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• DNA analysis conﬁrmed inhibition of
bioﬁlms but not denitriﬁers.

a r t i c l e

i n f o

Article history:
Received 24 June 2020
Received in revised form 12 September 2020
Accepted 12 September 2020
Available online 18 September 2020
Editor: Yifeng Zhang
Keywords:
Denitriﬁcation bioreactor
Non-point pollution
Subsurface drainage
Infrared bioaugmentation

a b s t r a c t
Woodchip bioreactors can effectively remove waterborne nitrates from subsurface agricultural drainage and prevent the eutrophication of receiving water, but rapid bioﬁlm growth can severely reduce water ﬂux and denitriﬁcation efﬁciency of this practice within a few years. Tourmaline minerals with thermal excitation could generate
reactive oxygen species which would inhibit bacterial growth. In this study, laboratory scale woodchip bioreactors were set up to test the anti-clogging and denitriﬁcation efﬁciency of heated woodchips with tourmaline,
heated woodchips without tourmaline, and unheated woodchips. The results showed that the heated tourmaline
treatment could reduce the clogging and optimize the nitrate removal rate (47.6 g N/m3/day) under all three hydrologic retention times tested (1, 4, and 8 h). Dissolved oxygen and pH values ﬂuctuated with the removal rate
and temperature change, while temperature was identiﬁed as the key factor impacting the tourmaline treatment.
The heated tourmaline treatment had the lowest bioﬁlm growth (lowest DNA concentration), while the 16S rRNA
and a higher abundance of nirS-, nirK-, and nosZ-encoding denitrifying bacteria (based on qPCR) conﬁrmed the
higher denitriﬁcation efﬁciency of the heated tourmaline treatment.
© 2020 Elsevier B.V. All rights reserved.
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Tile drainage systems have increased the agricultural yield and profitability in the midwestern United States for many years, being among
the most intensely tile-drained regions in the world (USDA Census of
Agriculture, 2012). The general beneﬁt/cost ratio of tile drainage
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(Li+, Mg2+, Fe2+, Fe3+, Mn2+, Al3+, Ti4+, Cr3+,V3+, vacancy), and Z
(Al3+, Mg2+, Fe3+, Cr3+, V3+) are cationic elements, and V (OH−,
O2−) and W (OH−, F−, O2−) are anionic elements (Tijing et al., 2012;
Yeh et al., 2008). It is a polar crystalline material with spontaneous surface electric ﬁelds, especially within small granules. Tourmaline crystals
display pyroelectric and piezoelectric characteristics when temperature
or pressure conditions change (Tijing et al., 2012). Thus, tourmaline
crystals will produce surface electric ﬁelds under heating that can radiate far-infrared and spontaneously and permanently generate reactive
oxygen species (ROS) in water (Amarjargal et al., 2013). Through comparisons of peptidoglycan layer thickness, Tijing et al. (2012) showed
that tourmaline-coated polyurethane strongly inhibited the growth of
both Escherichia coli (gram-negative) and Enterococci (gram-positive).
Qi et al. (2013) reported that lithium-based tourmaline could increase
the dissolved oxygen content in seawater by 139% through the microelectric ﬁelds generated by tourmaline particles. Safak and Karaca
(2016) showed that tourmaline nanoparticles added to nanoﬁbrous
surfaces could increase the negative oxygen ion concentration by 1000
particles/cm3. These studies imply that tourmaline could be used to reduce ROS-sensitive bacterial growth, and it is a natural extension that
tourmaline may be able to reduce biofouling and biomass clogging
within denitrifying woodchip bioreactors.
In this study, tourmaline was applied within a laboratory-scale
heated woodchip bioreactor to maintain the biomass volume within
the system. The impact of heating efﬁciency was also investigated to determine the interaction with denitriﬁcation efﬁciency. The abundance of
denitriﬁcation bacteria was determined using qPCR.

