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g r a p h i c a l a b s t r a c t
� Homogeneity (CV) and recovery (RR)
are used to evaluate preparation
effectiveness.

� AHP-CRITIC-TOPSIS model obtains
the optimal method by scoring
(highest score, 0.857).

� Applying optimal method to natural
soil is feasible, its recovery is often
high.

� Soil adsorption-related property has
effect on sample preparation
(r ¼ 0.848e0.991).
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Currently, several methods have been adopted for the laboratory preparation of artificial volatile organic
compound (VOC) contaminated soils (VCSs). However, it remains unclear whether the prepared
contaminated soils are homogenous. In this study, two representative VOCs, toluene and perchloro-
ethylene, were separately mixed with a kaolin-based soil using six preparation methods. Thereafter, the
homogeneity and recovery of the contaminated kaolin prepared using these methods were determined
and analyzed. The six procedures were quantitatively assessed according to the comprehensive evalu-
ation mathematical model (AHP-CRITIC-TOPSIS), and the final score order of the different procedures
was: A > C > E > B > F > D. Additionally, the qualitative evaluation of the procedures was performed
based on the phase transformation and mass transfer during the mixing processes. Based on these
discussions, method A, which was considered to be optimal, was then adopted for further investigations
with various natural soils. The results showed that this optimal method could be applied to natural soils
and revealed that the adsorption-related characteristics of natural soils, including total organic carbon,
specific surface area, pore volume, pH, plastic limit, particle size, and mineral composition, influenced
the homogeneity and recovery through mass transfer. In addition, it was also observed that the chemical
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Table 1
Physicochemical properties of various uncontaminate

Property Test content Kaolin

Physical properties Specific gravity (g/
cm3)

2.70

TOC (mg/kg) 0.100
pH 9.21
SSA (m2/g) 8.11
Pore volume (cm3/
g)

0.0180

Plastic limit (%) 15.2
Liquid limit (%) 30.0
Plasticity index 14.8

Main chemical
composition (%)

Al2O3 33.8
SiO2 42.7
Fe2O3 5.13
CaO 0.410
MgO 0.0630

Mineral composition
(%)

Nacrite /
Rectorite /
Quartz /
Albite /
Birnessite /

Particle size analysis Sand (2000-
75 mm)

2.70

Silt (75-5 mm) 63.3
Clay (�5 mm) 34.0
Constrained
diameter, d60

15.2

Effective grain
diameter, d10

2.30

Coefficient of
uniformity, Cu

6.60

Classification Lean clay
(CL)
properties of VOCs, including molecular structure, vapor pressure, and the octanol/water partition co-
efficient, could also affect the effectiveness of sample recovery. Through this study, researchers can
prepare VCSs with excellent homogeneity and low loss rates to conduct standardized tests for technology
development.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Volatile organic compound (VOC) contamination in soils has
become a worldwide concern (Mdlovu et al., 2019; Xu et al., 2019).
A variety of remediation technologies, e.g., soil vapor extraction,
chemical oxidation, and bioremediation have been developed and
applied in practice to resolve this issue (Agarwal and Liu, 2015; Lim
et al., 2016; Tan et al., 2020; Vidonish et al., 2016). However,
currently, various technologies remain immature in terms of reli-
ability, economy, and eco-friendliness when applied to highly
complex contaminated sites (Zhou et al., 2019). For example, the
development of green and efficient redox agents and the optimi-
zation of injection wells (methods) are not enough to rely on field
tests alone (Shi et al., 2020).

Therefore, researchers worldwide are conducting many labo-
ratory investigations to further improve and develop technologies
in this regard. To minimize experimental deviations and enhance
data reliability, it is important to use homogeneous VOC-
contaminated soils (VCSs) as a study object in a laboratory. While
it is common to prepare artificially contaminated soils by mixing
contaminants with clean base soil, ensuring that the VOCs are
homogeneously mixed with the soil can be complicated. A variety
of mixing procedures reported in the literature for the preparation
d soils.

Soil 1 Soil 2 Soil 3 S

2.23 2.69 2.68 A
A
A12.3 14.6 8.43

7.90 5.36 8.22
20.2 26.8 15.9
0.0389 0.0551 0.0223

20.4 28.8 19.8
37.0 46.2 32.3
16.6 17.4 12.5
15.2 14.0 16.9 X
68.8 59.3 65.4
5.63 4.96 5.80
2.43 7.14 2.20
1.29 2.50 2.40
/ 79.3 / D

S
(I

24.8 / /
72.7 20.7 81.2
/ / 18.8
2.50 / /
61.4 43.3 71.2 A

A
P
(B

32.0 47.5 27.3
6.60 9.20 1.50
451 88.0 366

6.70 5.20 11.8

67.3 16.9 31.0

Clayey
sand (SC)

