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Abstract. Ammonium sulfate (AS) particles are widely used
for studying the physical–chemistry processes of aerosols
and for instrument calibrations. Small quantities of organic
matter can greatly influence the studied properties, as ob-
served by many laboratory studies. In this work, monodis-
perse particles (200–500 nm aerodynamic diameter) were
generated by nebulizing various AS solutions and organic
impurities were quantified relative to sulfate using a high-
resolution time-of-flight aerosol mass spectrometer (HR-
ToF-AMS). The organic content found in AS solutions was
also tentatively identified using a liquid chromatography–
tandem mass spectrometer (LC–MS). The results from both
analytical techniques were consistent and demonstrated that
the organic impurities contained oxygen, nitrogen, and/or
sulfur, their molecular masses ranged from m/z 69 to 420,
and they likely originate from the commercial AS crystals.
For AS particle sizes ranging from 200 to 500 nm, the to-
tal mass fraction of organic compounds (relative to sulfate)
ranged from 3.8 % to 1.5 %, respectively. An inorganic–
organic mixture model suggested that the organic impuri-
ties were coated on the AS particle with a surface density
of 1.1× 10−3 g m−2. A series of tests were performed to re-
move the organic content (using pure N2 in the flow, ultra-
pure water in the solutions, and very high AS quality), show-
ing that at least 40 % of the organic impurities could be re-
moved. In conclusion, it is recommended to use AS seeds
with caution, especially when small particles are used, in
terms of AS purity and water purity when aqueous solutions
are used for atomization.

1 Introduction

Atmospheric aerosols are generally a complex mixture of in-
organic and organic compounds that have a strong impact on
climate and human health (IPCC, 2013; Pöschl and Shiraiwa,
2015). According to the annual aerosol emission inventories,
inorganic compounds account for the majority of the mass
(Andreae and Rosenfeld, 2008). Among them, ammonium
sulfate (AS) is considered as one of the dominant compo-
nents (Charlson et al., 1992; Seinfeld et al., 2016). Because
AS plays important roles in physical and chemical atmo-
spheric processes, it has been extensively used in laboratory
experiments to understand and reproduce these processes. In
the past 20 years, more than 200 articles have been published
using AS as (seed) particles for the study of optical proper-
ties, hygroscopic properties, phase transition and viscosity,
as well as chemical reactivity of aerosols (see the detailed
references in Sect. S1 in the Supplement). In all these stud-
ies, it was shown that the presence of organic matter, even
at very low concentrations in AS particles, greatly influences
these properties.

Among these studies, the study of aerosol hygroscopic
properties represents the major contribution (115 papers out
of the 219 cited in Sect. S1). Ammonium sulfate aerosols
are very often chosen as seed particles to study hygroscopic
behavior of mixed organic–inorganic aerosols. Scanning var-
ious conditions of temperature and relative humidity (RH),
hygroscopicity properties of aerosols were investigated via
measurements of hygroscopic growth, cloud condensation
nuclei (CCN) activity, and ice nuclei (IN) activity. It is
well established that the hygroscopic parameter kappa (κ)
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of pure AS particles is 0.53 [0.33–0.72] and 0.61 accord-
ing to the growth factor derivation and the CCN derivation,
respectively (Clegg et al., 1998; Koehler et al., 2006; Pet-
ters and Kreidenweis, 2007). Laboratory studies show that
the hygroscopic behavior of most water soluble inorganic
mixed aerosols is additive in nature, i.e., following the ZSR
(Zdanovskii, Stokes, and Robinson) assumption (Stokes and
Robinson, 1966). However, when organic compounds are
present in AS aerosols, their hygroscopic properties are more
complex. Firstly, for water soluble organic compounds such
as short carbon chain (di)carboxylic acids, their effects on
AS aerosols are represented by their hygroscopicity and mass
fraction suggested by the ZSR assumption (Abbatt et al.,
2005; Brooks et al., 2004; Hämeri et al., 2002; Prenni et al.,
2003). Secondly, for less soluble compounds and complex
mixtures, their solubility significantly influences the hygro-
scopic behavior of AS aerosol. At sub-saturation conditions,
secondary organic aerosol (SOA) formed on AS seed parti-
cles from α-pinene photo-oxidation lowers the hygroscopic
growth factor (HGF) of AS (Meyer et al., 2009). Specifically,
at RH below the deliquescence point, AS seeded SOA do not
follow the ZSR predictions because the solutions are highly
concentrated and thus non-ideal. When the insoluble organic
compounds are the dominant components of the aerosol, the
water uptake on organic AS particles is significantly slowed
down and requires a longer residence time to achieve ther-
modynamic equilibrium (Sjogren et al., 2007). The same be-
havior has also been observed at super-saturation conditions,
i.e., the thick coating of insoluble organics compounds, such
as stearic acids, act as a shield preventing the interaction of
AS and water, thus suppressing AS hygroscopicity (Abbatt
et al., 2005). Thirdly, it was found that organic compounds
could affect the hygroscopicity of AS by lowering the sur-
face tension, such as marine organic compounds at low con-
centrations (Moore et al., 2008), or ozonolysis products of
monoterpenes (King et al., 2009; Wex et al., 2009; Engel-
hart et al., 2008). It has been shown that atmospheric surfac-
tants could reduce the aerosol surface tension by a factor of
2 compared with water surface tension (72 mN m−1) (Gérard
et al., 2019; Nozière et al., 2014; Sorjamaa et al., 2004). The
presence of small amounts of surface-active organic com-
pounds may reduce the aerosol surface tension, affecting its
hygroscopic properties: according to some models, a 10 %
reduction in the surface tension results in a 30 % increase in
the hygroscopic parameter κ (Ovadnevaite et al., 2017; Pet-
ters and Kreidenweis, 2013). More recently, several models
have shown that the inferred behavior of the surface tension
strongly depends on the selected modeling approach (Prisle,
2021; Vepsäläinen et al., 2022). In conclusion, organic com-
pounds can have a very complex impact on the hygroscopic
growth and CCN activity of aerosol particles which may go
beyond the simple reduction of the value of a single param-
eter in the Köhler equation, and numerous models are cur-
rently under development on this issue.

