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Summary of Current Progress  

During the past quarter, our primary goals were to select the interested area to acquire core 

samples and characterized the core samples with the scanning electron microscope (SEM). 

Meanwhile, we tested the stability of silica nanoparticles. Furthermore, we are trying to develop 

polymer nanoparticles and measure their physicochemical properties.  

We mainly focused on the following tasks:  

1) Selected areas for core samples and their SEM measurement; 

2) Pore space characterization;  

3) Stability experiment of silica nanoparticle 

a.) Salinity effect; 

b.) Concentration of silica nanoparticles (wt%) 

c.) Composition of synthetic brine water 

d.) Lower concentrations of silica nanoparticles (wt%) 

e.) Brines with different cation valence 

4) Evaluation and optimization of the nanoparticle-surfactant for EOR 

    a.) Description of newly purchased nanoparticles; 

    b.) Stability test; 

    c.) Effects of pH and zeta potential test; 

    d.) Emulsion test. 

5) Preparation and characterization of silica nanoparticles for oil recovery; 

6) Preparation and characterization of polymer nanoparticles for oil recovery; 

 

Below are the detailed results on the tasks.  
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1. Selected Areas for Core Samples and SEM Measurement 

1.1 Selected areas for core samples 

As shown in the map below (Figure 1), the purple line represents the boundary of high 

production area is outlined by the, the orange line delineates the area of high oil/(oil+water) ratio, 

and the black line defines an area of high pressure gradient. Middle Bakken core samples were 

drilled from three wells as shown in Figure 1.  

 

Figure 1. Selected Areas for Bakken Core Samples (Theloy and Sonnenberg, 2013) 

1.2 SEM Experiment Test 

1.2.1 Selection of rock samples  

    The first step was to determine the depth of Middle Bakken, and then chose the appropriate 

core samples from that depth range, according to the depth, length, development of slips, 

anisotropy and  

so on. For instance, the thickness of Bakken Formation in well #20457 is 128 ft. According to 

lithology, the well core can be divided into three members: Upper Bakken (Figure 2), Middle 

Bakken (Figure 3) and Lower Bakken (Figure 4). 

                                  

      Figure 2. Upper Bakken                  Figure 3. Middle Bakken                 Figure 4. Lower Bakken  
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The depth range of each member is 11,155-11,166 ft, 11,166-11,197 ft and 11,197-11,205 ft, 

respectively. So the Middle Bakken which is need to be analyzed is from depth of 11,166 to 11,197 

ft. According to the factors mentioned above, the core samples are at 11176.6 (Figure 5), 11185.6 

(Figure 6) and 11192.5 (Figure 7) ft depth. 

                                
 Figure 5. Core sample 1                 Figure 6. Core sample 2              Figure 7. Core sample 3 

    For well #6082, the Upper Bakken Formation is from 10,954 to 10,968 ft and is black limestone 

(Figure 8). Rock from 10,968 to 10,979 ft is black shale (Figure 9). The Middle Bakken Formation 

ranges from 10,979 to 11,009 ft and is grey limestone (Figure 10).  

                                       

               Figure 8. Upper Bakken                  Figure 9. Upper Bakken               Figure 10. Middle Bakken 

    According to the depth of formation, we obtained the rock samples at the depth of 10,957 

(Figure 11), 10,983 (Figure 12) and 10,994 ft (Figure 13). 
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           Figure 11. Rock sample 1              Figure 12. Rock sample 2              Figure 13. Rock sample 3 

1.2.2 Core plugs 

    Core plugs were cored from rock samples using a drill press and coring drilling bit. The core 

plugs from well #20457 are showing below (Figures 14, 15, 16). 

 

                                        
               Figure 14. Core plug 1                  Figure 15. Core plug 2                      Figure 16. Core plug 3 

 

    During the coring process of core plug 3, the core plug broke into three small pieces. We also 

have got three core plugs from rock samples of well #6082 (Figures 17, 18, 19). 

