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Abstract. Herein, a method for the determination of vis- nuclei (IPCC, 2007). These particles may also influence at-
cosities of small sample volumes is introduced, with im- mospheric chemistry through heterogeneous interactions be-
portant implications for the viscosity determination of par- tween particles and gas-phase compoundssd¢Rl, 2005;
ticle samples from environmental chambers (used to simuGeorge and Abbatt, 2010; Rudich et al., 2007). Despite their
late atmospheric conditions). The amount of sample needednportance, many of their fundamental properties, includ-
is < 1 pl, and the technique is capable of determining viscosi-ing basic physical properties such as their phases and vis-
ties (7) ranging between 1@ and 18 Pascal seconds (Pas) cosities, remain poorly understoodd@ehl, 2005; Hallquist
in samples that cover a range of chemical properties and witlet al., 2009; Kanakidou et al., 2005; Vaden et al., 2011; Vir-
real-time relative humidity and temperature control; hencetanen et al., 2010; Saukko et al., 2012). However, the par-
the technique should be well-suited for determining the vis-ticle viscosity can influence the ability of these particles to
cosities, under atmospherically relevant conditions, of par-act as ice or liquid cloud droplet nuclei, uptake water and
ticles collected from environmental chambers. In this tech-non-reactive gases, and undergo reactions with atmospheric
nique, supermicron particles are first deposited on an inerbxidants (Zobrist et al., 2008, 2011; Renbaum and Smith,
hydrophobic substrate. Then, insoluble bead§ im in di-  2009; Murray, 2008; Murray et al., 2010, 2012; Vaden et al.,
ameter) are embedded in the particles. Next, a flow of gas i2011; Katrib et al., 2005; Mikhailov et al., 2009; Shiraiwa
introduced over the particles, which generates a shear strest al., 2011; Bones et al., 2012; Knopf et al., 2005; Virta-
on the particle surfaces. The sample responds to this shearen et al., 2010; Wang et al., 2012). Likewise, the forma-
stress by generating internal circulations, which are quantition and growth of secondary organic aerosol (SOA) par-
fied with an optical microscope by monitoring the movementticles may be influenced by particle viscosity (Cappa and
of the beads. The rate of internal circulation is shown to be awilson, 2011; Koop et al., 2011; Perraud et al., 2012; Shi-
function of particle viscosity but independent of the particle raiwa et al., 2011; Vaden et al., 2011). In order to accurately
material for a wide range of organic and organic-water sam-redict the role of atmospheric particles in various atmo-
ples. A calibration curve is constructed from the experimen-spheric processes, the particle viscosities under various rel-
tal data that relates the rate of internal circulation to particleative humidity (RH) and temperature conditions should be
viscosity, and this calibration curve is successfully used toknown; yet, to date, no direct measurements of these viscosi-
predict viscosities in multicomponent organic mixtures. ties have been made. Atmospheric particles may potentially
vary from liquids, which typically have viscosities ranging
from 10-2 — 107 Pas, to solids, which typically have viscosi-
ties> 10'2Pas, as the water content and chemical composi-
1 Introduction tion of the particles vary. Additionally, sample volumes of
particles that can be collected from the atmosphere or en-
Atmospheric particles may play an important role in the \jronmental chambers (which are used to simulate atmo-

Earth’s climate by scattering and absorbing solar and terresspheric conditions) are on the order of microliters (which
trial radiation and by acting as ice and liquid cloud droplet
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corresponds to milligrams) assuming reasonable collection |11

times (You et al., 2012). Hence a technique is required that 111

can measure viscosities in small volumesl(ul) and over a

wide range of viscosities. \I/ ‘Il \I/
While many viscometers are able to accommodate small

sample volumes (0.6—10 pl), they may not be well suited to

studying many atmospherically relevant samples since they

are limited to viscosities< 1 x 10~1 Pas (Han et al., 2007;

Lin et al., 2007; Pipe and McKinley, 2009; Srivastava et al.,

2005; Srivastava and Burns, 2006; Silber-Li et al., 2004).

