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Abstract

Rising global demand for food and fibre requires more efficient and sustainable fertilizer
strategies. Biochar mineral complexes (BMC) are being developed for use as an organic
alternative to conventional synthetic fertilizers, or to supplement conventional fertilizers
applied at lower rates. Biochar can change electrochemical properties such as zeta potential
(ZP) that influence nutrient use efficiency. However, the impact of BMCs on the ZP of plant
roots remains unknown. This study investigated the effects of BMC on root zeta potential,
nutrient leaching, and yield in an intensive protected cropping system. A novel BMC
was developed and tested in four treatments: synthetic fertilizer, organic fertilizer, BMC
with half-rate organic fertilizer, and BMC alone. Organic fertilizer significantly increased
negative root ZP compared with other treatments, largely due to higher concentrations
of –COOH and –OH functional groups on the potting media. Treatments containing
organic fertilizer also increased pH and cation exchange capacity (CEC), enhancing nutrient
availability and retention relative to synthetic fertilizer. Yield was greatest with synthetic
fertilizer; however, BMC combined with half-rate organic fertilizer achieved similar yields
to full-rate organic fertilizer. This indicates that BMC co-applied with half-rate organic
fertilizer should be considered by farmers to be a viable alternative to full-rate organic
fertilizer regimes to reduce net inputs and risk of negative environmental impacts from
over-fertilization.

Keywords: biochar; biochar-mineral-complex; organic fertilizer; precision agriculture

1. Introduction
Food production must continue to increase in order to feed our projected population

of 10 billion in 2050 [1]. The required increase in food production must occur despite
additional global challenges including the changing climate, ongoing soil degradation and
urbanization, and meeting net zero commitments despite high requirement for fertilizers,
water, and energy inputs [2,3]. Industrial agriculture heavily depends on repeated and
ongoing application of synthetic fertilizers that contain readily soluble nutrients required
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by crops to produce high yields [4]. Synthetic fertilizers can increase yield for staple crops
by up to three times; however, ongoing use in the long-term leads to soil acidification and
land degradation [5]. Also, misuse and over-application of synthetic fertilizers can result
in environmental pollution from leaching and runoff [6,7]. Therefore, developing high
efficiency fertilizers that minimize environmental impact while not compromising yield
are an imperative for future agriculture to meet the required increase in demand.

Biochar mineral complexes (BMC) are a form of biochar-based fertilizer that are
emerging commercially. Also known by other industry terms including commercial biochar
fertilizer, organo-mineral biochar fertilizer, biochar-based fertilizer, and enriched biochar
fertilizer, BMCs can be engineered or modified to meet specific agronomic outcomes
and address known site–soil–crop challenges such as increasing a soil with low pH or
cation exchange capacity (CEC) [8–10]. For example, if a soil is predominantly sand in
texture, adding clays such as bentonite to the BMC mixture can help improve soil CEC
after application [11,12]. Also, co-applying biochar and/or BMCs with organic fertilizers
can increase nutrient use efficiency by lowering soil redox potential [13,14]. Developing
modified biochar products, such as BMCs, and using advanced characterization techniques,
can aid in understanding the electrochemical effects of biochar and BMCs being applied
to agricultural systems [15]. However, understanding the effect that BMC has on the
underlying mechanisms within soil–plant systems is critical to the continuing development
of engineered BMC fertilizers.

Applying biochar and BMC fertilizers to soils can affect the electrochemistry of the
soil and surrounding soil solution [13]. Zeta potential (ZP) is an electrophysical parameter
that represents the average electrokinetic potential across the boundary between a solution
and a particle, called the shear plane, similar to the boundary between a plant root and
soil solution [16,17]. Zeta potential (ζ) is measured in volts and within the plant–soil
context, represents the potential difference (mV) between the soil solution and the root
surface, and therefore indicates the nature of charge and adsorption capacity of the plant
roots [18]. Zeta potential is determined while considering both the solid particle (root
surface) and the solution medium (soil solution) in question [19]. Therefore, substances
such as fertilizers or BMCs that are known to modify soil properties may also affect the
ZP of plants root surfaces, because the ZP of root surfaces is dependent on rhizosphere
electrochemistry [17]. Previously, applying wood biochar has increased the negative ZP for
both mint and safflower crop roots by 42% and 31%, respectively [16]. Additionally, BMCs
affect soil redox reactions, and changes to root membrane potential have been examined and
shown to reduce the energy required for nutrient uptake [17]. However, to the best of our
knowledge, there is no reported evidence regarding the effects of applying BMC or biochar-
based fertilizers, rather than pure biochar, on the ZP of plant roots. Understanding the
electrochemical effects of BMC on the plant–soil boundary may help to develop improved
fertilizer products with additional agronomic benefits.

Root ZP is intercorrelated with both soil properties, such as pH, CEC and cation
balance, and treatments applied to soil [9,16,20]. Soil pH directly moderates nutrient
availability for plants, with most nutrients being available in between 5.5 and 6.5 pH [21].
Cation exchange capacity is the capability of a particle surface to adsorb and exchange
cations via an electrostatic force [22]. Increased soil CEC improved plant productivity due
to increased availability of nutrients in cation forms [3,23]. Specifically, potassium (K),
calcium (Ca), and magnesium (Mg) are important cations for plant growth and are directly
moderated by soil CEC [24]. Also, clays and organic matter both have high CEC, and
adding those to a BMC mixture has the potential to increase the relative CEC of the BMC
produced [25]. Therefore, understanding how BMC formulated with specific ingredients,
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including clays, would influence the ZP of plants is of great value for ongoing biochar-based
fertilizer development.

