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ABSTRACT 

The study of supramolecular structures has been gaining a lot of momentum in recent 

years due to their potential application in several interesting areas such as medicine, 

catalysis, energy, oil and gas, etc. Hydraulic fracturing is one area where the ongoing 

demand for novel viscosity modifiers has prompted researchers to explore various 

facets of chemistry. In this study, a dynamic binary complex (DBC) solution is 

presented, with the potential to be useful in the hydraulic fracturing domain. It has a 

supramolecular structure that is formed by the self-assembly of oleic acid and 

diethylenetriamine into an elongated network under alkaline conditions. With less than 

2 wt% of constituents in aqueous solution, a viscous gel that exhibits high viscosities 

even under shear was formed. It was sensitive to pH and salinity, and its zero-shear 

viscosity could be tuned by a factor of  ~280 by changing the pH. Furthermore, its 

viscous properties were pronounced in the presence of salt. Sand settling tests revealed 

its potential to hold up sand particles for extended periods of time, longer than 24 

hours. In conclusion, this DBC solution system has potential to be utilized as a smart 

pH-switchable hydraulic fracturing fluid that can be prepared using seawater.  
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NOMENCLATURE 

 

pH Potential of Hydrogen 

Wt% Weight Percentage 

cP Centi-Poise 

Pa Pascals 

hr Hours 

min Minutes 

DBC Dynamic Binary Complex 

PAM Polyacrylamide 

CTAB Cetyltrimethylammonium Bromide 
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1. INTRODUCTION AND LITERATURE REVIEW 

 

1.1 Hydraulic Fracturing Fluids 

In a swiftly expanding world, the demand for energy and resources have been steadily 

increasing. Traditional crude oil is a finite non-renewable resource and its reserves are 

not considered sufficient to meet the ever-increasing demand (Miller and Sorrell, 2004; 

Owen et al., 2010). In an effort to mitigate the lack, focus has shifted towards the 

production of shale throughout the world. This has led to an increased focus on 

hydraulic fracturing to extract shale gas in unconventional reservoirs (Wang and 

Krupnick, 2015). Before the hydraulic fracturing boom, it was uneconomical to 

consider extraction from these reservoirs (Jasechko and Perrone, 2017). The fracturing 

fluid used in the process plays a crucial role in determining the efficacy of the process, 

and must be selected carefully based on the rock formation and output requirements 

(Chen et al., 2014). It usually consists of a large amount of water, with several 

additives that behave as viscosity modifiers, biocides, scale inhibitors, iron-reducing 

agents, friction reducers, etc (Blauch, 2010; Loveless et al., 2011). Also, it is crucial 

that the fracturing fluid mixture has sufficient viscosity to transport proppant (sand 

particles) effectively to create fractures in the formations (Hu et al., 2015). The process 

itself involves pumping the fracturing slurry at a high pressure to propagate fractures in 

the reservoir, which serve as conductive paths for shale gas to flow out of the reservoir 

and in to the wellbores (Siddhamshetty et al., 2020, 2018). 

Fracturing fluids, which have been documented for several years on a commercial scale 

can be broadly divided into a few categories guar/polymer-based fluids (linear and 

crosslinked gels); slickwater; viscoelastic surfactant based fluids (VES fluids); and 
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foam based fluids (Barati and Liang, 2014; Fu and Liu, 2019). Each of these categories 

come with their own set of merits and demerits. Though fluids based on guar gum and 

its derivatives account for about 90% usage due to their low cost and adequate 

rheological characteristics, the severe damage it causes to the reservoir (i.e., called 

formation damage) is a major area of concern (Hasan and Abdel-Raouf, 2018; S. Wang 

et al., 2019). There has been movement towards the use of slickwater to combat some 

of the issues associated with traditional linear or crosslinked gels. It is a water-based 

fracturing fluid with a small amount of friction reducer such as a high molecular weight 

polypropylene (Wang et al., 2020). However, its low viscosity and subpar proppant 

carrying capability have been considered as a major drawback (Palisch et al., 2010). 

Another variety available is foam based fracturing fluids, which are formed by adding 

pressurized gas, usually CO2 or N2 to water-based or oil-based gels (Castro Dantas et 

al., 2005). They can contain up to 95% gas and are thus preferred because of their low 

water requirement, but are limited in application due to complications arising from 

high costs and logistical issues (Wanniarachchi et al., 2017; Yekeen et al., 2018). 

