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Abstract

Background: Fostering plant growth and improving agricultural yields by adding “macro’-sized biochar to soil has
been extensively explored. However, the impact and mechanism of action of aqueous extracts of biochar applied as
foliar fertilizer on plant growth and physiology is poorly understood, and was the objective of this study. Extracts were
produced from biochars derived from pine wood:clay:sand (PCS-BC; 70:15:15) and wheat straw:bird manure (WB-BC;
50:50) and tested at two dilutions each. The plant influence of the biochar extracts and dilutions were compared with
chemical fertilizer made up to the same minor trace element compositions as the applied extracts and a control treat-
ment consisting of only deionized water.

Results: The WB-BC extract was more alkaline than the PCS-BC extract and exhibited higher electrical conductivity
values. Similar to the biochars from which they were derived, the WB-BC extract had higher concentrations of dis-
solved mineral elements and organic matter than the PCS-BC extract. Despite major differences in chemical composi-
tion between the PCS-BC and WB-BC extracts, there was virtually no difference in plant performance between them
at any chosen dilution. Foliar application of PCS25, WB50, and WB100 led to a significant increase in the plant fresh
biomass in comparison to their corresponding chemical fertilizer and to deionized water. Plant growth parameters
including number of leaves and chlorophyll contents in plants treated with biochar extract foliar sprays were signifi-
cantly higher than in all the other treatments. Electron microscopy and spectroscopy studies showed the deposition
of macro- and nanoscale organomineral particles and agglomerates on leaf surfaces of the examined PCS25-treated
plant. Detailed study suggests that carbon nanomaterials and TiO, or Si-rich nanoscale organomineral complexes or
aluminosilicate compounds from biochar extract were main contributors to increased plant growth and improved
plant performance.

Conclusion: These results suggest that biochar extracts have the potential to be used as nanofertilizer foliar sprays
for enhancing plant growth and yield.
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Introduction
The demand for food for a growing world population is
increasing rapidly [1]. In addition, industrialization and
urbanization are causing contamination or reducing the
availability of agricultural land suitable for crop produc-
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intensive agrosystem, and one which increases every year
[4]. However, CF application is often wasteful and inef-
ficient as only one-third of the applied fertilizer is actu-
ally utilized by crops [5] and this has resulted in chronic
chemical saturation [6]. The leaching of around two-
thirds of the applied fertilizers imposes an economic bur-
den on agricultural producers and leads to environmental
problems [7]. Therefore, for sustained crop productivity
and food security, the current fertigation management
strategy urgently needs to be improved.

An assortment of conventional soil husbandry strate-
gies is available for enhancing soil fertility and crop pro-
ductivity [8, 9]. Out of many, biochar application to soil
has potential to be a viable resource compared to access
to modern technology for agricultural intensification [10,
11]. Biochar, a versatile carbonaceous material produced
when biomass is pyrolyzed under controlled oxygen (O)
conditions [12], has been demonstrated to impact agri-
cultural productivity in several ways: increasing intrinsic
soil fertility [10]; enhancing soil biological activity [13];
improving soil physicochemical properties such as pH,
cation exchange capacity, water retention capacity, and
enriching soil with mineral elements [14, 15]; reducing
fertilizer requirement [16]; and increasing plant growth,
health and productivity [17, 18]. Yet, biochar properties
vary as a function of a range factors like feedstock type,
pyrolysis temperature and heating rate, and such differ-
ences in biochar physicochemical properties can result
in differences in crop responses [12, 19]. Biochars with
specific characteristics can be produced by regulating the
proportions of appropriate feedstocks at the pre-pyroly-
sis stage [20]. For example, mixing clay and sand [21] or
clay and FeSO, [22] at the pre-pyrolysis stage produced
biochar with a highly functionalized surface.

As a multi-beneficial amendment, biochar can be
employed to increase plant resistance and immunity
against biotic factors, such as foliar fungal pathogens [23,
24] and soil-borne diseases [25], as well as to enhance
plants’ tolerance to abiotic stress factors like salin-
ity, drought, and heavy metals [14, 17, 26]. However,
several studies have indicated that to obtain an effec-
tive response, relatively large amounts of biochar need
to be applied. The amount may range between 10-50 t
ha™! depending on the soil and biochar characteristics
[27-29]. This high application rate is costly and restricts
its wider application [28]. Other factors such as use of
feedstock(s) that are not suitable for producing biochar
to soil applications, or recommendations for excessive
application rates, limit its positive effects and can even be
harmful [30]. Some studies have suggested that the use of
biochar as a component of solid biochar-based fertilizer
at a lower application rate [31] can enhance plant growth
and production, reduce greenhouse gas emissions [32]
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and increase farmer income [33]. In a recent study, Lus-
tosa Filho et al. [16] reported that the use of a biochar-
based fertilizer significantly increased nutrient uptake
efficiency and biomass production in Urochloa brizantha
grass.

