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Abstract 

Atmospheric aerosols play a pivotal role in the global radiative balance yet represent one of the largest 

uncertainties in radiative forcing. This work investigates essential microphysical characteristics of 

aerosols, such as surface tension, which influences both the direct and indirect impacts of aerosols on 

the atmosphere. Additionally, it explores viscosity, a factor capable of modifying mass and chemical 

reactivity through its influence on gas-particle partitioning. 

The characterisation of these properties was conducted using various experimental techniques to 

analyse both aerosol droplets and bulk-phase solutions. The technique of the droplet oscillation method 

employed a microdispenser to eject particles of 30 – 50 μm diameter and capture their oscillation 

trajectory using precisely timed stroboscopic imaging. The surface tension was retrieved from the 

frequency of droplet oscillations at specific delay times. The validity of this technique was assessed 

with a non-dynamic system where the droplet and bulk data should be similar to one another. Following 

the validation of the method, more complex, dynamic systems were investigated. Notably, a novel data 

analysis method was employed to determine the dynamic surface tension of a surfactant droplet. These 

measurements can be used to provide early time points (within microseconds) of the dynamic surface 

tension profile before equilibrium is reached. The dynamic surface tension remains a crucial factor in 

exploring aerosol chemistry, surfactant dynamics and cloud droplet activation. 

Additionally, this thesis reports the study of aerosol viscosity using the holographic optical tweezers for 

the trapping and manipulation of the levitated particles under different ambient conditions. Following 

on from previous studies, this work examined the effect of relative humidity on droplet viscosity and 

diffusion which are vital to understanding the kinetic limitations to particle growth. The principal 

components employed in this study were highly viscous organic proxies, organic acids, and inorganic 

salts, which were selected to mimic the mixtures present in the atmosphere. While real systems are more 

complex, this work forms part of a fundamental understanding from which complexity of the system 

can be increased. 

The irradiation of a photoactive aerosol droplet was studied using the Electrodynamic Balance (EDB) 

and a broad wavelength UV light source. These preliminary experiments were conducted as part of the 

investigation into the properties that inhibit aerosol photochemistry, specifically, the effects of viscosity 

and the presence of surface-active molecules. 

Research in aerosol science, as explored in this thesis, operates within a complex landscape shaped by 

social, economic, political, and cultural factors, all of which bear the historical imprint of colonialism 

in various forms. Since 2020, knowledge of colonialism's effects on wealth distribution, resources, and 
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research funding have prompted universities to integrate decolonisation into their strategies to increase 

inclusivity and belonging.  However, within STEM fields, there has been a lack of comprehensive 

frameworks to guide individuals towards achieving these goals. This thesis aimed to address this gap 

by pioneering a novel decolonial framework, developed by the Decolonising the Science Working 

Group from 2018 to 2022. The framework empowers universities to identify and confront colonial 

legacies within their scientific disciplines and research environments, thereby identifying meaningful 

steps towards decolonisation. Using this framework to analyse of the EPSRC Centre for Doctoral 

Training in Aerosol Science curriculum, revealed areas for enhancing diversity and adopting decolonial 

thinking within the field of aerosol science education. Herein, it is proposed that such efforts can 

increase social, cultural and self-awareness as well as foster a heightened global consciousness among 

university students, qualities highly valued by employers.  
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Chapter 1  

Introduction 

 

1.1 Overview of Aerosol 
Aerosols ubiquitous in nature exist as colloidal dispersions of liquid or solid particles in the gaseous 

phase. 2 Aerosols arise from both naturally occurring sources such as sea spray, volcanoes, mineral dust, 

and anthropogenic sources which include combustion of fuels, industrial pollution, and human activities. 

Over the last century, growth in the study of aerosols has revealed their application in fields ranging 

from medicine delivery to the engineering of nanomaterials.3,4 Their considerable effect on air quality, 

climate and human health, for example increasing the prevalence of respiratory problems, has made 

their characterisation fundamental in the future of scientific research. 

 

Aerosols, like many colloidal systems, are thermodynamically unstable due to their dispersed nature 

and high surface area-to-volume ratio when compared to their equivalent bulk phase. It is in fact more 

favourable for aerosols to sediment out of the air, aggregate or coagulate with other aerosols, however, 

these processes are counteracted by air currents, and the probability and success of collisions. They are 

therefore kinetically stabilised remaining in the atmosphere from anywhere between a few hours to a 

few days see Figure 1-1. 

 

Primary and secondary are two classifications of atmospheric aerosol denoting their origin and 

formation processes. Primary aerosols are directly emitted from a source. Examples include emissions 

from biological materials, plants fragments, pollen and microorganisms, biomass burning, combustion 

of fuels and volcanic eruptions. Conversely, secondary aerosols are derived from in situ partitioning of 

low volatility gaseous compounds into particles often involving homogenous nucleation of gaseous 

pollutants and organic material. For example, secondary organic aerosols (SOAs) are formulated from 

transformation of volatile organic compounds (VOCs) such as monoterpenes and aromatic compounds 

by oxidation. The nucleation and growth of aerosols is affected by atmospheric conditions and particle 

properties such as surface tension and viscosity, both of which are important to understanding the 

environmental impact of aerosols.5,6 

 

The focus of this thesis is to conduct laboratory measurements on proxy atmospheric aerosols to deduce 

their properties which govern their growth into cloud condensation nuclei and to inform climate models 
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used to predict their behaviour. In this chapter, the motivation for investigating these properties and 

their impact on the Earth’s climate will be described. 

 

1.2 Atmospheric Aerosols: Size, Lifetime and Distribution 
Atmospheric aerosols exist over a wide range of sizes from a few nanometres for newly formed particles 

to several hundred micrometres. Airborne particles are defined in three different size distributions 

corresponding to their diameter: nucleation, accumulation and coarse mode. 7 Each mode has different 

lifetimes and removal processes within the atmosphere that dictate their impact on the climate. The 

nucleation mode accounts for newly formed particles produced from the nucleation of VOCS into the 

condensed droplet phase, covering diameters up to 0.1 µm. Though nucleation mode particles are the 

most prevalent in the atmosphere, they only make up a small percentage of the total mass and surface 

area due to their small size. Coagulation with larger particles and vapour condensation account for their 

short lifetimes < 1 hour, causing the particles to grow into the accumulation mode, see Figure 1-1.  

Accumulation mode particles account for sizes between 0.1 to 1 µm and are generated from either 

nucleation mode particles or the emission of particles directly into the atmosphere due to combustion 

processes. Accumulation mode particles are slowly removed from the atmosphere due to their size and 

rate of particle diffusion resulting in long lifetimes when compared with the other two modes. This 

coupled with the fact that these particles constitute a large portion of the total aerosol mass and surface 

area, make this mode significant in atmospheric aerosol research. Both the nucleation mode and 

accumulation mode particles are defined as fine aerosols and account for the largest number of particle 

types in the atmosphere. Particles larger than approximately 1 µm fall into the coarse mode and are 

typically generated by mechanical processes, such as wave breaking that produces sea spray or 

quarrying activities. These particles are quickly removed from the atmosphere by sedimentation leading 

to their relatively short lifetimes.  
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Figure 1-1: Schematic of the size distribution, with the sources, removal mechanisms and particle lifetimes 

indicated for each size mode. Based on the image from Seinfeld and Pandis.8  

Particulate matter (PM) is often classified under the terms PM10, PM2.5, and PM1 which relates to the 

particulate mass concentration of particles with diameters < 10 m, < 2.5 m, and < 1 m, respectively. 

Aerosols that fall within the category of PM1 are best described as ultra-fine particles. The size of these 

particles allows them to penetrate deep into the human respiratory system resulting in cardiovascular 

exposure and therefore the whole body becomes exposed rendering them a human health hazard.9 

The source of aerosol emissions can lead to their different typologies, morphologies, and compositions 

varying between urban and rural sources within a country as well as a globally. For example, Africa is 

one of the world’s largest sources of dust particles from the Sahara Desert and due to industrial regional 

growth produces approximately a third of global biomass burning particulates. Air quality-related 

fatalities are among the highest ranked causes of death in Africa, accounting for approximately 780,000 

premature deaths a year.10 Understanding particle source and composition is therefore pertinent to 

mitigating the effects of aerosols on local communities. 
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1.3 Atmospheric Aerosols: Composition 
Atmospheric aerosols are typically comprised of a complex mixture of compounds. A single population 

of aerosols can contain inorganic components including salts, trace metals, crustal materials, and 

organic species. A substantial fraction of the atmospheric fine particulate matter is composed of organic 

compounds, constituting approximately 20 – 90 % of aerosol mass in the lower troposphere.11,12 In the 

troposphere, single particle composition measurements have shown organic material to be internally 

mixed with inorganic species. Recordings at several sites reveal urban fine particle are composed of 

28 % sulfate, 31 % organic carbon, 8 % ammonium, 9 % elemental carbon, and 6 % nitrate by 

weight.13,14  Figure 1-2 shows the global distributions of these components. 

 

Figure 1-2: An illustrative map displaying the total mass concentration (in micrograms per cubic meter) and 

mass fractions of nonrefractory inorganic species along with organic components in submicrometre aerosols. 

These measurements were conducted with the AMS at multiple surface locations in the Northern Hemisphere. 

Image acquired from Jimenez et al.15 

1.3.1 Organic Aerosols  
The prevalence of aliphatic and aromatic organic acids both in the biosphere and troposphere renders 

them essential when climate modelling and in simulating the surface tension of real cloud and fog 

droplets.16 High solubility, small dicarboxylic acids and low volatility, long-chain fatty acids, are 

formed from chemical processes which include the reaction of ozone with olefinic organics and direct 

injection into the atmosphere by processes such as the breaking of air bubbles containing organic-rich 

coated particles at the surface of a natural body of water, respectively.17 According to Hsieh et al. the 
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most abundant of these acids is oxalic acid (~449.3 ng m−3), followed by malic acid (~53 ng m−3), maleic 

acid (~45.5 ng m−3), succinic acid (~29.6 ng m−3) and malonic acid (20.8 ng m−3).18  

Primary Organic Aerosol 

The source of primary organic aerosol emissions, as discussed in Section 1.1, include fossil fuel burning, 

cooking and biomass burning, estimated to be ~10 to 30 TgC yr−1. Between 1870 to 2000, Ito and Penner 

estimated the global emissions of fossil fuel and biofuel organic carbon has risen by a factor of 3, leading 

to changes in air quality, the chemical processing of oxidants and radiative forcing.19,20 

Secondary Organic Aerosol 

Precursors to SOAs are both anthropogenic and biogenic compounds, whereby SOA growth has been 

observed from the oxidation of biogenic terpenoid compounds and anthropogenic aromatics such as 

toluene and xylene. SOA accounts for 70 percent of the organic carbon (OC) aerosol mass in the 

troposphere21 and therefore have a large impact on human health and climate.22 Isoprene, largely emitted 

from trees, is one of the most abundantly emitted VOC at ~600 Tg yr−1and the largest contributor to the 

global secondary organic aerosol budget.21  As a precursor to SOA, isoprene derived products such as 

glycolaldehyde, glyoxal and methygloxal account for ~70 percent of the total global SOA. These 

substances exhibit a strong solubility in water and partition into cloud droplets. Within these droplets, 

they undergo additional oxidation by OH, forming low volatility organic acids such as glyoxylic, 

pyruvic acid and oxalic acids.23 Since modelling frameworks, such as the Community Atmosphere 

Model (CAM3), have incorporated isoprene photooxidation and the subsequent production of stabilised 

Criegee intermediates, a significant step has been towards characterising the processes that impact SOA 

formation.12,24 This serves an example of the importance in characterising the properties and processes 

within atmospheric organic compounds. 

The organic compounds that will be investigated in this thesis are sucrose, citric acid, malonic acid, 

oxalic acid, pyruvic acid and levulinic acid, all used as atmospheric proxy organic systems. Owing to 

their relatively low vapour pressures, carboxylic acids are expected to participate in nucleation of 

particles in the atmosphere. Their relevance will be discussed here briefly. Mkoma at al.25 using ion 

chromatography, found samples collected in Tanzania contained a high abundance of oxalate and 

malonate ions in PM2.5 measured aerosols along with pyruvate which was also present in high 

concentrations.25 Research findings indicate that the particulate mass concentration of dicarboxylic 

acids tends to rise as the carbon number decreases, as observed in various studies.26,27,28,29 Consequently, 

oxalic acid emerges as the predominant dicarboxylic acid in particulate form composing around 50 % 

of the total atmospheric dicarboxylic acid compounds.30,31 Despite oxalic acid being found in higher 

abundance, malonic acid has been shown, in both experiment and theoretical results, to be a much more 

important and stronger acid at reducing the barrier to activation.32 Kawamura et al. found there was a 
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presence of water-soluble dicarboxylic acids (diacids) such as malonic (concentrations between             

7.4 – 475 ng cm−3) during the wheat burning season over the mountains tops in North China Plain.33 

Additionally, Zhang et al. reported how malonic acid plays a role in enhancing the intermolecular forces 

between sulfuric acid and ammonia at 218 K, promoting aerosol clustering, a step in the process of 

cloud formation.34 Pyruvic acid (PA) commonly found in the atmosphere is an oxidative product of 

isoprene used in models as a proxy for alpha dicarbonyls.35 The photodegradation of aqueous PA along 

the photodecarboxylation pathway was shown by Leemakers and Vesley to lead to the significant 

production of CO2 which has a positive radiative forcing effect with acetoin being the major product of 

the reaction.36 Kappes et al. observed the production of oligomers and additional surface active 

molecules during the actinic radiation of the aqueous PA droplets showing the acid’s environmental 

importance.37 Though not atmospherically significant, levulinic acid and its derivatives are highly 

useful as they are an easy and efficient alternative to the use of fossil fuel-based chemicals, helping to 

reduce the carbon foot of consumer products.38 In this work citric acid (CA) and sucrose are used as 

proxies for atmospheric aerosol. CA serves as an established proxy for oxygenated organic material in 

the atmosphere, given its extensively researched thermodynamic characteristics, water diffusivity, and 

viscosity.39 Sucrose is used as a proxy SOA compound and has been proven to be an effective means 

of modifying droplet viscosity.40,41 Both compounds are important for investigating the impact of 

relative humidity on viscosity and the subsequent dynamic behaviour within a droplet in this thesis. 

1.3.2 Inorganic Salt and Organic Acid Mixtures 
In varying proportions, mixtures of inorganic and organic compounds exist in tropospheric aerosols 

affecting the activation and growth into cloud condensation nuclei.42 Secondary inorganic aerosols (SIA) 

formed through the oxidation of sulfur dioxide and NOx dominate the high particulate matter levels and 

haze events, strongly affecting hygroscopicity and aerosol acidity.6 Water soluble inorganic 

components such as ammonium sulfate and sodium chloride are the most common salts in the 

atmosphere and have been well characterised in their ability to affect the uptake of water. However, 

organic molecules and their mixtures with inorganic salts are less well understood due to the large array 

of organics that exist in the atmosphere.43 Species within the organic fraction have either a high-water 

solubility and/or low volatility making them favourable for absorption by inorganic salts.44 

Commonly, organic solutes lower surface tension below that of pure water by adsorbing at the surface 

whereas inorganic salts remain within the interior of the particle due to attractive ion-water interactions 

which destabilise the water-water interactions leading to an increase in surface tension.45 Mixed 

inorganic and organic aerosols influence particle growth in two main ways: the surface tension of the 

solution is higher than that of the pure organic compound or the presence of the inorganic salt enhances 

surface activity of the organic molecules furthering the surface tension depression.46,47 Cruz and Pandis 

found the water absorption of ammonium sulfate-organic and sodium chloride-organic particles to be 

enhanced in most systems studied by a factor of 2 to 3 with a high organic volume.48 Conversely, despite 
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the film of organic surfactant decreasing the deliquescence point of the inorganic salt, Andrews and 

Larson observed that the hygroscopic behaviour of the salt was reduced along with the ability to adsorb 

water and subsequently grow into CCN.49 In this regard, understanding the addition of the organic 

compounds previously outlined in Section 1.3.1 to the inorganic salt, ammonium sulfate, and the impact 

on surface tension and the activation barrier will be the focus of Chapter 4.  

1.3.3 Atmospheric Surfactants 
Through impacting the climate directly by the scattering of solar radiation and indirectly by serving as 

cloud condensation nuclei, aerosols have an effect on the Earth’s hydrological systems and cloud 

radiative forcing.50 The aerosol indirect effect, a theme that will be re-visited in Section 1.4, has one of 

the largest uncertainties in the terrestrial radiative forcing due to a lack of understanding in the aerosol-

cloud interactions, aerosol populations, particle transport and water availability at a given 

supersaturation.50,51 The formation and growth of cloud droplets from the condensation of water onto 

particles is quantified by the Köhler equation, in which the surface tension of the particle is one of the 

key parameters in determining the critical activation point. A lower surface tension than that of pure 

water (72.8 mN m−1) results in a decrease of the critical supersaturation activation barrier, S, where 𝛾𝑤is 

the water activity coefficient, 𝑥𝑤  denotes the mole fraction of water, 𝑀𝑤 is the molar weight of water, 

𝜎𝑤 is the surface tension of water, 𝑇 is the temperature, 𝜌𝑤 is the density of water and 𝑅 is the gas 

constant, and 𝑟𝑐  which describes the critical droplet radius. The barrier refers to the level of 

supersaturation required for a cloud condensation nucleus to initiate growth into a cloud droplet.  

 
𝑆𝑐 =  𝛾𝑤𝑥𝑤  × 𝑒𝑥𝑝 (

2𝑀𝑤𝜎𝑤

𝑅𝑇𝜌𝑤𝑟𝑐
) 

(1.01) 

 

Surface-active agents (surfactants) alter surface tension. Surfactants are surface dwelling molecules 

commonly made up of a hydrophilic ‘head’ and a hydrophobic ‘tail’ though these can be 

interchangeable. In previous studies of surfactants in rainwater and atmospheric aerosols, it has been 

suggested their effect on cloud processes is negligible, too low in concentration to have an impact or 

assumed to be the surface tension of water, particularly in climate models. However, more recent 

research has found higher concentrations of surfactant may exist in smaller growing droplets, lowering 

the surface tension and increasing the number of cloud condensation nuclei by up to 30-50 %.52,53 

Facchini et al. estimated a 30 % decrease in surface tension due to the presence of realistic 

concentrations of surfactants, leading to a 20 % increase in droplet number concentration.54 This may 

lead to a prolonging of the cloud lifetime and enhancement of cloud albedo. Gerard et al. found 

surfactants in samples taken of PM2.5 at the Baltic station in Sweden. Using the colorimetric technique, 

Gerard et al.53 was able to identify surfactant concentrations of up to 27 ±6 mM reducing the surface 

tension to 32 – 40 mN m−1. When a surface tension depression due to the addition of surfactants is 

included in calculations of the indirect radiative effect, changes of up to 1 W m−2 are observed bringing 
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estimations closer to the predictions of aerosol cloud interaction radiative forcing.55 Despite this 

evidence, it important to not omit the effect of bulk-to-surface partitioning and the subsequent reduction 

in the hygroscopic water uptake when characterising the effect of surfactants on the growth of cloud 

droplets.  

Not only do surfactants impact climate, but they can also cause damage to human health. Surfactants 

that have contaminated respirable particles have been found to destabilise the mucus membrane in the 

respiratory system leading to allergies and asthma.56 Vejrup and Wolkoff found surfactants can also 

reduce the surface tension in tear film leading to irritation of the eye.57  

There are a wide range of surfactants that exist in the atmosphere from a number of different sources. 

Biosurfactants derived from the secretion of bacteria from the aquatic systems are some of the strongest 

naturally occurring surfactants known. Surface active organics such as aromatic dicarboxylic and 

tricarboxylic acids have been detected in ambient aerosols along with humic-like substances (HULIS).58 

Samples of oxidised soot, biomass burning aerosol, and photochemically aged secondary aerosol have 

all shown the presence of HULIS, defined as surface active oxygenated oligomers or polycarboxylic 

acids, shown to reduce surface tension. Often Triton X-100, sodium dodecyl sulfate (SDS) and 

dimethyldioctadecylammonium bromide (DTAB) are used as proxy systems in laboratory studies of 

surfactants as they closely mimic the behaviour of biosurfactants, fatty acid sodium salts and ambient 

aerosol samples, respectively.51 

1.4 Influence of Aerosols on the Climate 
The chemical composition of the atmosphere determines the incident solar radiation that is reflected 

back into space, absorbed by solid, condensed, and gaseous phases, and propagates to the Earth’s 

surface. The radiation that reaches the Earth’s surface falls within the visible light region and is                

re-emitted in the form of blackbody radiation at the infra-red wavelengths. The first IPCC report in 

1990 established the presence of agents such as greenhouse gases, tropospheric and stratospheric 

aerosols and volcanic eruptions which have led to the additional absorption of the infra-red radiation 

and global temperature increases.59,60 Subsequent reports have continued to present a comprehensive 

assessment of the climate system.61 
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Figure 1-3: The Global mean radiative forcings (RF) for different atmospheric components that contribute to climate change 

in 2019 compared to 1750 from the IPCC 6th Assessment Report Technical Summary.62 The horizontal error bars represent 

the uncertainty in each RF. The effective relative humidity includes all tropospheric and land surface adjustments compared 

to RF which only includes an adjustment for stratospheric temperature change. This image has been taken form the IPCC 

report of 201963 

1.4.1 Radiative forcing of the Earth’s Atmosphere 
Radiative forcing (RF) describes the net change in the Earth’s energy balance due to external factors 

which alter the incoming solar radiation or outgoing planetary infrared radiation. It is  typically 

expressed in W m−2 averaged over a particular period of time.64 The global RF in the context of climate 

change is often compared to pre-industrial atmospheric conditions when the atmospheres was 

unperturbed by human activity. 

Anthropogenic aerosols are a major component in atmospheric radiative forcing due to their ability to 

scatter and absorb short as well as long wave radiation via either the direct or indirect effect. In 

comparison with the well-known effects of greenhouse gases such as CO2 that have a net positive 

radiative forcing (warming) and a relatively small uncertainty, the uncertainty in the net cooling effect 

of aerosols remains rather large. Figure 1-3 shows the extent of this uncertainty, attributed to the high 

degree of non-uniformity of atmospheric aerosols and numerous ways they perturb incoming light 

radiation demonstrated in Figure 1-4.  
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Figure 1-4: The processes which influence the scattering or absorption of light radiation by aerosols or clouds adapted from 

the IPCC’s fourth assessment report. The yellow arrows represent the incident and reflected back solar radiation. The grey 

lines represent rainfall. 

1.4.1 Cloud-Light Interactions 
1.4.1.1 Cloud Albedo  

The cloud albedo is a measure of the light radiation that is scattered back into space by a cloud. To 

understand, analyse and interpret the Earth’s radiation budget, it is paramount to determine albedo. 

Albedo can vary over different parts of the Earth. For example, ocean surfaces and rain forests have 

low albedos, they reflect a small fraction of incoming solar light, whereas deserts, ice and clouds have 

higher albedos due to reflecting a greater portion of the sun’s energy. Over the surface of the Earth 

approximately 30 % of the incoming solar radiation is reflected back into space as ice and clouds tend 

to be white, they are highly reflective whereas the sea is dark therefore highlight absorbing of incoming 

solar radiation. Without clouds the Earth’s albedo would drop from ~ 100 to ~50 W/m2 and the 

absorbed solar energy would increase from ~ 240 to ~ 290 W/m2 causing greater warming of the 

planet.65 Clouds reflect more shortwave radiation than the surface beneath them therefore the higher the 

cloud albedo, the greater attenuation of solar radiation reaching the Earth’s surface. 

1.4.1.2 Cloud Radiative Effect  

Clouds can also have a warming greenhouse effect on the planet by trapping longwave infra-red 

radiation at the top of the atmosphere. The effect is measured using satellite data to compare the 

upwelling radiation in cloudy and non-cloudy regions. In general the short wave radiative flux           

(−50 W/m2 ) tends to be larger than the long wave radiative flux (30 W/m2) and so clouds are said to 

have a net cooling effect on the planet.66 
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1.4.1.3 The Direct Effect 

Aerosol particles can either directly scatter or absorb electromagnetic radiation thereby perturbing the 

Earth’s energy budget.67,68 The optical properties of an aerosol and the underlying surface of the Earth 

governs the extent at which these processes take place and negatively or positively exert on the radiative 

forcing. Scattering of radiation back into space results in a cooling effect while absorption leads to a 

warming effect.69 Quantifying the relative magnitudes of these effect is important to determining the 

impact of aerosols on climate change. The normal and Bond albedo are useful metrics when assessing 

scattering potential of objects. Normal albedo is a measure of a surface’s reflectivity when illuminated 

relative to its brightness. Typically, snow has an albedo of approximately 1. Bond albedo is a measure 

of the total radiation reflected from a planet when compared to the total incident radiation from the Sun. 

The Earth’s bond albedo is estimated to be 0.301 ±0.002.70 To counteract the impact of the doubling in 

global carbon dioxide levels due to industrialisation, a projected increase of 0.018 in the Bond albedo 

would be needed.71 

An example of a direct effect can be observed by examining the sulfate aerosol which has been 

calculated to have a global mean radiative forcing in the range of −0.81 to−0.56 W m−2.72 Depending 

on the region over which these measurements are taken, calculations of sulfate aerosol annual radiative 

forcing vary between over land compared to over sea (ratios varying between 1.25 to 3.54) as well as 

between hemispheres.73,74 This is attributed to the degree of reflectivity of the underlying surface 

decreasing planetary albedo and increasing net radiative forcing. A negative radiative is also exhibited 

in both mineral dust and nitrate aerosols due to their ability to scatter solar wavelengths.61,75Absorbing 

aerosol, notably black carbon from biomass burning, have a global mean radiative forcing of +0.2 W 

m−2 estimated by Penner et al. for an external mixture.72 Studies have suggested higher global mean 

radiative forcing over July to August owing to higher concentrations of fossil black carbon from the 

Northern Hemisphere coupled with larger insolation leading to localised warming.  

1.4.1.4 The Indirect Effect 

Aerosols serve as the seeds of cloud droplets thus modifying the microphysical and radiative properties 

as well as the lifetime of the clouds. This is known as the indirect effect. At a particular liquid water 

content, an increase in the aerosol number concentration can either: increase the number of CCN 

activating into cloud droplets resulting in a decrease cloud droplet radii due to competition for water 

vapour and increase in cloud albedo or may cause a decrease in precipitation, increasing the water 

content of the cloud, cloud lifetime and cloud thickness.76,77,78 The former indirect effect or Twomey 

effect, leads to an increase in the droplet surface area which in turn increases the albedo of the cloud 

and its scattering of light rays.79 The latter effect is described as the second indirect effect. The semi-

indirect effect in clouds derives from localised heating from black carbon causing a decrease in water 

content resulting in cloud burn-off.80,81 Not all clouds have a net cooling effect. Measurements have 

shown in areas with high air traffic, soot deposits from aircrafts increase ice nucleation and the cloud 
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crystal number concentrations. These particles have a smaller mean crystal size which result in a net 

warming effect compared to liquid water droplet which have a net cooling effect. The model estimations 

have shown the increase in the radiative forcing to be of the order 0.3 W m−2 , under the assumption that 

there is a 20 % decrease in the mean crystal size in regions of dense air traffic.82,83 

Better quantification of the indirect effect will help to reduce the uncertainty found in the radiative 

forcing with improved understanding of the activation of aerosol droplets into cloud droplets. The 

activation of growing droplets is governed by the particle composition, hygroscopicity, surrounding 

atmospheric conditions and equilibrium droplet size. 

1.5 Nucleation and Particle growth 
Equilibrium droplet size is a key physical parameter in determining the CCN potential of an atmospheric 

aerosol droplet. The interplay between the partitioning of water and the concomitant droplet size 

adopted under certain atmospheric conditions such as the relative humidity (RH) is important to 

predicting their subsequent impact on climate. Herein, the role of aerosol thermodynamics in regulating 

the uptake of water will be discussed with the kinetics of droplet growth addressed in Chapter 3.  

1.5.1 Partitioning of Water onto an Aerosol Droplet 
As a major component of the atmosphere, water exists in both the gaseous and liquid phase. 

Atmospheric water content and particle composition determine the uptake of water as well as the 

particle phase behaviour, depending on the mixture of soluble and insoluble species in the aerosol 

particle. The RH (expressed as a percentage) is an appropriate metric to describe the amount of water 

vapour in parcel of air compared to the total amount of water vapour that can exist in the air at a given 

temperature, Eq. 1.2: 

 𝑅𝐻 (%) =  
𝑝𝑤

𝑝0
 × 100 (1.02) 

 

Where 𝑝𝑤 describes the partial pressure of water vapour in the gas phase and 𝑝0 denotes the saturation 

vapour pressure of water at any specified temperature. Fluctuations in ambient RH dictate the take up 

or loss of water by the particle in order to remain at thermodynamic equilibrium with the surroundings, 

illustrated in Figure 1-5. Typically, the global RH lies between 20 – 80 %, however Figure 1-6 shows 

regions around the equator that can reach RH < 10 % in regions within the Southern Hemisphere and 

more than 90 % in the upper regions of the Northern Hemisphere. Although RH denotes the water 

content of the surroundings, the extent at which water can be adsorbed onto a particle is governed by 

the hygroscopicity of the aerosol. 
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Figure 1-5: Illustration of the hygroscopic response of a sodium chloride droplet to a decrease in relative 

humidity. As the RH decreases, the mass flux of water (J) from the droplet increases such that equilibrium is re-

established. The loss of water results in a decrease in droplet size and an increase in solute concentration. The 

process occurs in reverse when the RH is increased. 

 

Figure 1-6: A picture of the global relative humidity distribution. This image was taken from the Climate 

Research Unit, Univ. of East Anglia.84 
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1.5.2 Köhler Theory  
By considering the vapour pressure above a particle surface, it is possible to understand the partitioning 

of water between the condensed and gaseous phase and hence the critical size of activation of the 

particle into a cloud droplet when RH > 100 %. It is important to characterise the equilibrium size, as 

at this point the partial pressure of water (𝑝𝑤) for the particle must be equal to the partial pressure of 

water in the vapour phase, as described by Eq. 1.01. 

Köhler theory is used to describe the interplay between the surface curvature of a droplet and the solute 

effect and shown in Figure 1-7. Within the equation there are two terms: the Kelvin effect, denoted the 

curvature term as it describes the vapour pressure relative to a flat surface, and the Raoult’s term, 

denoted the solute effect as it describes the water activity of a solution relative to that of pure water. 

  

Figure 1-7: The Köhler curve (black line) shown here is the product of Raoult’s Law (red, dashed line) and the 

Kelvin effect (blue, dotted line). The curve illustrates an aqueous sodium chloride droplet with a dry diameter of 

50 nm. 𝐷𝑐𝑟𝑖𝑡 denotes the diameter of the droplet at activation at approximately 100.3 % RH. 

To examine the Kelvin effect, it is appropriate to depict the effect on a single droplet of pure water and 

the interactions of the water molecules at the surface. A water molecule has fewer neighbouring water 

molecules on a curved surface and therefore has fewer stabilising intermolecular forces when compared 

to a flat surface. Due to fewer intermolecular forces, less energy is needed for a water molecule to 
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partition into the gas phase from the condensed phase. For this reason, a curved surface of a droplet has 

a higher vapour pressure above the surface than above a flat surface. This effect is represented by Eq. 

1.3, where 𝑝𝑐 represents the partial pressure of water above a curved surface, 𝑝0 is the vapour pressure 

above a flat surface of pure water, 𝑀𝑤  is the molar weight of water, 𝜎𝑤 is the surface tension of water, 

𝑇 is the temperature, 𝜌𝑤 is the density of water and 𝑅 is the gas constant. As the droplet radius decreases 

and the surface curvature correspondingly increases, the vapour pressure increases non-linearly as per 

Eq. 1.02, becoming particularly significant for r < 50 nm. 

 
 𝑝𝑐  =  𝑝0  × 𝑒𝑥𝑝 (

2𝑀𝑤𝜎𝑤

𝑅𝑇𝜌𝑤𝑟
) 

(1.03) 

 

Conversely, the presence of inorganic or organic solute acts to decrease the vapour pressure compared 

to a pure water droplet opposing the Kelvin effect. By introducing the solute particles, the mole fraction 

of water is reduced along with the vapour pressure of solvent (i.e., water) at the surface. First 

approximated by Raoult’s Law, the solute effect is represented by Eq. 1.04 and 1.05.  

  𝑝𝑤  =  𝑎𝑤  ×  𝑝0 (1.04) 

 

  𝑎𝑤 =  𝛾𝑤𝑥𝑤 (1.05) 

With this in mind, Eq. 1.3 must be modified to encompass the presence of the solute within the droplet 

and solute-solvent interactions by considering water activity (𝑎𝑤), water activity coefficient (𝛾𝑤) and 

the mole fraction of water ( 𝑥𝑤 ). An aqueous aerosol particle is considered to be in a state of 

thermodynamic equilibrium with its surrounding environment when the water vapour pressure at the 

particle surface is in a state of equilibrium with the ambient relative humidity (RH) of the surrounding 

atmosphere. This state of equilibrium is achieved when the particle’s radius remains constant over time, 

indicating that the particle is neither gaining nor losing mass.  

The Köhler equation (Eq. 1.6) is a combination of these two effects: 

 𝑅𝐻

100
=

 𝑝

𝑝0
 =  𝑎𝑤  × 𝑒𝑥𝑝 (

2𝑀𝑤𝜎𝑤

𝑅𝑇𝜌𝑤𝑟
) 

(1.6) 

 

At low solute concentrations the water activity tends to one i.e., the water activity of pure water and the 

Köhler equation is dominated by the Kelvin effect. In the context of a large droplet radii where the 

surface curvature is significantly reduced, the exponential term tends to one and Eq. 1.6 is governed by 

the solute effect. At RH levels below 100 % and before the point of activated growth, an aqueous 

particle will assume a particular size corresponding to each specific RH value. When RH increases, 

more water partitions into the condensed phase, causing the particle’s radius to increase. Upon reaching 
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a certain level of supersaturation (RH > 100 %), known as the critical supersaturation (Sc), the particle 

will continuously absorb water as long as the RH remains supersaturated. This process leads to the 

activation of the aerosol particle, transforming it into a cloud droplet. The radius of the particle at the 

critical supersaturation is referred to as the critical radius. Figure 1-7 shows at the critical radius, the 

Kelvin effect requires the RH to be supersaturated before the particle can activate. In accordance with 

Kohler theory, at activation, particles of smaller dry particle size (less solute mass) have a higher Kelvin 

effect and require an increased relative humidity in the surroundings in order to activate. 

The hygroscopic nature of an aerosol particle impacts the critical supersaturation needed for activation. 

The greater the hygroscopicity of a droplet, the lower the critical supersaturation necessary for that 

droplet to activate. 

1.5.3 Hygroscopicity and Growth Factor 
Hygroscopicity is a measure of the capacity of a particle to take up water from the surrounding gas 

phase. The impact of aerosol hygroscopicity on public health is profound; once inhaled, aerosol droplets 

growth within the respiratory system affects the penetration depth within the lung.85 Additionally, 

hygroscopicity influences the climate by directly impacting the radiative balance of the atmosphere. By 

controlling droplet size, hygroscopic growth along with refractive index affects the aerosol absorption 

cross-section and the ability to scatter light radiation .86 In the literature, the hygroscopicity of an aerosol 

has been represented in terms of radial growth factor (GFr) which is a ratio between the wet particle 

radius (𝑟𝑤𝑒𝑡) and the dry particle radius (𝑟𝑑𝑟𝑦), shown in Eq. 1.07. 

  𝐺𝐹𝑟  =  
𝑟𝑤𝑒𝑡

𝑟𝑑𝑟𝑦
 (1.07) 

Figure 1-8 shows how the size and the physical state of a sodium chloride particle changes as a function 

of RH. At a low RH, the sodium chloride exists as a crystal. As the ambient RH increases, the radial 

growth factor remains at 1 which means the droplet size is equal to that of a dry droplet, until the 

deliquescence RH (DRH) is reached. In this instance, the solid particle begins to spontaneously take up 

water inducing a phase change from a solid to a dissolved particle, forming an aqueous droplet. Further 

increase in RH results in an increase in droplet size and a decrease in solute concentration. Conversely, 

lowering the RH causes a loss of water from the droplet, a decrease in size and an increase in droplet 

solute concentration as it equilibrates with the surrounding RH. At this point, the droplet becomes 

supersaturated with respect to the solute reaching a metastable state that cannot be achieved in the bulk 

due to the lack of nucleation sites within the liquid particle. The droplet will continue to lose water until 

a critical supersaturation point called the efflorescence RH (ERH) where the remaining water is lost, 

and the droplet becomes a solid. This cycle is known as a hysteresis and is indicated in Figure 1-8 by 

the red lines. Within this region highlighted in red, the particle can exist as a solid, semi-solid (inclusions, 

core shell) or a liquid. 
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Figure 1-8: The hygroscopic behaviour of a sodium chloride particles as the RH increases and decreases. The 

extended aerosol inorganics model (E-AIM) was used to predict the variation of the radial growth factor as a 

function of RH (%). 

The hysteresis cycle in Figure 1-8 is common for most inorganic aerosol single component particles. 

Figure 1-9 shows models for three different single component inorganic aerosols, sodium chloride, 

ammonium sulfate and sodium nitrate. As the RH increases, the size of the droplet increases along with 

the sensitivity to a small change in RH. Sodium chloride is the most hygroscopic of the three compounds 

adopting the larger of the equilibrium sizes. The partitioning of water between the gas and condensed 

droplet phase is best described by Köhler theory which considers the importance of solution 

thermodynamics and surface curvature when calculating the equilibrium droplet size.  
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Figure 1-9: Modelled aerosol hygroscopic curves from E-AIM. The black line is sodium chloride the most 

hygroscopic; red is sodium nitrate and blue is ammonium sulfate. 

1.5.4 Surface Tension and surface concentration 
Surface tension, a property describing the behaviour of fluids at interfaces such as the surface of a liquid 

in contact with air, can be derived from the Young-Laplace equation. The equation, ΔE = 𝜎ΔA, relates 

the change in surface energy (Δ𝐸) and area ΔA to the surface tension (𝜎). Using this, surface tension is 

defined as the ratio of the change in the surface energy of a liquid to the surface area of the liquid that 

resulted in the change in energy. 

1.5.4.1 Defining Gibbs Dividing Surface 

In a real system as shown in Figure 1-10, the surface is defined as the phase between two continuous 

phases 𝛼 and 𝛽. For the purposes of this explanation, 𝛼 is the gaseous phase and 𝛽 is the liquid water 

phase (solvent). The concentration of liquid water changes as a function of distance from the bulk of 

the 𝛽 phase to the 𝛼 phase and the surface phase as indicated in Figure 1-10 will have a given thickness. 

In the Gibbs dividing surface model, the surface phase is defined as a plane such that the properties of 

the 𝛽 and 𝛼 phase stay constant up until the plane is reached. The Gibbs dividing surface is treated as 

infinitely thin and therefore has no volume. 
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Figure 1-10: Concentration profile of solution denoted beta phase, the surface phase and the vapour (air) 

denoted alpha phase. The point at which the concentration of the beta phase rapidly decreases as the alpha 

increases indicates the surface layer.  

1.5.4.2 Gibbs Isotherm 

The Gibbs Isotherm is a crucial method for modelling surface tension and excess, especially when 

introducing organic or inorganic compounds into a solvent such as water. Eq. 1.09 shows the 

differentiated Gibbs energy equation for a system, where 𝑆 is the entropy, T is the temperature, V is the 

volume, 𝑝 denotes the pressure, 𝑛𝑖  is the excess number of moles at the surface, 𝜇
𝑖
is the chemical 

potential of component i, A is the area and 𝜎 describes the surface tension: 

 

 

Note, the term + 𝜎d𝐴 shows that when the surface area is increased, for example when creating a 

droplet surface, the Gibbs free energy of the surface increases illustrating how it costs the system energy 

to create the surface.  

 

 G =  ∑ 𝜇𝑖 𝑛𝑖 +  𝜎A  (1.08) 

 𝑑G =  −𝑆𝑑T + Vd𝑝 +  ∑ 𝜇𝑖 𝑑𝑛𝑖 +  𝜎𝑑A  (1.09) 
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Defining surface concentration 

In this section, the part of the Gibbs energy equation due to the Gibbs dividing surface will be discussed 

and the term 𝛾 used as reference to the surface. As mentioned in Section 1.5.4.1. the dividing surface 

has no volume therefore the 𝑉d𝑝 tends to zero and can be removed from Eq. 1.09 when characterising 

the surface boundary and written as Eq. 1.10. Taking the differential of Eq. 1.08 gives the Eq. 1.11: 

 

 

Both Eq. 1.10 and 1.11 describe the change in the Gibbs energy of the Gibbs dividing surface at the 

interface therefore Eq. 1.10 is equal to Eq. 1.11. A new equation can be subsequently written: 

Rearrange Eq. 1.12: 

As the system is isothermal, the 𝑆𝛾d𝑇 becomes zero and the equation is written as Eq 1.14 solving for 

the change in surface: 

 

Within a system with two chemical components such as water (component 1) and an organic compound 

(component 2), hence the equation becomes: 

 

The surface concentration is described by 𝛤𝑖  and relates to 𝑛𝑖
𝛾

𝐴⁄ . To note, the maximum surface excess 

concentration is defined as 𝛤𝑚𝑎𝑥, and the surface excess concentration of surfactant at equilibrium is 

 𝑑G𝛾 =  −𝑆𝛾𝑑T + ∑ 𝜇𝑖 𝑑𝑛𝑖
𝛾

+  𝜎𝑑A  (1.10) 

 𝑑G𝛾 =  ∑ 𝜇𝑖 𝑑𝑛𝑖
𝛾

+ ∑ 𝑛𝑖
𝛾

𝑑𝜇𝑖 +  𝜎𝑑A + A𝑑𝜎  (1.11) 

 −𝑆𝛾𝑑T +  ∑ 𝑛𝑖
𝛾

𝑑𝜇𝑖 + A𝑑𝜎  (1.12) 

 −A𝑑𝜎 = 𝑆𝛾𝑑T + ∑ 𝑛𝑖
𝛾

𝑑𝜇𝑖 
 (1.13) 

 
𝑑𝜎 = − 

∑ 𝑛𝑖
𝛾

𝑑𝜇𝑖

A
 

 (1.14) 

 
𝑑𝜎 = − (

𝑛1
𝛾

𝑑𝜇1

A
+

𝑛2
𝛾

𝑑𝜇2

A
) 

 (1.15) 
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defined as  𝛤𝑒𝑞. Equ.1.15 can therefore be written as Eq. 1.16, if the convention of the solvent surface 

concentration is zero at the surface: 

If: 

Where 𝑎2 is the activity of component 2 at the surface, where for an ideal solution activity is equal to 

the unitless concentration (𝐶𝑖 ) of component 2, 𝑅  is the gas constant and 𝜇
2
∘  is the standard state 

chemical potential of component 2. By differentiating Eq.1.17 and inserting into Eq. 1.16, the following 

equations is derived: 

 

Eq. 1.19 is the mathematical expression for the Gibbs adsorption isotherm.  

In the presence of a surfactant, upon stretching the surface by creating a new drop or by the formation 

of an air bubble in a liquid, there is a reduction in the amount of surfactant at the surface (Γ < Γeq) where 

Γ is defined at the surface excess concentration, which results in an increase in adsorption to re-establish 

the equilibrium between the bulk concentration, Cbulk, and surface excess concentration, Γ (jads > jdes).87 

This equilibrium state, where jads = jdes, reflects the balance between the unfavourable entropic cost of 

adsorbing to the surface and the favourable enthalpy change. The change in surface excess concentration 

over time is described by Eq. 1.20.88  

 

Where Γeq is the surface excess concentration of a surfactant at equilibrium, jads describes the adsorbing 

flux and jdes denotes the desorbing flux. Due to the presence of a hydrophobic surfactant tail, increasing 

the bulk concentration leads to an increase in unfavourable interactions between the solvent and the 

surfactant ‘tails’ such that adsorption is favoured, thus a monolayer of surface is formed.  

 

 

 𝑑𝜎 = − Γ2𝑑𝜇2  (1.16) 

 𝜇
2

=  𝜇
2
∘ + 𝑅Tln 𝑎2  (1.17) 

 𝑑𝜎 = − Γ2𝑅𝑇𝑑(ln C)  (1.18) 

 𝑑𝜎

𝑑(ln C)
= − Γ2𝑅𝑇 

 (1.19) 

 𝑑Γ

𝑑𝑡
=  𝑗ads − 𝑗des 

(1.20) 
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Figure 1-11: An image to depict (a) a surfactant monomer (b) the transfer of surfactant monomers in the bulk to 

the surface for adsorption to re-establish the equilibrium and (c) the desorption of a monomer away from the 

surface to re-establish equilibrium.  

1.5.4.3 Theoretical Adsorption Isotherms 

An adsorption isotherm is the graphical representation of the relationship between bulk and adsorbed 

surface excess concentration of surfactant monomers. The isotherm describes the equilibrium 

distribution of the adsorbing molecule on the liquid surface at a given temperature and can be used to 

predict key surface properties such as the surface excess concentration, the surface area occupied per 

molecule and the rate of adsorption and desorption on the surface. 

Henry Isotherm 

The Henry isotherm is the simplest isotherm (Eq. 1.21) where KH is the equilibrium constant that reflects 

the surface activity of the surfactant. This isotherm remains valid at low surfactant concentrations, i.e., 

when Cbulk → 0, as it operates on the assumption that no interactions occur between the adsorbed 

monomers and that there is no defined limit of 𝛤. 

Langmuir Isotherm 

The Langmuir isotherm is a model comprises of four assumptions:  

1. each adsorption site on the lattice is equal. 

2. the likelihood for a molecule to be able to adsorb at an empty site is not dependent on the 

vacancy of a neighbouring site. 

3. there is no presence of interactions between monomers within the lattice or intermolecular 

forces between monomers at the surface. 

4. adsorption is limited to a monolayer. 

The rate at which surfactant molecules occupy the surface is dependent on the bulk surfactant 

concentration and the number of available sites to occupy at the interface (Eq. 1.22). Eastoe et al. 

