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Abstract: Soil pollution by diesel fuels is a worldwide environmental problem, but little research has been carried out into on-site
techniques for remediation of soil polluted by waste solvents. This study compared chemical oxidation and soil washing methods
for their efficiency and environmental and economic impacts. Soil was spiked with 0% diesel to simulate an actual pollution level of
about 1260 mg/kg total petroleum hydrocarbon (TPH). Fenton-like oxidation eliminated 90.4% of the TPH with a Fe*":H,0, ratio
of 1:10 in 5 d compared with 25.8% removal by the activated persulfate method under the same conditions. In washing tests,
sodium dodecylbenzenesulfonate and Tween 80 were both unsuitable for TPH washing, while ultrapure water removed 36.1% of
TPH in 75 min. Only the Fenton-like oxidation technique met remediation goals based on the screening values of the Guideline for
Risk Assessment of Contaminated Sites. The environmental impact and economic assessment of techniques demonstrated the

superiority of water washing for dealing with low-degree TPH contamination.
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1 Introduction

Diesel is a petroleum by-product used world-
wide. Its production, smelting, transportation, and
incomplete combustion produce sites polluted with
total petroleum hydrocarbon (TPH). Diesel is more
toxic to plants than crude oil because of its higher
proportion of light hydrocarbons (Kirk et al., 2005).
The extensive occurrence of soil pollution caused by
TPH and its relevant derivatives has attracted at-
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tempts to seek and establish efficient, economical,
and green remediation strategies to restore polluted
sites.

Confronted by several different types of TPH-
polluted soils, various technologies including chem-
ical oxidation (Mirzaee et al., 2017; Picard and
Chaouki, 2017; Lominchar et al., 2018), chemical
washing (Li et al., 2016; Patowary et al., 2018),
thermal desorption (Samaksaman et al., 2016), bio-
venting (Osterreicher-Cunha et al., 2004), biopiling
(Lietal., 2019), and other combined approaches (Guo
SH et al., 2014; Dos Santos et al., 2017) have been put
into practice. Bioremediation (Gojgic-Cvijovic et al.,
2012; Bahadure et al., 2013) is generally considered
an environmentally friendly technology thanks to its
effectiveness in preventing future pollution events,
but its relatively long remediation time (a dozen
weeks to several months) restricts its application.
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Taking the real-world application of different tech-
niques into account, conventional remediation
methods have frequently been based on successful
precedents. Considering each technology’s maturity
and convenience, chemical oxidation and soil wash-
ing are optimum options due to the strong interactions
between oxidants and TPH and their time-saving
characteristics. However, comparative studies of the
multifarious methods for remediation of TPH-
polluted soils are rare.

Among multiple advanced oxidation processes
(AOPs), Fenton/Fenton-like techniques and the in-
creasingly prevalent activated persulfate oxidation
technique have shown a benign remediation potential
to eliminate diesel. Representative studies on re-
moving TPH from soil are shown in Table 1. The
Fenton-like technique can achieve a 92% TPH re-
moval efficiency rate in one week, compared with
98% in eight weeks by activated persulphate oxida-
tion (Usman et al., 2012a; Lominchar et al., 2018).
The different removal rates of these oxidizing agents
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are attributed mainly to the different free radicals
generated in the reactions. In Fenton/Fenton-like
oxidation, the reaction process is intense because it is
caused by the second most reactive chemical species
("OH) (Yap et al., 2011). In activated persulfate oxi-
dation, the sulphate radical (SO, , oxidation-
reduction potential (ORP)=2.6 V) is gentler than
H,0, (ORP=2.8 V), but the reagents may penetrate
deeper into the source zone (Osgerby, 2006). In ad-
dition, sulphate radicals (SO, ) are more stable than
‘OH because of their low affinity with soil organic
matter (Usman et al., 2012a). Therefore, both meth-
ods may achieve similar remediation efficiency rates
over a relatively long span. Soil washing is gaining
attention because of its relative rapidity (Khan et al.,
2004; Osterreicher-Cunha et al., 2004). Its remedia-
tion efficiency is directly related to its washing agents.
Surfactants are an effective washing agent for
organic-polluted soil (Bruell et al., 1997). Anionic
and non-ionic surfactants show a favourable removal
rate of petroleum hydrocarbons due to solubilization

Table 1 Summary of studies using Fenton, Fenton-like, and activated persulfate oxidations to remove TPH from soil

Pollutant and

Maximum re-

Oxidation method . .. Matrix Optimum condition . Reference
initial content moval efficiency

