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Abstract: Biochars have long been associated with elevating plant productivity. An increasing number
of studies, however, report that char application might also impair plant nutrient availability and
reduce yields. In particular, char accompanying compounds as well as a hypothesized immobilization
of nitrogen have been identified as playing a significant role in possibly diminishing plant productivity
following char application. Herein, we tested the fertilizing effects of modified biochars in order to
derive knowledge required to develop tailor-made chars, which predictably affect plant nutrition.
Slow-pyrolysis maize cob biochar was modified by washing with either ethanol or hydrochloric
acid to remove ash and organic compounds or by loading it with nutrient-rich residues in the form
of digestate from the bioenergy sector. Maize plants were grown for 35 days on biochar-amended
sand. We analyzed both substrate properties (pH, total carbon, and nitrogen, available magnesium
and potassium) and plant functional traits (biomass, leaf area, root to shoot ratio, specific leaf area).
Our results suggest that total plant biomass production remained unaffected by the application
of biochar and its washed forms. Contrastingly, nutrient-loaded biochar induced a significant
increase in productivity at similar nutrient levels due to improved plant nutrient uptake. Further
research is required to understand the role of biochar modifications that facilitated improvements in
plant productivity.

Keywords: loaded biochar; biogas digestate; plant functional traits; ash-free biochar; labile compound
free biochar; slow-release fertilizer

1. Introduction

Biochar is the porous, poly-aromatic product of an incomplete thermochemical conversion of
organic biomass, which is increasingly used as a soil amendment [1] to increase crop yields [2,3].
However, depending on the chars’ physical and chemical properties their impact on plant productivity
remains largely unpredictable due to complex interactions between soil and environment [4-6]. As
described elsewhere, the application of biochar had a positive effect on crop productivity, increasing it by
10% on average [7]. Nevertheless, recently published studies indicated that above-ground productivity
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of plants in biochar amended soils varies due to accompanying organic and inorganic compounds that
might affect germination and plant nutrition negatively [6,8-10]. As a result, tailor-made modified
chars have been introduced in order to predictably improve plant performance [11,12].

Modification techniques include (i) chemical (e.g., amination, coatings, loadings), (ii) physical (e.g.,
steam activation), and (iii) biological (e.g., composting) modifications to increase the biochars’ sorption
capacity, modify porosity, load them with nutrients or remove superfluous compounds [13-17].
Previously, chemical pre-treatments, including washing with HCl, NaOH, deionized water and
ethanol significantly modified the surface and chemical characteristics of biochar [18]. While simpler
approaches such as water leaching resulted in only small improvements in removing organic matter
from biochar [19], more elaborate approaches such as washing with acidic solutions or ethanol might
show promise in the future. Already, organic contaminants in biochar such as phenols, benzene,
toluene, ethylbenzene, and xylenes have been successfully removed by leaching with organic solvents
such as dichloromethane and methanol [20,21]. Ethanol, as an organic solvent, could also be used to
dissolve organic compounds in biochar. Similarly, HCl has been used previously to remove acid-soluble
inorganic components, including ashes [22]. Acid modification of biochars also increased the water
solubility of plant nutrients and plant availability of the nutrients in the soil [23].

Notwithstanding pre-treatment, plant nutrient availability in the soil or lack thereof might be
the reason why the overall positive effect of biochar application is generally low, as pure biochar
application does not directly enrich the soil with nutrients but elevates its C/N ratio [7]. Hence,
biological pre-treatments, such as mixing biochar with nutrient-rich organic material (e.g., digestate)
prior to application to the soil might be an important strategy in (i) providing missing nutrients, and
(ii) overcoming a biochar-induced immobilization of plant-available nitrogen—especially in N-limited
systems [24].