 Γ =  𝐾𝐻C (1.21) 
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suggests that as the surface excess concentration increases, the adsorption enthalpy becomes more 

positive implying that the more energetically favourable sites are occupied first.87 

 dΓ

d𝑡
=  𝑘𝑎C Γ𝑚𝑎𝑥 (1 −

Γ

Γ𝑚𝑎𝑥
) 

(1.22) 

In Eq. 1.22, 𝑘𝑎  is the rate of adsorption, C denotes the surfactant concentration and 𝛤𝑚𝑎𝑥  is the 

maximum surface excess concentration. The change in 𝛤 is dependent on both adsorption and 

desorption of monomers from the interface (see Eq. 1.23), with the number of molecules desorbing 

proportional to the number of molecules adsorbing. The ratio of the adsorption and desorption rates is 

denoted in the Langmuir equilibrium adsorption constant 𝐾𝐿 = 𝑘𝑎 𝑘𝑑 ⁄ used in the Langmuir isotherm 

Eq. 1.23. 

 dΓ

d𝑡
=  𝑘𝑑Γ 

(1.23) 

The Langmuir isotherm, Eq. 1.24, has a good fitting quality when compared to alternative two-

parameter, monolayer adsorption isotherm models such as Freundlich, Dubinin-Radushkevich and 

Temkin which are beyond the scope of this work: 

 
Γ =  Γ𝑒𝑞 (

𝐾𝐿 ∙ C

1 + 𝐾𝐿 ∙ C
) 

(1.24) 

Frumkin Isotherm 

The Frumkin isotherm follows on from the Langmuir isotherm with the inclusion of non-ideal solute-

solvent interactions and adsorbed monomer interactions at the surface. It allows time-dependent 

coverage of the surface, 𝛤𝑖(𝑡), to be related to the sub-surface concentration 𝐶𝑖(𝑡), and therefore has 

been used to study many systems. Of note, the Frumkin isotherm best describes non-ionic surfactants 

and surfactants at an oil-water interface well and is given by89: 

 
C (𝑡) =  𝐴𝐿,𝑖

𝛩𝑖

1 − 𝛩𝑖(𝑡)
 exp[𝐾𝑖𝛩𝑖(𝑡)] 

(1.25)   

 

Where i denotes the adsorbed species, 𝛩𝑖 (𝑡) =  𝛤𝑖(𝑡)/𝛤𝑖,𝑚𝑎𝑥 is the fraction of surface coverage of the 

surface-active species, i at a given interface time, t, and Γi,max represents the maximum surface excess 

concentration of substance i. The dissociation constant, 𝐴𝐿,𝑖  captures the propensity of the surface-

active species to adhere to the interface, while the parameter, 𝐾𝑖 which depends on the non-ideality of 

the surface layer accounts for the interactions between the surface molecules within the interface 

relative to the thermal energy, kBT.89 In this work, Eq. 1.27 is used to calculate KL and the maximum 

surface excess concentration using a non-linear regression process. 
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 Π = 𝜎0 − 𝜎 (1.26) 

 
Π =  −𝑛𝑅𝑇Γ𝑚𝑎𝑥 ln (1 + (

𝐾𝐿 ∙ C

1 +  𝐾𝐿 ∙ C
)) 

(1.27) 

where n=1 for non-ionic surfactants, neutral molecules or ionic surfactants  in the presence of excess 

electrolyte and n=2 for 1:1 ionic surfactants assuming electrical neutrality of the surface.87 Here, R is 

the gas constant (J K−1  mol−1) and T is the temperature in Kelvin. Table 1-1 presents a summary of other 

surface isotherms used in the study of surfactant dynamics depending on their assumptions and 

parameters. The Langmuir isotherm is chosen due to its ability to accurately describe the behaviour of 

surfactants up to a well-defined monolayer on the surface often at low solute concentrations. When a 

multilayer occurs, the surface excess concentration data begins to exceed values predicted by the 

Langmuir isotherm and deviates from the linear relationship between the surfactant concentration and 

surface excess concentration. Another model is therefore required to represent data more accurately. 

The Frumkin model can be used to describe the multilayer the aggregation of surfactant molecules at 

the surface. Both describe the equilibrium surface tension well over the range of surfactant 

concentrations used in this study (10−4 to 102 mM).The Volmer model is described for completeness as 

it is not typically used according to Eastoe et al.87 

Table 1-1: Common adsorption isotherms and corresponding surface concentration equations. In the Freundlich 

isotherm both k and n are constants. In the Volmer isotherm K is a constant with units of concentration, Γ𝑚𝑎𝑥 is 

defined at the maximum surface excess concentration and 𝛤 the surface excess concentration. 

Isotherm Description 𝚪 

Henry Based on ideal solution 𝐾𝐻𝐶 

Freundlich Empirically derived 𝑘C1 𝑛⁄  

Volmer Accounts for non-ideal, non-localised adsorptions 

for a finite molecule size 

Γ𝑚𝑎𝑥𝐾C

exp [
Γ

Γ𝑚𝑎𝑥 − Γ] + 𝐾C
 

 

The formation of a surfactant monolayer at a surface can be characterised by ideal behaviour isotherms 

akin to the Langmuir equation. However, surfactants can often display non-ideal behaviour such as 

aggregation, competitive adsorption at the surface or electrostatic interactions. Competitive adsorption 

occurs in complex systems containing different surfactants or other active interfacial species (e.g., 

organic acids, polymers). Where surfactants can carry charges that interact with ions at the surface, 

electrostatic charges may affect the adsorption deviating from ideal behaviour. The surface activity of 

a component model can provide another method of characterising the surfactant behaviour against 

concentration for non-ideal behaviour.90 The surface activity is important to describe due its role in 
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defining the chemical potential of surfactants at a surface. The chemical potential is a measure of energy 

required to add one additional surfactant molecule to a system91. The surfactant composition, bulk phase, 

molar surface area and surface tension of any given component are the determining factors for the 

chemical potential within the surface layer. The well-known relation in Eq. 1.28 defines the dependence 

chemical potential, 𝜇𝑖
𝑠, on these factors: 

 𝜇𝑖
 𝑠 =  𝜇𝑖

 0,𝑠(𝑇, 𝑃, 𝜎) + 𝑅𝑇ln(𝑎𝑖
𝑠𝑥𝑖

𝑠) (1.28) 

the superscript ‘s’ denotes the surface, 𝑥𝑖
𝑠 refers to the mole fraction of component i, and 𝑎𝑖

𝑠 is the 

surface activity coefficient of component i.91 The 𝑇, 𝑃, 𝜎 are defined as the temperature, pressure and 

surface tension respectively. Defining the surface activity of the surfactant remains important to 

determining the chemical potential of a surfactant, which is information used in the manufacture of 

foams, emulsions, and detergents. 

1.5.4.4 Surface Activity 

Sprow and Prausnitz92 devised an equation which describes the dependence between the surface tension 

of an aqueous surfactant solution and the activity of water (Eq. 1.29) as well as surfactants (Eq. 1.30) 

in the surface layer and bulk phase.92 These equations can be expressed as follows  

 
𝜎 =  𝜎0 +  

𝑅𝑇

𝜔𝑤
ln

𝑎𝑊
𝑆

𝑎𝑊
𝐵  

(1.29) 

 

 

 

 
𝜎 =  𝜎0 +  

𝑅𝑇

𝜔𝑤
ln

𝑎𝑆
𝑆

𝑎𝑆
𝐵 

(1.30) 

Where 𝜎0denotes the surface tension of water, 𝜔𝑤 is the molar area of water equal to 0.6 × 105 m2 

mol−1, 𝑎𝑊
𝑆  and 𝑎𝑊

𝐵  are the activity of water in the surface layer and bulk phase, respectively, and 𝑎𝑆
𝑆 

and 𝑎𝑆
𝐵 are the activity of surfactant in the surface layer and bulk phase, respectively. In dilute solutions, 

it is assumed the bulk phase surfactant activity is negligible hence Eq. 1.30 can be reduced to: 

 
𝜎 =  𝜎0 +  

𝑅𝑇

𝜔𝑤
ln 𝑎𝑊

𝑆   
(1.31) 

 

 

Subsequently, the activity of surfactants at the surface can be determined from 𝑎𝑠
𝑆 = 1 − 𝑎𝑊

𝑆 . Here this 

will be used for solutions above and below the critical micelle concentration (CMC) for each surfactant 

and compared with other environmental and synthetic surfactant systems. 
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1.5.4.5 The Influence of Aerosol Surface Tension on CCN Activation 

Water has a high surface tension due to the strong hydrogen bonding among water molecules. However, 

solvation of organic species can disrupt these hydrogen bonds along with the ordered structure of the 

water molecules in the bulk.93 The addition of organic molecules results in a decrease in surface tension 

as these components are surface dwelling, thus the energy at the surface is decreased in comparison to 

the bulk. Additionally, the favourable partitioning of these species to the surface of the droplet leads to 

a lowering in the Sc and the droplet activation barrier.94 When ions such as in an inorganic salt are added 

to a solvent (water), they are expelled from the interface and associated with a negative surface excess 

concentration leading to an increase in surface tension according to the Gibbs adsorption isotherm. 

Onsager and Samaras were the first to depict this surface depletion in a molecular interpretation 

modelling the surface as a sharp boundary between two dielectric media and representing the ions as 

point charges repelled from the surface.95  In the presence of inorganic salts, some organic species are 

impacted by the ‘salting-out’ effect which causes a decrease in their solubility and a further decrease in 

the surface tension of the droplet. However previous studies have also highlighted that bulk depletion 

must be accounted for when examining the impact of surface-active compound on surface tension 

depression and particle activation.96,97  

The impact of surfactants on the droplet surface tension remains ambiguous therefor it is necessary to 

conduct further studies to resolve this. Chapter 5 will explore the impacts of different surfactant types 

on the surface tension of aerosol droplets and bulk solutions. 

While it is important to characterise the thermodynamic barriers to the activation of cloud condensation 

nuclei, the kinetic limitations to particle growth must also be considered and discussed. 

1.6 The Kinetics of Aerosol Processes 
In non-equilibrium conditions, microphysical kinetic processes that control the rate of evaporation and 

condensation of volatile and semi-volatile species dictates the dynamic behaviour of aerosols. There are 

three limiting cases where the kinetic limitation plays a key role in mass transfer processes of a species 

into and from a particle as shown in Figure 1-11. 
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Figure 1-12: Illustration of the three kinetic regimes that limits to mass transport to or within a droplet. (a) The 

diffusion of water toward and from the droplet surface dictates the evaporation and condensation of water with 

the surrounding gas-phase. (b) Mass accommodation, α, of water through a restrictive surfactant layer. (c) 

Diffusion of the water through the bulk of a semi-viscous droplet leading to compositional gradients. This 

image is derived from the thesis of R. Power.98 

Figure 1-12(a) illustrates the gas-phase process of condensation and evaporation to and from the droplet. 

The rate at which molecules are transported to and from the gas phase determines the rate of evaporation 

or condensation of volatile compounds. By defining the Knudsen number, the kinetic regime used to 

correctly treat the evaporation kinetics can be determined. The Knudsen number, defined in Eq.1.32, 

characterises the boundary conditions of a fluid flow.99 It is the ratio between the mean free path, λ, and 

the particle radius, r.  

 
 𝐾𝑛 =  

𝜆

𝑟
 

 (1.32) 

 

 

 

 

 

 𝜆 =  
𝑘𝐵𝑇

√2𝜎𝑝
 

  

(1.33) 

 

where 𝑘𝐵 is the Boltzmann constant, T is the temperature (K), 𝜎 is the surface tension and 𝑝 denotes 

pressure. When 𝐾𝑛 ≫ 1, particles are able to ‘slip’ between the gas phase molecules in between 

collision. When 𝐾𝑛 ≪ 1, the surroundings behave as a continuum dominated by viscous forces and 

thermal diffusion.99  In this regime, if the particle size is large in a high-pressured gas, evaporation and 

condensation are limited by gas phase diffusion.100 
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Figure 1-13: A graph to show how the Knudsen number varies with particle diameter. As the particle size 

increases the Knudsen number decreases as expected from the inverse relationship. The data was collected at 

298K in this graph was collected by Dr. Daniel Hardy.101 

Once a molecule diffuses through the gas phase close to the particle, it must be accommodated onto the 

surface and transferred into the bulk. The mass accommodation coefficient, 𝛼, denotes the proportion 

of colliding gas molecules that will be incorporated onto the surface and into the particle phase. Surface 

adsorbed molecules such as an organic or surfactant film as depicted in Figure 1-12(b), can influence 

the surface accommodation of molecules onto a droplet. Davies et al. found evidence for the influence 

of adsorbed molecules when investigating the evaporation coefficient.100 The work showed the 

coefficient was reduced by two orders of magnitude in the presence of condensed monolayer films at 

the surface of the droplet. Conversely, the study reported no limitation to condensation of water 

molecules onto the droplet surface in the presence of condensed films showing condensation is not 

limited by surface active molecules.100 

Mass transport within a droplet can be kinetically arrested by the property viscosity. Viscosity is a 

measure of the resistance of a fluid to flow. The higher the viscosity the slower bulk diffusion inside 

the droplet to the surface. This can inhibit chemical reaction rates, evaporation of water from the particle, 

and the absorption of gaseous molecules into the droplet.102 Kuwata et al. showed the uptake of 

ammonia into aerosol particles and the particle-phase reactions were limited by the solid and semisolid 

adipic acid particles which in turn has implications on the droplet composition.103 
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1.7 Aerosol-Light Interactions 

1.7.1 Aerosol Optical Properties and Refractive Index 
An aerosol can interact with light in various ways highlighted in Figure 1-13. Direct interaction with 

the electromagnetic radiation can result in scattering which includes processes such as diffraction, 

refraction and reflection or absorption. The light can be either elastically scattered whereby the scattered 

light has the same frequency as the incident light and therefore the photon of energy is conserved or 

inelastically scattered, whereby there is a shift in the frequency and the energy of scattered light 

compared to the incident light. The refractive index, size, and shape of the droplet influence how 

intensely the light is scattered and the amount that is absorbed by the droplet. The refractive index (n) 

describes the perturbation of light through a material or medium. It is comprised of a real (m) and 

imaginary part (k), see Eq. 1.34. 

  𝑛 =  𝑚 + 𝑖𝑘 (1.34) 

 

The real part of the equation is a ratio that describes the speed of light as it passes through a medium 

(𝑞) compared to the speed of light through a vacuum (𝑐) as shown in Eq. 1.35; it determines the 

amplitude of scattering by atoms or molecules within a medium. 

  𝑚 =  
𝑐

𝑞
 (1.35) 

   

   

The imaginary part of the refractive index describes how the light through the medium is attenuated by 

absorption by the medium. The real part of Eq. 1.34 is a bulk property and thus affected by the molecular 

polarizability of the substance. Both components are dependent on the incident wavelength of light, 

temperature, and density. Refractive index is therefore an important metric to define when analysing 

the scattering and absorption abilities of a compound. 



Chapter 1- Introduction 

30 

 

 

 

Figure 1-14: Schematic of the interaction of light radiation with a particle. Light can diffract around the droplet, 

reflected from the droplet surface, refracted through the droplet, or absorbed by the droplet. Adapted from 

Seinfeld and Pandis, 2016104 

1.7.1.1 The Three Size Regimes for the Interaction of Light with a Particle 

The treatment of light interacting with a particle is separated into three regimes dependent on the size 

of the particle relative to the wavelength of the incident light illuminating the particle. A relationship 

between radius (𝑟) and wavelength (𝜆) is provided by the size parameter (𝑥𝑝): 

 
 𝑥𝑝  =  

2𝜋𝑟𝑛0

𝜆
 

(1.36) 

where 𝑛0 is the refractive index of the surrounding medium in Eq. 1.36. 

In the Raleigh regime, the radius of the particle is much smaller than the incoming wavelength of light 

(𝑟 <  𝜆 20⁄ ) and therefore the particles are treated as point dipoles, an example of this is air molecules. 

The scattering of light occurs isotropically, meaning it is symmetrically scattered forward and backward 

independent of the particle size or shape. Within this size range, the scattering of light has a strong 

dependence on wavelength ( 𝐼𝑠𝑐𝑎 ∝  𝜆−1 ) with shorter wavelength being scattered with greater 

efficiency. Light at wavelengths 𝜆 = 400 – 490 nm, are among the shortest wavelengths in the visible 

spectrum and so the most efficiently scattered by air molecules when compared to any other longer 

wavelengths in in the visible region. For this reason, on Earth, the sky is blue (𝜆 = 450 nm).  

Where particle sizes become large ( 𝑟 >  20𝜆 ), Mie theory calculations are too computationally 

expensive to use and therefore ray optics approximations are used as an alternative. At this limit, 

particles act like lenses and the approximation through geometrical considerations is used for the 

treatment of scattering. Diffraction and interference effects are not accounted for here. 
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Within this work, Mie theory is used in the treatment of light scattering of a particle as the size of the 

particle is comparable to the wavelength of the incident light. Treatment using Mie theory allows for 

the analytical description of light interacting with a spherical particle as a plane wave. In small and 

large size regimes, the calculation using Mie theory is applicable and less cumbersome. 

 

Figure 1-15: An illustration of the three size regimes for the treatment of light interacting with a particle. (a) 

Rayleigh scattering where the particle is smaller than the wavelength of light (b)Mie theory accounting for the 

size and wavelength being of comparable sizes and (c) ray optics where particles act more like the bulk phase 

and are treated as lenses. 

1.7.2 Aerosol Photochemical Reactions  
Sunlight drives much of the atmospheric chemistry hence understanding gas, condensed and cloud 

processes that govern these reactions remains fundamental to the improvement of atmospheric global 

models. Photochemical reactions where aerosol droplets function as active reaction sites remain 

challenging to characterise due to transport processes, surface effects and optical phenomena. In the 

past, atmospheric photolytic studies have predominantly focused on gaseous phase reactions; however, 

recent research has shed a light on the importance of incorporating condensed-phase photochemistry 

into the processes that influence global organic and inorganic budget predictions. Examples of 

atmospherically relevant particle-phase, photochemical reactions include the photolysis of iron 

carboxylate complexes, energy or charge-transfer reactions and photolysis of nitrate and nitrite in 

aqueous aerosols.105 Typical timescales of these reactions range from seconds to hours at various layers 

of the atmosphere.106 The reaction rates are influenced by several factors, namely the particle size, 

composition, viscosity and charge and the concentration of the photoactive component. In this thesis, 

the effect of concentration, droplet composition and viscosity on irradiated photoactive droplets will be 

outlined in Chapter 6. 
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Photolytic gas phases processes can be either categorised as direct or indirect, whereby direct 

photochemical ageing refers to the absorption of solar radiation within a particle in the tropospheric 

actinic window. Indirect photolysis occurs when reactions with sunlight result in reactive species such 

as a singlet oxygen (1O2), hydroxyl radicals (HO●) or triplet excited states which go on to react with 

aerosol droplets as shown in Figure 1-16.107 When predicting global organic aerosol production and 

lifetime, Nizkorodov et al. demonstrated the importance of including the direct photochemical aging of 

secondary organic aerosols to account for the discrepancies observed between field, laboratory and 

model data.108  

 

Figure 1-16: Illustration showing the sources of terrestrial and arial sources of the reactants which contribute to 

the production of ozone. Image by Liweichao.Vivian  and licensed under their own work, CC BY-SA 4.0.109 

 

The composition of the photolyzed aerosol droplet is crucial to the scattering and absorption of the 

incoming UV light radiation and the subsequent reduction in air quality seen within cities in Northern 

America and Europe. One of the products from the photoageing of ozone is photochemical smog which 

has a substantial impact on air quality in cities such as Los Angeles. Dickerson et al. found within the 

terrestrial boundary layer, particles that were UV-scattering accelerate gas-phase photochemical 

reactions and smog production. Conversely, UV-absorbing aerosols such as mineral dust and soot were 

shown to inhibit smog production from ozone.110,111  

While some atmospheric inorganic, organic and mixed aerosol particles scatter light radiation resulting 

in a net cooling effect, others absorb UV radiation and undergo photochemical reactions that result in 

volatile photoproducts. Klodt et al. showed the inorganic salts, sodium nitrate and ammonium nitrate 

accelerated the loss of high-molecular-weight compounds of the secondary organic aerosol proxies, α-
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Pinene and α-Humulene under irradiation and in dark conditions, resulting in dissolved SOA becoming 

smaller and more volatile.108 

The work of Signorell et al.112 highlights the size-dependent nanofocusing effects in small climate 

relevant droplets and the subsequent effect on the photokinetics of the particle. The nanofocusing of 

electromagnetic radiation inside small VIS441/TEG solution droplets (< 100 nm) shown in Figure 1-

16, leads to variation of light intensity within a droplet and plays a key role in compositional 

inhomogeneity. The nanofocusing of light occurs in the position opposite to the incident light resulting 

in spatial variations of photoactivity within the droplet. 112 Further work by Arroyo et al. on sub-micron 

particles confirms this resonance phenomenon showing pronounced photoreduction rates in hotspot 

regions within iron citrate droplets.105 The study found particle rotation and intra-particle molecular 

transport additionally accelerated the photochemistry.113 Transport via diffusion continually replenishes 

the area of highest light intensity with more reactant and removes the products from the reaction site. 

As droplet viscosity can inhibit diffusion and reaction rates it is an important area of study when 

observing photoinitiated reactions, and a focus of the work discussed in Chapter 6. 113 

 

Figure 1-17: Distribution of light intensity within a) 500 nm and b) 20 nm droplet. Level 1 denoted blue on the 

scale signals intensity of the incident light. Image taken from journal paper by J. Cremer licensed under a 

Creative Commons Attribution 4.0 International License.112 

1.7.3 Optical Tweezing of Aerosol Droplets 
The way in which nanosized particles interact with light can be observed using optical trapping and 

laboratory aerosol measurements. Optical trapping refers to the phenomenon of trapping and 

manipulating particles with light and optical tweezers apply the use of optical trapping to grip, move 

and manipulate trapped particles like a ‘tweezer’ moving a physical object. In this thesis the two terms 

are used interchangeably.  

The formation of an optical trap arises when a laser beam is tightly focused by a high numerical aperture 

(NA) lens. When near the focus of the beam, a particle experiences a force due to the transfer of 

momentum from the scattering of the incident light.114 This interplay between the Gaussian beam and 
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dielectric particle gives rise to two optical forces: a scattering and a gradient force.115 The interaction 

between these two forces is fundamental to understanding how a particle is trapped. 

 

Figure 1-18: Diagram illustrating the (a) off centre droplet which causes the propagating light to bend towards 

the left, as momentum must be conserved restorative forces push the droplet towards the centre of the Gaussian 

beam as shown in (b) .Images were replicated from work conducted by J.E. Molloy et al.116 

The gradient force acts as a net restoring force should a particle laterally move away from the centre. 

When the particle is laterally displaced, the incoming beam is refracted by the particle in a particular 

direction along with the momentum of photons to conserved Newton’s third law, subsequently the 

particle experiences an equal change in the opposite direction forcing it towards the centre of the 

Gaussian beam. The higher the intensity of the incoming beam the greater the force that recentres the 

particle hence high intensity lasers are used during optical tweezing shown in Figure 1-18 (a) and (b). 

In the event of the particle being displaced in the direction of the beam, the light that is absorbed 

transfers momentum to the particle moving it in the direction of the beam and away from the centre. By 

focusing the light through a microscope objective, the beam converges at a focal point on the particle 

which increases the momentum of light travelling along the direction of the beam. The momentum must 

be conserved; therefore, the net transfer of momentum pushes the particle in the opposite direction 

towards the objective as shown in Figure 1-19.117,114 By acting in three dimensions, i.e., in the axial 

plane and lateral planes, the particle is moved towards the position of maximum light intensity of the 

Gaussian beam.118,119,120 Trapping efficiency can be increased by slightly overfilling the back aperture 
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of the inverted microscope objective such that the ratio of trapping to scattering force is increased and 

the trapping efficiency improved.121 

 

Figure 1-19: The displaced particle in (a) is forced into the centre shown in (b). By focusing of the trapping 

light onto the particle via the microscope objective the momentum of light is increased in the direction of the 

trapping light and the momentum of the particle is pushed in the opposite direction. 

1.8 Aerosol Measurement Techniques 
As previously discussed, a number of properties can inhibit the growth of droplet into a CCN, namely, 

surface tension, relative humidity and viscosity. Where bulk methods are able to provide determination 

of aerosol physical properties and their parameters, unlike single particle techniques, they are unable to 

provide contactless aerosol measurements, as closely replicate droplet conditions, or measure droplet 

behaviour at supersaturated solute states. A more comprehensive description of the techniques used to 

measure these in thesis will be given in Chapter 3.  

1.8.1 Techniques for Measuring Surface Tension 
Surface tension measurement techniques are classified into two modes: static and dynamic. Static 

measurements include Wilhelmy Plate, pendant drop, the droplet oscillatory method and the 

holographic optical tweezer technique while dynamic measurements include bubble pressure 

tensiometry and the drop volume technique.  
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1.8.1.1 Bulk-Phase Measurements  

Wilhelmy plate is a frequently used method to measure static surface tension. A vertical plate with a 

well-defined geometry, attached to a balance is submerged into a solution. The force required to pull 

the plate out of the solution is subsequently measured and from this the surface tension can be calculated. 

Similarly, the du Nouy Ring enables the measurement of surface tension by the same means of force 

but without the influence of the wetting properties of the liquid.122 Rather than using force to derive 

surface tension, the pendant droplet method uses the relationship between the surface tension of a 

droplet and gravity. To minimise the surface area, surface tension seeks to form a spherical droplet, 

whereas gravitation distorts the spherical shape by elongation into a pear-like shape. The technique uses 

a dosing needle to hang liquid droplet which is captured using a camera and analysed using bespoke 

software. By combining Pascal’s Law (hydrostatic pressure) and Young-Laplace equations a numerical 

fit of the theoretical drop shape and the shape captured by the camera yield the surface tension.123 

1.8.1.2 Droplet-phase Measurements  

Holographic optical tweezing has emerged as a contactless, non-invasive technique that enables the 

measurement of surface tension of aqueous solutions with volumes of 1 – 4 pL. The method enables 

the characterisation and manipulation of droplets between 1 µm to 10 µm. Optical, three-dimensional 

trapping is achieved by focussing a laser beam into the back aperture of a microscope which tightly 

focuses the light. Coupled with Raman spectroscopy and Mie theory simulations, this technique is able 

to extrapolate the surface tension from the coalescence of two levitated droplets under specified RH 

conditions using radius, refractive index, and droplet oscillations. This techniques has been shown to 

determine surface tension to accuracies better than ±1 mN m-1 as a consequence of the high accuracy in 

droplet size and refractive index.124 

The droplet oscillatory method is a technique developed to calculate surface tension from the serial 

oscillation of an ejected droplet. Using a droplet-on-demand dispenser, this method tracks the trajectory 

of the oscillating droplets using stroboscopic imaging timed with the dispenser pulses. From this the 

aspect ratio (ax/ay) is collected and converted to a frequency using a fast Fourier transform which can 

used to calculate the surface tension of the solution. Droplet formation and oscillation typically occurs 

over less than 1 ms which is shorter than the evaporation time scale of several seconds and the droplet 

flight path around 100 µs.125 This technique is particularly useful for measuring the surface tension of 

surfactant solutions as the average adsorption of a surfactant molecule occurs on the order of 

milliseconds. 

1.8.1.3 Dynamic Bulk Measurements  

Bubble pressure tensiometer is a favourable method for determining the dynamic surface tension over 

a maximum surface age of 2 ×105 ms. The Young-Laplace equation dictates that the internal pressure 

of a spherical gas bubble depends on the radius of curvature and the surface tension. From this equation, 
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the bubble pressure method is able to calculate the surface tension of droplet by producing a series of 

bubbles and measuring the time from the start of the bubble formation to the occurrence of the pressure 

maximum, known as the surface age.  By varying the speed at which the bubbles are produced, surface 

tension can be measure against surface age. This technique remains crucial to measuring the dynamic 

surface tension of surfactant solutions, enabling the calculation of both the diffusion and adsorption 

rates associated with surfactant used in this work. 

Growing droplet technique is another method used for measuring the dynamic interfacial tension 

whereby a drop is grown at the end of a capillary tube into another immiscible fluid. With the ability to 

measure both liquid-gas and liquid-liquid tensions over a range of timescales (10 ms to several hours), 

the method captures the actual transient tension evolution of the interface rather than interval times as 

with the bubble pressure method. The drop Bond number is utilised to quantity the interfacial tension 

and gravity of the growing droplet along with two measures of the drop size, the horizontal drop radius 

at the equator and the vertical distance from the drop apex to the equator.126 

1.8.2 Techniques for Measuring Viscosity  
The rate of droplet growth and evaporation, photochemical reactions, and absorption of gaseous 

compounds are all dependent on droplet viscosity which varies with relative humidity in the 

atmosphere.127 For example, viscosity dictates the rate of droplet growth and evaporation of organic 

hence characterising their viscosity is central to predicting their behaviour in the atmosphere.128 

Measuring viscosity is important in determining droplet dynamics and cloud formation. Many 

techniques have been created to measure viscosity and here lies a description of some these methods. 

1.8.2.1 Determining Viscosity by Applied Force 

Different rheometer designs measure over varying viscosities and require large sample sizes. Rotational 

rheometry encourages mechanical distortion by applying weak levels of torque to a liquid sample and 

measuring the amount of torque required to cause rotation. Measured across a horizontal plane, the 

varying levels of shear force relate to the sample viscosity. In contrast the vibrating viscometer 

technique measures viscosity by applying oscillating vibrations to a sample and measuring the damping 

of the oscillations over a given time. Viscosity can be inferred by monitoring the decay time of 

oscillations, changes in resonated frequency or analysis of the power input.129 Additionally, atomic force 

microscopy has been used to determine viscosity by force, however, is restricted to low viscosities         

(≤ 5 × 10−2 Pa s) due to dissipative effect experienced at higher viscosities. 

The bead-mobility technique is capable of measuring viscosity over a wider range (10−3 < 𝜂 < 103 

Pa s) due to the real-time control of the RH conditions. A sample is sprayed onto a slide, collecting 

droplets with diameters (D) between 20 – 50 µm. A dilute solution of hydrophilic melamine beads is 

sprayed and left to settle onto the sample on the slide and placed in a controlled flow cell. The gas flow 

over the sample generates shear stress at the surface of the droplet stipulating circular fluid movement. 
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The displacement of beads within the droplet is monitored using optical microscopy from which the 

average bead velocity is calculated. Using a calibration curve the bead velocity can be converted into 

viscosity of the sample solution.130 

1.8.2.2 Determining Viscosity by Relaxation Techniques 

Poke and flow technique first proposed by Murray et al.131 and later developed by Renbaum-Wolff et 

al.132, deposits droplets (25 ≤ 𝐷 ≤ 70 𝜇𝑚) onto a hydrophobic substrate within a flow cell in controlled 

RH conditions. Using a needle attached to a micromanipulator, the droplet is poked which distorts the 

droplet from its equilibrium geometry. Optical microscopy monitors the droplet relaxation to minimise 

the increase in surface energy of the system, an experimental flow time can be determined (time it takes 

for relaxation back to equilibrium droplet state). Viscosity is inferred when comparing the determined 

flow rate with simulated flow times.133 

Aerosol Optical tweezers capture two aerosol droplets (6 ≤ 𝐷 ≤ 20 𝜇𝑚) in optical traps and by 

bringing the traps together the droplets undergo a coalescence event. The oscillation relaxation of the 

coalesced droplet over a characteristic dampening time determines the viscosity of the droplet at a 

controlled environmental condition. In the same vein as when determining the surface tension, capillary 

driven relaxation to the spherical shape is observed by optical microscopy (overdamped region, 

typically < 50 % RH) and a photodetector (underdamped region, typically > 60 % RH), while the final 

particle size and refractive index are determined by the whispering gallery modes on the spontaneous 

bands within the Raman spectrum. The technique enables viscosities between 10−3 − 109 Pa s to be 

extracted. 

1.8.2.3 Determining Viscosity by Fluorescence Imaging 

Within biosystems, viscosity is an important parameter to determine, as any perturbations have been 

linked to diseases and malfunction at the cellular level. As the spatial resolution of this technique is 

~250 nm, objects at the submicron size can be observed. Fluorescence lifetime imaging coupled with 

molecular rotors is a highly sought after method to establish the local microscopic viscosity for a single 

cell. The non-radiative decay of the molecular rotor is influenced by the cellular viscosity which affects 

the fluorescence quantum yield.134 The probed viscosity range is dependent on the choice of molecular 

rotor and the hydrophilic or lipophilic system in which they are in. Viscosity can be measured in real 

time either by use of sessile droplets with the molecular rotor incorporated in micromolar concentrations 

or in levitated aerosol particles, both non-destructive in their approach.135 

1.9 Thesis Aims 
This chapter has presented atmospheric aerosols and their importance in climate as well as to our human 

health. Whilst highlighting their importance, this chapter has presented properties that can impede or 

accelerate droplet growth into a CCN. Understanding of this process is integral to characterising the 

influence of these properties on the aerosol indirect effect on radiative forcing which remains the largest 
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uncertainty in radiative forcing. In terms of quantifying surface tension, many previous studies have 

focused on bulk phase dynamic and equilibrium behaviour of surfactants, organics, and inorganic-

organic mixtures. The main aim of this thesis is to introduce a technique for measuring the equilibrium 

surface tension of binary and ternary inorganic and organic aqueous mixtures; the dynamic surface 

tension of a surfactant laden solutions in the aerosol and bulk phase; and the measurement of droplet 

viscosity and photochemistry using established techniques of HOT and EDB. Development and 

implementation of techniques such as these will prove vital in our understanding of droplet dynamics 

which in turn influence the growth of aerosol droplets into CCN. 

1.10 Thesis Summary 
Chapter 2. The following chapter addresses the various ways to decolonise and contextualise aerosol 

science within and for the aerosol science community. The discussion centres around the benefits of 

using a decolonial approach to identify global issues and address the historical impacts of colonialism 

and coloniality on aerosol science research and aerosol science education. This chapter provides a 

framework that can be adopted within the ESPRC aerosol CDT program to promote critical analysis 

and reflection on the curriculum and learning environment. 

Chapter 3. The chapter herein discusses the experimental techniques used to collect measurements of 

the droplet and bulk surface tension, droplet viscosity and the photo-driven droplet size change. The 

theoretical and physical aspects of each technique will be discussed and related to their use and function 

within this work. For the first time the droplet oscillation method has been used to calculate the dynamic 

surface tension of surfactant droplets which is new in its approach. 

Chapter 4. This chapter evaluates the surface tension measurements conducted in the droplet and bulk 

phase to ensure the droplet oscillation technique is a valid method in calculating surface tension. These 

measurements are compared to various models to observe their ability to account for the change in 

surface tension with an increase in solution concentration in binary and ternary inorganic and organic 

mixtures. 

Chapter 5. Following on from the previous chapter, the dynamic and bulk surface tension of surfactant 

solutions were investigated using the same techniques as previously mentioned. This chapter discusses 

the equilibrium surface tension of SDS, TX-100 and Tween-20 using various models to derive key 

elements such as the CMC and surface excess concentration. The droplet-phase measurements delivered 

a novel method of calculating the dynamic nature of surfactants within a particle and the ability to 

compare the data with bulk phase measurements. 

Chapter 6. The final results chapter discusses the measurement of droplet viscosity of ternary mixtures 

using the HOT technique at various ambient conditions. Additionally, an EDB was used to levitate a 
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sodium nitrate aerosol droplet irradiated by a UV light source to examine photochemically driven effect 

radii change. 

Chapter 7. A summary of the experimental findings and details of the future progression of the work 

conducted in this thesis. 
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Chapter 2 

Preparing Researchers in Aerosol Science to be Inclusive, Self-Aware 

and Globally Conscious: A Decolonial Approach 

 

2.1 Overview 

2.1.1 Contextualising this Chapter 
In this thesis, the surface tension and viscosity of different atmospherically relevant aerosols is detailed 

with the primary objective of enhancing existing surface tensions models and advancing our 

comprehension and predictive capabilities concerning the surface tension of aerosols found in the 

atmosphere. 1,2, Upon initial observation, the fundamental aerosol science research presented may not 

seem directly related to social science concepts such as decolonisation or diversification. However, 

upon deeper examination, it becomes evident that aerosol science is embedded within a societal context 

influenced by colonial legacies. For example, disparities persist in the accessibility of aerosol science 

research, with a notable skew towards institutions in the global North compared to those in the global 

South. As humanity faces unprecedented global challenges, notably climate change, famine, and 

widespread viral diseases, there is a danger that these events will continue to disproportionately effect 

those within the global South. Addressing these challenges demands unparalleled levels of 

interdisciplinary collaboration3, global awareness, and cross-cultural communication fostered across 

universities and continents.  

This chapter focuses on a decolonial framework that could be used to teach and enhance university 

students' self and global awareness equipping them with the ability to discuss global issues related to 

colonialism and equitable research practices. This includes exploring the intersecting socioeconomic, 

political, and cultural inequitable barriers that exists for marginalised groups as well as foster 

international equitable collaborations. Here, a decolonial approach is delineated as acknowledging 

where shared scientific and historical processes and exchanges have been shaped by colonialism, 

coupled with the dismantling of collaborative and exploitative systems inherent in developing scientific 

and technological knowledge. Decolonial efforts have demonstrated their capacity to foster a globally 

relevant curriculum and aware student body across academia6, as evidenced by case studies from the 

UK and beyond in this chapter. Global awareness will be defined and subdivided into five dimensions 

as proposed by Hanvey in 1976. The dimensions include ‘perspective consciousness, state-of-the-planet 

awareness, cross-cultural awareness, knowledge of global dynamics, and awareness of human 

choices.4,5 Specifically, this chapter will showcase how initiatives aimed at decolonising aerosol science 
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teaching materials can stimulate critical thinking and self-awareness, enrich understanding of aerosol 

science and its context, and illuminate the role and influence of researchers within the global aerosol 

science community. 

Having the Decolonising and Contextualising the Science Curriculum (DCSC) framework and 

awareness of the five dimensions as a point of departure, this study will highlight social, political, 

economic, and cultural barriers within aerosol science and the broader scientific community. The 

framework, developed by the Decolonising the Science Curriculum working group, is rooted in 

recognising political and economic influences, understanding the impact of language and culture, and 

exposing hidden knowledge and barriers to dissemination—all shaped by coloniality. It has been tested 

in workshops in various universities as a method to introduce participants, including university staff 

and students, to fundamental decolonial concepts. Here, it is crucial to acknowledge that what 

constitutes ‘decolonising’ or ‘a decolonial approach’ within its origin of the Global South (GS) will 

differ from that in the Global North (GN).1 Therefore, this thesis in the Global North can only approach 

the topic from this perspective and nuanced understanding. 

2.1.2 Awareness in Academia  
Self and global awareness are fundamental to transcribing the information gained from the world around 

us into knowledge that breeds cultural compassion, understanding and action. In a paper reflecting on 

lessons from Ghana in 2000, Wilson articulates that “we may be conscious of our perspective but often 

are not aware how strongly our nationality, our culture, and our experiences inform that perspective.” 7 

Building on this insight, Burnouf emphasises the value of cross-cultural experiences, such as “watching 

videos and reading online newspapers from other countries,” as practical means of fostering a global 

perspective.4 By organising activities within the aerosol science curriculum, around principles of “free 

expression, respect for diverse viewpoints, active participation, and a genuine desire to communicate,” 

it is proposed that individuals can broaden their understanding of the world they inhabit and thereby 

improve the solutions to worldwide issues.. 

Furthermore, Merryfield drawing from Edward Said's seminal work "Orientalism," underpins the 

significance of self-awareness and global consciousness within Western contexts to counteract 

misrepresentations. Merryfield reveals how European scholars historically misrepresented non-Western 

cultures by interpreting them through their own cultural lenses.6 This orientalist scholarship, spanning 

five centuries, not only served political agendas but also reinforced the belief in European superiority 

and “affirmed the European right to rule and "civilise" Africans, Asians, Arabs, Indians.” In response 

 

1 Global North represent the economically developed societies of Europe, North America, Australia, Israel, South Africa, amongst others, 

the Global South represents the economically backward countries of Africa, India, China, Brazil, Mexico amongst others. (L. E. Odeh, A 
comparative analysis of global north and global south economies, J. Sustain. Dev., 2010, 12, 1-11). 

https://worldpopulationreview.com/country-rankings/global-north-countries  

 

https://worldpopulationreview.com/country-rankings/global-north-countries
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to this historical context, it becomes crucial to create spaces within universities for students to explore 

self-awareness and global consciousness to stop the past from repeating itself within academia. This 

chapter contends that adopting a decolonial approach in education enables students to critically reflect 

on their positionality and significance within the global context, thereby expanding and enriching their 

knowledge beyond Western perspectives. Additionally, this approach equips university students with 

the tools necessary to apply critical thinking and decolonial perspectives to their own scientific research. 

By doing so, research can be established on a foundation aimed at rectifying imbalances, contextualising 

knowledge, and breaking down barriers to inclusion. 

2.1.2.1 Self Awareness 

According to Goleman, self-awareness refers to a deep understanding of one’s emotions, strengths, 

weaknesses, needs, and drives.8 This ability to choose action imbues humans with the power to shape 

their futures. Consequently, as individuals enhance their awareness of the choices at their disposal, they 

also heighten their sense of personal responsibility for the outcomes of these choices. Lio et al. argue 

that students who develop self-awareness can advance their “self-regulation and build healthy 

interpersonal relationships with others.”9 Similarly, Eurich states that upon developing our self-

awareness, ‘we make sounder decisions, build stronger relationships, and communicate more 

effectively.” 10 This work intends to demonstrate how decolonising the curriculum and research 

environment represents a powerful method for enhancing students' self-awareness.   

Decolonising the curriculum entails more than just critically assessing teaching materials and content; 

it also involves reflecting on one's identity and positionality within the global context, known as 

'reflexive thinking.’11 Through this process, individuals can engage in an exploration of identity and 

challenge assumptions, key components of self-awareness. Such efforts help students develop the 

capacity to make informed decisions that consider different perspectives, experiences, and narratives. 

In the context of science and science students, this holds particular importance as students represent the 

potential future generation of scientists. They wield the power to determine the direction of scientific 

research and its impact on both the Global North and South communities.12 

2.1.2.2 Global Awareness 

The integration of global awareness into teaching materials is imperative in our ever-evolving society.13 

With the growing internationalisation of universities, aerosol science students now have significant 

opportunities to collaborate extensively with peers from diverse cultural and national backgrounds and 

engage with stakeholders worldwide.4,14 Consequently, university students today are immersed in an 

environment rich with diversity, encountering individuals from various ethnicities, genders, languages, 

races, and socioeconomic backgrounds.5 With access to a wealth of knowledge, news, and social media 

platforms, they are constantly confronted with global issues such as significant health disparities, 

inequalities between less developed and more developed nations, environmental degradation, 
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overpopulation, transnational migrations, and ethnic nationalism136 — all of which are deeply rooted in 

Western colonial history. This exposure underscores the importance of fostering global awareness 

among students, as it equips them with the understanding and empathy needed to navigate and address 

the complex challenges facing our interconnected world. According to Kirkwood, Hanvey proposed 

definitions of the five global awareness dimensions as follows: 

1. Perspective consciousness: Students need a grasp of the diverse perspectives among people and 

nations worldwide. These viewpoints, influenced by unconscious factors, shape individuals, 

groups, and nations' deeply held beliefs and assumptions, regardless of time or space. Such 

perspectives, not universally shared, significantly impact human actions. The work of 

Merryfield and Subedi expands on Hanvey’s concept by recognising that perspective 

consciousness must include an understanding of ‘the power one holds either locally or 

globally’, which will be considered in this work. 

2. State-of-the-planet awareness: Students must understand current world conditions, 

developments, trends, and challenges facing the global community. This necessitates 

understanding the causes and effects of events on nations and people, addressing issues like 

population growth, migrations, economic disparities, resource depletion, and both inter- and 

intra-national conflicts. Global learners must be attuned to the world's complexities and 

dynamics. 

3. Cross-cultural awareness: Students are shaped by the variety of ideas and practices across 

human societies and by understanding how their own culture is viewed from different 

perspectives. This necessitates a high level of global awareness and empathy. 

4. Knowledge of global dynamics: Understanding the world as an interconnected system of 

complex traits and mechanisms and unforeseen consequences that arise. Adopting a systems 

approach aids students in comprehending the processes of growth and the dynamics of change 

at local, national, and international levels. 

5. Awareness of human choices: to be global thinkers, students must be aware of human decisions 

and consequences. They must realise the problems of choice confronting individuals and 

nations as the world expands. 

Understanding multiple different perspectives and dynamics regarding growth and development around 

science can increase critical thinking skills, understanding of cultural diversity and awareness of global 

scientific issues, as found in a study by Tata Mbugua.15 Research by Maani and Maharaj builds on this 

idea, suggesting that individuals who comprehensively understand a system’s structure and composition 

before devising strategies and taking action are more adept at problem-solving and performing more 

effectively. By connecting global awareness with an understanding of decolonial concepts, students will 

be able to understand the positionality of their research fully. 
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2.2 Decolonising and Contextualising the Curriculum  
European colonial endeavours, dating back to the 15th century, have profoundly shaped social, political, 

and cultural inequities within the scientific academic community and curricula.16 With Western 

scientists using enslaved people and slave ships to collect and collate specimens and knowledge from 

the colonised world, science and scientific institutions were instrumental motivators for the continued 

extraction and exploitation of Indigenous peoples and lands. This exploitation fuelled the West's 

economic expansion and pedagogical hegemony, establishing a ‘universal monopoly on the truth and 

sound knowledge’.16,17 This significance on our modern-day curricula and worldview is underscored by 

Wane's observation that those who ‘produce knowledge wield significant power’ over how we perceive 

and interact with the world around us. Through colonialism, Western imperial powers imposed a 

Eurocentric worldview on its colonies, spreading a mainstream curriculum as part of an elitist project 

to advance religious education (led by Christianity) in the colonies18, justified as a "civilising mission".19 

Hence, European colonial narratives have erected enduring barriers to progress and the equitable 

distribution of the benefits of scientific research, impacting individuals across various identities 

including race, geography, class, gender, and sexuality. UK universities home to world-leading science 

centres were built on the ‘spoils’ of slavery and colonialism.20 Methods of exclusion include segregating 

scientific knowledge into specific topics and occluding Indigenous ways of knowing and being as part 

of the dominating agenda. This narrowing perspective has contributed to what Vandana Shiva describes 

as the "monoculture of the mind."18 Decoloniality allows the scientific community to reflect on this and 

deconstruct barriers to science built in the colonial era, paving the way for a more holistic and multi-

dimensional understanding of the world around us across intersecting levels. 

The decolonisation movement originated as a post-modernism approach in the Global South, beginning 

in Asia and spreading northward. Initially, it aimed to liberate and repatriate the colonised lands and 

people from imperial dominance and control, gifting back ‘power’ to the colonised. However, as noted 

by the renowned writer Ngũgĩ wa Thiong'o in his seminal work "Decolonising the Mind," 

decolonisation must extend beyond the repatriation of land, speaking of the importance of addressing 

the cultural and psychological consequences of colonialism alongside its economic, political, and 

military dimensions.21 wa Thiong’o viewed decolonisation as a way to liberate people from the imposed 

worldview towards seeing themselves to themselves and other selves in the universe.22 Hence, the 

concept of decolonisation evolved, giving rise to decoloniality, which provides a broader understanding 

of the widespread impact of colonialism on both the colonised, the diaspora and the modern-day matrix 

of power. 

 

In 2015, the term decolonisation entered the mainstream media when students at the University of Cape 

Town drew attention to colonial and imperialist legacies in higher education curricula in the Global 

South via the #Rhodesmustfall movement.23,24 The initiative stemmed from students' disillusionment 
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with colonial figures and cultures prevalent in university life at certain higher education institutions. 

