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Abstract
This study aimed to investigate the influence of chemical and structural characteristics of biochar on the development of rice 
plants grown in fragile sandy soil. An experiment was carried out in pots with the application of four doses (0 ton ha−1; 10 
ton ha−1; 20 ton ha−1; 30 ton ha−1) of eucalyptus biochar from four artisanal sources (B1, B2, B3, and B4). Fresh root mass 
increased by 0.56% with the application of biochar B4 and decreased with the application of biochars B1, B2, and B3 (23.3%; 
18.3%; 19.9%). The fresh mass of sheath and leaves decreased by an average of 23.6% and 27%, respectively, with the applica-
tion of all biochars. Root dry mass increased by 7.8% with the application of biochar B4 and decreased with the application of 
B1, B2, and B3. The sheath dry mass and leaf dry mass decreased by an average of 20.2% and 25.1%, respectively, with the 
application of all biochars. The nutrient content, specifically P, K, and N, increased with the application of B1, B2, and B3. 
The application of biochar B4 (30 ton ha−1) lessened the damage to the photosynthetic apparatus and promoted physiological 
recovery. The beneficial effect of biochar B4 occurred at a dose of 30 ton ha−1 in the reaction centers, increasing photochemical 
efficiency in photosystem II. Root development was stimulated by the application of biochar B4, increasing root area by 55% 
(10 ton ha−1) and 56% (20 ton ha−1 and 30 ton ha−1). The total length increased by 48% with the application of biochar B4 
and by 27% with biochar B2 (30 ton ha−1). The length of thick roots and the total root volume were less affected by the treat-
ments, with increases of approximately 11% and 7%, respectively. Although most treatments did not result in higher biomass 
production compared to the control, there was a notable increase in nutrient content in the aboveground portion, particularly 
with the application of biochar B2. Furthermore, improvements in photosynthetic parameters and root morphology were 
observed, particularly when biochar B4 was applied. Overall, the findings of this study indicate that biochars B2 and B4, at 
rates of 20 and 30 ton ha−1, respectively, hold promise for enhancing cultivation in vulnerable Planosols in the Rio de Janeiro 
region of Brazil. However, to fully understand the effects on soil properties in different crops and the economic implications 
of implementing biochar in agriculture, further long-term and large-scale research is necessary.
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1  Introduction

The predominant agriculture in the state of Rio de Janeiro, 
Brazil (RJ), is conducted on poor soils with low carbon fixa-
tion capacity, low organic matter content, low fertility, and 
nutrient availability (especially phosphorus), prone to ero-
sion and abiotic stresses, classified as Planosols. The agri-
cultural model is mainly developed by small-scale family 
farming and produces the majority of the food consumed 
in different municipalities today. Small farmers struggle 
with reduced incomes and limited availability of inputs 
that improve the chemical, physical, biological, and natural 

Highlights   
• The artisanal biochars studied exhibit different structural 
characteristics, with B1 and B4 being more aromatic, and B2 and 
B3 being more aliphatic.
• The application of artisanal biochar B4 results in up to 24% 
higher biomass production in rice plants compared to the 
application of biochars B1, B2, and B3.
• Biochar B2 leads to a 50% increase in phosphorus accumulation 
in the aboveground part of rice plants.
• The application of biochar B4 promotes greater increases in root 
volume, area, length, and the number of tips and forks.
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fertility conditions of their soils. In this context, the cur-
rently available alternatives are limited to controversial no-
till practices with long-term returns and the use of labile 
compounds with relatively high mineralization rates (Dem-
etrio et al. 2020).

It is therefore urgent to propose more precise and targeted 
solutions for agriculture in the state of Rio de Janeiro. Under 
these conditions, the exogenous application of stabilized car-
bon, such as biochar, can contribute to the accumulation 
of organic matter, as these carbons have slow decomposi-
tion rates and longer residence time in the soil. Pyrolyzed 
carbon has mineralization rates 10 to 100 times lower than 
those of the biomass of origin and, therefore, can persist in 
the soil for decades, depending on soil type, climate, and 
environmental conditions (Paustian et al. 2016; Lehmann 
and Joseph 2015). Moreover, biochar is easily produced by 
small producers, is economically viable, and can be made 
from a wide range of biomass types. In recent years, biochar 
has become one of the most studied materials to improve 
the physical, chemical, and biological properties of sandy 
soils (Das et al. 2023; Dokoohaki et al. 2017; Li et al. 2021). 
Application of biochar to acidic and sandy soil increased 
soil porosity, aggregate stability, weight-average diameter, 
water-holding capacity, and soil moisture content (Das and 
Ghosh 2022a). Biochar application in soil has great poten-
tial to increase fertility, nutrient content, nutrient use effi-
ciency, water holding capacity, and consequently, productiv-
ity related to soil properties and plant biomass growth (Das 
and Ghosh 2022a; Regmi et al. 2022; Semida et al. 2019). 
The application of biochar together with organic fertilizer 
significantly increased the content of protein, ash, tannin, C, 
N, P, K, Zn, Fe, Cu, Mn, and B in maize-black gram, culti-
vated in an acidic hilly soil (Das et al. 2022). Furthermore, 
biochar applied with organic fertilizer improves the soil’s 
carbon sequestration capacity, being a promising strategy 
for regeneration of sandy soils (Das et al. 2023).

Many studies worldwide have evaluated the benefits of 
biochar application for soil and plant development (Das et al. 
2021; Das and Ghosh 2022b), but few or none have been 
specifically directed towards Planosols in the state of RJ. 
Therefore, the present investigation was designed to study 
the effect of biochar on nutrient-deficient sandy Planosols 
for rice cultivation. For this purpose, four artisanal biochars 
were characterized using chemical and structural techniques. 
Subsequently, they were applied in a pot experiment with 
2 kg of soil, cultivating Oryza sativa L. (cv. Nipponbare) rice 
in Planosols, at application rates of 10 ton ha−1, 20 ton ha−1, 
and 30 ton ha−1. The parameters of plant growth, biomass 
production, nutrients accumulated in the aboveground part 
of the plant, transient fluorescence emission of chlorophyll 
a, and root morphology were evaluated. The investigation 
also aimed to examine the influence of different structures 
of artisanal biochars on plant growth parameters.

The biochars investigated in this study contributed to 
enhance rice cultivation. Although most treatments did not 
result in higher biomass production than the control, there 
was a notable increase in nutrient content in the aboveground 
portion, particularly with the application of biochar B2. Fur-
thermore, improvements in photosynthetic parameters and root 
morphology were observed, particularly when biochar B4 was 
applied. Overall, the findings of this study indicate that bio-
chars B2 and B4, at rates of 20 and 30 ton ha−1, respectively, 
hold promise for enhancing cultivation in vulnerable Planosols 
in the Rio de Janeiro region of Brazil. However, to fully under-
stand the effects on soil properties in different crops and the 
economic implications of implementing biochar in agriculture, 
further long-term and large-scale research is necessary.

2 � Materials and Methods

2.1 � Sources of the Different Biochars Used in This 
Study

The biochar used in this study was collected from charcoal 
production carried out in charcoal kilns by local producers in 
the Baixada Fluminense region in the state of Rio de Janeiro, 
Brazil. The coal was obtained by carbonization of biomass 
from wood residue. The producers indicated that the produc-
tion conditions may correspond to a temperature of 270 to 
380 °C and a time of 24 h. Subsequently, the biochars were 
characterized and applied to the soil in a rice plant develop-
ment test, as per the flowchart in Fig. S1.

