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Abstract 

Biochar application in agricultural and metal mines has been studied widely; however, very few studies have been 
conducted on its application as an amendment for the restoration of coal mine degraded land. Thus, for the applica-
tion of biochar for coal mine spoil restoration, the best pyrolysis temperature profile needs to be established. Biochar 
produced at different pyrolysis temperatures has distinct physio-chemical and nutritive properties, which impact 
its performance when applied as an amendment. The objective of the current study is to conduct a meta-analysis 
on the pyrolysis temperature and summarize the results using forest plots. The current study quantifies the effect of 
pyrolysis temperature on biochar production and its optimum nutritional properties. Based on pyrolysis temperature, 
biochar has to be categorized into low (< 450 °C), moderate (450–550 °C) and high-temperature biochar (> 550 °C). 
The pH range of biochar was 6.6–12.3 for high pyrolysis temperature and 5.8–11.1 for medium pyrolysis temperature. 
However, cation exchange capacity was in the range of 3.18–187 m mol  kg− 1 for high pyrolysis temperature. For 
medium and low, the range was 4.63-210 m mol  kg− 1 and 23.6–228 m mol  kg− 1, respectively. Similarly, at low pyrolysis 
temperature, the organic content was 14.3–88%, while it was 4.7–60% and 11.2–86.2% for high and medium. Also, the 
nutrient contents such as Ca, Fe, Mg, and K were high at moderate temperature conditions. The study concluded that 
low to moderate pyrolysis temperature was best suited for coal mine spoil restoration.

Highlights 

• Meta-analysis on the effect of pyrolysis temperature on biochar physio-chemical and nutritive properties was stated.

• Common effect size metric and response ratio used for meta-analysis was clarified.

• Biochar prepared at ~ 450–550 °C best suited for coal mine spoil restoration was proved.
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Graphical Abstract

1 Introduction
Pyrolysis is a multi-step complex process which disinte-
grates organic matter thermally in the absence of oxygen 
(Lehmann 2007; Ippolito et  al. 2012; Ghosh and Maiti 
2020). Biochar is pyrolytic end product of biomass; and 
temperature plays a role in determining its properties. 
The pyrolysis of biomass can be broadly divided into pri-
mary and secondary mechanisms. In the primary step, 
breakdown of chemical bonds of the feedstock takes 
place and releases volatile compounds. This undergoes 
further reactions as part of the secondary mechanism 
(Al-Rumaihi et  al. 2022). The decomposition of organic 
feedstock comprising of long polymeric chains results in 
depolymerisation which releases water, gas, oils and tars, 
and other volatile compounds at ~ 250–300 °C (Lanzetta 
and Di Blasi 1998). The initial phase of thermal decompo-
sition results in the creation of benzene rings that com-
bine to form the solid char residue with organic matter 
continuing to decompose up to 800 °C (Al-Rumaihi et al. 
2022). In the secondary mechanism, unstable compounds 
either crack or recombine to restructure. In addition, 
secondary mechanisms can also result in the formation 
of char in some cases. Pyrolysis at slow heating rates and 
temperatures less than 450 °C yields higher quantities of 
biochar; intermediate temperature ranges with slightly 

higher heating rates yield higher quantities of bio-oil; and 
high heating rates at temperatures greater than 800 °C 
yield greater quantities of gas and ash (Shakya et  al. 
2022). Thus, pyrolysis temperature and residence time 
have a pronounced influence on biochar properties, such 
as carbon content, mineral compositions, chemical func-
tionalities and micro-structure  (Tan and Yuan 2019). 
Biochar produced by varying pyrolysis temperature has 
different properties and influences soil physio-chemical 
and microbiological properties distinctively.

Optimising the production conditions (like, pyroly-
sis temperature and residence time) is essential for the 
production of biochar which can be effectively used for 
soil reclamation (Liao et al. 2022; Pap et al. 2022). Some 
examples of effect of feedstock type and pyrolysis temper-
ature on biochar properties are given in Table 1. Studies 
reported that with an increase in pyrolysis temperature, 
the surface area, pH, and total nutrients increased as 
shown in Table  1. Also, with increase in temperature, 
elements such as C, Ca, K, and Mg increase, while eas-
ily decomposable matter, volatile matter, and elements 
such as H, O, S, and N are often lost (Table 1). Pecan shell 
biochar produced at 700 °C has a specific surface area 
of 222  m2  g− 1, pH of 7.2, and organic carbon content of 
91.2%. When the same pecan shell is pyrolyzed at 350 °C, 
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it has a surface area of 1.01  m2  g− 1, pH of 3.5, and organic 
carbon of 65% (Novak et  al. 2019). Similarly, chicken 
manure biochar at low pyrolysis temperature increases 
essential elements, K (13%), Mg (18%), Ca (20%), S (10%), 
and P  (24%), and an increase in pyrolysis temperature 
decreases the availability of nutrients (Hass et al. 2012). 
P content was found to be stable at temperature < 750 °C 
and nitrogen content was found to be high at a temper-
ature range of 300–400 °C (Cantrell et  al. 2012; Ippolito 
et  al. 2012). Thus, the knowledge of pyrolysis tempera-
ture at which maximum nutrients retention takes place 
is essential for standardising the biochar production tem-
perature for soil amelioration.

