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Abstract 

 

Long-Term Colloidal Stability of Polymer-Grafted Silica Nanoparticles in 

Concentrated Brine at Elevated Temperatures 

 

Ehsan Moaseri, M.S.E. 

The University of Texas at Austin, 2017 

 

Supervisor:  Thomas M. Truskett 

Co-supervisor: Keith P. Johnston 

 

Random copolymer poly(AA-co-AMPS) chains were grafted covalently onto 

amine coated individual ~20 nm silica nanoparticles (NPs) without forming aggregates. 

The hydrodynamic diameter of the grafted silica NPs remained constant at ~ 25 nm for 

over six weeks up to 90C in 100% API brine indicating electrosteric stabilization. The 

grafting efficiency was enhanced by catalysis with  EDC and N-hydroxysuccinimide to 

increase the half-life of the intermediates on the AA groups to form negatively charged 

intermediates on the AA groups to attract the protonated amines on the NPs. The higher 

reaction rate for the activated AA groups, relative to the collision rate of the NPs favored 

multiple grafting of a bound polymer to the same nanoparticle versus bridging of the 

polymer chain to a second nanoparticle. After extreme dilution, the particles were still 
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stable in brine indicating the chains were permanently grafted. The random copolymer 

poly(AA-co-AMPS) was found to be able to stay swelled and elongated in a wide range of 

pH (pH 4 to 12) and provide colloidal stability for the silica NPs due to the high solvation 

of the AMPS groups. 
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Chapter 1: Long-Term Colloidal Stability of Polymer-Grafted 60 nm Silica Nanoparticles 

in Concentrated Brine at Elevated Temperatures by Thermal Grafting 

 

1. Introduction 

The role of nanotechnology continues to grow in subsurface applications including 

electromagnetic imaging, enhanced oil recovery, delivery of encapsulated payloads. [1-15]  Silica 

nanoparticles are inexpensive and easy to functionalize and have been used to stabilize CO2 foams 

in enhanced oil recovery and CO2 sequestration.  In subsurface reservoirs, the harsh environment 

of high salinity with temperatures on the order of 90 to 150 C presents a great challenge for 

colloidal stabilization of NPs. In order to achieve low retention and high mobility of NPs through 

porous minerals, polymeric stabilizers on the surface of the NPs must provide electrosteric and/or 

steric repulsion between the NPs and mineral surfaces .[9, 12, 13, 16-18] .[19-21]  

The colloidal stability of polymer coated NPs is often correlated to the solubility of the 

polymer at the same conditions. Most water soluble polymers including polyethylene glycol (PEG) 

and polyacrylamide (PAM) are not soluble at high temperature and high salinity.[3, 22]  Although 

polyacrylic acid (PAA) is soluble in concentrated NaCl at high temperature, it interacts strongly 

with Ca2+ resulting in salt bridging and precipitation.[5, 23-25] For polyelectrolytes with strongly 

acidic sulfonic acid groups, the much weaker interactions with Ca2+   result in strong solvation by 

water in the presence of brine. Examples of polyelectrolytes soluble in brine at high temperatures 

include polystyrene sulfonate (PSS) and poly(2-acrylamido-2-methylpropanesulfonate) 

(PAMPS).[24, 26, 27] In addition, various nonionic polysaccharides including Guar Gum and 

hydroxyethyl cellulose (HEC) are soluble in brine at high temperatures and have been 
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demonstrated to improve the mobility of nanoparticles through porous media in brine. Recently, it 

was shown that polyvinyl pyrrolidone (PVP) and HEC adsorbed onto carbon nanotubes improved 

their mobility through porous sandstone in brine at 50 C.[3, 28]  

Although various methods have been explored to graft polymers to or from silica surfaces, 

it has been challenging to prevent formation of small aggregates during grafting. The aggregates 

may be produced by bridging of polymer between multiple particles or from loss of colloidal 

stability due to changes in surface charge upon grafting. PAA was grafted to aminopropyl 

functionalized silica microspheres by amidation between carboxylate groups  and amino 

functionalized silica either with 1,1’-carbonyldiimidazole catalyst[29] or  without catalyst at 140 

C in dimethyl formamide (DMF).[30]  Silica NPs have been grafted with hydroxyl terminated  

polydimethylsiloxane by a condensation reaction directly onto silica.[31]  “Grafting to” methods 

typically require introduction of an organic reactive group onto the silica NP surface by a 

condensation reaction with an alkoxysilane, or introduction of the alkoxysilane directly into the 

polymer.[31-35]  Si-O-C bonds formed by direct condensation of organic alkoxides onto silica 

surfaces can undergo hydrolysis in aqueous media.  “Grafting from” methods utilize surface 

initiated controlled polymerizations including atom transfer polymerization (ATRP)[36-38] and 

reversible addition-fragmentation chain transfer polymerization (RAFT).[39, 40] These methods 

provide great control of the MW with low polydispersity, but require pre-grafting of the initiator 

to the NP surface. The initiators and catalysts can be too expensive for subsurface applications 

where large quantities are utilized.  Furthermore, nearly all polymers reported to date for the 

“grafting from” approach have not been shown to be solvated at high salinity and at high 

temperature. 
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Superparamagnetic magnetite NPs with adsorbed or grafted random copolymer poly(2-

acrylamido-3-methylpropanesulfonate-co-acrylic acid) (poly(AMPS-co-AA)) have been 

demonstrated to be colloidally stable in API brine up to 80C. Polymer chains with molecular 

weights on the order of 30k g/mol on 50 nm particles provide  steric and electrosteric repulsion 

and remain partially charged despite the high salinity as shown by the zeta potential.[8-10, 14] The 

copolymer may be adsorbed on citrate coated iron oxide (IO) nanoclusters by specific Ca2+ 

bridging with AA units, providing stability in API brine at 90C.[8, 10]  However, covalent 

attachment is preferred, as adsorbed polyelectrolyte can desorb from the surface at dilute 

conditions in a large oil reservoir with a high mineral surface area.[9]  We have demonstrated 

multipoint covalent grafting of poly(AMPS-co-AA) via amidation of AA units with amine 

functionalized IO nanoclusters using N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC) 

catalyst.[9, 14]  The ~100 nm  polyelectrolyte coated IO nanoclusters remained stable in API brine 

for 30 days at 90C and exhibited very low adsorption on model silica particle surfaces and mineral 

surfaces.[9] The low adsorption enabled high mobility through Ottawa sand, crushed Berea 

sandstone and consolidated Berea sandstone.[9, 14]  Electrosteric stabilization was provided by 

the AMPS groups, while the AA units afforded multiple reactive grafting points for robust 

attachment to the NP surface.  Covalent grafting of poly(AMPS-co-AA) to IO NP was also 

achieved through uncatalyzed thermal grafting in aqueous media.[41] A high concentration of IO 

(1-2 wt.%) was utilized to drive the reaction, which caused some cluster growth during the grafting 

reaction.  The uncatalyzed grafting produced stabilized IO NP in API brine at 90C with ultralow 

adsorption and outstanding mobility in crushed Berea sandstone and Ottawa sand.  However, the 

final particle size was on the order of 150 nm indicating aggregation relative to the initial 50 nm 

silica coated IO NPs. It was difficult to assess how much of this change was due to changes in the 
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NPs cores, given that the IO primary particles are weakly bound together, as well as aggregation 

of the nanoclusters during grafting. The aggregation may be caused by the change in zeta potential 

from positive for the amino functionalized particles (+35 mV)  to negative for the polymer grafted 

particles (-47 mV) 

Herein, we present a new approach to synthesize individual ~60 nm silica NPs grafted with 

the random copolymer poly(AMPS-co-AA) that are colloidally stable in API brine at 90 and 

120C.  The uncatalyzed thermal multipoint grafting of the AA groups onto aminopropyl modified 

silica was performed in the polar aprotic solvent dimethyl sulfoxide (DMSO) rather than water to 

avoid potential hydrolysis. The slow addition of dilute aminopropyl functionalized silica at 0.25 

% wt. into a solution of poly(AMPS-co-AA) inhibited bridging of the polymer chains to more than 

one particle. To understand the colloidal forces during grafting, the zeta potential was measured 

in DMSO and the degree of charge was found to be significant for both the amino functionalized 

silica and the final polymer grafted particles. The reaction time was optimized to be sufficiently 

long for grafting, but short enough to minimize bridging. The presence of grafting was 

characterized by TGA, zeta potential and the stability of the grafted NPs in API brine at 90 and 

120C.  The particle size distribution was determined by dynamic light scattering (DLS) in 

deionized water and API brine and DMSO and by transmission electron microscopy (TEM).  

Individual NPs were stable for 19 days without detectable aggregation at 90C at pH 5.5 and 7.5; 

at pH 9.5 only minor growth was observed.  Moreover the NP were stable in API brine at 120 C 

for 1 day at pH 5.5 and 7.5.  
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2. Experimental 

 

2.1. Materials: 

Silica nanoparticles were purchased from Nyacol Nanotechnologies (Ashland, MA), 3-

amniopropyl triethoxy silane (APTES), dimethyl sulfoxide, acrylic acid (AA), potassium 

persulfate, and sodium metabisulfite were acquired from Sigma-Aldrich (St. Louis, MO) and 

Fisher Scientific (Pittsburgh, PA) and used as received. The monomer 2-amino-2-

methylpropanesulfonate (AMPS) was a gift from Lubrizol corporation and used as received. 

