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ABSTRACT

The structural characteristics of carbon nanoparticles synthesized by a spark discharge source were
investigated by combined measurements of polydisperse number and Fuchs surface-area
distributions against equivalent particle mobility and aerodynamic diameters. The number and
Fuchs surface area distribution measurements were conducted by a scanning mobility particle sizer
(SMPS) and a cascade epiphaniometer (CEPI), respectively. The CEPI-measured total Fuchs surface
area and the Fuchs surface area calculated from SMPS number distributions were found to be in
reasonable agreement (average absolute difference 28%), suggesting that the momentum-transfer
diameter may be approximated by the mass-transfer diameter. The measured total Fuchs surface
area of polydisperse distributions was reasonably reproduced by the Fuchs surface area of a
monodisperse distribution (average absolute difference 26%). A fitting procedure was used to
obtain the effective density mobility diameter relationship. The generated carbon aggregates,
composed of primary particles of average diameter of 12.7 § 2.5 nm, were determined to obey a
fractal-like power law with a mass mobility fractal dimension Dm D 2:14 and a prefactor km D 1:06,
in good agreement with theoretical calculations. Experimental measurements were compared to
various theoretical models for the number of primary particles, the dynamic shape factors, and the
effective density.

EDITOR

Peter H. McMurry

1. Introduction

Nanoparticles can be released into the air by several natural

and anthropogenic sources. Fossil-fuel combustion and bio-

mass burning comprise major sources of particulate matter

within the urban atmosphere and the combustion-generated

carbon-containing particles constitute a significant fraction

of urban atmospheric aerosols. Nanotechnology deals with

the production of nanoparticles generated to obtain

improved composite materials with new properties and use-

ful applications in various areas (Bhushan 2004; Strobel

et al. 2006; Webster 2009; Trujillo-Reyes et al. 2014). Since

nanomaterials are widely used in a variety of fields, concerns

have also been raised regarding their environmental hazards

and health risks (Brown et al. 2001; Oberdorster et al. 2007;

Biskos and Schmidt-Ott 2012; Shang et al. 2014).

The physical and morphological characteristics of

nanoparticles play an important role in a wide range of

fields, strongly affecting their potential industrial and

engineering applications, their environmental fate once

released into the atmosphere, as well as their biological

impact (Milanovi�c et al. 2013; Pilou et al. 2015). Over the

last decades, several studies have focused on the charac-

terization of the structure and dynamic properties of

aerosol nanoparticles with complex geometrical charac-

teristics and self-similar structure (fractal-like aggre-

gates/agglomerates). These studies aimed at the

development and application of theoretical models and

simulation techniques to parameterize nanoparticles

properties, as well as the experimental determination of

their physical and morphological parameters (Colbeck

et al. 1989; Rogak et al. 1993; Virtanen et al. 2004;
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Sorensen 2011; Thajudeen et al. 2012; Mamakos et al.

2013; Melas et al. 2014b).

The physical properties of nonspherical nanoparticles

composed of touching, nonoverlapping spherical mono-

mers (e.g., soot particles) can be described by a number of

parameters, including equivalent particle diameters. The

equivalent diameters are used to model characteristic par-

ticle sizes of these nonspherical structures. The mobility

of aerosol particles is of fundamental importance since it

determines their transport, dispersion, and kinetics of

their continued growth (Sorensen 2011). It can be

expressed in terms of the equivalent mobility diameter

dm, namely, the diameter of a spherical particle with the

same mobility under the same flow conditions as the

original particle. Another commonly used dynamic

length is the equivalent aerodynamic diameter defined as

the diameter of a standard density (ro D 1 g/cm3) sphere

that has the same gravitational settling velocity as the

particle in question. Through combined measurements

of the mobility and the aerodynamic diameters of

nonspherical particles, additional information on particle

morphology can be obtained, if the particle bulk density

is known (DeCarlo et al. 2004).

Apart from their size, the unique properties of nano-

particles arise from their increased surface-to-volume

ratio that enhances their reactivity. The surface area of

nanoparticles is, thus, a key parameter in determining

their properties and applications. Up to now, the avail-

able techniques for online and in situ measurements of

particle surface area are based on the measurement of

the mass transfer though the attachment rate of ions

(active surface area) or radioactive atoms (Fuchs surface

area) to the particle surface area. Either the active or

Fuchs surface area of airborne nanoparticles defines the

surface area that is available for interactions of the diffus-

ing species (ions, lead atoms and gaseous species with

sticking probability equal to unity) with the particles.

The most commonly used instruments for real time

active or Fuchs surface area measurements include the

Diffusion Charger (DC, active surface area), the Epipha-

niometer (EPI, Fuchs surface area) and more recently

the Electrical Low Pressure Impactor (ELPI, active sur-

face area) and the Cascade Epiphaniometer (CEPI, Fuchs

surface area) (Gaggeler et al. 1989; Kasper et al. 2000;

Marjamaki et al. 2000; Gini et al. 2013). The latter two

instruments measure the surface area distribution of

aerosol particles.

The instruments that are based on charging of aerosol

particles through the diffusion of ions are most commonly

used for particle (active) surface area measurements. How-

ever, questions arise about the way particle morphology

affects charging efficiency and consequently, the instru-

ment’s response. Jung and Kittelson (2005), who compared

spherical particles and diesel agglomerates, observed varia-

tions in electrical charge from 15 to 17%. The diffusion of

ions onto agglomerates was slightly larger than found onto

spherical particle of the same mobility diameter. Ku and

Maynard (2005), using silver particles of morphologies that

ranged from spherical to agglomerated particles, observed

little difference in DC response for different particle shapes.

Shin et al. (2007) investigated the NSAM (Nanoparticle Sur-

face AreaMonitor, TSI Inc., Shoreview,MN, USA) response

using NaCl and Ag agglomerates. The NSAM was devel-

oped to measure the nanoparticle surface area deposited in

different regions of the human respiratory tract. Experimen-

tal data showed no significant dependence of calibration fac-

tors on particle material. While, more recently, Bau et al.

