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Thermal desorption is widely adopted for the remediation of organic compounds, yet is generally considered a
non-green-sustainable manner owing to its energy-intensive nature and potential to deteriorate soil reuse. Here,
lube oil-contaminated soils were remediated at 200–500 ◦ C in nitrogen atmosphere, upon which removal be
haviors of lube oil and physicochemical properties of soils were explored. Illumina 16S ribosomal RNA (rRNA)
and 18S rRNA amplicon sequencing were employed to determine the relative abundances and diversities of
bacteria and fungi in soils, respectively. The results indicated that, after heating at 350 ◦ C for 60 min, 93% of the
lube oil was reduced, with the residual lube oil concentration lower than the Chinese risk intervention values (GB
36600–2018). The weakly-alkaline, multi-phosphorus and char-rich soils after indirect thermal desorption could
provide a nutrient source and favorable habitat space for living organisms, and the decomposition of minerals in
soils is more conducive to the survival of organisms. Microbial species in soils after heating at 350 ◦ C became
extinct, however, microbial species after 3 days of recolonization were enough to carry out DNA extraction when
these soils were exposed to natural grass land. Though the microbial richness and diversity in heated soils after 3
days of recolonization were still little lower than those in contaminated soils, Firmicutes (29.41%) and Basidio
mycota (9.33%) became dominant at phyla level, while Planomicrobium (16.37%), Massilia (10.09%), Jeotgalibaca
(7.91%) and Psychrobacter (6.84%) were dominant at general level, whose ecological function was more
conducive to nutrient cycling and ecological resiliency. Overall, this innovative research provides a new
perspective: low temperature indirect thermal desorption may also achieve a sustainable remediation, due to its
energy-saving (low temperature), favorable physicochemical properties and the rapid recolonization capacity of
microbial communities in heated soils.

1. Introduction
Thermal desorption (TD) technology is a typical thermal treatment
technology, which is widely used in the remediation of volatile/semi
volatile organic contaminated soils and mercury/arsenic contaminated
soils. In the "U.S. Superfund Remedy" cases from 1982 to 2014, TD
technology accounted for about 14% of the total remediation cases
(USEPA., 2017), while China’s TD cases accounted for about 11.3% in
2009–2017 (Zhang et al., 2018). Although TD is a highly efficient

remediation technique for organic pollutants (Tatàno et al., 2013),
high-temperature conditions of thermal remediation can consume a
large amount of energy and have effects on the soil properties and
ecological functions (O’Brien et al., 2018), which depends on the
heating temperature and heating duration (O’Brien et al., 2017). With
soil organic matter (SOM), chemical, mineralogical, and biological
properties being predominantly affected (O’Brien et al., 2018), TD is
generally regarded as energy intensive and has the potential to damage
soil properties and deteriorate soil reuse, which is against the concept of
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green and sustainable remediation proposed by the Sustainable Reme
diation Forums (Ding et al., 2019; Ellis and Hadley, 2009).
The changes in physicochemical properties during TD have been
extensively discussed in prior researches. Although there is no univer
sally accepted standard for the division of TD temperatures between low
temperature TD and high temperature TD, it is generally believed that
300–350 ◦ C is the boundary temperature (Falciglia et al., 2011). After
high-temperature treatment (900 ◦ C), the soil structure changes sub
stantially and the surface area / porosity increases (Merino et al., 2003),
with the changes interacting with other characteristics. Each mineral in
soil has a temperature threshold when transition occurs. The structures
of goethite and gibbsite change at 200–400 ◦ C; kaolinite, illite and
montmorillonite begin to decompose at 500–700 ◦ C; and vermiculite
and muscovite decompose above 800 ◦ C (O’Brien et al., 2018). Despite
this, there is a scarcity of analysis on the correlation between heating
temperatures and mineral properties of different soil types.
The ecological health and function of remediated soil is another
aspect of green and sustainable remediation. The analysis of ecological
characteristics changes (plant and animal growth, microbial community
change) is beneficial for assessing soil health after remediation (Dose
et al., 2015), where the general belief is that heated soils are harmful to
the survival of microorganisms. Yet, certain fungi and bacteria are
resistant to high temperatures and even survive above 300–400 ◦ C
(Bárcenas-Moreno and Bååth, 2009). Although the suggestion is that
low-temperature TD is likely conducive to the microbial recolonization
and establishment of more diverse communities (Thion et al., 2012),
further evidence is required. To quantify the microbial activity and total
abundance, literatures have adopted various indicators, such as bacte
rial community change after heating (forest fire, smoldering, TD), total
bacterial number and respiratory rate (Guerrero et al., 2005), real-time
PCR (Cébron et al., 2011), extracellular enzyme activity (Pape et al.,
2015), and other indicators. Prior researches are primarily focused on
microbial activity. However, the detailed changes in microbial com
munity structure and diversity after being heated have not been suffi
ciently investigated. Further study is required on the physicochemical
properties of soil affecting habitat conditions after remediation, as well
as the change of microbial community, which can reflect the ability of
microbial colonization.
What is the heating temperature and performance of TD treatment of
contaminated soil? Could low temperatures achieve satisfactory
desorption efficiency? How are the physical and chemical properties of
soil affected? Could ecological functions of heated soils be successfully
restored in short time? Low temperature TD maybe a green and sus
tainable remediation or not? For direct and indirect TD, the latter is
more likely to achieve the above sustainable goals. So, the effects of
heating temperatures on lube oil removals, soil chemical / mineralogical
properties, microbial communities and their recolonization in treated
soil were investigated in low temperature indirect thermal desorption
(LTITD). Furthermore, the sustainability of LTITD was comprehensively
analyzed and evaluated.

