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Abstract
Biochar, an emerging soil amendment is conducive to carbon sequestration as well as plant and soil health. However, its 
benefits vary with the type of feedstocks, pyrolysis temperature, and the rate of application in soil. Herein, the effects of 
pyrolysis temperature and application dose of rice straw-derived biochar on soil physico-chemical properties were investi-
gated. In this study, biochar prepared at two pyrolysis temperatures (350 °C and 550 °C) were applied in the soil at the rate 
of 5%, 10%, and 20%. After 90 days of incubation (at 50% of water holding capacity), a significant increase in soil pH and 
loss of nitrogen (up to 80%) was observed in biochar applied soils along with enhanced availability of phosphorous (14%) 
and potassium (18.8 fold). The addition of biochars (derived at both the temperatures) at a dose of 20%, elevated the carbon 
mineralization rate. Results demonstrated the crucial role of both pyrolysis temperature and application rate in achieving 
optimum efficacy of rice straw-derived biochar in soil carbon mineralization. The study suggests that rice straw biochar 
prepared under low (350 °C) pyrolysis temperature should be applied at a lesser rate (5%) to obtain higher agronomic and 
environmental benefits. Whereas, a higher rate of application (10%) is advocated if the pyrolysis is performed at a higher 
temperature (550 °C).
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Introduction

Biochar is recommended as a soil amendment in agricul-
ture to improve crop production (Reed et al. 2016). Earlier 
studies established that organic structures such as water-
soluble organics, aliphatics with high molecular weight, 
and relatively high content of insoluble aromatic structures 
in biochar pose an impact on soil properties (Brennan et al. 
2014; Buss et al. 2015). The presence of these compounds 
in the soil helps in microbial growth by acting as a suitable 
substrate (Ameloot et al. 2013). This enhances the micro-
bial biomass as well as diversity in the soil (Kolb et al. 
2009). The degradation of polycyclic aromatic hydrocar-
bons in the soil (Zhang et al. 2018) results in better crop 
performances. Moreover, precipitation of these molecules 
contributes to long-term soil carbon (C) storage by form-
ing larger molecules as only 10–20% of the soluble content 
is mineralized to  CO2 (Smith et al. 2010). Thus, the appli-
cation of biochar largely affects the structure, stability, 
nutrient dynamics, aeration and C storage capacity in soil 
(Lehmann et al. 2011). The inert nature of biochar towards 
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chemical and biological degradation is highly investigated 
for its carbon sequestration potential (Singh et al. 2010; 
Sagrilo et al. 2015; El-Naggar et al. 2018). The physico-
chemical properties of biochar determine carbon minerali-
zation potential and it changes with the feedstock material 
and pyrolysis condition (Antal and Grønli 2003; Gaskin 
et al. 2008). Increased cumulative  CO2 efflux was reported 
due to enhanced microbial activity under the application 
of mixed crop residue biochar prepared at 500 °C (El-
Naggar et al. 2018). However, earlier studies documented 
contrasting results in microbial activity from the addition 
of biochar due to the differences in soil type, application 
rate, and intrinsic properties of feedstock (Kuzyakov et al. 
2009; Warnock et al. 2010). Mukherjee et al. (2014) and 
Singh et al. (2012) also confirmed the role of pyrolysis 
temperature upon soil C mineralization. Furthermore, it 
has been documented that increasing application dose of 
peanut shell biochar increases the C mineralization rate 
in soil (Luo et al. 2011). As biochar is not completely 
biologically inert,  CO2 emission from the soil as a result 
of degradation of labile aliphatic C become prominent 
(Liang et al. 2008). In the long term, this influences the C 
sequestration potential of the applied biochar. Maestrini 
et al. (2014) reported that biochar rich in labile C mat-
ter induces a short-term positive effect upon the native 
soil organic C but in the long term, a negative effect is 
observed because of increased C mineralization rate. This 
increased C mineralization rate and degradation of labile 
C may be beneficial for agricultural crop health (Ventura 
et al. 2014) but  CO2 emission has negative consequences 
for the environment. This demands the importance of 
determining the availability and extraction of labile C pre-
sent in the biochar to maintain optimal C mineralization to 
reap benefits as preferred.