The movement gained momentum with students demanding the removal of statues depicting Cecil John 

Rhodes and other colonial figures from universities and public spaces, marking a significant turning 

point. As Mbembe 201625 argues  

there is something not only wrong, but profoundly demeaning, when we are asked to bow in deference 

before the statues of those who did not consider us as human and who deployed every single mean in 

their power to remind us of our supposed worthlessness. 

This movement resonated globally, prompting universities in the UK and USA to acknowledge the need 

for decolonial work. The conversation gained renewed momentum during the 2020 'Black Lives Matter' 

movement26, prompting universities to confront inequities and concerted efforts to decolonise their 

systems and curricula. Central to this effort is "rediscovering knowledge and practices relegated to 

inferior positions by colonial/imperialist structure" and incorporating such knowledge alongside 

western narratives.23 For instance, in learning a module like Inclusive Education, students can explore 

Western theories, such as Bronfenbrenner’s (1979) ecological systems theory, alongside the African 

philosophy of ubuntu, to comprehensively understand the concept. In science, Neil Williams used this 

understanding to develop an inclusive curriculum that allowed students to explore atmospheric 

chemistry in countries or areas personal to them, resulting in students researching countries such as 

Nigeria and Bangladesh.27 This comprehensive approach can extend across curricula, practices, and 

research, urging both staff and students to learn the history of their subjects, critically assess their 

research methodologies, and evaluate the inclusivity of the working environment. 

There is no universally agreed-upon framework for conceptualising the decolonisation of science 

curricula. This complex matter does not offer a singular approach or solution, so it is crucial to establish 

its definition here. In this chapter, decolonising can firstly be understood as a tool to actively dismantle 

social, structural, and institutional barriers to higher education that intersect with race, gender, sexuality, 

and class prejudice inherited from colonialism. These barriers can exclude and marginalise voices, 

people, and knowledge systems within the scientific community, perpetuating the concentration of 

knowledge and power within the GN. For instance, a study published in 2016 found that over 50 % of 

research articles were authored by GN countries see Figure 2-1, with 75 % of them written in English.28 

However, only 20 % of the global population can understand English.29 The decolonial approach 

adopted here promotes critical inquiry and a willingness to challenge established Westernised norms 

while serving as a means to delink the academe from Eurocentrism. Such reflection is crucial to avoid 

repeating historical errors, as exemplified by the pseudoscientific Eugenics movement and its tragic 

consequences, including widespread sterilisation programs. A decolonised and diversified curriculum 

has highlighted the need for a broader range of ethnic patient images to be included in educational 

materials. This ensures that students are exposed to a more diverse skin rashes and diseases, improving 
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their diagnostic skills and enhancing patient safety. In this case, a decolonised, diversified curriculum 

could be lifesaving. 

 

Figure 2-1: The distribution of scientific published papers in 2016. The map shows a significant skew in 

science papers towards the Global North/Western countries compared to the Global South which correlates to 

the world variation in GDP and scientific research output. This image was taken from World mapper under 

the published under a Creative Commons Attribution – Non-Commercial – ShareAlike 4.0 International 

License 

Secondly, the decolonial work involves challenging the hegemony of Western scientific science culture, 

which impacts knowledge production and dissemination. This hegemony, described by the Portuguese 

scholar de Sousa Santos as 'cognitive injustice,' perpetuates societal narratives prioritising Western 

perspectives.30 Economou-Garcia goes on to detail that even in the instance where GN researchers 

conduct research in the GS, it often fails to collaborate with local scientists or to build local scientific 

capacity, this is known as ‘parachute science’.31 Additionally, the less economically developed a 

country is (based on the Human Development Index), the less likely that country is to have local authors 

involved in ecological research on that country. In adopting a decolonial approach, what has been denied 

or hidden in the periphery of subjects or fields, known as the null curriculum, can be made visible and 

when conducted appropriately, without being ‘tokenistic’ or ‘exclusionary’.23 Decolonisation seeks to 

decentre the Global North while embracing and exploring local and global knowledge beyond the 

Western canon.  

Lastly, drawing on Gandolfi and influenced by Barton32 and Ideland33, it is highlighted that many 

curricula promote 'utilitarian and triumphalist perspectives on science and technology without critically 

examining their limitations,’ cultural relevance or connections to colonialism. Ladson-Billings proposes 

that to create a more culturally relevant pedagogy, educators need to demonstrate a commitment to 

fostering cultural competence within home and school environments, recognising, and leveraging 
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students' skills from their cultural backgrounds. 15 Educators should strive to ‘cultivate sociopolitical or 

critical consciousness in students, guiding them to identify, critique, and address social injustices.’15 

Decoloniality serves as a catalyst for not only reframing and reconstructing pedagogy but also university 

systems and practices to be grounded in principles of equity, inclusion, justice and belonging, which 

also entails socioeconomic, political, and cultural reflections. Examining the research presented in this 

thesis through a decolonial lens has sparked innovative approaches to aerosol research, including the 

incorporation of diverse perspectives and knowledge systems in data collection. Additionally, it has led 

to investments in educational initiatives like the Creative Tuition Collective (CTC), aimed at 

dismantling colonial educational barriers. CTC seeks to tackle social, political, and economic inequity 

in the STEM environment by providing STEM upskilling programs for marginalised students and 

encouraging scientific research projects that involve the public and school stakeholders. Further details 

on these initiatives will be discussed in Chapter 7. 

2.2.1 Decolonising the curriculum and the five dimensions. 
Since the 1970s, scholars have aimed to deconstruct the idealised view of science, advocating for 

acknowledgement of the "socially contingent nature of scientific knowledge."34 This perspective 

includes reliability, replication, socio-cultural influences, and non-human elements. A decolonial 

approach within the curriculum addresses these factors by promoting critical inquiry and a willingness 

to challenge established Westernised norms, fostering ongoing innovation and reflection in the 

scientific academe. This section will provide examples of initiatives aimed at decolonising the 

curriculum and illustrate how these endeavours are linked to raising both self- and global awareness. 

 decolonising pedagogy . . . must be guided by a conceptually dynamic worldview; strategically utilize 

theorizations and understandings from various fields and conceptual frameworks to unmask the logics, 

workings and effects of internal colonial domination, oppression and exploitation (Tejada et al., 2003)35 

 

2.2.1.1 Decolonising the Dentistry Curriculum 

R. Lala highlights how diversity initiatives alone are insufficient in addressing the colonial power 

dynamics that have contributed to racial and class disparities within dentistry.20 Historical commodities 

like sugar, tobacco, and rum played pivotal roles in the slave trade and are linked to oral health issues 

among low-income and marginalised communities in Britain. The lack of understanding of diverse 

dental practices perpetuates misinformation and inadequate dental care for marginalised ethnic groups 

in Western societies.36 These historical contexts and health disparities are often overlooked in dental 

curricula, leading to the underrepresentation of minority ethnic groups. This underrepresentation can 

result in disparities in patient care and have significant implications for the health and well-being of 

minority communities.37 Decolonizing dental curricula is essential to enhance the cultural competence 

of dental graduates and requires a revaluation of curriculum content, delivery methods, community-

based dental care, and the promotion of reflective practices.38 
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The journey towards decolonising Bristol Dental School began with the release of National Student 

Survey findings in 2019, which revealed instances of everyday racism experienced by some students 

from staff members.39 Subsequently, two independent reviews were conducted, leading to the 

implementation of anti-discrimination training for all staff. In the academic year 2021-22, Dr. Nilu 

Ahmed conducted a comprehensive study using surveys and focus group interviews to explore student 

and staff perceptions of decolonising the curriculum. Her findings, agreeing with the work of R. Lala20 

indicated ongoing experiences of everyday racism among minority staff and students, the prevalence of 

a 'white' curriculum, and a desire among both staff and students for further education on decolonisation. 

Bristol Dental School acknowledged the significance of these findings and committed to developing a 

school strategy prioritising the ongoing decolonisation of the dental curriculum. 

In 2023, during a 6-month timeframe, two dental educators (Konrad Spiteri Staines, specialising in oral 

medicine, and Patricia Neville, a sociologist) collaborated with a learning technologist (Chrysanthi 

Tseloudi) to develop an educational e-resource tailored for advanced dental undergraduates, specifically 

those in their fourth year of a five-year dental surgery degree program. The purpose of this resource 

was to decolonise and refocus oral medicine instruction to centre on ethnically diverse patients. Its 

objective was to enhance students' understanding and diagnostic confidence in recognising the clinical 

presentation of oral diseases among ethnically diverse patient populations. Staines sourced material 

from clinical images of racially minoritised patients with dark(er) skins from his and his team’s archives, 

writing a series of case notes with the images.40 The initiative also integrated the oral disease 

experiences of racially minoritised groups into dental curricula to offer context for the students. It is 

crucial to acknowledge that this initiative contributes to diversification efforts within the broader 

framework of curriculum decolonisation, although it does not constitute decolonial work on its own. 

The initiative enhances students' perspective consciousness by broadening their exposure to diverse 

perspectives and experiences nationally and globally. By diversifying the patients they encounter, 

students gain insight into the varied backgrounds and cultural contexts shaping dental care worldwide. 

This culturally relevant approach fosters cross-cultural awareness, enabling students to develop a deeper 

understanding of how individuals' backgrounds and experiences influence their engagement with 

dentistry. As Ladson-Billings suggests, this knowledge empowers students intellectually, socially, 

emotionally, and politically, utilising cultural references to impart knowledge, skills, and attitudes. The 

overwhelmingly positive response from the sample, with ninety per cent expressing strong agreement, 

underscores the effectiveness of the e-resource in meeting its learning objectives. The utilisation of an 

interactive, case-based teaching method was deemed particularly suitable for this topic by the 

respondents. 
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2.2.1.2 Decolonising the Biomedical Science Curriculum 

Adopting a decolonial approach, undergraduate and postgraduate biomedical students were trained and 

enlisted to evaluate specific modules within the biomedical curriculum, identifying areas for 

decolonisation, diversification, and enhanced contextualisation. The students compiled the assessment 

results, reflecting on their experiences through video diaries, providing valuable insight into the 

project's impact. This innovative method empowered students to contribute to knowledge production 

within the curriculum actively. Their feedback was shared with unit directors, who had the opportunity 

to engage and adjust their lecture materials to incorporate decolonisation and diversification. For 

instance, one lecturer described incorporating discussions on biopiracy into relevant lectures due to this 

feedback. 

In addition to this student-led initiative, T. Lue et al. explored staff and student perspectives on 

decolonising the biomedical science curriculum. The findings underpinned a gap in awareness between 

students and staff regarding ongoing decolonisation efforts. Minority ethnic students expressed a sense 

of underrepresentation in the curriculum compared to their white counterparts. Thematic analysis of 

qualitative data identified three key themes for a decolonised curriculum: rediscovery, representation, 

and readiness. It is worth noting that funding from the Bristol Institute for Learning and Teaching (BILT) 

supported this work and ensured ongoing resources for its development.41 

In 2023, the 3R framework guided additional workshops integrated into an optional unit for second-

year biomedical students. These workshops aimed to educate students on decolonisation and how to 

address social and scientific issues within their disciplines that colonialism's historical impacts have 

influenced. These issues included discussion about race, gender, and sexuality for students to debate in 

a constructive space alongside trained facilitators. Feedback from a post-workshop survey was 

overwhelmingly positive, with 84 % of students expressing enjoyment and a similar percentage 

recommending the workshop to their peers. A sample of the student feedback revealed that students 

enjoyed:  

“The discussions around science and the impact certain studies and viewpoints and realising how so 

many studies and theories have a controversial background to them.” 

“Bringing awareness to these issues and to the forefront of our minds. It is important to realise our 

privilege and recognise its impacts on others.” 

Through this work, students could engage with all five dimensions of global awareness. Notably, they 

delved into the 'state-of-the-planet,' as the session shed light on ‘current world conditions, developments, 

trends, and challenges facing the global community.’ Moreover, through an initial exercise titled 

“Walking the wheel of privilege,” students, especially those from intersectional backgrounds, had the 

opportunity to delve into the concept of “double consciousness.” This approach encouraged them to 

relate the discussed biomedical science issues to their lived experiences, fostering more profound 
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understanding and engagement. Given the close connection between biomedical science curricula and 

societal issues, the session effectively tackled significant disparities in representation and economic 

inequalities between the Global North and South within the curriculum and research. This prompted 

students to examine their existing knowledge critically and consider what additional information they 

should be acquiring. 

2.2.1.3 Decolonising the Science Curriculum in a UK School 

Gandolfi, in 2021 worked collaboratively with a schoolteacher to deliver decolonial concepts to 

secondary school year eight students. Using topics such as medicine and magnetism aligned with the 

school curriculum, Gandolfi adopted an intercultural history of science (HOS) and decolonial methods 

to adapt lessons within a ‘storyline strategy.’ For example, a lesson based on magnetism explored the 

use of magnets in ancient and present navigation, which led to global navigation, the impact of travel 

worldwide on economy, science and technology, politics, and the eventual intermixing of cultures. 

These topics were founded on efforts to uncover ‘hidden’ trajectories of ‘knowledge and practices 

taught and learnt with the help of HOS,’ revealing the many axes that modern science exists upon.  

Gandolfi's research unveiled the transformative potential of a 'decolonial' approach to science curricula, 

providing students with an avenue to critically examine the contextual framework in which scientific 

knowledge is situated. This approach fosters a more organic integration of diverse perspectives rather 

than merely serving as an afterthought to address representational issues in the Global North. By 

embracing this approach, complex socio-scientific scenarios can be authentically explored and 

discussed within the curriculum. 23 Through the teacher engaging in conversations with students, the 

capacity for critical thinking and the ability to draw connections between ideas were vividly 

demonstrated: 

Student H: It is different to other lessons. 

Researcher: What is different from your other science lessons? 

 

Student G: In normal other lessons we do not learn about scientists and with these lessons, 

as you learn about the development, you learn about the scientists, how they work and how things 

changed. 

 

Reflections by the students and teacher showcase the ability of this work to expand curricula and its 

ability to teach global ideas and narratives that encompass stories beyond the Western canon. In this 

work, all five dimensions of the global awareness stated by Hanvey were fulfilled positively resulting 

in the participant students’ exam marks being above the school A’s average that year.23 
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2.2.1.4 Decolonising the SPAIS Curriculum 

In 2020, Lauren Hutfield, a final-year student from the School of Sociology, Politics and International 

Studies (SPAIS) at the University of Bristol, collaborated with Decolonising SPAIS volunteers and 

peers to produce an initial report titled “Decolonising the SPAIS Curriculum: Evaluating Mandatory 

Units.” 42 This thorough report meticulously examines SPAIS' mandatory modules, mainly focusing on 

core modules within the undergraduate and postgraduate curriculum. The analysis extends to evaluate 

lecture content and unit summative assessments, providing a nuanced understanding of the diversity, 

breadth and depth of the SPAIS curriculum.43 Students carrying out the task were encouraged to become 

more aware of the diverse pedagogy available and conscious of whose voices have been extracted or 

ignored from reading lists. A subsequent evaluation in 2021 revealed some progress but continued to 

highlight a need for addressing race, coloniality, and diversity. Notably, despite the inclusion of these 

topics in diverse modules like “Politics of the Global South,” only 11 % of the referenced authors are 

from the Global South. Similarly, in units that address race, such as the “Social Identities and Divisions” 

module, only 13 % were from a Global Ethnic Majority (GEM) background. Additionally, the report 

emphasized the need for a curriculum that fosters critical thinking about Eurocentric knowledge and 

power dynamics played out within the course content. 42 

While the students conducting the analysis were already familiar with key concepts in their degree 

related to 'knowledge of global dynamics' and 'awareness of human choices,' this endeavour allowed 

them to examine these factors through a decolonizing, diversifying, and contextualizing lens, bringing 

to light issues of race and gender across the globe. One student's comment illustrates the motivation 

behind their participation in this review activity: “[I joined because of] my frustrations at the 

Eurocentrism of my curriculum as an international student of colour. after writing an essay on 

postcolonial thought and sociology…which opened my eyes to a world of scholarship and academic 

activism that I was shocked had not been a bigger part of my sociological education.” The sentiment 

expressed by another student further emphasises the significance of this work: "Our curriculum ignores 

our past, which has massively shaped the society that we see today. I want education to be fairer, less 

Eurocentric, and more representative of people from all backgrounds.” This underpins the importance 

of such efforts in broadening students' mindsets, enhancing their global awareness, and deepening their 

understanding of their course while challenging the perpetuation of colonial narratives. 

The method employed by Hutfield et al.137, involving students in critically analysing their course content, 

serves as a model for prospective initiatives within aerosol science training. This method empowers 

students to identify opportunities for diversification, contextualisation, and decolonisation within their 

curriculum, fostering an understanding of the social, political, and economic influences on their field of 

study. 
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2.2.1.5 Decolonising International Social Work 

By engaging university students in conversations rooted in an understanding of the prevailing 

‘hegemonic systems’ within the international social work course, Narda Razack was able to facilitate 

difficult social dialogues with a decolonial approach. Students discussed topics such as child labour in 

the Global South and differentiating funeral rituals, which challenged their worldview given the mixed 

cultural terrain of the classroom, consisting of students from the Global North and the Global South.  

The decolonial approach in these lessons allowed the voices of the students from different corners of 

the globe to be heard and not silenced while continuing to validate and hold everyone’s experiences 

within a safe space.44 

 

Through decolonising pedagogy that includes the competing social narratives and experiences within 

the classroom, Razack suggests that the binaries of us/them, good/bad, privilege/subordinate, 

propagated during the colonial era may be eradicated. The dialogues between students enabled them to 

shift their former belief systems over time, contributing to greater knowledge and self-awareness. 

Razack, reflecting on the process highlighted the importance of establishing “our own involvement in 

global issues,’ highlighting ‘it is imperative that our texts and articles traverse global literature in order 

for our students to gain a broad perspective on social issues” and provide an opening to challenge the 

relevance of contemporary education and its traditional pedagogical methods. 

 

Razack's work offers valuable insights into navigating challenging discussions surrounding social, 

political, economic, and ethical issues within the aerosol science curriculum.  By incorporating Razack's 

methodology, educators can create a supportive learning environment that encourages students to 

engage thoughtfully with contentious issues, leading to deeper insights and meaningful learning 

experiences. 

 

2.2.2 Decolonising and Diversifying the Science Working Environment  
2.2.2.1 Being BME in STEM Half-Day Conference 

The initiative of “Being BME in STEM” was established in 2019 by Lara Lalemi, as a direct response 

to the challenges faced by Black and Minority Ethnic (BME2) staff and students in STEM fields, which 

were not being sufficiently addressed by the community. The event comprised of a discussion workshop 

which facilitated conversations around the experiences of underrepresented students and researchers 

and proposed strategies for positive action by the university, a panel discussion with EDI champions, 

and a networking session with local STEM businesses with an EDI statement. The recommendations 

 

2 Though BME was used at the time, the preferred term used in 2023 is Global Ethnic Majority (GEM) 
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generated from the event were subsequently compiled in a report by N. Pridmore, which outlined several 

primary suggestions (within 1-5 years of implementation)45:  

● Unconscious bias training for all University staff and students, mandatory for members of 

committees or interview panels, and for personnel involved in teaching.  

● Instigate mentoring schemes aimed at supporting BAME-accepted applicants, students, and 

staff.  

● Provide a diverse curriculum that includes BAME contributions to science and ensures diversity 

on teaching committees.  

● Introduce anonymised applications in the undergraduate recruitment process.  

● The presence of BAME role models at all career stages is encouraged to promote diversity and 

inclusivity. This can be achieved through various means, including organising outreach 

activities, inviting speakers from diverse backgrounds, and ensuring that the curriculum 

includes contributions made by BAME individuals to STEM.  

●  

Many of these objectives were either already being achieved or have since been fulfilled, indicating the 

positive impact of this workshop on the community. By creating opportunities for open discussions that 

prioritise the voices of underrepresented individuals, the aerosol community can effectively tackle 

issues related to the barriers remaining from colonialism, as well as the belonging and inclusion barriers 

that remain today. This also presents an opportunity to include more Global South voices in the 

conversation so that we can take a globalised approach to accessibility to the aerosol science community. 

 

2.2.2.2 The Inclusive Research Collective Training Programme 

The Inclusive Research Collective founded by Alessia Dalceggio, Dr. Caroline McKinnon and Amber 

Roguski, and later joined by Luke Burguete, Elle Chilton-Knight, Laura Mediavilla Santos, Rox 

Middleton and Lara Lalemi, devised a training programme for university researchers and staff to 

develop inclusive research practices. The course developed in 2022 consisted of five-hour long core 

training sessions which included self-reflection exercises, fun interactive activities, videos from 

external researchers and facilitated breakout rooms. The sessions culminated in a practical workshop 

run with Zebera Ltd. For course participants to develop an idea around inclusive research practice and 

how they wish to develop this within their own department and/or research group. The core sessions 

were set out as follows: 

• Session 1: Enhancing Inclusive Research Practice through Contextualising Research. Primary 

aim was to contextualise research within the university structure that will explore the history of 

research, epistemology, ontology, and methodology. 
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• Session 2: Reflexivity for Researchers – understanding the impact of our personal identity on 

research. The primary aim was to introduce the concepts of reflexivity and positionality for 

researchers.  

• Session 3: Inclusive Study Design & Data Collection. The primary aim was to explore sources 

of bias and the role these play in study design and data collection and introduce approaches to 

inclusive study design. 

• Session 4: Inclusive Data Analysis & Research Dissemination. With the primary aim of 

exploring sources of bias and the role these play in data analysis and publication. 

• Session 5: Beyond the Publication: Wider Impacts of Our Research. With the primary aim of 

discussion, the responsibility for what subjects and questions get researched and the ways in 

which that research is conducted. 

• Session 6: Post-training Practical Workshop 

This type of training program has the potential to be implemented by multiple aerosol science 

research institutions as a way to promote a holistic understanding of inclusive practices and 

environments in STEM for their students, researchers, and staff. These training sessions can be 

incorporated into the pre-CDT training for new students and partners, providing them with a better-

informed and more contextualized perspective right from the outset. 

2.2.2.3 Inspirational Bristol Scientists Board 

 

The Inspirational Bristol Scientists Board, shown in Figure 2-2, honours the remarkable achievements 

in research, teaching, and community contributions of eight undergraduate and postgraduate students 

in STEM disciplines across the University of Bristol.46 Launched by Lara Lalemi and Fred Manby in 

late 2019, the board was strategically positioned in the University of Bristol School of Chemistry 

building, adjacent to one of the busiest lecture theatres, and garners visibility among thousands of 

students and staff weekly. The board seeks to champion exemplary practices in academia, offer 

recognition to nominated individuals, and enhance visibility within the academic community. 

Individuals were chosen based on their achievements rather than their identity, though their identity 

played a role in the initial nominations. While this initiative does not replace efforts to decolonise the 

scientific working environment, it represents a step towards diversifying the university's academic 

landscape. In a world marked by a history of colonial oppression, the visual representations of scientists 

from across the globe that are not distorted or misappropriated become increasingly important.47 By 

challenging the Eurocentric portrayal of prominent scientists commonly found in textbooks and 

throughout the university, the board provides a crucial visual representation of often marginalised faces 

who may not have received recognition for their contributions to science and engineering. This initiative 

quickly gained prominence across STEM departments university-wide, raising awareness of the 
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accomplishments of students and staff from different backgrounds within the Global North and South. 

The work here will be reflected in the decolonising educational initiatives detailed in Chapter 7. 

 

Figure 2-2: Images of (a) the 2019 eight inspirational Bristol scientists and (b) the awarding ceremony for the 

inspirational Bristol scientists in 2023. Photographs taken by Bhagesh Sachania. 

2.3 Decolonising Aerosol Science Curriculum and Teaching 

Activities 
The section herein describes a method centred on decolonising, diversifying and contextualising 

knowledge disseminated within the EPSRC Centre for Doctoral Training (CDT) in the Aerosol program. 

This work has a two-pronged approach: first, it includes a workshop that encourages students to discuss 

the social, political, and economic issues intersecting with aerosol science. By providing a space for 

discussion and learning, students can enhance their self-awareness and global consciousness using the 

Academic Wheel of Privilege and the framework within a workshop setting. The latter part of the 
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workshop consists of a facilitated discussion which draws inspiration from the Being BME in STEM 

half-day conference and work by Biomedical sciences team the University of Bristol, described in 

Section 2.2.1.1. and Section 2.2.2.1, respectively. The second prong is through the adaptation of course 

content and assessment tasks. This adaptation prompts students to engage in introspection and pose 

challenging questions throughout the program content, ensuring that this work is not perceived as 

merely an ‘add-on’ but rather an integral component of a scientist's everyday thought process. The 

approach here is crucial given the dynamic nature of aerosol science, which intersects with various 

disciplines and sectors, including medicine, environmental science, food storage, and the transmission 

of viruses and bacteria. Ultimately, by nurturing the self and global awareness of CDT postgraduate 

students, this initiative aims to prepare them for conducting inclusive scientific research, thereby 

contributing to a more equitable future in the field. 

The EPSRC Aerosols CDT program, reflected in Figures 2-3 has been chosen for analysis because Reid 

and co-workers have provided fertile ground to build these conversations. The course already adopts a 

diverse and inclusive approach to its education and has ‘revolutionised’ aerosol science training.48   

Table 2-1 shows the nine PGR competencies guiding the course, confirming that there is an appropriate 

curriculum for this decolonial thinking and approach. For example, competency six states the program 

should ‘act in congruence with professional and ethical values and manage ethical dilemmas in 

formulating scientific solutions’; hence the course includes a UKRI-responsible innovation task to 

consider the broader impacts of their research. It is here where the framework will be implemented.  

 

Figure 2-3: A structural overview of the ESPRC Aerosol CDT training program48. 
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Table 2-1: The nine postgraduate research competencies set by Reid et al.48 

1. Apply theoretical knowledge of aerosol science across a range of problems of a chemical, physical, 

biological, or technological nature. 

2. Undertake independent design and conduct experiments/models with technical mastery, as well as analyse 

and interpret data. 

3. Identify, formulate, critique, and solve research problems within their specialised context to advance the 

understanding of aerosols. 

4. Develop or adapt advanced methodological approaches to contemporary problems, recognising the 

complexity and tolerating the ambiguity that arises in real-world systems. 

5. Synthesise new approaches to meet an identified outcome within realistic constraints such as economic, 

environmental, social, political, ethical, safety, manufacturability, and/or sustainability. 

6. Act in congruence with professional and ethical values and manage ethical dilemmas in formulating scientific 

solutions. 

7. Function effectively and confidently in multidisciplinary teams, acting autonomously and taking 

responsibility for the scientific activity of others. 

8. Communicate and share research knowledge to both expert and non-expert audiences and guide the learning 

of those from outside their discipline. 

9. Manage personal intellectual development as a self-critical, reflective scientist with the agility to respond to 

new challenges. 

 

2.3.1 Methodology of Delivering the Framework 
At the Variety in Chemistry Education and Physics Higher Education Conference (VICEPHEC) in 2019, 

the Decolonising the Science Curriculum working group was established. Comprised of educators from 

various institutions in the UK and the University of Bristol, this group was formed to initiate 

conversations, mobilise action, and educate the scientific community on the importance of 

decolonisation and diversification within STEM education. What initially began as a single workshop 

evolved into eight workshops conducted at universities throughout the UK. These sessions delved into 

the impact of European colonialism on the scientific field, explored the concept of decolonising the 

curriculum and environment, and facilitated discussions where participants could share their concerns 

and propose alternative approaches. This educational initiative within the scientific community has 

yielded a streamlined decolonising STEM framework, depicted in Figure 2-2. This framework 

empowers educators to scrutinise their curriculum and practices, and by doing so, students can explore 

the historical and ongoing impacts of colonialism on their subject matter. 
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Figure 2-4: Simplified depiction of the elements upholding coloniality for academics, non-academics, and 

students to view their curriculum, teaching materials and research devised by the DSCWG. 

The four pillars illustrated in Figure 2-3 signify the key areas where coloniality has exerted its influence: 

politics, economics, language/culture, and knowledge production and dissemination. A method has 

been developed to deliver the content to aerosol CDT students using this framework and the Academic 

Wheel of Privilege illustrated in Figure 2-4.  

2.3.2 The Decolonising Aerosol Science Workshop 
The workshop includes an Academic Wheel of Privilege exercise followed by group roundtable 

conversations with social, political, economic, and ethical scenario questions related to aerosol science 

for students to discuss and record their findings.  

The Academic Wheel of Privilege detailed in Figure 2-5 encompasses twenty identity types across 

seven categories: lifestyle and culture, caregiving, education and career, gender and sexuality, race, 

health and well-being, and childhood and development. These identities are represented as circles 

connected to three concentric rings (outer, middle, and inner) of "identity" circles, with increasing 

privilege towards the centre. This configuration creates a funnel-like appearance, where proximity to 

the centre correlates with greater privilege levels.  

Within a decolonising the aerosol science program workshop, the wheel is used as a primary discussion 

provocation as it is here where students begin to self-analyse and develop self-awareness concerning 

conducting scientific research. Students are asked to personally walk the wheel of privilege, relating it 

to themselves to interrogate their positionality, but are at no point encouraged to reveal theirs to others. 

In this work, positionality refers to the socio-political context that shapes an individual's identity based 

on factors such as race, class, gender, sexuality, and ability status. It also encompasses how one's 

identity impacts and may predispose one's perception and perspective of the world.49 
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The students are asked three questions: 

1. How does walking the wheel of privilege make you feel? Describe in three words. 

2. How might one’s position on the Academic Wheel of Privilege impact their experience 

as a science student within a Global North university? 

3. How might one’s position on the Academic Wheel of Privilege impact their experience 

as a scientific researcher across the globe? 

Question one enables students to discuss emotions such as guilt, shame, sadness, and discomfort, which 

is often conveyed as a sticking point in introducing decolonising work.50 By discussing this earlier with 

their peers, students are provided a safe space to recognise these emotions and have them acknowledged, 

which is a powerful position to start from. Questions two and three ask students to externalise their 

thinking, asking them to reach beyond their backgrounds and experiences to consider others who may 

not experience the same privileges. This provides a good foundation for discussion of the social, 

political, economic, and ethical influences on aerosol science and research.  

 

Figure 2-5: The wheel of privilege showing the twenty identity types across seven categories: lifestyle and 

culture, caregiving, education and career, gender and sexuality, race, health and well-being, and childhood and 

development. Reproduced under CC-BY Attribution 4.0 International from Elsherif, M. M., Middleton, S. 

L., Phan, J. M., Azevedo, F., Iley, B. J., Grose-Hodge, M., Tyler, S., Kapp, S. K., Gourdon-Kanhukamwe, 

A., Grafton-Clarke, D., Yeung, S. K., Shaw, J. J., Hartmann, H., & Dokovova, M. (2022). Bridging 

Neurodiversity and Open Scholarship: How Shared Values Can Guide Best Practices for Research 

Integrity, Social Justice, and Principled Education.51 



Chapter 2- Inclusive Researcher Preparation in Aerosol Science: A Decolonial Approach  

61 

 

Figure 2-6 presents a series of scenarios stimulating student discussion and critical thinking. These 

scenarios are crafted to prompt students to reflect on their research practices within diverse contexts 

and experiences. By creating this space for contemplation, students are encouraged to consider how 

their research context and delivery may vary among different groups. This approach is aligned to foster 

students' global awareness and promote a deeper understanding of the societal implications of their 

research endeavours. 

 

Figure 2-6: Three scenarios that could be discussed within an aerosol science-related workshop to encourage 

students to think about how they may conduct scientific research bearing in mind the social, political, and 

economic sphere it exists within. 
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2.3.3 Adaption of the Aerosol Science Program Content 
The framework depicted in Figure 2-3 can complement the development of educational materials. 

Figure 2-7 outlines the sequential stages of thought that teaching material developers can adopt to 

incorporate decolonial, diversified, and contextualised elements into their courses. This framework 

guides developers to:  

1. Reflect on how colonial politics, economics, language/culture, and knowledge production and 

dissemination impact on what and how we teach and conduct research. 

2. Consider how these factors may serve as barriers to the involvement of marginalised groups in 

science research and curriculum development, both in the Global North and Global South. 

 

 

 

Figure 2-7: The simplified decolonial framework to provoke critical reflection of the self and one’s course. 

Concerning the aerosol curriculum, the framework can be used to develop the program content, adapting 

particular areas using a research task method. For instance, in the core aerosol curriculum, developers 

can encourage students to investigate economic barriers to research from Global South and North 

perspectives or explore how language and culture affect aerosol science knowledge dissemination. The 

effectiveness of this approach stems from its ability to foster curiosity, facilitate critical examination, 

and stimulate inquiry into global issues. In this section, examples will be detailed, illustrating how to 

integrate these fundamental factors into developing the Aerosol Science CDT curriculum. 
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2.3.3.1 Knowledge Production and Dissemination in Aerosol Science 

Aerosol science research and who produces the research holds immense global importance as it 

contributes to advancing understanding developing and managing the environmental impacts of 

pollution and climate change.128,138 For example, research on the viscosity of atmospheric organic 

aerosols is central to rationalising and predicting their atmospheric impacts on climate, visibility and 

air quality. Air quality research has contributed to legal restrictions such as London’s congestion 

charging model, or odd-and even number plate bans in cities such as Madrid or Rome designed to 

prevent vehicular transport emissions.138,139 By incorporating tasks that enable university students to 

connect their fundamental aerosol science to policies and sectors that benefit from that knowledge, this 

method allows students to explore what work does the knowledge they produce do and who does or 

does not benefit from this work. Further research could delve into how the distribution of knowledge 

and power influences a country's capacity to conduct aerosol research and shape air quality policies or 

economic growth. Below is example of additional proposed tasks that students could undertake as part 

of this investigation: 

 

Task one: Aerosol science is a rapidly expanding field worldwide. Explore the distribution of the global 

production of aerosol and atmospheric scientific knowledge and identify how has colonisation has 

contributed to the distribution. 

 

Possible answer: In recent decades, there has been a notable surge in the number of scientific articles 

focusing on aerosol research, driven by increased investment from numerous countries in investigating 

various aspects of aerosols. This includes studying their chemical composition, formation and 

transformation mechanisms, and climate and human health impacts. Xie et al. in 2008 conducted an 

analysis of the ISI database on the production of aerosol science-related papers spanning from 1991 to 

2006, revealing that the seven major industrialised countries (G7: Canada, France, Germany, Italy, 

Japan, the UK, and the USA), led by the USA, dominated total world production during that period. 52 

In 2015, the top ten world publishers collectively accounted for 54 % of the revenue from the 57 

companies listed.52,53 Headquarters of major publishers, scholarly journals, and scientific societies and 

associations are predominantly located in the Global North. Similarly, a subsequent examination of 

99,700 academic papers published in 2020, retrieved through a WebScience54 search for 'aerosol 

science', revealed that 67 % of the papers and authors originated from the Global North (North America, 

Australia, and Europe). While scientists from developing countries have increasingly focused on aerosol 

research in recent years, their contributions still represent a growing but relatively smaller proportion 

of global publication output.  

 

This unequal division of labour is highlighted by Kreimer and Zabala55 where collaborations between 

Northern and Southern scholars often result in Northern scholars gaining publishable knowledge. In 
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contrast, Southern scholars are relegated to the role of 'sub-contractors', producing knowledge that may 

not be deemed relevant in addressing local issues. Citation analysis (reviewed 99,700 studies and their 

country of origin140) further underscores the unequal distribution of world knowledge production, 

revealing a tendency for scholars in the Global North to cite their own work and focus inward primarily. 

In contrast, scholars in the periphery predominantly cite publications from core countries. These 

dynamics significantly impact the aerosol science community and contribute to broader disparities in 

global knowledge production. 

 

2.3.3.2 The Economy and Access to Funding in Aerosol Science  

In Figure 2-8, a slide from the aerosol CDT teaching material discusses the instruments used to expand 

the study aerosols in the atmosphere. In the case of aerosol science, instruments include aerosol 

generators, particle counters, and analytical instruments that are expensive and require government 

funding to purchase. This economic barrier renders aerosol research difficult for scientists from low-

income backgrounds or institutions with limited funding to access. While the primary focus of the lesson 

is to introduce aerosol study instruments, students can also be prompted to contemplate the feasibility 

of conducting aerosol-related research on a global scale given the barriers put in place by colonialism. 

This includes considering the challenges and obstacles associated with such research and brainstorming 

potential solutions. Another example of where this work could be effective is during the lesson on 

bioaerosols as shown in Figure 2-9. Tasks could centre around intersectional topics such as how 

socioeconomic and living status correlates to the increased likelihood of disease aerosol transmission 

or explore how bioterrorism and disease transmission benefited the colonial era. 

 

Figure 2-8: A lecture on the ‘Introduction to measuring aerosol particle distributions’ delivered by Dr. Ben 

Murray as part of the CDT Aerosol Science program. 
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Figure 2-9: Lecture from the CAS 2.6 module on the ‘Introduction to bioaerosols’ delivered by Ian Colbeck. (a) 

slide four on What is a bioaerosol? (b) slide five on Why bioaerosols are important (c) slide 8 on the Research 

Challenges bioaerosols present and (d) slide 10 on the Microbiomes of the Built Environment. 

Task one: Identify 2-3 economic or financial obstacles to conducting aerosol and atmospheric science 

studies across the world, compare different nations and continents. Investigate what continues to 

exacerbate these obstacles? 

Possible answer: In a study by Abulude et al. in Nigeria141, the collected aerosol samples needed to be 

analysed abroad or outside the region, away from the site of collection, due to the inability to measure 

the samples where they were taken as a result to a lack of equipment, expertise, and funding. In 2023, 

Garland et al. emphasised the urgent need for comprehensive atmospheric science studies in Global 

South countries to address critical environmental issues, including various Sustainable Development 

Goals (SDGs).56,57 Garland highlighted a significant factor contributing to the disparity between 

research output in the Global North (GN) and Global South (GS) regions: the funding imbalance.53,58 

Research spending in countries like China, the USA, and Europe is steadily increasing, but it remains 

stagnant or declining in regions such as Latin America, the Caribbean, and Sub-Saharan Africa. They 

pointed out a strong correlation between research expenditure per capita and research output, citing 

examples from the geosciences field where high-income countries spent significantly more per capita 

than African countries. For instance, in 2017, high-income countries spent an average of US$1064 per 

capita on research, while Africa spent only US$42 per capita.59 This lack of funding also impacts the 
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number of researchers per million inhabitants, with Sub-Saharan Africa having significantly fewer 

researchers than Europe and Northern America. Specifically, while Europe and Northern America have 

approximately four thousand researchers per million inhabitants, Sub-Saharan Africa only averages 494, 

which is almost ten times lower. Consequently, the scientific capacity in Global South regions remains 

limited, hindering their ability to research to inform policies. Furthermore, the insufficient funding 

contributes to the perception that research produced in the Global South is less rigorous and applicable 

globally, highlighting a disparity in how research from different regions is perceived. Wild notes, 

“When researchers in the global North produce research, it is understood as if it was universal, whereas 

when research is done in the global South, then it is only local and applicable to those settings.”60 

Task two: Investigate ways the Global North aerosol science community can improve the ability to 

measure aerosols in lower-income countries. Discuss the power dynamics and benefits/costs of such a 

partnership.  

Possible answer: International collaborative efforts whereby support from Western institutions helps 

to fund and train Global South researchers with the additional incorporation in research papers can 

begin to lower the economic barriers to aerosol and atmospheric chemistry research. Andarade-Flores 

et al. describe this form of action taken by the Commission on Atmospheric Chemistry and Global 

Pollution (iCACGP) and the International Global Atmospheric Chemistry (IGAC) Working group to 

improve research in the Latin America and Caribbean (LAC) region in 2013. Though research has been 

conducted in the LAC region for decades, the amount and quality of data collection and processing 

remains inconsistent, along with the number of local scientists needed to acquire the data. Additionally, 

international projects such as the Mexico City Metropolitan Area (MCMA) field campaign have 

increased scientific knowledge and capacity for research whilst acknowledging the contributions of 

local and international scientists in scientific publications.61 

In West Africa, the West African Science Service Centre on Climate Change and Adapted Land Use 

(WASCAL) is a notable example of concerted efforts in climate-focused research over the past decade. 

Supported by the German Federal Ministry of Education and Research (BMBF), WASCAL has been 

instrumental in training young scientists in various climate change and atmospheric chemistry 

disciplines through its postgraduate and doctoral programs across the region. Additionally, WASCAL 

is a crucial hub for disseminating information and knowledge at local, national, and regional levels, 

offering valuable insights to its member countries in West Africa. These efforts aim to address the 

challenges posed by climate change and to formulate comprehensive strategies for building resilient 

and sustainable socio-ecological landscapes in the region. 

Similar to Razack's work, these tasks allow students to contemplate potential disparities between the 

Global North and South, especially concerning the global allocation of funding. It is well-documented 

that colonialism has impacted the distribution of research funding and the availability of human 
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resources.142,143,144 Therefore, these tasks allow students to contextualise the impact of colonialism while 

also encouraging them to explore potential solutions they may contribute to in their careers.53 

2.3.3.3 Policies and Aerosol Science 

Powel et al. highlighted that over the past decades since moving from an industrial to a knowledge-

based economy, developed countries have expanded their scientific activity to benefit national 

economic development.62,63 This has increased the ability to research to inform environmental and 

healthcare policies. In ILO 6 of the CDT teaching material, particle sizes and their health impacts are 

discussed; see Figures 2-10. Students could be asked to consider what work knowledge of the health 

impacts of aerosols does for a nation and policies developed by that nation. This will strengthen students 

understanding of how the fundamental research they conduct can impact wider society. 

 

Figure 2-10: The ILO 6 lecture on the Interactions of particles with the respiratory epithelium delivered by 

Terry Tetley from National Heart and Lung institute at Imperial College London from the Aerosol CDT course, 

(a) slide 3 discussing the pulmonary response to particles deposited on the lung epithelium and (b) slide 4 

discussing deposition of inhaled nano-sized particles. 
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Task one: How has the ability of a Western country like the UK to conduct aerosol science research 

impacted policies developed around PM2.5 and PM10? Explore how this can vary between different 

communities across the world. 

Possible answer: Haddad et al. highlighted how advancements in aerosol science contribute to our 

understanding of the health effects of outdoor particulate pollution, leading to formulating policies to 

mitigate these risks. In the UK, chronic exposure to ambient air pollution is estimated to result in 29,000 

to 43,000 deaths annually.64 These pollution levels primarily stem from emissions like greenhouse gases 

produced by burning fossil fuels. Measures to curb greenhouse gas emissions, such as transitioning to 

renewable energy sources like wind and solar power, adopting electric vehicles and enhancing energy 

efficiency, can yield significant health benefits by improving air quality. A review focused on the UK 

suggests that, overall, the health impacts of ambient air pollution are projected to decline in the future 

due to policies aimed at achieving net-zero emissions and implementing emissions controls. Policy 

initiatives like the Gothenburg Protocol, the Air Quality Directive of the European Parliament and 

Council, and Air Quality Standards Regulations (2010) have led to improved air quality levels in the 

UK since the 1970s. These improvements, primarily driven by policy interventions, have resulted in a 

56% reduction in UK-attributable mortality due to exposure to PM2.5 and a 44 % reduction due to 

exposure to NO2. Furthermore, a study by Macintyre et al. indicates that mortality rates are expected to 

decrease significantly in the coming decades as a result of current policies aimed at reducing emissions, 

with projected reductions of 31%, 35%, and 37 % by 2030, 2040, and 2050 respectively, assuming no 

changes in population.34 

2.3.3.4 Language, Culture and Aerosol Science 

Effective communication and dissemination of aerosol science research hinges on understanding 

language and culture, which can significantly affect public engagement with aerosol-related concepts 

worldwide.65 Governmental decisions on PM levels often take a technocratic approach, overlooking the 

intricate interplay of psychological, cultural, social, economic, and political factors. This approach risks 

encountering resistance or limited support from the grassroots level, such as what is encountered when 

implementing clean air zones or changing cultural practices such as wood burning.66 Therefore, 

addressing the role of communication and cultural understanding early in a scientist's career is essential 

to their development as a science communicator.  

As part of their training, CDT students engage in public outreach, making it crucial to discuss and grasp 

the impact of language and culture on public reception and perception of aerosol science research and 

policies. By setting tasks for students to discuss the importance of culturally sensitive communication 

in conveying policies and regulations, a new generation of globally aware students who are capable of 

effectively disseminating knowledge to diverse audiences could be raised. 
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Task one: Given the universalism of the English and western scientific language as a result of 

colonialism, provide examples of why the use of language becomes important in the communication of 

scientific research across the world. 

Possible answer: Example one- Abulude and colleagues emphasise the importance of communicating 

scientific knowledge about the particulate matter to the local community to help them comprehend the 

potential health consequences.67 Therefore, there is a need to enhance the dissemination of information 

and utilising local languages as a ‘medium of communication’ could assist in conveying the message 

effectively to individuals with diverse backgrounds. This would enable them to understand better the 

environment and the air quality management systems that are implemented in their area. 

Example two: Language plays a pivotal role in comprehending aerosols and aerosol science worldwide. 

Aerosols have gained significant attention in the media due to their potential role in transmitting SARS-

CoV-2, the virus responsible for COVID-19, highlighting the importance of a universally understood 

term for public health implications. However, a discrepancy exists between the public's understanding 

of the term and its scientific definition. While the public commonly associates "aerosol" with substances 

in pressurised containers like hair spray, scientists define it as small particles suspended in the 

atmosphere. Smith et al.68 suggest this disparity may not dramatically alter public perception of aerosol 

science but it can lead to confusion and impede a comprehensive grasp of aerosol science concepts, 

representing a missed opportunity for enhanced public understanding. Improved communication and 

carefully chosen language to the public around aerosols and their significant impact on the climate, air 

quality, public health and drugs and medicines, particularly those from marginalised groups, could 

result in a better public perception and understanding of their role in our society.  

Example three: Communities that are already marginalised often bear the brunt of environmental 

hazards and experience poorer public health outcomes for various reasons. Language plays a significant 

role in exacerbating this disparity, particularly considering that most COVID-related research is 

published in English, a language that may not be the first language for many affected communities. 

Moreover, scientific discourse is predominantly shaped by the dominant culture, further marginalising 

non-English speakers. By centring community leaders and involving them in interpreting research 

findings, marginalised communities can reclaim their knowledge, authority, and agency. A study by 

Polk and Diver demonstrated the value in engaging students in open and clear communication with the 

public and community leaders on environmental injustices.145 The work was grounded on equity 

framing principles, which include asking science communicators to (1) become aware of their 

positionality and partial perspectives, (2) name sources of inequity that arise from uneven power 

relations, and (3) find intersections with initiatives that are rooted in the experiences of disadvantaged 

communities. The use of language and cultural awareness was vital to the success of the project and led 
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to heightened social relevance of scientific findings, increased trust in scientific knowledge, and a more 

comprehensive understanding of global issues.69 

Task two: Investigate three potential benefits of cross-cultural scientific research for the aerosol science 

community and decolonial collaborative practices. 