systems has been reported to be 1.2–1.6 (Ginting et al., 2000). However,
nitrogen discharged from these systems has led to increasing eutrophication and dead zones in the Mississippi River basin and the Gulf of
Mexico (Petrolia and Gowda, 2006). Controlling such nitrogen loss has
been recognized as a signiﬁcant challenge (US EPA, 2017). Nitrate has
been identiﬁed as the main form of nitrogen loss from the subsurface
drainage system (Greenan et al., 2006). All other forms of nitrogen,
like organic nitrogen, ammonium, and nitrite in farmland, are transformed to nitrate when they pass through the soil proﬁle into the drainage system (Chichlowski, 2014). Greenan et al. (2006), using a N15
isotopic tracing method, reported that 99% of nitrogen in water would
ﬁnally transform to nitrate in the drainage system. In such a case, it is
critical to remove the nitrate from the outlet of subsurface drainage systems to prevent water quality issues, such as eutrophication.
Woodchip bioreactors were developed as an end-of-tile denitriﬁcation ﬁeld treatment, and many studies have conﬁrmed their stable performance under various conditions (Abusallout and Hua, 2017;
Christianson et al., 2017; Hang et al., 2016). For example, a review of
multiple woodchip bioreactor applications reported nitrogen removal
rates of 0.38–23.6 g NO3-N/m3/day (Christianson et al., 2012), while another study reported a 99%-removal of NO−
3 , a 2.9-log10 reduction of
E. coli, and a 3.9-log10 reduction of F-speciﬁc RNA bacteriophages from
a full-scale woodchip bioreactor (Rambags et al., 2016).
Impact factors on the efﬁciency of ﬁeld-scale woodchip bioreactors
have also been well-studied in recent decades, with temperature, retention time, hydraulics, microbiology, and bioreactor design being broadly
agreed upon as controlling drivers (David et al., 2016; Halaburka et al.,
2017; Lepine et al., 2016; Peng et al., 2014; Soupir et al., 2018). The operating temperature has been considered especially vital, and temperature bioaugmentation can be used to enhance the performance of ﬁeldscale bioreactors (Addy et al., 2016; Feyereisen et al., 2016). Laboratory
tests by Soupir et al. (2018) found that nitrate concentration removal
averaged approximately 96% (load removal of 14.6 g NO3-N/m3/day)
from 21.5 °C columns and 29% (load removal of 8.8 g NO3-N/m3/day)
from 10 °C columns. Ghane et al. (2016) showed that the bioreactor denitriﬁcation rate increased by nearly 10% when temperature increased
by 2 °C.
However, recent long-term monitoring studies have noted a signiﬁcant decrease in the nitrogen removal rate within temperature bioaugmentation bioreactors, unlike non-augmented reactors. A three-year
woodchip bioreactor ﬁeld test by David et al. (2016) showed that the nitrogen removal rate decreased from 23 to 44 g NO3-N/m3/day in the
ﬁrst year to 1.2–11 g NO3-N/m3/day in the second and third years.
Rendall (2015) operated paired woodchip bioreactors for two years,
ﬁnding that the nitrogen removal rate in the heated bioreactor was
higher than its non-heated counterpart during the ﬁrst six months,
and lower thereafter. This was caused by a reduced ﬂow rate in the
heated bioreactor, itself caused by excessive bioﬁlm growth (boosted
by heating) that occupied voids meant for water ﬂow. Christianson
et al. (2016) reported on wastewater treatment using a woodchip bioreactor; the effective volume e (tracer detection time/theoretical HRT)
was increased from 0.59 to 0.88 after 105 days, indicating the occurrence of heavy clogging. Lynn et al. (2016) used mass modeling of a
trickle-bed bioreactor to conﬁrm that biomass growth and ﬁne particle
deposition could permanently reshape woodchip bioreactor pore structures and narrow the free interstitial space meant for ﬂuid ﬂow. Bruun
et al. (2016) also documented clogging in woodchip bioreactors,
which showed a 20% loss in ﬂow rate, regardless of the water distribution management method applied. Therefore, restraining the clogging
caused by bioﬁlms in bioreactors is crucial for maintaining denitriﬁcation efﬁciency. Introducing inhibitors into bioreactors is a valid method
to solve this problem. Among such inhibitors, tourmaline rock physically and continuously inhibits bacteria with high efﬁciency (Tijing
et al., 2012).
Tourmaline is a natural boron silicate mineral with the general formula of XY3Z6(BO3)3Si6O18V3W, where X (Na+, Ca2+, K+, vacancy), Y