2.2 � ATR‑FTIR Structural Characterization 
of Artisanal Biochar

Attenuated total reflection (ATR)-Fourier transform infra-
red spectroscopy (FTIR) spectra were obtained by recording 
in the wavenumber region of 400.00 to 4000.00 cm−1 with 
a spectral resolution of 4 cm−1, collecting 32 scans in each 
measurement. For this purpose, a VERTEX 70/70v FTIR 
spectrometer (Bruker Corporation, Germany) was coupled to 
a diamond-platinum ATR device consisting of a diamond disk 
that functions as an internal reflection element. The materials 
were placed on the ATR crystal to record the spectrum. The 
air spectrum was collected before each analysis as background. 
Spectral collection was performed using OPUS-Bruker soft-
ware (García et al. 2016).

2.3 � CP‑MAS 13C NMR Structural Characterization 
of Artisanal Biochar

Cross polarization/magic angle spinning (CP/MAS) 13C 
nuclear magnetic resonance (NMR) analysis was performed 
at the Analytical Center of PPGQ/UFRRJ with a 400 MHz 
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Bruker AVANCE II NMR instrument equipped with a 
4-mm narrow MAS probe and operating at a 13C resonance 
sequence from 100 to 163 MHz. The samples were placed in 
a zirconium dioxide (ZrO2) rotor (sample holder) with Kel-F 
caps at a rotation frequency of 8 ± 1 kHz. The spectra were 
selected by collecting 2283 data points for a fixed number of 
scans in a capture time of 34 ms with a recycling delay of 
5 s. The contact time for the 1 H ramp sequence was 2 ms. 
Spectral collection and elaboration were performed using 
Bruker Topspin 2.1 software. The free induction decays 
(FIDs) were transformed by applying a zero padding of 4 k 
followed by an exponential function fit (line extension) of 
70 Hz. The spectra were analyzed using the software ACD/
Labs v.12.01 (Freeware Academic Edition). To calculate the 
relative amount of carbon types, the spectra were divided into 
chemical shifts, and the areas were determined after integra-
tion of each region and expressed as the percentage of the 
total area. The regions were designated as follows: alkyl C 
(Calkyl-H,R) 0–45  ppm; methoxyl and N–C (Calkyl-O,N) 
45–60 ppm; O–C (Calkyl-O) 60–90 ppm; alkyl di-O–C (ano-
meric) (Calkyl-di-O) 90–110 ppm; aromatic C (Caromatic-H,R) 
110–145 ppm; O,N-aromatic C (Caromatic-O,N) 145–160 ppm; 
carboxyl C (CCOO-H,R) 160–190 ppm; and carbonyl C (CC=O) 
190–220 ppm. The aromaticity, aliphaticity, and hydrophobic 
index was calculated as follows (Mazzei et al. 2022):

Chemometric analyses (principal component analysis 
(PCA) and multivariate curve resolution (MCR) of the 13C 
NMR CP/MAS and ATR-FTIR spectra were performed 
using the software Unscrambler X 10.3 (Camo Software 
AS. Inc. Oslo, Norway).

2.4 � Growth Conditions, Plant Material, 
Experimental Design, and Statistical Analysis

The experiment was conducted with Oryza sativa L. (cv. 
Nipponbare) in a greenhouse. The rice seeds were previ-
ously disinfected with sodium hypochlorite (2%) for 10 min 
and washed with distilled water. Then, they were sown in 
pots containing 2 kg of soil at a depth of 3 cm. The chemi-
cal analysis of the soil used in the experiment is shown in 
Table S1. Nutritional supplementation was performed at 21 

Aromaticity = [(110 − 145ppm) + (145 − 160ppm)]

Aliphaticity = [(0 − 45ppm) + (45 − 60ppm) + (60 − 90ppm)

+ (90 − 110ppm) + (160 − 190ppm) + (190 − 220ppm)]

Hydrophobic index = [(0 − 45ppm) + (45 − 60ppm)

+ (110 − 145ppm) + (145 − 160ppm)]

∕[(60 − 90ppm) + (90 − 110ppm)

+ (160 − 190ppm) + (190 − 220ppm)]

and 26 days after sowing (DAS) to meet the phosphorus 
requirements due to deficiency expressed by visual symp-
toms, applying 31 ppm of phosphorus from two sources: 2/3 
monobasic potassium phosphate (KH2PO4) and 1/3 anhy-
drous dibasic potassium phosphate (K2HPO4). The applica-
tion forms and sources were selected according to the need 
for rapid absorption and assimilation of this macronutrient 
by plants. The harvest was performed at 32 DAS.

Four artisanal biochars (B1, B2, B3, and B4) and three 
doses (10 ton ha−1, 20 ton ha−1, and 30 ton ha−1) were stud-
ied. The experimental design adopted was a completely ran-
domized factorial design with an additional treatment and 
seven replicates ((4 × 3 + 1) × 7). Statistical analyses were 
performed using R statistical software. The data were sub-
jected to two-way analysis of variance (ANOVA) with inter-
action. When a significant difference was indicated by the 
ANOVA F test (p < 0.5), means tests were performed using 
Tukey’s test (p < 0.05). The data were ordered by principal 
component analysis. Graphs were prepared using R statisti-
cal software, Sigmaplot 12.0.

2.4.1 � Macro and Micronutrients in Plant Tissues 
and Biochar Samples

For the quantification of macro- and micronutrients, the 
samples were first pretreated by acid digestion, adapted 
from the EPA 3050 method. A sample mass of 0.25 g 
was weighed and placed in a digestion tube. A volume 
of 5 ml of nitric acid (HNO3 PA) was added to each tube 
and placed in the digester block in a fume hood for 15 min 
at 95 °C. Subsequently, another 10 ml of nitric acid was 
added to the tubes, which were kept in the digester block 
for another 2  h. The samples were removed from the 
digester block, and 8 ml of hydrogen peroxide (H2O2) was 
added. The volume of the sample was brought to 50 ml 
with distilled water, and the sample was then filtered. 
Nutrient quantification was performed with an atomic 
absorption spectroscope (VARIAN 55B), K+ content was 
determined with a flame photometer (DIGIMED DM-62), 
and P content was determined by the colorimetric method 
(Malavolta et al. 1997).

2.4.2 � Evaluation of the Transient Fluorescence Parameters 
of Chlorophyll a and JIP Test Analysis

The leaves were adapted in the dark for at least 30 min before 
measurements. Chlorophyll a fluorescence parameters were 
measured using the Handy Plant Efficiency Analyzer (Plant 
Efficiency Analyzer; Hansatech, UK). The measurement 
light source was three light-emitting diodes providing red 
light with a wavelength of 650 nm and a light intensity of 
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3000 μmol m−2 s−1, and data were recorded for 1 s. The meas-
urements were performed at 7:00 am. Data were collected at 
two time points, 26 DAS and 32 DAS. An OJIP curve was 
plotted to normalize the fluorescence data to the relative vari-
able fluorescence data using the following equation:

Vt = (Ft − Fo)/(FM − Fo), where Vt is the relative variable 
fluorescence at time t, Fo is the initial fluorescence, Ft is the 
fluorescence at time t, and FM is the maximum fluorescence.

The JIP test parameters (transient fluorescence stages O, J, 
I, and P) were calculated according to the JIP test algorithm 
described by (Strasser et al.  2004).

2.4.3 � Measurements of Root System Morphology 
and Biomass Accumulation

The root systems of the rice plants were evenly distributed in 
a layer of water in a transparent acrylic tray (30 cm × 20 cm), 
and the plants were scanned at 600 dpi with an Epson 
Expression 10000XL scanner with additional lighting 
(transparency unit (TPU)) (Tavares et al. 2021). The use 
of an additional light source above the scanner promoted 
a higher scanning resolution, improving image quality and 
analysis results. The images of the roots were converted to 
an eight-bit grayscale format. These images were individu-
ally processed and analyzed, and a total of five root param-
eters were quantified: root length (m plant−1), root surface 
area (m2 plant−1), mean root diameter (mm root−1 plant−1), 
volume (m3 plant−1), root branches (n° plant−1), and root 
tips (n° plant−1).