Ammonium sulfate has also been widely used to under-
stand the phase transition of organic–inorganic compounds
in single particles studies (49 papers out of the 219 cited in
Sect. S1). Under sub-saturated conditions, deliquescence of
pure AS occurs at ∼ 80 % RH and efflorescence at ∼ 34 %
RH. However, these phase transition behaviors of AS parti-
cles are significantly influenced by organic compounds. For
example, the presence of humic acids decreases the deliques-
cence RH and increases the efflorescence RH of AS aerosols
(Badger et al., 2006). Furthermore, the presence of malonic
acid on AS particle leads to a two-step deliquescence in-
stead of a single step in the hygroscopic growth (Treuel et
al., 2009). Differently to the shift in deliquescence RH and/or
efflorescence RH, the presence of SOA completely removes
the clear phase transition of AS on the particle: this was
clearly shown for SOA derived from cycloalkene photoly-
sis and monoterpenes photo-oxidation (Varutbangkul et al.,
2006). The change in phase transition behavior of AS par-
ticles also depends on the quantity of organic compounds.
During the hygroscopic growth, for small organic or inor-
ganic ratios (< 20 %), there is a bulk-to-surface partitioning
with a part of the organic material in the solution, and another
part as a film coated at the surface of the droplet (Nandy and
Dutcher, 2018; Smith et al., 2013), while high organic or in-
organic ratios (> 80 %) induce liquid–liquid phase separation
(Smith et al., 2013; Saukko et al., 2015).

Due to their hygroscopic properties, AS aerosols eas-
ily provide an aqueous environment, where reactions be-
tween NH+4 , SO2−

4 , and water-soluble organic compounds
can play an important role in the formation of secondary
aerosols (62 papers among the 219 cited in Sect. S1). Some
of these reactions may explain the source of the so-called
brown carbon, thus affecting the optical properties of par-
ticles (44 papers among the 219 cited in Sect. S1). Am-
monium cations (NH+4 ) are in a pH-dependent equilibrium
with dissolved ammonia in the aqueous phase. NH3 can re-
act with carbonyl compounds such as glyoxal, methylgly-
oxal, glycolaldehyde, hydroxyacetone, biacetyl, or unsatu-
rated dialdehydes in Maillard-type browning reactions to
form light absorbing and oligomeric compounds such as im-
idazoles or pyrazine-based compounds (Hensley et al., 2021;
Grace et al., 2020; Hawkins et al., 2018; Laskin et al., 2014;
Kampf et al., 2012). These reactions are of particular in-
terest for the atmosphere, as they have an impact on both
health and climate. Their aqueous-phase processes represent
an important and rapid source of brown carbon (Powelson
et al., 2014; De Haan et al., 2017; Jimenez et al., 2022).
In addition, SO2−

4 is not inert in atmospheric water. Sul-
fate anions can react with qOH radicals forming sulfate rad-
icals (SO

q−
4 ), an important atmospheric oxidant (Herrmann,

2003). Besides, sulfate radicals contribute to the formation
of organosulfates (Nozière et al., 2010; Brüggemann et al.,
2020; Wach et al., 2019; Szmigielski, 2016). Organosulfates
are ubiquitous compounds in SOA with important implica-
tions in their physicochemical properties (Shakya and Peltier,
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2015). Other chemical pathways that lead to the formation
of organosulfates might involve directly sulfate anions, i.e.,
their nucleophilic substitution to epoxides or tertiary nitrates
(Hu et al., 2011; Darer et al., 2011), and the acid-catalyzed
esterification of alcohol groups (Surratt et al., 2008; Linuma
et al., 2007).

Due to the atmospheric representativity of AS particles
and their well-known physical and chemical properties, they
are often chosen as a reference in aerosol studies, as men-
tioned above, and for instrumentation calibration. The pres-
ence of trace organic compounds in AS particles may induce
potentially important artifacts on the experimental results
of physical and chemical processes. Few laboratory studies
show that organic compounds can be present in synthetic AS
particles. For example, 0.8 wt % of C was observed in solu-
tions where only ammonium sulfate was present as a solute
in the study of phase transitions of AS (Badger et al., 2006).
In another example, in a study of glyoxal uptake on AS par-
ticles monitored by an aerosol mass spectrometer, Trainic et
al. (2011) found organic fragments on pure AS aerosols (pu-
rity not mentioned), with a ratio of organic matter to sulfate
(hereafter named [Org] / [Sulfate]) as high as 8 %. Scanning
the 219 articles (mentioned in Sect. S1 in the Supplement)
published over the past 20 years using AS aerosols in the
laboratory, it appears that neither quantification nor identifi-
cation of these potential organic impurities were reported.
Furthermore, the majority of these studies (63 %) did not
mention the origin and purity of the AS used. As organic
traces may significantly influence the properties of AS par-
ticles, and thus bias experimental results, the objectives of
this work were to quantify organic traces in commercial AS
under conditions used in laboratory experiments, and when
possible, tentative identification was performed. Finally, rec-
ommendations are given for purity improvements.

2 Method

Ammonium sulfate aerosol particles were generated by at-
omization of AS solutions at concentrations ranging from
0.01 to 0.5 M. Ammonium sulfate aerosols were selected
at four sub-micrometer sizes to test the effect of particle
size on the organic content. This procedure allowed us to
form quasi-monodisperse AS particles at mass concentra-
tions ranging from 5 to 30 µg m−3, concentrations typically
used for aerosol generation and/or calibration in the litera-
ture. Their chemical composition was quantified online by
a high-resolution time-of-flight aerosol mass spectrometer
(HR-ToF-AMS). Additionally, aqueous solutions of AS were
analyzed by liquid chromatography–tandem mass spectrom-
etry (LC–MS) to tentatively identify organic content. All
chemical compounds used in this work are listed in Sect. S2
in the Supplement.

2.1 Detection of organic traces in AS aerosol particles

2.1.1 Aerosol generation and size classification

The experimental setup for quantifying organic content is
shown in Fig. 1. Aqueous solutions of AS (0.01–0.5 M) were
nebulized by atomization (using a 3076 atomizer, TSI) that
generated droplets with compressed air at 1 bar above atmo-
spheric pressure and a flow rate of 1.8 L min−1. As a com-
parison with compressed air, pure N2 (Linde gas, 99.999 %)
was used. The resulting droplets were dried by a Nafion™
dryer at relative humidity (RH) below 25 %, i.e., below the
efflorescence of AS aerosol. Dry AS particles then passed
through a dilution system aimed at controlling AS particle
concentrations. It consisted of two parallel pathways, one
of which was connected to a HEPA filter. An aerodynamic
aerosol classifier (AAC, Cambustion) and an electrostatic
classifier (3080, TSI) combined with a differential mobility
analyzer (3081 long DMA) were alternatively used to select
monodisperse particles. The ratio of air sheath flow to sam-
ple flow was fixed at 10 for the two classifiers. To regulate
the flow rate through the AAC classifier, a mass flow con-
troller (MFC) was connected to a vacuum pump. Under this
configuration, the sample flow through the AAC varied from
0.4 to 1.4 L min−1, while the tests performed with the DMA
classifier were only done at one flow rate (0.4 L min−1). This
setup allowed the characterization of the aerosol particles by
their sizes, as well as their organic content as a function of
particle sizes with respect to the total mass of AS particles
selected.

