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ABSTRACT 

 Additives to Minimize Viscosity Reduction for Borate-

Crosslinked Guar under High Pressure  

by 

Abdulrahman Alharbi 

 

Borate-crosslinked guar is commonly used in hydraulic fracturing. The 

stimulation process conditions occur at temperatures between100-300 °F and 

high pressures up to 8000 psi. The viscosity of the borate-crosslinked guar 

shows interesting rheological responses under the influence of mechanical 

shear, pH and temperature. It has been found recently that the fluids significantly 

decrease in their viscosity under high pressure. This process was found to be 

reversible and very rapid. The lab measurements illustrate that the percentage 

loss in viscosity of guar/borate system could reach to 97 % at 8000 psi. Thus, the 

fluid may loss some or all viscosity contributed by the crosslinker.  This thesis 

focusses on the addition of novel nanoparticle-based additives which could be 

added to a guar/borate crosslinked gel to minimize viscosity reduction under high 

pressures. The additives studied are zirconium oxide, titanium oxide and cerium 

oxide nanoparticles.  This study shows that the percentage loss in viscosity could 

be reduced from 97 % to only 67 % when using these additives.  
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1. HYDRAULIC FRACTURING 

1-1 Background  

Hydraulic fracturing of oil and gas wells represent a well-established 

practice for enhancing oil and gas production from petroleum reservoirs [2]. 

Hydraulic fracturing is a technique used to stimulate oil and gas production by 

forming a network of highly conductive fractures in the region surrounding a 

wellbore [4,5]. It utilizes a liquid to fracture the rocks in a reservoir. A hydraulic 

fracture is prepared through pumping the fracturing fluid into the wellbore at a 

rate sufficient to increase the pressure downhole and fracture rock. It is applied 

on both conventional (such as sandstone or carbonate rock) and unconventional 

(particularly shale and coalbeds) reservoirs [11]. Some of unconventional 

reservoirs are characterized by a very low permeability ranges from 10-5 to 10-9 

Darcy [7,8,11]. Hence, the objective of hydraulic fracturing is to increase the 

permeability of these reservoirs through fractures [11]. Hydraulics is a topic in 

applied science and engineering dealing with the mechanical properties of 

liquids. Still, the term “hydraulic fracturing” is used widely nowadays to refer to 

the process of fracturing rock formations with water-based fluids [9,12].    

The first hydraulic fracturing treatment were performed in 1947 in the 

Houghton field in Kansas [5]. Hydrocarbon based fluids (Kerosene, crude oil or 

gasoline) were the preferred fluids at that time for hydraulic fracturing [2]. These 

fluids inexpensive which allowed greater volumes of fluids to be used at lower 

cost. Later, fatty acids were used to enhance the viscosity of hydrocarbon-based 

fluids to initiate the fracture and convey sand. In 1953, the industry started to use 

water in fracturing fluids as industry developed more understanding of rock/fluid 

interactions particularly in clay-rich reservoirs. To reduce leak off and increase 

the viscosity, crosslinked guar-based fluids were first introduced in 1969. Guar is 

a natural polymer used to enhance viscosity and help carry the proppant. 

Recently, synthetic polymers such as polyacrylamide were used in fracturing fluid 

for high-temperature (up to 450 °F) applications [2]. Viscoelastic surfactants have 

also developed to minimize the damage associated with the polymer-based 
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fluids. A number of gelling agents were also developed to allow the use of water 

in different formations [5,13].    

1-2 Fracturing Fluids 

The fracturing fluid is an important component of the hydraulic fracturing 

treatment. Fracturing fluids are utilized to carry large amounts of proppants 

(usually artificial ceramics and smaller mesh sand) into the fractures. The 

fracturing fluid is then pumped downhole at high pressure to fracture the 

formation.  In hydraulic fracturing, a fracturing fluid is injected into the formation 

at a rate high enough to overcome compressive rock stresses and rock’s tensile 

stresses. At such high pressures, the rock yield strength fails which permits for a 

fracture to be formed. The fluid injection is then continued which lead to a growth 

in fracture’s length and width. The proppant and gel mixture will be allowed to 

penetrate into the fracture. The proppant injected into the fracture inhibits the 

fracture’s closure. Consequently, the fracture remains open and thus the gas or 

oil will be enabled then to migrate to the wellbore through these fractures as the 

permeability of the shale formation increases [10,16,20] .Thus, the main 

functions of fracturing fluids are to open fracture and allow propping agent along 

the length of the fracture. High viscous fluids are desired as fracturing fluids to 

create, propagate, and sustain suitable fracturing width. Additionally, the fluids 

should prevent fluid-loss, demonstrate low friction pressure during pumping, 

break down and clean up easily as soon as the treatment is over, and be 

economical [5]. 

There is no single technique for hydraulic fracturing that has universally 

worked because formations present a great variability. Each formation has 

unique properties which require to be addressed through fluid design and 

fracture treatment. Reservoirs have different rock composition, temperature, 

permeability and pore pressure. The composition of fracturing fluids must be 
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altered to meet specific reservoir and operational conditions. Overall, a fracturing 

fluid can be assumed as the sum of three main components [9]:  

 

Before making fluid selection, several factors are required to be 

considered to ensure optimum results after fracture treatment. Below are the list 

of major aspects of fluids to be considered [19]: 

 Resist pressure and shear degradation  

 Be compatible with the formation 

 Create sufficient width to the fracture 

 Have considerable viscosity to transport proppant 

 Provide lower friction loss to reduce injection pressure 

 Include sufficient additives to control important properties 

 Provide effective breaker system to the break the polymer gel once the 

treatment is complete and the fracture has closed 

 Control fluid loss and provide optimum fracture geometry 

1-2.1 Water-Base Fluids 

Water based-fluids are the most common fluid used in hydraulic fracturing. 

Water is inexpensive, commonly available and easy to use. The examples of 

water-based fluids used in industry include plain water (slick-water), linear fluids, 

crosslinked fluids, and viscoelastic surfactant fluids. These fluids have different 

viscosities and proppant’s carrying capacities and they are used based on the 

nature of the reservoir [11]. 

1-2.1.1 Low Viscosity Fluids 

Slick-water is the most basic fracturing fluid used. Slick-water, which is 

mainly water mixed with few additives, displays a very low viscosities (2-3 cP) 

that limits its carrying capacity to low proppants load and small proppants’ sizes 

Fracturing Fluid = Base Fluid + Additives + Proppant
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of below 400 µm [11]. Fractures are created through pumping large quantity of 

water at very high rates. Thus, the high velocity of injected water is the transport 

mechanism in slick-water [2].Still, slick-water fluid is a poor proppant transporter. 

Very high pump rates are required to achieve adequate flow velocities to 

overcome the tendency of the proppants to settle. Poor productivity and 

premature treatment termination are the result of proppant settling within surface 

equipment [6].  

Linear gels, which is mainly composed of water mixed with a gelling agent, 

exhibits a medium viscosities ranges from 10 to 103 cP [2].  Guar or guar 

derivatives is generally used as viscosifying agents. The guar powder swells and 

hydrates when guar powder is added to water which result in forming a viscous 

gel. A gel-like fluid is better able to transport the proppant than a low viscous 

(slickwater) fluid. Examples of guar derivatives used with the linear gels include 

Hydroxypropyl Guar (HPG), Carboxymethyl hydroxypropyl guar (CMHPG), 

Carboxymethyl Hydroxyethyl cellulose (CMHEC) and Hydroxyethyl Cellulose 

(HEC) [9]. Linear gels can also control fluid loss in low permeability regions of a 

formations but is susceptible to fluid loss at high permeabilitie [5].  

