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Key Points: 

 Bursting of bubbles in slicks containing crude oil and dispersant mixtures 

aerosolizes the oil, generating micro- and nano-droplets. 

 In ambient air, a ten-fold increase in sub-micron particle concentration occurs 

when large bubbles burst on slicks containing dispersants. 

 Micro-droplets are generated for all bubble plumes and slick types, but their 

concentration decreases with increasing slick thickness. 
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Abstract 

Bubble bursting is a primary source of marine aerosols, yet, little is known about particle 

emissions due to the bubble bursting in slicks containing oil-dispersant mixtures. In this 

study, bubbles with mode sizes of 86 μm (denoted as small), 178 μm (medium), and 595 μm 

(large) are injected into a seawater column covered by slicks of crude oil, pure dispersant, 

and dispersant premixed with oil at a ratio (DOR) of 1:25. The aerosol size distributions are 

monitored in the 0.5-20 μm and 10-380 nm ranges both in clean and ambient air 

environments. In ambient air, a ten-fold increase in sub-micron particle concentration occurs 

when large bubbles burst on slicks of 500 μm DOR-1:25 oil or 50 μm pure dispersant. Yet, in 

multiple tests performed at different ambient particle concentrations, the elevated size 

distributions persistently maintain the same shape as that of the ambient air. In contrast, 

smaller bubbles and tests not involving dispersants do not cause such an increase. Nano-

droplets are also generated by large bubbles in particle-free air, but their concentrations are 

much lower. All plumes generate micron-sized aerosols, but trends vary. For the same 

contaminant, the micro-droplet concentration decreases with increasing slick thickness. 

Particularly striking is a reduction of two orders of magnitude in the micro-droplet 

concentration when medium and small bubbles burst on 500 μm crude oil slicks. Chemical 

analysis of air and particulates collected from filters sampling the particles confirm the 

presence of airborne oil above the slicks. 

 1 Introduction 

Oil spills are associated with a broad range of immediate and long-term adverse 

environmental effects (Beyer et al., 2016; Gundlach & Hayes, 1978; Kingston, 2002; Teal, 

1984). The implications on air quality include emission of micron- and nano-sized airborne 

fine particulate matter (Ryerson et al., 2011) and volatile organic compounds (VOCs) to the 

atmosphere (Middlebrook et al., 2011). Inhalation of fine particulate matter has been 

associated with a disruption in the cardiovascular system, respiratory function and pulmonary 

airway inflammations (de Haar et al., 2006; Neas, 2000; Rundell et al., 2007). Exposure to 

VOCs has been linked to headache, eye irritation as well as significant alterations in blood 

profiles and liver enzymes (D’Andrea & Reddy, 2013). Furthermore, the formation of 

organic aerosol downwind of spills has also been attributed to VOCs mixed with NOx 

(Ryerson et al., 2011). The resulting atmospheric pollution concerns have led to the 

unprecedented application of dispersants to treat recent oil spills (Kujawinski et al., 2011). 
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These dispersants substantially reduce the oil-water interfacial tension, thereby accelerating 

the breakup of oil patches into small droplets and their dispersion in the ocean. Yet, there 

have been reports of increased exposure to oily aerosols resulting from the application of 

dispersants (Cini & Loglio, 1997; Zhou & Liu, 2001). Still, very few studies have 

characterized the aerosolization and transport of dispersant-treated oil spills. 

Generation of oily aerosols involving semi-volatile compounds is a complex 

physiochemical process. It is well established that heavy n-alkanes present in crude oil tend 

to remain at the air-water interface (Liyana-Arachchi; et al., 2014; Vácha et al., 2006; Wick 

et al., 2010; Z. Zhang et al., 2016). This tendency is enhanced substantially by the addition of 

dispersants since their hydrophilic “head” preferably interacts with the water, and the 

hydrophobic tail attracts non-volatile n-alkanes to form near surface aggregates (Gill et al., 

1983; Liyana-Arachchi; et al., 2014; Z. Zhang et al., 2016). Adsorption of these non-volatile 

aggregates by droplets generated by mechanical processes leads to their aerosolization. 

Two processes associated with bubble-bursting from oceanic whitecaps, namely film 

(or cap) and jet breakups, are the primary sources for marine-aerosol emission (Cipriano & 

Blanchard, 1981; Veron, 2015). The cap forms when a rising bubble reaches an equilibrium 

position at the interface (Lhuissier & Villermaux, 2012). Film droplets with diameters 

ranging from 20 nm to 4  μm  form as this cap drains, decreases in thickness and eventually 

shatters (O’Dowd & de Leeuw, 2007). The number of film droplets generated per bubble 

burst may exceed several hundred, increasing with the bubble diameter (Ke et al., 2017). 

Although most bubbles burst, film droplets are typically associated with bubbles larger than 1 

mm in diameter. After bursting, capillary waves developing on the surface of the remaining 

cavity form a vertical liquid jet (Spiel, 1997b), which breaks up into droplets. Such breakup 

has been observed for bubbles with diameters ranging from 20 μm to 3.4 mm (Lee et al., 

2011; Wu, 2002). With a size of about 5% of the bubble diameter, jet droplets are typically 

larger and fewer in number compared to film droplets (Spiel, 1994; Veron, 2015; Wang et al., 

2017; Wu, 2002). However, a recent study has shown that jetting caused by 10-100 μm 

bubbles can also generate sub-micron droplets (Wang et al., 2017). Due to the difference in 

the generation mechanisms, jet droplets are composed primarily of the bulk liquid while film 

droplets are more representative of the surface (Veron, 2015). All the above studies involve 

aerosolization of clean seawater. 

Sub-micron aerosols could be transported over intercontinental distances (Cachier et 

al., 1986). They are small enough to penetrate into the alveoli of the human respiratory 
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system (Heyder et al., 1986). Hence, generation of crude oil-dispersant sub-micron droplets 

might have adverse health implications (Major et al., 2012; Roberts et al., 2011). There is not 

much literature about the emission of crude oil-dispersant mixtures by bursting of bubbles. 

