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This research introduces an oil-in-water (O/W) nano-emulsion (oil-water-CHClF2) as the
reusable extractant phase using liquid–liquid extraction methodology for the removal
efficiency of Cl− and Hg(0) [between 90% and ~100%, deepening on the nature of the
natural gas condensate (NGC)] at a brief separation time (<3.0min). The achieved safety of
the NGC using this nano-emulsion results in efficient reduction in the corrosion rate during
testing iron-based fragments (vs. the untreated ones as controls) and increase in the NGC
economic value. Another advantage of the synthesized nano-emulsion is its capability and
catalytic mediating behavior to efficiently separate and synthesize highly pure dicopper
chloride trihydroxide nanoparticles. The synthesized nanoparticles were characterized by
different analytical methods such as Fourier transform infrared spectrometry, X-ray
diffraction, X-ray photoelectron spectrometry, and direct visualization by some electron
microscopies. Direct synthesis, fast synthetic time (<3.0min), high purity (>99%), and
scalability are the main advantages of this synthetic method. This nanoparticle is not only
safe but also is efficiently applicable in different industries, especially as an eco-friendly
agricultural pesticide for different plants and tress such as pistachio. Consequently, this
method is accepted as direct, simple, low-cost, and scalable conversion of some upstream
industries with the downstream ones. All these possibilities are attributed to the intermediate
transport properties of the introduced O/W nano-emulsion. At this condition, this reagent
plays role as a recycledmotor for theNGCpurification and conversion of these impurities into
the safe and usable products. To the best of knowledge, this research is considered as the
first report that shows application of thisO/Wmedium for both chloride andmercury removal
from the NGC and its direct use as top element in the synthesis of eco-friendly nanoparticles.
This system is applicable in some parts of the fuel and oil centers of the “Middle East.”
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INTRODUCTION

Natural gas condensates (NGCs) often involve serious impurities
such as chloride ion (Cl−), hydrogen sulfide (H2S), mercaptans
(R-SH), mercury element [Hg(0)], and inorganic salts. These
impurities are often attributed to the neighborhood of the NGCs
to the geological contexts (Sabbaghi et al., 2012). However, in the
NGCs, some pollutions, especially Cl− and Hg(0), are so high that
they can even be detected via direct visualizing their intensive
colorimetric turbidity in some parts of the fuel and oil centers,
especially in the “Middle East” (Pierce et al., 2007; Sabbaghi et al.,
2012; Hou et al., 2013; Wu et al., 2013; Lavela et al., 2015; Sun
et al., 2019).

In fact, the Cl−, as one of the most aggressive ionic species, can
seriously cause inadequate flammability and pitting corrosion
(Ergun and Turan, 1991); this issue would consequently produce
failure of the oil/gas production lines and the transportation
equipment (Jiang et al., 2013). The importance of this problem is
more serious when some different metal-chloride complexes are
formed that play significant role as catalytic poisoning (Argyle
and Bartholomew, 2015). Besides, elemental mercury [Hg(0)],
even at its trace levels (Bingham, 1990), has also corrosive
property that extremely damages some piping equipment,
especially the aluminum heat exchangers (Wilhelm, 2009).
Moreover, Hg(0) extremely provides health problems for the
industrial workers (Wilhelm and Bloom, 2000). All these
problems reveal strong demand for purification (removal) of
the NGC from these serious impurities.

Although different methodologies have been proposed for
the Cl− removal from various real samples (Pierce et al., 2007;
Sabbaghi et al., 2012; Hou et al., 2013; Wu et al., 2013; Lavela
et al., 2015; Sun et al., 2019), but (to the best of knowledge)
these methods have not been suitable, especially because of
altered problems such as sophisticated matrix and irreversible
fouling effect(s) of the NGC. On the other hand, other systems
such as sorbent-based mercuric filters (Yan, 1987; Yang et al.,
2007; Abai et al., 2015; Liu et al., 2020) have frequently high
cost, small efficiency, and often need high temperature. Hence,
current study introduces a nano-emulsion as extractant phase
(extraction solvent) for efficient and simultaneous removal of
the Cl− and Hg(0) using liquid–liquid extraction (LLE)
methodology. In addition, the nano-emulsion’s catalytic
mediation results in the conversion of the extracted Cl− to the
dicopper chloride trihydroxide (Cu2(OH)3Cl(s)) nanoparticles
(Jackson and Fulton, 1996; Scott, 2000; Lubej et al., 2004; Luo
et al., 2005; Lu et al., 2010) with eco-friendly agricultural pesticide
applications.

Briefly, dicopper chloride trihydroxide is considered as an
appropriate compound that is useful as an effective pesticide for
various plants and trees, especially pistachio (Brühl et al., 2021).
The general synthetic process of this compound is often based on
the reaction between copper salts and chloride compounds at the
basic condition (Jackson and Fulton, 1996; Lubej et al., 2004).
However, the efficiency of the formation of this compound is
seriously limited due to some different side reactions. The
attribution of these reactions leads to the formation of some
impurities such as Cu(OH)2 and CuCl2, besides some various

coordination compounds such as CuCl3
− and CuCl4

2−. (Scott,
2000; Hussain et al., 2019; FAO/WHO, 2021). These producers
are often generated on the basis of different mechanisms such as
coprecipitation and crystal-based complex formation.