To evaluate the fresh weight of the plants, the leaves, 
sheaths, and root system of each plant were separated and 
weighed on a precision digital scale. Next, the samples were 
placed in paper envelopes and transferred to a drying oven, 
where they were kept for 72 h at 60 °C. After this period, the 
dry mass of the roots and shoots was weighed on a precision 
digital scale.

3 � Results

3.1 � Macro and Micronutrients in Artisanal Biochar

The total levels of N, C, H, and O in the biochars are 
shown in Table 1. The biochars have high C contents, all 
above 60%, and are considered class 1, according to the 
standards proposed by the International Biochar Initiative. 
Low N, O, and H concentrations were observed. Biochar 
(B3) had higher N (1%) and O (29.2%) content but lower H 
content (3.2%). The O:C ratio, which indicates the polarity 
and abundance of surface functional groups containing 
O in biochar, was highest in B3 (0.44) and lowest in B1 
(0.23). Conversely, the H:C ratio, which indicates stability 

and the presence of aromatic fragments, had a higher value 
in B2 and B4 (0.06). Regarding macro and micronutrients, 
the high values of P in biochars B3 and B4 (273.57 g kg−1 
and 274.57 g kg−1) and the low levels of Ca and Mg in B1 
(0.70 g kg−1 and 10.58 g kg−1) stand out. Photosynthetic 
fixation of C in plants through N or P accumulation is 
expressed by C:N and C:P ratios. Biochar (B4) showed the 
highest value in the C:N ratio (452.8). The C:P ratio was 
higher in B2 (3.97), and the N:P value was higher in B2, 
which indicate P limitation.

Through the PCA shown in Fig. S2 (85% of the total 
explained variance), it is possible to observe the compositional 
differences among the biochars. PC-1 (68% of the explained 
variance) groups biochar B3 and B4 with negative values, con-
firming the higher contents of P in B3 and B4 than in B1 and 
B2. Also grouped with negative values, B3 and B4 showed a 
greater presence of all quantified nutrients, Fe, Mg, Ca, K, Cu, 
and Mn. Biochars B3 and B4 differ in their chemical proper-
ties. PC-2 (17% of the explained variance) showed that B3 has 
a higher O:C ratio and O content, indicating a more hydropho-
bic material with a slightly more functionalized structure. The 
PCA confirmed that in nutritional terms, B1 and B2 are more 
deficient in nutrients than B3 and B4.

3.2 � ATR‑FTIR Structural Characterization 
of Artisanal Biochar

The FTIR spectra show the functional groups present in 
the different biochars (Fig. S3a). The studied biochars have 
similar spectra; however, certain bands stand out in some 
materials due to their intensity. In biochar, the bands in the 
regions of ~ 3371.18 cm−1 and ~ 3199.53 cm−1 indicate -OH 
and -NH groups belonging to amides and carboxyls, and 
these bands are more evident in B4 than in B2. The band 
in the ~ 2921.82 cm−1 region corresponding to -CH groups 
of -CH3 fragments is again more evident in the spectrum of 
B4 than that of B2. The band in the range 2960–2850 cm−1 
corresponds to aliphatic groups, which are an indication 
of cellulose, hemicellulose, and lignin in the precursor 
(Antonangelo et al. 2019; Reza et al. 2020). The band in 
the ~ 1593.02 cm−1 region indicates C = C groups, and this 
band is more pronounced in B4. The ~ 1216.94 cm−1 region 
is attributed to -CN in alkyl-amine structures and has greater 
intensity in B4. The band in the region of ~ 781.08 cm−1 
refers to CH groups belonging to aromatic carbons and ben-
zene chains (Lopes and Fascio 2004).

Chemometric analyses revealed detailed information about 
the differences in the FTIR spectra. The PCA scores and load-
ings for the FTIR data (96% of the total explained variance) 
are shown in Fig. S3b and S3c, respectively. The PCA scores 
confirmed structural similarity between biochars B3 and B4, 
grouped at positive values of PC-1 (90% of explained vari-
ance) and similarity between B2 and B1, grouped at negative 
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values of PC-1. The loadings of PC-1 showed that B3 and B4 
are similar due to the predominance of -OH, -NH, -COOH, 
and -COO− functional groups, while B1 and B2 are struc-
turally related due to the presence of C = C structures. The 
PC2 loadings showed differences between B2 and B1 with 
the predominance of C = C in the former and CH in the latter.

3.3 � 13C NMR CP/MAS Structural Characterization 
of Artisanal Biochar

 The 13C NMR spectra showed a similar spectral and 
structural pattern among the biochars (Fig. S4a). The 
peaks in the aliphatic region (0–110 ppm) correspond-
ing to Calkyl-O, Calkyl-di-O and Calkyl groups contributed 
negligibly to the composition of the biochars. Calkyl and 
Calkyl-O correspond to polysaccharides such as cellulose 
and hemicellulose and were less expressed in B2 (Bona-
nomi et  al. 2018; Kogel-Knabner 2002). The regions 
from 110–140 ppm and 140–160 ppm showed the pre-
dominance of aromatic carbon fragments, related to the 
condensation of aromatic structures produced from the 
carbonization process (García et al. 2019).

Figure S4b shows the PCA results of the 13C NMR data 
(94% of the total explained variance). The scores showed 
differences in biochar composition, in which B1 and B2 
were clustered at positive values of PC-1 (61% of the total 
explained variance), while B3 and B4 were clustered at neg-
ative values. Again, the structural differentiation captured by 
NMR was consistent with the results obtained by ATR-FTIR 
and by elemental composition analysis. Figure S4c shows 
the MCR curve, which indicates patterns of greater and 

lesser hydrophobicity as predominant domains in the bio-
char structures; no pattern of hydrophilicity was observed.

The relative quantification of the types of carbon in the 
different biochars is presented in Fig. S4d. In general, B1 
showed the highest amount of Calkyl-di-O structures. Bio-
char (B2) predominantly contains functionalized aromatic 
carbons of the form Carom-O,N. B3 has a predominance of 
aliphatic and carbonyl structures of the types Calkyl-H,R 
and C = O, respectively. B4 is structurally predominant in 
Carom-H,R. Such structural characteristics promote greater 
aromaticity in B1 and B4 and, consequently, lower aliphatic-
ity. B1 showed the highest hydrophobicity, followed by B4.

3.4 � Effects of Biochar Application on Rice Plant 
Biomass

The effects of the application of different biochars on the 
production of fresh and dry mass of roots, sheaths, and 
leaves are shown in Fig. 1. The fresh root mass (Fig. 1a) 
was more stimulated with the application of B4 at all doses 
(4.22 g pot−1), with increases of 24%, 20%, and 18% com-
pared with the responses to B1, B3, and B2, respectively. 
Dry mass was also more strongly stimulated by the applica-
tion of B4 (0.38 g pot−1), with increases of 13% and 18% 
compared to B2 and B3 and 21% compared to B1.