2. Material and methods
2.1. Media sample collection and preparation
Woodchips were obtained from an existing woodchip bioreactor at
the University of Illinois at Urbana-Champaign South Farm (Urbana,
IL, USA) that had been operational since October 2014. The harvested
woodchip had a bulk density and drainable porosity of 0.2 g/cm3 and
54.5%, respectively. Chip size ranged from 0.25–10 cm, and the DOC release rate was stable based on pre-tests. Sand (bulk density and porosity
of 1.65 g/cm3 and 37.7%, respectively) was obtained from the local
Home Depot building-supply store and washed with DI water before
using it as the bottom layer of the woodchip bioreactor. The sand
prevented preferential ﬂow when water was pumped in from the bottom, preserved heat, and maintained the temperature. Tourmaline
(size 3–8 mm, bulk density 2.07 g/cm3, and porosity 43.1%) used for
the functional layer was obtained from Shengping Minerals Co., Ltd.,
Shijiazhuang, China.
The gravimetric measurement of total porosity was conducted by
draining the bioreactor from the bottom over a 1-h period, measuring
the weight of the drained water, then extracting the media from the columns and measuring the difference in wet and dry media weights after
air drying in a fume hood for 3 days. Primary porosity was calculated as
the ratio of the drainage water volume to the open bed volume of the
columns; secondary porosity (porosity internal to the wood particles)
was calculated as the ratio of water loss upon media drying to the
open bed volume. The total porosity was then calculated as the sum of
the primary and secondary porosities.
2.2. Woodchip bioreactor tests
Three 12.7 × 15.2 × 20.3 cm (W × L × H) Plexiglas chambers (Fig. 1)
were designed for three test conﬁgurations: tourmaline + woodchips
+ heat (TMH), woodchips + heat (WH), and woodchips without heat
(WNH); all chambers contained sand at the bottom, followed by tourmaline (if used), then woodchips (Table 1). For TMH, a set of carbon
ﬁber heating elements (4.5 m long, 32 w) was added within the tourmaline layer. For WH, the same heating elements were placed between the
2
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Fig. 1. Woodchip bioreactor chamber design used in this study (TMH conﬁguration is shown).

parameter meter (YSI Professional Plus). The temperature was logged
every 15 min in the top, middle, and bottom layers of each chamber
by thermocouple meters operated under a speciﬁcally designed recording program.

sand and woodchip layers. The woodchips were compacted with a
tamping rod at 2.54 cm increments during loading. Inﬂuent was introduced from the bottom using a pre-calibrated peristaltic pump
(Masterﬂex™, Model L/S Variable-Speed Drive) and a timer, and
discharged from the top via an outlet pipe (from which samples were
collected). Packing was done carefully to avoid preferential ﬂow.
Tests were designed to vary the hydraulic retention time (HRT) in
the chambers, based on a review of relevant retention times used in
other woodchip bioreactor laboratory studies (Chun et al., 2009; Healy
et al., 2012). Hydraulic retention times of 1, 4, and 8 h were used in random order to avoid build-up biases between different tests, with durations of 3, 4, and 6 days, respectively; each HRT test was repeated
three times (Table 2). The ﬂow rates for each chamber were monitored
during sampling. A 1-month pre-run of all chambers was conducted to
stabilize the bioreactor performance, using an initial concentration of
30 mg NO3-N/L. Moreover, between each HRT test switch, there was a
2- or 3-days acclimatization time to let the denitriﬁcation rate stabilize.
Synthetic high-nitrate-concentration drainage water was then produced by mixing drainage water sourced from a local farm with KNO3
to achieve an inﬂuent nitrate concentration of 45 mg NO3-N/L (mean ±
StDev) for all three tests. Drainage water chemical parameters were
−
+
tested, and the values for TOC, TN, TP, NO−
3 , NO2 , NH4 , pH, and DO
were 26.3 mg/L, 1.3 mg/L, 0.16 mg/L, 1.10 mg/L, 0.03 mg/L, 0.27 mg/L,
7.35, and 85%, respectively.