This study used ginger (Zingiber officinale) as a model crop, which is widely planted in
protected cropping systems to ensure crop quality. Ginger requires intensive water and
nutrient management regimes, and therefore, is prone to nutrient leaching when grown
in a soilless potting media system [26,27]. Zeta potential is a systemic indicator of electro-
root zone chemistry, and therefore, understanding how different fertilizer regimes affect
the electrochemistry of potting media systems would improve the potential to mitigate
nutrient leaching and its detrimental environmental impacts. This study investigated the
effects of a novel BMC fertilizer, and commercial organic and synthetic fertilizers on the
electrochemical properties of potting media and ginger yield within a protected cropping
system. We hypothesized that negative root ZP and CEC would increase under BMC
application compared with synthetic fertilizer due to the increased content of biochar,
organic matter, and clay, and that improvements in CEC and ZP would result in reduced
nutrient leaching. Specifically, this study aimed to elucidate the effect of different fertilizer
regimes on: (1) plant root zeta potential, (2) nutrient leaching, and (3) plant biomass yield.
The results of this study will help develop novel biochar-based fertilizers and BMC products
and inform best management practice for managing protected cropping systems.

2. Materials and Methods
2.1. Site Description

A pot trial was established in September 2023 at a certified organic farm, Little Bunya
Organics, located in Kandanga, QLD, Australia (−26.376045, 152.691549). The pot trial was
conducted using 20 L polyethylene bags as pots for all treatments. The farm provided a
protected cropping nursery that was decertified of organic status to allow the application
of synthetic fertilizers to sterilized potting media for growing disease-free ginger rhizomes
for use as future propagation stock. The average annual maximum temperature during the
study period was 27.2 ◦C and the average annual minimum temperature was 13.7 ◦C. The
average annual rainfall was 1117.6 mm [28].

2.2. Experimental Design, Treatments and Establishment

The experiment was designed as a randomized block trial with four treatments and
eight replicates per treatment. The four treatments used in this study were as follows:
(1) “synthetic fertilizer” (S100): slow-release synthetic fertilizer blended into pine bark
potting media by the manufacturer, this treatment represented the control and is current in-
dustry practice; (2) “organic fertilizer” (O100): organic fertilizer added at the full rate to the
same pine bark potting media (15 t ha−1 equivalent), this application rate represents current
industry practice; (3) “BMC co-applied with half-rate organic fertilizer” (BMC + O50): BMC
(1 t ha−1) and half-rate organic fertilizer (7.5 t ha−1) added to the same pine bark potting
media; and 4) “BMC” (BMC): BMC (1 t ha−1 ) added to the same pine bark potting media.
BMC application rates were calculated to be financially viable for farm scale application.
Application rates were also calculated in accordance with farmer practice, equating pot
surface area to a fraction of a hectare. The pine bark potting media used in all treatments
contained a basal dose of lime added by the manufacturer to adjust the media to a neutral
pH prior to delivery. The organic fertilizer treatment was a proprietary blend of com-
mercially available, organic certified products that included a pelletized chicken-manure
fertilizer, lime in the form of CaCO3− and gypsum, and rock minerals used in organic
ginger-cropping systems. The BMC was developed and manufactured by the authors, using
low-temperature (400 ◦C) wheat straw and chicken manure (40:60) biochar specifically
for use in ginger cropping. The biochar was blended with kaolin, bentonite, diatomite,
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apatite, magnetite, zeolite, basalt, iron (II) sulphate, manganese oxide, and titanium oxide.
The ingredients used in the BMC were selected to maximize the positive impact on ginger
nutrient cycling and yield compared to conventional organic fertilizers [9,29]. For example,
apatite provides a stable form of phosphorous, kaolin can help mitigate abiotic stress and
improve water retention, and zeolite is used to reduce the volatilization losses of nitrogen
(N) [30–34]. Additionally, the boron (B) to zinc (Zn) ratio was tailored to be similar to the
optimal 3:4.5 ratio required for maximum ginger yield [35]. Sub-samples of the potting
media amended with each treatment were air-dried and analyzed for chemical functional
groups using Fourier transform infrared (FTIR) spectroscopy (PerkinElmer FTIR Spectrum
II, PerkinElmer USA). During FTIR analysis, spectra were recorded with a 16 cm−1 spectral
resolution between 450 and 4000 cm−1. Details of chemical analysis and a summary of
nutrients added to pots for all treatments are available in Tables 1 and 2, respectively.

Table 1. Physicochemical properties of the commercial potting medias, fertilizer and biochar mineral
complex (BMC) used in the study.

Parameter Unit Pine Bark Potting
Media Base

Pine Bark Potting
Media Enriched With
Synthetic Fertilizer

Organic
Fertilizer BMC

Wet bulk density kg L−1 0.5 0.61 n.a n.a.
Dry bulk density kg L−1 0.25 0.31 n.a n.a.
Moisture content % 51 48 n.a 35
Air-filled porosity % 22 17 n.a n.a.
Total water holding capacity % 53 58 n.a n.a.
pH 7.16 6.31 n.a 8.6
Electrical conductivity dS m−1 0.16 2.4 n.a 26
Chloride mg L−1 20 177 n.a n.a.
Ammonium nitrogen mg L−1 N 1.3 28.2 n.a n.a.
Nitrate nitrogen mg L−1 N 0.2 28.5 n.a n.a.
Total Carbon (C) % 32.6 34.3 18.3 33.3
Total Nitrogen (N) % 0.2 0.6 5.21 5.52
Calcium (Ca) % 0.63 1.2 14.18 1.39
Magnesium (Mg) % 0.23 0.26 3.36 0.39
Potassium (K) % 0.04 0.36 3.74 1.94
Sodium (Na) % 0.04 0.08 BDL 0.76
Sulphur (S) % 0.02 0.17 1.35 0.73
Phosphorus (P) %__tracked BDL 0.04 2.9 0.72
Zinc (Zn) % BDL 0.003 0.13 0.03
Manganese (Mn) % BDL 0.012 0.032 0.25
Iron (Fe) % 0.25 0.96 3.13 3.59
Copper (Cu) % BDL 0.006 0.027 0.02
Boron (B) % 0.02 0.02 0.25 0.01
Silicon (Si) % BDL BDL 3.5 0.01
Aluminum (Al) % 0.3 0.403 BDL 0.69

BDL: below detectable limit; Organic fertilizer (O100) nutrient analysis was provided by the manufacturer.