2.2. Indirect TD of polluted soils
Polluted soils were treated utilizing a bench-scale apparatus
comprised of a gas supply system (including an air generator and a ni
trogen generator), a tubular furnace and a quartz cylindrical tube (He
et al., 2020). Pure N2 was adopted as the carrier gas to simulate indirect
TD conditions, resulting in a much safer heating environment. The
quartz cylindrical tube containing 20 g polluted soils were put in tubular
furnace after being heated to their corresponding target temperatures,
which was 200 ◦ C, 350 ◦ C, and 500 ◦ C, respectively. Heating tempera
tures were raised at the rate of 15 ◦ C⋅min-1 from room temperatures to
the target temperatures of indirect TD. Heating duration was 60 min.
Detailed experiment conditions are listed in Supplementary Material
(SM) Table S1. After indirect TD, the residual content of lube oil,
physicochemical properties and microbial community were analyzed.
2.3. Lube oil concentration of soils
The initial lube oil concentration of polluted soils and residual lube
oil concentration of treated soils were analyzed following Soil-Determi
nation of petroleum oil-Infrared spectrophotometry (HJ 1051–2019, issued
by Ministry of Ecology and Environment, China) (Gong et al., 2020).
Specifically, 10 g of soil sample wrapped by filter paper was put into a
Soxhlet extractor (Model: BSXT-06, Shanghai, China), and 80 mL of
carbon tetrachloride was added into a round bottom flask, with the
heating temperature of the oil bath being set to 137 ◦ C. After circulating
extraction for 3–4 times, the carbon tetrachloride extract was put into a
volumetric flask, and the volume was fixed at 100 mL. The oil contents
of the soil samples were measured with an infrared oil analyzer (Model:
OL-8, Jingcheng Instrument Co., Ltd., Qingdao, China).
2.4. Physicochemical properties of soils
For each sample, the following soil physicochemical properties were
determined: pH value, total phosphorous (TP), SOM, and mineralogical
analysis. The measurement of pH, TP and SOM followed, respectively,
the Determination of pH in soil (NY/T1377-2007 method, Ministry of
Agriculture, PRC, 2007), the Method for determination of soil total phos
phorus (GB 9837–88, Ministry of Agriculture, PRC, 1988), and the Soil
Testing Part 6: Method for determination of soil organic matter (NY/T
1121.6–2006, Ministry of Agriculture, PRC, 2006). Mineralogical ana
lyses were performed employing X-ray diffraction (XRD) for quantita
tive analysis at Yaju Technology Co., Ltd, China. Scanning electron
microscope (SEM) was used to observe the surface morphology of soils.
2.5. Microbial communities in soils
2.5.1. DNA extraction and amplicon pyrosequencing of bacterial and
fungal communities
The extraction, amplification, and sequencing of DNA from soil
samples were completed by Shanghai Major Bio-Pharm Technology Co.,
Ltd. After extracting Genomic DNA, 1% agarose GEL electrophoresis was
used to detect the extracted genomic DNA. The PCR was based on
TransGen AP221-02: Trans Start Fastpfu DNA Polymerase, while the
PCR analyzer was Abi GeneAmp® 9700. All samples were subjected to
PCR on the basis of the formal experimental conditions, which was
repeated 3 times for each soil sample. The PCR products of the same
sample were mixed and detected by 2% agarose GEL electrophoresis,
and they were recovered by AxyPrep DNA Gel Extraction Kit (Axygen
company). High-throughput sequencing was performed employing
Illumina’s Iseq PE300 platform to generate the Miseq library.

2. Materials and methods
2.1. Soil samples
Clean loam soil samples were collected from the garden of the Beijing
Institute of Petrochemical Technology; clean clay soil samples were
collected from Yuxi city, Yunnan Province, China; clean sandy soil
samples were collected from a construction site in Daxing District, Bei
jing, China; and waste lube oil was collected from a car engine. Deter
mined by ring knife method (Chen et al., 2021), the volume weight of
loam, clay, and sandy soils were 1.12, 0.84, 1.28 g cm-3, respectively.
One-kilogram (1 kg) of sieved (2 mm) clean soil was contaminated with
8% (w/w) of waste lube oil and thoroughly mixed, with these mixtures
being stored in a fume hood for a week to simulate oil weathering, then
polluted soil samples were formed.