Digestate is the residual product of feedstock degradation by anaerobic bacteria during biogas
production [25,26]. (Re-)using it in concert with biochars offers the unique chance to recycle and
dispose of this residue while closing local nutrient loops, by reusing waste material (i.e. maize-based
digestate) in fertilizing future feedstock (i.e. maize plants). Its chemical characteristics vary with
feedstock characteristics and digester conditions. Digestates can improve soil quality through increases
in hydraulic conductivity and water retention and decreases in bulk density. The sludge can be
separated into a solid phase, which is typically high in organic carbon, phosphorus, total nitrogen,
and organic nitrogen and a liquid phase, which serves as a source for plant-available nitrogen, mostly
ammonium-N [27]. The positive effects of pure maize-based digestate application on the nutrient
content in a marginal sandy substrate and plant growth are well studied [28,29], whereas we lack
important knowledge of its interactions with biochar. In fact, in an earlier study under the same
experimental conditions (identical substrate and digestate), maize-based biogas digestate was applied
in varying amounts to the sandy substrate to evaluate its effect on maize growth [30]. Results of this
study suggested that digestate application has positive fertilization effects in low-fertility substrates,
similar to mineral fertilizer, even though digestate application may have a negative impact on the
permeability in sandy substrates that could interfere with germination. This drawback could be
overcome by incorporating nutrient-loaded biochars, increasing the porosity and permeability of the
substrate. In general, digestates of various feedstocks can be applied as valuable fertilizers for crop
production, particularly when directly incorporated into the soil [25,30].

In this study we tested the effects of biochar and its modified forms on the performance of maize
(Zea mays L.) on a nutrient-deficient, sandy substrate. Biochars were washed with either (i) hydrochloric
acid (HCI) to remove ash or (ii) ethanol to remove organic compounds or (iii) loaded with soluble
nutrients from maize digestate.

The main aim of this study was to assess the effects of biochar modifications on marginal sandy
substrate properties and in turn, on plant productivity. We hypothesized that (i) biochars affect
substrate pH and nutrient levels and thus (ii) plant productivity and traits.
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2. Materials and Methods

2.1. Experimental Set-Up

A pot experiment was established in the greenhouse facilities at the Forschungszentrum Jiilich
GmbH, Institute of Bio- and Geosciences, IBG-2: Plant Sciences, Germany. In the greenhouse, light
intensities were set to a minimum of 400 pmols m~2 s7!, provided 16 h a day by natural light
complemented by sodium-vapor lamps (SON-T AGRO 400, Phillips). The temperature was set to an
average of 19 °C during the day and 17 °C at night, both at 60% relative humidity. Following a 6-day
germination phase, plants were transplanted into plastic pots 12 cm in diameter and filled to a depth
of 9 cm with sand and biochar at a mixing ratio of 19:1 to a total dry weight of 560 g pot™?, accounting
for approximately 5% of biochar in each pot. Throughout the experiment, plants were watered three
times a week in order to keep the substrate water content around 50% of the pre-determined water
holding capacity (WHC) of sand and sand-biochar mixture [31]. Biochar amendment increased WHC
from 24% to 35%.

Four treatments were tested: Non-modified biochar (NM-BC), HCl-washed biochar (HCI-BC),
ethanol-washed biochar (EtOH-BC), and digestate-loaded biochar (Dig-BC). Pure sand served as
negative control, NM-BC served as the positive control (see below). Per treatment, eight plants (n = 8)
were destructively harvested 21, 28, and 35 days after transplantation. Pot placement was completely
randomized following sampling 21 and 28 days after transplantation in order to avoid systematic edge
or cumulative bias among the treatments.

2.2. Substrate and Biochar Properties

Nutrient-deficient fine sand with a particle size ranging between 0 and 1 mm, non-detectable
amounts of N, P and K and a pH of 7.1 was sourced at a local gravel extraction plant in Inden, Germany,
and used as the base substrate (Rheinische Baustoffwerke GmbH, Inden, Germany). Biochar was
produced from whole maize cobs at University of Hohenheim using a self-purging pyrolysis reactor at
a pyrolysis temperature of 450 °C, with a heating rate of 10 °C min™! and a residence time of 1 h at
final temperature [32]. The resulting biochar was crushed to a 2 mm particle size using a universal
cutting mill (Pulverisette 19, Fritsch GmbH, Idar-Oberstein, Germany).

In order to produce ethanol- and HCl-modified biochars, biochar was washed with either 0.1 M
ethanol or 0.1 M HCl at a ratio of 1:9. The comparatively mild acid wash was chosen for its supposed
ability to induce mineral leaching [33]. Ethanol concentrations were adjusted accordingly. The
HCl-char mixture was shaken for 2 h at 30 r.p.m. (HS 500, Janke & Kunkel IKA Labortechnik, Staufen,
Germany). Both types of biochar were then vacuum-extracted from solution and dried at 80 °C until
constant weight. In order to remove residual HCI solution, the HCl-washed biochar was treated with
pH-adjusted (NaHCO3, pH of 7.5) deionized water before drying.

