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c Emgrisa S.A, Santiago Rusiñol, 12, 28040, Madrid, Spain   

A R T I C L E  I N F O   

Keywords: 
Soil remediation 
Heavy metals 
Dehydrohalogenation 
Dihaloelimination 
Adsorption 

A B S T R A C T   

The accumulation in soil landfills of toxic and persistent lindane, widely used as an insecticide, triggers the risk of 
leaching with the concomitant contamination of surrounding rivers. Thus, viable remediation to eliminate in situ 
high concentrations of lindane in soil and water becomes an urgent demand. In this line, a simple and cost- 
effective composite is proposed, including the use of industrial wastes. It includes reductive and non-reductive 
base-catalyzed strategies to remove lindane in the media. A mixture of magnesium oxide (MgO) and activated 
carbon (AC) was selected for that purpose. The use of MgO provides a basic pH. In addition, the specific selected 
MgO forms double-layered hydroxides in water which permits the total adsorption of the main heavy metals in 
contaminated soils. AC provides adsorption microsites to hold the lindane and a reductive atmosphere that was 
increased when combined with the MgO. These properties trigger highly efficient remediation of the composite. 
It permits a complete elimination of lindane in the solution. In soils doped with lindane and heavy metals, it 
produces a rapid, complete, and stable elimination of lindane and immobilization of the metals. Finally, the 
composite tested in lindane-highly contaminated soils permits the “in situ” degradation of nearly 70% of the 
initial lindane. The proposed strategy opens a promising way to face this environmental issue with a simple, cost- 
effective composite to degrade lindane and fix heavy metals in contaminated soils.   

1. Introduction 

Lindane, the γ-isomer of hexachlorocyclohexane (HCH), is a broad- 
spectrum insecticide with very high efficacy that has been widely used 
in agriculture worldwide in recent decades (Vijgen et al., 2011). Lindane 
is highly toxic to humans and animals and harms ecological ecosystems 
(Dorsey, 2005). In addition, the degradation of lindane in the soil, either 
by the action of native microorganisms or by natural chemical agents, is 
very slow, thus causing its considerable permanence in the soil. For all 
these reasons, lindane has been banned in many developed countries 
(Madaj et al., 2018). However, many soil areas in the countries where 
lindane was manufactured and stored are highly contaminated by 
lindane residues (Fernández et al., 2013). This is the case of Sabiñanigo 
in Spain (longitude: 0◦20′45.38"; latitude: 42◦30′52"; altitude: 783 m), 
where the accumulation of lindane and lindane metabolites in some soil 
areas can reach up to 1000 mg kg− 1, with an average of 300–400 mg 
kg− 1. This situation is found in many other countries where lindane was 

produced and was confined once its use was banned. In this critical 
environmental problem, the development of feasible approaches for the 
in situ remediation of lindane-contaminated soils is particularly 
relevant. 

Some studies have reported on the efficiency of soil bioremediation 
techniques using specific microorganisms to degrade lindane in soils 
(Kumar and Pannu, 2018). However, these technologies are adequate 
for low concentrations of lindane in the soil due to its high toxicity, 
which affects the survival of microorganisms (Zhang, W. et al., 2014, 
2020; Kumar and Pannu, 2018). On the other hand, many studies have 
shown that lindane can be readily degraded in aquatic environments 
using two complementary remediation pathways involving elimination 
reactions. The elimination reactions may be reductive and non-reductive 
(Li et al., 2011). The non-reductive elimination is also called β-elimi-
nation or dehydrohalogenation and consists of the loss of chloride and 
adjacent proton to form a C––C double bond. The main byproducts 
formed are 1, 2, 4-Trichlorobencene (TCB), 1, 3, 5-TCB and 1, 2, 3-TCB 
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(Li et al., 2011). It is catalyzed by hydroxide. In this line, in situ chemical 
oxidation (ISCO) techniques use peroxide and persulfate activated by 
organic compounds as activated carbon, quinones or humic acids as they 
can act as electron mediators (Usman et al., 2014, 2017; Aguinaco, A. 
et al., 2011; Ma et al., 2018). The reductive elimination can involve two 
processes: dihaloelimination and hydrogenolysis in an acidic medium 
(Li et al., 2011). A characteristic byproduct of the reductive dihaloeli-
mination is 1, 2-Dichorobencene (DCB). 

