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NANOFLUIDS FOR DISPLACEMENT  
OF ENTRAINED CONTAMINANTS FROM RESTRICTED GEOMETRIES 

 
 

1. INTRODUCTION 
 
1.1 Motivation 
 

Much of the research on decontamination of materials exposed to chemical 
warfare agents (CWAs) has focused on the ideal case of a flat, horizontally oriented material 
surface. However, real military assets have complex features with small gaps resulting from 
mated surfaces, discontinuities, and screw threads, for example, as shown in Figure 1. When 
liquid-phase CWA wets a material of interest, capillary forces can pull the CWA into these 
small gaps. Once the CWA is stabilized in such a capillary feature, it is difficult to remove; 
interaction with a decontaminant is limited by the exposed surface area, which can be 
extremely small. Figure 1 shows a schematic of liquid agent entrained in a simple capillary 
feature and illustrates how the capillary force and available interaction area scale with the 
capillary size. Both capillary and viscous forces become greater as the size of the capillary 
decreases and the liquid becomes more difficult to remove. Similarly, the available 
interaction area decreases, which diminishes the rates of agent evaporation, dissolution, and 
reaction taking place at the capillary entrance.  
 
 

 
Figure 1. (a) Military asset with (b) magnified view of example capillary feature formed 

by mating of a screw with a surface and (c) depiction of how capillary pressure and 
interaction scales with capillary size. Red indicates contaminant; blue indicates 

decontaminant. H, height. 
 
 
 This transport limitation severely diminishes the effectiveness of typical 
decontamination treatments. In recent work, the vapor emissions of a CWA simulant from 
various sizes of capillary features were examined, with and without a standard rinse 
treatment.1 It was found that the vapor emission from capillaries below a certain size 
threshold (~100 µm) was unaffected by the rinse process. Currently, work is ongoing to 
quantify the hazard from capillary-entrained agent relative to other sources on military assets 
(e.g., liquid on surface or absorbed in polymer-based paint coatings) and the effectiveness of 
different decontamination treatments (e.g., reactive slurry and hot air flow). Results indicate 
that capillary-entrained CWA can account for a significant fraction of total residual CWA 
after a decontamination treatment, and that various decontamination treatments are 
ineffective for smaller capillaries. 
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 One strategy for overcoming the transport limitations imposed by the 
capillary-entrained agent is to remove the agent from the capillary so that the decontaminant 
can optimally contact the agent. Finding effective techniques for removing CWA from a 
capillary feature is potentially a difficult problem requiring a significant research investment. 
Fortunately, a significant body of research exists that can be leveraged in the field of 
enhanced oil recovery (EOR), where the goal is to displace and recover oil trapped in 
underground rock pores, where it is stabilized by strong capillary and viscous forces. The 
similarity in physics between capillary-entrained CWA and EOR motivates the application of 
techniques developed for EOR to CWA decontamination, which is the focus of this work. 
 
1.2 Nanofluids for EOR 
 

After the primary (drilling and pumping) and secondary (water flooding) oil 
recovery processes are complete, up to 50% of the original oil in place remains trapped in the 
underground rock formations and held by strong capillary and viscous forces.2 Development 
of effective EOR methods to recover this elusive oil is an active area of research, and no 
method has clearly emerged as the best. The use of a high-temperature fluid such as steam to 
lower the oil viscosity and surface tension3 or high-pressure gas injection to push the oil from 
the pores4 represent energy-intensive processes that are impractical for CWA 
decontamination. Of interest for decontaminant development are the less-energy-intensive 
chemical EOR (cEOR) methods, in which various additives such as polymers,5,6 
surfactants,7,8 and nanoparticles are used in aqueous solution to alter the oil–water interfacial 
tension or the wetting characteristics of the rock surface.  
 

Much of the recent research on cEOR has focused on nanofluids, in which 
surface-interface active nano-sized solid inclusions are used to enhance the effectiveness of 
oil displacement. There are myriad possible nanofluid formulations using 0D nanoparticles 
(in which no dimension is greater than 100 nm), 1D nanorods or tubes, and 2D nanosheets 
with various surface functionalities or charges.9,10 Silica nanoparticles are among the most 
popular platforms for formulation of nanofluids because of their commercial availability and 
ease of surface modification. For example, tuning the surface charge of silica nanoparticles 
can change a calcite surface from oil-wet to water-wet and accelerate the the dewetting rate 
of hexane.11  
 

Several studies incorporating the use of 2D nanosheets have also been 
reported. These offer advantages such as improved surface coverage and protocols for 
modifying each side of the sheet with different chemical functionalities. In one example, 
Janus graphene oxide (GO)-based nanosheets are functionalized with a polar group on one 
side and a nonpolar group on the opposite side, such that the sheets aggregate at the oil–water 
interface and interfacial tension is reduced.12 Another GO-based nanosheet was demonstrated 
to alter the wettability of glass and induce a climbing film.13 
 
1.3 Focus of This Work 

 
The financial incentive associated with successful EOR operations has 

provided motivation for a large body of research in this area, including nanofluids. 
Leveraging this knowledge for decontamination technology development aimed at 
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addressing capillary features could save time and resources on the development effort. This 
work specifically examines the effectiveness of two types of nanofluid formulations for 
decontamination: (1) a reactive sodium-based nanofluid and (2) polyethylene glycol  
(PEG)–silica-based aqueous nanofluids. 
 

The sodium nanofluid developed at the University of Houston (Houston, TX) 
is made using a two-step process that involves injection of water followed by addition of a 
suspension of sodium nanoparticles in silicone oil. Reaction of the sodium nanoparticles 
occurs at the silicone oil–water interface and is mediated by the immiscibility of the two 
phases, which controls the rate of reaction, as shown in Figure 2. The reaction produces heat, 
hydrogen gas, and sodium hydroxide, all of which contribute to oil displacement in EOR. 
Specifically, heat generation lowers the oil viscosity and the oil–water interfacial tension. 
Sodium hydroxide can also lower interfacial tension and promote oil emulsification, and the 
growth of hydrogen bubbles induces a pressure that can push against trapped oil.14 
Experiments on heavy oil sands demonstrated that the sodium nanofluid improved the oil 
recovery over a control case by approximately a factor of six.15 For contaminants in capillary 
features, it was hypothesized that the generation and growth of gas bubbles may provide 
sufficient pressure to push the contaminant from the capillary. 
 
 

 
Figure 2. Sodium nanofluid mechanisms of action showing hydrogen gas bubble formation at 

the silicone oil–water interface due to reaction of the sodium nanoparticles. 
 
 

Researchers at the Illinois Institute of Technology (Chicago, IL) have 
published a series of papers spanning over a decade on the development of a nanofluid that 
promotes dewetting from solid surfaces. The mechanism of action relies on layering of 
nanoparticles or polymer coils in an aqueous wedge film between the liquid being removed 
and the solid surface, as shown in Figure 3. This layering increases the structural component 
of the disjoining pressure16 in the wedge film and accelerates the dewetting process relative 
to a pure fluid.17,18 Key to this mechanism is a sufficiently low water–oil–solid contact angle 
for wedge film formation and the ability of the particles or polymer coils to form layered 
structures, which often requires the use of an appropriate surfactant.19 Zhang et al.20 clearly 
laid out additional nanofluid design criteria, namely, that (1) nanoparticles should be small 
and monodisperse, so that they can form layers inside the wedge film; and (2) the osmotic 
pressure of the nanofluid should be high, requiring a high concentration of nanoparticles 
(i.e., >10 vol%). This class of nanofluid has been investigated for cleaning surfaces 
(i.e., detergency),21 reducing friction in displacement of a fluid from a capillary,22 and 
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recovery of crude oil from sandstone.20 It is anticipated that, with the appropriate tuning of 
the nanofluid formulation, the dewetting mechanism would function similarly for CWAs and 
CWA simulants trapped in capillary features. 
 