Sand
lean clay

Silty sand
(SM)
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of artificial VCSs have been reviewed in Table A1 of the appendix
(Ma et al., 2017a, 2017b; Peng et al., 2013; Salman et al., 2015; Shi
et al., 2020). These procedures mainly include two kinds of sam-
ple preparation modes, free aging of VOCs in soils, and VOC equi-
librium via hand mixing. The differences between these existing
preparationmethods aremainly reflected in the types of pollutants,
mixing time, temperature, and mixing equipment employed with
each method. As suggested in Table A1, no commonly accepted VCS
preparation method is available, considering that even studies in
which the same pollutants were investigated showed different
preparation temperatures and equilibrium times. Shi et al. (2020)
poured benzene into a soil column and allowed the pollutant to
diffuse in the sealed column for 8 h at room temperature before the
completion of the preparation of the contaminated soil. Ma et al.
(2017a) first mixed trichloroethylene (TCE) and water in a volu-
metric ratio of 100 mL: 10 mL and then mixed the solutionwith 50 g
of soil. They adopted an equilibrium time of 24 h. In another study,
Ma et al. (2017b) added a mixture of chloroform (TCM)/TCE in
methanol (15 mL: 250 mL) into a wet natural soil sample from the
deep ground, after which the mixtures were stirred, compacted,
and sealed at 4 �C for the preparation to go to completion. Salman
et al. (2015) obtained TCE-contaminated sand via hand mixing. The
mixing efficiencies might differ from each other. Meanwhile,
tandard/method

STM D854-14;
STM D4972-13;
STM D4318 - 17e1

RF-1800 spectrometer (Shimadzu, Japan)

8-Advance XRD diffractometer (Bruker, Germany);
pectrums were qualitatively and quantitatively by JADE 6.5 with PDF 2004
nternational Centre for Diffraction Data, ICDD)

STM D422-63;
STM D2487-17;
article size measured by a laser particle size analyzer (Mastersizer 3000)
ieganowski et al., 2018)
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differentmixing procedures have been reported for the preparation
of semi-VOC-contaminated soils. For example, Ren et al. (2020)
mixed 3 L n-hexane/acetone (v/v ¼ 1:1) containing 60 mL diesel
to 1 kg natural soil. The mixtures were left in a fume hood for 24 h
so that diesel-contaminated soils could be obtained via the free
volatilization of n-hexane/acetone. Sawada et al. (2004) observed
that mixing with a rotary evaporator or a blender facilitated the
preparation of relatively homogenous polycyclic aromatic
hydrocarbon-contaminated soils, while hand mixing resulted in
extremely high inhomogeneity. The various methods used in the
preparation of VCSs indicate that there is no unified or standardized
method for the artificial preparation of VCSs.

Therefore, methods for preparing VCSs with excellent homo-
geneity while ensuring the minimum loss of VOCs during prepa-
ration are required. Homogeneity indicates whether the VOCs are
evenly distributed in the soil, and it can be determined quantita-
tively using the coefficient of variation (CV) employed in geo-
environmental engineering (Rutkowska et al., 2018; Xia et al.,
2019). In contrast, recovery represents the residual amount of
VOCs after volatilization (loss) during the preparation process, and
it can be determined quantitatively by determining the recovery
rate (RR), which is a concept in environmental analytical chemistry
(Pulleyblank et al., 2020). However, there is no clear evidence or
method to evaluate the homogeneity and recovery of the prepared
VCSs, making the effectiveness of mixing methods unknown to
other researchers.

Regarding VOC pollution, 74% of the superfund sites in the
United States were found to be polluted by VOCs in 1982e2014
(USEPA, 2020). In China, the release of VOCs increases at a drastic
rate of 5.9% per year, and a considerable part of the released VOCs
ends in the soil (Wei et al., 2011; Zhu et al., 2020). The benzene
series (BTEX) and chlorinated hydrocarbons (CHCs) are the most
common VOCs in soils (Lin et al., 2019; USEPA, 2020). Moreover,
VOCs can also be divided into light non-aqueous phase liquids
(LNAPLs) and dense non-aqueous phase liquids (DNAPLs) (Li et al.,
2020;Mdlovu et al., 2019). Therefore, toluene, which represents the
BTEX and LNAPLs, and perchloroethylene (PCE), which represents
CHCs and DNAPLs, were selected as the contaminants for the
preparation of the VCSs in this study.

To evaluate the preparation effectiveness of the VCSs prepared
using different methods and select the optimal method, six
different mixing procedures, based on previous studies (Ma et al.,
2017a, 2017b; Ren et al., 2020; Sawada et al., 2004; Shi et al.,
2020) were modified and adopted for mixing VOCs with clean
kaolin to prepare the VCSs. The CV and RR of the VCSs prepared
using the different procedures were determined and compared.
Thereafter, the optimal method was assessed using the quantitative
AHP-CRITIC-TOPSIS method (Comprehensive evaluation mathe-
matical model; the weight of this model is determined by the
combination of subjective weighting method (Analytic Hierarchy
Process, AHP) and the objective CRITIC method). Meanwhile, the
qualitative evaluation of the various procedures was performed via
the determination of phase transformation (free state, adsorbed
state, and volatile state) and mass transfer (diffusion, adsorption)
during the mixing processes. Furthermore, the practicability and
reliability of the optimal mixing method were then validated by
using it to prepare VCSs with three natural soil samples. Finally, the
factors that affect the adsorption of VOCs onto natural soils,
including soil properties, such as total organic carbon (TOC), spe-
cific surface area (SSA), pore volume, particle size distribution, pH,
plastic limit, mineral composition, and pollutant properties, were
discussed to explore the mechanisms of the feasibility of the
optimal method.
3

