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Abstract Tracers are perhaps the most direct way of

diagnosing subsurface fluid flow pathways for ground

water decontamination and for natural gas and oil

production. Nanoparticle tracers could be particularly

effective because they do not diffuse away from the

fractures or channels where flow occurs and thus take

much less time to travel between two points. In

combination with a chemical tracer they can measure

the degree of flow concentration. A prerequisite for

tracer applications is that the particles are not retained

in the porous media as the result of aggregation or

sticking to mineral surfaces. By screening eight

nanoparticles (3–100 nm in diameter) for retention

when passed through calcium carbonate packed lab-

oratory columns in artificial oil field brine solutions of

variable ionic strength we show that the nanoparticles

with the least retention are 3 nm in diameter, nearly

uncharged, and decorated with highly hydrophilic

polymeric ligands. The details of these column

experiments and the tri-modal distribution of zeta

potential of the calcite sand particles in the brine used

in our tests suggests that parts of the calcite surface

have positive zeta potential and the retention of

negatively charged nanoparticles occurs at these sites.

Only neutral nanoparticles are immune to at least some

retention.

Keywords Nanoparticle tracers � Stickiness � Zeta

potential � Calcium carbonate � Porous media �
Contaminants � Environmental effects

Introduction

Nanoparticles with novel mechanical, optical, bio-

chemical, and catalytic properties have found special

applications in a host of areas, including drug delivery

(He et al. 2014), medical diagnosis (Bomati-Miguel

et al. 2014), coatings (Zeng et al. 2013), electronics

(Kang et al. 2014), energy (Wippermann et al. 2013),

and the environment (Qian et al. 2013). Their high

surface area provides an inherent mechanism for

surface recognition and targeting using tethered

molecules, as well as high carrying capacity per gram

for drug delivery. Their small size, chemical reactiv-

ity, energy absorption, and biological mobility are
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advantageous to medical diagnosis. Depending on

their surface coating they can be superhydrophobic

(Ling et al. 2009) or superhydrophilic (Liu and He

2008). They have been used to make smaller, faster,

and more capable hand-held electrical devices (Mi-

tragotri 2013), and recently they have been used to

make highly efficient battery electrodes (Lee et al.

2011). In subsurface flow applications, nanoparticles

have been shown able to remove contaminants and

toxic compounds from groundwater and produce clean

water with significantly less cost, time, and labor

(Savage and Diallo 2005). Nanoparticles have been

found able to move contaminants adsorbed to them

more quickly through the subsurface. Berlin et al.

reported that oxidized carbon black functionalized

with polyvinyl alcohol can carry a hydrophobic

compound through a variety of oil-field rock types

and release the compound where the rock contains

hydrocarbon (Berlin et al. 2011).

It has been long recognized that large molecules or

particles could in principle move significantly faster

through the subsurface than chemical tracers because

they do not diffuse into the surrounding rock from the

fractures or permeable zones where the flow is

occurring as chemical tracers would (Serres-Piole

et al. 2012). In one of the earliest field test by Cathles

et al. (1974) showed that a silica colloid tracer moved

through a fractured igneous rock over 10 times faster

than a simultaneously injected NaCl tracer. Becker

and Shapiro (2000) offer an excellent review of the

theoretical and experimental work that has been

enabled by this dual-tracer methodology, showing

that particles have not, to date, realized their tracer

potential, largely because they are usually strongly

retained as they pass through laboratory columns, rock

cores, and rock and sediment formations.

The retention of nanoparticles in porous media has

been found to depend on the size, shape, and surface

chemistry of the particles, the water chemistry (pH,

ionic strength, and valency of ions in solution) and

porous media properties (pore size, fracture, and

mineral chemistry; Frimmel et al. 2007). Colloidal

silica has been shown to deposit in a partially

reversible fashion on sand in a quartz sand media

(Saiers et al. 1994). Pristine and surfactant-coated

TiO2 nanoparticles both showed strong stickiness

when they were injected into quartz sand-packed

columns, although the surfactant coating enhances the

stability of the nanoparticles in solution (Godinez and

Darnault 2011). Brant et al. (2005) studied fullerene

nanoparticles in aqueous systems and showed that they

deposited on glass bead surfaces in a NaCl or NaOH

solutions. Alaskar et al. (2011) studied the transport

and mobility of fluorescent silica microspheres, silver

nanowires, silver nanoparticles, tin–bismuth alloy

nanoparticles, iron oxide Fe2O3 nanoparticles and

polyvinyl pyrrolidone-coated iron oxide nanoparticles

in porous and fractured media. These particles showed

different degrees of stickiness to rock materials

depending on the particle size and size distribution,

shape, and surface charge (Cheraghian et al. 2014;

Hamedi-Shokrlu and Babadagli 2014).