 

 
Figure 3. Mechanism of action of nanofluids, based on increasing structural disjoining 

pressure. Layering of the nanoparticles in the wedge film region occurs as a contaminant 
dewets from a capillary wall. 

 
 
2. MATERIALS AND METHODS 
 
2.1 Materials 
 

Of primary interest for this work are the traditional agents sulfur mustard 
(HD) and O-ethyl-S-(2-diisopropylaminoethyl) methyl phosphonothiolate (VX). Simulants 
for these CWAs were also identified to enable visualization experiments outside of 
engineering controls. Specifically, 1-chlorooctane (product no. 125156; Sigma-Aldrich; 
St. Louis, MO) and 1,8-dichlorooctane (product no. 361283; Sigma-Aldrich) were identified 
as simulants for HD, and silicone oil (product no. 378321; Sigma-Aldrich) was selected as a 
simulant for VX. Table 1 summarizes the CWAs and simulants along with the critical 
properties surface tension and viscosity. Dyes were used to aid with the visualization of the 
simulants. Specifically, Fluorosol Red 7348 (Koch Color; Bennett, CO) was used to dye 
1-chlorooctane, Fluorosol GR 7200 (Koch Color) was used to dye 1,8-dichlorooctane, and 
BODIPY 505/515 (Thermo Fisher Scientific; Waltham, MA) was used to dye silicone oil.  
 
 

Table 1. CWAs and Simulants Used in This Study and Their Relevant Properties 

Chemical Viscosity 
(cP) 

Surface 
Tension 
(dyn/cm) 

Density 
(g/cm3) 

HD ~5 ~43  1.27 
VX ~10 ~22 1.01 

1-Chlorooctane 1.24 ~26 0.875 
1,8-Dichlorooctane ~3 36 1.03 

Silicone oil 10 ~20 ~0.90 
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Sodium nanofluid suspensions (consisting of 10 wt% sodium nanoparticles in 
silicone oil with viscosity 10 cSt) were supplied by the University of Houston. They were 
prepared by mechanically mixing sodium with silicone oil. Additional details are provided in 
prior publications.13,14 CAUTION: When silicone oil does not sufficiently coat and protect 
the particles, sodium nanoparticles can react violently with water or humid air to create a 
potential ignitability hazard. 
 

Aqueous surfactant solutions were prepared above and below the critical 
micelle concentrations (CMCs) using the anionic surfactant sodium dodecyl sulfate (SDS; 
product no. 436143; Sigma-Aldrich; CMC of 0.008 M); the cationic surfactant dodecyl 
trimethylammonium chloride (DTAC; product no. 44242; Sigma-Aldrich; CMC of 0.02 M); 
and the non-ionic surfactant Tergitol 15-S-9 (product no. 15S9; Sigma-Aldrich; CMC of 
39 ppm). 
 

Aqueous PEG solutions with average Mw of 8,000 g/mol (product 
nos. PHR2894 and 89510; Sigma-Aldrich) were prepared by dissolving in-house deionized 
(DI) water to make PEG-based nanofluids. Ludox SM colloidal silica (7 nm particle size) in 
water (product no. 420794; Sigma-Aldrich) was used to make silica-based nanofluids. In 
some PEG and silica nanofluid formulations, the surfactants identified herein were added at 
concentrations both below and above the CMC of the respective surfactant.  
 
2.2 Methods 
 

Two capillary geometries were used to assess the performance of the different 
nanofluids under investigation: a rectangular capillary and a radial capillary. A rectangular 
capillary with cross-sectional dimensions of 0.05 × 1.0 mm (catalog no. 50-335-61; Electron 
Microscopy Science; Fisher Scientific) or 0.1 × 2 mm (catalog no. 50-335-63; Electron 
Microscopy Science) was connected to fluid reservoirs at each end, sealed, and placed on a 
DVM6 digital microscope stage (Leica Microsystems; Wetzlar, Germany) for observation. 
Dyed simulant was placed in one reservoir, and the simulant filled the capillary as shown in 
Figure 4a. The test fluid (e.g., nanofluid) was then deposited in the opposite reservoir, and 
displacement of the simulant was observed and recorded by the microscope. The radial 
capillary consisted of two 25 mm diameter glass cover slides (catalog no. 12-545-102P; 
Fisher Scientific) with their centers offset, which were separated with a 50 µm washer (part 
no. 98126A161; McMaster-Carr; Atlanta, GA) and bonded with a UV cure glue (Loctite 
AA 349; Henkel Corporation; Düsseldorf, Germany) as shown in Figure 4b. The radial 
capillary was placed on the microscope stage for observation. The contaminant (1–5 µL) was 
deposited at the capillary entrance, and then the test fluid (10–50 µL) was similarly 
deposited. 
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Figure 4. Capillary geometries used in visualization experiments. (a) Rectangular capillary in 
which one end sits in a reservoir filled with contaminant, and the other end sits in a reservoir 
filled with test fluid, after the capillary has been filled with contaminant. (b) Radial capillary 
formed by two circular glass slides and separated by a washer. Contaminant is deposited and 

then followed by test fluid, to observe displacement. 
 
 

For CWA experiments, capillaries were constructed from stainless steel 
washers (both bare and coated with polyurethane-based paint), referred to as shim panels 
(Figure 5). Additional details on the shim panel methodology are provided in the technical 
report by Hawbaker et al.1 In the shim panel configuration, three washers were stacked such 
that the bottom washer (part no. 90313A105; McMaster-Carr; 0.219 in. i.d.; 1.250 in. o.d.; 
0.043–0.057 in. thick) and top washer (part no. 90313A400; McMaster-Carr; 0.203 in. i.d.; 
0.750 in. o.d.; 0.033–0.047 in. thick) defined the capillary walls, while the middle shim (part 
no. 98126A568 ring shim; McMaster-Carr; 0.02 in. thick [20 mil]; 0.25 in. i.d.) defined the 
capillary spacing. The assembly was compressed by a Phillips flat-head screw (part 
no. 91099A355; McMaster-Carr; 82 deg countersink; 10-32 thread; 3/8 in. long; undercut) 
and nut assembly tightened to a torque of 3 in.-lb. 
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Figure 5. Shim panel shown with dimensions (left) and exploded (middle); and image of 

contaminated steel panel with 1 µL of liquid contaminant (right). Droplets may or may not 
bridge the top and bottom materials. 