2.2. Synthesis of poly(AMPS3-co-AA1): 

The copolymer synthesis with an AMPS/AA ratio of 3 was done following our previously 

reported procedure.[9, 14]  A three-necked round bottom flask was loaded under nitrogren with 

30.9 g (0.135 mol) of AMPS, 4.86 g (0.018 mol) of potassium persulfate and 3.42 g (0.018 mol) 

of sodium metabisulfite; the 3.0 mL (0.044) of AA were added.  The reaction was stirred for 16h 

at 80 C, after which the final ratio of monomers was determined by 1H NMR. 

2.3. Amine coating: 

Coating of aminopropyl groups on the silica surface was done based on our earlier 

methods.[14]  Briefly, 160 mL of 5 wt% acetic was added to a media bottle, followed by addition 

of 16 mL of APTES.  APTES oligomerization was allowed to occur for 20 min after which the pH 

was brought up to 8 with 70 mL of 1 N NaOH.  Silica NP were added dropwise while stirring the 

mixture; at this point the mixture turns cloudy.  The reaction mixture was heated to 65 C, and 

allowed to stir for 20 h; the final suspension turns light blue and clear at the end of the reaction.  

Purification was done by diafiltration using 30kDa centrifugal filters (Amicon Ultra – 15) from 

EMD Millipore (Billerica, MA).  To each tube, 15 mL of mixture were added and centrifuged 
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5500 rpm until the volume was 2 mL; 10 mL of DI water were added, followed by centrifugation.  

A total of 4 cycles of water addition and centrifugation were done.  The final suspension was 

concentrated to 50 mg/mL, then 16 mL of APTES coated NP were added dropwise to 144 mL of 

DMSO to get a final silica concentration of 5 mg/mL in 90 % DMSO/10 % water. 

2.4. Poly(AMPS-co-AA) grafting: 

Silica NP were grafted in a DMSO/water mixture.  DMSO (3.2 mL) was added to 1.45 mL of 

an aqueous copolymer solution at pH 5 with an initial concentration of 15 % wt.  The silica NP 

dispersion (4.35 mL) was mixed with the polymer dispersion to produce a final concentration of 

0.24 wt % silica and 2.4 % polymer, and a solvent composition of 80 % DMSO/20 % water.  The 

mixture was then heated to the desired reaction temperature while stirring.  Quenching of the 

reaction was achieved by cooling the mixture and diluting the product 3-fold in DI water at room 

temperature.  The DMSO was removed with 30 kDa pore size regenerated cellulose centrifugal 

filters (Amicon Ultra – 15) by concentrating to 2 mL, then completing two cycles of 15 mL DI 

water addition followed by concentration to 2 mL.  Excess polymer and residual DMSO was 

removed using the same procedure, but with 300 kDa pore size PES centrifugal filters (Vivaspin 

20) from Sartorius (Bohemia, NY).  

2.5. Amine titration: 

The amine content was determined following an earlier report.[42]  Amine coated silica NP 

were diluted in DI water (200 L sample in 50 mL water).  The pH was then adjusted to 9.3 with 

1 N NaOH.  The resulting mixture was then titrated with 0.01 N HCl, while measuring conductivity 

and pH, until the pH was less than 5. 
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2.6. Dynamic light scattering (DLS) and zeta potential measurements: 

The hydrodynamic diameters were measured using dynamic light scattering (DLS) with a 

Brookhaven ZetaPlus system from Brookhaven Instruments Co. (Holtsville, NY) at a measurement 

angle of 90.[14]  The NNLS algorithm was used to fit the autocorrelation functions. 

Measurements were collected over 1 min with a count rate of at least 30 kcps and two 

measurements per sample..  Zeta potential measurements were made following our previous 

publication.[14] 

2.7. High temperature high salt (HTHS) stability test: 

A 0.500 mL sample of poly(AMPS-co-AA) coated NPs was taken and diluted in 1.000 mL of 

API brine, then 0.500 mL of 200 % API brine was added to maintain a salt concentration equal to 

100 % API brine. The resulting silica concentration was 0.5 mg/mL.  The pH was adjusted with 

NaOH and the samples were then filtered through a 450 nm syringe filter into an ACE glass 

(Vineland, NJ) pressure tube, previously washed with filtered API brine. The samples were heated 

to 90 or 120 C for the desired amount of time, and then sampled to measure the hydrodynamic 

diameter with DLS.  

2.8. Extreme dilution test: 

A dilution test was performed to test if the copolymer was grafted to the surface.[9]  Under 

extreme dilution conditions, the free ungrafted polymer would desorb from the surface causing NP 

to aggregate in brine.  The NP suspension was diluted 100 times (150 L in 15 mL of DI water), 

and concentrated through a 300kDa centrifugal filter to volume of ~150 L.  The resulting mixture 

was diluted again in 15 mL of DI and allowed to sit overnight to allow polymer desorption. The 

sample was finally concentrated again and the hydrodynamic diameter in brine was measured by 

DLS. 
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2.9. Thermogravimetric analysis (TGA): 

The organic content of the silica NP at the various stages was determined using TGA. 

AMettler-Toledo (Columbus, OH) TGA/SDTA851e instrument was run with N2 atmosphere.  The 

temperature was ramped from 25 to 120 C at a heating rate of 10 °C/min and allowed to remain 

constant for 15 min to remove any adsorbed water; the temperature was ramped again to 900 C 

at the same heating rate. 

2.10. Transmission electron microscopy (TEM): 

A FEI (Hillsboro, Oregon) TECNAI Spirit Bio Twin was used to obtain TEM images.  A dilute 

dispersion of the silica NP was allowed to dry on a 400 mesh Formvar-coated copper TEM grid, 

then imaged in the TEM. 

2.11. Column Study of polymer grafted silica NPs: 

To study transport efficiency of polymer grafted silica NPs, a packed sandstone column was 

designed to measure the mobility of the NPs. The apparatus consists of a borosilicate glass column 

(10 cm length × 2.5 cm i.d.; Kontes, Vineland, NJ), a syringe pump (model 22, Harvard Apparatus, 

Inc., Holliston, MA), and a faction collector (CF-1, Spectrum Chromatography, Houston, TX). 

The column end plates were fitted with a 40- mesh nylon screen and 70-μm filter to retain the sand 

and distribute the delivered fluids. Approximately 95 g of 40−50 mesh (d50 = 354 μm) Ottawa 

sand (specific surface area = 0.0125 m2/ g by the N2/BET method) was dry packed into the column 

in 1 cm increments, yielding porosities of around 0.37. The column was purged with CO2 gas for 

20 min, followed by the injection of 10 pore volumes (PVs) of background solution containing 

API brine to completely saturate the quartz sand. Approximately 3 PV of poly(AMPS-co-AA) 

grafted IO NPs input suspension (1000 mg/L), containing API brine and adjusted to pH 7 with 1.0 
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M NaOH, was injected to the column at a flow rate of 1 mL/ min, which corresponds to a pore-

water velocity of 2.9 m/day. The IO NPs injection was followed by 3 PV of nanoparticle-free 

background solution at the same flow rate. Effluent samples were collected continuously in 15 mL 

centrifuge tubes.  

Quantification of influent and effluent IO NPs concentrations was performed using an 

inductively coupled plasma (ICP). The silica NPs were digested in 2.5 N NaOH for 24 hr and then 

diluted with DI up to 0.5 N NaOH. The calibration curve was prepared using TraceCERT® Silicon 

Standard (1000 mg/L). The resulting data were expressed as an effluent breakthrough curve (BTC), 

plotted as the relative concentration (C/Co) injected versus the number of dimensionless pore 

volumes flushed through the column. Degassed, DI water was used to prepare all aqueous solutions 

and suspensions.  

2.12. Column Study of polymer grafted silica NPs: 

To study transport efficiency of polymer grafted silica NPs, a packed sandstone column 

was designed to measure the mobility of the NPs. The apparatus consists of a borosilicate glass 

column (10 cm length × 2.5 cm i.d.; Kontes, Vineland, NJ), a syringe pump (model 22, Harvard 

Apparatus, Inc., Holliston, MA), and a faction collector (CF-1, Spectrum Chromatography, 

Houston, TX). The column end plates were fitted with a 40- mesh nylon screen and 70-μm filter 

to retain the sand and distribute the delivered fluids. Approximately 95 g of 40−50 mesh (d50 = 

354 μm) Ottawa sand (specific surface area = 0.0125 m2/ g by the N2/BET method) was dry 

packed into the column in 1 cm increments, yielding porosities of around 0.37. The column was 

purged with CO2 gas for 20 min, followed by the injection of 10 pore volumes (PVs) of background 

solution containing API brine to completely saturate the quartz sand. Approximately 4 PV of 

poly(AMPS-co-AA) grafted IO NPs input suspension (250 mg/L), containing API brine and 
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adjusted to pH 7 with 1.0 M NaOH, was injected to the column at a flow rate of 1.8 mL/ min, 

which corresponds to a pore-water velocity of 2.9 m/day. The IO NPs injection was followed by 

3 PV of nanoparticle-free background solution at the same flow rate. Effluent samples were 

collected continuously in 15 mL centrifuge tubes.  