Recent experiments involving the simultaneous sub-surface injection of oil and bubbles into a 

seawater column (Ehrenhauser et al., 2014) provided data for the total airborne particulate 

matter measured above the surface. They confirmed that bursting of 550-870 μm bubbles 

caused emission of organic particles, and showed that premixing the oil with dispersant 

increased their total mass. Moreover, our preliminary tests near breaking waves impinging on 

oil and dispersant-contaminated seawater (Afshar-Mohajer et al., 2018), indicated that many 

of the particles aerosolized from the seawater when the oil slick is premixed with dispersant 

are small as 10 nm. 

Combined with the potential health implications, these findings motivate systematic 

characterization of the concentration and size distribution of particle emission due to the 

bursting of bubbles on a water surface contaminated by oil slicks, with and without 

dispersant. Such measurements should involve a broad range of bubble sizes, and should 

detect nano- and micron-scale particles, the total mass of suspended particles (TSP), and the 

chemical composition of these particles. The present study is an attempt to address these 

challenges by injecting controlled bubble plumes into a vertical seawater tank with its surface 

exposed to ambient laboratory air and contaminated by slicks containing crude oil-dispersant 

mixtures. Comparisons between concentrations of airborne particles measured before, during, 

and after bubble-bursting events are drawn to study the emission of oil under various bubble 

plume and slick conditions. Additional experiments are also performed in a smaller tank with 

filtered air to re-examine sub-micron particle concentrations for certain bubble plume and 

slick conditions observed in the large tank. 

2 Materials and Methods 

2.1 Facility, oil properties, and bubble generation 

Measurements have been performed in a large 2.0 m high and 0.6 m diameter 

cylindrical vertical tank illustrated in Figure 1a. The 1.6 m liquid column contains artificial 

seawater (Instant Ocean) with a salinity of 33 parts per thousand and a density ρ = 1018.3 

kg/m3. The bubble plume is generated by injecting pressurized seawater with the same 

properties through a custom-made nozzle illustrated in Figure 1b at a prescribed volumetric 

flow-rate (Qw). Air is introduced at a controlled volumetric flow rate (Qa) is introduced from 
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two radially opposite, 0.4 mm diameter ports located in the 0.4 mm throat of the nozzle. The 

water shears the injected air to generate a bubble plume. Similar approaches have been used 

in numerous prior studies (Hyunh et al., 1991; Parmar & Majumder, 2013; Sadatomi et al., 

2012). The characteristic bubble size is adjusted by varying Qa/Qw. In the present study, Qa is 

held constant at 20±0.4 cc/min, and Qw is set to 13±2, 90±8 and 200±8 cc/min, resulting in 

three plumes containing what are referred to in this study as large, medium, and small 

bubbles, respectively for the same Qa. Auxiliary tests with the same bubble generator nozzle 

have also been performed in a smaller sealed tank (Figure 1c), with a headspace of 31.5 L. 

The injection of bubbles into the tank results in a slight increase in the water level. 

This increase is less than 1.5 cm after injecting small bubbles (largest Qw) for 20 min, and 

corresponds to a change of 0.9% in the bubble rise distance. Moreover, having an outflow to 

compensate for this small change may introduce secondary flows that might affect the bubble 

plume characteristics, as well as, result in transport of oil or dispersants out of the tank. 

Hence, there is no outflow of water during the present experiments and the effects of the 

fractional change in bubble rise distance are assumed to be negligible. 

Louisiana Light Sweet crude oil (MC-252 surrogate) is ‘freshly drawn’ from the 

barrel before each test. In some of the tests, as indicated, the oil is premixed with Corexit 

9500A (Nalco Environmental Solutions LLC) dispersant at a dispersant to oil ratio (DOR) of 

1:25, referred to as 1:25 DOR. Additional tests are performed using the same dispersant 

without oil. The seawater-crude oil interfacial tension is measured using the pendant drop 

method (Rotenberg et al., 1983; Song & Springer, 1996). However, this approach is not 

suitable for DOR 1:25 oil and pure dispersant. Hence, their interfacial tension is calculated 

from the oblateness of sub-millimeter (0.35-0.55 mm) droplets rising in quiescent seawater 

(Bozzano & Dente, 2000; Hu et al., 2000). The measured values for crude oil, 1:25 DOR and 

dispersant are 18.58±0.09, 0.13±0.004, and 0.09±0.008 mN/m, respectively, in agreement 

those reported in prior studies (Murphy et al., 2015). The density (ρ), dynamic viscosity (μ), 

surface tension (σ) adapted from various sources  (Murphy et al., 2015; Nalco Company, 

2008; Steffy et al., 2011) and the above measured interfacial tension values with seawater (γ) 

for crude oil, DOR 1:25 and pure dispersant with seawater are provided in Table 1. 

Following (M. M. Zhang et al., 2010), planar fluorescence imaging is used to measure 

the sub-surface bubble size distributions. A sample area of 20.6×13.8 mm located at the 

center of the tank is illuminated with a 3 mm thick vertical laser sheet originating from a 120 

mJ/pulse Nd:YAG laser (Figure 1). Trace amounts of Rhodamine WT (Sigma Aldrich) dye 
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are mixed with the seawater column, converting the entire sample area into a fluorescent light 

source, which illuminates the bubbles passing through it. Images of the sample plane are 

acquired using a 4872 × 3248 pixels CCD camera after filtering the laser wavelength (532 

nm) out using a high-pass optical filter (560 nm). Reflection of the surrounding fluorescence 

from the bubble surface, combined with the absence of emission from the gas, generates rings 

defining the boundaries of bubbles. This occurs as long as the bubbles are sufficiently smaller 

than the sheet thickness.  A sample image is shown in Figure 2a. Statistically independent 

samples that do not contain the same bubbles are obtained by recording a series of images at 

3 frames per second. 

