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analysis was emphasized by demonstrating how NAP behaves in a sealed system over a 4 hr
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reaction period. Design of Experiments method was applied to the following variables: sodium persulfate concentration [SP], ferrous sulfate concentration [FeSO4], and pH. The sys-

Keywords:

tem operated with a prefixed solid to liquid ratio of 1:2. The following conditions resulted in

Chemical oxidation

optimum NAP removal [SP] ¼ 18.37 g/L, [FeSO4] ¼ 4.25 g/L and pH ¼ 3.00. At the end of the 4 hr

Phase distribution

reaction, 62% of NAP was degraded. In the soil phase, the chemical oxidation reduced the

Degradation kinetics

NAP concentration thus achieving levels which comply with Brazilian and USA environ-

PAH

mental legislations. Besides the NAP partitioning view, the monitoring of each phase allowed

Soil remediation

the variabilities assessment over the process, refining the knowledge of mass reduction.

Mass balance

Based on NAP distribution in the system, this study demonstrates the importance of evaluating the presence of semi-volatile and volatile organic compounds in the air phase during
remediation, so that there is greater control of the system as to the distribution and presence
of the contaminant in the environment. The results highlight the importance of treating the
contaminant in all its phases at the contaminated site.
© 2019 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
Polycyclic aromatic hydrocarbons (PAHs) are commonly
found in contaminated sites associated with petroleum, natural gas and wood processing industries. PAHs represent

significant risks to the ecological environment and to human
health due to their known toxicity. Despite the different approaches studied, such as chemical, thermal, biological and
physical, the remediation of contaminated sites remains a
great challenge due to soil heterogeneity (Bendouz et al., 2017;
Jinghuan et al., 2009; Kuppusamy et al., 2016).
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In situ chemical oxidation (ISCO) is based on chemical oxidants injection into the soil or groundwater for degrading
pollutants through reactions that produce harmless compounds (Huling and Pivetz, 2006; Killian et al., 2007). This
technique has been considered an option for a wide range of
organic contaminants (Baciocchi, 2013; Xu et al., 2011) and
several studies have shown that chemical oxidation is a
feasible process to treat PAHs contaminated areas (Bendouz
et al., 2017; Nadim et al., 2005; Usman et al., 2016; Zhao
et al., 2013). Amongst the oxidants that can be applied to
ISCO, persulfate anion (S2O2
8 ) emerged a while back and
demonstrated to be a strong oxidant option (E ¼ 2.01 V) besides its persistence in the subsurface which can last hours to
weeks, according to the literature (Ranc et al., 2016). Thus,
persulfate anion demonstrated to be able to degrade a wide
range of organic contaminants, including PAHs (Huang et al.,
2005; Liang and Guo, 2010; Sra et al., 2013; Silva-Rackov
et al., 2017; Liao et al., 2018).
Persulfate anions (S2O2
8 ) can be activated to form stronger

oxidants: sulfate radicals (SO4 ) (E ¼ 2.6 V). Compared to hy
droxyl radicals (HO ), SO4 are more selective in the oxidation
of target compounds and have a longer lifetime (Brienza and
Katsoyiannis, 2017). Different activation methods for S2O2
8
can be applied, such as (1) increasing temperature (Chen et al.,
2016; Huang et al., 2005; Srivastava et al., 2016a); (2) pH
adjustment, which can be promoted by acid (Romero et al.,
2011) or alkaline medium (Zhao et al., 2013; Srivastava et al.,
2016b); (3) adding a transition metal, e.g. ferrous ions (Fe2þ)
(Yan and Lo, 2013). Due to the low cost and natural abundance,
besides non-toxicity and environmental-friendly characteristics, ferrous ion (Fe2þ) is commonly used as an effective
method to generate SO4 - via the following reactions (Rastogi
et al., 2009; Silva-Rackov et al., 2017; Zhu et al., 2016).

2þ
S2 O2
/ Fe3þ þ SO2
8 þ Fe
4 þ SO4

k ¼ 3:0  101 L ðmol$secÞ; 25 C

2þ
/ Fe3þ þ SO4 2
SO
4 þ Fe

k ¼ 4:6  109 L ðmol$secÞ; 20 C

(1)

(2)

Eq. (1) demonstrates that ferrous ion (Fe2þ) accounts for
persulfate activation through electron transfer and then Fe2þ
is oxidized to ferric ion (Fe3þ). However, an excessive amount
of Fe2þ may result in SO4-scavenging due to the fast reaction
rate between these two reagents (Eq. (2)). A lower degradation
efficiency of the organic pollutants would thus be achieved.
Therefore, the ratio of ferrous ion and persulfate anion content in the media must be evaluated to prevent a decrease in
degradation efficiency (Yan and Lo, 2013).
Naphthalene (NAP) is the lowest molar mass (128.17 g/mol)
of the PAHs and is found in both saturated and unsaturated
soil zones, when the area is contaminated with PAHs. Due to
its adsorption capacity and relatively higher water solubility
(31.7 mg/L at 25 C) (USEPA, 2003), it can be either dissolved in
groundwater or sorbed onto the soil particle surface. NAP can
also exist in its vapor phase in unsaturated zones. Therefore,
NAP behavior in the subsurface includes interphase mass
transfer from soil into aqueous and air phases. Regarding its
density, NAP is classified as a Dense Non-Aqueous Phase
Liquid (DNAPL) in groundwater.