1-2.1.2 Crosslinked Fluids 

The most efficient method to increase the viscosity of fracturing fluid is 

through crosslinkling. Crosslinked gel is prepared through mixing a gelling agent 

with a crosslinker where a higher viscous fluid is generated (in the range of 100-

1000 cP) [7, 11]. The viscosity is the transport mechanism of proppants for 

polymer based fluids. Thus, crosslinked gels are able to transport a large size 

proppants (400-1200 µm) into the corresponding reservoirs [11]. Less polymer 

loading is required by crosslinking to achieve same viscosity as linear polymer 

gels.  
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1-2.1.3 Viscoelastic Surfactant Fluids 

Viscoelastic surfactant (VES), water-base, fracturing fluids use surfactants 

in addition to inorganic salts to form well-ordered structures, which lead to higher 

viscosity. As soon as surfactant is added to water, the molecules aggregate into 

structures called micelles. When the concentration of surfactant rises in water, 

micelles begin to form and start interacting with each other. These fluids don’t 

require crosslinker and only few additives are required without the need to 

hydrate polymers. Hence, they are easy to operate in the field. VES-based fluids 

are reported to be less damaging to the proppant pack as these fluids leave less 

residues. Still, VES fluids have a temperature limit of around 250 °F [5]. Also, 

these fluids are reported to have high leak off rates in high permeability 

reservoirs (larger than 200 millidarcy). They are typically used in water-sensitive 

formations [2].  

1-2.2 Oil-Based Fluids 

As mentioned in the first section, hydrocarbons were used originally as 

fracturing fluids. Oil-based fluids were perceived as less damaging to formations 

and more attractive (because of viscosity) than water-based fluids. Yet, 

hydrocarbons are expensive and more difficult to handle than water. Nowadays, 

oil-based fluids are only used in formations that are water-sensitive [6]. 

1-2.3 Acid-Based Fluids 

Acid-based fluids are generally used for carbonate formations. 

Hydrochloric acid is injected at pressure enough to fracture the formation. Some 

of the fracture face are dissolved as acid moves along the fracture. Thus, the 

acid is used to etch channels inside the rock. The rock should be to some extent 

soluble in acid so that channels can be etched in the fracture walls. Acid is 

relatively expensive.  When using acid, fluid loss is a major challenge [5]. 

Frequently, a choice exists between acid fracturing and proppant fracturing. They 
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differ in terms of the way fracture conductivity is created. A propping agent, in 

proppant fracturing, is utilized to prop open the fracture once the treatment is 

done [6]. 

1-2.4 Foams  

The term “Foamed Fluids” refers to stable mixtures of liquid and gas. 

Usually, surfactants are added to these fluids to make the mixture stable. The 

amount of water is minimized when using foamed fracturing fluids. Foams are 

suitable for water-sensitive formation since they can facilitate the fluid flow back 

[5].  

Carbon dioxide (CO2) and nitrogen (N2) are used as foaming gases. CO2 

has a higher density than N2 and thus it creates a denser foam. This will lead to 

lower surface treating pressures as a result of the increased hydrostatic head in 

wellbore. Pumping costs are reduced as result of lower treating pressure 

required. CO2 is preferred in high formation-breakdown pressure. 

1-2.5 Emulsion 

The dispersion of two immiscible phases is called emulsion. Emulsion-

based fracturing fluids have high viscosities and superior transport properties. 

The disadvantages of emulsion are the high cost and high friction pressure. 

Moreover, some emulsions shear thinning and decrease viscosity with increasing 

temperature. This limits their use in high temperature wells [6]. 

1-3 Additives 

In hydraulic fracturing, the fracturing fluid is comprised of fluid base, 

proppants and additives. Additives are utilized to break fluid once the job is over, 

control fluid loss, minimize formation damage, control bacteria, adjust pH or 

improve high temperature stability comprised [5]. This section discusses some of 

additives used in hydraulic fracturing and their function. 
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1-3.1 Gelling Agents 

Natural polymers such as cellulose, starches and guar derivatives are 

used in oil industry to viscosify water. When these polymers are added to water, 

they swell and hydrate to provide the viscosity of the base gel. The achieved 

viscosity through hydration is adequate for limited fluid loss control and proppant 

transport. The viscosity of polymer solution can be increased with increasing 

polymer concentration. However, this approach is expensive. To enhance the 

thermal stability and the performance, these polymer can be crosslinked. 

Crosslinking might reduce the overall cost since it requires lower polymer 

concentration (polymer loading) [6]. 

1-3.2 Crosslinkers 

Crosslinking is the most cost-effective method of increasing the viscosity 

of fracturing fluids. As the crosslinking agent increases, the crosslink density 

increases which lead to an increase in fluid viscosity. The hydroxyl groups in 

guar and hydroxpropyl gaur can be crosslinked.  Carboxymethylhydroxypropyl 

guar has both carboxy and hydroxyl groups which can be crosslinked.  The 

polymer can be crosslinked at multiple sites since polymer chain composed of 

many cis-hydroxyls [5].  

 Borate crosslinking is the most common crosslinking agent utilized on 

guar [5]. Borate crosslinked fluids are very effective in both low and high 

permeability formations. The borate fluids can used in wells with temperature 

below 300 °F. Borate crosslinked fluids exhibit low fluid loss, good proppant 

transport, and adequate cleanup properties [6]. In addition, metallic ion or group 

IV metals has been reported to crosslink with guar and its derivatives. 

Organometallic crosslinkers include Al (III), Ti(IV) and Zr (IV). Hydroxypropyl 

Guar (HPG) and Carboxymethyl-Hydroxypropyl Guar (CMHPG) are the most 

common polymer used with metal crosslinkers. Organometallic crosslinked fluids 

show excellent stability in high temperatures application [6]. 
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Fracturing gels do thin with temperature and shear. Yet, some gels, such 

as borate, show reversible behavior when heat or shear is removed. In other 

hand, metal-polymer bond is sensitive to shear. Unlike borate crosslinker, the 

bond between the transition metal crosslinker and polymer does not reform once 

it is broken [5]. 

1-3.3 Breakers 

Viscous fluids are utilized to carry the proppant into the fracture. The 

effectiveness of the fracturing treatment could be limited if such high viscosity 

fluids are left in the fracture. This would decrease the permeability of proppant 

pack to gas and oil. Thus, breakers are required when the fracture initiation and 

proppant placement processes are completed. A breaker is used to reduce the 

viscosity of fracturing fluid so that it can be produced back out of the fracture and 

help clean the proppant pack at the formation. Enzymes and oxidizers are the 

most common types of breakers utilized for fracturing fluids. Oxidizers degrade 

the polymer chains by sulfate-free radical reaction. This reaction cleaves the 

polymer into shorter molecules with lower molecular weight. Further enzymes 

can be added to degrade the polymer chains through hydrolysis of particular 

polymer units [2]. In 1990s, encapsulated breakers were introduced to offer a 

better control over the breaker activity and extend the operational temperature 

range. This allowed for high concentrations of breaker to be used without losing 

fluids viscosity during pumping operations.  An active breaker is coated with a 

film in encapsulated breaker. This film acts as barrier between the fracturing fluid 

and breaker. As a result of osmotic rupture, crushing or diffusion of the breaker 

chemical via the barrier polymer, the breaker might be released [5]. 

1-3.4 Friction Reducers 

Friction reducers are generally used for slick-water fracturing or non-gelled 

fluids. These additives would reduce the friction and the related horsepower 

required for the pumping operation. They would also protect the equipment from 
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tear and wear due high rates of these jobs. Polyacrylamide is the most efficient 

and cost-effective friction reducer utilized in fracturing fluids [6]. 