2. Materials and methods

2.1. Materials

Four base soil types were selected for this study: kaolin was
provided by a manufacturer from Xuzhou, China, and the other
three were natural soil samples collected from three cities in China:
Wuhan (soil 1), Shenzhen (soil 2), and Beijing (soil 3). The specific
sampling location and appearance of natural soil samples can refer
to Li et al. (2020). All the soils were air-dried and ground in amortar
to pass through a 2-mm mesh. The physicochemical properties of
the soils and the corresponding test standards or methods are
shown in Table 1. Specifically, the TOC contents of the soils were
measured using a Vario TOC analyzer (Elementar, Germany). Their
specific surface area (SSA) and pore volumewere determined using
the BETmethodwith the help of an ASAP 2020 PLUS HD88 analyzer
(Micromeritics, USA). Additionally, to determine the mineral com-
positions of the soil samples, X-ray diffraction (XRD) analysis was
performed, and the results obtained are shown in Table 1 and
Fig. B1 (appendix).

The physicochemical properties of toluene and PCE (Table B1 in
appendix) were determined from International Chemical Safety
Cards (0078 & 0076). Toluene (�99.5%), PCE (�99.5%), and HPLC-
grade methanol (�99.8%) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). HPLC-grade
dichloromethane (DCM, �99.8%) was purchased from Thermo-
Fisher (USA). 20 mg of Toluene/PCE was dissolved in DCM to a
constant volume (100mL) to prepare a stock solution (200mg/L) as
a source of soil pollution.

Milli-Q water (Merck Millipore, Germany) was used in this
study. The internal standard (25 mg/mL) and surrogate standard
(25 mg/mL) used in VOC analysis were supplied by o2si Smart So-
lutions A LGC Standards Company (Charleston, USA).

Additionally, some common laboratory instruments, including
the rotary evaporator (China, RE-5250), hand blender (ROYAL
PHILIPS), fume hood (China), laboratory refrigerators (China, 4 �C),
glass rods, aluminum boxes (f � h, 8 � 6 cm), and glass beakers,
were used in the contaminated-soil preparation process.

2.2. Mixing procedures

It is not conducive for VOCs to be adsorbed onto soil particles or
TOC in moist environments, given that most of them are hydro-
phobic (Kraus et al., 2018). Therefore, air-dry soils were used in
mixing procedures. Six procedures (A-F) were used to mix the
contaminants into kaolin, and the details are shown in Fig. 1 and
Table 2. In general, 100 mL of stock solution was added into 100 g of
kaolin to prepare the same initial concentration of contaminated
kaolin, but the adding process was different in different methods.
As shown in Table 2, these six methods were adapted from previ-
ously reported preparation methods (Ma et al., 2017a, 2017b; Ren
et al., 2020; Sawada et al., 2004; Shi et al., 2020). Additionally,
details related to the parameters that were modified in this study
are also listed in Table 2. Because VOCs are active and easy to
volatilize, the stirring methods, mixing sequences, and equilibrium
conditions were adjusted accordingly.

DCM was adopted as the organic solvent in some methods; its
boiling point (39.75 �C) is lower than those of acetone (56.53 �C)
and n-hexane(69 �C), which have been used as solvents in previous
studies (Ren et al., 2020; Sawada et al., 2004). Therefore, it vola-
tilizes faster as an organic solvent, and thus, the volatilization of
test pollutants can be reduced. Most procedures were performed at
room temperature except for procedures A and C.

In procedure A, the temperature was maintained at 30 �C to
reduce pollutant loss caused by the higher temperature under the



Fig. 1. Display of step by step process for six mixing procedures; except for the temperature specially mentioned in procedure A and C, the other procedures were all kept at room
temperature (23 ± 1 �C).
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premise of ensuring that a certain amount of the DCM evaporated
rapidly. The solid-liquid ratio was set to 1:3. This was to ensure the
use of a small amount of solvent while maintaining full contact
between the solid and liquid phases. The evaporation time was set
to 60 min, which corresponds to the length of time required for the
complete volatilization of 300 mL of DCM. In procedure B, the total
mixing time was shortened by half (single stirring time was
reduced to 10 s and the stirring times were increased) compared to
Sawada et al. (2004), owing to the more intense diffusion and
volatilization of VOCs. In procedures C and D, the settings were
similar to each other, with only the temperature increased from
4 �C to room temperature. For E, the hand mixing stirring times
(total 15 min) were close to those corresponding to procedure B,
and in procedure F, the solid-liquid ratio (1:3) was set to be
consistent with that of procedure A, while the evaporation time
was changed to 6 h (DCM volatilization completion).
4

2.3. Data analysis

Fifteen specimens (each specimen contained 3 g of the
contaminated soil) prepared by each procedure were subjected to
7890A gas chromatography-5975C mass spectrometry (GC-MS)
(Agilent, USA) as per the USEPA method 8260C and China standard
HJ 605e2011. The ambient temperature of the test was maintained
at 20 ± 1 �C. The calibration range of the GC-MS test was
50e1000 ng. Therefore, the preset concentration of the contami-
nated soil was designed to be 200 ng/g, which guaranteed an ac-
curate reading that 3 g of the contaminated soil contained 600 ng of
contaminants that were around the midpoint of the calibration
curve.

The P-values, obtained by performing the t-test, were used to
describe the probability of error of the measured concentrations of
the 15 identical samples. The CV calculated from the determined
concentrationwas defined as the ratio of SD to the arithmetic mean



Table 2
Comparison of the parameters of six mixing procedures used in the paper and parameters referenced from literature; room temperature ¼ 23 ± 1 �C.