Data analysis starts with image enhancement, which includes subtraction of the time-

averaged background, followed by Modified Histogram Equalization (MHE) (Roth & Katz, 

2001) to extend the intensity distribution to the full dynamic range of the 8-bit images. Two-

dimensional segmentation then provides a list of candidate bubbles. Since some of the 

detected bubbles are slightly out of focus, we use the intensity gradients shown in Figure 2b 

to select and retain the in-focus images for subsequent analysis. The selection is based on a 

comparison of the top 10% of the gradients along the perimeter of each bubble to a global 

threshold. For the example provided, Figure 2c shows the enhanced image of bubbles 

retained after the gradient-based selection process. In some cases, the enhanced traces are 

contaminated by background noise. Under the assumption that all bubbles in this size range 

are nearly spherical, the noisy traces are identified and removed by setting a threshold on the 

eccentricity of the images. Subsequently, the centers and radii of the bubbles are calculated 

using the Circular Hough Transform built into the MATLAB function: imfindcircles 

(Atherton & Kerbyson, 1999; Yuen et al., 1990). Probability histograms of the detected 

bubble size distributions for the plumes containing large, medium and small bubbles are 

shown in Figure 2d. They are based on all three replications performed for each bubble case, 

and the mean is shown in Figure 2c. The corresponding mode diameters (𝑑𝑏∗ ) are 595, 178 

and 86 μm, and the mean diameters (𝑑̅𝑏) are 614, 263 and 89 μm. The size distributions of the 

plumes containing the small and medium bubbles have single modes, while those of the large 

plume are multi-modal, with one of them dominant. The medium bubble plume has the 

broadest distribution that partially overlaps with the other two. 

To test the repeatability in size distributions, three independent tests, each involving 

acquisition of 2000 images, have been performed for the three plumes. Trends, demonstrated 

in Figure 2e, show that for the large, medium and small bubble plumes, the modes differ by 
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maximums of 5.4%, 6.9%, and 2.4% respectively, and the corresponding standard deviations 

differ by maximums of 5.6%, 3.8%, and 2.3%, respectively. Hence, the test conditions for 

different runs appear to be repeatable. Using the size distributions to calculate the volume 

distribution and Qa, one can estimate the flux of bubbles generated by each plume. The 

resulting values are 2.66×103, 2.32×104, and 6.65×105 per second for the large, medium and 

small bubble plumes, respectively. 

In addition to the detection of bubbles in the laser sheet, observations have also been 

performed to determine the likelihood of bubble coalescence near the surface for seawater, 

and for the 500 μm thick crude oil slicks. These observations show that for the present test 

conditions, such events are extremely rare, and do not have a significant effect on size and 

flux of bubbles. 

2.2 Measurements of particle emissions 

The distributions of micron- and nano-sized particles, as well as TSP, are sampled 10 cm 

above the free-surface (Figure 1a). The distribution of nano-sized particles (10-370 nm) (also 

referred to as nano-droplets) is sampled every minute using a Scanning Mobility Particle 

Sizer, SMPS model 3938 (TSI Inc.), with an electrostatic classifier model 3082 and a 

condensation particle counter model 3787. An impactor with an orifice diameter of 0.071 cm 

installed at the inlet of this classifier removes particles larger than 0.5 μm. The SMPS is 

equipped with an advanced aerosol neutralizer (Model 3088, TSI Inc.) placed after the inlet 

and before the introduction of the aerosol into the differential mobility analyzer. As discussed 

in (Hinds, 1999), more than 97% of the particles smaller than 100 nm do not carry charges 

after passing through this X-ray based device. Hence, it is not expected that the residual 

charges on the aerosol are a significant contributor to the present data. The SMPS parameters 

for the small and large tank tests are identical. 

The size distribution of micron-scale particles (0.5-20 μm) (also referred to as micro-

droplets) is sampled every 20 seconds using an Aerodynamic Particle Sizer, APS model 3321 

(TSI Inc.). Although the sampling and sheath flow rates of the SMPS may be adjusted to 

avoid a gap in the size range between 380-500 nm, the present range has been chosen because 

of the following considerations. First, broadening the size range requires lowering the ratio of 

the sheath flow rate to the sample flow rate. The resulting reduction in the kinematic 

resolving power of the differential mobility analyzer has been known to reduce the reliability 

of the SMPS data (Flagan, 1999; Kulkarni et al., 2011). Second, although, a continuous range 
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may be achieved by shifting the SMPS range to higher values, it will limit the smallest 

sampled particle size to 14 nm or larger. As mentioned earlier, in view of the high 

concentration of 10 nm droplets measured above breaking waves (Afshar-Mohajer et al., 

2018) the present study aims at studying the effects of bubble-bursting in oil-dispersant 

contaminated slicks on particles as small as possible. 

The TSP mass is collected using a closed-face 37-mm filter cassette connected to a 

vacuum pump, as suggested by the NIOSH Method 0500 (Eller, 1994). The filter material is 

fluorocarbon-coated glass fiber (FiberFilm T60A20, by Pall Inc.) and the suction flow rate is 

4 L/min. The filter weights before and after sampling are measured using an analytical micro-

balance, model MX5 (Mettler Toledo Inc.), at a precision of 1 μg. Before weighing, the filters 

are equilibrated in a room under controlled temperature (21 ± 3 °C) and relative humidity (30 

± 2 %) for at least four hours. 

Each large-tank experiment consists of a pair of runs, a baseline case with clean 

seawater alone, followed by a run with a contaminant slick.  For each run, data is acquired for 

a total of 40 min, including 10 min before, 20 min during, and 10 min after bubble injection. 

Test are performed for slicks of crude oil and DOR 1:25 with thicknesses of 50 and 500 μm, 

as well as a 50 μm slick of pure Corexit 9500A. The volume required to form a slick of the 

prescribed thickness over the entire tank area is poured gently and distributed as uniformly as 

possible over the surface. Images of the slicks have been acquired (not shown) to verify their 

uniformity. For the slicks with dispersant and all the 500 μm slicks, a continuous layer covers 

the entire surface. However, for the 50 μm crude oil slick, a series of smaller patches 

distribute uniformly over the entire surface. Each case is tested for the large, medium and 

small bubble plumes, resulting in a total of fifteen different experiments as shown in Table 2. 

Several experiments are repeated three times to confirm and quantify repeatability in trends. 

