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A B S T R A C T   

Soils contaminated with hexachlorocyclohexanes (HCHs) are a legacy of the heavy use of lindane during the 20th 
century. This pesticide production generated large amounts of residues of other HCH isomers, which were 
habitually mismanaged. The sediments treated in this work (coming from an old lindane landfill) are an example 
of this environmental problem of global dimensions. The efficient remediation of these sediments, mainly 
contaminated with β-HCH (99 mg kg− 1) and α-HCH (254 mg kg− 1) isomers, is still a challenge. The thermal 
activation of persulfate (PS) required excessive reaction times, which could be reduced by optimizing the var-
iables of the process. This study aims to explore the effect of using higher reaction temperatures (35, 45, and 55 
ºC) and initial oxidant concentrations (10, 20, 40, 60, and 80 g L− 1). Batch experiments (liquid/soil = 2/1, 100 
rpm) were performed to evaluate the influence of these two variables in HCHs abatement, dechlorination degree, 
generation of intermediate compounds, and oxidant consumption. An increase in the reaction temperature ac-
celerates the pollutant oxidation and dechlorination rate and decreases the concentration of chlorinated 
byproducts. The initial PS concentration also plays a crucial role in HCHs degradation. At selected operating 
conditions (55 ºC, PS = 80 g L− 1), a conversion of HCHs around 83% was achieved, without chlorinated 
byproducts (chlorine balance ≈ 100%) at only 9 days of treatment. A plausible pathway for the degradation of 
HCHs-polluted soils by thermally activated PS has been proposed from the identified species, involving a scheme 
of series-parallel reactions.   

1. Introduction 

Lindane (γ-hexachlorocyclohexane, γ-HCH), an organochlorine 
pesticide (OCP), was intensely used on a worldwide scale during the 
second half of the 20th century [1]. The production of lindane (photo-
chemical chlorination of benzene) was an inefficient process, generating 
large volumes of the other HCH isomers (mainly α-, β- and δ-HCH) 
without insecticidal properties [2]. The HCH generated-wastes were 
inappropriately dumped during decades in the vicinity of the production 
sites, resulting in environmental contamination with global dimensions 
[3–7]. Due to their high toxicity and persistence in the environment [8], 
the Environmental Protection Agency has classified HCHs as possible 
human carcinogens [9]. Moreover, the isomers α-HCH, β-HCH and 
γ-HCH have been included in the list of persistent organic pollutants 
(POPs) by the Stockholm Convention [10]. Although lindane production 
and use have been banned in most countries, many landfills remain 
contaminated by HCH-wastes today. 

One of the HCHs-polluted sites that has aroused great interest due to 

its complexity and risk associated with the proximity of a river and 
reservoir is that of the Bailín landfill, near Sabiñánigo (Aragon, Spain). 
The company INQUINOSA operated from 1975 to 1988 [5], discharging 
more than one hundred thousand tons of wastes during this period 
(http://www.stoplindano.es/). Consequently, these landfills are 
contaminated by solid HCHs-wastes, mainly α-HCH and β-HCH, in the 
form of particulate matter and/or adsorbed in the soil particles [5,11]. 

There are several studies in the literature focused on the remediation 
of HCHs in the aqueous phase [7,12], where different oxidation (ozon-
ation [13], photo-Fenton [13], electrochemical oxidation process 
[14–16], sonolysis [17], PS activated by temperature [18] and alkali 
[19]) and reduction (zero-valent iron microparticles [20]) treatments 
have been studied. However, only a few works concerning the remedi-
ation of soils contaminated by HCHs-wastes were performed. They 
consist of applying chemical oxidation with permanganate, Fenton 
process, and different ways of activated PS (Fe, temperature, and alkali) 
[11,21–23]. Although exciting results were obtained with soils artifi-
cially contaminated with HCHs [21] or a real soil polluted with lindane 
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[11,22, 23], the efficient degradation of β-HCH, which, together with 
α-HCH, is one of the primary pollutants of the Bailín landfill sediments 
[11], is still a challenge for the scientific community. 

The on-site remediation of the sediments coming from these landfills 
has been approached in a previous work in which different chemical 
oxidation treatments were studied: Fenton process, oxidation with per-
sulfate (PS) activated by alkali and oxidation with PS activated by 
temperature [11]. The Fenton process application was discarded due to 
the excessive unproductive consumption of hydrogen peroxide and 
catalyst precipitation because of the soil characteristics (Natural Oxygen 
Demand > 400 gH2O2 kg soil− 1). However, the use of persulfate (much 
more stable than hydrogen peroxide, Natural Oxygen Demand = 0.8 gPS 
kg soil− 1), activated i) by temperature or ii) by alkali, and intensified by 
temperature led to promising results. 

The thermal activation of PS produces sulfate radicals (Eq. (1)) from 
the homolysis cleavage of the two sulfate groups dioxygen bond. This 
radical present higher oxidizing potential to attack the organic pollut-
ants than the persulfate anion (SO∙−4 , E0 = 2.5–3.1 V, vs S2O2−

8 , E0 

= 2.1 V [24,25]): 

S2O2−
8 ̅̅̅̅̅ →

Temperature 2 SO∙−4 (1) 

Thermally activated PS is considered a clean tool [26,27] and one of 
the most effective way for persulfate activation [28]. Therefore, this 
technology has been increasingly adopted in in-situ and on-site chemical 
oxidation processes to eliminate hazardous organic pollutants [29,30]. 
The main advantages of PS thermal activation compared to other types 
of activation are: i) it does not require the extra addition of chemicals, as 
is the case of the alkaline activation of PS or the activation of PS with 
transition metals [6, 24, 26]; ii) a higher amount of radical species is 
produced by this activation method (2 moles of sulfate radicals are 
generated per mole of persulfate in the thermal activation of PS, whereas 
1 and 0.5 mol of sulfate and hydroxyl radicals are generated in the metal 
activation and the alkaline activation of PS, respectively [24]); iii) no pH 
adjustment is required. 