The increase in temperature decreases the acid func-
tional group and makes the biochar alkaline in nature 
(Wang et  al. 2015). Aromatic carbon is found in high-
temperature biochar, while alkyl, alkoxy, and carboxylic 
carbon are usually found in low-temperature biochar 
(Wang et al. 2019). An increase in cation exchange capac-
ity and surface negative charge was observed in canola 
biochar pyrolyzed at 500 °C compared to that produced 
in 750 °C (Qadeer et al. 2017). A review conducted on 10 
different feedstocks shows that with increase in pyroly-
sis temperature, the cation exchange capacity of biochar 
decreases (Yu et al. 2019). Biochar which is produced at 
450 °C has been reported to improve the soil microbial 
and biochemical activity of the mine degraded land (Jain 
et al. 2016; Ali et al. 2017). Polar or inorganic pollutants 
can be minimized by lower temperature biochar while 
high-temperature biochar is effective in the sorption of 
organic contamination (Tan and Yuan 2019). Hence, tem-
perature is a critical parameter by which the property 
of biochar can be optimised according to the needs of a 
degraded land.

Surface mining causes complete land  destruction, 
stripping it off the vegetation, soil structure, and biodi-
versity. This causes changed topography and drainage, 
ecosystem pollution and unsightly aesthetics. These mine 
spoil dumps have rock fragments, impoverished soil con-
ditions, extremely low water holding capacity, absence of 
organic carbon and nutrient, acidic pH and low cation 
exchange capacity which causes difficulties in biological 
reclamation (Maiti 2013). An array of studies have been 
focused on the sustainable use of biochar for restora-
tion of degraded agricultural soil by improving the soil 
physicochemical, nutritional, and biological properties. 
However, only a few studies focus on its specialised appli-
cation in coal mine spoils (Ghosh et al. 2020; Ghosh and 
Maiti 2021a, b, 2022). Due to the limited number of stud-
ies, optimization of its properties for coal mine spoil res-
toration has not been done widely. Thus, a meta-analysis 
study is important for determining the temperature of 

biochar production which will retain nutrients and hold 
all the necessary properties for mine spoil amelioration.

The current meta-analysis study systematically exam-
ines the effect of pyrolysis temperature on the biochar 
properties. A number of meta-analysis studies have been 
conducted on the impact of  temperature and other pro-
duction conditions on biochar properties (Majumder et al. 
2019; Ippolito et al. 2020; Chagas et al. 2022). However, a 
study which focuses on the impact of pyrolysis tempera-
ture on biochar properties with the objective of coal mine 
spoil restoration is currently missing. The current study 
was carried out using the published data between the years 
2000–2021. Variables considered for this study were bio-
char physico- chemical properties such as pH, electrical 
conductivity, cation exchange capacity, organic content, 
ash content, volatile matter, total carbon, hydrogen, nitro-
gen and oxygen, and nutritive properties like Ca, Fe, Mg, 
and K. The forest plot was used to determine the degree to 
which biochar properties at varying temperature overlap 
with one another in different studies. The hypothesis of this 
study is weather pyrolysis temperature influences physio-
chemical and nutritive properties of biochar so that it can 
be effectively used as an ameliorating agent for coal mine 
spoil restoration. This meta-analysis will be instrumen-
tal in providing optimum pyrolysis temperature for pre-
determined biochar properties. Thus, the objectives of this 
study were to (i) determine which pyrolysis temperature 
gives best nutritional properties to the biochar; (ii) develop 
forest plots to obtain conclusive data from a large data set; 
and (iii) provide the best pyrolysis temperature for biochar 
production for coal mine spoil restoration.

2  Materials and methods
2.1  Literature search
The meta-analysis was based on dataset collected from 
peer-reviewed articles on the effects of pyrolysis on the 
physicochemical properties of biochar. Web of Science 
(WoS), Google Scholar and Science Direct were used 
for searching keywords like “biochar”, “biochar applica-
tion”, and “biochar application in coal mines”. A total of 
80 research papers (2000–2021) were used and the data 
related to pyrolysis temperature of biochar vis-a-vis 
physio-chemical and nutritive properties were extracted. 
Relevant data from the biochar database UC Davis library 
was also used for the study (UC Davis Biochar Database, 
http:// bioch ar. ucdav is. edu/ downl oad/). After compiling 
all the data on an Excel sheet, about 1400 observations 
were obtained with respect to pyrolysis temperature and 
biochar physico-chemical and nutritional properties. The 
steps involved in the meta-analysis study are given in Fig. 1. 
The details of the meta-analysis and the equations used are 
given in Supplementary 1.

http://biochar.ucdavis.edu/download/
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3  Results and discussions
3.1  Effect of temperature on biochar physico‑chemical 

properties
3.1.1  pH
Figure 2a shows the effect of pyrolysis temperature on the 
pH of the biochar. The analysis comprises of k (Number 
of temperature range used for study) were including  3 
studies. Fisher r-to-z converted correlation coefficient 
was in the range of − 0.1598 to 0.4380, with the majority 
of estimates being positive (67%). Based on the random-
effects model, the calculated Fisher r-to-z transformed 
coefficient of correlation was 0.1079 (95% CI (confidence 
interval): − 0.2338 to 0.4496). Therefore, the average out-
come did not differ significantly from zero (z = 0.6190, 
p = 0.5359). The genuine outcomes were heterogene-
ous, according to the Q-test (Q = 43.4282, p < 0.0001, 
 tau2 = 0.0870,  I2 = 95.3947%). The actual occurrences 
were projected with a 95% confidence interval as − 0.5635 
to 0.7794. Hence, despite the fact that the average out-
come is positive, the true outcome in some research 
could be negative. Thus, it can be concluded that 37.35% 
of the studies reported a pH range of 5.1–10.6 at low 
temperature (< 450 °C). On contrary, 29.92% of the stud-
ies reported  a pH range to be 6.6–12.3 for high pyroly-
sis temperature (> 550 °C), and 5.8–11.1 for the medium 
pyrolysis temperature (450–550 °C). Thus, for remediat-
ing an acidic coal mine spoil, biochar should be produced 
at medium or low temperature. A number of studies 
reported that when  the pyrolysis temperature increases, 