Therefore, determining the ideal pyrolysis temperature 
and application dose of biochar for a specific feedstock is 
crucial for achieving the maximum benefit as a soil amend-
ment. A plethora of work has been reported regarding the 
effects of the pyrolysis environment on biochar quality for 
obtaining optimum application rate of biochar for C miner-
alization (Liu et al. 2018). However, studies concerned with 
the interaction effect of both conditions are scanty. Accord-
ing to Lefevre et al. (2014), laboratory incubation with 
standardized conditions is an effective method to examine 
C mineralization. With this perspective, a laboratory incu-
bation study was conducted with rice straw as a feedstock 
of biochar using two pyrolysis temperatures (350 °C and 
550 °C), which was applied to the soil at three levels. We 
hypothesized that the production temperature of biochar is 
important for its application as a soil amendment. Our objec-
tive was to screen the pyrolysis temperature and application 
dose of biochar on the basis of soil physico-chemical proper-
ties and C mineralization.

Materials and methods

Feedstock material

Rice straw was collected from the farmers’ field in the 
vicinity of Tezpur University campus, Napaam, Assam, 
India (Coordinates: 26°41/N and 92°50/E). After the col-
lection (during January 2017), biomass was washed thor-
oughly and sun-dried, chopped, and grounded in a willy 
mill (SECOR Scientific Eng. Co). Powdered samples were 
sieved through a 0.2 mm sieve and then oven-dried.

Biochar preparation

Biochar was prepared in a fixed bed lab-scale pyrolyzer 
(Montech Instruments, Chandigarh, India). Biomass 
sample (10 g) was fed into the tubular quartz reactor and 
heated at two pyrolysis temperatures, i.e., 350 °C and 
550 °C with a heating rate of 40 °C/min under nitrogen 
flow of 100 ml/min. The residence time for pyrolysis was 
kept as 3 min.

Soil preparation/sampling

The soil was collected from an agricultural field near the 
Tezpur university campus (26°41/N and 92°50/E), air-
dried, homogenized, and sieved to pass a 2-mm sieve. The 
soil was sandy loam in texture. The recorded pH, bulk den-
sity, water-holding capacity, and cation exchange capacity 
of the experimental soil were 5.69, 1290 kg  m−3, 44.4%, 
and 12.24  (cmol+  kg−1) respectively.

Incubation study

The study was performed in the laboratory using 500 mL 
polyethylene bottles, taking 50 g of soil as control. Biochar 
was mixed with soil at three levels, i.e., 5%, 10%, and 20% 
w/w; the control group was soil-only (UC); all the treat-
ments were replicated thrice (Fig. 1). The samples were 
placed in a Biological Oxygen Demand (BOD) incubator 
(BD Instrumentation India-Labotech BD-55) accommodat-
ing three replications of each treatment along with control 
in a completely randomized design (CRD). Incubation was 
done at 25 °C temperature for 90 days. Initially, the rate 
of  CO2 emission was determined daily for the first 5 days, 
intervals of every 5 days for the next 25 days, and every 
10 days for the last 60 days. Produced  CO2 was trapped in 
0.05 M NaOH (10 mL) and titrated against 0.05 M HCl 
after adding 10 ml of  BaCl2 and a few drops of phenol-
phthalein indicator. The end-point was achieved when the 
titrate color changed from pink to white. Cumulative  CO2 
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emission was calculated by adding the emissions until the 
end of the experiment (90 days).

Determination of physico‑chemical properties 
of biochar

The quantitative elemental analysis for carbon (C), hydro-
gen (H), and nitrogen (N) of biochar samples were car-
ried out using an elemental analyzer (PE 2400 C, H, N 
analyzer, Perkin Elmer). Moisture (M), ash, volatile mat-
ter (VM), and fixed carbon (FC) content were determined 
using ASTM methods, viz. ASTM D3173-87  (ASTM 
D3173/D3173M-17a 2017), ASTM D3174-12 (D3174-
12 2018), ASTM D3175-18 (ASTM D3175-18 2018) and 
ASTM D1106-21 (ASTM D1106-21 2017) respectively. 
The percentage of oxygen was identified by using the fol-
lowing equation (Eq. 1), as per Huff et al. (2018).

