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Abstract 

Black Carbon (BC) is an aerosol that is released into the atmosphere due to the incomplete burning 

of biomass and can affect the climate directly or indirectly. BC commonly mixes with other 

primary or secondary aerosols to undergo aging, thereby changing its radiative properties and 

cloud condensation nuclei (CCN) activity. The composition of aged BC species in the atmosphere 

is difficult to measure with high confidence and so their associated CCN activity can be uncertain. 

In this work, the CCN activity analysis of BC is performed using laboratory measurements of 
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proxy aged BC species. Vulcan® XC72R Carbon Black was used as the representative of BC, and 

3 structural isomers of benzenedicarboxylic acid – phthalic acid (PTA), isophthalic acid (IPTA) 

and terephthalic acid (TPTA) – were mixed with BC to generate 3 different proxies of aged BC 

species. Most studies related to CCN activity analysis BC aerosol use the traditional Köhler Theory 

or an adsorption theory (such as the Frenkel-Halsey-Hill Adsorption Theory). PTA, IPTA and 

TPTA fall in the sparingly water-soluble range and therefore do not fully obey either of the 

aforementioned theories. Consequently, a novel hybrid activity model (HAM) was used for the 

CCN activity analysis of the BC mixtures studied in this work. HAM combines the features of 

adsorption theory via the adsorption isotherm with the features of Köhler Theory by incorporating 

solubility partitioning. The results in this work show that HAM improves the representation of 

CCN activity of pure and mixed BC aerosol species with high certainty; evident from a generally 

better goodness of fit,  𝑅𝑅2  > 0.9. This work implies that the hygroscopicity parameterization based 

on HAM captures the size-dependent variability in the CCN activity of the pure and aged BC 

species. 

Introduction 
 

Black carbon (BC) aerosol is significant due to its effect on the atmosphere and climate. This is 

a result of the observed effects of BC on air quality, climate change, and human welfare 1–3. BC is 

produced from incomplete biomass and fossil fuel combustion and is one of the main biomass 

burning tracers in the atmosphere alongside other primary and secondary organic aerosols (POAs 

and SOAs) 4,5. BC is the second most important contributor to the warming of the climate after 

carbon dioxide 6,7. However, BC aerosols may also significantly indirectly affect the climate via 
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interactions with clouds. The aerosol-indirect effect of pure and coated BC aerosols must be well 

understood to better understand their climate forcing.   

Carbonaceous aerosols, and BC aerosol particularly, have complex molecular level interactions 

with water 8–10.  BC particles in the atmosphere exist as agglomerates or nodules and conglomerates 

with other species; BC are rarely observed in pure form and are known to age downwind of 

emission sources 11. Aging can alter BC morphology, BC oxidation state and the aged particles 

ranging from a few nm to several μm in size, may contain co-condensed phases 12,13. Aged BC can 

internally or externally mix with other aerosols present in the atmosphere 7.  The pure and mixed, 

or aged BC are known to act as Cloud Condensation Nuclei (CCN) under supersaturated ambient 

conditions and can therefore affect the climate “indirectly” through altering cloud properties 9,14–

16. CCN activation is traditionally described using Köhler theory and works well for highly water-

soluble solutes.  However, due to the strong water insoluble nature of BC, traditional Köhler theory 

should not be applied to study BC CCN activity and droplet growth. 

For insoluble aerosols such as BC, CCN activity and water uptake are aptly described via the 

effect of water vapor adsorption on the particle surface 17–19. Adsorption activation theory 

combines adsorption isotherms and curvature effects to describe insoluble aerosol droplet growth. 

Frenkel-Halsey-Hill adsorption theory (FHH-AT) is formulated by combining the FHH isotherm 

with the Kelvin effect 20 and is the most widely used CCN activity theory for the droplet growth 

of insoluble wettable aerosols 18,19,21–28. Additionally, the FHH isotherm has been combined with 

Köhler Theory for the CCN activity analysis of insoluble particles coated with soluble species 

assuming a “core-shell” morphology. Kumar et al. (2011 a, b) also described CCN activation of 

mineral dust species containing a soluble salt fraction using the combination of the classical Köhler 

and FHH adsorption theories. Other studies have developed frameworks to theoretically describe 
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CCN activity of insoluble aerosols using multilayer adsorption models accounting for the 

curvature and contact angle of the droplets 19. 

There exists several published work for which BC is present in atmospheric aerosol with organic 

and inorganic material 29–31.  However, the explicit treatment of low-solubility organic mixtures 

with black carbon is missing. So far, the CCN activity studies of BC particles under supersaturated 

or subsaturated conditions predominantly focus on BC mixed with readily water-soluble species. 

One such compound is NaCl (observed as a component of sea salt); Dusek et al, (2006) performed 

chamber CCN measurements and showed a significant enhancement in the CCN activity of BC 

particles on mixing with 5% NaCl. Zhang et al. (2004) observed that BC particles aged with 

sulfuric acid showed up to ~10-fold and ~2-fold enhancement in their scattering and adsorption 

properties, after undergoing hygroscopic growth at 80% relative humidity. Dalirian et al., (2018) 

performed CCN analysis of BC particles coated with various water soluble and insoluble organic 

compounds using the core-shell CCN model. Dalirian found that water-soluble coating with 

glutaric and levoglucosan organic could be predicted.  However, the CCN activity of BC with 

other water-insoluble materials like oleic acid, could not be explained by the size affect alone. 

