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ARTICLE INFO ABSTRACT
Keywords: This work presents the novel application of green oils to extract arsenic ions from petroleum
Arsenic extraction produced water via liquid-liquid extraction (LLE). In the experiment, the removal of arsenic ions

Petroleum produced water
Vegetable oil

Mechanism

Optimization

from synthetic petroleum produced water is investigated, using five green oils: canola oil, corn
oil, linseed oil, rice bran oil, and sunflower oil, in place of petroleum-based solvents: toluene and
kerosene. Both extraction and stripping optimizations are examined. For extractants, Aliquat 336
and Cyanex 921 are implemented. The initial arsenic concentration (3.984 mg L’l) of petroleum
produced water is examined. Results demonstrate that Aliquat 336 in corn oil proved to be most
effective for arsenic removal. At optimal conditions via response surface methodology (RSM), the
highest extraction and stripping percentages reached 99.95 % and 100.00 %, respectively. In
accordance with the World Health Organization (WHO) levels of <0.01 mg L™}, arsenic con-
centration remaining in the extracted water (0.002 mg L_l), is seen to fulfill the requirement
needed. The extraction and stripping kinetics are of first and second-order. Mechanisms of arsenic
removal are evaluated via density functional theory (DFT). Further, selectivity, recycling of the
organic phase, and the number of stages via McCabe-Thiele theory are determined under optimal
conditions.

1. Introduction

Petroleum underground water, also known as petroleum produced water derived from offshore oil and gas production sources,
contains salts and toxic heavy metals, such as arsenic (As), other metals, and impurities [1,2]. Before being discharged into the
environment, the petroleum produced water has to undergo treatment to get rid of this contamination [3]. It is well known that arsenic
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is a hazardous metal, which is comprised of As (III) and As (V) species, which contaminate the water [4]. Arsenic can adversely affect
both humans as well as other living organisms. Arsenic poisoning can cause a wide range of diseases, including cardiovascular disease
[5], diabetes [6], neurological disorders [7] etc. Due to arsenic-contaminated drinking water in Southeast Asian countries, many
people suffer from serious health issues, such as skin lesions as well as metabolic and cardiac disorders [8]. Arsenic poisoning in
Bangladesh has emerged as a significant environmental, health, and social catastrophe. People who have been exposed to arsenic suffer
a range of health issues, including hepatitis, renal failure, gastrointestinal, and reproductive difficulties as well as cancer [9].

Since 1993, under the World Health Organization (WHO) that is responsible for arsenic contamination, drinking water has been
improved from 0.05 mg L™! to 0.01 mg L. However, due to the lack of sufficient testing facilities for arsenic contamination,
developing countries have had to use former WHO levels [10]. In Thailand, 0.05 mg L ™! for the arsenic level in underground drinking
water is recommended [11]. In addition, in the case of effluents, the arsenic levels in effluents do not exceed 0.25 mg L7! in
accordance with Thailand’s Ministries of Industry and Natural Resources and Environment levels [12]. Nevertheless, it is found that
the concentration of arsenic ions in petroleum produced water still surpasses these levels [1].

To remove arsenic from water, numerous methods have been introduced including adsorption, coagulation, and ion-exchange.
Many types of absorbents have been also developed, such as nanoadsorbents like MXene [13], magnetite nanoparticles [14], and
pyroaurite-based green adsorbents [15]. Nonetheless, these methods have vital drawbacks, which include the need for discarding
sludge, and required high temperature for recycling adsorbents and resins [16]. Liquid-liquid extraction process (LLE) is a simple and
widely used method, which has been found to be most effective in separating very low concentrations of metal ions from water [17].
LLE is low cost, and both extractants and solvents are easily recycled, employing this technique [3,18,19]. For the extractant, ionic
liquids (ILs), such as tri-octyl-methylammonium chloride (Aliquat 336) and phosphine oxide (Cyanex) have been accepted for use in
the process of arsenic removal from aqueous solutions [1,3,18-24].

Recently, toxic solvents, mostly volatile solvents and petroleum-based solvents have been replaced by green solvents i.e. green oils
that are able to eliminate heavy metal ions from water [25]. Green oils are non-polar alternative solvents. Such solvents are
non-volatile substances but have a high temperature flash point. Green oils are environmentally friendly and consist of hydrocarbon
components mainly triglycerides and fatty acids [26]. Palm oil, for example, has been applied for the separation of nickel (II) from
industrial effluent, using a supported liquid membrane extraction process to dilute bis(2-ethylhexyl) phosphate (D2EHPA); extraction
and stripping percentages reached 91.0 % and 65.0 % at 299 K, respectively [27]. Besides, sunflower oil has been used to removal
mercury (I) ions from water via the LLE process whereby extraction percentage reached 100.0 % at 323 K [26]. Further, sunflower oil
has been employed to eliminate mercury (II) ions from water via hollow fiber supported liquid membrane (HFSLM); extraction and
stripping percentage attained 98.0 % and 81 % at 323 K, respectively [16]. To remove chromium (VI) from water, rice bran oil has been
applied, using emulsion liquid membrane extraction; extraction percentage reached 97.0 % [28].

To date, the application of green oils to remove As (V) ions from water, especially petroleum produced water is still rare. This
research presents the novel application of green oils to substitute conventional toxic solvents for the removal of arsenic (V) ions from
synthetic petroleum produced water via LLE method. Green oils used have been selected according to their different chemical and
physical properties (Table S1) [29-42].

To optimize the experimental conditions in LLE, both response surface methodology (RSM) combined with the Box-Behnken design
(BBD) have been applied as a statistically-based mathematical strategy. For BBD, the model required three levels of each parameter to
be studied [43-45]. Furthermore, this approach has the capability to predict outcomes and to evaluate the significance of parameters
through the analysis of variance analysis (ANOVA) [46]. Moreover, density functional theory (DFT) is employed to determine the
characteristics of substances by demonstrating extraction and stripping mechanisms, including thermodynamics of the mechanisms.
DFT is a theoretical attempt to describe the electronic structure and properties of substances from the electronic energy of the ground
state as a function of electron density [47].

This work aims to find an appropriate new green oil as solvent to replace conventional toxic solvents for the removal of arsenic ions
from synthetic petroleum produced water via LLE. Aliquat 336 and Cyanex 921 have been employed as extractants. Canola oil, corn
oil, linseed oil, rice bran oil, and sunflower oil have been utilized as green solvents to compare the two toxic solvents: toluene and
kerosene. In the investigation, stripping agents, including NaOH, HCI, thiourea, and the synergism of HCl + thiourea have been
employed. In the extraction process, the effects of pH, volume of organic and aqueous phases ratio (O/A), and concentration of
extractant have been examined via RSM combined with BBD. For the stripping process, the influence of stirring rate, temperature, and
volume (A/O) ratio has been studied. Besides, kinetics of the optimal conditions for both extraction and stripping processes have been
analyzed in terms of reaction orders and rate constants. Both the selectivity factor and recycling numbers of the organic phase have
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Fig. 1. Chemical structures of extractants: (a) Cyanex 921 and (b) Aliquat 336.
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been determined. The number of stages in the column design for extraction and stripping processes has been determined by the
McCabe-Thiele theory. Finally, extraction and stripping mechanisms as well as IR characterizations have duly evaluated by DFT.