pH of the biochar also increases (Kim et  al. 2012; Al-
Wabel et  al. 2013; El-Naggar et  al. 2019). Increasing 
biochar pH generally correlates with an increase in ash 
content (Lehmann 2007). This correlation could be use-
ful for practitioners designing pyrolysis systems for creat-
ing biochar needed for soil liming purposes, e.g., in acidic 
mine drainage in coal mine spoils. Increasing pyrolysis 
temperature caused biochar pH to increase (Fig.  2a), 
likely due to the loss of acidic functional groups and the 
formation of Ca-, Mg-, Na-, and K-bearing oxide, hydrox-
ide, and carbonate mineral phases (Jin-Hua et  al. 2011; 
Ding et al. 2014) that can raise the pH to ranges extend-
ing from 9.9 to 13.

3.1.2  Electrical conductivity
Fisher r-to-z converted correlation coefficient was calcu-
lated to be in the range of − 0.1607 to 0.0330, with the 
majority of estimates being negative (67%) (k = 3). Based 
on the random-effects model, the calculated Fisher r-to-
z transformed coefficient of correlation was 0.0790 (95% 
CI: − 0.2043 to 0.0462) as shown in Fig.  2b. Therefore, 
the average outcome did not differ significantly from 
zero (z = − 1.2372, p  = 0.2160). The Q-test indicated 
that the genuine outcomes seemed to have no significant 
heterogeneity (Q = 1.9577, p = 0.3757,  tau2 = 0,  I2 = 0) 
Some studies reported that the electrical conductivity 
(EC) was 85–137 mS  cm− 1 in oak wood biochar, 52–95 
mS  cm− 1 for pine, 220–609 mS  cm− 1 for sugarcane and  
415–569 mS  cm− 1 for peanut shell biochar produced at 

Fig. 1 A flow diagram showing each step in the meta-analysis for the effect of pyrolysis temperature on biochar properties
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pyrolysis temperature of  350 and 990 °C (Zhang et  al. 
2017). The change in EC for white pine and sugar maple 
was found from 1 to 350  Sm− 1 and 1 to 1000  Sm− 1 
respectively for change in pyrolysis temperature from 
600 °C to 1000 °C. This increase in electrical conductiv-
ity is linked to a rise in the degree of carbonization, as 
measured by carbon content (Gabhi et al. 2020; Rehrah 
et al. 2014). Thus, from the above meta-analysis data, it 
can be concluded that EC increases as the pyrolysis tem-
perature increases.

3.1.3  Cation exchange capacity
Fisher r-to-z converted correlation coefficient was cal-
culated to be in the range of − 0.2215 to 0.2825, for 
cation exchange capacity (CEC) which was examined/
used/mentioned in three studies, with the majority of 
estimates being positive (67%). Based on the random-
effects model, the calculated Fisher r-to-z transformed 
coefficient of correlation was 0.0698 (95% CI: − 0.2251 
to 0.3647). Therefore, the average outcome did not dif-
fer significantly from zero (z = 0.4638, p = 0.6428). 

Fig. 2 Forest-plot showing the changes in biochar physico-chemical properties with response to different pyrolysis temperature. a pH; b electrical 
conductivity; c cation exchange capacity; d organic contents; e surface area. Response ratio statistics are shown ±95% confidence limits
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The genuine outcomes appeared to be heterogene-
ous, according to the Q-test (Q = 9.6967, p = 0.0078, 
 tau2 = 0.0538,  I2 = 79.3744%). The actual occurrences 
were projected with a 95% confidence interval and given 
by − 0.4722 to 0.6118 as shown in Fig. 2c. Hence, despite 
the fact that the average outcome is positive, the true 
outcome in some research could be negative. Thus, it 
can be concluded that the CEC was in the range of 3.18–
187 m mol  kg− 1 for high pyrolysis temperatures (28.88% 
of the  studies). While for medium and low temperature 
biochar, the range was found to be 4.63- 210 m mol  kg− 1 
and 23.6–228 m mol  kg− 1, respectively. Kloss et al. (2012) 
reported that the CEC of biochar decreased with its pro-
duction temperature. The study reported that biochar 
at 525 °C had a CEC of 82.9 mmol  kg− 1 while at 400 °C it 
was 92 mmol  kg− 1. Lower temperature biochar has high 
CEC because of carboxylate and -OH functional groups, 
while at higher temperature, biochar has positive surface 
charge due to oxygen containing functional groups which 
reduce the CEC of biochar. Also at > 250 °C mass reduc-
tion takes place due to the evaporation of moisture and 
volatile gases. At this temperature range, internal struc-
tures are re-ordered due to the moisture release, bond re-
organisation and formation of -COOH and -CO groups 
(Anawar et al. 2015). This also leads to a decrease in CEC 
at higher production temperatures. Thus, lower tempera-
ture biochar (~ 450 °C) will be best suited for improv-
ing the CEC of an impoverished coal mine spoil which 
is essential for nutrient retention and exchange in the 
substrate.