(2012) investigated the response of three instruments based

on diffusion charging: LQ1-DC (Matter Engineering),

NSAM (TSI), and AeroTrack 9000 (TSI). The results indi-

cated that particle shape had a minor effect on the instru-

ments’ response. More specifically, for the LQ1-DC, they

found that the active surface area was slightly greater for

spherical particles than for quasi-fractal agglomerates, in

contrast to theoretical predictions that the active surface

area decreases as particles become more spherical. Based on

the previous observations it can be concluded that although

these devices can provide valuable information on the active

surface area of airborne nanoparticles, care should be exer-

cised related to uncertainties concerning charging efficien-

cies and electrostatic interactions.

On the other hand, the CEPI is a very sensitive instru-

ment, with a low detection limit. Its principle of opera-

tion is based on the attachment of 211Pb atoms to the

particle’s surface area, which is not affected by electro-

static interaction (Rogak et al. 1991). However, its rela-

tively slow response time (in the range of several

minutes) and the signal saturation that occurs on large

surface area concentrations, make its use for such studies

very challenging. In this study, the surface area (concen-

tration) distributions of carbon nanoparticle, generated

by a spark discharge source, were measured directly by a

CEPI. Then, a comparison was performed between the

surface area calculated from the number distribution

measurements and the surface area measured from CEPI

to investigate whether the estimate of the active surface

area of aggregate particles under the assumption of parti-

cle sphericity is a reasonable approach. Afterwards, the

physical (surface area and effective density) and morpho-

logical parameters (Dm, Km, d1, Npp) of the produced

polydisperse carbon nanoparticles were examined

through combined measurements of their equivalent

mobility and aerodynamic diameter distributions. These

measurements were performed on the whole size range,

instead of examining a specific narrow size range of

the distribution by selecting monodisperse aerosols. The
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experimentally defined physical parameters of carbon

aggregates were compared to empirical models and theo-

retical calculations that take into account the morpho-

logical characteristics of carbon aggregates.

2. Experimental procedure: Instrumentation

and setup

2.1. Spark discharge generator

Carbon nanoparticles were synthesized by a spark discharge

ionization source, Figure 1b, (Fasmatech Science and Tech-

nology SA). Spark discharge ionization is a widely used tech-

nique to synthesize nanoparticles of uniform chemical

composition in the gas phase (Biskos et al. 2008; Tabrizi

et al. 2009; Meuller et al. 2012). The spark discharge source

consists of a chamber which houses two opposing graphite

electrodes, mounted at an adjustable distance, forming a gap

of up to a few millimetres. The source is connected to a car-

rier inert gas of high-purity. The electrodes are connected to

a high voltage supply (15 kV), in parallel to a capacitor

which is charged by a constant current source continuously,

increasing the voltage established between the two electro-

des. When the capacitor reaches a sufficient voltage (gas

breakdown voltage), a spark discharge occurs across the

gap, ablating electrodematerial in the gas phase. The process

of spark discharge is initiated by gas breakdown and forma-

tion of a conductive plasma channel. The spark lasts a few

microseconds and reaches a local temperature of typically

20.000 K. The evaporatedmaterial is subjected to rapid cool-

ing initially governed by adiabatic expansion and radiation

and below the evaporation temperature by thermal

conduction to the surrounding gas, producing high number

concentrations of primary particles of a few nm in diameter.

Further growth of these particles, due to coalescence or

agglomeration, results in the production of nanostructured

aggregates. The particle size and mass concentration of the

produced nanoparticles can vary by adjusting the carrier gas

flow rate, the spark energy and the spark frequency. A sche-

matic diagram of the RCL circuit of the source is shown in

Figure 1a.

2.2. Cascade epiphaniometer (CEPI)

The Fuchs surface area distributions of the generated carbon

nanoparticles were measured by a cascade epiphaniometer

(Gini et al. 2013). The CEPI consists of a Gottingen online

a-impactor (Sarad GmbH) combined with a 227Ac radioac-

tive source (attachment chamber). The working principle of

the CEPI depends onmeasuring the attachment rate of neu-

tral 211Pb atoms onto the surface of the aerosol particles by

counting the a-decay events of its daughter, 211Bi. The 211Pb

atoms are produced at a constant rate by the decay of a

short-lived radon isotope (219Rn) emitted from the long-

lived artificial actinium source (227Ac), which is placed in

the attachment chamber of the CEPI.

The aerosol stream was first drawn through the

attachment chamber and then the 211Pb atoms attached

to aerosol particles were transported to the impaction

section through a diffusion trap which is attached to the

entrance of the impactor, in order to minimize the num-

ber of the unattached atoms in the aerosol stream. The

number of 211Pb atoms which were attached onto the

particles was directly measured by Passivated-Implanted-

Planar-Silicon-detectors (PIPS detectors), mounted

below the impaction foils of each impactor stage. Mylar

(Polyethylene Terephthalate) films of 3.5 mm thickness

were used as impaction foils for each impactor stage,

whereas PTFE filters of 2 mm in pore size were used

below the last stage, as backup filters. Aerosol particles

were deposited onto each stage according to their aerody-

namic diameter. The aerodynamic cutoff diameters of

CEPI range between 52 nm and 2 mm, at an operating

flow rate of 11 lpm. The inversion algorithm described

by Gini et al. (2013) was applied in the raw data of CEPI

in order to obtain the Fuchs surface area distribution of

aerosol particles in real time. Since, the CEPI provides

the size-fractionated surface area the total surface area of

aerosol nanoparticle can be obtained by summing the

instrument response of each impaction stage.

2.3. Scanning mobility particle sizer (SMPS)

The number distributions of the generated carbon nano-

particles were measured by a TSI scanning mobility
Figure 1. Schematic diagram outlining the basic components of
the spark discharge source (a) RCL circuit and (b) spark generator.
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particle sizer (SMPS). The SMPS consists of a condensa-

tion particle counter (CPC 3776, TSI) and an electro-

static classifier (EC 3080, TSI).