Some studies have identified particles that do not

stick (Karimi et al. 2012; Villamizar et al. 2013).

Rodriguez et al. (2009) showed that 20-nm silica

nanoparticles with a coating that screens electrostatic

attraction between the nanoparticle and the pore walls

stay individually dispersed in water and pass easily

through typical sedimentary rock pore throats. Agenet

et al. (2012) demonstrated more than 95 % particle

recovery in synthetic seawater coreflood experiments

of easily detectable fluorescent silica nanoparticles in

enhanced oil recovery. Yu et al. (2012) reported high

particle recoveries when 2 % NaCl solutions contain-

ing the particles were passed through sandstone and

dolomite cores, but found the particles were adsorbed

when passed through limestone cores.

This paper reports screening experiments we car-

ried out that identified small (\10 nm) and near zero

charge carbon nanoparticles that show very low

retention under extreme conditions. Subramanian

et al. (2013) demonstrated in laboratory carbonate

sand-packed column experiments that the best non-

sticking nanoparticles function as an inert chemical

tracer and when, referenced to a chemical tracer can

measure of flow short-circuiting. These same particles

showed 95 % recovery when passed through carbon-

ate cores dispersed in oil field brine at 130 �C, and

86 % recovery when injected into the 130 �C Ghawar

carbonate reservoir for several days and then retrieved

(Kanj 2013). The particles also show low retention in

low salinity laboratory experiments (Subramanian

et al. 2013). We describe a screening methodology

that efficiently evaluates the retention of all eight

different nanoparticles when passed through columns

containing crushed calcium carbonate sand. Retention

is evaluated by analyzing the effluent particle con-

centration and calculating the fraction of the injected
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particle mass that is retained in the column. Retention

is found to be correlated with the ionic strength of the

solution, particle size, and particle decoration. Slight

retention of all the charged particles, together with

other measurements, suggests the calcite sand parti-

cles have areas of positive as well as negative surface

charge, and therefore that charged particles although

mostly repelled, will always be attracted and retained

to some degree. The work suggests that, contrary to

some current common wisdom (Frimmel et al. 2007;

Saiers et al. 1994), but in accord with some other

recent studies as summarized above, small, slightly

hairy particles with close to zero charge provide a

robust platform for developing particle tracers with

least retention for subsurface flow diagnosis and

remediation.

Experimental section

Nanoparticle synthesis

Eight different nanoparticles were synthesized or

purchased for this study, including three carbon-

cored nanoparticles (CNPs) (Bourlinos et al. 2008;

Krysmann et al. 2012), two silica-cored nanopar-

ticles (SiNPs), two polymer (polystyrene, PSNP,

and polyacrylonitrile, PANNP) nanoparticles, and

one nanoparticle with a rare earth element core

(CeNP).

The CNPs were synthesized using the method

reported by Bourlinos et al. (2008) and Krysmann

et al. (2012). A one-step thermal decomposition of

citric acid (Sigma Aldrich) and polyetheramines

(Jeffamine� M-1000, Huntsman) or ethanolamine

(Sigma Aldrich) precursors was used to produce

fluorescent CNP-1 and CNP-2 (and CNP-3) nanopar-

ticles. The CNPs produced with the ethanolamine

precursor were of two sizes (3.2 and 35.5 nm).

The two SiNPs consisted of a green fluorescent

silica nanoparticle (SiNP-1) purchased from Corpus-

cular Inc. (Cold Spring, NY, USA), and rhodamine-

embedded silica nanoparticles (SiNP-2) synthesized

in-house using standard sol–gel chemistry. The green

SiNP-1 was received in a 2.5 % (by weight) aqueous

solution. The particle size was 98 nm, as the manu-

facturer reported. SiNP-1 suspensions were prepared

by diluting the stock suspension with deionized water

from a Milli-Q system (Millipore) system to 0.01 %

(by weight) of nanoparticle tracer just prior to running

the screening experiments. SiNP-2 was synthesized by

coating silica seeds with dansyl chloride (Sigma

Aldrich). Polyethylene glycol (PEG, Sigma Aldrich)

was then grafted to the silica core to produce a PEG

shell. The dansyl chloride made the SiNP-2 nanopar-

ticles fluorescent.

The two polymer nanoparticles included polysty-

rene latex nanoparticles (PSNP) and polyacylonitrile

nanoparticles (PANNP). A 2 % (by weight) fluores-

cent polystyrene latex nanoparticle (Invitrogen�) was

purchased from Life Technologies (Grand Island, NY,

USA). The particle size was 100 nm, as the manufac-

ture reported. It was also diluted just prior to the

screening experiments. Acrylonitrile (Sigma Aldrich)

and Divinylpyrene (Sigma Aldrich) were used as

precursors to synthesize polyacrylonitrile nanoparti-

cles (PANNP). The vinylpryrene was incorporated in

the polyacylonitrile matrix to provide fluorescent

properties. Cerium fluoride (CF3) nanoparticles were

synthesized by adding a sodium fluoride (Sigma

Aldrich) solution into a cerium chloride and terbium

chloride solution. The synthesis for eight nanoparti-

cles is illustrated in Fig. 1. Details of the synthesis

methods of the nanoparticles made in our laboratory

are discussed and given in Text S1 (Supplemental

Material).

