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Abstract: The application of biochar to traditional soil and soilless growth media in agricul-
ture has been reported to increase plant production. However, it remains unclear which
biochar component drives this process or which biogeochemical process is attributed to
better plant productivity. Therefore, this study aims to determine how biochar organic
carbon (C) composition and thermal stability influence nitrogen availability and tomato
production. Soilless growth media composed of a mixture of 60% and 40% coconut coir
(CC) (Cocos nucifera L.) and fine pine bark (PB) (Pinus genus), respectively, was amended
with 0, 1, 2, 3, 4, 6, 8, 10, and 12% biochar per dry weight. The amended media were used
to grow Red Bounty tomatoes (Lycopersicum esculentum) for three months. After harvesting
tomatoes and determining yield, organic C composition and C thermal stability of the
biochar amended soilless growth media mixtures were determined using solid-state 13C
nuclear magnetic resonance (13C NMR) and multi-elemental scanning thermal analysis
(MESTA), respectively. Thermal stability data were used to determine the “R400 index”,
and nitrate (NO3

−) concentration was determined using the water extractable method.
Results showed that biochar-amended media significantly increased pH (p < 0.0001) and
NO3

− (p = 0.0386) compared to the no-char control. Biochar amended soilless media or-
ganic C composition was dominated by O-alkyl-C as a result of a higher fraction of soilless
media; however, total C, carboxyl-C, phenolic-C, and aromatic-C increased with increasing
biochar content and related negatively to R400, which decreased with increasing biochar
content. Nitrate retention and tomato yield increased with increasing total C, carboxyl-C,
phenolic-C, and aromatic-C and decreasing R400. This indicates that the stable form of
C, carboxyl-C, phenolic-C, aromatic-C, and low R400 enhanced NO3

− sorption, reducing
leaching and enhancing its availability for tomato growth.

Keywords: biochar; carbon stability; carbon thermal stability; R400 index; soilless
growth media

1. Introduction
Nitrogen (N) is an important macronutrient for the plant metabolism system and a

key constituent of protein, making up all living matter’s structural materials. Nitrogen is
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essential in ensuring energy availability for plants to increase yields [1]. It is an important
and key agricultural soil input element that enhances plant growth [2]. In the early 1900s,
bumper crop yields were observed because of the massive, relatively cheap N fertilizer due
to the development of the Haber-Bosch process [3–5]. It has been reported that between
1950 and the beginning of the 21st century, N fertilizer used increased from less than 1 Tg N
yr−1 (1 Tg = 1012 g) to more than 11 Tg N yr−1 in the United States [3,6]. Plants mainly take
up soil nitrogen in the form of Ammonium (NH4

+) or nitrate (NO3
−) [6,7]. Available N for

crop uses usually depends on the amount of N fertilizer added to the growth media and/or
mineralization occurring and the balance between mineralization and immobilization [6,8].
Ammonium ions from the mineralization process are rapidly converted to NO3

− ions by a
process called nitrification [9], a two-step process by which Nitrosomonas bacteria convert
NH4

+ to nitrite (NO2
−), and then Nitrobacter bacteria convert the NO2

− to NO3
− [6]. A

rapidly occurring process is that one mostly finds NO3
− rather than NH4

+ and requires
a well-aerated medium. In many cases, the available nitrogen from the mineralization
process is not sufficient for plant growth, resulting in fertilizer application.

However, it has been observed that usage of inappropriate fertilizer configurations
such as fraction, rate, and application time of NO3

− and NH4
+ to agricultural lands could

lead to N losses [3]. Agricultural N losses can significantly cause NO3
− and NH4