2.4. qPCR tests
After each test, 12 DNA samples were extracted from 0.25 g of mass
(woodchips, tourmaline, or sand from the three conﬁgurations after the
tests and initial raw materials before the tests) from each layer in duplicates (from different parts of the corresponding layer) using a DNeasy
PowerSoil Kit (Qiagen™), following the manufacturer's protocol. The
quantity and concentration of the DNA extractions were checked with
a NanoDrop Nucleic Acid Quantiﬁcation spectrophotometer (Thermo
Scientiﬁc™).
Ampliﬁcation of qPCR products was carried out with an ABI Prism
7900 (Applied Biosystems) using SYBR green as the detection system
in a reaction mixture of 20.0 μL, containing 0.5 μM (each) of primer
(2 μL), 10.0 μL of 1× SYBR green PCR master mix, 4.0 μL of Microbial
DNA-Free Water (Qiagen™), and 2.0 μL of cDNA sample. The detailed
formula and plate design table are provided in Section 1 of the
Supplementary material. Thermal cycling conditions for the 16S rRNA
and the nirS, nirK, and nosZ genes were analyzed as described in Henry
et al. (2004), Henry et al. (2006), and López-Gutiérrez et al. (2004).
Thermal cycling, ﬂuorescent data collection, and data analysis were
carried out using the ABI Prism 7900 sequence detection system according to the manufacturer's instructions. nirS qPCR was performed with
the slightly modiﬁed nirSCd3aF (5′ AACGYSAAGGARACSGG 3′) and
nirSR3cd (5′ GASTTCGGRTGSGTCTTSAYGAA 3′) primers as described
by Kandeler et al. (2006). qPCR was performed for each gene and each
layer replicate. DNA was also tested for the inhibitory effects of coextracted substances by determining the 16S rRNA gene copy number
in 10-fold dilutions of DNA. The standard curve and ampliﬁcation
efﬁciency were tested and calculated; details of these methods are
provided in Section 2 of the Supplementary materials.

2.3. Sampling and analyses
Water samples were collected using a 60-cc syringe and ﬁltered
(0.45 μm ﬁlter, Thomas Scientiﬁc™) immediately after collection.
Nitrate-N concentrations were analyzed by ion chromatography in the
Water Quality Laboratory, Agricultural and Biological Engineering Department, University of Illinois at Urbana-Champaign. Dissolved oxygen
in percentage of saturation and pH were measured by a handheld multi-

Table 1
Composition of each test conﬁguration.
Chamber Sand
(depth in cm)

Tourmaline
(depth in cm)

Woodchips
(depth in cm)

Heating
element

Void
volume (L)

TMH
WH
WNH

2.54
N/A
N/A

13.97
13.97
13.97

Yes
Yes
No

1.96
1.94
1.94

3.81
6.35
6.35

Table 2
Operational plan for the three chambers.

3

Test order

Test period and repetition

Retention time

2, 6, 8
1, 4, 7
3, 5, 9

3 days × 3
4 days × 3
6 days × 3

1h
4h
8h
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discharge (q), as the pump attempts to maintain the head constant.
When the internal structure of the bioreactor changed due to clogging,
the outlet ﬂow rate could have also been inﬂuenced. In this case, a decrease in the void volume in the chambers was the main cause for the
change in water pressure, while slower ﬂow rates removed lower
amounts of bioﬁlm, further clogging the system.
The nitrate concentration and nitrate removal rate differed between
the three treatments at any given HRT (Fig. 4). The overall removal signiﬁcantly improved at longer HRTs, from an average of 1.5 (1 h) to
>18.6 mg NO3-N/L (8 h) (P < 0.001). The importance of a sufﬁcient retention time for denitriﬁcation in woodchip bioreactors is well
established (Addy et al., 2016). However, the concentration removal
performance of each treatment was inconsistent. WNH had a higher
concentration removal than the others at 4 h HRT, quite different from
the pattern at 1 and 8 h. This was likely due to clogging, which increased
the HRT of the WNH treatment. On the contrary, at 8 h HRT, TMH had a
better removal performance and a lower ﬂow rate reduction than WNH,
indicating that heated tourmaline could reduce clogging and boost the
nitrate removal rate (Fig. 3c). For all three HRTs, TMH generally had
the highest N removal rate, without signiﬁcant differences between
WH and WNH (P > 0.1). However, the average removal rate for TMH
remained relatively consistent at 52.1, 43.1, and 48.0 g NO3-N/m3/day
for 1, 4, and 8 h HRTs, respectively, demonstrating the anti-clogging effectiveness of heated tourmaline. The increase in the denitriﬁcation rate
at approximately 50 h might be due to a reduction in the ﬂow rate and a
longer contact time with the bioﬁlm. However, this situation returned
to normal when the water ﬂow broke that “jam”. This result was similar
to that in the study of Amarjargal et al. (2013). These patterns could
have been caused by the occurrence of water electrolyte and O2 ionization processes due to the electric ﬁeld generated by the heating of tourmaline, which would generate ROS. ROS, in turn, would inhibit bacteria
and reduce bioﬁlm growth to a certain degree, while stimulating
denitrifying bacteria. However, this hypothesis needs further research
(Amarjargal et al., 2013).