The large-tank cleaning protocol after each experiment consists of the following 

series of procedures. First, the air volume in the space between the free-surface and the plate 

supporting the instruments (Figure 1a) is pumped out at 250 L/min for five minutes into a 

fume-hood and replenished with fresh room air. The air conditioning system in the laboratory 

is equipped with a MERV 14 filter, that according to ASHRAE 52.2-1999 standards has a 

filtering efficiency of 75-85% and 90% for 0.3-1 μm and 1-10 μm particles respectively. 

Then, the plate is removed, and the contaminated surface is skimmed with oil adsorptive pads 

(New Pig Ltd.). The tank is drained and its walls are washed/scrubbed thoroughly with a soap 

solution, as well as rinsed with tap water and wiped dry with low-lint optical wipes 
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(Kimberly-Clark Corporation). The rinsing and wiping steps are repeated another time before 

filling the tank with the same volume of seawater for the next run. Before starting the next 

run, the air above the surface is vacuumed again at 250 L/min for five minutes and 

replenished with filtered air. 

The air volume between the free-surface and the support plate is not sealed for the 

large tank. Hence, the sampling instruments entrain ambient air from the periphery of the 

plate to meet their sampling requirements (i.e. 1, 1.5 and 4 L/min for the APS, SMPS, and 

TSP respectively). Therefore, air containing the aerosolized content is mixed with ambient 

air. The baseline tests performed before each experiment, with or without oil/dispersant 

slicks, provide reference concentrations that are subsequently compared with those measured 

during and after bubble injection. The APS is mounted on the supporting plate such that only 

its sampling port is exposed to the volume above the free-surface. Such proximity becomes 

necessary in order to sample as many micron-sized particles. The rest of the instrument 

(including its exhaust) is located above the plate and discharges into the ambient air above 

the plate. The APS is equipped with two 9922-11-BX filters positioned in series at its exhaust 

pump, each rated to filter out 99.99% of 100 nm particles (Balston OEM, 2015). Hence, it is 

assumed that the small fraction of the APS exhaust that may be ‘re-sampled’ has a negligible 

impact on the present findings. The TSP and SMPS are located well outside the tank, with 

only their sampling tubes introduced into the chamber. Their exhausts are diffused effectively 

into the room and are not expected to affect the present measurements. 

To elucidate some of the phenomena observed in the large tank, a series of 

experiments have been performed in a smaller-scale sealed tank (Figure 1c) focusing on 

trends in sub-micron particle concentrations. The experiments have been performed using: (i) 

HEPA-filtered clean air, with nano-aerosol background concentrations of ~20 #/cc, consistent 

with other bubble chamber studies (Sellegri et al., 2006), and (ii)  unfiltered ambient air. In 

the filtered air case, the air is circulated through the HEPA filter prior to the run, and then 

after introducing the contaminant layer to replenish the air pumped by the SMPS. These tests 

are performed using the same bubble generator, maintaining the same Qa and Qw as before. 

The size distribution of large bubbles in the small tank, which is also presented in Figure 2, 

has a single peak at 620 μm, only slightly higher than that of measured in the large tank. Sub-

micron particle concentrations are recorded for the baseline case, as well as slicks of 500 μm 

crude oil, DOR 1:25, and 50 μm pure dispersant. Data are acquired for 10 min before (0-10 

min), 20 min during (10-30 min), and 30-60 min (30-60/90 min) after bubble injection, the 
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latter being significantly longer than the large tank experiments. Table 2 also lists the 

experiments performed in the small tank. 

The temperature and relative humidity (RH) of the sampled air from the SMPS during 

all the experiments vary between 23.8–25.6 °C and 55-65%, respectively. The RH at the 

inlets to the SMPS and APS is initially approximately 20% and increases to a steady state 

condition of around 55% once bubble bursting begins. The hysteresis effect for the salt 

droplets results in a particle size distribution that is a strong function of RH. The present 

number size distributions show the measured values, not the dry particle diameters. The latter 

can be estimated using particle growth factors reported recently (Zieger et al., 2017). Based 

on their findings, the hygroscopic growth factor of sub-micron sea salt droplets at 55% RH 

ranges between 1.4-1.5. Therefore, the dry particle diameters can be approximated by 

dividing the present values by 1.4-1.5. For droplets/particles that contain both salt and oil or 

for ambient particles, however, the relevant growth factor is expected to be lower. 

 

3 Results 

3.1. Sub-micron particle concentrations – large tank experiments 

The background distribution of airborne nano-sized particles in the room varies between runs 

due to several external factors (Matson, 2005; Salimi et al., 2013; Q. Zhang & Zhu, 2012). 

For the present data, it varies around 102 – 103 particles/cc across the entire size range. 

However, for the same run, the background distributions before, during, and after bubble 

injection are essentially the same (without the presence of oil and/or dispersant).  To quantify 

this, the time evolution of the total nano-aerosol concentration for all the baseline tests, where 

bubble-bursting induced changes in concentration are insignificant, is shown in Figure S2. 

The standard deviations of the respective baseline tests are listed in Table S2, expressed as a 

fraction of their time-averaged value. As evident, the changes are in the range 2-13%, 

precluding meaningful discussions about trends in the nano-size concentration that fall in this 

range for large tank tests in ambient air. 

The corresponding size distributions of nano-sized particles for all conditions are 

shown in Figure 3. Colors denote the different contaminants and slick thicknesses. For each 

color, dashed and solid lines represent runs without (baseline) and with contaminant slicks, 

respectively. The data are time-averaged over 10 min before (left column), 20 min during 
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(middle column) and 10 min after (right column) bubble injection. The results for the large, 

medium and small bubble plume cases are presented in the top, middle and bottom rows, 

respectively. To demonstrate the impact of background variability on the results, and show 

that it still allows us to determine the effect of bubble size and oil properties on the 

generation of aerosols, Figure 3 contains data for one of the three runs. Having data recorded 

prior to the injection of bubbles for each case enables us to subtract the background 

contribution from the aerosol generated during and after bubble bursting. Furthermore, some 

tests have been replicated three times, as listed in Table 2, to verify that they show similar 

trends regardless of the background size distribution. Figure 4 shows the average size 

distribution for selected cases and the baseline after subtracting the background 

concentrations prior to bubble injection. The error bars show the distribution of standard 

error, i.e. the standard deviation between runs divided by n1/2, when n is the number of 

replicates. 