+ leaching
and emission of N2O and NH3 into the environment [3,6]. Even though N inputs are
beneficial for increasing productivity in agricultural systems, excess N can cause ozone-
induced injury to crops, acidification, and eutrophication of aquatic ecosystems in the
environment [10]. For example, N losses from Midwest U.S. agricultural fields are sug-
gested to be the leading cause of the hypoxic zone in the Gulf of Mexico [11]. It is estimated
that a regional average of 1.12 (0.64–1.67) Tg N−y of N losses from stable and unstable
yield areas of N fertilizer lost into the environment is causing the U.S. approximately
USD 485 (267–702) million dollars in fertilizer value equivalent [11]. In addition, N leach-
ing from agricultural lands poses a significant threat to surface and groundwater quality,
leading to the eutrophication of water bodies [12]. Toxins with paralytic, diarrheic, and
neurotoxic effects that can have adverse effects on humans, animals, and aquatic species,
according to [6], may be produced by algae that result from eutrophication. At high
concentrations, these toxins can impact aquatic species’ reproduction, fishing industries,
and coastal economies because of algal bloom [6]. Economically, eutrophication cost the
United States of America and the United Kingdom approximately USD 2.2 billion and
GBP 75–114 million [6,13], respectively, relating to issues such as drinking water treatment,
biodiversity, and tourism [14]. One of the reported nutrient-leaching mitigation processes
is the application of biochar to soil or growth media [15].

The soilless-biochar amendment system is gaining global attention [6,16,17]. Soilless
systems, which involve the containerization of plant roots within a porous rooting medium,
substrate, or growing medium, can be defined as any method of growing plants without
the use of traditional soil as the rooting medium [18,19]. Soilless media have been reported
to produce higher yields and prompt harvests from smaller areas, have higher water
and nutrient use efficiency, and be more cost-effective than traditional soil systems [20].
However, there is a need to evaluate the nutrient retention capacity of the soilless media.

Biochar has been reported to enhance nutrient retention when amended with soil [21].
Biochar is the C-rich product obtained as a result of pyrolysis of biomass of plant or
animal organic matter (OM) at temperatures greater than 250 ◦C in the absence or low
oxygen environment [22–24]. Literature has shown that soil biochar amendment increases
soil organic carbon (OC), improves water holding capacity, neutralizes acidic media pH,
increases water retention, aeration, and cation exchange capacity (CEC), and improves
microbial biomass [25–28]. Biochar has also been reported to potentially sequester C in soils
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and improve soil quality and plant growth [29,30]. Biochar plays an important role in soil
fertility conservation [31]. Amending soilless media with specific percentages of biochar
has been reported to increase plant growth [16]. Biochar-soilless amendment decreased
phosphorus, NO3

−, and organic C runoff [32], improved growth and productivity [33–35],
increased substrate pH, and improved hydraulic conductivity and water retention [6,36].
However, it remains unclear which component of biochar influences nutrient retention.

One of the most successful structural tools for in-depth analysis of complex organic
solids in their natural state has been the solid state 13C nuclear magnetic resonance (NMR)
technique [37]. The 13C NMR technique has evolved into one of the pervasive spectroscopic
approaches for qualitative and quantitative chemical analyses [38]. 13C NMR data provide
more detailed information and pictures of the structural properties of samples composed of
a wide range of organic (aliphatic and aromatic) functional groups [39]. NMR techniques
present high-resolution sample spectra with different constituents’ detection; however,
this analysis method is expensive. Therefore, in complementarity to 13C NMR, the multi-
elemental scanning thermal analysis (MESTA) technique provides a simple, inexpensive,
rapid, and sensitive alternative routine for solid sample examination [40]. The MESTA
technique heats a sample from ambient to 800 ◦C in an enclosed quartz tube under a
given atmosphere. The sample volatile components are carried to a high-temperature
combustion tube, oxidized to their respective oxides, and then detected by the elemental
detectors [40]. Results of the samples of thermograms of simultaneous elements (C and N)
are generated and used as chemical identification and characterization signatures [6,40]. A
highly robust new OM quality indicator, the “R400” index, is deduced directly as a fraction
of low thermal stable carbon values to the overall organic C composition values [41]. High
R400 values, by molecular analyses, indicate samples richer in sugars and slightly oxidized
lignin. Indication of higher R400 values in samples can be translated as OM preservation
indicator [41]. It is clear that amending soilless media with biochar influences the C quality.
However, it remains unclear how soilless media biochar amendment influences organic
C composition and thermal stability and their influence on NO3

− retention and tomato
yield. Therefore, the objective of this research is to (i) determine the influence of soilless
media biochar amendment on organic C composition and R400, (ii) evaluate the influence
of organic C composition and R400 on NO3

− retention, and (iii) determine the influence of
NO3

− retention on tomatoes yield.