2. Theory
2.1. Extraction

2.1.1. Extraction mechanisms
To study the extraction reaction of arsenic ions, the mechanisms for extractants and arsenic species are investigated. In Fig. 1a and
b, the chemical structures of the two extractants: Cyanex 921 and Aliquat 336 are shown. The As (V) (arsenate) ions in natural water
has been classified into four species i.e. H3AsO4, H2AsOy, HAsO‘zf, and AsOﬁ’, depending on the pH of the water [48].
Mechanisms between As (V) ions and Aliquat 336 for dissociated forms: HoAsOg, HAsOﬁ_, and ASO?;_ are shown in Egs. (1)-(3),
respectively [1,20]:

HoAsO, + (NRy) "X = (NRs ") - (H2As047) + X (@))
HAsO,* +2(NRy)"X" = (NR4"),- (HAsO,*") + 2X 2)
AsO +3(NR4)"X™ = (NR4");- (AsO}) +3X 3)

where R4 represents the short and long chain of alkyl groups, and X~ denotes the CI™ (chloride ion) from the Aliquat 336 structure.
In Cyanex 921, one of the phosphine oxides extractants is seen to react with an undissociated (H3AsOj4) species in acid form, as in
Eq. (4) [22,49,50]:

H3As0, + Cyanex 921 + H' = (H3AsO,4)-H" - (Cyanex921) (@)

2.1.2. Extraction and stripping calculations
For the extraction and stripping processes of arsenic ions, the extraction percentage (%E) and the stripping percentage (%S) are
calculated. Egs. (5) and (6) are defined, as follows [20]:

CO - Ce)

%E = ( x 100% 5)

0

Cs
%S =———— x 100% (6)
(CO - Ce)

where Cj is the initial concentration of arsenic ions (mg L’l), C. is the remaining concentration of arsenic ions after extraction (mg
L™1), and C, represents the remaining concentration of arsenic ions after stripping (mg L™1).

2.2. RSM for experimental design

Herein, RSM combined with the BBD model operates at three levels for each parameter (—1, 0, and +1). For the extraction and
stripping of arsenic ions, the three parameters are predicted in random order i.e. 15 runs and 3 duplications. To predict the extraction
and stripping percentages of arsenic ions, a quadratic polynomial model is presented as in Eq. (7) [51]:

k k k
y=p + Zﬂixi + Zﬂﬁxiz Z ByXix; + € o
i=1

i-1 1<isj

where y is the predicted required value, f, is the intercept, f;, §; and g; are the linear, quadratic, and interaction coefficients of each
parameter, respectively. x; and x; refer to each independent parameter. k refers to the number of independent parameters: k = 3, both i
and j represent 1, 2 or 3. The predicted values of the parameters were analyzed via ANOVA to estimate the statistical values [46].

2.3. Synergistic coefficient

Nowadays, synergistic effects are widely used for systems that need to be matched with at least two classes of reagents to encourage
the increased potential of the reagents for the systems [49,52-54]. The synergistic coefficient (SC) can be determined in terms of the
distribution ratio [53]:

Coq

di=gt

(8)
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dij

SC=gg 7

9

where Cqq, and Corg signify the concentration of arsenic in both the aqueous phase and organic phase of substant i. Thus, d;, d;, and d;;
denote the distribution coefficient of arsenic ions for substance i, substance j, and binary interaction between i and j, respectively.

Further, if SC is greater than unity (>1) synergism occurs. When SC is less than unity (<1), it signifies an antagonistic effect. When
SC = 1, there is no synergism [53].

2.4. McCabe-Thiele theory

To apply the liquid-liquid extraction data on a commercial scale, a number of stages in both extraction and stripping processes need
to be considered. The McCabe-Thiele theory is widely recognized and has been employed to determine the number of stages to achieve
a specified separation [55].

To validate the precision of stage numbers derived from the diagram, the following Eqs. (10) and (11) were used [56]:

€1
P=gnig (10
Co-V,
&= an

where the ratio of arsenic ions in the aqueous phase to the initial solution is represented by ¢ to estimate the efficiency of calculation. e
implies an extraction factor. Cp and C4 represent the concentration of arsenic ions that is held in the organic phase and the aqueous
phase, respectively. Both Vp and V4 denote the volume between the organic and aqueous phase. n refers to the number of theoretical
stages.

2.5. Density functional theory (DFT)

DFT is arguably the most successful approach for electronic structure calculations [47]. The principle of DFT, based on the elec-
tronic energy of the ground state, is a function of electron density. The computational advantage of DFT is due to the fact that electron
density has three spatial coordinates, regardless of the number of electrons in a chemical system. DFT enables the calculation of
structures and properties of molecules within a couple of hundred atoms. Hence, DFT is directly related to the intensity of a chemical
bond, which is proportional to the energy required to break it down. Bond energy decreases as bond length increases, inversely
proportional to bond length [57]. In this work, the extraction and stripping mechanisms of arsenic species were calculated via DFT.

Table 1
Chemical reagents used in the experiments.
Substances Properties Source
MW (g/mol) Formular Purity”,h (%) CAS No.
Aliquat 336 404.2° Ca5Hs4CIN [59] 90.6 63393-96-4 Acros, Belgium
Cyanex 921 386.6" Cy4Hs, 0P 90.0 78-50-2 Cytec
Toluene 92.1% C,Hg" 99.9 108-88-3 Fisher, U.S.
Kerosene ~170.0" Co — Cy" 99.0 8008-20-6 Shell, Thailand
Canola oil ~880.5 [31] Ci14—Cy5 [31] 100.0 120962-03-0 Lam Soon Public
Corn oil ~872.3 [31] Cy14 - Cyg [30] 100.0 8001-30-7 Thai Vegetable Oil, Thailand
Linseed oil ~878.3 [36] Ci4 — Cyg [36] 100.0 8001-26-1 ST Art Material
Rice bran oil ~867.9 [37,60] Ci4 - Cyg [38] 100.0 68553-81-1 King Rice Oil Group, Thailand
Sunflower oil ~876.2 [40] C14 - Cyg [61] 100.0 8001-21-6 Thanakorn Vegetable Oil, Thailand
Hydrochloric acid solution 36.5" HCl 37.0 7647-01-0 Qrec, Thailand
Sodium hydroxide* 40" NaOH 98.0 1310-73-2 Merck, U.S.
Thiourea*“ 76.12° (NH2),CS 99.0 62-56-6 Loba Chemie
Sodium chloride® 58.4 NaCl 99.5 7647-14-5 Loba Chemie
As standard solution® 74.9 As N/A 7697-37-2 PanReac AppliChem
Hg standard solution’ 200.6 Hg N/A 7783-34-8 PanReac AppliChem
Fe standard solution 55.8 Fe N/A 7439-89-6 PanReac AppliChem
Mg standard solution” 24.3 Mg N/A 7732-18-5 PanReac AppliChem
Ca standard solution’ 40.0 Ca N/A 7697-37-2 PanReac AppliChem

@ Properties from label and sources.