Atomic force microscopy can also be used to determine vis-

cosities in small£ 200 pl) samples, but is also limited to low

viscosities & 5 x 1072 Pas) due to the strong dissipative ef- Ei _ . . i ,

fects which exist at higher viscosities (Ahmed et al., 2001 ig. 1. 2-Dimensional representation (cross-sectional view though

- . . 'the center of the drop and parallel with the gas flow) of the theoreti-
Bergaud and Nicu, 2000). Various fluorescence MICTOSCOPY: 5| internal flow patterns for a liquid spherical drop as it falls at ter-

techniques can be used to determine diffusion constants ihina| velocity through a stationary fluid (Hadamard, 1911; LeClair
samples as small as single cells (Hess et al., 2002; Reits ang al., 1972). The dashed arrows represent the direction of the gas
Neefjes, 2001; Rossow et al., 2010; Spiller et al., 2010), andiow and the solid arrows represent the direction of the internal flow
the viscosities of the samples may then be estimated withi.e. streamlines). The 3-dimensional flow is axisymmetric about an
some foreknowledge of the hydrodynamic radius of the flu-axis directed towards the pole of the sphere along which the gas
orescent dye. Fluorescence recovery after photobleachinghoves.
which allows the highest viscosity measurements of these
techniques, is typically limited to viscosities10 Pas (this  deposited on an inert hydrophobic substrate. Then insoluble
limit was calculated assuming a hydrodynamic radius ofbeads € 1um in diameter) are embedded in the supermi-
~ 1 nm for the fluorescent dye (Nagy et al., 1989) and a datecron particles. Next a flow of gas is introduced over the par-
collection time of 10 min). In addition to being limited to rel- ticles, which generates a shear stress on the particle surfaces
atively low viscosities, fluorescence microscopy techniquegFig. 2a). The sample responds to this shear stress by gener-
require specialized equipment that is not available in manyating internal circulations, the speed of which is quantified
laboratories. with an optical microscope by monitoring the movement of
A viscosity-dependent phenomenon in the area of cloudhe beads (Fig. 2b). The rate of internal circulation is related
microphysics that has received significant attention in theto the gas flow rate and the viscosity of the particles. It fol-
past is the internal circulation within a water droplet as it lows that at a given gas flow rate, the rate of internal circu-
falls through air. Internal circulations develop due to the flow lation can be related to the particle viscosity. Since viscosity
of the gas past the drop surface, which imposes shear stress not particle size dependent except under very atypical cir-
on the drop (LeClair et al., 1972). Consistent with experi- cumstances (Malik et al., 2010) the results obtained with this
ments (Abdel-Alim and Hamielec, 1975; LeClair et al., 1972; technique should be applicable to particles at least as small
Pruppacher and Beard, 1970; Sathkt al., 2009; Garnerand as 0.1 um.
Haycock, 1959), theory predicts that the internal circulation The amount of sample needed to prepare the supermicron
flow patterns resemble circular vortices (Hadamard, 1911particles using the technique described hereir: ispl. In
LeClair et al., 1972). A two dimensional representation of practice, only one supermicron particle with a volume of 10s
the flow patterns predicted by theory are illustrated in Fig. 1of picoliters is needed for viscosity measurement although
(Hadamard, 1911; LeClair et al., 1972). In three dimensionson the order of~ 1 mg of sample is needed to generate the
the circulation should envelop a circle of radius- a/+/2 solutions from which particles are made using the techniques
that lies in a plane perpendicular to the image in Fig. 1, wheredescribed here. In addition to the small sample volumes re-
a is the radius of the falling droplet. Theory (Spells, 1952; quired, the technique allows viscosities ranging at least be-
Hadamard, 1911) also predicts that the rate of internal circutween 103 < 5 < 10° Pas to be measured in particles that
lations within the droplets will depend on the viscosity of the cover a wide range of chemical properties characteristic of
drop — as the viscosity increases the circulation will decreasenvironmental chamber samples. Furthermore the technique
(Hadamard, 1911; LeClair et al., 1972; McDonald, 1954). requires instrumentation that is relatively inexpensive and is
Here, we outline a simple technique for measuring vis-available in many laboratories and allows for real-time con-
cosities that is based in part on the phenomenon describetlol over the relative humidity (or equilibrium water content)
above (i.e. internal circulation in a particle due to a shearand temperature of the sample particles. Hence the technique
stress by a gas) and show that the technique may be applied well suited for measuring viscosities in samples collected
to measure the viscosity of multicomponent, complex mix-from environmental chambers under atmospherically rele-
tures. Supermicron particles of the sample material are firstant conditions.
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Fig. 2. (a) lllustration of flow around a sample particlg) Schematic of instrumental setup where the hydrophobic substrate was either
siliconized glass or Teflon. The gas flow wag, Mither introduced as a dry flow or as a humidified flow.

