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effluents that need further treatment. Experimen-
tal designs were applied to determine the appropri-
ate reagent concentrations to provide better removal 
efficiency for the total of 9 selected PAHs. As far as 
we know, this is the first study comparing homogene-
ous and heterogeneous systems while applying CAT 
to remediate PAH-contaminated soils. The results 
indicated that the HT system was more efficient than 
the HM system, with PAH removal of 97% and 61%, 
respectively. The treatability tests performed provide 
an efficient application of in  situ chemical oxidation 
(ISCO) in tropical regions, such as Brazil, for the 
remediation of areas contaminated by PAHs.

Abstract  Creosote is a complex mixture con-
taining mainly polycyclic aromatic hydrocarbons 
(PAHs). The remediation of creosote-contaminated 
sites becomes a challenge due to the numerous com-
pounds and the specific soil properties. Treatability 
tests using advanced homogeneous (HM system) and 
heterogeneous (HT system) oxidative processes were 
applied with sandy soil artificially contaminated with 
creosote. The creosote was collected in a contami-
nated site in the state of São Paulo, Brazil. Sodium 
persulfate (SP) was the reaction oxidizing agent used. 
For the HM system, SP was activated by ferrous ions 
(Fe2+) chelated by citric acid (C6H8O7) and in the HT 
system, clay-based iron catalyst (CAT) was used for 
the SP activation. These two methods can be applied 
for in  situ processes, without generating waste and 
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1  Introduction

Polycyclic aromatic hydrocarbon (PAH) compounds 
are one of the main contaminant groups found in São 
Paulo, Brazil, with 2719 contaminated sites (CET-
ESB, 2019). The Superfund Remedy Report indi-
cates that PAHs represent 47% of the contaminants 
found in soil at Superfund sites (US EPA, 2020). 
Due to the toxicity and complexity of these com-
pounds, the remediation process is more difficult in 
sites where they are found (Duan et al., 2015). Creo-
sote is an oil derived from the distillation of tar and 
consists of a complex mixture of different chemicals, 
formed mainly by PAHs, phenols, and heterocyclic 
compounds. This oil can be an example of a toxic 
and complex mixture that used to be consumed as 
a wood preservative, and can currently be found in 
the subsurface, polluting both soil and groundwater 
(Cargouët et al., 2018; Kueper et al., 2003). In addi-
tion, as creosote has a high viscosity and density 
greater than water, it presents a significant potential 
for migration. This behave can cause considerable 
impact on groundwater, which happens due to the 
partitioning of creosote’s components to the aqueous 
phase (Coll & Paschl, 2013). Thus, these substances 
are part of the main environmental problems of the 
last decades.

Studies developed mainly in countries such as 
Canada and USA or in Europe are not adapted to 
countries with tropical climate and their local condi-
tions, like the climate, water, and soil characteristics. 
Tropical soils are deeper and warmer than temper-
ate soils. The organic matter decomposition is faster, 
and plants in tropical soils absorb more water com-
pared to temperate soils (Itthipoonthanakorn et  al., 
2019). Besides, in tropical regions, the soils are typi-
cally acidic, with low clay and organic matter con-
tents and cation exchange capacity. Tropical soils 
present higher leaching than temperate soils (Payne 
& Edis, 2012), so the possibility of a contaminant 
reaching groundwater is greater. The Environmental 
Agency of the State of São Paulo (CETESB) pub-
lished a document with 6285 contamination records 
(CETESB, 2019). In the State of Minas Gerais, 670 

contaminated and rehabilitated sites were identified 
and registered (FEAM, 2019) and in the State of Rio 
de Janeiro, 328 contaminated and rehabilitated sites 
were reported (INEA, 2015). However, there are 
more than 23 states and the Federal District where no 
information was collected and published yet. Hence, 
in Brazil, for example, the number of potentially con-
taminated sites must be much greater. These statistics 
show the need for research and development of tech-
niques for recovering contaminated sites in regions 
with tropical climate.