NAP has been discussed in different studies on contaminated soil remediation, in which the soil treatment is mostly
sought. However, in most cases, the vapor phase behavior is
not evaluated and only a few considered the contaminants
concentration in the air phase, but its analysis was not performed (Nadim et al., 2005; Liang and Guo, 2010; Virkutyte
et al., 2010; Yan and Lo, 2013). For example, Yan and Lo
(2013) achieved 75%e89% removal by FeEDTA/FeEDDS activated persulfate and considered the removal percentage as all
the NAP released from the soil, which included NAP degradation. It should be pointed out that literature reports did not
relate degradation percentage to the other losses.
Naphthalene has a vapor pressure of 0.087 mmHg at 25 C
(USEPA, 2003) and is classified as a semi-volatile organic
compound (SVOC), but it is only 0.01 mmHg away of being
classified as a volatile organic compound (VOC) (USEPA, 1999).
NAP can also be found in ambient and indoor air, increasing
air toxicity. Some of the toxic manifestations in humans and
laboratory animals due to NAP exposure are related to eye and
lung sensitivity (Stohs et al., 2002; Jia and Batterman, 2010).
NAP is amongst the sixteen priority pollutants by the United
States Environmental Protection Agency (USEPA); high concentrations of NAP can destroy red blood cells in the human
body causing hemolytic anemia (USEPA, 2003). According to
the International Agency for Research on Cancer, NAP is listed
as possibly carcinogenic (IARC, 2002). NAP exposure occurs
mainly by inhaling contaminated ambient and indoor air
followed by other mechanisms, such as food chain, as a result
of animal exposure to waste products containing NAP (Stohs
et al., 2002; Jia and Batterman, 2010; Li et al., 2010).
For environmental conditions, NAP concentration in the air
phase can be estimated through its concentration in a dilute
aqueous solution, based on Henry’s Law constant (HLC) (Eq.
(3)). HLC represents the air-water equilibrium partition coefficient for determined compound at a specific temperature
(Staudinger and Roberts, 1996).
HLC ≡

yi PT
xi

(3)

where, the constant HLC is expressed in atm, PT (atm) is the
total pressure and xi; yi is the mole fraction of the compound
(i), e.g. NAP, in aqueous solution and in the air phase,
respectively, at equilibrium (mol/mol).
To quantify the mass in each phase, the variabilities of the
system were studied, and a better understanding of the system was possible by the additional analysis of the vapor
phase, which contributed to the mass balance and gave a real
idea of how NAP behaves during degradation process.
Furthermore, given that NAP is a SVOC, its vapor phase must
be evaluated during the oxidation process to quantify how
much NAP is being degraded and not only changing its phase
or being released to the environment.
~ o Paulo
The Environmental Agency of the State of Sa
(CETESB), Brazil, determines the intervention values (IV) for
target contaminants in soil and groundwater. For NAP, they
are 5.9 and 1.8 mg/kg of dry soil for industrial and residential
soil, respectively, and 60 mg/L for groundwater. Regarding the
intervention values (IV) for groundwater, this value is much
lower than the NAP water solubility, which contributes to
groundwater
contamination.
The
United
States
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Environmental Protection Agency (USEPA) stipulates the
screening levels for NAP in industrial and residential soil: 17
and 3.8 mg/kg, respectively (USEPA, 2018). Since CETESB
intervention values are more restrict, they were chosen as
parameters for this study.
Recently, CETESB proposed a new approach for remediation projects in contaminated sites and two of the main objectives are highlighted here. The first one is that, if VOCs are
identified among the contaminants during the area screening,
these compounds distribution in the air phase of the subsurface must be mapped prior to treatment (CETESB, 2017). It is
also important to maintain a constant control of the surrounding air during the remediation process to prevent contaminants from escaping into the atmosphere; if necessary, a
vapor extraction technique should be applied. CETESB does
not provide an intervention value for the air phase, but recommends that USEPA levels (USEPA, 2018) can be used when
analyzing VOCs in the atmosphere (CETESB, 2017). The second
objective CETESB proposes is to prioritize the removal of the
contaminant(s) mass in the medium. Then, during the
monitoring, it is important to verify if the treatment is being
effective in removing the contaminant by analyzing not only
its concentration in the medium but mainly its mass (CETESB,
2017). This change in focus (concentration to mass) is necessary because the mass flux in the subsurface may be different
depending on the hydraulic conductivity of the matrix in
which the contaminant is. Although it can lead to the same
contaminant concentration in water, the mass present in the
subsurface varies and so does the mass flow.
For all these reasons, NAP can exist in the air phase at
contaminated sites, but there is a lack of studies in literature
on the analysis of the NAP in the air phase during the soil
remediation. The aim of this study is mainly at investigating
NAP behavior and mass reduction in soil, water, and air
phases throughout the chemical oxidation applied to an artificially contaminated soil. NAP distribution in the system was
discussed to account for inherent variabilities in the process.
The oxidation experiments were performed via sodium persulfate activated by ferrous ions with initial pH adjustment.
The Design of Experiments (DOE) method was employed to
reduce the total number of trials thus leading to shorter
experiment time and lower reagent consumption. Then, the
reagents amount needed is assessed as well as remediation
feasibility.

