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Nanoparticle mixing through rapid expansion of high
pressure and supercritical suspensions
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Abstract Mixing of binary mixtures of nanopow-

ders afforded by rapid expansion of high pressure and

supercritical suspensions (REHPS) is investigated to

examine the roles of two previously reported deag-

glomeration mechanisms. The quality of mixing was

characterized through intensity and scale of segrega-

tion using concentration data obtained through energy

dispersive X-ray spectroscopy; the corresponding

deagglomeration was quantified using differential

mobility and image analyses in conjunction with

electron microscopy. Increasing the pressure from

which expansion was carried out, and decreasing the

nozzle diameter led to improved deagglomeration.

However, increased pressure alone did not influence

the mixture quality, which was found to also depend

on the scale of mixedness of the constituents before

transport through the nozzle, establishing that the

REHPS mixing is significantly improved by improv-

ing the quality of the premix. The scale of segrega-

tion correlated with the size of the most energetic

eddies present during flow through the nozzle, both of

which increased with nozzle diameter, corroborating

the importance of previously reported shear-induced

deagglomeration mechanism. Finally, REHPS was

also shown to be capable of deagglomerating carbon

nanotube bundles and mix them well with alumina,

silica, and titania at submicron scale.

Keywords Nanomixing � Nanoparticles �
Supercritical fluids � Rapid expansion � Intensity

of segregation � Carbon dioxide � Carbon nanotubes

Introduction

Nano-composite materials, where two or more con-

stituents are mixed together at the nanoscale, often

manifest superior properties over systems where they

are mixed on the macroscale (Sun et al. 2005; Kumari

et al. 2008; Sperling and Parak 2010; Duncan and

Rouvray 1989; Rawle 2007; Shinohara et al. 1986;

Vol’khin et al. 2000; Sanganwar and Gupta 2008;

Shieh et al. 2005). Although nano-composites may be

directly produced in some applications, in many

instances such composites are fabricated by mixing

the individual constituents, followed by pressing and

sintering. As dry nanoparticles readily form large

loose (often fractal) agglomerates (Nakamura and

Watano 2008; Nam et al. 2004; Valverde et al. 2008;

Wei et al. 2002), mixing the individual constituents at

the nanoscale (or even a submicron scale) in a dry
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state is difficult; mixing only at a coarser (i.e.,

agglomerate) scale results in low-quality composites

(Shinohara et al. 1986; Vol’khin et al. 2000;

Sanganwar and Gupta 2008; Shieh et al. 2005).

Conventionally, the mixing of nanomaterials is

performed in liquid solvents with other additives

(salts and surfactants); however, considerable effort

is in progress to achieve improved mixing of

multicomponent nanopowders in a dry state. Some

of these methods include magnetically assisted

impact mixing (Wei et al. 2002; Yang et al. 2003),

microjet-assisted fluidization (Quevedo et al. 2009)

and other enhanced fluidization techniques (Huang

et al. 2008; Nakamura and Watano 2008), ultrason-

ication in supercritical fluids (Sanganwar et al. 2008),

and rapid expansion of high pressure and supercritical

suspensions (REHPS) (To et al. 2009; Wei et al.

2002; Yang et al. 2003). This study is concerned with

REHPS, where CO2 is used as an environmentally

benign solvent.

Coarse-scale mixing of the nanopowders can be

achieved through mild handling, such as fluidization,

capable of deagglomeration on the scale of 20–30 lm,

and therefore mixing on a comparable scale (Nakam-

ura and Watano 2008; Ammednola and Chirone 2010).

It is readily apparent that the first step in achieving

mixing at a finer scale is deagglomeration. The

effectiveness of REHPS in deagglomerating nanopar-

ticle agglomerates (henceforth simply referred to as

nanopowders) has already been demonstrated by To

et al. who expanded suspensions of nanopowders in

high pressure and supercritical carbon dioxide through

capillary nozzles (To et al. 2009). This process is

similar in principle to the liquid-phase dispersion

process commonly referred to as high-pressure homog-

enization with the exception being that a compressible

gaseous or supercritical medium is used, and therefore

requires very different experimental practices. In both

methods, a suspending fluid carrying nanopowders is

throttled through a fine-capillary nozzle; high-shear/

energy dissipation rates inside and at the entrance to the

nozzle are expected to cause agglomerate breakage (To

et al. 2009; Endo et al. 1997; Galinat et al. 2005; Perry

and Green 2009; Pope 2000; Seekkuarachchi and

Kumazawa 2008; Strecker and Roth 1994; Vankova

et al. 2007; Voss and Finlay 2002; Zumaeta et al.

