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temperature, the concentration of PTEs in smoke par-
ticles decreased and PTEs in residual ashes increased 
in different degrees. The risk evaluation results indi-
cate that PTEs may cause moderate or higher levels 
of contamination. The overall contamination level of 
PTEs in the residual ashes of CB was higher than that 
of other plant. The results show in this study would 
contribute to understanding the environmental risks 
of wildfire and prescribed burning in PTEs-contami-
nated areas.

Keywords  Contaminated biomass · Potentially 
toxic elements · Forest fire · Transformation · 
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Introduction

Potentially toxic elements (PTEs) in the environ-
ment, such as As, Co, Cr, Cd, Cu, Ni, Pb, Sb, and 
Zn, are of broad concern due to their high toxic 
potential, environmental persistence and tendency 
to be bio-accumulated (Campos et al., 2015, 2016; 
Duffus, 2001; Hodson, 2004; Kelly et  al., 2006). 
PTEs contribute to contamination in soil and 
aquatic environments and the immediate risks to 
human and ecosystems health. When the body is 
exposed to PTEs continuously, it may lead to harm-
ful health effects such as stunted physical develop-
ment, gastrointestinal–kidney–respiratory disor-
ders, anemia, cancer, and so on. (Chen et al., 1996; 
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Pearce et  al., 2012; Zhang et  al., 2019). A survey 
conducted by China’s Ministry of Environmental 
Protection and the Ministry of Land and Resources 
(CEPM & BLR, 2014) shows that soil pollution 
is serious in some areas, especially in abandoned 
industrial and mining areas. The over-standard rates 
of Cd, Hg, As, Cu, Pb, Cr, Zn, and Ni were 7.0%, 
1.6%, 2.7%, 2.1%, 1.5%, 1.1%, 0.9%, and 4.8%, 
respectively. Metal mining is one of the primary 
anthropogenic sources of PTEs contamination in 
China, which has proven mineral resource reserves 
accounting to 12% of the world’s total mineral 
resource (Hu et al., 2011). Mining activities such as 
mining, milling, and grinding operations, disposal 
of tailings, and mine and mill waste water change 
the environments of the original land. That will 
lead to severe contamination in the mine area, thus 
causing the accumulation of PTEs in the plant, soil, 
and aquatic environments of the corresponding area 
(Dudka & Adriano, 1997; Liu et al., 2005; Yao-Guo 
et al., 2010; Zhang et al., 2019).

Moreover, the contamination of mine legacy is 
considered among the worst environmental problems 
and a serious hazard to ecosystem and human health. 
The improvement of hostile environment is necessary 
for ecological restoration of mine legacy (Gutiérrez 
et al., 2016). Application of suitable plant species for 
the restoration of mining sites is one of the primary 
way of ecological restoration (Burges et  al., 2018; 
McCutcheon & Schnoor, 2003; Ranđelović et  al., 
2016). For example, Huangshi National Mine Park in 
China with various vegetation plays a significant role 
in ecological reconstruction, which greatly improved 
the environment of the mining legacy. Because for-
est ecosystems can fix most metals in ground bio-
mass and the soil organic layers (especially Hg, Cu, 
and Pb), thus effectively reducing PTEs mobiliza-
tion (Shcherbov, 2012). For example, Grigal (2003) 
reported that around 90% of the Hg in the forest is 
found to be fixed with soil organic matter (SOM). 
However, when a wildfire or controlled fire, combus-
tion of biomass and SOM will change soil properties, 
releasing PTEs to forest ecosystems. Therefore, forest 
fire is not only the most common disturbance factor 
in nature but also the main promoting factor of PTEs 
mobilization in nature (Abraham et al., 2017). Nowa-
days, fire intensity and frequency have also gradually 
increased due to climate change. It was reported that 
approximately 1% world’s forests had been affected 

by fire each year (Barbero et al., 2015; Fraser & Li, 
2002).

Forest fire may re-release PTEs from the biomass 
to the soil surface by biomass combustion and the 
decomposition of metal complex organic matter in 
the soil at high temperatures. Alternatively, the inter-
action of residual ashes with the soil surface leads 
to re-deposition of PTEs, all of which processes 
may lead to PTEs change in the soil and thus alter 
the soil chemical properties (Campos et  al., 2016; 
Jakubus et al., 2010; Ulery et al., 1993). Young and 
Jan (1977) studied the possibility of metal reactiva-
tion after fire in Angel National Forest in California, 
USA, and found that the concentrations of nine met-
als increased in ash deposited on the surface. Abra-
ham et al. (2018) reported that As, Cd, Mn, Ni, and 
Zn contents increased 1.1, 1.6, 1.7, 1.1, and 1.9 times, 
respectively, in the post-fire environment, whereas 
the contents of Hg, Cr, and Pb decreased to 0.7, 0.9, 
and 0.9 times, respectively, highlighting consider-
able PTEs mobilization during and after a controlled 
fire. In addition, the presence of PTEs in residual ash 
is related directly to vegetation type (Beda, 2010; 
Campos et  al., 2015; Shin et  al., 2002). For exam-
ple, Shin et al. (2002) found that the post-fire ash of 
red pine species contained a high concentration of 
Cd in the mountainous areas of Korea. Campos et al. 
(2015) found that Co and Ni contents in the ash of 
pine plantations after the fire were higher than that of 
eucalyptus. Many types of research showed that the 
high Mn content in ash is related to the typically high 
Mn content in vegetation, especially in the needles 
of resinous tree (Abraham et al., 2017; Marco et al., 
2005). Besides, some of the PTEs that are volatile at 
high temperatures may be released into the atmos-
phere along with the large amount of smoke produced 
by combustion, and then migrate with atmospheric 
movement to areas outside the burned area, thus 
expanding the potential active range of PTEs (Shcher-
bov, 2012). Meanwhile, forest fire could form a tem-
porary hydrophobic layer on the soil surface or its 
adjacent areas, resulting in a decrease in soil infiltra-
tion levels and an enhancement of surface runoff. As 
a result, PTEs in residual ash can contaminate down-
stream waters through surface runoff (Costa et  al., 
2014; DeBano, 2000; Ebel & Moody, 2017; Moody 
et al., 2009).

