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Abstract

Adopting the expansive soil in Nanning, China, as the pollution-free background soil, and 0# diesel as the petroleum hydro-
carbon pollutant, the effect of thermal treatment on the expansion characteristics of contaminated soil by diesel was studied.
X-ray diffraction (XRD), mercury intrusion porosimetry method (MIP), scanning electron microscopy (SEM), and gas
chromatography-flame ionization detection (GC-FID) were adopted in a study of the effect mechanism. The results reveal that
at a constant diesel content, the steady-state no-load expansion ratio (Steady ER) of the thermal treated diesel-contaminated
expansive soil (TT-ES) decreases with increasing heating temperature, and the expansion time history curve changes from a
three-stage shape to a straight-line shape. The XRD test results show that the content of illite, which determines the expan-
sion characteristics of the TT-ES, has not changed during the thermal treatment and cannot be used to explain the decrease
of expansion characteristics of TT-ES. However, the change of its crystal structure can have an impact on the expansion
characteristics. Within the heating temperature range from 500 ~ 800 °C, the cation exchange capacity decreases, which
reduces the hydration reaction of the TT-ES, thereby decreasing the Steady ER. Within the full heating temperature range,
the soil structure affects the time history curve shape and the Steady ER. When the heating temperature remains constant,
the larger the diesel fuel amount was, the lower Steady ER. Similarly, the decrease in cation exchange capacity due to the
incorporation of diesel oil and the change of the soil structure reduce the Steady ER.

Keywords Thermal treatment - Diesel-contaminated expansive soil - Illite - Cation exchange capacity - Soil texture -
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not easily degrade and persist in soil, thereby threatening
human health and the growth of animals and plants (Li
et al. 2019). Petroleum hydrocarbons that remain in the
soil for a long time can increase the human carcinogenic
rate approximately 150 times (Bortey-Sam et al. 2014;
Xiong and Wang 2021), produce acute and chronic symp-
toms, alter the state of the endocrine system, and increase
the endpoint of genotoxicity (Pérez-Cadahia et al. 2006,
2007). Moreover, oil can invade the organs and tissues of
animals, and even kill the animals living in the soil, such
as earthworms (Gospodarek et al. 2019). The stomata and
cell walls of plant tissues are blocked, the transpiration
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rate and photosynthesis are reduced, and plant growth is
inhibited, with plant death eventually occurring (Chaineau
et al. 1997; Han et al. 2016; Pérez-Hernandez et al. 2016).
Therefore, the removal of petroleum and petroleum hydro-
carbons from the soil is necessary.

Since most petroleum and petroleum hydrocarbons
exhibit volatile and semi-volatile properties, heat treat-
ment is usually implemented to remove and remediate
petroleum- and petroleum hydrocarbon-contaminated soil
(Vidonish et al. 2016). The thermal treatment technique
promotes thermal desorption and pyrolysis of pollutants by
heating contaminated soil and extracting these pollutants
from soil (Ren et al. 2020). The most prominent feature
of the thermal treatment technique is the application of a
high temperature, and the maximum heating temperature
can reach 800 °C (Merino and Bucald 2007). Heat treat-
ment affects the soil properties when cleaning and repairing
contaminated soil using the high-temperature environment
of manufacturing (Sun et al. 2020). For example, due to
high temperature, changes in particle gradation (Roh et al.
2000; O’Brien et al. 2016) aggregate stability (Inbar et al.
2014; Badia-Villas et al. 2014) and mechanical properties
(Gulgun 2011), etc.

Expansive soil is a common clay. It is a highly plastic
clay that expands when absorbing water and shrinks when
it loses water (Ali and Mohamed 2018). Its expansion and
contraction characteristics can bring great harm, and this
kind of harm often has repetitive and long-term potential
(Okeke 2020). The immersion of petroleum or petroleum
hydrocarbon and heat treatment can change its properties
and have an important effect on the expansion characteris-
tics (Magzoub et al. 2017; Bojnourdi et al. 2020). Moreo-
ver, however, there are few articles on the expansion char-
acteristics and mechanism of expansive soil polluted by
petroleum or petroleum hydrocarbon. It can provide a basis
for the reuse of petroleum hydrocarbon contaminated soil
after thermal treatment.

In this paper, Nanning expansive soil is adopted as the
non-polluted background soil, diesel oil, is employed as a
replacement for petroleum pollutants, and polluted soil is
artificially prepared and thermally treated. Via the measure-
ment of the no-load expansion rate of diesel-contaminated
soil after thermal treatment, the effect of thermal treatment
and diesel contamination on the expansion characteristics
of expansive soil is determined. From the perspectives of
clay minerals, cation exchange capacity, soil structure, and
residual carbon, the effect mechanism of thermal treatment
and diesel oil contamination on the expansion character-
istics of TT-ES are studied and analyzed. It can provide
a basis for the reuse of diesel contaminated soil after heat
treatment.

@ Springer

Materials and methods
Experimental soil sample

The experimental soil was collected in a pasture near
the bridgehead of the Buffalo Research Institute in Nan-
ning city, Guangxi Province, at a soil depth of approxi-
mately 0.5 m, and the color of the expansive soil is off-
white. The overlying soil layers above expansive soil
include root soil (approximately 0.2 m thick) and red
clay (approximately 0.25 m thick). The experimental soil
was stored in sealed plastic bags and transported to the
laboratory. The experimental soil was dried and crushed,
and impurities were removed. The experimental soil was
then passed through a 2-mm sieve and stored for later
use. The basic physical properties of the expansive soil
are listed in Table 1.