The following prominent trends in the sub-micron particle concentrations are 

observed in the large tank experiments (Figures 3 and 4): (i) During bubble injection, two 

conditions cause an order-of-magnitude increase in the nano-sized particle number 

concentration, i.e. injection of large bubbles into a 500 μm thick slick containing 1:25 DOR, 

and into a 50 μm layer of pure dispersant. To assure that these increases are repeatable, both 

tests have been replicated n=3 times, and as Figure 4 clearly shows, all have similar trends. 

The medium and small bubbles do not seem to affect the size distributions in all cases. (ii) In 

spite of the increases in magnitude, in both cases, the size distributions still have similar 

shapes as those of the ambient particles prior to bubble bursting, raising concerns about the 

impact of the ambient particles on the measurements. (iii) These elevated concentrations 

persist even 10 min after bubble injection has stopped. (iv) For all the other test conditions, 

the changes to the nano-sized particle number concentrations before, during, and after bubble 

injection are of the same magnitude as the variability in background concentrations. In most 

of these cases, the shape of the size distribution remains similar. 

3.2. Sub-micron particle concentrations – small tank experiments 

A series of tests have been performed in a small tank to elucidate the trends in the sub-micron 

particle concentrations observed in the large tank, in particular the effect of ambient air. The 

first series of measurements examine the airborne nano-sized particle number concentrations 

above the various slicks with HEPA-filtered air above them. Results for plumes containing 
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large and small bubbles are presented in the top and bottom rows of Figure 5, respectively. 

The data are time-averaged over 10 min before (left column), 20 min during (middle 

column), and 60 min after (right column) bubble injection. The color scheme used for the 

different slicks in Figures 3 and 4 is also used in Figure 5. For cases with three replicates (see 

Table 2), the plot shows the average values, and the error bars denoting the standard error. In 

cases with only two replicates, both results are plotted using the same color, but with 

different line shapes. As expected, the concentration of nano-particles prior to bubble 

injection is extremely low. Bursting of large bubbles on slicks of 500 μm DOR 1:25 oil and 

50 μm pure dispersant increase the number concentration of airborne nano-particles from 

~2/cc to a maximum of ~60-80/cc. In both cases, the distributions have a single broad peak at 

~130 nm. For crude oil without dispersant, the nano-droplet concentration is negligible, and 

for the baseline case (no slick), the peak is only ~15/cc, also centered around 130 nm. Hence, 

the slicks containing dispersant increase the concentration of nano-particles relative to the 

baseline or prior to bubble injection, but the increase is much smaller than those observed in 

the presence of ambient air. The small bubble plumes cause only a marginal increase in 

concentration to ~20/cc for the two slicks containing dispersants, and to ~8/cc for the baseline 

case. This trend is also consistent with the negligible impact of small bubble plumes in the 

large tank. 

Next, we compare results obtained for clean and ambient air in the small tank, 

focusing on large bubbles and a 500 μm thick slick of DOR 1:25 oil. Figure 6 shows the 

time-averaged number concentrations for 10 min before bubble injection (Figure 6-a, f), for 

20 min during (Figure 6-b, g) injection, as well as 0-10 min (Figure 6-c, h), 10-20 min 

(Figure 6-d, i) and 20-60 min (Figure 6-e, j) after stopping the bubble injection. The first row 

shows results for clean air (Figure 6a-e), and the second row, for tests performed with 

ambient air (Figure 6f-j). For the clean air, the increase in concentration during injection, the 

size corresponding to peak concentration, and the immediate decay after the bubble injection 

stops are consistent with the trends shown in Figure 5.  As for the tests performed with 

ambient air, three trends are evident: (i) Bubble injection increases the number density of 

airborne nano-particles, but the increase is more moderate (from ~ 3500/cc to ~8000/cc) than 

that observed in the large tank. This latter trend may be attributed to, e.g., the smaller 

diameter of the plume when it reaches the surface resulting from the ~5.7:1 ratio in the 

distance between the injector and the surface. (ii) The initial shape of the distributions for the 

two replicates is different (they were performed on different days), but consistent with the 
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observations in the large tank, this shape (but not the magnitude) is maintained throughout 

the experiment, i.e., it is not altered by the bubble injection. Plausible mechanisms that might 

affect this phenomenon are introduced in the discussion section. (iii) The decay in 

concentration after injection stops is slower than that observed for clean air. 

The next experiments are aimed at understanding the slow decay in nano-particle 

concentrations in the presence of ambient air after bubble injection stops. Figure 7 compares 

the time evolution of total particle concentration in the large tank (LT) with those observed in 

the small tank (ST) for both ambient and clean air. Specifically, it shows the evolution of 

χ = C(t) − Ct<10 min̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅Ct=30min − Ct<10 min̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 

where C is the concentration over the entire measured size range, Ct=30min is the 

concentration when bubble injection stops, and Ct<10 min̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ is the time-averaged concentration 

before bubble injection starts. For the large tank data, the results are averaged over three 

replicates (Table 2), and for the small tank tests, the results for two replicates are shown 

separately. Additional tests have been performed following the suggestions of one of the 

reviewers of this paper that the slow decay might be associated with particle storage on the 

tank-wall during bubble bursting, and subsequent release of this aerosol after injection stops. 

In these tests, the entire interior walls of the headspace in the small tank are covered with oil 

adsorptive pads (New Pig Ltd.). The results are also included in Figure 7, focusing on 

changes occurring after bubble injection stops. Trends observed before and during bubble 

injection are not significantly different than those obtained for the unpadded walls, hence 

they are not shown. 