An alternative means of reducing biochar application
rates may be by applying aqueous extracts of biochar as
a spray, much as foliar sprays of chemical fertilizers are
used for boosting crop yields [34]. Preliminary reports
suggested that water extracts of biochars produced from
various feedstocks (orange peel, residual wood, and
water treatment sludge) had positive impacts on Lactuca
sativa (lettuce) seed germination and seedling growth
[35]. Lou et al. [36] reported that aqueous extracts of
wheat and maize straw biochar applied on Brassica rapa
plants promoted plant growth and induced higher lev-
els of C and total soluble proteins. In two different pot
trials, foliar sprays made from water extracts of wheat
straw biochar pyrolyzed at 350 °C, applied together with
nitrogen (N), phosphorous (P), and potassium (K) com-
pounds to Chinese cabbage, significantly increased plant
yield [37]. Improved growth was attributed to increased
gene expression of nitrate reductase and glutamine syn-
thetase enzyme activities and reduced cadmium and
lead concentrations when compared with control plants
[38]. In contrast, an extract made from biochar prepared
from wheat straw at 550 °C did not show any impact on
plant growth and yield relative to controls [37, 38]. Thus,
fundamental questions about which specific factors in
biochar extracts play a significant role in plant growth
promotion, and via what mechanisms still remain. The
express purpose of the current study is to elucidate some
of these factors.

Specifically, the present study tested two hypotheses: (i)
impact of minor and trace mineral elements per se that
are leached from the biochars during preparation of the
aqueous extracts are not responsible for plant growth
promotion. This was tested by comparing plant growth
in treatments with extracts to plant growth in treatments
with chemical fertilizers made up to the same minor and
trace element compositions; and (ii) biochar-derived sol-
ubilized organic carbon (OC) in the extracts is respon-
sible for plant growth promotion. This was tested by
comparing efficacy of extracts with and without dissolved
organic carbon (DOC). Lettuce was chosen as the model
crop system.

Materials and methods

Biochar production and characterization

Two types of biochars were produced from various feed-
stocks: (i) pine wood:clay:sand (PCS-BC; 70:15:15 (w/w))
and (ii) wheat straw:bird (chicken) manure (WB-BC;
50:50 (w/w)) pellets. Moisture content of the wood chips
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used in the PCS-BC production was 15-17% and their
size was 10—15 mm; dust and larger pieces were removed
prior to pyrolysis. PCS-BC and WB-BC were produced at
approximately 600—650 °C in a rotary kiln. The pressure
in the unit was atmospheric pressure and the residence
time for pyrolysis was 6 min at the highest temperature.
Marine sedimentary clay and sand (moisture content
4-10%) from Romania was used to coat the surface of the
biochar with mineral nutrients and trace elements. The
chemical analysis of clay and sand was conducted using
an Elementar vario MACRO cube combustion analyzer.
The samples were combusted at 1150 °C. Major elements
were measured after ashing using fluorescence (XRF)
spectroscopy (Panalytical Axios X-ray). Chemical char-
acteristics of the clay and sand used in the production
of PCS-BC are given in Additional file 1: Table S1. Bird
manure is an interesting waste stream due to its high con-
centration of nutrients, but its corrosive nature requires
treatment before recycling. Pyrolysis is a suitable thermal
treatment method for manure, and has been shown to
yield high nutrient availability. Wheat straw has a rela-
tively high amount of K and P [39], therefore, the idea of
combining wheat straw with manure was based on the
hypothesis that mixing these feedstocks may increase the
available K and P in the final biochar product and make it
more attractive for supplying plant K and P demand.
Surface area and porosity of biochar samples were
determined using an automatic three station, surface
area and porosity analyzer (TriStar II Plus 2.02). This
instrument employs CO, adsorption isotherm method
as described by Dubinin-Radushkevich to determine the
surface area of carbonaceous materials. A Malvern zeta-
sizer Nano ZS was used to measure particle size and par-
ticle stability and charge structure. Finely ground biochar
(0.5 g) was added to 50 ml distilled water and sonicated
for 30 min. The suspension was then filtered using 0.45-
um filters [40]. The zeta potential of the filtered biochar
colloidal suspension was determined without pH adjust-
ment. Biochar microstructure and chemical composi-
tion were investigated by a scanning electron microscope
(NanoSEM 230, FEI, The Netherlands) configured with
energy dispersive X-ray spectroscopy (EDS). Biochar
specimens were coated with chromium (Cr) to improve
conductivity. EDS spectra were analyzed using propri-
etary software “Quantax’, Esprit 1.9. Scanning transmis-
sion electron microscopy (STEM; JEOL ARM200F, JEOL
Japan) coupled with an electron energy loss spectrometer
(EELS) and an EDS detector was also performed to pro-
vide further morphologic and compositional information
on the samples. Surface functionalities of finely ground
biochar particles were identified using mono-chromated
Al K alpha X-ray photoelectron spectroscopy (XPS;
ESCALAB250Xi; Thermo Scientific, Waltham, USA)
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following the method described by Taherymoosavi et al.
[41].