 
 

The general procedure for the shim panel is to (1) deposit 1 µL of agent in the 
capillary; (2) wait 60 min; (3) apply the treatment (e.g., nanofluid); (4) wait 30 min; and 
(5) rinse three times with 20 µL aliquots of water to remove any accessible agent that was 
extracted during the treatment process. Both sodium and PEG nanofluids were investigated 
as treatments. For the sodium nanofluid, 100 µL of water was first deposited and then 
followed immediately with 50 µL of the nanofluid. For the PEG nanofluid, 50 µL was 
deposited. Two control cases were also processed: (1) no treatment and (2) no treatment and 
no rinse. After the contamination and treatment-and-rinse processes, the capillary (shim 
panel) was immersed in 40 mL of isopropyl alcohol to extract and dissolve any remaining 
agent trapped within the capillary. Extraction solution samples were diluted, and the analytes 
were quantified using gas chromatography for HD and liquid chromatography–tandem mass 
spectrometry for VX. Details on the use of the chromatography platforms are published 
elsewhere.23 
 
 
3. RESULTS 
 
3.1 Baseline Aqueous Surfactant Solutions 
 

Two concentrations of each aqueous surfactant solution were prepared, one 
below and one above the corresponding CMC. The contact angle of each surfactant solution 
(with the glass surfaces of both the rectangular and the radial capillaries) was measured with 
each simulant. For the rectangular capillary, this involved immersing the end of the capillary 
in a small droplet of the surfactant solution, wiping excess liquid from the end, and then 
dipping the same end in a small droplet of the simulant. Figure 6 shows the measured contact 
angle for each aqueous surfactant solution, including pure water, in a 50 µm rectangular glass 
capillary with dichlorooctane. Clearly, SDS was the surfactant that most promoted water 
wetting of the capillary and thus should perform best at displacing contaminant when used in 
conjunction with a particular nanofluid formulation. 
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Figure 6. Contact angle of aqueous surfactant solutions in 50 µm rectangular  

capillary with green-dyed 1,8-dichlorooctane: (a) pure DI water,  
(b) 0.015 M DTAC, (c) 98 ppm Tergitol, and (d) 0.025 M SDS. 

 
 

The contact angle was also qualitatively evaluated for each of the aqueous 
surfactant solutions in contact with the simulants on the glass slide that comprised the radial 
capillary. This was done by first depositing ~100 µL of the surfactant solution on the glass 
slide and then depositing 0.5 µL of dyed simulant inside the aqueous surfactant droplet, such 
that it remained sessile on the glass slide. This is shown in Figure 7 for the simulant  
1,8-dichlorooctane, where the droplet diameter was at a minimum within the SDS solution. 
This indicates that the SDS solution performed best for promoting water wetting on the glass 
slide, which aligns with the results for the rectangular capillary. 
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Figure 7. Images of 0.5 µL green-dyed 1,8-dichlorooctane droplets deposited on  

a glass slide within a 100 µL droplet of (a) pure DI water, (b) 0.015 M DTAC solution,  
(c) 98 ppm Tergitol solution, and (d) 0.025 M SDS solution. 

 
 

Each of the aqueous surfactant solutions was used as the test fluid in both the 
rectangular and radial capillary geometries with each of the simulants. As summarized in 
Table 2, no displacement was observed for any of the aqueous surfactant solutions with any 
of the simulants. The simulant did not fill the entire volume of the radial capillary; as a result, 
some of the aqueous surfactant solution entered the capillary. This resulted in deformation 
and movement of the liquid simulant within the capillary, but the simulant remained within 
the capillary.  
 
 

Table 2. Summary of Visualization Experiments Conducted  
Using Aqueous Surfactant Controls 

Simulants Test Fluids Capillaries Results 
1-Chlorooctane 

1,8-Dichlorooctane 
Silicone oil 

DI water 
SDS: 0.008 M, 0.02 M 
DTAC: 0.02 M, 0.08 M 

Tergitol: 39 ppm, 98 ppm 

Rectangular, 50 µm 
Radial, 50 µm 

No displacement observed  
for any of the listed 

combinations 
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3.2 Sodium Nanofluid 
 
The sodium nanofluid mechanism of action is a two-step process: first an 

aqueous phase is deposited, then the sodium nanofluid is added to induce reaction of the 
sodium nanoparticles with water at the silicone oil–water interface. The sodium nanofluid 
was evaluated using each of the surfactant solutions as the aqueous component in both the 
rectangular and radial capillaries. 

 
In the rectangular capillary, once the simulant was deposited in one reservoir 

and the capillary was filled, the aqueous surfactant was deposited in the opposite reservoir. 
The sodium nanofluid was then deposited on top of the aqueous solution. Displacement was 
only observed when SDS solutions were used with the nanofluid, as shown in Figure 8a for 
1-chlorooctane in a 50 µm rectangular capillary. Gas generation after deposition of the 
sodium nanofluid is shown on the left side of the image series. Possible mechanisms of 
action include lowering of interfacial tension and viscosity by heat generation and gas 
bubble-induced pressure overcoming contact line pinning of the simulant at the entrance to 
the capillary. 

 
In the radial capillary, the sodium nanofluid effectively displaced the simulant 

when used in combination with any of the aqueous surfactant solutions, including DI water. 
Because the entrance to the radial capillary (extending along the perimeter of the top glass 
slide) was much larger than that of the rectangular capillary, there were multiple pathways 
for generated gas bubbles to enter and exit the capillary, which provided direct pressure on 
the trapped simulant. As Figure 8b shows, as time passed, the amount of simulant (green-
dyed 1,8-dichlorooctane) in the capillary decreased. 

 
 

 
Figure 8. (a) Displacement of red-dyed 1-chlorooctane from 50 µm rectangular capillary 
using sodium nanofluid with aqueous solution of 0.08 M SDS. At time (t) = 0 s, the SDS 

solution was in the reservoir (right side of the image), and the sodium nanofluid was 
deposited over the SDS solution before t = 100 s. (b) Displacement of green-dyed 

1,8-dichlorooctane from a 50 µm radial capillary using sodium nanofluid with aqueous 
solution of 0.08 M SDS. At t = 0, the SDS solution had already been deposited, and it entered 
the capillary before the sodium nanofluid was deposited. Red lines were added to the images 

to highlight the periphery of the glass slides forming the radial capillary.  
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3.3 PEG and Silica Nanofluids 
 

Basic formulation rules for nanofluids operating on the basis of enhanced 
structural disjoining pressure have been established in a series of papers published by the 
Illinois Institute of Technology.20 They specifically found that (1) the water–contaminant–
solid contact angle should be as small as possible to promote wedge film formation, 
(2) nanoparticles should be smaller than 20 nm and monodisperse to effectively layer within 
the wedge film region, and (3) the osmotic pressure in the nanofluid should be as large as 
possible. In accordance with point (1), attention was confined to using SDS as a surfactant 
based on the results described in Section 3.1, which show that SDS produced the smallest 
contact angle on glass of the surfactants studied here. Dynamic light-scattering experiments 
performed on dilute aqueous PEG solutions and silica nanoparticle suspensions showed that 
for the PEG coils, the hydrodynamic diameter (Dh) was ~6 nm, and for the silica 
nanoparticles, the Dh was ~17 nm. Both exhibited low polydispersity. The volume fraction of 
the nanofluids (PEG coils or silica nanoparticles) ranged from 0.05 to 0.30, which aligned 
with studies of similar nanofluids in the literature.20 Increasing volume fraction further can 
result in deleterious effects, especially particle–particle interactions and increased viscosity. 
Table 3 lists the compositions of the PEG and silica nanofluids studied in this work. 
 