Other studies include CCN analysis of ambient BC aged with high hygroscopicity sea spray 

aerosols 32. 

This work studies the water uptake and droplet formation of particles composed of effectively 

water-insoluble organics mixed with BC using controlled laboratory compounds and 

measurements. Vulcan® was chosen as the representative of graphitic and water insoluble BC 

aerosol. Vulcan is a synthetic commercially available BC substance that possess high electrical 

conductivity and is widely used for electrocatalytic applications 33. Three low water solubility 

structural isomers of benzene di-carboxylic acid – Phthalic acid (PTA), Isophthalic acid (IPTA) 
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and Terephthalic acid (TPTA) – were mixed with BC. PTA, IPTA and TPTA are prominent 

benzene polycarboxylic acids detected in the atmosphere 34–41. PTA, IPTA and TPTA are produced 

from biomass burning and emissions of automobile exhaust 42–46. PTA and its isomers are known 

tracers of benzanthracene, naphthalene-1 and methylnaphthalene-1 47–49 and are likely co-emitted 

with soot so BC mixtures with these oxygenated aromatic acids can be considered proxies for aged 

soot. 

Recently a hybrid activity model (HAM) was developed to model the water-uptake and 

hygroscopicity of effectively water-insoluble aerosol50. HAM combines solubility partitioning 

with the FHH adsorption isotherm to describe the droplet growth. HAM suggests that the 

hygroscopicity is size dependent. HAM was found to be effective with sparingly soluble organic 

aerosol – however, its utility with relevant atmospherically mixed insoluble species (BC, mineral 

dust, nanopolymers etc.) has yet to be tested. In this manuscript, HAM is applied and used to 

describe the variability in the water uptake behavior of BC particles mixed with low solubility 

water solubility compounds (PTA, IPTA and TPTA). Additionally, Transmission Electron 

Microscopy (TEM) captures images of mixed aerosol to identify particle morphology that may 

affect water uptake behavior. The compounds and their mixtures considered in this work are useful 

because they could represent atmospheric organic aerosol composition. The CCN activity 

measurements of pure and mixed BC particles also provide an efficient means to further validate 

the application of the newly developed HAM. In the following sections, we first describe the 

experimental setup to obtain experimental CCN activation data for pure and mixed BC. We then 

briefly describe FHH-AT and HAM models and compare predictions to data and discuss the results 

in the context of aged soot particles, droplet growth, and cloud formation. 
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Methodology 
Chemicals and Sample Preparation – Pure BC and Internal Mixtures with Aromatic Acid Aerosols 
(AAAs) 

Vulcan® (Cabot Vulcan® XC72R Carbon Black) was used as the representative of black carbon 

(BC). Vulcan® has been extensively studied used as a proxy for black carbon 51–56, and was used 

to analyze soot mixtures in this work. Phthalic acid (PTA, 1,2 – benzenedicarboxylic acid, >99.5%, 

Sigma-Aldrich®) and terephthalic acid (TPTA, 1,4 – benzenedicarboxylic acid, 98%, Sigma-

Aldrich®) and Isophthalic acid (IPTA, 1,3 – benzenedicarboxylic acid, >99%, Fisher Scientific®) 

were aromatic acid aerosols (AAAs) used in this study. The physical properties of BC and AAAs 

are summarized in Table 1. AAA compounds were mixed with BC in a 1:1 mass ratio. The water 

uptake behavior of the 3 AAA compounds in this study have been previously described in detail 

in Gohil et al. (2022). The mass-to-volume concentration of the pure BC solution was 72 mg BC 

in 200 ml ultrapure water (Milli-Q or Millipore®, 18.2MΩ cm-1). The mass-to-volume 

concentration of BC-to-AAA internal mixtures was also 72 mg (36 mg BC was mixed with 36 mg 

of AAA) in 200 ml ultrapure water (Milli-Q or Millipore®, 18.2MΩ cm-1). Furthermore, the 

acidity of the pure AAA aerosol and 1:1 BC-to-AAA aerosol was quantified with their pH. The 

pH of PTA, IPTA and TPTA was found to be 5.24, 5.43 and 5.94, respectively. Low acidity 

suggests that the AAA samples are not strong organic solvents. However, BC can dissolve in 

stronger acidic solutions 57; therefore, the weak organic acid solutions here have minimal 

dissolution of BC in AAA. Before preparing all the pure and internally mixed BC aerosol, dry 

Vulcan® was first heated at 450 °C for 6 hours. The pure and internally mixed aqueous 

suspensions of BC were then sonicated in a 30 °C water bath for 9 hours. The BC aerosol was 

sonicated in a 20 °C water bath during all aerosol measurements; including the CCN, shape factor 

and TEM grid experiments as described in detail below. 

