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A B S T R A C T   

This study investigates the sustainable treatment of actual contaminated emulsions resulting from the injection of 
a non-ionic surfactant (Surfactant-Enhanced Aquifer Remediation, SEAR) in a landfill highly contaminated with 
residual dense non-aqueous phase liquid (DNAPL) from lindane wastes. Located in Bailin, Sabiñanigo, this 
landfill underwent SEAR treatment as part of the LIFE SURFING project in 2022. The DNAPL is a complex 
mixture, encompassing approximately 28 chlorinated organic compounds (COCs), including both aromatic 
(chlorobenzenes) and non-aromatic components (Hexachlorocyclohexanes, HCHs, and Hepta
chlorocyclohexanes, HeptaCHs). Notably, the non-aromatic compounds exhibit higher density and lower vola
tility than chlorobenzenes. SEAR-polluted emulsion can be treated by pollutant separation through volatilisation 
with an airstream. However, this method is limited to compounds with high-moderate volatility. Additionally, a 
decrease in vapour pressure is observed with increasing surfactant concentration. To overcome these limitations, 
simultaneous dehydrochlorination of HCHs and HeptaCHs, volatilisation of chlorobenzenes and emulsion 
breakage were carried out under alkaline conditions enhanced by temperature at a pilot scale using two real 
polluted emulsions from LIFE SURFING project. The intensified process demonstrated remarkable efficiency, 
eliminating over 90 % of COCs from the emulsion within 25 h of treatment. Furthermore, the pilot-scale results 
were used to validate a kinetic model developed here, predicting the hydrolysis rate of HCHs and HeptaCHs as a 
function of surfactant (1–10 g L–1) and COCs (500–2500 mg L–1) concentrations, temperature (25–60 ºC), and 
alkali concentration (90–190 mM). This model and the previously established volatilisation kinetic model yield a 
good agreement between experimental and predicted data. The model constructed holds the potential to optimise 
treatment times and conditions for various pollutant and surfactant concentrations in emulsions during 
remediation.   

1. Introduction 

Persitent Organic Pollutants (POPs) are characterised by their 
persistence and toxicity in the environment since they are very resistant 
to chemical or biological degradation (Aidoo et al., 2023; Araújo et al., 
2023; Duttagupta et al., 2020; Negrete-Bolagay et al., 2021). In addition, 
the POPs also present low solubility in water and form non-aqueous 
phase liquids (NAPLs). 

An effective treatment to remediate polluted sites with NAPL is the 
application of surfactant enhancement aquifer remediation (SEAR) (Huo 
et al., 2020). This technique injects an aqueous solution containing a 

surfactant into the contaminated area. Then, a polluted stream is 
extracted with a mixture of organic compounds and the surfactant. 
Although SEAR is widely applied, the treatment presents a critical 
disadvantage. Using surfactants promotes the solubilisation and mobi
lisation of the NAPL to the aqueous phase, transferring the pollutants 
from a solid phase to the aqueous phase as an emulsion. Still, the 
contamination is not eliminated, and the emulsion must be correctly 
managed (Huo et al., 2020). 

Several technologies have been applied to treat the emulsion ob
tained from SEAR. Selective oxidation of contaminants (Dominguez 
et al., 2019; García-Cervilla et al., 2021), selective membrane retention 
(Hanafiah et al., 2018; Trinh et al., 2019) or adsorption of organic 
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pollutants on activated carbon (Rosas et al., 2013) have been effectively 
applied. In the latter process, the polluted emulsion is directly sent to 
adsorption on activated carbon (AC), and the efficiency of the process 
remarkably decreases due to the quick saturation of AC with the sur
factant (Rosas et al., 2013). The efficiency and economy of further 
pollutant adsorption on activated carbon can be improved by treating 
the emulsion with air stripping to transfer the volatile compounds from 
the aqueous solution to an air stream, and it could be effective when the 
organic compounds are volatile or semivolatile (Huan and Shang, 2006). 

Recent studies have explored the selective volatilization of 

chlorinated organic compounds (COCs) from emulsions containing an 
aqueous surfactant solution and a mixture of chlorobenzene and 
dichlorobenzene isomers (DCBs) (Sáez et al., 2022b). Similarly, a com
plex emulsion comprising trichlorobenzenes (TCBs), tetra
chlorobenzenes (TetraCBs), hexachlorocyclohexanes (HCHs), 
pentachlorocyclohexenes (PentaCXs), heptachlorocyclohexanes (Hep
taCHs), hexachlorocyclohexanes (HexaCXs) isomers, and the surfactant 
E-Mulse® 3 (E3) under alkaline conditions has been investigated (Sáez 
et al., 2022a). In the latter work, the emulsion previously alkalinised, 
promoting the dehydrochlorination of HCHs and PentaCXs to TCBs and 

Nomenclature 

Abbreviations 
AC Activated Carbon 
BDF Cackward Differentiation Formulae 
CI Confidence Interval 
COCs Chlorinated Organic Compounds 
CMC Criticar micellar concentration 
DCB Dichlorobenzene 
DNAPL Dense Non Aqueous Phase Liquid 
E3 E-Mulse® 3 
ECD Electron Capture Detector 
FID Flame Ionisation Detector 
GC Gas Chromatography 
GDP Global Disjunctive Programming 
HCH Hexachlorobenzene 
HeptaCH Heptachlorobenzene 
HexaCX Hexachlorocyclohexene 
ISTD Internal standard 
MSD Mass spectrometer detector 
NAPL Non Aqueous Phase Liquid 
PentaCX Pentachlorocyclohexene 
POP Persistent Organic Pollutant 
SEAR Surfactant Enhanced Aquifer Remediation 
ST Surface Tension 
TCB Trichlorobenzene 
TetraCB Tetrachlorobenzene 