Possible answer: Jenkins et al. relay a project conducted between the US and Senegal whereby NASA 

and the National Science Foundation funded the participation of US and Senegalese students to design, 

implement and maintain a rain-gauge network and a site for radar measurements. Students from the US 

not only learnt new radar measurement skills but also about the culture of Senegal, such as the music, 

customs and language, alongside the urban challenges facing Senegal, such as poverty, public health, 

electricity, and access to fresh water. This initiative was a positive step toward increasing social and 

cultural awareness among students and improving the scientific skills of student researchers.70 

The paper by M. Finucane explores the nature of creating climate science policies and actions by the 

government. Finucane proposes that while mitigations should be based on ‘sound science’ it must also 

include an ‘understanding of how the science is interpreted and translated into action in society’.71 

Traditional environmental knowledge can be combined with modern-day technologies to increase the 

success of local people in dealing with the changing climate. Given the connection Māori and Samoan 

communities have with nature, the climate and spirituality, Finucane suggests policymakers should 

work with scientists, cultural leaders, theologists, philosophers and community groups to ‘identify and 

speak meaningfully’ about the changes that need to be made to reduce emissions with key stakeholders. 

This analysis by Finucane would enable postgraduate students to see how language and cultural 

understanding play a significant role in communication and subsequent investment in climate 

mitigations and comprehension. 

The tasks and examples presented in this section demonstrate how adopting a decolonial and contextual 

approach to curriculum development can naturally enhance global awareness. While not all aspects of 

the aerosol science curriculum may integrate decolonial perspectives, wherever feasible, it is 

encouraged to provoke deeper thought and reflection among students. 

2.4 Conclusion 
Colonialism has profoundly shaped the landscape of science, scientific inquiry, and the scientific 

community, influencing our perceptions of valuable knowledge, who conducts research, and the scope 

of what is considered legitimate knowledge.72,73 Research by Harris et al.  reveals how US public health 

researchers sometimes evaluate research abstracts from low-income countries less favourably.74 Further 

studies by Harris indicate that a majority of participants associate "good research" with wealthier 

countries over poorer ones.75 Implicit biases like these may disadvantage research from economically 

disadvantaged nations in areas such as research evaluation, evidence-based medicine, and the diffusion 
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of innovations.75 Moreover, traditional indigenous knowledge has often been marginalised or derided 

when juxtaposed with Western science, as noted by Ora Marek-Martinez76 in a Science article. Western 

scientific knowledge is often perceived as objective, quantitative, and rigorous, while traditional 

knowledge is seen as subjective and qualitative. However, it is acknowledged that Western science 

tends to isolate its subjects from their broader contexts by confining them to simplified, controlled 

experimental environments, thereby divorcing scientists from nature, the very object of their studies. In 

contrast, traditional knowledge is deeply rooted in context and local conditions.77 These findings 

underscore the pervasive effects of coloniality on the scientific research community, including within 

aerosol science. To counter these narratives and challenge the hegemonic power structures established 

by colonialism, we propose embracing decoloniality as a potent means of dismantling and 

reconstructing a more globally aware scientific community that embraces diverse knowledge systems, 

perspectives, and experiences. experiences. 

This chapter advocates for adopting a decolonial framework, including a workshop and curriculum 

development, to cultivate global consciousness among students and equip them with the skills needed 

to address humanity's future challenges. The proposed workshop prompts students to critically assess 

their positionality, the dissemination of knowledge within their field, and the contextual factors 

influencing knowledge production. By engaging students in discussions and tasks related to the impact 

of colonialism, they gain insights into how colonial legacies affect aerosol science and hinder 

participation from ‘Global North’ institutions and marginalised groups. Moreover, it encourages 

students in the Aerosol Science CDT to broaden their perspectives beyond the Eurocentric lens by 

presenting them with questions and scenarios to explore. 

In the context of the framework created by the DSCWG, this chapter briefly highlights the social, 

political, economic, language and cultural barriers that impede participation in aerosol science, allowing 

students to grasp who can and cannot engage in aerosol science research due to inadequate funding and 

local policies. Access to funding is fundamental to the ability to conduct research. Globally, funding is 

skewed in favour of Global North countries, resulting in their increased ability to conduct research and 

dominate the scientific field, leading to a lack of diversity among researchers and researchers. Within 

the UK, access funding also has the additional racialised element as a result of colonial ideas, as BAME 

scientists are less likely to be funded than their white peers for academic research. In this chapter, 

students are urged to consider these issues, understand their origin and link to colonialism and research 

potential solutions they may contribute to in the future. 

Language has long been used as a tool of marginalisation, with its exclusionary roots traced back to the 

colonial era and persisting to the present day. This perpetuates a significant issue of unequal access to 

knowledge and its benefits. The complexity of scientific language further exacerbates this problem, 

creating barriers to understanding research and acquiring knowledge, thereby privileging those with 
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access to higher education, policymakers, and individuals from higher socioeconomic backgrounds. 

Consequently, power and access to knowledge remain disproportionately distributed towards Western 

societal groups. In response to this challenge, the scenarios presented in this chapter aim to prompt 

students to consider the effective communication of complex scientific concepts to the public, 

particularly in light of the prevailing climate of science denial.78  

Additionally, understanding the cultural context of communities is essential for conveying and 

absorbing scientific information among the public and for implementing government policies on issues 

such as air pollution. As postgraduate students may pursue academic careers beyond the UK, they must 

develop an understanding of diverse cultures and customs, even within Western institutions. These 

barriers significantly impact the underdevelopment of education and science in certain regions, as well 

as differing political agendas and environmental challenges. Therefore, by introducing thought-

provoking discussion questions and tasks, students can begin to explore these barriers and contemplate 

their role in dismantling them. 

Finally, this chapter has served a dual purpose. Firstly, it has shed light on the various barriers within 

atmospheric, environmental, and aerosol science, effectively providing a comprehensive research 

impact statement encompassing social, political, economic, language, and cultural dimensions. Such 

impact statements should be included in the majority if not all, scientific theses to contextualise 

knowledge within its broader socioeconomic and political framework. Secondly, the insights gleaned 

from this chapter have informed the development of science education initiatives guided by a decolonial 

approach, as detailed in Chapter 7. Furthermore, Chapter 7 will outline potential future initiatives for 

the EPSRC CDT in the Aerosol Science Program, drawing from the themes explored in this chapter. 

2.5 Final Remarks 

In order to prepare future scientists to be well-rounded citizens and competent professionals capable of 

navigating the complexities of scientific systems and addressing the challenges faced by diverse 

communities worldwide, it is crucial to provide them with opportunities for open and guided discussions 

with one another. Such discussions that centre on the ethics, access, politics, and culture conditions 

behind fundamental science research can enable researchers to acknowledge how they impact society 

and how society impacts them. In this work we have opted to take a decolonial approach as it offers the 

ability for historical reflection and critical thought of the scientific system. By doing so, the aim is to 

educate students and educators about the foundations upon which science and society have been built, 

enabling them in theory to conduct better research that benefits the aerosol science field and the broader 

community. The ultimate objective behind integrating these concepts into the training curriculum for 

CDT postgraduate students is to enhance their capacity to  position and critically analyse their scientific 

research. Ultimately, this approach aims to ensure that students adeptly incorporate a social, contextual 

justification for their research in their practical and final written work.
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Chapter 3  

Experimental Techniques and Methodology 

 

3.1 Overview 
In this chapter, key physical properties of picolitre droplets will be explored under different 

environmental conditions. To that end majority of the experiments detailed herein measure droplet 

shape distortions over time to determine surface tension and viscosity. Primarily, droplet surface tension 

experiments were performed using the droplet oscillatory method. The approach utilises droplet-on-

demand dispensers (DoD) to retrieve surface tension measurements through examination of damped 

shape oscillations of the ejected droplet. The DoD droplet dispensers used in this work are widely 

employed in diverse ranging of experiments such as droplet drying and printed droplet microfluidics146 

due to their highly reproducibility in generating droplets of a specific size.147  Upon generation of the 

fresh surface, these oscillations can be observed over surface ages < 1 ms compared to bulk solution 

approaches where the surface ages are > 10 ms.148 In this work, the droplet oscillatory method was used 

to study the surface tension of inorganic and organic mixtures alongside the dynamic surface tension 

behaviour of three different surface-active agents (surfactants) under ambient conditions. The data 

retrieved from this method was compared to the bulk surface tension measurement techniques, the 

maximum bubble pressure tensiometer and the Wilhelmy plate.  

In addition, two single droplet techniques have been used in this thesis. The first, holographic optical 

tweezers (HOT), enables the optical trapping of droplets 2 – 8 µm in radius and the second, the 

electrodynamic balance (EDB), allows droplets between 2 – 30 µm radius to be trapped in an 

electromagnetic field.  Using Raman spectroscopy and light scattering, the HOT can capture subtle 

changes in the droplet radius and refractive index, and thus retrieve droplet properties such as viscosity 

and surface tension, changes in local RH as well as monitor changes in composition or photochemical 

reactions. For this work, the HOT was employed to collect viscosity measurements of proxy organic 

materials over a 0 – 80 % RH range. The EDB uses the elastically scattered light from the droplet 

illuminated by a 532 nm laser, to accurately infer the droplet size under different RH conditions. Here, 

the EDB was used to monitor a photochemical reaction initiated by the interaction of a levitated sodium 

nitrate particle and a UV Light source under varying RH conditions (30 – 80 % RH).  

3.2 Droplet Oscillatory Method 
Since the 19th century, shape distortions in the form of oscillations have been subject to investigations, 

revealing information of the solution properties. Lord Rayleigh was among the first to interrogate the 

oscillation of liquid drops extended to include small amplitude distortions, excluding the effects of 
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viscosity and a uniform electric field.149,150 In his investigations, Rayleigh demonstrated that by 

considering inertial and capillary forces, the natural angular oscillation frequency for a given oscillatory 

mode, 𝜔𝑙, can be found using Eq. 3.01.151 

 
𝜔𝑙

2 =  
𝑙(𝑙 − 1)(𝑙 + 2)𝜎

𝑎3𝜌
 

(3.01) 

Where ρ is the density of the droplet, σ is the surface tension of the droplet, 𝑎 is the droplet radius, and 

𝑙 denotes the deformation mode of each spherical harmonic as represented graphically in Figure 3-1.152 

At l = 2, the droplet oscillates become axisymmetric, going through the prolate and oblate shape 

distortions . At this mode, the spherical harmonic can be reduced using a Legendre polynomial, it is this 

mode that is commonly used throughout this thesis.  

 

Figure 3-1: Three modes of oscillation in a spherical droplet. Each mode, l, represents the lth spherical 

harmonic. The solid orange line represents the droplet at t=0 and the dashed blue line represents the mode at t= 

𝜔𝑇 2⁄ , where 𝜔𝑇 indicates the oscillation period.152 

Later, Lamb encompassed the effects of viscosity on the damping of small oscillations within the bulk 

of the particle and demonstrated that the rate at which the oscillations dampened was dependent on the 

droplet size, becoming extremely large for nanometre drops. Below the critical damping threshold, the 

time-dependent amplitude of the oscillating droplet was relayed in the form of Eq. 3.02, where 𝐴𝑚(𝑡) 

decays with the sum of the normal modes, 𝐴0,𝑙 designates the initial mode amplitude and 𝛼 the modal 

phase shift: 

 
𝐴𝑚 (𝑡) =  ∑ 𝑒𝑥𝑝 (

𝑡

𝜏𝑙
)

𝑙

𝐴0,𝑙 cos(𝜔𝑙𝑡 − 𝛼) 
  (3.02) 
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3.2.1 Droplet Oscillatory Method Setup 
The droplet oscillatory method setup is shown in Figure 3-2. Initially, a repeating square waveform at 

a given pulse width and amplitude is used to trigger the DoD dispenser to generate a stream of uniform 

droplets. The waveform is designed using a custom-made LabVIEW program on a PC, generated using 

a waveform generator (Keysight 33500B Series, 1000GHz) and amplified with a custom made 10x 

amplifier. The amplifier increases the pulse amplitude from ~6V to ~60V; a pulse of this magnitude is 

required by the DoD dispenser due to the energy needed for the piezoelectric crystal to vibrate the 

capillary. The repeating voltage pulse delivered to the piezo microdroplet dispenser causes the capillary 

to contract, changing the volume of the liquid reservoir, and eject a stream of uniform droplets of the 

desired solution.153 The breaking of the jet stream of solution is based on the Plateau-Rayleigh jet 

instability theory.154 The maximum size of the droplet is determined by a number of factors: the 

dispenser capillary diameter (30 and 80 µm were used in this work), along with the amplitude, duration 

and shape of the voltage pulse.  

Upon ejection from the dispenser orifice, hundreds of different but identical droplets are generated 

undergo an evolution of prolate and oblate spheroid distortions until a final spherical shape is reached. 

The time-evolution of droplet shape is observed by stroboscopic imaging along the horizontal plane.153 

The highly reproducible production of dispensed droplets enables the stroboscopic imaging to 

continuously capture droplets and produce a static image. The ability to produce such an image is 

possible due to the stability of the droplet velocity and trajectory, and the consistency of the droplet 

size.147,155 Typical droplet diameter size ranges from 10 – 45 µm, released at a dispensing frequency of 

at 20 Hz.  
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Figure 3-2: A top and side view schematic of the Droplet Oscillatory Method Instrument. Droplets propagate in 

a l = 2 oscillation mode along the x axis captured by the camera with a fitted microscope and illuminated by a 

strobing multiLED light. 

The stroboscopic imaging assembly consists of a white multi-LED light (MultiLED QT, 150W 48V), 

image collection optics (a microscope objective (Optem 28-21-11, M Plan APO 20×) and Zoom lens 

module (Optem Fusion 7:1 Zoom Detent) and camera (JAI GO-24000M-USB). The LED and camera 

were triggered with a 500 ns pulse from the delay pulse generator (BNC Model 555), which itself was 

triggered using the pre-amplified DoD dispenser trigger pulse following the introduction of a user-

controlled delay time (controlled by Quantum composers 9520 series). By varying the delay time 

between droplet generation and imaging, the temporal evolution of the droplet shape distortions can be 

investigated at a high time resolution. The user defined delay time is dependent on the size of droplet 

under investigation, for a ~30 µm droplet the shift delay time is 6 × 10−7 s compared to 1 × 10−6  s 

for a ~50 µm droplet. This can be attributed to the fact that larger droplets exhibit longer oscillation 

periods, hence requiring less precise time resolution. The droplet was identified in the images using a 

custom written software (LabView) using an 8-bit greyscale image to distinguish the edge of the 

droplet.148 

3.2.2 Droplet identification and Image Analysis 
Droplets are identified by brightfield imaging which uses a custom software algorithm to detect the 

droplet by comparing the value of each pixel in the greyscale image against a set threshold value. Above 

the threshold value, the droplet can be isolated from the background due to the dense grouping of darker 
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pixels shown pictorially in Figure 3-3. At the points of colour gradation change, a box is fitted around 

the droplet to give the height (ay) and width (ax) of the droplet, in pixels. Aspect ratio (ay/ ax) can be 

determined using the ratio of ay to ax, while the droplet diameter is inferred from the width of the 

superimposed box once an aspect ratio of one is reached. From pixel to SI units, the droplet radius was 

calculated by multiplying the number of pixels by their lengthscale, which was calibrated using a 

graticule before each experiment. Typically, the pixel length scale was 2.18 µm·pixel−1. Motion blur, 

which can reduce the accuracy of droplet diameter determination, is reduced by keeping the LED pulse 

width within the range of 500 – 600 ns. The droplet size retrieved at the end of the experiment is equal 

to the droplet size at the start due to minimal solvent evaporation during the short experiment window. 

For comparison, the measurement timescales in this study reach a maximum of 1.2 ms which is 

considerably shorter than the time it takes for 30 – 60 µm diameter pure water droplet to evaporate, 

which is estimated to be between 1 –  10 s.156  

 

Figure 3-3: An illustration of how edge of an aerosol droplet is determined in the Droplet Oscillatory Method. 

On the 8-bit greyscale, the threshold denotes what is to be considered the droplet by the software. For example, 

here the threshold is set to 100 therefore all pixels below the threshold of 100 are considered part of the droplet 

and thus the green box can be superimposed around the droplet to determine the aspect ratio. 

To ensure accurate droplet diameter retrieval, an appropriate threshold limit must be set. Water, the 

surface tension of which is widely documented (72.8 mN m-1) was used to calibrate the instrument prior 

to each experimental measurement collection157,158,159. Ejection from the dispenser induces multiple 

surface oscillatory mode orders, with high order modes dominating at the beginning of the droplet 

trajectory (e.g., 𝑙 = 4, 𝑙 = 3, 𝑙 = 2, 𝑙 = 1) dampening out quickly. For this work, the axisymmetric 

oscillations of the 𝑙 = 2 mode were used to calculate surface tension and was identified at the point 

where the droplet’s centre of mass was located at the central coordinates shown by Figure 3-4(a). To 

retrieve the angular oscillation frequency, a fast Fourier transform is applied to the droplet aspect ratios 
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from the time denoted as 𝑙 = 2 onwards, Figure 3-4(c) and 3-4(d). As illustrated in Figure 3-4(d), a 

Lorentzian line shape was fitted to the fast Fourier transform to locate the peak position of the oscillation 

frequency as the line best fit the data points. Using the rearranged Eq. 3.01, Eq 3.03 was used along 

with the droplet diameter retrieved from image of the droplet (±0.2 – 1 μm) standard deviations on 

average, to extract surface tension. 

 
𝜎 =  

𝑟3𝜌𝜔𝑙
2

𝑙(𝑙 − 1)(𝑙 − 2)
 

  (3.03) 

   

3.2.3 Determining Error in Calculations 
For equilibrium surface tension measurements, detailed in Chapter 4, each surface tension is an average 

of three or more measurements at the same solution concentrations. The error in each measurement is 

calculated by the propagation of uncertainties from the radius and frequency typically resulting in an 

error between ±1 – 3 mN m−1 The uncertainty in the droplet radius is determined by averaging the last 

hundred data points of the droplet radius and calculating the standard deviation. The uncertainty in the 

oscillation frequency is quantified based on the goodness of fit of the Lorentzian line shape. The 

uncertainty in surface tension is predominantly influenced by the uncertainty in radius, as it scales 

proportionally with a cubic power factor. When studying the dynamic surface tension, described in 

Chapter 5, the surface tension data points were binned and averaged over a typical time interval of         

50 – 100 μs, leading to uncertainties of ~0.1 – 4.0 mN m−1. 
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Figure 3-4: (a)The position of the centre of mass (b) after the droplet is ejected from the microdispenser, the 

droplet undergoes a series of damped oscillations as it relaxes to an aspect ratio of 1, from higher order modes to 

l=2 (c) Droplet aspect ratio is plotted against droplet delay time and then fast Fourier transformed (d) the fast 

Fourier transform is fit with a Lorentzian curve giving the frequency of the oscillations used to retrieve surface 

tensions. 

3.3 Holographic Optical Tweezers 
The holographic optical tweezer was used in this work to examine a change in viscosity as a function 

of relative humidity for two different ternary mixtures. Mixture one consisted of the sucrose, sodium 

nitrate and water while mixture two consisted of sucrose, citric acid, and water both of which are proxy 

systems for simple atmospheric aerosols.  

3.3.1 Components of the Holographic optical tweezers 
Since the first observation of particle trapping made by Arthur Askin in 1970, the contactless processing 

of aerosols via optical levitation has developed into the use of optical tweezers. The addition of 

diffractive optics allows for the confinement and manipulation of multiple droplets. Commonly termed 

holographic optical tweezers (HOTs), this is a widely applied technique in research across physics, 

biology, and medicine. Using elastic and inelastic (Raman) scattering along with brightfield microscopy, 

trapped particles can be characterised to study aerosol thermodynamics, kinetics, and hydrodynamics.  
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Figure 3-5: A schematic of Holographic optical tweezers (HOT) used in this work. The trapping beam at 532 

nm is expanded by l1-l3 to overfill the reflective face of the spatial light modulator, l1-l2 forms a telescope with 

focal lengths of 40 mm (l1) and 50 mm (l2). Herein the SLM splits the beam into two optical traps projected into 

the back aperture of the microscope objective by l2-l7. Illumination is provided by brightfield microscopy via a 

blue LED light captured by the camera. Raman (Stokes) and elastic scattering are collected by spectrograph and 

imaged onto the CCD and a photodiode respectively. 

Figure 3-5 illustrates a schematic representation of the HOT instrumental design used in this work. The 

trapping beam is a continuous wave Nd:YVO4 laser light at 532 nm (maximum output of 3 W, Opus, 

Laser Quantum) vertically polarised by a half-wave plate. The trapping wavelength is chosen to 

correspond to the minimum in the complex refractive index (i.e., light absorption) of water, which is 

around 500 nm, as shown in Figure 3-6. The absorption of laser light by the aqueous droplet is leads to 

droplet heating on the order of just mK whilst promoting stable trapping. Droplet heating caused by 

light absorption could lead to a change in vapour pressure, phase behaviour and kinetics. The beam is 

expanded onto the spatial light modulator (SLM) such that it slightly overfills the reflective face by a 

four-lens system with focal lengths of l1= 75 mm, l2= 450 mm. The SLM, explored in Section 3.2.7, 

creates multiple traps from the expanded beam which are projected onto the back aperture of the 

inverted microscope objective via two lenses (l3= 400 mm, l4= 250 mm) and beam telescope (l5= 175 

mm, l6= 100 mm). The telescope expands the beam to overfill the back aperture of the microscope 

objective to ensure the gradient force is as large as possible and the particles can be trapped at the beam 

focal point. Additionally, it is paramount for the beam to enter the objective normal to the back aperture 

to ensure issues derived from misalignment do not arise. In this configuration, the microscope chosen 

is a high numerical aperture (NA) oil immersion objective (Olympus ACH oil, 100×, infinity corrected, 

NA 1.25) to reduce beam arbitration.  
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Figure 3-6: The imaginary part of the refractive index, k, for water against wavelength. The minimum 

absorption of light for water occurs at around 500 nm where the imaginary part of the refractive index is             

~ 1.6 × 10−9. 

The propagating beam is output as vertically polarised light. The SLM is optimised for vertically 

polarised light. Therefore, a half-wave plate is used placed between the laser and SLM to control 

polarity of the beam and ensure vertical polarity.  

3.3.2 Aerosol Delivery and Trapping Cell Design 
The ultrasonic nebuliser (NE U07, NE-U22-E MicroAir Omron) shown in Figure 3-7, was used to 

populate the HOT optical traps with droplets containing the desired aqueous solution. Droplets were 

generated with an ultrasonic medical nebuliser (1 – 5 μm average droplet diameter) at a flow rate of 

approximately 1 mL min-1 until droplets were trapped. With careful control of the laser power, the size 

of the captured droplets can be selected, with larger sized droplets stabilised by incremental increases 

in laser power. Droplets are drawn through the cell by a fume extractor (BVX-200, OK International) 

to encourage trapping, prevent deposition of the aerosol onto the coverslip and solution accumulation 

within the cell. Accumulation results from the large quantity of aerosol nebulised into cell to enable 

trapping within the small size of the effective trapping volume. The in-cell gas-phase water activity can 

quickly reach that of the bulk solution; therefore, nebulisation time and RH are monitored and 

meticulously controlled.  
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Figure 3-7: Medical Nebuliser, NE-U22-E MicroAir Omron 

 

3.3.3 Trapping Chamber Design 
The trapping chamber located vertically above the inverted microscope along the z-axis, see              

Figure 3-8, provides many functions and advantages when trapping an aerosol droplet. The confined 

nature of the trapping cell provides a discrete volume where particles can be isolated from air currents 

and the RH conditions can be controlled. Any dangers from beam transmission in the forward direction 

is restricted by 15 mm quartz window located at the top of the cell. It is through this window the blue 

LED light (455 nm) illuminates the droplet, enabling the capture of its behaviour within the trap. 

The trapping of nebulised aerosol occurs in the trapping chamber depicted in Figure 3-8(a). The 

chamber is comprised of three components shown in Figure 3-8(b); the stainless-steel base, the Teflon 

cylindrical insert for RH control and a stainless-steel lid with a quartz window. The base is designed to 

have three ports (two inlets and one outlet) to allow for the delivery of humidified ultrapure N2 gas, dry  

N2 gas and the aerosol exhaust connected to a fume extractor. Inside the chamber, a 5 mm diameter 

borosilicate coverslip (Chance glass, No. 0, 85 to 130 μm thickness) coated in surfactant sits between 

the chamber and the microscope objective. A layer of immersion oil (Immersol G, RI=1.46, Carl Zeiss 

Ltd) is placed on the microscope objective to match the refractive index of the coverslip ensuring the 

continuity of the trapping beam with minimised spherical aberration.121 
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Figure 3-8: Trapping cell (a) The three separate components of the cell, showing inlets and the Teflon insert 

and the base of the chamber for the microscope objective (b) The fully assembled trapping cell. Optical access is 

provided in the beam propagation axis by a small quartz window located at the top. 

The coverslip is pre-treated by soaking in an aqueous Decon 90 solution (50:50 water:Decon 90) to 

form a hydrophilic layer. This layer encourages nebulised droplets to spread evenly after sedimenting 

on the coverslip preventing discrete crystallised islands that may otherwise create an uneven refractive 

index profile and the aberration of the incoming laser beam, thus lowering trapping efficiency. Pre-

treatment increases the wetting properties of the coverslip for even aerosol deposition.  

3.3.5 Environmental Control of Gas Phase Conditions 
Relative humidity control is an important factor in regulating droplet growth, preventing evaporative 

loss, and enabling a variety of water activities to be achieved. As key aerosol properties and processes 

are regulated by RH, it is vital to replicate the wide range of atmospheric conditions within the 

laboratory for accurate study of aerosol climate-relevant kinetics.  

The schematic of the RH control and probe system is shown in Figure 2-8. The dry nitrogen (N2) gas 

flow splits into two lines passing through mass flow controllers (MFC, Bronkhorst UK F-201C).  One 

gas line remains dehumified at an RH < 1 %, while the other line passes through the water bubbler 

reaching near saturation RH levels > 98 % of the water vapour. The two mass flow controllers allow 

for variation in the RH achieved in the cell by governing the ratio of wet to dry N2 flow rates                            

(0 – 200 mL min-1). Figure 3-10 reveals a typical RH profile when the RH is progressively lowered. As 

the RH decreases, the droplet radius decreases, as the system is driven to more evaporative conditions.  
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Figure 3-9: Environmental control system. RH is achieved using the Mass Flow Controllers which enable the 

wet and dry flow ratios to be adjusted. Dry air passes through a water bubbler, humidifying the air. 

The capacitance probes (Honeywell, ±2  % RH), located at the input and output exhaust ports, allow 

the RH within the trapping cell to be monitored and recorded.160 Using a hygroscopic dielectric material 

placed between a pair of electrodes (creating a capacitor), the probe can detect moisture content through 

changes in dielectric constant of the material and sensor geometry. As RH is a function of ambient 

temperature and water vapour pressure, there is a correlation between the probe capacitance and the 

surrounding water vapour pressure within the cell.161 In the presence of moisture, more dielectric 

material exists between the electrodes (dielectric constant of water = 80 compared to 2– 15 for the 

porous dielectric material) leading to an increase in capacitance and the voltage measured. The voltage 

output is calibrated using a digital RH probe (Vaisala HMT 331) and plotting the linear relationship 

between probe voltage and measured RH. The RH probe data are measured and recorded using the 

Picolog software package, with an uncertainty typically around ±2 %. It is customary for the before 

and after trapping cell probes to match in RH to ensure the correct RH has been achieved within the 

cell when conducting an experiment. Higher RHs require a longer time to achieve (10s of minutes) due 

to the cell having to uniformly equilibrate. 
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Figure 3-10: A typical HOT experimental profile, showing how changing (a) RH (black line) and radius in 

nanometres (red symbols) and (b) RI (red line) determined from Live Aerosol Raman Analysis (LARA). 

3.3.6 Brightfield Imaging and Droplet Illumination 

Brightfield imaging, used across many fields, has been used in this work to image droplets. This 

technique of imaging reduces light transmission through the particle compared to the background 

allowing for the particle to be clearly identified.162 

In this work, in-plane illumination of the trapped aerosol droplets is achieved using brightfield imaging 

microscopy to observe successful trapping of the droplet and to monitor coalescence. A lens directly 

below the LED is used to collimate and focus the blue LED light (Lumileds, Luxeon, royal blue) for 

illumination at 455 nm. This wavelength is chosen because it is easily isolated from the elastic and 

inelastic backscatter light that passes though the microscope objective to allow for imaging. The 
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brightfield image of the droplet is collected by a charge-couple device (CCD) camera (Dalsa Genie HM 

640, CMOS) by a 10 cm focussing lens. Images and videos of the droplets can be recorded a 640 x 480 

resolution with a maximum frame rate of 300 fps. The image obtained is subject to the position of the 

droplet relative to the coverslip, Figure 3-10 shows a brightfield image of two optically tweezed aerosol 

particles. 

 

Figure 3-11: Example of brightfield imaging of a coalescing droplet imaged during an experiment. 

3.3.7 SLM and Hologram Generation 
Spatial Light modifiers freely modulate the wavefront of the incoming light using a series of kinoforms. 

The 4f lens system, described in Section 3.2.1 expands and collimates the laser beam to overfill the 

liquid crystal micro-display of the phase-only SLM (HoloEye LC-R 2500 SLM). The SLM image array 

(19.6 × 13.6 mm) has a resolution of 1024 x 768 pixels, of which only 768 x 768 pixels are impacted 

by the incoming vertically polarised light and conjugate with the back aperture of the microscope 

objective. 

The liquid crystal alignment within each pixel is governed by electric circuits fabricated onto the silicon 

wafer (LCOS). Where an electric field is applied to a pixel, the liquid crystal orientation is altered 

resulting in a change in the refractive index along with the phase of the incident light and the outputted 

wavefront. Wavefronts of varying phase delays can be freely created by applying a unique voltage to 

on each pixel. The display is addressed with an 8-bit greyscale bitmap holographic image representing 

the optical function. Using software from Dr. Daniel Burnham et al.163 a sequence of these holograms 

can be generated, with each pattern corresponding to a different optical position allowing for the 

translation of a particle in the 1st order trap relative to the 0th order along a predetermined trajectory. 

The zeroth order trap, generated from the direct reflection of a significant fraction (≈50 %) of the 

incident light, remains impervious to the holographic pattern displayed on the SLM, thus it remains the 

central immovable trap. The first order trap is controlled by changing the kinoform pattern which 

enables the manipulation of the trap relative to the zeroth order position. By refreshing the SLM at         

60 Hz, manipulation of the traps can be achieved in discrete defined steps and example of which is 

shown in Figure 3-12. Upon coalescence, the droplets fall out of their traps and rearrange in between 

the traps until within milliseconds the composite droplet is recaptured in the higher intensity 0th order 

trap.  
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Figure 3-12: Schematic of the trap position as a function of the kinoform pattern and droplet position. a) The 

kinoforms that denotes the 1st order trap position. b) Using a series of kinoforms, the 1st order trap moves 

towards the 0th order trap in order to initiate coalescence. c) Brightfield imaging of the trapped droplets relative 

to one another. Images acquired from Dr. Alison Bain. 

3.3.8 Raman Spectroscopy 

Inelastically (Raman) backscattered light is used to probe and characterise droplet size and refractive 

index. Light is directed into the spectrometer by various high reflectivity mirrors and a final lens (100 

mm) mounted onto a translation stage which aligns, angles, and focuses the light (Princeton 

Instruments, Acton, SpectraPro SP550i/SP500i). The adjustable slit at the entrance of the spectrograph 

is used to refine the light entering the spectrograph for better spectral resolution. 

3.3.8.1 Spectrograph and CCD Detector 

The Raman scatter is directed into the spectrograph through an entrance aperture i.e., slit, the width of 

is finely controlled. Too wide and the resolution of the spectrograph is limited, conversely, too narrow 

and intensity of light entering the spectrograph is reduced resulting in a low signal to noise ratio. After 

passing through the slit, the light expands towards the collimating mirror which converts the expanding 

rays into parallel rays. Once directed to the diffraction grating consisting of small parallel grooves, the 

light disperses into its constituent wavelengths and is subsequently reflected onto the CCD detector.  

The groove density and dispersion of the diffraction grating is important to consider when optimising 

spectral resolution. The angle at which a given wavelength disperses is highly dependent on the density 

of diffraction grating grooves. A wider range of dispersion angles is achieved with a higher number of 

grooves per mm leading to enhanced spectral resolution, but a smaller detectable wavelength range 

recorded by the CCD, refer to Table 3-1.  
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Table 3-1: Spectrograph diffraction gratings and the associated CCD spectral range and resolution. 

Grating Wavelength range recorded (nm) Spectral resolution (nm pixel-1) 

300 ~ 151 ~ 0.12 

600 ~84 ~0.063 

1200 ~38 ~ 0.04 

1800 ~ 25 ~ 0.03 

Charge coupled device (CCD) cameras can detect weak Raman signals, measure the intensity of light 

at each given wavelength and convert that information into a digital signal.  The CCD consists of a two-

dimensional pixel array, cooled to – 70C by a Peltier cooling system and circulating air (Princeton 

Instruments, Pixis 256, 1024 x 256, Pixis 400, 1340 x 400). Background thermally generated electrons 

form the dark noise of the CCD array independent of those that are photon-generated. The region of 

interest (ROI) is the strip of light corresponding to light backscattered from the droplet, all other pixels 

beyond this region are excluded in the resulting spectra. This maximises the signal to noise ratio, 

improving quality of the collected spectra. 

3.3.8.2 Acquisition of Spectra (LARA) 

The software WinSpec 32 (Princeton Instruments) allows control of the spectrograph parameters such 

as the set grating and the ROI. Calibration of the spectrograph is necessary to ensure the accurate 

conversion pixel position to wavelength. A mercury lamp was used for the calibration. Light from the 

lamp is transmitted into the spectrograph via the trapping chamber and the peaks detected are compared 

against the reference peaks of the lamp. Errors in the spectral peak positions indicate recalibration of 

the spectrograph is needed.  

The program LARA (Live Aerosol Raman Analysis) written by Dr. Jim Walker stipulates the spectral 

acquisition time and ROI parameters to be used. The acquisition time can vary between 0.1 > t > 10s, 

with a preference for shorter times for dynamic measurements particularly during the initial 

equilibration stage of the droplet(s). However, shorter acquisition times lead to a decreased signal to 

noise ratio, thus a compromise must be reached to limit the broadening of the whispering gallery modes 

on the broad O-H band.  

3.3.8.3 Analysis of Raman Spectra  

Figure 3-13 is an example of a recorded Raman spectrum from a levitated sucrose droplet. The Stokes 

spontaneous signal is separated into the underlying spontaneous peaks such as a O-H and C-H band and 

the overlaid stimulated peaks, called whispering gallery modes (WGM). The broad, underlying Stokes 

(Raman) band is indicative of the chemical bonds present within the levitated particle, enabling changes 
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in particle chemical composition to be detected. The WGM arise from the ability of a droplet to act as 

a low loss optical cavity. A standing wave around the circumference of the droplet is created when the 

spontaneous Raman emission couples with the WGM. The propagation of the light around the droplet 

is intensified by this coupling such that sharp stimulated peaks are produced in the spectrum.  

 

Figure 3-13: An example of a Raman spectrum of a levitated sucrose droplet. The spectrum consists of a 

spontaneous OH band onto which stimulated Rama peaks are superimposed (highlighted in red). These peaks 

enable the tracking of droplet radius and refractive index over time. 

The stimulated peaks can be defined by two components: the mode number, nmode, and the mode order 

denoted with the subscript, l. The mode number is defined by the number of wavelengths forming a 

standing radial wave around the circumference of the cavity. Larger droplets have higher mode numbers 

for the standing wave circulating the droplet at a given wavelength. The mode order refers to the number 

of radial maxima within a droplet and the specific light polarisation state defined as either transverse 

electric (TE) or transverse magnetic (TM). A TE mode and TM mode exist for each mode number and 

mode order and depend on whether the light has no radial dependence of the electric or magnetic 

component, respectively.164 In a TE mode, the electric field of the wave is perpendicular to the direction 

of propagation, conversely, in the TM mode, the magnetic field of the wave is perpendicular to the 

direction of propagation, both types of mode are shown in Figure 3-14.165 
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Figure 3-14: An optically levitated sucrose droplet spectrum showing the spontaneous band and stimulated 

peaks indicated as either transverse electric or transverse magnetic. This image is taken from the journal 

articles by Bzdek et al.165 

Mode positions are detected using a peak detection algorithm that isolates regions of spectral intensity 

exceeding the threshold. By fitting a Gaussian to each peak with a maximum spectral resolution 

reported as 0.037 nm/pixel, the position of the WGMs can be estimated to  0.01 nm. 

Figure 3-15 shows a common spectrum of an OH stretching band arising from the excitation of the 

stretching vibration of water within an aqueous droplet. The excited system decays to a higher 

vibrational state than its initial state, and upon relaxation, light is radiated at a lower frequency (long 

wavelengths) than the incident light this is termed the Stokes shift as shown in Figure 3-14. The larger 

the droplet, the more stimulated peaks commensurate with the underlying spontaneous band due to the 

minimisation of spacing between the resonant modes of the same polarisation. 
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Figure 3-15: An illustration of the (a) anti-Stokes (b) Raleigh and (c) Stokes scattering that occurs when an 

incoming light interacts or with a droplet. 

A precise measurement of the size and refractive index can be achieved when the experimentally 

observed WGM positions are compared to a library of Mie theory simulations. The rapid analysis of 

spectra can be conducted using the LabView program LARA to peak search and fit data in real time. 

To predict the size of a particle with a degree of confidence, a minimum of three whispering gallery 

modes is required and a mix of TE and TM modes. With only two or less WGMs for each wavelength, 

there is insufficient information to accurately determine the size of the droplet using Mie theory 

calculations. A Fortran software written and developed by Dr. Thomas Preston simulates mode 

positions. The program’s high computational efficiency in fitting the mode positions in a 2D array, by 

simultaneously floating the size, refractive index, and peak wavelengths, is more advanced than 

previous methods used. From the desired ranges of droplet size, refractive index, mode orders, and 

number of peaks inputted the program, the size and refractive are outputted. This can be carried out 

online in real time at a spectral resolution of ~1 s.  

3.3.9 Calculating Viscosity  
Optical tweezers provide a robust platform for the kinetic study of solutions in confined volumes and 

their properties, such as viscosity. Viscosity, η, can be defined as the resistance of a material to 

deformation and is a fundamental physicochemical property that provides valuable information on the 

diffusion constants, particle phase and intermolecular interactions.166 Particles exist in a range of phase 

states, liquid (η < 102 Pa s), semisolid (102 < η < 1012 Pa s), or solid/amorphous (above the 𝜂 >1012 Pa 

s), determined by the external ambient conditions.128 In this work the viscosity of inorganic and organic 
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materials, namely, sodium nitrate, citric acid and sucrose as proxies to atmospherically relevant organic 

aerosols which represent 50 % or more of the mass of the fine aerosol particle fraction.167 In the absence 

of a surface, in the levitated state, droplets are able to reach supersaturated solute states unachievable 

in bulk solutions. For this reason, the holographic optical tweezers are used to investigate the viscosity 

of organic solutions over a range of relative humidities that are atmospherically significant. 

3.3.9.1 Raman Spectrum of Coalescing Droplets 

Figure 3-16 shows various methods of capturing the coalescence of two optically tweezed droplets. 

Power et al. demonstrated in Figure 3-16(a) the movement of the first order optical trap to within            

~5 μm of the zeroth order trap. This enables the droplet to be pulled into the zeroth order trap to coalesce 

with the droplet within it. Depending on the viscosity of the droplets and the critical dampening 

threshold, different experimental data collection methods are used to observe the coalescence event. At 

low viscosity (below the critical damping threshold), the fast relaxation of the oscillations is recorded 

with a high time resolution oscilloscope see Figure 3-16(b) and at high viscosities, the slow shape 

relaxation is monitored using brightfield imaging see Figure 3-16(c). Figure 3-16(d) shows the loss of 

Raman spectrum during coalescence as the particles rearrange in the trap and subsequently form a 

composite spherical droplet with a Raman spectrum once again. 
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Figure 3-16: The methods used to calculate aerosol droplet viscosity. (a) Shows the coalescence of optically 

trapped droplets using the holographic optical tweezers. (b) The light intensity regimes of the composite droplet 

relaxation for (i) overdamping (η > 0.01 Pa s, sucrose droplets, 74.5 % RH), (ii) critical damping (η > 0.01 Pa s, 

sucrose droplets, 91.6 % RH) and (iii) underdamping (η < 0.01 Pa s, sodium chloride droplets, > 95 % 

RH).168(c) Coalescing droplets which undergo a slow merge monitored by brightfield imaging over a given time 

t > 1000s. (d) The temporal change in the Raman spectrum resulting in a loss of WGMs during coalescence and 

their return when a spherical shape is re-established. This image and data are taken from a Power et al. 

paper.169 

Chapter 6 will describe the significance of calculating viscosity in more detail. Herein, the equations 

used to calculate viscosity will be defined. The underdamped characteristic damping time, 𝜏𝑙, scales 

with radius squared and is given by: 

 
𝜏𝑙 =  

𝑟2𝜌

(𝑙 − 1)(2𝑙 + 1)𝜂
 

(3.04) 

Two regimes of oscillation decay that are dictated by the critical viscosity, 𝜂crit are defined in Eq. 3.05. 

Chandrasekhar170,171 was the first to explore the oscillation of viscous spherical liquid droplets as 
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described in Eq. 3.04 details the decaying inertial mode and second a slowly creeping viscous mode as 

described on Eq. 3.06. Each have a different method of measurement. The critical viscosity that defines 

the point of transition between the two modes is given by Eq. 3.05. 

 𝜂crit =  0.76√𝑟𝜎𝜌 (3.05) 

Above the critical viscosity, η > 𝜂𝑐𝑟𝑖𝑡 , for higher viscosities (η > 108 Pa s) there are no surface 

oscillations occur and relaxation proceeds via the overdamped regime, characterised by the slow 

merging of the droplets indicated using brightfield imaging. Here, Eq. 3.06 is used to define the 

viscosity. As the viscosity increases, the characteristic damping time, 𝜏 , increases as illustrated in  

Figure 3-17. For this reason, the coalescence event is often examined over a longer time periods (several 

minutes to days). 

 
𝜏 =  

𝑙(𝑙 + 2)(2𝑙 + 1)

2(2𝑙2 + 4𝑙 + 3)
 

𝜎

𝜂𝑟
 

(3.06) 

Below the critical viscosity, η < 𝜂𝑐𝑟𝑖𝑡 , oscillations occur much faster than can be recorded using 

brightfield imaging and instead an oscilloscope is used (TeleCoy, HDO6033-ms, 350 MHz, High-

definition mixed signal oscilloscope) shown in Figure 3-18. For droplets at the inviscid limit, a 

reduction in viscosity due to an increase in water content of the particle leads to more oscillations over 

time as water acts as a plasticiser, thus the characteristic damping time increases.151 Here, the regime 

region is termed underdamped as viscosity opposes inertial forces and follows the characteristic 

dampening time given in Eq. 3.07. Larger droplets are required for this measurement as within this 

regime, the smaller the particle size the fewer oscillations the particles undergo over the characteristic 

damping time. 

 
𝜏𝑙 =  

2(2𝑙2 + 4𝑙 + 3)

𝑙(𝑙 + 2)(2𝑙 + 1)
 
𝜂𝑟

𝜎
 

(3.07) 
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Figure 3-17: The characteristic damping time for relaxation in the particle shape against viscosity. Taken from 

the work of Rory Power et al. the damping time is calculated using Eq. 3.7 for the l = 2 distortion of a 5 µm 

radius water droplet.151 

 

Figure 3-18: A picture to show the oscilloscope used to determine the damping time in the underdamped 

regime. 
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3.4 Electrodynamic Balance  
The electrodynamic balance was used to levitate and probe sodium nitrate droplets with and without 

UV light illumination. These experiments form the preliminary measurements of a wider investigation 

into droplet photochemical reactions and the properties that reduce reaction rate such as viscosity or 

adsorbed surfactant molecules. Herein the technique used to examine the reduction in droplet radius 

(proportional to droplet mass) under different relative humidity conditions, in the presence of a UV 

light will be described. 

3.4.1 The Experimental EDB Set-up 

A modified electrodynamic balance (EDB) was used to study droplet radius change upon UV 

illumination of a photoactive levitated particle under different RH conditions. The experimental design 

shown in Figure 3-19 illustrates how the original concentric cylindrical of Heinisch et al. has been 

subsequently transformed by Allen Haddrell et al. to improve the capabilities of the experiment.172,173 

The EDB facilitates the confinement of electrically charged droplets with a radius ranging from                 

5 to 30 μm, in a controlled environment, where aerosol kinetics and nucleation can be examined. In this 

section, the experimental approach and set-up used to determine the occurrence of a photoinitiated 

reaction following UV photoirradiation under certain conditions is shown in Figure 3-20. 

 

 

Figure 3-19: A top-view schematic of the open Electrodynamic Balance (EDB, (a) birds-eye view of the 

concentric cylindrical electrodes and a trapped droplet generating the phase function collected (b) and converted 

from the phase function to a radius versus time plot. 
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The two concentric cylindrical electrodes create an electric potential well within which a charged 

particle is trapped, described in Section 3.3.3. The dual electrode configuration, grounded with copper, 

produces both an AC voltage between 0 and 1000 V and DC voltage with a maximum range of −80 to 

+80 V to stably confine droplets. The application of an AC voltage enables restorative forces to                

re-centre the confined particle following lateral displacement from the centre of the well. Conversely, 

net downward displacement due to gravitational forces is counteracted by the DC voltage along the 

vertical axis of the trapped droplet. 

A droplet on-demand dispenser generates a stream of sample droplets, charged by conducting rings 

mounted onto a 3D printed holder also containing the dispenser. Droplet illumination and 

characterisation of the droplet size, shown in Figure 3-19, is achieved with a 532 nm continuous wave, 

green Laser Quantum Ventus diode laser operating at a maximum of 50 mW. Angularly resolved elastic 

scattering is collected, for particle sizing, in the near forward scattering direction by a CCD camera 

positioned at a 45° angle. The particle vertical position is monitored by a CCD camera positioned at 

135° to the trapped droplet.  

  

Figure 3-20: A side-view schematic of the EDB (a) with both environmental controls and electrodynamic fields 

are controlled through the device creating adjustable environmental conditions. A 532 nm laser illuminates the 

droplet at a ~97µm diameter, approximately 45° angle to the incoming UV-Vis light (b) a photograph shows the 

EDB an illuminated trapped droplet (c) a photograph to show an UV-Vis illuminated droplet. 
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3.4.2 Droplet Delivery and Generation 

In this work, a continuous stream of liquid droplets is generated using a piezoelectric dispenser 

(MicroFab dispenser, MJ-APB-01) with an orifice diameter of 30 m. Using a displacement pipette 

(Pipetman, Gilson), ~20 μL of sample solution fills a small piece of plastic tubing affixed to the end of 

the microdroplet dispenser.  