Diesel oil

The diesel oil applied in the experiment is O# diesel oil sold
on the market in China. The color of the diesel oil is light
green, the relative density is 0.856, and the viscosity coef-
ficient is 3.95 mPaes at 20 °C.

Experimental design

Set 4 kinds of diesel content (0.0wt%, 2.0wt%, 4.0wt%,
and 6.0wt%), 1 kind of moisture content (30%) and 1 kind
of dry density (1.41 gecm™), and 8 heating temperature
nodes (100 °C, 200 °C, 300 °C, 400 °C, 500 °C, 600 °C,
700 °C, and 800 °C). For the convenience of description,
the diesel content is numbered 0.0wt% — I, 2.0wt% — 11,
4.0wt% — 111, 6.0wt% — IV. The heating temperature
number is 100 °C — 1#, 200 °C — 2#, 300 °C — 34#,
400 °C —4#, 500 °C — 5#, 600 °C — 6#, 700 °C — T#,
800 °C — 8#. Sy 14 represents the sample after the diesel
content is 4.0wt% and the heating temperature is 100 °C
and carried out a no-load and confined expansion experi-
ment, mineral composition and content test (XRD analysis),
exchangeable cation content test and micro-morphology test
(SEM), and gas chromatography-flame ionization detection
(GC-FID).

Table 1 Basic physical properties of expansive soil

Natural Natural Specific  Liquid Plastic Free
moisture  density gravity limit (%) limit (%) expansion
content  (g.cm™) rate (%)
(%)

32.8 1.84 2.73 75.3 26.7 59.0
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The essence of the thermal treatment technique is to elim-
inate organic pollutants in soil (in this case diesel) through
exposure to a high temperature to below the screening value
(the screening value is 826 mg/kg in China). Therefore, the
heating time in this article is based on whether the resid-
ual diesel amount in the TT-ES is lower than the standard
screening value after thermal treatment. A soil sample with
a diesel content of 6.0 wt% was treated at a heating tem-
perature of 100 °C under different heating times, and the
residual diesel content was measured. Test sampling points
are shown in Fig. 1a. After a test heating time of 38 h, the
measured value reached 697 mg/kg, which is lower than
the standard screening value of 826 mg/kg (Wei and Wang
2020). To ensure a good removal effect, the heating time
was extended by 2 h, and the heating time was thus set to
40 h in this paper.

Experimental method
Preparation of diesel-contaminated soil

To ensure a uniform distribution of distilled water and diesel
in the soil samples, a layered sample preparation method was
implemented to prepare soil samples with a water content of
30% and diesel contents of 0.0 wt%, 2.0 wt%, 4.0 wt%, and
6.0 wt%. Each prepared soil sample was sealed in a plastic
bag and placed in a dark environment (Lee et al. 1998). Dur-
ing this period, the soil samples contained in sealed bags
were rotated several times.

Preparation of diesel-contaminated soil ring cutting
specimens

The dry density was controlled at 1.41 gecm™, and a ring
knife sample with a size of $p61.8 X 20 mm was prepared via
the one-time compression method. The prepared ring knife
sample was stored in a sealed plastic bag and placed in a
dark environment for storage.

Soil sample after
heat thermal remediation

/

Ring cutter sample

0

\VaN) ™
/\/\ Sampling place
Crack Steel mesh
a

Diesel-polluted soil thermal treatment experiment. In
the experiment, a high-temperature muffle furnace was
employed to simulate soil thermal treatment under the action
of different heating temperatures. To avoid the influence
of the bottom contact boundary on the soil sample during
the heating process, the soil sample was placed on a high-
temperature resistance stainless steel wire mesh during heat
treatment, as shown in Fig. 1b. In the simulated heat treat-
ment, a negative pressure of —0.1 kPa was maintained. Dur-
ing remediation, the ring cutting specimen experienced body
shrinkage, as shown in Fig. Ic.

No-load confined expansion rate experiment. According
to the guidelines of the People’s Republic of China Geo-
technical Test Method Standard (GB/T 50,123-2019), the
no-load confined expansion rate experiment was performed
(Wang et al. 2020). Since the ring cutting sample shrank
and fractured to different degrees during the thermal treat-
ment process, the gap between the ring cutter and TT-ES
was filled to meet the requirements of the no-load confined
expansion rate experiment. When filling the gap, the TT-ES
was first sealed and enclosed in plastic wrap, the gap was
then filled with several layers of hard polyvinyl chloride
(PVC) plastic film of different thicknesses, and the remain-
ing gap was finally filled with epoxy resin. A schematic dia-
gram of the gap-filling process is shown in Fig. 2. It should
be noted that the plastic film layers on the upper and lower
bottom surfaces were removed during the no-load confined
expansion rate experiment.

Mineral composition and semi-quantitative analysis (XRD
analysis)

The mineral composition and content are carried out in
Zhongke Baitest Co., Ltd. During the test, the soil sample
was mixed with 20% zinc oxide as an internal standard for
semi-quantitative analysis of mineral composition. The test
instrument is a RIGAKU D/max-2500v diffractometer, the

Gap Cutting ring

Stainless steel frame

Soil sample after
heat thermal remediation

b c

Fig. 1 Test design and demonstration. (a) Schematic diagram of diesel residual sampling. (b) Layout of ring cutter sample for diesel contami-
nated expansive soil. (¢) Sample drawing of ring cutter after thermal remediation. The picture is drawn with CAD and processed with PPT
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Fig.2 Schematic diagram of the
gap. The picture is drawn with
CAD and processed with PPT

Preservative film

CuK o radiation range is 3-90°, and the step length is 3°.
TOPAS software was used to analyze the mineral composi-
tion (Lin and Cerato 2012; Hollanders et al. 2016).