Table 1. Types of material studied as well as the molecular formula, molecular weight (MW), oxygen-to-carbon (O:C) atomic ratio and
viscosity (20°C) of the material. The materials have been arranged by increasing O:C ratio.

Particle material Range of Molecular formula of MW of O:C of Range of References for
concentrations organic organic organic viscosities viscosities
studied (gmotl) studied (Pas)
(wt % organic)
Oleic Acid ~ 100 GgH3402 282 0.11 0.04 Noureddini et al. (1992);
Valeri and Meirelles (1997)
Tergito™ NP-72 ~100 GooHi520s 528 0.28 0.30P Dow Chemical Company (2004)
1,2,6-hexanetriol ~ 100 GsH1403 134 0.50 2.63 Aldrich Chemical Company (1996)
Polyethylene ~100 HOCH;CHy),OHn =12-14 600° 0.54 0.1A Zhang et al. (2011)
glycol-600
Polyethylene ~100 HOCH,CH>),,OH n =8-9 400° 0.56 0.134 Heymes et al. (2006)
glycol-400
Polyethylene ~100 HOCH,CH>),,OH n =6-7 300° 0.58 0.075 Heymes et al. (2006)
glycol-300
Tetraethylene ~ 100 GgH1505 194 0.63 0.055 Dow Chemical Company (2007);
glycol Moumen et al. (2006)
Sucroset Water 55-84 @oH22011 342 0.92 0.047-343 See Supplement
Glycerol+ Water 35-100 GHgO3 92 1.00 291 1073-1.41 See Supplement
(20°C data)
Glycerol+ Water 21-92 GHgO3 92 1.00 3.63 1073-1.89 See Supplement
(0°C data)

a g-(4-nonylphenyl)e-hydroxy-poly(oxy-1,2-ethanediyl), branched 97 wt%,

b viscosities extrapolated from the cited literature viscosity data &C2%® 20°C using the
temperature dependence for TergitdNP-7 predicted by the Joback group contribution method,
¢ Average molecular weight,

d calculated based on polynomial fit to cited viscosity vs. temperature data betweer?25-50

2 Experimental of organic particles in the atmosphere are expected to be hy-
. _ groscopic (i.e. take up water as the RH increases from 0 to
2.1 Types of particles studied 100 %), it was also important to study aqueous organic solu-

) ) o tions. Agqueous solutions of glycerol and sucrose were cho-
For these experiments we focused on particles consisting ofen pecause these solutions cover a wide range of viscosities
organics and mixtures of organics and water (i.e. aqQUEOUS Olneqrly six orders of magnitude) and because they have well-
ganic solutions), since organics comprise a large fraction Ofgstaplished viscosity data in the literature across large con-
atmospheric aerosol particles (Jimenez et al., 2009; Kanakigentration ranges (0-100wt% glycerol and 0-85wt% su-
dou et al., 2005). The specific organics (purchased frongge).
Sigma Aldrich in all cases with purities 99% unless oth- || experiments were carried out at room temperature
erwise noted) studied are listed in Table 1. Also included i”(which ranged from 20-21%C), except for a set of exper-
Table 1 are the molecular formula, molecular weight (MW) jments with glycerol-water solutions, which were carried out
and oxygen-to-carbon (O:C) atomic ratio of the organic ma-5; photh room temperature and©. The (°C experiments
terial and the viscosities of the samples studied based on lityere carried out to determine the effect of temperature on

erature data. The specific species were chosen to cover th@e re|ationship between internal circulation rate and particle
range of O:C values and molecular weights expected for Oryiscosity.