3.1.4  Organic content
Figure  2d shows the effect of pyrolysis temperature on 
the organic contents of the biochar from three studies. 
Fisher r-to-z converted correlation coefficient was cal-
culated to be in the range of 0.0298 to 0.2823, with the 
majority of estimates being positive (100%). Based on 
the random-effects model, the calculated Fisher r-to-z 
transformed coefficient of correlation was 0.1824 (95% 
CI: 0.0099 to 0.3550). Therefore, the average outcome dif-
fered significantly from zero (z = 2.0721, p = 0.0383). The 
Q-test indicated that the genuine outcomes seemed to 
have no significant heterogeneity (Q = 0.9823, p = 0.6119, 
 tau2 = 0,  I2 = 0). The formation of biochar with a highly 
developed specific surface area, high porosity, pH, ash 
and carbon content. But low CEC and volatile matter 
content is facilitated by a high pyrolysis temperature. 
This is most likely related to a high level of decomposi-
tion of organic matter (Tomczyk et  al. 2020). At low 
pyrolysis temperature, the organic content in the range of 
14.3–88% (38.84% of the studies), 4.7–60% for high pyrol-
ysis temperature (19.42% of the studies) and for medium 
pyrolysis temperature, and the range is 11.2–86.2% 

(41.72% of the  studies). We can conclude that biochar 
prepared at 550 °C would have the best effect on the rec-
lamation of mine soil. The organic content in the biochar 
can be either labile or recalcitrant in nature. When bio-
char is pyrolysed at higher temperature, the labile frac-
tion is often lost and the most stable carbon is formed. 
A meta-analysis on the biochar carbon content reported 
that biochar produced at low temperature has higher 
organic carbon content (Chagas et  al. 2022). Thus, bio-
char pyrolyzed at low temperatures has a greater poten-
tial to increase the organic carbon content of degraded 
coal mine spoils which are totally devoid of soil organic 
matter.

3.1.5  Surface area of biochar
For the analysis of surface area (SA) of biochar, the 
study comprised of a  total of  three ranges of pyrolysis 
temperature, for which correlation coefficient was cal-
culated to be in the range of 0.0230 to 0.2572, with all 
of the estimates being positive (100%). Based on the 
random-effects model, the calculated Fisher r-to-z 
transformed coefficient of correlation was 0.1508 (95% 
CI: 0.0097 to 0.2918). Therefore, the average outcome 
differed significantly from zero (z = 2.0951, p = 0.0362). 
Although the Q-test for heterogeneity found no signifi-
cant differences, some heterogeneity may still remain in 
the true results (Q = 5.2903, p = 0.0710,  tau2 = 0.0097, 
 I2 = 62.1952%). The actual occurrences are projected 
with a 95% confidence interval and given by − 0.0880 
to 0.3895 as shown in Fig.  2e. Hence, despite the fact 
that the average outcome is positive, the true outcome 
in some research could be negative. At low pyrolysis 
temperature, surface area was found in the range of 0.02 
to 422  m2g− 1 (34.03% of the  studies), for high pyroly-
sis temperature, SA was in the range of 1–907.4  m2g− 1 
(38.09% of the studies). For medium pyrolysis tempera-
ture the value was 1–500.9  m2g− 1 (27.80% of the stud-
ies). The surface area and porosity of biochar have been 
found to alter as the pyrolysis temperature increases 
(Bonelli et  al. 2007). Specific surface area of biochar 
produced at 800 °C is significantly higher than  that of 
the biochar produced at 400 °C (Tan and Yuan 2019). 
This is most likely related to organic matter breakdown 
and the production of micropores (Katyal et  al. 2003). 
Furthermore, higher pyrolysis temperatures may result 
in increased surface area due to the degradation of ali-
phatic alkyls and ester groups, as well as the exposure 
of the aromatic lignin core (Chen and Chen 2009). Due 
to the large SA of the biochar, it helps retain water in 
coarse coal mine spoils which improves the plant avail-
able water. Also, these pores provide abode for micro-
bial activities and enzyme exchange (Ghosh and Maiti 
2020).
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3.2  Proximate analysis
3.2.1  Ash content
Ash content was  calculated on the basis of three 
ranges of pyrolysis temperatures  had a  Fisher r-to-
z converted correlation coefficient of − 0.1813 to 
0.2206, with the majority of estimates being posi-
tive (67%) as shown in Fig. 3a. Based on the random-
effects model, the calculated Fisher r-to-z transformed 

coefficient of correlation was 0.0515 (95% CI: − 0.1751 
to 0.2781). Therefore, the average outcome did not 
differ significantly from zero (z = 0.4456, p = 0.6559). 
The genuine outcomes appeared to be heterogene-
ous, according to the Q-test (Q = 22.7260, p < 0.0001, 
 tau2 = 0.0366,  I2 = 91.1995%). The true outcomes were 
projected with a 95% confidence interval and given by 
− 0.3864 to 0.4894. Hence, despite the fact that the 

Fig. 3 Forest plot sowing the mean effect size of individual observations regarding the a ash content; b volatile matter with respect to pyrolysis 
temperature. Response ratio statistics are shown ±95% confidence limits
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average outcome was positive, the true outcome in 
some research could be negative. For pyrolysis tem-
perature less than 450 °C, 39.86% of considered stud-
ies reported ash content between of 0.3 to 74.95%, 
58% of study reported ash content between 2.1 to 88% 
for pyrolysis temperature greater than  550 °C and for 
medium pyrolysis temperature 30.3% study reported 
ash content in between 0.7–76.9%. The ash content of 
biochar increased significantly as the pyrolysis tem-
perature increased, but the residence time had little 
effect on the ash content. This is expected because 
more burn off over time at this high temperature leads 
to yield loss mostly because of the organic matter loss 
(Rehrah et al. 2014; Noor et al. 2019). Thus, for low to 
medium temperature biochar would be best suited for 
coal mine restoration as the higher ash content can 
affect its pH.