An in-house LabView software via a DAQ card activates a piezoelectric crystal resulting in a stream of 

droplets produced from the dispenser tip. The square waveform applied to the dispenser must be of a 

sufficient amplitude to enable droplets to travel the minimum distance, approximately 50 mm, to reach 

the trapping region. The pulse voltage supplied to the dispensers lies between 3 and 6 V with a pulse 

frequency of 10 Hz and a pulse width of 35 μs. When a droplet is trapped, the scattered light from the 

droplet is registered by the CCD camera; if a droplet is not confined, another is dispensed immediately. 

The dispenser tip is continuously purged of fresh solution using a continuously pulsed wave with a low 

amplitude at a rate of 10 Hz. The amplitude is such that a constant jet of droplets is produced that do 

not affect the experiment.  

3.4.3 Droplet Confinement 
Charge is placed on a droplet upon generation by an induction electrode consisting of a conductive ring 

fitted to the front of the dispenser holder. The induction electrode is supplied with a voltage of               

500 – 700 V and creates a charge imbalance as the droplet is being produced at the tip.  If the induction 

electrode is at a negative voltage, positive charges populate the meniscus of the droplet before ejection, 

whereas negative charges migrate away from the meniscus. Once the droplet is ejected from the 

dispenser with a net positive charge, it can be confined within an electrodynamic field shown in         

Figure 3-20. Each minimum of the absolute value of the electric field corresponds to a position where 

the charged droplet can be stably confined within.172 

When a droplet is confined within a pure AC field with a gas flow and additional gravitational or drag 

forces, it continuously oscillates. To control these oscillations, particularly along the vertical axis, a DC 

voltage is applied to the upper electrode in order to offset permanent forces. 
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Figure 3-21: Illustration of the calculated absolute value of the electric field in the cross-section of the modified 

electrodynamic trap. The simulated the electric fields within an EDB are shown in the figure. The cross-section 

of the electrodes is depicted by the grey areas, with the trapping region located at its centre. This image has 

been extracted from the work of Heinisch et al.172 

3.4.4 Environmental Control 
Figure 3-21 displays the open atmosphere EDB configuration used for this experiment. The instrument 

is enclosed in a large black box which isolates the trapped droplet from some air currents and 

fluctuations, however, due to the open-air structure of the EDB it is necessary to minimise these 

fluctuations within the lab as much as possible.  

An airflow (200 mL min−1), formed from the mixture of wet and dry nitrogen gas flows allows RH 

control over the confined droplet as well as forms a protective sheath over the droplet from the ambient 

environment. Both the upper and lower electrodes have their own air flow that can be independently 

controlled and manipulated such that the droplet experiences two different RH levels. The temperature 

inside the EDB can be controlled regulated by Peltier cooler fitted into each of the copper grounded 

electrodes enabling the heating or cooling of the entire electrode. The experimental data collected for 

this thesis is performed at the room temperature (298 K). 
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3.4.5 Estimating Droplet Size  
Droplet illumination shown in Figure 3-22 is achieved with a continuous wave laser at 532 nm 

(Quantum Ventus diode) operating at a maximum of 50 mW. Interference between reflected light rays 

from the surface of the droplet and refracted rays from light passing through the droplet, leads to a 

pattern of light and dark fringes known as a phase function. The phase function is highly dependent on 

refractive index. The uncertainty in the droplet radius can be defined to a ±50 nm accuracy. 

 

Figure 3-22: The EDB sizing system showing the reflected and refracted light from the illuminated droplet. In-

phase interferences lead to the phase function pattern. 

In 1908, Mie et al. found an analytical solution to the Maxwell equation used to describe the scattering 

of light by a spherical particle, enabling information of the droplet dimensions and properties to be 

gained. Droplet size information can be retrieved through two different data analysis methods. One 

approach based on the fully comprehensive Mie calculation of scattered light, encompasses iterative 

fitting between recorded and simulated phase functions. Hence, the less computationally demanding 

geometric optics approximation is used, based on the work of Glantschnig and Chen (1981).174 The 

droplet radius r is estimated from the angular separation, , between the phase function fringes taken 

across a linear profile of the camera image where iterative fitting, 

 

𝑟 =
𝜆


 (cos (

𝜃

2
) +  

𝑛 sin (
𝜃
2

)

√1 + 𝑛2 − 2𝑛 cos (
𝜃
2

)

    

(3.08) 

where  is the central viewing angle, n is the droplet refractive index and  is the laser wavelength.  The 

ability to estimate the radius in real-time using this approximation approach is advantageous for this 

study. The accuracy of the approximated radius has previously been shown to be 100 nm.175 
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3.4.6 UV-Vis Droplet Illumination 
An aqueous sodium nitrate droplet was equilibrated to a selected ambient humidity (80, 60, or 30 RH %) 

over several seconds. The confined, equilibrated droplet was irradiated overnight for 5 – 15 hours in 

the dark with UV light from a broadband UV Fibre Optic light source (200 – 600 nm). The time range 

is defined as the length of time between when the droplet equilibrates, t=0 and the point at which the 

droplet falls out of the trap. As a separate control experiment, equilibrated droplets were also held in 

the dark without illumination for the same period. Figure 3-23 illustrates the typical photochemical 

reactions that the aqueous sodium nitrate droplet may undergo when illuminated with the UV. 

 

Figure 3-23: Primary photoinitiated processes and subsequent reactions during NO3
– photolysis. The main 

absorbances at λ~ 200 nm, 𝜀= 7200 M-1 cm-1 and the actinic wavelength λ~ 302 nm, 𝜀= 7.2 M-1 cm-1.176,177 

 

 

 



Chapter 3- Experimental Techniques and Methodology 

102 

 

3.5 Bulk Phase Measurements 
Bulk phase measurements played a crucial role in this study as they were used to measure the surface 

tension of the bulk solutions and compare them with the droplet measurements. Chapter 4 utilises bulk 

phase measurements to validate the droplet oscillation method and its accuracy in measuring surface 

tension. In Chapter 5, bulk phase measurements were employed to calculate surfactant diffusion 

coefficients and other essential properties of the surfactant solution, providing detailed information on 

its surface activity and behaviour. 

3.5.1 Maximum Bubble Pressure Tensiometer 
In processes where interfaces are rapidly produced such as spraying, foaming, cleaning, printing, 

emulsifying, or coating, the equilibrium surface tension and the kinetics of the interface forming are 

important.178 Surface tension measurements in these processes can be used for the indirect determination 

of the concentration of cleaning or wetting agents in industrial baths and therefore is a useful property 

to determine both industrially and atmospherically. Since Simon et al. first used the maximum bubble 

pressure method in 1851, it has been used, refined, and adapted.179 The bubble pressure tensiometer 

BP100c (KRÜSS Model) used in this work is a valuable technique in the measurement of surfactant 

solutions, reliably analysing the surfactant molecules’ mobility.180 How the BP100 determines surface 

tension will herein be described. 

3.5.2 Determining the Surface Tension 
Figure 3-24 shows the BP100 instrument used in this work. Purified air is pumped into the instrument, 

passing through a gas flow capillary that measures the gas flow rate and into the capillary submerged 

in the desired solution. The capillary generates gas bubbles within the solution, the surface age of which 

is defined by the start of the bubble formation to the point when the maximum pressure is reached. The 

surface tension plotted as a function of surface age is measured by varying the speed of bubble formation 

at regular time intervals. The BP100 can adjust the required surface age exactly between                                 

5 to 2 × 105 ms enabling the dynamic surface tension of a solution to be measured. The surface tension 

determination occurs in stages shown in Figure 3-25(a)-(d).179  
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Figure 3-24: Photographic pictures of the BP100 maximum bubble pressure tensiometer taken in the KRÜSS 

lab. 

Figure 3-25(a)-(b) illustrates the initial bubble formation. The air bubble appears at the end of the 

capillary with a radius of curvature larger than the radius of the capillary. As the bubble increases in 

size, the radius of curvature decreases. The pressure inside the bubble continues to rise and passes 

through its maximum. Figure 3-25(c) demonstrates that at this point the air bubble radius is the equal 

to the radius of the capillary and therefore is a hemispherical shape. From this point the surface tension 

is calculated using Young-Laplace equation, Eq. 3.09181,182 

 
𝜎 =  

(𝑝𝑚𝑎𝑥 −  𝑝0) ∙ 𝑟

2
 

(3.09) 

Where pmax is the maximum bubble pressure, p0 is the hydrostatic pressure and r is the inner radius of 

the capillary. After the maximum, the ‘dead time’ denoted 𝜏𝑑 begins.179 The pressure of the bubble 

decreases as the radius of the bubble becomes larger and subsequently the bubble detaches from the 

capillary tip and a new cycle begins, Figure 3-25(d).180 
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Figure 3-25: Droplet at the tip of the capillary begins to growth and the pressure increase (a) as the 

pressure increases, the radius of the air bubble equals the radius of the capillary (b) once beyond the 

maximum the surface tension can be calculated using Eq. 2.2 (c), droplet detaches, and the cycle 

begins again (d).183 

3.5.2.1 Hydrostatic pressure, p0 

The hydrostatic pressure is determined by the weight of the desired solution acting on an area. The 

additional pressure component (not a feature of the surface tension) acting on the pressure sensor must 

therefore be subtracted from the maximum pressure. 

 𝑝0 =  𝜌 × 𝑔 × ∆ℎ (3.10) 

where 𝜌 is the density of the selected solution, 𝑔 is the acceleration due to gravity and Δh is the height 

of the column defined as the immersion depth capillary. 

3.5.3 Measuring Surface Tension 
The size of the capillary is a key feature in the calculation of surface tension. Using a glass vessel, 30 

ml of a reference solution, for example, water is placed in the BP100, and the capillary diameter is 

detected using Eq. 3.8. Capillaries used in this measurement are relatively small in size (0.15– 0.25 mm) 

allowing the buoyancy force created when the bubble deforms to be neglected and the surface tension 

to be calculated from the bubble pressure alone.184 
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The bubble pressure tensiometer can measure the dynamic surface tension, enabling surfactant kinetics 

and the mechanism of adsorption to be determined. The technique requires both the capillary (SH2031) 

and the glass vessel to be exceedingly clean as minor impurities within the system lower the surface 

tension. This is particularly true when measuring the surface tension of the surfactant, sodium dodecyl 

sulfate used in this work, with its highly surface-active impurities such as the dodecyl alcohol or 

polyvalent inorganic.185 A hydrophobic coating is formed over the surface of the glass capillary by 

means of a salinizing solution in order to prevent the penetration of the sample solution into the capillary 

itself. If a liquid film can form on the inner walls of the capillary, the effective capillary diameter will 

be reduced throughout the measurement causing the surface tension to be too high. The capillary tip is 

immersed into the desired solution at a pre-determined depth (10 mm) which is the distance between 

the surface and the tip of the capillary during the measurement. The value of the depth is important as 

too low leads to the measurement being falsified by pressure variations when the rising bubbles contact 

the surface. 

By inputting the solution density and viscosity, the LabDesk program produces a plot shown in        

Figure 3-25 of surface age against pressure. From this, one can determine the thermodynamically 

significant equilibrium values and the kinetically driven diffusion and adsorption coefficients as will be 

discussed in Chapter 5. 

3.6 Wilhelmy Plate Method 
The Wilhelmy plate method has been widely used to study both the equilibrium surface tension of a 

liquid and the contact angle between a liquid and solid.186,187 Commonly, a metal or glass cleaned plate 

with a known weigh and width is used to measure the liquid-solid interface.  A platform raises the liquid 

until the contact angle between the surface of the solution and the plate is registered, as illustrated in 

Figure 3-26. 

The surface tension of the liquid acts on the plate upon contact with the surface, therefore the vertical 

force required to pull the plate until it detaches from the liquid surface can be measured using a force 

sensor. This force as shown in Eq. 3.11 can be used to calculate the surface tension of the liquid. 

 
𝜎 =  

𝐹

𝐿 × cos 𝜃
 

(3.11) 

where σ is the surface tension of the solution, F is the force acting on the sensor, L is the wetting length 

and θ is the contact angle. In this work, a thin roughened platinum plate is optimally wetted such that 

the contact angle is virtually 0°, so cos θ = 1. Only the measured force and the wetting length need to 

be accounted for. Within this highly accurate method (±0.1 %), it is not necessary to know solution 

densities nor are correction calculations needed.188,189. 
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Figure 3-26: An illustration of the Wilhelmy plate method where Lw is the wetting length, d is the thickness of 

the platinum plate and F is the force exerted on the plate by the liquid. 

3.6.1 Determining the Critical Micelle Concentration 

The Wilhelmy plate method enables the calculation of the critical micelle concentration (CMC) of a 

surfactant. Surface active agents (surfactants) consist of a ‘hydrophilic’ head and a ‘hydrophobic’ tail. 

In an aqueous solution, the surfactant molecules enrich the surface with the hydrophilic tail protruding 

from the surface, creating a layer of surfactant molecules with a given thickness. Once the surface sites 

are fully occupied, the surfactant molecules begin to agglomerate inside the solution, i.e., form micelles. 

The CMC is intrinsic to the characterisation of surfactant behaviour and efficiency, knowledge of which 

is important in industries such as cleaning where the formation of micelles is desirable. The washing 

effect of surfactants is predicated on their ability to store hydrophobic substances such as fats or soot 

within the micelle.  

From the CMC it is possible to derive variables such as the area per surfactant molecule and the 

maximum surface excess concentration that allow the characterisation of the surface adsorption. Surface 

excess concentration in this work was used to calculate diffusion and adsorption coefficients alongside 

the dynamic surface tension collected from the bubble tensiometer. 

3.6.2 A Standard Measurement 

The CMC was determined by conducting surface tension measurements on a series of different 

surfactant concentrations. Each concentration required three separate surface tension measurements to 

determine a mean value and standard deviation. Surfactants exhibit different behaviour above and below 

the CMC. Below the CMC, surfactant molecules continue to enrich the water surface, occupying 

available adsorption sites with increasing surfactant concentration. During this phase the surface tension 

decreases linearly with the logarithm of the surfactant concentration until the CMC is reached. At this 



Chapter 3- Experimental Techniques and Methodology 

107 

 

point, the adsorption sites are occupied, and the surface is saturated, thus any increase in surfactant 

concentration will not decrease the surface tension further, as shown in Figure 3-27. The CMC is then 

acquired from the intersection of straight lines for the concentration-dependent portion and 

concentration-independent portion. 

 

Figure 3-27: By increasing the surfactant concentration until an equilibrium surface tension is reached the 

surfactant critical micelle concentration can be determined as shown here. 

3.7 Conclusion and Future Work 

This chapter has addressed the techniques used in this thesis to characterise droplet and bulk properties. 

To investigate surface tension, three main instruments were discussed: the droplet oscillation method, 

the maximum bubble pressure tensiometer and Wilhelmy Plate techniques. The droplet oscillation 

method was applied for equilibrium and dynamic droplet surface tension measurements. The maximum 

bubble pressure tensiometer was employed for dynamic bulk measurements and the Wilhelmy plat was 

used for equilibrium bulk phase measurements. The ability of the droplet oscillation method to capture 

highly time resolved droplets along the droplet trajectory was introduced and used to generate novel 
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droplet dynamic surface tension measurements. These methods will be explored in Chapter 3 and 

Chapter 4 of this thesis. 

With regard to the measurement of droplet viscosity, the holographic optical tweezer was discussed. 

The developed design of the HOT coupled with a Raman spectrometer has been explored including the 

method of populating the optical traps with the desired solution. The ability of the HOT to calculate 

highly accurate size and refractive index of a levitated droplet has been examined along with the ability 

to control the environment experienced by the droplet within the trapping chamber.  The results from 

this experimental method will be discussed in Chapter 6. Finally, the newly developed electrodynamic 

balance, EDB, detailed further in Chapter 6 was used to levitate single aqueous droplets. By collecting 

elastic light scattering from the laser illuminating the droplet, the radius could be inferred. In this work, 

SPEL was used to examine the photoinduced droplet radius variations over time periods between               

9 – 15 hours.  

The techniques employed and discussed in this chapter offer a breadth of approaches to studying 

fundamental aerosol properties as well as the ability to collect data between microseconds to hours. 

This renders these methods ideal for increasing the understanding of aerosol droplet growth. 
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Chapter 4  

The Surface Tension of Organic Acids, Inorganic Salts, and Their 

Mixtures 

 

4.1 Overview 
This chapter focuses on determining the surface tensions of aqueous solutions of organic acids, 

inorganic salts, and their mixtures. The composition of an aerosol plays a significant role in the droplet 

surface tension governing the growth beyond the critical supersaturation barrier into a cloud 

condensation nucleus, explored fully in Chapter 1. Conducting this work in the aerosol phase in 

comparison with the analogous bulk phase provides the opportunity to work at high surface-to-volume 

ratios, super saturated solute states, and higher surface curvatures, all of which impact surface tension 

and particle activation. The droplet oscillation method was used to observe the surface oscillations in 

droplet shape following droplet ejection from a droplet-on-demand dispenser. Having captured shape 

oscillations over microsecond timescales, surface tension can be retrieved to a high accuracy on droplets 

with very short surface ages. Droplet surface tensions are compared to bulk measurements taken with a 

Bubble Pressure Tensiometer.  

Herein, the measured surface tension will be compared to statistical thermodynamic model predictions. 

In doing so, we can identify processes that the model may or may not be accounting for in its predictions 

of surface tension. Models such as these can go on to inform larger climate models, helping to decrease 

the large uncertainty associated with the aerosol indirect effect on climate. 

4.1.1 The Surface Activity and Tension of Organic Acids  
The main components of tropospheric fine particles are: 1) water-soluble and electrolytic inorganic 

substances, 2) organic and elemental carbon (carbonaceous material), 3) insoluble inorganic substances 

(oxides or salts of silicon, calcium, iron and aluminium).190 Globally, carbonaceous aerosol is a key 

constituent of PM2.5 and PM0.1 particles. In the US, carbonaceous aerosol represents 10 –  65 % of the 

total mass of fine atmospheric PM2.5 particles while in Japan a study revealed organic and elemental 

carbon accounted for 51 –  57 % and 83 –  89 % of PM2.5 and PM0.1, respectively.191 Saxeena et al. 

proposes there are two main fractions of organic compounds; the first is the hydrophobic fraction.190 

Originating from primary emissions, compounds within this fraction display soap-like behaviour with 

one water repelling end and one water attracting end with a propensity to form a film that prevents the 

uptake of water. The second is the hydrophilic fraction whereby compounds are formed from 

atmospheric processes such as oxidation of gases display a high affinity to water.190 These compounds 
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tend to be condensable, low molecular weight carboxylic acids, dicarboxylic acids, alcohols, aldehydes, 

nitrates and polyfunctional molecules. This work focuses on the latter fraction, namely water soluble 

organic compounds (WSOC) as Tuckermann et al.47 found the concentration of organic compounds in 

solution was integral to the overall droplet surface tension of collected aerosol samples.192 

Cadle and Groblicki193 found water soluble compounds were dominant in the total organic mass 

(average of 40 %) in Denver samples, while Mueller et al.65 found 34 – 77 % of the total carbon in their 

samples taken in urban southern California consisted of water-soluble compounds. In measured aerosol 

and fog water samples taken in Po Valley, Facchini et al. showed increasing WSOC content within the 

samples resulted in a 10 – 20 % decrease in surface tension with respect to pure water.194 Samples with 

little to no WSOC, did not exhibit surface tension reduction to the same extent.195 In these samples, 

mono- and di-carboxylic acids were found to be the highest proportion of WSOC (in ppm) but it was 

the polycarboxylic acids analogous to humic like substances (HULIS) that resulted in the highest 

reduction in surface tension. Conversely, work by Kiss et al. 196 confirms HULIS account for 60 % of 

water soluble organic carbon across thirty-two samples causing a decrease in surface tension by               

25 – 42 %, enhanced in the presence of ammonium sulfate.196  

Gas-liquid exchange processes and liquid phase chemical reactions as well as droplet nucleation and 

growth are influenced by changes in surface tension.197 It is well documented that some organic 

substances including organic acids are surface active and their presence has a significant impact on the 

surface tension of cloud droplets. Organic compounds that adsorb at the surface tend to cause a lowering 

of the droplet surface tension. The extent of this adsorption is dictated by the polarity and asymmetry 

of the organic molecule according to P. Meissner et al..198 The decrease in surface tension causes a 

lowering of the barrier to cloud droplet activation by reducing critical supersaturation ratios. In doing 

so, a larger fraction of atmospheric aerosol can be activated into cloud droplets and contribute to the 

indirect effect of aerosols by increasing the cloud lifetime and albedo.199 The mono-and di-carboxylic 

acids: oxalic acid, malonic acid, pyruvic acid and levulinic acid, shown in Figure 4-1, are investigated 

in this work. These compounds were specifically chosen to enable comparison between organic 

molecule chain length which varies from two to five carbons and the number of carboxylic acid groups, 

subsequently investigating their impact on surface tension. The importance of these compounds is 

discussed further in Chapter 1 Section 1.3.1. The longer the chain length, the lower the surface tension 

at a given mole fraction will be. For compounds with four or more carbon atoms the surface tension 

decreases linearly with the logarithm of the mole fraction of the solute compound.198  
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Figure 4-1: The structures of the organic compounds used in this work. (a) oxalic acid with two carbons, (b) 

pyruvic acid with three carbons, (c) malonic acid with three carbons and (d) levulinic acid with five carbons. 

The emission of organic compounds from natural and anthropogenic sources such as fossil fuel burning 

is set to rise in the near future and in turn influence our climate, health and technology.148 Characterising 

the impact of these compounds will be intrinsic to the improvement of climate models and 

understanding of cloud droplet growth.  

4.1.2 The Surface Activity and Tension of Inorganic Salts 
One of the major constituents of atmospheric aerosol is ammonium sulfate and therefore it is the 

inorganic salt of interest in this thesis. Several studies have shown the prevalence of ammonium sulfate 

within the troposphere. Sulfates are known to form CCN at low cloud supersaturations and impact the 

reflectivity of cloud droplets thus altering the Earth’s albedo, and countering the global warming effect 

of greenhouse gases.200 Ammonium sulfate and ammonium bisulfate play a key role in the heterogenous 

hydrolytic reactions of N2O5 into HNO3 by providing a reaction surface.201 These reactions affect the 

oxidising capacity of the atmosphere through impacting the NOx, O3, and OH global budgets by an 

average of 25-50%.202 Mkoma et al.25 found the main anionic component within their samples was SO4
2- 

accounting for 23 % and 37 % of the total species in PM2.5 and PM10, respectively. 

Ammonium sulfate forms from the transformation of SO2 to SO3, conversion to concentrated sulfuric 

acid (H2SO4, > 40 wt%) and neutralisation by ammonia in tropospheric aerosol.203 According to Tu et 

al. (NH4)2SO4 is expected to dominant the continental aerosol composition while NH4HSO4 dominates 

marine aerosols.204 MD simulations of ammonium sulfate show that it is not surface active and resides 

within the bulk of the droplet for a number of reasons as shown in Figure 4-2. The doubly charged 

sulfate anion has a small surface affinity due to the electrostatic penalty of bringing the dianion close 

to the surface. It is therefore more favourable for the SO4
2- ions to solvate within the droplet bulk. The 

positive ammonium ion, also favouring the bulk of the droplet, is able to form four hydrogen bonds 
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with the surrounding water molecules. This hydrogen bonding increases the change in the surface 

energy to surface area ratio thus increasing surface tension above that of water (72.8 mNm−1).  

 

Figure 4-2: On the left-hand side: A snapshot of 1.2 M aqueous solution of (a) ammonium chloride, (b) sodium 

sulfate, and (c) ammonium sulfate MD simulations. On the right-hand side: Right panels:  Density profiles 

relating to the centre of the slab (z = 0) to the air/water interface at 15 Å. Colour scheme:  hydrogen, grey; water 

oxygen, blue; chloride, yellow; sodium, green; ammonium, purple; sulfate S, pink; sulfate oxygen, orange. This 

image is taken from the paper by Gopalakrishnan et al.205 

4.1.3 Surface Tension of Inorganic and Organic Mixtures  
Atmospheric aerosols are complex chemical mixtures, containing both inorganic and organic 

compounds.46 The complexity is owed to the thousands of organic compounds with varying surface 

activities emitted from anthropogenic and biogenic sources and generated through nucleation.206 Frosch 

et al. stated that the mixing of inorganic and organic to result in two main effects, one being the partial 

replacement of organic compound with inorganic salt leads to an increase in surface tension and the 

second effect, shown at high inorganic acid concentrations, leads to a further decrease in the surface 

tension due to the inorganic salt decreasing the solubility of the organic species forcing the organic 

component to the solution interface.46 Data collected by Saxena et al., in urban and non-urban areas 

found organic species alter the aggregate hygroscopic properties of inorganic particles.190 On the one 

hand, for the non-urban location (Grand Canyon, United States) predominantly hydrophilic organic 

species exist and account for 25 – 40 % of the total water uptake by the inorganic salt present. On the 

other hand, in the urban area (Los Angeles, United States) where more hydrophobic organic compounds 

can be found, at relative humidities between 88 – 93 RH % the uptake of water is diminished by                
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25 – 35 %.190 Relative humidity cycles play an important role in the phase state of mixed organic and 

inorganic aerosols dictating the phase transition and uptake of gaseous species.206 Studies that have been 

conducted on mixed organic-inorganic salt particles have found the organic component to influence the 

deliquescence and efflorescence RH along with liquid-liquid phase separation of the inorganic salt.207,208 

In the case where liquid-liquid phase separation does not take place the DRH and ERH of the inorganic 

salt are significantly lowered such that the particle may remain in a homogenous liquid state with the 

potential to further impact air quality and visibility.  

4.1.3.1 The Salting Effects 

In the presence of an inorganic salt, the aqueous solubilities of organic compounds decrease, this is 

known as the salting-out effect. The classical Setschenow equation is used to quantify this decrease in 

solubility using the following equation209: 

 log(
𝛾

𝛾0 
⁄ ) =  log (

S0
S⁄ ) = K𝑠 [salt] (4.01) 

 

where 𝛾0  and 𝛾 represent the activity coefficients of the organic solute in pure water and in the salt 

solution respectively, 𝑆0  and 𝑆 denote the solubilities of the solute in pure water and salt solution, 

respectively.210 𝐾𝑠 is the empirical Setschenow or salting out coefficient (M-1). The equation may also 

be written as follows: 

  log(k1 salt water⁄ k1 water⁄⁄ ) = K𝑠 [salt] (4.02) 

   

Where 𝑘1 𝑤𝑎𝑡𝑒𝑟⁄  and 𝑘1 𝑠𝑎𝑙𝑡 𝑤𝑎𝑡𝑒𝑟⁄  are the equilibrium partitioning coefficients of an organic solute in 

an aqueous solution and aqueous salt solution, respectively.211 A positive value of 𝐾𝑠 signifies the 

partitioning equilibrium shifting towards the non-aqueous phase and the non-electrolyte is pushed 

towards the surface as solubility decreases. Ultimately an increase in organic species at the solution 

interface will lead to greater surface tension depletion.212 Conversely, the salting-in effect which results 

in an increase in solubility of the organic component is often caused by salts with a large partial molar 

volume and have lower Ks values than the salting out coefficient.210,213 Sareen et al. found these two 

effects in glyoxal214 and methylglyoxal-inorganic solutions.215 Glyoxal salts-in in the presence of salts 

such as ammonium sulfate, ammonium nitrate and sodium chloride due to strong interactions between 

the OH groups and electrolyte ions in the hydration shell. Methylglyoxal, however, salts-out in the 

presence of the same salts as a result of the increase in size due to the additional methyl group adding 

to the steric hindrance when fitting into the ion hydration shell.215  

The salting-out by electrostriction theory by et al. 216 and Conway et al. posits a 𝐾𝑠 increase occurs in 

tandem with an increase in the size of the salt ions, the volume and polarizability of the organic 

species.214,216 Sulfate ions are large ions which require more solvation than chloride ions. To solvate a 
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sulfate ion requires twelve water molecules to form the first hydration shell. This depletes the number 

of water molecules available to hydrate the organic molecules and decreases the solubility. When 

analysing the effect of anions on the salting-out coefficient between SO4
2-, NO3- and Cl-, the SO4

2- 

coefficients were higher than Cl-. This may be due to the doubly charged anions having a significantly 

larger salting-out effect than singly charged anions as Xie et al. demonstrated in their 𝐾𝑠 values. The 

study found Na2SO4 coefficients to be larger than NaCl across all the organic compounds 

investigated.217 

4.1.4 Modelling Surface Tension of Inorganic and Organic Mixtures 
Surface tension models and experimental measurements remain important to understanding the 

interactions between solution components, such as inorganic salts, organic acid, aqueous mixtures, as 

well as their surface and bulk propensities and their energy barriers associated with adsorption at the 

surface.93,218,219 Various surface tension models have surfaced over the last few decades to predict the 

behaviour of these more complex systems, two of which will be used in this chapter (Langmuir-

Szyszkowski and Boyer et al. models).93,220  

Wang and co-workers successfully merged separate models which described electrolytes, non-

electrolytes, and mixed solvents.212 Their framework represented the surface tension of a variety of 

solution compositions across a wide range of concentrations, however, the model was limited as it 

disregarded interactions between the solutes, curtailing its use in higher complexity systems. Wexler 

and Dutcher used an extended model of the Brunauer-Emmett-Teller (BET) and Guggenheim-

Anderson-de Boer (GAB), and Ally and Braunstein single monolayer isotherm, which included 

multilayers with their own individual energy and entropic configuration.221,222 Using statistical 

mechanics to derive an equation for the surface tension as a function of solute activity, Wexler et al. 

developed a binary model whereby the interface consists of water molecule sites. Akin to the Langmuir-

Szyszkowski model, the adsorption of solute at the surface displaces 𝑟 water molecules, where 

𝑟 accounts for the size of the adsorbing molecule and is a parameter derived through fitting the 

following equation: 

 
𝜎 =  𝜎𝑤  +  

𝑘𝐵𝑇

𝑟Sw
 ×  ln (

1 − 𝐾𝑎𝑠

1 − 𝐾𝑎𝑠(1 − C)
) 

(4.03) 

 

where 𝜎𝑤 is the surface tension of pure water, 𝑘𝐵 is Boltzmann’s constant, T is temperature, 𝑆𝑤 is the 

surface area occupied by one solvent molecule, and 𝑎𝑠 is the solute activity. The model parameters are 

K and C, which represent the energies of the solute molecule in the bulk and at the surface, respectively. 

Expressed as 𝐾 ≡ exp(𝜀𝑆𝐵 𝑘𝐵𝑇⁄ ) and C ≡ exp(𝜀𝑆𝑆 − 𝜀𝑆𝐵 𝑘𝐵𝑇⁄ ). 𝜀𝑆𝑆 is defined as the surface energy 

while 𝜀𝑆𝐵 represents the bulk energy. Few binary surface tension models have been successfully 

extended beyond binary solutions to mixtures with two or more components without the further addition 
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of parameters and assumptions. This study employs an adsorption isotherm and a statistical 

thermodynamic model, as previously outlined by H. C. Boyer et al.93, to extend our understanding and 

predict the surface tensions of ternary solutions in comparison to experimental measurements. 

4.1.4.1 Origin and Derivation of Binary System Models 

By defining the subsurface/dividing surface at which the chemical potential of the solvent is zero, Gibbs 

derived the thermodynamic relationship between surface tension and surfactant surface concentration 

detailed in Chapter 1 Section 1.5.4 and shown in Eq. 4.04.   

 

In this equation, the bulk chemical potential and surface concentration of each solution component, 

along with the relationship between surface tension and solution concentration are described.223 

 
Γ =  − 

1

𝑅𝑇
× (

𝛿𝜎

𝛿Cbulk
)

𝑇

 
(4.05) 

 

An additional equation is required to describe the relationship between the bulk and surface 

concentration. Langmuir derived such an equation (see Eq. 4.06) for dilute ideal solutions and revealed 

when in combination with Gibbs equation, the previously noted semi-empirical Szyszkowski equation 

was described.224  

 Γ

Γ𝑚𝑎𝑥
 =   

Cbulk

Cbulk  + 𝑎
 

(4.06) 

where 𝛤𝑚𝑎𝑥 is the maximum surface excess concentration of the surface-active species and 𝑎 is the ratio 

of the adsorption to desorption. Szyszkowski in 1908 recognised upon examination of aliphatic acids, 

their effect on surface tension of water and derived the equation shown in Eq. 4.07 to better describe 

the relationship between surface tension and the concentration of the solute present.  

 
𝜎 =  𝜎0  (1 −  𝐵 ×  𝑙𝑜𝑔10 (1 +  

C

𝛽
)) 

(4.07) 

Where 𝜎0 is the surface tension of pure water (72.8 mN m−1) at 20 degrees; 𝜎 is the surface tension of 

the aqueous solution (mN m−1); C denotes the concentration of solute (mol L−1) with 𝐵 and 𝑎 as a 

constant for all the acids and a constant characteristic of each acid respectively. To account for the 

reduced solubility of higher molecular weight compounds in water, C, is replaced with mole fraction, 

x, as follows198: 

 𝑑𝜎

𝑑(ln Cbulk)
= − Γ2𝑅𝑇 

 (4.04) 
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 𝜎 =  𝜎0  (1–  𝐵 ×  log10 (1 + 
𝑥

𝑎
)) (4.08) 

Eq. 4.08 enables surface tension to be calculated for a number of different dilute aqueous organic 

solutions with a 3 % accuracy according to Meissner and Michaels.198 However the equation cannot be 

applied to solutions with > 1 mole % of the low molecular weight compounds. The constant 𝐵 is related 

to the Gibbs adsorption equation by Eq. 4.09 and is said to be same value for acids, alcohols, esters, 

ketones, and amines which orient themselves almost identically at the surface. 

 𝐵

2.3
=  

𝑅𝑇Γ

𝜎0
 

(4.09) 

In 2004, Tuckermann expressed Eq. 4.09 and 4.10 as a first order approximation of the semi-empirical 

equation. Eq. 4.09 can be used to calculate surface concentration and the inverse Langmuir absorption 

coefficient, β.199,47  

 
𝜎 =  𝜎0 – Γmax𝑅T ∙  ln (1 +  

C

𝛽
) 

(4.10) 

where  𝛤𝑚𝑎𝑥 is the maximum surface excess concentration (mol/m2); R is the universal gas constant 

(mN m K−1 mol−1); T is the temperature in Kelvin; C denotes the solute concentration (mol L−1). 

Assuming equilibrium between the bulk phase and the surface layer, the well-known Gibbs equation 

(Eq. 4.10) can be used to calculate to the 𝛤𝑚𝑎𝑥 of the droplet and bulk solution.225 

It is recognised that the Szyszkowski equation neglects solute interactions between the surface and the 

bulk and therefore can only be valid for ideal solutions or pure water. The Langmuir-Szyszkowski 

equation is a modified equation from the one proposed by Szyszkowski. This approach treated the 

movement of molecular species from the bulk to the surface as a process requiring the water molecules 

which occupy adsorption sites to be displaced in a reversible reaction. This treatment is valid for dilute 

solutions and begins to break down at more concentrated solutions: 

 𝜎 =  𝜎0 –  𝑎𝑇 ∙  ln(1 +  𝑏𝐶) (4.11) 

 

Where T is the temperature and, C is the solution concentration (mol L−1). Both 𝑎 (g s−2 K−1) and             

𝑏 (L mol−1) are empirically found parameters using a least squared fit analysis that systemically 

minimises the error. 

4.1.4.2 Derivation of Multicomponent System Models 

The Schwier (2013)226 and Tuckermann (2007)47 model (Eq. 4.12) is derived from the Langmuir-

Szyszkowski (L-S) equation and has been used to describe more complex mixed systems. In 2007, 

Tuckermann extended the L-S equation to account for the effect of electrolytes on surface tension of 

mixed inorganic-organic solutions with the addition of a term to model the salt-organic interactions. 

Schwier later adapted the model to what is shown in Eq. 4.12. The model parameters 𝑎 and 𝑏 were 
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found by fitting to the binary aqueous organic solutions and 𝑘 (mN m−1 L mol−1) was found by first 

conducting a least squares regression using the mixed inorganic-organic solutions. 

 
𝜎 (𝑇) =  𝜎𝐻2𝑂 + (

∆𝜎

∆𝑐𝑠𝑎𝑙𝑡
) 𝑐𝑠𝑎𝑙𝑡 − 𝑎𝑇ln(1 + 𝑏𝐶) + 𝑘𝑐𝑠𝑎𝑙𝑡ln (1 + 𝑏𝐶) 

  

(4.12) 

 

4.1.4.3 Boyer et al. Model 

The Boyer model227 uses work from Dutcher et al.222 and Ohm et al.228 who were able to successfully 

model binary systems by using multilayer adsorption isotherm and accounting for solute long- and 

short-range interactions. The Boyer et al. model 2016 incorporates a solution model where water 

molecules adsorb to sites on the organic, and an interface model where the organic displaces water 

molecules at the surface, along with the partial dissociation of the organic acids. The partial dissociation 

constants are gathered from literature and allow consideration of both neutral and dissociated forms of 

the acid. In this way the model for binary organic systems in this study is able to account the change in 

surface tension over a range of concentrations. The binary statistical thermodynamic model was 

successfully expanded by Boyer et al.93 to ternary systems showing excellent agreement between 

predictions and measurements of electrolyte-electrolyte solutions, organic-organic solutions, or single 

organic, single electrolyte solutions. The model allows organic and electrolytes to compete for surface 

adsorption sites with equal probability with each model parameter (𝑟, 𝐾, 𝐶) decoupled for each of the 

solutes. These solutes are defined as either A or B which can adsorb and desorb from the surface as 

depicted in Figure 4-3. The temperature of the model is set at 298 K and uses 72.0 mN m−1 for surface 

tension of pure water.  

 

Figure 4-3: A depiction of how the model treats the separate components in a multi-component solution, A and 

B are used to denote different organic species. Image recreated from research article Boyer et al 2016.227 
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4.2 Measurement Techniques 
The experimental techniques used to characterise the surface tension of organics, inorganic salts and 

their aqueous mixtures are described in Chapter 3 and will be briefly summarised. The specific systems 

examined in this chapter are not highly surface active. Based on the droplet compositions studied 

(organic acids and inorganic salts), the droplet surface tensions are not anticipated to deviate 

significantly from the bulk organic acid solution due to rapid surface-bulk partitioning (as opposed to 

the slow diffusion and adsorption properties observed in true surfactants). Therefore, these systems 

serve as a suitable test for the method, as the measurements taken from the droplets and bulk solution 

should match. Table 4-1 details of the compounds used in this this study to analyse low different systems 

in aqueous solution alter surface tension. 

Table 4-1: The chemical information of each compound used in this experiment. Information was (a) 

PubChem229, (b) Fernandez et al.230, (c) Chemical Book231.  

Compound Molecular weight 

(g mol−1) 

Density  

(g cm−3) 

Solubility limit 

in water (g L−1) 

O:C Ratio 

Oxalic acid 90.0a 1.9a 220.0b 2.0 

Malonic acid 104.1a 1.6a 730a 1.3 

Pyruvic acid 88.1a  1.3a  1000.0a 1.2 

Levulinic acid 116.1a  1.1a  675.0c 1.4 

Ammonium Sulfate 132.1a  1.8a  706.0a N/A 

 

4.2.1 Droplet Oscillatory Method 
When droplets are ejected from a microdispenser they undergo shape oscillations observed and captured 

by stroboscopic imaging. By superimposing a box around the droplet, the aspect ratio over a given time 

can be determined and converted into an oscillation frequency using fast Fourier transform (FFT) with 

a Lorentzian fit to the data. From the frequency acquired from the FFT the surface tension of the droplet 

can be derived. The uncertainty in the surface tension measurement is calculated from the error found 

in the Lorentzian fit of the frequency and the uncertainty found in the droplet diameter by taking these 

values and generating a maximum and minimum surface tension which is then used to calculate the 

uncertainty in the surface tension. The droplet diameter and its uncertainty are determined by taking the 

average and standard deviation of the last one hundred diameter recorded data points, where the droplet 

has relaxed to a spherical shape. The standard deviation in the diameter and surface tension varied no 

more than 0.1 – 0.3 µm and ±3 mN m−1 respectively. 
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4.2.2 Maximum Bubble Pressure Tensiometer  
By creating bubbles at the tip of a capillary within the solution and measuring the time it takes to reach 

the pressure maximum, the surface tension of the solution over time can be deduced. Initially, the radius 

of the capillary tube must be determined with a known reference solution, water (72.8 mN m−1, 298 K). 

Once the radius of the capillary is calculated, the surface tension can be determined from the pressure 

maximum pmax. The hydrostatic pressure p0 from the immersion of the capillary in the liquid is 

subtracted from pmax automatically by the KRUSS bubble tensiometer software and from this the surface 

tension is computed, see Eq. 4.13. The uncertainty in the bulk measurements is ±1 mN m−1. 

 
𝜎 =  

(𝑝𝑚𝑎𝑥−𝑝0) × 𝑟

2
 

 

(4.13) 

4.3 Results and Discussion 

4.3.1 Summary of study 
To characterise the closeness to bulk surface tension and the reproducibility of the droplet oscillation 

method, the surface tension of binary organic, inorganic salt and their ternary mixtures were 

investigated as a function of concentration or mole fraction. Droplets ejected from a microdispenser are 

captured using stroboscopic imaging set a delay time from the initial voltage pulse. By observing 

oscillation over a given time period, typically between 300 – 800 µs depending on the solution, the 

aspect ratio can be retrieved, and fast Fourier transformed into a frequency. In turn this oscillation 

frequency can be used to calculate the droplet surface tension. The l= 2 is determined to be point when 

the centre of mass equates to one and the droplet is said to be oscillating axisymmetrically. Earlier data 

points that correspond to higher order oscillation modes l ≥ 2 (see Chapter 3, Section 3.1) are removed 

from the data. The surface tension of aqueous binary organic acid mixtures behaves similarly to pure 

water as shown in Figure 4-4. It does not exhibit surfactant-like behaviour hence the peak position in 

Figure 4-4 remains consistent over time. A shift in the peak position is indicative of dynamic-like 

behaviour taking place. The surface tension measurements are referred to as the equilibrium droplet 

surface tension, a characterisation supported by corresponding bulk phase equilibrium surface tension 

measurements. 



Chapter 4-The Surface Tension of Organic Acids, Inorganic Salts, and Their Mixtures 

120 

 

 

Figure 4-4: Dynamic behaviour of (a) water (b) a binary solution of aqueous levulinic acid. Each colour 

represents the time at which the data was sliced, and the data prior is removed. Both (a) and (b) identically show 

very little shift in the peak position of the oscillation frequency over time. This demonstrates that there is no 

dynamic molecular behaviour during the experimental time frame and the solution has reached equilibrium 

before the surface tension measurement commenced. 

 

The bulk surface tension measurements were collected using a maximum bubble pressure tensiometer. 

By generating bubbles in a solution, the tensiometer is able to determine the maximum at which the 

bubble bursts which is associated with the surface tension of the solutions. The surface tension was 

collected at the final time point of the measurement 105 ms. Figure 4-5 shows the excellent agreement 

between the binary organic solution measured in the bulk using the maximum bubble tensiometer (MBT) 

and in the droplet measured by the droplet oscillation method.  

Two models discussed in Section 4.1.4 will be compared to experimental data. The Boyer et al. 2016 

model was compared to the droplet and bulk data to see the goodness of fit between the model to the 

measurements.227The better the fit, the better the model is able to reflect the surface tension profiles of 

binary organic mixtures. The Langmuir-Szyszkowski equation was used to calculate the parameters by 

fitting the equation with method of least squares fitting to the experiment and bulk data to determine Γ, 

a, and b. Similarly, the Szyszkowski equation also known as the Gibbs equation was fitted to the droplet 

data to calculate the 𝛤𝑚𝑎𝑥 and β of each compound and compared to the literature. The Langmuir-

Szyszkowski equation was also used because it includes a term for the effect of temperature on the 

adsorption isotherm, while the Szyszkowski equation is a more general equation that relates the surface 

tension of a solution to the surface excess concentration of solutes at the surface. 
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4.3.2 Surface Tension of Binary System 
4.3.2.1 Surface Tension of Organic Acids  

Here, the dependency of surface tension on the solution concentration is explored. These systems were 

chosen as they are compounds found in the atmosphere or can act as models for surfactant are 

atmospherically relevant. Figure 4-5 shows excellent good agreement between the binary equilibrium 

surface tension values measured in the bulk and droplet. The L-S equation fitted line one denotes the 

fit when conducted on the surface tension of the bulk solutions and fitted line two describes the fit when 

conducted on the droplet-phase measurements The surface tension for both malonic and oxalic acid are 

comparable within approximately ±2 –  9 % and ±1 –  4 % of the literature data, respectively, whereas 

the literature surface tension for pyruvic acid and levulinic acid are currently unavailable for comparison.  

From Figure 4-5, we observe pyruvic, malonic and levulinic acid behave like surface-active agents 

whereas oxalic acid does not. A possible explanation for this behaviour can be found in the study by 

Mahiuddin et al.16 Using computational simulations, Mahiuddin et al. 16 shows the surface behaviour of 

oxalic acid has the weakest surface propensity when compared to citric, succinic, and maleic acid. The 

oxalic acid molecule exhibits a density profile with both surface and bulk solvation showing signals in 

both areas.16 Pyruvic acid depresses the surface tension to the same level as its C3 counterpart malonic 

acid: both compounds have a moderate surface propensity confirmed by their similar maximum surface 

excess concentrations in Figure 4-6. As the number of carbons increases from oxalic acid < malonic 

acid = pyruvic < levulinic acid, the reduction in surface tension is increased as illustrated in Figure 4-4. 

For example, between 0-3 mol L−1, the five-carbon levulinic acid reduces the surface tension by 19 mN 

m−1 whereas the two-carbon oxalic acid reduces the surface tension by 3 mN m−1. All models used in 

this study echoes these findings, showing an increase in the number of carbons per molecule leads to a 

greater surface tension reduction.227  

The Boyer et al. model fit shows an agreement with the oxalic, malonic acid and levulinic acid bulk 

measurements within approximately ±1 – 2 mN m−1). Pyruvic acid shows an unexpectedly poor 

agreement with the model at high concentrations as the model was skewed by the bulk phase 

measurement at 1.5 mol L−1 whereby the surface tension equated to 50 mN m−1. As these are simple 

binary systems, the Langmuir-Szyszkowski equation (Eq. 4.11) can be used to fit the data. The surface 

tension data was fitted to Eq. 4.10 taking 𝜎0 = 72.8 mN m−1 for water. Multiple fits were conducted 

with the Langmuir-Szyszkowski equation to obtain the best agreement with the measurement data as 

possible. The droplet and bulk data for malonic, pyruvic, oxalic and levulinic acid are within ±0 – 2 % 

agreement with the Langmuir-Szyszkowski model calculations. In both cases, the model fits are in very 

good agreement with the literature data found for oxalic acid and malonic acid as shown in Figure 4-5.  
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Figure 4-5: Surface tension of (a) oxalic acid (purple symbols), (b) malonic acid (pink symbols), (c) pyruvic 

acid (blue symbols) and (d) levulinic acid (green symbols). Filled symbols symbolise data collected using the 

droplet oscillatory method and empty symbols denote data collected using the Bubble pressure tensiometer. 