2.5.2. Bioinformatic analysis of 16S and 18S rRNA gene sequences
Microbial recolonization behavior was obtained by analyzing the
changes of biological information of bacteria and fungi before and after
LTITD. Bioinformatics analysis included the operation taxon unit (OTU),
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diversity index, relative abundance and community composition of
bacteria and fungi calculated by software after high-throughput
sequencing. Bioinformatic analysis was conducted using the I-Sanger
platform of Shanghai Major Bio-Pharm Technology Co., Ltd (www.i-san
ger.corn/project/index.html). OTU refers to clustering similar gene se
quences obtained by high-throughput sequencing into a small number of
taxon, and then species annotation is made based on the taxon (He et al.,
2015). Using UPARSE search software (version 7.1 http://drive5.com/
uparse/) with a cut off of 97% similarity, bacterial and fungal se
quences were clustered to OTUs, single sequences and chimeras were
removed in the process. The RDP classifier (http://rdp.em.msu.edu/)
was adopted to classify each sequence. Compared with the Silva bacte
rial database (Release 119 http://www.arb-silva.de) and Unite fungal
database (Release 6.0 http://Unite.ut.ee/index.php), the confidence
threshold was set to 70%. Here, Alpha diversity analysis could deter
mine the species richness and microbial community diversity, and was
calculated using the software Mothur (version. 1.30.1). Two kinds of
information could be visualized in the barplot: (1) the species of bacteria
and fungi in phylum and genus level of each sample; and (2) the relative
abundance of each bacterium and fungus in the sample. A heatmap was
adopted that uses color gradient to represent data size in
two-dimensional matrix and present the information of community
species composition. Further, a Venn diagram was utilized to count the
number of shared and unique genera in different samples, which could
also illustrate the similarity and overlap of genera therein. Venn diagram
was obtained according to the statistical data of genus species and
content of bacteria and fungi. Finally, Fisher’s exact test was applied to
analyze the differences of main microbial genera in different soil
samples.

that the surface of soil particles became dark and rough, and the pores
increased, suggesting a distinct charring process of lube oil. Although
the impact of the charring process on soil reuse has been expounded in
our previous research (He et al., 2020), further exploration is required. It
is worth mentioning that, 350 ◦ C here is lower than or equal to the
boundary temperature between low temperature TD and high temper
ature TD (Falciglia et al., 2011), and it belongs to LTITD.
3.2. Changes of soil physicochemical properties during LTITD
3.2.1. Changes in chemical properties of soils
As presented in Fig. 2, the pH value of clean loam (7.57) was close to
that of polluted loam (7.54), and the pH decreased slightly at 200 ◦ C
(7.24). This could be attributed to several oxidation reactions and the
formation of bicarbonate (O’Brien et al., 2018; Sierra et al., 2016). As
the temperatures increased (350–500 ◦ C), the pH values of heated loam
gradually increased, higher than both clean loam and polluted loam
(7.66 and 8.03, respectively). This could potentially be ascribed to the
denaturation of organic acids at high temperatures (Certini, 2005) or the
release of alkali metal cations from SOM (Terefe et al., 2008). After
heating (200–500 ◦ C), there was a significant negative correlation be
tween the soil pH and organic matter (p = 0.008, r = − 0.95). The
remediated loam soil was weakly alkaline, being equivalent to clean
loam and beneficial to the restoration of the soil ecology.
The TP content of polluted loam (158.7 mg kg-1) was higher than that
of clean loam (120 mg kg-1), which is attributed to the organic phos
phorus (OP) content in the lube oil. Lube oil was partly removed and the
phosphorus content decreased (137 mg kg-1) at 200 ◦ C, yet TP content
increased at 350 ◦ C (148 mg kg-1). Due to the conversion of OP to
inorganic phosphorus at 350 ◦ C, LTITD increased the soil phosphorusadsorption capacity, which resulted from biochar production, or a
combination of calcium minerals / sediments in the form of calcium
phosphate (Croat et al., 2020). Owing to the thermal conversion of
phosphorus at high temperatures, the TP decreased (137.7 mg kg-1)
when the temperatures increased to 500 ◦ C. Pape et al. reported a similar
pattern, where organic P contents in soil progressively increased from
105 ◦ C to 500 ◦ C, but decreased from 125.2 mg kg-1 to 22.0 mg kg-1 at
high temperatures (500–1000 ◦ C) (Pape et al., 2015). Further, organic
phosphorus has been converted to its inorganic form, which increased
the amount of P2O5 available to plants (Yusiharni and Gilkes, 2012).
Thus, LTITD can increase soil fertility and benefit plant growth (Yi et al.,
2016).
The SOM in polluted loam (2.26%) was higher than that in clean
loam (1.43%) because of the contamination of lube oil, and the SOM
contents decreased with increasing temperatures (2.1–0.93%). This
highlights that LTITD inevitably leads to SOM degradation. In the pre
sent results, the decrease of SOM at 200 ◦ C was small (0.16%), at which
point volatile components were desorbed(González-Pérez et al., 2004).
The SOM loss was more extensive at 350 ◦ C (0.93%), revealing that more
organic compounds in lube oil were volatilized and decomposed, in
addition to humic acid and fulvic acid in SOM being decarboxylated
(González-Pérez et al., 2004). At 500 ◦ C, the SOM decrease was small, all
alkyl aromatics, fats and sterols in SOM were volatilized (Schulten and
Leinweber, 1999), and the remaining SOM and lube oil were carbonized
and charred (Kiersch et al., 2012). The charring products were beneficial
to the storage of carbon. Lube oil-derived char provides a biochar-like
favorable habitat and living conditions for microbial growth (Gul
et al., 2015).