P Test by GC technique; MW: average molecular weight.
¢ Solid substance.

4 The standard concentration 1000 mg L~
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2.6. Distribution coefficient and selectivity factor

Distribution coefficients (D) are employed to estimate the distribution between the organic phase and the aqueous phase. D values
plus a selectivity factor or separation factor (S) can be expressed, as in Egs. (12) and (13) [58]:

Ca.org
D, =228 (12)
' Ca.aq
Das
S=—_= 13
D, 13

where D represents the distribution coefficient of component i between the organic phase and aqueous phase. i identifies each
component (As, Hg, Fe, Mg, and Ca). Subsequently, S defines the selectivity factor of component i versus component j. If D; is greater
than one (>1), it signifies that the component i in the organic phase demonstrates a higher capability compared to that in the aqueous
phase. If S is more than one (>1), it means that the selectivity of arsenic is higher compared to component j in the organic phase.

3. Experimental
3.1. Reagents

All chemicals and materials were commercially available and used without further purification. In Table 1, the chemical reagents
used in the experiments are listed. Synthetic petroleum produced water was synthesized from standard arsenic acid solution in the
form of H3AsO4 mixed with other metals in the deionized (DI) water. Arsenic and other metals i.e. mercury, iron, magnesium, and
calcium were added in the synthetic petroleum produced water. Excess salt was prepared from sodium chloride. HCl and NaOH were
applied for pH adjustment. Aliquat 336 and Cyanex921 were employed as extractants. Commercial solvents used included: toluene and
kerosene. Green oils are employed as green solvents: namely, canola oil, corn oil, linseed oil, rice bran oil, and sunflower oil. NaOH,
HC], and thiourea were used for the stripping solution. The concentrations of arsenic were detected via inductively coupled plasma
optical emission spectrometry analysis (ICP-OES), as used by Agilent 5800 model.

3.2. Procedures

3.2.1. Extraction and stripping procedures

The aqueous phase was prepared using 25 ml of synthetic petroleum produced water at pH = 6. In this work, the synthetic pe-
troleum produced water was synthesized following the composition of the produced water from the Gulf of Thailand. In Table 2, the
composition of the produced water is shown [3]. The organic phase was prepared using 0.28 M for each extractant, Aliquat 336 and
Cyanex921, and each solvent: canola oil, corn oil, linseed oil, rice bran oil, sunflower oil, kerosene, and toluene. Next, both the aqueous
phase and organic phase were mixed together in a closed beaker, using O/A ratio (1:1), T = 303.2 K, 0.1 MPa, and 500 rpm for 1 h to
ensure the reaction entered the equilibrium state [20].

After that, the mixture was left to rest in a closed separation funnel until two phase layers completely formed via the force of
gravity. Consequently, arsenic concentration from the under layer was collected for analysis via ICP-OES technique. As for the
stripping, the organic phase for stripping was derived from the top phase after extraction procedures under optimal conditions. The
aqueous phase of the stripping process was prepared at 0.5 M for each stripping agent (NaOH, HCl, thiourea, and mixture of HCl +
thiourea). Finally, the organic and aqueous phases were mixed together, using the same conditions as in the extraction procedure.

3.2.2. Experimental design via response surface methodology (RSM)

RSM, combined with the BBD model, was developed by Minitab 19 software to predict and optimize experimental conditions for
both extraction and stripping procedures. As observed in Figs. S2-S4, preliminary investigations to find a suitable range of parameters
i.e. the pH of synthetic petroleum produced water, concentrations of extractant in the solvent, and concentrations of stripping agent,
were carried out to find the highest extraction and stripping percentages in the RSM design. In Table 3, three levels of each parameter
for the RSM design are shown. RSM experiments were conducted as well as extraction and stripping procedures, using the designed
conditions. Optimal conditions, as determined via RSM, were further investigated to study kinetics, mechanisms and characterizations.

3.3. DFT simulations

Optimal conditions were used to find the mechanisms for the removal of arsenic ions in both extraction and stripping reactions. To

Table 2

Produced water composition [1].
Composition As Hg Fe Mg Ca
Concentration (mg L") 3.984 0.279 0.169 2.014 15.18
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Table 3

The BBD level of each parameter for RSM design.
Parameters Abbreviations Levels

-1 0 1

Extraction process
pH of synthetic petroleum produced water X1 6 9 12
O/A ratio X2 0.5 0.75 1.0
Concentrations of extractant (M) X3 0.28 0.48 0.68
Stripping process
Stirring rate (rpm) X4 300 400 500
Stripping temperatures (K) X5 303.2 313.2 323.2
A/O ratio X6 0.5 1.0 1.5

explain the interaction between the extractant and arsenic molecules, quantum chemical calculations were implemented via DFT at
B3LYP/LANL2DZ level of theory. Solvation effects were taken into account, applying the conductor-like polarizable continuum model
(CPCM). All calculations were completed employing Gaussian09 program package [62]. Molecular geometries were drawn, using the
Gabedit and Avogadro program package [63,64].

3.4. McCabe-Thiele graphical design

In the McCabe-Thiele experiments, both aqueous and organic phases were combined together in a total volume of 50 ml: O/A ratio
varied from 1:8 to 3:1 (for the extraction process), A/O ratio varied from 1:9 to 2:1 (for the stripping process), under stirring (500 rpm),
and temperature (303.2 K) in the closed system. Both extraction and stripping procedures were analyzed via ICP-OES. In the organic
phase, the concentration of arsenic ions was determined by a mass balance equation, which proved negligible; the change in volume of
both the extraction and stripping processes was very small.

4. Results and discussion

4.1. Selection of substances in the organic phase

To identify suitable substances in the organic phase, types of extractants and green solvents were investigated for the effective
extraction of arsenic ions.