2. Materials and Methods
2.1. Research Method
2.1.1. Media

A soilless growth media consisting of a mixture of 60% coconut coir and 40% fine pine
bark was used to prepare eight biochar treatments containing 1, 2, 3, 4, 6, 8, 10, and 12%
biochar per dry weight, respectively, plus a control, no-biochar. The compressed coconut
coir brick of 20 × 10 × 5 cm was expanded and rehydrated by soaking it in water, giving a
volume 5–7 times its original size. A cement mixer was used to mix the soilless media with
biochar treatments and dispensed into nine 11-L plastic containers to give three composite
replicates per treatment.

2.1.2. Tomato Production

Red Bounty hybrid tomato plants were acquired from Hopkins Farm: 272 Oak Hill
Rd., Cairo, GA 39828, USA. Plants were grown at Hopkins Farms and bought as transplants.
Transplants were planted one per 11-L container containing the appropriate percentage
biochar treatment and the control. Each treatment had a total of nine plants. Plants were
fertigated, incorporating nutrients and irrigation water with a hydroponic nutrient solution
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formulated by Verti-Gro® (http://www.vertigro.com/category-s/103.htm, accessed on
2 December 2021) via drip irrigation. UVA is a simple and common technique by which
a pump on a timer delivers a slow solution feed to the base of each plant. Plants were
fertigated 5 days a week and irrigated on weekends, 4 times a day, for 3-min duration.
Tomato production occurred under a shade-protective structure, with the shade material
providing up to 60% Ultraviolet (UV) protection.

2.1.3. Sample Collection and Laboratory Processing

Tomatoes were harvested when they first began to show signs of turning red and
ripening. The harvested tomatoes were weighed and recorded for six weeks before the
termination of the experiment. After tomatoes were harvested, the soilless + biochar
samples and the control were composited, consistent with the nine treatments, including
the control. Three samples were combined and homogenized under each treatment, and the
composited samples were processed in triplicate. From the composited and homogenized
samples, approximately 450 g of each composite sample was collected in labeled plastic
zip lock bags and transported on ice in the cooler to FAMU’s main campus School of the
Environment laboratory for processing and analysis.

In the laboratory, a sub-sample of each composited triplicate sample collected from
nine treatments, including the control, was air-dried at 25 ◦C to constant weight prior to 13C
NMR and MESTA analysis. The air drying ensured no alteration in organic C composition.
Another sub-sample of each composited triplicate sample was oven-dried at 70 ◦C for three
days before physical-chemical analysis.

2.2. Physicochemical Properties

Sample pH was determined with 1 g of sample in 20 mL of deionized water (DI) shaken
for 1.5 h and left for 5 min equilibration time before pH measurement with Fisher Scientific
Accumet Basic AB15 pH meter [15,21,42]. Sample elemental C and N were determined in
triplicate using a CHN Elemental Analyzer (Carlo-Erba NA-1500) by Thermo Flash and
Carlo Erba Analyzers, Okehampton, Devon, England, through high-temperature catalyzed
combustion [15]. Loss on ignition (LOI) of samples was determined by heating pre-oven-
dried samples at 550 ◦C for 4 h using Thermolyne Furnace 48000 (ThermoFisher Scientific,
Waltham, MA, USA) [6,21]. Samples NO3

− were determined using the water extractable
method by agitating 1 g of the sample with 20 mL of DI water for 30 min. After allowing
to settle for 15 min, the mixture was centrifuged at 6000 rpm for 10 min. The supernatant
was then filtered through 0.45 µm pore size filter paper [6]. The NO3

− concentration was
analyzed using the ionic chromatography system Dionex ICS-2000 (Dionex, DX, Sprectralab
Scientific Inc., Buffalo, NY, USA) coupled with an autosampler (Dionex, AS-DV).