3. Results and discussion
3.1. Removal behaviors and charring process of lube oil during LTITD
As illustrated in Fig. 1, the initial concentration of lube oil in polluted
soils was 74840.6 mg kg-1. When heating at 350 ◦ C within 10 min, the
concentration of the residual lube oil was 4804.29 mg kg-1, being lower
than the Chinese risk intervention value of 5000 mg kg-1, as reported in
the limits of Land use of Category I of Soil environmental quality Risk
control standard for soil contamination of development land (GB 366002018, issued by Ministry of Ecology and Environment, China). The re
sidual oil concentration decreased gradually and tended to level off
when heating temperatures were above 350 ◦ C, indicating that using a
higher temperature was not necessary for LTITD of lube oil with high
boiling point. Notably, at 350 ◦ C, the results obtained by SEM revealed

3.2.2. Changes in mineral properties of soils
The mineral compositions of soil samples were identified by XRD,
and the proportion of each component is depicted in Fig. 3a.
The mineral components of the clean loam and polluted loam were
primarily kaolinite, montmorillonite, quartz, sanidine, albite, and
calcite. The XRD patterns of the five loams were essentially consistent
(Fig. 3b), indicating that the mineral properties of loam changed only

Fig. 1. Lube oil concentration of polluted and treated loam soils at heating
temperatures from 100 ◦ C to 500 ◦ C within 60 min.
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Fig. 2. Changes of pH values (a), TP contents (b), and SOM contents (c) of different loam soil samples before and after TD.

slightly after heating. Conversely, the contents of the quartz and sani
dine demonstrated the opposite trend in all five samples (Fig. 3a).
Compared with the clean loam, the quartz and sanidine in polluted loam
demonstrated the most change at 200 ◦ C, where the quartz content
increased by 27% and the sanidine content decreased by 25%. Mean
while, the quartz and sanidine contents in the polluted loam were close
to those in the clean loam at higher temperatures (350 ◦ C and 500 ◦ C).
These mineral changes could potentially be ascribed to the sanidine
easily decomposing at 200 ◦ C. After 350 ◦ C, the mineral lattice structure
was reconstructed, so that the sanidine in loam could be restored after
LTITD. Additionally, the albite content gradually reached 5% and the
kaolinite disappeared. The disappearance of kaolinite could be attrib
uted to the dehydration reaction under high temperature, which resul
ted in the disintegration and collapse of kaolinite crystal structure
(Huang et al., 2011). However, owing to its small proportion, the
kaolinite had little influence on the overall mineral properties. Aside
from kaolinite and sanidine, the crystallinities of other minerals were
almost unaffected, implying that these loam minerals were thermally
stable. The lattice structure of the montmorillonite could only be
changed when heated above 700 ◦ C, revealing that the structure could
not be damaged at 300–500 ◦ C (O’Brien et al., 2018).
Fig. 3c reveals the XRD peaks representing the albite, quartz and
sanidine of sand samples changed dramatically after 350 ◦ C, indicating
that the sand minerals were greatly affected by heating. The polluted
sand contained a large amount of sanidine (66%), and a small amount of
quartz (10%), albite (23%), and montmorillonite (1%). At 350 ◦ C, the
sanidine decreased by 45%, while the quartz and albite increased by
37% and 9%, respectively (Fig. 3a). Moreover, the XRD peak repre
senting the montmorillonite disappeared. These results reveal that
sanidine in sand began to decompose and denature at 350 ◦ C, differing
from the loam. The reticular structure of Si–Al–O of the sanidine in sand
was destroyed at high temperature, resulting in the formation of K2O
and SiO2 (quartz). This highlights that LTITD was beneficial to con
verting of mineral potassium (which was unavailable to microorgan
isms) into water-soluble potassium (which became available to
microorganisms). These mineral changes were conducive to the recov
ery of soil nutrients and the survival of microorganisms.
From the XRD spectra of clay (Fig. 3d), the mineral components
demonstrated little variation and the peaks representing vermiculite
disappeared when heated. The crystallinity of the kaolinite, montmo
rillonite, and albite was not affected at 350 ◦ C (Fig. 3a), indicating that
the main mineral components in clay were thermally stable. Further, the
muscovite content decreased by 3% and the quartz content increased by
2% after LTITD. The temperature threshold for significant changes of
clay mineral structure is considerably high and usually begins to dete
riorate above 500 ◦ C (Zihms et al., 2013).
In general, LTITD had different effects on minerals of various soil
texture. The ordinal effects on mineral changes of soil textures at 350 ◦ C
were as follows: sand > loam > clay. In other words, the sand minerals