Forest fires and the widespread usage of biomass 
energy can lead to the mobilization of PTEs fixed in 
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the contaminated biomass, which is particularly per-
tinent to legacy mining areas (Abraham et al., 2018; 
Murphy et  al., 2020). Because the soil and biomass 
of legacy mining areas were contaminated. Therefore, 
the release and risk of PTEs after fire event in mine-
woodlands and mine-park need to be further explored. 
What about the risk of mobilization of plant-fixed 
PTEs by fire events (wildfires or controlled burns)? In 
this study, the total content and distribution of PTEs 
in fire smoke particles and residual ashes are investi-
gated from laboratory-based combustion of five plant 
types collected in Huangshi National Mine Park, 
Hubei Province, China. The main work includes (1) 
determination of the effects of the temperature and 
plant type on PTEs concentration and distribution and 
(2) understanding the environmental risk of biomass 
combustion in areas with high background value of 
PTEs. The result will also be helpful for local, city, 
and national authorities and environmental agencies 
to conduct better environment and fire management 
practices within legacy mining landscapes. Moreover, 
this study may also assist un-rehabilitated mine site 

management in other fire-prone regions or countries. 
Despite the relatively small study area, the mobiliza-
tion of PTEs during or after any kind of fire events 
(including controlled burns) are significant because 
more than a million unrestored legacy mine sites exist 
worldwide, and many of them are in fire-prone forest 
regions (Abraham et al., 2018).

Experiments and methods

Sample collection and processing

All plants and soil samples used in this study were 
collected from Huangshi National Mine Park, Hubei 
Province, China (30° 13′ N, 114° 55′ E), as shown in 
Fig. 1. The mine park is located in a historic iron-ore 
mining area with the largest hard rock afforestation 
reclamation base in Asia, with an area of about 23.2 
km2. Soil samples were collected from eight sites, 
including study areas A, B, and C and other areas in 
the mine park. Five-point sampling method was used 

Fig. 1   Location of the 
study area
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to collect the soil at 0–10 cm on the surface soil for 
each site. The soil collected at five points were mixed 
and stored in the same polyethylene sample bag and 
then were transferred to the laboratory. After natural 
drying in the laboratory, ground and mix thoroughly, 
and pass through a 100-mesh nylon sieve. The con-
tent of PTEs in the soil collected from this mine park 
is shown in Table 1.

Based on the preliminary survey of the mine park, 
the vegetation in sites A and B is comprised of arbor, 
shrubs, and herbaceous plant, and the vegetation 
in site C is mainly comprised of shrubs and herba-
ceous plant. Five dominant plants combustibles were 
selected in the study area: Camphor leaves (CL), 
Camphor dead-branch (CB), Ramie (RA), Miscanthus 
sinensis (MS), and Dryopteris (DR). Plants combusti-
bles were selected from three sampling sites: A (CL, 
CB, DR, MS, RA), B (CL, CB, DR, MS, RA), and C 
(MS, RA). Each sampling site takes 20  m × 20  m as 
the sample area. 20 samples were collected for each 
plant in each sampling sites. The ground-fallen leaves 
and dead branches were collected from camphor 
trees, while the remaining three were collected from 
the ground part of the plant, sealed and marked after 
collection, and transferred to the laboratory for stor-
age at 4 °C until processing. In the laboratory, fresh 
plant samples were processed at 120 °C about half an 
hour and were dried at 70 °C to keep the water con-
tent in the 0–20% range.

To reduce the interference of the shape and size 
for different plant combustibles, samples were 
crushed and were passed through 20-mesh and 100-
mesh nylon screens, respectively. The samples in the 
20–100 mesh range were selected as the experimen-
tal fuel for this study. Elemental analysis of five plant 
combustibles and their moisture content is listed in 
Table 2.

