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Abstract

:

In the last few decades, there has been an increasing trend for the usage of natural products and their derivatives as green and renewable oil-filed chemicals. Use of these compounds or their derivatives contributes to reducing the use of traditional chemicals, and enhances green chemistry principles. Curcumin (CRC) is one of the most popular natural products and is widely available. The green character, antioxidant action, and low cost of CRC prompt its use in several applications. In the present study, Curcumin was used to synthesize two new amphiphilic ionic liquids (AILs) by reacting with 1,3-propanesultone or bromoacetic acid to produce corresponding sulfonic and carboxylic acids, CRC-PS and CRC-BA, respectively. Following this, the formed CRC-PS and CRC-BA were allowed to react with 12-(2-hydroxyethyl)-15-(4-nonylphenoxy)-3,6,9-trioxa-12-azapentadecane-1,14-diol (HNTA) to form corresponding AILs, GCP-IL and GRB-IL, respectively. The chemical structures, surface tension, interfacial tension, and relative solubility number (RSN) of the synthesized AILs were investigated. The efficiency of GCP-IL and GRB-IL to demulsify water in heavy crude oil (W/O) emulsions was also investigated, where we observed that both GCP-IL and GRB-IL served as high-efficiency demulsifiers and the efficiency increased with a decreased ratio of water in W/O emulsion. Moreover, the data showed an increased efficiency of these AILs with an increased concentration. Among the two AILs, under testing conditions, GCP-IL exhibited a higher efficiency, shorter demulsification time, and cleaner demulsified water.
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1. Introduction


The production of crude oil from reservoirs in emulsion form faces obstacles in terms of its storage, transportation, and refining. The presence of brine in these emulsions causes different operational problems, including corrosion of storage tanks and transportation pipelines, an increase in crude oil viscosity, and poisoning of refining catalysts [1,2]. Therefore, the produced emulsions should be treated to remove brine prior to the transportation or storage process, and many different physicochemical, biological, and mechanical techniques are applied towards the demulsification of crude oil emulsions. In this, the use of chemicals is one of the most commonly applied techniques because of the high efficiency, low cost, and fast demulsification rate compared to other techniques. Usually, the use of chemicals combined with heat accelerates the demulsification process [3]. The different chemicals applied as the demulsifiers include alkylphenols, ethylene oxide-co-propylene oxide copolymers, ionic liquids (ILs), poly (ionic liquids), diepoxides, and polyesters [4,5,6,7]. In the last few years, ILs have been used as effective demulsifiers due to their unique properties such as low melting point, low vapor pressure, and wide-range solubility in water and organic solvents [8,9,10]. ILs are organic salts composed of organic cation and organic or inorganic anion [11]. Usually, the demulsification process requires amphiphilic ILs that are able to diffuse in crude oil and water, and for the designing of task-specific ILs, a variety of organic cations and anions are used [12].



In the past few decades, there has been an increasing trend to incorporate natural products and their derivatives as alternatives to the conventional chemicals so as to reduce their impact on the environment. With that view, plant-based products can be suitable because of their green character, wide availability, and low environmental impact and thus, have been put to use in different applications. Among many different sectors, the petroleum industry in particular is applying various natural products and their derivatives as biosurfactants [13,14,15], cardanol [16,17,18], tannic acid [19,20,21], and other plant extracts [22,23,24], for the demulsification of crude oil emulsions and for their action as asphaltene dispersants and corrosion inhibiters.