Table 1. Physical and chemical properties of BC and AAA compounds. 
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Compounds Molecular weight 
(𝑴𝑴𝒔𝒔, 𝐠𝐠 𝐦𝐦𝐦𝐦𝐥𝐥−𝟏𝟏) 

Density (𝝆𝝆𝒔𝒔,
𝐠𝐠 𝐜𝐜𝐦𝐦−𝟑𝟑) 

Solubility (𝑪𝑪,
𝐦𝐦𝟑𝟑 𝐦𝐦−𝟑𝟑) 

Black Carbon (Vulcan® XC72R) 12 ~1.8 < 10−6 

Phthalic acid 166.14 1.59 3.77 × 10−3 

Isophthalic acid 166.14 1.53 7.84 × 10−5 

Terephthalic acid 166.13 1.52 1.12 × 10−5 

CCN Measurements 
A continuous flow stream-wise thermal gradient Cloud Condensation Nuclei Counter (CCNC, 

Droplet Measurement Technologies (DMT) (Roberts & Nenes, 2005 - CCN 100) measured CCN 

of pure and internally mixed BC aerosol. The DMT CCNC is a widely used instrument for droplet 

growth measurements in supersaturated conditions31,59–61 and only a brief description of 

experimental setup is provided here. Polydisperse aerosol was generated and dried from aqueous 

suspensions as described in the Chemicals and Sample Preparation section. An electrostatic 

classifier (DMA 3080) size selected monodisperse aerosol corresponding to a fixed electrical 

mobility diameter. The size-selected aerosols exiting the DMA were then split into two streams. 

One stream entered a condensation Particle Counter (CPC, TSI 3776) at 0.3 L min−1 to measure 

total dry particle concentration (𝐶𝐶𝐶𝐶𝐶𝐶), and a second stream entered the CCNC at 0.5 L min−1 and 

constant supersaturation to measure activated particle (droplet) counts (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶). A sheath flow rate 

of 8 L min−1 was applied across the experimental setup to maintain a sheath-to-sample ratio of 

10:1. The experiments were performed over a range of varying supersaturations from 0.2%-1.6%, 

with 0.1% step size. Each supersaturation was held constant for 15 minutes for every sample and 

particle size to provide sufficient time for the CCNC column temperature gradient, and hence the 

supersaturation to stabilize. This process of stepping through each particle size for a range of 

supersaturations is henceforth referred to as a “step-mode” process. Furthermore, CCNC 

supersaturations ranging between 0.2% and 1.6% were calibrated using ammonium sulfate 
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((NH4)2SO4, AS) aerosol (Sigma-Aldrich®, >99.9%) prior to performing measurements for pure 

and mixed BC samples. AS data used for CCN calibration is provided in the supporting 

information (Section S1). 

 

Fig. 1. Schematic of a CCN measurement experimental setup. The DMA and the CPC are operated 

in the stepping mode to obtain number concentrations at selected electrical mobility diameter. 

Effective Density Estimation and Shape Factor Measurements 
Dynamic shape factor and effective particle density are measured with an Aerodynamic Aerosol 

Classifier (AAC, Cambustion Ltd.), TSI DMA 3080 and TSI CPC 3776 connected in series.  The 

AAC and DMA measure the aerodynamic and electrical mobility diameters of the particles, 

respectively. The application of the experimental setup has been examined extensively in the 

literature62–65. A brief description of the experimental setup and calibration is provided in this 

paper.  Polydisperse aerosol was generated from aqueous suspensions as described above. The 

AAC selected monodisperse aerosol corresponding to an aerodynamic diameter (𝐷𝐷𝑎𝑎𝑎𝑎). The sample 

and the sheath flow rates were maintained at 0.3 L min−1 and 3.0 L min−1 respectively (i.e., sheath-

to-sample flow ratio = 10:1). The monodisperse aerosol was then passed through the DMA and 

the CPC in series operating in the Scanning Mobility Particle Sizer (SMPS) mode to generate a 
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number size distribution with respect to the electrical mobility diameter. The median diameter of 

the distribution was considered as the approximate electrical mobility diameter (𝐷𝐷𝑚𝑚𝑚𝑚) 

corresponding to the initially set 𝐷𝐷𝑎𝑎𝑎𝑎. The size-resolved effective density and dynamic shape factor 

of the pure and mixed aerosols were calculated to further obtain their respective volume equivalent 

diameters applied to CCN measurement (supporting information, Section S2). 

 

Fig. 2. Schematic of the shape factor and effective density experimental setup. The AAC selects 

dry aerosol with aerodynamic diameter (𝐷𝐷𝑎𝑎𝑎𝑎) and the SMPS measures a number size distribution 

of AAC-selected dry particles with electrical mobility diameters (𝐷𝐷𝑚𝑚𝑚𝑚). 