2.4. Experimental setup

The experimental set up used to generate and character-

ize carbon nanoparticles is presented in Figure 2. Carbon

nanoparticles were produced by the spark discharge ioni-

zation source. The generated particles were diluted with

pure N2 and carried into a mixing chamber (100 lt)

where they grew in size due to coagulation. A dry and fil-

tered secondary (particle free) air flow (10 lt/min), form-

ing a closed loop, was also circulated in the mixing

chamber, leading to further dilution. Following, the

mixed and homogeneous stream was drawn into the

monitoring systems which consist of an SMPS and a

CEPI. The SMPS system consists of an electrostatic clas-

sifier (EC 3080, TSI Inc.), incorporated with a 85Kr neu-

tralizer, and a condensation particle counter (CPC 3776,

TSI Inc.), probing the number-weighed mobility diame-

ter distributions of the carbon nanoparticles. The CEPI

was operated at an inlet flow of 11 lpm divided into two

streams; the aerosol flow was 1.3 lpm, whereas for the

additional 9.7 lpm dried and filtered air was drawn from

a separate inlet (Gini et al. 2013). Occasionally, samples

for SEM analysis were collected on a 47 mm Cyclopore

membrane filter (Whatman, 1 nm pore size), placed in a

custom-made filter holder which operated in parallel to

the other instruments, at a flow rate of 1.3 lpm.

Given the limited size resolution of CEPI, carbon

nanoparticles properties were examined using polydis-

perse aerosols. The range of variation of the produced

polydisperse particle size distributions (i.e., number con-

centration and geometric mean diameter (GMD) of the

number distributions) was achieved by varying the nano-

particles aging time, while the operating spark discharge

voltage and the carrier gas flow were kept stable during

the experiments.

3. Theoretical background: Nonspherical

aggregates

3.1. Fuchs surface area

The particle Fuchs surface area was introduced by Pandis

et al. (1991) to interpret the signal of the epiphaniometer.

They defined it as a dimensionless quantity, expressed

through the coagulation coefficient between lead atoms

and particles. It may be interpreted physically as the frac-

tion of the geometric surface of a particle that is available

for interactions with the surrounding gas, i.e., the effec-

tive particle surface area where mass and momentum

exchange processes occur. In this study, based on the

fact that the particle mobility is inversely proportional to

the mass transfer coefficient (Siegmann and Siegmann

2000; Heitbrink et al. 2009), the Fuchs surface area of a

single aggregate viewed as a virtual sphere of mobility

diameter dm is calculated via (Equation (S7) in the online

supplementary information [SI]):

Sf ;1.dm/D
12p2

8:39j

lgdm

C.Knm/
½1�

where ξ is the dimensionless momentum scattering coef-

ficient, herein taken to be ξ D 1:36 (Zhang et al. 2012), λg
the gas mean free path, KnmD 2λg=dm the particle Knud-

sen number defined with respect to the equivalent mobil-

ity diameter, and C.Knm/ the corresponding

Cunningham slip correction factor. The Fuchs surface

area as defined by Equation (1) is valid in any flow

regime, and it is proportional to the nondimensionalized

Fuchs surface area (Pandis et al. 1991). It may be consid-

ered proportional to the geometric surface area for parti-

cle sizes lower than 100 nm (G€aggeler et al. 1989).

By combing the calculated Fuchs surface area of a sin-

gle (virtual spherical) particle with the number concen-

tration N.dm/ in each size bin as obtained from the

SMPS-measured number distribution, the Fuchs surface

area for a size bin of mean mobility diameter dm is

SSMPS
f .dm/DN.dm/Sf ;1.dm/ ½2�

The total surface area (SSMPS
f ;total) is obtained by summing

over the size intervals.

3.2. Number of primary particles

The theoretical determination of the number of primary

particles Npp in a fractal-like aggregate is essential for the

calculation of numerous aggregate properties, including

their effective density and mobility. In particular, the

Aerosol Instrument Manager (AIM) software used to

invert raw SMPS data relies on a theoretical estimate of

the number of primary particles and their diameter to

obtain the aggregate mobility diameter. Several

approaches have been suggested to estimate Npp.

Experimental measurements and numerical simula-

tions of synthetic fractal-like aggregates composed of

nonoverlapping, point-contact, equal-sized spheres

(monomers) suggest that scaling-like laws relate the num-

ber of primary particles to the diameter of gyration dg

Npp D kf
dg

d1

� �Df

½3�
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and to the mobility diameter (Schmidt-Ott 1988)

Npp D km
dm

d1

� �Dm

½4�

where the fractal dimension is Df , the mobility fractal

dimension is Dm, the fractal prefactor kf , the mobility

fractal prefactor km, and the diameter of the identical

monomers is d1. The diameter of gyration describes the

mass distribution around the aggregates center of mass:

it is one of the most frequently used characteristic geo-

metric length scales associated with power-law aggre-

gates. The fractal dimension is a descriptor of an

aggregate’s large-scale structure, whereas the fractal

prefactor is a local-structure indicator (Melas et al.

2014a).

In addition to the determination from the scaling

laws, the number of primary particles can be calculated

as suggested by Lall and Friedlander (2006). According

to the Lall and Friedlander (L&F) model the number and

diameter of the spherical primary particles that compose

an aggregate and its mobility diameter are related

through

Npp D
12plgdm

c�d21C.Knm/
½5�

where c� is the dimensionless drag force, a constant that

depends on the orientation of the particle. For aggregates

that align parallel to the electric field in a differential

mobility analyzer (DMA) or electrostatic analyzer (EC),

and consequently parallel to the aggregate motion,

c� D 6:62. The L&F model is valid for low fractal dimen-

sion aggregates, Df < 2, composed of uniform, spherical

primary particles in the free molecule size range (corre-

sponding, roughly, to Npp > 10).