1-3.5 Biocide 

The polysaccharides used as gelling agents are an excellent food source 

for bacteria. The bacteria causes degradation of polymers and thus the viscosity 

of fracturing fluid could be lost in short time. Bactericide or biocide is used to 

control bacteria. Biocide are frequently added to the water before adding the 

polymer to avoid the formation of a colony of bacteria. Glutaraldehyde is the most 

common and economical bactericides available for fracturing fluids [5].   

1-3.5 Stabilizers 

At temperatures above 200 °F, polysaccharide gels might degrade. 

Stabilizers are utilized to avoid the degradation of polymers at high temperature. 

Methanol and thiosulfate are the most common stabilizers in the market. 

Nevertheless, the stabilizer’s mechanism is not fully understood [5].  

Clays and fines available in producing formation could reduce the 

fracturing success.   Potassium chloride or ammonium chloride are usually added 

to fracturing fluids to prevent swelling and stabilize clays. These salts assist in 

mainlining the chemical environment of clay particles [6].  

1-3.6 Surfactants 

A surfactant adsorbs at the interface between two immiscible substances. 

The immiscible substances could be two liquids, liquid and gas or liquid and a 

solid.  Surfactants offer several benefits when used in fracturing fluids. Surfactant 

can be used in fracturing fluids to reduce the interfacial tension. This will assist in 

fluid recovery and clean up after fracturing completion. Surfactants can also 

prevent the formation of oil in water emulsions caused by the large interfacial 

tension between formation fluids and water. Hence, surfactants can prevent 
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permeability damage. Some clay control and biocide additives act as natural 

surfactants that partition to the interface [5]. 

1-4 Proppants 

The proppants are utilized in fracturing fluids to form a conductive path to 

the wellbore once the fracturing fluid has leaked off the pumping has stopped. To 

ensure the success of hydraulic fracturing treatment, it’s important to place the 

suitable concentration and type of the proppant in the fracture [5].  The two main 

classes of proppants used in the industry are man-made ceramic and naturally 

occurring sands. Sands are usually utilized for jobs where the closure stress is 

smaller than 6,000 psi. This occur normally at depth smaller than 8,000 ft.  On 

the other hand, man-made ceramic proppants are utilized for deeper fracturing 

applications where the closure stress is greater than 6,000 psi [6]. 
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2. INFLUENCE OF PRESSURE ON BORATE-CROSSLINKED GUAR 

2.1 Problem Statement  

It has been reported that the viscosity of a guar/borate system can be 

reduced at high pressures [8, 18]. As shown by lab measurements, the response 

is very rapid [18]. The loss in the viscosity can vary from negligible to 

catastrophic depending on pressure, temperature and fluid formulation [8]. This 

study will investigate the viscosity influences of high pressure on borate 

crosslinked guar based system and investigate new additives which could be 

used to reduce loss in viscosity as function of the pressure.  

2.2 Guar/Borate System  

In 1960s, guar was first used in the oil industry as a drilling fluid additive to 

control fluid loss. Later, guar became the main component of water-based fluid 

because of its economic performance [3]. Guar is a high molecular weight 

naturally occurring polymer. It is obtained from a seed endosperm and it is 

composed of a chain of polysaccharide (mannose building block) with side 

chains of galactose [2]. It is manufactured as dry powder which can be added to 

a liquid medium [3]. Guar hydrates when mixed with water where a shear 

thinning viscous fluid is generated. The gel is generally prepared by dissolving 

solid guar in water at concentrations less than 40 pounds per thousand gallons 

(pptg). Al-Muntashiri reported that hydration of dry guar is difficult at higher 

concentrations [2].  The viscosity of guar based fluid is a strong function of 

polymer content, temperature and shear rate [2]. Guar is commonly used in the 

oil and gas industry to thicken fluids used in hydraulic fracturing.  A high viscous 

fluid can be attained at low concentration of guar by mixing the guar with a 

crosslinking agent [18]. Thus, the gel formed by mixing the guar, water and 

crosslinker. Viscoelastic gels are made by the chemical bonding of two, or more, 

guar-polymer chains [3]. The exact mechanism of guar/crosslinker interaction is 

not well understood [3]. Borate and metallic crosslinkers, such as zirconium and 
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titanium, have been reported to crosslink with guar and its derivatives [18]. It has 

been demonstrated that shear resistance properties of guar/borate gels are 

better than those crosslinked with metallic crosslinkers. Parris et.al. illustrated 

that this is because the chemical linking between guar polymer and borate anion 

is reversible which enables the gel to recover its crosslinks once the shear is 

reduced [2,18].  

Hurnaus et.al. illustrated that the crosslinking process usually occurs on 

the cis-hydroxyl functionality of the guar. Thus, a 3 D polymer network is formed, 

as shown in Figure 1, which significantly increases the viscosity of crosslinked 

guar [10]. It has been suggested that the crosslinking mechanism for borate 

crosslinkers is based on their hydrolysis to tetrahydroxyborate anions in water. 

As shown in Figure 2, these anions interact with the cis-hydroxyl functionality of 

guar and crosslink the two guar chains [10].  

 

Figure (1): Crosslinking mechanism for guar occurring at cis-hydroxyl   .  . 

.                              functionality [10] 



 
13 

 

           

Figure (2): Crosslinking mechanisms proposed for borate crosslinkers [10] 

Guar and borate crosslinked gels are frequently used in hydraulic 

fracturing for wells at temperatures of less than 300 °F [2]. They possess unique 

characteristics including their reversibility to several influences such as 

mechanical shear, pH and temperature [8]. Parris at al. illustrated that gels 

formed from water soluble polymers crosslinked with borate lose viscosity under 

pressure while gels crosslinked with titanium and zirconium complexes didn’t 

show viscosity loss at high pressure. However, the cost of titanium and zirconium 

crosslinkers is high for the reason that it requires more derivation and 

purification. For gels formed using borate, Parris et al. showed that B-O-C bond 

breakage take place at high pressures by analyzing the results using high 

pressure NMR [18]. The borate coordinated to four organic groups is altered to 

simply borate binding two organic groups [18]. The results also indicate the 

process is reversal as soon as the pressure is reduced. Thus, results shows 

reversible influence of pressure on viscosity of guar and borate system [18]. Still, 

it is not clear what is the root cause of B-O-C bond breakage in the system.  

The viscosity of the crosslinked guar during the high pressure pumping 

stage must be high enough to suspend and transport the sand or proppants and 

prevent them from settling before and during penetrating the fractured rock 

formation [18]. Additionally, fracturing fluids must maintain sufficient viscosity to 

minimalize leak off [2]. Hurnaus et al reported that viscosities higher than 100 cp 

at a shear rate of 100 s-1 are generally required to transport proppants [10]. As 

discussed earlier, these proppants are used to prevent the fractures from 
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collapsing once the pressure is released. However, it has been discovered that 

the viscosity of a borate crosslinked fluid can be reduced significantly due to the 

high pumping pressure encountered during hydraulic fracturing treatments [7].  

2.3 Nanomaterials in Fracturing  

The developments in the area of nanotechnology have been utilized to 

provide solutions to many challenges in the oil industry. Nanoparticles are 

typically referred to particles that have a size of 1–100 nm (nano-meter). 

Nanoparticles have distinctive properties because of their small sizes and larger 

surface area [12]. Many nano-fluids can be formed through the addition of 

nanoparticles to various base fluids. Nanoparticles may change the nature of the 

crosslinking to reach better gel properties [12]. Nanomaterials have distinctive 

features which include well designed shaped, high surface/volume ratio and 

small size which allow particles to propagate through formation rocks [2]. The 

guar’s cost has increased and as a result the amount of guar used in hydraulic 

fracturing needs to be reduced to mitigate the economic impact.  Decreasing the 

amount of guar will have a positive impact on the clean-up of polymer and 

ultimately the production of the well.  