However, these methodologies, which are very efficient to eliminate 
lindane in water or soil-water suspensions, are not feasible to be used 
directly in the soil for in situ remediation. In this context, our work 
describes a new cost-effective composite that can degrade lindane 
directly in soil for in situ remediation by combining basic-catalyzed 
dehydrohalogenation and reductive dihaloelimination. Our working 
hypothesis is that we could use these two complementary pathways for 
lindane degradation through the interaction of lindane with a particular 
composite endowed with microsites with a high capacity for lindane 
uptake, a reducing atmosphere, and a strongly basic local pH. We have 
explored the combination of strong basic materials (metal oxides and 
hydroxides) and absorbent organic materials such as biochar or acti-
vated carbon to obtain this material. After some preliminary studies, 
among the different potential materials, we have found that the most 
profitable combination was magnesium oxide and activated carbon. An 
additional advantage of this combination is that magnesium oxide has a 
high capacity to immobilize heavy metals in soils, thus preventing their 
mobility and eventual transfer to groundwater (García et al., 2004). In 
addition, the selected magnesium oxide could form layered double hy-
droxides (LDH) with high sorption efficiency (Tang, Z. et al., 2020). In 
this line, Zhang et al. (2015) joined magnetite, graphene and LDH, 
Pramanik et al. (2018), Aldawsari, A. M. et al. (2021), Al Juboury, M. F. 
and Abdul-Hameed, H. M. (2020) combined the LDH with activated 
carbon and Vithanage, M. et al. (2020) and Zubair, M. et al. (2021) 
joined LDH with biochar However, all the studies were oriented to water 
media. In this way, we have a multipurpose decontaminating composite 
capable of simultaneously treating in situ lindane and other organic 
contaminants and heavy metals in soils. 

The main objectives of this study involves (i) the synthesis of a 
composite following the mentioned strategy, (ii) the characterization of 
the proposed composite at a structural, computational and mechanistic 
level, (iii) the study in vitro of its efficiency in solution, and (iv) the 
study in real conditions of its efficiency in field and in doped soils. 

2. Material and methods 

2.1. Synthesis of the composite 

The composite (ACP) includes a specific magnesium oxide (MgO), 
PC8, obtained from the production of MgO-based products in Magne-
sitas Navarra S.A. It constitutes a byproduct, and its inclusion is part of a 
circular strategy involved in ACP design and production. This type of 
MgO was selected according to its granulometry (Table S1) and its high 
ability to immobilize heavy metals compared with other MgO-based 
products and byproducts (Supplementary Information, Annex 1. 
Fig. S1). The selected MgO (PC8) was mixed using a conventional 
powder mixer with powdered activated carbon purchased from Merck. 
Powder mixing was made at 23 ◦C and atmospheric pressure for 1 h. The 
organic absorbing material, active carbon (AC) was selected among 
different samples, including two biochars and active carbon. The main 
property for selecting the material was its ability to remove phenol from 
a water solution. Phenol was selected as a model organic contaminant 
because of its balance between polarity and hydrophobicity. The study is 
described in Supplementary Information, Annex 2 (Fig. S2). Different 
proportions of activated carbon (AC) were tested following the eco-
nomic and technical criteria described in Supplementary Information, 
Annex 3 (Fig. S3). 

2.2. Physicochemical characterization of ACP 

2.2.1. X-ray diffraction analysis 
The mineralogical phases contained in PC8, activated carbon, and in 

ACP -before and after treating with pollutants-were analyzed and 
compared by X-ray diffraction (XRD) using a Bruker D8 Advance 
diffractometer (Karlsruhe, Germany), according to the diffraction pow-
der method, with a CuKα1 radiation and 0.02◦ 2θ increment and 
1s⋅step− 1 sweep from 2◦ to 90◦ 2θ. The results were compared with the 
ICDD database. 

2.2.2. SEM-EDX 
The samples were finely ground, and a portion of the sample was 

placed on an SEM sample stub. The samples were scanned in a Philips 
model XL30FEG-SEM scanning electron microscope (accelerating 
voltage of 15 kV) using an EDAX Phoenix energy disperse spectroscopy 
analyzer (EDX). 

Following the exploratory analysis, samples were scanned for spe-
cific structures with defined micromorphology. The scanning procedure 
consisted of analyzing by EDX for qualitative elemental composition a 
selected area which was also photographed at 5000x and 200,00x. 

2.2.3. FTIR 
Functional group distribution in ACP structure and its components 

(PC8 and AC) were characterized using ATR-FTIR spectroscopy. Atten-
uated Total Reflectance (ATR) infrared spectra were recorded over the 
4000-600 cm− 1 range with a resolution of 4 cm− 1 in a Shimadzu IRAf-
finity-1-S. 

2.2.4. Pore size and surface area 
An ASAP 2020 adsorption device (Micrometrics GmbH, Moenchen-

gladbach, Germany) was used to determine the specific surface area, 
specific pore volume, and pore sizes of PC8 before and after hydrating. 
Specific surfaces areas were obtained using the multipoint Bru-
nauer–Emmet–Teller (BET) method. The corresponding specific pore 
volume and pore sizes were determined using the Horvath-Kawazoe 
(HK) methods. 