Quantification of influent and effluent IO NPs concentrations was performed using a 

inductively coupled plasma (…). The silica NPs were digested in 2.5 N NaOH for 24 hr and then 

diluted with DI up to 0.5 N NaOH. The calibration curve was prepared using TraceCERT® Silicon 

Standard (1000 mg/L). The resulting data were expressed as an effluent breakthrough curve (BTC), 

plotted as the relative concentration (C/Co) injected versus the number of dimensionless pore 

volumes flushed through the column. Degassed, DI water was used to prepare all aqueous solutions 

and suspensions.  

 

3. Results and Discussion 

 

 Poly(AMPS-co-AA) functionalized silica nanoparticles were prepared by thermal 

amidation in DMSO and the thermal stability was established in API brine at 90oC and 120oC for 

30 days. In order for a grafted polymer to sterically stabilize a NP in a specific medium, the 

polymer itself must be solvated and soluble.[43]  The colloidal properties of poly(AMPS-co-AA) 

in water, API brine and DMSO are shown in Table 1.  The Dhs are shown in terms of cumulant 

values in % volume.  The measurements in water at RT show 54% of the polymer volume is 

composed of chains that are 7 nm, or less; while 96% of the polymer volume corresponds to chains 

equal to, or less than, 23 nm.[44]  Heating the polymer solution to 90 C in water, dissolving it in 

API brine at RT, or heating to 90 C in API brine did not cause any significant change in the Dh 
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of poly(AMPS-co-AA). Therefore, the polymer is solvated sufficiently in each case to provide 

steric stabilization.  The poly(AMPS-co-AA) used in this study was made by free radical 

polymerization, since the cost of controlled polymerization methods can be strongly prohibitive 

for underground applications like EOR and CO2 sequestration.  

 

Table 1. Colloidal properties of pure poly(AMPS-co-AA) at pH 7. 

Property Value 

Dh in water at 25 C, nm (Cumulant, %V) 7 (54)  23 (96) 

Dhin water at 90 C, nm (Cumulant, %V) 7 (69)   24(95) 

Dhin API brine at 25 C, nm (Cumulant, %V) 13 (57)   18 (94) 

Dhin API brine at 90 C, nm (Cumulant, %V) 7 (56)   24 (94) 

Dhin 90% DMSO at 25 C, nm (Cumulant, %V) 592(64)   717(97) 

Zeta potential in 10 mM KCl at pH 5.5 -41.4 ± 0.8 

Zeta potential in 90% DMSO -39.8 ± 1.5 

 

 

 The zeta potential at pH 5.5 of the pure polymer was -41.4 ± 0.8 mV in aqueous solution; 

at these conditions the sulfonates are fully deprotonated and the carboxylates are partially 

deprotonated.  When the polymer was transferred to a solvent mixture of 90 % DMSO / 10 % 

water, the zeta potential  was -39.8 ± 1.5, and the Dh was 592(64) - 717(97) nm.[44]  The polymer 

flocculated in the DMSO-rich solvent despite remaining charged; presumably the flocs are 

composed of hydrated anionic poly(AMPS-co-AA).  This result is consistent with literature reports 

that DMSO solvates anions weakly, compared to cations that are more strongly solvated.[45, 46]   
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 The colloidal properties of bare silica and aminopropyl functionalized silica are shown in 

Table 2. The starting silica NP have Dhs of 20(48) - 22(81) - 49(98) nm.[44] After amine 

functionalization  the size increased only modestly to 36(52) - 44(81) - 59(98) nm.[47]  

Modification of the silica surface was confirmed by the change in zeta potential at pH 5 from -

27.8 ± 5.3 for bare silica to +29.4 ± 2.5 for amine functionalized silica. From titration, the surface 

concentration was 3.6 ± 0.9 molNH2/mg silica.  As opposed to the anionic poly(AMPS-co-AA), 

the amine coated particles are highly stable in DMSO, evidenced by Dhs of 26(56) - 29(82) - 33(98) 

nm,[47] and a zeta potential of 36.5 ± 1.8.  The result is again consistent with the typical behavior 

of DMSO, which stabilizes cations much better than anions.[45, 46]  

 

Table 2. Summary of properties of amine coated and naked silica nanoparticles. 

Property Naked SiNP APTES SiNP 

Dh in Water, nm (Cumulant 

(%V) 

20(48) - 22(81) - 49(98) 36(52) - 44(81) - 59(98) 

Dh in DMSO (nm) --- 26(56) - 29(82) - 33(98) 

Zeta Potential at pH 5 -27.8  5.3 29.4  2.5 

Zeta Potential in DMSO --- 36.5  1.8 

Amine content (mol/mg) --- 3.5 ± 0.9 

Organic Content (%) 2.2 6.0 

 

 

The pKa of carboxylates vary greatly from water to DMSO, For example the pKa is 4.8 for 

acetic acid in water at RT, and much different, 12.6. in DMSO., Thus the AA units in poly(AMPS-
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co-AA) may be expected to be protonated in DMSO, while in water at pH 5, mostly  deprotonated.  

Sulfonates are much more acidic and are expected to remain deprotonated in both water and 

DMSO; for example, methanesulfonic acid has a pKa of -2 in water and 1.6 in DMSO.  The pKa 

of cationic ammonium compounds usually does not change significantly in DMSO compared to 

water. For example, n-butylammonium has a pKa of 10.61 in water and 11.1 in DMSO; thus, we 

expect amine groups on coated particles to be protonated and positively charged in DMSO.  These 

observations are consistent with the measured zeta potentials of poly(AMPS-co-AA) and of amine 

coated silica NP shown in Tables 1 and 2.  The ability of DMSO to stabilize charged compounds, 

especially cations, is partly attributed to the resonance structure shown in scheme 1; the S-O bond 

order is estimated to be 1.5,[45] thus approximately half of the solvent is charged with an exposed 

negative oxygen and a positive sulfur atom.  

 

 

Scheme 1. Resonance structures of DMSO. 

 

The uncatalyzed amidation reaction is known to proceed better when the amine and the 

carboxylic acid are both neutral,[46, 48] as is the case for the acrylic acid units on the polymer in 

this study.  On the contrary, a large proportion of the amines on the surface of the NP will be 

positively charged; yet enough neutral amines are expected to be in equilibrium at the reaction 

conditions to drive the amidation reaction.  Furthermore, a high grafting temperature also helps 

drive the reaction to completion. 
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 Successful coating of individual NP with poly(AMPS-co-AA) requires avoiding 

aggregation and bridging of the silica NP during grafting. As described in Figure 1, we expect the 

stable positively charged silica NP will approach the negative poly(AMPS-co-AA) flocs leading 

to grafting.  Since the polymer chains are flocculated not fully solvated and collapsed, they are 

unlikely to bridge with another silica NP; moreover, once a chain is grafted, there will be space 

for another dangling chain (or floc) to approach the NP surface.   

 

 

Figure 1. Schematic of uncatalyzed heat driven grafting in DMSO. 
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A moderate SiNP concentration (0.24 – 0.29 %wt) also lowers aggregation by decreasing 

the number of collisions between NP during mixing and reacting.  Upon termination of the grafting 

reaction, the particles were transferred to water by diafiltration using centrifugal filters.  In the 

resulting aqueous suspension, the poly(AMPS-co-AA) flocs break apart, releasing ungrafted 

chains into solution, which can be then removed as the diafiltration proceeds.  The covalently 

attached chains, which were originally collapsed in DMSO, may be expected to become extended 

in water and provide electrosteric stabilization to the silica NP.  The TEM images in Figure 2, 

show the silica cores from the initial state to the final polymer coated NP.  The size distributions 

from TEM in Figures 2d, 2e and 2f show no growth or clustering of the silica NP throughout the 

two step coating process. Individual polymer grafted silica NPs were obtained in this work 

demonstrating that aggregation and interparticle bridging were successfully avoided.   
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A) 

 

B) 

 

C) 

 

D) 

 

E) 

 

F) 

 

Figure 2. TEM images of a) starting silica NP, b)APTES coated silica NP, and c) poly(AMPS3-

co-AA1) coated  silica NP.  Size distributions from TEM of d) starting silica NP, e)APTES coated 

silica NP, and f) poly(AMPS3-co-AA1) coated  SiNP. 
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 The zeta potential as a function of pH in aqueous media was measured throughout the 

different synthesis steps (Figure 3). The silica NP are negative throughout the whole pH range. 

The ζ of the amine coated particles was +30 mV at pH 5 and became 0 at the isoelectric point at 

9.5.  The highest stability region for the aminopropyl functionalized particles is between pH 4 and 

7, where the zeta potential remains close to 30 mV.  These results are consistent with zeta potential 

values measured for silica coated iron oxide, and subsequent amine functionalization.[42, 49, 50] 

After poly(AMPS-co-AA) grafting, the zeta potential decreases substantially and becomes highly 

negative from pH 2.5 to 12. At pH 2.5, the sulfonate groups are expected to remain charged, while 

the AA units are protonated; under these conditions the measured zeta potential was -27 mV. When 

the pH was increased to 5, the carboxylate groups deprotonated and the zeta potential decreased 

to -40 mV, then remained virtually unchanged up to pH 12 indicating a substantial level of grafting.   