Nanoparticle fluorescence

The nanoparticle concentrations were determined by

fluorescence spectrometry using a Molecular Devices

SpectraMax M2e. The injection concentrations were

60 ppm for the PANNP and 100 ppm for the other

seven particles. Fluorescent excitation was at 360 nm

for the CNP-1, CNP-2, CNP-3, and SiNP-2, at 515 nm

for the SiNP-1, at 490 nm for the PSNP, and at 250 nm

for the PANNP and CeNP. The fluorescent spectra of

the eight NPs are shown in Fig. S1 (Supplementary

Material). All three carbon-cored NPs (CNP 1–3) can

be excited at 360 nm and show an emission peak at

around 460 nm; however, the intensity of the emission

peak is different. The ethanolamine nanoparticles

CNP-2 and CNP-3 exhibit strong fluorescence even at

100 ppm (Bourlinos et al. 2008). The CNPs consist of

a carbon core coated with amide fluorophores. The

intense fluorescence is mainly due to the amide

fluorophores although there is some fluorescence from

the carbon core itself (Krysmann et al. 2012). CeNPs
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exhibit an intense Tb peak at 545 nm and two small

peaks at 585 and 620 nm (van Krevel et al. 2002). The

other particles (SiNP-1, SiNP-2, PSNP, PANNP) show

emission around 500 nm, except for PANNP that

shows emission at 320 nm.

For all the NPs, the peak emission intensity is a

linear function of nanoparticle concentration at con-

centrations \100 ppm. The peak emission is used to

produce a calibration curve of nanoparticle concen-

tration versus fluorescence intensity.

Calcium carbonate sand

The calcium carbonate sand used in the study was

obtained from Specialty Mineral Inc., Lucerne Valley,

CA, USA. The properties of calcium carbonate sands

are shown in Fig. S2 (Supplementary Material).

Particle size and zeta potential

Particle size and zeta potential for NPs and calcium

carbonate sands in aqueous solutions were measured

with a Zetasizer Nano system (Malvern instrument

Ltd.). The measurement is based on light scattering

theory, and the zeta potential is deduced from the

electrophoretic mobility of the particles measured by

laser velocimetry.

Synthetic brine

The stickiness of NPs was investigated in pure water

and brine. The brine composition was chosen to

correspond roughly to oil field production water

(Lindlof and Stoffer 1983). Three salts including

NaCl, CaCl2, and MgCl2 were dissolved with concen-

trations of 128.9 g/L for NaCl, 109.2 g/L for CaCl2,

and 35.7 g/L for MgCl2, respectively.

Screening column design

The screening column was home-built using a design

described previously (Kanel et al. 2007; Jaisi et al.

2008; Godinez and Darnault 2011). The screening

experiments were conducted by passing nanoparticles

Fig. 1 Synthesis scheme

for the eight nanoparticles

screened for transport

through columns filled with

crashed carbonate sands.

The nanoparticles include

organic (PSNP, PAVNP,

CeNP), inorganic (SiNP-1),

and organic–inorganic

hybrid (CNPs, SiNP-2)

particles
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and KBr solutions through a transparent polycarbonate

column filled with calcium carbonate sands (see Fig.

S3, Supplementary Material). The design of the

column is described in Text S2 (Supplementary

Material).