Curcumin(CRC) is a natural diphenolic compound extracted from a rhizome of Curcuma longa and been used as spice, flavoring, and coloring since ancient time [25,26]. Due to its wide availability and antioxidant character, CRC is used for many different pharmaceutical and medical applications as an antimicrobial [27], antioxidant [28], anticancer [29], anti-inflammatory, and antineoplastic agent [30]. In the last few years, several studies have reported blinding of CRC with several biopolymers such as cellulose, cellulose acetate, chitosan, gelatin, and collagen to improve their biomedical applications [31]. In our previous work, we succeeded in preparing two curcumin-based amphiphilic ionic liquids and applied them for breaking crude oil emulsions [32]. In the present study, curcumin was used for the formation of new amphiphilic ionic liquids (AILs) by (1) reacting with 1,3-propanesultone or bromoacetic acid, (2) conversion of formed salt into the corresponding acids, and (3) the reaction of the produced acids with 12-(2-hydroxyethyl)-15-(4-nonylphenoxy)-3,6,9-trioxa-12-azapentadecane-1,14-diol (HNTA) to form corresponding AILs, GCP-IL and GRB-IL, respectively. Following the synthesis and characterization of the formed AILs, their efficiency as demulsifiers for water in heavy crude oil (W/O) emulsion was investigated.




2. Results and Discussion


The production of ILs is ruled by a high production cost. Normally, an increase in the cost of raw materials and long synthesis routes prompt an increase in the cost of the synthesized ILs. This study focused on the use of curcumin as a widely available and low-cost raw material for the synthesis of new AILs in a short route, which will be reflected in the final cost of the prepared AILs. In addition, the use of curcumin as a raw material enhanced the formation of green renewable AILs. For this, two new curcumin-AILs were synthesized through the following steps: (1) the reaction of CRC with 1,3-propanesultone or bromoacetic acid to produce corresponding sulfonic and carboxylic acids, CRC-PS and CRC-BA, respectively; (2) the reaction of the formed CRC-PS and CRC-BA with HNTA to form corresponding AILs, GCP-IL and GRB-IL, respectively.



2.1. Chemical Structures of AILs


Two new AILs were synthesized based on the reaction of CRC with 1,3-propanesultone or bromoacetic acid in the presence of a base, where the produced organic salt was converted into the corresponding sulfonic and carboxylic acids, CRC-PS and CRC-BA, respectively (Scheme 1a,b).



In the two other steps, HNTA was prepared through the reaction of GNE with EA. The produced compound (GNEA) was reacted with DEG in the presence of BCE as cross-linker (Scheme 2).



HNTA was reacted with RC-PS or CRC-BA to form corresponding AILs, GCP-IL and GRB-IL, respectively (Scheme 3a,b). The chemical structures of GCP-IL and GRB-IL were elucidated using FT-IR and proton nuclear magnetic resonance (1H-NMR) spectroscopy. FT-IR spectra (Figure 1a,b) were used to identify the functional groups in GCP-IL and GRB-IL. The stretching absorption bands of hydroxyl groups appeared at 3381 cm−1 and 3392 cm−1 for GCP-IL and GRB-IL, respectively.



The stretching absorption bands of aliphatic C-H appeared at 2923 cm−1 and 2869 cm−1. In addition, the stretching absorption bands of aromatic double bonds were noticed at 1608 cm−1, 1510 cm−1, and 1460 cm−1, while the stretching absorption band of etheric C-O-C appeared at 1160 cm−1 for both AILs. Some differences appeared in the spectra due to differences in the chemical structure of GCP-IL and GRB-IL, e.g., the symmetric and asymmetric stretching bands of S=O appeared at 1400 cm−1 and 1040 cm−1 (Figure 1a), respectively, indicating the presence of SO3 group in the structure of GCP-I.



In 1H-NMR spectra (Figure 2a,b), the peaks of alkyl chain appeared between 0.8 and 2.5 ppm. The protons of -NCH2- and -OCH2- of ethoxy units appeared at 3.4 ppm and 3.48 ppm, respectively. The protons of curcumin methoxy and +NH resonated at 3.75 ppm and 8.15 ppm, respectively.