Fenton TPH, Oily sludge col- pH=5, mass ratio of H,O, 36.47% TPH Farzadkia et
(Fe**+H,0,) 2000 mg/kg lected from oil to sample=15, molar ra- removalin24h  al, 2014

refinery tio of H,0, to Fe*'=10

Fenton-like Fresh crude oil, Spiked artificial Molar ratio of H,0O, to 92% crude oil Usman et al.,
(Fe;04+H,0,) 4000 mg/kg soil composed Fe=10, solid-to-liquid oxidation in 2012a

of silica and ratio=1:10 one week
magnetite

Magnetite activated Fresh crude oil, Spiked artificial Molar ratio of Na,S,03to  83% crude oil Usman et al.,
persulfate 4000 mg/kg soil composed Fe=1, solid-to-liquid oxidation in 2012a
(FesO4t of silica and ratio=1:10 one week
Na,S,0g) magnetite

Fenton-like Diesel, Spiked loamy sand ~Circumneutral pH (6.7— 67% TPH re- Jamialahmadi
(Fe"+H,0,) 5000 mg/kg soil 7.4), 2.17 mol/L H,0, moval in 24 h etal., 2015

and 4.27% (in weight)
zero-valent iron (ZVI)

Alkaline activated  Diesel, Soil collected from Sodium persulfate= 98% TPH re- Lominchar et
persulfate 4930 mg/kg a train mainte- 100 g/L, molar ratio of moval in 56 d al., 2018
(NaOH+ nance facility NaOH to Na,S,05=4,

Na,S,03) soil-to-liquid ratio=1:2

Soil minerals acti-  Gasoline, Spiked soil by fresh pH=4.5, 1% (in weight) 94.14% TPH Satapanajaru
vated persulfate 4500 mg/kg gasohol and aged  magnetite, 5.5% removal in48h  etal., 2017
(zeolite, hema- for a month Na,S,0g, 85% moisture
tite, goethite,
magnetite, etc.)

Ferrous activated  Diesel, Soil collected from 20% (in weight) Na,S,05, 55% TPH re- Yen et al.,
persulfate 5000 mg/kg an oil-refining molar ratio of Na,S,0g moval in40d 2011
(Fe**+Na,S,05) plant to Fe?™=0.1, soil-to-

liquid ratio=1:5
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above the critical micelle concentration (CMC) (Be-
fkadu and Chen, 2018). Faced with non-negligible
adsorption in soil (Kang and Jeong, 2015; Zhang et al.,
2018), research on mixed surfactants is of great in-
terest due to their synergistic effects in proper ratios.
The adsorption of non-ionic surfactants to soil de-
creases in the presence of anionic surfactants (Yang et
al., 2006). In contrast, non-ionic surfactants may
reduce the precipitation of anionic surfactants with
cations simultaneously (Huang et al., 2014). Besides
surfactants, water washing also allows removal of
TPH in accidentally polluted zones (Hernandez-
Esprit et al., 2013). Different classes of surfactants
used for TPH washing are summarized in Table 2.
Even though many studies have concentrated on
TPH-polluted soil remediation via the two methods
evaluated here, a comprehensively comparative study
is lacking.

Previous comparative studies focused mainly on
optimizing experimental condition parameters, as
several mathematical experimental design methods,
including response surface methodology, artificial
neural networks, and particle swarm optimization,
had been applied (Moreira et al., 2007). However, few
studies have compared the efficiency, environmental
impacts, and economic requirements of conventional
methods, especially for chemical-contaminated sites.
In this study, classical chemical oxidation and soil
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washing technologies were applied to remediate
spiked soil collected from waste solvent-polluted sites.
0" diesel was spiked to simulate actual contamination
conditions based on similar components (C10-C36).
Sodium dodecyl benzene sulfonate (SDBS) and
Tween 80 were chosen as representative anionic and
nonionic surfactants, respectively, in consideration of
their wide applications in soil remediation. The aims
of this study were (1) to compare the treatment effects
of two classical soil remediation methods to seek
optimum conditions for waste solvent-polluted sites;
and (2) to assess their environmental friendliness and
economy to provide a reference remediation method
for such sites. This study aimed to provide a decision
blueprint for application to similarly polluted sites.

