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f polycatechol and polyguaiacol
secondary organic aerosol in sub- and
supersaturated water vapor environments†

Kotiba A. Malek, a Kanishk Gohil, a Hind A. Al-Abadleh *b and Akua A. Asa-
Awuku *ac

Polycatechol and polyguaiacol are light-absorbing and water-insoluble particles that efficiently form from

iron-catalyzed reactions with aromatic compounds from biomass burning emissions. Little quantitative

information is known about their water uptake and cloud or haze droplet formation ability. In this study,

polycatechol and polyguaiacol particles were synthesized in the laboratory, and their cloud condensation

nucleation efficiencies were investigated under sub- and supersaturated relative humidity (RH)

conditions using a hygroscopicity tandem differential mobility analyzer (H-TDMA) and a cloud

condensation nuclei counter (CCNC), respectively. Experimental results show that both polymeric

materials are slightly hygroscopic and that their single hygroscopicity parameter (k) ranges from 0.03 to

0.25, which is within the k range for secondary organic aerosols (SOA). Polycatechol is more hygroscopic

than polyguaiacol, which is explained by differences in their structure. Polyguaiacol has similar water

uptake as other insoluble organic compounds, and droplet formation is modelled well with Brunauer–

Emmett–Teller (BET) or Frankel Hill Hershey-Adsorption Isotherm theory (FHH-AT). Both polymeric

materials are not strongly surface active in range of 0.5 to 30 g L�1, and thus differences in subsaturated

and supersaturated hygroscopicity measurement are not attributed to the presence of surface-active

materials. Instead, it is due to the solubility limits of both chemicals and H-TDMA being driven by water

adsorption. The implications of these results are discussed in the context of aerosol–cloud interactions

from the hygroscopicity of aerosols from primary and secondary sources.
Environmental signicance

Biomass burning is a major source of aerosols in the atmosphere but their contribution to the radiative budget of the Earth is poorly understood. This is partly
due to our poor understanding of the secondary aerosol composition of biomass burning particles. To enhance our knowledge on biomass-emitted aerosols, two
prominent water-insoluble organic aerosols, polycatechol and polyguaiacol SOA, were investigated. Their hygroscopic properties were evaluated under
subsaturated and supersaturated environments, and their single hygroscopicity parameter was reported. Our results show that both SOA are slightly hygroscopic
with polycatechol SOA having a higher hygroscopicity than polyguaiacol SOA. The difference in hygroscopicity is attributed to the presence of hydroxyl functional
groups in polycatechol SOA. Thus a seemingly small difference in aerosol functional groups can change the mechanism for water uptake (adsorption vs.

dissolution) and must be measured to predict climate and understand environmental impacts.
1. Introduction

Atmospheric aerosol particles are composed of mixtures of
organic and inorganic species.1 Aerosol can affect the Earth's
r Engineering, University of Maryland,

, Wilfrid Laurier University, Waterloo, ON

.ca

University of Maryland, College Park, MD

(ESI) available: Detailed experimental
showing data analysis. See DOI:

–33
radiative budget through their direct and indirect interactions
with solar radiation. The direct effect involves the scattering or
absorption of light by aerosol particles; while the indirect effect
describes the interactions of aerosols with clouds and their
ability to absorb water, act as cloud condensation nuclei (CCN),
and form droplets.2–4 The degree to which aerosol uptake water
(hygroscopicity) and form cloud droplets has signicant impact
on air quality and climate.2 While the hygroscopic properties of
inorganic aerosol are well studied and characterized, the
hygroscopic properties of atmospherically ubiquitous organic
species are poorly understood.5,6

Biomass burning is a major source of atmospheric organic
aerosols,7–9 which emits a wide variety of gases, namely semi-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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volatile organic compounds (SVOCs), that have major implica-
tions on atmospheric chemistry.9 Catechol and guaiacol are two
phenolic SVOCs readily released from the combustion of
biogenic sources.10–12 The fate of these organic compounds
includes several reactions and processes that may change the
chemical composition, hygroscopicity, and optical properties of
atmospheric aerosols. Examples of these oxidation pathways
include those driven by oxidants such as OH, O3, NO3, and those
catalyzed by transition metals like Iron (Fe).11,13,14 Fe is an
abundant component of mineral dust.15,16 Combustion sources
are increasingly being recognized as major contributors to
labile iron deposited on the oceans.17 Processing of these Fe-
containing particles takes place in the atmosphere through
reactions with acidic gases, organics, in the dark or under
irradiation, changing the hygroscopicity of these particles and
increasing the amount of dissolved iron.14 The processed iron-
containing particles can act as a sink for SVOCs and undergo
mixing with biomass burning organic aerosol (BBOA) contain-
ing derivatives of catechol and guaiacol. The role of Fe in
condensed phase transformation of phenolic organic
compounds in aerosol particles has recently been reviewed18

where it was shown that Fe can convert catechol and guaiacol
into light-absorbing and water-insoluble particles, namely pol-
ycatechol and polyguaiacol, respectively.11,14,19–21 Thus, poly-
catechol and polyguaiacol could be considered secondary
organic aerosol (SOA) that form due to aerosol aging of Fe-
containing particles under conditions relevant to cloud drop-
lets and aerosol particles.