were more likely to be altered than loam and clay at 350 ◦ C. Concerning
loam and clay, minerals could withstand a wider temperature range,
allowing a wider range of options for engineers in process commis
sioning. In terms of sand, the decomposition of minerals could notably
restore several nutrients (such as potassium), thereby providing the
possibility for ecological restoration.
3.3. Changes of microbial communities and their recolonization after
LTITD
3.3.1. Microbial recolonization with different methods after LTITD
To determine the damage of LTITD to soil ecological functions and
the effects of different recolonization methods on the survival of soil
microorganisms after LTITD, polymerase chain reaction (PCR) tech
nology was employed to amplify DNA fragments in different soil sam
ples, which was primarily divided into the following six treatment
methods: direct PCR amplification detection of DNA extracted from
clean loam soils and polluted loam soils; direct PCR amplification of
polluted loam soils after LTITD at 350 ◦ C (PS-350◦ C-0d); polluted loam
soils after LTITD at 350 ◦ C was exposed to natural grass land for one day
(PS-350◦ C-1d) and three days (PS-350◦ C-3d), and then the PCR ampli
fication activities were detected respectively; and polluted loam soils
after LTITD at 350 ◦ C was exposed to an indoor air for 7 days (PS-350◦ C7d).
As presented in Table 1, the concentrations of microorganisms’ DNA
after PCR amplification in clean loam soils and polluted loam soils are
appropriate, indicating that there were microorganisms in clean loam
soils and polluted loam soils. However, in the PS-350◦ C-0d group, the
microbial DNA concentration detected by PCR amplification was
considerably low, revealing that the microbial content was too low or
killed at high temperature. The concentration of DNA after amplification
was still considerably low in the PS-350◦ C-1d group, suggesting that the
microorganisms could not recover quickly in a short time. Meanwhile,
the DNA concentration obtained by PCR amplification was appropriate
in the PS-350◦ C-3d group, which indicated the existence of microor
ganisms, thereby verifying that heated soils exposed to natural grass
land could quickly restore the microbial population within the appro
priate exposure time (such as three days). Notably, although the soil was
exposed to indoor air for 7 days (PS-350◦ C-7d) after LTITD, the con
centration of DNA amplified by PCR was still considerably low, high
lighting that the content of microorganisms was considerably low. This
indicated that, to obtain a large number of microbial populations, the
soil after being heated was easy to inoculate in the actual soil environ
ment, such that the microbial communities were restored.
In consideration of the aforementioned results of the PCR amplifi
cation activities, the microbial community structures and relative
abundances of three soil samples (clean loam soils, polluted loam soils
and PS-350◦ C-3d) detected by PCR amplification were further identified
and the restoration abilities of the soil ecological function after LTITD
4
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Fig. 3. Mineral composition of loam, sand and clay before and after LTITD (a), and XRD analysis of mineral properties of loam (b), sand (c), clay (d) before and
after LTITD.

were analyzed, so as to investigate the recovery and recolonization of
soil microbial diversities and community structures.
The sequencing data of bacteria in clean loam soils (BCS), bacteria in

polluted loam soils (BPS), bacteria in PS-350◦ C-3d (BPS-350◦ C-3d),
fungi in clean loam soils (FCS) and fungi in PS-350◦ C-3d (FPS-350◦ C-3d)
were analyzed, where the initials "B" and "F" represent "bacteria" and
5
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Fig. 3. (continued).

"fungi", respectively. As listed in SM Table S2, after the original sequence
was optimized, the total sequence number and total base number of BPS350◦ C-3d were higher than BCS, while the total sequence number and
total base number of FPS-350◦ C-3d were lower than FCS. Although the
indication is that the number of bacteria and fungi in soil affected by
LTITD was reduced to a certain extent, which does not mean that LTITD
is harmful to the survival of microorganisms, and further analysis is
required.

350 ◦ C and exposed to natural grass land for 3 days, the BCS, BPS, BPS350◦ C-3d, FCS and FPS-350◦ C-3d were analyzed utilizing the Alpha
diversity index, as can be observed in Table 2.
The richness, Sobs and Chao indices of BPS-350◦ C-3d were lower
than those in BCS and BPS. The lower Shannon index and higher
Simpson index of BPS-350◦ C-3d than BCS and BPS represent the
decrease of bacterial diversity in BPS-350◦ C-3d, while the change trend
of richness index and diversity index of FPS-350◦ C-3d was the same as
those of BPS-350◦ C-3d, revealing a downward trend. The Shannon even
and Simpson even indexes of BPS-350◦ C-3d decreased by 0.2318 and
0.0981, respectively, while those of FPS-350◦ C-3d decreased by 0.0639
and 0.0149, respectively. This indicates that the evenness of bacteria

3.3.2. Species diversity index in bacterial and fungal communities
To quantitatively describe the diversities of bacteria and fungi in
clean loam soils, polluted loam soils, and polluted loam soils heated at
6
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(1.35%), Verrucomicrobia (0.05%), Gemmatimonadetes (0.049%), and
Planctomycetes (0.03%) were found after recolonization.
Actinobacteria can degrade the polymer of plant residues in soil and is
involved in iron cycling (Wang et al., 2016), and its abundance is
inversely proportional to pH value (Wang et al., 2016). The Proteobac
teria abundance increased and the Acidobacteria abundance was signif
icantly low after recolonization, with the ratio of Proteobacteria to
Acidobacteria being able to reflect the nutritional status of the soil
ecosystem, and being positively related with increasing soil nutrients
(Thomson et al., 2010). In the present study, the ratios were 0.96 in BCS
and 1.55 in BPS, yet increased sharply to 316.33 in BPS-350◦ C-3d, which
could be attributed to the relative abundance of Acidobacteria reducing
to 0.12% after LTITD.
The relative abundance of Proteobacteria was generally higher in
BPS-350◦ C-3d, attributed to charring process of lube oil and adventi
tious carbon formed on the soil surface, as shown in 3.1. The Soil pH
strongly influences the abundance, community structure and diversity of
bacteria. An alkaline environment in heated soils (demonstrated in
3.2.1) is favorable to the growth of Proteobacteria and Actinobacteria, but
generally conducive to Acidobacteria in particular (Chu et al., 2010; Shen
et al., 2013). Further, Actinobacteria contains many bacteria which
produce antibiotics, enzymes and organic acids, and their content can be
used to evaluate soil health (Xiang et al., 2020). Thus, the increasing
abundance of Actinobacteria is more beneficial to soil health.
With regard to Firmicutes in particular, their special physiological
structures (such as spores) facilitate a strong adaptability to environ
ments (Wolf et al., 2004), which led to their relative abundance growing
in heated soils after three days of recolonization. This also allowed Fir
micutes to survive at high temperatures, and become the dominant
species. Firmicutes is integral in the reconstruction of soil ecosystem
under extreme environments (Hou et al., 2017). The physicochemical
properties and structures of soilwere changed after heating, and the
existence of Firmicutes can acclimate the changing ecosystem, improve
the soil environment and promote soil quality.
The relative abundances of fungal phyla are displayed in Fig. 4a. The
main fungi in FCS were Ascomycota (69%), Basidiomycota (9.33%),
unclassified_k-Fungi (6.34%), Mucoromycota (6.99%) and Ciliophora
(5.42%), while the main fungi of FPS-350◦ C-3d were Ascomycota
(49.96%), Basidiomycota (41.00%), unclassified_k_Fungi (1.57%),
Mucoromycota (0.20%), Ciliophora (0.37%), and Arthropoda (6.73%).
The relative abundances of dominant phyla substantially changed after
recolonization. The relative abundance of Ascomycota was negatively
correlated with the increasing abundance of Basidiomycota.