2.3. 13C Solid—State Nuclear Magnetic Resonance Analysis

Sample organic C composition was determined using 13C NMR. Finely milled pow-
der samples of soilless media amended with different percentages of biochar by weight
were analyzed using the magic angle spinning 13C solid-state nuclear magnetic resonance
technique (MAS 13C SSNMR). A Bruker 300 MHz AVANCE II NMR spectrometer equipped
with a Bruker 4.0 mm double resonance MAS NMR probe was used to conduct the MAS
13C SSNMR analysis. Samples were packed into 4.0 mm zirconia rotors with Kel-F drive
caps. Samples were spun to 9.5 kHz at RT using a Bruker pneumatic MAS unit. 13C signals
of samples were enhanced by cross-polarization: a 4.0 ms 1H 90◦ pulse followed by a 1H
spin-lock field of 45 kHz for 1.0 ms contact time, during which the 13C RF field was ramped
from 35 to 50 kHz. All 13C signals were recorded under irradiation of the SPINAL 64
decoupling sequence with a 1H RF amplitude of 62.5 kHz. With a recycle delay of 3 s, the
number of scans used to accumulate the signals was between 10,000 and 20,000, depending

http://www.vertigro.com/category-s/103.htm
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on the samples. The integrated MAS 13C SSNMR spectra regions were used to determine
each C functional group (alkyl: 0–45 ppm; methoxyl: 45–60 ppm; O-alkyl: 60–110 ppm;
aromatic: 110–140 ppm; phenolic: 140–160 ppm; and carboxyl: 160–220 ppm) contributed
from the samples [21,43]). Using total carbon (TC) values of the samples, the percentage of
C functional groups was converted to g C kg−1 functional groups [21].

2.4. Thermal Stability Analysis Using Multi-Elemental Scanning Thermal Analysis

To determine sample total C and N content, the multi-elemental scanning thermal
analysis (MESTA) technique was employed, as used by [21,40]. Carbon and N contents
were used to generate C and N thermograms, respectively. The MESTA device comprises
a quartz pyrotube with connecting compartments for samples and combustion. Samples
were placed in the sample chamber or compartment, heated from ambient temperature to
700 ◦C at a constant heating rate of 50 ◦C per minute; a 40% O2 and 60% He carrier gas was
flushed through the sample compartment throughout the analysis.

The carrier gas carried the decomposed materials to the combustion compartment,
oxidized to CO2, NO2, and SO2, and detected C, N, and S through a detector. A PC-based
online multi-channel data logger connected to the device recorded the sample’s temperature
and C and N signals. The temperature range in each run was calibrated using a cystine
standard. The samples’ C and N concentrations were determined using a calibration curve
generated from the arginine-KHP standard of known concentration. A mixture of sample
and talc dilution in a ratio of 1:5 (sample: talc) by weight was applied before the MESTA
analysis to obtain a better thermogram representative for the sample thermo-chemical
analysis due to high C concentration in biochar [21], an amendment to the growth media.
The low thermal stable C (LTSC) was considered as the carbon recovered at <400 ◦C, while
high thermal stable C (HTST) was considered as the C recovered at >400 ◦C [21]. The
R400 index was calculated; the R400 index is the ratio of the area defined below 400 ◦C
normalized to its total surface [41,44]. Based on the data obtained from the low C thermal
stability (<400 ◦C), R400 was calculated as the fraction of low thermal stability to total C of
samples using the formula below:

“R400” = (C recovered at <400 ◦C)/TC

2.5. Statistical Analysis

JMP software (version 13.2.1) was used to conduct Analysis of variance (ANOVA) and
correlation analysis for this study. The responses considered were reported using the means
and standard error of the mean (SEM). ANOVA, using all pairwise Tukey HSD tests, where
α = 0.05, was used to determine significant differences among treatment variables. The
independent variables include the biochar percentage, C composition, C thermal stability,
and R400. The dependent variables include nitrate retention and tomatoes production.