 

                                         
            Figure 17. Core plug 1                     Figure 18. Core plug 2                    Figure 19. Core plug 3 
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1.2.3 SEM Analysis 

Scanning electron microscopy (SEM) produces a two-dimensional (2-D) raster image by 

bombarding the surface of a sample with a beam of electrons and then detecting the various 

signals produced by the interaction between sample and electron beam (Goldstein, 2003; 

Reimer,1998). SEM examines both topographic characteristics and atomic composition. This 

analytical technique is capable of producing very high-resolution images showing nanometer-

scale features, grain size, and treatment effects. Figure 20 shows an image with a magnification 

of 100,000, a pore is observed with a dimension of 1,477 nm by 400 nm. Calcite crystals and 

quartz are showing in Figure 21. 

        

Figure 20. SEM Image of Middle Bakken displaying pore 
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Figure 21. SEM Image of Middle Bakken 

1.2.4 Automated rock characterization with SEM/image-analysis techniques 

    A BSE image from the SEM is digitized and stored in the IPS memory. The stored image has 

a standard format of 512*512 points (pixels or picture elements) in which each point can have a 

gray value from 0 to 255. A zero value corresponds to black (pores) and ranges from gray (quartz) 

to white (heavy minerals), which is 255. 

    The pores are determined from the mineral components in the image by detecting only the dark 

areas. Mathematical morphology techniques allow individual pores to be defined. Pore area and 

pore-throat-size distributions are measured, as is the 2D coordination number. The results are 

shown in Figure 22. 
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(Quartz)                                                       (Dolomite) 

           

(Pyrite)                                                    (Dololimestone) 

Figure 22. Automated Rock Characterization of different minerals 
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2. Pore space characterization 

    Since the Bakken formation is too tight to be described using conventional methods, the 

Scanning electron microscope (SEM) was utilized to identify the pores and look down into the 

pores to characterize pore connection in rocks. Gas adsorption technique was also used to 

characterize pore surface area and volume in mudrocks. N2 (at 77 K) was used in the gas 

adsorption experiment for surface area and mesopore characterization. 

2.1. Materials and instruments 

    SEM materials: epoxy resin, epoxy hardener, release agent, rock sample. Figure 23 shows the 

prepared rock samples used in this SEM measurement. 

 
Figure 23. Samples for SEM imaging 

 

    SEM instruments: Struers Labopol-21 grinding/polishing machine, Quanta FEG 650 scanning 

electron microscope.  

    Gas adsorption Materials: the crushed rock samples in powder was used in adsorption tests 

(Figure 24).  Gas adsorption instrument was Autosorb iQ-Chemisorption & Physisorption Gas 

Sorption Analyzer. 

 

 
Figure 24. Rock powder for gas adsorption 

 

2.2 Shape features of pores and slits from SEM 

    In the early stages of work, we observed some inorganic pores in SEM images. More SEM 

images were captured using the QuantaTM FEG-650 field emission machine. An organic matter 

was found in the core sample (Figure 25). However, the amount of organic matter pore is so small 

and the dominant pore types in Middle Bakken are inorganic interparticle and intraparticle pores. 
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Figure 25. Organic matter in Middle Bakken 

 
    The pore networks are extremely sophisticated. As shown in Figure 26, the crack is connected 

with several pores, and the shapes vary greatly, also the sizes of the throats are quite small (tens 

of nanometers).  

 
Figure 26. Natural crack in Middle Bakken 

 

2.3 Nitrogen adsorption 

    Table 1 shows the 3 core samples with different permeabilities used in the nitrogen adsorption 
experiment to measure the adsorption isotherm. The N2 isotherms are shown in Figure 27. 

Table 1. Basic information of samples for nitrogen adsorption experiment 

MD, ft Sample K, mD Φ, % 

11,079.50 S2 0.013 6.5 

11,081.50 S3 <0.0001 7.7 

11,082.50 S4 0.657 8 
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                             (a) Sample 1                                                       (b) Sample 2 

 
(c) Sample 3 

Figure 27. N2 isotherms for the Middle Bakken samples 

 
    Since physisorption is a complex process involving various interactions, the majority of these 

isotherms may conveniently be grouped into six classes in the IUPAC ( International Union of 

Pure and Applied Chemistry ) classification (Figure 31, Sing et al. 1985). 

I: Microporous materials; 

II: Nonporous materials; 

III: Nonporous materials and materials which have the weak interaction between the 

adsorbate and adsorbent; 

IV: Mesoporous materials; 

V: Porous materials and materials that have the weak interaction between the adsorbate and 

adsorbent; 

VI: Homogeneous surface materials. 
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Figure 28. The six main types of gas physisorption isotherms, according to the IUPAC classification (Sing 

et al. 1985) 

 
    The shape of the isotherms is between III and V, which indicates an extremely small pore size 

and a  weak interaction between the adsorbate and adsorbent.  