Table 1
PCR amplification results of microorganisms in different loam soil samples.
Soil samples

Treatment methods

PCR amplification activity

Clean loam
soils
Polluted
loam soils
PS-350◦ C0d
PS-350◦ C1d
PS-350◦ C3d

Direct detection

The concentration is appropriate,
indicating the existence of microbes
The concentration is appropriate,
indicating the existence of microbes
No microorganism or low level

PS-350◦ C7d

Direct detection
Direct detection after cooling
to room temperature
Exposure to natural grass
land for one day after heating
Exposure to natural grass
land for three days after
heating
Exposure to indoor air for
seven days after heating

No microorganism or low level
The concentration is appropriate,
indicating the existence of microbes
No microorganism or low level

decreased more than that of fungi after LTITD. In general, the richness,
diversity and evenness of soil microbial community of recolonization for
3 days in natural grass land were slightly lower than those of clean loam
soils and polluted loam soils, and the short-term recovery ability of fungi
was higher than bacteria. Additionally, the coverage index of the five
samples reached 0.99, demonstrating that the sequencing results were
reasonable.
3.3.3. OTU cluster in bacterial and fungal communities
As displayed in Table 3, the amounts of bacterial communities in BCS
and BPS at each classification level were relatively close, and the amount
in BPS-350◦ C-3d was a little lower than that of BCS and BPS. Similarly,
the amount of FPS-350◦ C-3d at each classification level was a little lower
than FCS. The aforementioned results were consistent with those of the
diversity index analysis in section 3.3.2, suggesting that the community
of bacteria and fungi had a little downward trend after heating. The
bacterial and fungal amount of soil microbial community of recoloni
zation for 3 days in natural grass land were slightly lower than those of
clean loam soils and polluted loam soils.
3.3.4. Composition and structure in bacterial and fungal community
(1) The relative abundance of each bacterial and fungal phyla
The relative abundance of bacterial species and dominant micro
floras in clean loam soils and polluted loam soils were correspondingly
small, and the dominant bacteria were Proteobacteria, Actinobacteria,
Acidobacteria, Chloroflexi, Bacteroidetes, etc., as shown in Fig. 4a.
Compared with clean loam soils and polluted loam soils, relative bac
terial abundances and dominant microfloras of BPS-350◦ C-3d were
relatively different, where the dominant bacteria were Proteobacteria
(37.96%), Actinobacteria (24.36%), Firmicutes (29.41%), and Bacter
oidetes (3.70%). After three days’ recolonization after heated, the rela
tive abundances of Acidobacteria and Chloroflexi, dominant in clean loam
soils and polluted loam soils, decreased to 0.12% and 0.41%, respec
tively. Simultaneously, Firmicutes, which was less abundant in clean
loam soils and polluted loam soils, became the dominant strain after
recolonization. Other bacterial relative changes in abundances were
minimal, for instance, Cyanobacteria (2.33%), Deinococcus-Thermus

Table 3
Total amounts of bacterial and fungal communities in loam soil samples at
different taxonomic levels.
Groups

Phylum

Class

Order

Family

Genus

Species

OTU

BCS
BPS
BPS-350◦ C3d
FCS
FPS-350◦ C3d

29
28
21

81
80
43

201
200
118

316
318
205

533
539
366

1072
1083
540

2805
2791
793

25
10

36
22

53
41

67
49

72
52

90
54

109
60

Table 2
Alpha diversity index of loam soil samples’ bacterial community (OTU level).
Groups
BCS
BPS
BPS-350◦ C-3d
FCS
FPS-350◦ C-3d

Richness index

Diversity index

Evenness index

Coverage index

Sobs

Chao

Shannon

Simpson

Shannon even

Simpson even

Coverage

2805
2791
793
109
60

2935
2947
948
109
61.5

6.84
6.76
4.14
2.73
2.12

0.0024
0.0026
0.0343
0.1103
0.1933

0.8618
0.8526
0.6208
0.5821
0.5182

0.1442
0.1347
0.0366
0.0831
0.0862

0.9945
0.9943
0.9977
0.9999
0.9998
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Fig. 4. The relative abundance of each bacterial and fungal at the phylum level (a) and genus level (b) in different loam soil samples.