2.1.2 Experimental conditions for the investigation of
AS aerosol particles

A series of experiments (Table 1) were performed to quan-
tify organic content on AS aerosol particles by scanning vari-
ous conditions of mass concentrations, particle size, and gen-
eration procedures. In this work, four different particle di-
ameters were used: the mobility diameter (dm), the aerody-
namic diameter (da), and the vacuum aerodynamic diame-
ter (dva) were given by the SMPS, the AAC, and the AMS
measurements, respectively; while the volume equivalent di-
ameter (dve) was used to determine the surface of AS parti-
cle. The relations between these diameters were described
by DeCarlo et al. (2004). As organic compounds can be
homogenously mixed in AS aerosol or remain at the parti-
cle surface inducing different behavior as a function of size
(Jimenez et al., 2009; Tervahattu et al., 2002), monodisperse
AS particles were selected with aerodynamic size (da) varied
from 200 to 500 nm in each experiment. In experiment P1
(EXP P1), AS crystals (99.5 %, for analysis, from Acros Or-
ganics™ Fisher Scientific) were dissolved in Milli-Q water
(18.2 M� cm, TOC< 2 ppb) at various concentrations (0.01–
0.5 M). In EXP P2–P7, the aqueous phase concentration of
AS was fixed at the highest value (0.5 M) to study the influ-
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Figure 1. Experimental setup for the quantification of organic content in monodisperse ammonium sulfate particles.

ence of other parameters. In EXP P2, the influence of the
water quality was tested. In EXP P3–P5, the influence of
the purity of AS crystals was tested. In EXP P3, AS crystals
(99.5 %, for analysis, from Acros Organics™ Fisher Scien-
tific) were tentatively purified by an accelerated solvent ex-
tractor (ASE 300, Dionex) using acetonitrile as the extraction
solvent. In EXP P4, AS crystals (99.5 %, for analysis, from
Acros Organics™ Fisher Scientific) were tentatively purified
by recrystallization in Milli-Q water: AS crystals (20 g) were
dissolved into boiling water (20 mL) reaching a concentra-
tion of 7.5 M and then recrystallized by smooth cooling at
room temperature. In EXP P5, high purity AS (99.9999 %
Suprapur® from Merck) was used. In EXP P6, the influence
of the particle size selector was studied by intercomparison
between the DMA and the AAC. Developed by Tavakoli and
Olfert (2013), the AAC is a recent commercial aerosol clas-
sifier which selects the particle size by centrifugal force in-
stead of electrostatic force which is used in the DMA. In the
AAC, the aerodynamic diameter of selected particles is re-
lated to the rotational speed of the concentric cylinder, the
sheath flow rate, and the sample flow rate. Rotational speed
has been reported to influence the geometric standard devia-
tion (σgeo) of size distribution, i.e., the higher the rotational
speed, the smaller the size and the larger the σgeo (Johnson et
al., 2018). In EXP P7, the effect of the rotational speed of the
concentric cylinder in the AAC was tested while maintain-

ing a constant size selection by regulating the MFC (Fig. 1),
so that the sample flow through the AAC varied from 0.4 to
1.4 L min−1.

2.1.3 Characterization of aerosol particles

The particles number size distribution was measured with
a scanning mobility particle sizer (SMPS) consisting of a
DMA (3080, TSI) coupled with an ultrafine condensation
particle counter (CPC, 3776, TSI). A high-resolution time-
of-flight aerosol mass spectrometer (HR-ToF-AMS, Aero-
dyne Research) was used to measure the bulk chemical com-
position of non-refractory sub-micron particulate matter (De-
Carlo et al., 2006). The instrument was used under stan-
dard conditions (standard vaporizer at 600–650 ◦C and elec-
tron ionization at 70 eV) in V mode and in p-ToF mode.
Each measurement point was averaged for an MS cycle of
1 min and a p-ToF cycle of 30 s. Calibrations using pure and
dried particles of ammonium nitrate and ammonium sulfate
with a mobility diameter of 350 nm were carried out ev-
ery few days of operation to determine the ionization effi-
ciency of nitrate, ammonium, and sulfate named as IENO3 ,
RIENH4 , and RIESO4 . The RIENH4 and RIESO4 values were
related to nitrate and were estimated experimentally as 3.3
and 1.8, respectively. The standard recommended value for
RIEorg of 1.4 was used for organic compounds. Calibration
in the p-ToF mode was carried out using pure ammonium

Atmos. Meas. Tech., 15, 3859–3874, 2022 https://doi.org/10.5194/amt-15-3859-2022



J. Wu et al.: Substantial organic impurities at the surface of synthetic ammonium sulfate particles 3863

Table 1. Experiments to quantify organic traces on AS aerosol particles under various conditions: 1 AS 99.5 %, for analysis, from Acros
Organics™ Fisher Scientific; 2 purification by solvent (acetonitrile) extraction; 3 purification by recrystallization; 4 AS 99.9999 % Suprapur®

from Merck. 5 Milli-Q water, 18.2 M� cm, TOC< 2 ppb; and 6 Fisher Chemical, LC–MS grade. Under each condition, duplicate experiments
were performed for each selected particle size. The four sizes (da= 200, 300, 400, and 500 nm) selected with the AAC classifier correspond
to the mobility sizes (dm= 130, 201, 269, and 336 nm).