 

 

Figure 3. Zeta Potential of starting silica NP, APTES coated and poly(AMPS-co-AA) coated NP; 

grafted at 130 C for 12 h. 
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 The colloidal stability of NPs can be perturbed while mixing the NP dispersion with the 

polymer depending upon changes in charges on the surface, along with potential bridging of the 

polymer chains between particles. For most of the mixing protocols shown in Table 3, there were 

minimal differences on the stability of the grafted NP demonstrating the robustness of the grafting 

techniques.  However, in the first process with mixing of all of the components in the bath 

sonicator, the Dh in DI water was much smaller than for the other techniques. Here the Dh indicated 

primary particles were present with minimal aggregation. These results suggest that bath 

sonication may have broken up the polyelectrolyte flocs before the grafting reaction or prevented 

aggregation of the grafted NPs.  These particles underwent modest aggregation when transferred 

to brine, such that the size was similar to those produced by the other processes.  
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Table 3.   Comparison of mixing conditions of polymer grafting reactions.  The ratio of 

poly(AMPS-co-AA) to silica NP is 10 g/g Silica with a silica concentration of 0.24 % wt. 

Mixing Procedure Hydrodynamic Diameter, nm 

(Cumulant, %V) 

DI Water Brine RT Brine at 90C 

SiNP added dropwise to PLM solution over 1 min 

with bath sonication. 

20.0(69) 

22.0 (90) 123(91) 

47.3(41) 

55.2(70) 

75.3(97) 

34.2(66) 45.7(86) 

99.1(94) 

    

SiNP pumped into PLM solution over 1 h, then 

bath sonicated for 30 min. 

78.3(43) 90.9(80) 

222(95) 

45.4(51) 

58.0(94) 

29.2(57) 34.9(91) 

96.5(94) 

    

SiNP pumped into PLM solution over 1 h. 61.2(50) 167(79) 

223(87) 

45.2(67) 

77.9(97) 

 

    

SiNP added dropwise to PLM solution over 1 min, 

then bath sonicated for 30 min. 

83.9(44) 186(68) 

413(91) 

44.9(61) 

56.4(96) 

190(97) 

31.2(47) 36.9(90) 

101(97) 

    

SiNP added dropwise to PLM over 1 min 82.2(51) 95.6(81) 

111(95) 

32.7(43) 

35.6(74) 

42.1(98) 

 

    

PLM heated to 90 C, then SiNP added dropwise 

to PLM over 1 min. 

35.7(52) 42.3(63) 

195.5(83) 

38.0(62) 

44.5(92) 

157(94) 

30.1(61) 36.1(90) 

185(96) 
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We hypothesize that grafting under these conditions could lead to morphological difference 

on the polymer coating.  For example, the polymer chains may wrap around the NP surface rather 

than extend towards the dispersing medium; a wrapped chain would occupy several grafting points 

and prevent grafting of additional polymer chains. Maintaining the polyelectrolyte in the form of 

flocs during grafting, as shown in Figure 1, may be important to inhibit chain wrapping around the 

NP surface.  

 In most cases, the measured Dhs in water are usually larger than in brine. This behavior 

may be explained in part by contraction of polyelectrolyte chains as electrostatic repulsion between 

the charges is screened by the added electrolyte in the double layer.[51]  Moreover, specific 

interactions of Ca2+ with unreacted carboxylates can cause bridging inside the polyelectrolyte shell 

within a given particle to further decrease the size.  

 The effects reaction time and temperature were optimized by studying the stability of the 

NP at increasingly harsh conditions: brine at RT, 90C and 120C.  When the particles were grafted 

at 90C for 3h or less, significant aggregation occurred in API brine at room temperature as shown 

in Table 4 indicating insufficient time for grafting. These particles were not tested at higher 

temperatures as they failed the mildest stability test at RT.  From the TGA traces in Figure 4a, 

significant amounts of adsorbed and grafted polymer were present, yet the adsorption was 

presumably weak leading to aggregation in API brine at RT.  When the grafting time was increased 

to 12, 24 and 72 h, the NP remained stable in API brine at RT. At 90C the particles reacted for 

12h aggregated whereas at 24 and 72h the particles were stable. However, these particles 

aggregated at 120C in API brine, perhaps due to an insufficient amount of grafted polymer on the 

NP surface. 
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 The reaction temperature was increased to 130C to attempt to further increase the level of 

grafting by raising the reaction kinetics. At this temperature, some of the water evaporates, driving 

the amidation equilibrium towards the product side.  A marked stability enhancement was 

observed in the Dh values in Table 4 compared to the aforementioned systems grafted at 90 C. 

Here all the NP with the exception of those reacted for only 15 min reaction remained stable in 

API brine at RT.  At 120 C in API brine, the samples grafted for 1 and 3 h precipitated. The 

particles grafted for 24 h NP grew to 448(47) nm. The particles grafted for 12 h remained stable 

as reflected in the small Dh values.[47] These conditions were the best in this study for the particle 

size in API brine at 120oC.  Interestingly, these particle underwent much less contraction from DI 

water to API brine at RT relative to the other samples.  

For grafting times up to 3 h, the TGA traces (Figure 4b) were similar whereby ~67 wt.% 

of poly(AMPS-co-AA) was present on the NP surface either grafted or physically absorbed. 

However, for the optimal grafting time of 12 hours, the polymer content from TGA was somewhat 

smaller, 40.5 wt.% and it dropped to 25.4 wt.% at 72 hours. These decreases may be attributed to 

amide bond hydrolysis leading to cleavage of grafted polymer.  
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Table 4. Hydrodynamic diameter of poly(AMPS3-co-AA1) grafted NP as a function of grafting 

time and temperature.  The ratio of poly(AMPS-co-AA) to silica NP is 10 g/gSilica with a silica 

concentration of 0.29 % wt. 

Grafting Time (h) 

Hydrodynamic diameter, nm (% Vol Cumulant) 

90 C Grafting 130 C Grafting 

DI Water 
API Brine 

RT 

Dilution 

Test 

Brine 

90 C API 
120 C 

API 

DI Water 
API Brine 

RT 

Dilution 

Test 

Brine 

90 C 

API 

120 C 

API 

0.25 

44(58) 

51(88) 

169(93) 

475(12) 

1422(72) 

   

35(54) 

37(74) 

148(94) 

89(49) 

336(88) 

   

1 

30(20) 

90(53) 

121(90) 

328(95) 

472(64) 

1462(83) 

   

46(47) 

55(75) 

148(93) 

21(54) 

24(89) 

90(97) 

  Precip. 

3 

85(43) 

98(82) 

222(94) 

72(5) 

453(82) 

   

73(44), 

85(94) 

42(64) 54 

(87) 

71(97) 

  Precip. 

12 

67(43) 

167(85) 

2079(96) 

27 (51) 32 

(86) 

142(97) 

 

182(43) 

6300(79) 
 

45(61) 

50(86) 

139(96) 

38(41) 40 

(73) 

46(97) 

24(41), 

29(91) 

48(49) 

57(77) 

66(93) 

47(49), 

67(69) 

195(86) 

24 

83 (41) 89 

(61) 

175(81) 

25 (49) 71 

(71) 

122(96) 

21(74) 

25 (90) 

107(96) 

64(59) 

74(81) 

239(93) 

240(38), 

5635(62) 

62(56) 

72(91) 

43(54) 

55(99) 

41(41) 

49(97) 

47(33) 

54(62) 

73(97) 

83(8), 

448(47) 

72 

116(49) 

127(66) 

318(97) 

28(67) 

32(86) 

120(98) 

43(44) 

51 (87) 

143(98) 

60 (35) 

63(66) 71 

(95) 

204(30) 

6383(60) 

45(47) 

52(79) 

118 (96) 

43(63) 

51(96) 
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A) 

 

B) 

 

Figure 4. TGA traces of silica coated NP at various reaction times for particles grafted at a) 90 C 

and b) 130 C. 

 

The shape of the TGA curves clearly changes with grafting times (Figure 4b). At short 

reaction times where most polymer is only adsorbed there are three main weight loss events at 300, 

350 and 710C.  The first two are attributed to cleavage of AA and AMPS, while the last one to 

the breakdown of the polymer backbone.  When the grafting time is 12 h or larger, only one main 

weight loss event is observed at 350C.  Amidation of carboxylate groups onto the NP surface 

presumably slows down AA cleavage overlapping with AMPS decomposition.  Fragmentation of 

the polymer backbone may be slowed down as well. Figure 5 shows the weight loss upon 

increasing temperature of the starting silica NP, amine coated, and polymer coated particles 

(grafting at 130 C for 12 h).  The silica NP only loses 1.9 wt.% between 100 and 850C, which 

may come from dehydration of the surface silanols (Si-OH). The amine coated particles lose a 

total of 4.9 wt.% within the same temperature range, mostly from aminopropyl cleavage and Si-
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OH.  The polymer coated particles have a total weight loss of 45.1 wt.% which includes the 

polymer, aminopropyl and Si-OH dehydration.   

 

 

Figure 5. TGA traces of the starting silica NP, APTES coated NP, and poly(AMPS-co-AA) silica 

NP grafted at 130 C for 12 h.   

 

Assuming, all the organic material has decomposed at 850 C, the final polymer coated NP 

contain 57.7 wt.% silica, 1.8 wt.% aminopropyl and 40.5 wt.% poly(AMPS3-co-AA1).  The 

thickness of a collapsed polymer shell can be estimated based on the average TEM diameter of the 

amine functionalized NP, and TGA composition.   If the density of a collapsed polyelectrolyte 

shell is 1 g/mL (density of bulk polymer) then the thickness would be 4.8 nm, and the respective 

NP diameter 36.5 nm. The measured Dh of the pure polyelectrolyte ranged from 7 to 13 nm 

(Cumulant ~ 55 %V), and for the polymer coated NP varied from 30 to 50 nm (Cumulant ~ 50 

%V).  Considering the polymer shell should remain hydrated in API brine, the DLS and TGA 
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measurements suggest approximately one monolayer of polymer was coated around individual 

nanoparticles. 