Combustion experimental apparatus

In this study, the cone calorimeter platform (MOTIS-
MCCT, China) was used to conduct combustion 
experiments of forest combustibles. The cone calo-
rimeter (abbreviated: CONE) was developed by 
Babrauskas et  al. (1992) based on the principle of 
oxygen depletion, and the construction is shown in 
the Fig. 2. The advantage is to simulate the burning 
environment and combustion state of woodland com-
bustible materials more realistically and obtain the 
characteristic parameters of flammable materials in 
fire (such as heat release rate, total heat release, and 
mass loss, and so on). The woodland combustibles 
were ignited in the combustion chamber while con-
stant thermal radiation was applied to the fuel through 
the thermal radiation cone, maintaining the combus-
tion of the woodland combustibles until they burned.

The top of the combustion chamber outlet is con-
nected with a stainless steel circular exhaust duct of 

Table 1   Average PTEs content of soils in Huangshi National Mine Park and around areas (mg/kg)

a The screening and control values are taken from the reference values recommended in the Chinese Environmental Protection Minis-
try (CEPM, China) soil Quality standards “GB 36600-2018” and “GB 15618-2018”
b GB—Geochemical background values of Hubei Province, China (CNEMC, 1990)

Element Minimum Maximum Mean ± SD Screening valuea Control valuea GBb

As 69.32 307.35 146.20 ± 87.65 60 140 12.30
Be 0.65 3.93 1.70 ± 1.16 29 290 2.08
Co 23.66 136 72.21 ± 41.69 70 350 15.40
Cr 65.70 133.73 96.83 ± 22.99 5.7 78 86
Cd 1.72 7.64 3.515 ± 2.27 65 172 0.17
Cu 417.65 2599.08 1605.27 ± 734.84 18,000 36,000 30.70
Mn 760.12 1314.37 968.09 ± 202.87 – – 712
Ni 20.62 110.87 68.73 ± 31.59 900 2000 37.30
Pb 30.80 247.45 94.48 ± 78.40 800 2500 26.70
Sb 6.48 24.14 13.60 ± 6.72 180 360 1.65
V 84.68 147.05 110.24 ± 23.04 752 1500 110.20
Zn 388.64 927.14 519.89 ± 213.84 300 (agricultural soil, pH > 7.5)；250 (agricultural soil, 

6.5 < pH < 7.5)
83.60
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about 4  m in length and 120  mm in diameter, with 
pressure sensors, thermocouples, and three sampling 
ports set up on the side of the exhaust duct in turn. 
They can measure flue pressure, flue gas temperature, 
gas flow rate, CO, CO2, O2, and collect smoke par-
ticles, respectively. Thermocouples in the flue pipe 
can monitor the temperature change of the flue gas 
throughout the combustion process. Smoke particles 
were collected through glass fiber filter cartridges, 
which were dried at 120  °C and kept at a constant 
temperature and humidity for 48  h before and after 
sampling. The combustible samples were placed in a 
100 mm × 100 mm × 50 mm stainless steel box with 
a non-combustible glass wool liner at the bottom so 
that the distance between the samples and the bottom 
of the radiation cone was kept at 25 mm.

In this study, thermal radiation temperature 
and plant type are set as influencing factors. The 
radiation temperatures were set at 400 °C, 500 °C, 

600  °C, 700  °C, and 800  °C to study the effect of 
radiation temperature on the total content and distri-
bution of PTEs in the smoke particles and residual 
ashes. Five plant combustibles (CL, CB, RA, MS, 
DR) were selected to investigate the differences in 
the total content and distribution of PTEs in the 
fire events. The experiment was conducted by heat-
ing the radiation cone to the specified temperature, 
weighing the sample and then igniting it by elec-
tronic lighter, and recording the ignition and flame 
extinguishing time. Based on the literature survey 
(Dupuy, 1995; Mickler et  al., 2002; Sánchez-Pinil-
los et al., 2021), the forest fuel load was in the range 
of 0–2 kg/m2. Based on field sampling calculation, 
the fuel load range of this study area is 0.5–1.5 kg/
m2, and the average load is close to 1 kg/m2. There-
fore, the fuel load of this experiment was limited to 
1.131 kg/m2, i.e., 10 g was taken for each sample.

Table 2   Elemental 
analysis of typical plant 
combustibles and their 
moisture content

Plant type Label Elemental analysis (wt%) Moisture 
content 
(wt%)C H N S

Camphor leaves CL 46.26 5.400 1.53 0.489 16.36
Camphor dead branches CB 46.09 5.746 0.75 0.219 15.54
Ramie RA 36.45 4.959 2.06 0.420 11.19
Miscanthus sinensis MS 44.50 6.021 1.28 0.201 9.86
Dryopteris DR 36.96 5.410 2.01 0.595 12.33

Fig. 2   Schematic illustra-
tion of the combustion 
platform
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Characterization and analysis methods