 

Table 3. Aqueous PEG and Silica Nanofluid Compositions 

Nanofluid Volume  
Fractions 

Concentration 
(mg/mL) 

Added SDS  
Surfactant 

Concentration 
(M) 

PEG 0.1, 0.2, 0.3 11.8, 23.5, 35.3 0.004, 0.02  Silica 0.05, 0.1, 0.17 110, 220, 374 
 
 

Similar behavior was observed for the PEG and silica nanofluids displacing 
contaminant from a 50 µm rectangular capillary, as shown in Figure 9 for 1,8-dichlorooctane. 
In both cases, the nanofluid initially dewetted the contaminant on the capillary sides faster 
than in the middle. This occurred because the cross section of the rectangular capillary is 
rounded at the sides, which in effect creates a smaller capillary size at the sides and thus a 
higher capillary pressure driving force for displacement. This effect was not observed in 
evaluations including the pure SDS solutions, highlighting the efficacy of both the PEG and 
silica nanofluids for dewetting the contaminant from the capillary walls. However, this 
efficacy resulted in an undesirable effect: contaminant slugs were pinched off and remained 
in the rectangular capillary. Note also that the displacement process was slower for the silica 
nanofluid because of the higher viscosity as compared to that of the PEG nanofluid. 
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Figure 9. Displacement of green-dyed 1,8-dichlorooctane from 50 µm rectangular capillary 

using (a) aqueous solution of PEG (20 vol%) and SDS (0.004 M) and (b) aqueous suspension 
of silica nanoparticles (17 vol%) and SDS (0.004 M). 

 
 

Figure 10 shows the displacement of 1,8-dichlorooctane from a radial 
capillary using PEG and silica nanofluids. In both cases, the nanofluid entered the capillary 
and shifted and distorted the contaminant slug very quickly (<10 s), but it did not exit the 
capillary. In the case of the PEG nanofluid, some of the contaminant was broken up into 
small droplets, as shown in the magnified view (Figure 10c). 
 
 

 
Figure 10. Displacement of green-dyed 1,8-dichlorooctane from 50 µm radial capillary using 

(a) aqueous solution of PEG (20 vol%) and SDS (0.004 M) and (b) aqueous suspension of 
silica nanoparticles (17 vol%) and SDS (0.004 M). Red lines were added to the images to 

highlight the periphery of the glass slides forming the radial capillary. (c) Magnification of 
area enclosed by white rectangle in (a). 
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3.4 CWA Testing 
 

The efficacy of the sodium- and PEG-based nanofluids was quantified for 
removing HD and nerve agent VX from 50 µm shim panels as described in Section 2.2. 
Figure 11 shows the mass of agent remaining in the capillaries after treatment with the 
nanofluids in comparison to two control cases, (1) with no treatment and (2) with no 
treatment and no rinse. The sodium nanofluid effectively removed all HD from bare stainless 
steel and polyurethane-coated capillaries; however, it demonstrated less efficacy for VX 
relative to the control cases. The PEG nanofluid was not effective at removing either HD or 
VX from either type of capillary. These results align with the visual results; namely, that the 
gas pressure generation of the sodium nanofluid was effective at pushing contaminant from 
the capillary, and that although the PEG nanofluid was effective at dewetting contaminant 
from the capillary walls, there was no force causing contaminant removal from the capillary. 
 
 

 
Figure 11. Mass of agent (HD or VX) remaining in 50 µm radial capillary composed of bare 

or polyurethane (PU)-coated stainless steel. Capillaries were treated with sodium or PEG 
nanofluid followed by a water rinse to remove any accessible agent that had been displaced. 

Two control cases were also processed: (1) no treatment was applied, and the water rinse was 
performed; or (2) no treatment was applied, and no water rinse was performed.  
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3.5 Silica Nanofluid: Gel Formation and Capillary Extraction 
 
Experiments performed with the silica nanofluids resulted in unexpected 

behavior that could be useful for extracting contaminant from a capillary. Figure 12 shows 
the treatment of 1,8-dichlorooctane in a 50 µm radial capillary with a 17 vol% silica 
nanofluid. The nanofluid filled the remaining volume of the radial capillary, and additional 
silica nanofluid stayed at the capillary entrance, as denoted by the blue outlined regions in 
Figure 12. As the water evaporated from the nanofluid, the silica nanoparticles aggregated to 
form a gel with a pore network morphology dependent on how the nanoparticles packed 
together, as shown schematically in Figure 13. Because the 1,8-dichlorooctane partially 
wetted the surface of the silica nanoparticles and the capillary pressure was greater in the 
pore network than in the radial capillary, the 1,8-dichlorooctane in contact with the silica gel 
was drawn into the pore network within 20–30 min. This is clearly shown in Figure 12, as the 
green-dyed area within the radial capillary decreased and the silica gel took on a green hue. 
 
 

 
Figure 12. Treatment of green-dyed 1,8-dichlorooctane in a 50 µm radial capillary using 

17 vol% silica nanofluid. Image at t = 0 s was obtained before deposition of the nanofluid.  
At t = 80 and 153 s, the silica nanofluid had filled the capillary and shifted the 

1,8-dichlorooctane. Silica nanofluid outside of the capillary is outlined in blue. From 
t = 540–1190 s, water from the silica nanofluid outside of the capillary evaporated, causing 

aggregation and gelation of the silica nanoparticles and formation of a pore network. Most of 
the 1,8-dichlorooctane within the radial capillary was drawn into the silica pore network. 

 
 

The visualization and CWA results for the PEG and silica nanofluids showed 
that dewetting and emulsification of the contaminant is not sufficient; there must be a driving 
force to remove the contaminant from the capillary. The extraction of contaminant into an 
adjacent pore network driven by a capillary pressure gradient may be a viable passive 
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mechanism for accomplishing this in practice. Further work is needed to optimize the pore 
morphology and wetting characteristics as well as the dynamics of the pore formation 
process. This would involve tuning the size and surface functionalization of the silica 
nanoparticles in addition to exploring faster gel formation mechanisms, such as altering the 
pH or ionic strength of the liquid medium. 

 
 

 

Figure 13. Contaminant extraction from capillary into pore network formed by aggregation 
of silica nanoparticles (NP). 

 
 
4. CONCLUSIONS 
 

Two types of nanofluids were investigated for removing contaminants in 
small capillary features: (1) a reactive sodium nanofluid, and (2) PEG- and silica-based 
nanofluids that promote dewetting. Visual results showed that the sodium nanofluid 
effectively pushed contaminant out by formation and expansion of gas bubbles created by 
reaction with water. However, significant safety concerns exist regarding ignitability of the 
sodium nanofluid that would prevent its use in the field. Alternative, safer reactive schemes 
may prove effective but were not investigated here. The PEG and silica nanofluids 
demonstrated efficacy at dewetting the contaminant from the capillary walls; however, they 
did not provide a driving force to remove the contaminant in open capillary geometries like 
the radial capillary studied in this work. Experiments performed with CWAs aligned with the 
visual results obtained using simulants: the sodium nanofluid was extremely effective at 
removing HD and somewhat less effective for VX, whereas the PEG nanofluid was 
ineffective for both agents. 
 

Experiments with the silica nanofluids showed that evaporation of water and 
the resulting formation of a pore network by gelation of the silica nanoparticles leads to 
extraction of contaminant from the capillary into the pore network. This passive mechanism 
relies on a gradient of capillary pressure between the capillary feature and the pore network 
because of the small pore sizes (capillary pressure is inversely proportional to pore size). 
Further work is needed to optimize the morphology and wettability of the pore network, in 
addition to the dynamics of its formation, for its use as an effective decontaminant. Studies 
should examine the effects of nanoparticle size, concentration, and surface functionalization; 
the pH and ionic strength of the carrier liquid on the morphology and formation dynamics of 
the pore network; and the dynamics of imbibition of contaminant into the pore network. 
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ACRONYMS AND ABBREVIATIONS 
 
 

cEOR chemical enhanced oil recovery 
CMC critical micelle concentration 
CWA chemical warfare agent 
Dh hydrodynamic diameter 
DI deionized 
DTAC dodecyl trimethylammonium chloride 
EOR enhanced oil recovery 
GO graphene oxide 
HD sulfur mustard; bis(2-chloroethyl) sulfide 
PEG polyethylene glycol 
SDS sodium dodecyl sulfate 
t time 
UV ultraviolet 
VX O-ethyl-S-(2-diisopropylaminoethyl) methyl phosphonothiolate 
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Much of the research on decontamination of materials exposed to chemical warfare agents (CWAs) has focused on the ideal case of a flat, horizontally oriented material surface. However, real military assets have complex features with small gaps resulting from mated surfaces, discontinuities, and screw threads, for example, as shown in Figure 1. When liquid-phase CWA wets a material of interest, capillary forces can pull the CWA into these small gaps. Once the CWA is stabilized in such a capillary feature, it is difficult to remove; interaction with a decontaminant is limited by the exposed surface area, which can be extremely small. Figure 1 shows a schematic of liquid agent entrained in a simple capillary feature and illustrates how the capillary force and available interaction area scale with the capillary size. Both capillary and viscous forces become greater as the size of the capillary decreases and the liquid becomes more difficult to remove. Similarly, the available interaction area decreases, which diminishes the rates of agent evaporation, dissolution, and reaction taking place at the capillary entrance. 