Viscoelastic surfactant fluids have been a step towards achieving clean fracturing fluids 

with internal breaking properties, such that they can be reused (X. Yang et al., 2019a). 

They form elongated wormlike micelles in solution which entangle and form a network 

to yield increased solution viscosity (Hoffmann, 2003). Some of their key drawbacks 

include insolubility under saline conditions and high leak off rates (Hull and Sayed, 

2016; Whitlock et al., 2015). The addition of nanoparticles has been experimented with 

for almost all types of hydraulic fracturing fluids in order to overcome some of their 

characteristic drawbacks (Al-Muntasheri et al., 2017; Yekeen et al., 2019). Another 

alternative to improve the properties of fracturing fluids is the use of supramolecular 

complex based fluids, which have received much attention recently (Jiang et al., 2016; 
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Yang et al., 2016; Yegin et al., 2016). Apart from the type of fluid used, there has also 

been a growing interest in discovering ways by which seawater can be used rather than 

groundwater for these fracturing processes to improve its ecological viability (Abdul 

Majid et al., 2017). 

 

1.2 Micelles and Supramolecular Structures 

Surfactants are amphiphilic molecules that consist of a hydrophobic tail and a 

hydrophilic head. It has previously been documented in literature how aqueous 

surfactant solutions have the tendency to form long flexible cylindrical aggregates, 

frequently referred to as worm-like micelles (Khatory et al., 1993). This association of 

surfactants in solution can be explained by considering the critical packing parameter 

𝑃𝑐 = 𝑣/𝑙𝑐𝑎𝑜 , where 𝑙𝑐  is the extended chain length, 𝑎𝑜 is the interfacial surface area 

occupied by the headgroup and v is the volume of the headgroup. Depending on this 

value, various micellar structures are formed in solution such as: spherical, worm-like, 

vesicles, planar bilayer, inverted micelles, etc (Stuart and Boekema, 2007). If the value 

of the packing parameter lies in between 1/3 and 1/2, cylindrical wormlike micelles can 

be expected (Dreiss, 2017; Trickett and Eastoe, 2008).  If the concentration of these 

cylindrical structures in solution is high enough, they are capable of forming entangled 

networks and subsequently increasing the viscoelastic properties of the aqueous 

solution  (Cates and Candau, 1990). This property has seen application in several areas 

such as oil, gas, consumer goods, etc (Yang, 2002).  The use of cosurfactants or the 

addition of salt has also been considered to promote the formation of longer cylindrical 

aggregates, by decreasing the net interfacial surface area (Parker and Fieber, 2013; 

Trickett and Eastoe, 2008).  
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Supramolecular chemistry looks at dynamic noncovalent interactions between 

molecules, which are reversible in nature and thus open the possibility of fine-tuning 

their architectures and properties (Huang and Scherman, 2012). Some of the 

interactions that may be taking place between the constituent molecules are: hydrogen 

bonding, π−π stacking, metal-ligand coordination, hydrophobic interactions, halogen 

bonding and electrostatic interactions (Barrientos et al., 2019; Huang and Scherman, 

2012). Supramolecular networks often have the potential to respond to external 

stimulants and self-assemble in to interesting architectures which makes them a prime 

choice for use in design of smart materials (Huang and Scherman, 2012). Not 

surprisingly, there has been a lot of work in this domain in recent years. Aboudzadeh et 

al. have designed a novel supramolecular ionic network based on small ionic 

molecules, particularly citric acid and aliphatic diamines (Aboudzadeh et al., 2012). 

Yan et al. have demonstrated how certain polymers can utilize hydrogen bonding 

interactions to form supramolecular gels in the melt phase (Yan et al., 2014).  