Experiment AS purity (%) Water AS liquid concentration (M) Particle size (nm)

Size selection by the AAC (sample flow= 0.4 L min−1)

P1 99.51 Milli-Q5 0.01, 0.02, 0.05, 0.1, 0.2, 0.5 da= 200, 300, 400, 500
P2 99.51 Fisher6 0.5 da= 200, 300, 400, 500
P3 99.51 purified2 Fisher6 0.5 da= 200, 300, 400, 500
P4 99.51 recryst3 Fisher6 0.5 da= 200, 300, 400, 500
P5 99.99994 Fisher6 0.5 da= 200, 300, 400, 500

Size selection by the DMA (sample flow= 0.4 L min−1)

P6 99.51 Milli-Q5 0.5 dm= 122, 188, 250, 311, 375

Size selection by the AAC (sample flow= 0.5, 1.0, 1.4 L min−1, corresponding to a rotation speed of 190,
285, and 369 rad s−1)

P7 99.51 Milli-Q5 0.5 da= 300

Effect of gas supplier (pure N2 instead of compressed air)

P8 99.51 Milli-Q5 0.5 da= 200, 300, 400, 500

nitrate in the size range of 80–500 nm mobility diameter.
The data treatment has been performed with AMS Analysis
Toolkit 1.63 and PIKA 1.23 under the software Igor Pro 6.37.
The selection of ions to fit in PIKA was derived from the
mass spectra produced by AS aerosols at da= 200 nm in
EXP P1 and was rechecked in each experiment. To avoid any
overestimation of the organic fraction, CHO+ and CO+2 frag-
ments (at m/z 29 and 44) were corrected from the remaining
gas phase in the AMS (Aiken et al., 2007; Canagaratna et al.,
2015). In addition, due to the very high signals of the frag-
ments NHx and SOx , other fragments located at the tail of
these main peaks (such as CH+3 , CH+4 , CH2N+, C2H+4 . . . )
were excluded from the calculation of the total organic con-
tent to avoid any overestimation of the organic fraction.

2.2 Seeking for organic traces in AS aqueous solutions

The characterization of organic traces on AS aerosol parti-
cles were also investigated directly in AS aqueous solutions
using a liquid chromatography–tandem mass spectrometer
(LC–MS) for tentative molecular identification. The system
comprised a liquid chromatograph (Acquity system, Waters)
coupled with quadruple-time-of-flight mass spectrometer
(Synapt G2 HDMS, Waters) fitted with an electrospray ion
source (ESI). The chromatographic separation was carried
out on an Atlantis T3 reversed phase C18 column (100× 2.1;
3 µm, Waters), the mobile phase consisted of two eluents:
eluent A was Milli-Q water (resistivity 18 M� cm at 25 ◦C)
with 0.1 % formic acid, and eluent B was either methanol

(Optima© LC/MS grade, Fisher Scientific) with 0.1 % formic
acid or acetonitrile (Fisher Chemical, Optima © LC/MS
grade) with 0.1 % acid. The gradient elution was performed
at a flow rate of 0.4 mL min−1 using 5 % of (B) held 1 min
and 5 %–95 % of (B) within 5 min. The sample injection vol-
ume was 5 µL. In the ESI, the capillary voltage was set to
1 kV, the desolvation gas flow was 1000 L h−1 at 500 ◦C, and
the source temperature was 150 ◦C. During each chromato-
graphic run, leucine enkephalin (2 ng µL−1, C28H37N5O7,
molecular weight 555.27 g mol−1, Sigma-Aldrich) was used
as internal standard to perform mass correction. The mass
spectrometer was tuned to V mode with a resolving power
of 18 000 at m/z 400 and allowed the determination of ele-
mental composition with a mass accuracy lower than 5 ppm.
For elemental attribution, the ranges of atom number were
set as follows: C [0–30], H [0–60], N [0–5], O [0–10], S
[0–3], P [0–3], and Na [0–1], thus covering the most com-
mon elements (Kind and Fiehn, 2007). An isotope prediction
algorithm, based on the mass of the molecular ion and the
relative intensity of the first and second isotopes, was ap-
plied to reduce the number of proposed elemental compo-
sitions. Data were collected from 50 to 600 Da in the pos-
itive and negative ionization modes. All products were de-
tected as their protonated molecules ([M+H]+) or sodium
adducts ([M+Na]+) in the positive mode, and their depro-
tonated molecules ([M−H]−) in the negative mode. In some
experiments, complementary analyses were performed using
MS/MS fragmentation with various collision energies.
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Table 2. Experiments of characterization of organic traces in AS liquid solutions. The elution gradient and ESI setup were the same for all
experiments: 1 AS 99.5 %, for analysis, from Acros Organics™ Fisher Scientific; 2 AS 99.5 % EMSURE® from Merck; 3 eluents: A=H2O
with 0.1 % formic acid, and B as specified; 4 acetonitrile, 5 methanol, 6 methyl tert-butyl ether, 7 dichloromethane; L–L: liquid–liquid, S–L:
solid–liquid.

Experiment Type of experiment LC–MS analytical conditions

AS purity AS aqueous Sample Extracting Eluent B3 MS mode
(%) concentration preparation solvent

C1 99.51 1.5 M None – ACN4 0.1 % acid ESI+–MS/ESI−–MS

C2 MeOH5 0.1 % acid

C3 L–L extraction MTBE6 ACN4 0.1 % acid ESI+–MS/ESI−–MS

C4 DCM7

C5 ACN4

C6 2.5 M

C7 crystals S–L extraction MeOH5 0.1 % acid

C8 99.52

C9 99.51 5 M L–L extraction ESI+-MS–MS

C10 99.52 5 M L–L extraction ESI+–MS/ESI−–MS

Although the organic purity is not mentioned on com-
mercial crystals (only the inorganic content is indicated),
two different brands of AS of the same purity were ana-
lyzed to seek for potential organic traces and for compari-
son purposes: one from Acros Organics™ Fisher Scientific
(99.5 %, for analysis) that has been widely used in the litera-
ture, and EMSURE® from Merck (99.5 %, for analysis). The
characterization experiments are shown in Table 2; each one
was systematically complemented by blank experiments, i.e.,
analysis of the water used for each AS solution.

In EXP C1 and C2, aqueous solutions of AS were injected
into the LC–MS, and two elution solvents were tested to op-
timize the chromatographic separation. In EXP C3–C10, or-
ganic compounds were extracted from AS crystals by differ-
ent methods (solid–liquid and liquid–liquid extraction) using
various solvents, and pre-concentrated prior LC–MS anal-
ysis using both positive and negative modes. For these ex-
tractions, an accelerated solvent extractor (ASE 300, Dionex)
system was used under the following conditions: acetonitrile
was the extraction solvent, the oven was set at 100 ◦C under
100 bars, the heat-up time and static time were 5 min each,
and three extraction cycles were conducted. As an extension
of EXP C6, EXP C9 was designed to perform MS/MS anal-
ysis using very high concentrations of AS to optimize the
identification of organic traces, and analyses were performed
in the positive mode only. For comparison purposes, another
brand of AS of the same purity (99.5 %) was used in EXP C8
and C10 using two extraction methods.