The exchange cation capacity was tested at the Geologi-
cal and Mineral Testing and Research Center of Guangxi
Zhuang Autonomous Region.

The residual diesel content in the soil was tested by
Guangxi Boce Testing Technology Service Co., Ltd
(GC-FID).

The porosity of soil was tested in Guangzhou nano micro
Testing Co., Ltd (MIP).

The microscopic morphology of soil particles was ana-
lyzed by scanning electron microscopy (S-3400 N) from
Hitachi, Japan, and the test samples were prepared by freeze-
drying method (Watabe et al. 2011). The specific method is:
quickly put the cut soil block into liquid nitrogen (boiling
point —196 °C) and freeze for 1 ~2 h, so that the moisture in
the soil quickly condenses into non-expandable ice, and then
vacuum at —50 °C Freeze-drying for at least 24 h to allow the
ice to sublime. During the SEM test, two spray gold treat-
ments were performed on the TT-ES, and the better flatness
was selected as the observation surface.

Data analysis

SPSS 26.0 and Origin 2018 were used to calculate and ana-
lyze the experimental data, respectively. Particle (pore) and
Cracks Analysis System (PCAS), PS, and CAD software
were adopted for image processing and graphing purposes
(Liu et al. 2011; Jin et al. 2016).

Results

The no-load expansion rate of the thermal
treatment sample

Figure 3 shows a time history curve of the no-load expan-

sion rate of the TT-ES at the different heating temperatures.
When the diesel content remains the same, with increasing

@ Springer
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heating temperature, the TT-ES’s no-load expansion rate
decreases, and the expansion time history curve consider-
ably changes. For example, at a diesel content of 4.0 wt%,
the Steady ER of TT-ES Sy |4 is 25.48%, while the Steady
ER of TT-ES Sy ,4 reaches 12.6%, which is approximately
50% lower than that of TT-ES Sy; ;4. Beyond a heating tem-
perature of 500 °C, the TT-ES expansion characteristics
disappeared. The expansion time history curve of TT-ES
Si1# exhibited three stages, namely, the rapid expansion
stage, deceleration expansion stage, and slow expansion
stage, similar to the results of Pan et al. (2020a, b). Simi-
larly, the expansion time history curves of TT-ES Sy ,y,
St3# Stras and Sy sy also exhibited the same three stages.
However, the duration of the rapid and deceleration expan-
sion stages was reduced. The higher the heating temperature
was, the greater the reduction. Above a heating temperature
of 500 °C, the expansion time history curve resembled a
straight line. In addition, it should be noted that at the rapid
expansion stage, the higher the heating temperature was,
the higher the no-load expansion rate. For example, under a
heat treatment duration of 2 h, TT-ESs Sy 14, Sy s Stz
and Sy 44 correspondingly attained no-load expansion rates
of 2.20%, 2.88%, 3.54%, and 3.82%, respectively. When
the heating temperature remains constant, the Steady ER
decreases with increasing diesel fuel content. For example,
at a heating temperature of 300 °C, the Steady ER of TT-ES
Sy 34 Stz Sirss and Spy 34 are 16.68%, 15.00%, 9.97%, and
7.17%, respectively. The larger the diesel fuel amount is, the
shorter the duration of the rapid and slow expansion stages
of the time history curve.

Through data fitting of the time history curve, it is found
that the fitting result agrees with the logistic function model
(Zou et al. 2020). The commonly adopted expression form
of the logistic function model is:

_ 1
5"K<1 (r/f>q> .

where 6, is the corresponding no-load expansion rate at time
tand K, f, and q are related parameters.
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Fig.3 Time history curve of the a

no-load expansion rate of the

sample. (a) 0.0wt%. (b) 2.0wt%. 407 47

() 4.0wt%. (d) 6.0wt%. The 359 {
picture is drawn with the origin

and used for data fitting
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Table 2 The multivariate fitting results of time history curve of no-load expansion of the TT-ES

Parameter Sy 1 Sto# Stas Stas Stsu Ster Stz Suse S Stou Si34 Swas  Swst Swer Sz Sisw
K 42.355 25.826 16.887 15.604 5.031 0.830 0.326 - 31.637 17.162 15.507 9.018 0.936 0.589 0.132 -
f 48.824 22.079 9.380 5411 19.394 2790 1.759 - 29.226 13.895 7.811 1.236 3.141 2.092 0.766 -
q 1.275 1214 1.088 0.888 0.818 1.234 1.652 - 1.293 0967 0919 0.720 0.893 1.260 2.086 -
R? 0.999 0991 0990 0981 0968 0982 0937 - 0.993 0978 0978 0.980 0.982 0.968 0.970 -
Parameter Sypiy  Smos  Smas  Smas Smise Smes Smizs Suisy Stvag Svos Stvas Sivas Stvsk Stves Svae Stviss
K 34516 13204 9.731 5.170 0.821 0.219 - - 18.73 9466 7.208 4.506 0.609 - - -
f 50.866 6.835 3730 0.511 1918 0.547 - - 1796 5.127 2.693 0.695 2.031 - - -
q 0.965 1.099 0910 0.710 1.075 1.940 - - 1.381 1.155 1.008 1.069 1.198 - - -
R? 0992 0995 0991 0954 0985 0.967 - - 0.992 099 0987 0.941 098 - - -

The fitting results are summarized in Table 2. Except for the
TT-ESs corresponding to a heating temperature of 800 °C and
certain TT-ESs exposed to heating temperatures of 600 and
700 °C, the expansion time history curves of the other TT-ESs
are suitably fitted, and the R? values are all higher than 0.95.