Lafitte et al. have studied new boronic acid-functionalized silica 

nanoparticles as the crosslinker to crosslink with guar-based fluids. These 

particles have a size of less than 30 nm and a specific area of 300 m2/g. It was 

showed that these new synthesized crosslinkers can crosslink guar at much 

lower polymer concentrations compare to borate crosslinkers [12]. Further, the 

crosslinking efficiency was higher when using nanoparticles. The testing results 

have illustrated that some of these crosslinked gels shows no pressure 

dependency. Yet, the cost of these new crosslinkers are high due to the chemical 

derivation and purification [12].  
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Recently, Hurnaus et al. has found that guar and HPG based fracturing 

fluids could crosslink with ZrO2 nanoparticle [10]. The gels were investigated 

using transmission electron microscopy (TEM) to find out whether nanoparticles 

are involved in crosslinking or not. The TEM results shows that a tremendous 

amount of nanoparticles was present. Hurnaus et al. concluded that 

nanoparticles are responsible for crosslinking effect. These results propose that 

nanoparticles can be utilized as a new form of crosslinkers [10]. 
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3. EXPERIMENTAL METHODS 

3.1 Materials 

Guar polymer was supplied by Rhodia. Borate crosslinker PAXL-125L was 

supplied by Precision Additives. The nano ZrO2 solution (20 wt%, 45-55 nm), 

nano TiO2 solution  (15 wt %, 5-15 nm) , nano TiO2 (20 wt %, 30-50 nm) solution 

and nano CeO2 solution (20 wt%, 30-50 nm) were all purchased from US 

Research Nanomaterials, Inc., and used without further treatment.  

3.2 Rheometry 

High pressure viscometer measurements were performed in a MCR 102 

Anton Paar viscometer.  This equipment is designed for pressure of up to 1000 

bar. With the original setup (hand pump in Anton Parr rheometer), these viscous 

fluid could not be introduced into the pressure cell. This rheometer has been 

modified by adding an ISCO pump and an accumulator (where the gel will be 

placed in) in order to inject the viscous fluid into the pressure cell (see Figure 3) 

in a controllable way.  

 

Figure (3): Modified Anton Parr Rheometer for introducing viscous fluid into the 

pressure cell. 

The base polymer gel was hydrated fully and all additives were added 

prior to crosslinking. Fluids with different additives at the same polymer 

concentration of 30 (pptg) were used to investigate the effects of these new 
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additives on the gel’s viscosity under high pressure. In this study, it was more 

convenient to use tap water.  The fluid formulations procedure consisted of the 

addition of 1.8 g of guar powder to 500 mL of Houston tap water which is being 

stirred in a 1 L waring blender cup at approximately 2000 rpm. It should be noted 

that the pH of the water is adjusted to around 6 before the addition of guar 

powder. This mixture is allowed to remain stirring at that rate for approximately 

30 minutes, at which point the guar powder is fully hydrated. Following the 30 

minutes of hydration time, additives included nano ZrO2 solution (20 wt%, 45-55 

nm) nano TiO2 solution (rutile, 15 wt %, 5-15 nm)  and nano CeO2 solution (20 wt 

%, 30-50 nm) are added separately for each corresponding experiment. The 

density of the nanoparticles was measured using portable density meter 30PX to 

calculate the equivalent loading volume of nanoparticles required for comparison. 

All nanoparticles were found to have equal densities of 1.03 g/cm3 . 

 

Table (1): List of nanoparticles used and equivalent nanoparticles loading  

Shortly after additives were added, 0.5 mL of borate PAXL-125L  

crosslinker was added under strong agitation, 2000 rpm. Hence, a vortex is 

formed which exposes the agitator. The agitation was continued until the vortex 

closed, typically, for no longer than 30 s.  Thus, after fluid was left to shear for 

less than a minutes.  The fluids were taken then and transferred into the 

accumulator which is connected to the ISCO pump. After the sample is loaded 

into the accumulator, a few steps are required to prepare for running the test. 

After those steps are completed the automated testing program can be initiated.  

Nanoparticle Zro2 CeO2 TiO2 TiO2

wt % 20% 20% 15% 20%

Particle Size (nm) 45-55 30-50 5-15 30-50

1 1 1.333 1

2 2 2.667 2

3 3 4 3

4 4 5.333 4

Loading  Volume 

(mL)
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For these series of tests the test pressure typically starts with 500 psi for 

45 minutes then ramped to 2500 psi (10 min), 5000 psi (10 min), 8000 psi (10 

min), then down to 5000 psi (10 min), 2500 psi (10 min), back to 500 psi.  After 

sample loading, the temperature was increased and maintained at the set point, 

150 °F.  The shear rate was kept constant at 10 s-1 . This shear rate is suitable to 

the fluid formulation used in this study. At higher shear rate, the viscosity is lost 

before reaching 8000 psi due to shear thinning behavior of the fluid. 

3.3 Zeta Potential  

Surface charge is an important characteristic of nanoparticles which 

defines the physical stability in the formulation. The zeta potential 

measurements, surface electrical charges, for nanoparticles used in this study 

were performed using a Zeta PALS Zeta Potential Analyzer equipped with a dip-

in electrode. The measurements are repeated three times to obtain confidence in 

the values. Table 2 shows the zeta potential values along with pH for the 

dispersed ZrO2, CeO2 and TiO2 nanoparticles. The measured sizes of 

nanoparticles is much larger than the reported sizes by the nanoparticles supplier 

(US Research Nanomaterials, Inc.). This might be due to the fact that 

nanoparticles sometimes aggregate or agglomerate in a liquid phase. This will 

result in the formation of secondary particles. In this case, the sizes obtained 

using a Zeta PALS Zeta Potential Analyzer does not reflect the actual particle 

size of nanomaterials. 

                 

Table (2): Zeta Potential and pH values for ZrO2, CeO2 and TiO2 nanoparticles  

 

Nanoparticles pH ζ (mv) ζ (mv) ζ (mv) Average ζ (mv) Diammeter (nm)

ZrO2 7.12 -37.68 -36.98 -37.15 -37.27 365.23

CeO2 6.96 -45.01 -45.9 -45.46 -45.46 159.73

TiO2 7.7 -44.43 -42.98 -42.13 -43.18 290.17
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3.4 Oscillatory Tests  

Dynamic oscillatory measurements are used to evaluate the viscoelastic 

properties of guar/borate system [17]. The dynamic rheological measurements 

were conducted using the double gap cell in the MCR 102 Anton Parr 

viscometer. Four samples were tested. Guar/borate gel without the addition of 

nanoparticles, guar/borate fluid with 3 mL of ZrO2nanoparticles, guar/borate fluid 

with 3 mL of CeO2 nanoparticles and guar/borate fluid with 4 mL of CeO2. Fluid 

sample preparation is similar to section 3.2.  The double gap volume is around 9 

mL. The sample is injected into the double gap using 5 mL syringes. The system 

is pressurized using nitrogen cylinder to 500 psi. Pressure is kept constant during 

each test. Experiments are repeated for each sample at higher pressures of 2500 

psi and 5000 psi. All experiments were conducted at a temperature of 150 °F 

.  