CCN Activity Analysis – PyCAT 
Python-based CCN Analysis Tool – PyCAT 65 was used to process, analyze, and visualize the 

calibration and BC data. PyCAT was developed for CCN analysis using scanning data collected 

using the DMA or AAC size selection experimental setup. In this study, a new module has been 

added to PyCAT to perform CCN analysis of step-mode data. The new module of PyCAT is 

capable of processing and analyzing data collected with respect to fixed electrical mobility 

diameter and varying CCNC supersaturations. Consequently, the activation ratio �𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐶𝐶𝐶𝐶𝐶𝐶

� of a given 

sample for a fixed dry diameter �𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑� are resolved by supersaturations (𝑆𝑆). Following this, a 

sigmoidal function can be fit to the activation ratio as, 
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𝑦𝑦 = (𝐴𝐴1 −𝐴𝐴2)
1+𝑒𝑒((𝑥𝑥−𝑥𝑥0)/𝑑𝑑𝑑𝑑) −𝐴𝐴2  (1) 

In Eq. (1), 𝑦𝑦 is the dependent variable 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐶𝐶𝐶𝐶𝐶𝐶

, 𝐴𝐴1 and 𝐴𝐴2 are the minimum and maximum of the 

sigmoid respectively, 𝑑𝑑𝑑𝑑 is the slope of the sigmoid, 𝑥𝑥0 is the inflection point of the sigmoid 

(generally the midpoint of the sigmoid), and 𝑥𝑥 is the independent variable (𝑆𝑆). 𝑥𝑥0 corresponds to 

the critical supersaturation (𝑆𝑆𝑐𝑐) at the fixed dry diameter and is physically defined as the size at 

which 50% of all particles are activated. After size transformation, the volume equivalent 

diameters of the particles were implemented as their dry diameter �𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑�. 

Transmission Electron Microscopy (TEM) 
Pure and mixed BC nano-sized particles were collected and analyzed with Transmission 

Electron Microscopy. The JEOL 2100 (TEM; LaB6 filament) was used in this work 66,67.  

Specifically, aerosols pass through a neutralizer and the charged particles (Kr-85, TSI 3077A) 

were then deposited for 4 hours onto an electrically grounded lacey carbon-coated copper TEM 

grid (TED PELLA). The aerosols were charged using an aerosol neutralizer (Kr-85, TSI 3077A) 

and then passed through a wire mesh holding the TEM Grid at a sample flowrate of 0.3 lpm. The 

mesh and the grid were electrically grounded to ensure the particles deposited onto the grid adhered 

to the surface. Particle concentrations were then monitored using a CPC. Additional details of the 

grid deposition and measurement procedure are provided in Rastogi and Asa-Awuku (2022) 67. 

For EDX and EELS analysis, the particles were deposited on a Silicon Nitride (SiN) grid.  The 

deposited particles were then imaged at an accelerating voltage of 200 kV and a magnification 

range of 50-150 k. To minimize sample damage, the exposure time was limited to 90 sec. 
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Theory and Analysis 
Frenkel-Halsey-Hill Adsorption Theory (FHH-AT) 

The FHH-AT model describes droplet formation and growth via the adsorption of water on a 

particle surface. FHH-AT combines the FHH isotherm with the curvature effect (Kelvin term) to 

determine the water vapor over the droplet surface (supersaturation) during water uptake 20. The 

FHH isotherm defines the water activity through adsorption of aqueous multilayers as a function 

of surface coverage (𝜃𝜃). The FHH isotherm is mathematically expressed as follows, 

𝑎𝑎𝑤𝑤,𝐹𝐹𝐹𝐹𝐹𝐹 = exp(−𝐴𝐴𝐹𝐹𝐹𝐹𝐹𝐹𝜃𝜃−𝐵𝐵𝐹𝐹𝐹𝐹𝐹𝐹) (2) 

The 2 empirical parameters (𝐴𝐴𝐹𝐹𝐹𝐹𝐹𝐹 , 𝐵𝐵𝐹𝐹𝐹𝐹𝐹𝐹) account for the surface and bulk contributions to 

droplet growth. 𝐴𝐴𝐹𝐹𝐹𝐹𝐹𝐹 parameterizes the interactions between particle surface and the first adsorbed 

aqueous monolayer. 𝐵𝐵𝐹𝐹𝐹𝐹𝐹𝐹 parameterizes the interactions between particle surface and the 

subsequently adsorbed aqueous monolayers. 𝐴𝐴𝐹𝐹𝐹𝐹𝐹𝐹 and 𝐵𝐵𝐹𝐹𝐹𝐹𝐹𝐹 respectively describe the amount of 

adsorbed water on particle surface as well as the radial distance away from the particle up to which 

the attractive forces can cause adsorption. In Eq. (2), 𝜃𝜃 = 𝐷𝐷𝑝𝑝−𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
2𝐷𝐷𝑤𝑤

, where 𝐷𝐷𝑝𝑝 is the droplet 

diameter, 𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the diameter of the insoluble core, and 𝐷𝐷𝑤𝑤 is the diameter of a water molecule 

and has a value of 0.275 nm. Combining Eq. (2) with the curvature effect (Kelvin term), the FHH-

AT can be expressed as, 

𝑆𝑆 = 𝑎𝑎𝑤𝑤,𝐹𝐹𝐹𝐹𝐹𝐹 exp � 4𝜎𝜎𝑤𝑤𝑀𝑀𝑤𝑤
𝑅𝑅𝑅𝑅𝜌𝜌𝑤𝑤𝐷𝐷𝑝𝑝

�  (3) 

where 𝜎𝜎𝑤𝑤, 𝑀𝑀𝑤𝑤 and 𝜌𝜌𝑤𝑤 are the surface tension, molecular weight, and density of water, 

respectively. 𝑅𝑅 is the ideal gas constant and 𝑇𝑇 is the temperature. It is important to note that the 2 

empirical parameters are species dependent and can be determined by applying least square 

minimization on the maxima of FHH-AT equilibrium curve fitted to the experimental CCN activity 

measurements. The FHH-AT has previously been modified to incorporate different physical 
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properties of aerosol particles. One such modification is based on the inclusion of the contact angle 

of the adsorbed aqueous layers on the particle surface 18,19. 