    BET method was used to quantify surface area (Brunauer et al. 1938). The surface areas of 

these samples were measured to be 11.185m2/g, 9.544m2/g, 8.510m2/g, respectively. The pore 

diameter distribution is shown in Figure 29. There is no significant difference between the results 

of 3 samples, so the difference of permeability is most likely caused by the tortuosity, as we know 

the pore networks in tight oil is sophisticated. 

 
Figure 29. Pore diameter distribution 

 
The pore diameter distribution is 2~40nm, while the dominant pore diameter is about 4 nm 

(Figure 29), which is extremely small. The fluid properties in such tight formation should be 

analyzed in the future work. 
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3. Stability experiment of silica nanoparticle 

    The experiment is to test whether the factors, such as salinity, silica nanoparticles 

concentration, composition of synthetic brines, and different cations, would affect the stability of 

silica nanoparticles. All the silica nanoparticle samples were made from high concentration silica 

nanoparticle solution. 

3.1 Materials 

Synthetic brines  

    There are three types of synthetic brines, i.e. NaCl solution, CaCl2 solution and Bakken 

formation water. Compositional analysis of Bakken formation brine is shown in Table 2 (Lu et al. 

2014). The brine in Bakken formation is highly saline with a total dissolved solid of 324,949.4mg/L.  

Table 2. Compositions of Bakken formation brine 

Ions Na+ K+ Ca2+ Mg2+ Sr2+ Ba2+ Cl- SO4
2- HCO3

- TDS 

Concentration, 
mg/L 

101,263 6,525 17,157 1,223 1,168 30.4 196,874 409 300 324,949.4 

Silica Nanoparticle 

    The silica nanoparticles were prepared by Stober method. The average size was about 154.1 

± 1.9 nm; and the average zeta potential was about -45.8 ± 3.9 mV. The silica nanoparticles were 

provided in high concentration at 160 mg/L. It was diluted to 100mg/L with ultrasonic dispersion 

before experiment, and then was used to prepare the silica nanoparticle solutions with different 

mass concentrations. 

3.2 Results 

3.2.1 Salinity effect 

    Experimental temperature was set at 80°C and experimental pressure was 1 atm. The 

concentration of silica nanoparticle was 0.05wt%. We prepared seven kinds of water solutions, 

i.e. distilled water, daily drinking water, NaCl solutions with concentrations of 30,000 mg/L, 60,000 

mg/L, 120,000 mg/L, 240,000 mg/L, 300,000 mg/L, as shown in Table 3. The sample volume is 

10 ml. This is to primarily test the stability of silica nanoparticle in different salinities of brines with 

monovalent ions. 

Table 3. Seven kinds of water solution 

 
Distilled 
Water 

Tap water NaCl Solutions 

Salinity 
(mg/L) 

0 574 30,000 60,000 120,000 240,000 300,000 

    Initially all the seven nanoparticle solutions were cloudy. The ultrasonic dispersion process was 

continued for 15 minutes to assure that nanoparticles had been homogenously dispersed. After 

four days, the solution color changed (Figure 33). In the Figure 30, the samples from left to right 

the salinity is distilled water, tap water, and NaCl solutions with concentrations of 30,000mg/L, 

60,000mg/L, 120,000mg/L, 240,000mg/L, 300,000mg/L, respectively. 
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a. Initial                                                                                   b. Day 4 

Figure 30. Silica nanoparticle solutions in seven kinds of water solutions  
at initial preparation and Day 4 at 80°C 

    We can see from the Figure 30a that the color of left three bottles, i.e. the salinity with distilled 

water, tap water and 30,000mg/L, were cloudier than the rest of four bottles, namely, the salinity 

with 60,000mg/L, 120,000mg/L, 240,000mg/L, 300,000mg/L, respectively. After 4 days, all the 

bottles changed into transparent. Whether there is any aggregation at the bottom of these bottles, 

the size of the silica nanoparticle should be tested. Then some solutions were chosen to be tested 

for particle size. Every sample was tested three times. The results are shown in Table 4.  