Fluid analysis

The concentration of nanoparticles in effluent samples

was determined with a SpectraMax M2e spectrofluo-

rometer (Molecular Devices, Inc., Sunnyvale, CA,

USA). Before assessing effluent samples, a series of

nanoparticle suspensions with known concentrations

were prepared and a calibration curve relating fluo-

rescent intensity to nanoparticle concentration was

established. The fluorescence calibration curves were

used to determine the concentration of nanoparticles in

the effluent from each test. The chemical tracer used in

the experiments as a reference was KBr (reagent grade

purchased from ACROS). The concentration of KBr in

effluent samples was determined with an Ion Selective

Electrode connected to a pH/mV/Temp microproces-

sor handheld meter (6230N, Jenco Instruments). Prior

to measuring the effluent concentration of KBr in each

Table 1 Particles size and zeta potential of eight NPs measured by Zetasizer

Particle Size (nm) Zeta potential (mV) pH

In DI water In brine In DI water In brine In DI water In brine

CNP-1 3.2 ± 1.0 3.1 ± 0.8 -2.5 ± 1.0 -2.0 ± 3.1 7.32 6.30

CNP-2 3.5 ± 2.1 3.3 ± 2.1 -1.5 ± 2.0 -0.88 ± 3.4 7.35 6.34

CNP-3 35.5 ± 10.3 35.2 ± 8.9 -3.0 ± 8.4 -4.4 ± 2.9 7.46 6.20

SiNP-1 68.1 ± 25.3 Precipitated -35.5 ± 12.8 Precipitated 7.65 6.59

SiNP-2 21.5 ± 5.7 100.1 ± 23.7 -12.5 ± 4.5 -8.6 ± 5.5 7.82 6.50

PSNP 80.9 ± 15.4 Precipitated -45.4 ± 12.3 Precipitated 7.39 6.20

PANNP 34.6 ± 6.7 120.3 ± 6.7 -24.9 ± 11.8 -15.7 ± 10.4 8.89 6.95

CeNP 32 ± 10 Precipitated 25.0 ± 15.0 Precipitated – –

Table 2 Zeta potential of calcium carbonate sand by Zetasizer

Solution Zeta

potential

(mV)

pH

In DI water -14.5 ± 5.2 8.44

In brine solution (2.21 M NaCl, 0.74 M

CaCl2, 0.18 M MgCl2)

-0.5 ± 4.7 6.03

In 2.21 M NaCl solution -10.7 ± 4.1 7.54

In 0.74 M CaCl2 solution 5.2 ± 6.8 6.72

In 0.18 M MgCl2 solution 9.6 ± 2.1 8.82

Fig. 2 Zeta potential distributions of calcium carbonate dis-

persed in a DI water and b in the synthetic mixed (2.21 M NaCl,

0.74 M CaCl2, 0.18 M MgCl2) oil field brine used in our

experiments. a The zeta potential of calcium carbonate sand is

negative (-14.5 mV) in DI water and the distribution is mono-

modal. b For the mixed brine composition the zeta potential is

close to zero (-0.5 ± 11.4 mV) but has a large spread and is tri-

modal
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experiment, KBr solutions with known concentrations

were prepared and a calibration curve of KBr

concentration as a function of electrode offset voltage

determined. The KBr concentration injected in all the

experiments was 500 ppm. The protocol of our fluid

analysis is given in Text S3 (Supplementary Material).

SEM observations

Scanning electron microscopy (LEO 1550 FESEM)

was used to examine particle residues on the calcium

carbonate sand after completion of the column tests.

After flushing was terminated, samples of calcium

carbonate sand were taken out of the columns at the

inlet end, dried, and examined for nanoparticle

residues.

Results and discussion

Particle size and zeta potential

The sizes of all the NPs in DI water and in brine

measured with the Zetasizer are shown in Table 1. In

DI water all are smaller than 100 nm, which is

important because particles larger than 100 nm may

not remain mobile in natural porous media (Kanj

2013). Nanoparticles \100 nm avoid direct plugging

and bridging in the micro pore network systems

commonly encountered in the subsurface, according to

the size exclusion principle. However, except for

carbon-cored nanoparticles (CNP-1, CNP-2, and

CNP-3), salinity has great impact on the particle size.

When SiNP-2 and PANNP particles are dispersed in

brine, the particles aggregate to form clusters whose

size is about 5 times larger than the size measured in

DI water. The other three particles (SiNP-1, PSNP,

and CeNP) also aggregate significantly, and the

precipitation can even be seen in the solution.

Even if they do not aggregate, the smaller nano-

particles can still interact with other particles or stick

to mineral surfaces. If the particles are charged,

electrostatic interactions are an important factor

controlling particle interactions with mineral surfaces.

The zeta potential (the electric potential at a distance

from the particle at which water moves past the

particle, called the slipping plane) is the most practical

way to measure particle charge. Table 1 shows the

zeta potentials for the eight particles in DI water and in

brine. In DI water, only the CeNP particles are

positively charged; the rest are negatively charged.

The absolute values of negative zeta potential of CNP-

1 and CNP-2 particles are closer to zero than the other

five negatively charged nanoparticles, suggesting that

CNP-1 and CNP-2 are nearly neutral, and that

electrostatic force on these particles will be small.

When the particles are suspended in brine (2.21 M

NaCl, 0.74 M CaCl2, 0.18 M MgCl2), the zeta poten-

tials of the carbon-cored nanoparticles are not changed

significantly. However, zeta potentials of the SiNP-2

and PANNP particles become less negative.