 

Hybrid Activity Model (HAM) 
The hybrid activity model (HAM) incorporates solubility partitioning50 with FHH-AT. The 

solubility partitioning transforms the ideal Raoult’s law such that it includes the solubility of the 

compound (or, compounds) in the aerosol composition. With this approach, the effect of solid, 

undissolved core on droplet activation and water uptake can be included towards water uptake 

along with the contribution from dissolved particle within the aqueous phase. Moreover, the FHH 

empirical parameters (𝐴𝐴𝐹𝐹𝐹𝐹𝐹𝐹 ,𝐵𝐵𝐹𝐹𝐹𝐹𝐹𝐹) for each sample are the same computed by fitting the FHH-AT 

to the CCN activation data. The mathematical formulation of HAM is as follows, 

𝑆𝑆 = 𝑎𝑎𝑤𝑤,𝐻𝐻𝐻𝐻𝐻𝐻 exp � 4𝜎𝜎𝑤𝑤𝑀𝑀𝑤𝑤
𝑅𝑅𝑅𝑅𝜌𝜌𝑤𝑤𝐷𝐷𝑝𝑝

�  (4) 

where 𝑎𝑎𝑤𝑤,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑎𝑎𝑤𝑤,𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ⋅ 𝑎𝑎𝑤𝑤,𝐹𝐹𝐹𝐹𝐹𝐹. 𝑎𝑎𝑤𝑤,𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑙𝑙𝑙𝑙 is the Raoult’s law term which is defined as 

𝛾𝛾𝑤𝑤𝑋𝑋𝑤𝑤, where 𝛾𝛾𝑤𝑤 is the activity coefficient and 𝑋𝑋𝑤𝑤 is the mole fraction of water in the aqueous 

phase of the droplet. Considering the droplet to be infinitely dilute, 𝛾𝛾𝑤𝑤 ≈ 1 and 𝑎𝑎𝑤𝑤,𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 can then 

be approximated as 𝑋𝑋𝑤𝑤 = 𝑛𝑛𝑤𝑤
𝑛𝑛𝑤𝑤+𝑛𝑛𝑠𝑠

, where 𝑛𝑛𝑤𝑤 are the number of moles of water and 𝑛𝑛𝑠𝑠 are the total 

number of moles of the solute(s) in the aqueous phase of the droplet. 

Physically, the HAM water activity describes the droplet growth and water uptake process in 3 

stages. Stage 1 is the start of the water uptake by adsorption on the particle surface followed by 

minute droplet growth. Since there in an infinitesimal amount of solute dissolved in the aqueous 

phase in stage 1, 𝑋𝑋𝑤𝑤 ≈ 1 and therefore 𝑎𝑎𝑤𝑤,𝐻𝐻𝐻𝐻𝐻𝐻 ≈ 𝑎𝑎𝑤𝑤,𝐹𝐹𝐹𝐹𝐹𝐹. In stage 2, a finite amount of solute 

continues to dissolve into the aqueous phase. Therefore, 𝑎𝑎𝑤𝑤,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑋𝑋𝑤𝑤 ⋅ 𝑎𝑎𝑤𝑤,𝐹𝐹𝐹𝐹𝐹𝐹 in stage 2. 𝑋𝑋𝑤𝑤 and 

𝑎𝑎𝑤𝑤,𝐹𝐹𝐹𝐹𝐹𝐹 vary continuously during the droplet growth in stage 2 and are estimated using the bulk 
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solubilities of each compound with the instantaneous droplet diameter and solute mass 

dissolved50,68. Stage 3 begins when the entire mass of the initial solute particle has dissolved into 

the aqueous phase with no undissolved solute left. In stage 3, the 𝑎𝑎𝑤𝑤,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑋𝑋𝑤𝑤 (Raoult’s law). 

Additional details and description of the formulation of HAM is provided in Gohil et al. (2022). 

Hygroscopicity Parameterization from FHH-AT and HAM 
The single hygroscopicity parameter is denoted by 𝜅𝜅 and is mathematically formulated by 

relating it to the water activity of the CCN activity model. The general formulation for 𝜅𝜅 was 

provided by 69 and is expressed as follows, 

1
𝑎𝑎𝑤𝑤

= 1 + 𝜅𝜅 𝑉𝑉𝑠𝑠
𝑉𝑉𝑤𝑤

   (5) 

where 𝑎𝑎𝑤𝑤 is the water activity term, 𝑉𝑉𝑠𝑠 is the volume of the dry particle, and 𝑉𝑉𝑤𝑤 is the volume of 

water in the aqueous phase. The 𝜅𝜅 parameter derived from a CCN model can be parameterized by 

substituting the 𝑎𝑎𝑤𝑤 in Eq. (5). Following this procedure, the experimental and theoretical single 

hygroscopicity parameters for FHH-AT and HAM have been previously developed. The full 

derivation of the hygroscopicity parameterizations based on FHH-AT and HAM have been 

provided by Mao et al. (2022) and Gohil et al. (2022), respectively. 