Method Parameters used in the study Reference parameters

Temperature Soil
solvent
ratio

Preparation time Temperature Soil solvent ratio Preparation
time

Note References

A 30 �C Organic
solvent,
DCM;
1:3 g/mL

60 min 30e35 �C Organic solvent,
acetone; 1:5 g/mL

/ / Sawada
et al.
(2004)

/ Organic solvent, n-
hexane/acetone (v/
v ¼ 1:1); 1:3 g/mL

/ / Ren et al.
(2020)

B Room
temperature

Organic
solvent,
DCM;
20:1 g/mL

Mixing: 10 s/time, repeated three times / Organic solvent,
acetone; 20:1 g/mL

Mixing:
30 s/time,
repeated
twice

/ Sawada
et al.
(2004)

C 4 �C / Aging time, 24 h;
Layered pouring of pollutants

Room
temperature

/ Aging time,
24 h

/ Ma et al.
(2017a)

4 �C / Aging time,
4 d

/ Ma et al.
(2017b)

Room
temperature

/ 8 h Layered pouring of
pollutants

Shi et al.
(2020)

D Room
temperature

/ Same as method C / / / / Same as
method C

E Room
temperature

/ Hand mixing, 3 min (preparation of 20 g
contaminated soil) and 12 min (20 g
contaminated soil mixed with 80 g
uncontaminated soil)

Room
temperature

/ 8 h Layered pouring of
pollutants

Shi et al.
(2020)

/ / / 1000 g homogenized
contaminated soil mixed
with 5000 g
uncontaminated soil

Ren et al.
(2020)

F Room
temperature

Organic
solvent,
DCM;
1:3 g/mL

Aging time, 6 h / Organic solvent, n-
hexane/acetone (v/
v ¼ 1:1); 1:3 g/mL

Aging time,
24 h

/ Ren et al.
(2020)
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(AM) to represent the homogeneity. The specimens were consid-
ered to be homogeneous when their CV values were less than 0.05
(Reed et al., 2002). Recovery was determined based on the RR,
which was determined according to Eq. (1). An RR greater than 70%
suggested a good recovery in the specimen (Pulleyblank et al.,
2020).

RR¼VOC adsorbed on soils after mixing
200 ng=g

� 100% (1)
2.4. Comprehensive evaluation model

To evaluate the effectiveness of various mixing methods in this
study, we improved and established the AHP-CRITIC-TOPSIS model
based on the obtained CVs and RRs (Abdel-Basset and Mohamed,
2020; Zhao et al., 2020). This model reflects the superiority of
AHP subjective weighting and fully reflects the data information,
making TOPSIS scoring more accurate. The calculation steps were
as follows.

Step 1: Determination of evaluation index and classification.
The evaluation indexes were divided into two classes via the

AHP, as shown in Fig. E1 (appendix). The weights of first-class in-
dexes (toluene-contaminated kaolin (TCK) and PCE-contaminated
kaolin (PCK)) were then determined via subjective weighting.

The CRITIC method was used to calculate the weights of second-
class indexes (i.e., CVs of TCK/PCK and RRs of TCK/PCK). The original
index matrix X ¼ ðxij; i¼ 1; 2; …; m; j¼ 1; 2; …; nÞ was then
constructed by assuming that there are m mixing procedures to be
evaluated and n evaluation indexes (second-class indexes).

Step 2: Dimensionless processing of index.
5

We defined a function that mapped the value of xij to the in-
terval [0, 1]. A larger value of the index indicates a better evaluation
result. In this case, positive dimensionless processing was adopted,
as shown in Eq. (2):

yij ¼
xij � xj; min

xj; max � xj; min
(2)

Otherwise, the reverse dimensionless treatment was adopted,
as shown in Eq. (3):

yij ¼
xj; max � xij

xj; max � xj; min
(3)

where xj; max and xj; min represents the maximum and minimum of
the j index, respectively.

In this way, a dimensionless matrix was constructed as Y ¼
ðyij; i ¼ 1; 2; …; m; j ¼ 1; 2; …; nÞ.

Step 3: Calculation of standard deviation and conflict (correla-
tion coefficients).

In the CRITIC method, the standard deviation represents the
fluctuation of an index. The larger the standard deviation, the
greater the numerical difference of the index, and the more infor-
mation can be projected. The procedure for calculating the standard
deviation is shown in Eqs. (4) and (5).

Sj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPm

i¼1ðyij � yjÞ2
m� 1

s
(4)
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yj ¼
1
m

Xm
i¼1

yij (5)

where Sj and yj represent the standard deviation and average value
of the j index, respectively.

The correlation coefficient represents the conflict between the
indexes, reflecting the similarity between index data information
(Abdel-Basset and Mohamed, 2020). The stronger the correlation
between a certain index and other indexes, the smaller the conflict
between them. The correlation coefficients of the j index were
calculated using Eq. (6).

Rj ¼
Xn
j0¼1

1� rj0j (6)

where rj0j is the correlation coefficient between the j0 index (j0 ¼ 1;
2; …; n) and the j index (j ¼ 1; 2; …; n), and Rj represents the
conflict value corresponding to the j index.

Step 4: Determination of objective weight and comprehensive
weight.