Shown for comparison with the experimental data are the predictions of surface tension from the model of 

Boyer et al. and the two different fits performed with the Langmuir-Szyszkowski equation.  

Figure 4-6 presents Γmax in relation to the number of carbons and Table 4-2 shows the concentration of 

adsorbed molecules at the surface fraction (θ). The Γmax describes the maximum excess of a substance 

at the surface compared to the bulk whereas the surface concentration 𝛤𝑖 refers to the concentration of 

a substance at the surface boundary. For oxalic acid Γmax and θ are the lowest of the four compounds 

which resonates with the Mahiuddin et al. study showing the low surface propensity of the compound.16 

Note, though pyruvic acid shows the highest overall surface concentration, it is levulinic which shows 

the greatest reduction in surface tension with an increase in organic concentration. This could be due to 

the area per molecule and number of carbons in levulinic acid as discussed below. 
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Figure 4-6: Maximum surface excess concentration for oxalic acid (purple filled symbol), malonic acid (pink 

filled symbol), pyruvic acid (blue filled symbol) and levulinic acid (green filled symbol). The graph shows a 

linear relationship between the number of carbons and the surface excess concentration. The positive values 

indicate the solute reduces the surface tension of the solution below that of water. 
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Table 4-2: The fraction of surface coverage by the adsorbed molecules at the surface calculated alongside the 

parameter a and b from the experimental data using the Langmuir-Szyszkowski equation (σ = σ0 – aTln (1 + 

bC)). 

‘ 

In the Langmuir-Szyszkowski equation, detailed in Eq. 4.11 is fit to the bulk (fit 1) and droplet (fit 2) 

shown in Table 4-3 using the least squares fitting method. The equation can be used to calculate the 

surface coverage and parameter ‘a’and ‘b’. The constant 'a' depends on the nature of the solute, and ‘b’ 

denotes the Langmuir adsorption constant related to the concentration of the solute at the interface. At 

first these values are chosen arbitrarily and systematically optimised to the data using the estimation 

method of least squares regression. The constant a is related to the nature of the solute and the strength 

of its interactions with the solvent molecules at the surface. The larger the value of a, the stronger 

interactions at the surface and greater the surface tension depression. From Table 4-3, as expected the 

value of a in Fit 2 trends as levulinic acid > malonic acid > oxalic acid, in order of highest value first. 

However, pyruvic acid does not conform predictions as it shows the lowest value of a. This may be due 

to poor fitting of Eq. 4.11 to the experimental data, to understand this further, comparison with literature 

and measurement data would be needed.  
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Conversely, the Langmuir adsorption constant, b does not follow the same trend as parameter a. The 

parameter b characterises the strength of the interaction between the solute molecules and the surface. 

Given the relationship between number of carbons in each compound and surface affinity, the trend of 

parameter b is expected to follow levulinic acid > malonic acid > pyruvic acid > oxalic acid in order of 

highest to lowest. Both fits do not follow the trend as expected. In fit 1, pyruvic acid exhibits the highest 

value of parameter ‘b’ as expected from Table 2, however the fit to the bulk data (fit 2) suggests levulinic 

has the higher value. Further work to understand this difference is required. 

Table 4-3: The fitted parameter a and b from the Langmuir-Szyszkowski equation. As these values are found 

via a least squares regression, uncertainty values cannot be obtained. Fit 1 corresponds to fitting the L-S 

equation to the bulk-phase data and Fit 2 corresponds to the optimised fit to the droplet data. 

 

Szyszkowski Equation  

Another method of investigating the decrease in surface tension of binary systems is to fit data to the 

Szyszkowski equation, Eq. 4.07. The surface tension measurements from this study were conducted at 

293 K and literature 298 K. The difference in the temperature leads to a ≤ ±1 % discrepancy between 

the measurement and the estimated surface tension data. This shows that a temperature difference of 

this magnitude does not have a significant impact on the estimated surface tension. Table 4-4 exhibits 

the Szyszkowski equation calculated values for 𝛤𝑚𝑎𝑥 , β and Amin. The maximum surface excess 

concentration, 𝛤𝑚𝑎𝑥, of a compound refers to the excess amount of a substance present in a given surface 

area. A positive value signifies the compound’s capacity to elevate surface tension, whereas a negative 

value indicates the contrary effect. The parameter β represents the characteristic adsorption constant 

and is a measure of a compound’s affinity to the surface. Amin describes the area per molecule which 

indicates the degree of packing and orientation of adsorbed molecules at the surface of the droplet or 

solution. 
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Oxalic Acid 

Table 4-4 shows an increase in the Γmax moving from oxalic and levulinic acid, a change likely to be an 

increase in the number of carbons in the organic chain and increased affinity for the surface. All organic 

species with the exception of oxalic acid have a positive value for Γmax. In contrast to the other organic 

systems, the surface tension increases slightly above that of pure water (72.8 mN m−1) as the oxalic acid 

concentration increases. This leads to a negative Γmax, a characteristic often associated with inorganic 

acids. As the variation in surface tension is within error of the surface tension of water, the increase 

should be disregarded. Table 4-4 shows for the Γmax and β values, oxalic acid is an order of magnitude 

lower than the values found in the literature, a discrepancy which could be due to the low number of 

data points and the scatter within the measurements taken. Additional data is needed to be collected to 

better characterise the surface tension of binary oxalic acid. Both in the bulk and droplet measurements 

the Amin is large suggesting oxalic acid does not closely pack at the surface of the solution or droplet 

which is expected from its lower surface affinity evident in the low β values. 

These measurements imply that oxalic acid is unlikely to be a surface-active organic compound and is 

more likely to be situated in the vicinity of the bulk phase of a droplet or solution. Hence, it may not 

play a significant role in reducing the surface tension of atmospheric aerosols. 

Malonic Acid 

The values of Γmax and Amin for the aqueous malonic acid droplet and bulk measurements exhibit a 

reasonable agreement with the literature data from Tuckermann et al.47. For the droplet data, Γmax and 

Amin is comparable within ±2 % and 1 % of the literature data while the bulk phase data is ±2 % and 

19 %, respectively. Both malonic acid and pyruvic acid show similar values Γmax and Amin but vastly 

different values for β, possibly indicating that malonic acid has a higher surface affinity than pyruvic 

acid. The large discrepancies in the values for β between the measured and literature remains under 

further investigation. 

Levulinic Acid  

In Table 4-4, it is evident that levulinic acid not only demonstrates the highest maximum surface excess 

concentration but also consistently presents the lowest area per molecule. This aligns with the observed 

trend in the studied series of carboxylic acids, specifically, levulinic acid < pyruvic acid < malonic acid 

< oxalic acid. The levulinic molecules are able to pack closer together, with a high affinity and stability 

on the surface and thus it is capable of reducing the surface tension to highest degree of the droplet or 

solution. It is probable that organic compounds that possess analogous structures to levulinic acid, 

which are frequently detected in the atmosphere, can act to decrease surface tension to a value below 

that of pure water. 
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Table 4-4: The Γmax denotes the maximum surface excess concentration, inverse activity coefficient β of various 

organic species and Amin is the area per molecule, calculated from the Langmuir-Szyszkowski equation, a Lee et 

al. (2014)199, b Aumann et al. (2010)232, c Hyvärinen et al. (2006)233, d Tuckermann et al. (2007)47. The units used 

for Γmax were 10-6 mol m−2; β, 10-3 mol L−1 and Amin, Å𝟐 Molecule-1. The measurements from this study were 

conducted at 298 K as in the literature.  

 

4.3.2.2. Surface Tension of Monovalent Inorganic Salts 

Inorganic species such as ammonium sulfate have been shown to reside in the bulk of the solution and 

typically increase the surface tension above that of pure water. The first approximation Eq. 4.17 can be 

used to describe the linear function surface tension against the solute concentration and compare 

between the data in this study and the literature.47 The ∆𝜎 ∆𝐶⁄  found in this study equates to                   

2.72 ±0.32 kg mol-1 mN m-1 and compares well to literature values from Lee et al.43 (2.33 ±0.04 kg mol-

1 mN m-1) and Svenningsson et al.234 (2.36 kg mol-1 mN m-1). 

 
𝜎 =  𝜎0 + 

∆𝜎

∆𝐶
𝐶 

(4.14) 

From Figure 4-7, as expected, as the concentration of the inorganic increases, the surface tension 

increases for both the droplet and bulk measurements. The present study demonstrates a high degree of 

concordance between droplet and bulk data, thereby reaffirming the usability of the droplet oscillatory 
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method as a reliable technique for measuring surface tension. The droplet and bulk measurements 

deviate from the model by Boyer et al. however remains within error of the E-AIM model data shown 

in Figure 4-7 and 4-8. 

 

Figure 4-7: Surface tension of ammonium sulfate measured using the droplet oscillatory method (black filled 

symbols) and bubble tensiometer (black empty symbols). Our results are compared against the E-AIM model, 

Boyer et al. model.43,235 
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Figure 4-8: Surface tension of ammonium sulfate measurement compared to the surface tension given by E-

AIM model at different temperatures ranging from 278.5-303.15 K.236 

 

4.3.3 Surface Tension of Ternary Systems 
Herein we will discuss the measurements collected that contain three components, organic acid, 

inorganic salt, and water making up our ternary systems. The surface tension of four different organic 

acids were measured at varying ratios with ammonium sulfate both in the bulk and droplet phase. The 

inorganic salt content was increased to analyse the impact of increasing the inorganic salt content on 

surface tensions of organic mixtures. These results have been compared to the model detailed in a 

previous paper by Boyer et al. and the Tuckermann 2007 models to assess how well the models reflect 

the measurement data. 
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Table 4-5: The chemical composition of mixtures which have been used in the experiments. 

Compound Mixture Ratio (inorganic salt: organic acid) 

Ammonium Sulfate: 

Oxalic acid (AS:OA) 1:1 

Ammonium Sulfate: 

Malonic acid (AS:MA) 

 

1:1 

4:1 

8:1 

Ammonium Sulfate: 

Pyruvic acid (AS:PA) 

 

1:1 

2:1 

4:1 

Ammonium Sulfate: 

Levulinic acid 

(AS:LA) 

T: 

4:1 

16:1 

 

4.3.3.1 Setschenow Coefficients 

In this study AIOMFAC, a group contribution model, was implemented to computationally derive the 

activity coefficients of organic compounds in both pure water and salt solutions at 298 K. Subsequently, 

the Setschnow coefficient was determined using Eq. 4.01. In instances where the Setschnow or salting-

out coefficient is positive, it signifies a shift in the solvation of organic species due to the presence of 

an inorganic salt, resulting in a diminished solubility of the organic compound and a further reduction 

in the surface tension. The organic compounds, levulinic, malonic and pyruvic acid all show positive 

Ks in Table 4-6, indicating the salting-out is in effect. Conversely, oxalic acid has a negative Ks value 

which shows the salting-in effect may take place as the concentration of the organic species increases. 

This may be a result of the increased polarity of oxalic acid with its two carboxylic groups that can 

interact strongly with salt ions and water molecules leading to an increase in solubility. 
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Table 4-6: Setschenow constants calculated from the thermodynamic model, AIOMFAC with the salt 

concentrations used in this study. 

 

The surface tension of the inorganic and organic aqueous mixtures at different mole ratios were 

measured by varying the mole fractions to determine the impact of increasing the salt concentration 

on the surface tension of the organic species. The results of the bulk and droplet measurements are 

detailed in the following section and show similar in values validating the droplet oscillation method 

for these systems. 

4.3.3.2 Ammonium Sulfate: Oxalic Acid 

Figure 4-9 shows the effect of increasing the total solute mole fraction (tMF) on the surface tension of 

an AS:OA 1:1 mixture. As the tMF was increased, the surface tension of the mixture remained relatively 

constant and within error of the ammonium sulfate and oxalic acid measurements. Contrary to the 

AIOMFAC derived Setschenow constants both sets of measurement data (droplet and bulk) do not 

appear to be impacted by the ‘salting-in’ effect. Interestingly, the Boyer et al. model predicts the 
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opposite result, and the model suggests the ‘salting-out’ could be an effect of the ammonium sulfate 

and oxalic acid mixture causing a decrease in surface tension below the binary oxalic acid solution. In 

comparison, the Tuckermann equation (Eq. 4.11) models the 1:1 mixture well across the tMF range 

showing little to no increase in surface tension as the organic concentration is increases until the end of 

the measurement data. After this, the Tuckermann model predicts a decrease in surface tension with an 

increase in the tMF. The predicted changes in this system were relatively small rendering the data 

quantitively difficult to resolve for either model. 

 

Figure 4-9: Surface tension of ammonium sulfate (blue symbols), oxalic acid (orange symbols) and the mixed 

aqueous ammonium sulfate:oxalic acid (1:1, pink symbols). The Boyer et al. model is indicated by the solid 

straight lines, the Langmuir-Szyszkowski model for aqueous organic systems represented by the short, dotted 

line and the Tuckermann (2007) model for mixed inorganic and organic symbols indicated by the short, dashed 

line. 

4.3.3.3 Ammonium Sulfate:Malonic Acid 

Figure 4-10 shows a comparison of AS:MA mole ratio across a wide tMF range with the Boyer and 

Tuckermann models. As the inorganic component in the mixture is increased, the surface tension 

increases showing the strong influence ammonium sulfate has on the surface tension. For example, at 

tMF value ~0.06, the mole ratio of 1:1 ammonium sulfate to organic acid, the surface tension was 

reduced by 5 mN m−1. Whereas at the same mole fraction, with the mole ratio of 8:1 ammonium sulfate 

to organic acid the measured data shows an increase of 3 mN m−1.  
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The Ks constant show a relatively low salting effect on the AS:MA mixtures which supports a lack of 

an effect seen in the measurement data. Though Clegg et al.237 observed malonic acid salt out in low 

concentrations of electrolyte and salting in at high concentrations, increasing the solubility of the 

solution above ~8 to 10 mol dm-3 of acid. It is possible the data in this work does not reflect previous 

data due to the low concentrations used.  

The Boyer model is in good agreement with the experimental data as this is a well-known and studied 

system. Tuckermann 2007 model shows better fit with measurement data points, estimating the surface 

tension across the total solute fraction range in very good agreement. For example, observing the 4:1 

mixture, Tuckermann model deviates from the Boyer et al. predictions, following the measurement data 

more accurately as Figure 4-10. Both models remain within error of the droplet data across all mole 

fractions therefore both would be appropriate in estimating the surface tension profiles of the droplet 

ternary mixtures. 

 

Figure 4-10: Surface tension of ammonium sulfate (blue symbols), malonic acid (orange symbols) and the 

mixed aqueous ammonium sulfate:malonic acid (1:1, pink symbols; 4:1, light purple symbols, 8:1 dark purple 

symbols) as a function of the total solute mole fraction. The Boyer et al. model is indicated by the solid straight 

lines, the Langmuir-Szyszkowski model for aqueous organic systems represented by the short, dotted line and 

the Tuckermann model for mixed inorganic and organic symbols indicated by the short, dashed line. 
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4.3.3.4 Ammonium Sulfate:Pyruvic Acid 

The results of surface tension measurements on aqueous solution of AS and PA are plotted in            

Figure 4-11. The droplet and bulk surface tension of pyruvic acid remain similar to its C3 counterpart 

malonic acid at same mole fraction. From the binary Langmuir-Syskoskwi equation parameters a and 

b, a lower affinity for the surface would be expected for pyruvic acid than malonic however here a 

similar if not greater affinity is seen in the presence of ammonium sulfate. This observation corresponds 

to the higher salting out coefficients found in Table 4-6 for pyruvic acid compared to malonic acid. 

Figure 4-11 shows the ternary Boyer et al. model replicates the measurement ammonium sulfate/pyruvic 

acid data closely, showing the most coherent fits of all the systems. The Tuckermann model shows a 

good fit to the measurement data showing the assumptions made within the model hold true for this 

system. The model aligns with the surface tensions for all three mixed systems at low mole fractions 

however begins to increase surface tension for the 1:1 mixture. This is because it is a semi-empirical 

model which relies on data to fit more accurately, hence in the absence of data as shown > 0.04 tMF, 

the model deviates from its expected trend.  

 

Figure 4-11: Surface tension of ammonium sulfate (blue symbols), pyruvic acid (orange symbols) and the 

mixed aqueous ammonium sulfate:pyruvic acid (1:1, pink symbols; 2:1, light purple symbols, 4:1 dark purple 

symbols) as a function of the total solute mole fraction. The Boyer et model is indicated by the solid straight 

lines, the Langmuir-Szyszkowski model for aqueous organic systems represented by the short, dotted line and 

the Tuckermann model for mixed inorganic and organic symbols indicated by the short, dashed line. 
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 4.3.3.5 Ammonium Sulfate:Levulinic Acid 

The capacity of levulinic acid to lower the surface tension is supported by the observations presented 

in Figure 4-12. For instance, at a mole fraction of 0.06, levulinic acid exhibits a surface tension reduction 

of 17 mN m−1 relative to pure water, which surpasses the 14 mN m−1 reduction observed for pyruvic 

acid and the 6 mN m−1 reduction observed for malonic acid. The findings align with the predictions of 

the binary mixture, highlighting that levulinic acid is a potent surface-active species that necessitates a 

considerably higher inorganic concentration to elevate its surface tension. Consistent with the analysis 

of binary systems, levulinic acid showcases the highest surface tension reduction capability in binary 

and ternary mixture.  

Upon comparison of the experimental data with the model predictions, it is discernible that the model 

exhibits overprediction of the surface tension across all mole fraction ratios. Since levulinic acid is 

employed in this study as a surrogate for five-carbon monocarboxylic acids and given that it is a 

relatively uncommon organic acid in the atmosphere, literature data on its properties, including surface 

tension, is limited. As a result, the Boyer et al. model tends to overemphasize the influence of inorganic 

salts on the surface properties, as it assumes levulinic acid to be a less potent surface-active molecule 

than the experimental evidence indicates. 

Where the Boyer et al model exhibits overprediction of the surface tension, implying that a thorough 

analysis of the model parameters for levulinic acid mixtures is necessary to enhance its predictive 

accuracy. The Tuckermann model shows a good fit to the experimental data following the trend of the 

data closely, this is most likely because it is semi-empirical model. Both models align with the 

uncertainty of the measured data, demonstrating a satisfactory degree of data prediction that could be 

used in future inorganic-organic ternary mixture estimations. 
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Figure 4-12: Surface tension of ammonium sulfate (blue symbols), levulinic acid (orange symbols) and the 

mixed aqueous ammonium sulfate:levulinic acid  (1:1, pink symbols; 4:1, light purple symbols, 16:1 dark purple 

symbols) as a function of the total solute mole fraction. The Boyer et model is indicated by the solid straight 

lines, the Langmuir-Szyszkowski model for aqueous organic systems represented by the short, dotted line and 

the Tuckermann and Schwier model for mixed inorganic and organic symbols indicated by the short, dashed 

line. 

The Organic Fraction in the System 

If the surface tension is represented solely as a function of the organic component, rather than the total 

mole fraction of ammonium sulfate and the organic species, a more comprehensive view can be 

obtained. As illustrated in Figure 4-13, the surface tension of levulinic acid mixtures collapses onto a 

single curve, thereby highlighting the remarkable capacity of the organic component to significantly 

lower the surface tension, to levels as low as 55mN m−1 within a narrow range of 0.02 tMF, which is 

not achieved by any other organic species in this work. The distribution of surface tension 

measurements at each mole ratio shows pyruvic is able to reduce the surface tension to greater extent 

than malonic acid but remains affected by the presence of ammonium sulfate. Figure 4-13 (b) shows 

majority of the data overlaps the organic binary data with the exception of the 8:1 mole ratio of malonic 

acid which shows a deviation from the binary organic measurements. This deviation could possibly be 
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due to the low concentrations of organic used in the mixture and the strength of the inorganic component 

resulting in an increase in surface tension. 

 

Figure 4-13: Surface tension as a function of the organic mole fraction for the systems (a) oxalic acid 

(b) malonic acid (c) pyruvic acid and (d) levulinic acid, the closed symbols represent the droplet phase 

measurements while the open symbols denote the bulk phase data. 

 

4.4 Conclusion and Future Work 
The surface tension of binary organic and inorganic aqueous solutions and ternary inorganic-organic 

aqueous mixtures were measured using the droplet oscillatory method and the MBT technique. The 

droplet oscillation method enabled the surface tension of droplets to be calculated using the aspect ratio 

dataset and the fast Fourier transformation of the data. From this transform, a frequency is produced 

which enables the surface tension to be deduced. The MBT was used to collect bulk equilibrium 

measurements of each system because no dynamic behaviour is observed in these solutions at ambient 

conditions. Overall, a good agreement was observed between the bulk and droplet measurements of 

each system further validating the calculation of surface tension via the droplet oscillation method. 
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The surface depression ability of the studied organic compounds increased with an increase in the 

number of carbons in the compound chain. Levulinic acid showed the highest reduction in the surface 

tension as the concentration of the organic acid was increased. Both the Boyer et al. model and the 

Langmuir-Szyszkowski equation adeptly conform to each binary organic compound, effectively 

capturing the observed decrease in surface tension. The experimental droplet and bulk phase data for 

ammonium sulfate were in excellent agreement closely following the predicted surface tension of the 

E-AIM model. The models used to accurately predict the binary behaviour however a more precise fit 

can be observed from L-S equation due to its semi-empirical nature. 

Laboratory studies found that the addition of mono-and di-carboxylic acids can substantially change 

the surface tension of the monovalent inorganic salt, ammonium sulfate in aqueous solutions. The effect 

of the organic acid in the mixtures vary based on the surface-active nature of the organic compound 

with the more surface-active compound leading to a greater reduction in surface tension. The data shows 

ammonium sulfate: oxalic mixtures lead to a minor increase in surface tension as found in the Lee et 

al..43 but as the data remained within error of one another this small change was disregarded. The 

malonic acid, pyruvic acid and levulinic acid systems lower the surface tensions of aqueous ammonium 

sulfate. Both models compared to experimental data performed better for mixtures with the same 

number of carbons namely, malonic, and pyruvic acid. Conversely, neither the Tuckermann nor Boyer 

et al. model characterise oxalic acid or levulinic acid closely with an underestimation of the surface 

tension in oxalic acid mixtures and an overestimation in levulinic acid mixtures. In conclusion the 

Tuckermann model serves as the better model due to its ability to closely agree with the droplet and 

bulk data without requiring the compound to be broadly documented in the literature. 

In future work, the surface tension of more atmospherically relevant systems will be measured to build 

a greater picture of how chain length and functional groups impact surface tension. For example, organic 

systems to be investigated could include succinic acid, maleic acid, and oleic acid shown to be present 

in the atmosphere and all of which are reported within the literature. The inorganic salt systems that 

should be investigated further are, ammonium nitrate and sodium nitrate. Both maleic acid and sodium 

nitrate have been shown to be photoactive, therefore conducting droplet surface tension measurements 

following irradiation would prove to a valuable iteration of this work. 

 

In subsequent work, this study would progress to examining the effect of varying pH on the surface 

tension. Commonly tropospheric aerosol pH exists between 3 and 5 however pH can reach 0 in the 

presence of sulfuric acid and 8 in the presence of sea salt.6 Depending on the organic and inorganic 

component the surface tension can be increased due to increased solubility at low pH levels or decreased 

at higher pH levels. In these the Ks values would be important to collect in order to understand the 

partitioning to the surface in the presence of the inorganic salt. Further work could incorporate 
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examining mixtures of organics with varying chain lengths as previous studies have shown these factors 

to impact surface tension by lowering aerosol pKa, increase the fraction of ionized molecules and 

increase the solubility of long-chain fatty acids.238,239  

Furthermore, the study of these mixtures and their ability to act as CCN would complete understanding 

of their ability to impact the climate by the indirect effect.46 To continue to improve climate model 

predictions more mixed systems should be investigated to estimate an analyse the surface tension of 

real atmospheric droplets. Neglecting to do so may cause an overestimation in the surface tension within 

mixtures and errors within cloud droplet number predictions at the point of supersaturation. 
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Chapter 5 

Explorations of Surfactant Partitioning in Microscopic Droplets and 

Bulk Solutions 

 

5.1 Overview 
Surfactants are surface-active, amphiphilic molecules that display unique dynamic behaviour and are 

widely utilized in various industrial sectors, including agrochemicals, enhanced oil recovery, and 

pharmaceuticals.240,241,242 Unlike organic acids studied in Chapter 4, surfactants can reduce surface 

tension by many fold at concentrations as low as mM. The preferential adsorption of surfactants to air-

water interfaces reduces the interfacial tension, which lowers the energy cost of forming a new surface, 

droplet growth and wetting.87,243 Surfactants have a wide range of uses, including in the food industry 

where surfactants such as lecithin are used to stabilise dispersions containing fats and water at the 

oil/water and water/air interfaces.244 Surfactants may also be used to hinder processes such as 

coalescence due to their repulsive properties. Surfactant molecules present in the film on the surface of 

each droplet can cause both electrostatic and steric repulsion, reducing the film's ability to thin. This 

lack of thinning film establishes a gradient that induces Marangoni stresses that counteracts drainage 

and coalescence.88 

In the environmental context, surfactants are important due to their potential influence on cloud albedo 

and droplet growth, as shown in Figure 5-1, which in turn later impacts the climate and public health 

The observations of Ruehl et al. reveal larger droplet sizes at the point of cloud activation than expected 

by Köhler theory for droplets containing surfactants, which they attribute to a reduced surface tension 

caused by the compressed film layer.245 Gérard et al., reported lower surface tensions than pure water 

in atmospheric aerosol samples containing surfactants.53 Despite this, the impact of surfactants is 

currently ignored in the parametrization of κ-Köhler for predicting cloud condensation nuclei (CCN) 

activation, which assumes the surface tension of droplets to be that of pure water.246 The term ‘κ’ 

denotes the single hygroscopicity parameter that represents the quantitative measure of aerosol water 

uptake characteristics and CCN activity.247 To understand the significance of surfactants in droplet 

growth studies, it is necessary to consider a more comprehensive examination of surfactant-containing 

aerosols and their behaviour under ambient conditions.248 

Surface tension, σ, can be described as the change in energy required to create a unit of surface area, 

ΔA, where ΔE= σΔA.249 Dynamic Surface Tension (DST) refers to the variability of surface tension over 
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time, which is commonly observed in surfactant solutions and plays a crucial role in various biological 

processes, such as the proper functioning of lung alveoli across the phospholipid bilayer.87 

In general, when a new surface is formed, its surface tension reflects that of the solvent, typically water. 

Unlike surfactant molecules at the interface, bulk surfactant molecules have a symmetrical distribution 

of molecular neighbours, leading to a reduced net force experienced by each molecule. In the bulk of 

the droplet, there are a greater number of translational and rotational microstates available to the 

surfactant molecules, leading to a larger entropy per molecule compared to the surface-dwelling 

molecule. 

 

Figure 5-1: A schematic representing the sources of surfactant and the change in surface tension as the droplet 

grows and become an activated particle. 

Prior to discussion of adsorption dynamics, it is important to explore the surfactant equilibrium 

adsorption behaviour, typically characterised by an adsorption isotherm. In this work, the Langmuir and 

Frumkin isotherm models described in Chapter 1, Section 1.5.4.3 will used to describe the equilibrium 

adsorption behaviour of surfactants. 

 

5.1.1 Modelling surfactant dynamics and behaviour 
The dynamic behaviour of surfactants in solution is difficult to directly observe, therefore, it must be 

inferred through the measurement of surface tension as a function of time and modelling these systems. 

The two predominant models utilized to describe the transport of surfactant monomers and the resulting 

adsorption at the interface are the diffusion-controlled adsorption model and the kinetic-controlled 

adsorption model.87 These models serve as a theoretical framework for understanding the behaviour of 

surfactants in solution and help to deduce the impact of surfactants on the surface tension over time. 
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5.1.1.1 Diffusion-Controlled Adsorption Model 

The first model proposed here assumes that the surfactant molecule adsorbs to the interface directly 

after diffusing from the bulk of the droplet. Therefore, diffusion is denoted as the rate limiting step with 

adsorption occurring over a short timescale. The rate of diffusion increases with an increase in bulk 

concentration below the CMC as more molecules are situated near the surface of the droplet thus must 

diffuse over a shorter distance. In 1907, Milner250 suggested monomers diffusing from the bulk phase 

led to the formation of the interface following dynamic surface tension (DST) measurements of sodium 

oleate. However, it was Ward and Tordai, in 1946 who accounted for the adsorption process being 

diffusion controlled, forming Eq. 5.01251: 

 

Γ(t) = 2𝐶bulk√
D𝑐t

π
− 2√

D𝑐

π
∫ Cs 𝑑(√t − τ)

√t

0

 

(5.01) 

   

where 𝛤(𝑡) is the surface concentration at time, t, 𝐶bulk denotes the bulk concentration, π = 3.14, Dc is 

the diffusion coefficient, 𝐶𝑠 is the concentration in the subsurface, and τ is a ‘dummy’ variable of the 

integration.87  

The kinetic model of surfactant adsorption, as proposed by Ward and Tordai, asserts that the rate-

limiting step in the adsorption process is diffusion. Eq. 5.02 represents the diffusion-controlled 

adsorption mechanism, and its validity requires a correlation between the observed dynamic surface 

tension (DST) and time and a consistent order of magnitude for the diffusion coefficient.252 The equation 

also accounts for the back diffusion of molecules from the surface to the bulk once the surface-active 

sites are saturated. Limiting cases can be applied to Eq. 5.01 when the DST approaches the equilibrium 

value, σeq, or when it is close to the σ of the solvent. The short-time approximation can be applied to the 

equation when t → 0 and σ→σ0, as it assumes that back diffusion is not significant at the early stages 

of the adsorption process when there are still numerous unoccupied surface sites. Hence: 

 

Γ(t) = 2𝐶bulk √
𝐷𝑑𝑖𝑓𝑓t

π
 

(5.02) 

   

At low surfactant concentrations the Henry isotherm as shown in Eq. 5.03 can be invoked, where n= 1 

for non-ionic surfactants and n=2 for ionic surfactants. 

 Π = 𝑛𝑅𝑇Γ (5.03) 

   

Where Π denotes surface pressure and 𝜎0 is the surface tension of the pure solvent. Inserting Eq. 5.03 

into Eq. 5.02 yields the short time approximation Eq. 5.04: 
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 𝜎𝑡→0 =  𝜎0 − 2𝑛𝑅𝑇𝐶bulk√
𝐷𝑑𝑖𝑓𝑓t

π
 

(5.04) 

   

where 𝐷𝑑𝑖𝑓𝑓 is the diffusion coefficient. As t → ∞, back diffusion must be accounted for in what is 

termed the long-time approximation. The subsurface concentration nears that of the bulk concentration 

such that 𝑐s re-enters the equation: 

 

Δ𝑐t → ∞ = 𝐶bulk − 𝐶s = Γ √
π

4𝐷𝑎𝑑𝑠t
 

(5.05) 

   

where 𝐷𝑎𝑑𝑠  is the adsorption coefficient.  By applying Gibbs equation denoted in Eq. 5.06 and 

rearranging the equation to Eq. 5.07: 

 
Γ𝑚𝑎𝑥 =  − 

1

𝑛𝑅𝑇
∙  (

𝑑𝜎

𝑑𝐶𝑏𝑢𝑙𝑘
)

𝑇

 
(5.06) 

 

 𝑑𝜎 =  − 𝑛𝑅𝑇Γ𝑑𝐶𝑏𝑢𝑙𝑘  (5.07) 

 

And then inserting Eq. 5.05 into Eq. 5.07, the long-time diffusion approximation can be derived as:  

 

 𝜎𝑡→0 =  𝜎𝑒𝑞 −  
𝑛𝑅𝑇Γ𝑒𝑞

2

𝐶𝑏𝑢𝑙𝑘
 √

π

4𝐷𝑎𝑑𝑠t
 

(5.08) 

   

As Δ𝑐t → ∞ tends to zero i.e. as the subsurface and bulk concentration become unity and an equilibrium 

is reached the surface excess concentration at equilibrium is expressed as 𝛤𝑒𝑞 . According to Eq. 5.1 at 

short times, adsorption kinetics stipulate DST varies with 𝑡0.5 and at long times Eq. 5.8, DST changes 

with 𝑡−0.5  from which the diffusion and adsorption coefficient can be calculated.253 Both of these 

approximations are diffusion controlled, however, at the dilute solute concentrations the short-time 

approximation is often used. Figure 5-2 shows how the short- and long-time approximations fit to the 

DST of Triton X-100 at a Cbulk= 1.5 mol dm-3 studied in this work. To make the short- and long-time 

approximations, the surface tension at a given concentration is plotted against either t0.5 or t-0.5 and the 

gradient of the graph used to determine the rate of diffusion. For the long-time approximation, the   𝛤𝑒𝑞 

was derived from fitting the surface tension against concentration to the Frumkin isotherm. The blue 

line in Figure 5-2 was fitted to cross the x-axis within an error ±2 mN m−1 of the surface tension of water 

(72.8 mN m−1). Alternatively, the long-time approximation is used at higher solute concentrations and 

the red line fitted through the equilibrium surface tension value within error of ±2 mN m−1. 
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Figure 5-2: Short and long-time approximation fits to the DST collected data of Triton X-100 at Cbulk= 1.5 mol 

dm-3 yielding a diffusion coefficient, Ddiff= 1.10× 10-10 m2s-1 and Dads= 1.33× 10-10 m2s-1. Values were produced 

from a first principle approximation using the input parameters of 𝛤𝑒𝑞 . derive from the fitting of the Frumkin 

model to equilibrium surface tension data.  

5.1.1.2 Kinetic-Controlled Adsorption Model 

Under the kinetically controlled regime, the process of surfactant monomer adsorption to the interface 

is hindered by various barriers. The surface pressure, Π, must be overcome by the monomer in order to 

adsorb to the surface.87,254 Additionally, the monomer must adopt the proper orientation at the interface, 

which can be impeded by the presence of long surfactant chains that may become entangled.255 The 

probability of the surfactant molecule successfully adsorbing to a vacant site at the interface constitutes 

a statistical barrier. The persistence of micelles with long break-up lifetimes can also hinder the 

adsorption process. These hindrances shift the characterisation of surfactant adsorption from a 

thermodynamic relation to a kinetic limitation, as observed by Pugh et al. in their study of the DST of 

solutions containing cellulose polymers.256 

5.1.1.3 The Presence of Micelles and Their Impact on Adsorption 

When the surfactant concentrations exceed a critical value, known as the critical micelle concentration 

(CMC), structures called micelles are formed in the bulk phase. At concentrations above the CMC, the 

number of available sites at the surface becomes limited, making it energetically  more favourable for 

surfactant molecules to aggregate and form micelles.257 Figure 5-3 shows that by fitting experimental 

data to a isotherm such as the Frumkin equation over the region where the surface tension changes with 
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concentration, and fitting a straight line when it plateaus, the CMC of a surfactant solution can be 

determined at the intersection of the lines. 

 

Figure 5-3: An illustrative graph showing how the critical micelle concentration can be determined from fitting 

the two regions i.e., pre-CMC to the Frumkin equation and beyond the CMC applying a linear fit. The data is 

taken from Tween 20 data collected by the Wilhelmy Plate. 

Now above the CMC, energy is required for a surfactant monomer to dissociate from the highly stable 

micelle and adsorb to the surface. As a result, the surface tension of surfactants remains constant above 

the CMC and does not vary with increasing bulk concentration. The dynamic behaviour of micelles is 

determined by their break-up lifetimes which may render some molecules unavailable for adsorption.258 

The transport and adsorption of surfactant monomers at the surface is therefore related to the surfactant 

monomers in the micelles. A micelle can serve as a dynamic reservoir for surfactants, functioning both 

as a supplier of molecules and as a repository (sink) for molecules. The micelle acts as a sink depending 

on the molecule affinity to aggregation and rate of desorption from the micelles.259  
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5.1.1.4 Adsorption Energy Barrier 

The contributions of Liggieri and Ravera noted the presence of an energy barrier faced by surfactant 

molecules in the kinetic regime.260 Their model introduced a renormalized diffusion coefficient, Da, in 

Eq. 5.09 to describe the monomer transport to the surface via diffusion and overcoming the energy 

barriers to adsorb (εads) or desorb(εdes).260,261 

 
D𝑎 =  𝐷𝑐  exp (

−2𝜀𝑎𝑑𝑠

𝑅𝑇
)  

(5.09) 

Here Dc is the diffusion coefficient of the surfactant from or to the bulk phase, R is the gas constant 

(8.31 J mol-1 K-1) and T the temperature in Kelvin. The modified Ward and Tordai is as follows: 

 

Γ(t) = 2𝑐0√
D𝑎t

π
− 2√

D𝑎

π
∫ 𝑐s d(√t − τ)

√t

0

 

(5.10) 

   

Figure 5-4: A depiction of (a) the diffusion-controlled adsorption mechanism (blue arrow) and (b) the kinetic 

controlled mechanism, note the surfactant molecules rearranging at the surface (green arrow). 

The work of defining surfactant dynamics is necessary in accounting for the surfactant partitioning 

behaviour between the bulk and surface within a droplet or bubble. As the size of the droplet becomes 

small and its surface-area-to-volume ratio becomes large, it becomes important to also consider 

surfactant depletion in the droplet bulk.  

5.1.2 Bulk surfactant depletion within a droplet 
Molecules can diffuse over a defined lengthscale via Brownian motion along concentration gradients. 

When surfactant molecules adsorb onto a surface, they create a depletion zone in the bulk of the solution 

if there is a limited availability of surfactant molecules. The depletion zone is defined by the natural 

lengthscale called the depletion depth which compares the mass removed to the surface and the mass 

available within the bulk region.96 Depletion depth is a phenomenon that can impact the stability and 

functionality of a surfactant solution for example in a foaming system, bulk depletion can cause the 

foam to collapse due to insufficient surfactant concentration.262 As the surface area to volume ratio 

increases from a bulk solution to a droplet, the interfacial chemistry plays more of an important role 
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relative to bulk chemistry. Much of the work by Alvarez et al. refers to the bubble radii, b, but can be 

similarly applied to a liquid droplet with the radii, r hence the same equations are used in this study. 

The planar depletion depth, hp, denotes the number of molecules accumulated at the surface of the 

spherical interface, at equilibrium compared to the number of surfactant molecules found within a given 

volume as shown in Eq. 5.11.  

 
h𝑝 =

Γ𝑒𝑞

𝐶∞

  
(5.11) 

 

 

Figure 5-5: A depiction of (a) a defined volume planar interface and (b) a spherical droplet interface. Γ𝑒𝑞  is 

defined as the equilibrium surface excess concentration at equilibrium, dA as the surface area, 𝐶∞ concentration 

of the bulk, r, as the radius of the spherical interface, h is the characteristic length scale over which diffusion 

occurs and ℎ𝑝 as the planar depletion depth. 

Depletion arises where there is a finite solution volume, V, small bulk surfactant concentration, 𝐶∞, and 

large surface area, A. For a planar interface, 𝛤∞d𝐴 represents the number of molecules that could be 

adsorbed per unit area, see Figure 5-5. When observing the depletion depth in a spherical droplet, one 

must also factor in the droplet radius which introduces an additional lengthscale, hs: 

 

 ℎ𝑠 = 𝑟 ((
3ℎ𝑝

𝑟
+ 1)

1
3⁄

− 1)  

(5.12) 

When the droplet radius, r, is equal or less than to the depletion depth, depletion is significant because 

there is no reservoir of surfactants to replenish the depleted area.96 As the droplet concentration 

increases, the spherical depletion depth decreases as more surfactants populate the subsurface and bulk.  

The characteristic timescale for surfactant transport via diffusion, as described by Eq. 5.13, exhibits a 

linear relationship to the radius. This linear relationship arises from the increase in the surface area-to-

volume ratio as the droplet radius decreases, resulting in a greater number of surfactant molecules in 

proximity to the interface in smaller droplets, reducing the timescale for diffusion. Consequently, 
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smaller droplets attain equilibrium faster compared to larger ones due to the increased diffusion 

timescales and decreased characteristic lengthscale. Jin et al. proposed Eq. 5.13 where the  characteristic 

timescale scales proportionally with droplet radius and inversely proportionally to the diffusion 

coefficient.263 

 
𝜏𝐷𝑠𝑝ℎ𝑒𝑟𝑒

=
h𝑝𝑟

𝐷𝑐
  

(5.13) 

An investigated by Alvarez and co-workers found inconstancies in the scaling of 𝜏𝐷𝑠𝑝ℎ𝑒𝑟𝑒
 previously 

proposed by Jin et al. One inconsistency is that the time scale does not approach that of the planar 

interface as the radius grows large and the curvature approaches zero.264  From Eq. 5.13 it appears that 

the time scale increases infinitely with radius. Another inconsistency is that as concentration increases, 

the timescale decreases without consideration of other kinetic limitations at play. Therefore, new 

characteristic time scales which overcome these limitations were developed by Alvarez et al. and 

represented in Eq. 5.14 for planar diffusion and Eq. 5.15 for the spherical diffusion. The spherical 

timescale accounts for the approach towards limit of planar diffusion time as large droplet radii as well 

as an increase in concentration tending towards hp. 

 
 𝜏𝐷𝑝

=  
(ℎ𝑝)

2

𝐷𝑐
  

(5.14) 

 
  𝜏𝐷𝑠

=  
(ℎ𝑠

3ℎ𝑝)
0.5

𝐷𝑐
  

(5.15) 

Where 𝜏𝐷𝑝
 is defined as the diffusion timescale in planar coordinates and 𝜏𝐷𝑠

 describes the spherical 

diffusion coefficient. From these equations it is evident that droplet size and surfactant concentration 

impact the characteristic timescale for diffusion to the surface. 

5.1.2.1 Comparing Droplet Size and Curvature 

The degree of curvature at the interface of a droplet plays a crucial role in controlling the characteristic 

time scale for diffusion-limited adsorption. The higher surface area-to-volume ratio of smaller droplets 

results in a greater concentration of surfactant molecules near the subsurface and thus, a higher rate of 

mass transfer to the spherical surface.265 This, in turn, leads to a reduction in the diffusion timescale. 

The non-linear dependence of the spherical depletion depth and planar length scale on the diffusion 

timescale is governed by equations 5.14 and 5.15.  
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Figure 5-6: To show the different characteristic timescale regimes for planar diffusion, diffusion from inside the 

confined volume (red dashed line), which is used in this study, and diffusion from an infinite reservoir outside 

the interface (black solid line) against r/hp where ℎ𝑝 = Γeq C∞⁄ . 

The red dashed line in Figure 5-6 shows that as the droplet radius decreases and the timescale for 

diffusion becomes shorter, the dynamics become faster as more surfactant molecules occupy the 

subsurface. As droplet grows the timescale for diffusion reaches the limit of planar diffusion. The figure 

also illustrates as the bulk concentration increases the normalised timescale approaches that of a planar 

surface. If there is a good agreement between (𝑟/ℎ𝑝)
2
and the experimental data, then it can be assumed 

adsorption is diffusion limited.266 A deviation from this line would mean kinetic processes of adsorption 

and desorption are significant when determining the characteristic time scale..265  

Figure 5-7 demonstrates how the characteristic time for spherical diffusion varies with the droplet radius 

and concentration. As the concentration of SDS increases from left to right, the characteristic diffusion 

timescale for a spherical interface (𝜏𝐷𝑠
) decreases due to a higher proportion of surfactant molecules 

occupying the surface phase, resulting in a shorter diffusion distance. Similarly, a decrease in droplet 

radius from r = 40 µm to r = 2.5 µm reduces the distance surfactant molecules must travel from the 

bulk, leading to a corresponding decrease in 𝜏𝐷𝑠
.265 
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Figure 5-7: The spherical characteristic timescale decreases with a decrease in droplet radius as diffusion 

becomes faster due to more surfactant molecules being near the surface of the droplet. This data was modelled 

on an aqueous SDS system between the concentrations 3-100 mM. 

5.1.2.2 Bulk Surfactant Depletion Within a Droplet 

As mentioned in Section 5.1.2, surfactant molecules at equilibrium adsorb and desorb from the interface 

due to entropic costs of remaining within the bulk. During adsorption, near the surface is depleted of 

surfactant molecules allowing a concentration gradient to be established such that the subsurface is 

repopulated with surfactant molecules from the bulk. As the droplet becomes smaller (r decreases), the 

surface area relative to its volume increases. This requires a great number of bulk surfactant molecules 

to diffuse to the surface and reestablish an equilibrium, thus depletion becomes significant. Notably, an 

increase in the total concentration of dissolved surfactant molecules within the droplet bulk, compared 

to the total count of adsorbed molecules, mitigates the depletion phenomenon.  

The surface area-to-volume ratio for a droplet is given by A/V = 3/r hence: 

 3Γ𝑒𝑞

𝐶∞𝑟
 < 1 

(5.16) 

Using Eq. 5.16, Alvarez et al. defined two parameters to describe the impact of depletion on the 

equilibrium and dynamic surface tension.96 The left hand side of Eq. 5.16 denotes the fractional potential 

mass loss of the surfactant to the droplet surface and is represented as the maximum mass loss parameter, 

𝜁. In addition, for a spherical droplet a concentration ratio parameter, f, Eq. 5.17 is used alongside 𝜁 to 
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describe the minimum concentration required to populate a surface relative to the surface activity of the 

surfactant, where 𝐶𝑖 is the initial bulk concentration.96  

 
 𝜁 ≡

3Γ𝑒𝑞

𝐶𝑖𝑟
  

(5.17) 

 

 

 
 𝑓 ≡

3Γ𝑒𝑞

𝑎𝑟
  

(5.18) 

In Eq. 5.18, 𝑎 represents is the kinetic ratio of kads to kdes, it characterises the critical concentration at 

which adsorption of surfactants at the surface is significant. The smaller the value of 𝑓 , the less 

surfactant that is required to diffuse from the bulk to the surface to achieve CMC and hence the less 

bulk depletion occurs. As this parameter is proportional to the surface area-to-volume ratio, it means 𝑓 

increases as the droplet size decreases. At equilibrium, 𝜁 and 𝑓 in combination with an isotherm model 

can be used to derive an expression, Eq. 5.19 for the depleted bulk concentration: 

 

 
𝐶eff

𝐶i
=  

1

2
 (1 −  𝜁 − 

 𝜁

𝑓
 )  +

1

2
 √(1 −  𝜁 −  

 𝜁

𝑓
 )

2

+ 4
 𝜁

𝑓
  (5.19) 

 

where 𝐶eff  represents the depleted bulk concentration normalised to 𝐶𝑖  which is the initial bulk 

concentration. To observe the effect of droplet radius on the depletion concentration, Eq. 5.19 was 

modelled as a function of Ci in Figure 5-8. As the droplet radius decreases from 50 µm to 1 nm, 𝑓 

increase and the A/V is large, therefore more surfactant molecules will be found at the surface relating 

to a large maximum mass loss parameter. Indeed, Figure 5-8 also shows that as the initial concentration 

increases, the bulk depletion ratio tends to a value of one and bulk depletion becomes negligible. 