Prior to establishment commercial: (1) pine bark potting media containing synthetic
fertilizer added by the manufacturer, and (2) identical pine bark potting media without
added synthetic fertilizer were sourced from the same supplier. At the time of establishment,
20 L of potting media containing synthetic fertilizer (6200 g) was randomly added to each
pot, ready for ginger planting. All other treatments were made by weighing and blending
fertilizer treatments and/or BMC with the pine bark potting media (not containing synthetic
fertilizer), using a 200 L compost mixer. BMC treatment was prepared by adding 48 g
(w/w) granular BMC in a layer approximately 100 mm from the top of the pot and covered
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with the remaining potting media. Organic fertilizer treatments were pre-weighed and
added to 20 L of base potting media (5000 g) and mixed using a compost mixer for 5 min
until homogenized, before being added to each pot. BMC + O50 treatment was prepared
by mixing 50% of pre-weighed organic fertilizer treatment (half-rate) with 48 g (w/w) of
solid BMC with water to form a slurry that was poured over the entire potting media
surface area.

Table 2. Nutrient content (g pot−1) of different fertilizer treatments added to the base potting media
and used in the study.

Treatment
N P K Ca Mg B Zn

(g pot−1) (g pot−1) (g pot−1) (g pot−1) (g pot−1) (g pot−1) (g pot−1)

S100 51.2 3.3 31.3 100.0 21.6 1.8 0.4
O100 38.0 20.9 22.0 102.7 24.3 1.7 0.2

BMC + O50 28.9 11.8 14.0 73.8 22.1 1.6 0.2
BMC 17.4 1.4 5.1 46.5 19.7 1.5 0.1

S100: potting media with synthetic fertilizer; O100: potting media with organic fertilizer; BMC + O50: potting
media with added biochar mineral complex co-applied with half-rate organic fertilizer; BMC: potting media with
biochar mineral complex.

Disease-free ginger rhizomes were randomly selected from a clean rhizome planting
stock provided by Little Bunya Organics. Each large rhizome was divided into smaller
~60 g pieces for planting with a sharp sterilized knife [36]. Each individual piece used for
planting showed two or more unsprouted eyebuds [36]. Finally, each divided rhizome piece
was randomly allocated to a prepared pot and was placed in the centre of the treated potting
media ~5 cm below the surface. All pots were placed into the nursery in a randomized block
design. Overhead irrigation was delivered 3 times daily for 20 min intervals, representing
5.2 mm day−1 equivalent rainfall. Pots were re-randomized at weeks 14 and 22 and
inspected for pests and weeds that were removed.

2.3. Sample Collection and Analysis

To ensure maximum root development and allow for any morphological effects to
manifest, ginger roots were harvested 35 weeks after planting in May 2024 [37]. At the
time of harvest, incisions were made on two opposite sides of the pots allowing access to
roots that had proliferated between the media and the pot surface. Approximately 10 g
of adventitious root material was cut using a sharp stainless-steel knife and placed in
paper bags for transport. A 100 g sample of potting media adjacent to where the roots
were harvested from was collected using a glass spoon and stored in polyethylene bags
for transport to the laboratory. After collection of root and potting media samples, pots
were repaired using tape and returned to the nursery in waiting for the completion of
senescence, when rhizomes are ready to be propagated and replanted into the next crop.
Leachate samples were collected on two occasions at 14 and 22 weeks after establishment.
Five pots were randomly selected for sampling from each treatment. To collect leachate
samples, each pot was elevated over a large 40 L plastic bin, and 4 L of water was poured
over the entire potting media surface area in a 1 min period. The pots were left to drain for
20 min when 50 mL of leachate solution was sub-sampled from each plastic collection pot
and refrigerated at 4 ◦C for transport and storage [38]. Finally, 40 weeks after planting and
in July 2024, ginger rhizomes were harvested from the pots by lifting them from the potting
media. Rhizomes were brushed clean and weighed using a digital balance. Commercial
value was calculated by multiplying reported market price by rhizome weight. Market
prices were obtained for Brisbane wholesale markets in 2023 (Market Information Services,
Brisbane Market, Rocklea). Net income was calculated by subtracting the cost of fertilizer
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treatments from the calculated commercial value per pot in Australian dollars. Income
was expressed on a per-pot basis to reflect farmer practice in protected cropping systems.
Fertilizer costs were derived by searching retail prices listed on manufactures’ websites
during October 2023.

In the laboratory, roots were brushed clean and washed twice using deionized water
and then oven dried at 60 ◦C [39]. Potting media samples were air dried until they were a
constant weight for 24 h. Potting media pH was determined by using the Test Methods
for the Examination of Composting and Compost (TMECC) standard method for compost
analysis, using a handheld sensor (labCHEM hydro sensor, TPS Pty Ltd., Brisbane, QLD,
Australia) [40]. Exchangeable cations were extracted using the Barium Chloride method [41].
Total CEC was determined by the summation method [42]. The ratio of Mg relative to
exchangeable Ca and K were calculated using the following Equation [43]:

Mg
(Ca + K)

(1)