3.2.2  Volatile matter
Figure  3b shows the effect of pyrolysis temperature on 
the volatile matter of the biochar at three different ranges 
of pyrolysis temperature. Fisher r-to-z converted cor-
relation coefficient was calculated to be in the range of 
− 0.8160 to − 0.0719, with all of estimates being nega-
tive (100%). Based on the random-effects model, the 
calculated Fisher r-to-z transformed coefficient of cor-
relation was 0.3407 (95% CI: − 0.8293 to 0.1479). There-
fore, the average outcome did not differ significantly from 
zero (z = − 1.3667, p = 0.1717). The genuine outcomes 
appeared to be heterogeneous, according to the Q-test 
(Q = 58.4738, p < 0.0001,  tau2 = 0.1800,  I2 = 96.5797%). 
The actual occurrences were projected with a 95% con-
fidence interval and given by − 1.3052 to 0.6238. As a 
result, while the average outcome was projected to be 
negative, the true outcome in some studies might be 
positive. For the low pyrolysis temperature, volatile mat-
ter was 7.6–78%, for high pyrolysis temperature, it was 
1.3–58.3%, and for medium pyrolysis temperature, it was 
5.72–70%. Pyrolysis temperature causes the release of 
volatiles and creation and volatilization of intermediate 
melts, which affect the structure of the biochar (Crombie 
et al. 2013; Shaaban et al. 2014; Tag et al. 2016). A 60.8% 
to 14.9% decrease in volatile matter was also reported by 
Zhao et  al. (2017) with increase in temperature. Thus, 
from the above meta-analysis data it can be concluded 
that as the temperature increases, the amount of volatile 
matter decreases.

3.3  Ultimate analysis
3.3.1  Total carbon in biochar
Fisher r-to-z converted correlation coefficient was  in the 
range of − 0.0530 to 0.1149, with the maximum of esti-
mates being positive (67%). Based on the random-effects 

model, the calculated Fisher r-to-z transformed coefficient 
of correlation was 0.0356 (95% CI: − 0.0557 to 0.1269). 
Therefore, the average outcome did not differ significantly 
from zero (z = 0.7649, p = 0.4443). The Q-test indicated 
that the genuine outcomes seemed to have no signifi-
cant heterogeneity (Q = 4.3543, p = 0.1134,  tau2 = 0.0035, 
 I2 = 54.0689%). The actual occurrences were projected 
with a 95% confidence interval and given by − 0.1122 to 
0.1835. Hence, despite the fact that the average outcome 
was positive, the true outcome in some research could be 
negative as shown in Fig. 4a. For low pyrolysis tempera-
ture, reported carbon content was in the range of 14.11–
85.2% (30.20% of the  studies), while for high pyrolysis 
temperature, 30.8% of the  studies reported high carbon 
content in the range of 24.6–97.3% and for medium pyrol-
ysis temperature the carbon content was also high (20.3–
93%). The carbon content of biochar increases as the 
pyrolysis temperature increases (Chen et al. 2008; Fuertes 
et al. 2010). Other meta-analyses, evaluating up to 56 arti-
cles, found overall increases of 39% (Bai et al. 2019) and 
52% (Liu et al. 2016) in organic C for soils with biochar. 
C increments promoted by biochar in the present study 
were greater than those observed in the above mentioned 
studies. Another study conducted by Ahmad et al. (2014) 
reported the C content to be 26.62–90.10% in low pyrol-
ysis temperature while 20.19–94.20% in high pyrolysis 
temperature. Increased carbon content at higher temper-
ature might be due to high degree of polymerization with 
increase in pyrolysis temperature (Domingues et al. 2017). 
There is a decrease in the acidic functional group due to 
increase in temperature making the biochar alkaline in 
nature (Wang et  al. 2015). Alkyl (C≡), alkoxy  (CH3O-), 
and carboxylic carbon (−COOH) are usually found in 
the lower temperature biochar while aromatic carbon 
is mostly found in the high temperature biochar (Wang 
et al. 2019). Thus, for the restoration of coal mine spoils, 
biochar can be produced at low or medium temperature 
for labile carbon for microbial activity enhancement. At 
higher pyrolysis temperature, it will help enhance the car-
bon stock of the coal mine spoils.

