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Abstract: Biochar has received increased attention in environmental applications in recent years.
Therefore, three pilot-scale denitrifying bioreactors, one filled with woodchips only and the other
two enriched with 10% and 20% by volume of biochar from deciduous wood, were tested under field
conditions for the removal of nitrate (NO3 -N) and phosphate (PO4 -P) from tile drainage water in
Lithuania over a 3-year period. The experiment showed the possibility to improve NO3 -N removal
by incorporating 20% biochar into woodchips. Compared to the woodchips only and woodchips
amended with 10% biochar, the NO3 -N removal effect was particularly higher at temperatures below
10.0 ◦ C. The results also revealed that woodchips alone can be a suitable medium for PO4 -P removal,
while the amendment of biochar to woodchips (regardless of 10% or 20%) can lead to large releases
of PO4 -P and other elements. Due to the potential adverse effects, the use of biochar in woodchip
bioreactors has proven to be very limited and complicated. The experiment highlighted the need to
determine the retention capacity of biochar for relevant substances depending on the feedstock and
its physical and chemical properties before using it in denitrifying bioreactors.
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To maintain high crop production, modern agriculture uses large amounts of mineral
fertilizers to create more favorable conditions for plant growth. However, this practice can
result in increased levels of nutrients (i.e., inorganic forms of N and P) leaching from the
soil and rapidly entering surface waters through tile drainage systems [1,2]. As in other
countries in temperate regions, this phenomenon detrimentally affects waters in Lithuania,
where the tile-drained area covers 74% of the total agricultural land [3].
The environmental impact from the introduction of tile drainage is a major concern [4].
Excessive nutrient input to water bodies can accelerate eutrophication with the subsequent
promotion of toxicity to aquatic life and endanger human health [5,6]. With the rapidly
increasing human population, agriculture is expected to become even more intense with
likely larger negative impacts on water environments [7]. To mitigate the impacts, nutrient
inflows have to be intercepted before reaching surface waters. Therefore, a new emerging
edge-of-field technology, woodchip-denitrifying bioreactors, has been employed for NO3 -N
removal in tile drainage flow [8–11]. The core of the bioreactor is a drainage trench filled
with woodchips through which the tile flow is directed. Consequently, under anaerobic
conditions, chemically bound oxygen is used by heterotrophic bacteria to oxidize carbon,
while NO3 -N is reduced to N gases [12,13].
Previous research [14–16] has shown that bioreactors can reduce the annual NO3 N load in drainage water from 32% to 55%. However, little has been done to evaluate
phosphate-phosphorus (PO4 -P) removal in bioreactors. Phosphorus is the most important
limiting nutrient for primary production in surface waters. Nevertheless, a significant
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increase in P has been observed in many freshwaters in recent decades [17,18]. Various adsorption technologies are commonly used to reduce PO4 -P content in water [19]. However,
they are not very effective at the low PO4 -P concentrations (e.g., less than 0.100 mg/L, but
enough to cause eutrophication) typically found in tile drainage water [20].
Denitrification is a temperature-dependent process. Consequently, the performance
of bioreactors at lower temperatures (below 10 ◦ C) demonstrates lower NO3 -N removal
efficiency [21–23]. The possibilities of increasing the efficiency of bioreactors at lower
temperatures have not been widely explored. Therefore, more knowledge is needed to
promote the process at lower temperatures when the addition of relevant additives to
woodchips can help to improve denitrification [6,24–26].
Biochar is a carbon-rich material produced during the pyrolysis process [27]. Due to its
specific properties (e.g., high surface charge, high specific surface area, high micro-porosity
and more), biochar has become a widely used material for environmental purposes [28].
Biochar is known to act as a reducing agent in chemical reactions [29], and therefore it could
be an effective additive to enhance nutrient removal in woodchip bioreactors. Consequently,
the main goal of this study was to determine whether woodchips amended with biochar
can increase NO3 -N and PO4 -P removal in bioreactors treating tile drainage flow.
2. Materials and Methods
To assess the efficiency of NO3 -N and PO4 -P removal in tile drainage flow, three pilotscale denitrifying bioreactors were built at the field laboratory of Agriculture Academy at
VMU in Kaunas, Lithuania. One bioreactor (WW) was filled entirely with woodchips, while
the other two (WAB-10 and WAB-20) were supplemented with a mixture of woodchips and
10% and 20% biochar by volume (v/v), respectively. The experiment was part of ongoing
research [26,30] aimed at examining the suitability of denitrification bioreactors for tile
water treatment.