Symbols 
a Fitting parameter 
b Fitting parameter 
C Concentration in mmol⋅L− 1 for COCs in aqueous phase, 

mmol⋅kg− 1 in DNAPL, g⋅L− 1 for surfactant and NaOH in 
aqueous phase and mg⋅L− 1 for total DNAPL in solution 

c Fitting parameter 
CMC Critical Micelle Concentration (mg⋅L− 1) 
d Fitting parameter 
e Fitting parameter 
Ea Activation energy (K) 
ESC Equivalent Surfactant Concentration (mg⋅L− 1) 
f Fitting parameter 
Fgas Gas molar flow (mol⋅h− 1) 
Happ Apparent Henry’s law constant (atm) 
k Kinetic constant 
k0 Pre-exponential factor for k 
MSR Molar Solubilization Ratio (mol⋅g− 1) 
n molar quantity (mmol) 
P Pressure (atm) 
Qair Flow rate of air (L⋅h− 1) 
R Production rate (mmol⋅L− 1⋅h− 1) 
r Reaction rate (mmol⋅L− 1⋅min− 1) 

SQR Sum of quadratic residuals 
t time (h) 
T Temperature (K) 
Tv Temperature on volatization (℃) 
V Vaporisation rate (mmol⋅L− 1⋅h− 1) 
Vemulsion in chamber 1 Volume of emulsión in chamber 1 (L) 
VL Total volume (L) 
X Conversion 
x Molar fraction in liquid phase 
xr Residual surfactant with temperature 
y Molar fraction in gas phase 
Y Production fraction (mmol⋅L− 1) 

Greek letters 
α Fitting parameter 
β Fitting parameter 
υ Stoichiometric coefficient 
Γ Disjuntive binary parameter 

Subscripts 
1 Reaction of dehydrochlorination of HCHs 
2 Reaction of dehydrochlorination of PentaCXs 
3 Reaction of dehydrochlorination of HeptaCHs and 

HexaCXs 
α-HCH Isomer alpha of HCH 
DCBs Sum of all isomers of DCB 
δ-HCH Isomer delta of HCH 
DNAPL Sum of all COCs present in DNAPL 
ε-HCH Isomer epsilon of HCH 
ESC Equivalent Surfactant Concentration 
exp Experimental value 
γ-HCH Isomer gamma of HCH (Lindane) 
HCH Sum of all isomers of HCH 
HeptaCH Sum of all isomers of HeptaCH 
i Reaction number 
j Any COC 
k Each isomer of the any j compound 
NaOH Sodium hydroxide 
o Initial 
PentaCXs Sum of all isomers of PentaCXs 
precipitated Compound not in solution 
pred Predicted value 
R Total number of reactions 
S Surfactant 
sol Compound in solution 
T Total 
t Discrete time value 
TCBs Sum of all isomers of TCB 
teo Teorical value 
TetraCBs Sum of all isomers of TetraCB  
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HeptaCHs and HexaCXs to TetraCBs whose boiling points are lower than 
the parent COCs. 

The effectiveness of using alkaline conditions dealing with HCHs has 
also been confirmed by Bouzid et al. (2021), who focused on the alkaline 
degradation of HCHs in contaminated sandy soils. In a xanthan solution, 
they injected a Ca(OH)2 suspension into the ground. The findings of the 
study revealed that the degradation kinetics of HCH followed a 
pseudo-first-order reaction, meaning that the degradation rate depended 
on their concentration and followed a first-order rate equation. How
ever, the dehydrochlorination kinetic of HCHs and HeptaCHs in the 
micelles as a function of variables that can affect the rate has not been 
addressed. 

The primary objective of this study is to assess the efficacy of treating 
real SEAR emulsions obtained from the LIFE SURFING project 
(2020–2022). This Project, carried out at the Bailin Landfill in 
Sabiánigo, Spain, was a notable endeavour to rehabilitate a contami
nated fractured aquifer polluted by a dense NAPL (DNAPL) contami
nation from a neighbouring lindane manufacturing site. To overcome 
the limits of existing extraction methods, the Project used new tech
niques, SEAR and in situ chemical oxidation enhanced by surfactant (S- 
ISCO). Two SEAR tests were done in the spring of 2022 using E-3, which 
successfully recovered about 130 kg of DNAPL. 

Furthermore, the experimental data obtained from the pilot plant 
studies were used to verify the effectiveness of a proposed model that 
incorporates the dehydrochlorination kinetic model for non-aromatic 
compounds (HCHs, PentaCXs, HeptaCHs, and HexaCXs) and the 
vaporization of aromatic compounds (TCBs, TetraCBs, and DCBs) (Sáez 
et al., 2022a). This work presents a kinetic model that can account for 
the transformation of HCHs and PentaCXs into TCBs and HeptaCHs and 
HexaCXs into TetraCBs, based on experimental data collected under 
various conditions of temperature, surfactants, sodium hydroxide 
NaOH, and initial concentrations COCs. The vaporization and alkalin
ization model was designed to predict the evolution of emulsions under 
a wide range of variable conditions, allowing for the optimization of 
treatment conditions for each case. 

2. Materials and methods 

2.1. Chemicals 

The quantification of COCs was performed using calibration curves 
prepared from commercial compounds (Sigma Aldrich, analytical 
grade): chlorobenzene (CB), 1,2-dichlorobenzene (1,2-DCB), 1,3-dichlo
robenzene (1,3-DCB), 1,4-dichlorobenzene (1,4-DCB), 1,2,3-trichloro
benzene (1,2,3-TCB) 1,2,3,4-tetrachlorobenzene (1,2,3,4-TetraCB), 
1,2,3,5-tetrachlorobenzene (1,2,3,5-TetraCB), and 1,2,3,4- tetra
chlorobenzene (1,2,3,4-TetraCB), hexachlorocyclohexane isomers (α, β, 
γ, δ and ε-HCH). Additionally, the limonene ((R)-(+)-Limonene, Sigma 
Aldrich) (cosolvent of surfactant) was also calibrated. Bicyclohexyl 
(C12H22, Sigma Aldrich) and tetrachloroethane (C2H2Cl4, Sigma 
Aldrich) were used as internal standards (ISTD) for quantification by gas 
chromatography (GC). 