Oxidation processes are an efficient technique for 
eliminating a wide range of contaminants, such as 
in  situ chemical oxidation (ISCO). ISCO consists in 
the injection of oxidants in the subsurface, in both 
saturated and unsaturated zones, to convert or miner-
alize organic pollutants into less harmful compounds 
(Ranc et al., 2016). Some advantages of ISCO are (1) 
reducing the contaminant mass in a relatively short 
period of time; (2) no generation of a large amount 
of waste; (3) the treatment can be implemented in a 
shorter period of time, comparing to other techniques; 
and (4) less rigorous monitoring is needed. Regard-
ing the limitations, ISCO may be inefficient for deter-
mined contaminant and, depending on the amount 
of contaminant in the subsurface, a large amount of 
oxidant is required, then the cost–benefit ratio would 
be low (Pham et al., 2012). ISCO is also one of the 
remediation techniques applied in the State of São 
Paulo, with 364 cases registered (CETESB, 2019).

Beside other techniques, such as pump-and-treat 
and multiphase extraction reaction, ISCO proves to be 
a potentially viable technology to remediate creosote-
contaminated sites (Forsey, 2004). Laboratory-scale 
treatability studies are used to predict the effective-
ness of the remediation technique. The main oxidants 
applied are hydrogen peroxide, permanganates, per-
sulfates, and ozone (Bendouz et  al., 2017; Peluffo 
et  al., 2016; Yen et  al., 2011). Chemical oxidation 
with persulfate (S2O8

−2) has been widely applied 
for the degradation of organic contaminants such as 
PAHs, trichlorethylene, BTEX, and 1,2,4-trimeth-
ylbenzene (Killian et al., 2007; Lemaire et al., 2013; 
Liang et  al., 2006). Persulfate presents greater per-
sistence in the subsurface, when compared to ozone 
and hydrogen peroxide, and can be transported for 
greater distances beside remaining longer in the reac-
tion medium. In addition, it has less affinity for the 
soil natural organic compounds when compared to 
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permanganate. This characteristic is important once 
the oxidation process is nonspecific, i.e., the oxidant 
in the medium can be consumed not only by the tar-
get pollutants, but also by the organic matter (Forsey, 
2004; Oliveira et al., 2016; Ranc et al., 2016; Usman 
et al., 2012).

To enhance chemical oxidation efficiency, persul-
fate can be activated in different ways, such as the use 
of transition metals, for example, ferrous ions (Fe2+), 
heat, or alkaline activation (Matzek, 2016). Fe2+ acti-
vation is widely used, mainly for in situ applications, 
due to its natural abundance in porous media and 
benign nature. Depending on the activation method, 
the reaction will be homogeneous or heterogeneous, 
and both types have been discussed in several stud-
ies (Pham et al., 2009; Usman et al., 2012b; Pu et al., 
2017; Silva-Rackov et al., 2017; Adityosulindro et al., 
2018; Zhou et al., 2019; Magalhães et al., 2020). Pos-
sible mechanisms involve free radicals formed by 
Fe2+ in solution for homogeneous route or iron spe-
cies on the surface of a catalyst for heterogeneous 
reactions (Bastidas et  al., 2018; Magalhães et  al., 
2020; Pham et al., 2009).

In homogeneous routes, Fe2+ will remain in solu-
tion under acid conditions, which can negatively 
impact the natural media, disturbing the microbial 
community and plants growth (Peluffo et  al., 2016; 
Ranc et al., 2016; Tsitonaki et al., 2010). The use of 
chelating agents keeps the iron species in solution at 
neutral conditions and allows the continuous release 
of the catalyst in the reaction medium (Yan and Lo, 
2013; Ranc et  al., 2016). Citric acid is an example 
of the chelating agents applied in oxidation reactions 
and was chosen to be used in this study for the homo-
geneous reactions due to its high efficiency (Killian 
et al., 2007; Liang et al., 2004; Zhao et al., 2013).