2.2.5. Reducing capacity of ACP 
Solutions of three doses of ACP and solutions of each of the com-

ponents separately (100, 500, and 1000 ppm of activated carbon; and 
600, 3000, and 6000 ppm of PC8) were prepared in K3Fe(CN)6 0.25 mM, 
previously dissolved in a borate buffer. After 24 h in dark conditions, 
absorbance was determined at 420 nm by UV–vis spectroscopy. The 
reducing power of the tested materials was expressed as electron 
transfer capacity, according to Xin et al. (2018). 

2.2.6. Molecular modeling 
Theoretical calculations were performed with Gaussian 16 W, and 

normal modes were analyzed in Gauss View 6.0. Geometry optimization 
followed by frequency calculations was performed based on the density 
functional theory (DFT) method at the APF-D/6-311G (2 d, p) level of 
theory. 

2.3. In vitro essays of ACP efficiency 

2.3.1. Degradation of lindane in solution 
Solutions of 6 ppm of lindane in water were prepared to test the 

lindane removal efficiency of ACP. Two doses of activated carbon (AC 
and ACx2: 250 and 500 ppm), 250 ppm AC basified with NaOH, 3000 
ppm of PC8, and ACP1 (250 ppm AC + 3000 ppm PC8) were tested in 
200 mL of lindane solution in glass bottles. Samples were stirred in dark 
conditions for seven days, and the supernatant samples were used to 
determine the remaining lindane in the solution. The solid residue 
corresponding to each treatment was isolated by centrifugation (2000 g, 
2 min) and treated with 200 ml n-hexane 1 h to desorb the lindane 
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present in the solid. Both adsorbed and water remaining lindane were 
determined by gas chromatography/mass spectrometry (GC/MS) in 
CNTA accredited laboratory (Centro Nacional de Tecnología y Segur-
idad Alimentaria., Spain) to analyze lindane and metabolites in soil, 
plants and foods. The method used is based on US EPA 8270D (Semi-
volatile organic compounds by gas chromatography/Mass Spectrom-
etry). A dispersive liquid–liquid microextraction method was applied for 
the trace determination of organochlorine pesticides. In the same way, 
the main degradation products were measured: volatile organic com-
pounds, organochlorine pesticides and phenols. Samples corresponded 
to a pool of 3 individual samples per treatment. 

2.3.2. Lindane degradation and heavy metal fixation in soil 
An alkaline soil with low available P was doped with 500 ppm of 

lindane and 1000 ppm of heavy metals (Cu, Mn, Ni, Zn, Cd, As and Pb). 
To this end, an aqueous solution with the heavy metals and another 
solution of lindane dissolved in hexane, were prepared and added to the 
soil. Different ACP at 15% were mixed with the soil, and the mixture was 
watered to field capacity: 

ACP 1: activated carbon 7% + PC8 93% 
ACP 2: activated carbon 14% + PC8 86% 
A control without ACP was kept to compare the efficiency of the 

treatments. Three samples per treatment were taken each week from 24 
h to 50 days from treating in order to have three replicates. Organic 
pollutants were extracted to determine lindane and byproducts by gas 
chromatography/mass spectrometry (GC/MS) following the QuEChERS 
method for pesticide residues (Vera et al., 2013). The analysis was made 
in Agrupalab accredited laboratory (Derio, Spain) using a method based 
on US EPA 8270D (Semivolatile organic compounds by gas chroma-
tography/Mass Spectrometry). 

Heavy metals were extracted with water and determined by ICP-OES. 
Briefly, three samples were taken from each treatment, and 20 g were 
dissolved in 40 mL of water and shaken in a Heidolph reax 2 model 
mixer overhead at the medium speed for 30 min. Finally, samples were 
centrifuged (4500 g, 20 min) and the supernatant were analyzed by ICP- 
OES. 

2.4. Lindane degradation in a highly contaminated soil 

A field assay was carried out in Bailín (Sabiñánigo). In this region of 
Spain, there are dump sites of lindane in landfills. The samples contained 
around 500 ppm of the sum of all the isomers of hexachlorocyclohexane. 
The applied doses of each treatment were 15% in soil (15 g ACP/100 g 
soil), and the composition of each ACP was the following: 

ACP 1: activated carbon 7% + PC8 93% 
ACP 2: activated carbon 14% + PC8 86% 
A control of the soil without any treatment was also prepared. 
The study area was 10 m3 of the landfill to have a representative field 

surface. In this context, preliminary studies demonstrated that the het-
erogeneous distribution of the particulate lindane impairs obtaining 
homogenous samples (data not shown). Therefore studies were carried 
out to obtain representing samples by selecting the most homogeneous 
areas of the dump, followed by cryogenic grinding of representative soil 
samples. In that way, several samples of 5 kg of mud from that place 
were taken and treated with ACP. Samples of the mud were air-dried, 
mixed with each treatment, and watered to field capacity, and sam-
ples at 7, 14, 28, and 50 days from the beginning were taken. Hexa-
chlorocyclohexanes from each sample were extracted and products and 
byproducts were determined in the Agrupalab laboratory accredited 
laboratory as described above. 