The pilot plant experiments utilised two distinct real streams derived 
from the SEAR treatment within the LIFE SURFING project (http 
s://lifesurfing.eu/), with their characterisation detailed in Table S1 
(runs PP1 and PP2). This table includes information on surfactant and 
organic phase concentrations and a summary of the molar fraction of the 
emulsion COCs. 

The surfactant selected was E-Mulse® 3 (EthicalChem), which is a 
non-ionic surfactant with a critical micelle concentration (CMC) of 
80mg⋅L− 1. E3 was selected because it is a biodegradable and non-toxic 
surfactant (Santos et al., 2019) and has been successfully applied in 
the solubilisation of COCs from this DNAPL to the aqueous phase 
(García-Cervilla et al., 2020). 

The DNAPL extracted from the subsoil of the Bailin Landfill in 

Sabiñánigo, Spain, as part of the LIFE SURFING project, served as the 
basis for kinetic experiments involving the dehydrochlorination of HCHs 
and HeptaCHs in the presence of surfactant. The composition of DNAPL 
is detailed in Table S2 of the Supplementary Material. NaOH was 
employed to facilitate alkaline dehydrochlorination. 

Sulfuric acid (Sigma Aldrich, 96 %) was used to stop the dehydro
chlorination reaction, and the reaction samples were diluted in meth
anol (Sigma Aldrich, HPLC grade) before their analysis. 

2.2. Experimental procedures 

The experimental procedure was divided into two sets. The first one 
(Set-A) studied the treatment of the actual streams obtained after 
applying SEAR in the Bailin Landfill at the pilot plant scale. The second 
set (Set-B) investigated the effect of the temperature, NaOH and sur
factant concentrations in the dehydrochlorination rate of HCHs and 
PentaCXs to TCBs and HeptaCHs, and HexaCXs to TetraCBs. 

2.2.1. COCs dehydrochlorination and volatilisation at pilot plant 
experiments (Set-A) 

The remediation of the Bailin landfill (Sabiñanigo, Spain) highly 
contaminated with DNAPL from lindane liquid wastes, was carried out 
as part of the LIFE SURFING project. Surfactant-enhanced aquifer 
Remediation (SEAR) technology was employed as an initial step to 
effectively remove a significant portion of the residual DNAPL present in 
the sandstone fractures beneath the landfill. This procedure entailed 
injecting a surfactant aqueous solution and extracting a contaminated 
fluid containing the liquid organic phase (as mobilised DNAPL) and an 
aqueous polluted emulsion with surfactant and dissolved COCs (COCs 
solubilisation). The polluted emulsion underwent a treatment process 
involving alkalinisation and air stripping enhanced by temperature to 
facilitate the volatilisation of COCs within the aqueous emulsion and the 
emulsion breakage. The resulting polluted gas stream containing vola
tilised COCs was subsequently guided through an AC filter, ensuring 
effective capture and retention of these compounds. 

The treatment of two emulsions obtained during the SEAR process 
(PP1 and PP2, with composition in Table S3) was carried out in a 
double-chamber reactor (volume), the first with aeration and the second 
without aeration, avoiding the foam exit with the gas phase. Alkali 
(NaOH, 25 % aqueous solution) was initially added and supplied to the 
chamber when necessary using a pulse pump to maintain the pH above 
12. The aqueous phase was recirculated from the second chamber to the 
first one, with external heating (two 24 kW heaters). Antifoam was 
introduced into the recirculated fluid via a dosing pump to avoid foam 
formation. The aqueous phase is recirculated to the reactor, passing 
through a diffuser nozzle. The tiny droplets formed promote foam 
disruption and volatilisation of lighter organics. The volatilised COCs 
exited the second chamber with the air stream, captured in two 
consecutive activated carbon filters. The tank temperature was main
tained at 50ºC throughout the process. Emulsion samples were collected 
and analysed during 0 to 100 h to quantify COCs using the previously 
outlined procedure. Experimental conditions of runs PP-1 and PP-2 are 
summarised in Table S3. A schematic representation of this process is 
presented in Fig. 1. 

2.2.2. COCs alkaline hydrolysis (Set-B) 
The dehydrochlorination of HCHs and PentaCXs to TCBs and Hep

taCHs, and HexaCXs and HeptaCHs to TetraCBs were conducted in batch 
mode using sealed 20 mL Teflon vials without headspace closed with 
Teflon caps magnetically stirred. 11 runs were carried out. A certain 
amount of DNAPL-1 (500–1000 mg/L) and surfactant E-Mulse® 3 (1 to 
10 g/L) were added to 19 mL of milli-Q water. Then, the vials were 
heated in a thermostatic bath to obtain the desired temperatures (25 ºC - 
60 ºC). Once the temperature was reached, 1 mL of NaOH solution was 
added (zero time) into the vials with the final NaOH concentration in the 
90–190 mM range. The experimental conditions of the runs are 
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summarised in Table S4. A vial was sacrificed at each reaction time, and 
the content was immediately analysed. For this analysis, 1 mL of the 
emulsion was neutralised with 1 mL of H2SO4 0.1 M, then diluted 
1:10 v:v in methanol and analysed by gas chromatography coupled with 
flame ionization and electron capture detectors (GC-FID/ECD). Each 
reaction was carried out in triplicate, finding deviations lower than 10 
%. The surfactant concentration in each reaction sample was determined 
by measuring the equivalent surfactant concentration (ESC) with 5 mL 
of the emulsion each time. ESC accounted for the concentration of E3 
and any byproducts generated from the reaction with NaOH that 
retained surfactant capacity. ESC was calculated by measuring the 
critical micelle concentration (CMC) of the reaction sample using a Krüss 
tensiometer (Hamburg, Germany). The CMC was determined as the 
intersection between the regression line of the region where concen
tration and surface tension (ST) are linearly dependent and the straight 
line passing through the plateau where ST is independent of concen
tration. The ratio of the CMC of the reaction sample to the CMC of pure 

E3 represented the dilution factor of the initial surfactant concentration. 
The product of this dilution factor and the initial surfactant concentra
tion yielded the ESC (Dominguez et al., 2019). 