1.

Materials and methods

1.1.

Reagents

Naphthalene (NAP) (99% Sigma-Aldrich, USA) and dichloromethane (DCM) (>99.9% Sigma-Aldrich, USA) were used for
the artificial soil contamination. DCM was also added in the
solid-liquid and liquid-liquid sample extraction procedures.
Sodium persulfate (SP) (>98% Sigma-Aldrich, USA) and ferrous
sulfate heptahydrate (FeSO4.7H2O) (>98% Sigma-Aldrich, USA)
solutions were prepared to the desired concentrations for the
oxidation reactions. Potassium iodide (KI) (>99% SigmaAldrich, USA) and sodium bicarbonate (NaHCO3) (>99.7%
^ mica, Brazil) solutions were prepared with deionized
Dina
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water for persulfate quantification measurements. Sodium
^ mica, Brazil) and sulfuric acid
hydroxide (NaOH) (97% Dina
^ mica, Brazil) were chosen for pH ad(H2SO4) (95%e98% Dina
^ mica, Brazil)
justments. Sodium sulfate (Na2SO4) (>99% Dina
was used as a drying agent during the extraction procedure. In
order to prevent cross contamination, before use, all the vessels were rinsed with DCM and properly dried.

1.2.

Soil characterization and contamination

The sandy soil used in this study was collected in Natal/RN,
Brazil, and it is a common soil type found in this region. The
following procedures were performed to characterize the
clean soil: soil pH analysis using a pH meter with means for
temperature compensation; total organic carbon analysis
were performed with TOC-VCPH analyzer (SSM-5000a, Shimadzu, Japan); particle-size distribution using sedimentation
and sieve analyses (sieve mesh sizes of 2.0 mm; 1.41 mm;
1.0 mm; 0.71 mm; 0.5 mm; 0.35 mm; 0.25 mm; 0.177 mm;
0.125 mm; 0.088 mm; 0.062 mm and <0.062 mm); XRF measurements to determine the total iron content were conducted
in the X-ray fluorescence spectrometer (PW2400 XRF, Philips,
USA); and soil moisture content (%) was calculated from the
soil sample weight before and after oven-drying, when the
weight remained constant.
Then, the clean soil was spiked with a solution of naphthalene (NAP) in dichloromethane (DCM) to achieve a target
concentration of 80 mg NAP/kg soil. The soil was mechanically
mixed for 2 hr in a closed container. After this period, the
container was kept open in the lab hood for 40 min to allow
DCM complete evaporation. Finally, the soil was sealed in a
container with no headspace and kept in a cooled environment for further batch experiments.

1.3.

Batch experiments

For the batch runs, 3.75 g of the naphthalene contaminated
soil were added to each 20 mL vial. Next, 1 mL of ferrous
sulfate catalyst and 6.5 mL of the oxidant solution were
poured into each vial to generate the desired sample concentration, totaling a ratio of 1:2 (m/V) solid to liquid content.
pH was adjusted with diluted NaOH and H2SO4 solutions, and
the vial was hand-sealed with appropriate septum and an
aluminum crimped cap; a headspace of approximately 12 mL
was left inside the 20 mL vial. Oxidant and catalyst solutions
were used according to the experimental design in topic 1.5, as
well as the pH adjustments applied. All the sample vials were
shaken for about 30 sec using a vortex stirrer to assure uniform reaction conditions, and then placed inside an incubator
for temperature control without mixing (25  C) for 4 hr. The
reaction time was established based on preliminary tests and
the temperature was set in order to simulate the average soil
subsurface temperature in Brazil (Silva, 2001). Each batch was
repeated twice in different days to assess reproducibility.
Control samples consisting of contaminated soil and
deionized water were prepared in duplicate under the same
treatment conditions for the kinetic study. These control
samples were useful to provide the baseline for NAP levels and
help to distinguish the NAP oxidation from other processes
that may occur, such as evaporation or natural transference to
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water phase. In order to evaluate NAP sublimation during the
preparation of the samples, two vials with contaminated soil
were analyzed in duplicate at the beginning and at the end of
the soil weighing and an average value was used as initial NAP
mass in the system.

1.4.

NaHCO3. The solution was monitored at 400 nm using UV-vis
spectrophotometer (Agilent Cary 50, Varian, USA).

1.5.

Experimental design and statistical analysis

Design of Experiment (DOE) method was applied to assess
how oxidant and catalyst concentrations with respective pH
conditions affected NAP degradation. To optimize the chemical oxidation treatment, the response surface method (RSM)
was employed. RSM allows evaluating the relationship between dependent and independent variables and then
locating the best response. It consists of an empirical model
that can be written as y ¼ f(x1, x2, …, xk) þ ε, where f represents
the unknown response surface and ε represents the model
error. A first-order (Eq. (4)) or second-order (Eq. (5)) polynomial
can be deduced to describe f. The first-order model describes a
flat surface and the second-order model, a curving surface due
to the quadratic terms it encompasses.