Besides the abovementioned problems, the lack control on
other factors like size distribution and the morphology is also
other problems, owing to the harness of the control of the relative
supper saturation and the absence of any suitable template and
capping agents (Luo et al., 2005; Lu et al., 2010; Chen and Zhong,
2022; Pathania et al., 2022). Fortunately, the introduced oil-in-
water (O/W) emulsion plays significant roles as almost all of the
abovementioned reagents for reaching to pure, size-controllable,
and high-efficient pesticide. Therefore, the novelty of this study is
brief: Not only is the Cl− and Hg(0) removal from the NGC but
also is accessing an important and applicable compound. To the
best of knowledge, no applicable methodology has been
introduced for solving the current problem, especially at the
industrial scale.

EXPERIMENTAL

Materials
The necessity reagents related to the nano-emulsion syntheses
have been fromMerck Company; their information and the NGC
sample data were given in Supplementary Material S2.1. How to
prepare this nano-emulsion as an O/Wmedium was presented in
detail in Supplementary Material S2.2. Stable homogeneity
(Chen and Zhong, 2022; Pathania et al., 2022) of the
synthesized O/W nano-emulsion was confirmed for a long
time (up to 24 h), which could be re-homogenized simply via
vigorously shaking for a few seconds (maximum 10 s).

Nano-Emulsion Preparation (Standard
Extracting Medium)
The HCFC-22 (R22)–treated oil was prepared using descriptions
methodology in the previous study (Mohammadi et al., 2016;
Banan Khorshid et al., 2021). Briefly, the stock nano-emulsion
medium with oil concentration of 20.80 g L−1, as the extracting
medium, was simply prepared by weighting 1,040.0 mg of this oil
sample. Then, it was mixed with the triply distilled water
(20.0 ml) during stirring using a magnet stirrer for a few
minutes (3.0 min) at 400 ± 2 rpm using a hotplate stirrer
(RT2, Denville Scientific Inc., American Cleanstat, LLC, Phenix
Research Products Inc., Candler, NC, USA). In this synthetic
process, the stability of the R22-treated oil for a long time. The
results exhibited no significant desorption of the R22 from the oil
matrix. This practically revealed no toxicity of the R22-treated oil
using this procedure.

The R22 was then purged with flow rate of 5.00 ±
0.01 ml min−1 for 10.0 min using a mass flow controller
(MFC, Bronkhorst high-tech. B.V., England). After that, it
was transferred into a 50.0-ml glass volumetric flask (Thermo
Scientific™ Nalgene™ Class B Polypropylene Copolymer
Volumetric Flasks with Closure) and diluted to the mark
using the triply distilled water. Then, it was vigorously
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shaken for about 1 min to form the homogenous nano-
emulsion. The synthesized nano-emulsion was visualized
using a fluorescence optical microscope (Olympus IX70, UK).

Daily dilution of the stock nano-emulsion was achieved via
sampling a fixed volume of the stock solution using an “Eppendorf”
pipette (Eppendorf® Research® Plus Pipettes; Sigma-Aldrich) and
transferring into a glass volumetric flask. Afterward, it was stirred
for 1 min and sonicated in a sonication bath (Ultrasonic cleaner,
400W, 9.5 L, 40 kHz, C250X, MEGA Lab, UK) for 30.0 s at room
temperature. Finally, it was diluted to the mark using the triply
distilled water. As is expected, direct imaging the nano-emulsion,
multiple circular phases revealed the existence of plenty of efficient
interfaces for direct interaction with the NGC sample during
simultaneous Cl− and the Hg(0) removal purpose.

It also should be noted that the concentration of the nano-
emulsion was expressed in grams per liter. This was because of 1)
better dealing with the R22 gas, 2) dependency of the
concentration to the temperature, and 3) the lack of
knowledge about the precise gram formula weights of each oil
and the NGC. Consequently, it was impossible to introduce the
composite of the synthesized nano-emulsion based on mole
fraction. Therefore, in this experiment, it was decided to focus
on some general terms such as flow rate, volume, and purging
time for the reproducible synthesis of the nano-emulsions.
Nevertheless, about other reagents such as Ag+ and Cu2+
solutions, the concentrations were reported based on moles
per liter to have better comparison and interpretation during
the optimization process.

Liquid–Liquid Extraction
Complete detail of the LLE method is given in Supplementary
Material S2.3.

Analysis Process
Experimental detail about the semi-quantitative test for the Cl−

detection via silver chloride (AgCl) particles formation has been
reported in Supplementary Material S2.4. In addition, the
corrosion test was evaluated via following the weight loss and
direct visualization of the corrosion of some iron fragments during
contacting with the treated and untreated NGCs, under similar
conditions, by scanning electron microscopy (SEM) as shown in
Supplementary Material S2.5. Besides, quantitative tests for the
Hg(0) determination based on standard addition and external
calibration methods using ion-exchange chromatography (IEC)
and cold vapor–atomic absorption spectrometry (CV-AAS) were
shown in Supplementary Material S2.6.

Formation of Dicopper Chloride
Trihydroxide Nanoparticles
Along the accomplishing the extraction step, Cu2(OH)3Cl(s)
nanoparticles were generated based on the catalytic mediation
of the nano-emulsion using the Cu2+ solution as both the de-
emulsifier and the responsible reagent according to the
recommended procedure (see Supplementary Material S2.7).
In particular, the term “Catalytic Mediation” is a famous phrase
that can be looked up in different reported articles (D’Acunzo and

Galli, 2003; D’Alfonso et al., 2014). In this research, the
synthesized nano-emulsion was therefore applied to the system
to finalize the precipitation process and removal of insoluble
particles with maximum removal efficiency.