Nutrient-loaded biochar was produced by wrapping biochar in polypropylene fleece (18 g m~2),
and submerging it in maize silage digestate obtained from the digestate storage tank of a commercially
operating, thermophilic biogas facility (NaturPower GmbH and Co. KG, Titz-Ameln, Germany)
allowing only the liquid fraction to penetrate for 7 d. As described earlier, the used digestate was
obtained after the anaerobic digestion of pure maize silage for biogas production and originated
from a commercially operating, thermophilic biogas facility with a fermenter volume of 2500 m3
and a hydraulic retention time of the biomass of 72 days [30]. The digestate was used as received
and contained 0.53% total nitrogen (including 0.32% ammonium-N), 0.19% phosphate (P,0Os), 0.71%
potassium (K;O), 0.14% CaO and 0.06% MgO. In addition, the digestate contained 6.9% dry matter
(consisting of 41.1% total carbon), and had a pH value of 7.9 (CaCl,) and a C/N ratio of 5 [30]. The
resulting nutrient-loaded biochar was subsequently dried before further use.
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2.3. Substrate, Biochar, and Plant Analyses

At each harvest, plants were separated into stem, leaf, and root biomass prior to drying. Plant and
substrate samples were dried until constant weight at 70 and 40 °C, respectively. Samples were then
homogenized and analyzed for their C and N content, using an elemental analyzer (vario Max CNS,
Elementar GmbH, Langenselbold, Germany). Major inorganic elements (i.e., K and Mg) were estimated
from the aqua regia extract using the inductively coupled plasma-optical emission spectrometer
(ICP-OES, iCAP7600, Thermo Scientific, Dreieich, Germany). Substrate pH values were determined
following a 2 h equilibration phase in a 0.1 M CaCl, solution, prepared at a ratio of 1:2.5, using a pH
meter (HQ40D, Hach Company, Loveland, CO, USA).

Above- (stem and leaves) and below-ground (roots) plant biomass was quantified following the
destructive harvest and subsequent drying. Biomass data was used to calculate the root to shoot ratio.
Leaf area measurements were performed using a leaf area meter (LI-3100 Area meter, LI-COR Inc.,
Lincoln, NE, USA) and used to derive specific leaf area values. Specific leaf area (SLA) was calculated
as SLA = leaf area (m?)/leaf DW (kg_l).

2.4. Statistical Analysis

Relative treatment effects were quantified as RE (%) = [((treatment/control) — 1) = 100] [34]. This
conversion was applied to two sets of data: (i) where sand served as the negative control and all
four biochar amendments represented the ‘treatment’ group to examine whether effect directionality
following soil amendment was similar among the four biochar treatments, and (ii) where NM-BC
served as the positive control for all three modified biochars (EtOH-BC, HCI-BC and Dig-BC) to
separately assess the relative effects of biochar modification only.

We applied parametric ANCOVAs to both sets of data, with time as a co-variate. Tukey’s
multiple comparison tests (‘glht’) were applied. Following an initial assessment via the Shapiro Wilks
test, data was log-transformed, if applicable. Non-transformed data is shown in the table and the
figures. All analyses were performed using R! 3.6.3 [35], installing additional ‘car’ [36] and ‘multcomp’
packages [37].

3. Results

3.1. pH, C/N Ratio, and Nutrient Content in the Substrate

Out of the six examined soil parameters, soil pH, the soil C/N ratio, soil C concentration and soil
N concentration exhibited a uniform pattern in effect directionality, i.e., relative effects (RE) of biochar
amendment in contrast to the negative control (sand) were either all positive or all negative for the
four treatments (Table 1). Treatment effect sizes decreased in the following order: soil C concentration
> C/N ratio > soil N concentration > soil pH.

Increases in pH ranged from 0.4 (HCI-BC) to 1.5 (NM-BC) units. Following the initial
pH assessment, soil pH remained constant for the duration of the experiment (0-35 days after
transplantation). Relative modification effects were pronounced, as pH RE decreased most strongly in
HCI-BC (Figure 1).