Sheath biomass slightly decreased with the biochar treat-
ments. Compared to the control, the application of treat-
ments did not stimulate the production of fresh sheath mass 
(Fig. 1b); however, it is noteworthy that the application of 
B4 at all doses promoted the response most similar to the 
control treatment. The sheath fresh mass was 17% higher 
in B4 (1.82 g pot−1) compared to B1 and B3 (1.51 g pot−1) 

Table 1   Macro and 
micronutrients in artisanal 
biochars

B1 B2 B3 B4

N (%) 0.6 ± 0.02 0.7 ± 0.21 1.0 ± 0.32 0.2 ± 0.04
C (%) 78.2 ± 0.71 71.5 ± 1.24 66.5 ± 0.12 71.8 ± 1.65
H (%) 3.7 ± 0.02 4.5 ± 0.41 3.2 ± 0.49 4.0 ± 0.19
O (%) 17.6 ± 0.75 23.4 ± 1.14 29.2 ± 0.27 24 ± 1.77
C:N 136.2 ± 3.64 120.5 ± 49.6 76.8 ± 32.34 452.8 ± 87.95
O:C 0.23 0.33 0.44 0.33
H:C 0.05 0.06 0.05 0.06
C:P 1.48 3.97 0.24 0.26
N:P 0.01 0.04 0.00 0.00
P (g kg−1) 52.78 ± 3.36 17.99 ± 0.95 273.57 ± 21.39 274.57 ± 20.03
K (g kg−1) 2.33 ± 0.16 4.27 ± 0.89 2.87 ± 0.08 4.20 ± 0.14
Na (g kg−1) 0.33 ± 0.08 0.93 ± 0.29 0.27 ± 0.14 0.40 ± 0.08
Cu (g kg−1) 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00
Mn (g kg−1) 0.18 ± 0.01 0.08 ± 0.00 0.09 ± 0.00 0.08 ± 0.00
Mg (g kg−1) 0.70 ± 0.03 10.55 ± 0.18 10.85 ± 1.53 8.64 ± 0.81
Fe (g kg−1) 0.11 ± 0.04 2.66 ± 0.06 2.82 ± 0.07 2.31 ± 0.19
Ca (g kg−1) 10.58 ± 0.55 37.72 ± 3.37 39.27 ± 1.94 30.04 ± 2.17
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and 19% higher compared to B2 (1.46 g pot−1). The stimu-
lus effect on sheath dry mass exhibited similar behavior to 
that for fresh mass, where the application of biochar B4 at 
the highest dose of 30 ton ha−1 (with biomass production 
of 0.25 g pot−1) showed results close to that of the control 
(0.26 g pot−1) and superior to those of the other treatments 
(Fig. 1e).

This behavior was also observed in the production of the 
fresh mass and dry mass of leaves. In the fresh and dry leaf 
biomass, only the application of 30 ton ha−1 B4 stimulated 
the production of the fresh mass (1.33 g pot−1) (Fig. 1c) and 
dry mass of leaves (0.34 g pot−1) (Fig. 1f) compared to the 
other biochars, but the effect was still lower than that of the 
control treatment (1.59 g pot−1 and 0.37 g pot−1).

3.5 � Effect of Biochar Application on Nutrient 
Accumulation in Rice Plant Tissues

Figure 2 shows the concentrations of macro- and micronu-
trients accumulated in the aerial parts of plants grown in 
soils supplemented with the different biochars. All biochars 
at all application doses in sandy soil promoted increases in 
plant P concentration. The plants grown in soil treated with 
biochar B3 showed the highest concentrations of P. B3 at 
all three doses (10, 20, and 30 ton ha−1) promoted signifi-
cantly more P accumulation (20.22 g kg−1, 18.21 g kg−1, and 
21.22 g kg−1) than the control (11.18 g kg−1) (Fig. 2a). How-
ever, the B2 treatment at all three doses promoted more P 
accumulation in rice plants, mainly at the dose of 30 ton ha−1 
(23.41 g kg−1) than the control treatment (11.18 g kg−1).

The K concentrations in plant tissues for the different treat-
ments are shown in Fig. 2b. Biochar B1 promoted increases in 
plant K concentration of 25.89%, 26.25%, and 26.97% at doses 
of 10 ton ha−1, 20 ton ha−1, and 30 ton ha−1, respectively, 
relative to the control. The application of B2 also increased 
K uptake by plants, with all doses showing concentrations 
significantly higher than the control, by between 8.27 and 
18.70%. B3 promoted plant K uptake than the control only at 
doses of 10 ton ha−1 and 20 ton ha−1, with increases of up to 
11%. For B4, the accumulation of K was similar to that in the 
control treatment, with K contents of 28.7 g kg−1, 28.2 g kg−1, 
and 29.9 g kg−1 at doses of 10, 20, and 30 ton ha−1, while in 
the control, the content was 28.4 g kg−1. The application of 
treatments did not provide a significant increase in the Ca 
content in the aerial part of the plants (9.6 g kg−1) (Fig. 2c). 
B1 resulted in the accumulation of an average of 10 g kg−1 of 
K at all doses applied. B2 caused lower plant Ca uptake when 
applied at a dose of 20 ton ha−1 (10.1 g kg−1). When B3 and 
B4 were applied, Ca concentration did not increase compared 
to the control, with the highest concentration being with B3 
in the dose 10 ton ha−1 (9.5 g kg−1).

Plant Mg concentrations also showed a reduction com-
pared to the control treatment (Fig. 2d). The treatments with 
B2 and B3 showed similar behavior, where, in both cases, 
concentrations of 10 ton ha−1 and 30 ton ha−1 resulted in 
the lowest Mg levels compared to the control. The opposite 
behavior was observed for B1, where the dose of 20 ton ha−1 
caused the greatest reduction in Ca uptake. B4 caused the 
least reduction in Ca uptake by the plant at the dose of 30 
ton ha−1 (2.6 g kg−1), compared to the control (3.7 g kg−1).

The amount of Cu absorbed and accumulated in plants 
with the application of biochar is shown in Fig. 2e. B2 
showed the greatest reduction in plant Cu uptake for all 
three doses, with a decrease of up to 25% relative to the 
control. B3 at doses of 10 ton ha−1 and 20 ton ha−1 resulted 
in a decrease of up to 50% compared to the control. Biochar 
B4 promoted a decrease in Cu absorption at all doses, with 
reductions of up to 20% compared to the control treatment. 
B1 applied at the three concentrations resulted in a similar 
effect to the control treatment, where plants treated with 10 
ton ha−1 showed the lowest accumulation compared to those 
treated with 20 ton ha−1 and 30 ton ha−1.

The accumulation of Fe in plant tissues was reduced by 
the application of biochar (Fig. 2f). B4 at 20 ton ha−1 and 
30 ton ha−1 caused a significant decrease in Fe absorption of 
up to 46% compared to the control treatment. The applica-
tion of B2 at concentrations of 20 ton ha−1 and 30 ton ha−1 
decreased Fe uptake by up to 44% compared to the control 
treatment. The highest Fe content was found with the addi-
tion of 20 ton ha−1 of biochar B1 (0.29 g kg−1). For B2, 
the highest concentration of 30 ton ha−1 caused the greatest 
reduction in Fe uptake (0.16 g kg−1).

The uptake of Zn by plants was strongly impaired by the 
application of biochar to the soil (Fig. 2g). B4 promoted the 
most intense reductions in plant Zn uptake at each applied 
dose, with reductions of up to 55% at the dose of 30 ton ha−1. 
B4 promoted a decrease in Zn uptake at doses of 20 ton ha−1 
and 30 ton ha−1 (0.18 and 0.20 g kg−1), compared to the 
control (0.37 g kg−1). B3 also caused significant reductions 
in Zn absorption, especially at 30 ton ha−1 (0.20 g kg−1).