Sorensen (2011), in the comprehensive review of

the mobility of fractal aggregates generated primarily

via Diffusion Limited Cluster Aggregation (DLCA

aggregates), summarized experimental measurements

and theoretical investigations. The morphological

characteristics of DLCA aggregates are described by

the pair .Df D 1:8; kf D 1:3/. He concluded that, for rel-

atively small aggregates and irrespective of the gas

Knudsen number, the number of primary particles can

be related to the mobility diameter by:

Npp D
dm

d1

� �2:173

; Npp< 100 ½6�

An alternative way to relate mobility properties to the

number of primarily particles is described in the follow-

ing subsection where an iterative scheme, based on

equivalent diameters (the adjusted-sphere and contin-

uum-regime mobility diameters), is proposed.

Figure 2. Experimental set up to generate polydisperse aerosol nanoparticles.
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3.2.1. Equivalent mobility diameters

The adjusted-sphere method (ASM) provides a compu-

tational tool to determine the mobility diameter of non-

spherical particles across the entire (momentum)

transfer regime (Dahneke 1973). According to the ASM,

a virtual adjusted sphere is introduced whose diameter

dadj is constant and independent of flow conditions (as

specified by the gas mean free path). It is defined as a

sphere that has the same slip factor as the irregularly

shaped object across the entire transition regime. It can

be shown (Melas et al. 2014b, 2015) that the adjusted-

sphere diameter, the mobility diameter at an arbitrary

gas Knudsen number, and the continuum-regime mobil-

ity diameter dm.0/ are interrelated across the entire tran-

sition regime via

dm.0/

C.Knadj/
D

dm

C.Knm/
: ½7�

Furthermore, empirical expressions for the adjusted-

sphere diameter and dm.0/, which reproduce accurately

the mobility properties of synthetic aggregates, have

been proposed (Melas et al. 2014a,b). The proposed

expression for the adjusted-sphere diameter is

dadj

d1
D ¡ 0:052 2CN ¡ 1=3

pp

� � dg

d1
C 1:15N0:42

pp ½8�

and the expression for the continuum-regime mobility

diameter is

dm.0/

d1
D 0:248 2¡N ¡ 1=3

pp

� � dg

d1
C 0:69N0:415

pp ½9�

Equation (7), in conjunction with the two empirical

expressions, may be used to infer properties of fractal-

like aggregate. The number of primary particles may be

estimated if the morphological characteristics of the

aggregates, as described by the fractal-law parameters

.Df ; kf /, are considered known. For a given mobility

diameter of an aggregate the number of primary particle

may be determined iteratively. Specifically, an initial

guess is made for Npp, the corresponding diameter of

gyration is determined from the scaling law, the adjusted

sphere-sphere and continuum mobility diameters are

calculated from the empirical expression, and the validity

of Equation (7) is tested. If the equality is not valid, the

number of primary particles is modified, and the proce-

dure is repeated till Equation (7) is satisfied.

This iterative procedure gives the number of primary

particles an aggregate is composed off, if the mobility

diameter and the morphological characteristics of the

aggregate are known. Alternatively, the procedure may

be performed in reverse order. For example, provided

that Npp is given by the Mobility Scaling Law, Equa-

tion (4), the diameter of gyration and the two equivalent

radii may be calculated. The solution of Equation (7),

then, gives the mobility diameter of the aggregated com-

posed of the specified number of primary particles. We

shall use both procedures in Section 4.

3.3. Effective density and particle morphology

The effective density differs from the particle (bulk) den-

sity when the particle contains internal void spaces. Vari-

ous definitions of effective density are available in

literature, depending on the methodology employed to

determine it (DeCarlo et al. 2004). A frequently used def-

inition is obtained by relating different equivalent parti-

cle diameters, in particular, the aerodynamic (da) and

mobility diameter. The particle effective density based

on the aerodynamic diameter raeff , and the mobility and

aerodynamic diameters are related through an expres-

sion that accounts for irregularities in particle shape and

internal voids within the particle via (Maricq and Xu

2004; Kelly and McMurry 1992):

r
a
eff Dr0

d2aC.Kna/

d2mC.Knm/
; ½10�

where C.Kna/ is the slip correction factor with respect to

the aerodynamic Knudsen number, and r0 the unit den-

sity (1 g/cm3). The slip correction factors are calculated

at the CEPI stage pressure where the majority of the par-

ticles were collected.

In this study, the effective density of arbitrarily-

shaped carbon nanoparticles was experimentally deter-

mined by parallel measurements of size distributions

using two instruments: the SMPS that measures number

distributions as a function of equivalent mobility diame-

ters and the CEPI that measures Fuchs surface-area dis-

tributions as a function of aerodynamic diameters. First,

the SMPS-measured number distributions are converted

to surface-area distributions as a function of mobility

diameters, SSMPS
f .dm/, via the theoretical expression for

the Fuchs surface area, Equation (1). The effective den-

sity is obtained iteratively via Equation (10), an iterative

procedure that requires that the calculated surface-area

distribution based on the mobility diameter SSMPS
f .dm/

match the measured surface-area distribution SCEPIf .da/

as a function of the aerodynamic diameter. The optimum

effective density is determined by minimizing the differ-

ence (root mean square error [RMSE] in %) between

measured and calculated size distributions via the
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Nelder–Mead simplex algorithm

RMSED
100
ffiffiffi

n
p £

X

n

jD 1

½SSMPS
f dm.da.j/; reff /

� �

(

¡ SCEPIf da.j/ð Þ�2g0:5; ½11�

where n is the number of size bins of the CEPI size distri-

bution. The optimization was implemented in MATLAB

via the nonlinear curve- and data-fitting function lsqcur-

vefit (available in the Optimization Toolbox).

In the case of fractal-like aggregates, the effective den-

sity is also related to the equivalent mobility diameter via

(Equation (S10) in the SI)

r
m
eff Dr1km

dm

d1

� �Dm ¡ 3

D r1Npp
dm

d1

� �¡ 3

½12�

The two definitions for the effective density are con-

sidered equivalent, raeff D r
m
eff D reff , for the particle-size

range under investigation (Mamakos et al. 2013; Schmid

et al. 2007). Therefore, the mobility fractal dimension

and prefactor can be calculated by plotting the experi-

mentally determined effective density r
a
eff against the

mobility diameter.