Root surface ZP was measured using the streaming potential measurement method
described by Li et al. [39]. In brief, ginger roots were treated as fibres and bundled into
plugs for streaming potential analysis within a cylindrical cell [39]. Specifically, ~0.5 g
of roots was cut into 3 cm in length and arranged into a cylindrical cell using tweezers.
The roots were formed into a plug with even capillary spacing and 0.1 M KCl electrolyte
solution was streamed across the cylindrical cell at 200 mbar, using the SurPASS operating
procedure to measure streaming potential [44]. Once the electrical conductivity of the roots
and electrolyte solution had reached equilibrium, streaming potential was measured. Zeta
potential (ζ) was calculated using the Helmholtz–Smoluchowski equation:

z =
dU
dp

· h
ε · ε0

· KB (2)

where dU/dp = slope of streaming potential versus differential pressure, η = electrolyte vis-
cosity, ε = dielectric coefficient of electrolyte, ε0 = vacuum permittivity and KB = electrolyte
conductivity [44]. Following analysis of each sample, the electrolyte solution was purged
and replaced with a buffer solution, the instrument recalibrated and the sample discarded.
The measurement process was repeated for six replicates of roots for each fertilizer treat-
ment in the study to minimize variability. Zeta potential calculations were performed in
VisioLab for SurPASS proprietary software (Anton Paar GmbH., Graz, Austria).

2.4. Statistical Analysis

One-way analysis of variance (ANOVA) was used to identify differences among
treatments and treatment effects were determined at p < 0.05. Tukey HSD post hoc was
used for comparison of means where ANOVA determined significant differences among
treatments. Analysis of covariance (ANCOVA) was used to determine the significance of
pH on ZP. Linear regression models with confidence intervals of 95% were calculated to
examine relationships between pH and zeta potential, and proportional Mg concentration
and rhizome yield. All statistical analysis was performed using R4.3.2 in the RStudio
V1-494 environment (R-Studio., Boston, MA, USA).

3. Results
3.1. FTIR Analysis of Biochar Mineral Complex and Potting Media

Spectroscopic analysis using FTIR detected higher peaks representing carboxylic acid
(C–O stretching) between 1265 and 1430 cm−1 for BMC and organic fertilizer compared with
synthetic fertilizer (Figure 1). Distinct peaks representing carboxylic acid (C=O stretching)
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were observed at 1630 cm−1 for all treatments and the peak for organic fertilizer (0.085 a.u)
and BMC (0.065 a.u) were higher than synthetic fertilizer (0.039 a.u) (Figure 1). Broad
peaks at 3300 cm−1 were detected for all treatments corresponding to O–H stretching and
formation of carboxylic acid groups (Figure 1). Intensity of the broad peak at 3300 cm−1

was lower for BMC and synthetic treatments compared with organic fertilizer (Figure 1).

Figure 1. Fourier transform infrared (FTIR) absorbance spectrum of treatments used in the study.
S100: potting media with synthetic fertilizer; O100: potting media with organic fertilizer; BMC: potting
media with biochar mineral complex.

3.2. Plant Root and Rhizosphere Electrochemistry, Cation Exchange Capacity and Balance and
Concentration of Cations in Leachates

Applying organic fertilizer increased negative root ZP (−9.97 mV) compared with
applying BMC (−4.71 mV) or synthetic fertilizer (−2.72 mV) (Figure 2). Negative root ZP
was similar for plants grown using organic fertilizer and BMC co-applied with half-rate
organic fertilizer (Figure 2).

Applying synthetic fertilizer to potting media decreased pH compared with all other
treatments (Figure 3a). Potting media treated using BMC co-applied with organic fertil-
izer had a higher pH compared with potting media treated with organic fertilizer alone
(Figure 3a). Cation exchange capacity was higher for potting media treated with organic
fertilizer (+19.7%) and BMC co-applied with organic fertilizer (+18.5%) compared with
applying synthetic fertilizer (Figure 3b). Additionally, exchangeable cation concentrations
varied between treatments for Mg and Ca, but not K (Figure 4). Specifically, exchangeable
Mg concentration was higher for all other treatments compared with synthetic fertilizer
(Figure 4a). Exchangeable Ca concentration was higher in potting media treated with syn-
thetic and organic fertilizer compared with BMC, and exchangeable K was similar among
all treatments (Figure 4b,c). Potting media amended with BMC had higher exchangeable
Mg by proportion compared with all other treatments (Figure 5a). The BMC amendment
increased proportion of exchangeable Mg concentration by 187%, 30%, and 15% compared
with synthetic fertilizer, organic fertilizer, and BMC co-applied with half-rate organic
fertilizer, respectively (Figure 5a).
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Figure 2. Zeta potential (mV) of ginger roots grown using the different treatments in the study; S100: pot-
ting media with synthetic fertilizer; O100: potting media with organic fertilizer; BMC + O50: potting
media with biochar mineral complex co-applied with half-rate organic fertilizer; BMC: potting media with
biochar mineral complex. Different lowercase letters indicate significant difference between treatments
Tukey’s HSD (p < 0.05). The central horizontal line within each box represents the median, boxes represent
the interquartile range, and error bars indicate minimum and maximum values.

Figure 3. (a) pH of potting media and (b) cation exchange capacity of potting media under different
treatments; S100: potting media with synthetic fertilizer; O100: potting media with organic fertilizer;
BMC + O50: potting media with added biochar mineral complex co-applied with half-rate organic
fertilizer; BMC: potting media with biochar mineral complex. Different lowercase letters indicate
significant difference between treatments Tukey’s HSD (p < 0.05). The central horizontal line within
each box represents the median, boxes represent the interquartile range, and error bars indicate
minimum and maximum values.
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Figure 4. Concentrations of exchangeable (a) Mg (b) Ca and (c) K ions in potting media under
different treatments; S100: potting media with synthetic fertilizer; O100: potting media with organic
fertilizer; BMC + O50: potting media with added biochar mineral complex co-applied with half-rate
organic fertilizer; BMC: potting media with biochar mineral complex. Different lowercase letters
indicate significant difference between treatments Tukey’s HSD (p < 0.05). The central horizontal
line within each box represents the median, boxes represent the interquartile range, and error bars
indicate minimum and maximum values.