As mentioned before, this weighting method was based on both
fluctuation and conflict; thus, they could be expressed according to
Eq. (7) as follows:

Cj ¼ Sj
Xn
j0¼1

1� rj0j (7)

where Cj represents the information content contained in the j
index.

Therefore, the weights of the j index (Wj) were determined
according to Eq. (8) as follows:

Wj ¼
CjPn
j¼1Cj

(8)

Meanwhile, the comprehensive weights, CWj, were obtained by
multiplying the subjectiveweight (first-class indexes, TCK and PCK)
and the objective CRITIC weight, Wj (second-class indexes, CVs of
TCK/PCK and RRs of TCK/PCK).

Step 5: Normalization of the dimensionless matrix, Y ¼ ðyij; i ¼
1; 2; …; m; j ¼ 1; 2; …; nÞ

zij ¼
yijffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPm
i¼1ðyijÞ2

q (9)

According to Eq. (9), the normalized matrix Z ¼
ðzij; i¼ 1; 2; …; m; j¼ 1; 2; …; nÞ can be obtained. This matrix
was processed by performing steps 2 and 5 to convert it into a
homotrend matrix.

Step 6: Calculation of decision matrix.
The decision matrix D ¼ ðdij; i¼ 1; 2; …; m; j¼ 1; 2; …; nÞ

was obtained by multiplying each column vector of the Z
matrix ðzj; j¼ 1; 2; …; nÞ with its corresponding comprehensive
weight, CWj.

D¼ zij � CWj; i ¼ 1; 2; …; m (10)

Step 7: Calculation of ideal solution.
The positive ideal solution dþj , was obtained using Eq. (11)
6

dþj ¼ max
1�i�m

yij; j ¼ 1; 2; …; n (11)

The negative ideal solution, was obtained using Eq. (12)

d�j ¼ min
1�i�m

yij; j ¼ 1; 2; …; n (12)

Step 8: Calculation of the distance from row vector (i) to the
ideal solution.

Eqs. (13) and (14) represent the distance from the i procedure to
the positive/negative ideal solution.

gþi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
j¼1

ðyij � dþj Þ
2

vuut ; i ¼ 1; 2; …; m (13)

g�i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
j¼1

ðyij � d�j Þ2
vuut ; i ¼ 1; 2; …; m (14)

Step 9: Ranking of various procedures.
The ranking of various procedures was determined via the

queuing indicator values (Qi), which emphasizes the distance from
the negative ideal solution, as shown in Eq. (15). The larger the
queuing indicator value, the better the procedure.

Qi ¼
g�i

gþi þ g�i
; i ¼ 1; 2; …; m (15)

3. Results and discussion

3.1. Homogeneity and recovery of contaminated kaolin

The homogeneity and recovery of the artificial VOC-
contaminated kaolin (VCK) prepared via different procedures
were compared and shown in Fig. 2, Table C1, and Table C2 (ap-
pendix). The P-value of the measured concentrations of each pro-
cedure was calculated, and all procedures had P-values < 0.05 (the
maximum was 0.0317, which corresponded to TCKs prepared via
procedure D).

In Fig. 2a, the split violin plot shows the concentration distri-
bution of toluene/PCE in kaolin. It is evident that the measured
concentrations varied significantly with the different mixing pro-
cedures; the olive solid lines represent the mean values, and the
violet dashed lines represent the median values. The violin plot
displays the distribution status and probability density of the data.
Among the six procedures, the concentrations measured following
procedures C and A were relatively closer to the preset concen-
tration. Comparatively, those measured from samples prepared
using procedure E were much lower than the preset values. This
might result from the massive amount of volatilization that
occurred during hand mixing. Meanwhile, it was observed that the
mean and median values of the PCE concentration were slightly
higher than those of the toluene concentration, suggesting that the
types of contaminants may also affect the mixing efficiency.
Importantly, the violin plot was wider close to the mean values,
indicating that the data distributionwas concentrated around these
mean values. Compared with other procedures, the data dispersion
following procedures A and E were weaker, indicating that the data
distribution was very centralized.

Furthermore, the homogeneities were evaluated by the CVs of
the measured concentrations. The CVs are shown in Fig. 2b, and the
raw data are exhibited in Table C2. The order of homogeneity of the
samples from the six procedures was A < E < C < F < B < D for TCKs.



Fig. 2. Concentration distribution, homogeneity, and recovery of toluene/PCE on toluene/PCE-contaminated kaolin (TCK/PCK); in Fig. 2a, the olive solid lines, violet dash lines, and
black dot lines represent mean, median, quartiles (25% and 75%) values, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

Fig. 3. Radar chart of various methods determined by AHP-CRITIC-TOPSIS model; CV
and RR represent the coefficient of variation and recovery rate, respectively; TCS and
PCS represent the toluene-contaminated soil and PCE-contaminated, respectively.

Y. Li, M. Wei, L. Liu et al. Chemosphere 271 (2021) 129571
For the PCKs, it was E < A < C < F < B < D. According to Table C2, the
CVs of the samples prepared using procedures A and E were all
below 0.05 for toluene and PCE, indicating great homogeneity. The
CVs of concentrations measured from the other VCKs were all
above the 0.05 threshold. Except for procedure E, where the CV of
PCK was smaller than that of TCK, all the procedures resulted in
poorer PCK homogeneities than those of the TCK. Nevertheless,
these findings suggested that procedures A and E produced ho-
mogeneous pollutant distribution that was preferred in the labo-
ratory preparation of artificial VCK.