Biochar extraction method and chemical characterization
Ten g of biochar powder (particle size<2.0 mm) was
added to 200 ml of milliQ water, and the mixtures were
boiled for 3 h, brought back up to initial volume by add-
ing milliQ water as some of water was evaporated, and
then shaken on a rotary shaker at 180 rpm at 25+2 °C
for 20 h. The mixtures were centrifuged at 5000g for
10 min at 25 °C, the supernatants were collected, fil-
tered (0.45 pm PVDF filter), and analyzed for pH, elec-
trical conductivity (EC). Inorganic carbon and nitrogen
contents were determined using a Total Organic Carbon
Analyzer (Shimadzu, Japan). The concentration of dis-
solved major and trace elements in the solutions were
measured using an inductively coupled plasma mass
spectrometry (NexION Multi-Quadrupole ICP-MS, Per-
kin Elmer Inc., USA). A subsample was used for subse-
quent analysis of zinc (Zn) and iron (Fe), copper (Cu),
manganese (Mn), magnesium (Mg) and calcium (Ca) by
atomic adsorption spectroscopy (AAS, AAnalyst 400,
Perkin Elmer, USA) and sodium (Na) and K by flame
photometer (M410, Sherwood Scientific Ltd., UK) [42,
43]. Additionally, subsamples of biochar extracts were
analyzed for DOC, including chromatographable dis-
solved organic carbon (CDOC) and hydrophobic organic
carbon (HOC) fractions, using a DOC LABOR liquid
chromatography-organic carbon detection (LC-OCD)
[44].

Pot experiment and treatment preparation
The impact of foliar sprays (FS) prepared from the bio-
char extracts on plant growth was tested using lettuce
(Lactuca sativa L.) plants in a pot experiment under
natural light and greenhouse conditions. Soilless potting
mixture (peat:tuff 7:3, v:v, Shacham Givat Ada, Israel) was
mixed with N:P,0-:K,0 (0.2:0.15:0.2 g kg™!) (supplied as
ammonium nitrate, potassium phosphate, and potas-
sium chloride, respectively) [36]. Pots (1 L) were filled
with 600 g each soilless media premixed with NPK and
wetted with deionized water to 60% pot holding capac-
ity. Twelve-day-old lettuce seedlings, germinated sepa-
rately, were transferred to the pots with one seedling per
pot. Pots were irrigated with tap water daily 2 times for
2 min via 1 drip using an automatic drip irrigation sys-
tem (Uniram1.5 L h™!, AS-17012, Netafim, Israel) lateral
positioned at the center. Treatments were applied as FS
to fully moisten the plant leaves (avoiding runoff) every
4 days for a total of 8 sprays until harvest at 32 days; the
last treatment application was 4 days before harvesting.
Based on the OC and mineral concentrations, and
prior studies [36—38], PCS-BC and WB-BC extracts were
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diluted at different ratios with deionized water (v/v) and
used for FS application: PCS-BC extract was diluted 1:25
(PCS25) and 1:50 (PCS50), while WB-BC extract was
diluted 1:50 (WB50) and 1:100 (WB100). For a com-
parative analysis, chemical fertilizer (CF) foliar spray
solutions were prepared with the goal to replicate the
minor and trace element compositions (Additional file 1:
Table S2) of the PCS-BC and WB-BC extracts (Table 1).
Major nutrients, N, P and K were not included in the CF
preparations, as these major nutrients were supplied to
all the treatments equally in the soil, as described above.
CF solutions were diluted similarly to the biochar extract
solutions to create working CF treatments. CF-PCS25,
CE-PCS50, CF-WB50, and CF-WB100 are the chemical
foliar spray equivalents of the PCS25, PCS50, WB50, and
WB100 treatments, respectively. A ninth treatment con-
sisted of deionized water (DW) as the foliar spray. Each
of the nine treatments contained four biological repli-
cates arranged randomly in four blocks.

Plant analysis

Plants were observed daily for the 32-day growing
period. The target leaf for analysis was a fully devel-
oped mature leaf from heart of the plants. Photosys-
tem II (PSII) efficiency of the target leaf was measured
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at 32 days following Sengupta et al. [45]. At the end of
the experiment lettuce plants were harvested and the
growth parameters including the number of leaves and
fresh weight and dry weight of above ground biomass
was calculated. Fresh leaf (0.1 g) from each treatment was
chopped and kept in a micro centrifuge tube with 1.0 ml
of 80% acetone in distilled water (v/v) at 4 °C overnight.
Photosynthetic pigments chlorophyll (Chl) 4, b, total Chl
and carotenoids in the extract were determined following
Lichtenthaler [46] and expressed in mg g fw. Anthocya-
nins in fresh leaves were measured according to Kumar
et al. [47] and expressed as A, g fw.

Sampled leaves were washed, dried completely at 60
°C, and ground into fine powder. Subsamples (0.5 g) were
digested [48] with 10 ml HNO; for subsequent analysis
of Zn, Cu, Fe, Mn, Ca and Mg by AAS, and Na and K by
flame photometry.

Microscopic and spectroscopy analysis of plant tissue

Surface structures and elemental composition of the air-
dried leaf samples only from DW, PCS25, and CF-PCS25
plants were examined using a Phenom ProX Desktop
SEM (ThermoFisher Scientific, Eindhoven, Netherlands)
integrated with an EDS analyzer and elemental identifica-
tion software for elemental mapping [14]. Plant—biochar

Table 1 Chemical characterization of hot water extract of biochar produced from two different feedstocks combinations: pine wood:
clay: sand (PCS-BC; 70:15:15) and wheat straw:bird manure (WB-BC; 50:50)