2.2. Surface Activity of AILs


The surface tension of as-prepared AILs aqueous solution at 25 °C was measured using pendant drop technique as shown in Figure 3. The data showed a decrease in surface tension as AIL concentration increased due to the migration of AIL molecules from bulk solution to an air/water interface, up to cmc. At the air/water interface, AIL molecules orient themselves in an especial manner, where the hydrophilic parts (represented by oxy ethylene units, and ions) interact with water molecules whereas the hydrophobic parts (represented by alkyl chains, and benzene rings) orient themselves toward the air, leading to a reduction in surface tension. After cmc, the air/water interface is completely covered by AIL molecules, and therefore any increase in the AIL concentration has no effect on the surface tension values, and AIL molecules tend to form micelles in the bulk solution. The high efficiency of GCP-IL and GRB-IL in reducing the surface tension of distilled water indicates the amphiphilicity of these compounds. Among the two AILs, the GCP-IL showed higher efficiency in reducing surface tension than did the GRB-IL due to differences in their chemical structures. The RSN measurements are used to indicate the solubility of the as-prepared AILs either in oil or in water. Commonly, low RSN values (<13 mL) reflect their oil solubility, whereas high RSN values (>17 mL) reflect their water solubility [33]. RSN measurements were found to be 15.8 mL (for GCP-IL) and 16.4 mL (GRB-IL), which reflects the solubility of corresponding AILs in organic solvents and water to a certain extent [34]. The RSN values confirmed the amphiphilicity of GCP-IL and GRB-IL, which enhances their use as demulsifiers for crude oil emulsions, where such amphiphilicity is required.



The surface parameters of GCP-IL and GRB-IL were calculated and tabulated in Table 1, which indicates that the critical micelle concentrations (cmc) seem to be similar for both AILs.



The surface excess concentration (Γmax) and minimum surface area occupied per molecule (Amin) were calculated using the Gibbs adsorption Equations (1) and (2), respectively.


   Γ  m a x   =  1  R T     ( −   ∂ γ   ∂ l n c   )  T   



(1)






   A  m i n   =     10   16     N  Γ  m a x      



(2)




where R, T,   −   ∂ γ   ∂ l n c    , and N are the general gas constant, temperature, the slope of straight line in Figure 3, and Avogadro’s number, respectively. A tighter packing of GCP-IL molecules on the surface was indicated by increasing Γmax, and decreasing Amin value compared to GRB-IL, which refers to an increase in the hydrophobicity of GCP-IL compared to GRB-IL [35]. These results are compatible with RSN measurements. The micellization (ΔGmic) and adsorption’s (ΔGads) standard free energies were calculated using the following Equations (3) and (4), respectively.


  Δ  G  m i c   = R T l n       c m c   55.5      



(3)






  Δ  G  a d s   = Δ  G  m i c   − 6.022    γ o  −  γ  c m c      



(4)




where γo and γcmc are the surface tension of deionized water and AILs at cmc, respectively. The ability of GCP-IL, and GRB-IL molecules to spontaneously form micelles and to adsorb at the air/water interface was indicated by the negative values of ΔGmic and ΔGads. The increase of ΔGads value as compared to ΔGmic suggests that the AILs adsorb at the air/water interface, which is followed by the formation of micelles after adsorption saturation [30]. The MSs of GCP-IL and GRB-IL were measured using DLS technique and are presented in Figure 4.



Dynamic light scattering (DLS) was used to investigate the micelle sizes (MSs) and polydispersity index (PDI) for the formed micelles. DLS measurements depend on the fact that micelles scatter light beams of magnitude more strongly than do other solution components, e.g., free AIL molecules or counterions [36]. Herein, the MS and PDI for the as-prepared AILs were measured as shown in Figure 4, and found to be 263 nm and 0.198 for GCP-IL, and 416 nm and 0.301 for GRB-IL. The values of MS and PDI for GCP-IL reflect tighter packing of its micelles compared to GRB-IL. In addition, the low values of PDI indicate the narrow distribution of the formed micelles for both AILs.