Figure 5. (a) Proportion of exchangeable Mg concentration relative to Ca and K; and (b) total
exchangeable Ca, K and Mg fractions contained within potting media with different added treat-
ments; S100: potting media with synthetic fertilizer; O100: potting media with organic fertilizer;
BMC + O50: potting media with added biochar mineral complex co-applied with half-rate organic
fertilizer; BMC: potting media with biochar mineral complex. Different lowercase letters indicate
significant difference between treatments Tukey’s HSD (p < 0.05). The central horizontal line within
each box represents the median, boxes represent the interquartile range and error bars indicate
minimum and maximum values.

Applying synthetic fertilizer to potting media increased the concentration of NH4
+-

N leached from pots at weeks 14 and 22 compared with all other treatments (Table 3).
Leached NO3

−-N concentration was highest from potting media amended with synthetic
and organic fertilizer when BMC was not co-applied (Table 3). Leached NH4

+-N and
NO3

−-N concentrations from synthetic fertilizer pots were highest at week 14 compared
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with all other treatments, and all other treatments were similar for both weeks 14 and 22
(Table 3).

Table 3. Ammonium (NH4
+-N) and nitrate (NO3

−-N) concentrations (mg L−1) in water leached
through pots at weeks 14 and 22.

Treatment Week 14 Week 22

NH4
+-N (mg L−1) NO3

−-N (mg L−1) NH4
+-N (mg L−1) NO3

−-N (mg L−1)

S100 0.88 ± 0.15 a 33.53 ± 10.95 a 0.32 ± 0.05 a 8.28 ± 4.12 a
O100 0.34 ± 0.07 b 10.16 ± 5.46 ab 0.16 ± 0.01 b 0.95 ± 0.22 a
BMC + O50 0.25 ± 0.05 b 0.83 ± 0.29 b 0.08 ± 0.01 b 0.64 ± 0.12 a
BMC 0.09 ± 0.01 b 0.22 ± 0.07 b 0.12 ± 0.01 b 0.44 ± 0.06 a

S100: potting media with synthetic fertilizer; O100: potting media with organic fertilizer; BMC + O50: potting
media with added biochar mineral complex co-applied with half-rate organic fertilizer; BMC: potting media with
biochar mineral complex. Different lowercase letters indicate significant difference between treatments Tukey’s
HSD (p < 0.05).

3.3. Biomass Yield and Economic Value of Ginger Rhizomes

Plants grown in potting media amended with synthetic fertilizer had higher ginger
rhizome yield compared with rhizomes grown in potting media amended with full-rate
organic fertilizer (+51%), BMC co-applied with organic fertilizer (+102%) and BMC (+1008%)
(Figure 6a). Yield was similar for plants grown using organic fertilizer or BMC co-applied
with half-rate organic fertilizer (Figure 6a). Applying BMC alone without additional
fertilizer decreased rhizome yield compared with all other treatments (Figure 6a). Rhizome
yield was negatively correlated with Mg concentration and there was a significant linear
relationship (y = −3961.8x + 3039.5, p = 1.75 e−11) between the variables (Figure 6b).

Figure 6. Biomass yield (a) of ginger rhizomes grown using the different treatments, and (b) scatter-
plot and linear regression model for ginger rhizome yield relative to the proportion of exchangeable
Mg. S100: potting media with synthetic fertilizer; O100: potting media with organic fertilizer;
BMC + O50: potting media with added biochar mineral complex co-applied with half-rate organic
fertilizer; BMC: potting media with biochar mineral complex. Different lowercase letters indicate
significant difference between treatments Tukey’s HSD (p < 0.05). The central horizontal line within
each box represents the median, boxes represent the interquartile range, and error bars indicate
minimum and maximum values.
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Rhizomes grown using synthetic fertilizer had higher net income per pot compared
with using full-rate organic fertilizer, BMC co-applied with organic fertilizer and BMC (+16,
+60%, and +3030%, respectively) (Table 4). Net income per pot using organic fertilizer and
BMC co-applied with half-rate organic fertilizer treatments were similar, while net income
per pot for the BMC treatment was not financially viable at $1 pot−1 (Table 4).

Table 4. Cost benefit analysis of the impacts of different treatments on ginger rhizome yield.

Treatment Commercial Value
($ pot−1)

Net Income
($ pot−1)

Cost of Fertilizer and
Potting Media

($ pot−1)

S100 34.63 ± 3.1 a 30.28 ± 3.1 a 4.33
O100 29.92 ± 2.9 ab 26.09 ± 2.9 a 3.85
BMC + O50 22.38 ± 3.8 b 18.87 ± 3.8 a 3.52
BMC 4.14 ± 0.6 c 1.04 ± 0.6 b 3.08

S100: potting media with synthetic fertilizer; O100: potting media with organic fertilizer; BMC + O50: potting
media with added biochar mineral complex co-applied with half-rate organic fertilizer; BMC: potting media with
biochar mineral complex. Different lowercase letters indicate significant difference between treatments Tukey’s
HSD (p < 0.05).

4. Discussion
This study identified that root zeta potential did not explain changes in yield. Interest-

ingly, yield was similar for ginger grown using BMC co-applied with organic fertilizer and
full-rate organic fertilizer, despite containing lower nutrient inputs. Ginger grown using
synthetic fertilizer had higher yield than ginger grown with all other fertilizer treatments
examined. However, despite having higher yield, applying synthetic fertilizer did not
increase net income compared with full-rate organic fertilizer and BMC co-applied with
organic fertilizer. The net income similarities indicate that ginger production can be carried
out under organic certification and with reduced fertilizer inputs, whilst not negatively
impacting farm income.