ganic particles found in the atmosphere. As a large fraction
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In addition to the species studied in Table 1, particles ofslpm, or~100cms? through the cell except in Sect. 3.3
virgin olive oil were also investigated using the technique where the effect of flow rate was explored) and the RH in the
described herein in to show that the technique is applicableell is adjusted by controlling the bath temperature. A hy-

to complex mixtures. grometer (General Eastern, Model 1311DR) in line after the
_ . flow cell was used to determine the dew point temperature of
2.2 Production of particles the flow and a thermocouple was used to determine the tem-

) ) ) ] c{)erature of the sample cell, which was maintained at room
Dilute aqueous (or methanol in the cases of oleic acid an emperature unless otherwise noted.

olive oil) solutions of the standards were prepared and neb- 10 Reynolds number for flow around the particle
ulized to form supermicron particles on a hydrophobic gIassRepamcle can be calculated by the equation JRgie=

or Teflon slide. A dilute aqueous suspensiomof pm hy- (pgUgdp) /ng WhereUy is the speed of the gas far from the

drophilic melamine beads (actual diamete®30+50nm,  onicle surfacepq andng are the density and viscosity of the

Sigmf_iAIdrich Cat# 862_96) was then nebu_lized overth(? slidegaS’ andi, is the particle diameter (Reist, 1984). Racle
containing the supermicron particles, which resulted in the

) VS , . “"“was typically between 0.03—-7 across the flow rate range de-
beads being incorporated into the particle bulk. Melaminegrineq in Sect. 3.3 and between 2-3 for the remainder of the
beads were chosen as they are prepared by the manufagyseriments described herein. Thus the flow across the par-
turer without the use of surfactants and are not susceptiblgq|as is at the upper limit of the laminar flow regime or the

to swelling or aggregation in solution. The slide containing | er [imit of the intermediate flow regime for a fluid flowing
the sample particles with bead inclusions was then placed iy nd a particle.

a flow cell with relative humidity control (see Fig. 2b). All The flow cell was mounted to a light-transmitting micro-

particles were between 30-50 pm in diameter. , scope (63x objective, Zeiss Axio Observer) or reflectance mi-
For particles studied in the absence of water, expenmentaosco'Oe (50x objective, Zeiss Axiotech) and images were
were carried out with the relative humidity of the carrier gas ;jected every 0.2-40s, depending on the rate of move-
set t0<0.5% RH. For particles consisting of aqoueous O ment of the beads within the particles. During an experiment
ganic solutions, RH values ranging from 25 t0 95 % RH were e frame rate was adjusted in order to observe measureable
used. To calculate the composition of the particles for a given,qgvement in each frame. Images were exported to ImageJ
RH, relationships between RH and composition were usedosyare and the average speed of bead movement in the x
(for aqueous solupons of sucrose see Zobrist et_ al. (2011) andq y directions was determined by observing the movement
for agueous solutions of glycerol see Table S1 in the Supplegs 310 peads over 50-100 frames. The focus of the micro-
ment). scope was adjusted roughly to mid-height in the particle. At
this height, it was possible to observe all beads within the
particle, although some of the beads were outside the depth