Table 4. Particle size of silica nanoparticle in different salinity brines 

Times 

Particle Size (nm) 

Distilled 
Water 

Tap water 
NaCl Solutions 

30,000 60,000 120,000 240,000 300,000 

First test -- 67.87 -- -- 38.04 0.00 302.0 

Second test -- 26.8 -- -- 141.7 268.5 911.6 

Third test -- 68.9 -- -- 124.4 172.3 683.6 

Notes: “--” stands for the silica nanoparticle size was not tested. 

    We can see from the Table 4 that the size of silica nanoparticle with the salinity of 300,000mg/L 

is much larger than its original size 154.1 ± 1.9 nm. The size with the salinity of 240,000mg/L is a 

little larger, which indicates the silica nanoparticles have aggregation tendency. The other tested 

size is all around its original size. So the silica nanoparticle is unstable with the salinity of NaCl 

above 240,000mg/L. 

3.2.2 Concentration of silica nanoparticles (wt%) 

    Experimental temperature was set at 80°C. The synthetic brine was NaCl solution, and its 

salinity was 30,000mg/L. We prepared five kinds of silica nanoparticle solutions, i.e. 0.1w%, 

0.2wt%, 0.3wt%, 0.4wt% and 0.5wt%. The sample volume is 10ml. This goal was to test the 

stability of different concentrations of silica nanoparticle in synthetic brines.  

   
a. Initial                                                    b. Day 4 

Figure 31. Silica nanoparticle in five different concentrations of NaCl solutions  
at initial preparation and Day 4 at 80°C 

    Initially all five silica nanoparticle solutions were cloudy. The ultrasonic dispersion process was 
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continued for 15 minutes to assure that nanoparticles had been homogenously dispersed. After 

four days, the solution changed. In the Figure 31, the samples from left to right had the 

concentrations of 0.1w%, 0.2wt%, 0.3wt%, 0.4wt% and 0.5wt%. The white aggregation at bottom 

of 0.5wt% silica nanoparticle solution is shown in Figure 32. 

 
Figure 32. Aggregation of silica nanoparticles solution of 0.5wt% concentration  

at Day 4 at 80°C 

    White sediment is observed at the bottom of all samples after four days. The higher the 

nanoparticle concentration, the more the white sediments. While there were no apparent 

sediments in the sample with 0.1wt% silica nanoparticle solution after four days. Its nanoparticle 

size could be tested to determine whether there was any aggregation in it. The sample was tested 

three times. The results were shown in Table 5.  

Table 5. Particle size of silica nanoparticle of 0.1wt% concentration 

Concentration 
Particle Size (nm) 

First test Second test Third test 

0.1% 820.1 1024 1164 

    We can see from the Table 5 that the size of silica nanoparticle with the concentration of 0.1wt% 

is much larger than its original size 154.1 ± 1.9 nm. This indicated the silica nanoparticle had 

aggregated. So the silica nanoparticle is unstable with the concentration higher than 0.1wt% at 

80°C. 

3.2.3 Composition of synthetic brines 

    Experiment temperature was set at 80°C and experimental pressure was 1 atm. The 

concentration of silica nanoparticles was 0.05wt%. We prepared three kinds of brines, including 

NaCl solution (its salinity is 30,000mg/L), CaCl2 solution (salinity: 30,000mg/L) and synthetic 

Bakken formation water (salinity: 324,949.4mg/L, as shown in Table 2). The sample volume is 10 

ml. The goal was to test the stability of silica nanoparticles in synthetic brines of different 

compositions. 

    Initially all the solutions were cloudy. The ultrasonic dispersion process was continued for 15 

minutes to assure that nanoparticles had been homogenously dispersed. After four days, the 

solution color changed, as shown in Figure 33. In the Figure 33, the sample from left to right were 

the synthetic brine solutions of NaCl solution, CaCl2 solution and synthetic Bakken formation 

water, respectively. 
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(Initial)                                                                                    (Day 4) 

Figure 33. 0.05wt% silica nanoparticle solution in three kinds of synthetic brines 
at initial preparation and Day 4 at 80°C 

    We can see from the Figure 33 that after four days, all three silica nanoparticle solutions 

changed into transparent from cloudy. After four days, there is no apparent aggregates at the 

bottom in the three kinds synthetic brine water. By measuring the size of the silica nanoparticles, 

the silica nanoparticle is stable in the first bottle with NaCl solution. So the right two kinds solution 

(CaCl2 solution and synthetic Bakken formation water) were chosen for particle size test. Every 

sample was tested three times. The results were shown in Table 6.  