RESULTS AND DISCUSSION

Evidence About the Morphology of the
Synthetized Nano-Emulsion
In the synthesized nano-emulsions, often, these compounds are
evaluated indirectly via following their chemical stability. In this
nano-emulsion, because of its Brownian motion, besides its
thermal stability, often, it is impossible to directly observe
them even by cryo–transmission electron microscopy (TEM)
imaging. Hence, in the synthesized nano-emulsion, the
characterization was limited only to the evaluation of its
mechanical stability for a long time, for instance, 24 h, which
could be re-homogenized simply via vigorously shaking for a few
seconds (maximum 10 s). This characterization was considered as
appropriate and acceptable methodology for selection of the term
“Nano-Emulsion” about this system (Chen and Zhong, 2022;
Pathania et al., 2022).

Chloride and Mercury Removal From
the NGC
The Cl− and Hg(0) impurities removal process from sophisticated
organic phases such as NGC and their determining methodology
have regarded with different problems (see Supplementary
Material S3.1). These challenges therefore encouraged us to
focus on the LLE as a simple method. This process was also
along with adopting direct observing (visualization) probe for
semi-quantitative tracing the optimization steps during
introduction of the synthetic nano-emulsion. Formation of
inorganic particles therefore revealed the presence of the Cl−

as corrosive impurity into the NGC samples.
During the optimization process (see Supplementary

Materials S3.2 and S3.3), maximum insoluble inorganic
particles (colloids) were observed, when using the Ag+
solution, compared to other cationic species (Table 1, see also
Supporting Information, Supplementary Figure S1), with
optimum concentration as large as 0.2350 mol L−1 (see
Supporting Information, Supplementary Material S3.3).

On the basis of the results (Table 1), only the nano-emulsion,
containing the Cu2+, had good effect on the Cl− removal from the
NGCmatrix. Whereas, in other cations problems, such as 1) nano
size of the generated particles, 2) necessity to introduce excess
amounts of cation, 3) long extraction time, 4) hard conditions
(such as necessity of the suspension to a shaker for long time, 5)
high cost, and/or 6) template effects of the nano-emulsion,
extremely limited the extraction process. To select the Cu2+
solution, its nitrate salt was considered as the best reagent
because of its pitting corrosion inhibition property (Ergun and
Turan, 1991). On the basis of the analysis, this process therefore
led to efficiently removal of both Cl− and Hg(0) from the NGC
matrix. As conclusion, for the efficient extraction and effective
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mass transfer of the Cl− from the NGC samples to the aqueous
phase through using the nano-emulsion, Cu2+ played role as both
extracting and de-emulsifying agents.

Optimization Process
Detailed study about the optimization of effective factors by on
one-factor-at-a-time method such as Cu2+ concentration, oil
volume, and effect(s) of acidity/basicity condition (pH value)
was reported quantitatively in Table 2 and evaluated by
photographic imaging (see Supplementary Materials
S3.4–S3.6 and Supplementary Figures S3 and S4).

On the basis of the results (Table 2), concatenation of Cu2+

was strongly dependent on the oil concentration. In another
word, optimum concentration of oil simply led to decrease the
amount of Cu2+ that was needed for playing role as both
complex forming and de-emulsifying agent. This condition
not only did not provide major change(s) in the matrix of
the NGC sample during the extraction process but also majorly
reduced the probable side effect of residual Cu2+ medium,
possibly present inside the NGC after applying the extraction
process. Therefore, it was needed to have full confidence about
the optimum Cu2+ concentration in the presence of a fixed
amount of oil solution using another independent analysis such
as direct visualization of the AgCl particles formations (Hong
et al., 2006) inside the NGC after introducing different amounts
of Cu2+.

For this purpose, six nano-emulsion samples were prepared
with the same oil concentration (oil, 10,400.0 μg ml−1; which was
optimized in the previous section) in the presence of different
Cu2+ concentrations (lower concentrations): 1.3 × 10−2, 9.9 ×
10−3, 6.6 × 10−3, 3.3 × 10−3, 2.0 × 10−3, and 1.0 × 10−3 mol L−1

(apparent concentration). After performing the extraction
process between 5.0 ml of NGC and the same volume
according to the recommended procedure, the quantity of the
generated AgCl particles was evaluated precisely according to the
image photographs shown in Figure 1.

On the basis of the results (Figure 1), Cu2+ (6.6 × 10−3 mol L−1

; apparent concentration) and oil (10,400.0 μg ml−1) showed
acceptable effect with chloride removal efficiency to around
100% (only by a single step). Therefore, this value was selected
as optimum Cu2+ concentration.

Ionic Strength in Extractant Nano-Emulsion
Utilizing Cu(NO3)2 (6.6 × 10−3 mol L−1; apparent concentration)
in extractant medium resulted in having ionic strength as large as
around 20 mmol L−1. However, it should be noted that, to prevent
NGC contamination, it was tried not to use any further salts to
further controlling the ionic strength. In addition, more ionic
strength led to have strong influence on the commercial cost and
industrial application of the NGC fluids. Fortunately, at this
condition, acceptable chloride removal efficiency was evaluated
for the NGC samples.