2005, 2007). The use of gaseous and supercritical

CO2 in REHPS takes advantage of its liquid-like

density, gas-like viscosity, and compressibility in the

homogenization process and results in three major

beneficial differences:

(1) Pressures lower than 20 MPa are commonly

used in the REHPS process (To et al. 2009; Wei

et al. 2002; Yang et al. 2003), whereas pressures

in excess of 50–500 MPa are commonly used in

liquid-phase high pressure homogenization

(Baldyga et al. 2007; Hu et al. 2004; Xie et al.

2008).

(2) At the exit of the nozzle, a Mach disc or

shockwave forms, which has been shown to be

effective in agglomerate breakup (Brandt et al.

1987; Strecker and Roth 1994). The Mach disc

represents a discontinuous change in the fluid

pressure, density, and velocity. It has been

shown that the Mach disc can form when the

ratio between the upstream and downstream

pressures is as low as four. At lower-pressures

ratios, weaker compression waves form (Adam-

son and Nicholls 1958).

(3) A high-quality dry powder mixture can be

collected directly after REHPS without drying

steps that lead to caking or segregation. A

similar benefit can be observed for liquid carbon

dioxide as well, as it readily evaporates at

atmospheric conditions.

The feasibility of the REHPS process for deag-

glomeration and mixing of nanopowders has been

reported in the literature (Wei et al. 2002; Yang et al.

2003; To et al. 2009). Wei et al. (2002) presented the

results of a single experiment on REHPS mixing and

thus established the proof-of-concept. Yang et al.

(2003) showed that the REHPS process was capable

of mixing nanopowders on the submicron scale;

however, only limited experimental conditions were

investigated. To et al. (2009) recently performed

detailed studies on deagglomeration of alumina and

titania nanopowders and reported a systematic effect

of pressure on deagglomeration efficiency: But they

only reported a single REHPS mixing experiment.

These authors examined two deagglomeration mech-

anisms; shearing in the nozzle and passing through

the Mach disc at the exit of the nozzle. It was

suggested that when deagglomeration occurred pre-

dominantly through shear inside the nozzle, the

resulting agglomerate sizes should follow a square

root dependence on the nozzle diameter; on the other

hand, if deagglomeration occurred principally at the
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Mach disc, the average size of the deagglomerated

fragments would decrease with increasing upstream

pressure, but be unaffected by nozzle diameter.

However, these models have not yet been compared

with experimental data. The first objective of this

study is to test the relative importance of these two

mechanisms experimentally. It should be noted that

Yang et al. (2003) undertook a limited study of

nanopowder mixing using the REHPS process and

did not find a significant influence of the nozzle

diameter. However, in these studies (Wei et al. 2002;

Yang et al. 2003), constant upstream pressure was not

maintained during expansion, and the upstream

pressure decreased by nearly 30% during the exper-

iment; this complicates testing of the deagglomera-

tion mechanism. Indeed, we demonstrate in this study

that a systematic effect of the nozzle diameter is

observed when the upstream pressure is maintained

constant during the course of an experiment.

The second objective is to undertake a systematic

study of the influence of processing conditions on the

quality of mixing achieved in REHPS. Previous

studies carried out limited explorations of the mixing

quality. Yang et al. (2003) characterized the mixing

quality by comparing elemental ratios at 20 random

points from a single loose powder sample through

energy dispersive X-ray spectroscopy (EDS), which

is limited in scope. In contrast, this study employs a

more rigorous characterization of the mixing quality

through analysis of the intensity and scale of

segregation (Danckwerts 1952). Both of these anal-

yses measures strongly depend on the length scale of

scrutiny. If a mixture is investigated at too fine a

length scale, it appears completely segregated; on the

other hand, when a very coarse scale of scrutiny is

used, it appears completely homogeneous (Van der

Wel 1999; Venables and Wells 2001; Danckwerts

1952). As a result, the scale of segregation can be

used to characterize coarse-scale mixtures, but offers

limited value for high-quality mixtures. Oppositely,

the intensity of segregation can differentiate between

high-quality mixtures, but offers limited value for

low-quality mixtures. In this study, we differentiate

between multiple high-quality mixtures through the

intensity of segregation (Sanganwar et al. 2008; To

et al. 2009; Scicolone et al. 2008) determined using

EDS results at 400 random points on the smooth

surface of a tableted powder sample. Coarse-scale

mixtures are characterized by the scale of segregation

of EDS-based maps on elemental concentration with

respect to spatial locations, which is a novel addition

to the analysis of nanopowders mixtures. This study

also follows a more rigorous mixing experimental

protocol than the previous studies (Wei et al. 2002;

Yang et al. 2003). First, the preexpansion pressure is

held constant during the experiments. Next, we

systematically vary the nozzle diameter, the condi-

tions from which the expansion is carried out, and the

method of premixing the agglomerates of the indi-

vidual constituents. Through such studies, the influ-

ence of several important variables on nanomixing is

examined, namely, the state of premixing of the

agglomerates of the individual constituents, the

nozzle size, and the upstream pressure. It has been

demonstrated in this study that the more tightly

controlled mixing experiment protocols and rigorous

characterization methods have permitted a better

understanding of the deagglomeration mechanisms

and the nanomixing through the REHPS process.