In experiments performed with clean air, the decay in nano-aerosol concentration is 

already noticeable 3 min after injection stops, while for all the data acquired with ambient air, 

the decay rate remains small for the first 27 min. This initial minimal decay in both tanks 

suggests that this trend persists regardless of setup and initial concentration. With the 1.5 

L/min sampling rate of the SMPS and a headspace of 31.5 L in the small tank, without 

additional production, the concentration of particles at t=51 min should decrease to 1/e of the 

level at t=30 min (when bubble injection stops). Yet, Figure 7 indicates that in the presence of 

ambient air and unpadded walls, the nano-aerosol concentration hardly changes. In contrast, 

while the particle concentration with padded walls persists for the first 10-12 min, it 

subsequently decays rapidly, at a rate that is similar to the results obtained for clean air. This 
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trend plausibly suggests that in the absence of padding, the nano-particles are stored on the 

walls of the tank during bubble injection, and then become airborne after it stops. Such re-

aerosolization might be associated with e.g. drying of the tank walls. 

3.3 Micron particle size distributions 

The micron-sized particle concentrations are shown in Figure 8, plotted in the same 

manner as Figure 3. For all cases, the aerosol size distributions prior to bubble injection are 

low and most collapse onto a power slope of around -0.6, with concentrations that do not 

differ significantly from each other.  This consistency confirms that the starting conditions for 

all the experiments are very similar and that the procedures used for spreading the 

contaminant layers have not generated aerosolized particles, at least in the micron scales. 

Second, injection of bubbles causes a substantial increase in the concentration of micro-

aerosols, but trends vary with bubble size and layer properties. 

For the baselines, in these plots, which match the total gas volume for all cases, the 

bubble-induced change in concentration increases with bubble flux. This trend will be 

revisited during subsequent analysis, which is based on the number of droplets generated per 

bubble. The large bubbles increase the slope of the number size distributions (from -0.6 to -

0.15), but it remains negative. Conversely, the size distributions corresponding to the medium 

and small bubble plumes peak in the 2-5 μm range, with concentrations of 50-90/cm3 and 

300-400/cm3, respectively. 

For the two crude oil layers, large bubbles increase the concentration of micro-

droplets relative to the corresponding baselines, and the effect of the layer thickness is 

minimal. In fact, the crude oil cases are the only ones where the aerosol concentrations are 

higher than the baselines. Conversely, both crude oil layers reduce the concentration of 

droplets for the small and medium bubbles, particularly for the 500 μm layer, where the 

number density decreases by several orders of magnitude compared to the baselines. As 

discussed later, this reduced aerosol production is caused by entrapment of the small and 

medium bubbles under the oil layers, where they form clusters, and sometimes coalesce 

before penetrating the oil layer. 

For both DOR 1:25 oil layers exposed to large bubbles, the results are very similar to 

the baselines for droplets smaller than ~5 μm, but are lower at larger diameters. For medium 

and small bubbles, the contaminated layers reduce the generation of micro-aerosols across all 

sizes, with the concentrations decreasing with increasing thickness. However, the decrease is 
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not uniform, with a reduction of nearly two orders of magnitude for droplets smaller than 2 

μm, and only a slight change for larger ones. Hence, the preferred modes for these 

contaminated cases fall in the 2-5 μm range. As for pure dispersant, injection of the large 

bubbles hardly increases the concentration of micro-droplets, resulting in the largest 

reduction compared to the baselines. The medium and small bubble results also show a 

substantial decrease compared to the baselines across all sizes, but especially for droplets 

smaller than 2.5 μm, resulting again in a peak between 2-5 μm. Furthermore, it appears that 

the transition at ~2.5 μm becomes sharper with an increase in volume of dispersant near the 

interface. 

The repeatability tests for the micron range are summarized in Figure 9. Here again, 

the results of three replicates are averaged and the backgrounds prior to injection are 

subtracted, with the error bars indicating the standard error. The missing data points 

correspond to cases where the average concentration is lower than the background. As 

evident, the replicated tests show essentially the same trends. 

After the bubble injection stops, in most cases, the micron-sized number 

concentrations decrease rapidly to approximately the starting value. The only two exceptions 

correspond to pure dispersant for small and medium bubble plumes, where distinct modes 

centered around 3-4 μm persist. The peak generated by the small bubbles is about an order of 

magnitude higher than that generated by the medium bubbles. Based on visual observations, 

it appears that the dispersant stabilizes the bubbles in the liquid column, lowering their rise 

velocity, and causing a significant delay in bursting. Indeed, the concentrations revert to their 

initial values after a longer time period, beyond the present range of systematic 

measurements. A reduction in the rise-velocity with increasing concentration of surfactants 

such as sodium dodecyl sulfate (SDS) that are present in oil dispersants has been reported in 

prior studies (Fdhila & Duineveld, 1996). 

For all the conditions measured by the SMPS (Figure 3), there is a sharp reduction in 

the number concentration of particles larger than 200 nm. This trend continues into the APS 

measurement range (Figure 8) for many conditions.  Due to the differences in trends, the 

nano-scale and micro-scale results are presented in different plots and discussed separately. 

Figure S3 shows the combined particle number distributions measured from the APS and 

SMPS for all the large tank data presented in Figures 3 and 8 without any size corrections. 

However, in spite of the size gap between the two sets, for all cases, the distributions are 
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continuous, with the SMPS data ending around 10#/cc for 380 nm particles, in the same 

range as the 0.5 μm particles in the APS data, as shown in Figure S3. 

3.4 Micron-particle emission factors per bubble 

To make the present data relevant for modeling and predictions of aerosol generation 

in polluted marine environments, it is useful to calculate the distributions of number and mass 

of aerosols generated per bubble. They are referred to as the number-based (EFn) and mass-

based (EFm) emission factors. In all cases, the measured particle number concentrations 

before injection are used as a background and subtracted from those detected during 

injection. Hence, the data represents the time-averaged net addition of particles occurring 

during bubble bursting. For particles in the micron range, the volumetric flow rate of the APS 

is used for converting the time-averaged net concentrations to net droplet-fluxes. The results 

are then averaged over all the replicated experiments for the same condition (Table 2). All the 

baseline datasets for a specific bubble plume are also averaged into a single curve. 

Based on the differences between the sub-micron particle number concentrations for 

the same bubble plume (Figures 3, 5 and 6), it does not yet appear clear whether bubble-

bursting is the only factor that determines the generated particle count. Other factors such as 

ambient air quality, plume width, surface area, etc. may also contribute to the observed value. 