Table 6. Particle size of silica nanoparticles in CaCl2 solution and synthetic Bakken formation water 

Solution type 
Particle Size (nm) 

First test Second test Third test 

CaCl2 solution 122.7 105.2 117.3 

synthetic Bakken formation water 500.3 1255 2625 

    We can see from the Table 6 that the size of silica nanoparticles in CaCl2 solution are around 

its original size 154.1 ± 1.9 nm. This indicates the silica nanoparticle is stable at the experimental 

condition (salinity: 30,000mg/L CaCl2 solution, 80°C). The size of silica nanoparticle in synthetic 

Bakken formation water is much larger than its original size. This indicates the nanoparticle is 

unstable at the experiment condition (salinity: synthetic Bakken formation water, 80°C). The 

mainly reason is there are too many ions in the synthetic Bakken formation water, which enhances 

the chance of collision between ions and silica nanoparticles. After the charge neutralized at the 

double electric layer of silica nanoparticles, the small nanoparticles can aggregate into big one. 

This made the size of silica nanoparticles become large. 

3.2.4 Lower concentrations of silica nanoparticles (wt%) 

    Experimental temperature was set at 80°C. The synthetic brine was NaCl solution, and its 

salinity is 30,000mg/L. In last stability experiment, the silica nanoparticle solution was stable with 

concentration of 0.05wt%. So we prepared other three different concentrations of silica 

nanoparticle solutions, i.e. 0.06w%, 0.07wt%, and 0.08wt%. The sample volume was 10ml. This 

was primarily to test the stability of different concentrations of silica nanoparticles in synthetic 

brines.  
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a. Initial                                                    b. Day 12 

Figure 34. Three different concentrations of silica nanoparticle solutions  
at initial preparation and Day 12 at 80°C 

    Initially all three silica nanoparticle solutions were cloudy. The ultrasonic dispersion process 

was continued for 15 minutes to assure that nanoparticles had been homogenously dispersed. 

After twelve days, the solution changed, as shown in Figure 34b. The samples from left to right 

the concentration of silica was 0.06wt%, 0.07wt% and 0.08wt%, respectively.  

(1) Particle size measurement with no filtration 

    After twelve days, there were no apparent sediments at each bottle. Its nanoparticle size and 

zeta potential were tested to determine whether there was any aggregation in it. The samples 

were tested four times. The results were shown in Table 7.  

Table 7. Particle size and zeta potential of silica nanoparticles solutions of 0.06wt% concentration 

Concentration 
Particle Size (nm) 

First test Second test Third test Forth test 

0.06% 

1181 1086 1057 958.2 

Zeta Potential (mV) 

First test Second test Third test Forth test 

27.0 24.7 22.6 20.3 

    We can see from the Table 7 that the size of silica nanoparticles with the concentration of 

0.06wt% is much larger than its original size 154.1 ± 1.9 nm. This indicates the silica nanoparticles 

have aggregated. So the silica nanoparticle is unstable with the concentration higher than 

0.06wt% at 80°C. But its zeta potential is positive. Maybe the silica molecule is wrapped by Na+. 

So the zeta potential cannot reflect its real potential situation. 

(2) Particle size measurement with filtration 

The original zeta potential of silica nanoparticle was about -45.8 ± 3.9 mV. After 12 days at 

80°C, zeta potential is positive. Maybe the reason was the silica nanoparticle was wrapped by 

NaCl crystal. So we filtrated the solution (0.06wt%) with 0.45μm cellulose acetate. And the test 

result is shown in Table 8. 
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Table 8. Particle size of silica nanoparticle solution of 0.06wt% concentration (after filtration) 

Concentration 
Particle Size (nm) 

First test Second test Third test Forth test 

0.06% 

1218 840.0 622.3 208.9 

Zeta Potential (mV) 

First test Second test Third test Forth test 

19.0 19.5 21.5 22.7 

    We can see from the Table 8 that the size of silica nanoparticle with the concentration of 

0.06wt% is much larger than its original size 154.1 ± 1.9 nm after filtration with 0.45μm cellulose 

acetate. This indicated the silica nanoparticle had aggregated. And its zeta potential is also 

positive. Maybe the silica molecule is tightly wrapped by Na+. So we should apply other 

experiment method to test the zeta potential of aggregated silica. 