Molar elemental ratios such as H/C and O/C are useful 
in organic elemental analysis. These ratios were calcu-
lated by using atomic weight and percent weight of the 
respective elements. CHN Elemental Analyzer was used 
to obtain the element percent and the atomic weight of 
the elements (Culmo et al. 2013; Kong et al. 2019). The 
element ratios, H/C and O/C were calculated as follows:

(1)
Oxygen = 100 − (Carbon% + Hydrogen% + Nitrogen%)

The IR spectra of the samples were recorded on a Nico-
let IR spectrometer at room temperature (26 ± 2 °C). A 
region in the spectral range of 4000–400  cm−1 was used 
for analysis. Qualitative analysis for the elements present 
in the biochar samples was performed by means of scan-
ning electron microscopy with energy dispersive X-ray 
spectroscopy (SEM–EDX) (JEOL Japan- JSM 6390LV) 
spectra.

Determination of soil chemical properties

The pH of the samples was recorded using a pH meter 
(HI96107, Hanna Instruments, Australia). Bulk density 
was determined by weighing the soil in a known volume of 
bulk density bottles (ASTM D1895-17 2017). Soil avail-
able nitrogen (N), potassium (K), and phosphorus (P) were 
estimated at the end of the incubation period through the 
micro Kjeldahl method proposed by Subbiah and Asija, 
(1956), the flame photometric method by Jackson (1958), 
and the spectrophotometric method by Bray and Kurtz 
(1945) respectively. Soil humic acid (HAC) and fulvic 
acid carbon (FAC) were estimated as suggested by Page 

H/C =

Weight Percent Hydrogen

Atomic Weight Hydrogen

Weight percent carbon

Atomic weight carbon

, O/C =

Weight Percent Oxygen

Atomic Weight Oxygen

Weight percent carbon

Atomic weight carbon

Fig. 1  Experimental design of the study conducted. UC = Control; C1 = Biochar produced at 350 °C; C2 = Biochar produced at 550 °C; T1 = 5% 
biochar application; T2 = 10% biochar application; T3 = 20% biochar application
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et al. (1982). Soil microbial biomass carbon (MBC) was 
determined using the  CHCl3 fumigation extraction method 
as given by Vance et al. (1987).

Statistical analyses

The data sets were processed for analysis of vari-
ance (ANOVA). Significant differences among treatment 
means of three replicates (n = 3) and the least significant 
difference (LSD) at a 5% level of probability were calculated 
using SPSS for Windows 16.0. The graphical representation 
of the data was made using Graphpad Prism 7.

Results

Proximate and ultimate analyses

Addition of 5% biochar obtained at 350 °C pyrolysis temper-
ature reduced H (34%), N (46%), O (15%), the ratio of O/C 
and H/C, M%, VM (21%), and FC (21%) content (Table 1) 
whereas, C% was enhanced (15%). Increasing applica-
tion dose (10%) of the same biochar recorded enhanced 
O% (30%), O/C ratio, with reduced C% (Table 1). Further 
increase of application dose to 20% resulted in a greater 
reduction in H/C ratio and M%. Biochar obtained at higher 
pyrolysis temperature (550 °C) reduced C% (1.4%) even 
under lower application dose (5%). However, improvement 
in H% (66%), O% (0.85%), H/C, and O/C was noted under 
this condition. Application of same biochar at higher doses 
(10% and 20%) documented even greater content of H% (up 
to 25%), H/C, ash% (up to 16%), and M% with lesser VM 
(up to 27%) content. Reduction in O% (13%), O/C, and FC 

(5%) was recorded under the highest application dose of 
20%.

Infrared spectral functional group identification 
and quantification

Irrespective of the pyrolysis temperatures and application 
doses, FTIR spectra of biochar samples (both pre- and 
post-incubation) showed broad and strong adsorption peak 
around 3600–3300  cm−1, indicating the presence of O–H 
group (Fig. 2). Two weak bands documented at 2920 and 
2848  cm−1 were assigned to alkyl C–H. A weak band at 
2334   cm−1 was found only in initial high temperature 
pyrolyzed biochar (C2) indicating the presence of C≡N. 