In order to explore the relationship between internal circula-Of focus of the microscope objective and thus were not in
tion and particle viscosity, viscosities of the standards listedPerfect focus. The beads also move in the z direction within
in Table 1 were needed. For the single component organici1€ Particle matrix, but since we are interested only in a cor-
(at< 0.5% RH), viscosities were assumed to be well approx—relat'on between viscosity and some measure of the speed

imated by the viscosity of the pure organic and were takerQf movement of the beads and because the z position is not
from the references shown in Table 1, last column. For aquef'”ely resolvable in these experiments, we consider only bead

ous solutions of sucrose and glycerol, we used relationshipg'ovementin the xandy directions, which we refer to as bead
between RH and viscosity developed in the Supplemental InSPe€d- , , _
formation (see Table S2 in the Supplement) to calculate vis- In a separate experiment, by using confocal !aser scanning
cosity in the experiments. For the virgin olive oil samples we Microscopy with optics that allow the observation of the re-
used a rotational viscometer (Haake RotoVisco 550) to deflectance of light from the particle surface, the z-position

termine the viscosity of the bulk sample (see Supplement). ©f the air-particle interface was resolvable and in conjunc-
tion with transmission microscopy to monitor the bead lo-

2.4 Microscopy/flow cell cation, we confirmed that the beads were not present at the
air-particle interface. The absence of beads at the air-particle

The flow cell is similar to those described in detail else- interface was expected since the melamine beads were manu-

where (Bodsworth et al., 2010; Parsons et al., 2004) exceptactured with a hydrophilic coating and are thus not expected

the flow cell used herein had an internal volume of 0.8cm to be surface-active. Therefore, the movement of melamine

Briefly, the slide is mounted in the flow cell where the rel- beads in these experiments is due to the internal circulation

ative humidity is controlled by using a water bubbler in a and not circulation at the air-particle interface.

temperature-controlled bath. The flow of ultra-high purity ni-

trogen through the high purity water (1&btm) is main-

tained at a constant flow rate (1.2 standard liters per minute,

2.3 Viscosity of the particles

Atmos. Chem. Phys., 13, 791802 2013 www.atmos-chem-phys.net/13/791/2013/
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Fig. 3. Movement of beads “A” and “B” and “C” in an aqueous glycerol particle at 85 %(BH =0s,(b) r =0.20s, andc) t =0.40s. The

x and y coordinates of the beads are included in brackets. Four other circular spots are also evident in the droplets but not labeled. These
unlabeled spots are due to either beads that are stuck on the substrate surface that do not move during the experiment or due to dust on tt
microscope optics. Immobile beads are not included in the data collection. The gas flow is in the direction of negative x values.

2.5 Contact angles of particles on substrate (I I

Gas flow
[T T

vVVvvy

Contact angles were determined by photographing a large
particle (~3-4 mm diameter) of the standard on the same
substrate as used during the bead experiments and then mea-
suring the contact angle using ImageJ software.

€« - —---
€ —-—-——
< -

€« - —---
€ —-—-——

3 Results and discussion

3.1 Example of data

Shown in Fig. 3a—c is a glycerol particle-ai85 % RH under

a shear flow of humidified Nat a flow rate of 100 cmg-. . . . -

Shown in Movie S1 is the same glycerol particle over 90 E|g. 4. Internal circulation patterns ob_served within a glycerol par-

i . ticle at 85 % RH. The focus of the microscope was set at approxi-

frames. .From Fig. 3a-c, one Ce}n determine that the beadr%ately half of the particle height, from which point all of the beads

are moving 4—7 um every 0.20s in the x—y plane. in the particle were visible and their x and y coordinates were de-
The average speed of individual beads in a single particleermined. The red lines are the circulation patterns from monitoring

vary by a factor of 2—4 depending at least in part on their lo-three beads during one cycle of circulation within the particle where

cation within the particle; however, by considering the aver-the circulation patterns are a 2-D projection of the bead movement

age bead speed of several beads (3—10) in many particles (3r-the x-y plane. The circulation patterns have been overlaid on the

5) over 50-100 frames, an average is obtained and this aveparticle image.

age can be correlated to the particle viscosity (see Sect. 3.4).