Multivariate data fitting is performed on the Steady ER
data of the TT-ESs, and the following relationship between
the heating temperature and diesel fuel amount and the no-
load expansion rate can be obtained:

8 = (—0.5131 + 7.37¢7%9%%)(—0.7265y + 8.164)R* = 0.965

@

where ¢ is the TT-ESs no-load expansion rate under steady-
state conditions.

Figure 3 shows a comparison and analysis of the Steady

ER test data and fitting results. Figure 4 shows a compari-

son of test value and data fitting result the Steady ER of the
TT-ES.

Fig.4 Comparison of test value
and data fitting result of sample
no-load expansion rate. The
data is fitted by Matlab and the
picture is output

o
=)
7

The obtained TT-ES data were subjected to a two-
way analysis of variance, and the results are listed in
Table 3. Two-way analysis of variance revealed that
the heating temperature and diesel fuel content yielded
statistically significant effects on the Steady ER of the
TT-ES (p-value =0 < 5%). The statistical model reflects
nearly 100% of the observed variation rate. The heat-
ing temperature accounts for 85.5% of the reduction
effect on the Steady ER of the TT-ES, the diesel content
accounts for 7.4% of the reduction effect, and the interac-
tion between the heating temperature and diesel content
accounts for 7.1% of the reduction effect. This suggests
that the heating temperature, the amount of diesel fuel,
and their interaction greatly influence the reduction in
the Steady ER of the TT-ES. The heating temperature
reduces the Steady ER of the TT-ES more than does the
diesel content, and their interaction decreases the Steady
ER of the TT-ES.
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Table 3 The results of two-

. . Source of variation Type Il sum of Df Mean squares F p-value

factor variance ana.ly51s of ) squares

the no-load expansion rate of

TT-ES Corrected model 9356.058° 31 301.808 26,070.595 0.0
Intercet 6433.382 1 6433.382 555,723.866 0.00
Heating temperature 7999.653 7 1142.808 98,717.200 0.00
Diesel content 693.025 3 231.008 19,954.803 0.00
Interaction between heating tem- 663.380 21 31.590 2728.744 0.00

perature and diesel content

Error 0.741 64 0.012 - -
Total 15,790.180 96 - - -
Corrected total 9356.799 95 - - -
Df degree of freedom
2R?=1.000 (Corrected R*>=1.000)

Discussion the different heating temperatures on the expansion charac-

The effect mechanism of clay minerals on the reducing
of the expansion characteristics of the thermal
treatment soil

The effect of clay mineral content

Based on the XRD analysis results of the pollution-free
background soil (0.0 wt% diesel content and a heating tem-
perature of 100 °C), it is observed that the TT-ES expan-
sion characteristics are attributed to the high illite content.
Although illite does not experience crystal layer expansion,
its surface exhibits strong hydrophilic properties, which can
produce a thicker hydration layer, thus increasing the volume
of clay particles and ultimately leading to an overall soil
volume increase (Liu et al. 2016, 2021). Therefore, changes
in the illite content inevitably cause changes in the expan-
sion characteristics.

The TT-ESs with a diesel oil content of 4.0 wt% exposed
to the different heating temperatures were analyzed. XRD
results and the variation in illite and other clay minerals are
shown in Fig. 5a. According to the analysis of the XRD test
results, kaolinite is the most variable clay mineral, which
undergoes the dehydroxylation reaction at heating tempera-
tures ranging from 400 ~ 500 °C, resulting in the formation
of metakaolin (Yan et al. 2017) and the disappearance of the
corresponding strength peak in the XRD curve. Illite and
quartz did not change significantly, their content remained
unchanged, and their proportions varied between 37.2% and
38.5%. However, according to the research of (Escalera et al.
2014) and (Dietel et al. 2017), etc., illite gradually under-
goes the dehydroxylation reaction within the temperature
range from 400 ~ 800 °C, but the crystal structure of illite is
still maintained in the resultant product (Wang et al. 2017).
Therefore, within the temperature range from 400 to 800 °C,
the XRD results reflect both illite and dehydrated illite (Jiang
et al. 2008). Hence, it is not feasible to analyze the effect of

teristics of diesel oil-contaminated soil based only on the
change in the illite content measured via XRD.

Moreover, the temperature nodes before and after illite
dehydroxylation are selected to analyze the effect of the
diesel oil content. The selected heating temperature nodes
include 300 °C and 700 °C. Figure 5b shows that illite, kao-
linite, and quartz occur among all clay minerals at the four
diesel oil contents. At a heating temperature of 300 °C, the
illite content in TT-ESS Sy 34, Sy 34, Sy 34 and Spy 34 is 37.2
wt%, 37.2 wt%, 36.9 wt%, and 37.0 wt%, respectively. The
illite content in the Sy ;4 and Sy 74 samples is 37.1 wt% and
37.7 wt%, respectively. The addition of diesel oil does not
affect the physicochemical reactions of the clay minerals.
Therefore, it is also impossible to analyze the effect of the
diesel oil content on the expansion characteristics of the TT-
ESs from the perspectives of the clay mineral composition
and content.