During heterogeneous reactions, the persulfate 
decomposition can occur via two mechanisms: 2 
and 3 valent iron ions in solution (Fe2+ or Fe3+) and/
or by iron species on the catalyst surface. When pH 
values are close to neutrality, the activation reactions 
will predominantly involve the iron stabilized on the 
catalyst surface, since the iron leaching to Fe2+ or 
Fe3+ form only occurs under acid conditions (Magal-
hães et al., 2020; Pham et al., 2009). Magalhães et al. 
(2020) evaluated the best synthesis conditions of a 
clay-based iron catalyst (CAT) to remediate phenan-
threne-contaminated soil. The authors tested the cata-
lyst to activate persulfate in the oxidation reaction and 

achieved about 80% of phenanthrene removal. The 
CAT will be applied here to treat creosote-contami-
nated soil in the heterogeneous reactions.

There is a wide variety of treatments for contami-
nated soil and groundwater in the literature. However, 
studies that assess the effectiveness of eliminating or 
reducing contaminants of complex mixtures in these 
media are still needed. To our knowledge, this is 
the first work that compares both homogeneous and 
heterogeneous systems applying CAT to remediate 
PAH-contaminated soils. These PAHs can be found 
in creosote, which is considered a complex mixture. 
So, this work aims at the application of homogeneous 
and heterogeneous systems in sandy soil artificially 
contaminated with creosote. Persulfate activation in 
the homogeneous reactions was carried out with fer-
rous ions (Fe2+) complexed by citrate ion. Clay-based 
iron catalyst (CAT) was applied in the heterogeneous 
reactions. The tests were performed based on Central 
Composite Designs.

2 � Materials and Methods

2.1 � Soil Characterization and Contamination

The clean soil used for the experiments was collected 
in São Paulo/SP, Brazil, at 4.6 m depth using a Shelby 
sampler. Granulometric characterization for the clean 
soil was performed through sedimentation process, 
beside pH in water and total organic carbon (TOC-
L, SSM-5000A, Shimadzu) analyses, according to 
EMBRAPA Brazilian methods (2017).

The creosote used in this study was obtained by 
recovering this oil in a contaminated area which a 
wood treatment plant operated for 20 years. The creo-
sote chemical characterization was performed by gas 
chromatography coupled with a mass spectrometer 
(GC–MS) after dilution in dichloromethane (DCM, 
1:1000 v/v).

The soil was spiked with creosote dissolved in 
DCM to achieve a target concentration of 4500  mg 
of creosote per kg of soil (mg kg−1). The soil was 
mechanically mixed (15 rpm) for 24 h and maintained 
in a closed container for 2 days. Then, the container 
was kept open in the lab hood for about 90  min to 
allow DCM evaporation. Finally, it was sealed and 
stored under refrigerated conditions for the oxidation 
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tests. The initial contaminant mass in the soil was 
analyzed in triplicate.

2.2 � Oxidation Tests

Homogeneous (HM system) and heterogeneous (HT 
system) reactions were performed during the experi-
ments and sodium persulfate (SP) was used as oxi-
dant agent in both cases. The SP activation occurred 
with transition metal ions, such as ferrous ions (Fe2+). 
In the HM system, citric acid (C6H8O7) was used as 
chelating agent in attempt to provide the adequate 
proportion of Fe2+ in solution during the oxidation 
process. For the HT system, a clay-based iron catalyst 
(CAT) produced in previous work (Magalhães et al., 
2020) was applied.

Experimental design was employed to evaluate 
the effects of independent variables on the selected 
response. In this study, we evaluated the creosote 
removal, focusing on the total mass of certain PAHs. 
The tests were based on a 2  k Central Composite 
Design (CCD) with 3 central points (CP), where k 
represents the number of independent variables stud-
ied. For the HM system, k = 3, so three independent 
variables were selected: sodium persulfate concentra-
tion ([SP], x1), ferrous sulfate concentration ([FeSO4], 
x2), and citric acid concentration ([C6H8O7], x3), 
resulting in 11 oxidation reactions (23 + 3CP). For the 
HT system, k = 2, so the independent variables were 
sodium persulfate concentration ([SP], x1) and cata-
lyst mass (mCAT​, x2), totaling 22 + 3CP = 7 oxidation 
reactions. Table  1 summarizes the reaction condi-
tions and codified levels for each case. The reactions 
occurred for 72 h at 25 °C, without stirring, to simu-
late an approximate subsurface condition in Brazil.