 An extreme dilution test was done for the NP grafted at 90 C during 24 and 72 h, as well 

as NP grafted at 130 C for 12 and 24 h.  The nanoparticles were diluted 10,000-fold in two steps 

and then concentrated to remove any physically adsorbed polymer.  All four samples remained 

stable with negligible changes in Dh in API brine after this dilution test, indicating the polymer 

was covalently attached and not just physically adsorbed. As a control for the extreme dilution 

test, samples with adsorbed polymer were prepared by mixing the amine coated NP with 

poly(AMPS-co-AA) at room temperature in water and in DMSO.  The mixtures were stirred for 

16 h to allow adsorption.  After purification and extreme dilution, the Dh in brine were in the order 

of 1 m, which would be consistent with aggregation after desorption of the polymer. 

The long term stability of the polymer coated nanoparticles in API brine was studied at pH 5.5, 

7.5, and 9.5, at 90 C and 120 C.  At 90 C, the small change in Dhs indicated outstanding stability 

for all three pH values, after 19 days.  Even at the extremely harsh temperature of 120 C, the NP 

did not aggregate at pH 5.5 and 7.5 after aging for 1 day, but did aggregate at pH 9.5.  In basic pH 

and at 120 C, some of the amide bonds may hydrolyze, thus reducing the stability of the NPs.  For 

longer aging times the NP at pH 7.5 aggregated and sedimented; on the contrary, the NP at pH 5.5 

grew but then remained stable after 19 days with Dhs of 133(73) - 178(97) nm.[47]  
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Table 5. Hydrodynamic diameters of poly(AMPS3-co-AA1) coated silica NP (0.5 mgSilica/mL) as 

a function of aging time in API brine at 90 C and 120 C. Grafted at 130 C for 12 h (Cumulant, 

%V showed in parenthesis). 

pH Aging Time (days) API brine at 90 C API brine at 120 C 

5.5 

0 (RT) 48(54)  64(95) 52(42) 62(92) 

1 50(58) 60(96) 63(47) 73(71) 101(92) 

4 37(46) 56(94) 140(45) 230(94) 

11 50(50) 60(95) 330(64) 560(96) 

19 63(59) 88(97) 133(73) 178(97) 

28   

7.5 

0 (RT) 42(61) 71(97) 51(40) 65(90) 

1 31(55) 34(88) 75(95) 46(60) 54(74) 256(90) 

4 62(45) 74(92) Precipitated 

11 34(67) 37(88) 89(97)  

19 26(53) 31(88) 81(96)  

28   

9.5 

0 (RT) 32(48) 42(74) 72(97) 24(64) 27(93) 

1 28(52) 33(84) 78(93) 113(10) 477(66) 815(96) 

4 40(49) 47(84) 124(96) Precipitated 

11 79(47) 97(75) 119 (91)  

19 62(55) 78(97)  

28   
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The stability of the silica nanoparticles is attributed to electrosteric stabilization and efficient 

multi-point grafting of poly(AMPS-co-AA) onto their surfaces.  With multiple attachment points 

the chains will remain grafted even after hydrolysis of one (or even a few) graft point(s). Moreover, 

the uncatalyzed heat driven amidation in DMSO allowed grafting of polymer aggregates to the 

nanoparticle surfaces. It is unknown whether the presence of the polymer aggregates prior to 

grafting increased or decreased the graft density. In most cases, the Dh was larger in DI water than 

in API brine. The contraction of the polyelectrolyte shell in brine may be attributed to charge 

screening with the large salt concentration. Another possibility is that the Ca2+ ions in API brine 

produced bridging of polymer chains on each particle that cause greater contraction than would be 

expected simply from Debye screening in the double layer. This contraction could even cause 

break up of aggregates of silica nanoparticles by reducing the amount of interparticle polymer 

bridging.  In API brine, electrostatic stabilization is much weaker than in DI water; however, the 

polymer continues to provide steric stabilization as long as it remains hydrated and attached to the 

NP surface. The AMPS units, which have negligible affinity for divalent ions like Ca2+, are highly 

solvated in the extreme harsh environment studied here.  The number of multipoint attachment 

sites for the polymer coating is highly relevant, as it will influence how far out the polymer chains 

extend from the surface. As the degree of chain extension increases the steric stabilization 

increases, but the potential for interparticle bridging also increases. To our knowledge, this is the 

first time a suspension of individual nanoparticles, of any kind, have been stabilized in API brine 

at temperatures up to 120 C, with long term stability at 90 C up to 30 days. 
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Figure 6. Mobility of polymer grafted silica NPs in API brine saturated column packed with 40-

50 mesh Ottawa sand. Flow experiments were conducted at IO NPs input concentration of ca. 250 

mg/L at room temperature and pH 7 

 

4. Conclusions 

 

Individual silica NPs were grafted with poly(AMPS-co-AA) in the colloidal state using a multi-

point “grafting to” technique, whereby the particles did not undergo bridging or aggregation.  The 

polymer coated silica nanoparticles with hydrodynamic diameters ranging from 30 to 55 nm were 

stable in API brine at 90 C for 19 days without any detectable aggregation at pH 5.5 and 7.5. 

.Moreover, in the extremely harsh environment of API brine at 120oC the silica NPs remained 

stable after 1 day at pH 5.5 and 7.5. The polymer was grafted by thermal amidation of AA units 

onto amine functionalized silica NP in DMSO without the need for a catalyst. An advantage of 

DMSO versus water as the solvent is the avoidance of any hydrolysis of the amides as well as the 
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higher boiling point. Upon dilution, the NPs remained stable in brine indicating the covalent 

grafting of poly(AMPS-co-AA) onto the NP surface was permanent. The highest colloidal stability 

was achieved when the grafting reaction was performed at 130 C for 12 h. In contrast, longer 

reaction times lead to bridging, while shorter times resulted in insufficient grafting for colloidal 

stability of the nanoparticles in brine and at high temperature.  The amine coated silica NPs, pure 

poly(AMPS-co-AA), and polyelectrolyte coated nanoparticles were all charged in DMSO, as 

indicated by zeta potentials of 36.5 ± 1.3, -39.8 ± 1.5 and -33.0 ± 4.7 mV respectively.  After the 

amidation reaction, the particles were easily transferred to water by diafiltration and remained 

unaggregated throughout the purification process.  To our knowledge this is the first report of 

individual polymer grafted nanoparticles stable in concentrated brine at high temperature.  
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Chapter 2: Long-Term Colloidal Stability of Polymer Grafted 25 nm Silica Nanoparticles in 

Concentrated Brine at Elevated Temperatures by catalytic activation of EDC+NHS  

 

 

1. Introduction 

In the past decade, there has been widely growing interest in the use of nanoparticles (NPs) 

in oil and gas subsurface reservoir applications including enhanced oil recovery [52-54], 

subsurface imaging [55, 56], and environmental remediation[17, 57, 58]. The elevated 

temperatures, often above 100oC, and high salinities (e.g. 8% NaCl and 2% CaCl2 (w/w) in API 

brine) [17, 57, 59, 60] are challenging conditions for colloidal stabilization. At these salinities, 

where the Debye length in the diffuse layer is less than a nanometer (~0.2nm),  electrostatic 

repulsion of the particles becomes weak, often leading to aggregation and eventually precipitation 

[59]. 

Recently, magnetite NPs have been stabilized in extremely concentrated brines, API brine 

and 2x API brine with adsorbed [61] and covalently grafted [14, 62] anionic copolymers composed 

of acrylic acid (AA) and 2-acrylamido-2-methylpropanesulfonic acid (AMPS), which serve as 

anchoring and stabilizer moieties, respectively.  At elevated temperatures, the highly acidic 

sulfonate moiety has a very low Ca2+ binding affinity and remains hydrated [27, 62, 63]. 

Multisegment grafting of AA-AMPS chains has been achieved by amide formation between AA 

groups and surface amines grafted either directly on the IO NPs [14, 62], or on a silica layer added 

to the NPs [64]. The amidation reaction was performed either thermally at 80C, or was catalyzed 

by 1-ethyl-3- (3-(dimethylamino)propyl) carbodiimide (EDC) hydrochloride [14]. In each case, 

the IO NPs underwent a modest degree of aggregation during grafting resulting in a particle size 
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of ~ 150 to 250 nm. In the EDC catalysis, the short half-life (on the order of seconds) of the O-

acylisourea intermediate may have limited the degree of multi-point attachment of AA-AMPS 

copolymer chains to the IO NPs [65]. Also, the cationic O-acylisourea intermediate on the 

copolymer is the same charge as the active intermediate on the amine-functionalized NPs, which 

may lower the probability of reaction. 