3. Results
3.1. Biochar Amended Soilless Media Physicochemical Properties

Biochar-amended soilless media physical-chemical parameters are shown in Table 1.
The amendment with biochar significantly influenced the soilless media parameters. The
pH remained slightly acidic, ranging from 6.02–6.84; the acidity decreased with the increas-
ing percentage of biochar (p < 0.0001; Table 1).

Total C increased significantly with increasing biochar percentage (p = 0.0006; Table 1),
ranging from 443.0 to 514.5 g kg−1. Total N was highest in the soilless media with no
biochar amendment and significantly differed between treatments but with no specific
pattern ranging from 3.3 to 4.2 g kg−1 (p = 0.0044; Table 1). The C:N ratio increased with
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increasing biochar percentage, ranging from 106.5 to 139.4, which was above 25 in all
treatments (p = 0.0024; Table 1). The NO3

− retention significantly increased with increasing
biochar percentage ranging from 97.5 –176 g kg−1 (p = 0.0386; Table 1), while NH4

+ did
not significantly differ between treatments (p = 0.1078; Table 1). However, there were no
significant changes in loss on ignition (LOI) (p = 0.4618; Table 1).

Table 1. Samples pH, loss on ignition (LOI), and nutrients data. Data indicate mean ± SEM (standard
error of mean) for % amendments. Different superscript letters accompanying figures indicate Tukey
HSD significance difference between means of biochar % amendment to growth media.

Biochar pH LOI (%) NH4
+ (mg kg−1) NO3− (mg kg−1) N (g kg−1) C (g kg−1) C:N

0% 6.15 ± 0.03 d 90.55 ± 0.90 a 14.73 ± 2.73 a 120.16 ± 16.57 bc 4.17 ± 0.07 a 443.67 ± 3.03 c 106.51 ± 0.77 b

1% 6.02 ± 0.01 d 90.58 ± 0.95 a 16.87 ± 1.35 a 113.30 ± 10.01 c 3.60 ± 0.10 ab 447.80 ± 7.61 bc 124.53 ± 1.35 ab

2% 6.03 ± 0.06 d 91.27 ± 0.41 a 17.33 ± 1.12 a 97.51 ± 25.24 c 3.33 ± 0.09 b 443.03 ± 4.08 c 133.11 ± 1.49 a

3% 6.23 ± 0.09 d 90.47 ± 0.16 a 21.12 ± 1.30 a 118.39 ± 12.98 bc 3.30 ± 0.00 b 454.60 ± 6.55 bc 137.76 ± 1.07 a

4% 6.47 ± 0.05 bc 89.30 ± 1.20 a 19.71 ± 3.23 a 140.86 ± 11.01 abc 3.63 ± 0.03 ab 470.17 ± 4.83 abc 129.45 ± 1.20 ab

6% 6.46 ± 0.02 c 90.21 ± 0.44 a 16.16 ± 1.20 a 101.23 ± 17.95 c 3.30 ± 0.15 b 459.97 ± 22.71 bc 139.39 ± 1.21 a

8% 6.68 ± 0.02 ab 90.18 ± 0.40 a 17.20 ± 2.19 a 123.36 ± 17.55 bc 3.53 ± 0.26 ab 478.40 ± 6.48 abc 136.68 ± 2.27 a

10% 6.76 ± 0.01 a 88.69 ± 1.09 a 14.30 ± 1.46 a 176.01 ± 2.37 a 3.60 ± 0.17 ab 492.43 ± 8.69 ab 137.31 ± 1.85 a

12% 6.84 ± 0.02 a 90.85 ± 0.91 a 12.71 ± 0.43 a 162.65 ± 21.20 ab 3.80 ± 0.11 ab 514.47 ± 8.07 a 135.76 ± 1.89 a