The use of stimuli to modulate the properties of materials has been an interesting and 

important area of research. Stimuli-responsive supramolecular networks can be broadly 

classified as: thermoresponsive (sensitive to temperature), photoresponsive (sensitive 

to light), chemoresponsive (sensitive to certain chemicals), redox responsive and 

mechanoresponsive (sensitive to mechanical loading) (Huang and Scherman, 2012). As 

a specific example, Joung et. al studied a pH-responsive system containing 

cyclodextrin (Joung et al., 2007). Zhao et al. developed a shear responsive metallo-

supramolecular gel which uses metal-ligand interactions (Zhao et al., 2004). 
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1.3 Scope and Objective of this Thesis 

Dynamic binary complexes (DBCs) refer to a particular class of supramolecular 

complexes containing 2 components, whose properties can be changed with a stimulus 

such as pH, temperature, and salinity. One of the components is usually a long-tailed 

surfactant or surfactant derivative. The second component is an amine or an acid, 

depending on the nature of the first component. The stimulus helps form or break the 

entangled networks in solution. This tunable nature allows us to control and switch the 

viscosity of an aqueous solution of the DBC. Our group has previously worked on such 

supramolecular complexes consisting of a long chain amidoamine synthesized with 

stearic acid complexed with an organic acid (Hao et al., 2018b, 2018a; Yegin et al., 

2016). In the previous work, the noncovalent interactions involved were mainly 

electrostatic bonds between the constituents. This research was taken a step forward in 

this thesis and other viable dynamic binary complexes were explored, whose unique 

properties could be attributed to hydrogen bonds. They have the ability to form multi-

layered entangled network structures in aqueous solution and thus increase its 

viscosity. This mechanism is illustrated in Figure 1. The 2 different compounds are 

held together via hydrogen bonding interactions at high pH. This enables multi-layered 

aggregates to form in solution. A potential application for these switchable viscous 

fluids would be in the domain of hydraulic fracturing fluids. For this reason, the 

potential stimuli has been limited to pH, temperature and salinity and triggers such as 

CO2 concentration, redox reactions and light will not be looked into. 
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Figure 1: Mechanism of formation of entangled networks in solution by Dynamic 

Binary Complexes  
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In this thesis, a novel pH-switchable dynamic binary complex (DBC) will be presented. 

It is prepared as a simple aqueous solution of oleic acid, which is the major fatty acid 

present in olive oil along with diethylenetriamine. Figure 2 shows the constituent 

compounds that make up this system. There are no major synthesis steps involved as 

the two constituents are held together by non-covalent interactions. This solution can 

be switched between low-viscosity and high-viscosity regimes by simply changing the 

pH. This would be useful in the hydraulic fracturing space since it can be kept viscous 

while carrying the proppant and its viscosity can then be reduced during the flowback 

stage. Its viscous properties were pronounced upon the addition of salt to the mixture. 

Rheological characterization of the solution was done as a function of pH and salt 

concentration. Furthermore, sand settling tests were also performed to assess its 

proppant carrying capability. The fact that salt enhances its properties is a major 

advantage since it opens the possibility of using seawater, rather than precious 

freshwater for preparation of fracturing fluid. 
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2. MATERIALS AND METHODS 

2.1 Materials and Sample Preparation 

Oleic Acid (>90%, technical grade) was purchased from Alfa Aesar (Ward Hill, MA, 

USA). Diethylenetriamine (>98%, for synthesis), Sodium Chloride (>99%, ACS 

Reagent) and Polyacrylamide were purchased from Sigma Aldrich (St. Louis, MO, 

USA). Colored sand particles were obtained from Ashland Global Speciality 

Chemicals (Wilmington, DE, USA). The solutions were prepared by mixing oleic acid 

and diethylenetriamine in distilled water such that the total weight of the two 

components added up to less than or equal to 2 % weight of the solution. Both 2 wt% 

and 1 wt% DBC solutions were made. The ratio of the two components was Oleic acid: 

Diethylenetriamine :: 3:1. Sodium chloride was also stirred in some of the mixtures as 

1 wt% or 3 wt% of the total solution. The solution was stirred in a beaker with a 

magnetic stirrer for ~24 hours. 

 

2.2 Rheological Measurements 

Rheology measurements were conducted using a rotational rheometer (Haake RS 1, 

Thermo Fisher Scientific, Waltham, MA, USA). Parallel plate geometry was used with 

a 20 mm tip (PP20 Ti) for measurements. The gap between the plate and tip was 

primarily kept at 1 mm. The shear rate was increased logarithmically and stepwise (15 

steps) from 0.001 s-1 to 100 s-1 and viscosity was measured at each step. Zero 

frequency viscosities were determined by extrapolating the viscosity versus shear rate 

curves to near zero values. This rheometer was also used to measure the frequency 

dependent viscoelastic properties (storage and loss modulus) for frequencies in 

between 0.01 s-1 and 100 s-1. All rheological measurements were taken three times for 
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statistical analysis. Due to the formation of precipitates below pH 8, the range of 

operation of this study was kept basic (pH 9-12). The salinity of the solution was also 

varied. The total weight percentage of the formulation in solution was 1 wt% or 2 wt%. 