 

Figure (4): Anton Parr Rheometer with double gap cell 

In an oscillatory test, a sinusoidal signal is typically applied to the sample 

to predict its properties rather than rotating on a sample. Amplitude sweep and 

frequency sweep are generally performed. The results of these tests are plotted 
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as strain (γ) or angular frequency (ω) plotted on the x-axis while both G’ and G” 

are plotted on the y-axis with both axis in a logarithmic scale. G’ characterizes 

the elastic moduli of a sample while G” represents the viscous moduli of a 

sample.  Loss factor is represented by tan δ = G”/G’ which measure the ratio of 

the viscous to the elastic portion of the deformation behavior. In the case of ideal 

elastic behavior, G’ completely dominates G”. Therefore loss factor or δ = 0°. On 

the other hand, for the ideal viscous behavior case, G” completely dominates G’ 

and hence δ = 90°. If viscous and elastic behavior are identical then tan δ = 1 or 

δ = 45°. Typically, tan δ > 1 in the liquid state whereas δ < 1 in the gel state tan 

[17]. 

3.4.1 Amplitude Sweep  

In an amplitude sweep, the frequency of the exciting sinusoidal signal is 

kept constant while the amplitude is increased gradually until the microstructure 

breaks-down [1]. The shear strain is represented by  

γ(t) = γA.sin(ωt)                       (Eq.1) 

Accordingly, γA is the applied strain amplitude and ω is angular frequency 

which is constant in amplitude sweep. The goal of performing the amplitude 

sweeps is to define the limit of the limit of the linear viscoelastic (LVE) range. 

Megzer explain that G’ and G” curves show a high plateau value as long as the γ 

amplitudes continue below the limiting value γL, i.e. the structure of the sample is 

stable under this low deformation condition. The limit of the LVE range is 

exceeded at amplitudes higher than γL. At this situation, the structure of the 

sample is irreversibly changed or even completely destroyed. Analysis is usually 

performed in the reversible deformation range using the data from the LVE range 

only, in which the rheological parameters show constant values. Figure 5 show 

the typical result from amplitude sweep measurement. In the amplitude sweep, 

angular frequency of 10 (rad/s) was used as input value (constant) since it has 

been reported to be often selected [17].  
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Figure (5): G’ (γ) and G’’(γ) with limiting value γL of the LVE deformation range 

[17] 

3.4.2 Frequency Sweep 

The maximum permissible value of the preset strain of the LVE range (γL) 

attained from the amplitude sweep allow performing frequency sweep within the 

linear viscoelastic range. In frequency sweep, the amplitude of the exciting 

sinusoidal signal is kept constant while the frequency is increased gradually. 

Frequency sweeps normally show whether a sample behave like a viscous or 

viscoelastic fluid.  Long-term behavior is simulated by slow movements at low 

frequencies while short-term behavior is simulated by rapid movements at high 

frequencies. The results of frequency sweep is plotted as log ω on the x-axis 

versus both log G’ and G” on the y-axis.  
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4. RESULTS  

4.1 High Pressure Response  

In initial experiments, the baseline guar/borate gel was prepared with 30 

pptg guar gel in Houston tap water and crosllinked with 0.5 mL of borate 

crosslinker (PAXL-125L). The pH of the crosslinked gel was around 10.2. Figure 

6 and Figure 7 shows the viscosity response of a crosslinked 30 pptg guar gel 

borate as function of pressure at 77 °F (room temperature) and 150 °F, 

respectively. At both these test temperatures, the pressure is increased gradually 

from 500 psi to a maximum pressure of 8,000 psi. Figure 6 shows the viscosity 

instability between 2000 to 2500 cp at test conditions. Despite the fluctuation 

observed in viscosity, it clear that there is no correlation between the pressure 

rise and the viscosity response at 77 °F. A fluctuation in viscosity may be due to 

the lack of temperature control as the test is running at room temperature.   

Figure 7 shows a rapid viscosity loss which is observed with increasing the 

pressure at 150 °F. Thus, the viscosity of the guar/borate fluid decrease with 

increasing the temperature due to thermal thinning. At higher temperatures, the 

polymer degrades and fraction of borate anion decreases which lead to a 

reduction in the number of effective crosslinking.  In Figure 7, the viscosity was 

around 850 cp at 500 psi then it was reduced to 140 cp at 5000 psi and further 

reduced down to only 27 cp at 8000 psi. The viscosity was subsequently 

regained when the pressure was removed.  
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Figure (6): Viscosity response of a crosslinked 30 pptg guar/borate gel (pH 

10.21) at 77 °F vs. pressure 

Figure (7): Viscosity response of a crosslinked 30 pptg guar/borate gel (pH 

10.21) at 150 °F vs. pressure. 
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In the second set of experiments, the baseline guar/borate gel was 

prepared with 30 pptg guar gel in Houston tap water and crosslinked with 0.5 mL 

and 1 mL of borate crosslinker (PAXL-125L). Figure 8 and Figure 9 illustrates the 

effect of borate crosslinker loading as a function of pressure.  For the same 

polymer loading, when adding 1 ml of borate crosslinker, only 50 % reduction in 

viscosity is observed, compare to 97 % with 0.5 mL of borate crosslinker, at 8000 

psi. These figures indicate that a stronger fluid can be obtained via high 

crosslinker dosing. Similarly, it has been reported that the pressure response of 

guar/borate get can be improved through increasing the polymer loading. Yet, 

these methods might not be the preferred for field applications due to increased 

costs.  

 

Figure (8): Viscosity response of a crosslinked 30 pptg guar with 0.5 ml 

and 1 ml of borate crosslinker at 150  °F vs. pressure  
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Figure (9): % Loss of viscosity of a crosslinked 30 pptg guar with 0.5 ml and 1 ml 

of borate crosslinker at 150 °F vs. pressure  
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Figure 10 show the viscosity response of guar/borate system with 3 mL of 

ZrO2 nanoparticles tested at two different shear rates 10 1/s and 100 1/s. The 

fluid present shear thinning behavior as the viscosity of guar/borate system 

decreases with increasing the shear rate from 10 1/s to 100 1/s. At 8000 psi, the 

viscosity decreases from 322 cp to 70 cp when increasing the shear rate from 10 

1/s to 100 1/s, respectively.  

 

Figure (10): Viscosity of guar/borate system with 3 mL of ZrO2 nanoparticles vs. 

pressure at two shear rates 10 (1/s) and 100 (1/s)  
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4.2 Nanoparticles in Fracturing Fluid  

In this section a different approach was tested to mitigate the pressure 

influence of guar/borate gel. Different transition metal oxide nanoparticles with 

different doses were added in the following set of experiments to investigate the 

effect of these nanoparticles in the viscosity response with pressure increase. 

These nanoparticles have applied as additional additives to guar/borate systems. 

Thus, a dual -crossslinker, nano metal oxide plus borate, system is tested. The 

baseline guar/borate gel was prepared with 30 pounds per thousand gallons 

(pptg) guar gel in Houston tap water and crosslinked with 0.5 mL of borate 

crosslinker (PAXL-125L). Nanoparticles doses are added before the borate 

crosslinker. 

 

Figure (11): The AFM images of (a) Guar/Borate gel (b) Guar/borate gel 

with 3 mL (0.593 vol%) ZrO2 nanoparticles (c) guar/borate gel with 3 mL (0.593 

vol%) CeO2 nanoparticles (d) guar/borate gel with 4 mL (0.789 vol%) TiO2 

nanoparticles taken at room temperature  
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Figure 11 shows the Atomic Force Microscopy (AFM) images for (a) 

guar/borate gel without the addition of nanoparticles (b) guar/borate gel with 3 

mL of ZrO2 nanoparticles (c) guar/borate gel with 3 mL of CeO2 nanoparticles (d) 

guar/borate gel with 4 mL of TiO2 nanoparticles. Figure 11 (b-d) illustrate the 

presence of nanoparticles in the samples. The morphology of the gel varies as a 

function of nanoparticles additive. 