3.3.2  Total hydrogen in biochar
Fisher r-to-z converted correlation coefficient was cal-
culated to be in the range of − 0.5702 to 0.1428 for total 
hydrogen in biochar. The analysis comprised a total of 
three studies with the majority of estimates being nega-
tive (67%). Based on the random-effects model, the calcu-
lated Fisher r-to-z transformed coefficient of correlation 
was − 0.1583 (95% CI: − 0.5906 to 0.2739) as shown 
Fig. 4b. Therefore, the average outcome did not differ sig-
nificantly from zero (z = − 0.7180, p = 0.4727). The genu-
ine outcomes appeared to be heterogeneous, according 
to the Q-test (Q = 71.8883, p < 0.0001,  tau2 = 0.1418, 
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 I2 = 97.2179%). The actual occurrences were projected 
with a 95% confidence interval and given by − 1.0136 
to 0.6969. Hence, as a result, while the average outcome 
was projected to be negative, the true outcome in some 
studies might be positive. As the temperature increases, 
the elemental hydrogen is usually lost (Kim et al. 2012). 
Low pyrolysis temperature had a H content of 0.5–15.1%, 
0.21-8%  for high pyrolysis temperature and 0.8-8.5%  for 
medium pyrolysis temperature. Similarly, Fernandes et al. 
(2020) reported that the H content decreased from 3.76 
to 0.9% as the pyrolysis temperature increased (R = 0.72). 
A greater release rate of hydrogen and oxygen in the form 
of water vapour caused the progressive increase in C con-
tent of the biochar as the temperature goes up (dehydra-
tion). The ratios of H and C play a very important role in 
determining the aromaticty of the produced biochar.

3.3.3  Total nitrogen in biochar
Figure  4c shows the effect of pyrolysis temperature on 
the total nitrogen of the biochar. Fisher correlation 

coefficient was calculated to be in the range of − 0.0983 
to − 0.0470, with the majority of estimates being nega-
tive (100%). Based on the random-effects model, the 
calculated Fisher r-to-z transformed coefficient of cor-
relation was 0.0623 (95% CI: − 0.1260 to 0.0015). There-
fore, the average outcome did not differ significantly 
from zero (z = − 1.9146, p = 0.0555). The Q-test indi-
cated that the genuine outcomes seemed to have no sig-
nificant heterogeneity (Q = 0.5192, p = 0.7714,  tau2 = 0, 
 I2 = 0). The N content was unaffected by the pyrolysis 
temperature, indicating a non-significant correlation 
(R = 0.08). In general, the amount of nitrogen in bio-
char is determined by the type of feedstock material uti-
lised and not by the pyrolysis conditions. Furthermore, 
N-containing structures in woody matrices are more 
resistant to destruction as the temperature increases 
(Fernandes et  al. 2020). N is highly preserved in raw 
material wood-derived biochar, which is likely due to 
the production of heterocyclic N such as pyridines and 
pyrroles (Huang et al. 2020).

Fig. 4 Forest-plot of biochar properties in response to pyrolysis temperature. a total carbon; b total hydrogen, c total nitrogen, d total oxygen. 
Response ratio statistics are shown ±95% confidence limits
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3.3.4  Total oxygen in biochar
The variation in the total oxygen in biochar with three 
ranges of pyrolysis temperature is shown in Fig. 4d. Fisher 
r-to-z converted correlation coefficient was calculated to 
be in the range of − 0.7218 to − 0.0651, with all of the 
estimates being negative (100%). Based on the random-
effects model, the calculated Fisher r-to-z transformed 
coefficient of correlation was − 0.2855 (95% CI: − 0.7233 
to 0.1523). Therefore, the average outcome did not dif-
fer significantly from zero (z = − 1.2783, p = 0.2012). The 
genuine outcomes appeared to be heterogeneous, accord-
ing to the Q-test (Q = 75.0820, p < 0.0001,  tau2 = 0.1457, 
 I2 = 97.3362%). The actual occurrences were projected 
with a 95% confidence interval and given by − 1.1522 
to 0.5812. Hence, as a result, while the average outcome 
was projected to be negative, the true outcome in some 
studies might be positive. 40.9% of considered studies 
reported total oxygen in the range of 4.1 to 50.1% for low 
pyrolysis temperature, 32.05% of the  studies reported 
oxygen content in the range of 0.15–26.8% for high pyrol-
ysis temperature and for medium pyrolysis temperature, 
27.03% of the  studies found total oxygen in the range 
of 0.52 to 40.6. The increase in pyrolysis temperature 
was negatively correlated with the increase in O con-
tent (R = 0.84), with a decrease of 19.41% to 10.75%), A 
greater release rate of hydrogen and oxygen in the form 
of water vapour caused the progressive decrease in O 
content (Gonzaga et al. 2017; Fernandes et al. 2020). The 
pyrolysis process favours the removal of H and O from 
the organic phase over C, and increasing the pyrolysis 

temperature accelerates the removal of H and O (Joseph 
et al. 2010).

3.4  Effect of pyrolysis temperature on biochar nutrient 
content

3.4.1  Total calcium content of biochar
Fisher r-to-z converted correlation coefficient was  found 
to be in the range of 0.0112 to 0.0871, with all the estimates 
being positive (100%). Based on the random-effects model, 
the calculated Fisher r-to-z transformed coefficient of cor-
relation was 0.0586 (95% CI: − 0.0528 to 0.1699). There-
fore, the average outcome did not differ significantly from 
zero (z = 1.0309, p = 0.3026). The Q-test indicated that the 
genuine outcomes seemed to have no significant heteroge-
neity (Q = 0.2946, p = 0.8630,  tau2 = 0,  I2 = 0). Ca content 
was 100 to 267,804 mg  kg− 1 for low pyrolysis biochar, 92 to 
311,232 mg  kg− 1 for high and 392 to 300,000 mg  kg− 1 for 
biochar produced at ~ 450–500 °C. Thus, from the above 
meta-analysis data it can be concluded that with increase 
in temperature, the Ca content also increases in the bio-
char (Fig. 5a). Thus, as high calcium content in coal mine 
spoils can affect plant growth negatively, low temperature 
biochar (~ 450 °C) should be best suited for biochar pro-
duction. Ghosh et al. (2020) studied the biochar properties 
at 250–450 °C and reported that Lantana biochar produced 
at 450 °C was best suited for coal mine spoil restoration.