3. Results and discussion 

3.1. Description of ACP 

The MgO material was selected from different sources provided by 

Magnesitas Navarras SA. They included marketed products and some 
byproducts. Apart from economic viability, the two main properties 
considered for MgO selection were the pH in solution and the ability to 
immobilize the following heavy metals. The study carried out to select 
MgO-based product is described in Supplementary Information, Annex 1 
(Fig. S1). 

The most efficient product was the byproduct named PC8 (Fig. S1). It 
is produced during the process of magnesium carbonate calcination to 
produce MgO and is recovered in the cyclone filters used for air purifi-
cation. Its mineral composition comprises 63.92% of MgO, 6.43% of 
CaO, 5.16% of SiO3, and 2.50% of Fe2O3. As shown in Fig. 1a, the 
different phases included in this material are magnesite, calcite, dolo-
mite, anhydrite, and periclase (Ismailov et al., 2020). Regarding its grain 
size, 98.48% is under 200 μm, with 84% under 45 μm. The small particle 
size and the presence of trivalent cations, especially iron, could explain 
the high adsorption capacity of this material. Oxides that include di and 
trivalent cations in their structure can form in contact with water 
layered double hydroxides (LDH) with the following form: [M2+

1-x N3+
x 

(OH)2]x+ [(Xn− )x/n ⋅ yH2O]x− . These oxyhydroxides are characterized by 
their high adsorption capacity (Gao et al., 2018; Manohara et al., 2011; 
Tang et al., 2020). This fact differentiated this compound from the rest 
of magnesium oxides making it more efficient to remove heavy metals 
from the media. Fig. 1b, c, d show the XRD and SEM-EDX micrographs of 
PC8 after treated with a water solution containing the heavy metals. The 
three peaks that characterize the presence of local LDH can be observed 
(Gao et al., 2018; Zhang et al., 2015). However, their intensity is low 
because their presence is restricted where Fe is accumulated. LDH are 
observed in the SEM-EDX micrographs of Fig. 1c and d (Tao et al., 2006) 
along with the accumulation of heavy metals. Finally, the presence of 
LDH in the hydrated PC8 was also suggested in the increase of surface 
area and in the slit pore geometry observed for hydrated PC8 related to 
anhydrous PC8 (Fig. 2). 

The 1H, and 13C-NMR of AC were not possible due to its magneti-
zation in the rotor, which impairs the rotation of the sample. Fig. 3a and 
b shows the XRD and SEM micrograph of AC. The XRD pattern showed 
the activated carbon in semi-crystalline form, which is indicated by the 
broad peaks (002) and (100) at the 2θ around 25◦ and 45◦, which can be 
attributed to the amorphous carbon and graphite structure, respectively. 
The narrow reflections are related to the presence of quartz as an im-
purity (Keppetipola et al., 2021). This presence of silicates with sorption 
capacity could enhance the adsorption property of the AC. SEM image of 
AC displays the porosity structure with cavities that would act as local 
sites for pollutants sorption (Keppetipola et al., 2021). 

Two AC/PC8 (ACP) combinations were considered for the studies: 
ACP1: 7% AC + 93% PC8. 
ACP2: 14% AC + 86% PC8. 
These formulations are obtained by conventional mixing, as 

described in detail in Methods. 
These two compositions were selected after evaluating the efficiency 

of the individual components and ACP to eliminate lindane from a water 
solution, as described below. 

3.2. Efficiency of ACP to eliminate lindane in solution 

ACP and its components were tested for lindane removal from the 
solution. 

Two doses of activated carbon (AC and ACx2: 250 and 500 ppm), 
250 ppm AC basified with NaOH, 3000 ppm of PC8, and ACP1 (250 ppm 
AC + 3000 ppm PC8) were tested in 200 mL of lindane solution in glass 
bottles. 

Solutions of 6 ppm of lindane in water were prepared to test the 
lindane removal efficiency of ACP. The methodology is described in 
detail in Methods. 