Figures 12, 13 and 14 show the viscosity response for crosslinked guar 

with different dosing of zirconium oxide, cerium oxide and titanium oxide 

nanoparticles, respectively. Under low pressure (500 psi), the initial viscosities for 

most prepared gels are between 900 cp and 1000 cp. However, the viscosity 

response improve at high pressure (5000 psi and 8000 psi) with additional doses 

of nanoparticles added to the guar/borate system.  

 

Figure (12): Viscosity Response of a crosslinked 30 pptg guar with 0.5 ml borate 

and with and without addition of 0.5,1,2,3, 4 mL of  20 wt % of ZrO2 (45-55 nm)  

nanoparticles at 150 °F vs pressure 

The first nanoparticle used in this study is Zirconium oxide (ZrO2) 

nanoparticles aqueous dispersion. The nanoparticle dispersions are suspensions 
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of 20 % of ZrO2 nanoparticles in water. The size of these nanoparticle is between 

45 to 55 nm. Figure 12 shows the viscosity comparison of guar/borate gels 

without nanoparticles and same gels with ZrO2 nanoparticles solution under 500, 

2500, 5000 and 8000 psi.  The figure indicates that the viscosity of guar/borate 

system has been significantly improved at 8000 psi from 27 cp (without addition 

of nanoparticles) to 322 cp through the addition of 3 mL of ZrO2 nanoparticles. 

Smaller doses of 0.5 mL of ZrO2 show improvement to the viscosity under high 

pressure.  The addition of 1, 2, 3 and 4 mL of ZrO2 nanoparticles enhanced the 

viscosity under 8000 psi to 253, 205, 322 and 241 cp, respectively. Thus, adding 

more doses of ZrO2 nanoparticles, more than 1 mL, doesn’t significantly improve 

the viscosity.  The results indicates that the best improvements to the viscosity is 

obtained through the addition of 3 mL of ZrO2 nanoparticles and higher doses of 

ZrO2 shows no improvement to the viscosity of guar/borate system. The result 

show that ZrO2 nanoparticles don’t have much significant effect to viscosity of 

borate/guar system under lower pressure of 500 and 2500 psi. Enhancements to 

the viscosity of borate/guar system is clearly observed at higher pressures of 

5000 and 8000 psi. Reversible influence of pressure on viscosity is observed 

once the pressure is released.  
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Cerium oxide (CeO2) nanoparticles dispersion is also used in this study. 

These nanoparticle dispersions are suspensions of 20 % of CeO2 nanoparticles 

in water. The size of these nanoparticle is between 30 to 50 nm. Figure 13 

illustrates the viscosity comparison of guar/borate gels without nanoparticles and 

gels with CeO2 nanoparticles solution under 500, 2500, 5000 and 8000 psi. 

Unlike ZrO2 nanoparticles, the addition of smaller doses of CeO2 nanoparticles, 

0.5 mL, improve the viscosity to 170 cp at 8000 psi. This is compared to 27 cp for 

gels without nanoparticles. With the addition of 1, 2 3, 4 mL of CeO2 

nanoparticles, the viscosity improved to 154, 177, 231 and 254 cp at 8000 psi. 

These results indicates smaller improvements of viscosity is obtained when 

increasing the CeO2 nanoparticles doses from 1 mL to 4 mL. At lower pressures, 

no much improvement of CeO2 nanoparticles is noticed to the viscosity of 

guar/borate system. The reversible influence of pressure on viscosity is noticed 

for gels with CeO2 nanoparticles. 

Figure (13): Viscosity Response of a crosslinked 30 pptg guar with 0.5 ml borate 

and with and without addition of 0.5,1,2,3, 4 mL of  20 wt % of CeO2 (30-50 nm) 

nanoparticles at 150 °F vs pressure 
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Additionally, 15 wt % Titanium oxide (TiO2) nanoparticles dispersion is 

used in this study. The size of these nanoparticles is between 5 to 15 nm. Figure 

14 shows the viscosity comparison of guar/borate gels without nanoparticles and 

gels with TiO2 nanoparticles solution under 500, 2500, 5000 and 8000 psi. No 

improvement to viscosity has been noticed with 0.5 mL of TiO2. Yet, the viscosity 

of guar/borate gel were enhanced to 95, 233 and 323 cp with addition of 1 mL, 4 

mL and 5.33 mL of TiO2 at 8000 psi. It can be noticed that under high pressure, a 

less viscosity reduction can be achieved through the addition of more TiO2 

nanoparticles. Similar to previous systems, the reversible influence of pressure 

on viscosity is observed for guar/borate gels with TiO2 nanoparticles  

Figure (14): Viscosity Response of a crosslinked 30 pptg guar with 0.5 ml borate 

and with and without addition of 0.5 mL(0.099 vol%),1 mL (0.198 vol%),4 mL 

(0.788 vol%) and 5.33 mL (1.05 vol%) of  15 wt % of TiO2 (5-15 nm) 

nanoparticles at 150 °F vs pressure  

Figure 15 show the percentage loss in viscosities as pressure changes for 

guar/borate gels prepared using different doses and types of nanoparticles. The 

percentage losses in viscosity are calculated through comparing to gels initial 

viscosity at 500 psi to the gel’s viscosity at higher pressures. The viscosity of 
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guar/borate systems can be enhanced under high pressure using nanoparticles. 

The percentage loss in viscosity for guar/borate system are 40 % (under 2500 

psi), 84 % (under 5000 psi) and 97 % (under 8000 psi). Thus, the gel lost almost 

all of the viscosity contributed by the crosslinkers upon the increase of pressure. 

At 2500 psi, the percentage loss in viscosity is higher for samples with 

nanoparticles. At 8000 psi, gels prepared using ZrO2 nanoparticles show lowest 

percentage loss in viscosity. The lowest percentage loss in viscosity achieved 

under high pressure were 67.1% and 67.04 % for gels with 3 mL of ZrO2 and 

CeO2, respectively. This can be translated to 35 % improvement in viscosity 

under high pressure for guar/borate system with ZrO2 and CeO2 nanoparticles. 

The addition of 5.33 mL of TiO2 was needed to reduce the percentage loss in 

viscosity to 69.1 %. For all samples tested, once the pressure is released, the 

viscosity increases but none of the samples return to their exact initial viscosities. 

When the pressure returned to 500 psi, the percentage loss in viscosity was 11 

% for gels without nanoparticles while the percentage was higher for almost all 

guar/borate gels with nanoparticles.  

Figure (15): Percentage loss in viscosity under different pressures for 
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guar/borate gels prepared using dosses of  ZrO2, CeO2 and TiO2 nanoparticles at 

150 °F vs. pressure 

Figure 16 shows the effect of amount added of borate crosslinker to the 

viscosity for guar samples with and without 0.5 mL of CeO2 nanoparticles. As 

discussed previously, guar gel with 0.5 mL of borate system loses almost all of 

the viscosity contributed by crosslinker at 8000 psi. The addition of smaller doses 

of CeO2 nanoparticles ( 0.5 mL) improve the viscosity of guar gels with borate gel 

to 170 cp at 8000 psi. High dose of crosslinkers minimize the pressure response 

for guar/borate gels, however, it has been found that there is no effect of CeO2 

nanoparticles for guar sample with higher dose of borate crosslinker (1 mL) as 

illustrated in Figure 10.  

Figure (16): Viscosity of guar gels with 0.5 mL (no nanoparticle, 0.5 CeO2) and 1 

mL of borate crosslinker (no nanoparticles, 0.5 CeO2) vs. pressure  

Two different sizes of TiO2 nanoparticles were used in this study to 

investigate the impact of nanoparticle size to the effectiveness of crosslinking. 