[image: ]

[bookmark: _Ref109203416][bookmark: _Toc131418399]Figure 1. (a) Military asset with (b) magnified view of example capillary feature formed by mating of a screw with a surface and (c) depiction of how capillary pressure and interaction scales with capillary size. Red indicates contaminant; blue indicates decontaminant. H, height.





	This transport limitation severely diminishes the effectiveness of typical decontamination treatments. In recent work, the vapor emissions of a CWA simulant from various sizes of capillary features were examined, with and without a standard rinse treatment.1 It was found that the vapor emission from capillaries below a certain size threshold (~100 µm) was unaffected by the rinse process. Currently, work is ongoing to quantify the hazard from capillary-entrained agent relative to other sources on military assets (e.g., liquid on surface or absorbed in polymer-based paint coatings) and the effectiveness of different decontamination treatments (e.g., reactive slurry and hot air flow). Results indicate that capillary-entrained CWA can account for a significant fraction of total residual CWA after a decontamination treatment, and that various decontamination treatments are ineffective for smaller capillaries.

	One strategy for overcoming the transport limitations imposed by the capillary-entrained agent is to remove the agent from the capillary so that the decontaminant can optimally contact the agent. Finding effective techniques for removing CWA from a capillary feature is potentially a difficult problem requiring a significant research investment. Fortunately, a significant body of research exists that can be leveraged in the field of enhanced oil recovery (EOR), where the goal is to displace and recover oil trapped in underground rock pores, where it is stabilized by strong capillary and viscous forces. The similarity in physics between capillary-entrained CWA and EOR motivates the application of techniques developed for EOR to CWA decontamination, which is the focus of this work.



[bookmark: _Toc86131031][bookmark: _Toc86744398][bookmark: _Toc86756918][bookmark: _Toc129864495]Nanofluids for EOR



[bookmark: _Toc521475327][bookmark: _Toc348615763][bookmark: _Toc348616022]After the primary (drilling and pumping) and secondary (water flooding) oil recovery processes are complete, up to 50% of the original oil in place remains trapped in the underground rock formations and held by strong capillary and viscous forces.2 Development of effective EOR methods to recover this elusive oil is an active area of research, and no method has clearly emerged as the best. The use of a high-temperature fluid such as steam to lower the oil viscosity and surface tension3 or high-pressure gas injection to push the oil from the pores4 represent energy-intensive processes that are impractical for CWA decontamination. Of interest for decontaminant development are the less-energy-intensive chemical EOR (cEOR) methods, in which various additives such as polymers,5,6 surfactants,7,8 and nanoparticles are used in aqueous solution to alter the oil–water interfacial tension or the wetting characteristics of the rock surface. 



Much of the recent research on cEOR has focused on nanofluids, in which surface-interface active nano-sized solid inclusions are used to enhance the effectiveness of oil displacement. There are myriad possible nanofluid formulations using 0D nanoparticles (in which no dimension is greater than 100 nm), 1D nanorods or tubes, and 2D nanosheets with various surface functionalities or charges.9,10 Silica nanoparticles are among the most popular platforms for formulation of nanofluids because of their commercial availability and ease of surface modification. For example, tuning the surface charge of silica nanoparticles can change a calcite surface from oil-wet to water-wet and accelerate the the dewetting rate of hexane.11 



Several studies incorporating the use of 2D nanosheets have also been reported. These offer advantages such as improved surface coverage and protocols for modifying each side of the sheet with different chemical functionalities. In one example, Janus graphene oxide (GO)-based nanosheets are functionalized with a polar group on one side and a nonpolar group on the opposite side, such that the sheets aggregate at the oil–water interface and interfacial tension is reduced.12 Another GO-based nanosheet was demonstrated to alter the wettability of glass and induce a climbing film.13

[bookmark: _Toc528054072]
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The financial incentive associated with successful EOR operations has provided motivation for a large body of research in this area, including nanofluids. Leveraging this knowledge for decontamination technology development aimed at addressing capillary features could save time and resources on the development effort. This work specifically examines the effectiveness of two types of nanofluid formulations for decontamination: (1) a reactive sodium-based nanofluid and (2) polyethylene glycol 
(PEG)–silica-based aqueous nanofluids.



The sodium nanofluid developed at the University of Houston (Houston, TX) is made using a two-step process that involves injection of water followed by addition of a suspension of sodium nanoparticles in silicone oil. Reaction of the sodium nanoparticles occurs at the silicone oil–water interface and is mediated by the immiscibility of the two phases, which controls the rate of reaction, as shown in Figure 2. The reaction produces heat, hydrogen gas, and sodium hydroxide, all of which contribute to oil displacement in EOR. Specifically, heat generation lowers the oil viscosity and the oil–water interfacial tension. Sodium hydroxide can also lower interfacial tension and promote oil emulsification, and the growth of hydrogen bubbles induces a pressure that can push against trapped oil.14 Experiments on heavy oil sands demonstrated that the sodium nanofluid improved the oil recovery over a control case by approximately a factor of six.15 For contaminants in capillary features, it was hypothesized that the generation and growth of gas bubbles may provide sufficient pressure to push the contaminant from the capillary.
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[bookmark: _Ref115869231][bookmark: _Toc131418400]Figure 2. Sodium nanofluid mechanisms of action showing hydrogen gas bubble formation at the silicone oil–water interface due to reaction of the sodium nanoparticles.





Researchers at the Illinois Institute of Technology (Chicago, IL) have published a series of papers spanning over a decade on the development of a nanofluid that promotes dewetting from solid surfaces. The mechanism of action relies on layering of nanoparticles or polymer coils in an aqueous wedge film between the liquid being removed and the solid surface, as shown in Figure 3. This layering increases the structural component of the disjoining pressure16 in the wedge film and accelerates the dewetting process relative to a pure fluid.17,18 Key to this mechanism is a sufficiently low water–oil–solid contact angle for wedge film formation and the ability of the particles or polymer coils to form layered structures, which often requires the use of an appropriate surfactant.19 Zhang et al.20 clearly laid out additional nanofluid design criteria, namely, that (1) nanoparticles should be small and monodisperse, so that they can form layers inside the wedge film; and (2) the osmotic pressure of the nanofluid should be high, requiring a high concentration of nanoparticles (i.e., >10 vol%). This class of nanofluid has been investigated for cleaning surfaces (i.e., detergency),21 reducing friction in displacement of a fluid from a capillary,22 and recovery of crude oil from sandstone.20 It is anticipated that, with the appropriate tuning of the nanofluid formulation, the dewetting mechanism would function similarly for CWAs and CWA simulants trapped in capillary features.
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[bookmark: _Ref115874492][bookmark: _Toc131418401]Figure 3. Mechanism of action of nanofluids, based on increasing structural disjoining pressure. Layering of the nanoparticles in the wedge film region occurs as a contaminant dewets from a capillary wall.