Similarly, the C/N ratio increased by 45% (NM-BC), 52% (EtOH-BC), 58% (HCI-BC), and 39%
(Dig-BC) following biochar amendment. Despite increasing soil N concentrations to a comparative
level to that observed in NM-BC, EtOH-BC and HCI-BC, a lower increase in soil C content in Dig-BC
amended substrate resulted in a less pronounced increase of the C/N ratio. Relative effects of biochar
modification were negative for soil total carbon and total nitrogen content and the C/N ratio, with
the exception of Dig-BC, where positive modification effects were the result of an increase in soil N
concentrations in comparison to NM-BC (Figure 1).
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Table 1. Relative effects (RE, %) of biochar amendment via NM-BC, EtOH-BC, HCI-BC, and Dig-BC
on all examined soil and plant parameters in contrast to the negative control (unamended sand).

Uniformity of response (UNI) indicates whether all four treatments exhibit the same effect directionality.

Y: Yes, N: No. DW: dry weight, SR: shoot to root ratio, LA: leaf area, SLA: specific leaf area. Superscript

letters indicate the results of the Tukey test («x = 0.05).

NM-BC EtOH-BC HCI-BC Dig-BC UNI
RE (%)
pH 22.6+0972 16.8 £0.6P 33+14°¢ 19.4+1.03 Y
Ceoil 11,448.1 +1549.0® 10,273.8 £3265.62  8659.7 +925.02  8197.6 + 1164.72 Y
Nsoil 395.6 + 77.32 3689 £ 4992 3533 +40.12 4289 + 4822 Y
C/Nsoil 2206.0 £278.12 1867.0 £396.02>  1745.8 £190.02®  1399.5 + 209.1 P Y
Mgsoil -223+15P -189 + 4.4P 26+342 -12.8 £8.62b N
Ksoit 1374.7 £ 284.52 895.3 +201.12 —349+10.7b 16404 + 413.42 N
DW.hoot 199 +5.0°P 13.8+5.0°P 144 +46P 96.5+11.9°2 Y
DWioot —47 +45b -10.0 £3.2° -10.8+29P 94+592 N
DWggr —21.0+3.12 —204+3.0° —222+242 —442 +22P Y
DW 88 +44Pb 34+38Pb 31+36° 572 +9.02 Y
LA 74+£47b 6.6 £5.4b 98 +4.7b 113.8 + 1852 Y
SLA —72+27b —44+31b —32434P 88+3.62 N
Chlant -1.7+04° -23+05° 02+042 -25+04° N
Nplant -12.3+34Pb ~74+39° 9.6 +24° 359 +6.12 N
C/Npiant 143+51° 7.8+4.8P 11.6+33° -26.8+29° N
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Figure 1. Relative effects (RE, %) of biochar modification on soil pH, total carbon, total nitrogen,

plant-available magnesium, and plant-available potassium relative to the non-modified NM-BC.

Different lower case letters indicate significant differences (p < 0.05) between biochar modification
effects, namely EtOH-BC, HCI-BC and Dig-BC. Data is shown as means with standard error (n = 24).
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Three biochar amendments (NM-BC, EtOH and Dig-BC) exhibited uniformity in their response in
soil K and soil Mg concentrations. In contrast to sand, biochar amendment had a positive effect on soil
K concentrations and a negative effect on soil Mg concentrations (Table 1). The only treatment not
adhering to this pattern, i.e., exhibiting lower values than the negative control, when all other biochar
treatments exhibit higher values than the negative control or vice versa, was HCI-BC. HCI-BC had a
positive effect on soil Mg and a negative effect on soil K concentrations in contrast to sand (Table 1).

While the observed effects in all other soil parameters remained stable over the experimental
period the available soil K concentrations and soil Mg concentrations increased, most likely due to
watering. In the marginal sandy substrate, soil K concentrations increased by a factor of 12, while in
the biochar-treatments (except HCI-BC, factor of 3) K availability increased by a factor of 21 over the
experimental period (Table 2). At the last harvest, biochar amendments had increased soil K availability
by a factor ranging between 9 (EtOH-BC) to 14.9 (Dig-BC) compared to pure sand.