**Results and Discussion 
The particles generated from BC and BC mixtures in this study have a range of non-uniform 

sizes and shapes (Figure 3). TEM images show that small BC particles can be spherical however 

can agglomerate to form larger sized particles. BC mixtures with aromatic acids can modify the 

shape of these particles. Thus size-resolved effective density and dynamic shape factor of pure and 

mixed BC particles must be calculated prior to CCN analysis. The dry electrical mobility diameters 

(𝐷𝐷𝑚𝑚𝑚𝑚) of the pure and mixed BC samples were converted to their corresponding volume equivalent 

diameters (𝐷𝐷𝑣𝑣𝑣𝑣) using in-situ measurements (supporting information, Section S2) prior to CCN 
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activity analysis. 𝐷𝐷𝑣𝑣𝑣𝑣 was determined for the CCN analysis with respect to every 𝐷𝐷𝑚𝑚𝑚𝑚. 𝐷𝐷𝑣𝑣𝑣𝑣 are a 

better representation of particle sizes than the 𝐷𝐷𝑚𝑚𝑚𝑚65, especially for hygroscopicity 

parameterizations based on FHH-AT or HAM due to explicit dependence on particle sizes. 

Moreover, the average dynamic shape factor was found to be unique to each specific particle 

composition and chemical constituency. There was also a strong dependence observed on particle 

size (Section S2) which is visualized in the TEM images obtained for each sample. Generally, 

particles became spherical with an increase in 𝐷𝐷𝑚𝑚𝑚𝑚. 

 

 

Fig. 3. TEM images of different sized particles of pure BC (A-I, AII) and BC mixed with Phthalic 

(B-I, B-II), Isophthalic (C-I, C-II) and Terephthalic (D-I, D-II) acid, respectively. 

CCN Activity of Pure and Internally Mixed BC 
CCN measurements of pure and mixed BC particles were performed. The CCN activity data of 

pure and mixed BC are summarized in detail in the supporting information (Section S3, Figure 

S3). For each sample, number concentrations were measured with respect to varying 
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supersaturations in the CCNC while the dry particle diameters were held fixed. The sigmoidal 

functions fitted to the activation ratio is also shown along with the critical supersaturations. The 

sigmoidal fits for mixed BC samples corresponding to each dry particle diameter consisted of a 

single plateau. The single plateau is indicative of a homogenous particle65. The assumption of 

internally mixed aerosol mixtures is also supported by Energy Dispersive X-ray (EDX) analysis 

results (Figure 4).  Fig. 4 shows mixtures of BC with phthalic, isophthalic, and terephthalic acid 

species.  For constant particle sizes, TEM and CCN analysis suggested that the mixtures presented 

here had components of carbon and oxidized species uniformly distributed throughout the 

particles, therefore forming homogenous internal mixtures. 

 

 

Fig. 4. Images show dark field images of BC mixtures with Phthalic (A-I), Isophthalic (B-I) and 

Terephthalic acid (C-I). Images II and III for each mixture are EDXs images showing relative 

distribution of carbon and oxygen respectively for each mixture. 

The FHH-AT fits and CCN data of pure BC and mixed BC-AAA species were compared with 

the pure AAA samples (Figure 5). Fig. 5 shows the 𝐷𝐷𝑣𝑣𝑣𝑣 of the dry particles with respect to critical 
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supersaturations. The empirically determined FHH parameters for pure and mixed BC samples, 

with the FHH parameters of the pure AAA samples that were determined in 50 are summarized in 

Table 2. Mixed BC aerosol are less active than their pure aromatic acid CCN activity. Moreover, 

the CCN activity of the mixtures decreases in the same order as that of the corresponding pure 

AAAs. Also, the slope of the FHH-AT fits of mixed samples diverged away from the FHH-AT 

fits of the corresponding AAA with an increasing 𝐷𝐷𝑣𝑣𝑣𝑣. 

 

Fig. 5. 𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑 vs. 𝑆𝑆𝑐𝑐 pairs derived from CCN measurements of pure single component (solid circles) 

and mixed BC (open triangles) aerosol is shown. The CCN measurements of the single component 

AAA samples (from Gohil et al. 2022) are also plotted. The FHH-AT fits are depicted using solid 

and dashed lines for pure and mixed samples, respectively. The particle dry diameter refers to the 

calculated volume equivalent diameters. 
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The changing slope of 𝑆𝑆𝑐𝑐 vs. 𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑 of the BC mixtures with respect to their corresponding pure 

AAA can be used to understand the relative importance of the mixture components on the overall 

CCN activity of the mixture in consideration. The FHH-AT fits at smaller particle sizes for each 

mixture converge towards the FHH-AT fits of the corresponding pure AAA. This implies that the 

CCN activity of the given BC mixture is predominantly affected by the AAA present in the 

mixture, i.e., the particle morphology and composition of a BC mixture is affected by the 

corresponding AAA at smaller 𝐷𝐷𝑣𝑣𝑣𝑣. Analogously, the morphology, composition, and CCN activity 

of the mixture particles is affected by BC at larger 𝐷𝐷𝑣𝑣𝑣𝑣, due to the diverging FHH-AT fits. 