As stated above, the crucial role of temperature in the abatement of 
HCHs-polluted sediments by PS was recently explored [11]. Substantial 
improvements in the degradation of HCHs were achieved by increasing 
the reaction temperature from 20 to 40 ºC. However, due to the low 
solubility of HCHs in the aqueous phase and their refractoriness toward 
oxidation, the maximum temperature tested (40 ºC) was not sufficient to 
achieve an adequate degree of soil decontamination (50% of HCHs 
conversion after 25 days of treatment). Therefore, to reduce the reaction 
time, the intensification of the process is required. For that purpose, a 
systematic study of the main variables affecting the efficiency of the 
process (reaction temperature and initial oxidant concentration) should 
be performed. Furthermore, other essential features, such as pollutants 
dechlorination degree and the identification of intermediate oxidation 
compounds, both critical aspects from the view of the treated sediments 
toxicity, were not studied. 

In the current study, sediments from the Bailín’s landfill, mainly 
contaminated by α-HCH and β-HCH, have been treated by thermal 
activation of PS. The use of temperatures higher than those tested so far 
has been evaluated, paying particular attention to the pollutant 
dechlorination degree. An oxidation route based on the chlorinated 
compounds identified as intermediates has been proposed. Moreover, 
the efficiency in oxidant consumption during the remediation process 
and the effect of the initial oxidant concentration have been assessed, 
giving practical information to design a future implementation of the 
process. 

2. Material and methods 

2.1. Reagents 

The contaminated soil was treated with sodium persulfate (PS, 

Na2S2O8) activated by temperature. Working standard solutions of 
chlorinated organic compounds (COCs) were prepared with chloro-
benzenes and HCHs purchased from Sigma-Aldrich. Gas chromatog-
raphy coupled with a Mass Spectrometry detector (GC-MS) was used for 
COCs identification, whereas their quantification was carried out by GC 
coupled with flame ionization (CG-FID) and electron capture detectors 
(CG-ECD). Butyl cyclohexane (C10H20) and tetrachloroethane (C2H2Cl4), 
provided by Sigma-Aldrich, were used as internal standards (ISTD). PS 
was purchased from Sigma-Aldrich. Potassium iodide (KI, Fisher- 
Chemical) and sodium hydrogen carbonate (NaHCO3, Panreac) were 
used for PS quantification. Sodium chloride (NaCl, Sigma-Aldrich) was 
used for ion chromatography (IC) calibration. Sodium carbonate anhy-
drous (Na2CO3, Panreac) and NaHCO3 were used as the mobile phase; 
sulfuric acid (H2SO4, Fisher Chemical), acetone (C3H6O, Fisher) and 
oxalic acid (C2H2O4, Riedel-de Haën) were used for preparing the 
regenerating solution for IC analyses. Methanol (CH3OH, Fisher) and n- 
hexane (C6H14, Honeywell) were used to extract COCs from the soil and 
the aqueous phase, respectively. All the reagents used in the current 
work were of analytical grade. Solutions were prepared with high-purity 
water obtained from a Millipore Direct-Q system with resistivi-
ty > 18 MΩ cm (25 ºC). 

2.2. Remediation experiments 

The oxidation experiments were carried out in 40 mL-PTFE well- 
mixed batch reactors with PTFE screw caps and without headspace. 
The reactors were filled with 15 g of polluted soil and 30 mL of PS at the 
desired concentration (10, 20, 40, 60 or 80 g L− 1). The reactors were 
shaken at an equivalent stirring velocity of 100 rpm in a constant- 
temperature bath (UNITRONIC-ORBITAL) at different temperatures 
(35, 45, and 55 ºC) in the dark. The initial pH of the reaction medium 
was not adjusted, and the mass relationship of aqueous phase/soil (VL/ 
Wsoil) was fixed at 2/1. The liquid/soil ratio was selected based on 
several previous works [11,31,32]. Values above 2 were not considered 
due to a significant increase in the process cost because of the reactor 
volume required, making its application less attractive on a real scale. 

Several reactors were prepared to follow the reaction progress, rep-
resenting each reactor one experimental time in a run. For a given re-
action time, the corresponding vial was refrigerated (using an ice bath) 
and centrifuged (see details in subsection 2.2). The aqueous phase was 
separated from the solid phase by decantation, and both analyzed. 

Control experiments in the absence of oxidant were performed at the 
three temperatures tested (35, 45 and 55 ºC) to evaluate the possible loss 
of pollutants by volatilization (blanks B1–B3). The consumption of PS by 
thermal effect was evaluated at the three temperatures studied in the 
absence of soil (B4–B6) and in the presence of unpolluted soil (with the 
same physicochemical characteristics that the polluted soil used) (B7- 
B9). The experimental conditions of blanks and remediation experi-
ments (E1–E7) are summarized in Table 1 of the Supplementary Mate-
rial (S.M. Table 1). This table contains the variables studied, the type of 
soil used (polluted/unpolluted), the oxidant concentration, the relation 
between PS concentration and the stoichiometric dosage required for 
the pollutant’s mineralization, and the reaction temperature. The in-
fluence of temperature on HCHs removal was studied from 35 to 55 ºC 
(E1–E3), using a constant initial concentration of PS = 40 g L− 1, 
whereas initial concentrations of PS from 10 to 80 g L− 1 were tested 
(E3–E7) at 55 ºC. The remediation experiments were performed in 
duplicate, being the standard deviation of less than 10%. 