2 Experimental design
2.1 Chemicals

0" diesel was purchased from a local petrol sta-
tion. Its density was 0.833 g/cm’ and kinematic vis-
cosity 3.049 mm?/s at 20 °C. Other chemicals were
purchased and used without further purification, in-
cluding hydrogen peroxide (H,O,, 30%; Sinopharm
Chemical Reagent Co., China), ferrous sulphate
heptahydrate (FeSO, 7H,0, analytical reagent (AR);
Shanghai Lingfeng Chemical Reagent Co., China),

Table 2 Summary of studies using soil washing methods to remove TPH from soil

Pollutant and

Maximum removal

Washing agent . Matrix Optimum condition . Reference
initial content efficiency
Anion surfactant {5-[3,4, Diesel fuel, Soil extracted 0.1% (in weight) 76% TPH removal  Gracida et al.,
5-tris(hexyloxy) ben- 24752 mg/kg  from the AS-5, soil-to- in23h 2017
zyloxy] isophthalic acid exrefinery liquid ratio=3:20
disodium salt (AS-5)}
Water Diesel, Soil from a Soil-to-liquid 40% TPH removal Hernandez-
32100 mg/kg  diesel spill- ratio=1:5 in24h Espriu et al.,
contaminated 2013
site
Nonionic surfactant Diesel, Soil from a 0.5% (in weight) 33.05% TPH re- Hernandez-
(Tween 80) 32100 mg/kg  diesel spill- Tween, soil-to- moval in 24 h Espriu et al.,
contaminated liquid ratio=1:5 2013
site
Biosurfactant Petroleum, Soil from a farm, 300 mg/kg rhamno- 95.0% TPH re- Lietal., 2018
(rhamnolipid) 2636 mg/kg a part of a pe- lipid, nutrient moval in 36 d

troleum supply
storage system

solution (1-mL
10-g/L NaNO;+
1-mL 2-g/L
K,HPO, each
run) for 30-g soil
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citric acid (C¢HgO7, >99.5%; Macklin, Shanghai,
China), sodium persulfate (Na,S,0s, 99%; Macklin,
Shanghai, China), SDBS (C;sH29NaOsS, 90.0%;
Macklin, Shanghai, China), Tween 80 (C;,H;o(CINOs,
viscous liquid; Aladdin, Shanghai, China), methanol
(CH30H, high performance liquid chromatography
(HPLC) grade, >99.9%; Sigma-Aldrich, USA), car-
bon tetrachloride (CCly, AR, 99.5%; Aladdin,
Shanghai, China), and a TPH mixture (standard solu-
tion, 30.5 pg/mL in carbon tetrachloride; Aladdin,
Shanghai, China). Deionized (DI) water (18.2 MQ-cm,
Milli-Q) was used in the experiments.

2.2 Soil pre-treatment and characterization

Contaminated soil was collected from a local
waste solvent-polluted site in Zhejiang Province,
China. The main pollutant in the soil had been de-
termined to be TPH at a concentration of 1260 mg/kg.
This TPH level exceeded the screening value of TPH
(C<16 (carbon atom amount less than 16 in alkane of
TPH), 620 mg/kg) for commercial and industrial sites
according to DB 33/T 892-2013 (Quality and Tech-
nology Supervision Bureau of Zhejiang Province,
2013). The soil was air dried for one week and then
homogenized using a 60-mesh sieve (0.25 mm). The
pre-treated soil was kept at ambient temperature be-
fore use. After the pre-treatment, the soil TPH content
was below the limit of detection of the analytic
method (Section 2.5). To simulate the original pollu-
tion situation, corresponding amounts of 0" diesel
dissolved in carbon tetrachloride were added to the
sieved soil. The spiked soil was thoroughly stirred
with a glass rod and aged for 2 d. The TPH content
was determined before use.

Basic soil properties were measured. The soil
humidity was calculated as the ratio of weight loss at
105 °C for 12 h. The soil pH and redox potential
(ORP) were measured with DI water (soil:water=
1:2.5) using a METTLER TOLEDO™ Seven Com-
pact pH meter S220. Porosity was assessed by the ring
knife testing method (Meng et al., 2016). Total or-
ganic carbon (TOC) was analysed via a TOC-V CPH
SSM5000A (SHIMADZU, Japan). The mechanical
composition of the soil was measured using a laser
particle size analyser (Microtrac S3500, USA).

2.3 Chemical oxidation experiments

For Fenton-like oxidation, experiments were
conducted in pots for 5 d. Each pot contained 200 g of

the spiked soil. The amounts of citric acid and oxidant
(H,0,) were fixed at 0.24 mmol/g and 6 mmol/g,
respectively. By changing the additional amount of
FeSO4 7H,0, the Fe?":oxidant molar ratio was set to
1:10, 1:50, 1:100, and 1:500 to evaluate its effect on
oxidation activity. All reagents were added in solution
form, and the soil:solution weight ratio was controlled
at 1:1. Blank experiments were performed without the
addition of any reagents.

