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Abstract: The global use of nitrogen (N) fertilizer has increased 10-fold in the last fifty
years, resulting in increased N losses via nitrate leaching to groundwater bodies or from
gaseous emissions to the atmosphere. One of the biggest problems farmers face in
agricultural production systems is the loss of N. In this context, novel biological nitrification
inhibitors (BNI) using biochar (BC) as a renewable matrix to increase N use efficiency,
by reducing nitrification rates, have been evaluated. The chemical and morphological
characteristics of BC were analyzed and BC-BNI complexes were formulated using
plant extracts from pine (Pinus radiata), eucalyptus (Eucalyptus globulus) and peumo
(Cryptocarya alba). In field experiments, fertilizer and treatments, based on crude plant
extracts and BC-BNI complexes, were applied and the effect on nitrification was periodically
monitored, and at the laboratory level, a phytotoxicity assay was performed. The
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biochar-peumo (BCPe) complex showed the highest nitrification inhibition (66%) on day 60
after application compared with the crude plant extract, suggesting that BCPe complex
protects the BNI against biotic or abiotic factors, and therefore BC-BNI complexes could
increase the persistence of biological nitrification inhibitors. None of the biochar complexes
had toxic effect on radish plants.
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1. Introduction

Rapid population growth has resulted in an increase in food production, resulting in greater
consumption of agricultural supplies and nitrogen (N) fertilizer demand [1]. Application of N fertilizer
has increased from approximately 10 Tg (1 Tg = 1 million tons) N-year ' in the late 1950s to
approximately 100 Tg N-year ! in 2008. This input plays an important role in the ability of intensive
agriculture to maintain high productivity levels [1,2], although N fertilizers also have a large
environmental impact [3]. This is due to the dynamic nature of the N cycle, in which nitrification plays
a major role [4], transforming agricultural systems into pollution sources. Up to 70% of N-fertilizer input
N can be lost via gaseous emissions, as dinitrogen (N2) and nitrous oxide (N20) or via leaching as nitrate
(NOs3") [2]. Through the nitrification process, microorganisms convert NHs4" to NOs~, which is highly
susceptible to leaching. Nitrate contamination of fresh water systems often triggers eutrophication,
altering the equilibrium of aquatic ecosystems [2]. In addition, NO3™ can be reduced to nitric oxide (NO)
and N20, which contribute to climate change. Agricultural systems worldwide produce nearly 30% of
NO and 70% of N20 emissions to the atmosphere [5], with the latter a powerful greenhouse gas with a
global warming potential approximately 300 times more than CO2 [1]. Some studies have estimated that
global N20 emissions by 2100 will be four times greater than the current emissions because of the
increasing application of N fertilizers to the soil [5—8]. Therefore, new strategies are required to reduce
environmental damage from agricultural N use [3,9]. In this regard, nitrification control could be a
strategy to improve N use efficiency (NUE) [4] while also decreasing N2O emissions. To improve NUE
and to reduce the associated environmental impacts, three methods have been studied in recent years:
(a) the use of urease inhibitors that regulate the transformation of organic-N (amide and urine) to
ammonia [10]; (b) the use of controlled release fertilizers (CRFs) which have demonstrated many
advantages over conventional fertilizers [11,12]; and (c) the use of biological nitrification inhibitors.

Recent studies on mechanisms to improve NUE show that many secondary metabolites produced by
plants, such as phenolic acids and terpenoids, can affect the N cycle through the inhibition of the
nitrification pathway [13]. Several studies have also reported that some plant species that grow in
N-limited soils can produce secondary metabolites that are capable of increasing NUE by inhibiting
nitrification, also reducing NOs~ loss by leaching [14—16]. These studies evaluated the inhibitory
capacity of plant species from a Mediterranean ecosystem by using extracts from the root, bark and
leaves of Cryptocarya alba and Eucalyptus globulus at different doses of application. Results of this
study indicated that the bark extract from E. globulus at doses of 4 mg-L™!' showed the highest potential
as a nitrification inhibitor. Aqueous leaf extracts from Quillaja saponaria and the ethanolic bark extract
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from Pinus radiata were also effective at inhibiting N mineralization [16]. Previous studies indicate that
the bark extract from E. globulus and C. alba could also inhibit the nitrification process, but the effect
was only observed during the first 13 days after the application of N-fertilizer, with no effect after
this period [17].