3. Results and discussion
3.1. Temperature
The measured temperature in both heated treatment chambers was
approximately 5.3–8.9 °C higher than that for WNH, for all three HRT
tests (Fig. 2). The former also had more outliers and a broader distribution (25th–75th percentile) than that for WNH, due to the impacts from
the ambient temperature. In all three treatments, shorter HRTs
corresponded to a narrower distribution and a shorter range, within
1.5 IQR, reﬂecting a lower temperature ﬂuctuation. This corresponded
with the nitrate removal rate and concentration removal results in
Section 3.2. When compared to heated sand and heated TM treatment
box plots, the average temperature differences between WH and
TMW for the 1, 4, and 8 h HRT tests were 1.1, 0.86, and 0.73 °C, respectively. The temperature data collected during the experiments did not
show any signiﬁcant difference between the three HRT tests (P > 0.1).
The lack of signiﬁcant temperature differences between TMH and WH
also demonstrated that the physical and chemical functions of the
heated tourmaline beds were more crucial for inhibiting bacteria than
other factors.
3.2. Flow and nitrogen load reduction
The ﬂow rate data for all three HRT tests of each chamber are presented in Fig. 3. Because the ﬂow rate was monitored after the denitriﬁcation rate had become stable, the ﬂow rates for each treatment differed
when the monitoring started. This result indicated that clogging happened rapidly, differently impacting the ﬂow rate in each treatment.
From these results, the average ﬂow rate of all chambers and tests
showed a similar decreasing trend, especially over longer HRTs. The
ﬂow rate declined over time, and that of the TMH, WH, and WNH chambers was 11.3, 25.0, and 42.4% at 1 h HRT; 9.1, 13.4, and 8.8% at 4 h HRT;
and 14.1, 21.2, and 56.0% at 8 h HRT, respectively. The WNH treatment
had the maximum ﬂow rate reduction for all three HRT tests. Darcy's
law could be used to explain this phenomenon. As per Darcy's law,
q ¼ −K dh=dz

3.3. pH, DO, and DOC

ð1Þ

The pH for all tests followed similar trends, decreasing from 7.98 to
7.04 (Fig. 5a–c) due to organic acids produced from biodegradation of
the woodchips (Xu et al., 2018). TMH reached a lower pH in the 8 h
HRT test than in the other tests, presumably due to the longer HRT
and the effect of heating tourmaline. The heated tourmaline treatments
improved the denitriﬁcation process, increased the reaction rates with
respect to the biodegradation of woodchips at longer HRTs, and led to
lower pH values; similar pH and HRTs relationships were reported by
Zhao et al. (2018).
he DO data collected during this experiment (Fig. 5d–f). The average
DO of WNH was 48.3%, 50.1%, and 46.5% for HRTs at 1, 4, and 8 h, respectively; much higher than those of TMH and WH, which were <15%. The
heating process was the main cause of these reduced proportions of DO,
as higher temperatures lead to a lower oxygen solubility in water and a
higher aerobic activity that consumes DO. Both the TMH and WH treatments had less than 10% DO in the 8 h HRT tests, which was lower than
the DO in the 4 h tests, indicating a higher bacterial activity.
An ANOVA test on the average DOC concentrations at the inlet
(60.5 mg/L) and all treatments (8.4, 5.8, and 7.6 mg/L for TMH, WH,
WNH, respectively) showed no signiﬁcant differences (P > 0.1), demonstrating that the DOC released from the woodchips was fully utilized by
bacteria, with no extra leaching into the outﬂow. Several ﬁeld studies
reported that woodchips released higher DOC concentrations at the beginning, which then declined over time (Abusallout and Hua, 2017;
Hassanpour et al., 2017). In this study, a lower DOC release may have
been due to the higher temperature in the lab environment, which promoted a higher microbial metabolism and DOC consumption. Another
reason for this result was the fact that woodchips from an older

where q = speciﬁc discharge, K = hydraulic conductivity, dh/dz = hydraulic gradient.
Pressure changes are manifested in changes in the hydraulic head
(h). Bioﬁlm growth will decrease K, which will decrease the speciﬁc

Fig. 2. Box plots of temperature for each treatment by HRT.
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Fig. 3. TMH, WH, and WNH average ﬂow rates HRTs of (a) 1 h, (b) 4 h, and (c) 8 h (error bars symbolized the standard deviation).