The average bead speed results are very reproducible from

experiment to experiment (typically varying by a factor of move from one location in the particle ¢¥o) to another

two or less), suggesting that the flow fields around the par{X1.,y1) to another (%,y-), and so on, as observed in Fig. 3. By

ticles are reproducible from experiment to experiment. Forconnecting these points with lines for one entire cycle of cir-

example, no significant difference (at 95 % confidence) be-culation, the circulation patterns in Fig. 4 were constructed.

tween average bead speeds measured on different days bGtmilar to a particle falling through a gas (Fig. 1), vortices

with the same gas flow speed, relative humidity, tempera-develop within the particles.

ture, and particle type was observed for the particle sizes used

herein (30-50 pm). 3.3 Effect of gas flow rate

3.2 Internal circulation patterns Shown in Fig. 5 are the average bead speétlss() within

glycerol and aqueous glycerol particles (diamet&0—
The internal circulation patterns in the x—y plane can be50 um). At a flow rate of 1 cms 1, the bead movement was
roughly visualized by tracing the 2D projected path of the < 0.2 um in 10 min and thus the upper limit to the bead speed
beads as they move over time. Between frames, the beadsas~ 3 x 10~/ um ms! at this flow rate.

www.atmos-chem-phys.net/13/791/2013/ Atmos. Chem. Phys., 13, 7812-2013
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193 . 100 wit glycerol in viscosity of the particle. In other words, the bead speed is
] = 85 wt% glycerol dependent only on the viscosity of the particle matrix so one
calibration curve may be used to determine the viscosities of
particles at different temperatures using this technique.
Whether the properties of the organic material have any
systematic effect on the relationship between bead speed and
viscosity was explored. To do this, the normalized residu-
als are calculated: normalized residselyp — m)/np, where
np andn are the predicted viscosities using the calibration
, , , , , curve in Fig. 6 and the literature viscosities of the standard
0 50 100 150 200 250 solutions, respectively. In Fig. 7, these normalized residuals
linear flow rate (cm/s) are plotted vs. O:C (Fig. 7a), molecular weight (Fig. 7b), sur-
Fig. 5. Bead speed in glycerol particles vs. gas flow rate for face tension (Fig. 7c) and contact angle between the particle
~ 100 wt% glycerol and 85wt% glycerol where the symbols rep- and the hydrophobic glass or Teflon substrate (Fig. 7d). If
resent the average bead speed and the error bars represent 1 these physical parameters influence the viscosity measure-
ments, systematic positive or negative values or a trend in

the residuals is expected. See Supplement and Table S3 for
As discussed above the movement of the melamine bead&e surface tension values used to generate Fig. 7c. No clear
inside the particle matrix was caused by the shear stress dfend is discernible in Fig. 7a—d, suggesting that neither O:C
the gas flow across the particle surface, which causes intefatio, molecular weight of the organic, surface tension, nor
nal mixing within the particle. Increasing the shear stresscontact angle influences the bead speed vs. viscosity rela-
by increasing the flow rate of the gas in turn causes an intionship over the ranges studied herein. In order to rule out
crease in the speed of mixing where the magnitude of theany contribution to a change in bead speed due to heating
speed change depends on the particle viscosity (McDonaldy the incandescent light source on the microscope, the bead
1954; Song et al., 2003). The shape of the curves in Fig. 5peed in both glycerol and olive oil particles 0.5% RH)
are roughly consistent with the shape expected for a sphewas determined at a variety of lamp powers. The change in
ical droplet in an axisymmetric gas flow (McDonald, 1954; bead speed with a change in light intensity was less than the

bead speed (um/ms)