Herein, we graft a random copolymer poly(AA-co-AMPS) to individual silica NPs without 

forming aggregates. Furthermore, the copolymer provides electrosteric stabilization at elevated 

temperatures (up to 90C) over a pH range of 4-12 in 100% API brine for particles as small as ~ 

25 nm for up to two weeks, and with very limited aggregation over six weeks.  The multipoint 

grafting of copolymer chains to amine functionalized NPs was catalyzed with EDC and N-

hydroxysuccinimide, which is known to raise the reaction yield by up to 10- to 20-fold  relative to 

EDC alone[66]. The half-life of the active intermediate is extended by addition of NHS, relatively 

to EDS alone. Also, with NHS, the new intermediate on the AA groups is negatively instead of 

positively charged and thus interacts more favorably with positively charged amine sites on the 

silica NPs. We hypothesize that the higher reaction rate for the activated AA groups, relative to 

the collision rate of the NPs, will favor the formation of a second graft of a bound polymer to the 

same nanoparticle versus interparticle bridging of the polymer chain to a second nanoparticle. This 

process may then continue to provide multipoint attachment with minimal bridging.  Furthermore, 

the more rapid grafting reaction provides greater stabilization against aggregation during the 

reaction. To our knowledge, this is the first study to show long term stability of primary 

unaggregated nanoparticles in brine at elevated temperature and extremely high salinity, in contrast 

with previous studies where a modest degree of aggregation was always present. At ambient 

temperature, the poly(AA-co-AMPS) copolymer (without silica) was shown to be stable against 
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aggregation over a wide range of pH from 4 to 12, consistent with solvation of the strongly acidic 

AMPS groups.  

 

2. Experimental  

Materials: 

 Silica nanoparticles NexSil 20 (Lot: 108017) were purchased from Nyacol Nanotechnologies 

(Ashland, MA). N-Ethyl-N′-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC, >99%), 

N-Hydroxysuccinimide (NHS, 98%),  and APTES (99%) were obtained from Sigma-Aldrich (St. 

Louis, MO). Acrylic acid (99.5%) and sodium metabisulfite (97%) were purchased from Alfa 

Asear (Ward Hill, MA). Potassium persulfate (99+%) was procured from Acros organics (New 

Jersey, USA). 

 

Synthesis of Poly(AA-co-AMPS): 

 The copolymer poly(AA-co-AMPS) (AA:AMPS=1:3 molar) was synthesized as described 

elsewhere.1, 2 A three neck round bottomed flask fitted with a condenser and a magnetic stir bar 

was charged with 27.9 g (0.135 mol) of 2-amino-2-methylpropanesulfonate, 4.9 g (0.018) of 

potassium persulfate, and 3.4 g (0.018 mmol) of sodium metabisulphite under an atmosphere of 

nitrogen. To this solution, nitrogen bubbled 180 mL of deionized water was transferred through a 

cannula under constant stirring. Then 3.2 g (0.045) of acrylic acid purged with nitrogen was added 

using a nitrogen-purged syringe and the reaction flask was immersed in a preheated oil bath at 80 

oC for 16 h. The final ratio of AMPS to AA was determined by 1H NMR.   
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Functionalization of Silica Nanoparticles with 3-Amniopropyl Triethoxy Silane: 

 The APTES coated silica nanoparticles were prepared with a method from our previous study.2 

The purified amine-functionalized silica NP dispersion was probe sonicated (amplitude 20%) for 

10 min and the pH of the solution was adjusted to pH=5 using 0.1N HCl.  

 

Estimation of Amine Groups on the Amine-Functionalized Silica Nanoparticles: 

 The amount of surface amines was estimated by performing conductometric titration.3 In a 100 

mL beaker, 200 µL of amine-functionalized silica NP with an adjusted concentration of 5 mg/mL 

was diluted with 50 mL deionized water and the pH of the solution was raised to 9.0 with 1N 

NaOH solution. The pH and corresponding conductivity (mV) were measured while titrating 

against 0.01N HCl. The amine content was calculated from the HCl volume used in the 

intermediate region of the titration curve.  

 

Grafting Poly(AA-co-AMPS) on Amine-Functionalized Silica Nanoparticles: 

 The amine-functionalized silica NPs were grafted with poly(AA-co-AMPS) by modifying a 

method previously reported by our group.2 In a 5 mL glass vial, 1 mL of 10% poly(AA-co-AMPS) 

and 27.63 mg (0.14 mmol) of EDC (AA:EDC= 1:1 molar) was stirred for 2 min. After adding 32.2 

mg (0.28 mmol) of NHS, the mixture was stirred for another 1 min. and the pH of the solution was 

adjusted to 4.75 with 1N HCl.  The solution was stirred at room temperature for 30 min to activate 

the carboxylic acid groups of polymer. In a separate glass vial, the concentration of the amine-

functionalized silica NP was adjusted to 5 mg/mL followed by 20 min bath sonication. The dilute 

solution of amine-functionalized silica NP was added drop-wise to the polymer solution under 

constant stirring over ~2 min, and the pH was raised to 6.0 with 1N NaOH. After 15 min of stirring, 
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0.5 mL of 20% NaCl solution was added to lower electrostatic repulsion between the polymer 

chains to facilitate grafting, and the reaction mixture was stirred at room temperature for 16 h. The 

total volume of the reaction mixture was 5 mL. The ungrafted polymers were removed by 

centrifuging 5 mL of solution with 15 mL of DI water three times at 5500 rpm (3382 x g) using 

centrifugal filters of 30,000 MWCO.  The purified polymer grafted silica dispersion was probe 

sonicated (amplitude 20%) for 5 min to disperse polymer functionalized silica nanoparticles in 

water.  

 

Polymer Desorption Test of Poly(AA-co-AMPS) Grafted Silica NPs (Extreme dilution test): 

 The poly(AA-co-AMPS) grafted silica NPs were diluted to 40,000-fold of the initial silica 

solution, centrifuged at 3000 rpm (2300 x g) using centrifugal filter of 100,000 MWCO, and 

redispersed in 20 mL of DI and left undisturbed to equilibrate for 24 h to allow desorption of 

noncovalently attached polymer on the silica surface. Then the solution was centrifuged at 3000 

rpm (2300 x g) and the volume of the solution was bought down to 200 mL to increase the silica 

concentration. From that solution, 100 mL of silica dispersion was diluted with 1.5 mL of DI water 

or 100% API brine, filtered through 0.2 m filter, and analyzed by DLS. In case of DLS study in 

API brine, 100 L of 200% API brine was added along with 1.5 mL of 100% API brine.  

 

Dynamic Light Scattering (DLS): 

 Dynamic light scattering (DLS) was used to measure the volume-averaged hydrodynamic size of 

silica Nanoparticles in DI water and 100% API brine with a Brookhaven ZetaPlus system 

(Brookhaven Instruments Co.) at a scattering angle of 90o. The autocorrelation functions were 

fitted with the NNLS algorithm to determine the hydrodynamic diameter using the Stokes-Einstein 
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equation. All measurements were collected over a 2 min period at a count rate ~ 100-400 kcps and 

at least four measurements were collected for each sample.  

 

Zeta Potential Measurements: 

 All electrophoretic mobility and zeta potential measurements were performed with a silica 

nanoparticles concentration of 0.02 mg/mL – 0.1 mg/mL using a Brookhaven ZetaPALS zeta 

potential analyzer (Brookhaven Instruments Co.). Zeta potential measurements were conducted in 

10 mM KCl solution at pH 5.0 for amine-functionalized silica NP and pH 2-12 for poly(AMPS-

co-AA) grafted silica Nanoparticles. The reported values are an average of at least 5 measurements 

with each of the measurement collected for 30 electrode cycles. The Huckel model was used to 

convert measured electrophoretic mobility to zeta potential given the size of the particle was much 

larger than the Debye length (~3 nm for 10 mM KCl).  

 

Long-term Stability Test: 

In a 5 mL glass vial, 200 µL of polymer functionalized silica nanoparticles and equivalent volumes 

of 200% API brine were mixed together to obtain polymer functionalized silica nanoparticles in 

100% API brine. The volume of the solution was raised to 3 mL by adding 100% API brine, such 

that the concentration of silica nanoparticles was 1 mg/mL. The vial was then sealed with Teflon 

tape to avoid water loss and immersed in a preheated oil bath at 90 oC to assess the long term 

stability. 

 

 

 



 

 

36 

 

Thermogravimetric Analysis (TGA): 

  TGA was used to measure the organic content of the silica nanoparticles after APTES 

functionalization and poly(AMPS-co-AA) grafting. All measurements were conducted using a 

Mettler-Toledo TGA/SDTA851e instrument under a N2 atmosphere at a heating rate of 10 °C/min 

from 25 to 800 °C. The wt% of polymer grafted onto the silica surface was calculated from the 

TGA plots at 600 oC as 100( wt% of APTES grafted silica-wt% of polymer grafted silica)/wt% of 

APTES grafted silica.  