The ability of GCP-IL and GRB-IL to reduce interfacial tension (IFT) between crude oil and water was determined using pendant drop technique as shown in Table 2. The data showed IFT to decrease as concentration of AILs increased. The GCP-IL and GRB-IL succeeded to reduce IFT at the crude oil/water interface from 33.5 mN/m to 5.6 mN/m and 6.4 mN/m, respectively, reflecting their ability to adsorb at crude oil/water interface and hence reduce IFT.




2.3. Efficiency of AILs in Demulsification of W/O Emulsions


The stability of crude oil emulsions is enhanced by natural emulsifiers that present as constituents of heavy crude oils, e.g., asphaltenes, resins, naphthenic acids, and solids particles [37,38]. These materials form a rigid interfacial film around water droplets, and prevent coalescence of these droplets [39]. AILs are used to demulsify crude oil emulsions through destabilizing the natural interfacial film, enhancing coalescence of water droplets. The formation of stable emulsions was tested by placing blank samples in a water bath at 60 °C, and the samples did not show any separation for 3 weeks, indicating the formation of stable emulsions. Moreover, the microscopic images of W/O emulsions 50/50 (Figure 5a) showed the formation of uniform and small emulsion droplets with size 2–3 µm, indicating the stability of the prepared emulsions. The ability of synthesized AILs to demulsify crude oil emulsions was evaluated using conventional bottle test method. Different volumetric ratios of crude oil/water (50/50, 70/30, 90/10) were used to prepare crude oil emulsions as described in earlier work [29]. All of the prepared emulsions were W/O emulsions as indicating by dropping method (all emulsions exhibited good dispersion in xylene).



GCP-IL and GRB-IL were dissolved in xylene/ethanol (75/25 vol.%) and injected into the emulsion cylinders in several concentrations (250 ppm, 500 ppm, and 1000 ppm). The cylinders were placed in hot water bath (60 °C), and the demulsified water was recorded at various time intervals, as presented in Table 3.



The data show an increased efficiency of these AILs with increasing concentration, and in addition, the demulsification efficiency seems to have increased with a decrease in ratio of water. It can be argued that an increase in AIL concentration prompts migration of AIL molecules to the crude oil/water interface, leading to reduce IFT, replace the interfacial rigid film, and hence facilitate coalescence of water droplets. Moreover, the demulsification time decreased as the ratio of water increased, and this behavior may be ascribed to the interaction between chloride anions of NaCl and ammonium cations of AILs, as well as the interaction between sodium cations of NaCl and carboxylate anions or sulfate anions of AILs. These interactions reduce the repulsions between the AILs cations and anions and facilitate their diffusion at the O/W interface, facilitating the replacement of asphaltene rigid film around water droplets. Such behavior reflects the advantages of AILs as demulsifiers over conventional surfactants, which are unable to significantly reduce the IFT with high salt content [10]. Furthermore, GCP-IL showed faster and higher demulsification than GRB-IL did, which may be ascribed to its higher activity to reduce IFT between crude oil and water as compared to that of GRB-IL.



Demulsification efficiency versus time using different concentrations of GCP-IL is represented in Figure 6, and it reveals that the demulsification time depends on the ratio of water in W/O emulsions and AILs concentrations.



Notably, the demulsification time decreased as the ratio of water in the prepared emulsions increased. The data also indicate a delay in the demulsification process at the first stage, and this may be ascribed to the obstruction of AIL diffusion in crude oil as a continuous phase due to their ionic nature. The dispersed AILs interact with asphletne around water droplets, replacing it with a soft film. The interactions between these AILs and asphaltene were elucidated from zeta potential measurements as presented in Figure 7. The data showed positive surface charge for GCP-IL and GRB-IL with values of 15.93 mV and 12.16 mV, respectively; however, the used asphaltene has a negative surface charge (−43.35 mV) [3]. These results reflect the interactions between negative surface charge of asphaltene and positive surface charges of these AILs, and such interactions change the behavior of asphaltene rigid film and facilitate its replacement with a soft film. The microscopic images of emulsion droplets (50/50 vol.%) after 60 min and 120 min in the presence of 1000 ppm of GCP-IL are presented in Figure 5b,c. These images reveal how the GCP-IL enhances the approaching of small emulsion droplets, which open to each other to form larger droplets, and the size of water droplets increases with time. The increased size of these droplets means they can be collected at the bottom of cylinder under the effect of gravity.