Effect of Temperature on the Extraction
Process
Clearly, besides the thermodynamic equilibrium constant, the
kinetics of the reactions strongly depends on the temperature of
the reactions. However, in a flammable and volatile sample such
as NGC, high temperature was not so safe for the laboratory
experiments. Therefore, for more safety and for more simplicity,
it was recommended to operate the removal process at room
temperature. Providentially, the chloride removal efficiency in
this study was so high that small fluctuation in the temperature
seemed to have no significant effect(s) on the chloride removal
efficiency of the NGC samples.

Figures of Merit
The CV-AASmethod was utilized to determine the concentration
of Hg(0) the same as 231 ± 15 ng ml−1 (n = 3) in the raw NGC.
This result pointed to the serious effect(s) of Hg(0) in the
condensate. Hence, after treating the NGC with the nano-
emulsion at the optimum condition, extraction (mass transfer)
of the Hg(0) from the NGC phase to the aqueous one was
followed during applying the de-emulsification process. At this
condition, change in the oxidation number of the mercuric
species from zero to the Hg2

2+ and/or Hg2+ using oxidants
like (for instance H2O2) could seriously limit the toxicity and
danger of mercury inside the receiving aqueous solution.

The IEC analysis also revealed the Hg2+ concentration in the
aqueous phase to be 228 ± 6 ng ml−1 (n = 3). The result was in
good agreement with the Hg2+ concentration, estimated using

TABLE 1 | Effect of nano-emulsion (oil, 5,200.0 μg ml−1) containing different
cations on chloride removal from the NGC sample at 25°C.

Extracting
medium

Chloride concentration (µgml−1) in
NGC ± SD a

Extraction
efficiency (%)

(n = 3) b

Before extraction 315.0 ± 4.0 —

Ag+ 23.0 ± 2.0 92.7
Cu2+ 21.0 ± 1.0 93.3
Fe3+ 235.0 ± 4.0 25.1
Fe2+ 220.0 ± 2.0 30.1
Mn2+ 205.0 ± 3.0 34.9
Ca2+ 230.0 ± 3.0 27.0

aSD, standard deviation.
bn = number of replicate analyses.

TABLE 2 | Effect of Cu2+ concentration in nano-emulsion (oil, 5,200.0 μg ml−1) on
chloride extraction efficiency.

Cu2+ concentration (mol L−1)
(apparent concentration)

Chloride concentration
(µg ml−1) in NGCa

(after extraction) ± SD b

Extraction
efficiency (%)

(n = 3)c

3.0 × 10−3 219 ± 1 30.5
6.6 × 10−3 211 ± 2 33.0
1.3 × 10−2 112 ± 3 64.0
1.7 × 10−2 52 ± 4 83.5
2.0 × 10−2 32 ± 3 89.8
2.3 × 10−2 29 ± 4 90.8
2.6 × 10−2 27 ± 2 91.4

aChloride concentration before extraction was 315 ± 4 (n = 3).
bSD, standard deviation.
cn = number of replicate.
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the CV-AAS (218 ± 7 ng ml−1, n = 3). However, for more
confidence, the CV-AAS analytical process on the treated
NGC revealed the residual Hg concentration to be below
10.0 ng ml−1.

For the uncertainty of the Hg content in the NGC, this value is
related to the reproducibility of the mercuric element. For the
efficiency, we deal with repeatability (for single NGC sample). In

addition, for this analysis, we handle the CV-AAS, as a reliable
method with detection limit less than ~2 ng ml−1 and precision
(reproducibility, RSD %) below around 4.0%. In addition, the
statistical test such as (t-test) points to the presence or absence of
any the Hg levels. Hence, the selected method for mercury
removal showed removal efficiency between 90% and around
100% (deepening on the nature of the NGC). This pointed to its

FIGURE 1 | Re-optimization of Cu2+ concentration; AgCl formation after extraction by nano-emulsion in same oil concentration (10,400.0 μg ml−1) and different
Cu2+ concentrations (apparent concentration) of (A) 2.0 × 10−2, (B) 1.3 × 10−2, (C) 9.9 × 10−3, (D) 6.6 × 10−3, (E) 3.3 × 10−3, (F) 2.0 × 10−3, (G) 1.0 × 10−3, and (H)
0.0 mol L−1.
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effective capability for removal of toxic reagents such as Hg(0)
from the NGC samples along with their transfer and protected
into a viscose fluid like oil medium.

Nevertheless, to confirm this claim, the IEC analyses also
pointed to small concentration of the Cl− inside the treated NGC
(below 20.0 ng ml−1), compared to the raw ones (315 ± 4)
μg ml−1) that again exhibited >90% Cl− removal efficiency (see
ion-exchange chromatogram and image analyses,
Supplementary Figure S2). On the basis of the maximum
time interval of the Cl− and Hg(0) removal from the NGC,
the extraction time was estimated below 3.0 min. However,
this value was dependent to the volume ratio of the gas
condensate and the nano-emulsion phase. Consequently, the
recommended method in this study again showed effective
capability to remove both Cl− and Hg(0) at standard
temperature and pressure (i.e., 0°C and 1.0 atm. pressure).