4.1.1. Effect of extractants

In Fig. 2, the effect of extractants and solvent types for arsenic extraction is shown. Results demonstrated that Aliquat 336 provided
a better extraction tendency for all organic solvents than Cyanex 921. Herein, at initial pH of synthetic petroleum produced water (pH
= 6), it is noted that arsenic forms are favorable to the dissociated forms: HoAsOz and HAsO3 . According to the literature, Aliquat 336
is seen to have the ability to extract dissociated forms of arsenic ions through the mechanism of Cl~ ion-exchange [3,21,49,65]. It is
noted that the CH3R3N" is attracted to HyAsO; and HAsO3~ through Cl™ ion-exchange and electrostatic attraction. Then, the two
complexes: CH3R3N"-HyAsO7 and (CH3RsN),-HAsOZ~ appeared and dissolved in the organic phase. Simultaneously, the released CI~

60
mAliquat336
48.178
OCyanex921
41.540 40295
35.626
= 35.133 34.392
S
£
-
& 3109 23.144
]
=
N
© 11.362
7.240
4.547 5.246 4.032
m Bm E= W
corn kerosene toluene canola rice brain sunflower linseed

Fig. 2. Effect of extractant and solvent types on the extraction of arsenic ions, using 0.28 M for extractant concentrations, synthetic produced water
at pH 6, stirring 500 rpm for 1 h, O/A ratio = 1, at 303.2 K and 0.1 MPa.
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from Aliquat 336 structures can attract water molecules, dissolved in the aqueous phase [12,20,66]. Cyanex 921 can attach arsenic
ions in undissociated form (H3AsO4) only [1,20].

4.1.2. Effect of green solvents

In Fig. 2, it is seen that corn oil has the potential for use as a green solvent greater than kerosene, toluene, sunflower oil, canola oil,
rice bran oil, and linseed oil, respectively. Such results arose due to the effects of the physical and chemical properties of the solvents,
such as polarity, the mutual solubility for the stability of organic phase, mixed Gibbs free energy of dissolution, and intramolecular
interactions between Aliquat 336 and each solvents.

It is acknowledged that the dielectric constant (¢) of substances directly relates to their polarity, as high ¢ values imply the high
polarity of the substances. The near ¢ values of the two substances, representing near polarity, dissolve into each other [67]. In this
work, the ¢ values of Aliquat 336 is closer to water than all solvents [68]. As for the Aliquat 336 structure, it consists of tiny polar and
non-polar functional groups of the long chain ternary amine. Aliquat 336 is seen to form a hydrogen bond between water molecules
and the nitrogen atom of Aliquat 336, causing a decrease in the stability of the organic phase [68,69]. To prevent such an occurrence
from happening, the good properties of the solvents must hold the amount of Aliquat 336 and resist the water soluble in the organic
phase.

Within the organic phase, it has been observed that solvents with low ¢ values enhance the distribution of Aliquat 336 and resist
dissolving in water [67,68,70]. Corn oil expressed the lowest ¢ values, as shown in Table S2 [41,42,70-72]. It is significant that water
solubility in the mixture of Aliquat 336 and corn oil is the lowest, indicating the good performance of corn oil. Furthermore, ther-
modynamics behavior and intramolecular interaction of dissolution between Aliquat 336 and corn oil indicates excellent performance
and good compatibility [68,70].

Overall, taking into account the solubilities, stability, thermodynamics of dissolutions, and intramolecular interactions, corn oil is
regarded as a suitable solvent to dilute Aliquat 336. The application of green oil has been widely used to separate metal ions from water
[16,26-28]. However, such application for the removal of arsenic ions is still very rare. It is a novel feature of this work for the
investigation of alternate solvents to remove arsenic ions from petroleum produced water. Moreover, one such solvent, i.e. corn oil,
proved to be successful. Therefore, corn oil was selected to investigate optimal conditions.

4.2. Optimal conditions for arsenic extraction

To determine optimal conditions, the RSM design for optimization of extraction and stripping was investigated. Ranges of pa-
rameters were selected through preliminary investigations and reported literature [1,3,20,21,26,29].
As shown in Eq. (14), extraction percentages of arsenic ions can be estimated:

%E= —112.5+9.86x; + 215.2x; + 115.7x3 — 0.398x;2 — 120.2x,2 — 123.6x32 — 0.57x1x2 + 3.88 x1x3 + 10.4 x3x4
14

where %E is the extraction percentages of arsenic, x; represents the concentration of Aliquat 336, x, replaces the pH of synthetic
petroleum produced water, and x3 refers to the ratio of O/A.

In Table S3 and Fig. S1, the actual and predicted extraction percentages of arsenic ions via RSM at 303.2 K and 0.1 MPa are
illustrated. When the predicted (RSM) values and the actual values of the experiments are compared, the regression equation achieved
RAD <0.0507 and R? equaled 0.9897. Such results indicate a low deviation between actual values and predicted values. The predicted
extraction results, therefore, are seen to fit in with the experimental results. In Table 4, to analyze the significance of parameters for
extraction efficiency, the analysis of variance (ANOVA) was utilized. Consequently, the P-values of individual parameters proved to be

Table 4

ANOVA in the extraction system.
Source DF Adj SS Adj MS F-Value P-Value
Model 9 2674.53 297.17 53.48 0.000
Linear 3 2344.93 781.64 140.67 0.000
pH (x1) 1 1234.99 1234.99 222.26 0.000
0/A (x2) 1 603.26 603.26 108.57 0.000
Conc. (x3) 1 506.68 506.68 91.19 0.000
Square 3 306.09 102.03 18.36 0.004
X1 X1 1 47.27 47.27 8.51 0.033
X2 X2 1 208.31 208.31 37.49 0.002
X3 X3 1 90.25 90.25 16.24 0.010
2-Way Interaction 3 23.51 7.84 1.41 0.343
X1 Xz 1 0.74 0.74 0.13 0.730
X7 X3 1 21.69 21.69 3.90 0.105
X2 X3 1 1.07 1.07 0.19 0.679
Error 5 27.78 5.56
Lack-of-Fit 3 27.78 9.26 484051.82 0.000
Pure Error 2 0.00 0.00
Total 14 2702.31
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< 0.05, signifying that all the parameters were significant [29].