4.1. Effects of Fertilizer Treatments on Electrochemistry of Plant Roots and Potting Media

Zeta potential of plant roots grown with organic fertilizer had higher negative root ZP
compared with BMC or synthetic fertilizer. However, the ZP of roots grown in BMC co-
applied with half-rate organic fertilizer was similar to organic fertilizer, indicating that the
change in root ZP was driven by applying organic fertilizer rather than BMC. In a previous
study, applying pure wood biochar increased the negative root ZP of safflower and mint
roots by 31 and 42%, respectively [16]. The increased negative root ZP for safflower and
mint roots is explained by increased production of negatively charged functional groups
(carboxyl groups) present on the cell walls of plant roots [16]. Our results were contradictory
and did not support BMC affecting the ZP of ginger roots [16]. Some important distinctions
may explain the disparity: (1) the effective rate of biochar application was 3600% less in
this study (36 t ha−1 vs. 1 t ha−1), (2) the two studies used biochar made from different
feedstocks (maple wood vs. chicken manure), and therefore have different electrochemical
properties and reactivity, and (3) the previous study used a soil, whereas this study used a
sterile potting media devoid of many important biotic and abiotic features present within
soils that mechanistically influence electrochemistry [17,34,45]. We suggest that to detect
a measurable change in ginger root ZP, higher application rates of BMC are required
(>1 t ha−1).

Secondly, the novel BMC was developed using additional clays and minerals and
applied at a low rate to reduce costs compared to using pure wood biochar at rates that are
not economical, but have previously increased ZP [16]. BMCs possess high proportions
of negatively charged functional groups and their subsequent deprotonation within soil
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or potting media can increase root electronegativity [46,47]. In this study, BMC contained
57.14% greater abundance of –C=O and 74.00% greater abundance of –OH than the synthetic
fertilizer treatment. Recently, a study that applied micronized BMC (<25 um) demonstrated
increased root cell negative potential, highlighting the potential of BMC to increase nutrient
uptake and changes to nutrient gene expression [10]. However, the total number of effective
functional groups available for root exchange also increases the negative root ZP and
has been attributed to the production and deprotonation of –COOH, –OH, and –H2PO4

functional groups on the root surface [16,18,20,48]. High concentrations of –COOH, –OH,
and –C=O in O100 compared to concentrations in S100 could explain the differences in
both CEC and ZP between the two treatments. The BMC in this study contained negatively
charged functional groups –COOH, –OH, and –C=O identified by FTIR. However, the low
application rate we used (1 t ha−1) reduced the total number of active functional groups
and can explain why an effect was not found. Intercalation of organic carbon by clay
contained within BMC can enhance the stability of the organic carbon and prolong the
production of -COOH groups over time [49]. In a previous incubation study, the number of
-COOH, -C-O, and -OH functional groups in BMC increased over 49 days because of clay
intercalation of organic carbon [47]. Therefore, BMC can be used as an effective amendment
to increase negative functional groups over time, while being more economically feasible
than the high-rate application of pure biochar.

The surface electronegativity of a BMC can increase because of interactions between
the biochar and additional clays during torrefaction [50,51]. Feedstock and the pyrolysis
temperature of the biochar can also have a profound effect on its CEC [52,53]. Biochar
present in BMC can increase CEC by increasing surface area, negative surface charge, and
charge density [10,54,55]. In this study, the biochar was produced using a feedstock of
chicken manure and wheat straw, and at low (400 ◦C) highest temperature of treatment
during pyrolysis. Chicken manure biochar pyrolyzed at low temperatures (<450 ◦C) have
high CEC, due to the retention of H- and O- functional groups on the biochar surface [56].
High initial cation concentrations within chicken manure can catalyze the formation of
O- functional groups on the biochar surface during pyrolysis [24]. The increase in O-
functional groups can then increase the soil/potting media CEC after application [52].
Another mechanism contributing to higher CEC in BMC co-applied with organic fertilizer
rather than synthetic fertilizer was the addition of clays kaolin and bentonite. The addition
of clays and silicate materials to BMCs can further increase CEC of the parent biochar [50].
Clays present in BMC can convert aromatic carbon rings to C-O functional groups on the
biochar surface, increasing adsorption characteristics of the biochar [12]. Bentonite is also
a high activity smectite clay with a high CEC [57]. Our study suggested that co-applying
BMC affects CEC even when applied at low rates.

4.2. Effects of Fertilizer Treatments on Ginger Yield

Ginger yield and net economic return was the highest in the synthetic fertilizer
(~$30 pot−1); however, similar yield was possible when co-applying BMC with half-rate
organic fertilizer (~$26 pot−1) or using full-rate organic fertilizer (~$19 pot−1). Ginger
plants require nutrients in the following decreasing order: N > K > Ca > Mg > S > P > Fe >
Zn > B [58]. Therefore, increased yield in the synthetic fertilizer could in part be explained
by higher basal N and K application rates than in other treatments. The synthetic fertilizer
contains soluble N in a form that is readily available for plant use [59]. Unsurprisingly,
the synthetic fertilizer treatment also resulted in highest NH4

+-N leaching at weeks 14
and 22, and highest NO3

−-N leaching at week 14 compared with all other treatments.
Leachates from the synthetic fertilizer treatment indicate that N leaching is a potential
environmental issue for the ginger industry to improve protected cropping practices [60].
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Additionally, NO3
−-N is the primary form of plant available N within soilless systems,

making it’s conservation important for the agronomic bottom line [61]. Therefore, although
plant-available NO3

−-N in synthetic fertilizer drove increases in yield, it also increased the
environmental footprint and impacts associating with N leaching.