For the tests, a soil to liquid ratio of 1:2 was 
maintained for both HM and HT systems. Besides, 
the range of iron concentration applied in each sys-
tem was the same. Thus, in the HM system, 3.75 g 
of contaminated soil was added to a 20-mL crimped 
glass vial with 6.00 mL of sodium persulfate solu-
tion, 1.00  mL of ferrous sulfate solution, and 
0.5 mL of citric acid solution (Killian et al., 2007; 
Zhao et  al., 2013). For the HT system, we added 
3.75 g of contaminated soil, 7.5 mL of sodium per-
sulfate solution, and the catalyst mass according to 
the experimental design. In terms of the number 
of moles of SP, it varied between 9.45 × 10−4  mol 
(Level − 1) and 6.30 × 10−3 mol (Level + 1) for both 

systems. The respective concentrations and mass 
applied in the experimental design are shown in 
Table 1.

2.3 � Chemical Analyses

At the end of the experiments, solid and liquid phases 
were separated by decantation. Solid–liquid and liq-
uid–liquid extractions were performed according to 
3550C and 3510C EPA Methods, respectively (US 
EPA, 1996, 2007), to analyze the residual concentra-
tion of certain PAHs in both phases. Glass fiber and 
sodium sulfate were used to filter the extract, which 
resulted in a volume of approximately 45 mL that was 
concentrated in the Kuderna-Danish evaporative con-
centrator coupled with a thermostatic bath (50 °C).

All the samples were analyzed by GC–MS and 
the analytical conditions were as follows: DB5MS 
30  m × 0.25  mm capillary column; injection tem-
perature of 280  °C and inlet pressure of 100  kPa; 
oven temperature varying from 40 to 320  °C at 
10  °C  min−1; 2 μL samples injected in splitless 
mode and helium as the carrier gas at constant flow 
rate (linear velocity 48.1  cm  s−1 and column flow 
1.78  mL  min−1), with a total run time of 34  min. 
The following PAHs were chosen to be evaluated in 
this study because they were the most representative 
compounds in the creosote sample used: Naphthalene 
(NAP), 2-Methylnaphthalene (MNAP), Acenaph-
thene (ACE), Fluorene (FLU), Phenanthrene (PHE), 
Anthracene (ANT), Fluoranthene (FLT), Pyrene 
(PYR), and Benz[a]anthracene (BAA).

Table 1   Conditions for the oxidation tests

a SP, sodium persulfate; Fe2SO4, ferrous sulfate; C6H8O7, citric 
acid; mcat, catalyst mass

Homogeneous (HM) system
Independent variablesa Levels

 − 1 0 1
x1, [SP] (g L−1) 37.50 143.80 250.00
x2, [Fe2SO4] (g L−1) 52.40 183.30 314.30
x3, [C6H8O7] (g L−1) 95.00 372.50 650.00
Heterogeneous (HT) system
Independent variablesa Levels

 − 1 0 1
x1, [SP] (g L−1) 30.00 115.00 200.00
x2, mCAT​ (g) 0.50 1.75 3.00
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3 � Results and Discussion

3.1 � Soil Characterization and Contamination

The soil was classified as a sandy soil, based on the 
results of the granulometric distribution analysis: 93% 
of sand, > 5% of silt, and > 3% of clay (USDA, 1993). 
The total organic carbon (TOC) analysis resulted in a 
concentration of 0.13 mg kg−1, which is considered a 
low value, as expected for sandy soils. The soil pH in 
water was 5.7.