Table 1  Proximate and ultimate analysis of rice straw biochars after 90 days of incubation

C1 = Biochar produced at 350 °C; C2 = Biochar produced at 550 °C; T1 = 5% biochar application; T2 = 10% biochar application; T3 = 20% bio-
char application; VM = volatile matter; FC = Fixed carbon
*Different lower case letters superscripted to mean values indicate significant differences between treatments at 5% level of significance accord-
ing to DMRT; Data reported as (mean ± SE), n = 3

Treatments C% H% N% O% H/C O/C M% Ash% VM% FC%

C1 54.15f ± 0.09 3.85b ± 0.03 2.92b ± 0.01 39.08c ± 0.05 0.85 0.54 10.31 22.55 h ± 0.03 19.5a ± 0.03 47.64c ± 0.02
C2 58.33d ± 0.06 2.62f ± 0.00 3.83a ± 0.02 35.22f ± 0.01 0.54 0.45 6.92 28.09 g ± 0.02 15.8d ± 0.03 49.19b ± 0.01
C1
 T1 62.75b ± 0.09 2.53g ± 0.02 1.57e ± 0.02 33.15g ± 0.09 0.48 0.40 6.79 34.26d ± 0.06 15.3e ± 0.17 43.64e ± 0.06
 T2 46.25g ± 0.06 2.29h ± 0.03 0.65g ± 0.00 50.81b ± 0.06 0.59 0.82 6.72 39.62a ± 0.02 18.8b ± 0.03 34.86h ± 0.01
 T3 26.58h ± 0.12 3.46c ± 0.03 1.57e ± 0.02 68.39a ± 0.06 1.56 1.93 7.17 36.05b ± 0.02 16.6c ± 0.17 40.18g ± 0.02

C2
 T1 57.47e ± 0.03 4.35a ± 0.03 2.66d ± 0.02 35.52e ± 0.02 0.91 0.46 6.78 35.31c ± 0.06 15.8d ± 0.07 42.11f ± 0.06
 T2 58.67c ± 0.12 3.30d ± 0.02 1.75d ± 0.02 36.28d ± 0.02 0.67 0.46 7.05 29.41f ± 0.02 11.4g ± 0.23 52.14a ± 0.06
 T3 65.55a ± 0.12 3.01e ± 0.02 0.96f ± 0.01 30.48h ± 0.03 0.55 0.35 7.97 32.71e ± 0.06 12.9f ± 0.03 46.42d ± 0.03

Fig. 2  FTIR spectra of rice straw biochars as affected after 90 days of 
incubation. C1 = Biochar produced at 350 °C; C2 = Biochar produced 
at 550  °C; T1 = 5% biochar application; T2 = 10% biochar applica-
tion; T3 = 20% biochar application
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Irrespective of the treatments, the presence of C═O stretch 
of polysaccharides and Si−O stretch was confirmed by the 
observed broad and weak band at 1619  cm−1. The weak band 
obtained at 1439  cm−1 represented C═C stretch in the aro-
matic ring whereas, in all the treatments with the band at 
1078  cm−1 showed the presence of lignin. Smoothening of 
bands in the fingerprint region (500–1500  cm−1) indicated 
the reducing quantity of complex compounds due to thermal 
degradation. Two strong bands between 2950 and 2800  cm−1 
(assigned to asymmetric C–H and symmetric C–H bands 
respectively) proved the presence of aliphatics, olefinics, and 
aromatics in all the treatments. Likewise, the presence of 
carbonyls, ketones, aldehydes, or ester groups were verified 
with the documented stretching absorption band between 
1750 and 1600  cm−1 attributed to C = O and C = C. Fur-
ther confirmation on the presence of aromatic structure was 
obtained by significantly strong absorption bands around 

1060 to 1100  cm−1, showing the presence of lignin. Post 
incubated biochars confirmed the presence of phenols, 
alcohols, and carboxylic acids with wide and strong –OH 
stretching bands between 3400 and 3300  cm−1. In addition, 
the broad band related to hydrogen bonding in the samples 
verified the presence of water content.