The pH was adjusted by adding 10 wt% H2SO4 or 10 wt% NaOH to the DBC solution 

and was allowed to sit for a day for self-assembly of the solution. 

 

2.4 Sand Settling Test 

To gauge how the dynamic binary complex solutions would hold up proppant, sand 

settling tests were performed. 7 wt% of blue colored sand particles were dispersed and 

agitated in vials of dynamic binary complex solution of differing pH and salinity. High 

quality images were taken after the following intervals: 1 min, 10 min, 1 hr, 2 hr, 4 hr, 

8 hr and 24 hr to see how much of the dispersed sand settled within that time frame. 

This experiment was conducted at 23˚C and 90˚C. 

 

2.5 Microscopy Analysis 

In order to see the microstructural changes that take place in the supramolecular 

solution, images were taken using an optical microscope (Bioryx 200, Arryx Inc, 

Chicago, IL, USA). Images were captured at pH 9 and pH 11 to understand the solution 

and micellar assembly behavior that leads to major changes in the rheological 

properties.  
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3. RESULTS AND DISCUSSION 

3.1 Sensitivity to pH 

This particular dynamic binary complex was observed to exhibit extremely viscous gel 

like behavior at high pH in the presence of NaCl. Both 1 wt% and 2 wt% DBC 

exhibited this property when the salt concentration was 1 wt% or 3 wt%. However, salt 

free solutions did not have such pronounced rheological characteristics. Figure 3(a) 

shows the viscosity trends for 1 wt% DBC + 3 wt% salt. A similar trend was observed 

even in Figure 3(b), which shows the viscosity variation of 2 wt% DBC + 1 wt% NaCl. 

Gel like structures and high viscosities were observed in both the cases at pH 11 and 

12, despite the lower concentration of DBC in Figure 2(a). Even at higher shear rates of 

100 s-1, the viscosity values were in the range of 40-500 cP. The viscosity became 

significantly lower in both the cases as the pH was decreased to 9 or 10.  

This switchable property can be explained by diving deeper in to the nature of 

interactions between the constituent components of the dynamic binary complex. The 

pKa of oleic acid is around 9.85. Above this pH, it is completely present in its 

disassociated form as an anion. Furthermore, as the pH is increased, the 

diethylenetriamine loses all its extra protons and becomes a neutral molecule. This 

gives rise to a situation where hydrogen bonding can take place between oleic acid and 

diethylenetriamine, such that self-assembly of the constituents into long elongated 

wormlike structures can occur (Zhou et al., 2014). This phenomenon is explained 

further in section 3.5. This pH tunability gives the option of easy cleanup of the 

reservoir by simply reducing the pH. This would prevent residue formation in the 

fissures, which has been a leading cause of concern since it reduces the relative 

permeability of gas (Tannich, 1975). 
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Figure 4 was plotted to quantify the pH switchable property further. Solutions of 

polyacrylamide (PAM), which is a major component of the commercial fracturing fluid 

known as slickwater (Palisch et al., 2010) were prepared as a control. Comparison 

Figure 3: Viscosity variation with pH of (a) 1 wt% DBC solution + 3 wt% NaCl, 

(b) 2 wt% DBC solution + 1 wt% NaCl. The error bars indicate the 

standard deviation. 
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between 2 wt% DBC, 1 wt% DBC, 1 wt% PAM and 2 wt% PAM was done. All of the 

solutions contained 3 wt% salt as well to measure performance under salinity. The 

zero-frequency viscosity was plotted as a function of the pH.  It can be seen that the 

PAM solutions did not exhibit any obvious sensitivity to pH whereas the zero-

frequency viscosity of the DBC solution increased by a factor as large as ~280 when 

pH was increased from 9 to 12. The zero shear viscosity is an important parameter that 

determines proppant transport (Asadi et al., 2002). Overall, the zero shear viscosities 

were higher for the DBC solutions as compared to the PAM solutions. 