TiO2 nanoparticles dispersion (15 wt %, 5-15 nm ) and TiO2 nanoparticles 
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dispersion (20 wt%, 30-50 nm) were tested at the same condition. Figure 17 

show the percentage loss in viscosity for guar/borate gels with different sizes of 

TiO2 nanoparticles. The results indicate that those nanoparticles exhibit same 

effect to viscosity of guar borate system. Thus, no improvement to the viscosity 

of guar/borate gel has been noticed when using smaller size of TiO2 

nanoparticles.  

Figure (17): Percentage loss in viscosity vs. pressure for guar/borate gels with 

different sizes of TiO2 nanoparticles  

4.3 Oscillatory Tests  

In amplitude sweep, the guar/borate system was subjected to constant 

angular frequency of 10 (1/s). Figure 18 shows the amplitude sweep for 

guar/borate sample with 3 mL of CeO2nanoparticles at 150 F and 500 psi. The 

amplitude strain γ is plotted on the x-axis while G’ and G’’ are plotted on the y-

axis. The axis are in the logarithmic scale.  The strain values are in fraction. Note 

that once the test started, it takes around three minutes to reach to the desired 

temperature. The figure once the sample reach the temperature, the storage and 

loss modulus are increases slightly before decreasing. This shows that the 
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growing proportion of the deformation energy, loss modulus G’’, is being utilized 

to alter the structure before the final breakdown occur. The slight increase in G’ 

might be a counter to sustain the structure from growing amount of the 

deformation energy [17]. Once the desired temperature is achieved, the G’ and 

G’’ curves stay linear till they reach 2.78 % strain where both curves then 

deviated to non-linear. Therefore, the limit of LVE range for the guar/borate with 

3 mL CeO2 nanoparticles under 500 psi and 150 F is γL=2.78 %. This means that 

below γL the structure of this fracturing fluid is stable. Additionally, it can be 

noticed from Figure 18 that G’ is larger than G’’ which means that the elastic 

behavior dominates over viscous behavior. The same test was performed for all 

samples under 3 different pressures (500 psi, 2500 psi, 5000 psi).  

Figure (18): Amplitude sweep results for guar/borate sample with 3 mL of CeO2 

nanoparticles at 150 °F and 500 psi.  
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Figure 19 shows the limit of the LVE range (logarithmic scale) versus 

pressure (linear scale) for all samples. It can be noticed that with the exception of 

the sample with ZrO2 nanoparticles, all other samples have almost the same 

value of γL at 500 psi. Through comparing the values of γL for all samples at 500 

psi and 5000 psi, it can be noticed that the limit of the LVE range is generally 

decrease with increasing the pressure from 500 psi to 5000 psi.  

Figure (19): Limit of the LVE range versus pressure for guar/borate without the 

addition of nanoparticles (Baseline), and 3 other guar borate samples with ZrO2, 

CeO2 and TiO2 nanoparticles.   

Once the values of the maximum permissible preset strain of the LVE 

range are identified for different pressures, then frequency sweep could be 

performed. Figures 20-23 show the results of frequency sweep where the 

storage modulus (G’) and loss modulus (G’’) are plotted versus angular 

frequency (ω) at two different pressures 500 and 5000 psi. For all sample, the 

elastic behavior dominates over the viscous behavior (G’>G’’) before reaching 
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the crossover point (when G’=G’’). Thus, these samples have gel-like structures 

before crossover point. G’ values for samples with nanoparticles are generally 

higher than G’ value for the guar/borate sample without nanoparticles at both 

pressure. The crossover frequency which is the angular frequency at which 

G’=G’’ (or transition point from G’>G’’ to G’’>G’) is affected by pressure. 

Generally, the crossover frequency decrease as pressure increase. For instance, 

Figure 21 show that the flow point for guar/borate sample with ZrO2 nanoparticle 

is 83 rad/s at 500 psi while it around 57 rad/s at 5000 psi.  Similarly, Figure 23 

show that the crossover frequency for guar/borate sample with TiO2 

nanoparticles is 66 rad/s at 500 psi whereas it is around 57 rad/s at 5000 psi. 

Furthermore, the crossover frequency is affected by the presence of 

nanoparticles. At 5000 psi, Figures 20-23 show that the crossover frequencies 

are 50, 57, 72 and 57 rad/s for guar/borate sample without the addition of 

nanoparticle, guar/borate with 3 mL of ZrO2, guar/borate with 3 mL of CeO2 and 

guar/borate with 4 mL of TiO2, respectively. These points illustrate the transition 

from elastic behavior to viscous behavior.  

Figure (20): Frequency sweep results for guar/borate sample without the 
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addition of nanoparticles at 150 °F and two different pressure (500 psi and 5000 

psi)  

Figure (21): Frequency sweep results for guar/borate sample with 3 mL of ZrO2 

nanoparticles at 150 °F and two different pressure (500 psi and 5000 psi)  
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Figure (22): Frequency sweep results for guar/borate sample with 3 mL of CeO2 

nanoparticles at 150 °F and two different pressure (500 psi and 5000 psi)  

Figure (23): Frequency sweep results for guar/borate sample with 4 mL of TiO2 

nanoparticles at 150 °F and two different pressure (500 psi and 5000 psi)  
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5. DISCUSSION 

Viscosity is a measure of the fluid’s resistance to deformation when a 

force is applied.  [6]. The viscosity of fracturing fluid has a huge influence in 

fracture initiation, fracture width, leak off and proppant transport [20]. In this 

study, we showed that the viscosity of guar/borate system is a function of 

temperature, shear rate and pressure. Further, the guar/borate gels exhibit 

reversibility of viscosity to these influences. The guar/borate gel is non-

Newtonian fluid. Thus, the system shows shear thinning behavior. Additionally, 

the results show that viscosity of borate-crosslinked guar decreases with 

increasing the temperature (thermal thinning). This can be attributed to the 

thermal degradation of the guar itself at elevated temperatures.  

In scientific research, little attention was given to pressure applied to 

fracturing fluid [8]. We showed in this study that 97 % of viscosity of guar/borate 

gel is lost when the pressure increases to 8000 psi. This loss in viscosity is 

attributed to loss of crosslinker at high pressure. The lab experiments indicate 

that guar/borate system show rapid recovery of viscosity once the pressure is 

released. It must be noticed that the pressure applied in these experiments is 

within the range of the pressure encountered during the hydraulic fracture 

treatments. This will have a major effect on proppant placement and fracture 

geometry.  It can be concluded from Figure 6 and Figure 7 that the influence of 

pressure on the viscosity of guar/borate system is strongly dependent on 

temperature. 

The experimental results illustrate that the pressure effect on guar/borate 

system is minimized with high doses of crosslinkers. Additionally, a thicker fluids 

can be obtained via increased polymer loading. However, these methods might 

be the preferred ways in the field to mitigate the pressure effect on viscosity. In 

this study, we propose to use another way to mitigate the pressure influence of 

guar/borate gel by introducing other additives. These additives are zirconium 
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oxide, titanium oxide and cerium oxide nanoparticles. Parris et al. showed that for 

gel formed using borate, B-O-C bond breakage take place at high pressure. We 

hypothesize that nanoparticles used in this study react with the cis-hydroxyl 

groups on the guar polymer after they have been released from the borate 

crosslinker under the high pressure. Hence, the borate crosslinker was released 

from the cis-hydroxyl group of guar molecules, while the metal oxide 

nanoparticles assist in crosslinking with the free hydroxyl groups to maintain 

certain amount of the crosslinking. Nanoparticles have high surface areas that 

are available for crosslinking when they are not agglomerated. This will result in 

multiple interactions with the cis-hydroxyl groups of guar and thus producing 

stronger crosslinking. These transition metal oxide nanoparticles have been 

applied in the traditional guar/borate systems as additional additives. In our 

proposed novel dual-crosslinker system, borate plus nano-metal oxide system, 

the initial viscosity of this system does not show much difference comparing to 

the guar/borate system under low pressure (500 psi). This is good for the field 

application since the friction loss will not be increased when these fluids are 

applied in the field. However, all three transition metal oxide nanoparticles 

including zirconium oxide, titanium oxide and cerium oxide nanoparticles have 

shown viscosity improvement under high pressure (8000 psi). These 

improvements can be attributed to the stability of ZrO2, CeO2 and TiO2 

nanoparticles.  