The zeta potential of calcium carbonate sand in

various solutions is shown in Table 2. The zeta

potential of calcium carbonate sand is negative

(-14.5 mV) in DI water and the distribution is

mono-modal, as shown in Fig. 2a. In non-dilute

solutions, the calcite zeta potential depends strongly

on brine composition. Table 2 shows that in pure NaCl

brine the zeta potential of calcium carbonate particles

is -10.7 ± 4.1 mV, whereas in pure CaCl2 and

MgCl2 brines the zeta potential is 5.2 ± 6.8 and

9.6 ± 2.1 mV, respectively. For the mixed brine

composition that simulates oil field brines that we

use in our experiments (see composition above) the

zeta potential is close to zero (-0.5 ± 11.4 mV) but

has a large spread and is tri-modal as shown in Fig. 2b.

The primary peak is at 1.0 mV and has a spread

of ± 5.3 mV, but there are two secondary peaks at

18.7 ± 6.3 mV and at -22.2 ± 3.3 mV. The second-

ary peaks suggest that although most of the calcite

particles have zeta potentials near zero, some of the

particles may have positive and some negative zeta

potentials. We have been unable to determine the zeta

potential distributions for the pure brine solutions. The

Zetasizer reports only the peak and its spread and does

not give the distribution plot. But this interpretation of

a zeta potential distribution is compatible with the

particle retention experiments described in the next

sections.

cFig. 3 The ratio of collected to injected NPs (blue) and KBr

(red) concentration as a function of injection pore volume when

the particles were dispersed in DI water. No significant particle

retention was found for CNP-2 (b), CNP-3 (c), SiNP-1 (d),

SiNP-2 (e), and PANNP (g), as indicated by the overlap of the

nanoparticles and KBr tracer arrival curves. Two nanoparticles,

CNP-1 (a) and PSNP (f), stick only very slightly (11.5 % and

15.2 %, respectively retention). One particle was very sticky.

The CeNP (h), particle showed 99 % retention. (Color figure

online)
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Nanoparticle transport in deionized water

Figure 3a shows the effluent concentration of CNP-1

and KBr dissolved in distilled water solution as a

function of the number of pore volumes of fluid

injected through the column. Tracer breakthrough

starts at 0.9 PV. While the Br tracer concentration

rapidly rises to C/C0 = 1, the rise in CNP-1 concen-

tration slows down after C/C0 * 95 % and the

plateau is not flat. We interpret the differences

between the tracer curves for CNP-1 and KBr to

indicate partial sticking or attachment of the CNP-1 on

the calcium carbonate sand surface. The attachment of

CNP-1 is strong enough that the attached CNP-1

particles are not washed off after 3.5 PV of water

flushing.

Figure 3b, c, d, g show the concentration history of

CNP-2, CNP-3, SiNP-1, and PANNP. The arrival

curves of these four NPs are quite similar to the KBr

tracer injected with them, indicating very little reten-

tion of these four NPs in the column. The CNP-2,

CNP-3, SiNP-1, and PANNP particles are not sticking

to the water-wet calcium carbonate sand, and are not

retained in the column in any other fashion.

Figure 3e shows the breakthrough of SiNP-2 is 0.1

PV later than that of simultaneously injected KBr

tracers. There is a similar delay in the termination of

the nanoparticle compared to the KBr tracer. The

delay in the particle arrival indicates that a small

portion of SiNP-2 is captured in the porous media at

the beginning of injection. The delay in the arrival of

particle-free flushing water indicates that the particles

are not trapped permanently because they are recov-

ered by the later flushing. It is unlikely that the

particles are temporarily sequestered in dead end pores

because there is no delay for the SiNP-1 particle (or the

CNP or PANNP particles). The SiNP-1 and SiNP-2 are

both silica-cored particles, but there are flexible

polymeric chains (polyethylene glycol) grafted to the

SiNP-2 cores whereas the SiNP-1 particles are bare

SiO2. The polymeric chains, therefore, appear to be

responsible for the slight sticking of the SiNP-2

particle to the calcium carbonate sand surface of the

porous media.

Figure 3f shows the effluent concentration history

of the polystyrene nanoparticles. The breakthrough of

PSNPs starts at around 1 PV, as does the KBr tracer,

but the arrival of the PSNPs concentration is substan-

tially delayed compared to the KBr and does not reach

the injected concentration. The maximum concentra-

tion of PSNPs is only 92 %. Only a small fraction of

the retained particles are flushed out. This suggests

that some of PSNPs are attaching to the calcium

carbonate sand surface and are not washed off after 2

PV of water flushing.

It is apparent from Fig. 3 that distinctly different

concentration histories and styles of retention are

exhibited by the various nanoparticle tracers. The

functionalized silica nanoparticles (SiNP-2 in Fig. 3e)

stick only slightly and are easily flushed. The Jeffe-

mine-functionalized carbon nanoparticles (CNP-1 in

Fig. 3a) are increasingly retained with continued

injection (e.g., downward slope to their maximum

effluent concentration) as if the particles are becoming

increasingly tangled. By contrast the polystyrene

nanoparticles (PSNP in Fig. 3f) are decreasingly

retained with continued injection as if the available

sites for retention are becoming increasingly occupied.