3.2.5 Different cation valence 

    Experiment temperature was set at 80°C and experimental pressure was 1 atm. The 

concentration of silica nanoparticles was 0.06wt%. We prepared two kinds of brines, including 

NaCl solution (30,000mg/L) and CaCl2 solution (30,000mg/L). The sample volume was 10ml. This 

was primarily to test the stability of silica nanoparticles in synthetic brines with different cation 

valences. 

    Initially all the solutions were transparent. The ultrasonic dispersion process was continued for 

15 minutes to assure that nanoparticles had been homogenously dispersed. After twelve days, 

the solution changed, as shown in Figure 35. The samples from left to right were the NaCl solution 

and CaCl2 solution, respectively. 

           

(Initial)                                                                    (Day 12) 
Figure 35. 0.06wt% silica nanoparticle solutions in two kinds of synthetic brines 

at initial preparation and Day 12 at 80°C 

    We can see from the Figure 35 that after twelve days, the NaCl solution (that is the first bottle) 

was still transparent, while the CaCl2 solution (that is the second bottle) already being some 

obvious aggregation at the bottle bottom (Figure 36). This indicated divalent cations had greater 

impact on silica nanoparticle than monovalent cations. This is due to the divalent cations have 
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strong charge intensity, which neutralizes surface negative charge of silica nanoparticle. When 

the remaining negative surface charge decreases, the repulsion between molecules of silica 

nanoparticle reduced, inducing the aggregation. 

 

 Figure 36. 0.06wt% silica nanoparticle solution in CaCl2 solution at Day 12 at 80°C 

4. Evaluation and optimization of the nanoparticle-surfactant for EOR 

4.1 Description of newly purchased nanoparticles 

    During the last quarter, four new nanoparticles were purchased. Details of nanoparticles are 

given in Table 9. By doing researches on these four materials, we can study the effects of particle 

size and type. 

Table 9. Nanoparticles 

Nanoparticles Descriptions 

ST-O (Silica nanoparticles) 

A 20-21 wt.% aqueous dispersion at pH=2-4, 

spherical, average diameter of approximately 

10-20 nm, viscosity<3 mPa.s 

ST-30L (Silica nanoparticles) 

A 20-21 wt.% aqueous dispersion at pH=9.5-

11.0, spherical, average diameter of 

approximately 40-50 nm, viscosity<3 mPa.s 

Aluminasol (Aluminium Oxide)   

A 10 wt.% aqueous dispersion at pH=4-6, 

amorphous, viscosity=50-3000 mPa.s, 

stabilized by acetic acid (CH3COOH) 

TiSol A (Titanium Oxide)  

A 14.9 wt.% aqueous dispersion at pH=1.5, 

amorphous, viscosity=9 mPa.s, average 

diameter of approximately 54 nm 

4.2 Stability test 

    In this test, API brine composed of 8.0 wt.% NaCl and 2.0 wt.% CaCl2 were applied to prepare 

nanofluids with concentrations of 0.02 wt.%, 0.05 wt.%, 0.5 wt.% and 1.0 wt.%, respectively. After 

mixing, testing samples were put into an ultrasonic dispersion instrument for 10 minutes to ensure 

uniform dispersion. The experiments were conducted at 80 ℃, results were shown in Figure 37.   
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ST-O, Initial state                                 ST-O, 24 h at 80 ℃ 

     

ST-30L, Initial state                                ST-30L, 24 h at 80 ℃ 

     

Aluminasol, Initial state                      Aluminasol, 24 h at 80 ℃ 

     

TiSol A, Initial state                               TiSol A, 24 h at 80 ℃ 

Figure 37. Comparative study of stability test 
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    Among the four nanoparticles, silica nanoparticles with smaller size, lower pH and lower 

concentration was the most stable one. ST-O solutions were stable at initial state with 

concentration of 0.02 wt.%-1.0 wt.%, and after one-day in the oven, turbidity and some floccules 

can be witnessed in systems with concentration higher than 0.05 wt.%. It is well known that salts 

especially bivalent salts can compress the diffused double layer on particle surface, alter the 

surface charge and promote particle aggregation. Comparing ST-O with ST-30L, solution stability 

decreased with increasing particle size. Once SL-30L particles were put into API brine, a layer of 

solid sedimentation can be instantly observed, and the same phenomenon was seen in 

Aluminasol and TiSol A as well. Due to low stability of particles in brine, many methods have been 

tried, including the combination of high salt-tolerant surfactants. 