PTEs content analysis

After each batch experiment, the entire filter car-
tridge was cut out into small pieces with ceramic 
scissors, placed in a Teflon beaker, and the residual 
ash in the box was collected for chemical compo-
sition analysis. Each sample was repeatedly burned 
three times to obtain sufficient products for analysis. 
All samples were digested by HCl–HNO3–H2O2/
HClO4 (CEPM, HJ777/HJ803). The same digestion 
procedure was operated on the same type and batch 
of blank glass fiber cartridges to obtain a laboratory 
blank specimen. After the samples digested, twelve 
PTEs (As, Be, Co, Cr, Cd, Cu, Mn, Ni, Pb, Sb, V, 
and Zn) were measured using inductively coupled 
plasma optical emission spectrometry (ICP-OES, 
Prodigy 7). The mass concentration of metals in the 
smoke particles is calculated by Eq. 1.

where � is the mass concentration of metals in 
smoke particles (μg/m3), c is the concentration of 
metals in the specimen (μg/ml), c0 is the concen-
tration of metals in blank specimens (μg/ml). Vs is 
fixed volume after digestion (ml), and n is the ratio 
of the area of the sampling filter membrane to the 
area taken during digestion for filter cartridges 
n = 1. Vstd is the sampling volume of dry flue gas at 
standard condition (m3).

BCR sequential extraction procedure

BCR Sequential extraction procedure is a three-step 
sequential extraction procedure for sediment analy-
sis, which was proposed by the European Commu-
nity Bureau of Reference (BCR). PTEs speciation 
of residual ashes was analyzed according to the pro-
cedures of Rauret et al. (1999). The adopted process 
separated PTEs into four operationally defined frac-
tions including acid-soluble (extractable), reduci-
ble, oxidizable, and residual fraction (Dundar et al., 
2012; Fernandez et al., 2004). The detailed process 
is shown in Table S4.

(1)� =

(c − c
0
) × V

s
× n

V
std

Risk evaluation method

The combustible load in this study was determined by 
literature research and field surveys in the mine park. 
It was used to estimate the risk of PTEs contamina-
tion in a forest fire in the woodland of the mine park. 
The risk evaluation calculation of PTEs mainly refers 
to geochemical background value of soil from Hubei 
province (CNEMC, 1990) and the control values rec-
ommended in the Chinese Environmental Protection 
Ministry (CEPM, China) soil Quality standards “GB 
36600-2018” and “GB 15618-2018.” The values are 
shown in Table 1.

Geo‑accumulation index

The method was proposed by Muller (1969) and was 
widely used in Europe for the study of PTEs. It can 
assess the environmental contamination of PTEs by 
comparing differences between current and pre-indus-
trial PTEs concentrations. The calculation formula is 
shown in Eq. 2:

where Ci is the measured concentration of PTEs i 
found in the smoke particles and ash (mg/kg), and GBi 
is the geochemical background value of the PTE i (mg/
kg), which is taken from Hubei province soil back-
ground values (CNEMC, 1990). 1.5 is the coefficient 
considering the variation of background values caused 
by rock differences in different places. The Igeo consists 
of seven grades (Table S5).

Comprehensive pollution evaluation of PTEs

Residual ashes from biomass combustion can be depos-
ited on the surface of soil. To quantify the PTEs con-
tamination risk of residual ashes after fire event, the 
single pollution index (Pi) and the Nemerow pollution 
index (NPI) were applied in this study (Kowalska et al., 
2018; Ma et al., 2018). The formula is as follows:

(2)I
geo

= log
2

C
i

1.5 × GB
i

(3)P
i
=

C
i

S
i
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where Pi is the contamination index of single PTE 
i, P is the evaluation index of residual ashes pollution. 
Si is the reference value (mg/kg) for pollutant i, calcu-
lated using the soil as mentioned above pollution risk 
control values, and n is the number of PTEs involved 
in the evaluation. The NPI consists of five grades 
(Table S6).

Quality assurance and control

A parallel double sample test was carried out for 
every ten samples. Two blank specimens (including 
cartridge blank and reagent blank) were measured for 
each batch of samples. Standard curves were estab-
lished as required before determining each batch of 
samples. Calibration standard curves for all PTEs 
had strong linear responses (R2 = 0.9991–0.9997, 
Table S7).

Data analysis

Spearman rank correlation coefficients were used 
to get the relationships among the physicochemical 
properties and combustion characteristics of fuel and 
the corresponding concentrations of the PTEs in the 
smoke/ash, include relationship between the PTEs 
themselves.

(4)
NPI =

�

�

�

�
P
2

imax
+

�

1

n

∑

P
i

�2

2

Results and discussion

Heat release characteristics of combustibles

As shown in Table 3, for the same plant CL, with the 
temperature increasing, the time to ignition (TTI) 
became shorter, the time to flame extinction (TFE) 
gradually advanced, and the total heat release (THR) 
increased gradually. The peak of heat release rate 
(pkHRR) also increased gradually. It was shown that 
the higher the temperature of thermal radiation was, 
the faster and more complete the combustible fuel 
burnt, the faster the flame propagated. Meanwhile, the 
carbon formation rate (CFR) decreased plant with the 
increase of radiation temperature, indicating that the 
higher the fire temperature is, the more completely it 
burns, and the less residual ash there is.