The changes of relative abundances of fungi were similar to those of
bacteria and related to the changed soil properties. Soil microbial
biomass carbon is positively correlated with the relative abundance of
Ascomycota, and soil microbial biomass carbon and available phos
phorus are negatively correlated with Basidiomycota (Liu et al., 2019).
Prior research has shown that the microbial abundances decrease with
the increasing pH and TP contents after heating, with the changes of pH
and TP having significant effects on the two fungi abundances. On a
global scale, Ascomycota is the dominant type of soil fungal community
(Egidi et al., 2019), and is better able to withstand environmental
pressures and utilize more resources. Hence, the relative abundance of
Ascomycota remained high, being critical for the self-recovery of heated
soils.

Basidiomycota became the dominant phylum in heated soils during
recolonization. Basidiomycota is a typical "decomposer" that contributes
in improving the SOM decomposition and nutrient cycling of plants
(Ludley and Robinson, 2008). As the fungal community composition is
strongly correlated with changes in soil nutrient status (Lauber et al.,
2008), the dominant fungi species decreased obviously after LTITD.
Additionally, SOM is positively correlated with the fungal community,
especially Ascomycota and Basidiomycota. Moreover, the unique fungus
phylum of heated soils is Arthropoda, and its abundance was compara
tively high.
(2) The relative abundance of each bacterial and fungal genus
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Coniochaeta, Chaetomium and Alternaria changed considerably. Boer
emia, Fusarium, Coniochaeta, and Chaetomium belong to the phylum
Ascomycota, and the total relative abundance was reduced. Belonging to
Basidiomycota, the relative abundance of Naganishia increased, which
was in line with previous conclusions.
As revealed by the previous results, though the dominant species of
bacteria and fungi at the genus level had a significant difference between
clean loam soils and heated soils after recolonization 3 days, the unique
physiological characteristics of heated soils are conducive to microbial
recolonization and the dominant species were better adapted to the
barren soils.

The colony structures and relative abundances of clean loam soils
and polluted loam soils were similar, as indicated by the relative
abundances’ variation of bacterial genus (Fig. 4b). The main bacteria
predominate in heated soils subjected to recolonization were Planomi
crobium (16.73%), Massilia (10.09%), Jeotgalibaca (7.91%), Psychro
bacter (6.84%), Arthrobacter (6.39%), Kocuria (3.92%), Brachybacterium
(3.41%), Paracoccus (3.32%), and Acinetobacter (3.10%). Among said
bacteria, the relative abundances of Planomicrobium and Arthrobacter
exhibited a significant increase, and other strains were not dominant in
both clean loam soils and polluted loam soils. Planomicrobium is a kind of
bacteria with strong saline-alkali tolerance and belongs to Firmicutes,
consistent with the conclusion of previous research. Massilia belongs to
Proteobacteria, and is actively involved in soil remediation and
improvement, such as controlling soil diseases and pests, degrading
polycyclic aromatic hydrocarbons and other organic pollutants, and
being able to transform unavailable phosphorus into their available
form. After three days of recolonization, the bacterial diversity and
relative abundance of genus level significantly changed in heated, and
the dominant bacteria could improve the soil health.
The main fungal genus in clean loam soils were Boeremia (13.10%),
Fusarium (21.35%), Naganishia (0.42%), Coniochaeta (14.10%), Chaeto
mium (13.03%), Alternaria (1.40%), unclassified_k__Fungi (6.34%), Col
poda (5.08%), norank_p__Mucoromycota (4.51%), Mrakia (2.12%), etc.
The fungi in heated soils were Boeremia (22.79%), Fusarium (5.58%),
Naganishia (32.87%), Coniochaeta (0.09%), Chaetomium (0.44%), Alter
naria (15.26%), unclassified_k__Fungi (1.57%), Colpoda (0.18%), nor
ank_p__Mucoromycota (6.44%), Mrakia (1.40%), and norank_c__Arachnida
(6.44%). Among said fungi, Boeremia, Fusarium, Naganishia,

(3) Heatmap diagram of bacterial and fungal genera
The species of bacteria and fungi contained in the samples were
clustered at genus level, and a heatmap was employed to analyze the
sequence abundance of different microbial genera in the cluster samples.
The relative abundances of the first 50 bacterial and fungi genera are
presented in Fig. 5a and Fig. 5b, respectively, in which the left side of the
heatmap diagram represents the species cluster tree, indicating the
distance of relationship among species.
The bacterial communities in clean loam soils and polluted loam soils
were similar at genus level, while the bacterial genera in heated soil
substantially changed. Dominant bacteria in heated soils mainly
converged on bacteria from Skermanella to Massilia, in which the relative
abundances of Planomicrobium, Massilia, Jeotgalibaca were considerably
higher than other bacterial genera. Meanwhile, the bacterial abun
dances from norank_c__Subgroup_6 to norank_f_A4b were primarily