 

 

3. Results 

Poly(AMPS-co-AA) Phase Behavior and DH in DI and API brine 

The phase behavior and DH (DLS) of the polymer in solution were first examined to 

provide a thermodynamic basis for the subsequent sections on the silica particles with grafted 

chains. The poly(AMPS-co-AA) monomer ratio was found to be around 2.82:1 in good agreement 

with the monomer feed ratio of 3:1 by H NMR spectroscopy. A 1 mg/ml solution of poly(AMPS-

co-AA) remained visually clear in API brine at 90C after 30 days, indicating lack of aggregation 

or precipitation. The DH of a 0.1 wt% polymer solution in DI water, whether at RT or 90C, was 

~10nm. Upon transfer to API brine, DH decreases from ~9 nm to 7 nm. Despite the high salinity 

(0.18 M Ca 2+ and 1.4 M Na+), the polymer chains contracted only modestly as the ions were 

screened and the particles did not aggregate, consistent with a previous study [62]. In contrast,  

PAA homopolymer precipitated in the presence of only ~10 mM divalent electrolytes even at RT 

[67] as a consequence of bridging complexation with Ca 2+ . [68] Sinn et al. showed the binding of 

Ca 2+ to PAA is strongly influenced by then entropy of release of waters of hydration upon ion 
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pairing, which becomes more important as temperature increases [25]. On the other hand, the 

PAMPS homopolymer has very low binding affinity to Ca 2+ even at elevated temperatures as 

characterized by viscosity measurements and H NMR spectroscopy [63]. Because of the strong 

acidity and hydrophilicity of the AMPS groups in poly(AMPS-co-AA), the charged anionic groups 

remain highly solvated with minimal Ca2+ binding.[27]. From a previous correlation between the 

observed DH and degree of polymerization (DOP) of the poly(AMPS-co-AA) (3:1) [69] the DH of 

10 nm corresponds to a DOP of approximately 1000 (750 AMPS:250 AA groups) and a MW of 

200 kDa [62]. This polymer molecular weight for a well solvated copolymer will now be shown 

to be sufficient to provide steric stabilization of the silica NPs. 

 

 

Table 6. Hydrodynamic diameters of the poly(AA-co-AMPS) (without silica) at pH 7 

DI water 100% API 

RT 90C RT 90C 

9-11 (100%) 
10-12 (100%) 

 

7-10 (100%) 

 

7-12 (100%) 
 

 

 

Table 7. Hydrodynamic diameters of bare and amine-functionalized silica nanoparticles measured 

by DLS in DI water 

Sample Hydrodynamic diameters (nm) 

Bare silica NPs                        20-23 (82%) | 33-51(18%) 

Amine-functionalized NPs  31-39 (100%) 

 

 

 

Grafting poly(AMPS-co-AA) copolymer on silica nanoparticles and their long-term stability 

We chose to utilize the “grafting to” rather than the “grafting from” technique so that the 

properties of the polymer could be controlled independently of the silica NPs. Furthermore, the 
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high cost of surface-grafted initiators, catalysts, and oxygen-free conditions for the “grafting from” 

techniques may be a concern for large scale applications of low value materials.[60, 70]. Hence, 

the poly(AMPS-co-AA) copolymer was synthesized as described previously [62] and 

subsequently grafted to amine-functionalized silica NPs via amide bond formation with the AA 

anchoring groups as shown in Figure 7. After the amine functionalization with APTES, the zeta 

potential changed sign as expected to 26.0 mV at pH 5.3, relative to a starting value of -16.9 mV 

for the bare silica.  This value was in reasonable agreement with the value of ~30 mV at pH 6 

reported in literature for the protonated amines [49]. The APTES coating was determined to be 28 

wt% organic content as measured by TGA (Figure 7-b) and the DH increased from ~22 nm to ~the 

35 nm at pH 7. The surface amine density of the amine-functionalized silica NPs was 3.5 0.5 

molNH2/mg silica measured by conductometric titration in good agreement with the reported 

value in literature [49]. 

 
 

 
Figure 7. (a) Functionalization of silica nanoparticles by APTES (b) Grafting poly(AA-co-AMPS) 

to amine-functionalized silica nanoparticles 
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In the second step, the copolymer was covalently grafted to amine-functionalized NPs 

through the EDC/NHS catalyzed amidation reaction to pre-activate the AA groups of the 

copolymer.  To increase the grafting density, the reaction was performed in 3wt% NaCl solution 

to weaken electrostatic repulsion of the approaching chains with the chains already on the surface 

by screening the charges [62, 71]. According to TGA, the organic content increased from 28 wt% 

with APTES to 71 wt% after grafting the (Figure 8). This organic content is higher compared to 

our previous studies with IO cores given the smaller cores in the current study and the lower 

density of the silica compared to IO. Furthermore, after grafting of anionic poly(AMPS-co-AA),  

the positive surface charge of the amine-functionalized NPs changed to highly negative values, -

55 mV over a wide range of pHs from 5 to 10, (Figure 9). The increase in the magnitude of the 

zeta potential from pH 2 to 6 is likely caused by an increase in deprotonation of silanol and AA 

groups, beyond the pH independent charge from the strongly acidic AMPS groups.  

 
Figure 8.  TGA thermograms of  (a) bare silica, (b) amine-functionalized silica NPs, (c) copolymer 

grafted silica NPs (1), (d) copolymer grafted silica NPs (2). 
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As shown in Table 8, the copolymer grafted silica NPs were at first moderately aggregated 

in DI water. The aggregates were reversible as they dissociated back to primary NPs with the size 

distribution of 31-35nm (86%), 112-142nm (14%) in less than a week at room temperature. In 

contrast, such aggregates were not present immediately after transfer to API brine at the same pH 

of ~7 and the diameters of 23-29 (90%) were smaller than for the values of 31-25 nm above 

indicating chain contraction upon charge screening. The aggregation can be ascribed to transient 

chain entanglements during synthesis and to bridging due to adsorption of grafted chains on 

adjacent particles.  Over time the breakup of the entanglement and desorption of polymer in the 

bridges results in dissociation back to primary particles in DI water. In the presence of API brine 

the grafted chains are less expanded, as discussed in greater detail below. It is likely that both the 

transient chain entanglement and bridging phenomena may be ameliorated by shorter chains in a 

more contracted state.    

 

Table 8. Hydrodynamic diameters of poly(AA-co-AMPS) copolymer grafted silica NPs in DI 

water and standard API brine before and after the dilution test 

Sample 
Hydrodynamic 

diameters (nm) Before 

dilution test  

TGA 

organic 

content 

Before 

dilution 

test 

(wt%) 

Hydrodynamic 

diameters (nm) After 

dilution test 

TGA organic 

content (wt%) After 

dilution test 

DI API DI API 

poly(AA-

co-

AMPS) 

copolymer 

grafted 

silica NPs 

54-67 (68%) 

| 226-324 

(32%) 

23-29 

(90%) | 

113-153 

(10%) 

68 19-25 

(91%) | 

113-154 

(9%) 

 

24-33 (93%) 

| 96-144 

 (7%) 

64 
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Figure 9. Surface charge of poly(AA-co-AMPS)  grafted silica NPs a function of pH at ambient 

temperature 

 

As shown in Table 9, the grafted poly(AA-co-AMPS) stabilized essentially primary silica 

NPs  for at least 30 days in both DI water and standard API brine solution with minimal aggregation 

from pH 4 to 12. In each case there were two peaks in the distribution, whereby the smaller peak 

was typically greater 70% by volume. At pH 6 to 8, the DH indicated only very small amounts of 

aggregation in DI water. However, the sizes were even smaller in API brine, for similar reasons as 

described above in Table 8.  In API brine the DH was similar at all pH values, but in DI water the 

aggregation was modestly higher at pH 4, 10, and 12. 
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Table 9. Hydrodynamic diameters of poly(AA-co-AMPS) copolymer grafted silica NPs in DI 

water and standard API brine as a function of pH at room temperature after 30 days 

pH DI water 100% API Brine 

4 
50-60 (81%) | 135-170 

(19%) 

21-26 (86%) | 106-145 

(14%) 

6 
31-37 (80%) | 149-220 

(20%) 

29-36 (81%) | 97-133 

(19%) 

8 
31-37 (71%) | 144-208 

(29%) 

21-24 (82%) | 91-121 

(18%) 

10 
48-62 (73%) | 165-212 

(27%) 

19-23 (88%) | 98-134 

(12%) 

12 
38-51 (69%) | 109-175 

(31%) 

18-23 (85%) | 108-144 

(15%) 

 

 

 

4. Discussion  

As the salt concentration is raised to the critical coagulation concentration (CCC), the 

electrostatic repulsion of the silica particles no longer provides a barrier against attraction from the 

VDW forces according to DLVO theory. For 20 nm silica NPs in CaCl2
, the CCC is in the low mM 

range, ~100 fold smaller than for NaCl[72], and 2-3 orders of magnitude lower than the Ca2+ 

concentration in this study. Therefore, it is essential to add steric and electrosteric stabilization as 

has been done in previous studies either with low molecular weight ligands such as polyethylene 

glycol, an ether diol, or zwitterionic ligands [73] or polymeric ligands such as homopolymers and 

copolymers with AMPS, polystyrene sulfonates [74]. 

 

Nonelectrolyte or polyelectrolyte chains provide steric stabilization of the NPs via two 

stabilizing forces [75]. The first one is osmotic pressure force which comes into account when the 

polymeric shells start to overlap as the two NPs approaching each other. The second force is elastic 

repulsion caused by compression of the polymer chains at closer spacings, which decreases the 
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entropy. Interestingly, the disjoining pressure between two flat surfaces with grafted polymer 

depends only weakly on the salt concentration, whereas for conventional charged surfaces the 

dependence is exponential.  [76] Consequently polyelectrolytes can stabilize NPs at much higher 

salinities than would be possible with an exponential decay.  