p value <0.0001 0.4618 0.1078 0.0386 0.0044 0.0006 0.0024

3.2. C Solid State Nuclear Magnetic Resonance

Both coir and fine pine bark used to make the soilless media and referenced in Figure 1
as CC and PB, respectively, were dominated by O-alkyl-C. In contrast, biochar (references
as BB in Figure 1) by itself was dominated by aromatic-C (Figure 1). As a result, after
soilless media was amended with biochar, the dominant carbon functional group for all
the percentages of biochar-amended media and the control was O-alkyl-C (Figure 1). The
O-alkyl ranged between 248–267 g kg−1 across all soilless media biochar amendments
(Table 2). Across all biochar amendments, the dominance of the functional groups was
in the order O-alkyl-C > aromatic-C > phenolic-C > alkyl-C > methoxyl-C > carboxyl-
C (Table 2). It was evident that carboxyl-C, phenolic-C, and aromatic-C increased with
increasing biochar percentage amendment in the order of aromatic > phenolic > carboxyl-C
(Table 2) (Figure 1). Alkyl: O-Alkyl and aromatic: O-alkyl ratios ranged between 0.12–0.17
and 0.25–0.37, respectively.

Table 2. Carbon functional groups (g kg−1) data indicating % biochar amendments of growth media.

Biochar Carboxyl Phenolic Aromatic O-Alkyl Methoxyl Alkyl Alkyl:O-Alkyl Aromatic: O-Alkyl
0% 14.89 32.17 67.76 267.87 27.12 33.86 0.13 0.25
1% 17.48 39.82 67.96 250.51 30.81 41.22 0.16 0.27
2% 14.58 34.72 65.66 258.72 30.32 39.04 0.15 0.25
3% 27.72 42.32 73.98 256.09 24.38 30.11 0.12 0.29
4% 23.06 42.40 78.04 260.22 30.10 36.35 0.14 0.30
6% 20.59 42.24 73.88 247.96 31.93 43.38 0.17 0.30
8% 25.40 48.34 82.16 256.75 30.97 34.79 0.14 0.32
10% 26.38 53.34 92.60 253.08 30.68 36.36 0.14 0.37
12% 38.29 56.11 95.59 261.63 28.47 34.38 0.13 0.37

3.3. Multi-Elemental Scanning Thermal Analysis Results

The data indicated the dominance of LTSC in all samples apart from the 12% biochar
amendment, where the quantities of LTSC and HTSC were equal (Table 3; Figure 2). This
was evident from the R400 index, which was above 0.5, apart from biochar at 12%, which
exhibited the 0.5 R400 index (Table 3). The R400 index decreased with increasing biochar
percentage, decreasing from 0.7 for 1% biochar to 0.5 for 12% biochar (Table 3). It was
clear that R400 values significantly correlated negatively with total carbon (r = −0.83;
p = 0.0062; Figure 3a), carboxyl-C (r = −0.69; p = 0.0409; Figure 3b), phenolic-C (r = −0.67;



Agriculture 2025, 15, 865 7 of 18

p = 0.0487; Figure 3c), aromatic-C (r = −0.79; p = 0.0121; Figure 3d), and aromatic: O-alkyl
ratio (r = −0.72; p = 0.0299; Figure 3e).
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Figure 1. Solid State 13C NMR organic carbon composition determination for media with % biochar
amendment. BB = biochar only, CC = coir only, and PB = fine pine bark only.

Table 3. Biochar % amendments growth media carbon low and high thermal stability (LTSC), (HTSC)
(g kg−1) and “R400 index” data.

Biochar LTSC (g kg−1) HTSC (g kg−1) R400
0% 268.65 175.02 0.61
1% 311.72 136.08 0.70
2% 290.09 152.94 0.65
3% 306.68 147.92 0.67
4% 303.81 166.36 0.65
6% 283.71 176.26 0.62
8% 285.47 192.93 0.60

10% 291.06 201.37 0.59
12% 255.74 258.73 0.50

3.4. Nitrate Retention

As previously indicated, NO3
− increased with an increasing biochar percentage

(Table 1). There was a significant positive relationship between NO3
− and C (r = 0.84,

p = 0.0048; Figure 4a), carboxyl-C (r = 0.69, p = 0.0394; Figure 4b), phenolic-C (r = 0.78,
p = 0.0123; Figure 4c), aromatic-C (r = 0.89, p = 0.0014; Figure 4d), and aromatic: O-alkyl
(r =0.85, p = 0.0039; Figure 4e). Notably, C (Table 1), carboxyl-C, phenolic-C, aromatic-C,
and aromatic: O-alkyl-C ratios all increased with increasing biochar percentage (Table 2).
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3.5. Tomatoes Yield