One strategy to increase the efficiency of plant extracts is to incorporate them into organic materials
like biochar (BC) [18]. Biochar is produced by pyrolysis of organic material at relatively low
temperatures (<700 °C) [19]. Biochar has received considerable agricultural interest as it enhances soil
fertility and productivity by increasing cationic exchange capacity (CEC), water retention, aggregation and
porosity, soils bioremediation and climate change mitigation [20—22]. The adsorption of plant extracts onto
biochar was evaluated in a laboratory experiment, which determined that biochar could be used as a
matrix to adsorb organic compounds contained in plant extracts, maintaining its nitrification activity [18].
However, its effectiveness has not yet been evaluated under field conditions. Therefore, the aim of this
study was to evaluate the performance of nitrification inhibitors based on biochar plant extract combinations,
using bark extracts from C. alba, P. radiata and E. globulus under field conditions.

2. Materials and Methods
2.1. Selection and Handling of Plant Material and Soil

Plant material was collected from the Mediterranean Area of the south-central zone of Chile (35°58’ S
and 72°17" W), with an average altitude of 170—180 m a.s.l. and an annual rainfall of 695 mm. The plant
extracts used were obtained from bark of the following plant species: pine (Pinus radiata D. Don),
peumo (Cryptocarya alba Mol.) and eucalyptus (Eucalyptus globulus Labill). The selected plant extracts
used in this study were based on the highest inhibitory effects observed on soil nitrification reported in
previous studies [16,17]. The chemical composition of the plant extracts has already been presented [18].
All the plant extracts were obtained with water, except the extract from pine bark, which was obtained
using ethanol as solvent, in accordance with the methodology previously described [18]. Separate
samples were collected from wood bark of each species, and placed in dark bags to be transported to the
laboratory. They were air-dried at the laboratory and extraneous materials were removed. Then, samples
were ground using an electric mill (Thomas, Philadelphia, PA, USA), obtaining particles <3 mm.

Plant extracts were obtained using distilled water or ethanol at a ratio of 1:10 weight/volume (dry
weight of plant material/volume of solvent). The total solid content was determined gravimetrically by
using a known volume of sample that was dried in a porcelain capsule (weighed previously) and then
the dry weight of the sample divided by the sample volume to obtain the amount of solid content in the
sample. Extracts were stored at 4 °C in amber bottles for a period of up to two weeks.

The laboratory and field experiments were done in the Experimental Station “Los Nogales” of the
Universidad de Concepcion, Chile, using an Andisol (medial, amorphic, thermic humic haploxerands),
with parent material corresponding to modern volcanic ashes and a textural analysis corresponding
to silty clay loam (20% sand, 49% lime and 31% clays), having moderate and good drainage [23]
containing 7% of organic C and pH of 6. This soil is has been used for farming systems because it has
high potential for diverse cropping systems (cereals, fruits and prairies), having similar characteristics
to other volcanic soils of Central-South of Chile.
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2.2. Biochar Production

Pieces of pine bark were ground in a mill (Thomas, Philadelphia, PA, USA) to a particle size of
3 mm. A pilot-scale electric pyrolyzer was used to produce biochar. One-kg of material with 51.5%
moisture was kept in the pyrolyzer for 15 h with an N-flow rate of 0.5 L-min!, reaching a maximum
temperature of 550 °C, with a residence time of 2 h at the highest temperature.

Formation of Biochar-Plant Extract Complexes

The previously described methodology [18] was used to sorb the plant extracts onto the biochar
surface. Biochar was washed with hot water (at 100 °C during 25 min), then filtered and oven-dried
(105 °C). Biochar-plant-extract complexes were developed with the goal of maintaining 11.5 mg total
solids per gram of biochar. For this, 10 g of dried biochar were placed in high-density polypropylene
tubes, and were activated by mixing with a solution of ammonium sulfate at a concentration of
5 mg N-L™! at a ratio of 25:1 (biochar:solution), along with a volume of plant extract equivalent to
11.5 mg total solids per gram of biochar [18]. The procedure of biochar activation was previously tested,
using different solvents to activate biochar’s surface and to increase the adsorption capacity of phenolic
compounds onto biochar (results not shown). Tubes were labeled, wrapped in aluminum foil to prevent
exposure to light, incubated at 25-30 °C and shaken at 150 rpm for 36 h. Complexes and plant extracts
are shown in Table 1.

Table 1. Identification of the different treatments performed in the field experiments.
Asterisk (*) denotes the treatments that were evaluated in the phytotoxicity assay.