Previous work has explored the physical aerosol properties of
polycatechol and polyguaiacol SOA, the light-absorbing and ice
nucleation characteristics.11,20,21 To our knowledge, only one
previous study has explored the surface water properties of
polycatechol and polyguaiacol SOA with diffuse reectance
infrared Fourier transform spectroscopy (DRIFTS) and quartz
crystal microbalance (QCM).19 The structure of surface water,
investigated by DRIFTS showed evidence of water bonding with
organic functional groups in these polymeric materials from the
analysis of water and organic vibrational modes. In addition,
spectroscopic data showed a network of weak and strong
hydrogen bonding, which suggested the formation of water–
water and water–organic interactions.19 The QCM studies con-
ducted as a function of relative humidity (RH) showed that gas
phase water is best described using a modied Type II multi-
layer BET adsorption model, and that polycatechol exhibits
stronger water–surface interactions that polyguaiacol. These
QCM studies were conducted on thin lms of these materials.
There is still the need to obtain quantitative data on the CCN
and droplet formation efficiencies of polycatechol and poly-
guaiacol under atmospherically relevant conditions for
comparison with other SOA formed from metal-free reactions.

The objective of this study is to measure the hygroscopic
properties of polycatechol and polyguaiacol SOA under subsatu-
rated and supersaturated conditions, and to quantify their
surface activity using surface tensionmeasurements. Specically,
we measured the droplet growth of laboratory synthesized poly-
catechol and polyguaiacol SOA in a supersaturated environment
using a cloud condensation nuclei counter (CCNC), and in
© 2022 The Author(s). Published by the Royal Society of Chemistry
a subsaturated environment with a hygroscopicity tandem
differential mobility analyzer (H-TDMA). The measurement data
were then used to derive critical parameters for aerosol water
uptake. Assuming classic Köhler theory, the single hygroscopicity
parameter (k) was calculated from the two measurement tech-
niques and compared. Additionally, the aerosol was assumed to
be water insoluble, and two water-adsorption theories are applied
to infer water surface coverage and adsorption isotherm param-
eters to predict droplet growth. Surface tension was also
measured and provided additional information regarding SOA
surface activity at the droplet air–water interface. Overall, the
results of this study highlight the importance of structural
characterization of SOA from different sources to improve our
understanding of their hygroscopic properties and surface reac-
tivity, and hence better predictions of aerosol–cloud interactions.

2. Experimental and data analysis
methodology
2.1 Chemicals

All the chemicals were used as received without further puri-
cation: catechol (1,2-benzendiol, >99%, CAS 120-80-9, Sigma-
Aldrich), guaiacol (2-methoxyphenol, $98%, CAS 90-05-1,
Sigma-Aldrich), iron(III) chloride hexahydrate (FeCl3$6H2O,
97%, CAS: 10025-77-1, Sigma-Aldrich), and diamond powder (5
� 2 mm, Lands Superabrasives LST600T). The chemicals were
dissolved inMilli-Q water (18.5 MU cm) with the solutions' ionic
strength adjusted to 0.01 M by adding potassium chloride (KCl
powder, 99.5%, EM Science) to stabilize the pH reading. The pH
was adjusted using stock solutions of hydrochloric acid (HCl
6 N, Ricca Chemical Company) and sodium hydroxide (NaOH
pellets, 99–100%, EMD) when needed.

2.2 Particle synthesis

The synthesis procedure of polycatechol and polyguaiacol was
based on the procedure in an earlier report with slight modi-
cations.19 Briey, aqueous phase standard solutions of iron
chloride, catechol and guaiacol were prepared by dissolving the
chemicals in Milli-Q water. To prepare polycatechol, the
concentration of the catechol was 0.078 M in 40 mL, to which
1 mL of the iron chloride solution (6.4 M) was added to start the
reaction in the dark for 1 h. To prepare polyguaiacol, the
concentration of the guaiacol was 0.068 M in 40 mL, to which
1 mL of the iron chloride solution (5.6 M) was added to start the
reaction in the dark for 1 h. In both cases, the nal iron to
organic molar ratio was 2 : 1 and pH was 3. At the end of the
reaction, reaction solutions containing the particles were
centrifuged, supernatant discarded, and the particles were
resuspended in Millipore water. Then, the centrifugation and
resuspension step were repeated one more time, with super-
natant discarded, to remove soluble reactants and to redisperse
the particles in water only.

2.3 Aerosol synthesis and generation

Aer synthesis, a 1 mL solution (approx. 0.03 g) was diluted in
300mL of ultra-puried water (18MU cm,Millipore). A 0.1 g L�1
Environ. Sci.: Atmos., 2022, 2, 24–33 | 25
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Fig. 1 A detailed experimental setup for (a) H-TDMA subsaturated k measurements and (b) CCNC supersaturated k measurements.
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solution was sonicated and heated in a water bath (30 �C)
during aerosol generation with a Collison Nebulizer (Atomizer;
TSI 3076). Wet aerosols were then passed through a silica gel
dryer to remove particle moisture (<5% RH). The subsequent
aerosol distribution is then measured with the following H-
TDMA or CCNC setup (Fig. 1).
2.4 H-TDMA – subsaturated measurements