Tomato yield exhibited significantly high production under 12% biochar and generally
had an increasing trend with increasing biochar percentage (Figure 5). In addition, tomatoes
yield had significant positive correlation with C (r = 0.86, p = 0.0028; Figure 6a), carboxyl-C
(r = 0.83, p < 0.0054; Figure 6b), phenolic-C (r = 0.75, p < 0.0196; Figure 6c), aromatic-C
(r = 0.84, p < 0.0047; Figure 6d), and aromatic: O-alkyl ratio (r = 0.77, p < 0.0144; Figure 6e),
respectively. Therefore, it is notable that both NO3

− retention and tomato production
exhibit a positive relationship with C, carboxyl-C, phenolic-C, aromatic-C, and aromatic:
O-alkyl-C ratio. In contrast, it was evident that R400 exhibited a non-significant negative
relationship with NO3

− retention (r = −0.62; p = 0.0754; Figure 7a) and a significant negative
relationship with tomatoes yield (r = −0.91, p = 0.0007; Figure 7b). Notably, tomato yield
exhibited a significant positive relationship with NO3

− (r = 0.75, p = 0.0192; Figure 7c).
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4. Discussion
4.1. Biochar Amendment Altered the Soilless Media’s Physical-Chemical Properties

Amending soilless media with biochar significantly reduced the acidity of the media.
This is consistent with results reported by [45,46] that biochar increased soil pH, high-
lighting the liming effects of biochar. It is notable that [21] indicated that the nutrient
composition (especially calcium, iron, and aluminum) and biochar pyrolysis temperature
influence the level of alkalinity introduced by biochar. The carbon content of the biochar
amended soilless media increased with increased biochar percentage, consistent with [46].
This is because biochar is a carbon-rich coproduct of organic matter pyrolysis, which is a
great soil amendment [47]. However, the biochar amended soilless media C:N exhibited an
increased ratio with increasing percent biochar and ranged from 106–137. This indicates
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that N immobilization would dominate before mineralization [6,48]. Nitrate retention
significantly increased with an increasing biochar percentage and concurred with findings
in [49]. Nitrate has been reported to be minimally sorbed by biochar [50]. The sorption
increases with pyrolysis temperature, which generally causes losses of aliphatic structures
and gives rise to mostly poly-condensed aromatic [50,51].

4.2. Amendment of Soilless Media with Biochar Influences Organic Carbon Composition and
Thermal Stability

This study demonstrates that soilless media exhibited O-alkyl-C dominance, a labile
form of C [21,52]. This was further supported by the high R400 index (above 0.5), which
exhibits the dominance of LTSC [21,41,53]. The biochar was dominated by aromatic C,
which is considered a stable form of C [21,53]. It was evident that the biochar used in
this study exhibited dominance of aromatic-C; in the previous studies, aromatic C has
been attributed to the presence of a more significant amount of lignin in plant-derived
feedstock biochar due to high poly-condensed aromatic moieties [23,54]. Notably, the C and
HTSC increased, but the R400 index decreased with increasing biochar percentage in the
biochar-amended soilless media. This is consistent with previous findings that preserved
OM samples are reported to record high R400 values while degraded OM records low R400
values [39]. However, it was evident from the results of this study that the amendment of
soilless media with biochar still resulted in the dominance of O-alkyl-C and LTSC because
of the relatively higher proportion of the soilless media compared to biochar in the biochar-
amended soilless media. Previous studies indicate that the dominant peaks shown within
the 300–320 ◦C (Figure 2) were caused by the biological thermal labile compounds [44,55].
Furthermore, the major components of woody tissue, cellulose and or lignin, are reported
to be attributed to the media peaks generated between the 360–370 ◦C of the MESTA
analysis [44] (Figure 2).

