1)
Potential mobile volume (L)
Nominal residence time tn (h)
Recovery of tracer (%)
Mean residence time tmean(h)
Peak time tp (h)
hydraulic efficiency -λ
Number of CTSRs -N
short-circuiting index-S

Tracer test-2

WBR

MBR

HBR

WBR

MBR

HBR

10
6.6
11
84.5
10
0.6
0.05
1
0.14

9
3.4
6.2
70
6.4
0.88
0.1
1.2
0.4

10
10
16.7
82.6
15.4
6.6
0.4
2
0.37

1.2
6.6
94
93
52.7
5.4
0.06
1.1
0.23

1.1
3.4
51
78
56.4
12
0.24
1.3
0.38

1.2
10
139
77
130
70.5
0.51
2.2
0.3

unit was tn = 6.2 h (Fig. 5a). The smooth tracer response curve in the
hybrid bioreactor differed noticeably from other units in both tracer
tests (Fig. 5). During tracer test-1, the salt concentration on the outlet
increased gradually and reached the peak after 0.40 cumulative pore
volume and then diminished gradually into the background concentra
tion (Fig. 5). In addition, tracer concentrations detected in different
moss compartments of the HBR confirmed water flow through all of the
compartment (Fig. S2).
The results from tracer test-2 represent the experimental condition of
this study (flow rate and mine water) after 157 days with low flow rate
(Fig. 1 and Table. 4). Based on the average flow rate into the bioreactors
and potential mobile volume, nominal residence time was 139, 94 and
51 h in the HBR, WBR and MBR (Table.4). The HBR and WBR bio
reactors showed similar tracer response curves as those in the higher
flow rate (Fig. 5b). However, the moss unit showed a different shape of
tracer response curve (Fig. 5b) during tracer test-2. Mean residence
times were 52.7, 56.4 and 130 h for the WBR, MBR and HBR, respec
tively. Similarly, for tracer test-1, peak concentration accrued at a
similar cumulative pore volume of 0.06 and 0.6 in the woodchip and
hybrid bioreactor (Fig. 5). The woodchip bioreactor showed very poor
hydraulic efficiency (λ = 0.06) and a number of the tanks were classified

Fig. 5. Tracer response curves for two tracer tests. Tracer test-1 was done with
tap water when Q1 = = 9–10 mL min− 1and T1 = 10 ◦ C and tracert test-2 was
applied at the end of the experiment with inflow water Mine-II when Q2 =
1.1–1.2 mL min− 1 and T2 = 5 ◦ C.

similar shape as the woodchip bioreactor (Fig. 5a). However, the moss
unit reached a relatively lower peak concentration (C/C0 = 0.82) just
after 0.85 h from the start of the injection when 0.15 cumulative pore
volumes exited the unit. The calculated nominal residence for the moss
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as mixed reactor (N = 1.1; Table.4). The HBR and MBR showed higher
hydraulic efficiencies of λ = 0.51 and 0.24, respectively. In addition to
satisfying hydraulic efficiency, the number of tanks in the hybrid
bioreactor (N = 2.2) was higher than other reactors.

more NH+4 -N removal compared to the WBR and MBR. Such a great
improvement of N removal in the hybrid bioreactor can be explained
with plants and their microbial interactions (Hallin et al., 2015; Hellman
et al., 2021), the higher hydraulic efficiency of an improved design with
inner walls (Herbert et al., 2014) and sufficient HRT as an important
design criteria (e.g. Kouanda and Hua, 2021; Lepine et al., 2016).