To assess whether the removal of lindane is associated with its ab-
sorption into the material and its subsequent degradation, we treated the 
solid materials with hexane to analyze the proportion of lindane that is 
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absorbed but not degraded. Fig. 4a shows the ability of PC8 and AC to 
remove lindane from the solution. The two doses of AC, and PC8 
removed 100% of the lindane in the solution. PC8 desorbed 47.8% and 
AC 63.4% of the previously adsorbed lindane (Fig. 4a). By doubling the 
AC dose, there was an increase in the clearance of lindane, reaching the 
33.8% of lindane removed, but far from 100% of the lindane present in 
the media. These results clearly show the sorption capacity of both PC8 
and AC. The results agree well with the adsorption capacity of the LDH 
formed in PC8 and the reported capacity of AC to absorb organic mol-
ecules (Liu et al., 2017). In that way, the SEM image of ACP1 reflects the 
presence of the LDH structures in ACP (Tao et al., 2006) as well as a 
homogeneous and regular form of the ACP1 (Fig. 4b). The partial 
degradation of lindane with AC suggests a reducing capacity of AC 

besides its sorption capacity (Fu et al., 1993; Kirisits et al., 2000; Li et al., 
2010; Ruowen et al., 1993). These results were also reflected in the 
presence of chloride in EDX analysis of AC samples after treatment of 
lindane solution (Fig. 4c). Likewise, FTIR spectra of PC8 in solution, 
apart from support the formation of LDH(peak of OH at 3700 cm− 1, 
Fig. 3d and e) (Tao et al., 2006), shows the formation of MgCl2 (https:// 
www.chemicalbook.com/SpectrumEN_7786-30-3_ir1.htm) observed in 
the presence of lindane in solution (peak at 2800-3000 cm− 1) which also 
reflects lindane elimination by PC8 (Fig. 4f). This conclusion is sup-
ported by the presence of 1, 2-DCB, which is mainly associated with the 
reductive dihaloelimination process, as will be discussed later (Table 1) 
(Li et al., 2011). Likewise, this is in line with the reducing power of PC8 
and, specially, of AC observed in the ferricyanide test, where the 
reducing capacity of the ACP and its components was evaluated 
(Fig. 5a). 

Lindane is completely removed when AC is added and the pH is 
basified with NaOH (Fig. 4a). 

On the other hand, when ACP1 was tested and PC8 and AC worked 
together, there was a complete elimination (absorption and degrada-
tion) of the lindane presented in the media (Fig. 4a). This result clearly 
shows the synergetic action of PC8 and AC when working 
simultaneously. 

To study the type of elimination pathway involved in the degrada-
tion of lindane by ACP, the analysis of the main byproducts derived from 
the reaction of lindane with ACP1 and its components, both in solution 
and in solid materials, was carried out (Table 1). The presence of chlo-
rides in the solution when applying PC8 and the ACP indicates the 
dechlorination of lindane, releasing chloride into the medium. In the 
case of treatment with AC, chlorides are also observed but adsorbed on 
AC (Table 1). This is in line with SEM-EDX images of Fig. 4c. In the same 

Fig. 1. MgO PC8 characterization and interaction with heavy metals in solution. a. XRD of MgO PC8 b. XRD of MgO PC8 after mixing in solution with heavy metals 
(Ni, Cu, Zn, Mn), appearance of LDH-like peaks. c. SEM of MgO PC8 after mixing in solution with heavy metals, presence of LDH-like structures. d. EDX of MgO PC8 
in the solution with heavy metals, presence of the metals in the MgO. 

Fig. 2. PC8 and hydrated PC8 pore and surface area analysis.  
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way, part of the chlorides is also fixed to PC8 and ACP1. This fact un-
derlies the dechlorination capacity of AC, PC8, and ACP1 and their ca-
pacity to fix the byproducts resulting from the degradation of lindane. 
The other main byproduct observed in the solution and fixed in PC8 and 
ACP1 is 1, 2, 4-TCB. It is also detected by treating the lindane solution 
with AC plus NaOH. This product has been reported as the main 
byproduct obtained from lindane-elimination through base-catalyzed 
dehydrohalogenation, indicating that this process is associated with 
lindane degradation by these treatments (Li et al., 2011). This is 
consistent with the highly basic pH associated with PC8 and NaOH. 
Finally, 1, 2-DCB is also detected in PC8 and, especially, in ACP1. This 
byproduct has been linked to the reductive mechanism of 

dihaloelimination, indicating that this reductive pathway is also 
involved in eliminating lindane by these treatments (Li et al., 2011). 
This result is in line with the previously observed reducing property of 
ACP1, which is directly related to the combination of PC8 and AC 
(Fig. 5a). 

These results indicate that ACP1 can remove lindane with an effect 
resulting from the synergistic interaction of its two components: On the 
one hand, the fixation of lindane in AC in the presence of the hydroxide 
produced by the hydrolysis of PC8 favors the development of basic- 
catalyzed dehydrohalogenation; on the other hand, the PC8 activation 
of the reducing power of AC favors the reduction of lindane by 
dihaloelimination. 