The third objective is to explore potential applica-

tions of REHPS in creating nano-composites, which

have not been reported in previous studies. The first

application is on formation of mullite, an alumino-

silicate valued for its refractory properties, where we

analyze the influence of the quality of mixing of a

binary mixture of alumina and silica on the degree of

subsequent reactive formation of mullite in a high-

temperature environment. The second application

examines preparation of composites containing car-

bon nanotubes (CNT) mixed at the submicron scale

with nanopowders of alumina, silica, and titania,

where the REHPS process is used for the first time to

deagglomerate the carbon nanotube bundles and

achieve the desired mixing.

Experimental

Alumina Aeroxide Alu C (dp = 13 nm), titania P25

(dp = 21 nm), silane-coated silica Aerosil R972 (i.e.,

hydrophobically coated, dp = 16 nm; supplied by

Evonik Degussa GmbH, Parsippany, NJ, USA), and

multiwalled carbon nanotubes (supplied by Cheap Tubes,

Inc., Brattleboro, VT, USA) were used in this study.

The experimental apparatus used in deagglomer-

ation studies is shown in Fig. 1 (parts I and II).

Typically, 0.1 g of nanopowder (i.e., agglomerates of

nanoparticles) was charged into a 24-mL chamber
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(Fig. 1, unit 5) and pressurized with CO2 (99.9%

pure, Welco Gas) to the desired operating pressure

using a single-stage reducing regulator (unit 2, range

1.72–7.93 MPa). Before entering the chamber, the

CO2 was passed through a 2 m 9 1.5-mm ID stain-

less steel heat exchange coil (unit 4) submerged in a

warm water bath and immersion heater (unit 3) to

transition the CO2 into the gaseous or supercritical

region and also regulate the operating temperature.

More extreme conditions (i.e., pressures more than

7.93 MPa and temperatures less than the supercritical

point) were not investigated as CO2 condensation

occurs on gas expansion, which was observed to lead

to unrepresentative size distributions (To et al. 2009).

The powders were expanded to the atmospheric

pressure through a capillary nozzle (unit 7). The

aerosol downstream of the nozzle was characterized

online by the scanning mobility particle spectrometer

(SMPS) (unit 9) (TSI, Inc., St. Paul, MN, USA),

which uses differential mobility analysis to determine

the size of agglomerates in the size range of

19.5–572.5 nm. The size range measured by the

SMPS was 19.5–572.5 nm; the data reported in the

following represent the average of nine scans for each

sample. Aerosol samples were also collected by

diffusion on a silicon substrate (unit 10) and were

characterized offline by image analysis of electron

micrographs at a magnification of 933,000. The

images were processed with ImageJ�, an open-

source image-processing program developed by

Wayne Rasband and the NIH, to determine the

projected area diameter of the agglomerates (size

range: 40–3,000 nm). In the case of CNTs (with high-

aspect ratios), the largest end-to-end lengths of the

agglomerates (Feret diameter) were determined from

the electron micrographs. Typically, 1,000–2,000

agglomerates were sized through image analysis for

each experiment. For a detailed description of the

operating procedures of deagglomeration and char-

acterization, refer to To et al. (2009).

The REHPS mixing apparatus is similar to the

REHPS deagglomeration apparatus and is shown in

Fig. 1(part III). Typically, 0.75-g batch of premixed

alumina and silica nanopowders was charged into the

24-mL tubular mixing chamber (unit 5). Two powder

premixing methods were employed: (1) hand mixing/

shaking in a 65-mL glass jar and (2) stirring a 7.0-g

batch of powder at 2,000 RPM with a four-blade

rotor with 1-cm blades, in supercritical CO2 at

14.8 MPa and 35 �C in a 300-L stainless steel vessel.

Rapid expansion through the nozzle (254-lm ID and

10-cm long, unit 7) was conducted from different

conditions upstream of the nozzle: (i) 1.72–5.51 MPa

and 45 �C (where CO2 is a high-pressure gas), (ii)

7.93–13.79 MPa and 45 �C (supercritical CO2), and

(iii) 8.27 MPa and 28 �C (liquid CO2). Pressures

greater than 7.93 MPa were achieved using a liquid

CO2 pump (P-350, Thar Technologies, Pittsburgh,

Fig. 1 Schematic of REHPS process. Individual nanopowders

expanded through the REHPS process were sized using a

scanning mobility particle spectrometer and collected by

diffusion and image analysis of electron micrographs. Mixed

nanopowders expanded through the REHPS process were

collected on a 0.2-lm filter for mixing quality analysis using

energy dispersive X-ray spectroscopy
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PA, USA). The expanded mixture was collected on a

0.22-lm filter (Fig. 2, unit 11). Some experiments

were also repeated using 508- and 1,524-lm nozzles.