3.4. Carbon, sulphate and phosphorus concentrations

4.1. Performance of the woodchip bioreactor

DOC and COD concentrations were used to study carbon (C) avail
ability as one of the key factors in NO− 3-N removal (Moorman et al.,
2010; Roser et al., 2018; Schipper et al., 2010). DOC concentrations in
Mine-I and Mine-II were 4 ± 1.5 mg L− 1, (n = 6), while COD concen
trations varied between 4.6 and 50 mg L− 1 (16.2 ± 13.8, n = 9). The
HBR demonstrated a higher DOC and COD concentration than the inlet,
ranging from 8.4 ± 3 mg L− 1 (n = 6) and 31.6 ± 13 mg L− 1 (n = 6).
Similarly, DOC and COD were higher at the outlet of the WBR than the
inlet, amounting to 7 ± 1 and 18.7 ± 1.58.4 mg L− 1, with no significant
differences from the HBR outlet concentration. Unlike the HBR and
WBR, outlet DOC and COD concentrations in the MBR were lower than
the inlet in all sampling events, at values of 3.3 ± 1 and 10 ± 6 mg L− 1,
respectively. In addition to COD and DOC as biodegradability parame
ters, C content from the dry weight (DW) of aquatic moss and woodchips
from all units at the start and the end of the experiment were measured.
Woodchip samples showed a similar C content of 497,000 mg C kg− 1(DW)
in both the WBR and HBR. However, the initial C content of aquatic
moss decreased from 423,000 to 404,000 and 408,000 (mg C kg− 1(DW))
in the HBR and MBR, respectively.
All studied bioreactors consistently released small amounts of their
total phosphorus (PO4-P) over 157 days (Table.S2). Regardless of tem
perature and water quality, the average inflow PO4-P concentration was
0.04 mg L− 1, which increased to 0.08, 0.07 and 0.06 mg L− 1 in the outlet
of the HBR, WBR and MBR, respectively. In addition, the phosphorus
content (P) in the dry weight of the woodchips and aquatic moss was
measured in all units at the beginning and end of the experiment
(Table S3). Woodchips from the WBR and HBR showed low potential
phosphorus releasing rates of 0.5 mg P kg− 1(DW) over 157 days. The dry
weight phosphorus percentage in the control woodchips was only 0.015
% (150 mg kg− 1(DW)). However, control aquatic moss demonstrated a
0.3 % phosphorus percentage (3000 mg kg− 1(DW)) and after 15 days, the
phosphorus releasing rate was calculated as 6.4 and 7 mg P kg− 1(DW) in
the HBR and MBR, respectively.
SO2− 4 reduction took place in all units with a higher magnitude in
the HBR during Mine-I inflow (Fig. S3). Inlet SO2− 4 concentration
ranged between 1222 and 2051 mg L− 1, reduced to mean values of
1277, 1358 and 1350 mg L− 1 in the HBR, WBR and MBR, respectively
(Fig. S3).

Instant NO− 3-N removal in woodchip bioreactors from mine
contaminated water has also been observed previously (e.g. Herbert
et al., 2014; Nordström and Herbert, 2018, 2019; Povilaitis et al., 2020).
Nevertheless, low temperatures in the Arctic limit denitrification rates as
microbial activity is temperature-dependent (Addy et al., 2016; Ghane
et al., 2015; Hassanpour et al., 2017; Povilaitis et al., 2020). In order to
improve the denitrification rate, a few studies have suggested using
additional C source for mine-influenced water in cold climate conditions
(Nordström and Herbert, 2018, 2019; Povilaitis et al., 2020). However,
only small improvements in nitrates have been reported in low tem
peratures when using additional carbon (Hellman et al., 2021; Povilaitis
et al., 2020; Tangsir et al., 2017). Kouanda and Hua (2021) have re
ported 1.1 to 1.7 % and 5.9 to 9.5 % N removal in fresh and composted
woodchips (at HRT = 12 h) when inlet NO− 3-N concentrations were 30
and 50 mg L− 1, respectively, at T = 5 ◦ C. In their study, bioreactors were
operated at room temperature (22 ◦ C) for 1 month to achieve steady N
removal and were then moved to a control room at T = 5 ◦ C to study the
effects of temperature on N removal. The removal percentage reached
the maximum reduction rate of 2.60 ± 0.29 in composted and 0.55 ±
0.29 (g N m− 3 d− 1) in fresh woodchips at T = 5 ◦ C (Kouanda and Hua,
2021). Although, their starting temperature was higher than the current
study, our maximum load reduction rate was 2.8 (g N m− 3 d− 1) in fresh
woodchips and 5.2 (g N m− 3 d− 1) in the hybrid bioreactor when the
temperature was 5 ◦ C and the inlet NO− 3-N concentration was 36.5 and
24.3 mg L− 1. A higher load reduction rate (on average 1.3 g N m− 3 d− 1)
was observed only in the woodchip bioreactor at T = 5 ◦ C, which could
be due to the woodchip type having a high C release rate combined with
higher packed density and higher HRT (tmean = 52.7 h) calculated based
on the tracer test response curve.
4.2. Performance of aquatic moss
Our results confirmed that floating hook-moss (W. fluitans) and moss
biomass are capable of N removal, as MBR showed 1.5 to 52.8 %
removal of DIN (on average 15.3 %). Furthermore, the highest ammo
nium removal in our units was observed in MBR at T = 10 ◦ C, as peatland
and aquatic mosses prefer ammonium over nitrates as their N source
(Fritz et al., 2014). N removal by the aquatic moss has previously been
reported in sub-Arctic wetlands where mine-influenced water was
treated (Hallin et al., 2015). Hallin et al. (2015) reported that the main N
removal pathway was through denitrification, with an abundance of
denitrification genes (e.g., nirS, nirK, nosZI and nosZII) accelerating
denitrification activity within the moss. In addition, plants can assimi
late N, and plant biomass can usually store 10–15 % of the accounted N
in constructed wetlands (Lee, 2013, Gersberg et al., 1986). The N con
tent of aquatic moss in both the HBR and MBR showed a higher plant
uptake of N in the hybrid unit compared to the moss unit on its own.
Initial N content of moss biomass was 18.3 g N kg− 1 DW, which increased
to 19.1 (g N kg− 1DW), amounting to a 5.1 (mg N kg− 1DW d− 1) nitrogen
uptake rate in the moss unit at 5 and 10 ◦ C compared to the uptake rate
reported by Hallin et al. (2015), which was 14.28 g N kg− 1DW after 50
days of cultivation at T = 10 ◦ C. Moreover, in their study, the aquatic
moss showed the highest abundance of 16S rRNA and denitrifying genes
compared to other studied wetland plant species. Overall, the aquatic
moss is adapted to low temperature conditions (Riis et al., 2010) and to
acidic environments (Sandhi et al., 2018) and, therefore, is the ideal
species for phytofiltration of nitrogen rich Arctic mining waters (Hallin