A hygroscopicity tandem differential mobility analyzer (H-
TDMA) measured the subsaturated growth factor of poly-
catechol and polyguaiacol SOA. The H-TDMA is widely used and
measures aerosol hygroscopicity under subsaturated condi-
tions. The experimental setup has been described in previous
literature.22–24 A description of our H-TDMA setup is shown in
Fig. 1. Aer particle generation, the polydisperse dried particles
were charged in a Kr-85 bipolar aerosol neutralizer (TSI 3081)
resulting in an equilibrium distribution of charges.25 Charged
particles are then passed through a differential mobility
analyzer (DMA 1) where aerosols were size selected (25–120 nm)
with an electrostatic classier (TSI 3081). The ow rate and the
sheath ow were maintained at 0.3 L min�1 and 3.0 L min�1,
respectively. The size-selected particles were then exposed to up
to 85% RH with a Naon humidication line (PermaPure M.H
series). Aer humidication, aerosol particles were passed
through an RH equilibrated second DMA (TSI 3081). This
second DMA is followed by a condensation particle counter
(CPC, TSI 3776) and the wet aerosol size distribution and
concentration were measured. The RH of H-TDMA setup was
determined by ammonium sulfate calibration (see Fig. S1;†
Taylor et al.26). Growth factors (Gf) were obtained by dividing the
26 | Environ. Sci.: Atmos., 2022, 2, 24–33
median wet particle diameter (DMA 2) by the size selected dry
particle diameter (DMA 1).16,27,28

Gf ¼ Dwet

Ddry

(1)

2.5 CCNC – supersaturated measurements

A cloud condensation nuclei counter (CCNC, Droplet
Measurement Technologies29,30) measured the droplet activa-
tion of polycatechol and polyguaiacol aerosol. A detailed setup
is provided in Fig. 1. The Scanning Mobility CCN Analysis
(SMCA) method was used and has been extensively applied to
CCN analysis in the literature (e.g., but not limited to Engelhart
at al;31 Asa-Awuku et al.32 Moore et al.33 Tang et al.34 Tang et al.35

Barati et al.36 Vu et al.37). Briey described here, the DMA was
operated in scanning mode and a size distribution from 8.06 to
352.3 nm was measured every 2.25 minutes. The aerosol stream
exiting the DMAwas then simultaneously split into two streams:
a 0.3 L min�1 stream to the CPC (TSI 3776) where concentration
of particles (CN) was measured, and a 0.5 L min�1 stream to the
CCNC where number concentration of activated particles was
measured (CCN). Using the SMCA, the doubly-charge and triply-
charged particles were removed using a charge correction
expression from Wiedensohler (1988).25 Additional data
regarding SMCA charge corrections are provided in the ESI.†
Aer the data has been charged corrected, the CCN to CN

activation ratio
�
CCN
CN

�
was calculated at every supersatura-

tion.33 A sigmoidal t was then applied through the activation
ratio to obtain the critical diameter, Dd; the size at which 50% of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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all the particles were activated. Each activation ratio is repeated
ten times and the average and standard deviation were re-
ported. Furthermore, the Dd of polycatechol and polyguaiacol
SOA were measured at four different supersaturations (0.47,
0.63, 0.81, and 1.07%). The CCNC's supersaturation was cali-
brated with ammonium sulfate (see Table S1 and Fig. S2†).

2.6 Surface tension measurements

Surface tension measurements were obtained with a pendant
drop tensiometer (Theta optical tensiometer with One Attention
soware®). Solutions of different concentrations (in the range
of 0.35–50 g L�1) were achieved by diluting stock solution with
Millipore ultra-puried water (<18 MU cm). Once desired
concentrations were prepared, solutions were sonicated at room
temperature and drawn using a microneedle syringe. A drop of
approximately 10 mL is then suspended, and once equilibrium is
reached, the pendant drop tensiometer camera captured more
than 100 images at a rate of 33 frames per second. Each image
represents one surface tension measurement. For each
concentration, an average of surface tensions measurement and
standard deviation is reported. Ultra-puried water's surface
tension was measured and used as a baseline for calibration.

2.7 Water uptake and hygroscopicity analysis

2.7.1 Köhler theory and single parameter k-hygroscopicity.
The equilibrium vapor pressure and saturations, S at a droplet
surface is dened as follows.

S ¼ aw exp

�
4ss=aMw

RTrwDwet

�
(2)

where aw is the water activity coefficient of the droplet, ss/a is the
surface tension of the droplet at the air droplet interface, R is
the universal gas constant, T is the temperature of the droplet,
and Mw and rw are the molecular weight and density of water,
respectively.27 By rearranging eqn (2) and assuming that the
solute is sufficiently dilute in the droplet, aw can be simply
dened with a single parameterization. If the dissolved solute is
dilute, a single hygroscopicity parameter, k, can be derived and
relates to the particle diameter and hygroscopicity of aerosol
particles.27 k-hygroscopicity describes the water uptake of
aerosol species and is calculated in subsaturated and super-
saturated conditions. For supersaturated CCNmeasurements, k
is calculated using the following equation:27

kCCN ¼

�
4ss=aMw

RTrw

�3

27D3
d ln

2 sc
(3)