Chemical properties PCS-BC extract WB-BC extract CF-PCS CF-WB
pH 89+0.15 10.3+0.05 89 10.3
Electrical conductivity (mS cm?) 0.06+0.005 2074024 - -
Zn (mg ) 0.121+0.06 0.25+0.11 0.12 0.25
Fe (mgl™") 1314027 1.9640.25 131 1.96
Cu (mgl") 0.13+£0.007 0.15£0.01 0.13 0.15
Ca(mg () 28+0.11 1.8+£0.04 2.80 1.8
Mg (mg 17 2114044 1734049 2.1 173
Na (mg () 8+0 3474107 8.0 347
Cl(mg ™ 15428 132417 15 1.1
K(mg 1™ 133413 5224192 - -
P(mgl™ 0.58+0.09 124£0.66 - -
Total N (mg 1) 062+0.12 114003 - -
Inorganic C (mg 17") 9.7240.1 65423 - -
Dissolved organic C (mg =) 62.5 675 - -
Hydrophobic organic carbon (mg I7") 375 225 - -
Chromatographable organic C (mg 17") 25 450 - -
Bio-polymers (mg I~") 1.25 25 - -
Humics (mg 17") 3.75 200 - -
Building blocks (mg 1" 25 175 - -
Low molecular weight neutrals (mg =) 11.25 50 - -

Values for PCS-BC and WB-BC extract represent mean =+ SE of three replicates. Minor and trace element composition of PCS chemical fertilizer (CF-PCS) and WB
chemical fertilizer (CF-WB) prepared to correspond PCS-BC extract and WB-BC extract, respectively
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extract interactions were examined in finely ground air-
dried leaf for DW and PCS25 treatments using STEM,
EDS, and EELS [49, 50].

Statistical analysis

All data are shown as mean =+ standard error (n=4). Dif-
ferences between the treatments, comparing the effects
of solution, dilution, and their interaction, were exam-
ined using a two-way analysis of variance (ANOVA)
analysis (SIGMASTAT 12.0 Systat Software Inc., USA).
Differences at level (a) of 0.05 were considered significant
between treatments and are represented by different low-
ercase letters.

Results

Biochar characteristics

We engineered biochar production parameters to obtain
biochars with the desired physicochemical properties
(high specific surface area (SSA), mineral (ash) content,
and alkaline pH). Parameters included a relatively high
pyrolysis temperature (600—650 °C) that would result in
encapsulation of woodchips with sand and clay for PCS-
BC, and use of two different feedstocks (wheat straw and
bird (chicken) manure) mixture for WB-BC production.
The high pyrolysis temperature resulted in biochars hav-
ing the desired properties (Additional file 1: Table S3).
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As befitting the different starting feedstocks for the two
biochar types, the physicochemical properties of PCS-BC
and WB-BC were different from each other (Additional
file 1: Table S3). In particular, WB-BC produced from
crop waste and manure-based biomass showed a higher
surface area, micro-pore volume, aromaticity (specific
adsorption coefficient/OC), and zeta potential in com-
parison to PCS-BC. Furthermore, WB-BC contained
a much higher level of total dissolved C (both inorganic
and organic), DOC and total dissolved N. On the other
hand, mineral encapsulation through mixing wood bio-
mass with clay and sand enhanced the presence of min-
eral-rich macro- and nanoparticles on biochar surfaces
as evident in the analysis of dissolved mineral trace ele-
ments (Additional file 1: Table S3). PCS-BC was rich in
dissolved Ca, Mg, Fe, Mn, aluminum (Al), and molybde-
num (Mo), while WB-BC contained a higher concentra-
tion of NPK and other dissolved elements including Na,
sulfur (S), silicon (Si), Cu, and titanium (Ti). SEM and
EDS analysis of a PCS-BC particle indicated the presence
of aluminosilicate and complexes of Ca, K, and Mg on its
surface (Fig. 1a). Other analyzed particles also indicated
the presence of similar kind of minerals inside the pores
of the biochar (red box) and on the matrix (red circle)
(Additional file 1: Fig S1A). STEM analysis confirmed the
SEM observations and provided information about the

2
x
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§
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keV

images along with an EDS spectrum of the WB-BC particle

Fig. 1 Microscopy and spectroscopic examination of pine wood:clay:sand (PCS-BC; 70:15:15) and wheat straw:bird manure (WB-BC; 50:50) biochar.
a Secondary electron image of a PCS-BC particle with an energy dispersive X-ray spectroscopy (EDS) spectrum and X-ray elemental map of the total
area; b scanning transmission electron microscopy (STEM) dark field (DF) and bright field (BF) images along with an EDS spectrum of the PCS-BC
particle; ¢ secondary electron image of a WB-BC particle with an EDS spectrum and X-ray elemental map of the total area; and d STEM-DF and BF
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spatial resolution of identified phases (Fig. 1b). Two main
phases were identified by EDS analysis (Additional file 1:
Fig. S1B). One was the woody biochar and the other was
a cluster of mineral compounds, rich in Ca, Si, and Ti.
In contrast to the PCS-BC, the WB-BC has much more
complex surface structures with higher levels of organic
and inorganic mineral complexes (Fig. 1c). An EDS spec-
trum of the whole area showed a higher concentration of
C, O, Si, Ca, K, Al, Mg, and Na with a lower concentration
of P, S, and chloride (Cl) (Fig. 1c). Higher magnification
images and EDS spectra revealed Ca/P-rich nanoparticle,
probably sourced from bird manure, mixed with Si, C, Al,
Mg and Na, attached to the surface of wheat straw particle
(yellow box); there was also a cluster of aluminosilicates,
combined with K, Mg, Na and P, found within the inner
layer WB-BC (yellow circle) (Additional file 1: Fig. S1C).
High-angle annular dark field (HAADF) imaging and
EDS elemental mapping shows the different distinct met-
als and non-metals are located on the C-matrix (Fig. 1d).
Phase analysis indicated that Phase ‘1’ is a mixture of Mg,
Na, P, Ca, K and N; Phase 2’ is CaCOg; phase ‘3’ prob-
ably indicates that Fe was bonded with aluminosilicate
(also supported by the EDS elemental maps) (Additional
file 1: Fig. S1D). XPS data confirmed the presence of two
active N functional groups only in WB-BC (Additional
file 1: Table S4). Furthermore, the atomic% of C functional
groups were higher in PCS-BC than WB-BC, while func-
tional groups related with O and trace elements such as
Ca, Mg, Si, K, Cl, Na, Fe, and Al were greater in WB-BC
than in PCS-BC (Additional file 1: Table S4).