Extraction and analytical methods

After the oxidation reactions, the soil was separated from the
liquid phase by decantation to quantify the residual
contamination. Then, 5 mL of the aqueous supernatant was
collected in a separation funnel and the contaminant was
partitioned through liquid-liquid extraction to the organic
solvent, which consisted in 5 mL of DCM (3510C Method)
(USEPA, 1996). The organic phase was filtrated using glass
fiber filter and a drying agent to completely remove water
from the sample that would be analyzed later. The solidliquid extraction was followed according to the 3550C
USEPA Method, in which 15 mL of DCM were added to each
reactor containing the soil after the oxidation process
(USEPA, 2007). The mixture was extracted for 3 min in an
ultrasonic bath (120 W, 40 kHz, USC e 1400, Unique, Brazil).
The supernatant was then filtrated by glass fiber filter and a
drying agent. This procedure was repeated twice, and samples were collected for analysis.
Naphthalene residual concentrations from either soil or
water phases were analyzed by gas chromatography coupled
with a mass spectrometer (GC-MS) (QP2010 Plus, Shimadzu,
Japan) after the extraction procedures. The equipment set
conditions were: HP-5MS 30 m  0.25 mm capillary column;
helium as carrier gas; inlet pressure of 0.03 MPa; initial temperature at 60 C and increased to 250 C at a rate of 10 C/min;
held at 250 C for 6 min, until the complete elution of all the
species. The injection volume was fixed at 1 mL.
During the kinetic study, in which all the phases were
analyzed, the air phase was initially sampled through the
septum of the closed vial. A gas tight syringe (2.5 mL, Hamilton, USA) was used to collect 2.5 mL of the air phase. Then, the
air phase was quantified by gas chromatography coupled with
a mass spectrometer (GC-MS) (QP2010 Plus, Shimadzu, Japan)
in the same equipment conditions aforementioned. In the
sequence, the vial was opened to collect water and soil phases
separately and proceeded for the respective analyses.
Persulfate residual concentration was verified in the
reactor liquid phase according to the method developed by
Liang et al. (2008). For this analysis, a sample of 0.1 mL was
added to a 40 mL solution containing 4 g of KI and 0.2 g of

y ¼ b0 þ

k
X

bj xj þ ε ðfirst  order polynomialÞ

(4)

j¼1

y ¼ b0 þ

k
X

bj xj þ

j¼1

k
X
j¼1

bjj x2j þ

i<j
k X
X

bij xi xj

j¼1 j ¼ 1

þ εi ðsecond  order polynomialÞ

(5)

where, parameters bj, bjj, bij with i,j ¼ 1, 2, …, k are the
regression coefficients and b0 represents the overall average. ε
represents the error of the model.
In this study, both rotatable central composite design
(RCCD) and central composite design (CCD) were employed for
optimizing the chemical oxidation of contaminated soil with
naphthalene (NAP). We hence applied different ranges of
oxidant concentration [PS], catalyst concentration [FeSO4] and
initial pH. As shown in Table 1, the oxidant was activated
using a higher pH range in the first stage of this study and the
RCCD was applied to this case. The first set of experiments
involved 2k experiments with three independent variables
(k ¼ 3), oxidant and catalyst concentrations and initial pH,
plus triplicate in central point (CP). These three variables were
converted into dimensionless ones (x1 for sodium persulfate
concentration, x2 for ferrous sulfate concentration and x3 for
pH value) with the coded values at levels: 1, 0, þ1, then
forming the main factorial design. The second set involved
2  k experiments carried out at the star points (a ¼ ± 2k/4)
away from the center. This CCD model was then rotated
(RCCD) with a ¼ ±1.69, totaling 17 experiments (23þ6þ3CP).

Table 1 e Coded levels and independent variables for the experimental design.
Variables
[SP]a (x1)
[FeSO4]a (x2)
pH (x3)

Level in Stage 1 (RCCD)

Level in Stage 2 (CCD)

1.69

1

0

þ1

þ1.69

1

0

þ1

3.17
0.88
2.62

6.56
1.82
4.00

11.48
3.18
6.00

16.40
4.54
8.00

19.79
5.48
9.38

11.48
2.67
3.00

14.92
4.67
4.50

18.37
6.67
6.00

[SP]: sodium persulfate concentration.
[FeSO4]: ferrous sulfate concentration.
a
Concentration unit in SI system: g/L.
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Table 1 also shows the CCD in the form of 2k full factorial
design used for the second stage of this study, in which the
oxidant was activated by applying a smaller pH range. The same
three independent variables (k ¼ 3) of the first stage were again
studied and thus converted into dimensionless ones (x1, x2, x3). A
triplicate in the central point was performed, totaling 11 experiments (23þ3CP). In both cases, tests were carried out randomly to
prevent experimental bias. Experimental design and the statistical analysis of the results were performed using STATISTICA 7.0.
Both solid matrix and liquid phase were analyzed for residual contaminant concentration in experiments from Stages
1 and 2 (Table 2). The best experimental condition achieved
was then repeated in triplicate to evaluate its reproducibility.
At this step, besides solid-liquid and liquid-liquid extractions,
the NAP concentration in the vapor phase and the persulfate
concentration in the liquid phase were quantified. After that,
the reaction kinetics of the best experimental condition was
performed and analyzed.