The Mn accumulation behavior under biochar application 
was highly variable (Fig. 2h). The application of B1 at a dose 
of 30 ton ha−1 significantly impaired Mn accumulation by up to 
45% compared to the control. B2, also at the highest concentra-
tion, caused a significant reduction in Mn accumulation by up to 
27% compared to the control treatment. All doses of B3 caused 
similar limitations in Mn accumulation, with a slight difference 
for the dose of 20 ton ha−1, which showed a significant reduction 
in absorption of greater than 50% compared to the control. B4 
at a concentration of 10 ton ha−1 resulted in an accumulation 
effect similar to that of the control treatment and was the only 
treatment that did not strongly inhibit Mn accumulation.
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Fig. 1   Biomass of rice plants 
grown under different condi-
tions: control treatment (red), 
application of artisanal biochar 
1 (B1), artisanal biochar 2 
(B2), artisanal biochar 3 (B3), 
and artisanal biochar 4 (B4), 
at doses of 10 t ha−1 (green), 
20 t ha−1 (blue), and 30 t ha−1 
(purple). Biochars with the 
same capital letter within each 
dose level are not significantly 
different according to Tukey’s 
test (p < 0.05). Doses with the 
same lowercase letter within 
each biochar level are not sig-
nificantly different according to 
Tukey’s test (p < 0.05)
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Fig. 2   Macro- and micronutri-
ent concentrations in rice plants 
grown in soil under different 
conditions: control treatment 
(red), application of artisanal 
biochar 1 (B1), artisanal biochar 
2 (B2), artisanal biochar 3 (B3), 
and artisanal biochar 4 (B4), at 
doses of 10 t ha−1 (green), 20 t 
ha−1 (blue), and 30 t ha−.1 (pur-
ple). Biochars with the same 
capital letter within each dose 
level are not significantly dif-
ferent according to Tukey’s test 
(p < 0.05). Dose with the same 
lowercase letter within each bio-
char level are not significantly 
different according to Tukey’s 
test (p < 0.05)
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3.6 � Effects of Biochar Application on the Transient 
Fluorescence Emission of Chlorophyll a

The photosynthetic parameters of the treated rice plants were 
obtained using the JIP test of the transient fluorescence of 
chlorophyll a, and the data were normalized with reference 
to the control. The analyses were performed 26 and 32 DAS. 
At 26 DAS, significant changes in photosynthetic parameters 
were noted in all treatments at different doses when com-
pared to the control (Fig. 3a–d).

Treatment with B1 at the highest dose (30 ton ha−1) pro-
moted an increase in the plant photosynthetic performance 
index expressed on an absorption basis (PIABS) describing 
the conservation of excitation energy for the reduction of 
intersystem electron acceptors. This reduction was also 
observed in B2 (10 and 30 ton ha−1) and B4 (30 ton ha−1). 
A significant increase in the photosynthetic performance 
index describing the conservation of excitation energy for 
the reduction of the final acceptors of photosystem I (PSI) 
(PITOTAL) was observed in the treatments with B4 (30 ton 
ha−1) and B3 (10 ton ha−1). The increases in PIABS and 
PITOTAL indicate better functionality of the electron trans-
port chain in the plants (Souza 2022).

The quantum yield of electron transport from QA- to 
intersystem electron acceptors (φEo) and the quantum yield 
of electron transport from QA- to the final electron acceptors 
of PSI (φRo) had significant increases under the treatments 
with B4 (30 ton ha−1) and with B3 (10 ton ha−1). Biochar 
B4 also resulted in significant increases in the specific activ-
ity per reaction center (RC); the electron capture (trapped 
energy) per RC (TRo/RC); the electron transport per active 
RC, which can lead to the reduction of quinone A (QA-) 
(ETO/RC); the flow of electrons to the final acceptors of PSI 
per RC (REO/RC); the energy loss in the form of heat (dis-
sipated energy) per RC (DIo/RC); and the average antenna 
size per RC (ABS/RC).

However, at 32 DAS, the changes in the parameters were 
less intense, indicating re-establishment of the photosyn-
thetic activities of the plants grown in soil treated with bio-
char when compared to the control (Fig. 3e–h). It is note-
worthy that, even at 32 DAS, plants grown in soil treated 
with B4 at 30 ton ha−1 (Fig. 3h) also showed increases in 
PIABS and PITOTAL, demonstrating higher photosynthetic per-
formance. An increase in PIABS was observed with 20 ton 
ha−1 B3 (Fig. 3g), but to a lesser extent. At the lowest doses 
of B4 (Fig. 3h) and at all doses of B2 (Fig. 3f), there was a 
reduction in PIABS and PITOTAL, indicating a reduction in the 
photosynthetic efficiency of these plants.

Figure 4 shows the graphs of the transient fluorescence 
of chlorophyll a normalized to the relative variable fluo-
rescence (OJIP curve; the points O (50 μs), J (2 ms), I 
(30 ms), and P (1 s) are marked) (Wt); the relative variable 

fluorescence normalized between O (50 μs) and I (30 ms) 
(WOI); and the relative variable fluorescence normalized 
between I (30 ms) and P (1 s) (WIP). In the graphs of the 
transient chlorophyll a fluorescence, an OJIP standard 
curve (Wt) was observed; however, in the treatment with 
B4 (Fig. 4j) at doses of 10 ton ha−1 and 30 ton ha−1, a sig-
nificant reduction between points J and I was observed. The 
WOI graph also showed a significant increase for the same 
treatment. The WIP graph (Fig. 4l) shows that the applica-
tion of 30 ton ha−1 B4 reduced the relative variable fluores-
cence (normalization between points I (30 ms) and P (1 s)), 
thus reducing the sequence of electron transfer events from 
PSI to final acceptors. This was also observed at the lowest 
doses of B4 (Fig. 4l), at 10 ton ha−1 B1 and B3 (Fig. 4c, i) 
and at 30 ton ha−1 B3 (Fig. 4i), but in smaller proportions. 
However, this index increased only slightly with the applica-
tion of 30 ton ha−1 B1 (Fig. 4c) and 10 ton ha−1 B2 (Fig. 4f). 
At 32 DAS, no significant changes were observed in the 
parameters evaluated.

Figure 5 shows the presence of L-bands (ΔWOK) and 
K-bands (ΔWOJ) at 26 DAS. Positive values were observed 
in the K-band (ΔWOK) in the treatments with 10 and 20 
ton ha−1 B1 (Fig. 5a), 30 ton ha−1 B2 (Fig. 5b), 10 and 30 
ton ha−1 B3 (Fig. 5c), and 10 and 30 ton ha−1 B4 (Fig. 5d). 
This band is associated with the activity of the oxygen evo-
lution complex (OEC) (Ayyaz et al. 2020). These positive 
K-band values indicate that the plants were under stress, 
since as the data are normalized, plants under favorable 
conditions would not exhibit K-band deviation (Oukar-
roum et al. 2007; Tomek et al. 2001). The positive K band 
present in almost all treatments may reflect inhibition of 
the OEC, which is consistent with the fact that the donor 
side of photosystem II is inhibited (Pospíšil and Dau 2000; 
Tomek et al. 2001). This occurs because the transfer of 
electrons from the EOC to Yz is slower that from P680 
to QA, which results in the emergence of the K-band. In 
this sense, when there is a condition (possible stress) that 
affects the capacity of the donor side, the K-band appears 
(Strasser 1997). Positive values of the L-band were also 
observed in all treatments (Fig. 5b, d, f, and h), which 
indicates low energy connectivity between the systems 
(ΔWOJ) (Ayyaz et al. 2020; Yusuf et al. 2010).

At 32 DAS, a reduction in the K-band was observed in 
all treatments (Fig. 5i, k, m, and o). This reduction indi-
cates that the plant stress decreased, which may be related 
to the fertilization performed 25 DAS. After fertilization, 
the plants responded positively again, indicating nutritional 
stress, which was evidenced by the emergence of the K-band. 
The reduction in the positive L-band from the second sam-
pling (Fig. 5j, l, n, and p) indicates that the system was stable 
in terms of energy connectivity and efficient consumption of 
excitation energy (De Souza et al. 2020).
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3.7 � Effects of Biochar Application on the Root 
Morphology of Rice Plants

The application of biochar to the soil promoted changes 
in the root morphology of rice plants (Fig. 6). The total 
root area was stimulated mainly by the application of B4 
(Fig. 6a) and increased by 25% and 26% compared to the 
control group; however, there was no significant difference 
between the treatment doses. The contribution to area of 
the different root classes was different; however, treatment 
with B4 had the greatest influence. The area of superfine 
roots (Fig. 6b) showed the greatest stimulus by B4, increas-
ing by approximately 55% (10 ton ha−1) and 56% (20 ton 
ha−1 and 30 ton ha−1) compared to the control. A significant 
difference was also observed in the contribution of the fine 
root area (Fig. 6c), but with a greater influence of the 20 ton 
ha−1 dose, which resulted in a 51% increase compared to 
the control. The contribution of the thick root area (Fig. 6d) 
for the B4 treatment was also significantly higher than the 
control, but the proportions were lower than those for other 
root classes; a 15% increase was observed, with no signifi-
cant difference between doses.