 

 

 

  

Figure 4: Zero Frequency Viscosity Comparison between 2 wt%, 1 wt% 

Polyacrylamide(PAM) solution and 2 wt%, 1 wt% Dynamic Binary 

Complex(DBC) solution. All the solutions contain 3 wt% NaCl. The error 

bars indicate standard deviation. 
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3.2 Viscoelastic Test Results 

 

 

In order to further evaluate the rheological characteristics of the DBC solutions, the 

storage (G’) and loss (G’’) moduli were measured in the frequency range 0.01-100 for 

2 wt% DBC+3wt% salt solution. The results of this are presented in Figure 5. At pH 9 

and 10, both the moduli increased linearly on the log-log plot, indicating exponential 

increase with critical frequency ~0.1. After this critical frequency, the solution would 

tend to flow instead of deform. In other words, it enters the region where the proppant 

Figure 5: Storage (G’) and loss (G’’) moduli of 2wt% DBC+3wt% salt at (a)pH 

9, (b)pH 10, (c)pH 11, (d)pH 12. The error bars indicate standard 

deviation 
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would tend to settle more swiftly (Loveless et al., 2011).  For the pH 11/pH 12 case, an 

extended plateau was observed till a frequency of ~20 s-1. This points towards a highly 

structured complex fluid, similar to the viscoelastic behavior that has previously been 

observed in crosslinked polymer based fracturing fluids (Gomaa et al., 2014).  Also 

since G’>G’’ throughout, the fluid had considerable elasticity which would increase 

the resistance towards settling of proppant (Gomaa et al., 2015). 

 

3.3 Effect of Salinity 

Figure 6 shows the rheological behavior of 2 wt% DBC solution at different salt 

concentrations. The pH was maintained at 11, where high viscosity was expected for 

all samples. Interestingly, the overall viscosity increased as the salt concentration was 

increased. This can be attributed to the fact that the presence of salt screens the 

electrostatic repulsions such that hydrogen bonding interactions between disassociated 

oleic acid and neutral diethylenetriamine can dominate (Jean-François Berret, 2006; 

Zhou et al., 2014). 

The use of freshwater for fracturing has been an environmental and sustainability 

concern for a long time (Gallegos et al., 2016). Most conventional viscoelastic 

surfactants have the problem of low salt tolerance (X. Yang et al., 2019b) and hence 

require freshwater for their preparation. Therefore, a formulation such as the one 

presented in this paper, which can be prepared using salt water from the ocean would 

prove to be both ecofriendly and economically viable. 
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Figure 6 : Effect of Salinity on the Viscosity of 2 wt% DBC at pH 11 
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3.4 Sand Settling Test 

 

 

 Figure 7: Sand Settling Test for (a) 1 wt% DBC + 1 wt% salt at room 

temperature (23˚C) (b) 1 wt% DBC + 3 wt% salt at room 

temperature (23˚C) 
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Sand settling test helps give a clear picture of the potential of the DBC as a proppant 

carrier. The results obtained for both 1 wt% and 2 wt% DBC have been promising. 

Figure 7 shows images of dispersed sand in DBC solution for 1 wt% DBC+1 wt% salt 

and 1 wt% DBC+3 wt% salt. Superior sand carrying capability is clearly visible at pH 

11 and pH 12 in both cases. Even after 24 hours, the sand stayed dispersed in the 

matrix and did not settle. This is enough for most hydraulic fracturing applications, 

which requires sand of varying mesh sizes to be dispersed in the fluid until it settles to 

the bottom of the fracture (Daneshy, 1978). The contrast in the sand settling times was 

clearly visible for the DBC at pH 9 and pH 10 since it could not hold sand for even a 

minute at that pH. Hence, we have visual proof of the pronounced pH-sensitive 

switchable nature. Furthermore, without the presence of NaCl in the solution, the sand 

settling times were observed to be in the range of a few seconds, allowing us to 

conclude that the results are enhanced by salinity. 
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In order to assess its application potential in reservoirs, where the fracturing fluid is 

exposed to higher temperature gradients, especially during the flowback period (S. 