For activated persulfate oxidation, Fe*" from
FeSO47H,O was used as the activator. The Fe':
oxidant (Na,S,0g) molar ratios were set the same as
for the Fenton-like oxidation, and the Na,S,0Og
amount was fixed at 2 mmol/g. The other experi-
mental conditions were the same as for the Fenton-
like oxidation.

2.4 Chemical washing experiments

DI water, SDBS, and Tween 80 were used as
washing agents. In DI water washing batch experi-
ments, the effects of the soil-to-liquid ratio and the
washing time were examined simultaneously. Spe-
cifically, spiked soil samples (10 g, 5 g, and 2.5 g)
were added to 50-mL centrifuge tubes. Then, 50 mL
of DI water was poured into the centrifuge tubes
(soil-to-liquid ratios: 1:5, 1:10, and 1:20) and shaken
in a horizontal shaking incubator (180 r/min, 25 °C)
for 75 min. To examine the influence of the washing
time, soil was collected at 15, 45, and 75 min by
centrifugation (4000g, 20 min (g is the gravitational
acceleration)) and freeze dried for 24 h. Then, the
residual TPH in the soil was measured.

For SDBS and Tween 80 washing batch exper-
iments, the impacts of the washing agent concentra-
tion, washing time, and soil-to-liquid ratio were ex-
amined. Specific experimental conditions and rele-
vant parameters are shown in Table 3. The best
washing time (7) was determined in the washing
agent concentration and washing time test carried out
first and used in the washing agent concentration and
soil-to-liquid ratio test. The residual TPH in the
treated soil was measured.

Following confirmation of the optimum condi-
tions for single surfactant washing, further mixed
washing agent batch experiments were carried to
obtain more comprehensive data regarding the syn-
ergistic effects of anionic and non-ionic surfactants
(Zhou and Zhu, 2007; Shi et al., 2015). Correspond-
ing experimental conditions are listed in Table 3.
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2.5 Analytical methods

TPH in soil was extracted by vibration and son-
ication. In detail, 0.5 g of soil was weighed in a 50-mL
centrifuge tube, and 50 mL of carbon tetrachloride
were added to the tube. Then, the tube was shaken and
sonicated for 1 h. Afterwards, the mixture was cen-
trifuged at 4000g for 20 min and 2 mL of supernatant
was placed in a 2-mL screw top vial with a cap. The
TPH content was measured using a gas chromato-
graph (Agilent 7890B) equipped with an automatic
liquid sampler (7693A), flame ionization detector
(FID), and HP-5 capillary column (30 mx0.25 mmx
0.25 um) (Agilent Technologies, Palo Alto, CA,
USA). The ramping temperature procedure and other
settings were the same as those used by Lai et al.
(2009). The limit of quantification (LOQ) was
0.7 mg/L (70 mg/kg in soil).

2.6 Statistical analysis

The treatment efficiency rates of the different
methods are expressed by the removal efficiency,
calculated by

. c,-C
Removal efficiency = —>——, (1)

0

where C) indicates the initial TPH content (chemical
washing experiments) or the TPH content in blank
experiments (chemical oxidation experiments), and C
indicates the residual TPH content under different
treatment conditions.

All experiments were carried out twice, and the
data in figures are presented as the means+standard
errors. Analysis of variance (ANOVA) with different
chemical oxidation treatments for TPH was per-
formed using the SPSS 20.0 software package for
Windows. Statistical significance was determined by
p<0.05.

3 Results and discussion
3.1 Soil characterization

The basic soil properties are shown in Table 4.
The background concentration of TPH in the aged
blank soil was below the limit of quantification
(70 mg/kg). Blank spiked experiments demonstrated
that the recovery rate of TPH was 80.7%—99.0% after
2 d of ageing.

3.2 Chemical oxidation of contaminated soil

Fenton-like oxidation results (Fig. 1a) showed a

Table 3 Summary of soil remediation experimental conditions and relevant parameters

Treatment method

Influence factor

Fixed condition

Fenton-like oxidation
1:500)
Activated persulfate oxidation
1:100, 1:500)
DI water washing

Soil-to-liquid ratio (1:5, 1:10, 1:20)

SDBS/Tween 80 washing
5¢g/L)

Washing time (15, 30, 60, 90 min)

Soil-to-liquid ratio (1:10, 1:20, 1:25)

Mixed agent washing
4:1)

Fe?":H,0, molar ratio (1:10, 1:50, 1:100,
Fe**:Na,S,05 molar ratio (1:10, 1:50,

Washing time (15, 45, 75 min)