Therefore, we confine the calculations of EFn and EFm to the micron particle concentrations. 

The bubble fluxes are calculated based on the rate of gas injection into the nozzle and the 

mean bubble volumes, assuming that all of the bubbles burst, and ignoring potential 

secondary effects, such as coalescence. Then, EFn is the ratio of particle to bubble fluxes. 

Similar procedures have been used in prior studies involving pure seawater (Wang et al., 

2017). Since the particle compositions are unknown, the density of pure water along with the 

known particle volume is used to calculate EFm in pg/bubble. The distributions of EFn and 

EFm for micron-sized droplets are shown in Figure 10. The mode of each distribution and the 

total number of detected droplets per bubble, i.e. the sum of EFn over all the sizes (∑EFn) are 

also summarized in Table 2. 

As expected, for a specific bubble plume, the effect of oil properties on EFn and EFm 

do not differ from those presented in Figure 8, but the variations among plumes are 

substantial. For the large bubble plume, the modes of EFn of micro-droplets fall in the 0.8-1.5 

μm range, and the corresponding modes of EFm are 7-11 μm (Figure 10 a, d). The magnitude 

of the latter modes for slicks with dispersant in the micron range is significantly smaller than 
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those associated with crude oil or baseline. The modes of EFn associated with medium and 

small bubble plumes fall in the 1.7-6.2 μm range, i.e. they are larger than those generated by 

the large bubbles (Figure 10 b, c and Table 2). This size difference decreases when results are 

expressed in terms of EFm, where the modes for the three plumes fall in the 6-10 μm range 

(Figure 10 d, e and f). Except for the 500 μm crude oil slick, the peak values of EFn and EFm 

for the medium bubbles are higher than those of both the large and small bubbles. 

3.5 Total suspended particulate (TSP) mass and chemical analysis 

Assuming that all the suspended particulate mass collected on the TSP filters during 

each experiment is only caused by bubble-bursting, the TSP mass per bubble (TSPB) is 

calculated by dividing the TSP mass accumulated over the entire 40 min test by the number 

of injected bubbles (over 20 min). The data shown in Figure 11a are averaged over the 

available (n) replicates for the same condition, with error bars denoting the standard error. To 

facilitate a comparison of TSPB to the micron particle size distributions, that presumably 

dominate the aerosol mass collected, we calculate the sum of EFm over all the measured 

micron sizes and denote it as ∑EFm. However, since the pumping rate of the APS (1 L/min) is 

different than those for the TSP (4 L/min), the values of ∑EFm are multiplied by the 

corresponding volumetric flow rate ratio (4/1 for the APS) to obtain ∑EFm 
corr presented in 

Figure 11b. Further, Figure 11c-d is shown to focus on the effect of the oil layer thickness on 

the total suspended particle mass. 

As evident, for most cases, there is a good agreement in the trends of TSPB and ∑EFm 

corr with varying oil properties and bubble sizes. Such an agreement between independent 

sensors adds credibility to the present findings. The two values also lie within the same order 

of magnitude, but those corresponding to ∑EFm 
corr are persistently higher. A possible reason 

for this may be evaporation during the equilibration step before the filters are weighed. 

Moreover, the extended drying of the filters in the 10 min after bubble injection could also 

contribute to this difference. Most notable observations are: (i) the very low TSPB values for 

the 500 μm crude oil slick exposed to small and medium bubbles; and (ii) the higher TSPB of 

the medium size bubbles compared to large and small bubbles except for the pure dispersant 

and the 500 μm crude oil layer. 

 Additionally, in order to evaluate whether the airborne particles contain oil and/or 

dispersant, preliminary chemical analyses have been performed, as summarized in the 

supporting information. The first method involves Gas Chromatography/Mass Spectrometry 
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(GC/MS) of gas and particulate emissions collected above slicks of 500 μm crude oil, DOR 

1:25 oil as well as 50 μm pure dispersant with large bubble plumes. Results described in 

Table S1 report the presence of similar concentrations of hexane, cyclohexane, and heptane 

in both the crude oil and DOR 1:25 oil cases, confirming that the droplets and/or volatile 

compounds above the DOR 1:25 oil slicks contain crude oil. Conversely, the samples 

collected above the pure dispersant slicks contain negligible amounts of these compounds. 

Second, Fourier Transform Infrared Spectroscopy (FTIR) of the TSP filters collected from 

different tests have been compared to reference spectra obtained for drops of pure crude oil 

and dispersant placed on unused TSP filters. Absorption spectra that are shown in Figure S1 

confirm the signatures of crude oil in the samples collected above crude oil and DOR 1:25 oil 

slicks with large and small bubble plumes. Further details of the methodology, associated 

results and findings are provided in the Supporting Information. 

4 Discussion and Conclusions 

4.1 Micron particle emissions 

The discussion starts with a comparison between the present number and size of 

micron-sized aerosolized droplets to trends reported in the substantial literature for jet drops 

generated in clean seawater (Lee et al., 2011; Spiel, 1994, 1997a, 1998; Veron, 2015; Wang 

et al., 2017). The commonly used scaling for the top jet droplet diameter as a fraction of the 

originating bubble diameter is 5%, or the so-called “5% rule” for wet droplets (80% RH). For 

the dry particle diameter, this translates to 2.5% (C.F.Kientzler et al., 1954; Wang et al., 

2017). 

Accordingly, the expected jet droplet sizes for the large bubbles should be between 16 

and 31 μm, a fraction of which would fall outside the measurement range of the APS. 