The demulsified water with low or no crude oil residual is one of the most important parameters for choosing suitable demulsifiers due to environmental impacts. Figure 8 represents the demulsification visual images of W/O emulsions using different concentrations of GCP-IL and GRB-IL, and these images show clear demulsified water. In addition, the GCP-IL succeeded to separate cleaner demulsified water than that of GRB-IL.



Finally, the use of CRC as a natural product to synthesize low-cost AILs demulsifiers to enhance the green chemistry principles by reducing the consumption of conventional raw materials towards the preparation of demulsifiers was developed successfully. In addition, the short synthesis procedures and mild synthesis conditions, as well as the low concentrations of their injected doses promote the production of these materials as effective demulsifiers. Furthermore, the wide availability, green and antioxidant characteristics of CRC, as well as ability of the synthesized AILs to reduce surface and IFT tensions make them suitable to serve as surfactants for some applications, such as in cosmetics, where they require green materials.





3. Materials and Methods


3.1. Materials


Curcumin (CRC) (≥99.5%), 1,3-propanesultone (≥99%), potassium tertiary butoxide (t-BuOK) (≥98%), glycidyl 4-nonylphenyl ether (GNE), ethanolamine (EA) (≥98%), diethylene glycol (DEG) (99%), bis (2-chloroethyl) ether (BCE) (≥99%), ethanol absolute (≥99.8%), xylene, dimethylformamide (DMF), and dioxane were purchased from Sigma-Aldrich Co (Missouri, MO, USA). The crude oil was obtained from Aramco Co. Saudi Arabia, and its specifications were fully reported in our previous work [17]. The brine solution (35 g/L) was prepared in the laboratory using sodium chloride and distilled water.




3.2. Characterization


Fourier transform-infrared spectroscopy (FT-IR) analysis performed on Nicolet 6700 spectrometer instrument (Thermo scientific, Minnesota, MN, USA) and nuclear magnetic resonance (NMR) analysis performed on Avance-DRX-400 spectrometer (Bruker Co., Billerica, Massachusetts, MA, USA) were used to elucidate the chemical structure of synthesized AILs. The surface activity of synthesized AILs, represented by surface tension and interfacial tension (IFT), was determined using pendant drop technique that makes use of drop shape analyzer (DSA-100, Kruss, Germany). The micelle size (MS) and surface charge (zeta potential) were determined using dynamic light scattering (DLS) (Zetasizer Nano ZS, Malvern Instrument, Ltd., Malvern, UK). The microscopic images of crude oil emulsion droplets during the demulsification process were captured using optical microscope (Olymps BX-51, Tokyo, Japan). The relative solubility numbers (RSN) of AILs were measured throughout the titration of AIL solutions (1 g in 30 mL of dioxane:toluene 96:4 vol% mixture) using deionized water till turbidity appeared persistently. The RSN value is equal to the amount of consumed water in milliliter. The different volumetric ratios of heavy crude oil/brine (50/50, 70/30, and 90/10) were mixed using homogenizer at 8000 rpm for 30 min in order to prepare W/O emulsions. The AILs were dissolved in xylene:ethanol (72/25 vol%),the different concentrations were injected into the prepared emulsions, and the injected emulsions were placed in hot water bath (set at 60 °C), and demulsification time was recorded. The demulsification efficiency was calculated using the following equation:


  D E % =     D W   E W     × 100  



(5)




where DW and EW correspond to demulsified water and emulsified water, respectively.