Each bioreactor was a 1.0 m3 plastic container (Figure 1) installed in a drainage
trench and connected to two (1.0 m3 each) water supply tanks. Woodchips from alder
(Alnus glutinosa) and pine trees (Pinus sylvestris) dominated the wood mixtures, with
diameters ranging from 1.1 cm to 3.0 cm and with a bulk density of 260 kg/m3 , whereas
biochar made from deciduous wood at temperature 850 ◦ C was a commercial product of
FLUID® (Warzsawa, Poland). The particle size fraction of 0.825–2.0 mm had the highest
(73.8%) mass fraction in biochar with a 3.1% ash content, 80.6% C content (dry weight),
pH 8.3, porosity 0.70, bulk density 300 kg/m3 , iodine number 250 mg/g, BET surface area
445 m2 /g, 0.96% N, 0.10% total P, 664.8 mg/kg labile P2 O5 , 957.6 mg/kg total Fe, 0.52%
total Ca, 0.13% total Mg and 0.03% S. According to Hassanpour et al. [29], the biochar was
fresh because it was stored in sealed plastic bags and used after 2 weeks of production.
Each bioreactor was filled to 1.0 m depth, and a water level of 0.9 m was constantly
maintained. The porosity (i.e., pore volume) in each bioreactor was determined by the
method proposed by Christianson et al. [31]. Thus, in the WW bioreactor, the pore volume
was 50%, while in the WAB-10 and WAB-20 it was 49% and 46%, respectively.
The NO3 -N and PO4 -P removal efficiency tests began on 5 May 2018. All bioreactors
displayed strong erratic behavior (i.e., inconsistent NO3 -N and PO4 -P removal or release
and soluble organic carbon flushing) within the first month following startup. Therefore,
the findings in this article refer to the period from 21 June 2018, to 25 June 2021 (including
winter months), with measurements taken at irregular intervals (from daily to weekly and
even less frequently).
The experiment was designed to reproduce influent NO3 -N and PO4 -P concentrations
measured in tile water under field conditions [32]. The bioreactors were fed NO3 -N at
concentrations ranging from 7.9 to 29.8 mg/L through the addition of NaNO3 to the water
tanks. The PO4 -P content in the influent was consistent with the typical tile drainage
concentrations of 0.023–0.120 mg/L. The concentrations were changed each time according
to the filling and emptying cycles of the water supply tanks. The changes were inconsistent,
i.e., with each new filling, higher concentrations were followed by lower ones and vice
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versa. The inflow water temperature ranged from +1.8 to +21.7 ◦ C, whereas the water
temperature in the outflow ranged from +4.0 to +21.2 ◦ C. Flow meters were used to record
the water inflow to each bioreactor. Using valves, the inflow rates and different water
retention times (i.e., flow rate and bioreactor pore volume estimations) were manually
adjusted. The water (hydraulic) retention times were simultaneously kept the same for
all bioreactors under the created steady-state flow conditions for different time intervals
Water 2021, 13, x FOR PEER REVIEW
of 13
(1–3 h). Because drainage flow is highly variable, different retention times (2–12 h)3 were
maintained to represent a wider range of runoff conditions [15].
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Measurements (total n = 140) of pH, NO3-N, water temperature (T), dissolved oxygen
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greater than zero) divided by the hydraulic retention time (i.e., the pore volume of the
bioreactor divided by the flow rate).
The statistical significance of the differences between the analyzed variables in bioreactors with different fillers was evaluated using a non-parametric Kruskal-Wallis test
(the normality assumption based on the Shapiro-Wilk test was not met) with post
4 ofhoc
13
analysis. A non-parametric Mann-Whitney test was used to examine the significance of
the means in each pairwise comparison. Data that were 2.2⸱IQR (i.e., interquartile range)
above the third quartile (75%) and below the first quartile (25%) were removed from the
in
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analysis.
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In the WW bioreactor, pH values between 7.0 and 7.5 accounted for 78% of all readings,
while pH values below 7.0 in the WAB-10 and WAB-20 bioreactors accounted for 41%
and 74%, respectively. In the bioreactors containing biochar, pH values below 6.5 were
measured in up to 26% of the cases, while in WW such an acid-prone environment was
observed in only 9%. The results showed that pH was statistically different (p < 0.010)
between bioreactors, indicating that neutral media was more prevalent in WW, while an
acidic environment was predominant in the WAB-10 and WAB-20 bioreactors.