For different types of plant combusti-
bles, when the radiation temperature was 
600  °C, the TTI of different plant was ranked 
as TTIMS < TTICL < TTICB < TTIRA < TTIDR. 
The TFE was ranked as 
TFEMS < TFEDR < TFECL < TFECB < TFERA, indicat-
ing that MS has the worst fire resistance and is most 
likely to ignite for the five combustibles, followed by 
CL. It was also found that DR′ TTI was the slowest, 
but the TFE for DR was second only to MS, indicat-
ing that the combustible fuel would be ignited and 
burned faster. In addition, the THR and pkHRR were 
ranked as CB > RA > MS > CL > DR. This shows that 
although CB burnt for a long time, the heat released 
once ignited is higher than the other four combustible 
fuels. Hence, there is a greater fire hazard.

Table 3   Parameters 
and characteristics of 
combustion experiments

T (°C) Load capac-
ity (kg/m2)

TTI
(s)

TFE
(s)

Flue gas average 
temperature (°C)

THR
(MJ/m2)

pkHRR
(Kw/m2)

CFR (%)

CL 400 1.14 57 182 39.57 ± 3.14 4.83 82.5 15.71
500 1.13 41 163 42.56 ± 2.90 6.16 81.93 15.36
600 1.13 12 135 48.25 ± 3.16 6.82 92.5 14.32
700 1.13 8 112 53.54 ± 3.78 7.01 114.22 12.80
800 1.15 4 109 62.39 ± 4.23 7.93 133.57 11.04

CB 600 1.14 22 146 47.17 ± 3.40 10.47 146.43 10.64
RA 600 1.14 28 166 49.46 ± 4.29 9.24 118.79 18.75
MS 600 1.16 10 114 50.14 ± 4.33 8.16 117.84 13.91
DR 600 1.14 30 119 50.13 ± 3.98 5.93 93.71 12.11
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PTEs in smoke particles

As shown in Fig. 3a, the mass concentration of PTEs 
generated by combustion in the five plants (CL, CB, 
RA, MS, and DR) was significantly different. For As, 
the maximum value of smoke particles of sample 
CB was 67.09  μg/m3, while element of sample DR 
was not detected due to the detection limit. For Cr, 
the highest and lowest concentrations were 75.42 μg/
m3 and 12.39  μg/m3, respectively, for CL. In par-
ticular, the highest concentrations of Cu, Mn, Pb, 
Sb, and V were 72.78  μg/m3 (CB), 115.48  μg/m3 
(RA), 113.51  μg/m3 (CB), 113.52  μg/m3 (CL), and 
125.89  μg/m3 (CL), respectively. The lowest values 
were 12.06 μg/m3 (MS), 10.18 μg/m3 (CL), 14.64 μg/

m3 (RA), 6.56  μg/m3 (CL), and 58.05  μg/m3 (MS), 
with a 2–17 time difference in mass concentration. In 
general, for five plant combustible, the smoke parti-
cles after CB combustion had a high concentration of 
PTEs and a high hazard potential. Hence, more atten-
tion should be paid on it.

The content of PTEs in the smoke particles gener-
ated from Camphor leaves (CL) was also different at 
different radiation temperatures. Most of PTEs (such 
as Cr, Cu, Mn, Ni, Pb, Sb, and Zn) had higher mass 
concentrations measured at 400  °C. However, with 
the increase of temperature, the concentration of 
PTEs decreased at different degrees. The mass con-
centrations of some PTEs increased first and then fell 
with the rise of temperature (such as As, V element). 
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The low content of Be and Co in the particulate mat-
ter is not shown in Fig. 3.

PTEs in residual ashes

Phase analysis of residual ashes by XRD

Biomass ash is a non-homogeneous material con-
sisted mainly of granular carbon, oxides of basic 
cations and hydroxides, silicon oxide, etc. (Abraham 
et al., 2017; Khanna et al., 1994). XRD analysis were 
performed on residual ashes samples at radiation 
temperatures of 400 °C, 600 °C, and 800 °C, and the 
results are shown below.

As shown in Fig. 4, from the X-ray diffraction pat-
tern, it was clear that the main phase in the residual 
ashes after combustion at 400  °C and 600  °C was 
CaCO3. In addition, SiO2 and CaO phases were found 
at 400  °C; However, CaO phases were not found at 
600 °C, probably because CaCO3 was formed by the 
reaction of CaO with CO2 at this time, which also 
corresponded to the increase in CaCO3 peak intensity. 
When the temperature was 800  °C, the characteris-
tic peaks of CaCO3 and CaO were mainly present in 
the diffraction pattern, and the highest peak intensity 
changes to CaO at this time. Because CaCO3 decom-
poses probably to CaO and CO2 at 800 °C, this leads 
to the increase of CaO content in the residual ashes 
at this time, and the results were consistent with the 
study of Xiaopin et al. (2010) (Fig. 4)

PTEs content analysis

Plant type can affect the content and distribution 
of PTEs in residual ashes (Campos et  al., 2016). 
According to section ‘Heat release characteristics of 
combustibles,’ the residual ashes content accounted 
for 10.64–18.75% of the total amount of the samples 
after the combustibles of the five plants were burned. 
Different plant types have various enrichment capaci-
ties for PTEs, leading to separate release of PTEs 
after combustion. Figure 5 shows that Be, Co, Cr, Cu, 
Mn, Ni, Pb, V, and Zn accounted for a large propor-
tion of the residual ashes generated by the combus-
tion of sample CL. The contents of As, Pb and Zn in 
residual ashes of CB were higher than those of other 
combustibles. The content of Cd in RA′ residual ashes 
was higher than that of other combustibles. In addi-
tion, the content of As, Cd, and Sb in residual ashes 

of MS was higher than the others. In particular, the 
element Be was only detected in the residual ashes of 
CB and DR.