The total root length was also significantly influenced 
by the application of biochar (Fig. 6e). The application of 
B4 at the three doses provided a significant increase of 47 
and 48% in total root length at all doses; moreover, 30 ton 

ha−1 B2 promoted a 27% increase compared to the control. 
Superfine roots were highly affected by the application of 
B4, with increases in root length of 67% (20 ton ha−1) and 
66% (10 and 30 ton ha−1) (Fig. 6f). The dose of 30 ton ha−1 
also provided a 38% increase in the length of superfine roots. 
For fine roots, 20 ton ha−1 B4 increased root length by 53%, 
while the doses of 10 ton ha−1 and 30 ton ha−1 increased root 
length by 52%, and 30 ton ha−1 B2 stimulated root length 
by up to 26% (Fig. 6g). The impact of B4 on the length of 
thick roots was considerably lower, resulting in an increase 
of approximately 11% compared to the control (Fig. 6h).

The total root volume was less affected by the treatments, 
increasing by up to 7% for all doses of B4 (Fig. 6i), 50% 
for the volume of superfine roots (Fig. 6j), and 33% for the 
volume of fine roots (Fig. 6k) compared to the control. For 
thick root volume (Fig. 6l), the treatments showed no signifi-
cant difference compared to the control. In contrast, the total 
number of spikes (Fig. 6m) was strongly influenced by the 
application of B4: an increase of 65% was observed for all 
doses, with a consistent impact on superfine roots (Fig. 6n), 
fine roots, and coarse roots (Fig. 6o, p). The total number 
of forks (Fig. 6q) exhibited similar behavior to the other 
parameters, with a greater influence of B4. However, the 
root diameter (Fig. 6r) exhibited different behavior, with a 
greater influence of B1, which caused a slight increase of 9% 
at the dose of 20 ton ha−1 and 8% at the dose of 30 ton ha−1.

Fig. 3   Analysis of the photosynthetic parameters of rice plants with 
different biochars by the JIP transient fluorescence test normalized 
using the control as a reference. a Artisanal biochar 1 (B1) at 26 days; 
b artisanal biochar 2 (B2) at 26  days; c artisanal biochar 3 (B3) at 

26 days; d artisanal biochar 4 (B4) at 26 days; e artisanal biochar 1 
(B1) at 32 days; f artisanal biochar 2 (B2) at 32 days; g artisanal bio-
char 3 (B3) at 32 days; h artisanal biochar 4 (B4) at 32 days; at doses 
of 10 t ha−1 (orange), 20 t ha−1 (yellow), and 30 t ha.−1 (red)
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3.8 � Relationship Between the Parameters 
Evaluated by Multivariate PCA

Figure S5 shows the relationships between the variables 
obtained by PCA, which clarify the relationship between 
each biochar used and its effects on plants. B4 promoted 
P accumulation in plants (negative PC-1 values, 28.7% of 
explained variance) as well as higher amounts of Mn, Mg, 
Fe, and Cu (negative PC-2 values, 22.1% of explained vari-
ance) (Fig. S5a). B4 also stimulated root parameters (posi-
tive PC-1 values, 79.3% of explained variance) more than 
the control treatment (Fig. S5b) and better maintained the 
production of root biomass than B1, B2, and B3 (positive 
values of PC-1, 84.1% of explained variance) (Fig. S5c). B4 
has structural characteristics that generate more balanced 
chemical properties compared to other biochars, such as 
aromaticity, aliphaticity, and an intermediate hydrophobic-
ity index.

B3 has compositional and structural characteristics simi-
lar to those found in B4 (negative PC-1 values, 28.7% of 
explained variance), promoting a nutrient accumulation 
effect that was also similar to that of B4 (Fig. S5a). However, 
these biochars exhibited notable differences: the C:N ratio 
was the lowest of all biochars, the O:C ratio was the highest 
of all biochars (Table 1), and the contents of -CCOOH and 
-CC=O were greater (Fig. S4d1-d3). These differences were 

sufficient to limit the stimulation effects on root morphol-
ogy (negative PC-1 values, 79.3% of explained variance) 
(Fig. S5b) as well as on the growth and development of rice 
plants (negative PC-1 values, 84.1% of explained variance) 
(Fig. S5c).

B2 showed compositional characteristics different from 
those found in B4 and B3, with the lowest amount of P, the 
second highest amounts of Ca, Fe, and Mg, and the high-
est amounts of Na and K. P was more efficient when com-
pared to the other biochars (positive PC-1 values, 28.7% of 
explained variance) (Fig. S5a). Biochar B2 is structurally 
the most aliphatic among all the biochars (Fig. S4d2). As a 
result of these characteristics, B2 inhibited root morphology 
development (negative PC-1 values, 79.3% of explained var-
iance) (Fig. S5b) and biomass production in rice plants (neg-
ative PC-1 values, 84.1% of explained variance) (Fig. S5c).

B1 has a lower amount of P than B3 and B4 and has the 
lowest amounts of K, Mg, Fe, and Ca (Table 1). B1 is also 
the biochar with the highest hydrophobicity index. These 
traits limited the accumulation of nutrients, especially K, 
Ca, and Zn, by the plants (positive values of PC-1, 28.7% 
of explained variance) (Fig. S5a). Biochar B1 most strongly 
inhibited root growth and development (negative PC-1 val-
ues, 79.3% of explained variance) (Fig. S5b) as well as the 
production of biomass in rice plants (negative PC-1 values, 
84.1% of explained variance) (Fig. S5c).

Fig. 4   Transient chlorophyll a fluorescence in dark-adapted leaves 
of rice plants (Oryza sativa L.) cultivated under different conditions. 
Relative variable fluorescence between points O and P (Wt) on a log-
arithmic time scale (a, d, g, j, m, p, s, and v); relative variable fluo-

rescence between points O and I (WOI) on a logarithmic time scale 
(b, e, h, k, n, q, t, and w); relative variable fluorescence between 
points I and P (WIP) and WOI in the inset (c, f, i, l, o, r, u, and x)



183Journal of Soil Science and Plant Nutrition (2024) 24:172–189	

1 3

4 � Discussion

A high carbon content indicates biochar with greater 
recalcitrance because it has a greater number of 
aromatic rings in its structure (Feitosa et al. 2020). Low 
N concentration in biochars may be attributed to the 
volatilization of nitrogenous compounds during the thermal 
degradation process. However, it is important to note that 
N can still be present in biochars even after pyrolysis. 
During pyrolysis, various structural and chemical changes 
take place, leading to the transformation of nitrogen from 
more readily available organic forms, such as protein-N, 
free amino acid-N, and alkaloid-N, to more stable chemical 
forms such as nitrile-N, pyridine-N, amino-N, and 
pyrrole-N, as well as inorganic forms like NH4

+-N, NO2 
-N, and NO3

− -N (Liu et al. 2018). Additionally, research 
by Chen et al. (2018) indicates that a restructuring reaction 
can occur during pyrolysis, allowing nitrogen to stabilize 
in various structural configurations, including include 
pyridinic-N, pyrrolic-N, quaternary-N, and pyridine-N-
oxide. The low O and H contents are consistent because 
pyrolysis causes water loss and hydrocarbon volatilization, 
decreasing the contents of these elements (Torchia et al. 