Identification Description

BC * Biochar

BCPi * Biochar with ethanol extract from bark of pine
BCPe * Biochar with water extract from bark of peumo
BCEu * Biochar with water extract from bark of eucalyptus
Pine Ethanol extract from pine

Peumo Water extract from peumo

Eucalyptus Water extract from eucalyptus

2.3. Chemical Characterization of Biochar

Infrared spectra of the biochar were obtained using FTIR (Bruker, Tensor 27) with the KBr pellet
technique. The KBr technique [24] was used to obtain absorption spectra of the organic matter over the
range of 4000 and 400 cm ™! wavenumbers. The KBr pellets were prepared by mixing 1 mg of sample
with 250 mg KBr (both dried at 60 °C for 36 h) and pressing under a vacuum at 10,000 kg cm 2.
The resulting pellets were clear and transparent. Two spectra were run for each sample. Infrared spectra
were performed at a resolution of 2 cm™' and cumulating 16 scans.
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2.4. Phytotoxicity Assay

A laboratory experiment was conducted to evaluate the effect of BC and BC-BNI on seed germination
of radish (Raphanus sativus L.) used as a test plant [25]. The aim of this test was to verify if the treatments
represent any risk to the germination of plants. Treatments consisted in BC-BNI (Table 1) at two doses of
application, 1 and 2 grams of BC per 100 grams of soil (equivalent to 5 and 10 tons per hectare,
respectively). The treatments were mixed with 100 g soil (Andisol; 0-5 cm of depth) as previously
described (Section 2.1), and incubated for 15 days at 25 + 2 °C and 60%—70% of water field capacity,
considering a control (with distilled water). Then, the incubated material was filtered at 125 mm diameter
(Whatman 42) using distilled water at a ratio of 1:10 (sample:solution), obtaining an extract from each
treatment. An aliquot of each extract was used for the germination assay, which consisted of twenty
radish seeds (in petri plate) incubated with the extract solutions [25]. After 120 h of incubation in dark
conditions at 25 °C, seed germination percentage and root lengths of the plants were determined.
Germination indexes (GI) were obtained based on the previous formula [26]. Data were analyzed using
ANOVA analysis in a completely randomized design with three replicates per treatment, using SAS
statistical software version 8.0.

2.5. Evaluation of Net N Mineralization in a Field Experiment

The net N mineralization assays were established in plots of 0.3 m? without plants to prevent alteration
of biological processes caused by the interaction of the roots with soil. The application of the BC-BNI
was spread onto the soil surface at a dose of 1 g of BC-BNI per 100 g soil (equivalent to 5 tons per
hectare), while crude extracts where applied at an equivalent dose to that of BC complexes (11.5 mg
total solid of plant extracts per 100 g soil; equivalent to 68 kg-ha™'). All treatments (with 3 replicates)
received a dose of 85 mg N-kg ! soil, equivalent to 100 kg N-ha™! using urea.

The evaluation of NH4" and NOs™ produced in the soil was analyzed on days 1, 3, 7, 15, 30, 37, 44,
60, 75 and 90 after N fertilization, collecting soil samples at 0.05 m depth on each sampling date. The
NH4" content was determined by the Nessler reaction method [27], while NO3™ content was determined
using the sulfosalicylic acid method [28]. Results were expressed as mg N (NH4" or NO3") kg-soil .
The comparisons between the pairwise of treatments (BC-BNI versus crude extract) in each sampling
date were analyzed with a #-test with a 95% confidence interval (p < 0.05). In order to compare the total
amount of NO3~ produced during the period, a modified Shapiro-Wilks parametric analysis (p < 0.05)
and Duncan test with a 95% confidence interval (p < 0.05) were applied. Statistic software INFOSTAT
was used to analyze data.

3. Results
3.1. Effect of Plant Extracts Adsorbed to Biochar on Nitrification

The effect of BC-BNI versus BNI applied as crude extracts is shown in Figure 1. In general, it was
found that the BC-BNI complexes had less nitrate produced during the period of field assays.
Furthermore, BCPi and BCPe presented statistical differences (p < 0.05) in the nitrate content until
60 days after N-fertilization versus their crude plant extracts (Figure 1A,B) and BCEu until 30 days after
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(Figure 1C). When we compared the average of nitrification inhibition of BC-BNI complexes with
respect to their crude extracts produced during the entire assay period (at 90 days), values of 59%, 66%
and 68% in BCPi, BCPe and BCEu complexes, respectively, were obtained.
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Figure 1. Soil nitrate content (mg N-NO3 kg !) in a field experiment following urea
fertilization and the application of (A) BCPi complex and pine extract; (B) BCPe complex
and peumo extract; and (C) BCEu complex and eucalyptus extract. Bars with an asterisk (*)
indicate significant differences between treatments (z-test, p < 0.05).
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Afterwards, we determined by comparison between BC-BNI complexes that BCPe was the most
effective in decreasing the soil transformation of urea to nitrate, since it presented the lesser amount
(Duncan test, p < 0.05) of nitrate accumulated during the entire period, with 206 mg-NO3™ kg-soil ! in
comparison with BCPi (274 mg-NOs™~ kg-soil ') and BCEu (286 mg-NOs~ kg-soil ).

3.2. Chemical Characteristics of Biochar

FTIR analysis was performed to elucidate the functional groups presented in the chemical structure
of the matrix of biochar. The FTIR spectrum of biochar is shown in Figure 2. Different bands in the
spectrum represent different vibrations of functional groups. C=C mode was detected at 1580-1630 cm !,
indicating the presence of aromatic rings originating from lignin [29], as condensation of aromatic rings
is a consequence of the dehydration of wood heated above 500 °C.