Along with FHH-AT, the application of HAM was also studied for the pure and mixed BC 

aerosol (Fig. 6). For the CCN activity analysis with HAM, the aqueous solubility of BC was 

assumed to be 10−6 g/g water. Similar to FHH-AT, HAM fittings for pure and mixed BC aerosol 

were also compared to those for pure AAAs. Generally, the FHH-AT and HAM generate similar 

CCN activity predictions for pure and mixed BC aerosol under either of the BC aqueous solubility 

assumption. The 𝑅𝑅2 goodness of fit scores (summarized in Table 2) for mixed aerosol all 

marginally increase for HAM; this is likely due to the explicit treatment of the AAA mixed with 

BC. However, there are subtle differences between the CCN activity predictions of FHH-AT and 

HAM for pure BC (𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹2 = 0.957 vs. 𝑅𝑅𝐻𝐻𝐻𝐻𝐻𝐻2 = 0.899). These differences could be due to the 

explicit treatment of aqueous solubility of BC in the HAM framework. FHH-AT fundamentally 

assumes the particles to be completely water insoluble and therefore the FHH-AT CCN activity 

predictions are independent of the water solubility of the compounds. A non-zero assumed 

solubility (10−6 g/g water) of pure BC results in a slight underprediction of CCN activity with 

HAM as compared to FHH-AT. 

Table 2. FHH empirical parameters and 𝑹𝑹𝟐𝟐 scores for pure and mixed aerosol. 
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Sample 𝑨𝑨𝑭𝑭𝑭𝑭𝑭𝑭𝐜𝐜  𝑩𝑩𝑭𝑭𝑭𝑭𝑭𝑭
𝐜𝐜  𝑹𝑹𝑭𝑭𝑭𝑭𝑭𝑭𝟐𝟐  𝑹𝑹𝑯𝑯𝑯𝑯𝑯𝑯𝟐𝟐  

Black Carbon (Vulcan® 
XC72R) 7.54 2.26 0.957 0.899 

Phthalic acid (PTA) 0.41 0.76 0.892 0.986 

Isophthalic acid (IPTA) 0.39 0.87 0.936 0.967 

Terephthalic acid (TPTA) 0.16 0.84 0.944 0.989 

1:1 PTA-to-BC 1.37 1.11 0.875 0.991 

1:1 IPTA-to-BC 0.23 0.87 0.908 0.954 

1:1 TPTA-to-BC 0.27 1.04 0.934 0.943 

 

 

Fig. 6. 𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑 vs. 𝑆𝑆𝑐𝑐 pairs derived using the CCN measurements are shown as in Fig. 5. HAM fits 

for pure and mixed BC are depicted as solid and dashed lines, respectively. The HAM fits for pure 
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AAA are also shown as solid lines using the same colors as their corresponding mixture with BC. 

The HAM fits for all 7 sets of 𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑆𝑆𝑐𝑐 pairs used the FHH empirical parameters determined by 

fitting FHH-AT across the measured data (Table 2) and are the same set of empirical parameters 

that were used to fit FHH-AT fitting in Fig. 5. 

The hygroscopicity of the pure and mixed BC aerosol was also parameterized from HAM (𝜅𝜅𝐻𝐻𝐻𝐻𝐻𝐻) 

and compared to the 𝜅𝜅𝐻𝐻𝐻𝐻𝐻𝐻 of pure AAAs (Fig. 7). It was noted that 𝜅𝜅𝐻𝐻𝐻𝐻𝐻𝐻 of mixed BC aerosol 

declined sharply compared to 𝜅𝜅𝐻𝐻𝐻𝐻𝐻𝐻 values of the corresponding pure AAA. This sharp decline in 

the hygroscopicity of the mixture can be attributed to an increased influence of BC on the overall 

water uptake behavior of the BC mixtures. Moreover, 𝜅𝜅𝐻𝐻𝐻𝐻𝐻𝐻 of BC mixtures are especially low 

compared to the 𝜅𝜅𝐻𝐻𝐻𝐻𝐻𝐻 of the corresponding pure AAA at larger 𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑. These disparities in the 

𝜅𝜅𝐻𝐻𝐻𝐻𝐻𝐻 at larger sizes between BC mixtures and their corresponding AAAs further suggests a strong 

influence of BC on the overall CCN activity of the larger sized mixture particles. As with the 𝑆𝑆𝑐𝑐 

vs 𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑 data, subtle underestimations can be observed in the size-resolved BC 𝜅𝜅𝐻𝐻𝐻𝐻𝐻𝐻. These slight 

underprediction is also associated with the explicit implementation of BC solubility (10−6 g/g 

water) in the 𝜅𝜅𝐻𝐻𝐻𝐻𝐻𝐻 parameterization. 
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Fig. 7. Hygroscopicity parameterization from HAM (𝜅𝜅𝐻𝐻𝐻𝐻𝐻𝐻) is shown for pure (closed circles) and 

mixed BC with pure AAAs (open triangles). The individual points correspond to 𝜅𝜅𝐻𝐻𝐻𝐻𝐻𝐻 

parameterized using experimental data, and the fitted curves correspond to the 𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑-dependent 

theoretical (or, simplified) 𝜅𝜅𝐻𝐻𝐻𝐻𝐻𝐻 as described in Gohil et al. (2022). The size-dependent decrease 

in the hygroscopicity of BC-PTA is much more prominent than that in the hygroscopicity of BC-

IPTA and BC-TPTA as compared to their pure AAA counterparts. 