The concentration history of CeNP particles is

shown in Fig. 3h. The effluent concentration is close

to zero during the entire injection and flushing

histories (5 PV in total). The CeNP particles, therefore,

appear to stick completely to the calcium carbonate

sand surface and the attachment is strong. This is

anticipated from the positive zeta potential of these

particles and the negative zeta potential of the calcium

carbonate sand surface. There should be a strong

electrostatic attraction between the particles and the

calcium carbonate sand and this should result in strong

and irreversible adhesion.

Nanoparticle transport in brine solutions

When the NPs are suspended in brine solutions, their

transport behaviors are different from when they are

suspended in distilled water. The high concentrations

of ions (Na?, Ca2?, Mg2?, and Cl-) have a significant

impact on the NPs transport behavior. Figure 4 shows

the effluent concentration histories of NPs dispersed in

cFig. 4 The ratio of collected to injected NPs concentration as a

function of injection pore volume when the particles were

dispersed in brine. No KBr tracer was injected because the

presence of ions (Na?, Ca2?, Mg2?, and Cl-) interfere with the

measurement of Br- concentration. High particle recovery

(more than 99 %) was only found in CNP-2 (b). Three particles

including SiNP-1 (d), SiNP-2 (f), and CeNP (h) were very

sticking and were retained significantly in brine saturated

column. Other particles were retained in the column to different

degree: CNP-1 (a), CNP-3 (c), SiNP-1 (d), and PANNP (g)
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brine and passed through the calcium carbonate sand-

packed column. No KBr tracer was injected at the

same time because the presence of ions (Na?, Ca2?,

Mg2?, and Cl-) interfered the measurement of Br-

concentration. The two commercial SiNP-1 and PSNP

particles exhibit very poor stability in brine solutions

(Fig. 4d, f). These particles are completely, or nearly

completely, retained in the column. The yellow color

in the insert pictures in Fig. 4d, f show the SiNP-1 and

PSNPs are attached to the calcium carbonate sand,

especially near the inlet (top part of tube in the

picture). This is not surprising because the particles

precipitated when simply dissolved in brine as noted in

Table 1. The CeNPs are also not mobile in the brine as

shown in Fig. 4h and as noted in Table 1.

Figure 4a, c, e, g show that most of CNP-1, CNP-3,

SiNP-2, and PANNP NPs are mobile enough to be

recovered in the column effluent. The maximum

concentrations in effluents for these four NPs are

approximately in the range of 74–87 %. The non-

stickiness of the ethanolamine functionalized carbon-

cored nanoparticles is striking in contrast to the others.

Figure 4b shows that the concentration history of

CNP-2 closely follows that of the KBr tracer, indicat-

ing that there is little retention of these particles even

when they are injected in brine.

The SEM images of CNP-3 and PSNP particles

retained on the calcium carbonate sand surface after

the brine experiments are shown in Fig. 5. The inset in

Fig. 5b illustrates PSNP clusters of aggregated parti-

cles, which is not the case for CNP-3 in Fig. 5a. The

CNP-3 (35.5 ± 10.3 nm in diameter) is smaller than

PSNP (80.9 ± 15.4 nm in diameter). This size depen-

dence of particle aggregation was also reported

previously for silver nanoparticles in electroless

fabrication process (Gentile et al. 2012). They

explained that larger particles were more discontinu-

ous than smaller. The retention of all the larger

particles is visually confirmed by the SEM images that

show particles adhering to the calcite surface (see

Figure S4, supplementary material). The SEM images

are discussed in Text S4 (Supplementary Material).

The CNP-1 and CNP-2 particles are too small to be

seen by the SEM and so we cannot confirm the slight

retention of the CNP-1 particles or the lack of retention

of the CNP-2 particles from SEM observations.

Nanoparticle stickiness

The concentration histories of KBr in all the effluents

in Fig. 3 are similar. The ions of Br exhibit Brownian

motion in a wet and homogeneous porous media. They

diffuse completely in the pores and fully fill the simple

geometric pore space in the column. The symmetric

shape of the concentration history curve of KBr as

shown in Fig. 3 confirms the diffusion behavior of the

ion. The CNP-2, CNP-3, SiNP-1, and PANNP parti-

cles exhibit very similar behavior to the Br- in the

same calcium carbonate sand-packed column, sug-

gesting they show neither stickiness to the calcium

carbonate sand nor sequestration in the column.

However, the CNP-1, PSNP, SiNP-2, and CeNP

particles exhibit different behaviors. The CNP-1 and

PSNP particles are partially sticky, and almost 100 %

of CeNP particles are retained in the column. These

sticky particles are not removed by flushing. On the

other hand, the breakthrough of the SiNP-2 particles is

slightly delayed, compared with the Br ions, but later

the particles are completely retrieved.