As shown in Fig. 2c and d, therewere significant differences (RRs
ranging from 1.78 to 87.9%) in contaminant recovery in the soils
prepared using the different procedures. The order of the RRs was
determined as: C > A > B > F > D > E for both TCKs and PCKs. The
RRs of samples prepared using procedures C and A (above 70%)
were much higher than those prepared using the other procedures.
On the contrary, the recovery of VCK prepared using procedure E
was below 5%, indicating that most of the pollutants added were
lost after the preparation procedure. Meanwhile, there were no
notable differences between the RRs of the two contaminants,
regardless of the procedures adopted.
3.2. Mixing method evaluation

Based on the CVs and RRs resulting from the different mixing
methods, quantitative and qualitative analyses were further dis-
cussed to determine the optimal method.

For quantitative evaluation, the different mixing methods were
scored and queued according to the AHP-CRITIC-TOPSIS model
(Eqs. 2e15 in section 2.4). The control group consisted of the CV and
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RR limit values (i.e., CV ¼ 0.0.5 and RR ¼ 70%). A score that was
higher than that of the control group was considered to have good
applicability. Fig. 3 and D1, and Table D.1-D.4 (appendix) show the
evaluation system and the main results of the quantitative model.
The dimensionless processing of the RRs was performed using Eq.
(1), and the dimensionless processing of the CVs was performed
using Eq. (2), as shown in Table D1. The weights of first-class in-
dexes were determined by the subject weighting method (VOC
types should not affect selecting the optimal preparation method;
therefore, the weight is the same, which was 0.5). The weights of
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second-class indexes were determined using the CRITIC method by
executing Eqs. (3)e(7), and comprehensive weights were obtained
by multiplying the two-class indexes, as shown in Table D2.
Furthermore, the dimensionless matrix was normalized using Eq.
(8), and then the decision matrix was obtained using Eq. (9), as
shown in the “Normalization and weighting” data in Table D.4. The
decision matrix was determined using Eqs. (10) and (11) to obtain
positive and negative ideal solutions, as shown in Table D.3. Fig. 3
shows the data corresponding to the decision matrix and the
ideal solution based on the radar chart. The closer the enclosed area
of each method to that of the positive ideal solution, the better the
method is. Finally, the scores of all the methods were determined
using Eqs. 12e14 were in descending order: A > C > Control
group > E > B > F > D, as shown in Fig. 3 and Table D.4. The larger
the queuing indicator value, the better the method.

Reportedly, homogeneity and recovery can be affected by the
mechanisms of interphase mass transfer, i.e., the diffusion and
phase change between the free state, adsorbed state, and volatile
state of pollutants (Essaid et al., 2015). For example, in procedure A,
the pollutant solutions and base soils were fully in contact andwere
mixed during rotary evaporation. Given that the vapor pressure of
DCM is much higher than that of toluene or PCE (Janvier et al.,
2015), DCM preferentially volatilized under the test conditions.
Thus, the pollutants that were dissolved in DCM were first
distributed on kaolin as a mobile phase. After DCM volatilization,
the pollutants were more evenly diffused and adsorbed onto the
kaolin, which contributed to the homogeneity. Further, the
pollutant loss in this procedurewas relatively low, and the RR value
reached 70.5%. In procedure B, it was observed that the hand
blender could not completely mix the contaminated soils that were
close to the beaker wall, resulting in poor homogeneity. Moreover,
it was also observed that several pollutants and clay particles
escaped from the beaker due to high-speed rotation. The contam-
inated soils prepared using this procedure still exhibited a higher
RR than those prepared using procedures D, E, and F, owing to the
reasonable mixing time. Pollutant diffusion is affected by pore
characteristics (Balseiro-Romero et al., 2018). Therefore, the slightly
lower homogeneity of the contaminated soils prepared using pro-
cedure C compared with those produced using procedures A and E
resulted from the slower molecular motion at 4 �C (Nagy, 2019).
Meanwhile, the vapor pressure of the pollutant at this temperature
was lower than that at room temperature; thus, a less significant
volatilization process was expected. Therefore, the RR of the
contaminated soil resulting from procedure C was the highest
compared to the other procedures performed at room temperature.
Comparatively, the room temperature adopted in procedure D
resulted in increased molecular motion. The VOC molecules tended
to change from the free state to the volatile state at this tempera-
ture rather than promote homogeneity via a stable diffusion pro-
cess. In procedure E, hand mixing at room temperature was
adopted, and it resulted in the lowest RR. In procedure F, the DCM in
the mixtures was allowed to freely volatilize in a fume hood,
leaving the pollutants adsorbed onto the soil particles. However,
solids and liquids were stratified in the beaker, and the mixed
liquids in the upper layer did not appear fully diffuse and absorb
onto the soil particles. Therefore, pollutants preferentially volatil-
ized under the fume hood. Meanwhile, the DCM volatilized during
the long preparation time, which led to pollutant loss.