Song et al., 2003). uncertainty in the measurements suggesting heating of the
particle by the incandescent light source had negligible ef-
3.4 Effect of particle viscosity fect on the speed of the beads inside the particle matrix even

in olive oil samples where visible light absorption is apparent

In order to investigate the effect of particle viscosity on by its yellow color. The bead concentration was maintained
the speed of the beads, standards (Table 1) of known visso that they constituted much less than 1% (typically 0.01—
cosity were tested under a constant linear gas flow rate 00.1%) of the total particle volume and the bead speed was
100 @&5)cms ! and at room temperature (20-21G). As independent of bead concentration in this regime. See Fig. 8a
shown in Fig. 6a, bead speeds correlated well with the partifor bead speed vs. light intensity and Fig. 8b for bead speed
cle viscosity over the range of 18 < n < 10° Pas. The data  vs. bead concentration.
were fit to a power functiom = a x ” wheres is the average
bead speed in um/ma,is the particle viscosity in Pas, and 3.5 Predictions of viscosity of complex, multicomponent
andb are the best-fit parameters. The fit to this function gave particles using calibration data
a best fitR? = 0.988 witha = 2.73x 10~* andb = —0.955.
According to theory for a spherical particle moving through To display the utility of this technique for measuring the vis-
a gas under laminar flow conditions, the speed of internal cir-cosities of complex particles, the bead speeds in 30-50 pm
culation should be inversely proportional to the particle vis- virgin olive oil particles were used along with the calibration
cosity at a constant gas flow rate. Thus, if a power function,curve shown in Fig. 6a to determine the viscosity of the olive
s =a x n’, is used to describe internal circulation within a oil particles. Like in the measurement of bead speeds for the
spherical particle moving through a gas under laminar flowstandard particles, the average bead speed of many (5) beads
conditions, the theoretical value of the paramétehould be  in multiple (3) particles was determined.
—1 (Hadamard, 1911; LeClair et al., 1972; Milne-Thomson, The resulting viscosity of the olive oil particles at room
1968). The best fit parametkee= —0.955 for our experiments temperature was 0.13#0.09/~0.05) Pas where the reported
is very close to this theoretical value. error is calculated from the 95 % prediction intervals from

Shown in Fig. 6b are results for glycerol agueous solutionsthe calibration curve in Fig. 6a. This value is in good agree-
recorded at room temperature an8@ The overlap in the ment with previous measurements of the viscosity of vir-
two data sets indicates that the change in bead speed upa@in olive oils: Coupland and McClements (1997) measured
cooling the flow-cell to 0C can be explained by a change the viscosity of olive oil to be 0.092Pas at 2D and

Atmos. Chem. Phys., 13, 791802 2013 www.atmos-chem-phys.net/13/791/2013/
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viscosity for aqueous solutions of glycerol &@© and room temperature in order to display the effect of temperature on the bead speed vs.
viscosity results. A calibration line was fit to all of the standard mean bead speed data from the standard compounds. Unless indicated in the
figure legend all data correspond to room temperature (2022).Folyethylene glycols with average molecular weights of 300, 400, and
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Fig. 7. Normalized residuals from the data presented in Fig. 6, plotted as a funct{ah@fC atomic ratio(b) molecular weight of solute,
(c) surface tension andl) contact angle.

Fasina et al. (2006) measured the viscosity of olive oil to be Although nine different organic compounds and some
0.087 Pas at 28C. The viscosity of the same sample of vir- aqueous solutions thereof were used to construct the bead
gin olive oil as used in the bead movement technique wasspeed vs. viscosity calibration curve in Fig. 6a, it should
measured using a conventional rotational viscometer (sebe noted that much fewer calibration standards are needed
Supplement). The viscosity value obtained with the viscome-o construct a calibration plot. For instance, choosing the
ter was 0.097+£0.006) Pas, in excellent agreement with the room temperature sucrose and glycerol bead speed vs. vis-
viscosity obtained with the bead technique. cosity data due to the wide viscosity range covered by these
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beads/particle or bead volume fraction in particles composed T90 wt% glycerol. In(a) and (b), the solid lines represent the best fit
functions and the dashed lines represent the upper and lower 95 % prediction intervals.

solutions, the resulting viscosity of the complex particles of weights< 600 gmot * make up a significant portion to a ma-
olive oil was calculated to be 0.13-0.09/0.05) Pas, equiv-  jority of the particle mass (Gao et al., 2004; Kalberer et al.,
alent to the viscosity determined using all of the standard so2004; Hamilton et al., 2011; Nguyen et al., 2010, 2011).

lutions above. The ability to control the relative humidity and tempera-
ture of the sample cell allows the viscosity of particles to be
3.6 Implications for environmental chamber samples measured under atmospherically relevant conditions. Since

water may act as a plasticizer in atmospheric particles (Koop
et al., 2011; Mikhailov et al., 2009), understanding how the

viscosity of particles changes with relative humidity (and

thus equilibrium water content) is important in understand-
ing the importance of particle viscosity in atmospheric pro-

esses.