Surfactants with a small 𝑎 and thus small 𝑓 values indicate highly surface-active surfactant molecules. 

Note that the ratio of adsorption and desorption used here by Alvarez et al. is the inverse of the ratio 

used in the Langmuir-Frumkin model, 𝑎 = 1 𝐾𝐿⁄ .  
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Figure 5-8:The normalised depletion bulk effective concentration as a function of Ci. Each line corresponds to 

different values of the radius r and the 𝑓. The graph is based on data collected by Alison Bain of SDS and 0.5 M 

NaCl. The constant 𝑎 (ka/kd) had the calculated value of 89.57 m3 mol-1. 

As previously mentioned, the dynamic behaviour, surface adsorption, and bulk depletion of a surfactant 

are determined by its properties and structure. The use of proxy surfactants with similar behaviour to 

surfactants found in the atmosphere can complement field studies and expand understanding of surface 

tension observed in atmospheric aerosols samples.53 In order to understand the complex mixtures of 

surfactants in aerosol, simple model systems need to be need systematically characterised. In this work, 

we study three such model systems, aqueous sodium dodecyl sulfate (SDS), Tween 20 and                  

Triton X-100 (TX-100). 

5.1.2.3 Comparing Surfactant Properties and Structure 

The many types of surfactants all share the property of amphiphilicity; the molecule can be separated 

into partially hydrophilic and hydrophobic components.267 The presence of the hydrophilic portion 

enables the molecule to be soluble in aqueous solutions which is beneficial to many industries and 

central to their physicochemical properties. Surfactants can be classed as anionic, cationic, non-ionic, 

or Zwitterionic based on the charge on their polar head group.268 Gérard et al. found anionic and non-

ionic surfactants formed a major fraction of samples taken at the Baltic station on Sweden while cationic 

surfactants were present in small quantities, often below the detection limit.53 
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The order in terms of surfactant strength is as follows: (a) biosurfactants, (b) fatty acid sodium salts, (c) 

ambient aerosol samples, (d) aromatic dicarboxylic and tricarboxylic acids, (e) nonaromatic organic 

acids. Petters and Petters illustrate that some surfactants can reduce surface tension                                           

at concentrations > 10-6 mol L-1 which when compared to a modelled Köhler theory droplet shows most 

surfactants are capable of reducing surface tension and thus the activation barrier to droplet growth.51 

Biosurfactants are the strongest naturally occurring surfactants produced by microorganisms and lofted 

into the atmosphere by wind and wave action.51  A study by Ekström et al.269 demonstrated atmospheric 

biosurfactants such as rhamnolipids, galactolipids and lipopeptides have the ability to reduce surface 

tension below that of pure water (72.8 mN m−1) to < 30 mN m−1 between concentrations of 10−4 to 10−5 

M. The aerosol samples were collected via aerosol field campaign in Aspvreten, Sweden across coastal 

and forested regions, Stockholm Archipelago ~20 km at sea, Sweden during an algae bloom, the 

temperate forest of Finland and tropical forest in Brazil. The samples showed low surface tensions, 

which is consistent with where the samples were taken, i.e. over the sea where there is large presence 

of microorganisms.269 Within this study, it was suggested that the presence of biosurfactants could lead 

to increased cloud nucleating efficiency. Other surfactants such as humic-like substances (HULIS) 

substances found in oxidised soot and biomass burning samples and ambient organic compounds have 

also been found to reduce the surface tension of atmospheric aerosols.270. 

The non-ionic polyethylene glycol tert-octylphenyl ether compound (Triton X-100 or TX-100) is a 

highly water soluble and widely used surfactant particularly within the biology and pharmaceutical 

fields.271,272 The surfactant is able to serve as a model system for atmospheric aerosols, and it has been 

known to reduce surface tension almost as effectively as a biosurfactant.51 According to Bzdek et al., 

TX-100 is capable of reducing surface tension to 33 mN m−1 at concentrations above the CMC making 

it an efficient surfactant.50 Table 5-2 shows the molecular structure of TX-100 where the average value 

of n is 9.5.271,273 

Fatty acid sodium salts such as sodium dodecyl sulfate (SDS) have been used as model systems for 

long-chained carboxylic acids that are detected in atmospheric aerosol samples.274 SDS is an anionic 

surfactant composed of an hydrocarbon tail (c =12) attached to an anionic sulfate group head, both 

contributing to its adsorption behaviour as shown in Table 5-2.275 SDS is used in both industry and 

studies because of its non-toxic, chemical and physicochemical properties. It can be commonly found 

in toothpastes, detergents and drugs.276  

Polysorbates are an important group of non-ionic surfactants which are amphipathic and model systems 

for large, more complex biosurfactant systems.277 Matrix-assisted laser desorption/ionization time-of-

flight mass spectrometry (MALDI-TOFMS) analysis has shown Tween 20 to be composed of 

polysorbate monolaurates, polysorbate monomyristates, and polysorbate monopalmitates.278 Tween 20 

is a type of polyoxyethylene sorbitan that is used widely due to its effectiveness at low concentrations 
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and low toxicity.279 Table 5-2 shows the chemical structures and properties of the surfactants used in 

this study. 

Table 5-2: The chemical structures and details of the surfactants used in this study. 

Surfactant Name Molecule 
Surfactant 

Type 

CMC 

(mM) 

RMM 

(g mol−1) 

Sodium dodecyl 

Sulfate 

 (SDS) 

 Anionic 8.1-8.2280 288.372 

2-[4-(2,4,4-

trimethylpentan-2-

yl)phenoxy]ethanol 

(Triton X-100) 
 

Non-ionic 
0.22-

0.24281,282 
647 

2-[2-[3,4-bis(2-

hydroxyethoxy)oxol

an-2-yl]-2-(2-

hydroxyethoxy)etho

xy]ethyl 

dodecanoate 

(Tween 20) 

 

 
Non-ionic 

0.059283,28

4 
1226 

 

In this work, the dynamic behaviour of the different surfactant molecules will be probed using both 

droplet and bulk measurement techniques. This chapter will explore the use of both the Langmuir and 

Frumkin isotherm models to examine the diffusion-controlled regimes and will investigate the effect of 

decreasing droplet size on the rate of surface tension change over time. 

 

 

 

 



Chapter 5- Explorations of Surfactant Partitioning in Microscopic Droplets and Bulk Solutions 

155 

 

5.2 Experimental  

5.2.1 Droplet Dynamic Surface Tension Measurements 
The droplet oscillation method is used to quantify the surface tension of aqueous surfactant solutions at 

room temperature (298 K) of SDS, Triton X-100 and Tween 20 at different concentrations, dispensing 

frequencies, and droplet sizes. This approach measures the dynamic surface tension of picolitre volume 

droplets by observing the excitation of the droplet oscillatory surface modes as previously described in 

Chapter 3 and 4. The results from this method have been compared with the bulk phase measurements 

acquired from the maximum bubble pressure tensiometer, Wilhelmy plate, and the Langmuir-Frumkin 

isotherm model to determine the regimes at play for different surfactant concentrations.  

Similar to other surfactants, SDS is plagued with the presence of contaminants such as dodecanol 

formed by hydrolysis. Difficult to remove, dodecanol is the most commonly found contaminant and has 

been shown to alter surface tension measurements of SDS.185,285 Therefore the SDS used in this study 

was purified through recrystallization to increase its purity relative to commercially available SDS. 

5.2.2 Bulk Dynamic and Static Surface Tension Measurements 
As described in Chapter 3, the maximum bubble pressure tensiometer (MBT) was used in this work to 

determine the bulk dynamic surface tension of each surfactant solution. The nature of this measurement 

technique enables the surface tension to be determined at discrete timepoints between 10 ms and           

2×105 ms showing the dynamic behaviour of a surfactant solution. The equilibrium value for the 

surfactant solutions is taken as the last data point at the time 2×105 ms, though it is important to 

recognise some surfactants, such as Tween 20, do not reach their equilibrium value within the time 

frame of the MBT and therefore techniques such as the Wilhelmy plate are needed. The Wilhelmy plate 

technique enables the static surface tension to be determined by measuring the equilibrium surface 

tension. Measurements from both methods are used to calculate the parameters in the Langmuir-

Frumkin isotherm model. 

5.3 Results and Discussion 

5.3.1 Bulk Surface Tension Measurements 
5.3.1.1 Dynamic Bulk Surface Tension Measurements 

Bulk dynamic surface tension measurements of three surfactant systems (SDS, TX-100 and T20) were 

taken using a maximum bubble pressure tensiometer at a range of concentrations. Bubbles are formed 

by the injecting gas into the surfactant solution and increasing the pressure until the maximum pressure 

is reached. The point at which the maximum is reached is related to the surface tension of the surfactant 

solution. The DST as a function of time and the effective adsorption time (t-0.5) is shown in                   

Figure 5-9(a) to (c) and Figure 5-9(d)-(f), respectively, across the different bulk concentrations. As 

expected, DST decreases with time, approaching the minimum surface tension value determined using 

Wilhelmy plate. The data of the DST decay are compared to one another to observe a difference in the 
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dynamic behaviour between surfactant type. In contrast to SDS and Tween 20, TX-100286,287  displayed 

a strong dynamic profile. For example, at the [TX-100] of 0.05 mM compared to the [SDS] of 0.50 mM, 

an order of magnitude higher, the rate of surface tension decay (d𝜎 d𝑡⁄ ) is two orders of magnitude 

greater than SDS.  

According to Bak et al. if the σ versus t-0.5 plots that show a linear relationship at longer times, then it 

can be assumed that adsorption is diffusion controlled.279 Figure 5-9(d) and (e) show SDS and Triton 

X-100 follow a linear dependence at long times therefore it can be assumed that surfactant adsorption 

is diffusion-controlled. However, in examining Tween-20, the linear relationship between the surface 

tension and longer times is not replicated thus this assumption does not hold true. 
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Figure 5-9: The macroscopic dynamic surface tension plotted against time collected using the MBT of (a) SDS 

(b) Tween 20 and (c) TX-100 showing a gradual increase in monotonic behaviour from (a) to (c). The black 

dashed line on graphs (a)-(c) indicates the surface tension of water (72.8 mN m−1) and the coloured dashed line 

indicates the equilibrium surface tension value for each surfactant solution. The surface tension is plotted 

against the inverse square root of time from (d) to (f) showing increasing linear behaviour at long times for (d) 

and (f) and non-linear relationship for Tween 20. The linearity of the relationship indicative of a diffusion-

controlled adsorption mechanism. 
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Figure 5-10 presents a summary of both short-time and long-time diffusion coefficients obtained by 

averaging individual values at concentrations above and below the critical micelle concentration (CMC) 

using the Ward and Tordai equation, Eq. 5.01. At short times, where surface coverage is low, the 

dynamic behaviour can be closely represented by a diffusion-controlled mechanism. However, at longer 

times, as the bulk concentration approaches the CMC and surface coverage increases, the regime 

potentially transitions to a mixed kinetic-diffusion control mechanism. Miller et al. reported a similar 

observation while examining the protein t-BPh-EOlO10. 87,264 Specifically, the short-time diffusion 

equation strongly described the initial stages of adsorption when the surface coverage was low, and the 

adsorption barrier was weak. However, as the bulk concentration increased, the diffusion-only approach 

underpredicted the decay of the measured data. Consequently, the use of the long-time diffusion 

coefficient was more appropriate when fitting the data.  

 

Figure 5-10: Diffusion coefficient plotted against the diffusion coefficient type, i.e., short time (ST) and long-

time (LT) diffusion approximations of each surfactant type used in this study. Where no minus error can be seen 

on a data point it has been hidden by the data point (T20 LT diffusion) 

The distinctions among the effective diffusion coefficients of SDS, TX-100, and Tween-20 can be easily 

discerned by examining Figure 5-10. The short time and long-time diffusion coefficients cover a range 

of values spanning from 10-10-10-13, 10-9-10-11, and 10-8-10-16 m2 s-1 for SDS, TX-100 and Tween-20, 

respectively, from surfactant concentrations between 1 – 50 mM. For SDS, the effective diffusion 
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coefficients 3.26×10−13 m2 s-1 obtained at the concentrations 3.32 mM is three orders of magnitude faster 

than the value reported in the literature while at 7.47 mM the diffusion coefficient is two orders of 

magnitude higher than the previously published data displayed in Table 5-3.  

Table 5-3: The literature data of the effective diffusion coefficients of SDS, TX-100 and Tween 20. 

Surfactant type Surfactant 

Concentration (mM) 

Diffusion 

Coefficient (m2 s−1) 

Literature Reference 

SDS 3.40 4.30×10-16 Noziere et al.288 

7.00 1.10×10-14 

TX-100 7.70 5.50×10−11 Weinheimer et al289 

15.50 5.80×10−11 Giglio and Vendramini290 

Tween 20 0.01 1.90×10−10 Wu et al291 

1.00 1.00×10−8 Bak et al279 
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Figure 5-11: The effective long time diffusion coefficient as a function of bulk concentration. SDS is 

represented by the blue circle symbols, TX-100 in purple circle symbols and Tween 20 as green circle symbols, 

with the linear fit represent by the solid lines. 
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Consistent with the results depicted in Figure 5-10, TX-100 exhibited the highest effective diffusion the 

coefficient relative to other surfactant types. Furthermore, our findings for TX-100 demonstrate good 

agreement with previously published data, as illustrated in Table 5-3. Specifically, at TX-100 

concentrations of 5 mM, 10 mM, and 20 mM, the effective diffusion coefficients were determined to 

be 4.10 × 10−11, 2.58 × 10−11, and 9.46 × 10−12 m2 s−1, respectively. A ±10 % error is assigned to each 

diffusion coefficient as an error for each calculation not determined. This is based on the bubble 

tensiometer error of ±1 mN m-1 surface tension which equates to approximately ±10 % uncertainty.  

Contrary to expectations based on Figure 5-9, the findings from Figure 5-11 indicate that Tween 20 

does not exhibit a higher long time diffusion coefficient than SDS. Wu et al. reported a possible 

explanation for this behaviour, relaying that a decrease in the diffusion rate of Tween 20 resulted from  

an increase in concentration.291 This phenomenon is also observed in our study, where short-time and 

long-time diffusion coefficients show a significant reduction with increasing concentrations of Tween 

20. Additionally, Table 5-3, shows the experimental data aligns closely with previous literature, 

specifically, at a concentration of 0.01 mM, the short-time diffusion coefficient of 5.98 × 10−8 m2 s-1 

and a long-time diffusion coefficient of 1.17 × 10−10 m2 s-1. 

From the literature data that was collated and compared to the data collected in this study, discrepancies 

of 2-3 orders magnitude have been observed. This can be attributed to Ward and Tordai model used to 

calculate the diffusion coefficients being sensitive to the slope of the σ versus t-0.5 plots hence even a 

slight variation can lead to substantial deviations in the computed diffusion coefficient. 

5.3.1.2 Equilibrium Bulk Surface Tension Measurements 

The equilibrium bulk surface tension was measured using the Wilhelmy Plate technique and refers to 

the surface tension at which a surfactant solution is at thermodynamic equilibrium with the bulk.  The 

force required to remove a thin platinum plate from a surfactant solution is used to determine the surface 

tension of the liquid. Surfactant properties such as the surface concentration, adsorption/desorption 

constant and area of the molecule shown in Table 5-4 can be calculated using the change in equilibrium 

surface tension over surfactant concentration and fitting to the Langmuir and Frumkin Model. The CMC 

determined at the cross section of the Frumkin isotherm fit to the concentrations below the CMC and a 

linear fit to the concentrations above the CMC which plateau. The CMC, Γmax and Amin for all systems 

agree well with the previously published data in Table 5-4 which validates the accuracy of the 

experimental method and reliability of results. The increase KL values from SDS to Triton X-100, 

indicates an increasing ability for the surfactant to remain stable at the surface hence TX-100 is able to 

stabilise at the surface more effectively and reduce the surface tension. The values for area per molecule 

calculated and shown in Table 5-4 do not reflect the closely-packed insoluble monolayers of single-

chain surfactants (≈ 20 Å2) and the effective close-packed area of hydrated ions (≈ 16 Å2) hence they 

are assumed to be reasonable values.259  
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Table 5-4: To show the calculated CMC, the maximum surface excess concentration, area per molecule and 𝐾𝐿, 

the ratio between kads and kdes calculated using the Frumkin isotherm alongside literature data. 

 

Using the Frumkin Model, the surface coverage was determined for each surfactant solution and 

indicates the degree to which the surfactant molecules occupy the liquid-air interface. The surface 

coverage has a significant impact on surface properties such as stability and reactivity. Both TX-100 

and Tween 20 reach a total surface coverage at lower concentrations compared to SDS due to their 

higher surface activity leading to a greater reduction in surface tension confirmed by Figure 5-12. The 

surface coverage SDS compares closely to published data from Mysels in 1986185  and Gilsson 1957.292 

 

Figure 5-12: The surface coverage defined as Γ/Γmax as a function of the log C for surfactants TX-100, SDS and 

Tween 20 indicated by the solid lines. The dotted lines denote the position of the CMC shown in Table 4-4. 
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Figure 5-13 shows the equilibrium surface tensions of SDS, TX-100 and Tween 20 as a function of the 

concentration fitted to both the Langmuir-Szyszkowski and the Frumkin models. By examining this 

figure, it is possible to see both models fit the equilibrium surface tension of SDS, TX-100 and         

Tween 20 well. Both TX-100 and Tween 20 show a higher capacity than SDS to reduce surface tension 

at low surfactant concentrations which corresponds to the total surface coverage at low maximum 

surface excess concentrations observed in Figure 5-12. 

 

Figure 5-13: Comparing the Frumkin model (solid lines) and Langmuir-Szyskowski equation (dotted lines) 

with experimental data taken using the Wilhelmy Plate for SDS (blue closed symbols), TX-100 (blue closed 

symbols) and Tween-20 (blue closed symbols). Notice how SDS and Tween 20 have very good fits to both 

models shown by their overlap whereas the Frumkin model appears to represent TX-100 the best. 

The primary objective of this study is to investigate the potential of commercially available surfactants, 

such as SDS, TX-100, and Tween 20, to act as atmospheric surfactant proxies. To assess their efficacy, 

Figure 5-14 presents the equilibrium surface tension and surface surfactant activities, derived from        

Eq. 5.20, in comparison to biosurfactants and surfactants isolated from aerosol samples. Rhamnoplipid 

and Surfactin are highly potent natural surfactants that exhibit comparable surface tension reduction 

capabilities to the synthetic surfactants TX-100 and Tween 20 investigated in this study. In terms of 
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concentration dependence, the natural surfactants can begin reducing the surface tension at remarkably 

low concentrations, ranging from 10−6 to 10−5 M.269  On the other hand, the proxy surfactants 

demonstrate surface tension reduction at concentrations an order of magnitude higher at 0.4 μM and      

1 μM, This directly compares to the study by Petters and Petters which showed Triton X-100 can begin 

reducing surface tension at concentrations of 10-3 mM.293 From Figure 5-14  we can also observe TX-

100 and Tween 20 relate strongly to other natural surfactants such as those found in samples taken from 

the Amazonian Forest, HULIS and Marine Algae Bloom, in terms of their surface tension reduction 

capabilities.196 

 
𝜎 =  𝜎0 +  

𝑅𝑇

𝜔𝑤
ln 𝑎𝑊

𝑆   
(5.20) 

 

 

The TX-100, TX-114, and SDS measurements reported by Zdziennicka et al. demonstrate good 

agreement with the TX-100, SDS, and Tween 20 measurements conducted in this study, as reflected 

by the similarity in their surfactant surface activity plots.90  The SDS profiles in particular show strong 

agreement between the present work and literature data.269 As anticipated, increasing the surfactant 

concentration results in a rise in the surface activity of the surfactant molecules, with TX-100 

exhibiting the highest as
s value (defined in Chapter 1 Section 1.5.4) among the measured surfactants. 

In terms of atmospherically relevant samples, Rhamolipid-2 and Surfactin exhibit the highest activity 

due to their highly surface-active nature. 
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Figure 5-14: The log concentration of surfactants plotted against (a) the equilibrium surface tension and (b) the 

surfactant surface activity at the air water interface. The measurements taken in this work are indicted by 

emboldened curves where TX-100 is represented by the purple closed symbols, Tween 20 indicated by the green 

symbols and SDS denoted by the blue symbols. 1 denotes data collected from this study, 2 represents data from 

Ekstrom et al.269 and represents the data collected by Zdziennicka et al.90. 
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5.3.2. Droplet Dynamic Surface Tension Measurements 
A series of oscillating droplet of SDS, TX-100 and Tween 20 were observed using the droplet oscillation 

method to determine their surface tension in ambient conditions. At equilibrium, as mentioned 

previously in Section 5.1.2, the droplet radius and initial bulk concentration can be used to indicate bulk 

depletion. The 𝐶𝑒𝑓𝑓 𝐶𝑖⁄   ratio was calculated using the parameters 𝑓 and ζ−1 which are dependent on the 

surface area-to-volume ratio as well as the important geometric length scale, rg, with the range of             

15 µm < rg < 20 µm.  Figure 5-15 demonstrates the normalised depleted bulk concentration 𝐶𝑒ff 𝐶i⁄  

plotted as a function of the SDS, TX-100 and Tween 20 initial concentrations. A distinct curve exists 

on which data points sit indicating the modelled bulk depletion for droplet sizes and concentrations used 

throughout this work. 

 

Figure 5-15: The normalised effective bulk depletion concentration as a function of the initial bulk 

concentration, 𝐶i. Each line represents a different surfactant, the blue dash-dot line denotes SDS, the green 

dashed line corresponds to Tween 20 and TX-100 is indicated by the purple dotted line. The filled symbols 

indicate the concentrations and droplet sizes in the range 15 µm < r < 20 µm used in this work. 

The shape of each surfactant curve in Figure 5-15 shows as the concentration increases from left to right 

on the x axis, the fractional mass lost to the surface decreases and depletion becomes negligible. From 

Figure 5-15, at the large concentrations of SDS used in these experiments, the depletion ratio is near 
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one i.e., very little or no depletion is expected. TX-100 and Tween 20 have a high bulk depletion at the 

low concentrations (10−4 to 10−1 mM), but this becomes less significant at higher concentrations. This 

substantial bulk depletion at low concentrations is consistent with the spherical depletion lengthscale, 

hs, shown in Table 5-5. If the hs is larger than the droplet radius (a common occurrence at lower 

concentrations), bulk depletion of the droplet is significant. Depletion can have a large impact on the 

rate at which surfactant adsorption approaches equilibrium. 

The characteristic timescale for spherical diffusion, 𝜏𝐷𝑠
, can be calculated using Eq. 5.16 and reveals 

the relationship between diffusion and bulk concentration and droplet radius. In this present study, 𝜏𝐷𝑠
 

is normalised to the characteristic timescales for planar diffusion for each surfactant type as 

demonstrated in Figure 5-16.  
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Table 5-5 The spherical depletion length scale hs in comparison to the droplet radii for each type of surfactant 

used in this study. 

Concentration (mM) r (µm) hs (µm) 

SDS 

3 17.91 0.93 

6 17.77 0.48 

7 17.82 0.41 

10 22.33 0.29 

20 18.85 0.15 

50 21.76 0.06 

Tween-20 

0.005 19.71 67.84 

0.04 19.69 25.19 

0.06 20.10 20.23 

10 20.24 0.28 

20 19.87 0.14 

50 20.72 0.06 

Triton X-100 

0.00044 15.88 173.85 

0.0022 19.95 109.39 

0.05 20.79 27.41 

0.1 21.34 18.66 

10 18.39 0.39 

20 21.42 0.20 

50 19.11 0.08 
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Figure 5-16: Characteristic timescale for diffusion of the surfactants to a spherical surface as a function of the 

normalised droplet radius r/hp. The filled purple symbols indicate Triton X-100 which show fast normalised 

timescales at low concentrations and planar-like diffusion at higher concentrations. The filled blue symbols 

denote SDS which show planar-like diffusion in all concentrations used and the filled green symbols correspond 

to the characteristic timescale for Tween 20 which demonstrates the same behaviour as TX-100 at low and high 

concentrations. The normalised timescale (𝜏𝐷𝑠 𝜏𝐷𝑝⁄ )=(𝑟 ℎ𝑝⁄ )
2
 until the upper limit of 1 is reached after which 

planar diffusion is assumed. The solid black line is used to guide the eye. 

To present the capability of the droplet oscillation method to produce time-dependent surface tension 

measurements the (1) surfactant type and concentration, (2) droplet size and (3) dispensing frequency 

were varied in this work. In Figure 5-17, time t = 0 is defined as the point at which the voltage pulse is 

applied to the droplet dispenser, with the time points thereafter defined by the user-imposed delay time 

set at 6 x 10−7 s for 30 µm orifice microdispenser and 1 x 10−6 s for 80 µm orifice microdispenser. The 

delay time denotes the time between the voltage pulse and the start of the stroboscopic imaging, 

separation from the dispenser tip, droplet stream and the operation of higher modes mean the earliest 

time the aspect ratio can be collected is approximately ~120 µs. The duration of oscillations and the 

eventual relaxation to aspect ratio one depends on the droplet size, solution concentration and 

dispensing voltage however on average relaxation occurs after 300 – 800 µs. 
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Droplet aspect ratios are retrieved after the higher order modes (explanation to be found in Chapter 3) 

relax to the l=2 mode within ~10-60 μs.148 The aspect ratio dataset was systemically shortened by 

removing earlier data points and the oscillation frequency determined by performing a fast Fourier 

transform on the remaining data. By fitting a Lorentzian line shape to the FFT data, the peak oscillation 

frequency could be located and used to calculate the surface tension. Each coloured Lorentzian line in 

Figure 5-17(b) corresponds to the data that undergoes a FFT to the right of the same-coloured line in 

Figure 5-17(a) for the water droplet measured.  For example, in Figure 5-17 (b), the red Lorentzian line 

shape is fit to the FFT of the aspect ratio plot from 29 to 341 µs whereas the yellow Lorentzian line fit 

corresponds to the aspect ratio plot from 68 to 341 µs. Though the magnitude of the peak diminishes 

due to a reduction in data, there is little to no shift in the peak of the Lorentzian lines and no reduction 

in the surface tension over time. This is owing to the lack of dynamic behaviour observed in water 

droplets in ambient conditions. Conversely, for the 6 mM SDS droplet shown in Figure 5-17(d), the 

shift in the Lorentzian lines towards lower oscillation frequencies is indicative of surfactant diffusion 

or adsorption processes being operative at the surface over time. Using this shift in the oscillation 

frequency peak characteristic of surfactant solutions, the dynamic surface tension can be calculated. 

During measurement collection approximately four to eight surface tension measurements were taken 

at each concentration (10−4 to 102 mM), droplet size (between 30 and 50 µm) or frequency (between 2 

and 200 Hz). The typical dispensing frequency used for the different concentrations and droplet sizes 

was 20 Hz. The data were collated into 20 µs time bins which allowed sufficient data points within each 

bin (2 to 6 points on average). The surface tension was averaged, and a standard deviation of the data 

points used was taken to be the uncertainty in the y axis. Similarly, the standard deviation of the binned 

times was taken as the x axis uncertainty. 
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Figure 5-17: Droplet aspect ratio plotted against delay time and associated Lorentzian line fit. The data to the 

right of each vertical dotted line underwent a separate FFT and plotted with a Lorentzian fit (a) Analysis of a    

21 µm radius water droplet, l=2 determined at t=7.2 × 10−5 s, with a complete droplet oscillation time of          

1.2 × 10−5 s (b) the Lorentzian fits for the water droplet in (a), and (c) a 15.5 µm radius SDS droplet, [SDS]aq=6 

mM, l=2 at 5.8 × 10−5 s with a complete droplet oscillation time delay time of 1.3 × 10−5 s (d) the Lorentzian 

fits for the spliced SDS droplet in aspect ratio plots shown in (c). These measurements were conducted at a 

dispensing frequency of 20 Hz. 

5.3.2.1 Characterization of Surface Tension in Relation to Surfactant Concentration 

and Type 

As previously discussed, there are three interrelated phenomena taking place at the droplet interface, 

namely, diffusion, adsorption, and desorption. Surfactant molecules adsorb and desorb from the 

interface due to a balance between entropic costs and enthalpic forces, leading to subsurface depletion. 

At low concentrations this process results in bulk depletion, as surfactant molecules diffuse from the 

bulk to the surface and to adsorb at the surface. Upon reaching an equilibrium where the number of 

adsorbing molecules is equal to the number of desorbing molecules, a minimum surface tension is 

reached. Both the DST and the characteristic timescale for diffusion are influenced by various factors, 

including the type of surfactant, its surface activity, bulk concentration, and molecular diffusivity. The 
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surfactants described herein were chosen based on their different dynamic behaviour over time and their 

potential use as atmospheric proxies for biosurfactants and organic surfactants. 

As discussed in Chapter 3, the delay time is defined as the variable time delay between the voltage pulse 

sent to the dispenser and the brightfield imaging strobe. In Figure 5-18 to Figure 5-20, x axis refers to 

the delay time at which the data is spliced and the FFT taken thereafter. An increase in the surfactant 

concentration brings the system closer to the equilibrium surface tension between 10-300 µs for SDS, 

Tween 20 and TX-100. Each surfactant has a unique profile of surface tension decay above and below 

their CMC. As the measurements in this study were performed over short timescales (microseconds), 

there is insufficient time for the requisite number of surfactant molecules to reach the surface and attain 

equilibrium with the bulk. Refer to Table 5-6 for the equilibrium surface tension collected from the 

Wilhelmy plate and averaged over the concentrations above the CMC.  

Table 5-6: The equilibrium surface tension of SDS, TX-100 and Tween 20. 

Surfactant Type Equilibrium Surface Tension  

(mN m−1) 

SDS 38.60 ±0.20 

Tween 20 37.40 ±0.40 

TX-100 31.70 ±0.03 

 

The relationship between surfactant concentration and surface tension reduction varies with surfactant. 

Figure 5-18 shows the time-dependent surface tension profile SDS which shows dynamic behaviour 

above and below the CMC. At the SDS concentrations 20 and 50 mM, the DST plots overlap with each 

other, which may suggest that diffusion is no longer the rate-determining step, and the presence of a 

strong adsorption barrier may have become the limiting factor. From Figure 5-18 it is evident that longer 

oscillation windows will be needed to reach the equilibrium surface tension measured in the bulk. 
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AE

  

Figure 5-18: The droplet surface tension plotted against the delay time for SDS surfactant concentrations below 

(closed symbols) and above (open symbols) the CMC of sodium dodecyl sulfate in aqueous solution. The dotted 

line represents the equilibrium surface tension when concentration > CMC (~38 mN m−1) measured using the 

Wilhelmy plate.  

Figure 5-19 shows the retrieved surface tensions for TX-100. Below the CMC, when the concentration 

is low, no obvious dynamic behaviour is observed due to low mass transport.                                                              

At concentrations > 10 mM, TX-100 shows greater decay of the surface tension than both SDS and 

Tween 20. For example, at a concentration of 50 mM, TX-100 shows a significant change in surface 

tension (Δσ =13 mN m−1) between 50 – 150 µs, while over the same period of time and at the same 

concentration, SDS and Tween 20 show notably lower at values of Δσ =5 mN m−1 and Δσ =0.79 mN 

m−1, respectively. This observation correlates well to the bulk data collected and described previously 

in Section 5.31. Figure 5-20 shows the change in surface tension decays below and above the CMC 

point, notably, the rate of change distinctly increases from 10 to 50 mM. This is consistent with the 

findings by Alvarez et al., which showed an increase in concentration results in reaching the equilibrium 

faster as r/hp is proportional to the spherical diffusion timescale.96 
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Figure 5-19: The droplet surface tension plotted against the time for TX-100 surfactant concentrations below 

(closed symbols) and above (open symbols) the CMC of Triton X-100 in aqueous solution. The dotted line 

represents the equilibrium surface tension when concentration > CMC (~ 31-32 mN m−1) measured using the 

Wilhelmy plate and MBT.  
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Figure 5-20: The rate of surface tension change over given time duration (time window = 150 µs) plotted 

against surfactant concentration (a) below and (b) above the CMC of Triton X-100 in aqueous solution. 

 

Figure 5-21 illustrates the temporal evolution of the surface tension of aqueous Tween 20 droplets. 

Similar to TX-100, below the CMC, Tween 20 demonstrates limited reduction in surface tension as a 

result of low mass transport resulting in accordance with the low concentration. At concentrations above 

the CMC (10 mM to 50 mM), Tween 20 shows a slight change in the decay rate of the surface tension 
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over time, which could be due to the slow diffusion rates as observed in the bulk. However, Tween 20 

is able to reduce the surface tension to greater degree than the other surfactants showing it is a strong 

and useful surfactant. This observation is consistent with bulk measurements that demonstrate Tween 

20 to be a strong surfactant at low concentrations compared to SDS and other proxy surfactants, see 

Section 5.3.2.2 (Figure 5-13), as indicated by its prominent surface tension reducing abilities.279 

Figure 5-21: The droplet surface tension plotted against the time for Tween 20 surfactant concentrations below 

(closed symbols) and above (open symbols) the CMC of Tween 20 in aqueous solution. The dotted line 

represents the equilibrium surface tension when concentration > CMC (~ 35-37 mN m−1) calculated using the 

Wilhelmy plate and MBT. These measurements were conducted at a dispensing frequency of 20 Hz. 
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5.3.2.2 Characterization of Surface Tension in Relation to Droplet Size and Dispensing 

Frequency. 

Figure 5-22 shows how the normalised spherical diffusion timescale varies with radius using the work 

of Alvarez and co-workers.294 To examine whether diffusion within droplets with a r > 10 μm behaved 

like planar diffusion, droplet sizes was varied between 30-50 µm using a 30 µm and 80 µm orifice 

microdispenser at a constant concentration of 20 mM for each surfactant. Figure 5-23 demonstrates the 

variation in the rate of surface tension decay which shows no trend with increasing droplet radius. The 

lack of a trend is expected from Figure 5-22 and attributed to the size of the droplet radii and high 

concentrations leading to droplet diffusion reaching the planar diffusion limit where the rate of surface 

tension change will remain similar. Only when the droplet radius is lowered by two orders of magnitude 

will a notable change in the surface tension decay be observed, this is beyond the ability of the 

microdispensers used in this study. 

 

Figure 5-22: The normalised characteristic timescale for diffusion as a function of the droplet radius at a 

constant concentration of 20 mM. SDS indicated by the blue dashed line, TX-100 shown in the purple dotted 

line and Tween 20 shown with the green solid line.  
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Figure 5-23: The rate of surface tension decay in a 150 µs time duration plotted against droplet radius for each 

surfactant type at the concentration of 20 mM. The closed symbols represent the 30 µm orifice microdispenser 

and open circles denote the 80 µm orifice microdispenser. 

 

During these measurements a novel advantage was found to using two different microdispenser orifice 

sizes. Using a 30 µm orifice microdispenser,  as in previous work148 results in relatively short 

measurement time windows t < 250 µs for surfactants to partition to the surface, which could be too 

short for certain surfactants to the surface in further work. Figure 5-24 shows how by using the 80 µm 

orifice microdispenser the window of measurement can be extended without impacting the rate of 

surface tensions decay as confirmed by Figure 5-23. This offers investigators the ability to combine 

measurements from both dispensers and extend the time period over which the surface tension can be 

measured, particularly in the case of SDS and TX-100. 
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Figure 5-24: The surface tension plotted against time for (a) SDS (b) TX-100 and (c) Tween 20 at a 

concentration of 20 mM with the closed symbols representing droplet diameters between 30-45 μm and open 

circles denoting droplet diameters between 40-55 μm. 

Next, the frequency at which the droplets are ejected from the microdroplet dispenser is explored to 

determine if this impacts the starting surface tension of the droplet. The lower the dispensing frequency, 

the longer the meniscus age of the dispensing droplet hence the more time surfactant molecules at the 

tip have to diffuse to the surface and reduce the surface tension before beginning their oscillation 

journey as depicted in Figure 5-25. By comparing different dispensing frequencies, it is possible to 

confirm which dispensing speed was most appropriate to use during this study. 

The study employed 20 Hz as the dispensing frequency as it is the most appropriate frequency to use 

upon examining Figure 5-26. Specifically, this frequency exhibits significant overlap with 200 Hz, but 

less so with 2 Hz. This finding suggests that meniscus age effects remain in operation at the lower 

frequency of 2 Hz impacting the droplet. Therefore, the selected dispensing frequency of 20 Hz is 

scientifically justified based on the observed overlap with relevant frequencies and the continued 

operation of meniscus age effects at lower frequencies. In addition, the most stable droplet trajectories 

were found at 20 Hz making it a more desirable frequency to work with. 



Chapter 5- Explorations of Surfactant Partitioning in Microscopic Droplets and Bulk Solutions 

179 

 

 

Figure 5-25:A schematic to demonstrate the population of surfactant monomers at the droplet meniscus before 

dispensing from the microdispenser tip at (a) 2, (b) 20 and (c) 200 Hz which corresponds to 0.5 s, 0.05 s and     5 

ms respectively between the dispensed droplets.  
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Figure 5-26: Surface tension plotted against delay time, at dispensing frequencies of 2 Hz (square symbols), 20 

Hz (triangle symbols) and 200 Hz (circle symbols) for (a) SDS and (b) Triton X-100 at the concentration of      

20 mM. 
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5.3.2.3 Combining Droplet and Bulk Data using the Hua-Rosen Equation 

Figure 5-27 shows the combination of droplet and bulk dynamic data modelled using the Hua-Rosen 

semi-empirical Eq. 5.32 where n (dimensionless) and t* (units of time) are constants. There is an 

excellent fit between the model and the TX-100 solution at a concentration of 10 mM. At the 

concentration of 20 mM, there is agreement between the model and measurement data within error. The 

value of n for both concentrations is similar (n10mM=0.45 and n20mM=0.46) indicating that the interactions 

between the surfactants and the surface are equally strong. Contrary to expectation, t* which represents 

the rate of adsorption and desorption is higher for 10 mM than 20 mM however as both are within same 

order of magnitude this difference can be treated as negligible.  

Table 5-7: A table for the constants, n and t*, calculated from the fitting of the Hua-Rosen Approach to the 

experimental droplet and bulk dynamic surface tension data. 

TX-100 

Concentration (mM) t* 

(ms) 

n 

10 0.43 ±0.02 0.45 ±0.01 

20 0.10 ±0.01 0.46 ±0.06 

  

Overall, the ability to account for surfactant activity at very short and long times will prove useful to 

many industries along with improvements to our understanding and modelling of surfactants and their 

dynamics within the atmosphere. 
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Figure 5-27: Dynamic surface tension of droplet and bulk measurements plotted against time and fitted to the 

Hua-Rosen model for (a) [TX-100] = 10 mM and (b) [TX-100] = 20 mM. The light purple symbols indicate 

droplet measurements collected using the droplet oscillation method; while the dark purple symbols represent 

the bulk measurements obtained by MBT. Here surface age and delay time are treated as the same. 
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5.4 Conclusion  
The work herein describes the investigation of droplet dynamic surface tension (DST), bulk DST, and 

bulk equilibrium surface tension using various measuring techniques. The Wilhelmy plate method uses 

the force needed to remove a plate from the surfactant solution to determine the equilibrium surface 

tension. Using the Langmuir and Frumkin isotherms, key surface properties such as CMC, Γ∞, Amin for 

each surfactant solution were calculated and used to infer their surface propensity and stability. Overall 

good agreement is observed between the published data and those collected in this study showing the 

validity of the measurements collected. In comparison to the equilibrium surface tension profiles of 

biosurfactant samples and other synthetic surfactants, TX-100 and Tween 20 profiles show they can act 

well as proxies for atmospheric aerosol surfactants for laboratory studies.  

The MBT approach was used to determine the dynamic bulk behaviour of the aqueous sodium dodecyl 

sulfate (SDS), Triton X-100 (TX-100), and Tween 20 solutions. The bubbles produced by a gas reach 

maximum pressure used to determine the surface tension. It was assumed from DST profiles of Tween 

20 and SDS that adsorption followed diffusion-controlled mechanism due to the linearity of the plot at 

long times. By fitting the DST profiles of the surfactants to the short time and long-time approximations 

derived from the Ward and Tordai equation, diffusion coefficient which are in good agreement with the 

literature could be calculated.  At short times where diffusion is dominant the SDS shows the lowest 

diffusion coefficient whereas at long times when adsorption is the limiting factor, Tween-20 has the 

lowest diffusion coefficient which is expected. The MBT approach cannot account for the unique 

properties observed within the confined volume of a droplet or the dynamic behaviour at early surface 

ages, hence another method was employed to do so. 

This work describes the droplet oscillation approach to measuring the droplet DST at delay times ≤1ms. 

Stroboscopic imaging captured oscillating droplets ejected from a microdispenser from which the 

surface tension can be retrieved. This method is used to collect nascent dynamic surface tension data 

for aqueous SDS, TX-100, and Tween 20 solutions at different concentrations, droplet sizes and 

dispensing frequencies. The most notable system is TX-100 which displayed the most dynamic 

behaviour over a given time (~100 s) above the CMC showing it is a highly surface-active surfactant. 

The data showed Tween 20 to be the strongest surfactant system above the CMC, by its ability to lower 

the surface tension to a greater degree below that of water. For the SDS system the surface tension 

decay profiles overlap at the higher concentration 20 to 50 mM, potentially because of the concentration 

and diffusion no longer being a limiting factor in adsorption to the surface and the subsequent surface 

tension reduced. Additional concentrations would need to be measured in order determine if this theory 

is correct. The ability to measure the dynamic surfactant behaviour in liquid droplets over the early time 

range was the most useful result to come from this work as this is not reflected in the literature. 
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Interestingly, investigation into the effect of droplet size of diffusion lead to finding a method to extend 

time over which the droplet measurements are taken, thus extending the DST surfactant profiles towards 

the equilibrium value derived from the Wilhelmy plate measurements. This may be useful in future 

studies and should be explored further. 

5.5 Future Work 
With the scope of this current study there are several areas for future work, which will be discussed in 

detail in this section. Firstly, there is a need to broaden the range of surfactant types studied by choosing 

more anionic, cationic, and non-ionic surfactants, as well as biosurfactants, in order to capture and 

model the surfactant dynamics that could be seen in atmospheric aerosols.53 Another avenue for future 

investigation will be the study of surfactants and inorganic salt mixtures.295 At short timescales, 

inorganic salts have been shown to enhance the performance of sone surfactant molecules performance, 

lowering the CMC and equilibrium surface tension which will in turn impact cloud droplet growth. 

296,297,298 

The acidity of suspended atmospheric aerosols has been known to have an adverse effect on watersheds, 

marine and terrestrial ecosystems.299 As aerosols form in part from clouds evaporation, cloud chemistry 

may affect the acidity and composition of aerosols when they evaporate. Equally as aerosols are 

precursors to clouds, they can affect the pH of the cloud droplets or ice crystals. Solution pH conditions 

impact the rate of adsorption and desorption of surfactant molecules in droplet and bulk dynamic surface 

tension. For example, Hernainz et al. showed a reduction in surface tension as the concentration of the 

SDS solution increased and the pH decreased between pH 4 and 8.300 Given that the pH levels found 

within aerosols can vary five orders of magnitude between pH −1 and 7299,  future work will examine 

this pH range using compounds such as sulfate organics (pH −1). 

Eastoe et al. observed that increasing the temperature leads to faster surface tension decay and lower 

surface tension of di-(C5-Glu) profiles, with an effective diffusion coefficient that increased by two 

orders of magnitude from 283 K to 323 K.87 Given that the temperature profile of the troposphere varies 

between 222 to 290 K, this temperature range would be used in future studies of surfactant solutions.  

Finally, investigations into chain length, steric hindrance, hydrophobicity, and barriers to reorientation 

at the surface could help to better understand the impact of these factors on dynamic surface tension. 

For example, Bykov et al.301 showed that the surface tension decreases with increasing chain length of 

CnTAB (n varies between 8 and 16) using CTAB/DTAB mixtures, a trend confirmed by Smit et al. 

Further studies will be necessary to elaborate on the relationship between chain length, surface tension, 

and the rate of decay, as well as the aggregate structure of surfactants.301,302 Studies such as these will 

help to improve our understanding of aerosols and the climate models they feature in. 
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Chapter 6 

The Measurement of Viscosity and Photoinduced Size Change in 

Aerosol Droplets Under Different Humidity Conditions 

 

6.1 Overview 
From this thesis, it is apparent that organic and inorganic aerosol particles play key roles in cloud 

formation and lifetime, absorbing and scattering light, altering atmospheric composition, and impacting 

human health, see Figure 6-1.128,303 Conventionally, particle partitioning models have assumed the phase 

state of atmospheric organic aerosols to be liquid with a low viscosity which has led to incorrect 

constraints on chemical reactivity, hygroscopicity and component volatilities. These partitioning 

models predict that aerosol particles attain equilibrium with the surrounding environment 

instantaneously, resulting in a homogenous, well mixed composition in short diffusion timescales.40 

Recent measurements have shown contrasting findings whereby laboratory and field measurements 

indicate the existence of highly viscous, semi-solid and even amorphous solid particles.304 Particles with 

a high viscosity are predicted to be less reactive to gas composition changes than those with a low 

viscosity.305 Particle viscosities in both laboratory and field measurements have been shown to range 

from 10-3 to 1012 Pa s, values spanning water and tar pitch, respectively.  