Washing agent concentration (2, 3, 4,

SDBS:Tween 80 ratio (1:4, 2:3, 1:1, 3:2,

Citric acid (0.24 mmol/g); H,0,
(6 mmol/g); treatment time (5 d)
Na,S,05 (2 mmol/g); treatment time (5 d)

Water volume (50 mL); soil-to-liquid ratio
(1:5, 1:10, 1:20)

Water volume (50 mL); washing time (15,
45, 75 min)

Soil-to-liquid ratio (1:20); washing time
(15, 30, 60, 90 min)

Soil-to-liquid ratio (1:20); washing agent
concentration (2, 3,4, 5 g/L)

Washing time (60 min); washing agent
concentration (2, 3,4, 5 g/L)

Total agent concentration (5 g/L);
soil-to-liquid ratio (1:20); washing time
(60 min)

Table 4 Basic physicochemical properties of original soil

Mechanical composition

Humidity H ORP Porosity TOC
(%) p (mV) (%) Clay (<0.002 mm) Powder (0.002— Gravel (0.05— (mg/g)
0.05 mm) (%) 2 mm) (%)
6.39+0.38  8.96+0.03 —88.0 59.2 3.22 52.2 44.6 2.41
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slight decrease in TPH after 1 d of treatment. After
another 2 d, a significant difference (p<0.05) was
generated among different Fe*":H,0, ratios. After 5 d
of treatment, the differences between different treat-
ments and blank groups became even more obvious.
When the molar ratio increased, the TPH removal
efficiency increased from 29.4% to 78.2% in 3-d and
from 66.5% to 90.4% in 5-d treatments. The maxi-
mum removal of TPH was achieved with an
F62+ZH202 ratio of 1:10, which was similar to that of
previous studies (Goi and Trapido, 2004; Yap et al.,
2011; Farzadkia et al., 2014). The lowered removal
efficiency at lower Fe2+:H202 ratios was caused
mainly by the reaction between excess H,O, and
hydroxyl radicals (Lin and Gurol, 1998). For the TPH
removal efficiency and screening value of TPH, the
optimal Fez+:H202 molar ratio was 1:10.

With the Fe*"-activated persulfate method, TPH
levels decreased much more slowly (Fig. 1b). How-
ever, as with the Fenton-like method, the removal
efficiency was enhanced with an increase in the molar
ratio. The maximum removal efficiency of TPH was
only 39.5% with an Fe?*:S,05° ratio of 1:10 and 5 d
of ageing, which was less than half that of the Fenton-
like disposal. This is because of the differences in the
selective behaviour of the two oxidation processes. A
series of studies (Usman et al., 2012a, 2012b, 2012c¢)
demonstrated that activated persulfate oxidation is a
selective oxidation process aimed mainly at low-
molecular-weight n-alkanes, while in Fenton-like
treatments, the oxidation process is unselective and
relatively thorough. Another key factor is the longevity
of free radicals in experiments. For Fenton-like reac-
tions, the main free radical (-OH) lasts only 10°~10"°s
in the liquid phase (de Laat and Gallard, 1999; Du et
al., 2007; Wu et al., 2010). For activated persulfate,
sulphate radicals (SO4 ©) have a longer lifetime
(3x107°—4x10"° s) (Zhou et al., 2015). Correspond-
ingly, further scavenging tests showed a faster reaction
rate for hydroxyl radicals compared with sulphate
radicals (9.7x10° L/(mols) vs. 3.2x10° L/(mol's),
second-order rate constants) when methanol was the
quenching agent (Liang and Su, 2009). This dynamic
also coordinated with the exothermic degree when all
reagents were added to the spiked soil. Based on these
results, activated persulfate oxidation is a relatively
weak oxidation method of TPH degradation and
cannot meet the screening value. For elimination

impact, Fenton-like oxidation performed better than
activated persulfate oxidation in this short-term trial.
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Fig. 1 Residual concentrations of TPH in spiked soil with
chemical oxidation: (a) effects of the Fe** to H,0, molar
ratio in Fenton-like oxidation; (b) effects of the Fe’* to
persulfate molar ratio in activated persulfate oxidation.
Different letters noted for the same time point in Fig. 1a
represent a significant difference

Concentration of TPH (mg/kg)

3.3 Chemical washing of contaminated soil

The DI water washing experiment results are
presented in Fig. 2. With a decrease in the soil-to-
liquid ratio, the removal efficiency rose first and then
decreased. The best result was obtained with a soil-to-
liquid ratio of 1:10. An unexpected finding was that
water washing was so efficient for TPH disposal that
the ultimate result was close to that of 5 d of activated
persulfate treatment (726 mg/kg vs. 723 mg/kg). The
maximum removal efficiency reached 36.1% with a
soil-to-liquid ratio of 1:10 and 75-min washing, which
was slightly less than that obtained with high-
concentration diesel-contaminated soil (40%; initial
TPH content: 32 100 mg/kg) (Hernandez-Esprit et al.,
2013) and approximated the result (32.9%) of column
experiments (Khalladi et al., 2009). Although the
result did not achieve the remediation target (screen-
ing value) within the experimental time, water
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flushing appears to be suitable for remediation of a
low level TPH-polluted soil (TPH<916 mg/kg), ac-
cording to its removal efficiency.