1.6.

Kinetic study

In the present study, pseudo-zero-, first- and second-order
reaction kinetics were used to analyze the NAP degradation
experiments by chemical oxidation, according to the
following expressions:
dm
¼  k0 ðpseudo  zero  order reaction kineticsÞ
dt

(6)

dm
¼  k1 m ðfirst  order reaction kineticsÞ
dt

(7)

dm
¼  k2 m2 ðsecond  order reaction kineticsÞ
dt

(8)

where, m (mg) is the total mass of NAP in the reactor; k0, k1 and
k2 are the apparent kinetic rate constants and t (min) is the
reaction time. Integrating Eqs. (6)e(8), the mass of NAP along
time is obtained (mt).
mt ¼ m0  k0 t

(9)

mt ¼ m0 ek1 t

(10)

1
1
¼
þ k2 t
mt
m0

(11)

where, mt (mg) is the mass of NAP in the reactor in time t (min)
and m0 (mg) is the initial mass of NAP in the reactor.
These equations were applied to experimental data and
the regression analysis resulted in the reaction rate coefficient
for the respective reaction order.

Table 2 e Initial NAP concentration in the artificially
contaminated soil for the respective batch.
Topic
2.1 and 2.2 (Experimental
design)
2.3 (Kinetic study)

Batch

[NAP] (mg/kg
soil)

Stage 1 (RCCD)
Stage 2 (CCD)
Control system
Reaction system

56.66 ± 13.21
47.93 ± 0.64
103.34 ± 13.23
73.69 ± 17.19

2.
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Results and discussion

The following results were obtained for the soil granulometric
distribution: 98.4% sand, 1.16% silt and 0.44% clay. The soil
was classified as a sandy soil according to the United States
Department of Agriculture soil classification system (USDA,
1993), as expected. The soil physical-chemical characteristics were: pH of 5.7; water content of 1.45%; organic matter
content of 0.13%; and 8.63% of total iron.
According to Yan and Lo (2013), using artificially contaminated soil allows better analysis of mass reduction and understanding the results from the remediation technique
applied. Thus, the initial NAP concentration was planned to be
80 mg/kg soil. However, this value varied from batch to batch
due to soil heterogeneity and NAP sublimation along the soil
contamination process. The artificially contaminated soil was
analyzed before each batch test to estimate the initial NAP
concentration, as shown in Table 2. This ensures that removal
percentages reported here would be related to mass reduction
due to degradation, and not to variabilities inherent to the
process, i.e., degree of soil heterogeneity.
Table 3 shows the results of NAP removal by oxidation
reactions with sodium persulfate (SP) as oxidant activated by
Fe2þ ions for Stages 1 and 2. For the oxidative process studied,
soluble iron ions (Fe2þ) activated the oxidant, persulfate, thus
forming radicals that react with the double bonds of NAP aromatic rings. When NAP complete mineralization occurs,
carbon dioxide and water are produced.
Experiment number 4 achieved the best degradation results (90.3% and 76.47% NAP removal for Stages 1 and 2,
respectively). Based on the DOE theory, experiment 4 consists
of level þ1 for both independent variables 1 (oxidant concentration) and 2 (catalyst concentration), and level 1 for
variable 3 (pH). The final pH for all the experiments was about
5.
The molar ratio of SP to iron content in experiment 4 for
Stage 1 was 1:0.25, and for Stage 2, 1:0.3. The molar ratio of SP
to contaminant content was 220:1 for Stage 1, and 247:1 for
Stage 2. There are studies in the literature that present similar
ratios. For example, Yan and Lo (2013) analyzed NAP degradation in a contaminated soil and applied a molar ration of
persulfate to FeEDTA content of 1:0.03, while persulfate to
NAP was equal 300:1. They achieved 89% of NAP removal after
7 hr reaction. In this study though, the reaction lasted 4 hr and
lower oxidant concentration was applied, compared to the
contaminant concentration in the soil. Yen et al. (2011)
applied oxidative process to remediate diesel contaminated
soil and studied the following molar ratio of SP to iron content:
1:0.1 and 1:0.01. These rates were lower than the ones applied
in this study. However, they also resulted in lower diesel
removal efficiency: 55% and 40%, respectively, in a longer reaction period (40 days). Liang et al. (2004) treated a TCE
contaminated soil and concluded that the molar ratio of SP to
iron content should land between 1:0.25 and 1:0.75, since
higher rates would not result in higher degradation percentages, which is in accordance to the molar ratios applied in this
study. The adequate proportion between SP and iron concentration needs to be assessed to obtain higher degradation
efficiency, because Fe2þ not only activates the oxidant but also
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Table 3 e Experimental and calculated values for both Stages and for the SW-control test, based on the naphthalene
residual concentration in the soil and water phases after a 4 hr reaction at 25  C.
Stage 1 (RCCD)a

Experiment No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
a

Stage 2 (CCD)b

NAP removal (%)

Calculated value

NAP removal (%)

Calculated value

79.57
79.69
86.80
90.30
79.40
78.53
79.93
82.70
75.28
82.79
63.80
70.15
85.57
72.06
78.45
79.25
79.92

77.33
78.24
83.76
88.19
74.96
75.87
74.78
79.22
80.92
85.43
66.80
75.07
87.75
78.16
78.61
78.61
78.61

73.29
73.38
68.46
76.47
67.87
67.62
71.56
73.31
72.69
70.62
73.02

72.72
74.28
69.37
75.90
68.78
67.05
70.99
74.22
71.66
71.66
71.66

[NAP]initial (Stage 1) ¼ 56.66 ± 13.21 mg/kg soil;

b

[NAP]initial (Stage 2) ¼ 47.93 ± 0.64 mg/kg soil.

is a radical scavenger in a parallel-reaction, as shown in Eq.
(3). This adverse effect can result in lower contaminant
degradation.