The radiation temperature can affect PTEs ratio. 
As shown in Fig. 5b, the contents of elements Co, Cr, 
Cu, Mn, Ni, Pb, Sb, V, and Zn in the residual ashes of 
CL increased to various degrees with the increase of 
temperature. In contrast, the content of Cd was rela-
tively stable. Jagustyn et  al. (2017) pointed out that 
Cd began to evaporate at about 830  °C. This may 
have contributed to the relatively stable Cd content 
in residual ashes (the maximum temperature in this 
study was 800  °C). Element of As decreased with 
the increase of temperature. It may be due to the rela-
tive intense volatility of As element (Jagustyn et al., 
2017), which volatilized from plant residual ashes in 
this temperature range. The variation trend of con-
tent percentage of As in the residual ashes was cor-
responding to the ratio of As in the particle. However, 
As and some of PTEs ratio significantly increased at 
800 °C. The PTEs in the residual ash may react with 
SiO2 and Al2O3 in the residual ashes at this time, 
leading to the decrease of PTEs volatility. Moreo-
ver, CaO of residual ashes may adsorb some PTEs 
evaporated at high temperature, which makes PTEs 
concentrate in residual ashes (Punjak et al., 1989; Yu 
et al., 2016). The aforementioned XRD phase analy-
sis results also showed that the characteristic peak 
of CaO in residual ashes at 800  °C was stronger. In 
general, residual ashes composition may play a role 
in the further migration of PTEs after the fire. Both 
fire temperature and plant type caused a difference in 
a PTEs release.

The fractional distribution of Cr and As in residual 
ashes

The actual bioavailability and pollution potential of 
PTEs in residual ashes mainly depend on the specia-
tion distribution of PTEs (Maiz et al., 1997; Sungur 
et  al., 2014). The speciation of PTEs is the basis of 
their bioavailability. According to the BCR continu-
ous extraction method classification, soluble acid (F1) 
and reducible acid (F2) are easy to be leached in weak 
acid or neutral environments and absorbed directly by 
plant due to strong migration. Oxidative (F3) PTEs 
do not quickly release in an alkaline environment, 
but easily transform into F1 and F2 in an acidic envi-
ronment, which has potential ecological risks. The 
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residual state (F4) is the most stable. Understand-
ing the speciation distribution of PTEs after biomass 
combustion can effectively evaluate its potential pol-
lution capacity.

Figure 6 shows the differences in the forms of Cr 
and As in the combustion residual ashes of different 
plant types. The proportions of Cr in the residual state 
(F4) of CL, RA, and MS were 81%, 39%, and 77%, 
respectively. The residual state of Cr was higher than 
other states, indicating that it mainly existed in a sta-
ble form in the residual ashes and then in an oxidiz-
able state. However, the available state of F1 + F2 
accounted for 25% of Cr in RA′ residual ashes, 

suggesting some degree of mobility. The available 
states of As accounted for 57%, 69%, and 50% in the 
residual ashes for three plants, respectively, show-
ing high migration potential and bioavailability. The 
available proportions of Cr and As in RA′ residual 
ashes were higher than in the others’ plant, indicat-
ing that plant type may affect the migration and bio-
availability of PTEs in the environment after direct 
combustion.

The speciation analysis of As in residual ashes 
from different temperatures showed that the avail-
able state (F1 + F2) gradually decreased from 74% 
(400  °C) to 41% (800  °C) with the increase of 
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temperature, indicating that the rise of thermal 
radiation significantly reduced the migration poten-
tial and bioavailability of As. In this study, most 
of As existed in the oxidizable state in residual 
ashes. Since the proportion of available states of 
As was high, and it was easy to migrate with ash, 
its potential environment pollution and its impact 
on downstream water should be further studied and 
determined. The difference was that most of the Cr 
in residual ashes in this study existed in the oxidiz-
able state and residual state, and its effective state 

F1 + F2 ranged from 2 to 9%, showing relatively 
low mobility and bioavailability. This indicates that 
bioavailability of Cr was less affected by radiation 
temperature. However, it was known that Cr content 
in residual ashes increased significantly with the 
increase of radiation temperature and exceeded the 
soil control value (CEPM, GB 36600-2018). There-
fore, migration potential and human health risk of 
Cr cannot be ignored when its release exceeded the 
limit value (Fig. 7).
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Relationship of PTEs in smoke particles and residual 
ashes with physicochemical properties

Previous studies focused on the role of pH, Electri-
cal conductivity (EC) and organic matter (OM) in the 
retention and mobilization of PTEs in the environ-
ment (Abraham et  al., 2018; Campos et  al., 2016). 
In this study, the relationship between PTEs content 
in smoke particles (Table  S8) and residual ashes 
(Table  S9) with physicochemical characters such 
as TTI, TFE, THR, CFR, and CHNS elements were 
assessed with the Spearman rank correlation method. 
The “r = 0.80–1.0” and “r = 0.6–0.79” mean very 
strong and strong correlations, respectively.