4. Discussion
Mining has led to increased nitrogen loads in recipient water bodies,
creating an urgent need for sustainable and cost-effective treatment
solutions. We tested nitrogen purification efficiency in a woodchip
bioreactor (WBR) and aquatic moss unit (MBR) separately and in a
combined hybrid unit (HBR). Our results revealed that the woodchip
bioreactor and moss unit, both separately and as a hybrid unit, are
suitable and efficient treatment systems for N removal in low tempera
ture water. Combining the woodchip and floating hook-moss
(W. fluitans) as a hybrid unit enhanced the nitrogen removal from
mine-influenced water when T ≤ 10 ◦ C. Tested temperatures are in line
with mine-influenced water temperature in cold climate regions (e.g.
Finland; T = 5–7 ◦ C; see Khan et al., 2020) and have been changed in
different stages during the experimental period. For the same experi
mental conditions, on average, the DIN removal percentage in the HBR
was 2 and 3.1 times higher than in the individual WBR and MBR units,
corresponding to a 2-fold and 4-fold higher nitrogen mass removal over
the 157 days of the experiment. The HBR nitrogen removal enhance
ment produced of 1.7 and 3.9 times more NO− 3-N and 2.1 and 1.9 times
8
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et al., 2015), which was also confirmed by our findings.
In the current study, moss samples from the HBR and MBR showed a
carbon release rate of 121 and 95.5 mg C kg− 1DW d− 1, consumed in
internal processes fuelled by carbon (e.g., fermentation; nitrate, iron and
sulfate reduction; methanogenesis). The organic exudate type and its
release magnitude can affect the abundance of heterotrophic bacteria
and denitrification activity in plants, soil and bioreactors (Hellman
et al., 2021; Kiani et al., 2020; Orwin et al., 2006). However, the large
surface area of the aquatic moss can provide a sustainable environment
for bacterial colonization and their interaction with water results in
NO− 3 exchange (Hallin et al., 2015).

passive bioreactors, the composition of SRB has not been reported as a
limiting factor in SO₄2− removal (Pruden et al., 2006), however, their
activities play a critical role in bioreactor performance (McCauley et al.,
2009). In addition, the relationship between SRB and cellulolytic mi
crobes as labile carbon providers is reported to be a limiting factor in
sulphate removal (McCauley et al., 2009). High sulphate removal in the
hybrid units in this study demonstrates that C released from moss (e.g.,
carbohydrate and volatile fatty acids) stimulate sulfate reduction in the
woodchip-moss bioreactor, even at T = 5 ◦ C. Continuous sulphate
reduction throughout the experiment revealed that SO₄2− competed
with NO− 3 as an electron acceptor, resulting in inhibited denitrification.