However, even with the dominance of O-alkyl-C and LTSC in the biochar-amended
soilless media, it was evident that there was an alteration of C content, organic C compo-
sition, and decreasing R400 index with increasing biochar percentage. This is consistent
with recent literature that indicates that media quality indicators such as C content and
stability exhibited improvement when amended with biochar [6,46,56,57]. This was further
supported by [58], who argued that biochar characteristics could influence the organic C
composition of biochar-amended media.

It was also evident that carboxyl-C, phenolic-C, and aromatic-C increased with an
increasing biochar percentage. Carboxyl-C, phenolic-C, and aromatic-C are classified as
stable C because of their complex structures [21,53,59,60].

4.3. Organic Carbon Composition and Thermal Stability Influence Nitrate Retention

It was evident that increasing biochar percentage resulted in increased carboxyl-C,
phenolic-C, and aromatic-C, which are considered stable forms of C [6,61], which could
undergo physiochemical disintegration into the formation of organic and inorganic com-
posites with media biochar amendment particles. This formation has been ascribed to its
ability to adsorb complex and fix inorganic ions and compounds [62]. It is reported that [63]
accumulation of aromatic-C in soil amended with biochar exhibited high formation of
NO3

− activity, a scenario that could be attributed to the increased NO3
− with increased

stable C. The process of adsorption of nutrients to minerals and organic matter is a major
way by which nutrients are retained and made available to plants [6,64]. This is an indica-
tion that biochar slowly releases N dominated with NO3

− [65,66]. Aromatic-C has been
reported to increase nutrients and water retention in biochar micropores, decreasing the
leaching of NO3

− and thereby leading to greater utilization of available NO3
− by tomato

plants [50,51].
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The ability of biochar-amended soilless media to retain cation in exchangeable form
for plant availability in proportion with the amount of media OM due to biochar organic
C composition [6,64] is consistent with the findings of this study. Because of its greater
surface area, greater negative surface charge, and greater charge density [6,67], biochar-
amended soilless growth media has a more remarkable ability to adsorb cations per unit
C than other OM media to retain NO3

− [68]. The increase of NO3
− with an increasing

percentage of biochar amendments in this study implied that N leaching was reduced due
to biochar’s large surface area and carboxylic functional groups [69], thereby sustaining
nutrient (NO3

−) retention.

4.4. Enhanced Nitrate Retention Improves Tomatoes Yield

It was evident that increasing NO3
− was consistent with increasing tomato yield,

implying that tomato plants could access the available retained NO3
−. The unique char-

acteristics of biochar to retain exchangeable nutrients (NO3
−) for plant intake availability

offer the possibility for crop yield improvement while minimizing environmental pollu-
tion by reducing nutrient leaching [6,64]. The relationship between increasing tomato
yields with increasing NO3

− could be a function of N reduction through denitrification,
which may lead to greater uptake of N (NO3

−) by tomato plants grown in the presence
of biochar [50]. Media biochar amendments in both greenhouse [70,71] and field [72–75]
studies have been reported to improve crop growth and yield [76]. The above could have
resulted because media fertility improvement could happen either by enhanced nutrient
supply or an increased nutrient use efficiency [77] through enhanced N supply due to
reduced nutrient leaching [6,72,76–78].

5. Conclusions
Biochar-amended soilless media exhibited dominance of O-alkyl-C; however, C,

aromatic-C, phenolic-C, and carboxyl-C increased, and R400 decreased with increasing
biochar percentage. This demonstrates that increased biochar increases C content and
increases C stability. It was clear that NO3

− concentration related positively with the
biochar-amended soilless media aromatic-C, phenolic-C, and carboxyl-C, indicating that
these forms of stable C enhanced NO3

− retention. In addition, the NO3
− retention exhib-

ited a positive relationship with tomato yield. This indicates that the amendment of soilless
media with biochar enhanced the accumulation of more stable C in the form of aromatic-C,
phenolic-C, and carboxyl-C and decreased the R400 index. However, the stable form of C
enhanced NO3

− retention, potentially reducing NO3
− leaching, which promoted tomato

production and had the potential to mitigate N eutrophication.
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