Viscosity is a fundamental physicochemical property that has important implications on aerosol 

heterogenous and photochemical reactions, climate forcing and transboundary pollution across the 

globe.166,306 The viscosity of atmospheric aerosols can vary in different environments because of 

changes in ambient relative humidity: water acts as a plasticiser within aerosols and increases the 

mobility of organic matrix within an aqueous droplet.307 Highly viscous SOA particles are often found 

in low relative humidity, cold conditions and exhibit slower uptake and penetration of trace gases and 

SVOCs coupled with slower diffusional rates within the particle. Slow diffusion can change the growth 

and therefore size of SOA particles moving from absorptive to adsorptive partitioning and reduced 

evaporation.308,132,309 An example of this, by Gervasi et al. 306 in 2020, noted the increased shielding 

from oxidation by species such as the hydroxyl radical (OH), nitrate radical (NO3), and ozone (O3) in 

viscous droplets which culminates in the increased time organic species spend within the aerosol 

phase.306 This increased time in turn allows the particles to undergo long range transport that contributes 

to transboundary pollution.310 Primary aerosol particles containing soot, black carbon or polycyclic 

hydrocarbons undergo chemical reactions at the surface rather than the bulk due to the quasi-solid 

state.102 Oxidation reactions in viscous SOA particles also have an impact on the climate. In 2018, Liu 



Chapter 6- The Measurement of Viscosity and Photoinduced Size Change in Aerosol Droplets Under 

Different Humidity Conditions 

186 

 

and colleagues found that the formation of brown carbon aerosol may be restricted by viscosity.311 As 

a result, secondary organic aerosols that would typically undergo browning due to multiphase chemical 

reactions become transparent because the reactions are slowed down. This transparency causes the 

aerosols to scatter solar radiation rather than absorb it. The inhibition of brown carbon formation by 

viscous organic compounds has a direct impact on aerosol-radiation-climate effects, while the phase 

state of secondary organic aerosols may also have an indirect impact on climate and weather.311  

Figure 6-1: Impacts of particle viscosity on (a) the time taken to achieve equilibration through gas-particle 

partitioning of water, pollutants and semi volatile organic compounds (SVOCs) (b) the ability to form ice 

nucleating particles which high viscosity particles are able to do via homogenous and heterogenous nucleation 

(c) the photochemical and heterogenous rate of reactivity which is faster in low viscosity particles (d) the 

climate, air quality and visibility and human health. This image has been created based on the paper by         

Reid et al.128 

Marshall et al.40 examined the ozonolysis of the ternary maleic acid (MA)/sucrose/water mixture at 

different mass ratios under various environmental conditions. MA was exposed to ozone and the 

photochemical oxidation of the C=C was measured by following the reduction in the vinylic band in 

the droplet’s Raman spectrum.40  As the viscosity of the droplet increased with decreasing relative 

humidity, the loss of the vinylic band intensity was less pronounced. This study also found that an 

increase in particle viscosity leads to a decrease in the inferred diffusion coefficient and to the 

suppression of the effective vapour pressure of MA. Indeed, at lower relative humidities, viscosity 

impedes the diffusion of MA molecules, reducing the effective MA volatility. Consequently, the 

observed droplet size change is smaller than the amount expected based on measurements of wet (low 

viscosity) droplets. Hinks et al.312 observed a similar trend when examining SOM mixtures impregnated 
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with the atmospherically relevant, photodegradable compound 2,4-dinitrophenol (2,4-DNP). At lower 

temperatures and RH, the SOM viscosity increases, leading to slower photodegradation rates in all three 

model systems. The increase in viscosity is believed to reduce the motion of the molecules in the SOM 

matrix, hindering their respective photochemical reactions.312 

Figure 6-1 illustrates differences between low and high viscosity particles. Highly viscous particles can 

serve as ice nucleating particles (INP) and ice crystals in glaciated clouds.128,131 The INPs found in the 

atmosphere can be formed via deposition nucleation, a heterogenous process, or immersive freezing, a 

homogenous process. The deposition of mineral dust particles or bacteria on a droplet at a given 

temperature can induce ice formation while homogenous freezing of pure water of solute particles must 

occur below 236 K and at high water supersaturations.313 

To fully understand the implications of viscosity on atmospheric aerosols and the climate, we must 

quantify the impact on environmental conditions (like relative humidity) on SOA viscosity. 

Additionally, photochemical reactions are important IN determining the chemical composition of the 

atmosphere. Accounting for the influence of relative humidity on photochemical reactions is important 

because RH constantly cycles from high to low values in the atmosphere which can lead to different 

reaction rates dependent on the ambient conditions. In this chapter, the viscosity of two different 

systems, namely, sucrose/citric acid/H2O and sucrose/nitrate/H2O (data for which was acquired in L. 

Lalemi Master’s degree) have been investigated in relation to the relative humidity using a holographic 

optical tweezers. Additionally, preliminary data are reported on the change in droplet size caused by 

the UV irradiation of aqueous sodium nitrate droplets under different relative humidity conditions using 

an electrodynamic balance. 

The viscosity of liquid water in ambient conditions is ∼10−3 Pa s which is orders of magnitude lower 

than semi solid aerosols found between ∼102 to ∼1012 Pa s and glassy particles which can exceed 

viscosities of ∼1012 Pa s. It was Einstein who first established a correlation between the increase in 

viscosity of the medium and slower diffusional motion. Hence the Stokes-Einstein equation is 

commonly used to relate the viscosity, 𝜂, to the molecular diffusion coefficient, Dc, as follows314: 

 
𝐷𝑐 =  

𝑘𝐵𝑇

6𝜋𝜂𝑟𝑚
 

(6.1) 

where 𝑘𝐵 is the Boltzmann constant, T is the temperature in Kelvin, and rm is the radius of the diffusing 

molecule. The viscosity and radius are inversely proportional to the diffusion coefficient hence when 

both increases, the diffusion coefficient decreases.102 The characteristic time of mixing by molecular 

diffusion, 𝜏mix,  is defined by Eq. 6.02 where r is the radius of the particle.  

 
𝜏mix =  

𝑟2

𝜋2𝐷𝑐
 

(6.02) 
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According to Shiraiwa et al.315, within the accumulation mode size range, defined in Chapter 1                

(Dp ≈102 nm), 𝜏mix can vary between microseconds to milliseconds for non-volatile organic species, 

seconds to years for semisolids to years for solids (Figure 6-2). Such a range in mixing times has resulted 

in kinetic rather than thermodynamic frameworks being used to model SOA formation due to the kinetic 

limitations to growth as well as evaporation arising from high particle viscosities. 

 

Figure 6-2: The characteristic time of mass-transport and mixing by molecular diffusion (τc) in particles of 

liquid, semisolid, and solid states can be expressed as a function of their diffusion coefficient and diameter. In 

the accumulation mode (Dp ≈ 102 nm), semisolid particles exhibit a wide range of τ, spanning from seconds to 

years, as indicated by the light green arrow. This image was taken from free access paper by Shiraiwa et 

al.102,315 

6.1.1 The Impact of Particle Composition on the Viscosity of Aerosol Particles 

Within this study and previous work, sucrose is selected as a proxy system for SOA particles found in 

the atmosphere and is used as a high viscosity compound. Comparatively, inorganic salts and acids, 

termed electrolytes have lower viscosities and have been known to partially or fully dissociate in liquid 

solutions, affecting the neutral organic compounds via the salting-out effect.316, 317 Previously described 

in Chapter 4, the ‘salting-out’ effect can drive non-polar organics out of the mixed phase into the gas 

phase or an alternative organic-rich phase hence establishing liquid-liquid separation and a new 

equilibrium state.318  The presence of electrolytes tends to increase polarity in the aqueous phase while 
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decreasing it in the organic phase.319 This phase behaviour significantly influences the surface 

characteristics and morphology of the aerosols which in turn affects the organic compounds reactivity 

toward gas-phase oxidants.320,316,321,322 In 2017, Bateman et al. examined particles located in central 

Amazonia consisting of biogenic organic compounds, sulfates, and black carbon and found them to be 

in a non-liquid state where 𝜂 > 102 Pa s at higher RH,.323 Additionally, in laboratory studies, Power et 

al. 2013 showed specific example of a system where the viscosity of sucrose particles can be altered in 

the presence of sodium nitrate.321 As the sodium nitrate content increased the viscosity of the sodium 

nitrate: sucrose mixtures decreased. Similarly, Rovelli et al. showed a decrease in the viscosity of 

sucrose particles upon adding the sodium nitrate or citric acid content.324 Song et al. demonstrated 

atmospherically relevant mixtures of sucrose and Mg(NO3) or Ca(NO3), which were used due to their 

presence in mineral dust and sea salt particles, had lower viscosities than binary sucrose mixtures.325 

Consequently, over the last decade, several approaches have been used to measure the viscosity of 

individual particles and their compositions. For instance, rheometry techniques have been used to infer 

the viscosity of aerosols. However these bulk solution methods are unable to reach the supersaturated 

solute states that can be attained in aerosols.305 The bead mobility technique uses an external gas 

blowing to move melamine beads within a droplet. The movement and flow of these beads within the 

droplet is used to derive the viscosity using fluid bead dynamics. Bzdek et al. further developed the 

technique of using a coalescence event of two droplets which undergo shape oscillations at the droplet 

surface following controlled coalescence in the underdamped regime.124 In the overdamped region, the 

timescale for slow merging particles (between seconds to days) can be used to calculate particle 

viscosity whereas oscillations are used in the underdamped region as discussed in Chapter 3. Reid et al. 

review provided a comprehensive analysis of the various methods used to derive particle viscosity.128 

A commonly used technique stated in this review was the poke and flow method.314 Droplets are 

deposited on a hydrophobic substrate within a flow cell and poked with a sharp microneedle. The time 

it takes for the particle shape to relax from a half-torus geometry to a spherical cap morphology is 

monitored by optical microscopy. When compared to fluid dynamic simulations the droplet viscosity 

can be calculated.  

6.1.2 Predicting Viscosity Using Mixing Models 
Two viscosity modelling approaches are used in this work namely, AIOMFAC and the mixing binary 

model which incorporates the ZSR approach in order to predict the viscosity of mixed organic 

compound sucrose/inorganic salt or acid /H2O at different weight percent mixtures. The AIOMFAC 

model accounts for the ion-organic interactions effects on activity coefficients using group contribution 

to derive viscosity, while the Bosse et al. mixing rule calculates viscosities using the subcooled pure 

component viscosities of each constituent of the mixture. The Zdanovskii-Stokes-Robinson (ZSR) 

approach determines viscosity using the water activity-dependent mixing of binary viscosity data and 

considers the interaction between mixture components. 
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6.1.2.1 AIOMFAC Viscosity Model 

The Aerosol Inorganic-Organic Mixtures Functional Groups Activity Coefficients (AIOMFAC) model 

is a thermodynamic model used to predict the physical and chemical properties of atmospheric 

aerosols.326 It has been developed and tested in hundreds of experimental datasets to investigate the 

effects of aerosols on climate, air quality, and human health due to its accuracy.316 Designed by Zünd 

et al. to simulate complex mixtures of inorganic and organic compounds, AIOMFAC is a group 

contribution model that describes the deviation of the activity of a substance in a mixture from its ideal 

behaviour (Raoult’s law).317 The non-ideality of mixtures has an impact on the gas-partitioning within 

an aerosol and affects the particle physical state resulting in the possible liquid-liquid phase separation. 

The model considers the different functional groups present In the aerosol particles, Iding hydroxyl, 

carboxyl, carbonyl, and amine groups, and uses their chemical interactions with water and inorganic 

ions to calculate the activity coefficients of the aerosol components.318 The AIOMFAC model offers 

the ability to predict the thermodynamic properties of aerosols, including their vapour pressure, 

solubility, and hygroscopicity. The model has been shown to accurately predict the behaviour of 

atmospheric aerosols under a wide range of environmental conditions from dilute to highly concentrated 

solutions in supersaturated conditions. Hence in this work it has been used to provide predictive 

estimates of mixture viscosity for sucrose/citric acid and sucrose/sodium nitrate across a range of 

relative humidities. 

6.1.2.2 Mixing Binary Model 

In the ZSR approach, using the example of a sucrose/citric acid/water mixture, the mass fraction of each 

solute was first calculated using Eq. 6.03 and Eq. 6.04 and the mass based hygroscopicity parameter 

[𝜅𝑚(𝑎w)] values were retrieved from Marsh et al.327  

 
𝑤𝑠 =  {1 + 𝜅𝑚  [

𝑎𝑤

(1 − 𝑎𝑤)
]}

−1

 
(6.03) 

 

 𝜅𝑚(𝑎𝑤) =  ∑ 𝜀𝑖𝜅𝑚,𝑖(𝑎𝑤)

𝑖

 (6.04) 

Where 𝑤𝑠 is the total mass fraction of dry solutes in the particle, 𝑎𝑤 , water activity of solution, 𝜀𝑖 

describes mass fraction of the ith component in the dry particle and the hygroscopicity parameters is 

denoted 𝜅𝑚.and 𝜅𝑚,𝑖(𝑎𝑤) denotes the mass weighted hygroscopicity parameter of the ith solute, with 

parameterized dependence on water content. 

Using the ZSR equation (Eq. 6.05), the mass fraction of water can be derived for each binary mixture 

(sucrose/water, citric acid/water) and used to calculate the total mass of water in a system assumed to 

be ideally distributed between the two solutes (solute1 and 2). The water activity of the binary solutions 
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is then obtained using Eq. 6.03 and the “partial” viscosity [𝜂𝑖(𝑎w) ] for each solute component 

calculated using a parameterisation of each binary mixture from model data. Overall, with the Arrhenius 

mixing rule, the viscosity of the ternary mixture can then be calculated using Eq. 6.06. 

 𝑚𝐻2𝑂 = 𝑚𝐻2𝑂,1 + 𝑚𝐻2𝑂,2 =  𝜀1 × 𝑚𝐻2𝑂 +   𝜀2 ×  𝑚𝐻2𝑂 (6.05) 

   

 ln[𝜂𝑖(𝑎w)]  =  ∑ 𝑥𝑖ln[𝜂𝑖(𝑎w)] 

𝑖

 (6.06) 

Where 𝑚𝐻2𝑂 is the mass fraction of water and 𝑥𝑖is the mole fraction of the ith component. 

6.1.3 Aerosol Droplet Photochemical Reactions  
Preliminary investigations of the relative humidity (i.e. viscosity) dependence of nitrate loss through 

photodegradation by UV light was explored in this work. Nitrate-laden aerosols are produced via the 

interaction of sea salt and mineral dust with nitric acid and nitrogen oxides in the atmosphere, alongside 

the release of anthropogenic NOx resulting from the combustion of fossil fuels which are prevalent 

throughout the troposphere. 328,329 K. Benedict observed nitrate photodegradation by light of λ=302 nm 

light in sodium nitrate droplets, with product yields dependent on droplet pH, nitrate concentration and 

the presence of a radical OH scavenger.330 The phototransformation of nitrate to its photoproducts 

influences the hygroscopic behaviour of particles, an important property in the growth of particles to 

form cloud droplets.331,332 The most stable photolysis products, nitrite (NO2
−) and peroxynitrite (ONOO−) 

shown in Figure 6-3, result in the formation of highly reactive oxidants, OH radicals and O (3P), both 

in gas phase photochemistry and environmentally relevant interfaces.333,334 

 

Figure 6-3: Relevant photochemical reactions of aqueous sodium nitrate which absorbs in the actinic 

wavelength λ~ 302 nm, 𝜀= 6.2 M-1 cm-1.335 Pathway 1,2 and 4 denote photoproducts generated above ~280 nm 

and Pathway 3 denotes the photoproduct below ~280 nm in the bulk phase. Pathway 6 shows the secondary 

formation of nitrite via the reaction of NO2 with •O2
 − indicated by the dashed lines. This schematic is based on 

Figure 2 in K. Benedict et al, 2016.336 
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The phase and reactivity of the nitrate ion has been found to be gas or particle phase dependent. Whereas 

in the gaseous phase, the structure of NO3
- is planar and of D3h symmetry, the lowering of its symmetry 

in the aqueous phase leads to absorbance at longer wavelengths due to the higher energy of the π-π* 

and n-π* transitions. It is proposed that diluted sodium nitrate solutions absorb at longer, more 

atmospherically relevant wavelengths  ( > 290 nm) leading to greater photoreactivity. 329,332,333 Indeed, 

the phase of particles directly affects solar radiation absorption, light scattering and the activation of 

aerosol particles as cloud droplets.330,337 

A number of techniques have been employed to measure aerosol phase photochemical processes using 

contact free, wall-less techniques such as optical tweezers, electrodynamic balances338 and acoustic 

traps332, each capable of isolating and levitating droplets over a range of sizes (< 30 m). In previous 

studies, UV irradiation of nitrate droplets has been observed, for instance Seng et al.332 used acoustic 

levitation to measure the impact of photo-irradiation on the deliquescence of nitrate particles. Using 

Raman spectroscopy to monitor the composition and size of the droplet over time revealed a higher than 

expected uptake of water by  irradiated sodium nitrate particles in the atmosphere.332 In this study, an 

EDB was used to monitor the size change of irradiated and non-irradiated sodium nitrate particles under 

different environment conditions. 

6.2 Experimental 

6.2.1 Holographic Optical tweezers (HOT) 
To explore the viscosity of the water/sucrose/citric acid (CA) system (sucrose:CA= 60:40), aqueous 

droplets of diameter, D, ~6-16 μm were optically trapped using a holographic optical tweezers 

instrument (see Chapter 3). Droplets were generated with a medical nebuliser and then were captured 

in two optical traps, the relative positions of which were controllable. Air flow introduced into the 

custom-made stainless-steel trapping chamber contains a mixture of ultrapure dry and humidified (wet) 

nitrogen allowing the relative humidity within the trapping cell to be controlled and monitored using  

RH capacitance probes (RH ±2 %).339 Captured droplets were coalesced in a controllable manner by 

bringing one trapped droplet closer to the other. Upon coalescence, the image of the coalescing droplet 

was recorded by brightfield imaging with a high power LED.40 The backscattered Raman light is imaged 

onto the slit of a spectrometer resulting in a Raman spectrum. The Raman spectrum consists of resonant 

structures known as whispering gallery modes superimposed onto an underlying Stokes band from 

which the radius and refractive index can be calculated to accuracies of ±2 nm and ±0.0005, respectively. 

In the underdamped regime, which tends to be at lower viscosities (high RH), when two droplets are 

trapped and coalesced, the composite droplet undergoes a series of oscillating shape distortions when 

resuming its spherical shape, i.e., tending to a droplet aspect ratio of 1, driven by the capillary forces 

minimising the surface energy. The coalesce process is usually monitored using the elastically 

backscattered light (EBL) directed to a photodiode connected to an oscilloscope. In the overdamped 
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regime, typically at higher viscosities (low RH), coalescence proceeds through a slow merging of two 

droplets from initially a dumbbell shape to a spherical droplet. This process occurs over longer 

timeframes (hundreds of milliseconds to hours) and is monitored using brightfield imaging166. 

Summarised in Chapter 3, Section 3.1 and Section 3.2 but briefly explained here, in the underdamped 

region viscosity can be calculated using Eq. 6.07, whereas within the overdamped region viscosity is 

obtained using Eq. 6.08,  

 

 

where l corresponds to the mode of deformation, 𝑎 corresponds to the radius of the coalesced droplet, 

𝜌 is the density of the particle and 𝜂 is the viscosity. 

 
𝜏𝑙 =

𝑟2𝜌

(𝑙 − 1)(2𝑙 + 1)η
 

  (6.07) 

 
𝜏𝑙 =

2(2𝑙2 + 4𝑙 + 3)

𝑙(𝑙 + 2)(2𝑙 + 1)

η𝑟

𝜎
≈

η𝑟

𝜎
 

(6.08) 
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Figure 6-4: Calculation of viscosity using (a) aspect ratios corresponding to brightfield imaging of two 

coalescing droplets of sucrose:citric acid 60:40 wt% mixture at RH 20 %, and (b) the elastically backscattered 

light collected during the coalescence event of sucrose/citric acid 60 60:40 wt% mixture at RH > 70 %. 

6.2.2 Electrodynamic Balance 
To collect preliminary photochemistry measurements, a modified electrodynamic balance (EDB) was 

used. This instrument, described in Chapter 3, allows trapping of charged droplets 5 – 30 μm radius in 

an electric field under controlled environmental conditions. The vertically positioned dual electrode 

configuration, grounded with copper, produces both an AC voltage between 0 and 1000 V and DC 

voltage with a maximum range of −80 to +80 V to stably confine droplets. Application of an AC voltage 
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across the concentric cylindrical electrodes creates an electric potential well within which a charged 

droplet is trapped. This voltage enables restorative forces to re-centre the confined droplet following 

lateral displacement. Additionally, the force of gravity can lead to a net downward displacement in 

which the DC voltage is able to counteract along the vertical axis of the trapped droplet.  

The EDB allows highly reproducible measurements of droplet size from illumination by a laser of 

λ=532 nm laser and droplet mass from the DC offset adjustments. The particle phase state and radius 

are characterised by the laser elastic light scatter pattern and the geometric optics approach thus aerosol 

kinetics and nucleation can be studied.  

The droplet is illuminated by a 532 nm continuous wave, green Laser Quantum Ventus CW diode laser 

operating at a maximum of 50 mW. Angularly resolved elastic scattering is collected in the near forward 

scattering direction by a CCD camera positioned in the trapping plane at a 45° angle to the levitated 

droplet to avoid back scattered light. The droplet’s vertical position is monitored by a CCD camera 

positioned at 90° to the trapped droplet and collects light at a given angle. The droplet radius r is 

estimated from the angular separation, , between the phase function fringes taken across a linear 

profile of the camera image using iterative fitting and Eq. 6.9: 

where  is the central viewing angle, n is the droplet refractive index and  is the laser wavelength.  The 

ability to estimate the radius in real-time using this approximation is advantageous. The accuracy of the 

approximated radius has previously been shown to be 100 nm.175 

For the photochemistry experiments, an aqueous sodium nitrate droplet was equilibrated to a selected 

relative humidity (80, 60, or 30 %) over seconds to hours. The equilibrated droplet was then irradiated 

continuously with light from a broadband UV Fibre Optic light source (with a wavelength range of     

200 – 600 nm, Figure 6(c)) for 9 – 15 hrs hours to drive photochemistry, leading to changes in droplet 

size that were recorded over time. As a separate control experiment, equilibrated droplets were also 

held in the dark without illumination for the same period of time. 

 

 

𝑟 =
𝜆


 (cos (

𝜃

2
) +  

𝑛 sin (
𝜃
2

)

√1 +  𝑛2 − 2𝑛 cos (
𝜃
2

)

     

 

(6.9) 
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6.3 Results and Discussion 

6.3.1 Measurement of Viscosity Under Different Environmental 

Conditions and Mass Ratios 
Here the viscosity of aqueous- organic and -inorganic aerosol droplets were measured extending over 

an RH range from ~5 % to 90 %. A HOT was used to levitate two particles and manipulate their 

positions relative to one another to initiate droplet coalescence at 293 K. From the merging of these 

particles, the viscosity can be calculated under two regimes. 

6.3.1.1 Comparison of inorganic-organic mixtures at different wt% ratios 

Despite the abundance of inorganic species in the atmosphere, few studies have reported inorganic-

organic mixed compounds covering a range of RH. The viscosities for aqueous sucrose/sodium nitrate 

droplets at the wt% ratios of 80/20 and 60/40 are reported in Figure 6-4. The viscosity data were binned 

into 15 % RH bins, and each average data point reports the average and standard deviation of 2-3 data 

points. The uncertainties present in the x- (RH) and y-axes (log viscosity) are the calculated standard 

deviations of each bin. The error observed in the viscosity in this study is an order of magnitude larger 

than those found in the literature for the same systems.340 A possible explanation for the increased 

uncertainty could be the small number of measurements per bin which in future studies will be increased.  

As expected, lowering RH results, increases the viscosity of the droplet, with the values for mixtures 

sitting between those of binary aqueous sucrose and sodium nitrate, previously reported by Song et al. 

and Rovelli et al.166,324 Figure 6-5(a) compares the data collected in this study to previous data collected 

by Song et al. in 2016 and overall there is a very good agreement at both wt% ratios (< 1 order of 

magnitude difference). The viscosities obtained for the 60/40 wt% mixture was slightly lower than those 

for the 80/20 wt%, varying from 10−2 to 106 Pa s from ~86% to 31 % RH. The 80/20 wt% mixture 

particle varied from 10−2 to 105 Pa s. The semi-solid phase state (∼102 to ∼1012 Pa s) in 80/20 wt% 

ratio is reached at an RH 15% higher than in the 60/40 wt% ratio. This observed distinction can be 

attributed to a higher mass fraction of water which acts as a plasticiser in the mixture in the 60/40 wt% 

ratio than the 80/20 wt%, as shown in Figure 6-6 (RH and water activity are proportional).  

Figure 6-5(b) shows the AIOMFAC and mixing binary models used to predict the mixture of 

sucrose/sodium nitrate. The difference observed between AIOMFAC model, and the measurement data 

can be attributed to inability to accurately represent sucrose within the model. As AIOMFAC does not 

feature sucrose as listed compound, sucrose had to be constructed using its subgroups (for example 

C(OH), CH2(OH)) without the ability to include the ringed connectivity. The AIOMFAC binary sucrose 

was an order of magnitude lower than the measurement data which could explain the poor agreement 

between the mixture measurement data and the model. The mixing binary model shows excellent 

agreement between the model and measured data for both mass ratios and would be the more 

appropriate model to predict the viscosity of sucrose/sodium nitrate/H2O mixtures. 
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Figure 6-5: Measured and modelled relative humidity dependent viscosity of sucrose/sodium nitrate mixture 

shown (a) at 80/20 wt % (black symbols) fitted to a polynomial line (solid black line) and 60/40 wt % 327(solid 

green symbols) fitted to a polynomial line (green line), and literature data collected by Song et al shown by the 

dotted lines and (b) showing the AIOMFAC model fit (solid line) and the prediction of  mixing binary viscosity 

value (dotted line) fitted using the sucrose/sodium nitrate mass ratios of 80/20 wt%  and 60/40 wt%. Data for 

binary sucrose and sodium nitrate was collected from Song et al. polynomial fit.341 
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Figure 6-6: The log(viscosity) plotted against the mass fraction of water and water activity for the ternary 

sucrose/sodium nitrate mixtures at 80/20 wt % and 60/40 wt%. As the mass fraction of water decreases the 

viscosity of solution increases. 

6.3.1.2 Organic acid-organic compounds mixtures.  

Figure 6-7(a) shows the viscosity of an atmospherically relevant organic system. The ternary mixture 

of sucrose/citric acid/water was investigated at a 60/40 wt% ratio. Lower uncertainties typically at          

±1 Pa s were observed in the viscosity data (c), which is more consistent with data from Rovelli et al.324  

The viscosities of the mixture ranged from ~10−1 to ~109 Pa s at ~86 % < RH < 3 %. At RH 3%, the 

coalescence monitored by brightfield imaging took place over 3 – 4 days before the droplet fell out of 

the trap hence the time point at which this happened was taken based on the limited coalescence that 

occurred during the long measurement time window. Droplets with viscosities between ∼10−3 to ∼102   

Pa s at RH > ∼50% were in the liquid phase, viscosities in the range of ∼102 to ∼1012   Pa s between 

~20 % < RH < 50 %, droplets were in a semi solid state that shows a relationship between increasing 

citric acid content and the lowering of viscosity below that of sucrose. Not only does water act as a 

plasticizer, citric acid which is a lower viscosity component can also act as a plasticizer for the organic 

matrix.166 

Figure 6-7(b) shows poor agreement between the AIOMFAC model at low RH with a difference of       

1 – 2 orders of magnitude however, at high RH better agreement can be observed. The mixing binary 

model shows a better fit than AIOMFAC to the sucrose/citric acid/H2O mixture measurement however 
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there is an over prediction at low RH and under prediction at high RH. Overall, the mixing binary model 

appears to be the most appropriate model to use for ternary solutions as it represents the measurement 

data closely possibly accounting for solute-solvent interactions. 

 

Figure 6-7: Measured and modelled relative humidity dependent viscosity of sucrose/citric acid mixtures shown 

(a) 60/40 wt % (black symbols) fitted to a polynomial line (black solid line), and literature data collected by 

Rovelli et al. shown by the dotted lines for mass ratios of 80/20, 60/40 and 40/60 wt%  and (b) showing the 

AIOMFAC model fit (solid line) and the prediction of  mixing binary viscosity value (dotted line) fitted using 

the sucrose/citric acid mass ratios of 60/40 wt%. Data for binary sucrose and citric acid was collected from Y.C. 

Song et al. and Rovelli et al. polynomial fitted data. 324,325 
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Viscosity is a property that plays a crucial role in determining the kinetics of chemical reactions taking 

place within it. In aerosol photochemistry, high viscosity leads to a reduction in the effective collision 

frequency of reactants and, thus, reaction rate is slowed. Additionally, the prolonged residence time of 

reactants in the droplet due to the high viscosity may cause a shift in the reaction pathway or equilibrium, 

leading to a different production and distribution of products. Therefore, the viscosity of an aerosol 

droplet acts as a critical determinant of the photochemical reaction kinetics. 

6.3.2 Observations of Levitated Sodium Nitrate Droplet Size Changes 

Upon UV Illumination 
To begin examining preliminary measurements of aerosol photochemistry, a series of sodium nitrate 

droplets were levitated and exposed to a UV light (𝜆 ~200 – 600 nm) in the EDB at various RH values. 

Single droplets were equilibrated to one of three RH values, held within the trap (over time periods of 

9 – 15hours) and subsequently exposed to UV light or no UV light in order to ensure size change was 

a result of illumination. Within the EDB the droplet is constantly rotating upon its axes resulting in an 

even distribution of unidirectional UV light on the droplet even if the droplet is highly viscous. The 

droplets were equilibrated to the RH values of 80 %, 60 % and 30 %, corresponding to solute 

concentrations of 5.1, 10.9 and 15.6 M. The viscosity increased three orders of magnitude between       

80 – 30 RH %, whereby at 80 % RH the droplet viscosity was close to that of water (10−3 Pa s) and at 

30 % RH the droplet viscosity was close to that of honey (100 Pa s). Upon UV irradiation, Figure 6-3, 

shows nitrate is converted to nitrite which is converted into the highly volatile nitrous acid (HONO). In 

light of this reaction, a loss of HONO from the levitated aqueous sodium nitrate droplets is predicted 

along with a droplet size change. Within the EDB the droplet is constantly rotating upon its axes 

meaning continual stirring of the levitated droplet which could aid the removal of the gaseous products 

from the photolysis and result in the reduction in droplet radius observed in Figure 6-7.  

The 30 % RH was used in this work therefore it is important to consider the efflorescence RH (ERH) 

and deliquescence RH (DRH) to ensure the droplet size is not a result of crystallisation. According to 

Gregson et al. the efflorescence RH (ERH) for sodium nitrate has been observed between 0.05 –  40%.342 

The ERH reported by Ghorai and Tavanki343 sits in between this range at RH 35 % measured by X-ray 

spectromicroscopy whereas the ERH was observed as a range by Lee et al. between 18 to 45 % RH 

with some droplets not appearing to undergo a crystallisation process at all.342 The observed variability 

in the ERH values reported in the literature can be attributed to the fact that crystallisation of sodium 

nitrate particles is kinetically limited. It is the particle viscosity which hinders the formation of crystals 

in the inorganic salt. By measuring evaporation at 30 % RH, one might expect crystallisation to occur 

with and without the UV light, but this was not the case. From Figure 6-7(c), no crystallization is 

observed at RH 30 % with or without the UV light consistent with published studies on this system. If 

crystallisation were to occur the droplet would no longer be optically homogenous, the light and dark 
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fringes would become inconsistent and therefore the droplet size could not be calculated. At RH 30 %, 

the droplet has the highest nitrate concentration of all the measurements and the greatest change in 

droplet radius. Assuming density remains the same the radius change can be associated with a droplet 

mass loss. Roca et al. 333 supports an increase in the initial nitrate concentration leads to an increase in 

nitrite concentration, whereas Benedict and co-workers an increase in nitrate concentration leads to a 

decrease in nitrite production.336 Additionally, a change in the droplet radius was also observed at 60 % 

RH in measurements taken with the UV light on compared to when the UV light source was off. 

 The impact of UV light and higher concentration on droplet size is noticeable at 30 % and 60 % RH. 

However, there is little to no change in droplet size is observed at 80 % RH. Further investigation is 

required to fully understand these observations. Compositional measurements using a Raman 

spectrometer incorporated into an EDB would need to be conducted in order to observe what loss from 

the droplet is driving the droplet size change it is possible nitrate could be lost itself. In their study, Dou 

et al.106 reported observing a significant reduction in droplet mass following irradiation of iron (III) 

citrate complexes at similar timescales as those used in this study. To measure the extent of this mass 

loss an EDB was employed by Dou et al., and the results revealed an 80% reduction in particle mass 

due to photochemical degradation. Moreover, this reduction in mass and compositional change was 

found to be accelerated during the period of irradiation. Similarly, in this work at RH 30 %, smaller 

droplets (8 – 10µm) are irradiated compared to at a RH 80% (10 – 20 µm), this may result in a different 

particle-light coupling and an acceleration in radial loss. 
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Figure 6-8: The evaporation of a droplet under the RH (a) 80%, C=6.1 M, η~10-2.19 (b) 60 %, C=10.9 M,       

η~10-1.29 (c) 30 % C=16.5 M, η~100.16 with the UV-VIS light on and off shown as relative radius against time (d) 

comparison of the evaporation profiles under the different RH conditions. While the UV light was switched on 

the droplet radius appeared decrease substantially at RH 60 and 30%. 

 

6.4 Conclusion and Future Work 
To conclude, the viscosity of mixed component solutions was explored under different environmental 

conditions. Measurements of a two-particle coagulation event and the subsequent coalescence 

relaxation times were used to infer the viscosity of the ternary mixture sucrose/citric acid/H2O and 

sucrose/sodium nitrate/H2O under high and low RH. The results indicate that upon adding CA to sucrose, 

the viscosity of the droplet decreases by two orders of magnitude at 60/40 wt %. Moreover, the viscosity 

of sucrose is lowered in the presence of sodium nitrate across the span of RH values used in this work. 

Measured viscosities agreed closely with previous studies conducted by Y.C. Song et al., Marsh et al. 

and Rovelli et al. where viscosities were shown to span orders of magnitude 10-3 to 109 Pa s.166,327,324 

The mixing of the binary water activity-dependent viscosities and the AIOMFAC model were used to 

predict the ternary mixed solutions in this work. Both were found to agree reasonably well with the 

measurement data, although the mixing of the binary water activity-dependent viscosities method was 

found to be more accurate than the AIOMFAC model. 
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In the future, there will be an expansion of the ternary mixtures measured, namely aqueous 

butanediol/sucrose and butanediol/citric acid systems over a range of different weight percentage ratios 

(80/20, 60/40, 40/60 and 20/80 wt %). Additionally, further work to compare the viscosities measured 

in laboratory using proxies with the viscosity of extracts collected during a field measurement would 

validate the use of compounds used in this study.  

Nitrate containing aerosols are abundant in the atmosphere. The role played by nitrate is known within 

the atmospheric nitrogen cycle, but quantitative understandings about the role of aerosol 

photochemistry in the nitrogen cycle are poor due to the lack of detailed studies in aerosol phase. This 

work investigated the interaction of NaNO3 droplets with a UV-Vis light source. The data collected 

here show a significant droplet radial decrease when exposed to UV light radiation at lower relative 

humidities, thus, as the concentration and viscosity of the droplet increases by two orders of magnitude 

from 80 to 30 % RH. For example, the diffusional mixing time in a 30 µm sodium nitrate droplet 

increases by two orders of magnitude and the viscosity is also increased by two orders magnitude. 

Understanding particle-light interactions and the properties that affect the production of products 

remains important to improving future climate modelling of the atmosphere. Further development to 

build upon the preliminary data collected is needed to gain additional compositional spectral 

information on the photochemical reaction in an aqueous nitrate droplet and beyond.  

Further work would include resolving the size change during the photochemical reaction using an EDB 

where a Raman spectrometer is incorporated into the system. This will allow for a quantitative 

measurement of the evolving droplet composition during periods of illumination and for the reaction 

rate to be determined. Combining this with investigation into the effect of viscosity on sodium nitrate 

photolysis could provide valuable insight into the oxidant products that may be present in the 

atmosphere in different environmental conditions.336 To further expand this and to account for the role 

of the particle-air interface, surfactants could also be incorporated into the levitated aerosol droplets at 

increasing concentration below and above their CMC.
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Chapter 7  

Summary, Conclusions, and Future work 

 

7.1 Summary of Findings 
Aerosols have a direct and indirect effect on the Earth's radiative budget, but their impact remains one 

of the most significant uncertainties when accounting for the anthropogenic contribution to global 

climate change. This thesis is centred on enhancing our understanding of the indirect effect of aerosols 

by studying their microphysical properties, which influence their growth into cloud droplets. The body 

of work presented here encompasses various techniques and analytical methods that were employed to 

determine these crucial properties. A range of techniques, the droplet oscillation method, maximum 

bubble pressure tensiometer (MBT) and Wilhelmy plate, were presented in this work to measure the 

surface tension of atmospherically relevant mixtures over a range of time scales. This underpins future 

understanding and predictions of cloud droplet growth. To investigate the change in viscosity with 

relative humidity, a holographic optical tweezer method was used, and an electrodynamic balance was 

to measure a change in droplet radius as a result of irradiation by UV light in different ambient 

conditions. Finally, discussion delved into methodologies for decolonising the curriculum and STEM 

environment, advocating for its essential integration into the EPSRC Centre for Doctoral Training in 

Aerosol Science program. This approach seeks to enhance the self-awareness and global consciousness 

of prospective PhD students improving their ability to conduct inclusive research. The objective is to 

equip early-career aerosol researchers with the skills to contextualise their scientific findings and reflect 

these findings in their thesis. 

7.2 Conclusions 

7.2.1 Addressing Aerosol Science research, Curriculum, and Culture 
Chapter 2 proposes a novel approach to train university students to discuss and consider the 

socioeconomic, political, and social implications of a scientific research, with a specific focus on the 

field of aerosol science. Using a decolonial perspective, the chapter delves into the root causes of 

structural inequalities that exist within science and suggests ways to dismantle these structures by 

encouraging critical thinking among early researchers. The potential benefit of this approach is 

summarised below through the initiative founded based on the ideas stated in Chapter 2. These examples 

highlight the potential to cultivate a more inclusive and diverse aerosol science community not only in 

terms of the curriculum but also in the culture and environment fostered within the community. 
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7.2.1.1 The Creative Tuition Collective Initiative 

Creative Tuition Collective (CTC) is a non-profit organisation based in Bristol that delivers tuition 

educational opportunities and life skills development for young people (ages of 13-18) from lower 

income backgrounds. CTC was established on a decolonial foundation, by seeking to dismantle the 

structural such as the accessibility of STEM and the lack of science capital that impedes individuals 

from marginalised backgrounds from attaining success in science, technology, engineering, and 

mathematics. 

Two of the key outreach programs adopted by Creative Tuition; Learning Laboratory Skills (LLS) 

program, was adopted in 2022 to provide opportunities for 16-19-year-old college, Applied Sciences 

students to gain exposure to a university lab and conduct experiments using equipment they may not 

have had access to before. The program has been successful in providing a stimulating learning 

environment that encourages students to envision themselves as scientists and innovators within a 

university context. After each laboratory session, there is a lecture given to address the impacts of 

science on society and society on science. For example, in session one on the Extraction of Caffeine, 

the lecture focuses on the exploitation of land and deforestation caused by the coffee industry alongside 

the environmentally unfriendly process of caffeine extraction. Session 2 enables the students to do a 

DNA extraction experiment in the Biomedical teaching labs whereby they were able to use techniques 

such as gel electrophoresis, the proposed lecture following focused on the story of Henrietta Lacks and 

her stolen HeLa cells. The final session, session three, examines the structural integrity of buildings in 

an earthquake demonstration; the lecture subsequent to this laboratory experience focusses on 

decolonising engineering and the benefits of this action on creating a safer society.  

The second initiative is the core school program where university students deliver science experiments 

and mental wellbeing sessions to young people from the ages of 11-16. As discussed in Chapter 2, the 

Inspirational Scientists Board project stemmed from the aspiration to introduce greater diversity into 

the university environment. This initiative was conceived on the premise that colonialism has 

systematically marginalised voices from various ethnic backgrounds within the field of scientific 

history.344 The core school program was inspired from the Inspirational Scientists Board project and the 

idea to increase representative figures students see who are within the STEM field.  

Creative Tuition has since impacted over 3,000 school and university students and university academics 

working to centre decolonising knowledge and practices within the STEM space.  

7.2.2 Surface tension measurements 
In order to address the current limitations in our understanding of the impact of aerosols on the climate, 

an investigation into surface tension was conducted, utilizing both droplet and bulk aqueous phase 

measurements. Surface tension plays a crucial role in the ability of aerosol particles to uptake water and 

grow into cloud condensation nuclei, making it essential in the mechanism that impacts the indirect 
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effect. The composition of droplets is a critical factor in determining their surface tension, and therefore, 

this thesis examined various compositions to enhance our understanding and modelling of aerosols' 

impact on the climate. 

Chapter 4 delved into a comprehensive study of the surface tension of inorganic and organic aqueous 

binary and ternary mixtures. To measure the surface tension of liquid particles, the droplet oscillation 

method was employed, where droplet oscillations were analysed over a user-controlled delay time, 

aided by brightfield imaging to capture droplet trajectory, and facilitate accurate measurement of droplet 

size and aspect ratio. The measured droplet data were then compared to bulk phase measurements 

obtained from the MBT to ensure the validity of the determined surface tension. Statistical 

thermodynamic and semi-empirical models were used to predict the degree of surface tension 

depression with an increase in solution concentration of binary and ternary inorganic and organic 

mixtures and compared to measurement data. The results showed good agreement, particularly for 

ternary mixtures of inorganic and organic mixtures, with some discrepancies that require further 

investigation. 

A study of dynamic and equilibrium surface tension can be found in Chapter 5, where three different 

techniques were employed to investigate the properties of surfactant solutions. A novel analytical 

method enabled measurement of the dynamic surface tension of microscopic droplets on microscopic 

timescales, providing key information about the early stages of surfactant diffusion and adsorption to a 

fresh interface. Additionally, bulk measurements were used to determine the dynamic surface tension 

on millisecond timescales, enabling quantification of surfactant short-time and long-time diffusion 

coefficients. The Wilhelmy plate was also employed to determine key parameters of each surfactant 

such as maximum surface excess concentration, area per molecule, CMC, and the ratio of kinetic 

constants through application of the Langmuir and Frumkin isotherm to the data. This provided detail 

on their surface activity and ability to reduce surface tension at low concentrations. When compared to 

atmospheric aerosols some of the surfactants analysed in this study were shown to act as good proxies 

for future work. 

7.2.3 Viscosity and Photochemistry Related measurements 
Chapter 6 presents a study on the optical tweezing of inorganic-organic and organic-organic mixtures, 

examining the droplet viscosity under varying ambient conditions. The optical tweezers technique 

enabled controlled coalescence of two droplets to measure the droplet viscosity with relatively high 

precision. The results were compared with literature data and found to be in good agreement. 

Additionally, the chapter introduces a newly developed technique, to investigate the size change of 

irradiated sodium nitrate droplets, providing preliminary data for future exploration into the properties 

that limit droplet photochemical reactions. 
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7.3 Future Directions 
Future work to expand aerosol science research taking a decolonial perspective and inclusive approach, 

sees the creation of multi-stage project involving key stakeholders such as school students, university 

academics and charitable organisations in the green sector.  

7.3.1 CTC Aerosol Project Proposal with a Decolonial Approach 
In order to foster global diversity in aerosol science, it is crucial for the aerosol community to invest in 

public engagement as the CDT curriculum recognises. However, there is still room within the CDT 

training program to improve opportunities for students from marginalized backgrounds to see 

themselves as aerosol scientists in a university setting, much like the LLS program. To showcase how 

adapt the public engagement training to include a more decolonial approach, a multi-year CTC research 

project has been designed as an example. The CTC research project would include school students from 

marginalised backgrounds, between 14 – 17 years old, in partnering schools in the UK and Ghana with 

the participation of postgraduates from the CDT aerosol program and teachers. The project would 

engage young people in aerosol science education, research and developing achievable, positive 

outcomes for reducing the indoor or outdoor air pollution in the schools. Jenkins et al. have also 

employed a similar project, as described in Section 2.4.1. 

The CTC research project outline for year one includes: 

1. Forming a research group in year 1 by pairing students from year 9 (13 – 14yo), year 12             

(16 – 17yo), and CDT program students. Meetings will be conducted in person for UK students 

and online for Ghanian students. 

2. To account for the impact of this work outside of the aerosol community such as in education 

and social sciences will be engaged. 

3. Conducting training workshops led by the CDT student on aerosols and their impact on society, 

for school students. 

4. Visiting university laboratories to observe advanced equipment and instruments. 

5. Collaborating on designing a project to measure indoor or outdoor air quality and intended 

outcomes. 

6. Employing a mobile PM 2.5 and PM 10 device, such as HabitatMap, for measurements in and 

around the school and university for comparison. 

7. Analysing the data with the CDT students to identify the most effective way of disseminating 

knowledge gained from the project. 

8. Discussing potential mitigations with the school based on the measurement results, to enable 

action-based consequences. 

9. Creating infographics, presentations, and art to communicate the information learned 

throughout the process in the UK (with partnering Ghanian school). 
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The contributory citizen science project challenges the notion of who can contribute meaningful 

knowledge to the scientific community and includes unheard voices. Citizen science has increased 

greatly over recent years due to the use of the internet, smartphones and increased public interest. It is 

used as a tool to increase public knowledge and increase data collection in different areas. An example 

of where contributory citizen science has worked is the Dutch iSPEX Project.345 The project enabled 

the public to collect aerosol measurements, such as the spectrum and polarisation of scattered sunlight 

at their location using their smartphones and a small add-on to their camera. 345 Together with a 

dedicated iSPEX app, volunteers were able to take single measurements on specific days in groups or 

individually with pictures submitted to the central database. One measurement provided low accuracy 

data, however a combination of measurements within the same area improved the accuracy of the data 

that could be used by researchers. This example shows that this form of study can be successful in 

engaging the public in aerosol scientific research and improving their knowledge of the science 

underpinning the research itself.345 Projects like these can serve as valuable lessons for the future of 

aerosol research and has informed the direction of future work leading on form this these.  

The research presented in this thesis has the potential to expand future work in atmospheric aerosol 

chemistry. The original focus of this study was to develop an understanding of how aerosol 

photochemical reactions are affected by properties such as viscosity and surface tension. To further this 

research, future experiments could involve the development of a holographic optical tweezer with an 

embedded UV light source, allowing for the investigation of viscosity, surface tension, and temporal 

evolution of photochemical reactions in coalesced particles. Using photoactive compositions such as 

sucrose and sodium nitrate or sucrose and iron citrate, levitated droplets could be illuminated under 

different ambient conditions and monitored for compositional changes using Raman spectroscopy. This 

approach could reveal how photochemical reaction rates are limited by increasing viscosity in low RH 

conditions and decreased surface tension in the presence of surface-active molecules. Additionally, a 

modified electrodynamic balance with an integrated UV light source and Raman spectrometer could be 

used to monitor and measure photochemical reactions under different environmental conditions.  

The aerosol droplets examined in this study lie within the coarse mode > 1 µm which have a relatively 

short lifetime in the atmosphere. The accumulation mode where particles diameters range from               

0.1 < D < 1 µm have the longest lifetimes in the atmosphere and therefore dominate atmospheric aerosol 

chemistry. Currently the experimental techniques used in this work are unable to measure particles of 

this size hence experimental development is needed to expand investigation into the accumulation mode. 

Hart and co-workers have developed a linear electrodynamic quadrupole device that enables the capture 

and levitation of particle sizes ranging from 0.5 to 30 µm with control of relative humidity and 

temperature.346 By adopting a similar development of an EDB with a Raman spectrometer, it may be 

possible to study hygroscopicity and photochemical reactions within accumulation mode droplets.  
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7.4 Final Remarks  
The use of multiple techniques in this study has enabled the exploration of important properties that 

affect aerosol droplet growth and composition. The measurements obtained provide valuable 

information for models which are capable of predicting the behaviour of different systems and serve as 

powerful tools for understanding the impact of aerosols on the climate. As such, this work has 

significant implications for advancing our ability to rationally address the complex challenges 

associated with aerosol science.
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