2021). In addition, low values of O and H may be associated 
with greater biochar hydrophobicity due to the lower content 
of heteroatomic functional groups. The low O:C and 
H:C ratios indicate that, even under artisanal conditions, 
structural transformation and loss of hydrophilic functional 
groups occurred during the pyrolysis process (Pradhan et al. 
2020). The N:P ratio affects how efficiently N and P are used 
in plant growth; therefore, changes in this ratio influence 
physiological mechanisms (Güsewell 2004; Zhang et al. 
2013. On the other hand, high C:P and N:P ratios mainly 
indicate P limitation (Huang et al. 2018). The PCA revealed 
possible interactions in the soil due to the composition of 
the different biochars. B3 contains oxygenated groups in its 
structure, as well as higher amounts of metals such as Fe. 
These chemical conditions are conducive to the formation of 
inner-sphere complexes with P, promoting high P availability 
to plants. Studies have described the modification of biochar 
with metals to retain P in the biochar structure (Wu et al. 
2019, 2020; Yin et  al. 2018). Additionally, Fe oxides 
effectively combine with P through complexation with 
surface ions. Therefore, the binding of two surface hydroxyl 
ions is altered by the addition of a phosphate ion, forming 
a stable complex (Parfitt et al. 1975; Wu et al. 2020). For 

Fig. 5   Relative variable fluorescence between points O and J (WOJ; 
left vertical axis and graph with symbols) and mean kinetics (right 
vertical axis and graph without symbols) between points O and J 
(ΔWOJ), revealing the K band (a, c, e, g, i, k, m, and o); relative vari-

able fluorescence between points O and K (WOK; left vertical axis 
and graph with symbols) and mean kinetics (right vertical axis and 
graph without symbols) between points O and K (ΔWOK), revealing 
the L band (b, d, f, h, j, l, n, and p)
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the studied soil, biochar with these characteristics is of 
interest because in Planosols, even if present, phosphorus 
(P) is often unavailable to plants due to its fixation. P fixation 
occurs through the formation of an inner sphere complex, 
in which orthophosphate ions replace hydroxyl groups on 
the surface of aluminum or iron oxides, hydroxides, or the 
clay surface. Following this reaction, the possibility of P 
being desorbed into the soil solution is extremely low as 

it becomes an integral part of the oxide mineral (Idris and 
Ahmed 2012; Johan et al. 2021). According to Johan et al. 
(2021), the integrated use of soil improvers such as biochar 
not only increases P availability but also enhances P use 
efficiency in acidic soils. This is because negatively charged 
functional groups present in charcoal organic substances can 
interact with positively charged aluminum and iron oxides, 
thereby altering P sorption in soils.

Fig. 6   Root morphology of rice plants cultivated with in soil under 
different conditions: control treatment (red), application of artisanal 
biochar 1 (B1), artisanal biochar 2 (B2), artisanal biochar 3 (B3), 
and artisanal biochar 4 (B4), at doses of 10 t ha−1 (green), 20 t ha−1 
(blue), and 30 t ha.−1 (purple). Biochars with the same capital let-

ter within each dose level are not significantly different according to 
Tukey’s test (p < 0.05). Doses with the same lowercase letter within 
each biochar level are not significantly different according to Tukey’s 
test (p < 0.05)
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In contrast, the more aromatic and less functionalized 
structure observed in B4 and the lower presence of metals 
could reduce interactions with P, preventing fixation pro-
cesses and probably limiting availability. According to the 
above analyses, B4 may be promising for plant development 
when applied to sandy soil with a low nutrient content, espe-
cially a low P content. These issues were evaluated in the 
bioactivity tests performed in this study.

The peaks in Calkyl and Calkyl-O were weaker in B2 and 
stronger in B4, and they correspond to polysaccharides 
such as cellulose and hemicellulose (Bonanomi et al. 2018; 
Kogel-Knabner 2002). This peak signal commonly has high 
intensity in plant residues rich in cutin and wax (Preston et 
al. 2009). Therefore, although the biomass and produc-
tion conditions of the investigated materials are unknown, 
because they are artisanal biochars, it can be assumed 
that the materials are derived from vegetable raw material 
composed of predominantly aliphatic groups, which were 
reduced in the production process. This reduction is consist-
ent with previous studies on plant residues and the influence 
of pyrolysis on biochar molecules (Bonanomi et al. 2015, 
2018; Xiao et al. 2016). All artisanal biochars showed the 
predominance of aromatic carbon. Increased thermal degra-
dation induces the dehydration and selective degradation of 
carbohydrate and protein structures, adding recently formed 
aromatic constituents (García et al. 2019). There is strong 
evidence that this region is particularly intense in biochar 
produced at high temperatures (Bonanomi et al. 2018; He 
et al. 2020; Torchia et al. 2021). Therefore, it is likely that 
biochar B2 was produced at temperatures lower than those 
of the other biochars. Das et al. 2023 reported that biochar 
produced at 600 °C demonstrated the strong C = C aromatic 
carbon structure with negligible C = O/OH or -OH groups.

The data reveal that the biomass production was mainly 
influenced by the application of B4 and increased with 
increasing dose, resulting in increases of up to 26% in the 
root, sheath, and leaf mass when compared to those obtained 
with the other biochars. A similar increase of 29% was also 
obtained in a study with application of 30 ton ha−1 of rice 
husk biochar in rice biomass production (Miao et al. 2023). 
The effects of soil biochar application on plant biomass pro-
duction are still contradictory. Several studies have shown 
that the application of biochar increases the production 
of aerial biomass, especially when the dose is increased 
(Dietrich et al. 2020; Silva Gonzaga et al. 2019). However, 
inhibitory effects were also observed in the production of 
ryegrass (Jeffery et al. 2011), Lepidium and Brassica (Marra 
et al. 2018). Biochar can affect plant performance in terms 
of both germination and growth. A meta-analysis study 
reported that the application of biochar increases plant yield 
by approximately 10 to 42% when the dose is in the range of 
5–20 ton ha−1. A recent study revealed that a low concentra-
tion of biochar significantly increased iron plaque formation 

due to direct oxidation or electron transfer of Fe(II). How-
ever, when biochar was applied in excess, it not only nega-
tively affected iron plaque formation but also impaired plant 
growth and nutrient uptake (Gu et al. 2022). These results 
corroborate the negative effects of B1, B2, and B3 on rice 
growth, as observed in this study.

Several studies have reported that the application of bio-
char to soil promotes an increase in macronutrients in the 
aerial parts of plants; this result was also observed in this 
study, especially in the case of P, K, and Ca (Schmidt et al. 
2017; Xu et al. 2022). However, there are also reports that 
corroborate the results of this study, in which the applica-
tion of biochar did not show promising results in increasing 
nutrient uptake, especially when biochar was applied to frag-
ile soils that do not have nutrient concentrations conducive 
to plant development (Huang et al. 2020).

As observed in this study, several parameters, such as the 
dose, the raw material, the conditions of biochar production, 
and the nutritional requirements of various crops, influence 
the effects of biochar on plants. Reports have shown that bio-
char produced from firewood reduces the concentration of 
micronutrients (Fe, Mn, Cu, and Zn) in wheat grains (Hart-
ley et al. 2016). On the other hand, woody biochar increased 
Fe and Zn adsorption in legumes and vegetables (Gao et al. 
2016). Moreover, the use of wheat straw biochar reduced 
the Mn concentration in the aerial parts of maize but did not 
reduce the concentration of Fe (Bornø et al. 2019). There-
fore, even if the increase in nutrients in plant aerial parts is 
minor, the application of biochar to soil is still an effective 
amendment since it affects not only nutritional components 
but also other soil parameters, such as water retention and 
carbon content, which contribute to plant development and 
soil regeneration.