2.3. Analysis 

The concentration of COCs in the emulsion in Set-A and Set-B ex
periments was analysed by gas chromatography. Aqueous samples (after 
neutralisation) were diluted 1:10 in methanol and immediately injected 
in a GC-FID/ECD (Agilent 8860) with an autosampler (Agilent GC 
Sampler 120). The column was Agilent HP5-MSUI (19091S-433UI, 30 m 
x 0.25 mm ID x 0.25 µm). Helium was used as carrier gas with a flow rate 
of 2.9 mL⋅min− 1. 2 µL of each reaction sample were injected in the GC 
injection port at 250 ºC. The GC oven worked at a programmed tem
perature gradient, starting at 80 ºC and raising the temperature at a rate 
of 15℃⋅min− 1 until 180 ºC, and then keep it constant for 15 min. 
Additionally, a split ratio of 10:1 was employed in the analysis (Santos 

Fig. 1. a) Schematic representation of pilot plant where the experiments in Set-A were carried out, b) double chamber vaporisation unit, c) inside of the first chamber 
vaporisation unit and d) activated carbon filters. 1: E-101, E-102 24 kW resistors; 2: Doble chamber evaporation unit; 3: air diffusers 4: spray system for emul
sion feed. 
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et al., 2018). A GC coupled with a mass spectrometer detector (MSD) 
was used to identify reaction intermedia using the same method. The pH 
was analysed in all experiments with a Metrohm 
914 pH/conductometer. 

3. Results and discussion 

3.1. Pilot plant experiments 

The real SEAR emulsions obtained from the LIFE SURFING project 
were treated in the pilot plant schematised in Fig. 1, and the experiments 
are summarised in Table S3. The composition of COCs in emulsion is 
summarised in Table S1, as is shown the initial emulsion is composed of 
DCBs, TCB and TetraCB isomers as aromatic compounds and HCHs, 
PentaCXs, HeptaCHs, and HexaCXs as non-aromatic compounds. 

In these experiments, the remaining concentrations of surfactant and 
COCs, calculated with Eq. (1) were monitored over time. Fig. 2 illus
trates the concentration of DNAPL, calculated as the sum of COCs and 
surfactant concentrations. 

(
1 − Xj

)
=

∑
Ck

∑
Cko

(1)  

where 1 − Xj is the remaining fraction of the compound j in the emulsion, 
and Ck and Cko are the concentration in mmol⋅L− 1 of the isomers at the 
specific and initial times, respectively. If j = HCH, then k = α − HCH,

γ − HCH, δ − HCH, ε − HCH; if j = HeptaCH then 
k = HeptaCH − 1,HeptaCH − 2,HeptaCH − 3and a − HexaCX, b
− HexaCX, c − HexaCX, d − HexaCX, e − HexaCX If j = PentaCX then 
k = γ − PentaCX, δ − PentaCX, β − PentaCX, η − PentaCX, θ − PentaCX; 
j = TetraCBs then k = TetraCB − a, TetraCB; 
j = 1,3, 5 − TCB, 1, 2,4 − TCB,1, 2,3 − TCB and j = DCB k = 1,3 − DCB,
1, 4 − DCB,1, 2 − DCB. 

As shown in Fig. 2, after 40 h of treatment, the remaining fraction of 
COCs in the emulsion was lower than 0.05 for experiments PP-1 and PP- 
2 (95 % of total DNAPL reduction). The experimental conditions used in 
PP-1 and PP-2 were similar. The main difference was the surfactant 
concentration. According to the experimental results, the increase in the 
surfactant concentration (PP-2) results in lower volatilisation of DNAPL 
with a negligible effect on the surfactant conversion. 

The remaining concentration profiles of HCHs, PentaCX and Hep
taCH (as the sum of HeptaCH and HexaCXs isomers) are plotted in Fig. 3. 
As shown, these chemicals were wholly eliminated in the early stages of 
treatment. The latter can be explained by the fact that these isomers 
make up the non-aromatic component of the DNAPL and have higher 
boiling points than aromatic compounds. Therefore, their elimination 
can be attributed to the dehydrochlorination reaction. 

The hydrolysis of non-aromatic compounds was unaffected by the 
surfactant concentration (0.58 g/L in PP-1 and 1.49 g/L in PP-2). The 
remaining concentration profiles of the most volatile compounds, TCBs, 

TetraCBs, and DCBs, are plotted in Fig. 4. The remaining concentration 
profiles of TCBs and TetraCBs isomers (symbols in Fig. 4a and Fig. 4b) 
showed a maximum greater than 1. This fact supports the idea that such 
chemicals are generated through the dehydrochlorination of non- 
aromatic compounds and removed through air stripping., in agree
ment with the experimental results observed in the vaporization of non- 
aromatic compounds (Sáez et al., 2022a). Early in the process, the 
maximum was present, indicating that hydrolysis happened faster than 
vaporisation. 

3.2. Model of SEAR emulsion post-treatment by vaporisation 

The design of the volatilisation step to treat the emulsion from the 
SEAR tests of the LIFE SURFING requires the modelisation of an inten
sified operation where the hydrolysis of non-aromatic compounds and 
the vaporisation of aromatic compounds occur, taking into account the 
stability of the surfactant using airflow. The inputs of the model will be 
the operation conditions of the unit, such as temperature, airflow and 
the treated volume and the chemical characterisation of the emulsion, 
comprising the surfactant and DNAPL concentrations and the mass / 
molar fractions of the different COCs in the DNAPL. 