Thus, the optimal method was determined via quantitative
calculations and qualitative analyses. Only the scores of procedures
A and Cwere higher than those corresponding to the control group.
However, the CVs obtained following procedure C were greater
than the limit value. Meanwhile, the interphase mass transfer of
procedure A was more conducive for the preparation VCSs with
good homogeneity and recovery. Therefore, procedure A is
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recommended for use in the laboratory preparation of VCSs.
Alternatively, while procedure C resulted in a lower homogeneity
than procedure A, it showed the highest recovery, and its score was
also higher than that of the control group. Additionally, procedure C
is simpler and does not require special laboratory equipment,
making it more suitable if many contaminated soil samples are
required.

3.3. Application of the optimal procedure to natural soils

Procedure A is the optimal mixing method. Further in-
vestigations were conducted to validate the applicability of the
mixing method when natural soils, rather than kaolin, were used. A
comparison of the homogeneity and recovery of the artificial VCSs
prepared using the optimal procedure is shown in Fig. 4, Table E1,
and Table E2 (appendix). The P-values of the measured concen-
trations were far less than 0.05. In Fig. 4a, the olive solid lines and
the violet dashed lines represent the mean and median values of
pollutants measured in the artificially contaminated soils prepared
from natural soil samples, respectively. In both toluene/PCE-
contaminated soils (TCS/PCS), the order of the measured mean
concentration values was: soil 2 > soil 1 > soil 3 > kaolin, indicating
that soil types and soil properties have an effect on the contami-
nants adsorbed onto the soil matrix (Lu et al., 2020; Wang et al.,
2019; Zytner, 1994). Fig. 4a also revealed that the measured
contaminant concentrations in the PCS samples were higher than
those in the TCS samples (except soil 3). Importantly, compared
with the contaminated soil prepared from natural soil samples, the
kaolin-contaminated soil showed a weaker data dispersion, indi-
cating that data distributionwas very centralized. Fig. 4b and c, and
Table E2 show the homogeneity and recovery of the contaminated
soils prepared using the three natural soil samples compared with
that prepared from kaolin. In both TCSs and PCSs, the order of CVs
was soil 1 > soil 3 > soil 2 > kaolin, suggesting that it is more
difficult to reach a perfectly homogenous condition when using
natural soils. A comparison between the two pollutants suggested
that the homogeneity of PCS was worse than that of TCSs. These
results suggest that the homogeneity of the artificial VCSs is
dependent on both the soil properties and the pollutant charac-
teristics. Among the tested samples, the CVs of PCS 1 and 3 were
0.0639 and 0.0504, respectively, which were slightly higher than
the limit value (0.05). All the other samples had CVs below 0.05. The
RRs of the contaminants in the VCSs are shown in Fig. 4c, which
shows that all the three natural soil samples resulted in higher RRs
than kaolin. Additionally, the RRs of PCSwere still higher than those
of TCS, except for soil 3, which is consistent with the results from
the kaolin group.

These results showed that less homogeneity was associated
with the artificial VCSs prepared as per procedure A using the
natural soil samples, compared to that prepared from kaolin. In
contrast, using natural soils enhanced the RRs of the contaminants.
Although the homogeneity of the VCSs prepared using procedure A
did not meet the requirement in the two groups (i.e., PCS 1 and 3),
the procedure was generally acceptable in terms of homogeneity
and contaminant recovery.

The determination of the mixing efficiency using different soils
showed that when the same mixing procedure (A) and pollutants
are adopted, the homogeneity and contaminant recovery become
dependent on soil properties. These properties, including the
mineral type and composition, TOC, SSA, pore volume, pH, coeffi-
cient of uniformity (Cu), plastic limit, influence the free state
diffusion of contaminants and their transformation to an adsorbed
state (Li et al., 2020). In this study, the properties of the three
natural soils used were different (Table 1), given that they were
collected from North, Central, and South China.



Fig. 4. Effectiveness of natural soils contaminated by procedure A; TCS and PCS represent the toluene-contaminated and PCE-contaminated soil, respectively; the contaminated
kaolin is the control group; Fig. 3a shows the concentration distribution of toluene/PCE on soils, the olive solid lines, violet dash lines, black dot lines represent mean, median,
quartiles (25% and 75%) values, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Some properties of various soils related to the homogeneity and recovery of
prepared specimens; r is the correlation coefficient; CV and RR represent the coeffi-
cient of variation and recovery rate, respectively.
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VOCs can be physically adsorbed on soil particles, and better
adsorption of VOCs improves the recovery. As shown in Fig. 5a, the
SSA of the soils was found to be closely related to their RRs (linear
correlation coefficient r¼ 0.991), i.e., higher SSAs resulted in higher
RR values because more physical adsorption sites are available in
the soil (Pino-Herrera et al., 2017). Similar effects were observed for
the pore volume of the soil samples (Fig. 5b), and the r of pore
volume-RRs was 0.966. The tortuous and abundant micropores in
the soils possibly provided a large SSA. This enhanced themigration
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distance and made VOC volatilization difficult. It has also been re-
ported that micropores with lower hydration energy are more
favorable for adsorption (Hu et al., 2019). Fig. 5c shows that the TOC
contents of the soils are positively correlated with the RRs
(r ¼ 0.969). Previous studies have demonstrated that hydrophobic
organic pollutants can be strongly adsorbed onto soil particles with
higher TOC contents (Gondar et al., 2013; Joo et al., 2011; Plaza
et al., 2015). This is due to the rich hydrophobic adsorption sites
and high SSA of TOC, which allow pollutants like VOCs to be
adsorbed on both expanded and condensed domains via the dual-
mode model (Martz et al., 2019). Fig. 5d shows that the RRs
decreased with soil alkalinity (r ¼ 0.910) given that the physical
force between the pollutants and soil surfaces (e.g., hydrophobic
interaction) becomes weaker as the pH increases (Adeyinka and
Moodley, 2019; Ertli et al., 2004). The qualitative and quantitative
analyses of the XRD spectra are shown in Fig. B1 and Table 1. It was
observed that both soils 1 and 2 contained clayeyminerals, 24.8% of
rectorite and 79.3% of nacrite, respectively, while soil 3 did not
contain clayeyminerals. Correspondingly, the order of the RRs from
the natural soils was: soil 2 > soil 1 > soil 3. This is because the
hydrophobic adsorption sites provided by the clayey minerals in
the soils contributed to the RR (Du and Miller, 2007; Hunter, 1981;
Yin et al., 2012). The plastic limit (PL), which represents the
maximum bound water content of a soil sample, and reflects the
ability of the soil to bind water, is a crucial and often used physical
parameter of soils (Mitchell and Soga, 2005). Some of the previ-
ously mentioned soil properties, e.g., mineral composition and soil
pH, can be reflected by the PL value of the soil sample (Andrade
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et al., 2011). It has been reported that the adsorption capability of
soil is related to its PL value, i.e., the larger the PL, the higher its
adsorption capability (Li et al., 2020). Therefore, the PL values of the
four soils adopted in this study are shown in Fig. 5e, which indicates
a good relationship between PL and RRs (r ¼ 0.921).