4.3 The effects of pH and zeta potential test 

    Particle concentration was set at 0.4 wt.%. Solution pH were modified by diluted HCl and NaOH 

to be 1.98, 3.95, 5.65, 6.98, 8.34. Water used in this test was deionized water, whose pH is 5.65 

at 20 ℃. 

     

ST-O, Initial state                                 ST-O, 24 h at 80 ℃ 

     

ST-30L, Initial state                                ST-30L, 24 h at 80 ℃ 
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TiSol A, Initial state                               TiSol A, 24 h at 80 ℃ 

Figure 38. The effect of pH on nanoparticle stability 

    ST-O has high stability in either acidic or alkaline conditions, after one day’s aging at 80 ℃, no 

obvious turbidity or stratification phenomenon. In addition, the characteristics of thermal aged 

system were verified by particle distribution test and Zeta potential test shown in Figure 39. The 

optimal pH condition for ST-O is around 5.65. Simply seen from bottle test, the five ST-30L 

samples also exhibited relatively high transmittance, and there is no sharp increase in particle 

diameter and Zeta potential as well, results of the three tests have good coherence to each other. 

As for Tisol A solution, higher stability was shown in acidic conditions, and its size nearly doubled 

when pH increase from 6.98 to 8.34, accompanied by noticeable turbidity. 
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Figure 39. Diameter and Zeta potential of thermal aged systems 

4.4 Emulsion test 

    CTAB, short for Cetyltrimethyl Ammonium Bromide, is a normally used cationic surfactant and 

its critical micelle concentration is 0.9 mM (0.0335 wt.%) in water at 30 °C. Because silica 

nanoparticle is negatively charged, so CTAB can surely absorb on the surface of silica 

nanoparticles through electrostatic interaction. Due to the decrease of zeta potential and repulsive 

force between particles, small particles aggregation is inevitable, as elaborated in Figure 40, the 

formula of samples is 10 mL solutions of DI, 1%SiO2, 0.1%CTAB, 1%SiO2+0.018%CTAB, 

1%SiO2+0.0335%CTAB, 1% SiO2+0.0546%CTAB from left to right. 
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Initial state                                            24 h at  80 ℃ 

Figure 40. Mixtures of silica dioxide and CTAB 

    The thickness of sedimentation layer decreased with increasing CTAB concentration, mainly 

because of the increasing reduction in zeta potential and larger particles are easier to form in 

such situations. Though particle dispersing performance became worse with the addition of 

opposite charged chemicals, its capacity to stabilize emulsions increased. 

     

Figure 41. Emulsion test of silica dioxide and CTAB mixtures 

    As shown in Figure 41, deionized water and strong hydrophilic particles (pure 1.0 wt.% silica 

dioxide) cannot stabilize emulsions. After settling on the table for a few hours at room temperature, 

the mixture quickly became two separated phases. CTAB alone can dissolve a small amount of 

oil into water. Interestingly, with the introduction of nanoparticles, larger volume of emulsion can 

be obtained with less surfactant. However, the emulsion size is much larger than that stabilized 

by surfactant alone, which is more likely to induce negative Jamin effect especially in tight 

reservoirs. So, when adopting nanoparticle-surfactant system for shale oil exploitation, less 

emulsions might induce the better results. Some pictures of emulsion morphology were presented 

in Figure 42. 
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30000 ppm NaCl+ 0.1% ST-O, O/W=1:1, initial state, 10 min, 1 hour 

     
0.1% CTAB                             1% ST-O+0.018% CTAB               1% ST-O+0.0546% CTAB  

Figure 42. Emulsion morphology under microscope 

 

5. Preparation and characterization of small silica nanoparticles for oil recovery  

5.1 Introduction 

The size of silica nanoparticles was tested in our last report was too large to penetrate into 

the pores of the rock. Therefore, we were trying to develop silica nanoparticles as small as 

possible in this quarter.  