The model proposed considered the following assumptions: 

– An apparent Henrýs law constant describes the vapour-liquid parti
tioning of chlorinated solvents in surfactant solutions (Vane and 
Giroux, 2000). The apparent Henry’s law constants were calculated 
using Eq. (2). This equation takes into account the effect of tem
perature (TV in ºC) and surfactant concentration (CS in g⋅L− 1)on the 
vaporization of CB, 1,2-DCB, 1,4-DCB, 1,2,4-TCB, 1,2,3-TCB, a-Tet
raCB and b-TetraCB. The parameters of Eq. (2) were estimated in 
previous works (Sáez et al., 2022a; Sáez et al., 2022b) summarised in 
Table S5. 

Happ,j = exp
(
a+ b⋅CS + c⋅TV + d⋅CS

2 + e⋅T2
V + f ⋅CS⋅TV

)
atm  

j = {CB, 1, 2 − DCB, 1, 4 − DCB, 1, 2, 4 − TCB, 1, 2, 3 − TCB, a
− TetraCB, b − TetraCB}

(2)    

– HCHs, HeptaCH, HexaCX and PentaCX, were not vaporised under the 
experimental operation conditions. The apparent Henry’s law con
stant is almost zero, as is expressed in Eq. (3). 

Happ,j = 0j ∈ {HCH,HeptaCH,HexaCX,PentaCX} (3)   

– The CB, DCBs, TCBs, and TetraCBs isomers do not suffer the dehy
drochlorination reaction. The kinetic constant of those compounds is 
zero, as expressed in (4). 

kk = 0 k ∈ {DCB,CB,TCB,TetraCB} (4) 

Fig. 2. The remaining concentration profiles of a) DNAPL as the sum of COCs and b) surfactant in pilot plant experiments are summarised in Table S4. Symbols 
depict experimental values and line the predicted values using the vaporisation and dehydrochlorination intensified model. 
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– The reaction rate for the dehydrochlorination of HCHs, PentaCX 
isomers, and the sum of HeptaCH and HexaCX must be greater than 
0. The reaction rate must be measured experimentally in the sur
factant presence. 

kk > 0 k ∈ {HCHs,PentaCX,HeptaCH and HexaCX} (5)    

– The reaction of E3 and NaOH promoted the loss of the surfactant 
capacity, affecting the maximum DNAPL that can be solubilised and 
then its precipitation (Sáez et al., 2022a). 

The vaporisation and dehydrochlorination mass balance can be 
modelled using Eq. (6). 

dCj

dt
= Rj +Vj (6)  

being Rj and Vjthe production and the vaporisation rates of compound j 
in mmol⋅L− 1⋅h− 1, respectively. The molar balance for the COC volatilised 
with time can be determined using Eq.(7). 

−
dnj

dt
= −

VLCT dxj

dt
(7)  

being nj of the amount of mol of compound j; VL is the total volume of 
emulsion treated in L; CT is the total concentration of the emulsión, 
mainly composed of water, and it can be considered constant and equal 
to 55000 mmol⋅L− 1; Finally xj is the molar fraction of compound j in the 
liquid phase. 

Assuming that the gas flow leaving the operation unit is in equilib
rium with the emulsion by applying the Raoult law, the molar fraction of 

compound j in the gas phase is computed using Eq. (8). 

yj =
Happ,j⋅xj

PT
(8)  

being PT the total pressure in atm. Eq. (7) and Eq. (8) can be used to 
express the equilibrium condition between the gas and liquid phase in 
the operation unit: 

−
VL⋅CT ⋅dxj

dt
= Fgas⋅yj =

FgasHapp,jxj

PT
(9)  

here, Fgasrepresents the gas molar flow rate in mmol⋅h− 1. Supposing the 
total concentration of the liquid phase, mainly water, was constant, Eq. 
(10) can be expressed as the volatile compounds’ vaporisation rate. 

Vj =
dCj

dt
= −

FgasHapp,jCj

VL⋅CT ⋅PT
(10) 

The reaction rate of the different compounds can be expressed as 
follows: 

Rij =
∑R

i=1
υijkijCm

NaOHCj (11) 

As was set in a previous work, surfactant capacity was affected by 
temperature and surfactant concentration. The mass balance of the ESC 
can be calculated using the kinetic model expressed in Eq. (12), whose 
parameters and equations were obtained by Sáez et al. (2022a) and 
those are summarised in Table S6. 

−
dCESC

dt
= k(CESC − CSoxr)

(1 + k1CDNAPL)

(1 + k2CDNAPL)
t = 0∴CESC = CSo (12) 

In Eq. (12) xr represents the residual ESC with temperature, as shown 
in Table S6. As depicted in Fig. 2, the experimentally obtained ESC was 

Fig. 3. The remaining concentration profiles of a) HCHs; b) HeptaCH + HexaCX and c) PentaCX as the sum of isomers in pilot plant experiments, are summarised in 
Table S4. Symbols depict experimental values and line the predicted values using the vaporisation and dehydrochlorination intensified model. 
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negligible for PP-1 and PP-2. This could be due to errors in the deter
mination method (concentration below the detection limit) or insignif
icant residual ESC under the tested conditions. Therefore, it was 
calculated using both scenarios: using xr as a function of temperature 
and xr = 0 in Eq. (12). 

3.3. Kinetic of dehydrochlorination of non-aromatic COCs 

The kinetics of dehydrochlorination for non-aromatic chlorinated 
organic compounds (PentaCXs and HCHs to TCBs and HexaCXs and 
HeptaCHs to TetraCBs) were investigated at several temperatures, sur
factant and COCs concentrations, and alkali concentrations, as sum
marised in Table S4. 

3.3.1. Product distribution 
The reaction samples were analyzed by GC/MDS to identify sub

products of the dehydrogenation reaction. No compounds other than 
those that compound the DNAPL samples (detailed in Table S2) were 
identified. 

The quantification of the reaction samples showed that the concen
tration of the non-aromatic compounds (HCH, HeptaCH, HexaCX and 
PentaCX) decreased with time. In contrast, the TCB and TetraCBs isomer 
concentration increased with reaction time. Furthermore, the concen
tration of DCB isomers was not modified. 