3 Results and discussion

3.1 Organic content on AS aerosol particles

A significant quantity of organic matter was directly ob-
served by the HR-ToF-AMS in EXP P1. As an example,
Fig. 2 shows the mass concentrations of total organic mat-
ter and sulfate and their ratios as a function of time during
one size cycle performed in EXP P1 at AS concentration
of 0.01 M. Figure 2 also provides background signals ob-
tained with the two pure waters of different qualities used
in EXP P1 and P2. In these background signals, the total
mass concentrations of organic compounds and sulfate are
0.018± 0.009 and 0.002± 0.001 µg m−3, respectively, simi-
lar to the detection limits of the HR-ToF-AMS in the V mode
(DeCarlo et al., 2006). In the presence of AS, a significant
quantity of organic compounds was observed with concen-
trations ranging from 0.15 to 0.33 µg m−3 when the aero-
dynamic size of the particle varied from 500 to 200 nm,
with a very good reproducibility in the duplicate experi-
ments, at each size. Furthermore, the evolution of the mass
ratio between total organic compounds and sulfate marked as
[Org] / [Sulfate] (Fig. 2) shows a clear correlation with parti-
cle size: this ratio increases when the particle size decreases.
The same observations were obtained at all other AS concen-
trations investigated in EXP P1 and in the other experiments.
It was checked in EXP P8 that when replacing compressed
air by pure N2 (Linde Gas, 99.999 %), no significant differ-
ences were observed from EXP P1 under the same conditions
(Sect. S3 in the Supplement). Overall, it was observed that
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Figure 2. Mass concentrations of total organic matter, sulfate, and
[Org] / [Sulfate] ratio as a function of time during one cycle per-
formed in EXP P1 at an AS concentration of 0.01 M. Background
signal obtained with pure water in EXP P1 and P2 is also shown for
quality check and for comparison between the two types of water
with different purity.

[Org] / [Sulfate] varied from 1.5 % to 3.8 %, in the range of
the values reported by studies mentioning the presence of or-
ganic compounds in laboratory experiments on AS particles
(0.8 wt % of C in Badger et al., 2006, and up to 8 % in Trainic
et al., 2011).

The total mass concentration of organic compounds was
calculated based on all organic fragments, as described in
the previous Sect. 2.1.3. Figure 3 shows the unit-mass res-
olution spectrum of AS aerosols selected by the AAC at
da= 200 nm.

SOx and NHx families represent sulfate and ammonium,
respectively. All the other fragments are between 1 and 3 or-
ders of magnitude lower, but detectable signals span for m/z
up to 100. The sum of the signals of NO+2 and NO+ frag-
ments represent 30 % of the total organic signal (Fig. S4-1
in the Supplement). To figure out the source of this non-
negligible nitrate signal, the AMS signal NO+2 /NO+ ra-
tio was investigated and showed significantly lower val-
ues in AS aerosol (0.46 in EXP1) compared with ammo-
nium nitrate particles used for calibration (1.18) (Fig. S4-2
in the Supplement). It is thus suggested that the observed
nitrate signal in AS aerosol is due to the presence of or-
ganic nitrates (Kiendler-Scharr et al., 2016). Concerning or-
ganic fragments, significant signals were observed for frag-
ments CxH+y at m/z 27, 39, 41, 43, 55, 57, 67, and 69, for
CxHyO+ at m/z of 28 and 30, for CxHyO+2 at m/z 44, and
for CxHyN+ atm/z 30, 58, 72, and 86. (Raw spectra of CHN
fragments are shown in Sect. S5 in the Supplement.) The po-
tential “Pieber effect” was also investigated to elucidate any
positive artifact on the determined quantities of organic com-
pounds. Indeed, Pieber et al. (2016) showed that inorganic
salts like AS or ammonium nitrate can trigger the CO+2 sig-

nal (m/z 44) due to reactions on the vaporizer of the AMS
instrument. In the present study, the observed CO+2 signal
represented 20± 5 % of the total organic signal. Thus, if all
the CO+2 fragments came from the interference signal of sul-
fate, the maximum Pieber effect in this work would be 0.76 %
relative to sulfate. It was thus not considered in the results.
The rest of the organic fragments seem to represent organic
molecules bearing various functionalities, potentially com-
prising oxygen and nitrogen. Before further identification of
these compounds, Sects. 3.2 and 3.3 present the results and
discussions on the influence of the particle size and liquid AS
concentrations on the organic content.

3.2 The role of particle size and liquid AS
concentrations on the quantity of organic content

Figure 4 shows [Org] / [Sulfate] measured in AS aerosols at
various nebulized solution concentrations as a function of
particle size. While no significant influence of AS aqueous
phase concentration has been found (within experimental un-
certainty), a significant influence of particle size is clearly
observed on [Org] / [Sulfate].

To further understand how the organic matter was mixed
with AS aerosols, two series of calculations were performed,
following two hypotheses on the organic–inorganic mixing:
(i) organic coating on the surface of monodisperse AS par-
ticles, and (ii) internal mixing. To achieve this calculation, a
thorough study of the morphology of AS particles was per-
formed using the various size measurements (Appendix A).
For monodisperse AS particles selected by the AAC at a re-
quired aerodynamic diameter (da), its mobility diameter (dm)
and vacuum aerodynamic diameter (dva) were measured by
SMPS and HR-ToF-AMS, respectively.

The calculations of [Org] / [Sulfate] using each of these
two hypotheses are detailed hereafter:

– Hypothesis 1: AS aerosols were coated by organic
compounds with a size-independent surface density
ρorg,S (in g m−2).

For a non-spherical particle, the total surface of the par-
ticle was considered as the surface of the volume equiv-
alent particle. According to DeCarlo et al. (2004), the
relation between the volume equivalent diameter (dve)
and dais described as Eq. (1):

da = dve

√
ρp

ρ0

1
χ

Cc (dve)

Cc (da)
, (1)

where χ is the shape factor of aerosol particles and Cc
is the Cunningham slip factor (Kim et al., 2005), given
by Eq. (2):

Cc (Kn)= 1+Kn

[
1.165+ 0.483exp

(
−

0.997
Kn

)]
. (2)
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Figure 3. Unit-mass resolution spectra (averaged over 12 measurements, converted from the high-resolution data) of AS aerosol particles
(da= 200 nm) in EXP P1, performed at an AS concentration of 0.5 M.