Yang et al., 2019), the sand settling test was also conducted at an elevated temperature 

of 90˚C. The results for 2 wt% DBC+3 wt% salt are presented in Figure 8. Though the 

overall sand settling time decreased as compared to the ambient temperature case, a 

pH-switchable behavior was still observed. The samples at pH 11 and pH 12 had a 

settling time of around 12 minutes in contrast to almost immediate settling at pH 9 and 

pH 10. The decreased viscosities at this temperature along with the pH tunability could 

prove to be beneficial during flowback of fluid.  

Figure 8 : Sand settling test at 90˚C of 2 wt% DBC + 3 wt% salt 
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3.5 Microscopy Results and Microstructure 

 

 

 

Figure 9: Optical microscopy images (30x magnification) of 2 wt% DBC + 3 wt% 

NaCl solutions at (a) pH 9 and (b) pH 11 
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With the intention of visually inspecting the microstructure that gives rise to the 

viscous gel like behavior, optical microscopy was done at pH 9 and 11 as shown in 

figure 9. An entangled network of fibrous structures was seen in the micrograph for pH 

11 whereas circular structures were observed at pH 9. It has previously been reported 

in literature that in the pH range of 8-10, this system forms giant vesicles in solution 

and forms a more network-like structure as the pH is increased even more (Zhou et al., 

2014). It can even be considered that as the pH increases, the packing parameter of the 

binary system decreases towards 0.5 due to an increase in interfacial surface area, 

favoring elongated structure formation (Dreiss, 2017; Trickett and Eastoe, 2008). This 

may be taking place as the nature of interactions is moving from the electrostatic 

regime into the hydrogen bonding regime. It is quite conceivable that self-assembly of 

the constituents into the network like structure is what contributes to the large viscosity 

values and gel formation and subsequently its ability to hold up sand particles. A 

previous study that highlighted the relationship between proppant suspension behavior 

and microstructure also alludes towards the importance of fibrillar network structure of 

a gel in its ability to hold up proppant (Wang et al., 2014). 
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3.6 Application Potential 

During the process of hydraulic fracturing, it is desirable to have an initially high 

viscosity during proppant transport. After the fluid injection step is completed and the 

proppant is deposited in the fractures, the fracturing fluid must attain a lower viscosity 

to allow flow back and efficient cleanup (Jennings Jr, 1996). The use of oxidizers and 

enzymes have sometimes been utilized for this purpose in linear and crosslinked gels, 

but their incompatibility towards certain fracturing fluids and additives prompted the 

search for alternatives (Fuller, 2016; Gunawan et al., 2012). The dynamic binary 

complex presented in this paper, which can be switched down to a lower viscosity by 

decreasing the pH has the potential to address the gel breaking requirements of industry 

in a facile manner. Commercially, borate cross-linked fracturing fluids are widely used 

pH switchable aqueous fracturing fluids (Kruijf et al., 1993; Norman et al., 1995). 

However, they have been reported to have poor stability in the presence of seawater 

(Kruijf et al., 1993). Our dynamic binary complex system poses the additional 

advantage of working under saline conditions. 

Traditional viscoelastic surfactants usually utilize external conditions in the reservoir 

such as contact with hydrocarbons or brine in order to break the gel and reduce the 

viscosity (Crews et al., 1990; Huang and Crews, 2008; Zhang et al., 2018). However, 

there are disadvantages associated with this, especially in dry reservoirs, and it has 

been noticed that relying on external conditions to break the fluid often creates the need 

for remedial cleanup (Huang and Crews, 2009, 2008). The utilization of an acid as a 

breaker, as proposed in this paper would have the potential to deliver more consistent 

results since the addition of acid can be controlled by the operator. It is also possible to 

consider the use of biodegradable acids like citric acid to fulfill this purpose, increasing 

the ecological viability of the process. 
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4. FUTURE WORK 

Apart from the system discussed here, several other systems with the potential to form 

dynamic binary complexes can be explored. It may be useful to consider different long 

chain compounds or different complexing agents. Zhu et al. has reviewed surfactant 

systems with properties similar to that of gemini surfactants that are bound together by 

noncovalent interactions (Zhu et al., 2016). Also, it is important to further understand 

the factors that may contribute to increase in temperature and salt tolerance of these 

complexes. 