4.3. Effect of parameters for arsenic extraction

To select the appropriate pH range for the RSM experiment, the effect of pH was preliminary tested (Fig. S2). Results reveal that the
suitable pH levels were 6, 9, and 12 since such pH afford high extraction percentages and cover the three dissociated forms of arsenic
ions [48,73]. In Fig. 3, the results of RSM optimization for the extraction of arsenic ions are given. In Fig. 3a, the effect of each
parameter on the extraction percentages of arsenic ions is shown. As a result, when pH increased, extraction percentages increased,
providing the optimal pH = 12. Due to the extraction mechanisms of Aliquat 336 and arsenic ions through the Cl™ ion-exchange,
Aliquat 336 favorably reacted with the dissociated forms of arsenic ions [74]. In addition, it is seen that when pH increased, the
binding distances between arsenic anion and water increased, influencing the decreased strength of the binding interaction energy
between arsenic anion and water [75]. It is significant that arsenic ions at pH = 12 (ASO‘S;’) can react more easily with Aliquat 336 than
the dissociated forms: HoAsOz (pH = 6) and HASO%’ (pH = 9).

To select the range of the extractant, Aliquat 336 concentrations were preliminary tested (Fig. S3). Results indicate that the most
suitable range was from 0.28 M to 0.68 M. This range required less extractant to achieve high percentages of arsenic extraction. Thus,
such a range was selected for RSM examination. Herein, it is seen that when the concentration of Aliquat 336 in corn oil increased,
percentages of arsenic extraction increased, up to the optimal 0.68 M. Such findings proved to be in accordance with Le Chatelier’s
principle whereby an increase in reactant concentration results in an increased forward reaction. Thus, the increase in Aliquat 336
concentration in corn oil led to the increase in (CH3R3N™), - (ASO43') [76].

As for O/A ratio, in the RSM experiment, O/A ratios ranged from 0.5 to 1.0 [1,3,20,21]. Results indicate that when O/A ratio
increased, extraction percentages of arsenic ions increased, up to a threshold of 0.9. However, when O/A ratios increased over the 0.9

a) : pH
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D: 1.000  cyr [12.0]
Low .

%E
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y = 98.3699
d = 1.0000
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Color points by value of
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51.3484 [ 259930

°0E

028 6

Fig. 3. RSM optimization of the arsenic ions extraction: (a) effect of each parameter regards extraction, and (b) optimized surface plot of the binary
interaction between the concentrations of Aliquat 336 in corn oil and pH of synthetic produced water.
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threshold, extraction percentages decreased. This outcome came about because equilibrium states were disturbed by changing con-
ditions, leading to reverse reaction [76,77]. In the extraction section, the effect of stirring rate was not investigated because pre-
liminary results indicated that stirring rate hardly influences extraction percentages, as shown in Fig. S4.

In Fig. 3b, the optimized surface plots of the binary interaction between the concentrations of Aliquat 336 in corn oil, and the pH of
synthetic petroleum produced water for arsenic extraction, as plotted by Design Expert 13 software are shown. Results demonstrate
that optimal conditions reveal maximum extraction of arsenic (99.95 %) at pH 12, O/A ratio = 0.9, and 0.68 M Aliquat 336 in corn oil.
In Fig. S5, other optimized surface and contour plots of the binary parameter interaction for arsenic extraction are demonstrated.
Results are consistent with the P-values of the individual parameters via ANOVA; the ellipse lines in the contour plots indicate the
significance of all parameters for the extraction percentages of arsenic ions [16].

4.4. Effect of stripping agent types

To determine the types of stripping agent, optimal conditions for extraction were investigated. In Fig. 4, the stripping percentages
of arsenic ions obtained by various types of stripping solutions, using 0.5 M HCl, 0.5 M thiourea, 0.5 M NaOH, and 0.5 M HCl +0.5 M
thiourea solution, are shown. As observed, in the pure stripping agents, the stripping percentages of HCI proved to be higher than
NaOH and thiourea. After the extraction process, the form of arsenic in the organic phase proved to be (NR4’ )3~(As04)3' [74]. In the case
of HCl solution, the discharged arsenic anions reacted with H to form H3AsO,4 (undissociated form). It is noted that the ion-exchange
phenomena of both CH3R3N™ plus the dissociated forms of arsenic ions i.e. HoAsOg, HAsOZ~, and AsO3~ facilitated the extraction
mechanisms between Aliquat 336 and arsenic. The undissociated form (H3AsO4) hardly reacted with Aliquat 336, preventing the
recovery of arsenic anions into the organic phase [20]. In the case of NaOH solutions, hydroxyl substitution produced (NR4-OH )3
[78]. However, arsenic ions are still in anion form in the high pH situation, so anions can be recovered back into the organic phase
[20]. As for thiourea, it is seen to dissolve in the water wherein the non-discharge complex: TU-(H20), appeared, where a represents
the number of HyO molecules [79]. Such complex hardly reacts with (NRI)3~(ASO4)3' [20]. It is observed that the mixture of HCl +
thiourea provided the highest stripping percentages of arsenic ions. Such results arose due to the synergistic effect between HCl and the
thiourea molecules from the strongly protonated ions of the thiourea molecules via HCI [60]. The synergistic effect is verified by the SC
values of system (1.357) [53].

4.5. Optimal conditions. for arsenic stripping

As shown in Eq. (15), the stripping percentage of arsenic ions can be estimated, applying RSM. Thus, a regression equation is
derived:

%S=1119 +0.37 x4 — 3.2 x5 — 971x6 + 0.000602 x42 4 0.0004 x52 + 54.5 x¢2 — 0.00214 x4x5 — 0.1188 x4x¢ + 2.797 X5X6
(15)

where %S is the stripping percentages of arsenic ions, x4 represents the stirring rate (rpm), xs indicates the temperature of the
stripping operation (K), and x, refers to the ratio of aqueous and organic volume. Table S4 shows the actual and predicted stripping
percentages of arsenic ions at 0.1 MPa. It is found that the predicted values proved to be accurate, indicating that RAD was <0.4510
and R? equaled 0.9640. As observed in Table 5, in the stripping of arsenic ions, results show that the P-values were below 0.05. It is
evident, therefore, that all parameters had a significant effect on the stripping percentages of arsenic ions [29].