1400
5 1200+
<
g 1000-\
T S % A
T 800 L
ke} Screening value: 620 *
c 600~~~ ~"F T~ ~-—-—-—-—-—--=--
Ke]
£ 400-
] —a— Soil-to-liquid=1:20
5§ 200+ Soil-to-liquid=1:5
O - -e - Soil-to-liquid=1:10

0

0 10 20 30 40 50 60 70 80

Time (min)
Fig. 2 Effects of the soil-to-liquid ratio and washing time
on the removal of TPH from spiked soil by DI water
washing

The SDBS-washing spiked soil results are pre-
sented in Fig. 3. From Fig. 3a, 60 min (7g) was the
balance moment in most cases, when the TPH re-
moval efficiency was between 5.52% and 13.2%.
SDBS showed a prior solubilization effect on TPH
with the increase in SDBS concentration, except for
the 4-g/L SDBS treatment. SDBS washing produced a
maximum removal efficiency of 13.5% under 5-g/L
SDBS washing within 90 min. Furthermore, the ele-
vated solution concentration was not helpful in
clearing TPH in spiked soil (Fig. 3b), which might be
due to more adsorption sites forming on the surface of
soil derived from increased micelles/admicelles (Guo
Petal., 2014).

The detergency of Tween 80 on TPH was low
(Fig. 4), with a maximum reduction of only 12.1% in
1 h (7). With increasing Tween 80 concentrations,
the TPH removal efficiency decreased first and then
increased (Fig. 4a). The removal efficiency increased
continuously with increasing soil-to-liquid ratio, ex-
cept for 5-g/L Tween 80 (Fig. 4b). In the final wash-
ing result, the maximum removal efficiency achieved
was only 11.3%. This phenomenon reflects a high
affinity between non-ionic surfactants and organically
polluted soil (Guo et al., 2009; Chen and Sun, 2016;
Cheng et al., 2018). Although adsorption occurs for
anionic surfactants on soil as well, the amount is
slightly lower than that of non-ionic surfactants (Yu et

al., 2007; Chen and Sun, 2016), so the detergency of
SDBS is slightly higher than that of Tween 80.
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2 (a)
o 1200
£ By — + -
T 1000 R - it =3
o
= 8001
© Screening value: 620
§ 600 — - - - - - S-------—-
® SDBS concentration
5 4004
5 29l -a4gl
e 2009 3glL v 5glL
© 0 : ; ; :
0 20 40 60 80 100
Time (min)
1400
(b)
1200-%
~
1000+
800

Screening value: 620
(S0[0F it

4004 -+ Soil-to-liquid=1:25

-e - Soil-to-liquid=1:20
Soil-to-liquid=1:10

0 T r T T

1 2 3 4
SDBS concentration (g/L)

200+

Concentration of TPH (mg/kg)

Fig. 3 Effects of the washing agent concentration and
washing time on the removal of TPH (soil-to-liquid ratio=
1:20) (a) and effects of the washing agent concentration
and soil-to-liquid ratio on the removal of TPH (washing
time=60 min) (b) in spiked soil by SDBS washing

Based on the single washing agent experiment, a
further mixed surfactant washing experiment was
conducted based on the optimal conditions (Fig. 5).
With an increase in the ratio of Tween 80, the washing
efficacy tended to be elevated. However, a
co-solubilization effect did not appear for decon-
taminating TPH in spiked soil. The highest removal
efficiency was only 6.44%, which was lower than the
removal efficiency rates of SBDS and Tween 80
(8.23%) used separately under the same conditions.
One possible explanation is that the extremely strong
micelle generation caused by the high surfactant
concentration (nearly 10 and 143 times higher than
those of SDBS and Tween CMC, respectively) and
their gathering behavior was responsible for the
sorption and solubilization of the high carbon content
chains (C21-C40) (Huguenot et al., 2015). For 0
diesel, the major component is n-alkanes (C13-C20).