The effect of multiple processing cycles on the

mixture quality was also examined. Samples col-

lected after a 1-pass REHPS were processed through

REHPS (using the same procedure as earlier) for a

second time at the same upstream pressures and

temperatures and analyzed.

Alumina and silica with two different weight ratios,

50:50 and 71.8:28.2 (mullite stoichiometry), were

subjected to REHPS mixing. The product mixtures

were pressed at 600 MPa into a 13-mm tablet (0.2 g of

powder was pressed) and characterized using a field

emission scanning electron microscope (FESEM) in

conjunction with energy dispersive X-ray spectros-

copy (SEM–EDS, LEO 1530vp Gemini), which can

determine the elemental composition at various spatial

locations (with resolution of approximately 2 lm)

(Sanganwar et al. 2008). Three replicates were

prepared for each experiment and mixture qualities

in the form of intensities of segregations (IOS, defined

in the following) were averaged. Mullite stoichiom-

etry specimens were pressed into a pellet at 600 MPa

and fired at 1,400 �C for 1 h at a heating rate of 20 �C/

min for the purpose of producing mullite. The sintered

pellets were ground with a mortar and pestle and

mixed with 40 mg of CaF2, an internal standard for

X-ray powder diffraction (XRD, PW3040, Philips).

The degree of mullitization was determined through

quantitative XRD (by comparing the ratio of the area

for the mullite peak at 25.9� 2h to that of the CaF2

peak at 47.0� 2h to a previously prepared calibration

curve). The calibration curve was prepared by com-

paring the peak area ratio to the mass ratio of the

mullite to CaF2.

Poor mixtures were described by the scale of

segregation with a scale of scrutiny of the EDS

mapping (75 9 50 lm2). We were able to ascertain

that REHPS decreased the scale of inhomogeneity

substantially, as illustrated later in this manuscript;

therefore, high-quality REHPS mixtures were

described by the intensity of segregation with a scale

of scrutiny equal to the resolution limit (1 spot,

*2 lm). It immediately follows that this approach

cannot be used to distinguish between good mixtures

less than the scale of scrutiny.

The EDS analysis was performed using two

methodologies: (1) A scanning mode was used to

produce 75 9 50 lm2 (512 9 386 pixel2) elemental

mappings of the mixtures, which was used to

determine the scale of segregation (SOS), with a

scale of scrutiny equivalent to the dimension of the

scan; (2) the elemental compositions at 400 spots

(*2 l, the scale of scrutiny), which were used to

determine the intensity of segregation (IOS). High-

quality REHPS mixtures were described by the

intensity of segregation, which has been employed

in previous studies (To et al. 2009; Sanganwar et al.

2008; Scicolone et al. 2008), whereas poor mixtures

were described by the scale of segregation.

The IOS is a measure of concentration homogene-

ity, represented by the ratio of the concentration

variance of the mixture to that of a completely

segregated mixture as shown in Eq. 1, where r2 is

the variance of the concentration between the 400

points and lA and lS are the mean values of the

concentrations of alumina and silica, respectively. The

product of the mean concentrations, lAlS, represents

the variance of a completely segregated mixture

(Weinekotter and Gericke 2000). The intensity of

segregation ranges from 0 to 1, representing the

completely homogeneous state and the completely

segregated state, respectively.

IOS ¼ r2

lAlS

: ð1Þ

The scale of segregation (SOS) uses the autocorre-

lation function to determine the rank-order charac-

teristic size of the segregated regions and is described

by Eqs. 2 and 3:

Fig. 2 Volume-weighted diameters of silica and alumina

nanopowders deagglomerated (separately) through the REHPS

process from various pressures. Sizes were measured with the

scanning mobility particle spectrometer (range of 25–572 nm)

(To et al. 2009)
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R rð Þ ¼
XN

i

ai � að Þ aiþr � að Þ
ai � að Þ2

ð2Þ

SOS ¼
Z1

0

R rð Þdr �
Ze

0

R rð Þdr: ð3Þ

The autocorrelation function, R(r), evaluates the simi-

larity of concentrations, a, between two spatial locations

(i and i ? r) separated by a known distance of r, for all

N combinations of coupled locations. SOS, shown in

Eq. 3, represents the length scale above which the

mixture can be considered random, where e is a length

scale significantly greater than the distance where

R(r) * 0 (i.e., the mixture is uncorrelated). Therefore,

the scale of segregation is 0 when the mixture is a

completely random mixture (essentially homogeneous),

and higher values suggest poorer mixtures. Here,

elemental concentration was inferred from pixel bright-

ness obtained from the EDS elemental map and the

separation distance was inferred from a pixel location,

which has a linear dimension of 0.15 lm/pixel.

Individual mixtures of 50 wt% of CNT with

alumina, silica, and titania were also produced by

1-pass REHPS and the mixtures were only analyzed

qualitatively through SEM imaging.