Reusability of the Synthesized Nano-Emulsion
The reusability of the synthesized nano-emulsion was also
evaluated. The experiments showed that the synthesized nano-
emulsion at the optimum Cu2+ and oil concentrations could be
reused for at least four sequential analyses during extracting the
Cl− ions from the NGC, sequentially. After that the efficiency of
extraction would practically decrease, as it could not be reused for
long time, owing to partial increase in the Cu2+ concentration in
the treated NGC. However, this can be almost compensated via
R22 purging based on the recommended procedure. Subsequently,
the Cl− and Hg(0) removal process can be managed in a returned
removal cycle, without any major need(s) to adopt extra nano-
emulsion as the extracting phase (see Supporting Information,
Supplementary Material S2.3).

Selectivity of the Extraction Process
The selectivity of this method was evaluated during extraction
and separation of different kinds of anions such as Cl−, Br−, and
S2− and trace quantity of RS−, presented in the NGC matrix
according to chronograms shown in Figure 2.

On the basis of the IECs, not only the capability of the method
was investigated for chloride removal purposes but also the
effective role of de-emulsifying agents such as Cu2+ and Ag+

has been studied. On the basis of the results, the synthesized
nano-emulsion had enough capability for removal of anionic
species such as Cl− and S2−. For the Br− and RS− ions, probably
large sizes and trace quantity of these anions limited their removal
by using this LLE technique.

Non-corrosive Property of the NGC
Corrosion test was performed to investigate the Cl− and Hg(0)
removal efficiency of the treated NGC. For this purpose, weight
loss analysis and direct visualization by field-emission SEM (FE-
SEM) of some iron fragments, under similar conditions. This
process was achieved via situation inside both treated (Figure 3,
row A) and pristine (raw) NGC (Figure 3, row B). The results
were compared to the untreated one as the blanking control
(Figure 3, row C).

As shown (Figure 3), no significant change was observed on
the surface structure of the treated Fe fragments versus the

untreated and control ones. In addition, no major weight loss
was observed in the Fe fragments, contacted to the treated NGC,
opposed to the control ones, which were introduced to the
pristine NGC under similar conditions.

According to the weight loss analysis, the non-corrosion
efficiency was also defined as the mass gradient (weight loss)
of the Fe fragment before and after contact with the NGC at a
fixed time interval vs. the mass of the fresh fragment, × 100. In
this experiment, this value was estimated to be >90%. Therefore,
the performed extraction methodology on the pristine NGC was
successful for simultaneous removing of both Cl− and Hg(0) and
majorly promotion of the non-corrosion efficiency.

Proposed Mechanisms
Because of the sophisticated matrix of the condensate, it was not
easy to report certain mechanism for the Hg(0) and the Cl−

removal process in this method. Nevertheless, a probable
mechanism has been proposed according to some
experimental and theoretical evidence. This hypothetical
proposal was almost based on focusing on the formation
constants of copper and chloride ions (Zhang et al., 2014).
However, on the basis of the results evaluated in the previous
sections, it seemed that the synthesized nano-emulsion played
role as an intermediate for effective interaction between Cu2+ in
aqueous phase and Cl− in the NGC phase. This behavior could be
related to the interaction among water, sweet oil, and R22. To
interpret the intermediate species, the effects of formation of
different copper species such as Cu2+, CuCl+, CuCl2, CuCl3

−, and
CuCl4

2− were evaluated. These estimations were based on
different analytical calculations such as cation-exchange
chromatography (IEC, Figure 4).

In Figure 4, we adopted the IEC system that utilized
suppressor. This module played role as multiple (at least four)
ports: 1) memory effect elimination, 2) pH controlling system, 3)
ionic strength controlling, and 4) a transient value for the
transport of the samples toward the EC detector. These
features were automatically arranged via controlling the mass
transfer of different liquid media such as buffer solution and
solvent. In this system, for the retention time of 20.0 min, the
sensitivity of the system for the Cl− removal (at large scale) was
adjusted via setting the mass transfer broadening of the analyte
using the suppressor. This was achieved to rapidly control the
mass transfer of the analyte at the interface (dead volume)
between the column and the EC detector. This caused to more
reliably analyze the responsible species as maximum as possible.
That is why, in Figure 4, as clearly seen, the onset peak at 20 min
was tilted backward toward the Y axis. This process was
consequently general in the chromatographic systems. On the
basis of this result, the synthesized nano-emulsion was considered
as suitable intermediate medium for effective interaction between
the Cu2+ (in the nano-emulsion phase) and the Cl− (in the
condensate phase). This probably caused the formation of the
CuCl+ as the intermediate species.

For this purpose, the molar concentrations of the species were
estimated at different chloride concentrations based on the mole
fractions and their thermodynamic constants at the aqueous
solution at room temperature. This process was provided
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FIGURE 2 | Ion-exchange chromatograms showing selectivity as well as effects of Cu2+ and Ag+ on Cl− and S2− removal.

FIGURE 3 | Row FE-SEM images of iron fragments, placed inside row (A) pristine NGC and row (B) treated condensate. Row (C) FE-SEM images of fresh iron
fragments as blanking control.
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using a program the written Visual Basic 6. This program was
based on the related mass/charge balance equations (Zhang et al.,
2014) (see Embedded Visual Basic 6, VB6 program, Zip Files).
Equations of formation copper(II) chloride complexes and their
formation constants are shown in Eqs. 1–(4 (Zhang et al., 2014).
In addition, other prediction and some different theoretical
calculations for the estimated mole fractions of each probably
generated species majorly promoted this proposed mechanism.