The effect of the crystal structure of clay minerals

Under high temperatures, the crystal structure of clay min-
erals in the TT-ES will change, which affects the hydration
characteristics of the TT-ESs. The main crystal interplanar
spacing of illite, which affects the expansion characteristics,
is analyzed at each heating temperature node. The results
are shown in Table 4. The results show that the crystal
structure of illite shrinks when the heating temperature is
between 100 °C and 500 °C. For example, the diffraction
peak plane 002 changes from 9.9465 nm to 9.8992 nm.
When the heating temperature is higher than 500 °C, the
illite crystal begins to expand, and the diffraction peak 002
increases from 9.8992 nm to 10.1747 nm. The results are
similar to those of (Escalera et al. 2014). In the heating tem-
perature range of 100 °C to 500 °C, during this period, the
crystal structure of illite shrinks due to the loss of adsorbed
water and interlayer water. But its contraction is linear and
reversible. When the surface of illite regains moisture, the

@ Springer
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hydration and its degree
sion characteristics of the

2002). After the heating temperature is 500 °C, the illite is
dehydroxylated and the crystal structure collapses, which

Table 4 Main diffraction peak
(d)

@ Springer

will not change, and the expan-
sample will not change (Hueckel

is a nonlinear change. When the surface of illite regains
moisture, the rehydration characteristics of dehydrated illite
will be weakened (Berkelhamert 2010), which will reduce
the expansion characteristics of the TT-ES.

Crystal face index ~ TT-ES number

Suri# St 24 St 34 St 4 St s St St 74 S s#
d(002)/nm 9.9465 9.9471 9.9279 9.8812 9.8992  1.0827 10.1747  9.9278
d(004)/nm 4.979 49789 49789 49733 49572  5.0248 5.0405  4.9956
d(-116)/nm 2.8099 2.8083 2.8083 28016 2.8031 2.8135 2.8166  2.8032
d(-133)/nm 24716 24714 24712 24674 24675 24755 24768  2.4676
d(-118)/nm 22794 22784 22784 2274 2.275 2.2817 2.2838  2.276
d(-137)/nm 1.9779 19778 19771 19745 19746 1.9797 1.9805  1.9747
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The effect mechanism of the cation exchange capacity
on the reducing of the expansion characteristics
of the thermal treatment soil

According to the theory of the electric double layer, the
structure of the hydration layer on the illite surface is caused
by the adsorption of water molecules by the cation exchange
occurring on the crystal surface, and the cation exchange
capacity determines the adsorption capacity of water mol-
ecules (Yilmaz 2004; Mehta and Sachan 2017). Figure 6a
shows the cation exchange capacity in TT-ES Sy 14 Syyjos
Stra#s Stras Sirse Sures Surzs and Sy gy with a diesel
oil content of 4.0 wt%. When the heating temperature var-
ied between 100 and 400 °C, the cation exchange capac-
ity increased to a certain extent, but the increase was lim-
ited. The cation exchange capacity increased from 33.67
¢ mol(+)/kg to 36.98 ¢ mol(+)/kg. Beyond 400 °C, The
cation exchange capacity is reduced to 8.93 ¢ mol(+)/kg.
This is different from the results obtained by Onal (2007).
He reported that the cation exchange capacity always
decreases with increasing heating temperature. The reason
may be that the increase in the cation exchange capacity
within the heating temperature range from 100 to 400 °C
occurs due to the production of additional cation exchange
capacity via organic matter pyrolysis (Marcos et al. 2007;
Yan et al. 2017). After the heating temperature exceeds
400 °C, the cation exchange capacity decreases. In addition
to the cause of the expansion of the illite crystal structure,
it should also be related to the dehydroxylation of the kao-
linite in the TT-ES to form the metakaolin. The metakao-
lin occurs at high temperatures, and in the cooling-induced
shrinkage process, the aforementioned oxides envelop the
other substances in the sample to form a eutectic, and cation
exchange capacity is further incorporated into the formed
eutectic (Ulery 1993; Thomaz et al. 2014), resulting in con-
tent reduction. In addition, the cation exchange capacity in
TT-ESs Sy 34, Syp34, and Syy 34, were tested. The higher the
diesel content was, the lower the contents of cation exchange
capacity, and the decrease rate is 12.87 ¢ mol(+)/kg. The

results are shown in Fig. 6b. The reason is that after thermal
desorption, the pyrolysis products of diesel oil remain in the
samples and are coated on the surface of soil particles, which
hinders the diffusion of exchangeable cation and reduces
their content.

By comparing the change trends of the Steady ER s
and the cation exchange capacity with the temperature, it
is found that only part of the temperature range exhibits
a positive correlation, i.e., the heating temperature range
from 500~ 800 °C. Within this heating temperature range,
the cation exchange capacity decreases, which suggests that
the number of water molecule adsorption sites on the surface
of clay minerals decreases, resulting in a reduction in the
number of water molecules adsorbed, eventually leading to a
decrease in the thickness of the surface electric double layer
of clay minerals, a decline in the increase in the volume of
clay particles, a reduction in the volume expansion of the
whole soil, and finally a deterioration of the expansion char-
acteristics (Prost et al. 1998). Below a heating temperature
of 400 °C, the cation exchange capacity and the number
of water adsorption sites did not change notably. In addi-
tion, illite shrank linearly at this stage, and its expansion
characteristics did not change upon water recovery. How-
ever, the Steady ER of the TT-ES decreased with increasing
heating temperature. Therefore, there should be other fac-
tors influencing the deterioration of the TT-ES expansion
characteristics after thermal treatment. When the heating
temperature remained constant, the higher the diesel con-
tent, the lower the cation exchange capacity was and the less
notable the corresponding expansion characteristics were,
which is consistent with the changing trend of the Steady
ER of the TT-ES.