4.1 Different Long-Chain Compounds 

Amidosulfobetaines are a class of surfactant compounds that have shown wormlike 

micellar properties, thus giving rise to viscoelastic solutions (Chu et al., 2010; Chu and 

Feng, 2010). They can be formed via a 2-step synthesis mechanism as shown in Figure 

10, with stearic acid as the starting compound. Direct amidation of stearic acid using  

N,N′-Dimethyl-1,3-propanediamine followed by quaternization of the product by 1,3-

Propanesultone are the key steps in this process (Chu and Feng, 2009). These 

synthesized surfactants can then be used to form dynamic binary complexes by 

complexation with diethylenetriamine, to see whether tunable properties are observed. 

Another compound with an interesting structure that has the potential to be used in this 

manner can be N-Oleoylsarcosine. It has previously been used in the petroleum 

industry as a rust inhibitor (Pines and Spivack, 1956). It can also be complexed with 

diethylenetriamine to attempt to form dynamic binary complexes. 

Gemini surfactants are a class of surfactants with multiple hydrophilic heads and tails, 

that have shown potential in the field of enhanced oil recovery and hydraulic fracturing 
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as well (Kamal, 2016; Zhang et al., 2018). Akbas et al. have presented a facile way of 

synthesizing a cationic gemini surfactant by using an amidoamine and 1,10-

dibromodecane (Akbaş et al., 2016).  Also, Pal. et al have demonstrated a way by 

which non-ionic gemini surfactants can be synthesized by the use of sunflower oil (Pal 

et al., 2019). It would be interesting to explore ways by which these compounds could 

be incorporated as a constituent of a DBC 

 

CH3

O

OH
NH2N

CH3

CH3

N

CH3

CH3

NH

O

CH3

S

O O

O

S

O

O

N
+

CH3

CH3

NH

O

CH3

O
-

 

 

 

 

  

 Figure 10: Mechanism for synthesis of amidosulfobetaine compounds 
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4.2 Different Complexing Agents 

Apart from diethylenetriamine, different complexing agents may be considered for 

oleic acid. Amines such as N,N,N’,N’-Tetramethylethylenediamine or N,N′-Dimethyl-

1,3-propanediamine may be considered for this purpose. 

If a surfactant that is cationic or a non-ionic surfactant that becomes positive upon 

changing the pH is being used, amines are not a suitable complexing agent. In this case, 

it becomes useful to consider organic acids as previously demonstrated by our group in 

the case of amidoamine complexed with malic acid/ citric acid. Kang et. al have seen 

pH-responsive wormlike formation upon complexing a type of amidoamine with 

isomers of phthalic acid (Kang et al., 2018). In a similar fashion, Wang et. al have 

studied pH-responsive wormlike systems consisting of CTAB and phthalic acid (P. 

Wang et al., 2019). Therefore, phthalic acid may be considered as a complexing agent 

for future work. 
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5. CONCLUSION 

 

This thesis presents a novel dynamic binary complex (DBC), based on supramolecular 

networks whose viscous and viscoelastic properties are highly sensitive to pH and 

salinity. The preparation of the solution did not require any complex synthesis and 

simply involved stirring together oleic acid and diethylenetriamine in the appropriate 

ratio (3:1). DBC solutions of both 2 wt% and 1 wt% were prepared and both of them 

exhibited a gel-like behavior under saline conditions at a pH of 11 and above. Their 

viscosity could be brought down by decreasing the pH, thus making them pH tunable 

solutions. Viscoelastic tests suggested a complex fluid structure favorable for holding 

proppant. Additionally, sand settling tests of these solutions exhibited their potential to 

hold particles for a long period, for example, over 24 hours. Even at elevated 

temperatures, they could hold the proppant for several minutes. Optical micrographs 

showed the differences in self-assembled structures at pH 9 and pH 11 which were 

responsible for the divergent rheological properties. This simple formulation has the 

potential to be used as a hydraulic fracturing fluid whose viscosity can be tuned with 

pH, with the potential to improve proppant transport. An additional advantage lies in its 

potential to be prepared with seawater, rather than freshwater due to its efficacy in 

saline conditions. Further work would include experimenting with different types of 

constituent compounds such that their viscoelastic properties improve and they are able 

to exhibit increased tolerance towards high temperature. 
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