Results and discussion

Deagglomeration of silica nanopowders

by REHPS process

The volume-weighted mode diameters for deagglom-

erated silica nanopowders, evaluated through the

SMPS and image analysis of electron micrographs,

are shown in Figs. 2 and 3, respectively. Similar

results for alumina, reported in an earlier study (To

et al. 2009), are also reproduced in these figures for

comparison. The upstream pressure ranged from 1.72

to 7.93 MPa. The mode sizes extracted from the

SMPS show a slight decrease in agglomerate size

with increasing pressure, which is consistent with

previous findings for alumina. A similar trend of

decreasing agglomerate sizes with increasing pres-

sure was also seen in the image analysis results

presented in Fig. 3. It was observed that the sizes of

the silica agglomerates were near the upper limit of

the SMPS size range (19.5–572.5 nm). As both

measurements revealed a decrease in agglomerate

size with increasing pressure, it is reasonable to

conclude that by increasing the upstream pressure,

one can increase the extent of fragmentation of the

agglomerates. This coincides with previous predic-

tions that expansion from higher pressures is

expected to produce smaller agglomerate sizes, as a

larger portion of the mass flow passes through a more

powerful Mach disc at these higher pressures and

therefore produces more fines. The SMPS size

results, which were primarily used to characterize

the fine fraction of the size distribution, indicated that

the fines are indeed getting smaller with increasing

pressure. The SEM size results showed that the

coarse fraction decreased with increasing pressure.

As previously mentioned, expansion pressures were

kept at or less than 7.93 MPa to avoid dry ice

precipitation, which appears to prevent agglomerate

breakup by encasing the agglomerates in a dry ice

particle. Evidence of this is shown in Fig. 4, where

REHPS-deagglomerated silica nanopowders expanded

from 11.03 MPa and 45 �C are depicted; numerous

silica agglomerates were apparently trapped in a single

dry ice particle, which was then deposited on the silicon

wafer during expansion. As the CO2 sublimated, the

agglomerates were deposited in the configuration

shown.

Fig. 3 Volume-weighted diameters of silica and alumina

nanopowders deagglomerated (separately) through the REHPS

process from various pressures. The agglomerates collected by

diffusion and imaged at 33,0009 with electron microscopy

were analyzed to determine the sizes. Measurable sizes ranged

from 40 to 3,000 nm (To et al. 2009)
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REHPS mixing of alumina–silica mixtures

The intensities of segregations obtained after various

mixing protocols for alumina and silica nanopowder

mixtures at weight ratios of 50:50 and 72:28 (mullite

stoichiometry) are tabulated in Table 1; the protocols

include: (i) hand-premixed mixtures, which was

produced by shaking in a glass jar; (ii) mixtures

prepared by stirring in supercritical CO2 at 14.8 MPa

and 35 �C, but not subjected to REHPS; (iii) 1-pass

REHPS of the hand premix; (iv) 1-pass REHPS of the

stirring premix; and (v) 2-pass REHPS, where

protocol iii was used as the premix. It is clear from

the first row of data in Table 1 that stirring offered a

small improvement in the average IOS value over

hand mixing, but it improved significantly the

sample-to-sample reproducibility. Figure 5 shows

the superimposed elemental scans of alumina (white,

or green in color online) and silica (black, or blue in

color online) from typical elemental mappings

obtained through EDS for the 50:50 hand-mixing,

72:28 hand-mixing, and 50:50 stirred premixed

powders (protocols i, ii). White areas (green in color

online) represent an abundance of alumina, whereas

black areas (blue in color online) represent an

abundance of silica. Figure 5a and b clearly shows

the inhomogeneity on the scale of 10s of microns,

whereas Fig. 5c depicts inhomogeneity only at a

smaller scale. The corresponding SOS values were

15, 18, and 5 lm, respectively. This confirms that

mixing was improved by stirring.

Figure 6 shows superimposed elemental scans for

the 72:28 mixtures after the REHPS process. The hand-

premixed 72:28 powder mixture that exited the cham-

ber (unit 5, Fig. 1) during expansion, but did not pass

through the nozzle (i.e., remained in the connecting

tubing between the vessel and the nozzle), was shown

Fig. 4 SEM image of silica deagglomerated from 11.03 MPa

and 45 �C. It appears that dry ice precipitation during expansion

from high pressures prevented effective deagglomeration

Table 1 Intensity of segregation (910-3) of various alumina–

silica mixing protocols including: (i) hand-premixed mixtures,

(ii) mixtures prepared by stirring, (iii) 1-pass REHPS of the

hand premix, (iv) 1-pass REHPS of the stirring premix, and

(v) 2-pass REHPS mixtures

Mixing condition Pressure

(MPa)

Temp

(�C)