The effect mechanism of the soil structure
on the reducing of the expansion characteristics
of the thermal treatment soil

The high-temperature environment of the thermal treatment
technique can lead to the evaporation of water in the soil and

!:ig. 6 Cation exchange capac- 40+ a 48 - b
ity. (a) The effect of different
heating temperature on the con- 35 404
tent of exchangeable cation. (b) 304
The effect of different diesel oil F) 32 ]
content on exchangeable cation 2 254 &
content. The picture is drawn E 20 5 24]
with the origin and processed g E
with PPT 5 154 S 161
=
104 =
8 -
5 ol
0
S]]l.l# SIII.Z#‘ SIIL39é SlllAft S[lLSfi SIII.6$f s[II.7# SlII,X¥ S[_:Uz' SILZ# SI]]_B# SIV,_W
Sample type Sample type
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Fig.7 Crack diagram of a sam-
ple. The picture is processed by
PCAS and processed with PPT

physical and chemical reactions of clay minerals and other
soil components (O'Brien et al. 2018). This considerably
alters the soil structure. For example, the samples exhibited
volume shrinkage, a contact area with water was observed,
a change occurred in the internal pores, and the appearance
of cracks was noted. These changes affect the speed of water
uptake by the TT-ESs and thus affect the TT-ES expansion
characteristics. Statistics and calculations were made on the
water contact area and surface cracking rate of the diesel fuel
content 4.0wt%, the different heating temperature TT-ESs and
the heating temperature of 300 °C, and the four diesel fuel
content samples.

The area shrinkage rate and fracture rate are defined as:

j— St
o4 =1- S_o 3)
where ¢, is the area shrinkage rate, S, is the soil area after
thermal treatment, and S, is the original soil area.

be=73 “)

Table 5 List of the TT-ES structure indicators

where . is the fracture rate; S, is the fracture area; and S, is
the sample area after thermal treatment.

The water contact area and crack at the bottom of the
TT-ES were treated by PCAS. The results are shown in
Fig. 7 and Table 5. The table reveals that at a diesel oil
content of 4.0 wt%, with increasing heating temperature,
the larger the contact area between the TT-ES and water,
the lower the area shrinkage rate and the higher the crack
rate is. From TT-ES Sy ;4 to Sypy g4, the water contact area
increased from 162,057 to 180,877 dpi, the area shrinkage
rate decreased from 15.63 to 10.04%, and the crack rate
increased from 0.59 to 30.62%. At a heating temperature
of 300 °C, the water contact area, area shrinkage rate, and
crack rate of sample Sy 5, are 157,440 dpi, 18.03%, and 6.4%,
respectively, and the water contact area, area shrinkage rate
and crack rate of Sy, 3, are 171,987 dpi, 10.46%, and 22.50%,
respectively. With increasing diesel content, the lower the
shrinkage area rate is, the larger the water contact area, and
the higher the crack rate. Combined with the no-load con-
fined expansion rate experiment results, it is determined that
the larger the contact area between the TT-ES and water is,

TT-ES number  Original TT-ES area after thermal Crack area/dpi ~ Area shrinkage Cracking ratio/% Porosity/% Average
TT-ES area/  desorption/dpi ratio/% aperture/
dpi nm

S s 192,077 162,057 959 15.63 0.59 30.08 30.14

Stinos 192,077 164,794 7339 14.20 4.45 - -

Siinzu 192,077 164,899 8400 14.15 5.09 34.01 38.8

Siiras 192,077 170,761 15,079 11.10 8.83 - -

Siisu 192,077 171,549 37,063 10.69 21.60 34.97 55.45

St e 192,077 172,787 46,666 10.04 27.01 - -

Siin7s 192,077 174,113 56,726 9.35 32.58 39.35 80.1

Siiss 192,077 180,877 55,383 5.83 30.62 - -

N 192,077 157,440 10,079 18.03 6.40 31.86 35.11

Stias 192,077 166,757 26,258 13.18 15.75 3321 36.79

Stvau 192,077 171,987 38,693 10.46 22.50 39.44 43.22
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the larger the amount and the higher the rate of water immer-
sion of the soil sample per unit time, which can accelerate
the hydration process of the TT-ES. However, the occur-
rence of surface cracks is conducive to the direct uptake
of water by the TT-ES, which promotes the synchronous
hydration reaction between the TT-ES and water interface.
The more cracks there are the faster the water immersion
process (Sobieraj et al. 2004) and the more obvious the
synchronization effect. The occurrence of cracks and the
increase in crack rate accelerates the hydration process of
the whole TT-ES. This phenomenon is reflected in the time
history curve of the no-load expansion rate of TT-ES Sy 14,
St Stz and Sy 44 The higher the heating temperature
at the rapid expansion stage, the higher the no-load expan-
sion rate is.

Effect of the internal pores

MIP experiments were carried out on TT-ES with a die-
sel oil content of 4.0 wt%, heating temperature of 100 °C,
300 °C, 500 °C, and 700 °C and the heating temperature of
300 °C. The test results are shown in Fig. 8 and Table 5. The
test results indicate that the higher the heating temperature,
the higher the porosity and average pore diameter of the
TT-ES are, with increasing amounts of 9.27% and 49.96 nm,
respectively. When the heating temperature remains con-
stant, the higher the diesel content is, the higher the porosity
and average pore diameter of the TT-ESs. The correspond-
ing increase rates are 7.58% and 8.11 nm, respectively. The
higher the porosity and average pore diameter, the higher
the water absorption speed is, which can also accelerate the

12

lincremental intrusion volume/%

[incremental intrusion volume/%

T T T T T T
10 100 1000 10000
Pore diameter/nm

100000

hydration process of the TT-ES. However, it is necessary to
fill the sample pores before overall volume expansion occurs
(Bian et al. 2019). Therefore, the larger the pore volume in
the TT-ES, the more the expansion volume consumed by the
hydration expansion of clay particles to fill the pores in the
sample, and the contribution to the expansion of the whole
sample volume will be weakened, eventually leading to the
decrease of the expansion characteristics of the TT-ES. At
the same time, the larger the porosity of the TT-ES, the
less the content of illite in the unit volume of the TT-ES,
the weaker the expansion characteristics of the TT-ES, and
the lower the expansion characteristics of the TT-ES. The
mechanism of the cracks produced by thermal treatment is
the same as that of the pores in the specimen.