Figure 4. [Org] / [Sulfate] in AS aerosols versus particle mobility
size (dm) during EXP P1 scanning the six nebulized AS concentra-
tions (0.01–0.5 M). The colored dots (with error bars) are the exper-
imental data, while the red and black lines represent the calculated
[Org] / [Sulfate] considering either surface coating of organic mat-
ter (in red from Eq. 3) or internal mixing (in black from Eq. 4).

Kn(d)= 2λg/d is the Knudsen number, and λg is the
gas mean free path. In this work, da was given by the
AAC; χ was determined by dm and dva (Appendix A).
Normal temperature and pressure (293.15 K at 1 atm)
were applied for the calculation of dve. The surface
of AS particles was estimated from the value of dve.
Therefore, the prediction of surface coated organic com-
pounds compared with sulfate mass is described in
Eq. (3):

[Org]
[Sulfate]

=
ρorg,SSve

VveρAS
MSO4
MAS

=
3
2

ρorg,S

dveρAS
MSO4
MAS

× 100%, (3)

where Sve and Vve are the surface and volume of the
volume equivalent AS particle, respectively. MSO4 and
MAS are molar mass of SO2−

4 and (NH4)2SO4, re-
spectively. [Org] and [Sulfate] are the mass concentra-
tions of organic compounds and of sulfate in the par-
ticulate phase. Equation (3) shows that, in this case,
[Org] / [Sulfate] decreases when the particle size in-
creases.

– Hypothesis 2: Organic compounds are homogeneously
mixed in AS aerosols with a density ρorg,V (in g m−3).

In this case, the mass concentration of organic com-
pounds compared with sulfate is described by Eq. (4):

[Org]
[Sulfate]

=
V ρorg,V

V ρAS
MSO4
MAS

=
ρorg,V

ρAS
MSO4
MAS

× 100%, (4)

where V is the total volume of the studied aerosol par-
ticle. In this case, [Org] / [Sulfate] is independent of the
particle size.

The results of these two calculations are shown in Fig. 4
together with the experimental results. The comparison
clearly shows that the organic compounds coat homoge-
nously on the surface of AS particles with a surface density
of 1.1× 10−3 g m−2. In addition, this result shows that the
Nafion™ dryer was not efficient in removing these organic
compounds, probably due to their low volatility.
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Figure 5. Influence of instrumental conditions and instrument inter-
comparison: AAC selection (red squares, EXP P1), DMA selec-
tion (black squares, EXP P6), and multi-charging correction (white
squares). The red line represents the calculation simulating organic
coated compounds at the AS particle surface using Eq. (3) with a
surface density of 1.1× 10−3 g m−2 (selected from Fig. 4).

3.3 Influence of AAC and DMA on the organic content

Particle size selection is important in aerosol science es-
pecially when particle size influences the properties stud-
ied. In this work, both AAC and DMA were used to pro-
vide monodisperse AS aerosols. As a recent commercial in-
strument, AAC was used to select AS aerosols in most of
the experiments. The effects of the concentric cylinder rota-
tion speed of the AAC were tested in EXP P7. The results
(Sect. S6 in the Supplement) demonstrate that the rotation
speed does not affect [Org] / [Sulfate]. While the AAC se-
lects particles using centrifugal force, the DMA selects parti-
cles by their electromobility. In the latter, the selected dis-
tribution is thus not exclusively monodispersed as it con-
tains double- and triple-charged particles at the correspond-
ing sizes. Correction of the multi-charge effect was success-
fully applied and is routine in aerosol size distribution de-
termination (Petters, 2018; Wiedensohler et al., 2012). How-
ever, Fig. 4 shows that the larger the particle, the lower the
content of the organic compounds. In this case, the multi-
charged particles affect the organic quantification using the
DMA and the AMS, so corrections are needed. In this work,
we compared [Org] / [Sulfate] in AS particles selected by the
DMA and by the AAC, respectively (Fig. 5).

In Fig. 5 the white squares represent the multi-charging
corrections considering the hypothesis that organic com-
pounds coat the surface of AS particles as shown in Sect. 3.2.
Details of the multi-charging corrections are given in Sect. S7
in the Supplement. Briefly, the corrected [Org] / [Sulfate] by
the multi-charged modes are systematically higher than the
non-corrected values because the correction considers the to-
tal amounts of organic compounds and sulfate. Using the

Figure 6. Mass fractions of the three main sets of organic fragments
present in AS particles as measured by the HR-ToF-AMS during
EXP P1. The error bars represent the standard deviation from aver-
aging multiple measurements.

DMA selection after correction, [Org] / [Sulfate] is clearly
inversely related to the mobility size and in very good agree-
ment with those results obtained using the AAC selection.
In conclusion, the intercomparison of the two instruments
shows that the influence of the instrument is negligible, and
it also shows that the selection by AAC leads to lower uncer-
tainties on the y axis and therefore more accurate results.

3.4 Tentative identification of organic content

From the HR-ToF-AMS mass spectra, the three main fam-
ilies present in AS particles were CxHy , CxHyO(1–2), and
CxHyNO(0–2). Figure 6 shows the proportion of these three
groups relative to total organic compounds as a function of
AS particle size. Within the uncertainties, the proportion of
the three families remains constant and independent of the
particle size, which shows the stability of the organic com-
pounds coated on AS particles.