[bookmark: _Toc129864497]Materials and methods



[bookmark: _Toc129864498]Materials



Of primary interest for this work are the traditional agents sulfur mustard (HD) and O-ethyl-S-(2-diisopropylaminoethyl) methyl phosphonothiolate (VX). Simulants for these CWAs were also identified to enable visualization experiments outside of engineering controls. Specifically, 1-chlorooctane (product no. 125156; Sigma-Aldrich; St. Louis, MO) and 1,8-dichlorooctane (product no. 361283; Sigma-Aldrich) were identified as simulants for HD, and silicone oil (product no. 378321; Sigma-Aldrich) was selected as a simulant for VX. Table 1 summarizes the CWAs and simulants along with the critical properties surface tension and viscosity. Dyes were used to aid with the visualization of the simulants. Specifically, Fluorosol Red 7348 (Koch Color; Bennett, CO) was used to dye 1‑chlorooctane, Fluorosol GR 7200 (Koch Color) was used to dye 1,8-dichlorooctane, and BODIPY 505/515 (Thermo Fisher Scientific; Waltham, MA) was used to dye silicone oil. 





[bookmark: _Ref109213543][bookmark: _Toc131418412]Table 1. CWAs and Simulants Used in This Study and Their Relevant Properties

		Chemical

		Viscosity

(cP)

		Surface Tension (dyn/cm)

		Density

(g/cm3)



		HD

		~5

		~43 

		1.27



		VX

		~10

		~22

		1.01



		1-Chlorooctane

		1.24

		~26

		0.875



		1,8-Dichlorooctane

		~3

		36

		1.03



		Silicone oil

		10

		~20

		~0.90






Sodium nanofluid suspensions (consisting of 10 wt% sodium nanoparticles in silicone oil with viscosity 10 cSt) were supplied by the University of Houston. They were prepared by mechanically mixing sodium with silicone oil. Additional details are provided in prior publications.13,14 CAUTION: When silicone oil does not sufficiently coat and protect the particles, sodium nanoparticles can react violently with water or humid air to create a potential ignitability hazard.



Aqueous surfactant solutions were prepared above and below the critical micelle concentrations (CMCs) using the anionic surfactant sodium dodecyl sulfate (SDS; product no. 436143; Sigma-Aldrich; CMC of 0.008 M); the cationic surfactant dodecyl trimethylammonium chloride (DTAC; product no. 44242; Sigma-Aldrich; CMC of 0.02 M); and the non-ionic surfactant Tergitol 15-S-9 (product no. 15S9; Sigma-Aldrich; CMC of 39 ppm).



Aqueous PEG solutions with average Mw of 8,000 g/mol (product nos. PHR2894 and 89510; Sigma-Aldrich) were prepared by dissolving in-house deionized (DI) water to make PEG-based nanofluids. Ludox SM colloidal silica (7 nm particle size) in water (product no. 420794; Sigma-Aldrich) was used to make silica-based nanofluids. In some PEG and silica nanofluid formulations, the surfactants identified herein were added at concentrations both below and above the CMC of the respective surfactant. 



[bookmark: _Toc129864499]Methods



Two capillary geometries were used to assess the performance of the different nanofluids under investigation: a rectangular capillary and a radial capillary. A rectangular capillary with cross-sectional dimensions of 0.05 × 1.0 mm (catalog no. 50-335-61; Electron Microscopy Science; Fisher Scientific) or 0.1 × 2 mm (catalog no. 50-335-63; Electron Microscopy Science) was connected to fluid reservoirs at each end, sealed, and placed on a DVM6 digital microscope stage (Leica Microsystems; Wetzlar, Germany) for observation. Dyed simulant was placed in one reservoir, and the simulant filled the capillary as shown in Figure 4a. The test fluid (e.g., nanofluid) was then deposited in the opposite reservoir, and displacement of the simulant was observed and recorded by the microscope. The radial capillary consisted of two 25 mm diameter glass cover slides (catalog no. 12-545-102P; Fisher Scientific) with their centers offset, which were separated with a 50 µm washer (part no. 98126A161; McMaster-Carr; Atlanta, GA) and bonded with a UV cure glue (Loctite AA 349; Henkel Corporation; Düsseldorf, Germany) as shown in Figure 4b. The radial capillary was placed on the microscope stage for observation. The contaminant (1–5 µL) was deposited at the capillary entrance, and then the test fluid (10–50 µL) was similarly deposited.

[image: ]

[bookmark: _Ref115353268][bookmark: _Toc131418402]Figure 4. Capillary geometries used in visualization experiments. (a) Rectangular capillary in which one end sits in a reservoir filled with contaminant, and the other end sits in a reservoir filled with test fluid, after the capillary has been filled with contaminant. (b) Radial capillary formed by two circular glass slides and separated by a washer. Contaminant is deposited and then followed by test fluid, to observe displacement.





For CWA experiments, capillaries were constructed from stainless steel washers (both bare and coated with polyurethane-based paint), referred to as shim panels (Figure 5). Additional details on the shim panel methodology are provided in the technical report by Hawbaker et al.1 In the shim panel configuration, three washers were stacked such that the bottom washer (part no. 90313A105; McMaster-Carr; 0.219 in. i.d.; 1.250 in. o.d.; 0.043–0.057 in. thick) and top washer (part no. 90313A400; McMaster-Carr; 0.203 in. i.d.; 0.750 in. o.d.; 0.033–0.047 in. thick) defined the capillary walls, while the middle shim (part no. 98126A568 ring shim; McMaster-Carr; 0.02 in. thick [20 mil]; 0.25 in. i.d.) defined the capillary spacing. The assembly was compressed by a Phillips flat-head screw (part no. 91099A355; McMaster-Carr; 82 deg countersink; 10-32 thread; 3/8 in. long; undercut) and nut assembly tightened to a torque of 3 in.-lb.
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[bookmark: _Ref115936342][bookmark: _Toc131418403]Figure 5. Shim panel shown with dimensions (left) and exploded (middle); and image of contaminated steel panel with 1 µL of liquid contaminant (right). Droplets may or may not bridge the top and bottom materials.





The general procedure for the shim panel is to (1) deposit 1 µL of agent in the capillary; (2) wait 60 min; (3) apply the treatment (e.g., nanofluid); (4) wait 30 min; and (5) rinse three times with 20 µL aliquots of water to remove any accessible agent that was extracted during the treatment process. Both sodium and PEG nanofluids were investigated as treatments. For the sodium nanofluid, 100 µL of water was first deposited and then followed immediately with 50 µL of the nanofluid. For the PEG nanofluid, 50 µL was deposited. Two control cases were also processed: (1) no treatment and (2) no treatment and no rinse. After the contamination and treatment-and-rinse processes, the capillary (shim panel) was immersed in 40 mL of isopropyl alcohol to extract and dissolve any remaining agent trapped within the capillary. Extraction solution samples were diluted, and the analytes were quantified using gas chromatography for HD and liquid chromatography–tandem mass spectrometry for VX. Details on the use of the chromatography platforms are published elsewhere.23





[bookmark: _Toc129864500]Results



[bookmark: _Ref116458508][bookmark: _Toc129864501]Baseline Aqueous Surfactant Solutions



Two concentrations of each aqueous surfactant solution were prepared, one below and one above the corresponding CMC. The contact angle of each surfactant solution (with the glass surfaces of both the rectangular and the radial capillaries) was measured with each simulant. For the rectangular capillary, this involved immersing the end of the capillary in a small droplet of the surfactant solution, wiping excess liquid from the end, and then dipping the same end in a small droplet of the simulant. Figure 6 shows the measured contact angle for each aqueous surfactant solution, including pure water, in a 50 µm rectangular glass capillary with dichlorooctane. Clearly, SDS was the surfactant that most promoted water wetting of the capillary and thus should perform best at displacing contaminant when used in conjunction with a particular nanofluid formulation.