2.1.

Model results for stage 1 (RCCD)

Based on the results from the first stage, an empirical relationship between the response and independent variables
was attained for NAP removal and expressed by the following
second-order polynomial equation (Eq. (12)). Only the terms
found statistically significant (p < 0.1) were included in this
codified model at a 90% confidence interval.
y1 ¼ 78:61 þ 1:34x1 þ 1:60x21 þ 2:45x2  2:69x22  2:84x3 þ 1:52x23
 1:65x2 x3
(12)
where, y1 (%) is the percentage of NAP removal and x1, x2 and
x3 are the dimensionless variables for sodium persulfate,
ferrous sulfate concentration and pH.
The correlation coefficient for the first stage model (R2)
indicates that only 68% of the total variability could be
explained by the model. For a satisfactory fit, the correlation
coefficient should be at least 80% (Joglekar and May, 1987).
However, it is possible to obtain information related to the
oxidation process, once each coefficient describes the contribution of the independent variables. If the coefficient has a
positive sign, it indicates that the NAP removal level increases
when increasing its respective factor level. Negative signs
indicate the opposite: decreasing levels will reduce the
response obtained.
According to the model proposed, high levels of oxidant
concentration (x1) and catalyst concentration (x2) will improve
NAP removal, as expected. Meanwhile, high levels of pH (x3)
will promote lower efficiency due to the iron precipitation in
non-acid medium. Although the oxidant can also be activated
by an alkaline medium (Huang et al., 2005), the higher level of

pH used was not enough to allow radical formation. For Stage
1, the variables effects related to oxidant concentration,
catalyst concentration and pH were, respectively, þ1.34, þ2.45
and 2.84. This indicates that an increase in the oxidant
concentration in the system improves the process efficiency
by 1.34% on average, when variable x1 varies from a lower
level (3.17 g/L) to a higher level (19.76 g/L). For the catalyst
concentration, the efficiency improves by 2.45% on average
when variable x2 varies from a lower level (0.88 g/L) to a higher
level (5.48 g/L). Finally, for pH, the process efficiency could be
raised by 2.84% when variable x3 (pH) varies from a higher
level (9.38) to a lower level (2.62), due to its negative sign. As
observed in Fig. 1, the lower the pH and the higher the iron
concentration, the better the results for the process will be.
Therefore, radicals were formed due to SP activation by iron
ions, which required acid pH to remain in solution and,
consequently, activate the oxidant.

2.2.

Model results for Stage 2 (CCD)

Analyzing the previous results (Fig. 1), we decided to study a
smaller range of pH, in neutral to acid conditions, as given in
Table 2 in a second series of experiments, Stage 2. Then, for
the second part of this work, a complete composite design was
applied to evaluate the NAP removal from an artificially
contaminated soil. The application of RSM resulted in the
following regression equation, which was an empirical relationship between the percent NAP removal and the tested
variables in coded units. The model was analyzed at a 90%
confidence interval (Eq. (13)). Variable x3 and interaction x2x3
were significant (p < 0.1). However, variables x1 (p ¼ 0.12) and
x2 (p ¼ 0.17) and interaction x1x2 (p ¼ 0.11) were kept in the
model due to their importance for the process, despite not
being statistically significant (p > 0.1).
y2 ¼ 71:66 þ 1:19x1 þ 0:95x2  1:402x3 þ 1:24x1 x2 þ 1:39x2 x3
(13)
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Fig. 1 e Results from the rotational complete composite design (RCCD) 23 with three central points and four star-points for
naphthalene removal (initial NAP concentration of 53.90 ± 8.53 mg/kg soil), Stage 1, for the (a) response surface and the (b)
contour plot.

where, y2 (%) is the percentage of NAP removal and x1, x2 and
x3 are the dimensionless variables for sodium persulfate,
ferrous sulfate concentration and pH.
The correlation coefficient (R2) attained for this case was
0.89 for NAP removal yield, indicating that the statistical
model can explain 89% of the variability in the response. Thus,
the model presents a satisfactory fit for the process, according
to Joglekar and May (1987). Table 4 shows the ANOVA for Stage
2. The model proved to be both significant and predictive. The
experimental variance was considered equal to that of the
central point experiments (standard deviation of 1.3%).
The effects of each variable can be analyzed according to
what was performed in the previous topic, for Stage 1. As can
be seen in Fig. 2, the lower the pH the better the NAP removal
will be, independently of the catalyst concentration and under
the experimental conditions evaluated. This is in accordance
with Usman et al. (2016), since an acidic pH is required to
prevent the precipitation of dissolved iron. However, when
studying the oxidation process for direct environment application, it is important to evaluate the medium conditions
since acidification can compromise the natural ecosystem.
Although Stage 1 achieved the best removal result (Table 3),
Stage 2 presented better statistical results and, consequently,
better conditions of process optimization.