3.3. Synthesis of AILs


3.3.1. Synthesis of HNTA


Equimolar amounts of GNE (4 g; 14.47 mM) and EA (0.88 g; 14.47 mM) were mixed in a 50 mL three-neck round-bottom flask supplied with nitrogen (N2) inlet, reflux condenser, thermometer, and magnetic stirrer. The mixture was heated to 100 °C for 3 h, the produced compound was dissolved in 30 mL of xylene, and then mixed with BCE (6.21 g; 43.41 mM), DEG (4.61 g; 43.41 mM), and NaOH (3.47 g; 86.82 mM). The solution mixture was refluxed for 8 h under nitrogen atmosphere, followed by simple filtration to dispose the produced sodium chloride salt. The product obtained was purified throughout mixing with saturated sodium chloride aqueous solution and extracted using isopropanol. The organic layer was separated, and isopropanol was evaporated under reduced pressure to obtain purified compound (HNTA) as an oily product.




3.3.2. Synthesis of CRC-PS


A mixture of CRC (5 g; 13.57 mM) and t-BuOK (6.09 g; 54.29 mM) was dissolved in 100 mL ethanol absolute and heated at 60 °C for 30 min under N2 atmosphere. After cooling the mixture to 25 °C, 1,3-propanesultone (3.32 g; 27.15 mM) was added dropwise, followed by refluxing the mixture under N2 atmosphere for 40 h [40]. The solvent was evaporated under reduced pressure, and the precipitate was acidified using hydrochloric acid (1 M), washed with water, and the obtained product was thoroughly dried.




3.3.3. Synthesis of CRC-BA


A mixture of CRC (5 g; 13.57 mM), BAC (3.77 g; 27.15 mM), and NaOH (2.17 g; 54.29 mM) was dissolved in 30 mL of DMF in a 100 mL three-neck round-bottom flask with N2 inlet, reflux condenser, thermometer, and magnetic stirrer. The mixture was refluxed for 8 h, followed by hot simple filtration to dispose of produced sodium chloride salt. The compound obtained after evaporation of solvent under reduced pressure was dissolved in water and treated with hydrochloric acid (1 M) until obtaining constant precipitation. The precipitated compound (CRC-BA) was filtered, then washing with water and finally, dried at room temperature.



For synthesis of AILs (GCP-IL and GRB-IL), stoichiometric ratio of HNTA with either CRC-PS or CRC-BA was mixed, stirred, and heated at 100 °C under N2 atmosphere for 5 h for producing AILs, GCP-IL and GR-IL, respectively. The melting points of GCP-IL and GR-IL were 58 °C, and 74 °C, respectively.