3.4.2  Total iron content in biochar
Figure  5b shows the effect of pyrolysis temperature on 
the Fe content of the biochar. The analysis was comprised 

Fig. 5 Forest-plot depicting the mean effect size of biochar nutritional properties with respect to pyrolysis temperature: a calcium content, b iron 
content, c magnesium content, d potassium content. Response ratio statistics are shown ±95% confidence limits
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with a total of three studies. Fisher r-to-z converted cor-
relation coefficient was in the range of − 0.1273 to 0.3245, 
with the majority of estimates being negative (67%). 
Based on the random-effects model, the calculated Fisher 
r-to-z transformed coefficient of correlation was 0.0395 
(95% CI: − 0.1989 to 0.2779). Therefore, the average out-
come did not differ significantly from zero (z = 0.3248, 
p = 0.7453). Although the Q-test for heterogeneity found 
no significant differences, some heterogeneity might 
still remain in the true results (Q = 5.5629, p = 0.0619, 
 tau2 = 0.0282,  I2 = 64.0478%). The actual occurrences 
were projected with a 95% confidence interval and given 
by − 0.3671 to 0.4461. Hence, despite the fact that the 
average outcome was positive, the true outcome in some 
research could be negative. For low pyrolysis temperature 
39% of the studies found Fe content in the range of 5 to 
18,000 mg  kg− 1; for high pyrolysis temperature, 21.50% of 
the studies reported the Fe content in the range of 51 to 
37,202 mg  kg− 1 and for medium pyrolysis temperature, 
39.50% of the studies found the Fe content between 16 to 
31,123 mg  kg− 1.

3.4.3  Total magnesium content in biochar
The analysis comprised a total of three studies. Fisher 
r-to-z converted correlation coefficient found to be in the 
range of 0.0633 to 0.0946, with all of the estimates being 
positive. Based on the random-effects model, the calcu-
lated Fisher r-to-z transformed coefficient of correlation 
was 0.0847 (95% CI: − 0.0273 to 0.1968). Therefore, the 
average outcome did not differ significantly from zero 
(z = 1.4820, p = 0.1383). The Q-test indicated that the 
genuine outcomes seemed to have no significant hetero-
geneity (Q = 0.0531, p = 0.9738,  tau2 = 0,  I2 = 0) as shown 
in Fig. 5c. For low pyrolysis, 32.70% reported the Mg con-
tent in the range of 25–165,000 mg  kg− 1; for high pyroly-
sis temperature, 27.30% reported the Mg content in the 
range of 57 to 211,000 mg  kg− 1. For the medium pyroly-
sis temperature 40% of the  studies found Mg content 
between 21.8 to 128,000 mg  kg− 1. According to Enders 
et al. (2012), biochar prepared at pyrolysis temperature of 
600 °C has a concentration of calcium (31%) and magne-
sium (0.29%) (Cantrell et al. 2012). Thus, from the above 
meta-analysis data, it can be concluded that as tempera-
ture increases Mg content increases in the biochar.

3.4.4  Total potassium content of biochar
K content analysis included a total of three ranges of 
pyrolysis temperatures. Fisher r-to-z converted corre-
lation coefficient was calculated to be in the range of 
0.0002 to 0.0271, with all of the estimates being posi-
tive (100%) as shown in Fig. 5d. Based on the random-
effects model, the calculated Fisher r-to-z transformed 
coefficient of correlation was 0.0162 (95% CI: − 0.0885 

to 0.1208). Therefore, the average outcome did not dif-
fer significantly from zero (z = 0.3027, p = 0.7621). The 
Q-test indicated that the genuine outcomes seemed 
to have no significant heterogeneity (Q = 0.0579, 
p = 0.9715,  tau2 = 0,  I2 = 0). Out of considered stud-
ies 35.83% reported K content in the range of 264 to 
172,000 mg  kg− 1 for low pyrolysis temperature, 25% 
study reported the K content in the range of 682 to 
257,000 mg  kg− 1 for high pyrolysis temperature and 
39.17% study reported K content in range of 525 to 
255,000 mg  kg− 1 for medium pyrolysis temperature. 
According to the research of  Hossain et  al. (2020), to 
retain plant nutrient such as N, P and K, the tempera-
ture for biochar production should be low tempera-
ture < 400 °C. Major et al. (2010) reported an incerase in 
the nutrient uptake by 5–100 kg K  ha− 1 in maize by bio-
char at  20 t  ha− 1. As temperature increases, K content 
increases in the biochar. The amount of K increases 
as the pyrolysis temperature increases; hence, it can 
be  concluded that K is mostly found in the inorganic 
part of the plant biomass (Hossain et al. 2011; Anawar 
et  al. 2015). Thus, maximum K availability by biochar 
application can be obtained by pyrolysing the biomass 
at ~ 450 °C.