Absorbance (%)

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 2. Fourier transform infrared spectroscopy (FTIR) spectra of pine bark biochar.

The C=0 mode was detected near 1735 cm™' and is formed by decomposition of hemicellulose
present in the pine bark [29]. The biochar obtained by the carbonization of pine bark at 550 °C resulted
in a chemical structure with predominantly aromatic rings that conferred resistance to biological
degradation [30]. This indicates that the physical and chemical characteristics of the BC account for the
high stability of the matrix [19,31].

3.3. Phytotoxicity Assay

The results of the germination index (GI) presented no significant differences between treatments
BC-BNI and control (p > 0.05) in the germination of radish seeds. The GI in all cases was >50%, where
this value was used as a limit in bioassays toxicity [32]. There were no negative effects on root elongation
(with an average of 65.26 + 8.92 mm), which indicate that there were no phytotoxic effects on root
development. This suggests that the treatments under study were not toxic.

4. Discussion

The inhibitory effect on soil nitrification is attributed to the secondary metabolites present in the plant
extracts from pine, peumo and eucalyptus. Tannins are one of the largest groups synthesized by plants.
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There is evidence that these compounds influence the N cycle in soil [33] and may alter the amount of
inorganic N and soil microorganism activity [34,35].

The crude extracts from bark of peumo and eucalyptus used in this study contained high amount
of proanthocyanidins and the crude extract obtained from pine trees contained high levels of
epigallocatechins. These are tannins formed by the union of catechins, which in turn are aromatic rings
with hydroxyl groups in para and ortho positions. Such molecular features have a great effect on
nitrification inhibition [36].

In our study, the BCPe complex showed the highest inhibitory effect on nitrification compared with
other treatments (p < 0.05), which could be explained by this plant extract presenting a higher content
of condensed tannins (1.53 mg catechin equivalent mg-extract ') compared to the eucalyptus (0.46 mg
catechin equivalent mg-extract ') and pine extracts (0.16 mg catechin equivalent mg-extract ') [18]. The
mode of action of tannins appears to block the ammonia monooxygenase pathway [2,16].

In general, when analyzing NO3™ levels, it is possible to observe that all of the treatments with BC
exhibited the highest inhibitory effect on nitrification, indicating a direct effect from BC on the BNI’s activity.
It has been suggested that organic compounds present in plant extracts are absorbed in the surface area
of BC; this is due to the high surface area of BC, ranging between 400 and 2300 m?-g "' [37-39], which
promotes a high adsorption capacity on this matrix. Similarly, based on the extracts’ chemical
characterizations determined previously [18], the high total phenol content of peumo (292.8 £ 17.1 mg
equivalent of gallic acid mg-extract!) in comparison with the other plant extracts suggests that the
hydroxyl group of phenols binds to the surface of BC, producing the protection against degradation of
this organic molecule and allowing a gradual release of the nitrification inhibitory compounds to the soil
even after 60 days of fertilization.

This finding suggests that the mechanisms by which BNI may be preserved over a long period of time
include physical protection within micro and nanopores and sorptive protection, acting as a shield for
organic compounds against enzymatic attack [40]. Similar results were reported regarding the adsorption
of catechol and humic acids from different plant materials in a BC matrix [40]. These authors concluded
that BC from pine bark pyrolyzed at 650 °C adsorbed a higher quantity of phenols, coinciding with our
study. These physical characteristics promote an effective adsorption of molecules because of the
increased surface area and rougher texture of biochar, which improves the adsorption capacity of BC
with organic molecules [41-44].

Biochar is a highly stable carbon matrix formed mainly by aromatic rings, characteristics which
provide stability to the complex and a high adsorption capacity for organic molecules. It was first proved
that biochar-plant-extract complexes did not cause any inhibition or toxicity for the germination of radish
seeds and root development.

The biochar-plant-extract complexes based on plant extracts from pine and peumo bark prolonged
the inhibitory nitrification effect until 60 days, after application in the field. It is important to note that
the peumo biochar extract reached up to 66% nitrification inhibition compared with the crude plant
extract. Further research will be focused on product development to enhance the performance of the
biochar-plant-extract complexes as nitrification inhibitors.



Sustainability 2015, 7 13593

5. Conclusions

The biochar used as matrix to adsorb natural compounds allowed increasing the efficiency of natural
extracts; generating a biochar-BNI complex that prolonged the nitrification inhibition at field condition,
and consequently could be increase the N use efficiency. The use of this biochar-BNI complex did not
produce detrimental effects on test plants; therefore these complexes could be proved in crop systems.
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