Figure 6 shows how the fraction of nanoparticles

recovered from the column (obtained by integrating

the area under the effluent curves in Figs. 3 and 4, and

Fig. 5 SEM images of

CNP-3 (a) and PSNP

(b) residues on calcium

carbonate sand surfaces

after brine-wet column tests.

The insets show high-

resolution images of a

portion of the surface. The

particle retention was

significant for both CNP-3

and PSNP
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dividing by total volume of nanoparticles injected) is

related to size and zeta potential of the nanoparticles.

In distilled water (Fig. 6a), the particles all exhibit

high recovery ([80 %), except for the positively

charged CeNPs, There is little difference in the total

recovery for NPs with negative zeta potential. The

simple explanation is that the negative charge of the

nanoparticles keeps them in solution and away from

the negatively charged calcium carbonate sand surface

(see Table 2). The CeNP particles are retained because

their positive charge attracts them to the surfaces of

the calcium carbonate sand.

In brine solution the interactions between the

nanoparticles and the calcium carbonate sand becomes

more complex and the particles show different

behaviors. Figure 6b shows a more varied recovery

of the eight particles. Complete non-stickiness with

calcium carbonate sand is found only for the CNP-2

particles. The other seven particles exhibit different

degrees of stickiness to calcium carbonate sand

surfaces.

Comparing the CNP-1, 2, and 3 particles, we see

that smaller nanoparticles with near zero charge

exhibit the highest recovery. In strong contrast to the

zero recovery of SiNP-1, the SiNP-2 particles show

72 % recovery. The polymeric hairs (PEG) attached to

the SiNP-2 particles, that were a slight detriment to

stability at low salinity, dramatically improve the

stability of this particle in brine solution. Enhance-

ment of particle stability by grafting polymer mole-

cules (called steric stabilization) has been reported by

others (Berlin et al. 2011; Alaskar et al. 2011;

Rodriguez et al. 2009; Baez et al. 2012).

The influence of solution salinity on particle

retention is shown dramatically by the difference in

the tracer curves in Figs. 3 and 4 and by the drop in

retention in the brine solution shown in Fig. 6. In DI

water, all the particles except the positively charged

CeNP show low retention, but in brine the larger

particles are completely retained, and the smaller

particles, except for the CNP-2, show substantial

retention. The large particles aggregate and precipitate

from solution so rapidly that their size and zeta

potential cannot be measured (see Table 1). The

smaller SiNP-2 and PANNP particles aggregate in

brine to form clusters five times larger than the

particles measured in DI water (see Table 1). The

clusters are still dispersible but have less negative zeta

potentials than in DI water. That the zeta potential of

the calcium carbonate sand becomes increasingly

Fig. 6 3D-countour plots of particle recovery as a function of

particle size (shown by the size of the circle) and zeta potential

(blue negative, red positive) a in aqueous solution and b in brine

solution. Most of nanoparticles screened in the experiments

exhibit high particle recovery when dispersed in DI water, but

low recovery when dispersed in brine. Only the CNP-2 particle

shows little stickiness to the calcite surface in both DI water and

brine conditions. (Color figure online)
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positive as the ionic strength of the brine increases

agrees with the results of John (1973) and Lim et al.

(2005), who measured and simulated the effective

charge on a particle surface as a function of ionic

strength and concluded that the effective charge

decreases with increasing ionic strength. Decreasing

charge should reduce electrostatic repulsion and

particle stability (Menon and Zydney 1999), and so

it is not surprising that these particles should aggregate

and show more retention when passed through the

column in brine solutions.

But in addition to the general decrease in zeta

potential with increasing ionic strength, the zeta

potential of calcium carbonate sand, which was

mono-modal at -14.5 ± 5.2 mV in DI water, develops

a tri-modal distribution in brine. The zeta potential

distribution is such that most of the calcite particle sin

the packed column have near zero zeta potential, but

some have very negative (-22.2 ± 6.3 mV) and some

very positive (18.7 ± 3.3 mV) zeta potentials. This

distribution could explain why nanoparticles with

negative zeta potential (such as PANNP, CNP-3,

SiNP-1 and CNP-1) show slight retention in brine

solutions. They are attracted to the calcite sand

particles, or portions of them, that have positive charge.

That the zeta potential can be positive or negative

depending on the proportion of the active ions (Na?,

Cl-, Ca2?, Mg2?), as we show in Table 2, has been

reported previously by Douglas and Walker (1950),

Smallwood (1977), and Hirasaki and Zhang (2004).

Hirasaki and Zhang (2004) found that the zeta potential

of calcium carbonate sand in a NaCl–Na2CO3–

NaHCO3 brine was close to zero (-0.1 mV at pH 9).