Biochar extract characteristics

WB-BC extract was more alkaline than the PCS-BC
extract (pH 10.3 versus 8.9) and exhibited higher EC val-
ues (207 versus 5.5 mS m™). Similar to the biochars from
which they were derived, the WB-BC extract had higher
concentrations of C, N, and dissolved mineral element
(Table 1) than did the PCS-BC extract. In particular, the
WB-BC extract contained higher concentrations of dis-
solved Zn, Fe, Na, K, P, and Cl, while PCS-BC extract was
richer in Ca and Mg. Furthermore, WB-BC had a higher
concentration of organic matter (OM) than PCS-BC,
and higher total dissolved C, total dissolved inorganic-
C, DOC, and total dissolved N (Table 1). Hydrophilic
or chromatographable fraction of DOC, including
biopolymers, humic-like substances, building blocks
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(polyphenols and polyphenolic acids), and low molecular
weight (LM'W) neutrals are presented in Table 1. WB-BC
showed a higher proportion of biopolymers (5.5%),
humic-like substances (55.5%), and building blocks
(39.0%) than the PCS-BC extract, while PCS-BC con-
tained a greater content of LMW neutrals (about 50.0%)
than the WB-BC. As detailed, extracts were diluted by 25
and 50-fold, and 50 and 100-fold (PCS-BC and WB-BC,
respectively) before use as foliar sprays.

Plant growth and development

Overall, plant growth in the groups treated by biochar
extract foliar sprays (PCS25, PCS50, WB50, and WB100)
was significantly better than in all the other treatments.
Despite the differences in chemical composition between
the PCS-BC and WB-BC extracts (Table 1), there was
virtually no difference in plant performance between
them at any of the chosen dilution levels. In contrast,
comparative analysis between each biochar foliar spray
treatment and its corresponding CF treatment showed
that biochar extracts had significant positive impacts on
the plant fresh biomass (Additional file 1: Fig. 2a) and
compared with the DW treatment. Similar to fresh bio-
mass, foliar application of PCS25 and WB50 led to a sig-
nificant increase in the total number of leaves per plant in
comparison to their corresponding CF (Fig. 2b). Indeed,
growth performance in the CF treatments was not better
than in the DW treatment.

Plant physiology and mineral elements

ES application of biochar extracts increased the Chl a
(Fig. 2¢), Chl b (Fig. 2d) and total Chl (Fig. 2e) in lettuce
when compared with their corresponding CF and DW
treatments, except for WB50 versus CF-WB50 in chl
a and chl b. In case of carotenoids, PCS25 and WB100
had significantly higher contents in comparison to CE-
PCS25 and CE-WB100, respectively (Fig. 2f). Plants from
PCS25 and WB50 treatments (Fig. 2g) had significantly
increased anthocyanins as compared with other treat-
ments. Photochemical efficiency was insensitive to the
treatments (Fig. 2h), as were mineral element contents in
the leaves (Additional file 1: Table S5).

Scanning electron microscopy study of leaf surface
Despite major differences in chemical composition
between the PCS-BC and WB-BC extracts, there was

(See figure on next page.)