The identification of the corresponding organic com-
pounds was limited by the high fragmentation due to the elec-
tron impact ionization operated in the HR-ToF-AMS instru-
ment. Further identification was conducted by LC–MS with
liquid AS solutions. In EXP C1 and C2, an aqueous solu-
tion of ammonium sulfate (99.5 %) at 1.5 M was injected and
analyzed in the positive mode. The acetonitrile and methanol
eluents showed similar results for compound separation. Fig-
ure 7 shows a chromatogram of an ammonium sulfate so-
lution (green line) as well as blanks of Milli-Q water (red
line) and Fisher water (blue line). In Milli-Q water, two
ions were present at retention times of 4.45 and 4.65 min,
and their mass spectra were attributed to nylon polymers
(C6H11NO)n which are among the frequently reported inter-
fering compounds (Tran and Doucette, 2006; Keller et al.,
2008). However, no significant contamination was observed
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Figure 7. LC/ESI+–MS base peak chromatogram of Milli-Q water, Fisher water, and AS (99.5 %) solution of 1.5 M (EXP C1) with corre-
sponding major ion masses associated with raw formulas. The bold ion masses and proposed raw formula were studied in MS–MS (EXP C9).
Ions displayed in boldface were detected in their [M−H]− form in LC/ESI−–MS (in EXP C6–C8).

in the Fisher water (LC–MS Grade). Figure 7 shows that the
same ions found in Milli-Q water were also present in the
AS solution prepared in the same Milli-Q water. Many other
ions were detected in the AS solution, and their retention
times highly suggested that these molecules were organic.
The proposed raw formulas systematically contained carbon,
hydrogen, oxygen, nitrogen, and sometimes sulfur, consis-
tent with the HR-ToF-AMS spectra. The double bond equiv-
alence (DBE) varies from 1 to 5 showing that the molecules
are unsaturated and potentially cyclic. Different to nylon
polymers found in Milli-Q water, these raw formulas are not
referenced among the common laboratory LC–MS contami-
nants (Keller et al., 2008). The mass error was always well
below 5 ppm and no raw formula with a sodium adduct was
suggested. Some of the m/z showed two different retention
times, implying potentially the presence of isomers. For ex-
ample, at m/z 226.1918, two peaks were detected, one at
2.89 min and the other at 3.11 min as described in detail in
Sect. S8 in the Supplement for the most intense ions. In the
negative ESI mode, the signal was overwritten by the sulfate
ion (detected at [M+H]−: 96.9596, HSO−4 ) along the whole
chromatogram, due to the high ammonium sulfate concentra-
tions used.

For further identification and for detection in the negative
mode, AS crystals and solutions at various concentrations
were extracted using different solvents and different meth-
ods (C3–C7 in Table 2). In the positive mode, more than
60 % of the molecules identified without the extraction step
were also detected. Compared with other solvents, acetoni-
trile was found to be the most efficient extracting solvent. In
the negative mode, the signal was systematically much lower

(ion current intensity < 103 counts s−1) and only molecules
displayed in boldface in Fig. 7 were detected. Consequently,
no further analysis was performed in the negative mode due
to the low signal. In EXP C8 and C10, another brand of AS
crystals of the same purity (99.5 %) was tested for compar-
ison. Some common ions were detected in the extracts in
the positive mode but at a much lower intensity (by a fac-
tor of ∼ 20; see Sect. S9 in the Supplement), thus demon-
strating that the detected organic compounds were present
in both AS crystals and that the level of organic contamina-
tion depends at least in part on the AS brand. EMSURE®

products are supposed to offer a high level of quality and ap-
pear to be less contaminated despite the same reported purity.
Figure 8 shows the MS–MS measurements operated on two
ions detected in EXP C9 (see Sect. S10 in the Supplement
for the complete MS–MS results). These results support the
proposed raw formula, confirming that these organic com-
pounds contained oxygen and nitrogen and/or sulfur. They
also show recurrent fragments: for instance, fragment ion
at m/z 96.082, most likely described by the raw formula
C6H10N, was found in all the MS–MS spectra as well as the
fragment ion at m/z 69.072 corresponding to C5H9 which
was also a fragment observed in the spectra from the HR-
ToF-AMS with high intensity.

These results confirm that the organic compounds present
in AS are large molecules: of the 20 most intense detected
molecules, 12 contained 12 carbon atoms (C12), and the
others contained C6 (2 molecules bearing CxHyN1/2), C10
(1 molecule), C11 (1 molecule), C17 (1 molecule), C18 (2
molecules), and up to C24 (1 molecule), with m/z ranging
from 96 to 533. Apart from the 2 smallest molecules (C6),
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Figure 8. Mass spectra obtained from LC/ESI+–MS/MS measurements of two detected compounds in EXP C9. The [M+H]+ ions were
detected at (a) m/z 340, using a collision energy of 25 eV, and (b) m/z 227, using a collision energy of 20 eV.

all of them bear mono- or poly-functional groups with at
least 2 heteroatoms (N and O are always present, and S is
found in 10 molecules) confirming their low volatility. Most
of them fragment following the same scheme, thus showing
similar structures. No structure is proposed here as there are
many possible structures. The fact that these molecules were
largely detected in the positive mode and that they all bear at
least one N atom, and the fact that they were observed specif-
ically at the surface of the AS aerosol particles, could sug-
gest that they are cationic surfactants such as quaternary am-
monium salts remaining from the manufacturing processes.
Ammonium sulfate is typically produced by the reaction of
gaseous ammonia with sulfuric acid, but the precise manu-
facturing processes and raw materials of the suppliers are not
known in detail and therefore do not allow us to draw any
conclusions for these processes.

3.5 Removing organic traces from AS aerosol particles

To give recommendations on the use of AS for laboratory
studies or instrument calibrations with organic contamina-
tions as low as possible, the results of EXP P2–P5 using high-
quality water, and AS or purified AS crystals, are shown in
Fig. 9 where [Org] / [Sulfate] is plotted versus particle size.

Figure 9 shows that, although decreasing with increasing
purification, organic traces remain present in all experiments.
They seem to remain coated at the surface of the particles, as
shown by the good agreement between the simulations and
experimental data. According to the simulation results, a re-
duction of 20 % of [Org] / [Sulfate] is observed when Fisher
water (red squares) replaces Milli-Q water (pink triangles).
This reduction might be due to the removal of nylon poly-
mers found in Milli-Q water (Fig. 7). However, no significant
difference is observed between EXP P2, P3, and P4, i.e., pu-
rification of AS crystals by acetonitrile or recrystallization is
not efficient enough to remove organic traces. Finally, com-
paring EXP P5 (cyan triangles) and P2 (red squares), another

Figure 9. [Org] / [Sulfate] in AS aerosol particles as a function of
mobility diameter in EXP P1–P5. The red lines represent the calcu-
lated [Org] / [Sulfate] simulating surface coating of organic matter
(from Eq. 3) for EXP P1, P4, and P5.

20 % reduction of organic traces is observed when highly
pure AS crystals are used (99.9999 %). In this case, the or-
ganic traces are lower than 2.5 % on the AS particles with
dm= 130 to 336 nm (corresponding to da= 200 to 500 nm).