3.4. Dynamic shape factor

The dynamic shape factor x is a correction factor that

accounts for the effect of shape on particle motion. It is

defined as the ratio of the resistance force (typically the

drag force) on the nonspherical particle to the resistance

force on its equivalent volume sphere of diameter dv
when both move at the same relative velocity with

respect to the gas (Hinds 1999). The equivalent volume

diameter is the diameter of a virtual sphere that has the

same volume as the volume of the irregularly shaped par-

ticle,

dv DNpp
1=3d1: ½13�

For spherical particles the dynamic shape factor is

unity, whereas for nonspherical particles it is almost

always greater than 1. It is related to the equivalent

mobility diameter via (Schmid et al. 2007):

xD
dm

C.Knm/

C.Knv/

dv
; ½14�

where Knv D 2λg=dv is the equivalent volume Knudsen

number. If the effective density reff and the bulk particle

density r1 are known, it may be obtained from:

dv D dm
reff

r1

� �1=3

½15�

a relationship that arises by combining Equations (12)

and (13).

4. Results and discussion

4.1. Primary particle diameter: SEM image analysis

Additional information on the structure of the produced

nanoparticles and the average size of the primary par-

ticles was obtained by scanning electron microscopy

(SEM). The generated-by-spark discharging carbon

nanoparticles were collected on Cyclopore membrane fil-

ters (Whatman, 1 nm pore size) and examined by low-

voltage scanning electron microscopy (field emission

gun scanning electron microscope [FEGSE-JSM7401F],

JEOL). To minimize the strong charging effects that

occur on insulating samples, Pt metallization of the sur-

face was performed using the standard sputtering tech-

nique to deposit no more than 3 nm of Pt. This way,

improved image quality was achieved combined with a

minimum effect on the morphology of the sample. A

total of 100 primary particles were analyzed using the

ImageJ software. The repeated measurements from SEM

images allowed the calculation of the primary particle

diameter with reasonable accuracy despite the observed

necking. The carbon nanoparticles were composed of

primary particles of mean diameter dpp D 12:7§ 2:5 nm

(Figure 3).

4.2. Fuchs surface area of carbon aggregates:

Combined SMPS-CEPI measurements

The number (concentration) distributions of the gener-

ated nanoparticles were measured by a SMPS unit. They

were obtained by inverting the raw data using the AIM

(Version 8.0) software (TSI Inc.) that incorporates a the-

oretical expression for the aggregate drag and a charging

efficiency correction. The most widely accepted charging

theory for spherical particles is the Fuchs model. How-

ever, aggregate nanoparticles acquire different number of

charges than spherical particles of the same mobility

diameter. Aggregates become more charged because the

charge may be distributed over larger areas in the

agglomerate compared to a spherical particle of the same

mobility size (Jung and Kittelson 2005; Rogak and Flagan

1992). The AIM software uses the charging efficiency

model proposed by Wen et al. (1984) to determine the

aggregate charge distribution as a function the mobility
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diameter. The software also considers the drag force that

aggregates experience in the electric field. The L&F

model proposed by Lall and Friedlander (2006) is used,

according to which the drag force can be expressed in

terms of the number and the diameter of primary par-

ticles, an expression that leads to Equation (5).

The L&F model is valid under well-specified assump-

tions (idealized chain aggregates). Therefore, uncertain-

ties in the determination of the equivalent mobility

diameter may arise due to the distribution of sizes of the

primary particles, the formation of necks between the

primary particles, the assumption that aggregates form

straight chains, as well as the alignment of the particles

in the DMA. In the SI, the data analyses presented in the

following sections were repeated using the AIM inver-

sion algorithm option for spherical particles. Since the

generated carbon nanoparticles are neither spheres nor

“idealized chains,” we surmise that the true number dis-

tributions would lie in between these two extremes.

The generated polydisperse distributions were fitted

to unimodal lognormal distributions with Geometric

Mean Diameters (GMD) between 27 nm and 113 nm.

The geometric standard deviations (sg) were in the range

1.42 and 1.77, with a mean of 1.60. Figure 4 compares the

total Fuchs surface area calculated from the polydisperse

SMPS-measured number distributions, SSMPS
f ;total, via Equa-

tion (1), to the total Fuchs surface area measured by

CEPI, SCEPIf ;total. An average absolute difference of 28%

(§20%) between the measured and calculated surface

areas was observed for distributions with GMDs between

27 nm and 113 nm. The per-particle normalized experi-

mental surface areas (from CEPI) as derived from the

polydisperse distributions and the theoretically calcu-

lated per particle Fuchs surface areas of spherical par-

ticles against the particle mobility diameters are shown

in Figure 5. The comparisons shown in the two figures

suggest that the attachment rate of neutral species onto

aggregates is comparable to that of spherical particles

with equal mobility diameters at least for particles in the

transition regime, confirming earlier studies (Rogak et al.

1991; Shi et al. 2001). The observed differences may be

attributed to several factors: particle morphology that

influences the charge distribution of aggregates, the drag

force acting on arbitrarily shaped particles, aggregate ori-

entation in the electrostatic classifier under the influence

of the electric field, primary particle diameter polydisper-

sity and the relatively low time resolution of CEPI affect-

ing measurements with high variability of the number

concentrations.

This comparison provides support to the use of the

equivalent mobility diameter as the characteristic length

scale to determine the Fuchs surface area. It implies that

the mass-transfer mobility diameter (a quantity that

determines the active surface area measured by the

CEPI) may be taken to be approximately equal to the

momentum-transfer diameter (a quantity that deter-

mines stress transfer and hence the drag a particle feels

and eventually the mobility of a nonspherical structure,

as measured by the SMPS), at least in the experimental

size range under investigation, in agreement with the

experimental results of Rogak et al. (1991).