The coefficient of uniformity (Cu) of soils is commonly used to
evaluate the uniformity of soil particles in geotechnical engineering
(Du et al., 2016). The larger the Cu, the wider the particle size dis-
tribution of the soil, and the more uneven the soil particles
(Adeyinka and Moodley, 2019). Such a wider particle size distri-
bution is a natural defect that has adverse effects on the equilib-
rium process of contaminants in soils. From Fig. 5f, it is evident that
the homogeneity of the contaminated soils worsened as their Cu
increased (i.e., CV was positively correlated with Cu, r ¼ 0.848).
Notably, compared to the natural soil samples, the particle distri-
bution of kaolin was relatively more uniform, mainly consisting of
fine particles, which explains the better homogeneity. The effect of
adsorption on the application of the optimal method can provide a
theoretical basis.

Meanwhile, it was observed that when the same procedure and
same base soil were used, the homogeneity associated with PCS
was worse than that associated with TCS, while a PCS showed the
higher RRs. The differences in homogeneity and recovery of the
soils contaminated with these two pollutants can be traced back to
the differences in their chemical properties. As shown in Table B2,
the molecular diameter and relative molecular mass of PCE are
more significant than those of the toluene molecule, which limits
the molecular thermal motion and molecular diffusion of the
contaminants in the soils (Nagy, 2019). Therefore, compared with
toluene, it was more difficult for the PCE to be homogeneously
distributed in the soils. However, because the vapor pressure of
toluene is higher than that of PCE, toluene showed a greater ten-
dency to volatilize and transform from the free state to the volatile
state (Gochenour et al., 2018). Moreover, the octanol/water parti-
tion coefficient of PCE is higher than that of toluene, making it
easier for PCE to be absorbed onto soil particles (Delle Site, 2001).
These differences between the two VOCs result in the higher RR
values associated with the PCSs.

4. Conclusion

This paper presents a comprehensive study of the effects of
different mixing procedures on artificial VCSs. Six different mixing
methods for the preparation of toluene and PCE-contaminated
kaolin were investigated and evaluated. The selected optimal
method was then validated using three different natural soil sam-
ples. The main findings of this study are as follows: (a) By exam-
ining the preparation of contaminated kaolin soil with six
procedures, procedures E and A were found to be conducive for
optimal homogeneity (CVs were less than 0.05), and in terms of
recovery, procedures C and A showed the best results (RRs are
larger than 70%). Through the comprehensive mathematical eval-
uation model (AHP-CRITIC-TOPSIS), procedure A showed the
highest score (0.857), and its CVs and RRs were 0.0407/0.0415 and
70.5%/71.1%, respectively. Therefore, procedure A was identified as
the best method. (b) By applying procedure A to natural soils, the
contaminated natural soils showed low homogeneity (CVs, soil
1 > soil 3 > soil 2 > kaolin), but basically met the requirements for
application. Additionally, the recovery of these contaminated nat-
ural soil was highly varied in the order: soil 2 > soil 1 > soil
3 > kaolin. Therefore, procedure A can be applied to natural soils.
(c) Whether it is the evaluation of each method or the application
analysis for natural soils, the root cause of adsorption of contami-
nants onto soil particles was the interphase mass transfer, i.e., the
phase change between the free state, adsorbed state, and volatile
10
state of pollutants and their diffusion. Moreover, the performance
of the contaminated natural soils was related to TOC, SSA, pore
volume, pH, Cu, plastic limit, and mineral composition (the corre-
lation was high, r ¼ 0.848e0.991), controlled by the adsorption
effect. (d) Regardless of whether clay or natural soils were used as
an object, the homogeneity of PCS was worse than that of TCS;
however, it showed better recovery. This is related to the chemical
properties of pollutants, e.g., molecular structure, vapor pressure,
and octanol/water partition coefficient.
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