Fig. 3. AC characterization. a. XRD of AC. b. SEM of AC.  

Fig. 4. Interaction of ACP and its compounds with lindane in solution a. Lindane remaining in solution and desorbed from components of ACP after treating with 
them b. SEM of ACP in solution with lindane c. EDX of the AC in solution with lindane, presence of Cl in AC d. FTIR spectra of PC8, e. PC8 in water and f. PC8 in 
aqueous solution of lindane. 
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3.3. Lindane electronic-molecular distribution implications in its 
interaction with ACP 

The highly hydrophobic character of lindane suggests that the hy-
drophobic effect mainly governs its interaction with AC Carbon matrix. 
However, the presence of chlorine atoms in the structure and their high 
electronegativity can drive a particular electronic distribution with local 
sites with positive- and negative-partial charges. These local sites, in 
turn, can favor the presence of electrostatic interactions between 
lindane and the AC surface. In addition, induced polarization also plays 
a significant role in the potential of these sites. In that way, the chlorine 
orientation in lindane, with three equatorial and three highly reactive 
axial (non-coplanar) substituents, generates a big dipole moment that 
could affect the electrostatic configuration of local sites. Some studies 
have shown the usefulness of molecular electrostatic potential (MEP) 
calculations in explaining the role of non-covalent electrostatic in-
teractions in the mechanism underlying specific chemical reactions 
(Murray and Politzer, 2017). In the case of lindane, the halogen atoms 

can affect the distribution of electronic density in the different regions of 
the molecule and, thereby, the electrostatic potential at the molecular 
surface and the space surrounding the molecule. The heterogeneous 
distribution of electronic density is usually, but not always, associated 
with concomitant MEP changes that induce the formation of local sites 
with positive electrostatic potential called σ and π-holes. These local 
MEP sites, in particular, can drive chemical bonding. We hypothesize 
that the possible presence of local σ/π holes in the lindane structure 
could also be involved in the binding of lindane to AC and PC8. To 
explore this hypothesis, the electronic density and MEP distribution of 
lindane were calculated using the APF-D hybrid DFT method using the 
basis set 6-31G (2 d,p). Several studies have shown that this basis set 
used with DFT produces reliable MEP distributions (Murray and Polit-
zer, 2017). 

Fig. 5b and c shows the optimized structure of lindane (γ-isomer of 
HCH) and the MEP distribution on the molecular surface. The results 
clearly show a large molecule area with positive electrostatic potential 
corresponding to some of the protons adjacent to the chlorine atoms. 
This area likely drives hydroxide attack, leading to the loss of the 
chlorine and the adjacent proton, forming a C––C double bond. How-
ever, the presence of σ holes in the chlorine atoms should be noted. 
These σ holes could be involved in the interaction of lindane with the 
negative-charged sites (aromatic π electrons or oxygen-containing 
groups, such as carboxylic or phenolic acids) in the AC structure. 
These results are compatible with non-covalent electrostatic interactions 
in the binding of lindane in AC. 

3.4. Efficiency of ACP to eliminate lindane and immobilize heavy metals 
in a modified soil at laboratory level 

To investigate the ability of ACP formulations to remove lindane and 
immobilize heavy metals in soil, contaminated soil, artificially doped 
with lindane and heavy metals, was prepared. This approach allowed for 

Table 1 
Byproducts remaining in solution after treatments (A); and byproducts 
remaining in the solid residue after treatments (B).  

A. Byproducts remaining in solution (μg kg− 1 dry basis)  

CONTROL AC PC8 ACP1 NaOH 1 N 

Chlorides <2000 <5000 7020 7210 <5000 
1,2,4- 

Trichlorobenzene 
<5 <5 >60 

(113) 
<5 >60 

(87.6)  

B. Byproducts remaining in the solid (mg kg-1 dry basis)  
AC PC8 ACP1 

Chlorides (1:5 p/v) 105,000 24,900 22,300 
1,2,4-Trichlorobenzene <0.3 1.08 1.13 
1,2-Dichlorobenzene <0.3 0.112 0.76 
α-Hexachlorociclohexane 0.921 <0.2 <0.2  

Fig. 5. Mechanism of action of ACP and efficiency in a real and artificial soil. a. Electron transfer capacity of ACP and its components at different doses. b. Optimized 
geometry of lindane (γ-isomer of hexachlorecyclohexane (HCH)) and c. Iso-surface MEP Map: blue, positive; red, negative. d. Soluble heavy metals remaining in an 
artificial soil after treating with two doses of ACP compared to untreated soil at 24 and e. 50 days after treating. f. Lindane remaining in an artificial soil after treating 
with two doses of ACP compared to untreated soil. g. Evolution of HCH in a real soil with ACP compared to the untreated soil. 
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a homogeneous distribution of lindane and heavy metals throughout the 
soil. When applying ACP to soil it is required to water to field capacity, 
as described in Methods, in order to supply the medium for the reaction 
of ACP with pollutants, as well as to provide the hydroxides to form the 
LDH from the PC8. 