Above, the rate of internal circulation was shown to be a
function of particle viscosity but independent of the parti-
cle material for organic and organic-water samples, with O:
values ranging from 0.1-1.0, surface tensions values rangin
from 32-75mNm!, and molecular weights ranging from
92-600gmot! and the utility of this technique was dis-
played by determining the viscosity of a complex mixture, 3-7 Advantages and disadvantages of bead technique
virgin olive oil. Consequently, this technique should be well

suited for studying the viscosity of many types of secondaryThe bead technique currently suffers from fairly poor accu-
organic aerosol particles collected in environmental cham-racy with average upper and lower 95% prediction inter-
bers. For example, typical average O:C ratios of secondaryals of +184 % and—55 % of the measured viscosity. Be-
organic particles from environmental chambers are in thecause the bead technique is a relative technique relying on
range of 0.3-0.6 (Chen et al., 2011; Nguyen et al., 2010the known viscosities of standards, the accuracy may be im-
Shilling et al., 2009; Walser et al., 2008). While the surface proved by utilizing certified viscosity standards for the cal-
tensions of secondary organic particles collected in environ4ibration curve construction. However, one of the purposes
mental chambers are largely unknown in the subsaturatedf this study was to ensure the technique was reliable under
RH regime,x-pinene secondary organic particles generatedchanging relative humidity conditions and to use viscosity
in environmental chambers are expected to have surface terstandards with a wide variety of O:C values, surface tensions,
sions of 40-75 mNm! assuming the surface tension at sub- molecular weights, and contact angles in order to show that
saturated RH is well approximated by an aqueous mixtureghe technique is applicable to environmental chamber parti-
of pinonic acid, pinic acid, and pinonaldehyde (Huff Hartz cle samples and this detailed chemical information is often
et al., 2006; Hy#arinen et al., 2006; Tuckermann and Cam- not available for certified viscosity standards.

menga, 2004). The molecular weights and structures of par- Some experimental restrictions are also worth noting.
ticulate secondary organic material formed in environmen-First, the contact angle of the particle with the substrate must
tal chambers vary widely with precursor and oxidant iden-be large enough so that free movement of beads through
tities as well as with reaction conditions and reaction time;the particle may occur. The contact angles of the particles
however, for a variety of systems, products with molecularused herein were between 5829%econdly, at viscosities
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> 1000 Pas, the beads no longer move on a reasonable expe8upplementary material related to this article is

imental timescale: 0.2 um /10 min and thus this technique is available online at: http://www.atmos-chem-phys.net/13/
currently limited to studying the viscosities of relatively fluid 791/2013/acp-13-791-2013-supplement.zip

particles (i.e. 108 < 5 < 10° Pas). While this is considered a

wide range of viscosities compared to existing microviscom-

etry techniques (Han et al., 2007; Lin et al., 2007; Srivas- . .
tava et al.. 2005 Srivastava and Burns. 2006 Silber-Li et al AcknowledgementsThis research was supported by the National
N ! ’ ’ “Sciences and Engineering Research Council of Canada and the

2004), it should be noted that secondary organic matter frony 4 ian Foundation for Innovation. The authors thank Dan Cziczo

chamber oxidation of pinene may potentially range from thefo nelpful discussions and Leopoldo Gutierrez for viscometer
viscosity of water (10%Pas) at 100% RH to the viscosity training and use.

of glasses# 10'?Pas) under dry conditions at or near room

temperature (Koop et al., 2011). Edited by: T. Koop
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