The zeta potential characterizes the surface charge of nanoparticles. 

Nanoparticles have a surface charge which attract a thin layer of ions of opposite 

charge to the nanoparticle surface. As nanoparticles diffuses throughout the 

solution, this double layer of ions travels with the nanoparticles. Typically, the 

zeta potential of particles range from -100 mV to +100 mV. Measurements 

obtained in this study is predictive of the colloidal stability. ZrO2, CeO2 and TiO2 

nanoparticles dispersion have zeta potential values of -37 mV, -45 mV and -43 

mV, respectively. Generally, the dividing line between unstable and stable 
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suspensions is determined at either -30 or +30. Particles are normally considered 

stable if zeta potential is higher than +30 mV or less than -30 mV [15].  As shown 

in table 2, ZrO2, CeO2 and TiO2 nanoparticles possess a pronounced negative 

zeta potential. Therefore, it can be concluded that nanoparticles used in these 

experiments are negatively charged and have high degree of stability.  

                                                       

Figure (24): Schematic representation of zeta potential [15] 

Thus, the viscosity of guar/ borate gels without addition of any 

nanoparticles was around 27 cp at 8000 psi. It is expected that there exists an 

optimum nanoparticles concentration for a given polymer and borate 

concentrations. With addition of 3 mL and 4 mL of CeO2 nanoparticles, the 

viscosity improved to 231 cp and 254 cp, respectively. Through the addition of 

more cerium oxide solution, the viscosity at 8000 psi still maintains improvement 

on viscosity reduction comparing to the control without nanoparticles ,however, 

not much difference have been seen. These results indicate that the addition of 3 

mL of CeO2 might have reached the optimized condition. Further, with addition of 

3 mL and 4 mL of ZrO2 nanoparticles, the viscosity enhanced to 322 cp and 242 

cp, respectively. This decrease in viscosity of guar/borate system from 322 cp to 

242 cp might be caused through exceeding the optimum condition (over-
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crosslinked). This is similar to the results shown in Figure 16, when the amount 

of borate crosslinker doubled (1 mL), the nanoparticles had no effect to the 

viscosity of the fluid. For the case of TiO2, with the addition 4 mL and 5.33 mL of 

TiO2 nanoparticles, the viscosity (at 8000 psi) enhanced to 233 cp and 323 cp, 

respectively. This indicate that the system did not reach the optimum condition. 

Surprisingly, the viscosity of guar/borate system show almost the same viscosity 

behavior under high pressure when using two different sizes of TiO2 

nanoparticles. It is expected that the effect of nanoparticle size on viscosity might 

be noticed under higher pressure (higher than 8000 psi).    

Oscillatory test is good method for quantifying the amount of viscosity and 

elasticity in a sample’s structure. The samples tested in this study behave like 

viscoelastic solid. The sample exhibit G’ that is mostly independent of frequency 

over a wide range.  G’ is a measure of how much structure exist in a sample [2]. 

In this study, G’ values for guar/borate samples with nanoparticles were higher 

than the sample of guar/borate without nanoparticles at both 500 psi and 5000 

psi. Thus, based on our hypothesis as nanoparticles crosslink to the cis-hydroxyl 

groups on the guar polymer, the more crosslinked bond are established between 

the polymer chains. Therefore, the increase in the number of crosslinked bonds 

result in an increase in the storage modulus for sample with nanoparticles.   

Hence, the addition of nanoparticles enhance the structure, viscosity and the 

performance of guar/borate system. Table 3 show the crossover point for the four 

samples tested at 500 psi and 5000 psi. It’s clear that the samples with 

nanoparticle have higher G’ at the crossover point at 500 psi compare the control 

sample. The same is true at 5000 psi except for Guar/borate sample with TiO2 

nanoparticles. Higher values of G’ at the crossover point represent the strength 

of the sample [14]. Consequently, gels with nanoparticles will be able to carry 

proppants more efficiently to the fracture under high pressure. 
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Table (3): Crossover point for four samples at 150 °F and two different pressure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sampel
Angular Frequency 

(rad/s) @ 500 psi

Gc (Pa) at (G'=G'') 

@500 psi

Angular Frequency 

(rad/s) @ 5000 psi

Gc (Pa) at (G'=G'') 

@5000 psi

Guar/borate 43 2.2 50 2.47

Guar/borate with ZrO2 83 2.9 57 2.5

Guar/borate with CeO2 72 2.43 72 2.6

Guar/borate with TiO2 65 2.5 57 1.7
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CONCLUSION 

Hydraulic fracturing is a stimulation techniques which is commonly used to 

enhance hydrocarbon production through generating a network of highly 

conductive fractures in oil and gas wells. Fracturing fluids are important for 

successful fracture initiation and proppant transport. Thus, highly viscous gels 

are required to carry proppant. This is achieved through crosslinking polymers 

with either boron, zirconium or titanium compounds. Borate-crosslinked gaur 

polymer is commonly used in oil industry as fracturing fluid because of its 

versatile properties and wide industry experience associated with its use.  The 

crosslinked fluid is pumped at high pressure into the well. The pressure must be 

sufficient to crack the rock and therefore allows penetration of the proppant and 

gel mixture into the fracture. A key factor for the crosslinked guar is to maintain 

sufficient viscosity in order to prevent the proppant settling and transport the 

proppant further into the fracture. However, it has been found recently that the 

viscosity of guar/borate gel can be reduced significantly under high pressure.  

One solution to reduce the pressure response for guar/borate gels is using 

high polymer loadings of base polymers or using high doses of crosslinker. 

However, these method might not be preferred in the field. This study proposes 

to use another method to mitigate the pressure influence of guar/borate gel by 

introducing another additives which could potentially react with the cis-hydroxyl 

groups after they have been released from the borate crosslinker under the high 

pressure to minimize the gel’s viscosity reduction. In this study, transition metals 

oxide nanoparticles have been applied in the traditional guar/borate system as 

additional additives. The transition metal oxide nanoparticles including zirconium 

oxide, titanium oxide and cerium oxide nanoparticles.  In the novel dual 

crosslinker system (borate plus nano-metal oxide system) which is suggested 

here ,the initial viscosity of this system doesn’t show much difference comparing 

to the guar/borate system under low pressure (500 psi), which is good for field 

applications since the friction pressure will not be increased when these fluids 
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are applied to the field. However, their viscosity under high pressure (8000 psi) 

has been significantly improved. These improvements can be attributed to the 

stability of nanoparticles. Through oscillation tests, it has been confirmed that 

stronger and more viscous gels could be formed through the addition of 

zirconium oxide, cerium oxide and titanium oxide nanoparticles.   

Today, the oil industry faces many challenges include tighter 

environmental legislation, deeper wells and harsher condition. Further, the cost 

of guar polymer has increased which will have high economic impact in the 

industry considering the increasing demand for guar required to meet the 

increased shale oil operation activates in North America [12]. Therefore, the 

novel additives discussed in this study which can be added to guar/borate 

crosslinked gel could provide a solution to these challenges. Reducing the 

amount of guar will have a positive effect on the clean-up of polymer, the 

production of the well and enhance the economics of the treatment.  
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