Meng et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2021 22(10):792-804 799

1400
-\?1200-&—*‘——+————+————~(a)
= —_—r——
£ 1000
T
B 8001
5 golSreeningvalue:620  _ __ _ ___
5 Tween 80 concentration
T 4004
= 2g/lL 4 g/L
§ 200{ ¢ g
S 0 --3g/L 5g/L
© 0 20 40 60 80 100

Time (min)

(mg/kg)

-+ Soil-to-liquid=1:25

) Soil-to-liquid=1:20

- - Soil-to-liquid=1:10
0 T T T v T
0 1 2 3 4 5

Tween 80 concentration (g/L)

Concentration of TPH
S
o
it

Fig. 4 Effects of the washing agent concentration and
washing time on the removal of TPH (soil-to-liquid ratio=
1:20) (a) and effects of the washing agent concentration
and soil-to-liquid ratio on the removal of TPH (washing
time=60 min) (b) in spiked soil by Tween 80 washing

./._l

Screening value: 620
600~~~ """~~~ ~~"~~=~-=---

4004

2004

Concentration of TPH

O L] L] L] L] L]
1:4 2:3 1:1 3:2 4:1
Weight ratio
(SDBS:Tween 80)

Fig. 5 Composite agent leaching results with different
proportions under optimized washing conditions (total
concentration=5 g/L, washing time=60 min, and soil-to-
liquid ratio=1:20)

According to the efficiencies of the different
washing agents, a single SDBS or Tween 80 dosage

could not adequately remediate diesel-polluted soil in
this site. Also, the mixed surfactants did not show a
synergistic effect on TPH removal. However, DI
water showed a strong detergency effect on the TPH.
In an earlier study, Hernandez-Espriu et al. (2013)
used several different kinds of surfactants to deal with
diesel-contaminated soil (32100 mg/kg) and found
that the washing efficiency of DI water surpassed that
of a high concentration of Tween 80 (10 g/L) by about
10%. The phenomenon illustrates the validity and
convenience of water washing.

3.4 Comparative assessment of remediation effi-
ciency and feasibility

When specific soil remediation technology is
implemented, the possible environmental risks and
ecological toxicity should be taken into account to
make a wise decision. For the Fenton-like process,
although the iron used in the process is highly abun-
dant with low toxicity and hydrogen peroxide is an
environmentally friendly oxidant, the - OH formed is
a biocide (Biiyiiksonmez et al., 1998). With its exo-
thermic process, the Fenton reaction will increase the
soil temperature during treatment (Palmroth et al.,
20006), as observed in the experiment. Also, a drastic
oxidation process will cause phosphorus deficiency
(Alef, 1991), an increase in the toxicity of leachates,
and the death of soil microorganisms (Vibrio fischeri)
(Palmroth et al., 2006). Compared with the Fenton-
like process, activated persulfate oxidation is mild.
Persulfate can stay active in soils for weeks to months,
is not obviously influenced by pH, and can oxidize a
variety of contaminants (Stroo and Ward, 2011).
Nonetheless, Fenton-like oxidation is still a better
alternative than activated persulfate for a waste
solvent-polluted site in terms of performance.

Environmental impacts, ecological toxicity, and
biodegradation should be considered when choosing
washing agents to apply to a target contaminated soil.
Adsorption behaviour is common in the soil washing
process and becomes the main factor in influencing
the transport and distribution of surfactants at the
subsurface (Kang and Jeong, 2015; Chen et al., 2016).
The loss portion cannot lower the interfacial tension,
and so does not favour mobilizing oil from soil
(Gogoi, 2011). A recent study (Zhang et al., 2018)
demonstrated the irreversible sorption of SDBS on
two kinds of sediments (retained maximum: 865 and
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9674 pg/g), which was related to the entrapment of
the surfactants during the conformational changes of
the organic matter. Considering the recalcitrant mo-
lecular structure and long retention time (Garcia et al.,
2009), their ecological toxicity should not be ne-
glected. Similar to oxidizing agents, ecological toxi-
cology research on surfactants is carried out with
microorganisms. Toxicity research on Folsomia
fimetaria revealed that the survival of juveniles
(700 mg/kg exposure) was only 20% compared with
90% in the control, and reproductive output decreased
by about 65% with a 1000-mg/kg linear alkylben-
zenesulfonate (LAS) treatment (Holmstrup and
Krogh, 1996). The study illustrated the importance of
a rational dosage of LAS. SDBS has low biodegra-
dability (Garcia et al., 2009), but some studies
(Haggensen et al., 2002; Gonzalez et al., 2007,
Mungray and Kumar, 2008) showed that the aerobic
condition favoured LAS degradation, with a removal
efficiency of over 90% through the classical mem-
brane bioreactor technique. Thus, the degradability of
SDBS need not be a point of focus.