Effect of the micro-morphology

On the one hand, the reasons for the observed shrinkage,
fracturing, and changes in internal pores include the evapo-
ration of water and an increase in matric suction (Simms
and Yanful 2001). On the other hand, these phenomena are
caused by physical and chemical reactions of organic mat-
ter and clay minerals (Abu-Zreig et al. 2001). XRD analy-
sis reveals that at a heating temperature exceeding 400 °C,
kaolinite undergoes a dehydroxylation reaction to produce
metakaolin (Thomaz et al. 2014). The formation of these
substances impacts the existing state of the other compo-
nents in the TT-ESs and affects the expansion characteristics
of the TT-ESs. The SEM images of TT-ESs Syjy ;4 and Sy 74
are compared and analyzed, as shown in Fig. 9. In Fig. 9a,
a large number of irregular micron-sized flaky particles are

12 4

10 100

1000 10000

Pore diameter/nm

100000

Fig.8 Pore distribution of samples. (a) The influence of different diesel oil content on pore distribution. (b) The influence of different heating
temperatures on pore distribution. The picture is drawn with the origin and processed with PPT
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Fig.9 SEM picture and energy
spectrum analysis of the sample.
(@) Syyy, 14 (b) Sypy 74 - The picture
is processed in PPT. 1: decane;
2: hendecane; 3: dodecane; 4:
tridecane; 5: tetradecane; 6:
pentadecane; 7: hexadecane; 8:
heptadecane; 9: octadecane; 10:
nonadecane; 11: eicosane; 12:
n-heneicosane; 13: docosane;
14: tricosane; 15: lignocerane;
16: pentacosane; 17: hexa-
cosane; 18: heptacosane; 19:
octacosane; 20: nonacosane;
21: triacontane; 22: hentriaco-
ntane; 23: dotriacontane; 24:
tritriacontane

15kV 10.6mm x4.00k BSE 01/14/2021

observed, and the larger particles are assembled in a face-to-
face stacking manner. The pore distribution is very compact,
and the size is highly uniform. Energy spectrum analysis
indicates that elements Si, Al, and K more frequently occur
among the flake-shaped particles. Combined with the XRD
analysis results, the flaky particles may include kaolinite
and illite. As shown in Fig. 9b, a large number of small-
sized flake-shaped particles disappear that is replaced by
large particles generated via the melting of these small
flake-shaped particles, which are assembled and stacked.
Both deep and steep gullies are observed, which account for
half of the whole image. According to the energy spectrum
analysis results of points, 2, 3, and 4 in the figure, the K
content at points 2 and 3 reaches approximately 1.33 wt%
and 1.62 wt%, respectively, while the K content at point 4
is 2.70 wt%. The Si and Al contents also exhibit the same
change trend at these three test points. According to the
change in the element content, thermal treatment results in
the mutual coating of clay minerals in the samples, which
is mainly attributed to the formed metakaolin. This inter-
action results in the agglomeration of small particles into
large particles and reduces the specific surface area, which
leads to a decrease in the Steady ER (Yukselen-Aksoy and
Kaya 2010). In addition, it should be noted that the result-
ant coating prevents the hydration reaction of clay minerals
(illite) in contact with water and reduces the sample no-load
expansion rate.

@ Springer
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The effect mechanism of the residual carbon
on the reducing of the expansion characteristics
of the thermal treatment soil

Thermal treatment of contaminated soil mainly includes
two parts: thermal desorption and pyrolysis. Thermal des-
orption targets pollutants with a low molecular weight that
are transformed from the liquid state into the gaseous state
and are removed from soil during heating treatment. Pyrol-
ysis involves the decomposition of pollutants with high
molecular weights into other nonvolatile substances (in this
paper, this indicates that alkanes containing a large number
of carbon atoms are pyrolyzed into alkanes containing a
small number of carbon atoms (Kang et al. 2020), which
are adsorbed onto the surface of soil particles. The material
remaining in the soil particles is referred to as pyrolytic
carbon or coal char (Ren et al. 2020). As shown in Fig. 7,
from TT-ES Sy 14 to sample Sy gy, the color changes from
gray to black and finally to yellow. From TT-ES S; 3, to
TT-ES Spy 34, the color gradually transitions from yellow to
black, and the higher the content is, the higher the darken-
ing degree. According to the color change in TT-ESs Sy 14
Siiay and Sy sy and TT-ESs Sy 34, Sy 34, and Syy 34, gas
chromatography (GC-FID) experiments were conducted.
The results are shown in Fig. 10. Figure 10a shows that
TT-ES Sy 1» contains more alkanes, from decane to hepta-
decane containing fewer carbon atoms, and the total alkane
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Fig. 10 GC-FID analysis of residual carbon in samples. (a) The influ-
ence of different heating temperatures on residual carbon content. (b)
The influence of different diesel fuel content on the residual carbon

content is 345 mg/kg. The types of alkanes in sample Sy 34
decreases, only ranging from decane to eicosane, and the
content of alkanes correspondingly decreases, with the
total alkane content reaching 148 mg/kg. Although the
types of alkanes in TT-ES Sy 54 are similar to those in
TT-ES Sy 34, the alkane content is greatly reduced, and the
total alkane content reaches 58 mg/kg. The residual carbon
content in the TT-ESs decreases with increasing heating
temperature. When the heating temperature remains con-
stant, the residual carbon content in the TT-ESs increases
with increasing diesel fuel content. The alkane contents in
TT-ESs S;34, Sy 34 and Spy 34 were 95, 103, and 183 mg/
kg, respectively. The types of alkanes also increased with
increasing diesel content.