4.3. Hybrid bioreactors enhanced N removal

4.5. N process potential and improved design impact

The hybrid bioreactor revealed the highest capability of N removal in
all inorganic forms at T ≤ 10 ◦ C. The high NO− 3-N removal capacity in
the HBR was evidenced when the temperature was decreased from 10 to
5 ◦ C, as it did not affect the nitrate removal efficiency and the system
remained nitrate-limited with an average removal rate of 1.3 g N m− 3
d− 1. This suggested that an inlet NO− 3-N concentration of 5.85 ± 0.5 mg
L− 1 was not sufficient to exhibit the temperature effect on nitrate
removal. However, the denitrification rates for the woodchip bioreactor
and moss unit on their own were inhibited at low temperature for the
same NO− 3-N concentration. The WBR and MBR temperaturedependency, calculated as Q10 values, were 2.9 and 8, respectively.
This means that a 10 ◦ C increase in temperature leads to a 2.9- and 8-fold
higher NO− 3-N removal rate in the WBR and MBR, respectively. Q10
values in this study were calculated based on removal rates when tem
perature decreased from 10 to 5 ◦ C. Previous studies have reported
higher temperature-dependency (Q10) that varied between 3.4 and 5.4
in woodchip bioreactors under controlled column experimental condi
tions with similar Q10 calculations but different temperature ranges (e.
g., Halaburka et al., 2019; Kouanda and Hua, 2021). Our woodchip
bioreactor Q10 = 2.9 is similar to the Q10 = 2.15 calculated from 26
published wood-based bioreactor studies (Addy et al., 2016). We can
conclude that nitrate-N removal in the HBR revealed no temperature
dependency when inflow NO− 3-N concentration was lower than 6 mgL1
and temperature decreased from 10 to 5 ◦ C during the experimental
period. Hence, parameters other than temperature are controlling the
nitrate removal in low inlet NO− 3-N concentrations. Such high denitri
fication rates in low temperatures could be due to a high abundance of
denitrifying bacteria living in symbiosis with the aquatic moss (e.g.,
endophytes) and woodchip layer, and sufficient carbon availability for
the HBR released from aquatic moss layer. Previously, Warneke et al.
(2011) have indicated a correlation between denitrification rates and
liable carbon and abundance of denitrifying genes in the reactor. The
aquatic moss in the HBR exhibited 1.27 times more C release with a rate
of 121 mg kg− 1DW compared to samples from the aquatic moss unit
(95.5 mg C kg− 1DW). Also, DOC and COD were higher in the HBR outlet
compared to other studied units.

The results of tracer tests significantly evidenced non-ideal flow
regime and poor hydraulic efficiencies within the woodchip and moss
bioreactors compared to the hybrid bioreactor, which may partially
explain the differences in their nitrogen performance. In several previ
ous studies, HRT has been identified as a critical design parameter in
passive bioreactor performance. However, few studies have investigated
internal hydraulic properties and their effects on bioreactor perfor
mance. Most of the focus has been on HRT values without considering
the ways in which mean HRT may be the same in different designs, but
with hydraulic properties differing significantly. Moreover, the magni
tude of HRT cannot represent the internal hydraulic properties that
control the internal processes in the bioreactors. A low hydraulic effi
ciency indicator (λ = 0.06), the distribution of peaks in tracer test curves
and a relatively low short-circuiting index (S = 0.14 and 0.23) indicated
possible short circuiting in the woodchip bioreactor, resulting in poor
nitrogen removal (Cameron and Schipper, 2011; Christianson et al.,
2013; Liu et al., 2016). The design of the woodchip bioreactor has been
improved by Herbert et al. (2014) by using the inner walls as baffles,
revealing that the distribution and abundance of N-reducing bacteria
differs in depth, distance from inlet and flow path inside the bioreactors.
However, the influence of such baffles on hydraulic characteristics and
flow regime in the reactor is unknow.
In our study, the results of the tracer test revealed that placing inner
walls as baffles through the waterflow improved the hydraulic efficiency
from poor for the woodchips (λ = 0.06) to satisfactory (λ = 0.51) in the
hybrid bioreactor. Number of tank values in the hybrid bioreactor was
close to the number of tanks for wetlands with sufficient performance,
while low N (number of tanks) values in the WBR and MBR categorized
as mixed reactor (Kadlec and Knight, 1996). In addition, tracer con
centrations detected in different compartments of the HBR confirmed
our hypotheses about the potential flow path through moss and wood
chip layers. This indicates a uniform flow in the bioreactor due to the
installation of inner walls as baffles. Linear NO− 3-N removal through all
compartments also suggested the contribution of the maximum volume
of reactor and zero-order reduction rate in the HBR, resulting in the
highest N removal. Our improved bioreactor design forced water to flow
through lower layers in order to preserve anaerobic conditions that
favour nitrate and sulphate reduction. The lower DO concentrations
observed in the HBR outlet ranged between 0.4 and 4 mg L− 1, showing
the oxygen availability limitations by inner walls. The highest NO− 3-N
removal was observed in the middle woodchip layer (C2w) of the HBR.
Our results emphasize the importance of the design of bioreactors and
the use of plants to improve their performance by achieving higher
hydraulic efficiency to meet treatment targets in cold climate condi
tions. In both the woodchip bioreactor and aquatic moss units, denitri
fication was reported as the dominant N removal pathway, and
abundance of the denitrification-associated genes are reported to be
high in both aquatic moss and woodchip bioreactors (Hallin et al., 2015;
Herbert et al., 2014; Kiani et al., 2020), therefore denitrifiers were not
further studied.
No significant nitrite production took place in the HBR and the outlet
NO− 2-N concentration remained lower than 2 mg L− 1 (a tolerable dose