To calculate the PS stoichiometric concentration required for HCHs 
mineralization when treating polluted soil (PS/PSstq, S.M. Table 1), the 
stoichiometry of HCHs oxidation by sulfate radicals (Eq. (2)), the initial 
pollutant concentration in the sediments, the aqueous to solid phase 
ratio used (=2/1), and the moles of sulfate radicals generated per mol of 
PS by thermal activation (Eq. (1)) have been considered. The concen-
tration of oxidant used was significantly higher than the stoichiometric 
amount (from 5 to 40 times the stoichiometric concentration, S.M. 

C.M. Dominguez et al.                                                                                                                                                                                                                         



Journal of Environmental Chemical Engineering 9 (2021) 105668

3

Table 1) to decrease the required reaction times, as usually found in the 
bibliography for the oxidation of different pollutants by thermally 
activated PS in the aqueous phase and soil systems [11,33–37]. 

C6H6Cl6 + 24 SO. −
4 + 12H2O→ 6 CO2 + 24 SO4H− + 6 HCl

(2) 

The efficiency of the remediation treatments has been evaluated 
taking into account the conversion of the pollutants (Eq. (3)), the 
dechlorination degree achieved (Eq. (4)), the chlorine balance (Eq. (5)), 
the generation of intermediate oxidation compounds, and the efficiency 
in the consumption of the oxidant (Eq. (6)). The aqueous phase/soil ratio 
used (2/1) has been considered for calculating the dechlorination degree 
and the chlorine balance. The initial concentration of chlorine 
(ClHCHs,soil,0) has been calculated from the initial concentration of HCHs 
in the polluted soil. 

XHCH(%) =
HCH0 − HCH

HCH0
⋅100 (3)  

Dechlorination degree(%) =
Cl−

ClHCHs,soil,0
⋅
VL

WS
⋅100 (4)  

Chlorine balance(%) =
(Cl− + ClCOCs,aqueous)

VL
WS

+ ClCOCs,soil

ClHCHs,soil,0
(5)  

PSefficiency =
HCHsremoved (mg)
PSconsumed (g)

(6)  

2.3. Analytical techniques 

The chemical characterization of the received soil, including the 
inorganic (IC) and total organic carbon (TOC) content and the concen-
tration of metals, was performed in a previous work [11]. TC and IC 
were determined using a Shimadzu TOC-V CSH analyzer, whereas the 
quantification of metal was performed after acid digestion of the sample 
using a microwave plasma atomic emission spectrometer (4100 
MP-AES, Agilent). Due to the proximity of the sampling, the soil 
chemical characteristics used in the current study and elsewhere [11] 
are equivalent. The polluted soil pH was measured using a Basic 20-CRI-
SON pH electrode from a soil-water suspension using an aqueous pha-
se/soil ratio equal to 2 (the same used in the remediation experiments). 

The identification and quantification of pollutants in the received 
soil were performed by gas chromatography (GC-MS, GC-FID and GC- 
ECD) after soil extraction with methanol. The soil extraction was per-
formed by mixing 15 g of the sediments with 30 mL of methanol in 
40 mL-PTFE vials at 45 ºC in an ultrasound bath (Power sonic 505) for 
180 min. The results obtained with this method were equivalent to those 
used in previous works using a microwave extraction device [11,22]. 
After the extraction process, the sample was cooled in an ice bath for the 
immediate quenching of the reaction and centrifugated for 10 min at 
9000 rpm (MEDTRONIC-BL-S, JP SELECTA®). The organic and soil 
phases were separated by decantation, and the organic phase was 
analyzed by GC-FID and GC-ECD (GC, Agilent 6890) using an HP-5-MS 
column (HP-5-MS, 30 m × 0.25 mm i.d., 5% phenyl methyl siloxane). 
More details about the chromatographic method can be found in pre-
vious works [11,22,38]. The quantification of HCH isomers was per-
formed by GC-ECD (due to the higher sensibility of this detector for 
high-chlorine compounds), while the rest of COCs, by GC-FID. Butyl 
cyclohexane and tetrachloroethane were added to the organic samples 
as ISTDs for FID and ECD analyses to minimize experimental errors in 
COCs quantification (ISTD-FID and ISTD-ECD, respectively). The GC 
analyses were carried out in duplicate, and a standard deviation of <5% 
was found. 

On the other side, the aqueous and solid phases resulting from the 
soil remediation treatments at different reaction times were separated 
by centrifugation and decantation, and subsequently analyzed. The 

remaining concentration of pollutants was determined in the solid phase 
following the methodology described for the received soil, whereas PS, 
COCs and chlorides concentration and pH were determined in the 
aqueous phase. 

PS concentration in the aqueous phase was determined by a colori-
metric method at 352 nm [39] using a BOECO S-20 UV–VIS spectro-
photometer. The pollutants dechlorination degree was evaluated in 
terms of chlorides released to the liquid phase, quantified by ion chro-
matography with chemical suppression using a conductivity detector 
(Metrohm 761 Compact IC). A Metrosep A SUPP5 5–250 column (25 cm 
length, 4 mm diameter) was used as stationary phase and an aqueous 
solution 3.2 mM of Na2CO3 and 1 mM of NaHCO3 as mobile phase 
(0.7 mL min− 1). Sample injection (250 µL) included an online filtering 
system (0.45 µm). A solution of sulfuric acid, acetone and oxalic acid 
was used to regenerate the ionic resins. The evolution of the solution pH 
during reaction time was performing using a Basic 20-CRISON pH 
electrode. The aqueous phase was previously extracted with an organic 
solvent to determine the concentration of initial pollutant and oxidation 
byproducts in this phase (hexane, 1/1 mass ratio). The biphasic mixture 
was vigorously agitated, and the organic supernatant analyzed by gas 
chromatography. 