Residual carbon is easily adsorbed and covers the surface
of soil particles, thus forming a soil particle-residual car-
bon complex. This not only alters the interaction between

St s

Si3# Suze Sty

Sample type

content. (¢) Residual carbon content. The picture is drawn with the
origin and processed with PPT

soil particles and changes the pore structure of the TT-ESs
but also fills the pores inside the clay particles (Zong et al.
2014). These effects inhibit contact between the soil parti-
cles and pore fluid and the hydration reaction of exchange-
able cations (Pan et al. 2020a, b), thereby reducing the
thickness of the electric double layer and the expansion
characteristics of the TT-ESs. The higher the residual car-
bon content, the more obvious this weakening effect is.
Therefore, the higher the diesel content, the weaker the
expansion characteristics of the TT-ES. From the above
research and analysis, it is observed that regarding diesel-
contaminated expansive soil mainly comprising clay min-
eral illite, the reduction in the no-load expansion rate under
heat treatment is jointly caused by several factors. These
aspects include clay minerals, cation exchange capacity,
soil structure, and residual carbon. When the diesel fuel
amount remains unchanged, the main effect mechanism of
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the reduction in the TT-ES no-load expansion rate is as fol-
lows: since XRD analysis does not distinguish between illite
and dehydrated illite, the test results indicate that the illite
content does not change in the entire heating temperature
range. Hence, the effect mechanism cannot be explained
from the perspectives of the clay mineral composition and
content. However, the crystal structure expansion caused by
dehydration of illite to form dehydrated illite will weaken
the hydration reaction when the heating temperature is
higher than 500 °C, thereby reducing the expansion charac-
teristics of the TT-ES. The cation exchange capacity gradu-
ally decreases within the heating temperature range from
500~ 800 °C, which lessens the surface hydration reaction
of clay particles and reduces the no-load expansion rate of
the TT-ESs. The effect of the soil structure on the reduction
in the sample no-load expansion rate is reflected within the
full heating temperature range. The increase in the water
contact area and crack rate accelerates the TT-ES hydration
process and promotes the increase in the measured no-load
expansion rate. As such, the no-load expansion rate at the
rapid expansion stage of the TT-ES expansion time his-
tory curve varies with increasing heating temperature. The
increase in the internal porosity and average pore diameter
in the TT-ESs also enhances the hydration process, which
yields the same effect as that of the increase in the water
contact area and cracks rate. However, the ever-increasing
crack rate, internal porosity, and average pore diameter
eventually affect the Steady ER of the TT-ES, namely, the
Steady ER is reduced. The restraining effect of the micro-
scopic morphology change on the no-load expansion rate of
the TT-ES is mainly reflected beyond a heating temperature
of 400 °C. The higher the heating temperature, the lower the
residual carbon content, and the weaker the contact strength
between the hindered pore fluid and the clay particles,
and the no-load expansion rate of the TT-ESs should be
increased. However, with decreasing residual carbon con-
tent, the no-load expansion rate of the TT-ESs decreases.
The effect of residual carbon on the no-load expansion rate
of the TT-ESs within the study temperature range does not
play a decisive role. When the heating temperature remains
constant, the primary effect mechanism of the decrease in
the no-load expansion rate of the TT-ESs is as follows: sim-
ilarly, the analysis shows that different diesel fuel content
will not affect the clay minerals, and it is not feasible to use
clay minerals to analyze the impact of diesel fuel content
on the reduction of the TT-ES’s no-load expansion rate.
The incorporation of diesel fuel can lead to a decrease in
the cation exchange capacity and an increase in the water
contact area, crack rate, porosity, average pore size, and
residual carbon content. These effects jointly reduce the
no-load expansion rate of the TT-ESs.

@ Springer

Conclusions

Thermal treatment can notably reduce the expansion charac-
teristics of diesel-polluted expansive soil. When the diesel
content remains constant, the higher the heating tempera-
ture, the lower the TT-ES’s Steady ER is. Moreover, the time
history curve changes from a three-stage curve to a straight
line. There is no change in the content of illite measured by
XRD, but the change of its crystal structure has an impact
on the expansion characteristics within the heating tempera-
ture range from 500~ 800 °C. The soil structure affects the
reduction in the TT-ES’s Steady ER within the full heat-
ing temperature range, while the cation exchange capacity
affects the reduction in the TT-ES’s Steady ER within a
higher temperature range (500~ 800 °C). When the heating
temperature remains unchanged, the larger the diesel fuel
amount, the lower the TT-ES’s the Steady ER is. The resid-
ual carbon produced by thermal treatment leads to changes
in the cation exchange capacity of the soil and the structure
of the soil; at the same time, it plays a blocking role, result-
ing in a decrease in the no-load expansion rate of the sample.
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