where sc is the CCNC instrument supersaturation, ss/a is the
surface tension, Mw is molecular weight, T is the sample
temperature, R is the universal gas constant, rw is the density of
water, and Dd is the critical dry activation diameter. kCCN

derived from Köhler theory is assumed constant because sc is
proportional to Dd

�1.5.
k-values from subsaturated H-TDMA measurements can also

be derived from Gf and RH data. At relative humidity greater
than 80%, the vapor pressure of water is assumed to approach
© 2022 The Author(s). Published by the Royal Society of Chemistry
that of a at surface and the droplet water activity to be
approximated with RH. It is also noted that this assumption is
commonly applied to particle sizes greater than 200 nm;38

however, the linearity of wet diameters to dry diameters within
our data suggests that this assumption can also be applied to
lower sizes and RH >80% for the specic materials studied here.
k can be obtained using the following simplied equation:16,27

kGf
¼ G3

f � 1

RH=ð1� RHÞ (4)

For H-TDMA data, the best t and average k is reported as kGf
.

The kGf
value can then be directly compared to the hygroscopic

growth derived from supersaturated measurements kCCN.
2.7.2 Water adsorption droplet activation theory. In the

Köhler model, the Raoult's aw considers complete dissolution of
the aerosol species in water. Thus, water adsorption theories are
more aptly applied to the water uptake of insoluble organic
aerosols. The water uptake on organic surfaces can be modelled
with the Brunauer–Emmett–Teller (BET) theory.39,40 The BET
water activity (aw,BET) can replace the aw Raoult's term in the
Köhler theory to describe the solute effect. BET is fundamen-
tally a multilayer adsorption theory that models physical
adsorption of gases (such as water vapor) on solid particles. The
BET droplet activation multilayer model is as follows:39

SBET ¼ aw;BET exp

�
4sMw

RTrwDwet

�
; aw ¼ aw;BET

¼
0
@ðc�Qðc� 2ÞÞ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2ðQ� 1Þ2 þ 4Qc

q
2Qð1� cÞ

1
A (5)

where c is the temperature-dependent model t parameter
related to the thermodynamics of adsorption and q is the
unitless number of adsorbed layers of water on the surface of
the dry particle (also called the surface coverage).41 If the
thickness of the adsorbed layer is small, q is approximated as
follows:

Q ¼ Dwet �Ddry

2Dw

(6)

where Dw is the diameter of one water molecule and equals 2.75
Å. Ddry and Dwet are measured with the H-TDMA (eqn (1)). It
should be noted that eqn (5) employs a one parameter BET
model (Type I-BET) and does not have a limit on the number of
aqueous layers that can adsorb on the aerosol particle.16,39 A
Type-II BET model also exists and is a 3-parameter model that
can be derived from surface water measurements.16,19,40 The
Type-II BET model published in Rahman and Al-Abadleh19 for
polycatechol and polyguaiacol obtained from quartz crystal
microbalance (QCM) experiments are compared to Type-I BET
parameters derived from H-TDMA measurements.19

Like BET, in Frenkel-Halsey-Hill Adsorption theory (FHH-AT)
aw is directly related to the water surface coverage. The adsorbed
multilayer formation on aerosol particles in FHH-AT accounts
for a varying potential adsorption gradient along the thickness
of the adsorbed water layer on the particle surface. In FHH-AT
framework, water activity is dened as,16,41,42
Environ. Sci.: Atmos., 2022, 2, 24–33 | 27
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aw ¼ aw,FHH ¼ exp(�AFHHq
�BFHH) (7)

where q is similarly dened in eqn (6). AFHH and BFHH are
empirical t parameters that describe the intermolecular forces
between the aerosol and water, and therefore, govern the
adsorption potential. AFHH determines the interactions between
the particle surface and the rst monolayer, and BFHH deter-
mines the interactions between the surface and subsequent
aqueous layers. AFHH controls the net amount of water coverage
on the surface and a larger value implies a greater adsorption of
water. BFHH controls the distance up to which the attractive
interactions can affect the adsorption of subsequent aqueous
layers. It has been observed that the value of BFHH has a more
signicant role in conrming if the critical activation parame-
ters for a given set of particle properties exist or not.

From our data sets, the FHH parameters can be computed in
the supersaturated environment. Specically, it is a common
practice to relate the measured sc and Dd data using a power law
which is represented as sc ¼ CDdry,50

x, where C and x are t
parameters that depend on the measured activation data.42,43 It
should also be noted that in Köhler theory x is xed to �1.5 for
soluble particles and FHH allows the slope to vary. The empir-
ical ts of AFHH and BFHH are then t to the experimental data.
This method has been applied in previous studies of mineral
dust and black carbon and has yet to be applied to insoluble
SOA.
3. Results and discussion

The critical diameters (Dd) were measured for polycatechol and
polyguaiacol SOA at varying supersaturations (0.47, 0.63, 0.81,
and 1.07%). The CCN activation data obtained from SMCA
analysis are shown in Fig. 2. A charge correction is applied to
the data; however, it has been noted that this does not lead to
a complete removal of the visible inuence of the multiply
charged particles on the activation curves. Our analysis
Fig. 2 CCN measurements and analysis. CCN/CN activation versus parti
supersaturations. Each sigmoid fit (solid line) is the best fit average of 10
lines) and FHH model-based power law fits (black lines) of the CCN activ
parameters can also be applied to subsaturated measurements.