The pattern of total dissolved solids (TDS) between bioreactors (Figure 2b) was also
statistically different (p < 0.001). At influent concentrations between 430 and 526 mg/L
(average 466 mg/L), the highest TDS releases (between 565 and 832 mg/L with an average
value of 674 mg/L) were observed in the WAB -20 bioreactor. TDS in WW and WAB-10
effluents changed from 420 to 530 mg/L (average 458 mg/L) and 425 to 563 mg/L (average
471 mg/L), respectively.
3.3. The NO3 -N Removal
NO3 -N was removed to varying degrees in all bioreactors. During the experiment, the
HRT changed from 2.11 to 11.7 h, with concentrations of DO ranging from 3.1 to 4.9 mg/L
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mg/L at the inlet and 0.0 to 1.5 mg/L at the outlets, respectively. Low DOs indicate that an
anaerobic environment was consistently maintained. NO3-N concentrations in the influent during an event ranged from 7.9 to 29.8 mg/L (Figure 3), with NO3-N removal efficiencies ranging from 15.3 to 76.6% and removal rates from 0.35 to 4.58 g N/(m3·h) (Table 1).
The average RR changed from 1.70 to 2.0 g N/(m3·h), with the average NO3-N removal
5 of 13
efficiency changing from 39.2 to 44.0%. In the bioreactor with 20% v/v biochar (WAB-20),
NO3-N removal was higher (p < 0.030) for both characteristics than in the other two.
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3.4. NO3-N Removal vs. Water Temperature
The temperature of the inflow water affected NO3-N removal (Figure 3). At low temperatures (i.e., below 10.0 °C which are the predominant tile water temperatures from late
autumn to early spring), significant differences (p < 0.010) were found between bioreactor
WAB-20 and the other two bioreactors. No significant differences were observed between
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Table 1. Efficiencies and rates of NO3 -N removal in bioreactors *.
Abbreviated Name of
Removal Efficiency, ** %
Hydraulic Retention Time, h
Removal Rates, g N/(m3 ·h)
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Figure 3. Inflow water T (°C) and HRT (a), and NO3-N concentrations at the inlet and outlet (b) of WW, WAB-10, and
WWbioreactors. The inceptive
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Figure 4. NO3 -N removal efficiencies and rates between the WW, WAB-10, and WAB-20 bioreactors (the water temperature
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At both temperature intervals, the NO3-N removal rate was significantly higher (p <
0.030) in bioreactor WAB-20 than in bioreactor WW (Figure 4c,d). There were no significant differences in RRs between WAB-20 and WAB-10 and between WW and WAB-10.
Removal rates in bioreactors WW, WAB-10, and WAB-20 changed from 0.35 to 2.70 g
N/(m3·h) when the inflow temperature was between 0.0–10.0 °C, with average values of
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The average removal efficiencies in the WAB-20, WAB-10, and WW bioreactors were
30.4%, 27.1%, and 25.7%, respectively, at a temperature range of 0.0–10.0 ◦ C. At temperatures above 10.0 ◦ C, the WAB-20, WAB-10, and WW bioreactors had average removal
efficiencies of 51.1%, 47.9%, and 46.0%, respectively.
At both temperature intervals, the NO3 -N removal rate was significantly higher
(p < 0.030) in bioreactor WAB-20 than in bioreactor WW (Figure 4c,d). There were no significant differences in RRs between WAB-20 and WAB-10 and between WW and WAB-10. Removal rates in bioreactors WW, WAB-10, and WAB-20 changed from 0.35 to 2.70 g N/(m3 ·h)
when the inflow temperature was between 0.0–10.0 ◦ C, with average values of 1.01, 1.11,
and 1.30 g N/(m3 ·h), respectively. However, at temperatures above 10.0 ◦ C, much higher
RRs were observed, ranging from 0.82 to 4.58 g N/(m3 ·h), with average values of 2.04,
2.16, and 2.36 g N/(m3 ·h), respectively. Based on a large meta-analysis using data from
field-scale studies performed across the world, Christianson et al. [9] reported NO3 -N
removal rates in the order of 5.1 g N/(m3 ·d) (median; mean ± SD: 7.2 ± 9.6 g N/(m3 ·d)) for
a variety of hydraulic, water temperature, and inflow concentration conditions. The higher
removal efficiency and RR in the WAB-20 bioreactor under both inflow water temperature
conditions could be the result of adding 20% biochar.