The results indicated that the number of reacted HCH and PentaCX 
molecules equated to the number of moles of TCBs generated (as the sum 
of isomers). Moreover, the variation in the moles of HeptaCH and 
HexaCX caused the same quantity of TetraCBs. The same conclusion was 
confirmed by Bouzid et al. (2021) and documented elsewhere (Gar
cia-Cervilla et al., 2021; Lorenzo et al., 2020), where various soil sam
ples contaminated with a DNAPL from Sabiñanigo landfills (similar 
composition to those detailed in Table S2), were exposed to an alkaline 

solution (pH > 12) for 48 h. 
The dehydrochlorination mechanism of HCH and HeptaCH with 

NaOH was explained as a nonreductive elimination, also known as 
β-elimination (Bescós et al., 2021; Bouzid et al., 2021; Li et al., 2011; 
Verma et al., 2023; Zhang et al., 2023). This mechanism involves the loss 
of a halogen and a neighbouring proton to form an alkene, following the 
E2 mechanism. For the HCHs, β-elimination is expected to be a facile 
process due to the relative acidity of the hydrogen on the adjacent, or 
beta carbon to that bearing the departing halogen (Ingold, 1953; Li 
et al., 2011). 

The first dehydrohalogenation step of HCH produces PentaCX iso
mers. Successive β-eliminations would progress through a relatively 
unstable tetrachlorocyclohexadienes (TetraDiCX, this compound was 
not experimentally identified in runs in Tabls S4) to TCBs isomers, which 
would be expected to be relatively stable by the aromatic nucleus. 
(Bescós et al., 2021; Li et al., 2011). 

Scheme 1 shows the dehydrochlorination reaction, where a series of 
reactions was presented, starting with HCH and finishing in TCBs iso
mers. The same model was proposed by HeptaCH, as summarised in  
Scheme 2. 

3.3.2. NaOH concentration effect 
The effect of NaOH concentration in the dehydrochlorination reac

tion was investigated using 90 and 190 mM of NaOH (3.6 and 7.6 g⋅L− 1 

of NaOH, respectively and pH>12) and surfactant and DNAPL concen
trations of 5 g⋅L− 1 and 500 mg⋅L− 1 at 25 ºC. In Fig. 5a, the remaining 
profiles of HCH, as the sum of isomers to TCBs, are depicted as symbols. 
In addition, Fig. 5b illustrates the remaining fraction of the sum of 
HeptaCH isomers to TetraCBs, and Fig. 5c shows the evolution of Pen
taCXs. The remaining fraction profiles 

(
1 − Xj

)
of those compounds 

were calculated using Eq.(1). HeptaCH and HexaCX are lumped since 
the concentration of HexaCX isomers was lower than 20 % of HeptaCHs. 

Fig. 4. The remaining concentration profiles of a) TCBs, b) TetraCBs and c) DCBs as the sum of isomers in pilot plant experiments are summarised in Table S4. 
Symbols depict experimental values and line the predicted values using the vaporisation and dehydrochlorination intensified model. 
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Scheme 1. Reaction mechanism of HCHs dehydrochlorination to PentaCXs and TCBs. The compounds represent the sum of isomers. TetraDiCX isomers were 
not identified. 

Scheme 2. Reaction mechanism of HeptaCHs dehydrochlorination to HexaCXs and TetraCBS. The compounds represent the sum of isomers. PentaDiCX isomers were 
not identified. 

Fig. 5. Remaining fraction of a) HCHs and b) HeptaCH + HexaCX, c) PentaCXs as the sum of isomers varying NaOH concentration. CS = 5g⋅L− 1,CDNAPL = 500mg⋅L− 1,

T = 25ºC. Symbols depict experimental values and lines the predicted values Eq. (14) to Eq.(23) and parameters in Table 1. 
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HCHs and PentaCXs are considered separately. 
As depicted in Fig. 5, the NaOH concentration increase under the 

tested experimental conditions results in a slight increase of HCHs hy
drolysis rate with a negligible impact on dehydrochlorination of Hep
taCH and HexaCX. Moreover, HeptaCH showed a much faster reaction 
rate. 

As Fig. 5c illustrates, the remaining ratio of PentaCX evolution ex
hibits an initial increase, followed by a decline, reaching a maximum 
value greater than 1. This behaviour confirmed that PentaCX was 
generated during the dehydrochlorination of HCH as an intermediate 
product. The hydrodechlorination rate of PentaCX was barely impacted 
by alkali concentration. The concentration and time value of the 
maximum depended on the reaction rate of the dehydrochlorination 
reaction of HCHs. For these reasons, a positive variation of temperature 
and NaOH concentration decreased the time and concentration of the 
maximum point. 

Due to the abundance of HCH isomers and the importance of those in 
the objective of the SEAR treatment in Bailin Landfill, the dehydro
chlorination of each HCH isomer (α,δ,γ,andε) lumped as HCHs in Fig. 5 
are shown in Fig. S1. The isomer profiles closely resembled the com
bined profile of HCHs. Comparing the remaining profiles of isomers, it is 
discerned that the reaction rates follow the ranking δ − HCH >

α − HCH > ε − HCH ≈ γ − HCH. 
PentaCX and TCBs are the subproducts of HCH, as previously 

mentioned. Plots of TCB evolutions can be found in Fig. S2a. Further
more, Fig. S2b shows the concentration change of TetraCBs isomers (a 
byproduct of HeptaCHs hydrolysis) throughout time. The production 
ratio is shown in this figure, which is determined by dividing the 
byproduct’s concentration by the total amount of precursor chemicals, 
as given in Eq. (13). The profiles shown in Fig. S2 are inclined toward 
one. The latter showed that alkaline conditions did not result in the 
production of subproducts from TCBs and TetraCBs. 