Fig. 5d shows that Mn, Ni, Cd and Zn were the principal metals 
extracted with water from the previously contaminated soil. The rest of 
the added metals were probably precipitated or adsorbed on different 
soil components such as clays or organic matter. As shown in Fig. 5d, 
both ACP formulations completely removed water-soluble metals from 
the soil within 24 h of application. This immobilization was stable over 
the time of the experiment (Fig. 5e). 

Fig. 5f shows the evolution of lindane remaining in the soil, for the 
control and ACP treatments. This lindane fraction was extracted with 
hexane. Therefore, it includes both free and adsorbed lindane present in 
the soil. As can be seen, the two ACP treatments remove around 85% of 
the lindane after 24 h of application, and almost 100% of the lindane 
after 7 days of treatment. This shows a rapid, complete, and irreversible 
removal of a high lindane concentration (500 mg/kg) in the soil. 

These results also indicate the ability of ACP to remove organic and 
inorganic contaminants. Likewise, they show that lindane degradation 
does not affect the ability of ACPs to immobilize the water-soluble 
fraction of heavy metals present in the soil, contrary to what has been 
suggested by other authors (Yin et al., 2007). 

The mechanisms responsible for the ACP-mediated lindane elimi-
nation in the soil were studied in-depth, following the main byproducts 
generated during the process. Table 2 shows the main byproducts des-
orbed from soil mixed with ACP formulations. The main byproduct 
observed was 1, 2, 4-trichlorobenzene (the main byproduct of the 
dehydrohalogenation reaction), although dichlorobenzenes, benzene, 
and chlorophenols (byproducts of the dihaloelimination reaction) are 
also present. This is in line with the above-discussed results regarding 
the elimination of lindane in solution and supports dehydrohalogenation 
as the primary mechanism of lindane elimination with dihaloelimina-
tion as a complementary pathway of lindane degradation. 

These results show the ability of ACP formulations to remove lindane 
in soil and immobilize heavy metal soil water-soluble fraction. 

3.5. Efficiency of ACP formulations to eliminate lindane in a highly 
contaminated soil 

A study was carried out in a soil in Bailín (Sabiñánigo, Spain). In this 
region of Spain there are landfills of lindane (Fig. 5g). Several 5 kg- 
samples of contaminated mud soil were taken from that location and 
treated with ACP formulations: ACP1 and ACP2, as described in 
Methods. The samples contained about 600 mg kg− 1 of the sum of all the 
isomers of hexachlorocyclohexane (HCH). The applied doses of each 

treatment were 15% in the soil (Fig. 5g). In this case, heavy metals in the 
mud soil were negligible. The experimental design and methodology of 
the study are described in detail in Methods. 

Fig. 5g shows the evolution of the sum of HCH isomers in mud soils 
treated with the two ACP formulations compared to untreated mud soil. 
The decrease of HCH in the soil with the treatments was apparent, 
reaching the maximum decrease at 14 days from the beginning of the 
application. The higher proportion of AC in ACP2 results in a more 
significant and faster elimination of HCH. The slight increase observed 
at 28 days may be due to variability in the soil trial. The HCH decrease 
represented 70% of the initial HCH content. A progressive decrease in 
HCH can be observed in the untreated sample, likely resulting from HCH 
volatilization. The extraction of HCH from each sample was carried out 
with hexane, thus revealing the total amount of HCH present in the mud- 
soil after the treatments. Therefore, the elimination of HCH results from 
its chemical and irreversible degradation by the action of ACP. The main 
limiting aspect of this study was obtaining homogeneous samples in 
which the mud soil and ACP are well mixed. However, this situation well 
represents the problems inherent in the field application of ACP. In fact, 
the HCH isomers were present in the contaminated mud soil as coarse 
particles that were difficult to grind. This fact may also explain the 
differences in efficacy between the artificial soil-level study and this 
natural soil-level study. 