28 | Environ. Sci.: Atmos., 2022, 2, 24–33
accounts for this affect and the activation diameters, deter-
mined by a sigmoidal t, reect activation of the singly charged
particles. For both SOAs, the Dd is shown to decrease with
increasing supersaturations (Fig. 2a and b). In addition, the
FHH adsorption theory was applied to polycatechol and poly-
guaiacol CCN activity (Fig. 2c). The FHH parameters (AFHH and
BFHH) were determined by tting eqn (S9) (see ESI†) to the CCN
experimental data via least squares minimization. The param-
eters AFHH and BFHH were found to be 0.70 and 0.81 for poly-
catechol and 0.31 and 0.56 for polyguaiacol. The sc and Dd

polycatechol and polyguaiacol data were also t to Köhler theory
(Fig. 2c). The Köhler t adheres to the Köhler slope of � �3/2,38

while the exponent in the FHH model is not xed.41 Both the
Köhler and FHH model appear to t with experimental data
(Fig. 2c).

To understand the hygroscopicity of polycatechol and poly-
guaiacol SOA under subsaturated conditions, the aerosol
growth factor was measured at constant RH (Fig. 3). The average
Gf value for polycatechol at 85% RH was 1.15 � 0.07, while that
for polyguaiacol was 1.04 � 0.03 at 80% RH. This result indi-
cates polycatechol and polyguaiacol are slightly hygroscopic
with little water uptake. The result is consistent with Var-
utbangkul et al.44 where hygroscopic growth factors of various
simple and substituted phenolic compounds were investi-
gated.44 Their study reported Gf between 1.09–1.16 for pure
organics C5–C8 cycloalkenes, Gf between 1.06–1.10 for mono-
terpenes and oxygenated terpenes SOAs, and Gf between 1.01–
1.04 for the sesquiterpenes SOAs, at 85% RH.44 The polycatechol
and polyguaiacol Gf values obtained in this study were then
converted to k using eqn (4). The kGf for polycatechol and pol-
yguaiacol is 0.12 � 0.05 and 0.03 � 0.02, respectively.

The wet diameter for polycatechol and polyguaiacol was
predicted with four different models: the Köhler theory, Type-I
BET, Type-II BET, and FHH models. For each model, the c2

was computed to assess goodness of t (Table 1). Considering
that both polycatechol and polyguaiacol are sparingly-soluble,
cle dry diameter for (a) polycatechol and (b) polyguaiacol at 4 different
measurements. Error bars are standard deviation. (c) Köhler theory (red
ity measurements of polycatechol and polyguaiacol. The derived FHH

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ea00063b


Fig. 3 H-TDMAmeasurements and analysis. Type-I, type-II BET, Köhler model, and FHHmodel fits to (a) polycatechol and (b) polyguaiacol from
experimental hygroscopicity measurements.
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our results show an association to both the Köhler model—that
assumes full dissolution, and the FHHmodel—that assumes no
dissolution. Either model can be applied with some degree of
deviation from the experimental data sets. Furthermore, there
is an observation of model agreement with aerosol size depen-
dence that remains to be resolved. For instance, the Köhler
model, which was generated using average experimental kGf

,
align to the polycatechol and polyguaiacol subsaturated date set
with a c2 value of 4.1 and 4.6, respectively (Fig. 3 and Table 1).

The Type-I BET line was derived using eqn (5) above, while
the Type-II BET theory line was developed from parameters
published in Rahman and Al-Abadleh19 for which 3 parameters
were derived from QCM measurements.19 The Type-I and Type-
II BET theory derived from different measurement platforms
agree with each other (Fig. 3). The c2 metric gave slightly
different, but low values for polyguaiacol (Fig. 3b and Table 1)
with respect to Type-I (0.3) and Type-II (1.0) variants of the BET
adsorption model. The relatively low values of c2 metrics sug-
gested that either of Type-I or Type-II models can be more
reliably used compared to Köhler model to describe the
hygroscopicity of polyguaiacol. The c2 metric for polycatechol
(Fig. 3a and Table 1) were found to be much larger in both Type-
I (7.3) and Type-II (9.2) models than the values obtained for
polyguaiacol. On comparing these c2 values against those for
Köhler model t, it can be concluded that the Köhler model is
better representative of polycatechol hygroscopicity. In addi-
tion, FHH parameters derived from supersaturated CCN ts
Table 1 The c2 for polycatechol and polyguaiacol H-TDMA data for
each of the four differentmodels: the Köhler theory, Type-I BET, Type-
II BET, and FHH models