Cu2+ + Cl−%CuCl+ kf � 1.86 (1)
CuCl+ + Cl−%CuCl2 kf � 2.34 × 10−1 (2)
CuCl2 + Cl−%CuCl−3 kf � 3.63 × 10−3 (3)
CuCl−3 + Cl−%CuCl2−4 kf � 1.26 × 10−6 (4)

On the basis of the results, molar ratio of species such as
CuCl2, CuCl3

−, and CuCl4
2− was very low (order of below

10−15 mol L−1). Whereas molar concentrations of species such
as Cu2+ and CuCl+ had been estimated at the order of about
10−4 mol L−1. This result was probably in good agreement with
the probable formation of CuCl+, estimated by the IEC as shown
in Figure 4.

However, this result also pointed to the effective role of the
Cu2+ for interaction with the Cl− in the rawNGC.Whereas, in the
Hg(0) removal process, the lack of adopting any oxidant(s) for
oxidation of Hg(0) to Hg(II) in this method effectively revealed
the probability of the presence of electrochemical interaction(s)
and complex formation between Hg and Cl− as cathodic and
anodic half reactions, respectively (see Supporting Information,
Supplementary Equations S1–S6). These were in agreement
with other reports (Milazzo et al., 1978; Yan, 1987).

Nevertheless, precisely talking about the mechanism of
extraction needs confidence knowledge about other factors
such as role of R22, behavior of -NH2 functional group in oil
and/or formation of other intermediates like ion-pairing. These
were considered as a good topic for future studies in this field. The
proposed mechanism for the effect of the -NH2 functional group
is shown in Eq. 5. In addition, the proposed mechanism for the
effect of ion-pairing formation is shown in Eq. 6, where Mn+ is
ion pair of Cl− in the NGC.

Cu2+ + Cl− +NH2%Cu2(OH)3Cl (5)
Cu2+ + Cl− +Mn+%CuX(M)YClZ (6)

Formation of Dicopper Chloride
Trihydroxide Nanoparticles
Another part of this study was related to the formation of the
Cu2(OH)3Cl nanoparticles by the precipitation process after
addition of NH3 solution (25%) for controlling the acidity
value to ~7.5. The formation of these nanoparticles was
achieved after applying the extraction process on the NGC
samples according to the recommended procedure. On the
basis of Eq. 4.7 (Tanimizu et al., 2007), removed chloride ion
in the presence of Cu2+ and OH− led to synthesize Cu2(OH)3Cl
particles based on the following reaction (Eq. 7):

2Cu2+ + Cl− + 3OH−%Cu2(OH)3Cl(s) (7)
Effective factors such as Cu2+ concentration and the acidity

were considered as themost important factor during the synthesis
of Cu2(OH)3Cl nanoparticles.

Effect of Acidity
At pH values higher than ~7.5, Cu2(OH)3Cl was unstable and
could be converted to Cu(OH)2 (Eq. 8) (Frost et al., 2002; Boita
et al., 2014). Therefore, pH controlling was very important factor
in the workup step. Figure 5 shows the precipitate in different pH
values.

Consequently, a pH value as large as ~7.5 (that was adjusted by
commercial NH3 solution, purity 25.0%, W/W) was selected. On
the basis of the images, the promotion of pH from ~7.5 to ~9.0 led
to have dark color precipitation due to the formation of Cu(OH)2
according to Eq. 8:

Cu2(OH)3Cl(s) + OH−%2Cu(OH)2(s) + Cl− (8)

Effect of Different Bases on the Sedimentation
Process
The effects of different bases such as NaOH and NH3 were
studied. Sedimentation was occurred in both cases, but NH3

was adopted for pH controlling in the workup step for facilitation
of the procedure. This was due to the effectiveness of NH3 for
buffering the solution. However, the buffer capacity of NH3 was
low at pH ~7.5, but some side effects like formation of by-product
precipitation of other buffer compounds such as phosphate
limited the use of other buffer species.

Effect of Cu2+ as de-emulsifying Reagent on the
Formation of Dicopper Chloride Trihydroxide
Nanoparticles
To form the precipitation, after extraction step by nano-emulsion,
the extractant medium (nano-emulsion) was separated and
Cu(NO3)2 salt was added to it to increase the Cu2+

concentration up to about 1.7 × 10−2 mol L−1. Then, it was
centrifuged for 5 min at 3,000 rpm to demulsify the nano-
emulsion and to remove oil from solution. Figure 6A shows
the nano-emulsion (oil, 6.6 mmol L−1 Cu2+ and 10,400.0 μg ml−1)

FIGURE 4 | Chromatogram showing the probable mechanism of the
method for the Cl− removal process.
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before extraction. Whereas, Figure 6B shows the nano-emulsion
after extraction (before demulsifying step). Figure 6C exhibits the
solution after applying the de-emulsification process on the NGC
samples (i.e., after removing oil from internal wall of sample
tube). This was therefore ready for addition of NH3 and
formation the sedimentation.