Table 3 shows the main byproducts present in the mud-soil at the end 
of the treatments. The high concentration of these compounds in the 
untreated soil indicates the natural degradation of HCH. In general 
terms, the sum of dichlorobenzenes, tetrachlorobenzenes and penta-
chlorobenzenes, together with chlorophenols, are decreased by ACP 
formulations. Likewise, the results show that a higher concentration of 
AC in ACP2 improves the efficiency of the treatment. It should be noted 
that the action of ACP removes not only HCH isomers but also other 
contaminants resulting from lindane degradation. In the case of tri-
chlorobenzenes, especially 1,2,3-TCB, there is an increase in their con-
centration, probably related to the byproducts generated by the 
elimination of lindane as previously observed in studies in solution and 
soil at the laboratory level. In this sense, the byproducts found in the 
mud soil, mainly trichlorobenzenes and dichlorobenzenes, support the 
dehydrochlorination reaction and the reductive dihaloelimination as the 

Table 2 
Byproducts remaining in lindane-doped soil after treatments.  

Byproducts remaining in soil (mg kg-1 dry basis)  

CONTROL ACP1 ACP2 

Chlorides (1:5 p/v) 290 1300 1250 
1,2,4-Trichlorobenzene <0.015 >0.150 (1.14) >0.150 (1.37) 
1,2-Dichlorobenzene <0.015 0.141 0.266 
1,4-Dichlorobenzene <0.015 0.146 >0.150 (0.287) 
Benzene <0.015 <0.015 0.017 
Bromodichloromethane 002 0,3 005 
Chlorobenzene <0.015 0021 0056 
Chlorodibromomethane <0.015 0033 0051 
Chloroform 0140 0070 0.112 
Methylene Chloride 0.040 0.024 0.074 
maximum sum BTEX <0.090 <0.090 0092 
Carbon tetrachloride 0.115 0039 0064 
α-Hexachlorociclohexane 0.152 <0.100 <0.100 
2,4-dichlorophenol <0.400 <0.400 0.811 
2,4,5 + 2,4,6-Trichlorophenol <0.400 <0.400 0,94  

Table 3 
Byproducts remaining in highly lindane-contaminated soil after treatments.   

Phenol 
Byproducts in highly contaminated field 

28 days after treating 

Unities (dry 
basis) 

CONTROL ACP1 ACP2 

mg/kg ms 0.69 0.26 0.21 

Chlorobenzenes 
Monochlorobenzenes mg/kg ms 0.44 0.62 0.64 
Sum of dichlorobenzenes mg/kg ms 170 900 780 
1,2-Dichlorobenzene mg/kg ms 670 480 430 
1,3-Dichlorobenzene mg/kg ms 0.69 1,10 1,30 
1,4-Dichlorobenzene mg/kg ms 920 310 210 
1,2,3-Trichlorobenzene μg/kg ms 4500 7200 9200 
1,2,4-Trichlorobenzene μg/kg ms 32,000 22,000 28,000 
1,3,5-Trichlorobenzene μg/kg ms <680 580 960 
Sum of Trichlorobenzenes μg/kg ms 37,000 30,000 38,000 
1,2,4,5 + 1,2,3,5 

Tetrachlorobenzene 
μg/kg ms 15,000 18,000 17,000 

1,2,3,4-Tetrachlorobenzene μg/kg ms 24,000 18,000 15,000 
Sum of Tetrachlorobenzenes μg/kg ms 39,000 36,000 32,000 
Pentachlorobenzenes μg/kg ms 3500 1300 920 
Hexachlorobenzenes μg/kg ms <680 <280 <280 
Chlorophenols 
Sum of monochlorophenols mg/kg ms 020 003 <0.03 
Sum of dichlorophenols mg/kg ms 0.51 0.17 0,05 
Sum of trichlorophenols mg/kg ms 140 0.94 0.26 
Sum of tetrachlorophenols mg/kg ms 005 0.19 0,08 
Total Chlorophenols mg/kg ms 220 130 0.41  
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main pathways involved in the mechanism responsible for the elimi-
nation of HCHby ACPformulations. 

4. Conclusions 

These results show the ability of this easy-to-produce and cost- 
effective new composite to remove lindane from highly contaminated 
soils. Likewise, the efficiency of the compound makes it a very valuable 
shock treatment for highly contaminated sites such as landfills that 
contain lindane residues to reduce the concentration of lindane to levels 
compatible with a second treatment. This second treatment might 
involve specific microorganisms capable of degrading the lindane and 
the resulting byproducts of lindane degradation. These effects are 
accompanied by the possibility of immobilizing heavy metals when they 
are present in soils with lindane or other organic contaminants. 

The results also indicate that the ability of the new composite to 
remove lindane in soil and water solution is due to the synergistic action 
of its components. Thus, the combination of AC and PC8 allows the 
formation of microsites with basic local pH and a reducing atmosphere 
where lindane fixes and decomposes through two main elimination 
pathways: base-catalyzed dehydrochlorination and reductive 
dihaloelimination. 
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