1-pass REHPS 2-pass REHPS

50:50 Hand

mixed

50:50 Stirred

Mixed

72:28 Hand

Mixed

50:50 72:28

Premix without

REHPS

– – 320 ± 90 160 ± 100 160 ± 80 – –

Gas 1.72 45 13 ± 17 2.6 ± 0.1 5.5 ± 6.2 2.4 ± 0.5 2.4 ± 1.1

2.76 12 ± 10 2.5 ± 0.5 4.5 ± 2.2 – –

5.51 5.4 ± 3.4 2.7 ± 0.6 8.7 ± 6.7 – –

Supercritical 7.93 6.8 ± 6.8 1.6 ± 0.2 3.8 ± 1.5 2.3 ± 0.5 1.9 ± 1.2

11.03 8.5 ± 4.4 4.0 ± 2.0 8.3 ± 8.1 – –

13.79 4.3 ± 2.5 1.9 ± 0.4 10 ± 9 3.3 ± 0.7 2.9 ± 0.4

Liquid 8.27 28 4.2 ± 2.0 3.7 ± 2.0 3.9 ± 0.7 2.1 ± 0.7 1.9 ± 0.6

The first row summarizes results obtained for mixtures that were obtained either by simple hand-mixing/shaking (0.75 g of powders

in a 65-mL glass jar) or stirring (a 7.0 g of powders at 2,000 RPM with a 4–2.54-cm blade rotor in supercritical CO2 at 14.8 MPa and

35 �C in a 1.5-L stainless steel vessel), but not subjected to REHPS. Other rows report results obtained after 1-pass REHPS and

2-pass REHPS from various mixing pressure and temperatures. Gas, supercritical, and liquid in the first column refer to the state of

CO2 in the chamber upstream of the nozzle
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to produce significantly poorer-mixing quality than the

REHPS process; its IOS was measured to be 0.215; the

corresponding elemental mapping shown in Fig. 6a is

only slightly better than that shown in Fig. 5b. This

confirmed that the deagglomeration and subsequent

mixing principally occurred in the nozzle or further

downstream. The EDS scans obtained for 1-pass and

2-pass REHPS mixed powders are shown in Fig. 6b

and c; it is readily apparent that they are far superior to

the samples not processed through REHPS. It should

be noted that the spatial variations seen in these two

panels are close to or less than the resolution limit of the

instrument resulting in SOS values that are not

meaningful. Therefore, IOS was used to compare the

REHPS mixtures. For the hand-premixed powder,

2-pass REHPS (Fig. 6c) appears to yield a slightly

superior mixing than 1-pass REHPS (Fig. 6b), as

already noted in Table 1.

The samples produced through REHPS did man-

ifest appreciable variability (as evidenced by the 95%

confidence limits shown in Table 1); nevertheless, all

the samples were markedly superior to the samples

that were not processed through REHPS. Some of

these results are shown graphically in Fig. 7, which

depicts the intensity of segregation from various

mixing protocols (iii, iv, and v) and indicates that

REHPS of the stirred premixed powders significantly

improved the mixing quality and decreased the

variability (when compared to that seen for the

1-pass hand-premixed REHPS mixture). The superior

IOS obtained for the REHPS of stirred and 2-pass

REHPS mixtures in comparison to the hand-premixed

mixtures indicates that improved premixing signifi-

cantly enhances the REHPS process. Better mixing

before entering the nozzle facilitates simultaneous

deagglomeration of aggregates of individual constit-

uents during flow through the nozzle and subsequent

intimate mixing before reagglomeration occurs. Con-

versely, with poor premixing, simultaneous deag-

glomeration of aggregates of individual constituents

Fig. 5 Superimposed EDS scans of elemental Al (green) and Si (blue) of (a) 50:50 hand-mixed, (b) 72:28 hand-mixed, and

(c) stirred premixed powders before the REHPS process. (Color figure online)
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occurs to a lesser extent, resulting in diminished

intimate mixing. It should be noted that 1-pass stirred

premixed REHPS was comparable to 2-pass hand-

premixed REHPS, so stirred premixing minimizes the

need for a time-intensive second pass.

It is expected that the improved deagglomeration that

was shown to occur as pressure increases toward

7.93 MPa also improves mixing; however, the effect of

poor axial mixing could introduce variability. This

variability could minimize the expected mixing enhance-

ment. The sample-to-sample variability was high for

REHPS mixtures expanded from pressures greater than

7.93 MPa in comparison to expansion from lower

pressures conditions; this is attributed to the formation

of dry ice and its adverse effect on deagglomeration.