Table 4 e ANOVA test for response function y2 (% NAP
removal), Eq. (13), Stage 2.
Source of
Variations
Modelb
Residual
Lack of fit
Pure error
Total
a

Sum of
squares

DFa

Mean of
squares

Fcalculated

Fcritical

67.767
8.582
5.193
3.389
76.349

6
4
2
2
10

11.2947
2.1453
2.5963
1.6943

5.265

4.01

1.532

9.00

Degrees of Freedom;

b

R2 ¼ 0.887; Adjusted R2 ¼ 0.719.

After performing the partial derivatives of the model with
respect to the independent variables and solving the system of
equations, the stationary point was determined. Taking these
values into account, the response surfaces were reanalyzed. It
was possible to define the best codified values for (x1, x2, x3) as
1, -0.2 and 1 to achieve an optimum response in the same
reaction conditions as in Stage 2. Finally, the best values found
for the variables were [SP] ¼ 18.37 g/L [FeSO4] ¼ 4.25 g/L and
pH ¼ 3.00.

2.3.

Kinetic study

Figs. 3 and 4 show the kinetic data for NAP (mg) in the soil,
water and air phases. The tests were performed in closed
systems (sealed vials). During the samples preparation, about
20% of NAP was lost by sublimation. The differences in NAP
initial mass in each batch of contaminated soil may have
contributed for alterations on the oxidation behavior along
the kinetic study. Despite that, the results were reproducible
and similar removal percentages were obtained at the end of
the reaction.
Fig. 3 shows the results for the control samples which consisted of contaminated soil and water without pH adjustment.
NAP distribution in all three phases could be observed over 4 hr.
It was possible to quantify about 40% of NAP losses and each
batch presented similar behavior. This percentage could be
obtained only due to the analysis of the three phases in the
closed system, allowing to perform the mass balance for NAP in
the medium and to verify the variabilities of the process.
However, remediation techniques applied to real contaminated
areas occur in an open environment, for example in unconfined
aquifers. Thus, these results show that mass transfer between
the soil, water and air phases must be considered so that
adequate remediation planning can be carried out to obtain
satisfactory results in reducing the contaminant mass.
It is important to highlight that, if SVOCs and VOCs
are among the contaminants present in the soil during a
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Fig. 2 e Results from the complete composite design (CCD) 23 with three central points for naphthalene removal (initial NAP
concentration of 47.93 ± 0.64 mg/kg soil), Stage 2, for the (a) Response surface and the (b) contour plot.

Fig. 3 e Control system consisting of air, water and
artificially contaminated soil (initial NAP concentration of
(103.34 ± 13.23) mg/kg soil; initial NAP mass of
(0.3875 ± 0.0496) mg) for 4 hr at 25 C without pH
adjustment.

Fig. 4 e NAP degradation promoted by sodium persulfate
(18.37 g/L), ferrous sulfate (4.25 g/L) and pH ¼ 3.00 for
4 hr at 25  C (initial NAP concentration of (73.69 ± 17.19)
mg/kg soil; initial NAP mass of (0.2997 ± 0.0533) mg); air,
water and soil phases were analyzed.

remediation, the emission of these pollutants to the atmosphere
is likely to occur. For instance, the control tests results (Fig. 3)
showed that about 1% and 20% of total NAP mass was found in
the air and water phases, respectively. If the system was not
closed, this transfer would continue. Hence, remediation projects must contain an area screening plan prior to the technique
application in order to identify the existence of SVOCs and VOCs
in the soil, since these pollutants have high mobility and tend to
occupy empty spaces in unsaturated zones. This means that if
no action is taken to retain these contaminants during remediation, such as soil vapor extraction, organic pollutants may be
released into the air prior to the oxidation process, thus
increasing air toxicity. It is therefore very important not only to
treat the soil but also to control contaminants release into the air
while contaminated sites are remediated.