5.2 Experimental section 

Materials. Tetraethylorthosilicate, cyclohexane, NH4Cl, and NH4OH were purchased from Sigma 

Aldrich.   

Instrumentations. An Eppendorf 5804 centrifuge and ultrasonicator were used to wash the silica 

nanoparticles. A Zetasizer particle analyzer (Marlwen, Nano-ZS) was used to characterize the 

hydrodynamic diameter and zeta potential of nanoparticles. A SEM was utilized to obtain the 

morphology of the silica nanoparticles.  

Synthesis of the small silica nanoparticles. Certain amount of ammonia was added into 40 mL 

of 8 mM NH4Cl solution until the final pH value was adjusted to 9.8. The solution was transferred 

into a 40 C water bath and stirred for 30 min. Then, 6 mL of TEOS and 3 mL of cyclohexane 

were added into the above solution under vigorous stirring. After the reaction time for 24 hours, 

the nanoparticles were washed by ethanol and water for 3 times. 
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5.3 Results and discussion 

As we discussed in the section 2 of this report, we found that the pore size of the rock ranges 

from several nanometers to 40 nanometers, which meant that the previous nanoparticles we 

prepared were too large for the project. Therefore, we utilized new method for the preparation of 

small silica nanoparticles. As shown in Figure 43, the hydrodynamic diameter was found to be 

around 28 nm, which is much smaller than that synthesized by the Stober method in our previous 

reports. Meanwhile, the zeta potential of the silica nanoparticles was about -53 mV, which is 

similar to the previous silica nanoparticles (Figure 44).  

Figure 43. Hydrodynamic diameter of silica nanoparticles Figure 44. Zeta potential of silica nanoparticles  

 

We also used SEM to observe the morphology and the size of the prepared silica 

nanoparticles. As shown in Figure 45, the size from SEM images were consistent with that for 

DLS measurement, ensuring the small size of the proposed silica nanoparticles. 

Hydrodynamic diameter (nm) Zeta potential (mV)

Figure 46. Hydrodynamic diameter of the silica nanoparticles. Figure 47. Zeta potential of the silica nanoparticles.
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Figure 45. The SEM images of the silica with different magnification. 

 

6. Preparation and characterization of small polymer nanoparticles for oil recovery  

6.1 Introduction 

Polymer nanoparticles are another important type of nanomaterials that might have the 

potential for oil recovery. First of all, the size of the polymer nanoparticles can be decreased to 

as small as close to 10 nm. Second, the polymer nanoparticles can be easily modified with 

surfactant by the hydrophobic interactions, which might have the similar binding force with the oil.  

6.2 Experimental section 

Materials. poly(9-vinylcarbazole) (PVK), Poly(styrene-co-maleic anhydride), cumene terminated 

(PSMA) were purchased from Sigma Aldrich.   

Instrumentations. A Zetasizer particle analyzer (Marlwen, Nano-ZS) was used to characterize 

the hydrodynamic diameter and zeta potential of nanoparticles. 

Synthesis of the small polymer nanoparticles. 5 mL THF solution containing 100 ppm PVK, 

20 ppm PSMA were mixed thoroughly. Then, the THF was injected into 10 mL water under 

ultrasonic for 1 min. The TFH was removed by blowing with nitrogen for 2 hours.  

6.3 Results and discussion 
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At this stage, we just started the preparation of the polymer nanoparticles. Only the 
hydrodynamic size was investigated. As shown in Figure 46, the size of polymer nanoparticles 
was about 25 nm, which has the potential to penetrate into the pores of the rocks.  

 

 
 

Figure 46. The hydrodynamic diameter of the polymer nanoparticles.  

 

We will keep on working the polymer nanoparticles in the next quarter to investigate its stability 
and potential to carry oil from the rocks.  
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Future Work 
1. Nanoscale simulation of fluid properties in tight formations. 

2. Interfacial tension between oil and water made up of different nanoparticles. 

3. The synergistic effect of surfactant and nanoparticles. 

4. Recovery by different kinds of surfactant and nanoparticles. 

5. Adsorption of different kinds of surfactant and nanoparticles. 

6. How to modify the properties of nanoparticles and surfactants to make them applicable in high   

salinity brine. 
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