To probe the influence of nozzle diameter on the

quality of mixing, experiments were also carried out

using 508- and 1,524-lm diameter nozzles and 72:28

alumina–silica hand-premixed nanopowders; in all

cases, the powders were expanded from 7.93 MPa

and 45 �C, as these conditions were found to yield

(for the 254-lm diameter nozzle) both high-quality

mixtures and high reproducibility. Figure 8a and b

shows the EDS scans for the REHPS mixtures

produced with the 508- and 1,524-lm nozzles,

respectively. Comparison of these elemental maps

to those produced by expansion through a 254-lm

nozzle, shown in Fig. 6b, clearly indicates that

increasing the nozzle diameter adversely affects the

level of homogeneity. Table 2 summarizes the IOS

and SOS results for expansion through the three

different nozzles. Table 2 also lists the size of the

most energetic eddies, which has been predicted to be

dependent on the Reynolds number, Re, and the

nozzle diameter (also tabulated), Dnozzle, according to

Eq. 4 (Perry and Green 2009):

Fig. 6 Superimposed EDS scans of elemental Al (green) and

Si (blue) of (a) the hand-mixed powders that remained in the

connecting tubing between the high-pressure vessel and the

expansion nozzle, (b) 1-pass, and (c) 2-pass REHPS-mixed

powders. Alumina:silica weight ratio = 72:28. Sample

expanded from 7.93 MPa and 45 �C. (Color figure online)

J Nanopart Res (2011) 13:4253–4266 4261

123



Le ¼ 0:05DnozzleRe�1=8: ð4Þ

These eddy length scales were calculated using the

pressure and temperature predictions for choked flow

conditions of a perfect gas (Shapiro 1958) and other

physical data from the National Institute of Standards

and Technology (Lemmon et al. 2009). The intensity

of segregation increased nearly quadratically with

nozzle diameter, whereas the scale of segregation

varied nearly linearly with nozzle diameter. The close

correspondence with the eddy length and SOS is

striking; it suggests that the most energetic eddies

present in the flow through the nozzle played an

important role in the deagglomeration and mixing

processes. This suggests that the shear-induced

deagglomeration (examined by To et al. 2009) plays

an important role in the deagglomeration and mixing

process; however, our results differ from those of To

et al. in a significant way. The model presented in To

et al. analyzed the role of gradients in the time-

averaged velocity field, whereas our results indicate

that the deagglomeration is closely tied to the most

energetic eddies.

The impaction of the agglomerates with the Mach

disk located downstream of the nozzle exit can also

play a role in the deagglomeration and mixing

processes. The results presented in Table 2 do not

discount the contribution of the impact deagglomer-

ation; as the EDS analysis is a volume-sampling

method, it emphasizes the presence of large agglom-

erates, whose size (according to our results) appears

to be closely tied to the action of the eddies. This

suggestion comes at least in part from the fact that

only about 50% of the agglomerates pass through the

Mach disk (To et al. 2009). The remainder of the

agglomerates is likely to flow around the Mach disc

and pass through much weaker oblique shocks.

Mixtures at mullite stoichiometry were fired at

1,400 �C for 1 h at a heating rate of 20 �C/min. The

conversion of alumina and silica to mullite was

determined through quantitative XRD. It is briefly

noted that hand-mixed powders reached 43.4%

mullitization, whereas 2-pass REHPS mixed samples

(expanded from 1.72 MPa) resulted in 82.0%

Fig. 7 IOS values for alumina–silica mixtures (50–50 wt%)

expanded from different pressures through a 254-lm nozzle.

The results are shown for mixtures prepared in three different

ways: hand-premixed 1-pass REHPS, hand-premixed 2-pass

REHPS, and stirred-premix 1-pass REHPS. See Table 1 for

more details about the mixing conditions

Fig. 8 Superimposed EDS scans of elemental Al (green) and

Si (blue) for 1-pass REHPS through nozzles with different

diameters: a 508 lm and b 1,524 lm. The EDS elemental scan

for the 254-lm nozzle is shown in Fig. 6b. Alumina:silica

weight ratio = 72:28. Samples expanded from 7.93 MPa and

45 �C. (Color figure online)
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mullitization. This significant increase in the extent of

mullitization further confirms a significant improve-

ment in mixing quality (which has a direct bearing on

the mullitization reaction extent readily achievable

without need for extensive diffusion or viscous flow

under reaction conditions) afforded by REHPS.

Deagglomeration and mixing of carbon nanotubes

Sanganwar et al. have previously shown that ultra-

sonic mixing in supercritical fluids, although highly

capable of mixing spherical nanopowders together,

was unable to loosen the tight carbon nanotube

bundles (Sanganwar et al. 2008). This difficulty likely

stems from the high aspect ratio and strong interac-

tions between the nanotubes. This prompted a brief

study on the quality of deagglomeration of dry CNT

agglomerates afforded by REHPS. Figure 9a and b

shows SEM images of CNT agglomerates before and

after REHPS deagglomeration from 7.93 MPa and

45 �C. It can be seen that the unprocessed CNT

formed large agglomerates (generally, *10 lm or

larger), whereas the REHPS-deagglomerated CNT

were much smaller in size. Figure 10 shows the size

distribution (in terms of Feret diameter) for the

REHPS-deagglomerated CNT, which are predomi-

nately in the submicron range.