Yj =

∑
Cj

∑
Cko

(13)  

where Yj is the production fraction of the compound j, and Cj and Cjo are 
the concentration in mmol⋅L− 1 of the isomers at the specific and initial 
times, respectively. If j = TCBs, then k = HCHs, TCBs, HexaCX and 
PentaCBs isomers; if j = TetraCBs then k = HeptaCH, HexaCX and Tet
raCBs isomers. 

3.3.3. Effect of the initial concentration of DNAPL in the emulsion 
The effect of COCs concentration in the emulsion on the hydrolysis 

rate of non-aromatic compounds is presented in Fig. 6 for HCHs, Hep
taCHs and PentaCXs. As was expected, PentaCX presented a maximum 
concentration value, and the conversion of non-aromatic COCs was not 
affected by the initial DNAPL concentration in the emulsion. Therefore, 
the dehydrochlorination reaction can assume a first-order reaction for 
COCs concentration. The same conclusion was inferred from the 
experimental results plotted in Fig. S1, where the conversion profiles of 
HCH isomers are represented. Fig. S4 shows the concentration profiles of 
TCBs and TetraCBs isomers. 

3.3.4. Effect of surfactant concentration 
The effect of surfactant concentration in emulsion on the hydrolysis 

rate of non-aromatic compounds has been studied in the range 
1–10 g⋅L− 1. The remaining fractional concentration profiles are repre
sented in Fig. 7 for the sum of HCHs, HeptaCHs and PentaCXs. In 
addition, the shapes of each HCH compound are shown in Fig. S5. It was 
experimentally found that the DNAPL in the emulsion was not precipi
tated since the surfactant capacity was kept constant during the reaction 
time (3 h) in agreement with the reported in previous work (Sáez et al., 
2022a). 

Fig. 6. Remaining fraction of of a) HCHs and b) HeptaCH + HexaCX, c) PentaCXs as the sum of isomers varying the DNAPL initial concentration. CS = 5g⋅L− 1,CNaOH 

= 90mmol⋅L− 1,T = 25ºC. Symbols depict experimental values and lines the predicted values Eq. (14) to Eq.(23) and parameters in Table 1. 
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The experimental results proved that, in the range studied, the sur
factant concentration did not affect the dehydrochlorination reaction 
rate. 

The concentration of the final products (TCBs, TetraCBs) of the 
dehydrochlorination reaction are shown in Fig. S6. The surfactant con
centration showed again a negligible influence in the byproducts profile. 

3.3.5. Effect of temperature 
The dehydrochlorination of HCH isomers was investigated at 

different temperatures; the results are presented in Fig. 8a. As expected, 
the higher the temperature, the higher the HCH reaction rate. The in
fluence of temperature on the dehydrochlorination reaction was also 
examined for each HCH isomers. As experimentally demonstrated in 
Fig. S7, temperature positively impacted the reaction rate of these 
isomers. 

The dehydrochlorination rate of heptachlorohexane (HeptaCH) by 
alkali was excessively rapid, making it challenging to discern any sig
nificant influence of temperature at temperatures above 313 K, as 
depicted in Fig. 8b. 

The temperature-dependent concentration profile of PentaCX is 
illustrated in Fig. 8c. As the temperature increases, the time needed to 
reach the maximum decreases, accompanied by an elevated rate of 
disappearance of these compounds. In addition, the maximum concen
tration value increased with the temperature, as was experimentally 
probed in data represented in Fig. 8c. The latter can be explained if the 
active energy of the dehydrochlorination reaction of PentaCX to produce 
TCB is lower than the activation energy of the dehydrochlorination re
action of HCH to produce PentaCX following a serial reaction mecha
nism (as is discussed later). This observation confirms that temperature 
positively impacts the formation of these compounds from HCHs and 
their subsequent transformation into TCBs. Fig. S8 shows the 

concentration profiles of PentaCX, TCBs, and TetraCBs. 

3.3.6. Kinetic model of dehydrochlorination reaction 
The experimental findings from Set-B (Table S4), were employed to 

formulate a kinetic model capable of elucidating the influences of 
temperature, NaOH, surfactant and COCs concentration on the dehy
drochlorination rate of non-aromatic COCs. Subsequently, kinetic pa
rameters were obtained through data fitting. Grounded in the 
experimental results, the following assumptions were considered: 

• The dehydrochlorination rate of HCH and HeptaCH isomers is pro
moted by alkali. However, the effect NaOH concentration was 
negligible under the experimental conditions tested.  

• The dehydrochlorination rate follows a first-order reaction on HCH 
and lumped HeptaCH + HexaCX isomers concentration since the 
conversion of those compounds did not depend on their initial con
centration in the emulsion.  

• The dehydrochlorination rate does not depend on the HCH and 
HeptaCH + HexaCX isomer surfactant concentration. 

• The positive effect of temperature was observed for the dehydro
chlorination of HCH but could not be quantified for HeptaCH +
HexaCX due to their fast dehydrochlorination rate. 

3.3.6.1. Kinetic model for HCH isomers dehydrochlorination. The kinetic 
model of the dehydrochlorination reaction of HCH isomers was pro
posed for α − HCH,γ − HCH,δ − HCH,ε − HCH. As proposed in Scheme 
1, those compounds reacted, producing PentaCX isomers as their sum. 
Then, PentaCX reacted to produce TCB isomers according to the reaction 
summarised in Eqs. (14) and (15). 