Fig. 2 Effect of foliar spray application of pine wood:clay:sand (PCS-BC; 70:15:15) and wheat straw:bird manure (WB-BC; 50:50) biochar extract,
at different dilution rates, on the lettuce plant growth parameters. a Fresh biomass; b number of leaves; ¢ chlorophyll (Chl) g; d Chl b; and e total
Chl; f carotenoids and g anthocyanins; and h quantum yield of photosystem Il (F,/F ). Different levels of chemical fertilizer (CF) were included to
correspond each biochar extract treatment. A treatment consisting of only deionized water (DW) foliar spray was also included for comparison.
Columns (means = SE; n=4) labeled by different lowercase letters are significantly (p <0.05) different with each other
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virtually no difference in plant performance between
them at any chosen dilution. However, plants treated
with PCS25 showed higher values for most of the plant
parameters analyzed than PCS50, WB50, and WB100.
Therefore, we selected the PCS25 for electron micros-
copy and spectroscopy analysis. An SEM image obtained
from the DW leaf sample showed stomata (Fig. 3a) with
no evidence of any associated mineral particles. The
EDS spectrum of the entire area indicated the presence
of OM (C, N, O) and mineral elements S, P, K, Cl, Mg,
and Na (Fig. 3b). In contrast, SEM and EDS analysis of a
PCS25-treated leaf indicated that macro-organomineral
particles and nanoscale agglomerates were deposited on
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leaf surfaces as well as inside the stomata (Fig. 3c). An
EDS spectrum of the cropped area confirmed the depo-
sition of Na, Mg, Al, Si, S, P, Ca, K, and Fe (Fig. 3d). A
higher magnification image (Fig. 3e) of the nanoscale
particles inside the stomatal opening and the EDS spec-
trum (Fig. 3f) confirmed that these clusters were Si-rich
organomineral complexes or Ca, Fe, and K silicate com-
pounds. Elemental map analysis of another area on the
leaf surface showed the deposition of biochar-derived
organic molecules associated with N, K, P, O, Na, Mg,
Si, S, and Ca (Additional file 1: Fig. S2). Furthermore,
despite the presence of several toxic heavy metals in both
biochars, SEM-EDS analysis of PCS25-treated lettuce

Fig. 3 Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) of DW (deionized water) and PCS25 (foliar spray of
pinewood, clay, and sand biochar extract at 1:25 dilution) treated lettuce adaxial leaf surface. a Secondary electron image of control leaf showing
stomata; b EDS spectrum of a; ¢ secondary electron image of PCS25-treated leaf showing stomata and presence of organomineral complexes; d
EDS spectrum of ¢; e high-resolution SEM image showing the organomineral complex formed or associated inside the stomata. f EDS spectrum of e

showing the presence of high mineral complexes
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leaf did not show the deposition of any toxic heavy met-
als on the leaf surface.

Scanning transmission electron microscopy

and spectroscopy study of leaf powder

STEM-EDS analysis of PCS25-treated leaf revealed the
presence of a particle with a porous C-matrix contain-
ing distinct nanoscale particles (Fig. 4a). The EDS spec-
trum (Fig. 4b) and elemental map (Fig. 4c) confirmed that
these nanoscale particles contained oxidized compounds
of OM associated with N, Al, Si, K, Fe, Ti, and Mg with
trace amount of P, S, and Ca. Phase analysis indicated
that phase-1 is mixture of aluminosilicate and TiO, con-
taining N, K, Ca, and Fe (Additional file 1: Fig. S3A).
Phase-2 is probably an aluminosilicate compound (Addi-
tional file 1: Fig. S3B) and phase-3 represents Fe-bound
Si-rich compounds accompanied by TiO, (Additional
file 1: Fig. S3C).

STEM-EDS of another fragment from leaf pow-
der shows a mineral-rich (N, Si, Al, K, P, S, Mg, Fe, and
Ti) biochar particle (Fig. 5a and b). The HAADF image
(Fig. 5d and Additional file 1: S4A) and EDS analysis
(Fig. 5e and Additional file 1: Fig. S4B) of the cropped
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area in Fig. 5a shows that nanoscale-mineral aggre-
gates embedded in the biochar along with high level of
Si. K-edge EELS] reveals that the C in the cropped area
of Fig. 5a is functionally active with N and O contain-
ing groups with energies at 285 eV (Fig. 5¢) and 360 eV
(Fig. 5f) in the C-matrix and around the mineral phases
on the redox active biochar surface. The HAADF image
alone with the EDS spectrum shows porous C-matrix
with sub nanometer clusters or individual atoms of N,
Mg, Al Si, P, K, and Ca (Additional file 1: Fig. S4C and
D). Figure 5g is a secondary electron image of a mineral-
deposited biochar surface marked as EELS2 in Fig. 5a.
The EDS spectrum (Fig. 5h) and associated Fe L-edge
EELS spectrum at 728 eV (Fig. 5i) are suggestive of super
paramagnetic iron-oxide complex or maghemite or Fe-
rich phases in nanoparticles less than 5 nm in diameter
together with other mineral complexes on the biochar
surface.

Discussion

Performance of plants treated with biochar extract foliar
sprays was significantly better than that of plants treated
with equivalent chemical foliar sprays providing the same

(C)

500 nm| O

500 nm| K

Fig.4 Scanning transmission electron microscopy (STEM), energy dispersive X-ray spectroscopy (EDS) analysis of a PCS-BC (pine wood, clay,
and sand biochar) particle from foliar application of PCS25 (PCS biochar extract at 1:25 dilution) treated plant leaf powder. a Secondary electron
micrograph of an identified biochar particle showing nanoscale agglomerate in the C-matrix. b EDS spectrum of total identified area; and ¢
elemental map of biochar particle indicating the presence of mineral elements on the surface of identified particle