The physicochemical properties of plant combus-
tibles and PTEs in the smoke particles displayed little 
strong correlations (Table  S8), except moisture con-
tent (wt%) showed a strong negative correlation with 
Mn (r = − 0.803), and C element displayed strong 
negative correlation with Mn (r = − 0.895). The TTI, 
TFE, and CFR did not show significant correlation 
with any of the PTEs in the smoke particles. Mean 
temperature of gas showed a moderate correlation 
with Cu (r = − 0.783) and Sb (r = -0.667).

When the moisture content was considered, it 
showed a strong correlation with Cd (r = − 0.895) 
and Ni (r = 0.895),and a moderate correlation with 
Mn (r = 0.785) and Pb (r = 0.694) in residual ash. 
This indicated that the initial biomass moisture con-
tent affected the content of Cd, Ni, Mn and Pb in ash, 

consistent with the research results of Hu et al. (2014) 
(moisture content in the range of 0–25%). When heat 
release characteristics of plant combustibles were 
considered, the THR and CFR did not show a signifi-
cant correlation with any of the PTEs in the residual 
ashes, except THR with As (r = 0.667) and CFR with 
Zn (r = − 0.750). The results showed that the con-
tent of As in ash was affected by the THR of plant. 
Although the correlation is not strong, the THR rep-
resents the total heat release of fuel, which is closely 
related to the fire severity. When we considered 
elemental analysis of plant combustibles, C element 
showed a strong correlation with Cd (r = − 0.895), 
Mn (r = 0.858), and Ni (r = 0.822). The element of H 
and N did not show any significant correlation with 
any of the PTEs in the residual ashes, except S with 
As (r = − 0.822), Co (r = 0.822), and Cu (r = 0.840), 
and a moderate correlation with Be (r = 0.686). The 
results showed that the presence of As, Cu, and Co 
in ash was affected by the content of sulfur in bio-
mass. Miller et  al. (2003) also found that sulfur had 
an impact on the content of As and Cu in ash, but the 
performance of As was inconsistent with that in this 
paper, which may be caused by the different content 
of sulfur in the combustion process.

The correlations between PTEs (themselves) in 
residual ashes displayed a number of very strong and 
strong correlations. For example, Co displayed strong 
positive correlation with Cu (r = 0.967) and a moder-
ate correlation with Cr (r = 0.733), Ni (r = 0.717) and 
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V (r = 0.717). Cr displayed strong positive correlation 
with Mn (r = 0.883), Ni (r = 0.833), and V (r = 0.933) 
and a moderate correlation with Cd (r = − 0.700), Cu 
(r = 0.783), Pb (r = 0.683), and Zn (r = 0.717). Abra-
ham et  al. (2018) also found correlations between 
Cr and Mn, Zn, and Ni in field controlled combus-
tion experiments. Cd showed strong negative cor-
relation with Mn (r = − 0.883) and Ni (r = − 0.917) 
and a moderate correlation with Cu (r = − 0.683), Pb 
(r = − 0.783) and Zn (r = − 0.717). The strong and 
very strong correlations between metals highlighted 
their common origin.

Environment risk evaluation

Geo‑Accumulation Index

Figure 8 shows the range of geo-accumulation index 
of PTEs in residual ashes generated by different plant 
and different radiation temperatures. From Fig.  8a, 
the geo-accumulation index values of As, Co, and 
Ni changed significantly. The pollution levels ranged 
from no pollution to strong pollution. It indicated that 
the pollution level of PTEs in residual ashes may be 
affected considerably by plant types. In addition, the 
75th percentile of Igeo values of Cd, Cu, Pb, Sb, and 
Zn were all greater than zero, indicating that these 
elements may cause environmental pollution. Accord-
ing to the median value of Igeo value, the pollution 
degree of these PTEs under different plant types was 
roughly ranked as Pb > As/Zn/Cu > Cd/Sb > Co.

Figure  8b shows that the Igeo values of As, Co, 
Cr, Mn, and Ni varied greatly from no pollution to 
moderate pollution, or even extremely polluted (Ni). 
It suggests that the temperature affects the pollu-
tion potential of the above PTEs. The Igeo of PTEs in 
the burning residual ashes of CL was almost greater 
than zero (except Be and V elements), indicating that 
PTEs in residual ashes may cause light to moderate or 
above degree of pollution to the environment. Based 
on the median value of Igeo, the pollution degree of 
these PTEs under different radiation temperatures 
was roughly as Mn > Co > Ni/Pb > Zn > Cd/Cu/
Sb > Cr > As.