2.4. Polluted soil from the Bailin’s landfill 

The polluted soil was supplied by SARGA (Sociedad Aragonesa de 
Gestión Agroambiental). It comes from the superficial part of an industrial 
waste landfill located in the town of Sabiñánigo with equivalent physi-
cochemical characteristics of the sediments analyzed in a previous 
investigation [11]. The mineral composition of the soil was: carbonates 
(381 g kg− 1), calcium (168.8 g kg− 1), magnesium (11.7 g kg− 1), iron 
(21.1 g kg− 1), potassium (5.5 g kg− 1), sodium (15.3 g kg− 1), aluminum 
(17.1 g kg− 1) and manganese (0.4 g kg− 1). The high content of car-
bonates produces a moderately alkaline pH, with buffer capacity. The 
content of total organic carbon (TOC) and inorganic carbon (IC) of the 
soil was 1.5% and 4.6%, respectively. 

The received sediments were sieved into seven different particle-size 
fractions (from 0.02 to 2 mm) using an electromagnetic sieve shaker 
(BA-200-N). The particle size, mass percentage of each size, concentra-
tion of HCHs and the percentage of β-HCH in each fraction have been 
summarized in S.M. Table 2. As can be seen, the fraction with a particle 
size greater than 2 mm was only 0.1% of the total mass (this fraction 
could not be analyzed). The major fraction (63.4% of the total sample 
received) was that with the smallest particle size (0.02–0.25 mm). For 
this reason, this was the fraction selected to carry out the remediation 
experiments. 

The contamination of HCHs in the sediments can be in the form of 
particulate matter, as white grains of different sizes easily detected with 
the naked eye, and/or adsorbed on the soil [11]. The level and type of 
contamination greatly depend on its particle size. In fact, the adsorption 
of contaminants is favored when the soil particle size decreases [40]. 
The higher the percentage of β-HCH, the greater the percentage of the 
contamination from HCHs adsorbed to the soil, which is more difficult to 
solubilize and, therefore, more refractory to degradation. As shown in S. 
M. Table 2, as the soil particle size decreases, the percentage of β-HCH 
increases. In this work, the fraction of soil with a particle size between 
0.02 and 0.25 mm was selected to carry out the remediation experi-
ments. The HCHs identified and quantified by GC (Fig. 1) in the selected 
fraction of soil are included in S.M. Table 3. Other chlorinated com-
pounds, such as δ-pentachlorocyclohexene (δ-PentaCX) and heptachor-
ocyclohexane (HeptaCH), were detected in trace amounts (1.51 and 
0.29 mg kg− 1, respectively). As can be seen, the sediments are mainly 
contaminated by α-HCH and β-HCH, with a concentration of 254 and 
99 mg kg− 1, respectively. In contrast, the other HCH isomers are present 
in much lower concentrations. β-HCH, α-HCH, and γ-HCH can be 
regarded as the most environmentally significant HCH isomers, with 
α-HCH and γ-HCH being the most toxic, and β-HCH the most persistent 
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[7]. The relatively high percentage of β-HCH is indicative that the 
contamination does not come only from the particulate matter of HCHs 
and the contribution of HCHs adsorbed on the soil is significant [41–43]. 

3. Results and discussion 

3.1. Influence of temperature 

The reaction temperature is the main variable controlling the ther-
mal activation of PS. This parameter was evaluated from 35 to 55 ºC, 
maintaining the rest of the operating conditions unaltered 
(PS = 40 g L− 1, VL/Ws = 2/1, 100 rpm). These temperatures are within 
the range generally used for thermally activated PS treatment of soil 
contaminants, which varies from ambient temperature to 80 ºC [30,33]. 
Volatilization of HCHs at these temperatures was discarded after 13 days 
(B1–B3, S.M. Table 1). At the highest temperature tested (55 ºC), the 
decrease in the concentration of HCHs was below 5%, which shows the 
low volatility of these pollutants [43]. 

3.1.1. Pollutants degradation 
The GC-FID chromatograms of pollutants extracted from the original 

soil and after 6 days of the oxidation treatments at 35, 45 and 55 ºC are 
shown in Fig. 1. An inset of the last part of the chromatograms (from 
10.5 to 12.5 min) with the enlarged scale has been included to better 
distinguish the signals of γ-HCH, δ-HCH and ε-HCH, the HCH isomers 
present in low concentrations (S.M. Table 3). The signals corresponding 
to the ISTDs of ECD and FID detectors appear at 2.2 and 5.3 min, 
respectively. As can be observed, for a given reaction time (6 days), the 
chromatographic peaks corresponding to HCH isomers decreased as the 
reaction temperature increases. Other chromatographic signals appear, 
corresponding to chlorinated oxidation intermediates. These were 
identified as chlorobenzene, 1,2-dichlorobenzene, 1,3,5-tri-
chlorobenzene, 1,2,3-trichlorobenzene and 1,2,3,5-tetrachlorobenzene, 

being detected in different concentrations. Some of them can be 
observed in the 6-days-chromatograms at the different temperatures 
tested (Fig. 1), whereas others appeared in trace amounts at shorter 
reaction times and were further degraded. 

The conversion of α-HCH and β-HCH with reaction time at the three 
temperatures tested is depicted in Fig. 2, whereas the conversion of the 
other HCH isomers (γ-HCH, δ-HCH and ε-HCH) is depicted in S.M. Fig. 1. 
As can be seen, the different HCHs isomers were progressively degraded 
by the thermal activation of PS. The sulfate radicals generated oxidize 
the organic compounds mainly through electron transfer reactions [7]. 
The abatement of hexachlorocyclohexanes is highly favored by tem-
perature regardless of the isomer considered. This variable has a crucial 
role in the remediation process, which agrees with the results reported 
concerning other organic pollutants in soil systems, such as ibuprofen 
[33] or p-nitrophenol [30]. 