BMC co-applied with half-rate organic fertilizer had similar yield and commercial
value to full-rate organic application, despite having significantly less initial N (−31.4%), K
(−58.3%), Ca (−34.8%), Mg (−10%) and P (−76.9%) inputs compared with full-rate organic
fertilizer. The soilless system used in this study combined a pine bark potting media with
frequent overhead irrigation and rainfall, which are factors known to promote leaching [61].
Therefore, maintaining correct nutrient ratios is important, because correct nutrient balance
is correlated with yield [61]. In our study, ginger yield decreased as proportional Mg
concentration increased. Disproportionate quantities of Mg can induce deficiencies in other
cations, especially K and Ca, which are important for ginger growth [62,63]. Nutrient
deficiency caused by nutrient antagonism is one of the most common factors in divalent
cations such as Mg2+ when nutrient ratios are imbalanced [63–65]. Balancing Ca, Mg, and
K cations by reducing Mg/K and Ca/K ratios leads to an improvement in K nutrition and
yield in protected cropping systems [66]. In potting mediums with high K concentrations,
K uptake has been significantly reduced by the addition of Mg2+ [67]. Ginger requires high
quantities of K during accelerated growth phases, and as such, yield may be reduced in
growth mediums with high Mg2+ concentrations [58]. The BMC we developed contained
bentonite, a smectite clay that exhibits preferential adsorption of Mg cations [68]. Smectite
clays have a specific affinity for Mg2+ at the clay edge surface that diminish adsorption of
cations of equal and lesser charge in electrolyte solutions [68,69]. Therefore, we suggest
that the co-applied BMC may have contributed to Mg adsorption, leading to reduced
availability of K and Ca for plant uptake and accumulation.

4.3. Practical Implications and Benefits of This Research

Developing BMCs for site- and plant-specific applications can offer multiple benefits,
including reduced requirement for traditional fertilizers while minimizing nutrient leach-
ing, and downstream environmental impacts [9]. Our results support other studies that
identified a significant role for biochar products such as BMC for use within sustainable
agriculture [29,36,69–71]. Increasing adoption of biochar products can reduce the environ-
mental footprint of agriculture by increasing carbon sequestration [29,72]. By adjusting the
ingredients contained within BMCs that specifically affect functional groups and soil–plant
parameters including ZP, CEC, and pH, we can enhance the potting media or soils’ ability
to ad/absorb nutrients, and also the plant’s ability to utilize nutrients [10,14,71], therefore
increasing yield, economic efficiency, and sustainability, and reducing leaching due to
better alignment and optimization for delivery to plants [73]. This study also demonstrated
that BMC applied alone at such a low rate without any fertilizer co-application was not
sufficient for commercial ginger production, although ginger grown using BMC co-applied
with reduced (50% less) rate organic fertilizer had similar yield and net commercial value
at harvest to organic fertilizer applied at the full rate. Therefore, organic farmers should
co-apply BMC with traditional organic fertilizer at a reduced rate or with another certified
nutrient source to maintain yield.

5. Conclusions
The zeta potential of root surfaces in this study was affected by the treatments. Changes

in ZP, however, did not drive changes in yield. BMC co-applied with organic fertilizer had
similar yield and lower environmental footprint compared with using a full-rate organic
fertilizer regime, because of lower initial N (−31%), P (−77%), and K (−58%) inputs,
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respectively. This study supports the potential for co-applying BMC with organic fertilizers
in protected cropping systems to reduce fertilizer application rates. BMC can be applied to
soilless systems that use potting media to help reduce the cost of nutrient inputs without
sacrificing ginger yield.
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54. Hailegnaw, N.S.; Mercl, F.; Pračke, K.; Száková, J.; Tlustoš, P. Mutual relationships of biochar and soil pH, CEC, and exchangeable
base cations in a model laboratory experiment. J. Soils Sed. 2019, 19, 2405–2416. [CrossRef]

55. Li, S.; Barreto, V.; Li, R.; Chen, G.; Hsieh, Y.P. Nitrogen retention of biochar derived from different feedstocks at variable pyrolysis
temperatures. J. Anal. Appl. Pyrolysis 2018, 133, 136–146. [CrossRef]

56. Song, W.; Guo, M. Quality variations of poultry litter biochar generated at different pyrolysis temperatures. J. Anal. Appl. Pyrolysis
2012, 94, 138–145. [CrossRef]

57. Marouf, R.; Dali, N.; Boudouara, N.; Ouadjenia, F.; Zahaf, F. Study of adsorption properties of bentonite clay. In Montmorillonite
Clay; IntechOpen: London, UK, 2021.

58. Haag, H.; Saito, S.; Dechen, A.; Carmello, Q. Accumulation of dry matter and uptake of macro-and micro-nutrients by ginger.
Luize-de Queiroz 1990, 47, 435–457. [CrossRef]

59. Timilsena, Y.P.; Adhikari, R.; Casey, P.; Muster, T.; Gill, H.; Adhikari, B. Enhanced efficiency fertilisers: A review of formulation
and nutrient release patterns. J. Sci. Food Agric. 2015, 95, 1131–1142. [CrossRef] [PubMed]

60. Dirnböck, T.; Kobler, J.; Kraus, D.; Grote, R.; Kiese, R. Impacts of management and climate change on nitrate leaching in a forested
karst area. J. Environ. Manage. 2016, 165, 243–252. [CrossRef]