Table 2. pH and nutrient content of the used biochar, the pure sand (control), and its mixtures with
biochars (BC). Biochar was treated prior to substrate application by washing with ethanol (EtOH-BC)
and hydrochloric acid (HCI-BC) to remove ashes and labile organic compounds. Another portion of
the used biochar was loaded with nutrients by using digestate (Dig-BC). Substrate properties (i.e., pH;
total C and N; plant-available K and Mg) are shown for the beginning of the experiment (day 0) and
the last day of this experiment (day 35). The table shows means and standard deviations (n = 24).

Substrate pH N C K Mg
gkg™! mg kg1
Biochar 8.9+ 0.1 9.8 786.0 21,206 543
Day 0 Day 35 Day 0 Day 35 Day 0 Day 35 Day 0 Day 35 Day 0 Day 35
Sandy

71+01 71+02 02+00 01+00 05+00 0.3+0.0 42+17 51.1 +£24.0 23+08 502+42
substrate

NM-BC 86+00 86+01 07400 06+00 31.5+20 285+50 314+07 7097+1131 18+00 376+1.0
EtOH-BC 81+0.1 83+0.0 07+00 06+00 369+26 201+26 220+02 4653+534 1.8+00 350+12
HCI-BC 75+01 75+01 07400 06+00 412+41 253+1.0 68+02 224+12 22+02 458+06
Dig-BC 85+0.1 83+01 08+01 07400 314+39 220+45 354+18 7633+913 18+0.1 341+15

Mg availability increased equally for all treatments by a factor of 20 over the experimental period.
Relative effects of biochar modification were uniformly positive for soil Mg and uniformly negative for
soil K, with the exception of Dig-BC, which exhibited slightly positive effects of biochar modification
on soil K (Figure 1).

3.2. Plant Growth

Biochar amendment uniformly increased plant leaf area, shoot biomass, and total biomass.
Accordingly, the root-to shoot ratio uniformly decreased (Table 1). Effects of biochar amendment on
plant productivity were most pronounced in Dig-BC. Following the addition of Dig-BC plant biomass
more than doubled, compared to the sand control (Table 1). Similarly, leaf area values of plants treated
with Dig-BC were significantly increased, while those grown in pots amended with other biochar
forms remained unaffected. The root to shoot ratio was significantly lower for plants treated with
Dig-BC, indicating a shift from below-ground to above-ground biomass production, although overall
below-ground productivity remained higher in Dig-BC than NM-BC, EtOH-BC and HCI-BC (Table 1).
Specific leaf area increased in plants treated with Dig-BC. All other biochar amendments resulted in a
decrease of specific leaf area values. This immense response in plant parameters following Dig-BC
amendment was reflected in the relative effects of biochar modification, with Dig-BC being the most
productive out of the three modified biochars (Figure 2). In contrast, modification via ethanol and HCl
washing had null effect on overall plant productivity in contrast to the non-modified NM-BC (Figure 2).
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Figure 2. Relative effects (RE, %) of biochar modification on plant functional traits (i.e., leaf area,

specific leaf area, root to shoot ratio, and biomass) and plant elemental concentrations (i.e., total carbon,

total nitrogen) relative to the non-modified NM-BC. Different lower-case letters indicate significant
differences (p < 0.05) between biochar modification effects, namely EtOH-BC, HCI-BC, and Dig-BC.
Data is shown as means with standard error (n = 24).
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3.3. Nutrient Uptake

Except for HCl-washed biochar, all biochars induced a reduced net carbon accumulation in
plants. Nitrogen uptake was significantly enhanced by Dig-BC, while other biochars reduced or
maintained nitrogen uptake relative to that of the negative sand control (Table 1). In consequence,
C/N ratios in plant tissue tended to increase for all biochar treatments except Dig-BC, which exhibited
a significant decline of C/N ratios, mirroring effects observed in the soil. In turn, relative effects of
biochar modification illustrated the increase of N nutrition and decrease in plant C/N ratio in contrast
to the other two modified biochars (Figure 2).

4. Discussion

In line with recent reports, the addition of biochars herein increased the total substrate carbon
(C) and nitrogen (N) concentrations [38,39]. Except for HCl-washed biochars, biochar addition also
increased the availability of potassium (K) and reduced that of magnesium (Mg) in comparison to pure
sand. This is most likely due to a surplus of easily soluble K supplied by biochar accompanying ash in
unwashed biochars [8,40]. A surplus of K can induce a nutrient imbalance and reduce the availability
of Mg due to excessive competition for sorption sites [8]. Although we observed treatment-specific
variations in K and Mg, it is likely that watering with non-deionized water introduced additional
Mg and K into the system. However, given the same amount of water was applied to each biochar
treatment, varying effects between treatments are likely negligible. Still, in order to mimic the effects of
watering via natural precipitation in the field, water lacking in these specific nutrients should be used
in future experiments.