It is worth noting a stagnation in the degradation of the β-HCH iso-
mer from a conversion value of around 70% in the reaction carried out at 
55 ◦C. This may be related to the dual nature of the sediment’s 
contamination. The fraction of β-HCH corresponding to particulate 
matter degrades more quickly than that corresponding to β-HCH 
adsorbed on the soil. It should be taken into account that β-HCH is the 
most resistant isomer to oxidation due to the lack of axial chlorides (that 
are more susceptible to hydroxylation) [7]. 

An increase in the reaction temperature accelerates the decomposi-
tion of PS and, therefore, the production rate of sulfate radicals, 
increasing the oxidation of the pollutants. The pollutants desorption 
from the soil phase is also favored when the temperature increases, 
especially in the case of hydrophobic organic contaminants [21]. In this 
way, the degradation of HCHs was significantly favored raising the re-
action temperature from 35 to 55 ºC. At 35 ºC, conversions below 40% 
and 20% were achieved for α-HCH and β-HCH, respectively, and be-
tween 55% and 82% for the other isomers. On the other hand, conver-
sions around 80% and 70% were obtained for α-HCH and β-HCH, 

Fig. 1. GC-FID chromatograms of the polluted soil before (“initial”) and after 6 days of the PS oxidation treatments at 35, 45 and 55 ºC.  
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respectively (Fig. 2), and around 95% for the isomers present in low 
concentrations when using a reaction temperature of 55 ºC (S.M. Fig. 1). 

Comparing the results obtained in this work with those corre-
sponding to the treatment of a groundwater contaminated with chlori-
nated organic compounds (including HCHs) by oxidation with thermally 
activated PS [18], the following conclusions can be drawn: i) higher 
temperatures and reaction times are required to remediate the soil 
contaminated with chlorinated pollutants than water contaminated with 
these COCs, due to the fact that the abatement of pollutants in soil is 
limited by the solubilization of the mass of pollutants in soil to the 
aqueous phase and the inhibitory effect of the soil, which hinders the 
diffusion of sulfate radicals [11,30]; ii) while in the case of the polluted 
groundwater, working at reaction temperatures above 40 ºC was not be 
recommendable (it did not lead to higher pollutant removal rates and 
implied an excessive consumption of the oxidant), in the case of the 
HCHs-polluted soil, the efficiency of the treatment highly increases with 
temperature up to the maximum temperature evaluated in the present 
study (55 ◦C). 

In general, considering the conversion of the different isomers as a 
function of temperature, the following degradation trend has been 
found: β-HCH < α-HCH < ε-HCH < γ-HCH < δ-HCH, which accords 
with that found in the literature. The reactivity order of HCHs is related 
to the chlorine positions on the cyclohexane ring, axial or equatorial 
chlorines [7]. Moreover, the mass removal of a pollutant is limited by its 
solubilization, being the solubility of β-HCH much lower than solubility 
of α-HCH (0.15–0.7 mg L− 1 for β-HCH and 1.2–2 mg L− 1 for α-HCH 
[44]). Therefore, the higher the pollutant solubility, the higher the 
pollutant oxidation in the aqueous phase. Consequently, shorter reac-
tion times are required for the abatement of α-HCH than β-HCH, 
although the differences between them decrease as the temperature 
increases. Consequently, the use of relatively high temperatures (55 ºC) 
is recommended for remediating soils contaminated with β -HCH. 

3.1.2. Pollutants dechlorination and oxidation route 
The global conversion of HCHs and the dechlorination degree with 

reaction time at the three temperatures tested have been represented in  
Fig. 3. The percentage of chlorides identified (chlorine balance) has also 
been included. 

The oxidation of HCHs by sulfate radicals (Eq. (2)) is associated with 
these compounds dechlorination. As chlorides are generated, they are 
released to the liquid phase. If HCHs oxidation does not yield chlori-
nated byproducts, HCHs conversion and dechlorination degree with 
reaction time will coincide. Differences between these values would 
indicate that intermediate chlorinated compounds are formed. There-
fore, the chlorine balance (Eq. (5)) provides valuable information to 
determine the process efficiency. 

As stated above, the global conversion of HCHs highly increases with 
temperature. The dechlorination of these compounds follows the same 
trend but presents a time lag. As shown in Fig. 3, important differences 
between the HCHs conversion and the HCHs dechlorination were ach-
ieved at 35 ºC, meaning that intermediate chlorinated compounds are 
generated. An important part of these intermediate compounds 
(potentially toxic compounds) could not be identified, leading to a 
considerable mismatch in the chlorine balance for this experiment 
(below 70% at the end of the reaction time). As the temperature in-
creases (and the reaction progress), the difference between the evolution 
of pollutant conversion and dechlorination degree decreases (see Fig. 3 
at 45 and 55 ºC), obtaining quite similar profiles when working at 55 ºC, 
which represents an essential improvement of the process. 

Fig. 2. Conversion profiles of α-HCH and β-HCH with reaction time at the three 
temperatures tested. Operating conditions: HCHs = 358 mg kg− 1, 
PS = 40 g L− 1, VL/Wsoil = 2, 100 rpm, pH0 = 7 (E1–E3). 