Elemental identification and qualitative 
compositional properties

The EDX spectra of pre-incubated biochars (C1 and C2) 
confirmed the presence of C, O, calcium (Ca), magnesium 
(Mg) and chlorine (Cl) on their surfaces (Table 2). Though K 
was not detected in the samples, sodium (Na) and iron (Fe) 
were found in biochars produced at 550 °C and 350 °C 
respectively. The EDX spectra of the biochar samples after 
incubation proved the presence of C, O, K, Ca, Mg, Cl, Na, 

Table 2  EDX spectrum of the 
rice straw biochars after 90 days 
of incubation

C1 = Biochar produced at 350  °C; C2 = Biochar produced at 550  °C; T1 = 5% biochar application; 
T2 = 10% biochar application; T3 = 20% biochar application

Treatments Weight percentage

C O K Ca Mg Cl Na Fe

C1 70.16 18.00 – 0.26 0.19 4.76 – 6.62
C2 72.94 21.68 – 0.35 0.25 0.41 4.38 –
C1
 T1 65.15 31.39 0.98 1.05 0.39 0.27 0.07 0.27
 T2 74.96 20.03 2.82 – 0.21 0.41 1.09 0.17
 T3 67.38 27.78 2.28 0.92 0.58 0.27 0.13 0.22

C2
 T1 72.74 20.33 2.94 0.83 0.52 0.26 0.19 –
 T2 74.62 23.98 0.54 – 0.28 0.16 0.05 0.04
 T3 62.18 32.85 2.94 – 0.59 0.57 0.30 0.06

Table 3  pH, Bulk density and 
Available N P K of soil as 
effected under application of 
biochar during incubation

UC = Control; C1 = Biochar produced at 350 °C; C2 = Biochar produced at 550 °C; T1 = 5% biochar appli-
cation; T2 = 10% biochar application; T3 = 20% biochar application
*Different superscript lower case letters within each column indicate significant differences between treat-
ments at 5% level of significance according to Duncan’s multiple range test (DMRT). Data reported as 
(mean ± SE), n = 3

Treatments pH Bulk Density 
(g  CC−1)

Available N (kg  ha−1) Available Phos-
phate (mg/kg)

Available K (g  kg−1)

UC 7.0 1.29 250.88a ± 1.31 5.91b ± 0.41 1.40d ± 0.26
C1
 T1 8.4 1.06 50.53e ± 1.15 5.89b ± 0.03 6.30c ± 0.24
 T2 10.2 0.88 75.34c ± 1.69 6.22ab ± 0.27 11.10b ± 0.57
 T3 10.8 0.65 61.93d ± 1.05 6.88a ± 0.19 26.40a ± 0.25

C2
 T1 9.5 1.17 62.56d ± 1.67 5.75b ± 0.08 5.60c ± 0.26
 T2 10.1 0.86 82.52b ± 0.89 5.73b ± 0.15 11.27b ± 0.29
 T3 10.8 0.66 62.52d ± 1.23 6.27ab ± 0.12 26.04a ± 0.25

LSD 1.8 0.3 0.46
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and Fe elements on their surfaces. However, absence of Fe 
was observed under the addition of lower doses (5%) of 
high-temperature pyrolyzed biochar (C2T1). Irrespective of 
the pyrolysis temperature, the absence of Ca was noted in 
post incubated biochar samples under the application dose of 
10%. However, low temperature (350 °C) pyrolyzed biochar 
documented the highest C content under the same applica-
tion dose (C1T2).

Soil physico‑chemical properties and carbon 
fractions

Regardless of the pyrolysis temperature, a higher applica-
tion dose increased soil pH and decreased soil bulk density 
(Table 3). Biochar addition resulted in significant loss of N 
with the highest (80% of control) under the treatment C1T1 
followed by C1T2 (76% of control). In addition, significant 
enhancement of soil P and K content was found due to bio-
char application. The highest available soil P (14%) and K 
(18-fold) contents were recorded in treatment C1T3 after 
application of low temperature pyrolyzed biochar at a rate 
of 20%. Irrespective of the pyrolysis temperature, the highest 
HAC content (5%) was recorded under the application dose 
of 20% (Fig. 3). Whereas, biochar obtained at 350 °C pyroly-
sis temperature documented the lowest HAC content when 
applied at a rate of 10%. In contrast, higher FAC content 
(21%) was noted under application of higher doses of (10% 

and 20%) high-temperature pyrolyzed biochars. Pyrolysis 
temperature had a positive influence on MBC content of 
the rice straw-derived biochars with 5.4-fold increase under 
5% application dose of high temperature pyrolyzed biochar 
(Fig. 4). Increased biochar application does exert a positive 
influence on soil C mineralization with the highest under 
the application of rice straw biochar obtained at low pyroly-
sis temperature (Fig. 5). Compared to control, all biochar 
treated soils documented the highest C mineralization rate 
during the first 30 days of incubation accounting for 67–77% 
of the total C mineralization that declined afterward.