4. Conclusions


In conclusion, the present study deals with two unprecedented AILs that were synthesized via the conversion of CRC to sulfonic and carboxylic acids using 1,3-propanesultone or bromoacetic acid, respectively. The produced acids were reacted with HNTA to form corresponding AILs, GCP-IL and GRB-IL, respectively. The ability of GCP-IL and GRB-IL to reduce surface tension and IFT as the concentrations increased reflects their amphiphilicity, and hence their ability to migrate to the air/water or oil/water interfaces, leading to reduce surface tension and IFT. Moreover, the surface activity parameters showed increased Γmax and decreased Amin values for GCP-IL, reflecting good packing of its molecules at the air/water interface due to an increase in its hydrophobicity as compared to GRB-IL. This confirms that GCP-IL and GRB-IL have promising results as demulsifiers, and their demulsification efficiency increases with an increase in concentration and a decrease in ratio of water. An increase in AIL concentration prompts migration of its molecules to the crude oil/water interface, leading to reduce IFT, replace the interfacial rigid film, and hence facilitate coalescence of water droplets. Moreover, GCP-IL showed higher, faster, and cleaner demulsification than did GRB-IL, and this behavior may be ascribed to its higher activity to reduce IFT than shown by GRB-IL. Finally, from the accumulative analysis of results, the use of CRC as a widely available natural compound for the synthesis of new bio-based demulsifiers to reduce the use of conventional raw materials, and their manufacturing at an industrial scale, is recommenced.
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Scheme 1. Synthesis of (a) CRC-PS and (b) CRC-BA. 
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Scheme 2. Synthesis of GNEA. 
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Scheme 3. Synthesis of AILs (a) GCP-IL and (b) GRB-IL. 
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Figure 1. FT-IR spectral comparison of (a) GCP-IL and (b) GRB-IL. 
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Figure 2. 1H-NMR spectrums of (a) GCP-IL and (b) GRB-IL. 
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Figure 3. Surface tension of GCP-IL and GRB-IL aqueous solutions at 25 °C versus natural logarithm of their concentrations. 
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Figure 4. Micelles sizes of (a) GCP-IL and (b) GRB-IL. 
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Figure 5. Droplet sizes of W/O emulsion 50/50 crude oil/brine, (a) blank sample, (b) in presence of 1000 ppm of GCP-IL after 60 min, and (c) in presence of 1000 ppm of GCP-IL after 120 min. 
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Figure 6. Demulsification efficiency of GCP-IL versus time using different volumetric ratios of crude oil/brine: (a) 50/50, (b) 70/30, and (c) 90/10. 
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Figure 7. Zeta potential studies of (a) GCP-IL and (b) GRB-IL. 
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Figure 8. Visual images of demulsification for the 50/50 W/O emulsion using different concentrations of (a) GCP-IL and (b) GRB-IL. 






Figure 8. Visual images of demulsification for the 50/50 W/O emulsion using different concentrations of (a) GCP-IL and (b) GRB-IL.



[image: Molecules 26 06119 g008]







[image: Table] 





Table 1. Surface activity parameters of GCP-IL and GRB-IL.
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	AIL
	Cmc (mM)
	     γ   c m c     

   (    mN  M   )   
	     (    − ∂ γ   ∂ l n c    )  T    
	     Γ   m a x   ×   10   10     

   (    mol    cm 2     )   
	    A  m i n     

   (   Å  molecule    )   
	   Δ  G  m i c     

   (    KJ   mol    )   
	   Δ  G  a d s     

   (    KJ   mol    )   
	RSN (mL)





	GCP-IL
	0.027
	33.5
	13.75
	5.55
	29.9
	−36.03
	−42.96
	15.8



	GRB-IL
	0.028
	36.9
	11.93
	4.81
	34.5
	−35.94
	−43.23
	16.4
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Table 2. IFT between crude oil and distilled water at 25 °C.
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AIL

	
Concentration (ppm)

	
IFT (mN/m)






	
GCP-IL

	
0

	
33.5




	
250

	
17.2




	
500

	
11.8




	
1000

	
5.6




	
GRB-IL

	
0

	
33.5




	
250

	
19.5




	
500

	
12.3




	
1000

	
6.4
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Table 3. Demulsification efficiency of GCP-IL and GRB-IL using different concentrations and volumetric ratios of crude oil/brine.
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Crude Oil/Brine Volumetric Ratio




	
AIL

	
Dosage (ppm)

	
90/10

	
70/30

	
50/50




	
DE (%)

	
Time (min)

	
DE (%)

	
Time (min)

	
DE (%)

	
Time (min)






	
GCP-IL

	
250

	
100

	
360

	
87

	
300

	
92

	
240




	
500

	
100

	
320

	
93

	
280

	
92

	
260




	
1000

	
100

	
280

	
100

	
220

	
96

	
180




	
GRB-IL

	
250

	
90

	
420

	
80

	
460

	
68

	
360




	
500

	
96

	
400

	
87

	
460

	
72

	
360




	
1000

	
100

	
370

	
93

	
420

	
96

	
300
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