Table  2 shows the initial respective masses and 
concentrations in each process for the nine PAHs 
chosen to be evaluated after the oxidation reactions 
applied in this study. PHE presented the highest mass 
in the contaminated soil for both cases, followed by 
NAP, MNAP, ACE, and PYR. The coefficient of 
variation (CV) is within the 20% acceptable for soil 
studies, considering the matrix’s heterogeneity. The 
creosote used for the artificial contamination was 
characterized by Aranha et al. (2020).

According to the data in Table  2, NAP, PHE, 
and BAA had initial concentrations higher than the 
screening levels (CETESB, 2016; US EPA, 2019). 
These compounds are important creosote and PAH 
tracers (Simarro et  al., 2011) and many researchers 
select them to verify the impact creosote can have on 

groundwater quality (Kueper et al., 2003). NAP is the 
most available one and can partition to the groundwa-
ter and to the vapor phase (Aranha et al., 2020), and 
this behavior may cause risks to the human health due 
to water ingestion and vapor inhalation. In this case, 
the remediation of the area will have to be assessed.

3.2 � Oxidation Tests

Table  3 shows the percentage of total PAH removal 
and the reaction conditions applied in each trial for 
the HM system. The total PAH removal percentage 
refers to the sum of the residual mass of the nine PAH 
studied compared to the initial mass in the soil. Trial 
8 presented the best result for the total PAH removal 
(61.40% after 72 h), with the following reaction con-
ditions: [SP] = 250  g L−1, [Fe2SO4] = 314.30  g L−1, 
and [C6H8O7] = 650  g L−1. Comparing trials 1 and 
2, it is possible to note that higher [SP] increases the 
PAH removal in 18.10%. Besides, the importance of 
the chelating agent (C6H8O7) can be seen when ana-
lyzing trials 2 and 4, which shows that increasing 
[Fe2SO4] without changing the amount of chelat-
ing agent in the medium reduces PAH removal in 
about 18%. However, if the [C6H8O7] increases, PAH 
removal also increases in 36.40% (trials 4 and 8).

Table 2   PAH initial mass and concentration for both systems studied

a CV, coefficient of variance; bCETESB (2016); cUS EPA (2019).

PAH Homogeneous system Heterogeneous system Screening levels 
Residential soil 
(mg/kg)Initial mass (mg) Initial concen-

tration (mg/kg)
CV (%)a Initial mass (mg) Initial concen-

tration (mg/kg)
CV (%)a

Naphthalene 
(NAP)

0.96 ± 0.15 256.96 ± 39.53 15.38 0.78 ± 0.07 207.87 ± 8.44 8.44 1.80b

2-Methylnaphtha-
lene (MNAP)

1.07 ± 0.15 284.27 ± 40.84 14.37 0.84 ± 0.09 223.58 ± 10.46 10.46 240.00c

Acenaphthene 
(ACE)

1.36 ± 0.90 362.21 ± 50.57 13.96 1.11 ± 0.13 294.87 ± 11.54 11.54 3600.00c

Fluorene (FLU) 0.73 ± 0.12 195.50 ± 32.17 16.46 0.53 ± 0.07 141.20 ± 12.82 12.82 2400.00c

Phenanthrene 
(PHE)

2.53 ± 0.40 674.45 ± 106,10 15.73 1.98 ± 0.29 529.11 ± 14.52 14.52 40.00b

Anthracene (ANT) 0.24 ± 0.04 63.49 ± 10.83 17.05 0.15 ± 0.02 40.22 ± 11.40 11.40 4600.00b

Fluoranthene 
(FLT)

1.47 ± 0.22 392.43 ± 58.92 15.01 1.15 ± 0.20 307.10 ± 17.15 17.15 2400.00c

Pyrene (PYR) 1.14 ± 0.17 303.40 ± 46.74 15.41 0.88 ± 0.16 235.41 ± 18.13 18.13 1800.00c

Benz[a]anthracene 
(BAA)

0.25 ± 0.02 67.81 ± 5.45 8.04 0.24 ± 0.02 62.70 ± 7.63 7.63 1.10c
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The regression coefficient obtained for the data 
(R2 = 0.84) presented a relatively good fit for experi-
ments with soil, because of the complexity and het-
erogeneity of the soil matrix (Magalhães et al., 2020; 
Mendes et  al., 2020). However, from the analy-
sis of variance (ANOVA) in Table 4 and the F test, 
the empirical model was not significative at 95% 
confidence.