In this study we examine a weak polyelectrolyte, PAA, where the degree of dissociation 

depends on pH and ionic strength [77],  and a strong polyelectrolyte, PAMPS, where it is 

essentially independent of these properties. Even when the charges are highly screened at high 

salinities, the steric repulsion force may overcome the van der Waals, given a sufficient grafting 

density, chain length, and chain solvation. The length of the extended polymer chains on the 

surface of a single silica NPs may be calculated by balancing three pressures[78]: 

             πcb+ πel+ πev=0                                                                                (1) 

where πcb is the osmotic pressure of mobile ions, πel refers to the negative elastic pressure caused 

by chain stretching and πev describes pairwise excluded volume interactions. In the strong 

screening limit, the resulting brush height [78] 

𝑟 = [
𝜎

3𝑎
∗ (𝜈0 +

𝐴𝑓2

4𝐶𝑆
)]

1/3

                                                                            (2) 

where, σ is the grafting density, 𝑎 the bead or effective monomer diameter, 𝜈0the (second virial) 

excluded volume parameter, A a fitting parameter for correction of the excluded volume effect, f 

the fraction of charged monomers, and Cs is the molar concentration of salt in the bulk solution. 

In the absence of salt, the negatively charged AMPS segments strongly repel each other 

such that the polymer chains are highly extended on the surface of the NPs [77, 79-81]. At salt 

concentrations lower than that of free counterions inside the chains, added salt does not influence 

the chain length[82]. In this so called osmotic regime, Biesheuvel [83] predicted with an analytical 

model, that r increases with grafting density until at sufficiently high grafting densities it becomes 
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independent of salt concentration. The system is no longer in the osmotic regime in the presence 

of even very low concentrations of divalent ions,  given the higher ionic strength relative to 

monovalent ions [84]. At salt concentrations just above the osmotic region, the polymer chains 

initially become more extended from the osmotic pressure of confined counterions inside the 

brushes[80]. Another scenario was proposed by Chu et al. [85]  whereby counterion penetration 

into the chains disrupts multiplets formed by  dipole–dipole interactions among the ion-pairs 

composed of charged monomers and counterions. For both weak and strong polyelectrolytes, as 

the salinity increases further beyond approximately 100 mM for monovalent salts, screening of the 

charges leads to a maximum in brush length and then a decrease as the chains contract [77, 79, 83, 

85]. At very high Cs, the ratio of (Af2)/(4CS)  to 𝜈0 becomes very small due to charge screening 

and the excluded volume repulsion becomes the dominant factor. 

The weak polyelectrolyte PAA is known to undergo extreme chain collapse at salinities 

above 0.1 M for monovalent electrolytes [77]. Furthermore, PAA is insoluble in API brine where 

Ca2+ bridging is extensive. To avoid large chain contraction, we utilized an AMPS:AA ratio of 

3:1. In a previous study with poly(AA-co-AMPS), magnetite particles could be stabilized in API 

brine at 3:1 but not at 1:1 AMPS:AA [14].  Thus, the strong solvation of the AMPS groups even 

with high concentrations of divalent Ca2+ in API brine is sufficient to overcome the bridging 

between AA groups.  

To describe experimental studies with poly(AA-co-AMPS) grafted NPs, Nap et al. [86] 

developed a molecular theory to predict the interparticle interactions in highly concentrated 

monovalent NaCl. For 2 M NaCl, they reported that a ~20% contraction in the chain length due to 

the strong charge screening for NPs with grafted polymer (50 segments of 1:1 AMPS:AA) on 4 

nm cores. As shown in Table 5, after annealing the samples for one week or more to resolve the 
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transient entanglements formed during grafting, as discussed above, the hydrodynamic diameter 

typically dropped from ~32nm down to ~25 nm. Given the core size of ~20nm, the grafted chains 

contracted from ~6nm down to ~2.5nm, a ~ 60% decrease in brush height. However, there is 

significant uncertainty in these lengths upon subtraction and from the uncertainty in the DLS 

measurements. The larger contractions may be expected given the stronger charge screening effect 

of Ca2+ (relative to Na+ in the model) and complex formation of AA groups with Ca2+. In addition, 

multipoint attachment of the copolymer chains produced a more complex geometry than the end 

grafted chains in the Nap et al. model.  

The contraction of PAMPS with added salt may be expected to be smaller than that of 

polystyrene sulfonate, which is more hydrophobic because of the styrene group. Based on 

ellipsometry, the chain length PSS Na brushes decreased  ~50%  in a 1 M solution of monovalent 

NaCl [85]. Moreover, Guo et al. [84] reported a contraction of more than 90% for polystyrene 

sulfonate brushes in 1 M KCl solution and of 50% with only 0.1 M divalent MgSO4 solution. 

Furthermore, the kinetics of contraction were much faster for the divalent salt. In our case the level 

of contraction was close to 50% but with a higher overall and divalent ion concentration for API 

brine (1.5 M NaCl and 0.18 M CaCl2). The weaker contraction for PAMPS relative to PSS Na may 

be expected given the higher degree of hydrophilicity for the other moieties other than the common 

sulfonate groups, as was also evident for the free ungrafted polymers, as described above.  

For two polymer-grafted NPs in close proximity, the steric layers start to strongly repel 

each other and undergo some level of contraction due to the compressive forces. As a result of 

excluded volume depletion forces, the polymer chains partially leave the inter-particle spacing 

region and adopt a more anisotropic conformation around the NP surface [86].  Balastre et al. [87] 

produced  universal force curves for the interaction of polystyrene sulfonate brushes, grafted on 
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mica surfaces, at different salinities. These curves indicate an exponentially decaying force is not 

present in the osmotic nor the highly salted regime, in accordance with the Pincus theory [76] of 

the effectiveness of polymeric brushes in stabilizing the NPs at high salinities. Biesheuvel [83] 

provided analytical formulations, in agreement with Balastre’s results, that predicts a non-linear 

decrease of electrosteric repulsion forces as the salt concentration increases.  

  

In previous studies of magnetite NPs grafted with poly(AA-co-AMPS)   by either thermal 

[64] or EDC catalyzed [14] amidation, the hydrodynamic diameter increased substantially from 

~150  to 250 nm during grafting as a result of aggregation. In contrast, essentially primary NPs 

were maintained in the current study. The faster grafting reaction in the current study with the 

combined EDC-NHS catalyst offered various advantages: (1) the ability to graft more polymer 

chains to the surface as indicated by TGA, (2) less time for aggregation during the grafting reaction 

and (3) the possibility of reduced bridging of polymer chains to multiple silica NPs. A key factor 

in minimizing bridging is for the second and subsequent grafts of an “already attached” chain to 

take place on the same NP rapidly relative to the rate of collision with other NPs.[88] In the binary 

NHS – EDC catalytic system, we preactivated the AA groups of the copolymer in order to graft to 

the amine groups on the functionalized silica NPs rapidly, as they were added to the polymer 

solution. Here, NPs were added to an excess amount of polymer to favor NP – polymer relative to 

NP-NP encounters to favor multipoint grafting with minimal bridging and to provide a high 

number of AA groups compared to the number of amine groups on the NPs. The use of NHS along 

with EDC produces O-acylisoureaester as an active intermediate with a negative charge to favor 

electrostatic attraction with the positive protonated amines on the silica NPs, which contributes to 

more efficient grafting. Also, the addition of the NHS can significantly prolong the half-life of the 
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intermediate from on the order of second to hours [65] to further increase the amidation reaction 

yield and attach more chains to the surface of the NPs. As presented in Figure 8, the high organic 

content of grafted polymer (~71 wt%) can be indicative of the high efficiency of this grafting 

method. 

Although the initial amine-functionalized silica NPs exhibit a positive surface charge, it 

becomes negative upon the addition of the anionic polymer chains. Thus, as done earlier the 

reaction was conducted in the presence of 0.5 M NaCl to screen the negative charge on the NPs 

and the approaching polymer chains to increase the graft density [71].  

 The long-term stability of these NPs is very crucial considering the subsurface applications 

and providing this stability is not trivial due the high salinity and elevated temperatures of the 

reservoirs (Table 5). Single bond attachment of polymer stabilizers to the NPs may not withstand 

the prolonged exposure to high temperatures. Hence, the multiple point attachment of the polymer 

chains to the NPs, as a consequence of the random distribution of the AA groups, is beneficial for 

preventing detachment [89, 90].  

 

 

5. Conclusion 

Primary silica particles with grafted random copolymer poly(AA-co-AMPS) were stable 

against aggregation in API brine at elevated temperatures (up to 90C) at pH 7 for up to two weeks 

and with very limited aggregation after six weeks. The hydrodynamic diameters were as small as 

~25 nm, in contrast with previous studies for polymer grafted magnetite with diameters greater 

than 100 nm [62, 64, 91]. Aggregation and bridging of the NPs were minimized during the grafting 

process by catalysis of the amidation reaction with EDC and NHS to preactivate the AA groups 
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and prolong the half-life of the active intermediate. The high reaction rate favors multipoint 

grafting on a single particle versus bridging of a polymer chain to a second nanoparticle, relative 

to the collision frequency between nanoparticles.  Given that the particles remained colloidally 

stable after an extreme dilution test without desorption of the chains from the surface, the covalent 

grafting appears to be permanent.  The grafted nanoparticles were stable against aggregation at 

ambient temperature over a wide range of pH (pH 4 to 12), given the high solvation of the AMPS 

groups. The ability to synthesize small stable nanoparticles will be of great importance for 

transport in porous media, including subsurface reservoirs at high temperature and salinity, where 

the smaller pores may be as small as a few 100 nm. 
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