4.6. Effect of parameters for arsenic stripping

As shown in Fig. S6, results reveal that the suitable stripping concentration was 0.5 M HCl +0.5 M thiourea. For the stripping of
arsenic ions, parameters (stirring rate, temperature, and A/O ratio) were implemented. In Fig. 5, RSM optimization regards the

60 T @HCI 56.103
B Thiourea
50
BNaOH
u)40 L 35899 BHCI+Thiourea
£ 30.823
=% L
= 30
=
wn 20
X
10 + 5418
0 |
HCI Thiourea NaOH HCl+Thiourea

Fig. 4. Effect of types of stripping agents regards the stripping percentages of arsenic ions, using 0.5 M for each stripping concentration, 500 rpm, 1
h, O/A ratio = 1, 303.2 K, and 0.1 MPa.
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Table 5
ANOVA in the stripping system.
Source DF Adj SS Adj MS F-Value P-Value
Model 9 5195.03 577.23 14.89 0.004
Linear 3 3469.08 1156.36 29.83 0.001
Stirring rate (x4) 1 283.82 283.82 7.32 0.042
Temperatures (xs) 1 882.95 882.95 22.78 0.005
A/O (x6) 1 2302.32 2302.32 59.39 0.001
Square 3 784.36 261.45 6.74 0.033
X4 +Xq 1 133.82 133.82 3.45 0.122
X5 X5 1 0.01 0.01 0.00 0.991
X6 X6 1 685.59 685.59 17.69 0.008
2-Way Interaction 3 941.59 313.86 8.10 0.023
X4 X5 1 18.28 18.28 0.47 0.523
X4 X6 1 141.13 141.13 3.64 0.115
X5 X6 1 782.18 782.18 20.18 0.006
Error 5 193.83 38.77
Lack-of-Fit 3 193.83 64.61 102014.00 0.000
Pure Error 2 0.00 0.00
Total 14 5388.86
a) : pm Temp.
Optimal ;0 500 3232
D: 1.000 ¢, [500] [303.2]
Low 300 303.2

%S
Maximum
y =105.206
d=1.0000

b)
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3032 1.5

%S

Design Points:
@ Above Surface
O Below Surface

25.14 [ 99.05

Fig. 5. RSM optimization for the stripping of arsenic ions: (a) effect of each parameter on the stripping, and (b) optimized surface plot of the binary
interaction between temperature and A/O ratio.

stripping of arsenic ions is shown. In Fig. 5a, the effect of each parameter on the stripping percentages of arsenic ions is illustrated. The
stirring rate was examined in the range from 300 to 500 rpm [26,29]. Results demonstrated that the highest stripping percentages
occurred at 500 rpm, indicating that this was the optimal stirring rate. Temperature and A/O ratio were investigated in ranges from
303.2 K to 323.2 K and 0.5 to 1.0, respectively [1,3,20,21]. It is noted that when the parameters increased, stripping percentages
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decreased. Therefore, 500 rpm, 303.2 K, and 0.5 A/O ratio were chosen for the optimal condition for the stripping.

In Fig. 5b, the optimized surface plots of the binary interaction between temperature and A/O ratio on the stripping of arsenic ions
are exhibited, revealing that the stripping percentages of arsenic ions reached 100.00 %. In Fig. S7, other optimized surface and
contour plots of the binary parameters for arsenic stripping are illustrated. As observed, the ellipse lines from the contour plots indicate
the significance of all the parameters on the stripping percentages of arsenic ions [16].

4.7. Characterization

To verify the validity of DFT calculations, B3SLYP/LANL2DZ level IR vibrational spectrum calculations were carried out for optimal
extraction and optimal stripping conditions, comparing them to the experimental IR vibrational spectrum.

4.7.1. IR vibrational spectra of arsenic extraction

In Table 6, wavenumbers of the experimental spectra versus predicted spectra of the organic phase via DFT [80-84] are shown. In
Fig. 6, experimental and predicted IR spectra in the organic phase (Aliquat 336 in corn oil) before and after the extraction process, are
displayed. It can be seen that the vibrational peaks of the organic phase after extraction were quite similar to those before extraction.
The four main peaks were derived from the vibration of C-H bonding in the Aliquat 336 molecule, fatty acid molecules, and
(CH3R3N"); - (As04%") supramolecular complex.

As observed, the peaks around 400-800 cm ! are attributed to the As-O bond and the rocking vibration of CHy due to (CHsRsN™);-
(AsO43') supramolecular complex, which appeared in the IR spectra of the organic phase after extraction [80-84]. This outcome
confirmed that the extraction of arsenic ions occurred. In addition, after extraction, the peaks of the Cl-H20 molecule around
3300-3405 cm ™! (blue line) appeared because the chloride-water molecule slightly dissolved in the organic phase, through electro-
static attraction by the CH3R3N " combining with the H atom of the water molecule. When water dissolves in the organic phase, Cl~
from (CH3R3N)Cl™ molecule can also be attracted to the water molecule [69,85]. As a result, it was found that the wavenumber of the
experimental spectra was close to the wavenumber of the predicted spectra. This outcome proved that the experimental spectra fitted
in well with the predicted spectra via DFT.

4.7.2. IR vibrational spectra of arsenic stripping

In Table 7, wavenumbers of the experimental spectra versus predicted spectra of the aqueous phase via DFT are shown [80,86-88].
In Fig. 7, the experimental IR spectra and predicted IR spectra in the aqueous phase before and after the stripping of arsenic ions are
displayed. It was found that the experimental IR spectra followed the same trend as the predicted IR spectra. This outcome proved that
the experimental spectra fitted in well with the predicted spectra via DFT. The peaks in the aqueous phase occurred through the vi-
bration of thiourea (NH,CSNH,), HCl, and water molecules. Moreover, the wavenumbers around 641-707 cm™!, due to the As-O
vibration in the experimental spectra, disappeared. This outcome came about because of the very low amount of arsenic in the aqueous
phase, based on the amount of thiourea, HCl, and water molecules. Thus, the experimental spectra only exhibited the dominant peaks
of thiourea, HCl, and water molecules [89].

4.8. Kinetics

In Fig. 8a and b, equilibrium times of arsenic extraction reaction and arsenic stripping reaction are demonstrated. It is noted that for
both extraction and stripping reactions, the concentration of arsenic remained constant over 120 s and 250 s, respectively. Reactions of
extraction and stripping were caused due to the rate-limiting reaction and concentration gradient until equilibrium was reached [76].
Therefore, the operating times of 120 s and 250 s were selected for both extraction and stripping reactions, for reaction orders and rate

Table 6

Wavenumbers of the experimental spectra versus predicted spectra in the organic phase for arsenic extraction via DFT.
Wavenumber (cm ™) Functional group assigned by Ref
Experimental (black line) Predicted (red line)
Before extraction
723 730-735 CH, in (CH3R3N)Cl™ and fatty acid molecules [81-83]
1162 1150-1200 O-C-C stretching [82]
1463 and 1544 1470 and 1744 The bending of C-H wagging and C-H scissoring in (CH3R3N")Cl~ and corn oil molecules [82,83]
1742 None C-H scissoring in the (CH3R3N)Cl™ molecule [84]
2853-2923 3000-3200 The stretching of C-H bonds in the (CH3R3N ")Cl™ molecule [82,83]
After extraction
400-800 500-820 As-O bond and CH rocking from (CH3R3N"); - (AsO4>") supramolecular complex. [80-84]
1069-1137 The twisting of C-H bending [81-83]
1464 None The wagging of C-H bending [84]
1641-1742 1700-1800 C-H scissoring [84]
2853-2923 2900-3000 C-H stretching [84]
3405 3250-3350 * CI-H bonded stretching from Cl and H" in the water molecule dissolved in organic phase [84]

2 The data on blue line in Fig. 6.
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Fig. 6. The experimental IR spectra and predicted IR spectra in the organic phase: (a) before extraction, and (b) after extraction, at B3LYP/
LANL2DZ level of theory.

constants. Reaction orders for extraction and stripping of arsenic ions were found by plotting the integral concentration of arsenic ions
versus time. In Table 8, both Y and X axes for plotting the integral concentration of arsenic ions versus times are shown. kg and kg are
the rate constants for both extraction and stripping reactions. Cp and Cs indicate arsenic concentration at initial extraction and
stripping reactions. C; and C,, demonstrate the arsenic concentration at time (t) for both extraction and stripping reactions, respec-
tively [16].