encoding denitrifying bacteria were quantiﬁed through qPCR. The
efﬁciency of the PCR ampliﬁcation of the nirS, nirK, and nosZ genes was
95%, 93%, and 95%, respectively (Fig. 6a). For all treatments, the woodchip
layer exhibited DNA concentrations of 18.0 ng/μL or higher (valid for
qPCR), while <3.2 ng/μL of DNA was detected in the tourmaline and
sand layers. TMH had 22.1 ng/μL of DNA, just over half of WNH, indicating
lower bioﬁlm growth. This suggests that heating tourmaline could reduce
bacterial proliferation and inhibit clogging. The denitriﬁcation functional

bioreactor, running since 2014, were used, which might have already
achieved stable DOC leaching conditions.
3.4. Abundance of denitrifying bacteria
After all the tests, the bioﬁlms attached to the initial and used
woodchips, sand, and tourmaline were collected for each treatment, and
the DNA concentrations and abundances of nirS-, nirK-, and nosZ-

Fig. 4. TMH, WH, and WNH average nitrate concentration removal for HRTs of (a) 1 h, (b) 4 h, and (c) 8 h and load removal rate for HRTs of (d) 1 h, (e) 4 h, and (f) 8 h (error bars
symbolized the standard deviation).
5
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Fig. 5. TMH, WH, and WNH average pH for HRTs of (a) 1 h, (b) 4 h, and (c) 8 h and DO for HRTs of (d) 1 h, (e) 4 h, and (f) 8 h (error bars symbolized the standard deviation).

denitriﬁer communities in TMH demonstrated that heated tourmaline
treatments could effectively ease clogging and encourage
denitriﬁcation.

gene abundance results also supported this conclusion. Considering the
original woodchips, nirS, nirK, and nosZ were all signiﬁcantly lower than
in the treatments, but least different from WNH (Fig. 6b). Although
TMH had a lower bioﬁlm load, the nirS, nirK, and nosZ abundances were
generally higher than in the other two treatments. The abundance data
are shown in Section 3 of the Supplementary ﬁle. The nirS abundance
was positively correlated with nirK in all three treatments (r2 = 0.93).
To evaluate the abundance of denitriﬁers relative to total bacteria,
the percentages of denitriﬁcation genes in proportion to 16S rRNA
were calculated (Table 3), and the data are shown in Section 4 in the
Supplementary ﬁle. The percentage of denitriﬁcation genes was
relatively small for WNH (3.4–7.8%), but higher for TMH (6.7–27.3%).
The heated tourmaline seems to have controlled bioﬁlm growth by
changing bacterial population structure and inhibiting nondenitriﬁers. The low total bioﬁlm volume and a high percentage of

4. Conclusions
This study tested the use of heated tourmaline to reduce bioﬁlm
clogging in woodchip bioreactors, comparing ﬂow rate and denitriﬁcation efﬁciency in three lab-scale bioreactors using heated tourmaline,
heated sand, and no heat. The results suggest that clogging of woodchip
bioreactors can occur rapidly. The denitriﬁcation rate was also impacted
signiﬁcantly. The optimal performance was obtained by heated tourmaline under different HRTs (1, 4, and 8 h). Treatments with heated tourmaline slowed down the clogging speed and maintained a higher
denitriﬁcation performance. Environmental and water parameter

Fig. 6. The DNA concentration and denitriﬁcation genes qPCR results for each treatment.
6
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Table 3
Percentages of nirS, nirK, and nosZ in proportion to 16S rRNA based on the gene copy number per ng of DNA.
Treatment

TMH
WH
WNH

Denitriﬁcation gene (% of 16S rRNA)
nirS

nirK

nosZ

27.3
21.4
7.8

19.5
9.5
7.1

7.7
4.4
3.4

results support this ﬁnding. The DNA concentrations and denitriﬁer
gene abundances in the bioﬁlms conﬁrmed that the heated tourmaline
had the lowest bioﬁlm growth and the steadiest denitriﬁcation efﬁciency, demonstrating the viability of this method. We also demonstrated that denitriﬁcation genes were a major component of the
bioﬁlm matrix and revealed that the heated tourmaline could selectively inhibit bacterial growth. Further research should investigate the
mechanisms of inhibition and denitriﬁer enhancement caused by
heated tourmaline. At the same time, ﬁeld-scale tests are required to determine practical applications of bioremediation strategies for subsurface drainage water.
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