Fig. 5. Heatmaps of the relative abundance of bacteria genera (a) and fungal genera (b) identified in each sample, Venn maps of bacterial communities (c) and fungal
communities (d) in loam soil samples (genus level).
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concentrated in clean loam soils and polluted loam soils, and the relative
abundances were more even. The findings above exhibit that the mi
crobial compositions in soil were under the influence of LTITD.
Although there were differences in fungi between clean loam soils
and heated soils, the relative abundances of fungi changed less than
bacteria. The relative abundances of Fusarium, Coniochaeta, Chaetomium,
Mrakia and Rhizoctonia in clean loam soils were higher than that in
heated soils. In comparison, the relative abundances of Naganishia,
Boeremia, Alternaria, Rhodotorula and Fusarium in heated soils were
higher than that in clean loam soils.

said fungal genera, those with a relative abundance over 1% in heated
soils include: Naganishia (32.87%), Boeremia (22.79%), Alternaria
(15.26%), Fusarium (5.58%), Penicillium (1.62%), unclassified_k_Fungi
(1.57%), Rhizoctonia (1.07%), and Torula (1.05%). There were 15
unique fungal genera after recolonization, and the only genus with a
relative abundance over 1% was norank_c_Arachnida (6.44%).
Overall, the community abundances of bacteria and fungi were
relatively low in heated soils, which could be ascribed to the increasing
complexity of soil physicochemical properties. Another possible reason
was the increasing abundance of Actinomycetes in heated soils (Quirino
et al., 2009), which is better adapted to heated soils, and inhibits the
growth of other bacteria by secreting chemicals, thereby further
reducing the species richness.

(4) Venn diagram of each bacterial and fungal community
Further statistics of bacteria were made at genus level, and a Venn
diagram was formulated (Fig. 5c). The species of unique bacteria,
unique fungi and common fungi in the soil after LTITD are shown in the
SM Table S3. The bacterial species that were common to both clean loam
soils and polluted loam soils accounted for the majority. There were 82
unique bacterial genera in heated soils after recolonization, with the
genera having a relative abundance of more than 1% being: Jeotgalibaca
(7.91%), Psychrobacter (6.84%), Brachybacterium (3.41%), Acinetobacter
(3.10%), Duganella (1.72%), Deinococcus (1.28%), Corynebacterium_1
(1.25%), and Chryseobacterium (1.05%). Due to the strong physical and
chemical modification of heated soils, the results demonstrate that the
bacterial community suitable for growth changed.
Fig. 5d illustrates the fungal community Venn diagram. There were
37 mutual fungal genera in clean loam soils and heated soils. Among

(5) Difference analysis of bacterial and fungal genera between each
group
Based on heatmap analysis, Fisher’s exact test was applied to analyze
further the significant differences between each bacterial / fungal group
at genera level. The Y axis represents the species name at a certain
classification level, with each column corresponding to the species
representing the relative abundance of the species in each sample, and
different colors representing different samples. Within the set confi
dence interval, the corresponding value of the dot represents the dif
ference of the relative species abundance in the two groups. The type I
interval on the dot signifies the upper and lower limit of the difference,
while the rightmost value is the P value, * 0.01 < P ≤ 0.05, * 0.001 < P

Fig. 6. Test of significant differences of bacterial genera between clean loam soils and polluted loam soils (a), clean loam soils and heated loam soils after
recolonization (b), polluted loam soils and loam soils after recolonization (c), and the test of significant differences of fungal genera between clean loam soils and
heated loam soils after recolonization (d).
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≤ 0.01, P ≤ 0.001. As observable in Fig. 6a, there were significant dif
ference in genus between clean loam soils and polluted loam soils (p <
0.05), considerably significant difference in 13 genera, and no signifi
cant difference in the remaining genera. Compared with heated soils,
there were significant differences in the genera of bacteria of clean loam
soils (Fig. 6b) and polluted loam soils (Fig. 6c). There were numerous
common and significant differences in flora, such as Planomicrobium,
Massilia, Jeotgalibaca, Arthrobacter, Psychrobacter, Kocuria and others. In
parallel, there were significant differences in fungal genera between
clean loam soils and heated loam soils after recolonization (Fig. 6d).
Notably, all these differences are consistent with the results above from
(1)–(4).
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González-Pérez, J.A., González-Vila, F.J., Almendros, G., Knicker, H., 2004. The effect of
fire on soil organic matter - a review. Environ. Int. 30 (6), 855–870. https://doi.org/
10.1016/j.envint.2004.02.003.
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4. Conclusions
Lube oil-contaminated soil can be effectively remediated by indirect
TD at low temperature (<350 ◦ C). In addition, the weakly-alkaline,
multi-phosphorus and char-rich soil after LTITD could provide a
nutrient source and favorable habitat space for living organisms, and the
decomposition of minerals in soil is more conducive to the survival of
organisms. Microbial species after 3 days of recolonization were enough
to carry out DNA extraction when the soils were exposed to natural grass
land. Though the total abundance of recolonized microbial species
decreased after heating, the relative abundances and diversities of
dominant bacteria increased, especially at genus level. The dominant
bacteria and fungi in heated soils after recolonization were more
adaptable to the harsh environment, which is of considerable signifi
cance for the restoration of the soil ecology after LTITD. To conclude,
low temperature heating parameters, better soil physicochemical
properties and the rapid recolonization capacity of microbial commu
nities render LTITD a promising green and sustainable technology.
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