Summary of the biochar characteristics obtained in 
low, medium, and high pyrolysis temperatures and the 
percentages of the data from the meta-analysis study are 
given in Table 2. Percentage of studies for each parameter 
indicates the proportion of the total studies that reported 
the mentioned range of value in each temperature range. 
For example, in low pyrolysis temperature the percentage 
of studies for pH is 37.35%, which indicates that 37.5% of 
the total study reported a pH range of 5.1–10.6, 32.74% 
reported pH range of 5.8–11.1 and 29.91% reported pH 
value to be 6.6–12.3. Thus, the  higher the percentage of 
the studies reported, higher is the higher  data homog-
enous and reliability are.

4  Conclusions
Understanding the impact of pyrolysis temperature on 
biochar can help researchers and practitioners optimise 
its production conditions to meet the mining industry’s 
coal mine spoil restoration needs. This meta-analysis 
summarised the effect of pyrolysis temperature on bio-
char physio-chemical and nutrient properties. The  pH 
varied significantly with pyrolysis temperature. Bio-
char produced at a  high temperature (pH = 6.6–12.3) 
was more alkaline compared to that at a  low tem-
perature  (pH = 5.8–11.1). Similarly, specific surface 
area and the contents of ash and carbon also increased 
by ascending temperature. However, CEC showed 
an opposite trend where the value was maximum at 
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low temperature, followed by those at  medium and 
low  temperatures. Similarly, at low pyrolysis tempera-
ture, the organic content was 14.3–88%, while it was 
4.7–60% and 11.2–86.2% for high and medium. Biochar 
produced at high pyrolysis temperatures had high Ca, 
Mg, Na, and K content. Although the meta-analysis 
shows that biochar is produced at different tempera-
tures, it is advisable that neither low nor high tempera-
ture is best suited for nutrient retention properties of 
biochar which are required for plant growth. Thus, 
from this meta-analysis, it can be concluded that mod-
erate pyrolysis temperature (450–550 °C) is best suited 
for producing high-quality biochar with respect to 
nutritional parameter for mine spoil reclamation.

5  Future recommendations
Predictive relationships between biochar production, 
properties and performance are particularly important 
for discussing the economic viability of biochar for mine 
spoil reclamation and sustainability. However, more 
accurate predictions using the present approaches are 
limited by a shortage of effective data despite the large 
number of biochar-related publications. In order to fill 
the data and research gaps, additional biochar studies are 
encouraged to be conducted systematically in the follow-
ing directions:

(1) Current literature mostly reports pot / greenhouse 
experiments. Thus, biochar produced at varying 

pyrolysis temperature ranges should be applied for 
long-term experiment which are correlated with 
nutrient availability. The vis-a-vis plant growth 
should be done to popularise biochar based mine 
spoil reclamation.

(2) For the in-situ biochar production, three aspects 
need to be considered, i.e., cost, available feedstock 
and mass scale in-situ production. To minimise the 
cost of biochar production and application, feed-
stock such as invasive weeds growing abundantly 
in mining areas should be utilized. This will help 
reduce transportation cost and also help eradicate 
invasive weeds which cause allellopathy during 
plantation stages of coal mine reclamation. Mass 
scale production on-site by Sub-Saharan Africa 
can also help reduce the cost of production as the 
method does not require any machinery or fuel for 
its pyrolysis.
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Table 2 Summary of the biochar characteristics obtained in low, moderate and high pyrolysis temperature and the percentage of the 
data from the meta-analysis study (n = 80)

a Percentage of study for each parameter indicates the proportion of the total study that reported the mentioned range of value in each temperature range, i.e., in low 
pyrolysis temperature % study for pH is 37.35%, which indicates that 37.5% of the total study reported a pH range of 5.1–10.6b

Parameter Low pyrolysis temperature 
(< 450 °C)

Moderate temperature (450–
550 °C)

High pyrolysis temperature 
(> 550 °C)

Value of parameter %  Studya Value of parameter %  Studya Value of parameter %  Studya

pH 5.1–10.6b 37.35a 5.8-11.1 32.74 6.6–12.3 29.91

CEC (mmol kg−1) 23.6–228 30.67 4.63–210 40.44 3.18–187 28.88

Organic contents (%) 14.3–88 38.84 11.2–86.2 41.72 1.47–60.9 19.42

Surface area (m2 g−1) 0.02–422 34.04 1–500.9 27.80 1–907.4 38.09

Ash content (%) 0.3–74.95 39.86 0.7–76.9 30.3 2.1–88 29.38

Volatile matter (%) 7.66–78 39.83 5.72–70 28.13 1.3–58.3 32.03

Total carbon (%) 14.11–85.2 30.20 20.3–93 39 24.6–97.3 30.8

Total hydrogen (%) 0.5–15.1 32.15 0.8–8.5 35.56 0.21–8 32.26

Total oxygen (%) 4.1–50.1 40.9 0.518–40.6 27.03 0.15–26.8 32.05

Total calcium (mg kg−1) 100–267,804 32.29 392–300,000 40.1 92–311,232 27.58

Total iron (mg kg− 1) 5–18,000 40 16–31,123 39.50 51–37,202 21.50

Total magnesium (mg kg− 1) 25–165,000 32.70 21.8–128,000 40 57–211,000 27.30

Total potassium (mg kg− 1) 264–172,000 35.83 525–255,000 39.17 682–257,000 25
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