While results of other studies and meta-analyses reported that plant productivity may remain
unaffected after biochar application [2,4,8], untreated biochar addition as used in our study resulted
in a biomass increase of 10% compared with the pure sand substrate, which is in line with previous
results of a meta-analysis by Jeffrey et al. [41]. However, the relative increase of below-ground biomass
production in comparison to traditional biochar, by plants growing on substrate amended with washed
biochars, indicates foraging behavior. Although initial N concentrations following amendment are
slightly higher in washed biochar amended substrate, this boost does not translate into higher tissue
N concentrations at harvest. This indicates, that while washing might increase soil N background
concentrations, these nutrients are likely not available for plant uptake. Instead, plants actively search
for nutrients in order to balance out potential deficiencies during the experimental period. However,
as nutrients potentially become available over longer time periods, future experiments, testing for the
interactions between plant ontogeny, and an initial dose of biochar on nutrient-deficient substrate
should cover an entire growing season. Based on the presented data, we would expect Dig-BC
amended plants to fare best, assuming the soil nutrient pools are not depleted as a result of quicker
soil exploration and enhanced nutrient uptake. The only hurdle currently preventing its industrial
long-term usage are hygienic considerations, as digestates could potentially introduce additional
phytotoxic compounds and/or trace metal elements into the soil long-term [27].

Initially, pre-treatment was applied in order to avoid the pervasive issue of potentially phytotoxic
mobile organic compounds [9,42-44] and N immobilization following biochar amendment [34,45,46]
commonly resulting in null or even negative effects of biochar addition [41]. However, contrasting the
elaborate production process of the washed chars to its null effect, it seems unlikely that a large-scale
production of these biochars is feasible. Instead modifying biochars via natural weathering and aging
processes by exposing them to the elements might prove an alternative, especially at larger scales [47].

In contrast to the two washed chars and despite similar background concentrations, we observed a
doubling of above-ground biomass for the Dig-BC treatment. This fertilizing effect indicates, in contrast
to the observed effects in soils amended with washed biochars, that the existing N is plant-available.
This is further supported by observably lower root to shoot ratios in Dig-BC amended substrates, which
strongly suggests an improved plant nutrition [48]. Similarly, specific leaf area markedly increased,
which in turn is strongly related to the net enhancement of plant-available N uptake [49]. In line with
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this argument, plants grown on digestate loaded biochars are enriched in nitrogen (i.e., increased
N concentration and decreased C/N ratio). The overall fertilizing and plant promoting effect of the
used maize silage digestate in a sandy substrate both as used in this study was presented earlier [30].
This complementary experiment was conducted as a positive control to evaluate the effects of the
used digestate on maize germination, plant growth, and performance in the sandy substrate—also
in comparison with a mineral NPK fertilizer [30]. As previously observed, digestate from plant
material such as maize silage, supplied organic matter to the marginal sandy substrate facilitating the
improvement of its structure and water-holding capacity [50]. In these previous studies, the employed
digestate met the nutritional requirements of maize, increasing the fertility of the marginal sandy
substrate used, and reduced nutrient leaching as compared with a mineral NPK fertilizer [28,30]. The
threat of N immobilization caused by high C/N ratio could be avoided by the high concentration of
mineralized N in ammonium form in the digestate absorbed by the Dig-BC during the incubation
process. Its success at similar total N concentrations is then simply a function of N availability to
the plant.

5. Conclusions

We conclude that loading biochars with nutrients from nutrient-rich biogenic residues (e.g.,
digestates) can improve plant productivity by improving plant nutrition, which promotes the formation
of photosynthetic plant parts and uptake of nutrients. Using biogenic residues such as biochars made
of maize cobs and digestates also strengthens the concept of local nutrient recycling, which might be a
promising strategy for plant production on nutrient-poor sandy soils. However, this experiment was a
short-term experiment, and thus further interdisciplinary research is required to assess the effects of
modified biochars on plant productivity in the long-term, particularly at field scale.
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