4.4. Carbon content in purification units
The higher C leaching rate from aquatic moss can provide sufficient C
as an energy source to fuel internal processes such as nitrate and sulfate
reductions. Carbon consumption through processes other than nitrate
removal, evidenced by the detection of sulphate reduction in all studied
units. The high C releasing rate, nitrate-limited and reducing environ
ment (average ORP = − 170.5 mV) were potential thermodynamic
conditions in the HBR that demonstrated the highest sulphate re
ductions. Carbon availability has been identified as a limiting factor in
dissimilatory sulphate reduction in bioreactors used to purify minecontaminated water (McCauley et al., 2009; Nordström and Herbert,
2018). Sulphate reduction bacteria (SRB) has been reported as the
dominant removal pathway in passive bioreactors and constructed
wetlands (Chen et al., 2016; Kushkevych et al., 2018; Wu et al., 2011). In
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for fish) (Kroupova et al., 2005). Temporary starting nitrite production
has been reported as one of the limiting factor in woodchip bioreactors
(Kiani et al., 2020; Lepine et al., 2016; von Ahnen et al., 2016) due to its
toxicity to fish health (Kroupova et al., 2005). NO− 2-N removal effi
ciency in the HBR took place when the system was nitrate-limited
(NO− 3-N concentration < 0.5 mg L− 1; Addy et al., 2016). However,
small amounts of NO− 2-N production (1.5 ± 0.1 mg L− 1) in the HBR
coincided with incomplete nitrate removal (on average, 34.4 %) due to
the relatively high inflow NO− 3-N concentration (45.5 ± 4 mg L− 1).
Nitrite production as an intermediate nitrogen product has been re
ported previously as a result of slow denitrification kinetics and short
HRT (Nordström and Herbert, 2018), the type of carbon composites
(Gibert et al., 2008; van Rijn et al., 2006) and involved microbial
community composition (Zhao et al., 2018) in woodchip bioreactors.
The higher NO− 2-N production in the WBR compared to the HBR and/or
MBR may be due to its poor hydraulic efficiency (λ = 0.05 and 0.06) and
relatively low HRT (tmean = 52.7 h) according to the tracer test curve
response.
The nitrogen uptake rate in moss sampled from the HBR was calcu
lated as 30 mg N kg− 1 d− 1; however, the MBR showed a significantly
lower N uptake rate of 5.1 mg N kg− 1 d− 1. Higher N content in the HBR
also increased the biomass of aquatic moss. Moreover, the N content in
woodchips sampled from the HBR (2500 mg N kg− 1) was lower than the
control woodchips (2600 mg N kg− 1), showing that N was released from
the woodchips due to the decomposition and/or releasing of particular
organic N. All bioreactors showed minor leaching of organic N, with the
lowest in the MBR and highest in the WBR. The HBR showed lower
organic N in outlet compared to the woodchip bioreactor, which in
dicates water quality improvement in the combined unit.
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Separation of nutrients from mine water by reverse osmosis for subsequent
biological treatment. Miner. Eng. 21, 2–9. https://doi.org/10.1016/j.
mineng.2007.06.003.
Hellman, M., Hubalek, V., Juhanson, J., Almstrand, R., Peura, S., Hallin, S., 2021.
Substrate type determines microbial activity and community composition in
bioreactors for nitrate removal by denitrification at low temperature. Sci. Total
Environ. 755, 143023 https://doi.org/10.1016/j.scitotenv.2020.143023.
Herbert, R.B., Winbjörk, H., Hellman, M., Hallin, S., 2014. Nitrogen removal and spatial
distribution ofdenitrifier and anammox communities in a bioreactor for mine
drainage treatment. Water Res 66, 350–360. https://doi.org/10.1016/j.
watres.2014.08.038.
Kadlec Ann Arbor, MI, 1987. The Hydrodynamics of Wetland Water Treatment Systems.
Kadlec, R.H., Knight, R.L., 1996. Treatment Wetlands. CRC Press, Boca Raton, FL, p. 893.
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