Fig. 7. Remaining fraction of of a) HCHs and b) HeptaCH + HexaCX, c) PentaCXs as the sum of isomers varying the surfactant concentration. CDNAPL = 1000mg⋅L− 1,

CNaOH = 90mmol⋅L− 1,T = 25ºC. Symbols depict experimental values and lines the predicted values Eq. (14) to Eq.(23) and parameters in Table 1. 
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r1 : HCH +NaOH→PentaCX +NaCl+H2O (14)  

r2 : PentaCX + 2NaOH→TCBs+ 2NaCl+ 2H2O (15) 

The mass balances in the reaction of HCHs to TCBs are summarised in 
Eqs. (16)–(18). 

dCHCHk

dt
= − r1kk ∈ {α − HCH, γ − HCH, δ − HCH, ε − HCH} (16)  

dCPentaCXk

dt
=

∑
r1k − r2 (17)  

dCTCBsk

dt
= r2 (18)  

being CHCHk the concentration in (mmol⋅L− 1) of each isomer of HCH, 
CPentaCXk and CTCBsk the concentrations of the sum of isomers of PentaCX 
and TCBs, respectively, at a time t. Here, r1k (in mmol⋅L− 1⋅min− 1) is the 
velocity of the reaction in Eq. (14). It depends on the HCH isomers, and 
the model is in Eq. (19). A unique rate is defined for the reaction in Eq. 
(15) to express the reaction of PentaCX as a lumped compound of iso
mers. The kinetic model proposed for this reaction is summarised in Eq. 
(20). 

r1k = k1k⋅Cn
NaOH ⋅CHCH (19)  

r2 = k2⋅Cn
NaOH ⋅CPentaCX (20) 

Here CNaOH is the NaOH concentration (g⋅L− 1); k are the reaction rate 
constants (Ln⋅mmol− n

NaOH⋅min− 1). The constants consider the temperature 
effect following the Arrhenius law (Levenspiel, 1999), expressed in Eq. 
(21). 

kk = kk0⋅exp
(

−
Eak

T(K)

)

(21)  

3.3.6.2. Kinetic model for HeptaCH + HexaCX (lumped compound) 
dehydrochlorination. The dehydrochlorination of HeptaCH and HexaCX 
summarised in Scheme 2, was assumed as a one-step reaction to produce 
the TetraCBs isomers, as is shown in Eq. (22). The mass balance and the 
kinetic model proposed are summarised in Eq. (23). r3 : (HeptaCH +HexaCX)+ 3NaOH→TetraCBs+ 3NaCl+ 3H2O (22)  

dCHeptaCH+HexaCX

dt
= − r3 = − k3⋅CHeptaCH+HexaCX (23) 

Data from experiments in Set-B were fitted to the model in Eqs. (14)– 
(23). The problem to be solved is composed of a mixed set of differential 
and algebraic equations. It was implemented in ModelBuilder 7.1.0 
provided in the gPROMS suit and the algorithm DASOLV was used to 
simulate the reaction system. DASOLV is based on a variable time step, 
variable order and Backward Differentiation Formulae (BDF) (Siemens, 
2022). The estimated parameters calculated for the SCL kinetic model 
minimising the sum of quadratic residuals (SQR) in Eq. (24) are shown 
in Table 1, with the confidence interval (CI) (95 %) of the parameters. 

SQR =
∑(

Cj exp − Cj pred
)2 (

mg⋅L− 1)2 (24) 

The predicted values of the conversion of HCH and HeptaCH + Hexa 
isomers using the model in Eqs. (14)–(23) and the parameters gathered 
in Table 1 are represented from Fig. 5 to Fig. 8. The conversion values 
predicted for each HCH isomer and the corresponding concentrations of 
TCBs and TetraCBs are represented as lines from Fig. S1 to Fig. S7 and at 
298 K in Fig. S8. The excellent agreement between the observed and 
predicted conversions and concentration values inferred that the pro
posed kinetic model could adequately predict the dehydrochlorination 
of non-aromatic compounds in the DNAPL. 

It is worth noting that the model had challenges accurately pre
dicting the experimental results depicted in Fig. S8 at 313 K and 333 K. 
As observed, the experimental values were lower than expected at both 
temperatures, likely due to the losses of TCBs and TetraCBs by 

Fig. 8. Remaining fraction of of a) HCHs and b) HeptaCH + HexaCX, c) PentaCXs as the sum of isomers varying the temperature. CDNAPL = 1000mg⋅L− 1,CNaOH =

90mmol⋅L− 1,Csurf = 5g⋅L− 1. Symbols depict experimental values and lines the predicted values Eq. (14) to Eq.(23) and parameters in Table 1. 
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evaporation. 

3.4. Validation 

The experimental concentrations of DNAPL, surfactant and COCs in 
Set-A experiments are shown as symbols in Fig. 2 to Fig. 4, respectively. 
The lines in those charts represent the predicted values by the model 
presented in the previous sections. A good agreement was found be
tween experimental and predicted values for experiments PP-1 and PP- 
2, carried out at the pilot plant scale. The latter validated the model 
proposed, which can be used to model the unit to treat emulsion 
composed of COCs by coupling vaporisation and dehydrochlorination. 

In the case of the ESC represented in Fig. 2b, the experimental results 
are better explained, assuming the residual ESC was negligible for PP-1 
and PP-2, using xr = 0 in Eq. (12). 

4. Conclusions 

The treatment of real emulsions obtained after the application of 
SEAR within the framework of the LIFE SURFING project, through the 
combination of hydrolysis of non-aromatic compounds to generate ar
omatic compounds with lower boiling points and subsequent vapor
isation of these compounds, has proven to be highly effective. Removal 
rates of chlorinated compounds exceeding 95 % were obtained within 
25 h of treatment. 

Designing the emulsion treatment process required the development 
of a kinetic model for the dehydrochlorination of HCH, PentaCX, Hep
taCH and HexaCX isomers to produce TCBs and TetraCBs isomers. The 
influence of NaOH concentration, surfactant, initial DNAPL and 

temperature was studied, concluding that the most influential variables 
are NaOH concentration and temperature. Model parameters were fine- 
tuned using experimental data, accounting for the temperature and 
NaOH concentration effects. 

This kinetic model developed in this work and the model for 
vaporising aromatic compounds found elsewhere were successfully 
validated in treating actual emulsions containing COCs. These findings 
provide a valuable tool for simulating and optimising the treatment 
process of contaminated emulsions, contributing to environmental sci
ence and technology advancement. 
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Table 1 
Kinetic parameters were obtained by fitting the model expressed in Eqs. (14)– 
(23) to the experimental data obtained in Set-B.   
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