 

Conclusions and discussion 
This work presents the analysis of the water uptake of pure black carbon (BC) and BC mixed 

with low-water solubility organic compounds. Because BC is known to show changes in mixing 

state across size distributions, CCN measurements were performed for constant size particles 

selected in stepping mode. However, at a constant particle size, TEM and CCN analysis suggested 

that the mixtures presented here had components of carbon and oxidized species uniformly 
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distributed throughout the particles. Therefore, BC mixtures in this work were treated as internal 

mixtures implying that BC with other carbonaceous aerosol has the propensity to form 

homogenous internal mixtures. 

The dynamic shape factor and effective density were also estimated for pure and mixed BC 

aerosol with respect to electrical mobility diameters. For all aerosol, the effective density was 

found to increase, and the shape factor was found to decrease with respect to size. It was inferred 

that these size-resolved trends were a consequence of the agglomeration of BC particles. It is to be 

noted that the TEM of BC mixtures also show that larger particles are more spherical than the 

smaller ones. However, TEM of the pure BC particles suggest that smaller particles are more 

compact and spherical compared to particles with larger volume equivalent diameters that exist as 

agglomerated fractal-like structures. Further examination of changes in particle shape and density 

is needed to understand the possible causes for large deviations from sphericity at smaller sizes for 

pure BC particles. 

The CCN activity analysis of the pure and internally mixed (or, homogenous) BC was performed 

using the FHH-AT and HAM frameworks. FHH-AT is a widely known CCN activity model that 

describes water uptake through adsorption of water on particle surface. HAM is a recently 

developed framework that combines the FHH isotherm with the dissolved fraction of the particle 

accounting for the solubility limit of the compound. An explicit treatment of the solubility becomes 

significant for compounds that are sparingly soluble or effectively insoluble in water, and therefore 

HAM is particularly useful for the CCN analysis of such compounds. The utility of HAM is notable 

through its application to the experimental CCN data of pure and mixed BC aerosol. The CCN 

activity for internal mixtures predicted using HAM is comparable to that predicted using FHH-AT 

(Table 2, 𝑅𝑅2 scores for BC internal mixtures). The CCN activity prediction of pure BC using HAM 
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is only marginally different than that predicted using FHH-AT on account for a finite water 

solubility consideration for BC in HAM (Table 2, 𝑅𝑅2 scores for pure BC). Since there is no 

significant difference between FHH-AT and HAM predictions, HAM should be generally used for 

CCN analysis since HAM explicitly accounts for the effect of the bulk aqueous solubility on the 

overall water uptake behavior of any given chemical species. 

Overall, HAM has utility for the CCN analysis of low-water solubility species such as BC and 

can also predict the size-dependent single hygroscopicity parameter.  The CCN activities of BC 

mixed particles were mainly affected by AAA at smaller particle size. The impact of water-

insoluble BC aerosol becomes pronounced at larger aerosol sizes.  Indeed, mixed particles of 

smaller size have a greater perceived hygroscopicity than larger sized particles.  Water adsorption, 

(FHH theory) is diameter dependent whereas traditional full dissolution theories (e.g, Köhler 

theory) are not.  Indeed, traditional full dissolution assumptions should not be applied to aerosol 

solute that exhibit size-dependent hygroscopicity.  In particular, droplet growth and hygroscopicity 

models for BC aerosol mixtures should be applied judiciously, and depending on  the aerosol 

composition may require adsorption mechanisms, dissolution mechanisms, or both.  HAM was 

first developed for the CCN activity analysis and hygroscopicity parameterization of the 

atmospherically relevant aerosols that possess low water solubility. However, HAM is 

ambidextrous and can also be applied to soluble inorganic and organics and mixtures when the 

process of solute dissolution dominates.  With highly soluble mixtures, the effects of adsorption 

become negligible, and the size dependent droplet growth is not observed.  It should also be noted 

that the phase of mixtures can modify water uptake and previous papers have measured the impact 

of viscosity, solute diffusivity, and crystallinity to account for impacts to droplet growth 70–73. 
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HAM does not explicitly account for phase, rather it accounts for the presence (or lack thereof) of 

an adsorptive surface (likely due to aerosol phase). 

Previously, HAM had been applied in controlled laboratory measurements of specific organic 

compounds with aqueous solubility varying over a range of 2-3 orders of magnitude. This work 

expands upon the applicability of HAM for BC species observed in the atmosphere using 

agglomerated pure and mixed BC particles as a proxy.  It should be noted that the oxygen to carbon 

ratio in of the BC mixtures was kept constant however the overall solute solubility was varied with 

the three AAAs. From here on, HAM can potentially be used for CCN activity analysis and 

hygroscopicity parameterization of other inorganic and organic species. This is valuable because 

HAM may be used for representing the hygroscopicity of organic and inorganic aerosol modes in 

Global Climate Models (GCMs), henceforth potentially improving the forcing due to aerosol 

indirect effect. 
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