The addition of NH3 should be occurred after applying the de-
emulsification during introducing Cu2+. At this condition,
Cu2(OH)3Cl nanoparticles were observed in the aqueous
phase. On the basis of the direct observation (Figure 6), at
least 1.7 × 10−2 mol L−1 concentration of Cu2+ was needed for
this purpose during centrifuging for 5 min at 3,000 rpm. This
result was in good agreement with Cu2+ concentration that was
needed for the Cu2(OH)3Cl formation. It should be noted that
increasing Cu2+ concentration decreased time and rate of
centrifuging step but formed Cu(OH)2 and Cu2(OH)3Cl
precipitate. Therefore, these condition was selected as
optimum procedure during formation of Cu2(OH)3Cl
nanoparticles.

Stability of Dicopper Chloride Trihydroxide
Nanoparticles: Effect of Drying Step
Solid-state product was unstable in humidity condition after
~24 h. This was because this product had probably been
converted to Cu(OH)2. Therefore, it was recommended to air
dry the synthesized sediments by a fan for ~6 h.

Characterization of Dicopper Chloride Trihydroxide
In this study, the formation of Cu2(OH)3Cl was confirmed by the
following analytical techniques. Because of the presence of
competition between the formation of Cu2(OH)3Cl and
Cu(OH)2, sometimes, characters of Cu2(OH)3Cl were needed
to be compared to the Cu(OH)2. On the basis of the literature,
there are several reactions in which Cu2(OH)3Cl and Cu(OH)2
can compete with each other. Some of the reactions are shown in
Eqs 9–12 (Frost et al., 2002; Boita et al., 2014):

Cu2(OH)3Cl + 3NaOH%2Cu(OH)2 +NaCl (9)
Cu2(OH)3Cl + 3HCl%2CuCl2 + 3H2O (10)

2CuCl2 + 3NaOH%Cu2(OH)3Cl + 3NaCl (11)
CuCl2 + 3CuO + 3H2O%2Cu2(OH)3Cl (12)

According these equations, the structures of Cu(OH)2 and
Cu2(OH)3Cl should be comprised in detail.

Comparison Between the Structures of Dicopper
Chloride Trihydroxide and Copper Hydroxide
For precise evaluation of the difference between Cu2(OH)3Cl and
Cu(OH)2, the structures of these two compounds were compared
to each other (Frost et al., 2002; Boita et al., 2014). On the basis of
these references, the Cu2(OH)3Cl compound consisted of
functional groups such as Cu-O, O-H, and Cu-Cl. Cu2+ had
been coordinated with -OH and -Cl. In addition, the O-H bonds

FIGURE 5 | Effect of pH on workup. The pH condition: (A) 7, (B) 8, and (C) 9.
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have been bridged through the hydrogen bonding; whereas, for
the Cu(OH)2, there were some functional groups such as Cu-O
and O-H bonds. Consequently, compared to the Cu2(OH)3Cl, the
difference between the functional groups was only related to the
presence of Cu-Cl functional group in the Cu2(OH)3Cl
compound. Far Fourier transform infrared (FT-IR) spectra of
Cu2(OH)3Cl and Cu(OH)2 are shown in Figure 7.

No significant difference was observed during compassion
between the Far FT-IR spectra of Cu2(OH)3Cl and Cu(OH)2.
However, small difference was exhibited between the Cu-Cl
functional groups at frequencies of 245–250 cm−1. The
presence of several shoulders at this frequency range pointed
to the presence of different Cu-Cl bonds in the synthesized
nanoparticles vs. other copper species such as Cu(OH)2.
However, for characterization of the sample with more detail,
middle FT-IR spectrometry was utilized (Figure 8).

On the basis of the middle FT-IR spectra, the observation of
strong peaks at frequencies of 473 and ~825 cm−1 was related to
the Cu-O functional group of Cu(OH)2; whereas the observation
of significant shift to higher frequencies was probably related to
the presence of hydrogen bond in the Cu2(OH)3Cl compound.

Compared to the Cu(OH)2, the presence of two split absorption
bonds at frequency of around 3,420 cm−1 clearly pointed to the
presence of hydrogen bonds in Cu2(OH)3Cl.

FIGURE 6 | Photographic images showing (A) nano-emulsion (oil, 6.6 × 10−3 mol L−1 Cu2+ and 10,400.0 μg ml−1) before extraction, (B) nano-emulsion after
extraction (before demulsifying step), and (C) solution after applying the de-emulsification process.

FIGURE 7 | Far FT-IR spectra of Cu2(OH)3Cl and Cu(OH)2.
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Raman spectroscopy was also considered as another applicable
tool for characterization of Cu2(OH)3Cl, as shown in Figure 9
(Thermo Nicolet FT-Raman, 670). The presence of significant
peak at frequency of around 250 cm−1 was attributed to the Cu-Cl
functional group, which was in good agreement with that
estimated in literature (Frost et al., 2002; Boita et al., 2014).
Compared to Cu(OH)2, major shift was observed on the Raman
spectra at frequencies between 450 and 500 cm−1. This result
again differentiated the formation of Cu2(OH)3Cl fromCu(OH)2.

The X-ray powder diffraction (XRD; Bruker’s X-ray
Diffraction D8-Discover instrument) pattern of the synthesized
Cu2(OH)3Cl was shown in Figure 10. On the basis of the XRD
pattern, the peaks situated at 2θ = 15°, 27°, 32°, 34°, 60°, and 64°

were, respectively, related to special lattices of the Cu2(OH)3Cl
structure, which were in accordance with other reports (Boita
et al., 2014).