We also examined the quality of mixing of CNT

with alumina, silica, and titania nanopowders attain-

able through REHPS. The high aspect ratio of CNT

makes it easier to distinguish CNT from the other

constituent in the mixture and evaluate the quality of

mixing simply from image analysis. Figure 11a–c

presents representative images obtained in this mix-

ing study and shows clearly that REHPS has been

able to provide mixing at submicron scale. Fig-

ure 11a shows silica agglomerates (a few hundred

nanometers in size) integrated into micron-sized CNT

agglomerates. Figure 11b and c shows analogous

results for the CNT-titania and CNT-alumina sys-

tems. Some differences seen in these three systems

are likely to be related to the interaction between the

constituents: CNT and silica (silane-coated) are both

hydrophobic, whereas titania and alumina are both

hydrophilic, which likely made CNT and silica more

amenable to mixing.

Table 2 Intensity of segregation (IOS), scale of segregation

(SOS), carrier fluid Reynolds number, and length scale of the

most energetic eddies during REHPS flow through the nozzles

of different diameters. Mullite (72:28) mixtures were expanded

from 7.93 MPa and 45 �C. This data coincide with Figs. 6b

and 8a and b

Nozzle ID (lm) IOS Scale of segregation (lm) Reynolds number Max energy eddy length (lm)

254 0.0038 \2 0.99 (106) 2.3

508 0.0152 4.3 2.0 (106) 4.1

1,524 0.1405 10.9 6.0 (106) 10.8

Fig. 9 SEM images of carbon nanotubes (a) before and (b) after deagglomeration through the REHPS process. The sample was

expanded from 7.93 MPa and 45 �C
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Concluding remarks

REHPS, an environmentally benign approach that

produces dry powders, was studied for producing

mixtures of nanopowders with a scale of segregation

on the order of a few microns or smaller. In this

study, two characterization methods having better

resolution capabilities than those used in previous

studies by Wei et al. (2002) and Yang et al. (2003)

were used to analyze the mixing quality of the

REHPS-processed samples. First, the constituent

concentration was determined at 400 sites on the

surface of pressed pellet using EDS–SEM to deter-

mine the intensity of segregation. Second, an ele-

mental mapping of alumina was obtained through

EDS–SEM analysis to determine the scale of segre-

gation, which could be correlated to agglomerate

size, thus permitting a physical interpretation of the

mixing quality. Employing more rigorous mixing

characterization and experimental protocols than

those used in the previous studies, we examined the

influence of the expansion nozzle size, quality of

premixing of the constituent materials, and preex-

pansion pressure on deagglomeration and mixing

Fig. 10 Size distribution obtained through image analysis of

REHPS-deagglomerated CNT

Fig. 11 Scanning electron micrographs of mixtures of carbon

nanotubes and (a) silica, (b) titania, and (c) alumina nano-

powders obtained through the REHPS process. Samples were

expanded from 7.93 MPa and 45 �C. Mixing at submicron

scale is clearly evident. Scale bars denote 100, 100, and

200 nm for image a, b, and c, respectively
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attained through REHPS. The effect of premix

quality was examined by using feed nanopowders

that were (a) hand mixed, (b) stirred in a supercritical

fluid, or (c) previously processed through REHPS.

The two principal results of this study are as follows.

First, it is demonstrated that the quality of premixing

of the agglomerates of the individual constituents

before transport through the nozzle had a measurable

influence on the intensity and scale of segregation

observed with REHPS-processed mixtures. Improved

premixing through stirring in the supercritical chamber

before expansion through nozzle was found to be very

beneficial. Single-pass REHPS processing of stirred

mixtures produced mixing quality values that were as

good as the 2-pass REHPS processing of hand-mixed

samples. Improved premixing also improved the

reproducibility of the results.

Second, our analysis of the REHPS deagglomer-

ation results indicates that shear associated with the

energetic eddies inside the nozzle plays an important

part in the deagglomeration of the nanopowders.

More specifically, the average size of deagglomerated

fragments decreased with increasing upstream pres-

sure, similar to those previously observed (To et al.

2009); and a decrease in nozzle diameter led to

improved mixing quality as indicated by a nearly

linear decrease in scale of segregation and a nearly

quadratic decrease in intensity of segregation. It is

also shown that the fragment sizes correlate well with

the length scale of the maximum energy eddies.

Two potential applications of REHPS for creating

nano-composites are also illustrated. In the first

example, it is shown that improved mixing of the

alumina and silica nanopowders through REHPS led

to improved extent of mullite formation during high-

temperature reactions. In the second example, it is

shown that REHPS can be used to deagglomerate the

carbon nanotube bundles and mix them at submicron

scale; to the best of our knowledge, this is the first

demonstration that REHPS can be used effectively to

deagglomerate nanotube bundles and mix them with

other ingredients at submicron scale.
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