For non-ionic surfactants, the sorption of Tween
80 on soil is spontaneous (Gibbs free energy change
AG<0) and exothermic, so clay-rich soils (>20%) are
not suited to the Tween 80 washing disposal (Yang et
al., 2010). In addition, Tween 80 adsorption may de-
crease the permeability of soils (montmorillonite
content: 1.0%—1.4%) by about 5% (Gardner and Arias,
2000). Changes in soil properties are not beneficial for
surfactant-enhanced remediation and make the reme-
diation course costly and ineffective. A further con-
cern is the eco-toxicological effects that may result
from residuals. The potential toxicological impacts of
Tween 80 were examined for 18 different fungal
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strains (Garon et al., 2002), and no growth inhibition
arose. Furthermore, Tween 80 showed a growth-
promoting effect on plants in some circumstances
(Gaoetal.,2007; Ni et al., 2014), presumably because
it contains bioavailable carbon. In general, the eco-
logical toxicity of Tween 80 is negligible in the soil
matrix. For biodegradability, both aerobic and an-
aerobic environments support the biodegradation of
Tween 80 (Lee et al., 2004; Franzetti et al., 2006), so
the use of Tween 80 in soil washing is safe overall.
Nevertheless, the bad detergency performance on TPH
limits the use of Tween 80 in real-world polluted soil.

To maintain a dynamic balance between envi-
ronmental friendliness, technical efficiency, and cost-
benefit analysis during soil remediation, the eco-
nomic cost is another concern for ex-site soil reme-
diation. A simplified cost estimation was necessary
for this study. The costs of two of the most efficient
remediation soil technologies were estimated per
weight (ton, t). As shown in Tables 5 and 6, the cost
of water washing (24.30 $/t) is less than one third of
that of Fenton-like oxidation (79.10 $/t), so water

Table 5 Cost calculation for water washing remediation per
ton of diesel-contaminated soil under optimum conditions

Unit cost Combined

Item Unit Value ) cost ($)
Fresh water m 10 0.44 4.40
Equipment t 1 1.02 1.02

maintenance
(including power)

Labor Person 5 341 17.05
Management - 6% - 1.35
Fee - 2% - 0.48
Total 24.30

Table 6 Cost calculation for Fenton-like oxidation remediation per ton of diesel-contaminated soil under optimized

conditions

Item Unit Value Unit cost ($) Combined cost ($)

Chemical reagent kg 166.81 (ferrous sulfate) 0.03 5.00

46.11 (citric acid) 0.67 30.89

680.2 (30% H,0,) 0.004 2.80

Equipment maintenance t 1 0.32 0.32

(including power)

Labor Person 10 341 34.14

Management - 6% - 4.40

Fee - 2% - 1.55

Total 79.10
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flushing is an optimum choice for prompt TPH re-
duction from mildly diesel-contaminated soil. Nev-
ertheless, labour costs comprise 79.7% of the total
costs in the water flushing method. The percentage of
labour costs will continue to increase in future soil ex
site remediation projects because overall labour costs
in China are continuously increasing (Chen et al.,
2013). Hence, future research should be concentrated
on enhancing the level of mechanization to save en-
gineering costs.

4 Conclusions

Two conventional soil remediation technologies
were implemented in diesel-contaminated soil and
thoroughly investigated for technique efficiency,
environmental impacts, and economic viability.
Chemical oxidation tests showed a drastic reaction
generated by the Fenton-like process and a relatively
mild and slow process generated by activated per-
sulfate oxidation. The optimal oxidation treatment
condition for both techniques was a Fe*":oxidation
reagent molar ratio of 1:10. For washing experiments,
the maximum TPH removal was achieved with DI
water washing. Overall, only the Fenton-like process
could achieve the remediation goal based on the
screening value. However, for low-level TPH pollu-
tion (<916 mg/kg), DI water washing would be a
better alternative. The environmental friendliness
assessment showed that activated persulfate oxidation
and pure water washing were the greenest methods
when considering their environmental impacts, eco-
logical toxicity, and biodegradation simultaneously.
In terms of estimated economic cost, water washing
(24.30 $/t) was considered the best choice for polluted
site remediation on account of its high efficiency and
environmental and economic superiority. This study
provided a basic blueprint for diesel-contaminated
soil remediation, and further studies should concen-
trate on seeking a balance between engineering, na-
ture, and society.
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