Model

c2

Polycatechol Polyguaiacol

Köhler theory 4.1 4.6
Type-I BET 7.3 0.3
Type-II BET 9.2 1.0
FHH 7.7 0.6

© 2022 The Author(s). Published by the Royal Society of Chemistry
(Fig. 2c) can be compared to subsaturated data (Fig. 3). The
FHH predictions of wet particle diameter agree with Type-I and
Type-II BET models for both polycatechol and polyguaiacol. For
the FHH model, the c2 for polycatechol and polyguaiacol were
7.7 and 0.6, respectively (Table 1). As with the BET models, the
FHH prediction agrees well with the H-TDMA polyguaiacol data
set more than the polycatechol data set. A noteworthy obser-
vation is that despite using the FHH parameters (AFHH and
BFHH) derived from CCN activity, FHHmodel agrees well with H-
TDMA measurements (Fig. 3). Pajunoja et al.45 highlighted that
H-TDMA water uptake activity of semisolid SOAs is driven by
water adsorption rather than dissolution. This supports the
results of Fig. 3; the FHH model agrees with polycatechol and
polyguaiacol H-TDMA measurements and can be attributed to
the sparingly soluble properties of the SOA and the FHH model
assuming no dissolution. This apparent association between
FHH model and H-TDMA data indicates that the FHH param-
eters do not need to be exclusively derived from CCN
measurements.

Fig. 4 shows the average k-values under sub- and supersat-
urated conditions for polycatechol and polyguaiacol calculated
from eqn (3) and (4). Both compounds are slightly hygroscopic
with k-values between 0.03-0.25. The average kCCN across all
supersaturations for polycatechol and polyguaiacol were calcu-
lated to be 0.25 � 0.03 and 0.16 � 0.01, respectively. As stated
above, the average kGf

was 0.13� 0.05 (85% RH) for polycatechol
and 0.03 � 0.02 (80% RH) for polyguaiacol.

To our knowledge, no previous studies have reported
hygroscopicity values for these two aerosol species. The kCCN

and kGf
reported here are within the range of other SOA hygro-

scopicity values. This is consistent with organic aerosols having
a known kappa value less than 0.3.46 Polycatechol is more
hygroscopic than polyguaiacol under sub-and supersaturated
environments. The higher kCCN and kGf

for polycatechol relative
to polyguaiacol can be attributed to the molecular difference
between these two chemicals. Polycatechol has a higher density
of hydroxyl groups that have strong water affinity compared to
the methyl groups present in polyguaiacol.14 This is supported
by the work of Rahman and Al-Abadleh19 which offered
Environ. Sci.: Atmos., 2022, 2, 24–33 | 29
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Fig. 4 (a) The average kCCN (red circles) and kGf
(blue circles) of polycatechol and polyguaiacol. Error bars represent standard deviation. (b) The

chemical structures of polycatechol and polyguaiacol adapted from Al-Abadleh.14
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evidence, through DRIFTS, of strong water bonding with
organic functional groups. Polycatechol was shown to have
a higher affinity for water than polyguaiacol.19 In agreement
with the chemical speciation and the previously published
work, a small change from O–H to O–CH3 groups attached to
the benzene ring has noticeable effects in the water uptake and
droplet formation ability (Fig. 4).

Fig. 4 also shows that kCCN are higher than kGf
for both pol-

ycatechol and polyguaiacol. While other studies have also
observed higher CCN-derived kappa values, they have generally
attributed this to surface tension depression by surface active
organic molecules.27,47–49 Polycatechol kCCN and polyguaiacol
kCCN were computed with the assumption that the surface
Fig. 5 Surface tension measurements for polycatechol (red circles)
and polyguaiacol (blue circles). Horizontal line represents pure water,
ST ¼ 72.27 mN m�1. Room temperature: 21.8 �C. Error bars represent
standard deviation.

30 | Environ. Sci.: Atmos., 2022, 2, 24–33
tension is equal to that of pure water. Typically, differences in
measured sub- and supersaturated hygroscopicity k-values are
attributed to surface tension activity that can lower droplet
vapor pressure in the supersaturated regime.50 However, the
surfactant effect is negligible (less than a 3% depression) for
both compounds in water as shown below in the discussion of
Fig. 5. The surface tension values measured for both poly-
catechol and polyguaiacol indicate both species are not strongly
surface active within the concentration range of 0.35–50 g L�1. If
higher concentrations can be obtained, surface tension at the
droplet may be depressed further. Yet both polycatechol and
polyguaiacol are sparingly soluble to insoluble organic mate-
rials in water and the measured concentrations in Fig. 5 are
likely near their respective solubility limits in water.

An alternative justication, apart from the effect of surfac-
tants,47–49 to the difference observed in kCCN and kGf

in Fig. 4 is
due to the limited solubility of the aerosol solute. A study by
Pajunoja et al.45 suggested that the difference between kCCN and
kGf

is due to SOAs exhibiting adsorption-dominated water
uptake under subsaturated conditions. Another nding was
that the difference between the kCCN and kGf

diminishes with
the increase of oxygen particles, a trend observed in our results.
The difference in polycatechol's kCCN and kGf

is smaller than the
difference between polyguaiacol's kCCN and kGf

. Polycatechol
has higher density of hydroxyl groups than polyguaiacol as
evidenced in their molecular structures (Fig. 4).