500 nm| Mg

500 nm| Ca

500 nm| Al 500 nm| Si

500 nm| Ti 500 nm| Fe
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Fig. 5 Scanning transmission electron microscopy and electron energy loss spectroscopy (EELS) of leaf powder form foliar spray of PCS25 (pine
wood, clay, and sand biochar extract at 1:25 dilution) treated lettuce plant. Micrographs were obtained from different ultra-thin sections of the same
biochar particle from Fig. 4. a Transmission electron microscopy (TEM) high-angle annular dark field (HAADF) micrograph and EELS spectra of an
ultra-thin section of the nanoscale agglomerate revealing its mineral compositions in their respective b EDS spectrum. ¢ EELS spectrum of region 1
marked in a. d HAADF micrograph of cropped area in a and its representative e EDS spectrum. f N-EELS spectrum of the marked area in a. g HAADF
image of EELS 2 marked in a. b EDS spectrum of g and its EELS spectrum is presented in i

content of minor and trace elements. Together with that,
the two different biochar foliar sprays worked equally
well, and equally at two different concentrations, despite
the large differences between them in terms of the ele-
ments present and OC content. Thus, the first hypothesis
of this study, that the minor and trace mineral elements
per se that are leached from the biochars during prepara-
tion of the aqueous extracts are not responsible for plant
growth promotion was found to be correct. This means
there must be an alternative explanation for the clear pos-
itive impact of the biochar extract foliar sprays. Yet, the
second hypothesis, that biochar-derived solubilized OC
in the extracts is responsible for promoting plant growth,
was found to be incorrect in our experimental condi-
tions. The WB-BC extract has a substantially greater con-
centration of OC and of the different OC components
than the PCS-BC extract, yet, it did not outperform the
PCS-BC extract in terms of plant growth. However, it
does not exclude the possibility that the biochar-derived
solubilized OC may contain a same concentration range
of specific organic molecule or a group of compounds or

organo-mineral complexes, both in WB-BC and PCS-BC,
acting as plant promoting agent in a similar capacity.
One obvious difference between the CF and biochar
extract preparations is the presence of the major nutri-
ents K and P in the biochar extracts (Table 1) and their
absence in the CF preparations. However, a comparison
between the two extracts shows that while dissolved K
and P concentrations of the WB-BC extract are 40 and
20 times greater than of the PCS-BC extract, respectively,
there is no difference between the extracts in their impact
on plant performance. Moreover, the absolute concentra-
tions of dissolved K and P in the foliar sprays made up
from the extracts are very low in comparison to such
nutrients supplied in conventional foliar sprays for sup-
plemental fertilization [51]. Thus, this does not seem to
be the reason for the efficacy of the biochar foliar sprays.
The only other major difference between the biochar-
derived foliar sprays and the chemical foliar sprays is the
presence of complex mineral/organic nanoparticles in the
biochar-derived sprays. In terms of this feature, extracts
of both biochars were similar, despite the difference
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between them in overall chemical and structural prop-
erties. Both PCS-BC and WS-BC had an abundance of
active functional groups on mineral and organic mat-
ter surfaces and in pore spaces that were lined or filled
with organomineral coatings and nano/micro-agglomer-
ates [52, 53]. STEM/EDS characterization showed that
these nanoscale (<100 nm) organomineral particles have
unique structural and chemical properties. We suggest
the biochar-derived nanoparticles, loaded with mineral
elements and possessing high surface area and porosity,
act as “nanofertilizers” on the leaf surfaces.
Nanofertilizers refer to nanoscale-dimension products
that bring nutrients to crops either via minerals encapsu-
lated inside nanomaterials or as particles. Nanofertilizers
have shown the potential to increase crop productivity by
enhancing seed germination and growth, plant develop-
ment, photosynthetic functions, carbohydrate metabo-
lisms, in addition to improving stress tolerance [54—56].
Additionally, nanofertilizers foliar applications on the
leaves have been found to affect the biological function
and microbial communities in soil [57]. A precise appli-
cation rate of nanofertilizers can feed plants gradually
in a controlled manner and promote plant growth rate
[58] along with the benefits of increasing the fertilizer
use efficiency via a slow release [59], minimizing nutri-
ent leaching loss into the environment [60]. Among other
benefits, nanofertilizers can be applied in a comparatively
smaller amount to CF, ultimately increasing ease of appli-
cation and with clear economic benefits [61]. The main
focus of many studies was a comparison between foliar
nanofertilizer application and a control water treatment.
Only a few studies compared the effect of nanofertilizers
with non-nanofertilizer or CF treatments. A study of Ca-
borate nanoparticles containing foliar spray on lettuce
and Cucurbita pepo revealed growth-inducing proper-
ties in comparison to the control (water only) plants and
plants treated with only boron commercial fertilizer [62].
In a field experiment with tomato plants, foliar applica-
tion of NPK nanofertilizers demonstrated that NPK
nanofertilizers applied at 50% and 25% of the recom-
mended level gave higher crop yield and yield parameters
viz. economic yield, harvest index, starch rates, nutrient
use efficiency, and production quality compared to NPK
chemical fertilizer applied at recommended levels [63].
These previous studies found that foliar application of
nanofertilizers increased nutrient concentrations in plant
parts when compared to the plants treated with similar
CE. In stark contrast, our experiment did not reveal any
significant impacts on the mineral elements in lettuce
leaves between the different treatments. Previously, it
was postulated that increased plant growth was the func-
tion of cations, anions [35, 36] and nanofertilizers present
in biochar extracts [64]. Relating to this hypothesis, our
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results are suggestive that nanoscale organomineral com-
plexes like TiO,, SiO,, and Fe,O; containing N, K, and
Ca or aluminosilicate compounds in the biochar extracts
were involved in the observed enhanced plant growth.
Irrespective of their concentrations in biochar extracts,
DOM, humic substances, and low molecular weight
compounds can possibly participate in a variety of chem-
ical and biological redox-mediated reactions through the
solubilization of redox active molecules [38, 65]. By this
way, the biochar extract could affect the various key plant
processes and ultimately increase the plant growth and
development [65]. A study where the combined effect of
different nanofertilizers mixture (Pharmks) and humic
acid was tested on black cumin seedlings revealed much
increased plant growth index in comparison to seedlings
treated with either only Pharmks or humic acid alone
[66]. The effect of the foliar application of various doses
of ZnO nanoparticles alone, and in combination with
soil-applied biochar have showed an improved plant
growth response such as biomass, height, and number
of leaves of maize seedlings in comparison to the non-
treated control when grown in Cd contaminated soil [67].
However, the combination of the two, ZnO nanoparticles
and biochar, showed much better response than applica-
tion of ZnO nanoparticles alone [67].