The results for the HT system are shown in 
Table 5. Trial 4 presented the best result, with 96.74% 
PAH removal. In this reaction, the independent 

variable conditions were [SP] = 200  g L−1 and 
mCAT​ = 3.00  g. For the same amount of CAT in the 
reaction, increasing [SP] resulted in an increase of 
34% on the removal percentage, comparing trials 1 
and 2. However, the variable mCAT​ has a greater influ-
ence on the response, since its increase promotes 
about 70% increase in PAH removal, comparing trials 
1 and 3.

Considering that the catalyst is clay based, the 
adsorption properties of the clay could also be 
responsible for reducing the residual PAH concentra-
tion after the 72-h reaction. According to Magalhães 
et al. (2020) though, the specific surface area of CAT 
is equal to 25.59 m2 g−1, 82% lower than the raw clay 
used to produce it. Hence, the clay capacity to adsorb 
organic compounds was significantly reduced after 
the impregnation of iron oxides, which can activate 
the oxidant during the reaction.

The regression model obtained for the data in 
Table  5 also presented a regression coefficient of 
R2 = 0.84. The analysis of variance (ANOVA) and the 
F test shown in Table 6 indicate that the model was 
not significative at 95% confidence.

The experiment’s reproducibility was verified 
based on the results for the triplicate trials of the 

Table 3   Percentage of 
total PAH removal after the 
oxidation process applied 
in the HM system (catalyst: 
chelated ferrous ions; 25 °C 
for 72 h)

Trial x1 x2 x3 [SP] (g L−1) [Fe2SO4] (g L−1) [C6H8O7] (g L−1) PAH removal (%)

1  − 1  − 1  − 1 37.50 52.40 95.00 46.40
2 1  − 1  − 1 250.00 52.40 95.00 54.80
3  − 1 1  − 1 37.50 314.30 95.00 28.70
4 1 1  − 1 250.00 314.30 95.00 45.00
5  − 1  − 1 1 37.50 52.40 650.00 24.30
6 1  − 1 1 250.00 52.40 650.00 51.00
7  − 1 1 1 37.50 314.30 650.00 34.60
8 1 1 1 250.00 314.30 650.00 61.40
9 0 0 0 143.80 183.30 372.50 53.70
10 0 0 0 143.80 183.30 372.50 52.70
11 0 0 0 143.80 183.30 372.50 36.80

Table 4   ANOVA for the 
HM system results

a Degrees of freedom.
b R2 = 0.84.
c 95% confidence.

Source of variations Sum of squares DFa Mean of squares Fcalculated Fcritical
c

Model b 1190.19 6 198.34 Fcalc;6,4

Residual 234.16 4 58.54 3.38 6.16
Lack of fit 53.87 2 26.93
Pure error 180.29 2 90.15
Total 1424.36 10

Table 5   Percentage of total PAH removal after the oxidation 
process applied in the HT system (clay-based iron catalyst 
(CAT); 25 °C for 72 h)

Trial x1 x2 [SP] (g L−1) mCAT​ (g) PAH removal (%)

1  − 1  − 1 30.00 0.50 55.19
2 1  − 1 200.00 0.50 73.81
3  − 1 1 30.00 3.00 94.36
4 1 1 200.00 3.00 96.74
5 0 0 115.00 1.75 93.19
6 0 0 115.00 1.75 92.11
7 0 0 115.00 1.75 82.26

29   Page 6 of 11 Water Air Soil Pollut (2022) 233: 29



1 3
Vol.: (0123456789)

central point condition in both processes, and the 
variance coefficient was lower than 20% (Magal-
hães et  al., 2020). According to the ANOVA, the 
lack of fit for the HT system was higher than for the 
HM system. However, the pure error was lower for 
the HT system. For both HM and HT systems, the 
best results were achieved with the highest levels 
of the independent variables (Table  1). In general, 
the HT system process presented better results for 
the PAH removal, with about 97% removal. Thus, 
the oxidation process with SP activation with the 
iron catalyst showed superior performance when 
compared to the homogeneous activation with che-
lated ferrous ions under similar experimental con-
ditions. This conclusion was also obtained by Puli-
charla et al. (2018), that studied the degradation of 
chlortetracycline.