Discussion

The recorded reducing trend of soil bulk density with the 
increased application of biochar indicates improved soil aer-
ation (Kumari et al. 2021) and confirms rice straw-derived 
biochar as an efficient soil conditioner by improving the 
aerobic microbial diversity. Reduced soil N content under 
biochar application reveals the stimulating effect of biochar 
on N loss due to denitrification. Singh et al. (2010) also 
reported a positive role of biochar in  N2O emission from 
soils. However, this escalated denitrification is reported to be 
sporadic and subsides shortly after (Beare et al. 2009). The 
recorded non-significant differences of P availability across 
the treatments indicate the positive influence of rice straw-
derived biochar in P solubility, which might be attributed to 
the adsorption of P in biochar surfaces (Takaya et al. 2016). 
Singh et al. (2010) also reported a positive role of biochar 
in  N2O emission from soils.

Fig. 3  Effect of rice straw biochar on humic acid carbon and Ful-
vic acid carbon of the soil. UC = Control; C1 = Biochar produced at 
350 °C; C2 = Biochar produced at 550 °C; T1 = 5% biochar applica-
tion; T2 = 10% biochar application; T3 = 20% biochar application. 
*Different lowercase letters above each column indicate significant 
differences between treatments at 5% level of significance according 
to DMRT. Error bars on each data points represents standard error in 
each data point

Fig. 4  Effect of rice straw biochar on microbial biomass carbon of the 
soil. UC = Control; C1 = Biochar produced at 350  °C; C2 = Biochar 
produced at 550  °C; T1 = 5% biochar application; T2 = 10% biochar 
application; T3 = 20% biochar application. *Different lowercase let-
ters above each column indicate significant differences between treat-
ments at 5% level of significance according to DMRT. Error bars on 
each data points represents standard error in each data point (n = 3)
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It is documented that pyrolyzing crop residues help in 
conversion of organic P to inorganic form such as orthophos-
phates and pyrophosphates (Chirone et al. 2000) leading to 
slow release of P by acting as a stable source of P (Dai et al. 
2017). The increased availability of soil K content under bio-
char application reveals the growth of K-solubilizing bacte-
ria that enhance the release of K (Wang et al. 2018). Earlier 
researchers also reported increased availability of soil K due 
to biochar addition (Oram et al. 2014; Haque et al. 2021). 
The alkaline nature of biochar was responsible for increasing 
soil pH from 1.4 to 3.8 units after 90 days of incubation with 
the highest value under higher application dose. The pres-
ence of different fractions of C (aromatic, aliphatic, volatile 
matter, labile carbon, etc.) in the biochar provides nutrition 
to the microorganisms and contributed to the availability 
of soil nutrients (Alaylar et al. 2021). Moreover, microbial 
community composition is also sensitive to alteration in soil 
pH and bulk density (Puissant et al. 2019). However, all 
these contributing factors of soil physico-chemical proper-
ties are determined by the application dose and pyrolysis 
temperature of the produced biochar.

The availability of labile C, volatile matter, or water-sol-
uble compounds such as aldehydes, ketones, and carboxyl 
groups in the applied biochars provide the required nutrition 
for microbial growth and thus help in quicker degradation 
of C (Ameloot et al. 2013; Egamberdieva et al. 2020). The 
recorded higher MBC in post-incubated biochar treated soils 
also confirms this. Promotion of maximum microbial growth 
under application of 5% and 10% doses of high tempera-
ture pyrolyzed biochars might be due to higher surface area 
and labile C providing favorable conditions for microbes 
as observed earlier (Ma et al. 2019). The MBC content of 
the soil is an indication of the soil organic C status (Pei 
et al. 2017) as labile C in the biochar is used as a source 