Particle charge is clearly important, but charge is

not the whole story because the CNP-1, 2, and 3

nanoparticles are all similarly charged but the CNP-2

particle shows significantly less retention. Small

particles may stick less than larger particles. The

small CNP-2 particles (3 ± 2 nm) are retained less in

the brine experiments (96 % recovery) than the larger

CNP-3 (35 ± 10 nm) particles that showed 75 %

recovery. Lecoanet et al. (2004) compared the mobil-

ity of small silica nanoparticles (57 nm in diameter)

and large silica nanoparticles (135 nm in diameter)

that were injected in glass bead packed column. Small

silica particles (maximum effluent C/C0 = 97 %)

exhibited a higher mobility than the large particles

(C/C0 = 68 %).

Surface functionalization seems also to be impor-

tant. The size of CNP-1 and CNP-2 is similar, but the

surface functionality is different. The CNP-2 particles

show the least retention and they are decorated or

functionalized with highly hydrophilic polymer hairs

derived from ethanolamine (Krysmann et al. 2012).

The CNP-1 particles are functionalized with Jeff-

amine, which is slightly less hydrophilic than the

ethanolamine due to its longer carbon chain. Rodri-

guez et al. (2009) noted that aqueous suspension of

silica nanoparticles coated with polyethylene glycol

(5–20 nm in diameter) injected into sedimentary rocks

showed higher mobility and recovery than the bare

silica nanoparticles. Kanel et al. (2007) found iron

nanoparticles modified with non-ionic surfactant

(polyoxyethylene sorbitan monolaurate) fully dis-

persed in aqueous solution and were completely

recovered after being injected in a sand-packed

column. Surface modifications that increase the

hydrophilicity of the particles thus appear to reduce

particle retention in porous media. The reduced

retention could be because the polymer decoration

keeps the particles far enough from the calcite surface

that Van der Waals forces are not significant, or

because the hydration forces that arise as water

molecules are pulled into the gap between the particles

and the surface keep the particles separated from the

surface.

There are implications of what we report here that

we will follow up in subsequent papers. Table 2 shows

that the surface charge of calcium carbonate in brine

solutions depends on the brine composition. Specifi-

cally, the zeta potential can be positive or negative

depending on the proportion of the active ions (Na?,

Cl-, Ca2?, Mg2?). We propose that the wide range of

zeta potentials for calcium carbonate measured in the

mixed composition brine that we used in the exper-

iments reported here suggests that some of the

particles (or portions of the particles) had positive

and some had negative zeta potential. Thus parts of the

surface could attract and bind negatively charged

nanoparticles whereas other parts would not. Under

these circumstances, only zero charge particle could

be immune to adsorption to all parts of the surface.

Since the zeta potential of calcite in DI water is mono-

modal and strongly negative, an implication of the

mixed charge hypothesis is that particles retained in a

brine experiment will be released if the column is
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flooded with DI water. We have found this in fact to be

the case, and this will be presented and discussed fully

in a second paper that is now in the advanced stages of

preparation.

Conclusions

We measured the retention of carbon-cored, silica,

polymer, and rare earth element nanoparticles passed

through columns packed with calcium carbonate sand

in dilute and brine solutions. In aqueous solution, five

of the particles exhibited more than 95 % total

recovery, but only the carbon-cored and polymer-

decorated CNP-2 particles with near zero zeta

potential showed more than 95 % total recovery in

the high salinity solution. Solution salinity promotes

particle aggregation for the SiNP-2 and PANNP

particles and precipitation of the SiNP-1, PSNP, and

CeNP particles. The SiNP-1, PSNP, and CeNP

particles are completely retained in the calcium

carbonate sand-packed column when passed through

in brine solutions.

Retention of the SiNP-2 and PANNP particles in

brine solution probably result from the electrostatic

attraction between the negative zeta potential of

particle clusters and parts of the calcium carbonate

sand surface with positive zeta potential. The zeta

potential of most of the calcite surface is near zero in

the mixed composition brine (2.21 M NaCl, 0.74 M

CaCl2, 0.18 M MgCl2) that approximates oil field

brine in our experiments, but parts of the calcite

surface have positive zeta potentials to which nega-

tively charged particles are attracted. The particles

that show the least retention have a near zero zeta

potential, and are small and protected from close

contact with the carbonate surface by virtue of their

being decorated with highly hydrophilic polymer

hairs. A similar size particle with less hydrophilic

decoration shows more retention, suggesting hydra-

tion forces may provide additional protection from

sticking (e.g., in addition to steric forces provided by

the polymer hairs). A smaller particle is less retained

than a larger one with identical decoration. The

experimental results reported here thus suggest that

most non-interacting nanoparticles, and the best

candidates for tracer nanoparticles, may be small

particles with zero charge and a highly hydrophilic

polymer decoration.
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