After 72-h homogeneous reactions, the presence of 
bubbles was observed in the vials (Fig. 1). It is proba-
bly CO2, but not identified analytically. This behavior 
indicates the mineralization of the contaminants. The 
bubbles did not appear in the HT system experiments.

Despite the specific surface area of CAT being 
smaller than the raw clay employed in its production 
(Magalhães et  al., 2020), the high removal percent-
ages of HT system suggest that combined mecha-
nisms of oxidation and sorption may be occurring. 
Luthy et  al. (1997) and Rivas (2006) point out that 
PAHs can also interact with inorganic matrices. Thus, 
the double character exhibited by the modified clay 
(sorbent and catalyst) makes the CAT a promising 
material for use as a reactive medium in permeable 
reactive barriers (PRBs), aiming at the treatment of 
soils and groundwater contaminated with PAHs. Clay 
minerals are reported in the literature as efficient 
supports for heterogeneous catalysts in oxidation 
reactions, mainly for the treatment of contaminated 
groundwater (Bel Hadjltaief et  al., 2014; Gao et  al., 
2016; Pouran et  al., 2014; Wei et  al., 2017; Zeng 
et al., 2017).

Both trials 8 and 4 of the HM and HT systems, 
respectively, were performed with the maximum 
levels of the experimental design and achieved the 
highest percentage removal. Table 7 shows the indi-
vidual percentage removal results for each one of the 
9 PAHs in these trials. In the HM system, ACE and 
ANT presented more than 90% removal. For the HT 
system, MNAP, ACE, PHE, and PYR stand out with 
removal percentage greater than 90%.

The relationship between the oxidation efficiency 
and each PAH species can be explained by the PAH 
reactivity to the sulfate radicals formed during the 

Table 6   ANOVA for the 
HT system results

a Degrees of freedom.
b R2 = 0.84.
c 95% confidence.

Source of variations Sum of squares DFa Mean of squares Fcalculated Fcritical
c

Model b 1140.287 3 380.0957 Fcalc;3,3

Residual 216.442 3 72.14733 5.27 9.27
Lack of fit 143.891 1 143.891
Pure error 72.551 2 36.2755
Total 1356.729 6

Fig. 1   Bubbles formed inside the vials of HM system after 
72 h
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reaction. Angular PAHs usually exhibit slightly 
higher kinetic stability than linear PAHs, which can 
hinder the degradation reaction (Wang et  al., 2014). 
For example, ACE, ANT, and PYR are expected to be 
easier to degrade than PHE and BAA, which can be 
seen in Table 7 for the HM system (trial #8). Besides, 
for the HM system, a greater degradation was 
obtained for NAP and MNAP, that have linear con-
figuration, in opposed to PHE, which has an angular 
configuration. For the HT system (trial #4) though, 
while PYR and ACE presented the highest percent 
removal, as expected, PHE also achieved a high per-
cent removal. In this case, the sorption process may 

have played an important role, contributing to this 
result.

In the HM system, the concentrations of NAP, 
MNAP, PHE, and BAA were above the screening lev-
els (Table 8). After the HM system in trial #8, only 
MNAP reached a value below the US EPA (2019) 
screening level, considering a residential scenario. 
In the HT system (Table 8), NAP and PHE presented 
concentrations above the screening levels. After the 
HT system in trial #4, only PHE reached a value 
below CETESB (2016) screening level, considering 
a residential scenario, and BAA was not detected. In 
both processes, the contaminants were not identified 
in the aqueous phase.