4 Conclusions and implications

Ammonium sulfate is one of the dominant components of
atmospheric aerosol and is widely used in laboratory experi-
ments and for instrument calibration purposes. However, the
widely used commercial AS crystals may contain interfer-
ing organic impurities. To answer questions related to the
quantity and the quality of organic impurities found in widely
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used commercial AS products, a series of experiments were
performed to quantify and identify organic impurities on AS
aerosol particles and in liquid solutions using an HR-ToF-
AMS and LC–MS. The results showed that, using 99.5 %
purity AS, up to 3.8 % of organic impurities were present
related to sulfate mass. This ratio was found to be indepen-
dent of the concentration of nebulized AS solutions but was
inversely related to the particle size. The simulations of AS
organic mixtures showed a homogeneous organic coating on
the surface of AS particles with a constant surface density of
1.1× 10−3 g m−2. Regarding the particle size selection sys-
tem, the comparison between AAC and DMA showed con-
sistent [Org] / [Sulfate], thus highlighting that the observed
particle size effects were not due to instrumental artifacts.
Using LC–MS analysis of the organic content showed up to
20 different stable, highly functionalized molecules with ni-
trate, amine, and/or sulfate groups. The proposed raw for-
mulas included mostly C12 compounds with mono- or poly-
functional groups with at least two heteroatoms (N and O
were always present, and S was found in 10 molecules)
suggesting low volatility. These nitrogenous molecules were
abundantly detected by LC–MS in AS solutions in the pos-
itive ESI mode, and in the nebulized solutions, they were
observed to be coated on the surface of AS aerosol parti-
cles. Thus, it could be suggested that they might comprise
cationic surfactants such as quaternary ammonium salts re-
maining from the manufacturing processes.

From this suggestion, the potential effects of organic im-
purities on CCN activation of AS aerosols were investigated
to determine the error made on the critical supersaturation if
one assumes 100 % AS, omitting the presence of organic im-
purities. This estimation was performed with a simple calcu-
lation using the κ-Köhler equation (Petters and Kreidenweis,
2007) (see Sect. S11 in the Supplement for details). For the
estimation of the critical supersaturation in the presence of
organic impurities, two extreme hypotheses were explored.
In hypothesis 1, the organic fraction was considered solu-
ble and non-surface-active, whereas in hypothesis 2, it was
considered extremely surface-active, using the most power-
ful surfactant as a proxy. Following each of these hypotheses,
the supersaturation was calculated along the droplet activa-
tion of an AS particle of 130 nm with and without organic
impurities (Fig. S11 in the Supplement). The results show
that whereas the critical supersaturation of AS aerosols is not
significantly impacted by the presence of organic impurities
under hypothesis 1, it is highly impacted under hypothesis 2,
with a potential error of more than 70 %.

In view of these extreme results, and especially the very
important error observed for surface-active compounds, the
potential quantity of surface-active species contained in AS
solutions (ammonium sulfate from Acros Organics, 99.5 %
diluted in Milli-Q water) was investigated (Sect. S12 in the
Supplement). The results showed that AS solutions contain
extremely low amounts of cationic and non-ionic surfactants,
and an upper limit of [Org surfactant] / [Sulfate] mass ratio

of 1× 10−5 % was determined. Although this ratio is five or-
ders of magnitude lower than the total organic fraction de-
tected in AS particles, the potential effect of these surfac-
tants on the surface tension of 130 nm diameter AS parti-
cles was investigated. For such particles, the obtained [Org
surfactant] / [Sulfate] mass ratio induces a concentration of
6× 10−7 mol L−1 of surfactants. At this very low concentra-
tion, even the most surface-active molecules show a surface
tension similar to that of pure water as shown by surface ten-
sion isotherms (Ekström et al., 2010; Frossard et al., 2019;
Arabadzhieva et al., 2020). It was thus concluded that the
CCN activity of AS particles with dm= 130 nm should not be
significantly affected by the presence of the organic impuri-
ties. However, caution should be taken to keep their amounts
as low as possible.

In this work, some efforts to remove these organic impu-
rities have been tentatively tested by purifying and recrystal-
lizing AS crystals. Though no significant difference was ob-
served, it is likely that better results could be obtained by in-
creasing the number of purification and recrystallization cy-
cles, as very high purity AS crystals (99.9999 %) showed sig-
nificantly lower organic content. It is therefore recommended
to use AS seeds with caution, especially when small particles
are used, in terms of AS purity and water purity when aque-
ous solutions are used for atomization.

Appendix A: Morphological properties of AS aerosols

Following the method of Zelenyuk et al. (2006), the shape
factor (χ ) in any flow regime (continuous and transient) can
be determined by the ratio of dva/dm in Eq. (A1):

dva

dm
=
ρp

ρ0

1
χ2

Cc
(
dvaχρp/ρ0

)
Cc (dm)

, (A1)

where ρp is the particle density, ρ0 is the standard density
noticed as 1 g cm−3, and Cc is the Cunningham slip factor
(Kim et al., 2005), given by Eq. (A2):

Cc (Kn)= 1+Kn

[
1.165+ 0.483exp

(
−

0.997
Kn

)]
. (A2)

Kn(d)= 2λg/d is the Knudsen number, and λg is the gas
mean free path. In this work, normal temperature and pres-
sure (293.15 K at 1 atm) were applied for the calculation of
the shape factor of AS aerosols.

The shape factor (χ ) of monodisperse AS aerosols se-
lected by the AAC was calculated according to Eq. (A1) and
is shown in Table A1, together with the aerodynamic diam-
eter (da) selected in the AAC, the mobility diameter dm, and
the vacuum aerodynamic diameter dva representing the aver-
age mode of size distributions given by the SMPS and HR-
ToF-AMS (p-ToF mode), respectively. Table A1 shows that,
within the uncertainty, the selected AS particles own a size-
independent shape factor of 1.06, which falls within the in-
terval of 1.03 and 1.07 reported by Zelenyuk et al. (2006).
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Table A1. Morphological properties of monodisperse AS aerosols
selected by the AAC (in EXP P1 and P2): aerodynamic diameter
(da), mobility diameter (dm), vacuum aerodynamic diameter (dva),
and shape factor (χ ). The uncertainty represents the standard devi-
ation of several measurements under the same selection criteria.

da (nm) dm (nm) dva (nm) Shape factor (χ )

200 126.6± 0.3 206± 6 1.05± 0.02
300 194.3± 0.3 312± 8 1.06± 0.02
400 267.6± 0.4 429± 10 1.06± 0.02
500 340.3± 0.4 539± 11 1.07± 0.02
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