The range of PTEs’ Igeo values in smoke particles 
generated under different plant combustion and radi-
ation temperatures is shown in Fig.  9. Based on the 
median line of Igeo value, PTEs pollution in smoke 
particles generally presented a mild-to-moderate pol-
lution level, and the Igeo value was between 0 and 
1. However, at different radiation temperatures, the 
value of MS′ Igeo varied greatly, ranging from no pol-
lution to moderate pollution.

Comprehensive evaluation of PTEs pollution

The evaluation results of NPI method are shown in 
Table  4. With the increase of radiation temperature, 
the NPI values gradually increased, indicating that 
the overall pollution level of residual ashes PTEs 
rose from low pollution to high pollution level. In 
terms of residual ashes content of different plant, the 
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overall pollution level of PTEs in the residual ashes 
of CB was the highest, and the NPI value of the pollu-
tion index was the highest. Both CL and DR showed 
moderate pollution. The RA′ residual ashes content 
showed a low pollution level, and the pollution index 
NPI value was slightly higher than 0.7. The NPI value 
of MS is lower than 0.7, indicating no pollution.

From the perspective of single factor pollution 
index Pi, the Pi values of Cr and Zn were on the 
high side as a whole, with the highest value of 3.17 
for NPI (Cr) and 3.87 for NPI (Zn). The results indi-
cated that Cr and Zn were the main pollution ele-
ments in the residual ashes content in this study. In 
addition, the single factor index values of Cd in 
residual ashes of MS and RA were up to 1.15 and 
0.86, respectively, and the other elements were lower 

than 0.7, indicating that Cd was one of the main pol-
lution elements in RA and MS. In general, ​NPI​C​​L, 800 ​
>​ N​PI​C​B​ ​> ​NPICL​​, 7​00​ > NPI​​CL​, ​600 > ​​NPI​C​L​,​ 50​0 ​> NPI​​
DR​ >​ NPICL, 400 > NPIRA.

Conclusion

In this paper, the total content and fractional dis-
tribution of PTEs in smoke particles and residual 
ashes from mine-park-biomass combustion were 
studied. The effects of radiation temperatures and 
plant types on the release of PTEs were explored, 
and the consequential potential fire environmen-
tal risk was evaluated. The results showed that the 
sample CB had a high potential for PTEs release. 
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Table 4   Pollution level of 
PTEs in residual ashes

Types T (°C) Single factor pollution index Pi NPI Level

As Co Cr Cd Cu Ni Pb Sb V Zn

CL 400 0.15 0.04 0.36 0.02 0.01 0.02 0.02 0.10 0.02 1.33 0.95 Low
500 0.11 0.06 1.37 0.03 0.02 0.03 0.03 0.10 0.02 1.89 1.35 Moderate
600 0.07 0.08 1.52 0.02 0.02 0.03 0.03 0.10 0.03 2.02 1.45 Moderate
700 0.09 0.09 1.87 0.02 0.02 0.03 0.04 0.13 0.03 2.46 1.76 Moderate
800 0.29 0.12 3.17 0.02 0.04 0.06 0.05 0.20 0.05 3.87 2.78 High

CB 600 0.28 0.05 0.66 0.04 0.01 0.01 0.03 0.07 0.02 3.35 2.38 High
RA 600 0.36 0.03 0.33 1.15 0.00 0.00 0.02 0.16 0.02 0.66 0.83 Low
MS 600 0.38 0.02 0.72 0.86 0.00 0.00 0.01 0.25 0.02 0.85 0.64 Clean
DR 600 0.07 0.13 0.83 0.27 0.03 0.02 0.02 0.09 0.03 1.62 1.16 Moderate
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Low temperature (400  °C) may benefit the enrich-
ment of Cr, Cu, Mn, Ni, Pb, and Sb in smoke par-
ticles. In comparison, high temperatures (800  °C) 
may benefit the enrichment of some PTEs in resid-
ual ashes. The fractional analysis of As and Cr ele-
ments showed that As had a higher proportion of 
available states in residual ashes, while Cr mainly 
existed in oxidizable and residual states, and its 
migration and bioavailability were much lower than 
As. The risk assessment results showed that PTEs 
in smoke particles and residual ashes might cause 
light to moderate or above degree of pollution to the 
environment. The overall pollution level of PTEs in 
residual ashes of CB was the highest, and Cr and Zn 
were the main pollution elements in residual ashes. 
In general, the biomass combustion in the woodland 
of mining areas leads to the release of PTEs and 
lead to environment pollution.

The cone calorimeter provides a convenient 
method for forest fuel combustion and PTEs occur-
rence. It provides a repeatable and low-cost source of 
raw data for modeling the migration and transforma-
tion of pollutants after combustion. This study has 
important practical significance for understanding 
the environment risk of mining areas and surround-
ing forest areas that can be reclaimed as agricultural 
land, forestry land, and ecological park. It clarifies the 
practical significance of strengthening fire monitoring 
and control in mining forestlands and preventing the 
spread and migration of PTEs through forest fire from 
the source.
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