We have also to point out that the analysis of the SEM

image showed that necking exists between the primary

particles. The effect of necking has to be taken into con-

sideration when the particle surface area is calculated

solely by the surface area of the primary particle

(Svensson et al. 2015). However, in this study the Fuchs

surface area was determined experimentally through the

equivalent mobility diameter which is a function of parti-

cle size and shape.

Figure 3. SEM images of carbon nanoparticles produced by a discharge ionization source.
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Additionally, we investigated whether properties of

polydisperse aerosols can be reproduced by monodisperse

aerosols of diameters equal to the lognormally fitted

GMDs and total particle number concentration equal to

the total aggregate number concentration (Ntotal). We

compared the total CEPI-measured Fuchs surface area

SCEPIf ;total to the Fuchs surface area determined from the

SMPS number distribution [SSMPS
f ;monoDNtotal£Sf ;1.GMD/]

assuming that the polydisperse aerosol may be repre-

sented by a monodisperse aerosol. The results are shown

in Figure 6. Inspection of the Figure shows that the CEPI-

measured Fuchs surface area, corresponding to a polydis-

perse aerosol, is well correlated (coefficient of determina-

tion R2
D 0:88) with the calculated total surface of an

equivalent monodisperse aerosol. The average absolute

difference between calculated and measured Fuchs surface

area is 26 § 22%. The parameters of the monodisperse

aerosol were determined from the fit of the polydisperse

size distribution to a unimodal lognormal distribution. In

addition to the total surface area, the shape factor was cal-

culated at the GMD and the § 2sg limits of a typical

polydisperse distribution: the results, shown in the SI,

suggest that the approximation is reasonable. We may

conclude that some physical and morphological charac-

teristics of a unimodal polydisperse aerosol may be

approximated by the properties of a monodisperse aero-

sol, of diameter the GMD of the original distribution.

4.3. Structural characteristics of carbon aggregates:

Combined SMPS-CEPI measurements

Several studies have examined the morphology and effec-

tive density of fractal-like aggregates (e.g., fresh soot par-

ticles), formed by diffusion-limited cluster aggregation

(DLCA). One of the most commonly used techniques is

the Tandem DMA-ELPI set-up. Maricq and Xu (2004)

employed that method to measure the effective density

of soot particles from premixed flames and motor vehicle

exhaust to show that their effective density ranged from

1.2 g/cm3 to <0.3 g/cm3, for particle sizes between

30 nm and 300 nm. Ristimaki et al. (2002) presented

another on-line method for simultaneous size distribu-

tion and effective density measurements, based on paral-

lel measurements of the size distributions by SMPS and

ELPI. The effective density can also be determined using

the DMA-APM (aerosol particle mass analyzer) or the

DMA-CPMA (Couette Centrifugal Particle Mass ana-

lyzer) instruments (McMurry et al. 2002; Shapiro et al.

2012; Johnson et al. 2014). Even though DMA-APM and

DMA-CPMA have high enough resolution to distinguish

externally mixed particles, measurement uncertainties

are associated with particle-shape-dependent charging

processes for both instruments, electrostatic interactions

Figure 4. Comparison of the SMPS-calculated total Fuchs surface
area with the CEPI-measured total Fuchs surface area.

Figure 5. Comparison of theoretical and measured Fuchs surface
area per particle. The normalized Fuchs surface area was
obtained by dividing the CEPI response by total number concen-
tration obtained from SMPS measurements.

Figure 6. Comparison of the Fuchs surface area measured by the
CEPI and the surface area calculated by the number distribution
from SMPS assuming a monodisperse aerosol.
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between ions and particles, and low signal to noise ratio

due to the narrow transfer function of the DMA. More-

over, since the effective density is obtained from particle

mass measurements (APM/CPMA), a small error in the

mobility diameter would lead to a much larger error in

the effective density calculation as the mass depends on

dm
3 (McMurry et al. 2002; Johnson et al. 2013).

Up to recently, aggregate morphological characteris-

tics have been examined using monodisperse, size-

selected aerosol particles. In this study, carbon nanopar-

ticles were investigated through parallel measurements

of whole size distributions. We used the methodology

described in the theoretical background, Section 3.3,

Equations (10) and (11), to determine the average effec-

tive density of the carbon nanoparticles as a function of

the GMDs of the polydisperse aerosols. The experimen-

tally-determined effective density, as well as the predic-

tions of various theoretical models, is presented in

Figure 7. The aerodynamic-mobility effective density,

normalized by the bulk material density, is shown as a

function of the geometric mean diameter of the number

distributions measured by the SMPS, normalized by the

primary particle diameter. It can be seen that the effec-

tive density decreases as the geometric mean diameter

increases, ranging between 1.31 g/cm3 and 0.35 g/cm3.

We estimate the uncertainty in the experimentally deter-

mined effective density to be lower than 20%, an estimate

that is comparable to other techniques. Specifically, the

uncertainty was determined by test measurements of

artificially generated aerosols of known properties and

nearly spherical shape: DEHS (Di-Ethyl-Hexyl-Sebacat),

NaCl, and (NH4)2SO4. Parallel measurements of the gen-

erated aerosols were conducted by the CEPI and the

SMPS unit, under relative humidity controlled condi-

tions (Gini et al. 2013). The experimental errors (average

absolute difference between SSMPS
f ;total and SCEPIf ;total) was found

to be 7.9% for DEHS, 18.9% for NaCl and 14.9% for

(NH4)2SO4.

By plotting the effective density against the GMDs the

average mass-mobility fractal dimension was determined

to be DmD 2:14 and the average mobility prefactor

kmD 1:06, for material density r1D 2:0g/cm3. The mass-

mobility fractal dimension is similar to literature-reported

values for soot aggregates generated by different sources

and measured using different methodologies. For exam-

ple, Mamakos et al. (2013) found that the mass-mobility

exponent for soot particles generated by a mini-CAST

varied between 2.1 and 2.31. Maricq and Xu (2004) deter-

mined the mass-mobility fractal dimension for flame-gen-

erated soot to be 2.15 § 0.1, whereas a higher fractal

dimension was found for diesel exhaust aggregates. Rissler

et al. (2013) found that the mass-mobility relationship for

soot aggregates could be described by 2.3 (§ 0.1) for

sources with a volatile mass fraction lower than 10% and

primary particle sizes 11–29 nm (diesel engines, flame

soot generator and tapered candle).