Fig. 3. Conversion profiles of HCHs, dechlorination degree and chlorine bal-
ance with reaction time at a) 35 ºC, b) 45 ºC and c) 55 ºC. Operating conditions: 
HCHs = 358 mg kg− 1, PS = 40 g L− 1, VL/Wsoil = 2, 100 rpm, pH0 = 7 (E1–E3). 
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In literature, it is proposed that sulfate radical can reacts with HCH 
with HCl elimination to form in a first step pentachlorocyclohexene [7, 
45,46]. Traces of this compound was detected in the reaction system; 
however, it was initially present in the sediments (Fig. 1), disappearing 
quickly from the reaction media without a maximum concentration with 
time. Therefore, the presence of pentachlorocyclohexene as a byproduct 
cannot be established with the results in this work. Penta-
chlorocyclohexene oxidation could yield tetrachlorocyclohexadiene 
upon subsequent HCl removal [7]. However, this compound was neither 
detected in the present work. Tetrachlorocyclohexadiene would be 
susceptible to further HCl elimination, resulting in trichlorobenzenes 
formation (1,2,4-TCB, 1,2,3-TCB and 1,3,5-TCB), which were only 
identified in trace amounts in our experimental system regardless of the 
temperature tested. 

Consequently, although the oxidation route producing penta-
chlorocyclohexene, tetrachlorocyclohexadiene and trichlorobenzenes 
has been proposed in the literature as the most plausible for HCHs 
abatement by sulfate radicals [7], this route could not be confirmed 
based on the intermediates identified in the present work. None of these 
compounds was found at substantial concentrations and did not present 
a maximum in the respective concentration profiles with the reaction 
time. On the contrary, in the present study, one isomer of dichloro-
benzene (1,2-dichlorobenzene, 1,2-DCB) and chlorobenzene (CB) were 
detected in significant concentrations in the reaction medium. The re-
action of radical species and these aromatic compounds continues up to 
their complete dechlorination [7,47], with the corresponding release of 
chlorides to the liquid phase. On the other hand, the complete miner-
alization of lindane in aqueous phase and slurry systems by sulfate 
radicals, coming from iron and temperature PS activation, respectively, 
was reported without chlorinated compounds as ending products [21, 
48]. 

Due to the presence of other organic compounds in soil than COCs 
(initial TOC was 15000 mg C kg− 1 soil, while the carbon content 
explained by HCHs was only 92 mg kg− 1), the mineralization of HCHs 
could not be determined in this work. Nevertheless, neither aromatic nor 
chlorinated byproducts different from DCB and CB were identified by 
GC-MS and GC-ECD. 

The normalized concentration of the chlorinated byproducts (in 
mmol) measured during the oxidation of HCHs (CB, 1,2-DCB) and the 
concentration of HCH isomers (ΣHCHs) with reaction time have been 
depicted at the three temperatures tested (Fig. 4). It is shown that as the 
temperature increases, the degradation rate of HCHs and the dechlori-
nation of these pollutants increases. An increase in reaction temperature 
is associated with a faster HCH removal and subsequent faster genera-
tion of CB and 1,2-DCB as byproducts. These compounds are hardly 
generated at 35 ºC and, at this temperature, their concentration (low) 
increases continuously with reaction time (≈0.15 mmol/mmol HCH0, 
13 days), and, therefore, a maximum is not reached in the time interval 
studied. At 45 ºC, the maximum concentration of these intermediates is 
measured at 3–6 days of reaction time, and the concentration of these 
byproducts decreases slowly from this point. However, their oxidation is 
not complete at the final time studied (0.17 and 0.05 mmol/mmol HCH0 
of CB and 1,2-DCB, respectively, were measured after 13 days of 
treatment). 

At 55 ºC, these intermediates show a maximum concentration be-
tween 4 and 8 days (CB concentration at 8 days of treatment is even 
higher than the sum of HCHs, and CB concentration is always higher 
than DCBs concentration). From this time on, both intermediates (CB 
and 1,2-DCB) are rapidly oxidized, at a higher reaction rate than HCHs, 
their concentration being zero at the end of the experiment. The higher 
oxidation rate of chlorobenzenes than HCHs by heat-activated PS was 
reported elsewhere in the remediation of groundwater contaminated 
with a mixture of chlorinated organic compounds (CB, DCBs and HCHs, 
among others) [18]. It was concluded that the higher the chlorine 
content of the COC, the more recalcitrant the COC to PS oxidation. This 
behavior was also observed when these pollutants were oxidized by 

hydroxyl radicals generated in the catalyzed hydrogen peroxide 
decomposition [49]. 

On the other hand, the lower the temperature, the lower the pro-
duction and disappearing rates of CB and DCBs, lasting these compounds 
in the media longer times. During the time that these byproducts remain 
in the reaction media, certain volatilization is expected due to their 
relatively high vapor pressure (12 and 1.36 mmHg, for CB and DCBs, 
respectively) [50]. The longer the time required to oxidize the byprod-
ucts, the higher the loss of CB and DCBs by volatilization and, conse-
quently, the higher the mismatch in the chlorine balance. This fact could 
explain the higher mismatch of chlorine found at the lowest temperature 
tested in Fig. 3. 

These results (Figs. 3 and 4) suggest that the oxidation of HCHs takes 
place through a series-parallel reaction mechanism, an aspect not pre-
viously reported in the bibliography. Two parallel routes could explain 
the attack of HCHs by sulfate radicals (generated by thermal decom-
position of PS in solution). The first reaction path is the total dechlori-
nation (or mineralization) of HCHs, without generating chlorinated 
byproducts (with the consequent release of chlorides to the aqueous 
phase). The second path is the generation of chlorinated byproducts: CB 
and DCBs were detected (also with the consequent release of chlorides to 
the aqueous phase). If the reaction temperature is high enough (≥55 ºC), 
these intermediates are rapidly generated and oxidized to non- 
chlorinated compounds releasing chlorides. Based on these results, the 
oxidation route for de treatment of HCHs-polluted soil by the thermal 

Fig. 4. Normalized concentration profiles of HCHs and chlorinated interme-
diate compounds in the soil phase at a) 35 ºC, b) 45 ºC, c) 55 ºC. Operating 
conditions: HCHs = 358 mg kg− 1, PS = 40 g L− 1, VL/Wsoil = 2, 100 rpm, pH0 
= 7 (E1–E3). 
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activation of PS has been proposed in Fig. 5 (only the chlorinated in-
termediates detected in significant amounts in the experimental system 
have been included). 