The observed changes in the parameters of the JIP test 
at 26 DAS (Fig. 3a–d) compared to the control indicate 
changes in structural and functional parameters related to the 
photosynthetic behavior of the plants treated with biochar. 
The changes in PIABS and PITOTAL, as well as the increases in 
φEo, φRo, TRo/RC, ETO/RC, DIo/RC, and ABS/RC, indi-
cate physiological responses of the plants to stress events. 
The positive values of the K-band observed in Fig. 5 cor-
roborate this finding, indicating that the plants were under 
stress (Oukarroum et al. 2007; Tomek et al. 2001). However, 
the re-establishment of the photosynthetic parameters of the 
JIP test, the relative variable fluorescence, and the K-bands 
and L-bands (Figs. 3, 4, and 5) after mineral fertilization of 
the soil (32 DAS) suggest that the stress observed at 26 DAS 
may indicate a nutritional deficiency promoted by the appli-
cation of the different biochars studied. Interestingly, plants 
grown in soils that received biochar B3 (10 ton ha−1) and B4 
(30 ton ha−1) showed a significant increase in photosynthetic 
performance at 26 DAS, which was maintained at a lower 
intensity at 32 DAS. B3 and B4 exhibit structural similarity, 
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as confirmed by PCA analyses of their FTIR and NMR spec-
tra (Figs. 3b and 4b). B3 and B4 also presented higher phos-
phorus and oxygen content and therefore a greater presence 
of oxygenated functional groups. These chemical and struc-
tural characteristics of B3 and B4 allowed the maintenance 
of photosynthetic metabolism in rice plants, although under 
suboptimal nutritional conditions. The soil characteristics 
favored by the addition of biochar B3 and B4 contributed to 
a reduction in fluorescence (Fig. 3), mainly between points 
J and P of the transient curve. Greater changes were indi-
cated in the sequence of electron transfer by PSI to the final 
electron acceptors, starting at PQH2 (plastoquinol) (WIP), in 
addition to increases in the photosynthetic performance indi-
ces PIABS and PITOTAL. Wang et al. (2021) demonstrated that 
the application of 10 and 20 ton ha−1 of biochar improved 
the proportion of open PSII reaction centers and the photo-
synthetic electron transfer rates in peanut leaves. In addition, 
a reduction in heat dissipation was observed, which allowed 
the maximum use of light energy absorbed by the leaves for 
photosynthesis, consequently increasing peanut production.

Roots play a crucial role in the conversion and cycling of 
nutrients in the soil–plant system. The application of the stud-
ied biochars promoted better root development, increasing all 
the morphological parameters evaluated (area, length, volume, 
tips, forks, and average diameter). Several studies show that 
the porous structure and physical–chemical characteristics of 
biochars produce effects on roots. For example, the addition 
of biochar significantly reduces the bulk density of the soil 
while increasing the total porosity, providing ample space for 
roots to grow and facilitating their penetration and extension 
(Oguntunde et al. 2008). Biochar generally has an alkaline 
nature, which can raise soil pH, thus favoring root develop-
ment, especially in acidic soils such as the studied Planosol 
(Chang et al. 2021; Kartika et al. 2021; Purkaystha et al. 2022). 
Furthermore, the beneficial effects of biochar on microbiologi-
cal activities may influence the rhizosphere environment and, 
consequently, root growth (Warnock et al. 2007). Other studies 
have also indicated that biochar can release small molecules, 
such as ethylene, or produce hormone-like substances (Fulton 
et al. 2013), which can affect root secretions, stimulating or 
interfering with the physiological processes of the roots. Previ-
ous studies also found a positive influence of biochar on root 
morphological parameters, increasing the volume, area, and 
length and reducing the average diameter of the roots com-
pared to the control (Robertson et al. 2012).

The PCA of the structure–property-function relationships 
of biochar may indicate that in fragile soil with a sandy tex-
ture, the compositional and structural characteristics of the 
biochar determine the effects on plants in their initial growth 
phase. In structural terms, it was observed that extreme struc-
tural characteristics, such as high hydrophobicity and high 
aliphaticity, do not favor plant development in fragile sandy 
soils. Under these conditions, plant growth may be favored 

by biochar obtained under conditions that favor a greater bal-
ance of chemical properties and their various components. In 
compositional terms, in the studied biochars, there does not 
seem to be a relationship between high amounts of nutrients, 
at least for P, and nutrient availability to plants.

Several mechanisms are involved in the interaction of bio-
char with the soil and plants. The biochar applied to the soil 
has immediate effects. In the first 3 weeks after application 
to the soil, the water that enters the pores of the biochar dis-
solves soluble organic and mineral compounds on the external 
and internal surfaces of the biochar. These solutes increase 
dissolved organic carbon (DOC), cations, and anions in the 
soil solution (Silber et al. 2010), which increases electrical 
conductivity and pH and reduces Eh (Joseph et al. 2015). The 
composition of the soil solution depends on the specific bio-
char and the soil (Mukherjee and Zimmerman 2013; Schre-
iter et al. 2020). The release of DOC and nutrient ions from 
biochar (Kim et al. 2013) is fast in the first week and much 
slower in the following weeks (Mukherjee and Zimmerman 
2013). Rapid initial dissolution can occur via salt dissolution, 
ion exchange, submicron particle detachment, and preferen-
tial dissolution into crystalline imperfections (Wang et al. 
2020). After the initial stage of rapid dissolution, continuous 
dissolution is faster in acidic (Silber et al. 2010) and low-
nutrient soils (Wang et al. 2020). With this information, even 
in a short-term experiment, it is possible to observe the initial 
action of the biochar and use this information to find a dose 
and a type of biochar that best influence plant development. 
With this prior information, it is possible to develop experi-
ments over a longer period and apply more sophisticated anal-
yses, which are expensive and difficult to access. Therefore, 
these short-term experiments are important.

In the context of process engineering, the contribution 
of this study is paramount. It serves as the foundation for 
a transformative process that can convert over 15 tons of 
previously discarded fine charcoal per week, a prevalent 
issue in the study’s region. This conversion turns artisanal 
charcoal into biochar, a valuable resource with the poten-
tial for significant compositional enhancements. Moreover, 
this biochar can be further processed into an organo-mineral 
fertilizer specifically designed to address the challenges of 
low-fertility soils, particularly those with a sandy texture. 
Thus, the study’s findings hold promise for not only reduc-
ing waste but also enhancing soil conditions and fostering 
sustainable agricultural practices in the region.

In agronomic terms, the studied artisanal biochars proved 
to be a promising alternative for small producers who seek 
to improve the conditions of Planosols for cultivation. 
Although the application of biochar did not result in an 
above-control yield, the benefits of biochar are important. It 
is noted that there was better availability of nutrients to the 
plants, reflected by the increase in the aerial part caused by 
the biochar treatments, in addition to the better development 
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of the roots. This evaluated short-term effect is important, 
as it serves as a starting point for approaches on the ground 
in question. More studies are still needed to elucidate the 
effects of biochar on Planosols, such as longer-term tests, 
different cultures, and analyses of soil parameters.

5 � Conclusion

In conclusion, the studied biochars improved rice 
cultivation. Although the biomass production was not 
higher in most treatments compared to the control, there 
was a significant increase in the nutrient content of the aerial 
part, mainly with the application of B2. In addition, there 
were improvements in photosynthetic parameters and root 
morphology, with emphasis on the application of B4. In 
general, the results found in this study showed that biochars 
B2 and B4 at doses of 20 and 30 ton ha−1 are promising for 
improving cultivation in fragile Planosols in the region of 
Rio de Janeiro (Brazil). However, despite the demonstrated 
effects, long-term and large-scale research is needed to 
verify the effects on soil properties in different cultures and 
the economic impact of its implementation in agriculture.
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