3.5. The Behavior of PO4 -P
Both removal and release of PO4 -P were observed in bioreactors containing different
fillers. However, only bioreactor WW demonstrated PO4 -P removal with concentrations
at the inlet varying from 0.023 to 0.120 mg/L (average 0.046 mg/L) and being higher
(p < 0.001) than those at the outlet, which ranged from 0.013 to 0.080 mg/L with an average
value of 0.034 mg/L (Figure 5). Consequently, between 9.1% and 50.1% of PO4 -P was
removed (average 25.3%) in the effluent of WW. In contrast to NO3 -N removal, the inflow
water temperature did not significantly affect the removal of PO4 -P at both temperature
intervals. The removal of PO4 -P ranged from 9.1 to 50.1% when the temperature was
between 0.0–10.0 ◦ C while above 10 ◦ C it ranged from 9.0 to 45.5% with average values of
25.0% and 25.6%, respectively. It was likely that PO4 -P removal in bioreactor WW occurred
Water 2021, 13, x FOR PEER REVIEWthrough the formation of calcium phosphate precipitates [33,34]. The PAOs (i.e., PO4 -P
accumulating organisms) may also contribute to the removal [35]. Moreover, complex
chemical reactions could also form strong precipitates of Fe-phosphates [36].
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water temperature in the inflow significantly affected NO3 -N
removal in bioreactors. Nevertheless, the bioreactor amended with 20% v/v biochar (WAB20) demonstrated higher NO3 -N removal at lower (below 10 ◦ C) and higher temperatures
(above 10 ◦ C) compared to the woodchip-only bioreactor. No significant differences were
observed in the bioreactor (WAB-10) to which 10% v/v biochar was added. Oliveira et al. [38]
and Coleman et al. [39] also found that the addition of biochar to woodchips can increase
NO3 -N removal. Their findings generally agree with our results.
It was likely that enhanced microbial activity due to the addition of biochar contributed to higher NO3 -N removal. According to Gao and DeLuca [40], Cayuela et al. [41]
and Weldon et al. [42], biochar can modify and promote microbial activity. In addition,
biochar produced at higher temperatures (560–800 ◦ C) can support higher denitrification
than that produced at low temperatures (372–416 ◦ C). Biochar has shown to be a suitable
environment for various microorganisms to colonize its surface [43–45]. Therefore, it is
likely that biochar, due to its specific properties, is a relevant medium for the growth of heterotrophs with subsequent enhancement of denitrification. According to Heaney et al. [46]
and Mehrabinia and Ghanbari-Adivi [47], greater NO3 -N adsorption on biochar was also
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possible due to the acidic (pH < 7.0) environment (i.e., released organic acids and CO2 from
enhanced bacterial respiration), which was consistently observed in the WAB-20 bioreactor.
The higher WAB-20 efficiency obtained at low temperatures (below 10 ◦ C) was probably the result of the greater potential of biochar to attach and retain more labile organic
compounds as an energy source necessary for bacterial activity at lower temperatures. This
assumption is supported by the work of Schreiber et al. [48], Lehmann and Joseph [49], and
Choi et al. [50], who reported about much higher adsorption of organic carbon at lower
temperatures, while Porter et al. [51] demonstrated gene abundance along with denitrifying bacterial community composition at lower temperatures. Jang et al. [52] identified
the microorganisms that support denitrification at low temperatures. This suggests that
biochar-amended woodchips make NO3 -N removal more efficient at low temperatures.
However, recent studies show that chemisorption of oxygen by biochar can also affect NO3 N removal. According to Hassanpour et al. [29], due to oxygen chemisorption, oxidized
biochar (e.g., exposed to atmospheric oxygen for 2.5 years) can reduce NO3 -N removal by
9–13%. They found that fresh biochar can increase denitrification by chemisorbing oxygen,
while oxidized biochar can reduce denitrification by functioning as an electron acceptor.
Therefore, in the current experiment, it was likely that biochar chemisorbed oxygen was
present in the influent water, resulting in NO3 -N reduction. Although the experiment did
not show a downward trend (based on the Mann-Kendall test) in NO3 -N removal in any
of the bioreactors, Hassanpour et al. [22,29] reported that biochar may lose efficacy due
to aging (e.g., after the 1st year or in the 6th year). It is, therefore, to be expected that the
continuation of the experiment will provide more knowledge and show a more reliable
effect of the biochar.