The oxidation of COCs in the liquid phase should also be considered. 
However, the concentration of intermediate chlorinated compounds 
detected in this phase is too low (<0.5 mg L− 1). This fact can be 
explained by the following reasons: i) once in solution, they are rapidly 
oxidized by the action of sulfate radicals, ii) the chlorinated byproducts 
generated from HCH oxidation are partially volatized and disappear at 
the temperatures studied. Thus, based on the results obtained, it can be 
concluded that the oxidation of these pollutants occurs mainly in the soil 
phase, an aspect not previously reported in the literature. 

3.1.3. Oxidant consumption 
The concentration of PS with reaction time was measured for the 

three temperatures tested in the absence of soil (B4–B6) and the pres-
ence of unpolluted (B7–B9) and polluted (E1–E3) soil. The results ob-
tained have been depicted in Fig. 6. 

As expected, the higher the temperature, the higher the PS decom-
position rate [11]. Around 10, 18 and 30 g L− 1 of PS were consumed at 
the end of the experiment with polluted soil at 35, 45, and 55 ºC, 
respectively. The increase of the oxidant consumption with the reaction 
temperature can be attributable to i) the faster oxidation and dechlori-
nation of HCHs by sulfate radicals (Eq. (2)) and ii) an increase in the 
unproductive decomposition of PS, generating sulfate anions, protons, 
and oxygen (Eq. (7)) [51,52]. Once generated, SO. −

4 may be scavenged 
by SO. −

4 itself and/or persulfate anions, according to Eqs. (8) and (9), 
consuming themselves also unproductively [53]. 

S2O2−
8 + H2O→ 2 H+ + 2 SO2−

4 +
1
2
O2 (7)  

SO∙ −
4 + SO∙ −

4 → S2O2−
8 (8)  

SO∙ −
4 + S2O2−

8 → SO2−
4 + S2O∙ −

8 (9) 

The oxidation of COCs from the soil phase by sulfate radicals could 
be indirectly estimated from the difference between the PS decomposi-
tion reaction rate in the presence of polluted (E1–E3) and unpolluted 

(B7–B9) soil. As expected, slight differences have been obtained 
regardless of the soil type (polluted/unpolluted) due to the high excess 
of PS used in the oxidation experiments (20 times the stoichiometric 
amount, S.M. Table 1). However, the increase of PS decomposition rate 
with temperature in the presence of COCs was slightly higher, high-
lighting that an increase of the reaction temperature leads to a better use 
of the sulfate radicals produced when contaminants are present. 

The results obtained in the aqueous phase (in the absence of polluted 
soil, B4–B5) are consistent with those published elsewhere [18]. As 
shown by comparing the results depicted in Fig. 6, the decomposition 
rate of PS is much higher when there is no soil in contact with the 
aqueous phase at the three temperatures tested. As a result of proton 
release (Eq. (7)), the pH measured in the experiments without soil highly 
decreased with reaction time (S.M. Fig. 2), especially in the first days of 
experimentation. Moreover, as the temperature increases, the pH drop is 
faster. Thus, the aqueous phase pH decreased below 2 after 3, 2, and 
1 days of the experiments carried out at 35, 45 and 55 ºC, respectively. 
The acidic pH enhances the rate of PS decomposition [6,54]. On the 
contrary, in the presence of soil, the pH remains close to neutral (pH 
values between 7 and 8 were measured in all cases) during the reme-
diation experiments at the three temperatures tested (S.M. Fig. 2). The 
high carbonate content of the soil (polluted and unpolluted, 38.1%) 
allows neutralizing the protons generated from Eq. (7), acting the soil as 
a buffer. The neutral pH maintained in soil presence explains the lower 
consumption of the oxidant compared to the results obtained in the 
absence of soil with acidic pH (Fig. 6). 

The efficiency in the oxidant consumption with reaction time at the 
different temperatures tested has been calculated (Eq. (6)). The effi-
ciency in PS consumption slightly decreases with reaction time and re-
action temperature increase (S.M. Fig. 3). However, these differences 
are not significant, obtaining PS efficiency values between 8.5 and 
11.8 mg of HCHs converted per gram of PS from 6 days of reaction 
regardless of the temperature tested. Thus, it can be concluded that the 
use of PS activated at the maximum temperature used here (55 ºC) is 
efficient in the oxidation of organic pollutants in sediments since it is not 
associated with excessive oxidant consumption. 

Fig. 5. Reaction pathway for the oxidation of HCHs-polluted soil by thermal activation of PS.  
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3.2. Influence of initial oxidant concentration 

A systematic study varying the initial concentration of PS was per-
formed at 55 ºC. For that purpose, five concentrations of PS (10, 20, 40, 
60 and 80 g L− 1, E3–E7, S.M. Table 1), consistently above the stoi-
chiometric amount (PS/PSstq between 5 and 40), were tested. 

3.2.1. Pollutants degradation and dechlorination 
The global conversion of HCHs, dechlorination degree and chlorine 

balance at 3 and 9 days of treatment at the different initial PS concen-
tration tested is depicted in Fig. 7. 