It should be stressed that the experimentally deter-

mined mass-mobility fractal dimension and prefactor,

defined by Equation (4), differ from the fractal dimension

and prefactor, Equation (3), although they are related.

Melas et al. (2014b) studied their relationship for different

(gas) Knudsen numbers (Kng D 2λg=d1). They concluded

that the pair .Dm; km/ depends on the pair .Df ; kf /,
with a weak dependence on the Knudsen number.

They argued that DLCA aggregates, characterized by

.Df ; kf /D .1:8; 1:3/, have .Dm; km/D .2:14; 1:11/ when

Kng D 2λg=d1D 66=6:35» 10 at atmospheric pressure

and .Dm; km/D .2:17; 1:08/ at lower pressures as the

(gas) Knudsen number tends to infinity. Both predictions

are in reasonable agreement with the scaling-law parame-

ters obtained from the measured effective density,

although the theoretically calculated prefactor is consis-

tently slightly larger. This comparison, along with the gen-

eral consensus that the formation of soot aggregates is a

diffusion limited process, suggests that the formed carbon

aggregates are DLCA aggregates. Theoretical predictions

are also shown in Figure 7: black circles are the predic-

tions of the Adjusted-Sphere Method (ASM); red circles

are predictions of the Sorensen (2011) model; and

inverted green triangles are predictions of the L&F model.

All theoretical predictions are based on a calculation of

the number of primary particles: the ASM uses the itera-

tive procedure described in Section 3.2.1, Sorensen the

empirical expression Equation (6), and L&F Equation (5).

The effective density is subsequently calculated via Equa-

tion (12). The yellow triangles are predictions of Mobility

Scaling Law (MSL, Equation (4)) with the mobility fractal

Figure 7. Experimental and calculated effective density (normal-
ized by the bulk particle density) as a function of the geometric
mean mobility diameter (normalized by the primary particle
diameter). Symbols are described in the main text.
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dimension dm and prefactor km as experimentally deter-

mined by the coupled SMPS-CEPI measurements: as

such, it is expected that they lie on the least-squares fit

(solid line). Although the scatter of the experimental

data is significant (maximum relative deviation from

the best-fit line 26%), calculated effective densities and

densities predicted by the ASM and Sorensen are in rea-

sonable agreement with the experimental data (for the

size range under investigation). The L&F predictions,

however, seem to over predict significantly the effective

density at low mobility diameters, eventually under pre-

dicting it as the mobility diameter increase, suggesting

an incorrect slope. The average absolute difference

between the experimental and the calculated effective

densities is approximately 12% (ASM), 11% (Sorensen),

and 22% (L&F).

Since the number of primary particles is an essential

ingredient in the calculation of the effective density we

present the theoretically predicted number of primary

particles in Figure 8. The experimental numbers (black

diamonds) were obtained by inverting Equation (12),

given the experimentally determined effective density.

The theoretical predictions were determined as described

in the previous paragraph. In agreement with the results

shown in Figure 7, the ASM, Sorensen and MSL predic-

tions are in excellent agreement, the L&F predictions

deviating more than other model predictions from the

experimental data as the mobility diameter increases. In

general, the difference between the calculated and the

experimentally-determined number of primary particles

increases as the mobility diameter increases.

The measured and calculated dynamic shape factor

of the generated aggregates as a function of the geo-

metric mean diameter of the number distribution mea-

sured by the SMPS are shown in Figure 9. The size

range (equivalent mobility diameter) is between 27 nm

and 113 nm. The experimental values were determined

from the equivalent volume diameter as calculated by

combining the measured effective density with the par-

ticle mobility diameter, Equation (15). Then, the

dynamic shape factor of the carbon nanoparticles was

determined, without any assumption about particles

morphology (experimental x) via Equation (14). The

same equation was also used to determine the theoreti-

cal predictions except that the equivalent volume

diameter was obtained from the number of primary

particles, Equation (13). The equivalent volume

diameter was also calculated via the particle mobility

diameter and the number of primary particles Npp that

compose an aggregate. The average absolute difference

between measured and predicted dynamic shape factors

is approximately 7% for the ASM, Sorensen, and MSL

predictions, whereas it is 12% for the L&F predictions.

4.4. Calculated mobility diameter:

Aconsistency analysis

We emphasize that in this study morphological charac-

teristics of carbon aggregates were determined by com-

paring CEPI measurements of polydisperse aerosols with

the size distributions obtained from SMPS. The CEPI-

measured Fuchs surface-area distributions were obtained

without invoking any assumptions on the morphology of

the nanoparticles. On the other hand, the inversion of

SMPS raw data requires an assumption about particle

morphology. The inversion software allows for two alter-

natives (extreme cases): spherical particles or idealised

aggregates. The resulting user choice may add additional

uncertainty on the estimate of the experimentally deter-

mined mobility diameter. As such, it is important to pro-

vide estimates of the associated uncertainties.

We investigated the effect of the inversion algo-

rithm on the calculation of the Fuchs surface area

and the effective density. In Section S5 of the SI, we

summarize the calculations for SMPS-determined

equivalent mobility diameters using the charge correc-

tion for spherical particles (we, also, show two char-

acteristic number distributions). We found that the

absolute difference between experimentally measured

and calculated total Fuchs surface area is 33 § 25%,

a difference similar to that found when the ideal

aggregates correction was used (26 § 22%, Sec-

tion 4.2). Predicted particle morphology, as specified

by the mass mobility fractal dimension and prefactor,

was also found to be slight different. The effective

density dependence on the mobility diameter (spheri-

cal particle charge correction) is described by

.DmD 2:21; kmD 1:03/, values that have to be

Figure 8. Calculated number of primary particles as a function of
the geometric mean mobility diameter of the SMPS number dis-
tributions. The primary-particle diameter was 12.7 nm. Symbols
are described in the main text.
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contrasted to .DmD 2:14; kmD 1:06/ that were deter-

mined using the ideal chain aggregate correction. As

mentioned earlier, Section 4.3, the ordered pair

obtained with the multiple charge correction for ideal

aggregate is in better agreement with theoretical

calculations.