The results also showed that the bioreactor with woodchips only (WW) can reduce PO4 -P
in the outflow by 25.3% on average. Rivas et al. [10], Gottschall et al. [53], Dougherty [54],
and Husk et al. [55] reported PO4 -P reduction of 23–89%, while Zoski et al. [56] achieved
only 11% PO4 -P removal using wood shavings. PO4 -P removal might be related to the
formation of Ca-phosphate precipitates [33]. This presumption is based on the results
of van Rijn et al. [34], who determined the overall process of how heterotrophic activity
leads to an increase in net alkalinity and CaCO3 formation. Therefore, it was very likely
that the WW bioreactor acted as a sink for PO4 -P due to the higher availability of Ca
with subsequent formation of Ca-bound precipitates. This is supported by the fact that
the amount of Ca observed at the outlet was always higher (up to 34%) than at the inlet.
Furthermore, the absence of a significant difference in PO4 -P removal at both temperature
intervals suggests that PAOs (e.g., Accumulibacter phosphatis spp.) could also take over
PO4 -P uptake [35,57,58]. It is known [59] that PO4 -P uptake by PAOs is faster under
aerobic conditions, but some of the PAOs can also accumulate phosphorus under anoxic
conditions. The PAOs might even be the dominant bacteria in the microbial community
at low temperatures [60]. Erdal et al. [61] reported that P removal in EBPR systems (i.e.,
enhanced biological phosphorus removal) was higher at lower temperatures because PAOs
are psychrophilic microorganisms. Moreover, the systems performed better due to the
proliferation of PAOs in anoxic zones. All this presumes that woodchips alone have the
potential to remove PO4 -P in addition to NO3 -N removal, but the removal mechanisms
should be further investigated.
However, the addition of biochar to woodchips resulted in large releases of PO4 -P
along with increased amounts of total Fe, Cl, Na, Ca, Mg, and K. Effluent concentrations
of K, Mg, Ca, Na, and Cl in the WAB-10 and WAB-20 bioreactors were 4 to 200% higher
than in the WW bioreactor. The largest differences (up to 6-fold higher concentrations)
were observed in the total Fe release pattern. This implies that the mentioned inorganic
elements were extracted from the biochar. These extractions, together with the negatively
charged colloids and the higher (up to 41%) release of HCO3 , also resulted in significantly
higher TDS concentrations (Figure 2b) in the WAB-20 bioreactor. Potentially, biochar, due
to its elemental composition, could be a source of P, which is released in various forms
from the dissolution of P-bound Fe, Ca, Mg, and K compounds [39,62–64]. Despite the
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reported large reduction of PO4 -P (up to 65%) in some biochar applications [65,66], the
results obtained suggest that PO4 -P was likely released by the decomposition of Fe- or
Ca-based biochar compounds.
The labile P and total Fe content were relatively high in the biochar used in this investigation, while the total Ca content was low. According to Buss et al. [67], the biochar with
a Ca content of less than 1% can lead to maximum PO4 -P release. Therefore, Ca and total Fe
content in biochar can be considered as relevant predictors of PO4 -P release. In addition, the
feedstock, pH, and pyrolysis temperature can significantly affect P sorption [68,69]. In the
current study, the high PO4 -P release was likely caused by the reduction of Fe phosphates
at low pH from low Ca-containing biochar. This highlights the significance of determining
the ability of biochar to retain relevant substances prior to its application. For example, a
laboratory scale isothermal study could be useful to determine the P sorption capacity of
biochar. On the other hand, biochar should be produced with clearly defined properties
so that it can be used for specific purposes and cases. Therefore, further investigations
are needed to enhance understanding about the application of biochar in denitrifying
bioreactors depending on the sources from which it is derived, its physical and chemical
properties, and the formation processes.
5. Conclusions
The experiment revealed the potential to improve NO3 -N removal in tile drainage flow
by incorporating 20% v/v deciduous wood biochar into denitrifying woodchip bioreactors.
Compared to the pure woodchips and the woodchips mixed with 10% biochar, the NO3 -N
removal effect was more pronounced at low (below 10.0 ◦ C) temperatures.
Woodchips alone proved to be a suitable medium for PO4 -P removal, whereas the
biochar showed to be a PO4 -P source. The addition of biochar to woodchips (regardless of
10% or 20%) resulted in a large release of phosphates and other inorganic elements. This
implies that the use of biochar for the treatment of tile drainage flow could be very limited
or even inappropriate.
The results highlight the need to determine the retention capacity of biochar for
relevant substances depending on the sources and temperature from which it is derived, as
well as its physical and chemical properties before it is used in denitrifying bioreactors.
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