As expected, as the oxidant initial concentration increases, the con-
version of the pollutants for a given reaction time increases due to the 
higher production of sulfate radicals. This finding agrees with the 
studies found in the literature to treat different chlorinated organic 
pollutants in soils by thermal PS [11,30,33]. The degree of HCHs 
dechlorination achieved is more affected than HCH degradation by the 
oxidant concentration. When low concentrations of oxidant are used, 
important differences between the conversion and dechlorination of 
HCHs are obtained. For example, when using an initial concentration of 
PS of 10 g L− 1, after three days of reaction, a conversion and a dechlo-
rination degree of HCHs of 36% and 13% were obtained, respectively. 
This fact indicates that non-negligible amounts of chlorinated in-
termediates are formed at these operating conditions. 

Moreover, based on the chlorine balance value (67%), most of these 
compounds have not been identified. As the oxidant concentration 

increases (and the reaction progresses), the differences between the 
degradation of HCHs and their dechlorination are progressively reduced 
until they become non-existent when working with initial PS concen-
trations of 60 and 80 g L− 1 (Fig. 7, 9 days of experiment). Under these 
conditions, the possible chlorinated intermediates generated during the 
oxidation of HCHs have been further oxidized by the sulfate radicals. 
Moreover, 100% of the chlorine is balanced, indicating no other un-
identified chlorine compounds in the reaction medium. 

3.2.2. Oxidant consumption 
The evolution of PS conversion with reaction time when working 

with different initial concentrations of this reagents is shown in S.M. 
Fig. 4. The conversion profiles of PS are independent of its initial con-
centration, confirming that oxidant decomposition follows first order- 
reaction, as found in the literature by several authors [18,53,55–57]. 

The pH of the solution with reaction time in these experiments has 
also been included in S.M. Fig. 4. As can be seen, the pH remained 
practically constant (close to neutrality) during the experimental time 
regardless of the initial concentration of PS used due to the buffer ca-
pacity of the soil. This is an interesting point to consider since the soil 
physicochemical characteristics hardly change after the remediation 
treatment, facilitating a subsequent bioremediation treatment. 

Finally, the efficiency of PS consumption when working with 
increasing initial concentrations of this reagent has been calculated at 
two reaction times (3 and 9 days), and the results have been depicted in  
Fig. 8. First, the efficiency of oxidant consumption decreases with the 
progress of the reaction. As HCHs break down, there is a lower con-
centration of pollutants to oxidize, while oxidant consumption con-
tinues. Secondly, it seems that there is a significant decrease in the 
efficiency of PS when increasing its initial concentration for relatively 
low doses of this reagent (from 10 to 20 g L− 1). However, low PS con-
centrations are not desirable since they lead to insufficient soil 

Fig. 6. Concentration of PS with reaction time in the presence of unpolluted 
(B7-B9) and polluted (E1-E3) soil and in the absence of soil (B4–B6) at a) 35 ºC, 
b) 45 ºC, c) 55 ºC. Operating conditions: PS = 40 g L− 1, 100 rpm, pH0 = 7 (all 
the experiments), HCHs = 358 mg kg− 1, VL/Wsoil = 2 (when applicable). 

Fig. 7. Conversion of HCHs, dechlorination degree and chlorine balance at a) 
3 days and b) 9 days reaction time when working with different initial con-
centration of PS. Operating conditions: HCHs = 358 mg kg-1, 55 ºC, VL/Wsoil 
= 2, 100 rpm, pH0 = 7 (E3–E7). 
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decontamination degrees (Fig. 7). By increasing the initial oxidant 
concentration above 40 g L− 1, similar oxidant efficiency values are ob-
tained. However, pollutants removal and dechlorination significantly 
improves, as stated above. Therefore, it is recommended to work with 
high initial concentrations of oxidant. Under these conditions 
(PS = 80 g L− 1 and T = 55 ºC), it is possible to abate and dechlorinate 
83% of the HCHs, with no intermediate chlorinated compounds in the 
soil-aqueous system. 

4. Conclusions 

The sediments of the Bailín’s landfill, contaminated by α-HCH 
(254 mg kg− 1) and β-HCH (99 mg kg− 1), have been efficiently reme-
diated by the thermal activation of PS. The smallest soil fraction has 
been selected due to the higher proportion of β-HCH, indicative of aged 
contamination. The reaction temperature plays a fundamental role in 
the remediation process increasing the production of sulfate radicals, 
and consequently, the dechlorination degree and degradation of HCHs 
(decreasing the concentration of the chlorinated intermediate com-
pounds). The initial concentration of PS also has a determinant role in 
the remediation process, significantly decreasing the chlorinated inter-
mediate compounds’ concentration. The decomposition of the oxidant 
follows first-order kinetics. Its stability increased in the presence of 
sediments and the efficiency in its consumption was not affected by 
temperature. The best results were obtained at 55 ºC, PS = 80 g L− 1, 
liquid/soil = 2/1, 100 rpm (9 days), achieving a degradation of HCHs 
around 83% with no chlorinated intermediate compounds (chlorine 
balance ≈ 100%). Based on the identified species, a series-parallel re-
action pathway for the degradation of HCHs in soil by thermally acti-
vated PS was proposed. HCHs can be completely dechlorinated in a 
direct step or progressively dechlorinated and oxidized by sulfate radi-
cals. Carbon dioxide, water, and chlorides can be expected as the final 
products. The soil physicochemical characteristics did not change after 
the remediation process, facilitating a subsequent bioremediation 
treatment. Thus, the results obtained in the current work can be helpful 
to design a future thermally activated PS treatment for the on site 
remediation of sediments polluted with COCs. 
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