[image: ]

[bookmark: _Ref116378823][bookmark: _Toc131418404]Figure 6. Contact angle of aqueous surfactant solutions in 50 µm rectangular 
capillary with green-dyed 1,8-dichlorooctane: (a) pure DI water, 
(b) 0.015 M DTAC, (c) 98 ppm Tergitol, and (d) 0.025 M SDS.





The contact angle was also qualitatively evaluated for each of the aqueous surfactant solutions in contact with the simulants on the glass slide that comprised the radial capillary. This was done by first depositing ~100 µL of the surfactant solution on the glass slide and then depositing 0.5 µL of dyed simulant inside the aqueous surfactant droplet, such that it remained sessile on the glass slide. This is shown in Figure 7 for the simulant 
1,8-dichlorooctane, where the droplet diameter was at a minimum within the SDS solution. This indicates that the SDS solution performed best for promoting water wetting on the glass slide, which aligns with the results for the rectangular capillary.

[image: ]

[bookmark: _Ref116382613][bookmark: _Toc131418405]Figure 7. Images of 0.5 µL green-dyed 1,8-dichlorooctane droplets deposited on 
a glass slide within a 100 µL droplet of (a) pure DI water, (b) 0.015 M DTAC solution, 
(c) 98 ppm Tergitol solution, and (d) 0.025 M SDS solution.





Each of the aqueous surfactant solutions was used as the test fluid in both the rectangular and radial capillary geometries with each of the simulants. As summarized in Table 2, no displacement was observed for any of the aqueous surfactant solutions with any of the simulants. The simulant did not fill the entire volume of the radial capillary; as a result, some of the aqueous surfactant solution entered the capillary. This resulted in deformation and movement of the liquid simulant within the capillary, but the simulant remained within the capillary. 





[bookmark: _Ref114742574][bookmark: _Toc131418413]Table 2. Summary of Visualization Experiments Conducted 
Using Aqueous Surfactant Controls

		Simulants

		Test Fluids

		Capillaries

		Results



		1-Chlorooctane

1,8-Dichlorooctane

Silicone oil

		DI water

SDS: 0.008 M, 0.02 M

DTAC: 0.02 M, 0.08 M

Tergitol: 39 ppm, 98 ppm

		Rectangular, 50 µm

Radial, 50 µm

		No displacement observed 
for any of the listed combinations










[bookmark: _Toc129864502]Sodium Nanofluid



The sodium nanofluid mechanism of action is a two-step process: first an aqueous phase is deposited, then the sodium nanofluid is added to induce reaction of the sodium nanoparticles with water at the silicone oil–water interface. The sodium nanofluid was evaluated using each of the surfactant solutions as the aqueous component in both the rectangular and radial capillaries.



In the rectangular capillary, once the simulant was deposited in one reservoir and the capillary was filled, the aqueous surfactant was deposited in the opposite reservoir. The sodium nanofluid was then deposited on top of the aqueous solution. Displacement was only observed when SDS solutions were used with the nanofluid, as shown in Figure 8a for 1‑chlorooctane in a 50 µm rectangular capillary. Gas generation after deposition of the sodium nanofluid is shown on the left side of the image series. Possible mechanisms of action include lowering of interfacial tension and viscosity by heat generation and gas bubble-induced pressure overcoming contact line pinning of the simulant at the entrance to the capillary.



In the radial capillary, the sodium nanofluid effectively displaced the simulant when used in combination with any of the aqueous surfactant solutions, including DI water. Because the entrance to the radial capillary (extending along the perimeter of the top glass slide) was much larger than that of the rectangular capillary, there were multiple pathways for generated gas bubbles to enter and exit the capillary, which provided direct pressure on the trapped simulant. As Figure 8b shows, as time passed, the amount of simulant (green-dyed 1,8-dichlorooctane) in the capillary decreased.





[image: ]

[bookmark: _Ref115163384][bookmark: _Toc131418406]Figure 8. (a) Displacement of red-dyed 1-chlorooctane from 50 µm rectangular capillary using sodium nanofluid with aqueous solution of 0.08 M SDS. At time (t) = 0 s, the SDS solution was in the reservoir (right side of the image), and the sodium nanofluid was deposited over the SDS solution before t = 100 s. (b) Displacement of green-dyed 1,8‑dichlorooctane from a 50 µm radial capillary using sodium nanofluid with aqueous solution of 0.08 M SDS. At t = 0, the SDS solution had already been deposited, and it entered the capillary before the sodium nanofluid was deposited. Red lines were added to the images to highlight the periphery of the glass slides forming the radial capillary.


[bookmark: _Toc75268801][bookmark: _Toc75768678][bookmark: _Toc129864503]PEG and Silica Nanofluids



Basic formulation rules for nanofluids operating on the basis of enhanced structural disjoining pressure have been established in a series of papers published by the Illinois Institute of Technology.20 They specifically found that (1) the water–contaminant–solid contact angle should be as small as possible to promote wedge film formation, (2) nanoparticles should be smaller than 20 nm and monodisperse to effectively layer within the wedge film region, and (3) the osmotic pressure in the nanofluid should be as large as possible. In accordance with point (1), attention was confined to using SDS as a surfactant based on the results described in Section 3.1, which show that SDS produced the smallest contact angle on glass of the surfactants studied here. Dynamic light-scattering experiments performed on dilute aqueous PEG solutions and silica nanoparticle suspensions showed that for the PEG coils, the hydrodynamic diameter (Dh) was ~6 nm, and for the silica nanoparticles, the Dh was ~17 nm. Both exhibited low polydispersity. The volume fraction of the nanofluids (PEG coils or silica nanoparticles) ranged from 0.05 to 0.30, which aligned with studies of similar nanofluids in the literature.20 Increasing volume fraction further can result in deleterious effects, especially particle–particle interactions and increased viscosity. Table 3 lists the compositions of the PEG and silica nanofluids studied in this work.





[bookmark: _Ref115176571][bookmark: _Toc131418414]Table 3. Aqueous PEG and Silica Nanofluid Compositions

		Nanofluid

		Volume 
Fractions

		Concentration

(mg/mL)

		Added SDS 
Surfactant

Concentration

(M)



		PEG

		0.1, 0.2, 0.3

		11.8, 23.5, 35.3

		0.004, 0.02 



		Silica

		0.05, 0.1, 0.17

		110, 220, 374

		









Similar behavior was observed for the PEG and silica nanofluids displacing contaminant from a 50 µm rectangular capillary, as shown in Figure 9 for 1,8‑dichlorooctane. In both cases, the nanofluid initially dewetted the contaminant on the capillary sides faster than in the middle. This occurred because the cross section of the rectangular capillary is rounded at the sides, which in effect creates a smaller capillary size at the sides and thus a higher capillary pressure driving force for displacement. This effect was not observed in evaluations including the pure SDS solutions, highlighting the efficacy of both the PEG and silica nanofluids for dewetting the contaminant from the capillary walls. However, this efficacy resulted in an undesirable effect: contaminant slugs were pinched off and remained in the rectangular capillary. Note also that the displacement process was slower for the silica nanofluid because of the higher viscosity as compared to that of the PEG nanofluid.
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[bookmark: _Ref115183702][bookmark: _Toc131418407]Figure 9. Displacement of green-dyed 1,8-dichlorooctane from 50 µm rectangular capillary using (a) aqueous solution of PEG (20 vol%) and SDS (0.004 M) and (b) aqueous suspension of silica nanoparticles (17 vol%) and SDS (0.004 M).