Fig. 4 shows the NAP degradation kinetic during the
oxidation reaction. Persulfate concentration [SP], in the water
phase was monitored and an instant drop in [SP] value was
observed right after the initial measurement (0 min), meaning
that sulfate radicals were formed. Graça et al. (2017) reported
that pesticide degradation in aqueous medium stagnated at
the beginning of the reaction, the moment the sulfate radicals
were all produced. In this study, though, continuous NAP
degradation was observed over the 4 hr reaction. Since SP was
used in excess, the variation in [SP] to form sulfate radicals
during the reaction may have not been noticed.
In the beginning of the reaction (Fig. 4), it was possible to
observe NAP distribution in water and air phases due to mass
transfer between these phases. About 75% of the NAP total
mass remained in the soil after the contact with the water,
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due to the NAP interaction with the soil particles, which
means that the contaminant can be trapped within the pore
spaces or adsorbed on to the soil surface. The water phase
presented about 23% of NAP and after the 4 hr reaction, 98% of
NAP in the water phase was removed. The sulfate radicals are
formed in the water phase, which explains the high degradation level, thus reducing NAP mass in the water phase and,
consequently, in the air phase too. Even though the degradation in water phase reduces NAP in the air phase because of
the mass transfer between them, the air phase was monitored
in order to quantify the reduction of NAP mass. In the control
samples (Fig. 3), the mass transfer between the phases was
observed. During the oxidation process (Fig. 4) there was mass
transfer as well, but NAP was degraded and no intermediate
component was verified.
About 1.5% of total NAP mass in the system was initially
quantified in the air phase, which is in accordance with
Henry’s Law (HLC ¼ 4.83  104 (atm$m3)/mol) (Mackay et al.,
1979). Although this percentage seems low in terms of mass,
as NAP concentration in the air phase, it is considered high
(2.11  105 mg/m3). More than 95% of NAP mass was reduced
by the end of the reaction. In this case, NAP is gradually
reduced in the air phase due to water-air interchange. However, despite the NAP reduction in the air phase after the
oxidation, from 2.11  105 to 7.75  103 mg/m3, the final concentration it is still extremely high compared to the EPA
screening level for industrial (3.6  101 mg/m3) and residential
air (8.02  102 mg/m3) (USEPA, 2018).
According to the kinetic results (Fig. 4), quite satisfactory
degradation values were obtained and each batch repeated
achieved reproducible degradation levels. Based on the total
mass of NAP in the system and the value quantified over the
4 hr reaction, about 97% NAP removal was achieved. Considering the losses in the process, approximately 62% of the
removal refers to NAP degradation. The NAP residual concentration in the soil alone is 0.83 ± 0.03 mg/kg, which means
that about 98% removal was achieved in the soil phase. This
NAP residual concentration complies with the industrial
(5.9 mg/kg) and residential (1.8 mg/kg) limits allowed by
CETESB for NAP.
Even though each phase (soil, water and air) was monitored and resulted in a high percentage removal, the losses
must be taken into consideration while analyzing the whole
system concentration. Then, it is possible to determine the
real NAP degradation in the medium. The results shown in
this kinetic study for NAP treatment can certainly be attributed to the degradation of the organic compound by oxidation
reactions, since all three phases in the closed system were
evaluated. The mass balance performed allowed the quantification of significant losses, which are recurrent and usually
assessed through surrogate analyte approach for real
contaminated soils, when the initial contamination is not
known. Analyzing the air phase allows greater process control
and the losses can be quantified while remediation techniques are being studied in lab scale, which contributes to an
accurate degradation response and evaluation.

2.3.1.

Degradation rate constant

As can be seen in Fig. 5, a regression analysis was performed
based on pseudo-zero-, first- and second-order reactions for
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Fig. 5 e Zero-, first- and second-order reactions for NAP
decomposition by oxidation with persulfate and Fe2þ ions;
experimental conditions [SP] ¼ 18.37 g/L [FeSO4] ¼ 4.25 g/L
and pH ¼ 3.00 for 4 hr at 25  C.

NAP degradation. The correlation coefficient for the pseudozero-order reaction is equal to R2 ¼ 0.93, that was better
than first- and second-order reactions, R2 ¼ 0.83 and 0.74,
respectively. This means that the rate of the reaction is equal
to the rate constant k0 (6.5  104 ± 0.4  104 mg/min). The use
of one of the reactants in excess is a condition that can give
rise to zero-order rates, which is the case for persulfate.

3.

Conclusions

A novel evaluation of performance for the treatment of soil
contaminated with naphthalene (NAP) is presented, in which
the soil, water and air phases were analyzed during the
chemical oxidation. Until now, vapor analysis is not typically
employed in oxidation processes. However, these three phases should be considered while remediation techniques are
applied, allowing greater control of the reaction and variabilities evaluation. Two experimental designs were initially
employed and Central Composite Design (Stage 2) presented
better statistical results. The best reaction conditions for NAP
removal were [SP] ¼ 18.37 g/L [FeSO4] ¼ 4.25 g/L and pH ¼ 3.00.
In general, it was observed a NAP mass reduction of 97%.
However, considering the inherent variabilities of the process,
62% of NAP mass reduction was attributed to degradation. The
variations on the process were mainly noticed during the soil
contamination, due to the sublimation of NAP and the soil
heterogeneity. The zero-order reaction fit the system studied
with a constant rate of k0 ¼ 6.5  104 ± 0.4  104 mg/min. The
soil NAP concentration after the treatment was below the
residential value stipulated by CETESB. NAP concentrations in
water and air phases, though, were above concentrations
limits established by CETESB and USEPA. Further studies with
higher reaction time and/or sequential addition of catalyst
may improve NAP degradation in these phases. Since no
additional peaks were observed in the samples chromatograms, it was possible to conclude that intermediate compounds were not formed. The results from this work are
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important to ensure a correct application of in situ chemical
oxidation regarding the contaminant distribution in soil,
water and air phases since risks of human exposure to NAP, or
any other SVOCs and VOCs, are real. Moreover, the analysis of
the contaminant distribution in the subsurface and the soil
contamination monitoring prior to and during treatment can
lead to cost reduction and improvement in efficiency.
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