To understand the fundamental and quantitative
mechanisms of nanofertilizer-mediated plant growth, an
in-depth analysis of the interactions between nanopar-
ticles and plant leaves is crucial. Therefore, SEM—EDS
analysis was conducted with the biochar extract-treated
leaf, which confirmed the presence of OM and mineral-
associated C nanoparticles on leaf surfaces and in sto-
matal openings. Interactions between nanoparticles with
leaves revealed that the translocation of nanomaterials
into leaf tissue or apoplast is through stomatal openings
or nano-pores located on the leaf cuticle or surface [64,
68]. The apoplastic presence of mineral elements played
an important role in the plant developmental processes
[69]. This accords with the observed increase in lettuce
biomass and increase in photosynthetic pigments under
treatment with the nanoparticle-rich foliar extracts as
compared with the chemical foliar sprays. It is suggestive
that nanoscale organomineral complexes in the extracts
interacted with leaf surfaces and were transported into
plant tissues through stomata via gas uptake.

Biochar-derived C nanoparticles have likewise been
seen to enhance plant performance in terms of leaf pho-
tosynthetic pigments [70, 71]. These increased pigments
concentrations can also be correlated with the increase
in number of leaves, plant growth, and biomass. With
their unique physicochemical properties, foliar sprays of
minerals containing C-nanomaterial or biochar nanofer-
tilizers can regulate the physiological and biochemical
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processes in plants [72]. Increases in these pigments are
indicative of a direct interaction between nanoscale orga-
nomineral complexes with leaf cellular organelles. Pos-
sibly, mineral elements from these complexes could have
directly enhanced the biosynthesis of Chl molecules or
stabilization of pigment-protein complexes. Rossi et al.
[73] reported that foliar application of ZnO nanoferti-
lizer significantly improved the net photosynthetic rate,
in addition to the growth and physiology of coffee plants
when compared with plants treated with either DW or
zinc sulphate.

Carotenoids and anthocyanins are widely available
pigments in plants and are well known for their role in
growth enhancement and in strengthening plant defense
mechanisms as they act as non-enzymatic antioxidants
to maintain cellular oxidative balance [74, 75]. KOrosi
et al. [76] reported that foliar application of TiO, nano-
particles enhanced the antioxidative properties of a Vitis
vinifera leaf via inducing the total phenolic content and
biosynthesis of flavonoids and increased accumula-
tion of mineral elements. Similarly, SiO, nanoparticles,
when sprayed on a pakchoi plant had a positive impact
of inducing relative abundance of several metabolites,
sugars and sugar alcohols, fatty acids, and small mol-
ecules organic acids in these plants [57]. Higher carot-
enoids and anthocyanins levels in biochar extract-treated
plants leaves have suggested its increased production for
healthy and better growth of lettuce [10, 77]. It could be
possible that TiO,, SiO, and other mineral nanoparti-
cles associated with the C-matrix, as observed in Fig. 4,
enhanced the synthesis and accumulation of carotenoids
and anthocyanins in the lettuce. Under our experimen-
tal conditions, the lettuce plants were healthy and un-
stressed, as evidenced by the optimal F /F , values [78].

Conclusion

A low-dose application of aqueous extract derived from
PCS-BC and WB-BC improve lettuce plant growth and
physiological attributes when grown in soilless media
under natural conditions. The increased lettuce growth
could be directly related with the increased photosyn-
thetic pigment concentrations. Electron microscopy and
spectroscopic studies are indeed suggestive that orga-
nomineral nanoparticle complexes and C nanomaterials
from the foliar-applied biochar extracts were the main
contributors to this increased plant growth and perfor-
mances. Such porous nanofertilizers can slowly release
minerals over time, in accordance with plant needs, in
contrast to what occurs with CF. The overall results sug-
gest that biochar extracts have the potential to be highly
effective foliar nanofertilizers for improving plant growth.
In the future, testing a foliar spray rich in OC nanopar-
ticles, but poor in mineral elements in comparison to
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those used in this study, will enhance our understand-
ing of the potential role of C nanoparticles in promoting
plant growth. Furthermore, future study should include a
quantitative analysis of bioavailability of toxic heavy met-
als in the biochar extracts, by examining their uptake in
plant leaves and related plant responses.
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