The size of Cu2(OH)3Cl structure was also evaluated; for this
purpose, the peak width (W1/2) positioned at 2θ = 27° was selected

FIGURE 8 | Middle FT-IR spectra of Cu2(OH)3Cl and Cu(OH)2.

FIGURE 9 | Raman spectra of Cu2(OH)3Cl and Cu(OH)2.
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and the crystalline size of the Cu2(OH)3Cl. This was estimated
using Debye–Scherrer equation (Frost et al., 2002). On the basis
of this equation, the average size of Cu2(OH)3Cl was calculated to
be ~150 nm, which is in good agreement with the high-resolution
TEM (HR-TEM, Zeiss EM10) and FE-SEM images shown in
Figure 11.

The formation of Cu2(OH)3Cl was also confirmed using X-ray
photoelectron spectroscopy (XPS) analysis (Figure 12). In
accordance with the XPS spectrum, the strong peaks, positioned
at 952 and 933 eV, were related to the Cu 2P ½ and Cu 2P3/2,
respectively, which agreed with those reported in the literature (Boita
et al., 2014).

The X-ray fluorescence (XRF) was considered as another
important and effective analytical spectroscopy that can be used
to estimate the elemental percentages of Cu2(OH)3Cl. On the
basis of the XRF analysis (XRF, Rigaku ZSX Primus II model,

rhodium X-ray tube; 4.0-kW maximum power), the weight
percentages of the elements presented in the analyzed
structure are shown in Table 3. These results pointed to the
accuracy of the structure of the analyzed sample during the Cl−

removal process.
In addition, CHN-S-Cl elemental analysis was performed to

know the molar ratio of elements. The results showed 3.61:2.89:
1.03 ratios of H:O:Cl. Therefore, it was hypothesized that
precipitation formula was Cu2(OH)3Cl, not Cu(OH)2(H2O)4
that was predicated with 5.21:3.12 ratios for H:O.

All these characterizations therefore revealed the
catalytic property, as well as the nano-template effect of
the synthesized nano-emulsion for selective synthesis of
the Cu2(OH)3Cl nanoparticles with narrow diameter
distribution and high purity at room temperature
condition.

FIGURE 10 | XRD pattern of the synthesized Cu2(OH)3Cl.

FIGURE 11 | Left: FE-SEM. Right: HR-TEM images of Cu2(OH)3Cl nanostructures.
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Evaluation of the Introduced Method
As explained before, the selectivity of this method was strongly
evidenced on the basis of abovementioned documents that
revealed high purity of the synthetic product. In addition, the
acceptable removal efficiency and the lack of significant memory
effect inside the nan-emulsion during its several reusability (at
least four times) pointed to the sensitivity of this method. Simple
and direct reaction process was also considered as other
advantages of this process. Although, the main basis of the
synthesized nano-emulsion was the commercial oil;
nevertheless, the usability of this extractant strongly reveals
the cost-effectiveness of this compound. However, the total
price of this compound is not comparable with the economic
value of the NGC, especially when resulting in synthesizing a
suitable pesticide. Fast reaction time and non-significant toxicity
(almost due to the viscose nature of the synthesized nano-
emulsion) also made it suitable for such industrial applications.

Fortunately, this synthetic process was not comparable with
the previous reports; as (to the best of knowledge) those
methods were often suffered from problems such as 1) high

cost, 2) small efficiency, 3) long synthetic time, and/or 4) hard
conditions such as high temperature and pressure (Frost et al.,
2002; Boita et al., 2014).

CONCLUSION

This report introduces an O/W nano-emulsion as the reusable
extractant phase using LLE methodology for the removal
efficiency of Cl− and Hg(0). The removal efficiency was
estimated between 90% and ~100%, deepening on the nature
of the NGC at a brief separation time (<3.0 min). Consequently,
serious impurities in condensate were removed by the scalable
introduced methodology. In this method, the synthesized nano-
emulsion as the extractant phase in the LLE methodology has
significant advantages, especially 1) elemental mercury and
chloride ion removal and 2) selective synthesis of the
Cu2(OH)3Cl nanoparticles as useful product, specifically as an
eco-friendly agricultural pesticide. The achieved safety of the
NGC using this nano-emulsion results in efficient reduction in
the corrosion rate during testing iron-based fragments (vs. the
untreated ones as controls) and increasing of the NGC economic
value. All these possibilities are attributed to the intermediate
transport properties of the introduced O/W nano-emulsion. At
this condition, this reagent plays role as a recycled motor for the
NGC purification and conversion of these impurities into the safe
and usable products. The introduced method is therefore
accepted as direct, simple, low-cost, and scalable conversion of
some upstream industries with the downstream ones. To the best
of knowledge, this study is considered as the first report for
dealing with the chloride and mercury impurities inside the gas
condensate.

TABLE 3 | XRF results with calculation results of weight percentages of the
elements in Cu2(OH)3Cl.

Elements Elemental percentages (%)
by calculation

Elemental percentages (%)
by XRF

Cu 59.51 58.74
O 22.47 22.18
Cl 16.60 16.53
C 0.00 0.57
S 0.00 0.24

FIGURE 12 | XPS spectrum of the synthesized Cu2(OH)3Cl nanostructures.
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