61. Silber, A. Chemical characteristics of soilless media. In Soilless Culture; Elsevier: Amsterdam, The Netherlands, 2019; pp. 113–148.
62. Laekemariam, F.; Kibret, K.; Shiferaw, H. Potassium (K)-to-magnesium (Mg) ratio, its spatial variability and implications to

potential Mg-induced K deficiency in Nitisols of Southern Ethiopia. Agric. Food Secur. 2018, 7, 1–10. [CrossRef]

https://doi.org/10.1007/s11104-016-2849-6
https://doi.org/10.1016/j.jenvman.2022.115506
https://www.ncbi.nlm.nih.gov/pubmed/35753127
https://doi.org/10.1007/s11104-014-2259-6
https://doi.org/10.1071/SR9860061
https://doi.org/10.1080/00103624.2022.2118765
https://doi.org/10.1007/s11104-023-06012-8
https://cruscenter.mse.utah.edu/wp-content/uploads/2024/02/D85IB016EN-F_SurPASS_3_IMSI.pdf
https://doi.org/10.1007/s11157-020-09523-3
https://doi.org/10.1016/j.scitotenv.2018.07.402
https://doi.org/10.1007/s11356-016-6336-7
https://doi.org/10.1080/10440040802257348
https://doi.org/10.1071/SR10009
https://doi.org/10.1016/j.jaap.2014.05.021
https://doi.org/10.1016/s1002-0160(15)30056-4
https://doi.org/10.1016/j.geoderma.2011.04.021
https://doi.org/10.1007/s11368-019-02264-z
https://doi.org/10.1016/j.jaap.2018.04.010
https://doi.org/10.1016/j.jaap.2011.11.018
https://doi.org/10.1590/S0071-12761990000200010
https://doi.org/10.1002/jsfa.6812
https://www.ncbi.nlm.nih.gov/pubmed/25043832
https://doi.org/10.1016/j.jenvman.2015.09.039
https://doi.org/10.1186/s40066-018-0165-5


Land 2025, 14, 2036 17 of 17

63. Loide, V. About the effect of the contents and ratios of soil’s available calcium, potassium and magnesium in liming of acid soils.
Agron. Res. 2004, 2, 71–82.

64. Nguyen, H.H.; Maneepong, S.; Suraninpong, P. Effects of potassium, calcium, and magnesium ratios in soil on their uptake and
fruit quality of pummelo. J. Agric. Sci. 2017, 9, 110–121. [CrossRef]

65. Rietra, R.P.J.J.; Heinen, M.; Dimkpa, C.O.; Bindraban, P.S. Effects of nutrient antagonism and synergism on yield and fertilizer use
efficiency. Commun. Soil Sci. Plant Anal. 2017, 48, 1895–1920. [CrossRef]

66. Yang, M.; Zhou, D.; Hang, H.; Chen, S.; Liu, H.; Su, J.; Lv, H.; Jia, H.; Zhao, G. Effects of balancing exchangeable cations Ca, Mg,
and K on the growth of tomato seedlings (Solanum lycopersicum L.) based on increased soil cation exchange capacity. Agronomy
2024, 14, 629. [CrossRef]

67. Xie, K.; Cakmak, I.; Wang, S.; Zhang, F.; Guo, S. Synergistic and antagonistic interactions between potassium and magnesium in
higher plants. Crop J. 2021, 9, 249–256. [CrossRef]

68. Odom, I. Smectite clay minerals: Properties and uses. Philosophical Transactions of the Royal Society of London. Series A, Mathematical
and Physical Sciences 1984, 311, 391–409. [CrossRef]

69. Orucoglu, E.; Grangeon, S.; Gloter, A.; Robinet, J.-C.; Madé, B.; Tournassat, C. Competitive adsorption processes at clay mineral
surfaces: A coupled experimental and modeling approach. ACS Earth Space Chem. 2022, 6, 144–159. [CrossRef]

70. Banitalebi, G.; Mosaddeghi, M.R.; Shariatmadari, H. Evaluation of physio-chemical properties of biochar-based mixtures for
soilless growth media. J. Mater. Cycles Waste 2021, 23, 950–964. [CrossRef]

71. Ahmed, N.; Deng, L.; Wang, C.; Shah, Z.-u.-H.; Deng, L.; Li, Y.; Li, J.; Chachar, S.; Chachar, Z.; Hayat, F. Advancements in biochar
modification for enhanced phosphorus utilization in agriculture. Land 2024, 13, 644. [CrossRef]

72. Luo, L.; Wang, J.; Lv, J.; Liu, Z.; Sun, T.; Yang, Y.; Zhu, Y.-G. Carbon sequestration strategies in soil using biochar: Advances,
challenges, and opportunities. Environ. Sci. Technol. 2023, 57, 11357–11372. [CrossRef]

73. Garofalo, P.; Gaeta, L.; Vitti, C.; Giglio, L.; Leogrande, R. Optimizing water footprint, productivity, and sustainability in Southern
Italian olive groves: The role of organic fertilizers and irrigation management. Land 2025, 14, 318. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.5539/jas.v9n12p110
https://doi.org/10.1080/00103624.2017.1407429
https://doi.org/10.3390/agronomy14030629
https://doi.org/10.1016/j.cj.2020.10.005
https://doi.org/10.1098/rsta.1984.0036
https://doi.org/10.1021/acsearthspacechem.1c00323
https://doi.org/10.1007/s10163-021-01181-z
https://doi.org/10.3390/land13050644
https://doi.org/10.1021/acs.est.3c02620
https://doi.org/10.3390/land14020318

	Introduction 
	Materials and Methods 
	Site Description 
	Experimental Design, Treatments and Establishment 
	Sample Collection and Analysis 
	Statistical Analysis 

	Results 
	FTIR Analysis of Biochar Mineral Complex and Potting Media 
	Plant Root and Rhizosphere Electrochemistry, Cation Exchange Capacity and Balance and Concentration of Cations in Leachates 
	Biomass Yield and Economic Value of Ginger Rhizomes 

	Discussion 
	Effects of Fertilizer Treatments on Electrochemistry of Plant Roots and Potting Media 
	Effects of Fertilizer Treatments on Ginger Yield 
	Practical Implications and Benefits of This Research 

	Conclusions 
	References