Fig. 6 considers the non-surface-active droplet formation of
a 60 nm polycatechol or polyguaiacol particle exposed to an
increasing RH. For both SOAs, the differences in activation
assuming kCCN and kGf

are very different. More specically, for
polyguaiacol SOA, a supersaturation above 1% is required to
activate assuming kGf

, but only a 0.5% supersaturation is
required to activate assuming kCCN. Furthermore, at subsatu-
rated conditions, the wet diameter is substantially larger
assuming kCCN. When the FHH t is applied to the droplet
growth for polyguaiacol, the subsaturated growth behaves like
the H-TDMA growth (< than sc; the black and blue lines agree);
the sc for FHH is the same as that from Köhler curve (red line)
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ea00063b


Fig. 6 FHH-Adsorption Theory (FHH-AT) and Köhler theory (KT)
equilibrium curves are plotted for polycatechol and polyguaiacol for
60 nmdry particles. The FHH-AT curves (solid lines) were plotted using
the FHH parameters determined from the CCN measurements
(Fig. 2c). kTCCN curves (dashed lines) were plotted using their hygro-
scopicity parameters (k) determined from the CCN measurements.
kTGf

curves (dashed-dot lines) were plotted using their hygroscopicity
parameters (k) determined from the H-TDMA measurements.
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and thus the approximation for droplet growth then agrees with
Köhler theory. Polycatechol does not follow the same trend.
Polycatechol has a greater hygroscopicity than polyguaiacol
likely due to the density of surface hydroxyl groups. Hence, the
application of FHH theory does not describe the water uptake
on polycatechol well; both the droplet growth curves from kGf

and kCCN predict greater wet diameters than that of FHH. Pol-
ycatechol SOA is more likely to provide hydrogen bonding
acceptor and donor sites and contribute to droplet growth and
FHH assumes an insoluble particle where adsorption is the
main driver for droplet formation.45 In brief, Köhler theory can
be used to predict polycatechol SOA droplet formation and FHH
should be applied to polyguaiacol SOA. Such a conclusion
highlights the importance of identifying the contribution of
polycatechol versus polyguaiacol fractions to ambient SOA in
understanding the overall droplet growth mechanisms and
predictions of droplet growth.

4. Summary and implications

The sub- and supersaturated hygroscopic properties of biomass
derived SOA namely, polycatechol and polyguaiacol were inves-
tigated. For subsaturated conditions, the H-TDMA system
measured the growth factor at relative humidity greater than
80%. For supersaturated conditions, the hygroscopicity of poly-
catechol and polyguaiacol was investigated using the CCNC
under 4 different supersaturations. The single hygroscopicity
parameter (k) was then derived using Köhler theory and reported
for these two materials – to our knowledge have not been previ-
ously reported in literature. Both SOA materials were found to be
© 2022 The Author(s). Published by the Royal Society of Chemistry
slightly hygroscopic with k-values between 0.03–0.25. Under both
sub- and supersaturated conditions, polycatechol was found to
be more hygroscopic than polyguaiacol due to polycatechol
having a higher density of hydroxyl groups. Values of kCCN for
both polycatechol and polyguaiacol were found to be greater than
kGf

, a disparity that is attributed to their insolubility and due to
them exhibiting adsorption-dominated water uptake under
subsaturated conditions. Both the FHH adsorption theory and
the Köhler theory were applied to polycatechol and polyguaiacol
CCN activity showing a relatively good t with experimental data.
Similarly, under subsaturated conditions, the FHHmodel, Type-I
and Type-II BET models, and Köhler model were generated to
predict the wet diameter for polycatechol and polyguaiacol. FHH,
Type-I and Type-II BET models were found to be reliable when
describing the subsaturated hygroscopicity of polyguaiacol but
not for polycatechol. In short, the Köhler models appeared to
agree better with the polycatechol data set, and adsorption
models agreed better with the polyguaiacol data set.

Overall, our results are signicant because quantifying gas
phase water uptake and hygroscopic properties of atmospheric
particles is important for accurately parametrizing their climate
and environmental impacts. The SOA materials studied here
were produced efficiently from iron catalyzed reactions under
acidic conditions thatmimic chemistry in agedmineral dust. The
hygroscopicity behavior of these insoluble to sparingly soluble
organic polymers in sub-and supersaturated conditions may be
representative of the complex organic aerosol condensation
nuclei formed in biomass burning events. Our results show that
a change in organic solute hydroxyl group density will modify
droplet growth mechanisms. Even small changes in hydroxyl
group molecular density of polymeric SOA will change the
perceived water uptake and the robustness of droplet growth
models applied for SOA CCN. Future work should further
consider the chemical factors that contribute to adsorption and
dissolution of atmospherically relevant compounds. Particularly,
new work should explore different aging pathways for insoluble
species formed with mineral dust that account for the trans-
formation of organics from condensed phase chemistry and their
impact on the hygroscopic properties.
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P. Tunved, M. Gysel, D. Topping, E. Weingartner,
U. Baltensperger, J. Rissler, A. Wiedensohler and
M. Kulmala, Hygroscopic properties of submicrometer
atmospheric aerosol particles measured with H-TDMA
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ea00063b


Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

/2
6/

20
25

 1
:3

9:
09

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
instruments in various environments – A review, Tellus, Ser.
B: Chem. Phys. Meteorol., 2008, 60, 432–469.

25 A. Wiedensohler, An approximation of the bipolar charge
distribution for particles in the submicron size range, J.
Aerosol Sci., 1988, 19, 387–389.