Lastly, we performed a consistency analysis of two

models: the L&F model, which is used in the AIM inver-

sion algorithm and the Mobility Scaling Law (MSL)

whose parameters where determined from the fit to the

experimental effective density, Equation (12). The con-

sistency test is based on a reference mobility diameter.

For a given reference aggregate mobility diameter (and a

monomer diameter) the expected number of primary

particles in the aggregate is calculated either by the L&F

model, Equation (5), or via the mass-mobility scaling

law, Equation (4). If Npp is known, and since the aggre-

gates are DLCA aggregates, the various characteristic

scales dg , dv, dm.0/ and dadj (and the corresponding

Knudsen numbers and slip correction factors) may be

calculated via Equations (3), (13), (9), and (8), respec-

tively. Then, the calculated aggregate mobility diameter

can be obtained by solving the nonlinear equation, Equa-

tion (7), according to the ASM, and described in Sec-

tion 3.2.1. Figure 10 presents the comparison of

reference and predicted mobility diameters for the two

Npp calculations.

We note that when the number of primary particles is

calculated using the mobility scaling law the resulting

mobility diameters, obtained via the adjusted-sphere

method for power-law aggregates, reproduce rather accu-

rately the reference mobility diameters. Discrepancies are

observed when Npp is calculated using the L&F model.

This is expected as differences between experimental data

and L&F predictions were already noted in Figures 7–9.

More importantly, the origin of these discrepancies is

that the spark-discharge generated aggregates are not the

idealized chain aggregates assumed in the L&F model, as

was noted for flame synthesized aggregates/agglomerates

(Thajudeen et al. 2015). Figure 11 shows the percentage

difference between calculated and reference diameters as

a function of the number of primary particles. When the

number of primary particles is calculated under the

assumption of idealized chain aggregates, the estimate of

the mobility diameter may be in error between –10% and

7% for 10<Npp< 100, namely, in the size range between

27 nm and 113 nm. When the number of primary

particles is calculated by the ASM, the error is lower than

2%. In the size range between 10 nm and 100 nm, an

overestimation of particle mobility diameter by 10% may

lead to an overestimation of the respective Fuchs surface

area by � 20%, as calculated by Equation (1).

Figure 9. Calculated and measured dynamic shape factor (x) as a
function of the geometric mean mobility diameter of the SMPS
number distributions.

Figure 10. Comparison between reference mobility diameter
(taken to be the GMD of the SMPS number distributions) and
calculated mobility diameters.

Figure 11. Percentage difference between reference and theo-
retically determined mobility diameters as a function of number
of primary particles.
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5. Conclusions

In this study, the physical properties of carbon nanopar-

ticles produced by a spark discharge ionization source

were investigated by parallel measurements of their

Fuchs surface-area distributions by a cascade epiphani-

ometer (CEPI) and their number distribution by a scan-

ning mobility particle sizer (SMPS). The CEPI measures

particle Fuchs surface area (concentration) distributions

via the mass transfer of lead atoms onto the surface of

aerosol particles, a process which is independent of

material properties and electrostatic interactions. The

CEPI offers an alternative technique to the physical char-

acterization of aerosol particles since the most widely

used techniques for online particle characterization of

aerosol particles rely heavily on electrostatic properties

and the charge distribution of aerosol particles.

The SMPS is a widely used instrument for number-

distribution measurements, but an assumption is

required about particle morphology that affects, inter

alia, the charging efficiency, particle orientation, and

electrostatic forces between particles and ions etc. The

conversion of raw data into particle number distributions

requires that the user choose between two extreme cases:

spherical particles or idealised aggregates. This choice

adds an uncertainty on the mobility diameter estimate.

We found that both approaches give reasonable esti-

mates of the total Fuchs surface area of carbon aggregates

(calculated absolute differences of the order of 30%), and

of their morphology. Specifically, structural characteris-

tics of the aggregates as described by the mass mobility

fractal dimension and prefactor, were determined to be

.DmD 2:21; km D 1:03/ under the assumption of spheri-

cal particles and .Dm D 2:14; km D 1:06/ when the multi-

ple charge correction for idealized aggregates was used.

We note that the experimentally determined .Dm; km/
with the charge inversion algorithm for aggregates

agrees slightly better with the theoretical prediction

.Dm; km/D .2:14; 1:11/, at atmospheric pressure, for dif-

fusion limited cluster aggregates (Melas et al. 2014b).

Calculated, via the SMPS number distributions, and

measured, via the CEPI, Fuchs surface areas were in

good agreement (within 28%, average absolute differ-

ence) for aggregates in the size range between 27 nm and

113 nm. This is in agreement with previous measure-

ments (Rogak et al. 1991) that the mass transfer rate is

approximately independent of particle morphology for

particles with the same mobility, at least under the

experimental conditions studied.

Through parallel CEPI-SMPS measurements the

effective density of the generated carbon particles was

determined to be between 1.31 and 0.35 g/cm3. The mea-

sured effective density was compared to predictions of

various theoretical models. The agreement was very

good with the predictions of the Adjusted-Sphere-

Method and the empirical correlation of Sorensen

(2011), being worse for the L&F model that assumes ide-

alized chain aggregates.

The morphological and physical properties of the

spark-discharge generated carbon aggregates were deter-

mined using polydisperse particle distributions, instead

of mononodisperse distributions of specific mobility

diameter aerosols. The results revealed that some charac-

teristics of a unimodal polydisperse aerosol (total Fuchs

surface area) may be adequately approximated (average

absolute difference 26%) by the properties of an equiva-

lent monodisperse aerosol, with particle size equal to the

GMD of the original distribution.
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