In Fig. 9a and b, results are seen to fit in well, revealing first and second - order for extraction and stripping reactions of arsenic ions.
As for other orders, the outcomes are illustrated in Figs. S8 and S9. The findings reveal that rate constants are 0.0270 s* and 0.0010
mg L1 s~ for the extraction and stripping reactions, respectively [50]. As for the characteristics of reaction orders, it is noted that the
conversion of the rate of reaction in the first - order directly depends on the concentration of a single reactant. In the second - order, the
rate is proportional to the square of the concentration of a single reactant or the concentration of two reactants [90]. Therefore, the
concentrations of (CH3R3N™), - (AsO43') depended on the concentrations of Aliquat 336 in corn oil. Likewise, the conversion of the
H3AsO4-(NH2CSNH2)3 was attained due to the concentrations of both (CH3R3N™), - (AsO43') and protonated thiourea.
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Table 7

Wavenumbers of the experimental spectra versus predicted spectra in the aqueous phase for arsenic stripping via DFT.
Wavenumber (cm ™) Functional group assigned by Ref
Experimental (black line) Predicted (red line)

Before stripping

None 399-514 N-H out-of-plane bending from the NH,CSNH; molecule [871]
1095 and 1480 1095 and 1480 Symmetric and asymmetric stretching of C-N [87]
1393 1393 C=S stretching [871
1650 1690 N-H in-plane bending [871
2002 2,702" H-Cl stretching of HCL [87,88]
3235 None N-H stretching and O-H stretching [87]
None 3574 and 3749 N-H symmetric and asymmetric stretching [871]
After stripping

None 154-256 O-H vibration [80,86]
None 500-600 N-H out-of-plane bending [87]
None 641-707 As-O stretching vibration [80,86]
1419 1419 C=S stretching [871
1600 1650-1700 N-H in-plane bending [87]
2829 2802 N-H stretching [871
3235 None N-H stretching, and O-H stretching [87,88]
None 3500-3700 N-H symmetric and asymmetric stretching [87]

2 The data on blue line in Fig. 7.

4.9. Effect of organic phase recycling

To reuse both Aliquat 336 and corn oil, the effect of the number of cycles on the extraction percentages of arsenic ions was
investigated. In Fig. 10, the effect of the number of cycles on extraction percentages and stripping percentages of arsenic ions is
displayed. It is seen that when the number of cycles increased, the extraction of arsenic ions decreased, but the stripping of arsenic ions
remained constant. The extraction percentages of arsenic decreased due to the tiny dissolution between Aliquat 336 and water [68,69].

As observed during the first cycle, the remaining concentration of arsenic ions in the extracted eater was 0.002 mg L™}, permitted in
accordance with the WHO levels (<0.01 mg L’l). After two cycles, the remaining concentration of arsenic ions was 0.046 mg L’l,
permitted as arsenic levels in underground water in Thailand (<0.05 mg L™ [11]. In three cycles, the concentration of arsenic still
remained 0.239 mg L7, consistent with the effluent level in Thailand (<0.25 mg LY [12]. After the 4th cycle, the remaining con-
centration of arsenic ions (0.321 mg L™!) exceeded the levels mentioned previously. Thus, the appropriate number of recycles for the
organic phase is twice that for underground drinking water levels or three times for the effluent level in Thailand.

4.10. Selectivity

To investigate the influence of metal ions on extraction selectivity at optimal condition, concentration before and after extraction of
individual ions needs to be analyzed. In the Gulf of Thailand, produced water is comprised of heavy metals: arsenic, mercury, and iron,
magnesium, and calcium [3]. Such metals can affect the extraction selectivity of the extraction process. In Fig. 11, the concentration of
metal ions in the synthetic petroleum produced water, before and after extraction, is presented. In Table 9, to estimate the extractable
metal ions of the organic phase from the aqueous phase, both D and S values are given. Only arsenic obtained D > 1 and S values of all
others were >1. These findings confirm that corn oil was a good solvent to dilute Aliquat 336 for the removal of arsenic ions via
selective extraction [58]. According to the literature, mercury ions in the water can be extracted at acidic pH (x6), using Aliquat 336 as
extractant. In the aqueous phase, mercury was deprotonated to HgCsz in order to react with Aliquat 336 [3,91]. In the case of iron, it is
found that high concentration of HCI improved the efficiency of extraction, when Aliquat 336 was used [92]. Thus, the extraction of
such metals was poor because the aqueous phase was carried out at pH 12.

4.11. McCabe-Thiele study

To predict the number of extraction stages, the McCabe-Thiele theory was used. For the investigation, optimum conditions were
employed. In Figs. S10a and b, the effect of phase ratios (O/A and A/O) on extraction and stripping percentages is demonstrated.
Herein, when organic volume ratio increased, extraction percentage increased. This outcome is in line with the Le Chatelier’s principle
[76]. However, when O/A increased more than 1:1, extraction percentages remained the same since the system reached equilibrium
[56]. Likewise, when aqueous volume ratio increased, stripping percentage increased, thus equilibrium was achieved. However, when
A/O increased more than 1:2, the stripping system reached equilibrium. These results are quite consistent with the optimal condition
via RSM (O/A = 0.9 and A/O = 0.5).

In Fig. 12a and b, the McCabe-Thiele diagram for the extraction and stripping of arsenic ions is presented. In Fig. 12a, it is seen that
the distance between the equilibrium line (green line) and the operating lines (blue line and brown line) indicates the quantity of mass
transfer driving force. When the mass transfer driving force increased, the number of stages decreased and the distance between the
equilibrium line and the operating lines increased, which is a result of the increase in concentration gradient [56]. The number of
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Fig. 7. The experimental IR spectra and predicted IR spectra in the aqueous phase: (a)Before stripping, and (b)After stripping, at BALYP/LANL2DZ
level of theory.

stages needed for the extraction of arsenic ions was three for operation at O/A = 0.9 and 1.0. In Fig. 12b, the result of the operating line
(purple line) at A/O equal to 0.5 shows that the number of stages was four. Likewise, the mass transfer driving force was attained due to
the concentration gradient, which is the same as in the case of extraction. It is noted that the number of stages for both extraction and
stripping of arsenic ions, as plotted and calculated, was found to be equal [56].