26 N. F. Taylor, D. R. Collins, C. W. Spencer, D. H. Lowenthal,
B. Zielinska, V. Samburova and N. Kumar, Measurement of
ambient aerosol hydration state at Great Smoky Mountains
National Park in the southeastern United States, Atmos.
Chem. Phys., 2011, 11, 12085–12107.

27 M. D. Petters and S. M. Kreidenweis, A single parameter
representation of hygroscopic growth and cloud
condensation nucleus activity, Atmos. Chem. Phys., 2007, 7,
1961–1971.

28 S. M. Kreidenweis and A. Asa-Awuku, in Treatise on
Geochemistry, second edn, 2013, vol. 5, pp. 331–361.

29 S. Lance, J. Medina, J. Smith and A. Nenes, Mapping the
operation of the DMT continuous ow CCN counter,
Aerosol Sci. Technol., 2006, 40, 242–254.

30 G. C. Roberts and A. Nenes, A continuous-ow streamwise
thermal-gradient CCN chamber for atmospheric
measurements, Aerosol Sci. Technol., 2005, 39, 206–221.

31 G. J. Engelhart, A. Asa-Awuku, A. Nenes and S. N. Pandis,
CCN activity and droplet growth kinetics of fresh and aged
monoterpene secondary organic aerosol, Atmos. Chem.
Phys., 2008, 8, 3937–3949.

32 A. Asa-Awuku, G. J. Engelhart, B. H. Lee, S. N. Pandis and
A. Nenes, Relating CCN activity, volatility, and droplet
growth kinetics of b-caryophyllene secondary organic
aerosol, Atmos. Chem. Phys., 2009, 9, 795–812.

33 R. H. Moore, A. Nenes and J. Medina, Scanning mobility
CCN analysis-A method for fast measurements of size-
resolved CCN distributions and activation kinetics, Aerosol
Sci. Technol., 2010, 44, 861–871.

34 X. Tang, D. R. Cocker and A. Asa-Awuku, Are sesquiterpenes
a good source of secondary organic cloud condensation
nuclei (CCN)? Revisiting b-caryophyllene CCN, Atmos.
Chem. Phys., 2012, 12, 8377–8388.

35 X. Tang, D. Price, E. Praske, D. N. Vu, K. Purvis-Roberts,
P. J. Silva, D. R. Cocker and A. Asa-Awuku, Cloud
condensation nuclei (CCN) activity of aliphatic amine
secondary aerosol, Atmos. Chem. Phys., 2014, 14, 5959–5967.

36 F. Barati, Q. Yao and A. A. Asa-Awuku, Insight into the Role
of Water-Soluble Organic Solvents for the Cloud
Condensation Nuclei Activation of Cholesterol, ACS Earth
Space Chem., 2019, 3, 1697–1705.

37 D. Vu, S. Gao, T. Berte, M. Kacarab, Q. Yao, K. Vafai and
A. Asa-Awuku, External and internal cloud condensation
nuclei (CCN) mixtures: Controlled laboratory studies of
varying mixing states, Atmos. Meas. Tech., 2019, 12, 4277–
4289.

38 J. H. Seinfeld and S. N. Pandis, Atmos. Chem. Phys., 2006, 5,
139–152.

39 B. F. Henson, An adsorption model of insoluble particle
activation: Application to black carbon, J. Geophys. Res.:
Atmos., 2007, 112, D24S16.
© 2022 The Author(s). Published by the Royal Society of Chemistry
40 A. L. Goodman, E. T. Bernard and V. H. Grassian,
Spectroscopic study of nitric acid and water adsorption on
oxide particles: Enhanced nitric acid uptake kinetics in the
presence of adsorbed water, J. Phys. Chem. A, 2001, 105,
6443–6457.

41 R. Sorjamaa and A. Laaksonen, The effect of H2O adsorption
on cloud drop activation of insoluble particles: A theoretical
framework, Atmos. Chem. Phys., 2007, 7, 6175–6180.

42 P. Kumar, A. Nenes and I. N. Sokolik, Importance of
adsorption for CCN activity and hygroscopic properties of
mineral dust aerosol, Geophys. Res. Lett., 2009, 36, L24804.

43 P. Kumar, I. N. Sokolik and A. Nenes, Parameterization of
cloud droplet formation for global and regional models:
Including adsorption activation from insoluble CCN,
Atmos. Chem. Phys., 2009, 9, 2517–2532.

44 V. Varutbangkul, F. J. Brechtel, R. Bahreini, N. L. Ng,
M. D. Keywood, J. H. Kroll, R. C. Flagan, J. H. Seinfeld,
A. Lee and A. H. Goldstein, Hygroscopicity of secondary
organic aerosols formed by oxidation of cycloalkenes,
monoterpenes, sesquiterpenes, and related compounds,
Atmos. Chem. Phys., 2006, 6, 2367–2388.

45 A. Pajunoja, A. T. Lambe, J. Hakala, N. Rastak,
M. J. Cummings, J. F. Brogan, L. Hao, M. Paramonov,
J. Hong, N. L. Prisle, J. Malila, S. Romakkaniemi,
K. E. J. Lehtinen, A. Laaksonen, M. Kulmala, P. Massoli,
T. B. Onasch, N. M. Donahue, I. Riipinen, P. Davidovits,
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