Even though the remediation goal has not been 
reached for all the 9 selected PAHs, the result was 
relevant, considering the high initial PAH concen-
tration, the reaction time evaluated, and the fact that 
only chemical oxidation technique was applied. In 
order to obtain higher degradation values, we suggest 
increasing the experimental scale, because the 20 mL 
volume is a limiting factor when treating high con-
centrations of contaminants. In addition, increasing 
the reaction time and testing sequential oxidant addi-
tion to limit parallel reactions that can interfere with 
the contaminant degradation efficiency may improve 
the removal percentage (Killian et al., 2007). Finally, 
the authors recommend that for complex contami-
nants such as creosote, and considering large-scale 
in  situ application, the chemical oxidation process 
described in this work should be applied with other 
remediation techniques, such as bioremediation and 

Table 7   Percentage removal of individual PAH for both best 
trials in HM and HT systems

PAH PAH removal (%)

Homogeneous 
(HM) system

Heterogene-
ous (HT) 
system

Trial #8 Trial #4

Naphthalene (NAP) 74.11 85.61
2-Methylnaphthalene (MNAP) 61.29 90.74
Acenaphthene (ACE) 91.45 96.10
Fluorene (FLU) 47.46 87.38
Phenanthrene (PHE) 35.51 93.96
Anthracene (ANT) 96.13 85.04
Fluoranthene (FLT) 49.24 87.64
Pyrene (PYR) 86.85 98.43
Benz[a]anthracene (BAA) 74.29 ND

Table 8   Residual 
concentrations of the 9 
selected PAHs after the 
treatability tests #8 and #4 
of HM and HT systems, 
respectively

a CETESB (2016).
b US EPA (2019).

PAH Residual soil concentrations (mg/kg) Screening levels 
Residential
(mg/kg)Homogeneous 

(HM) system
Heterogeneous 
(HT) system

Trial #8 Trial #4

Naphthalene (NAP) 66.52 8.88 1.80ª
2-Methylnaphthalene (MNAP) 110.03 5.68 240.00b

Acenaphthene (ACE) 30.98 2.19 3600.00b

Fluorene (FLU) 102.71 4.36 2400.00b

Phenanthrene (PHE) 434.98 12.97 40.00a

Anthracene (ANT) 2.46 12.27 4600.00a

Fluoranthene (FLT) 199.18 8.90 2400.00b

Pyrene (PYR) 39.90 2.26 1800.00b

Benz[a]anthracene (BAA) 17.43 ND 1.10b

29   Page 8 of 11 Water Air Soil Pollut (2022) 233: 29



1 3
Vol.: (0123456789)

electrokinetics (Isosaari et  al., 2007; Kulik et  al., 
2006; Valderrama et al., 2009).

4 � Conclusions

Creosote obtained from a contaminated area in the 
state of São Paulo (Brazil) was used for artificial 
contamination of sandy soil. The efficiency of the 
advanced chemical oxidation through homogeneous 
(HM) and heterogeneous (HT) systems was evalu-
ated in this study. Treatability tests were performed 
to assess the efficiency of in situ chemical oxidation 
(ISCO) in tropical soils for remediation of PAH-
contaminated areas. For the best conditions studied, 
the HM system achieved approximately 61% removal 
of the selected PAHs. The HT system achieved 97% 
removal. In the HT systems, a clay-based iron cata-
lyst (CAT) was used. The use of clay has advantages 
such as low cost; innocuous material; and little or no 
chemical alterations in the subsurface, when com-
pared to conventional advanced oxidation methods.

The knowledge of the oxidative process efficiency 
for the specific conditions of a certain contaminated 
area is important to evaluate the process viability, 
mainly considering the tropical climate. In Brazil, for 
example, remediation techniques such as pumping 
and treatment, which generates waste and has long 
operating time, are still applied. ISCO can reduce the 
contaminant mass in the subsurface without generat-
ing waste in a shorter remediation period.

Future studies can evaluate the process optimiza-
tion, distinguishing the results between sorption and 
degradation phenomena, beside simulating the pro-
cess in a column and/or pilot scale and evaluating 
the best configuration for reagents injection in the 
subsurface.
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