4.12. Mechanism study via DFT analysis
Herein, DFT calculations were used at B3LYP/LANL2DZ level of theory, including the conductor-like polarizable continuum
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Table 8
Y and X axes to plot the integral concentration of arsenic ions versus time.
Orders Y axis X axis Intercept Reactions Rate constants (kg and kg) Rate constant units R?
zero Ct t Co Extraction 0.0133 mgL's 0.6682
Cs: t Cso Stripping 0.1579 mg L1's 0.9533
1st In(Cy) t In(Co) Extraction 0.0270 st 0.9877
In(Cy,) t In(Cy0) Stripping 0.0027 st 0.9065
2nd 1 t 1 Extraction 0.2635 Lmg's™ 0.8986
Ce Co
1 t 1 Stripping 0.0010 Lmgts? 0.9972
Cs,t Cs,O

solvation model (CPCM). DFT was conducted to investigate both optimal extraction and optimal stripping mechanisms for arsenic ions.

4.12.1. Extraction mechanism
In Fig. 13, the reaction mechanism for the extraction of arsenic ions from the synthetic petroleum produced water is shown. AsO3

is seen to have a negative charge (red color). In the (CH3R3N)Cl™ molecule, the CH3R3N ™ species had a positive charge on the nitrogen
atom (blue color) and a negative charge on the chloride atom (red color). Subsequently, when the (CH3RsNMCl™ molecules reacted
with the AsO?f molecule, the intermolecular force between the cations and anion of (CHsRsN)Cl™ molecules broke and the chloride
anion was lost. Then, the released chloride anion formed micro-solvation with water in the aqueous phase [1,20]. Moreover, three
cations of CHsRsN™ are seen to connect with the AsO?{ anion through electrostatic attraction. Thus, the supramolecular complex
structure of (CH3R3N™), - (AsO43') occurred and dissolved in the organic phase [1,12]. Both the binding distance and interaction
energy between O in AsO?f molecule with H in CH3R3N' molecules were found to be 1.7 A and —2833.69 kJ mol’l, indicating that the
extraction reaction is an endothermic reaction with 138.09 kJ mol~! of the standard reaction energy.
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Table 9

Distribution coefficient and selectivity factor for the removal of arsenic versus other metals.
metal component (i,j) D; S x (1074
As 211.141 -
Hg 0.014 1.508
Fe 0.012 1.760
Mg 0.037 0.571
Ca 0.007 3.016

4.12.2. Stripping mechanism
In Eq. (16), the mechanism of the synergistic stripping to strip the (CHsRsN™), - (AsO4>") molecule is shown:

CHgRgNJr . ASO43_ + 3HCl + 3(NH2 CS= H3ASO4 . (NHQCSNHQ + 3(CH3R3N+)C17' (16)
3 2 3

In Fig. 14a, the reaction mechanism for the stripping of arsenic from the organic phase is presented. Herein, HCI and thiourea mol-
ecules attached to the (CH3R3N "), - (AsO43') complex, at the position of the oxygen atoms of the AsO3~ anion, led to the electrostatic
attraction between the AsO3~ anion and three CHsR3N™ cations being broken [76]. Consequently, the covalent bond in the HCI
molecule broke, yielding proton (H") and chloride anion (Cl ™). Next, the direction of the H" atom points to the sulfur atom, inducing
the protonated thiourea form: (NH),CSH ™ to occur. Thus, three (NH3),CSH T molecules are attracted to the AsO3~ anion at O atoms
through both the breaking of the H-S in the thiourea molecule and the forming of covalent bonds between O atoms of AsO3~ and the
broken H atom. Suddenly, electrostatic attractions between the sulfur atom in the thiourea molecule and the H atom of O-H covalent
bonds occurred. At the same time, the hydrogen bonds between the O atoms in the AsO3~ molecules and the H atoms of the N-H group
in the thiourea molecules occurred, giving rise to the H3AsO4-(NH2CSNH>)3 molecule, which then dissolved in the aqueous phase [12,
16].

In Fig. 14D, it is seen that the total interaction energy in the H3AsO4-(NH2CSNH3)3 molecule was found to be —232.49 kJ mol ™},
which was achieved through the binding distances around 1.9 A and 2.1 A for the hydrogen bond and the electrostatic attraction,
respectively. Subsequently, the CH3R3N™ cation attracted the Cl~ anion, forming (CH3R3N)CI™ in the organic phase, comprising
(CH3R3N)CI™ in corn oil [12]. The stripping reaction, therefore, is an exothermic reaction, attaining —1788.25 kJ mol ™! of the
standard reaction energy.

5. Conclusions

In this paper, for the removal of arsenic ions from the synthetic petroleum produced water, corn oil proved to be most effective in
diluting Aliquat 336. Applying optimal conditions via RSM, percentages of extraction and stripping of arsenic ions reached 99.52 %
and 100.00 %, as shown in RAD values (<0.0507 and < 0.4510) and R? values (0.9897 and 0.9640). Besides, optimal condition of
extraction was obtained at pH = 12, 0.68 M Aliquat 336 in corn oil, and O/A ratio = 0.9. Optimal stripping condition proved to be 0.5
M HCI +0.5 M thiourea, 500 rpm, 303.2 K, and A/O ratio = 0.5. In the DFT method, the extraction mechanism of arsenic ions attained
(CH3R3N*); - (As04*) molecules through the chloride ion-exchange of Aliquat 336 molecules. Stripping mechanism occurred
through the protonated thiourea and (CH3R3N™); - (AsO43') molecules, forming H3AsO4-(NH2CSNH3)3. The kinetics of both extrac-
tion and stripping reactions were found to be kz=0.0275 s ! and ks=0.001 mg L s~ . Besides, the selectivity factor for the removal of
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Fig. 14. Reaction mechanism for the stripping of arsenic complex from the organic phase at B3LYP/LANL2DZ level of theory: (a) the stripping
reaction and (b) the inside interaction of the H3AsO4-(NH,CSNH,); molecule.

arsenic versus other metals was found to be > 1. The number of stages for extraction and stripping of arsenic was found to be three and
four stages. To summarize, therefore, corn oil could successfully be used as a green solvent to dilute Aliquat 336 in the water treatment
process. This work opens up new directions in the research for green technology that can extract and strip at the same time for in-
dustrial wastewater applications.
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