of C for microbial growth. The absence of alkyl groups in 
the biochars after incubation indicates its utilization by the 
microbial communities (Luo et al. 2011). Moreover, higher 
content of humic and fulvic acid C in biochar-treated soil 
proves the role of biochar in the improvement of soil stable 
C content, thus, augmenting extraction of aliphatic C for 
microbial activity (Horáček et al. 2014). Dai et al. (2017) 
also confirmed the crucial role of aliphatic C in enhancing 
soil microbial communities. The studied biochars showed 
a wide range of functional groups due to the presence of 
cellulose, hemicellulose, and lignin in the feedstock with an 
abundance of C, H, and O (Chen et al. 2014). The observed 
O–H stretching, carbonyls, ketones, and ester groups are 
consistent with the previous studies of Xiao et al. (2014), 
Binh and Nguyen (2020) and Bouaik et al. (2021). The pres-
ence of the aromatic group indicates dehydrogenation and 
dehydroxylation of carbohydrates during thermal cracking 
in absence of oxygen (Keiluweit et al. 2010). Thus, pyrolytic 
degradation of phenolic acids present in the rice straws is 
responsible for the documented phenolic stretching in the 
biochars (Cui et al. 2019). Moreover, the presence of higher 
silicon (Si) content in the feedstock resulted in the Si–O 
groups in the tested biochars. The calculated value (0.4–0.5) 
of the degree of polarity (O/C ratio) of rice straw-derived 
biochar used in this experiment designates a mean residence 
time of 100–1000 years as suggested by Spokas (2010). 
However, the recorded higher degree of polarity from the 
application of higher doses of low temperature pyrolyzed 
biochars (20% followed by 10%) indicates lower sequestra-
tion potential due to higher C mineralization and low aroma-
ticity as documented from higher H/C ratio (Brassard et al. 
2017; Sarfaraz et al. 2020). By contrast, significantly lower 
degree of polarity reveals higher C sequestration poten-
tial of applied biochar when produced at high temperature 

Fig. 5  Effect of rice straw 
biochar on soil carbon min-
eralization. UC = Control; 
C1 = Biochar produced at 
350 °C; C2 = Biochar produced 
at 550 °C; T1 = 5% biochar 
application; T2 = 10% biochar 
application; T3 = 20% biochar 
application; Error bars on each 
data points represents standard 
error in each data point (n = 3)
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(550 °C). The highest degree of polarity (> 1) observed in 
post-incubated low temperature pyrolyzed biochar especially 
from the highest application dose (20%) might be due to 
higher cation exchange capacity, providing a favorable envi-
ronment for oxidation (Tsai and Chang 2020).

The highest C mineralization observed during the ini-
tial 30 days of incubation indicates an active mineralization 
process due to biochar addition. This initial enhancement in 
cumulative C mineralization is possibly due to the presence 
of labile organic compounds, especially in low-temperature 
pyrolyzed biochars (Sarfaraz et al. 2020). The subsequent 
reduction in C mineralization rates can be attributed to the 
air–water balance of the experimental setup and the liming 
properties of biochar which could have absorbed the released 
 CO2 together with the slow degradation of aromatic rings 
(Ameloot et al. 2013; Sarfaraz et al. 2020). Similar results 
were observed by Luo et al. (2011), where the application 
of peanut shell biochar accelerated the cumulative carbon 
mineralization during the initial 40 days and stabilized 
thereafter.

The application of organic amendments affects soil C 
dynamics through the process of mineralization and immo-
bilization. Soil carbon mineralization is the  CO2 efflux from 
soil metabolic processes where the rate of decomposition is 
affected by various soil properties which vary from place to 
place (Ventura et al. 2015). Some other researchers observed 
suppression of soil mineralization under biochar application 
due to amelioration of soil physico-chemical properties like 
pH, high surface area, etc. (Yousaf et al. 2017). However, in 
the present study, higher cumulative C mineralization was 
observed in all the biochar treatments as compared to con-
trol. The effect of the production temperature of biochar on 
the rate of soil C mineralization was significant with the low-
est rate of C mineralization from high temperature produced 
biochar. This result can provide some baseline information 
in terms of the production temperature of biochar while 
optimizing the rate of biochar application that sustainably 
preserves the soil C pool.

Conclusion

Pyrolysis temperature and application dose of biochar play a 
crucial role in soil physico-chemical properties and carbon 
mineralization. Biochar produced at a higher temperature 
are efficient C sequesters even at a lower dose. Therefore, to 
obtain the maximum benefit of the applied biochar, optimi-
zation of biochar dose with respect to pyrolysis temperature 
is important. However, long-term field studies in different 
soil types are needed to understand the role of climatic 
parameters along with applied nutrients and soil–plant inter-
actions in C mineralization.
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