Figure 10 shows the displacement of 1,8-dichlorooctane from a radial capillary using PEG and silica nanofluids. In both cases, the nanofluid entered the capillary and shifted and distorted the contaminant slug very quickly (<10 s), but it did not exit the capillary. In the case of the PEG nanofluid, some of the contaminant was broken up into small droplets, as shown in the magnified view (Figure 10c).
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[bookmark: _Ref115184734][bookmark: _Toc131418408]Figure 10. Displacement of green-dyed 1,8-dichlorooctane from 50 µm radial capillary using (a) aqueous solution of PEG (20 vol%) and SDS (0.004 M) and (b) aqueous suspension of silica nanoparticles (17 vol%) and SDS (0.004 M). Red lines were added to the images to highlight the periphery of the glass slides forming the radial capillary. (c) Magnification of area enclosed by white rectangle in (a).






[bookmark: _Toc129864504]CWA Testing



The efficacy of the sodium- and PEG-based nanofluids was quantified for removing HD and nerve agent VX from 50 µm shim panels as described in Section 2.2. Figure 11 shows the mass of agent remaining in the capillaries after treatment with the nanofluids in comparison to two control cases, (1) with no treatment and (2) with no treatment and no rinse. The sodium nanofluid effectively removed all HD from bare stainless steel and polyurethane-coated capillaries; however, it demonstrated less efficacy for VX relative to the control cases. The PEG nanofluid was not effective at removing either HD or VX from either type of capillary. These results align with the visual results; namely, that the gas pressure generation of the sodium nanofluid was effective at pushing contaminant from the capillary, and that although the PEG nanofluid was effective at dewetting contaminant from the capillary walls, there was no force causing contaminant removal from the capillary.
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[bookmark: _Ref115351167][bookmark: _Toc131418409]Figure 11. Mass of agent (HD or VX) remaining in 50 µm radial capillary composed of bare or polyurethane (PU)-coated stainless steel. Capillaries were treated with sodium or PEG nanofluid followed by a water rinse to remove any accessible agent that had been displaced. Two control cases were also processed: (1) no treatment was applied, and the water rinse was performed; or (2) no treatment was applied, and no water rinse was performed. 






[bookmark: _Toc129864505]Silica Nanofluid: Gel Formation and Capillary Extraction



Experiments performed with the silica nanofluids resulted in unexpected behavior that could be useful for extracting contaminant from a capillary. Figure 12 shows the treatment of 1,8-dichlorooctane in a 50 µm radial capillary with a 17 vol% silica nanofluid. The nanofluid filled the remaining volume of the radial capillary, and additional silica nanofluid stayed at the capillary entrance, as denoted by the blue outlined regions in Figure 12. As the water evaporated from the nanofluid, the silica nanoparticles aggregated to form a gel with a pore network morphology dependent on how the nanoparticles packed together, as shown schematically in Figure 13. Because the 1,8-dichlorooctane partially wetted the surface of the silica nanoparticles and the capillary pressure was greater in the pore network than in the radial capillary, the 1,8-dichlorooctane in contact with the silica gel was drawn into the pore network within 20–30 min. This is clearly shown in Figure 12, as the green-dyed area within the radial capillary decreased and the silica gel took on a green hue.
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[bookmark: _Ref115258844][bookmark: _Toc131418410]Figure 12. Treatment of green-dyed 1,8-dichlorooctane in a 50 µm radial capillary using 17 vol% silica nanofluid. Image at t = 0 s was obtained before deposition of the nanofluid. 
At t = 80 and 153 s, the silica nanofluid had filled the capillary and shifted the 1,8‑dichlorooctane. Silica nanofluid outside of the capillary is outlined in blue. From t = 540–1190 s, water from the silica nanofluid outside of the capillary evaporated, causing aggregation and gelation of the silica nanoparticles and formation of a pore network. Most of the 1,8-dichlorooctane within the radial capillary was drawn into the silica pore network.





The visualization and CWA results for the PEG and silica nanofluids showed that dewetting and emulsification of the contaminant is not sufficient; there must be a driving force to remove the contaminant from the capillary. The extraction of contaminant into an adjacent pore network driven by a capillary pressure gradient may be a viable passive mechanism for accomplishing this in practice. Further work is needed to optimize the pore morphology and wetting characteristics as well as the dynamics of the pore formation process. This would involve tuning the size and surface functionalization of the silica nanoparticles in addition to exploring faster gel formation mechanisms, such as altering the pH or ionic strength of the liquid medium.
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[bookmark: _Ref115330442][bookmark: _Toc131418411]Figure 13. Contaminant extraction from capillary into pore network formed by aggregation of silica nanoparticles (NP).





[bookmark: _Toc129864506]Conclusions



Two types of nanofluids were investigated for removing contaminants in small capillary features: (1) a reactive sodium nanofluid, and (2) PEG- and silica-based nanofluids that promote dewetting. Visual results showed that the sodium nanofluid effectively pushed contaminant out by formation and expansion of gas bubbles created by reaction with water. However, significant safety concerns exist regarding ignitability of the sodium nanofluid that would prevent its use in the field. Alternative, safer reactive schemes may prove effective but were not investigated here. The PEG and silica nanofluids demonstrated efficacy at dewetting the contaminant from the capillary walls; however, they did not provide a driving force to remove the contaminant in open capillary geometries like the radial capillary studied in this work. Experiments performed with CWAs aligned with the visual results obtained using simulants: the sodium nanofluid was extremely effective at removing HD and somewhat less effective for VX, whereas the PEG nanofluid was ineffective for both agents.



Experiments with the silica nanofluids showed that evaporation of water and the resulting formation of a pore network by gelation of the silica nanoparticles leads to extraction of contaminant from the capillary into the pore network. This passive mechanism relies on a gradient of capillary pressure between the capillary feature and the pore network because of the small pore sizes (capillary pressure is inversely proportional to pore size). Further work is needed to optimize the morphology and wettability of the pore network, in addition to the dynamics of its formation, for its use as an effective decontaminant. Studies should examine the effects of nanoparticle size, concentration, and surface functionalization; the pH and ionic strength of the carrier liquid on the morphology and formation dynamics of the pore network; and the dynamics of imbibition of contaminant into the pore network.
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[bookmark: _Toc512926605][bookmark: _Toc129864507]ACRONYMS AND ABBREVIATIONS





cEOR	chemical enhanced oil recovery

CMC	critical micelle concentration

CWA	chemical warfare agent

Dh	hydrodynamic diameter

DI	deionized

DTAC	dodecyl trimethylammonium chloride

EOR	enhanced oil recovery

GO	graphene oxide

HD	sulfur mustard; bis(2-chloroethyl) sulfide

PEG	polyethylene glycol

SDS	sodium dodecyl sulfate

t	time

UV	ultraviolet

VX	O-ethyl-S-(2-diisopropylaminoethyl) methyl phosphonothiolate
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