However, as Figure 8, Figure 9 and Figure 10 show, there is no evidence of such a peak for 

any of the large bubble plumes. A likely explanation for this disagreement involves the effect 

of gravity on the droplet trajectories. The present sampling ports are located 10 cm above the 

free surface (Figure 1), and the previously measured maximum ejection height of droplets 

ejected from 600 μm bubbles is less than 5 cm (Blanchard, 1989; Lewis; & Schwartz;, 2004), 

with settling velocities greater than 0.3 cm/s (Guazzelli et al., 1988). Hence, the present 

results, including those of the TSPB, account for smaller droplets. Accordingly, further 

discussions about the micron-scale droplets are restricted to the small and medium bubble 

plumes. 
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The small and medium bubble plumes do not cause a substantial increase in the nano-

droplet concentration, and their bubble size falls well below that typically associated with 

film droplets (Blanchard & Syzdek, 1988; Resch et al., 1986; Veron, 2015). Hence, the 

subsequent comparisons assume that the small and medium bubble plumes generate jet 

droplets. The present baseline droplet fluxes, after accounting for growth corrections (as 

detailed in Section 2.2), in the micron range are compared to those predicted by the 5% rule 

for the small and medium bubble plumes. The droplet fluxes are estimated by multiplying the 

measured concentration of micron-size particles averaged over several runs (Figure 9b and c) 

by the sampling rate of the APS (1 L/min), and by the ratio of the total pumping rate of all the 

instruments to that of the APS. The results of this comparison are expressed as the number of 

droplets per second and shown in Figure 12. As is evident, for both plumes, the predicted 

fluxes are narrower than the measured ones. This trend is consistent with studies (Spiel, 1994; 

Wu, 2002) showing that the 5% rule only applies to the top jet drop and that the size of other 

jet drops varies. For the small bubbles, the measured flux and size are in good agreement with 

the predicted values in the 1.7 – 6 μm range, with ∑EFn=1.27 (Table 2). Hence, the 

assumption of a single jet drop per bubble, i.e. ∑EFn ~1 seems reasonable for this size range, 

in agreement with recent studies (Lee et al., 2011; Wang et al., 2017). However, the results 

for the medium bubble plume (∑EFn=8.02) do not agree, indicating that more than one 

droplet is generated by each bubble. For this size range, the number of jet drops reported in 

the literature (Lewis; & Schwartz;, 2004; Veron, 2015; Wu, 2002) is about 6-8 per bubble, 

most of them smaller than that predicted by the 5% rule. Hence, one should expect a 

downward shift in the size and a larger droplet flux. Figure 12 shows that the flux of 3-5 μm 

droplets is about five times higher than the predicted peak at 6-10 μm. For convenience, 

comparisons between the droplet modes, scaling and fluxes with literature are provided in 

Table 3. It appears that the present trends are consistent with the published results. 

A noteworthy factor that is not accounted for in the present analysis is the coalescence 

of bubbles below the surface, which, may increase the values of ∑EFn. Overestimation of the 

bubble counts may occur if the bubble flux and surface lifetime are sufficiently high. The 

presence of crude oil, DOR 1:25 oil or dispersants on the surface may increase the bubble 

lifetimes due to the effects of viscosity and surface tension (Kirkpatrick & Lockett, 1974; 

Sanada et al., 2005). Conversely, surfactants such as sodium dodecyl sulfate (SDS) that are 

found in oil dispersants significantly inhibit bubble coalescence (Kim & Lee, 1987). As 
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discussed before, direct observations on the bubbles near the surface by a high-speed camera 

have shown that coalescence is rare under the present conditions for all bubble sizes. 

Another factor, presumably most important, that has been shown to suppress the 

jetting process is the viscous damping of the capillary waves on the surface of the cavity (Lee 

et al., 2011; Walls et al., 2015). The critical bubble diameter (db
c) below which the jetting is 

suppressed has been expressed as a critical Ohnesorge number, Oh
c
=μ/(σρdb

c
/2)

0.5
, which 

falls in the 0.037-0.052 range. The resulting values of db
c at Oh

c=0.052 (Lee et al., 2011) are 

also listed in Table 1 for the different liquids involved in the present study. As is evident, 

db
c
=10.3 μm for seawater, but increases to 2 mm for crude oil. Hence, for the baseline 

seawater cases, such damping is less likely to affect the present bubble plumes. As the 

bubbles rise through the various oil layers, they are expected to pull with them a layer of 

water, as numerous numerical and experimental studies have shown (Bonhomme et al., 2012; 

Dietrich et al., 2008; Kemiha et al., 2007). Based on available data on the drainage time of 

this water layer, it is reasonable to expect that the liquid surrounding the bubble consists of a 

mixture of contaminant and water, and that the fraction of water decreases with increasing 

layer thickness. Given the very high db
c for crude oil, the 2-3 times reduction in EFn for the 

50 μm oil slick at all sizes, and the striking two orders of magnitude decrease for the 500 μm 

layers should be expected. Consistent with our visual observations during the experiments 

involving jet formation, the crude oil layers greatly suppress the jet droplet generation, 

especially for the 500 μm slick, in clear contrast to the baselines. Considering that the bubbles 

are more likely to burst in regions with less oil, e.g. after running the plume for a while, it 

raises questions about the oil content in the droplets and atmosphere above the slicks. This 

question has prompted the measurements discussed in the Supporting Information that 

confirm the presence of oil in the airborne particles. 

As demonstrated before, the introduction of dispersant, with or without oil, also 

reduces the number of micron-sized particles, especially below ~2.5 μm (Figure 10). The 

same size constraint persists for the medium and small bubble plumes, and becomes 

increasingly sharper during the transition from 50 μm to 500 μm DOR 1:25 layers and to the 

50 μm slick of pure dispersant. Several physicochemical processes are likely to be involved. 

First, due to its high viscosity, db
c for pure dispersant is very large (Table 1), suggesting that 

bubble bursting is not likely to occur if the Corexit 9500A layer is sufficiently thick. Since 

this dispersant is soluble in water, as the (50 μm) pure slick begins to dissolve it creates a 

thicker layer with concentration-dependent elevated db
c. This observation does not apply to 
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the DOR 1:25 oils, for which db
c is not substantially different from that of pure crude oil, yet 

their EFn size distributions are drastically different. Second, as the bubble drags a water layer 

into the DOR 1:25 oil slick, the liquid-liquid interface is expected to break up rather rapidly 

(Brandvik et al., 2014; Lessard & DeMarco, 2000; Li et al., 2011; National Research Council, 

2005) because of the low interfacial tension. For oil droplets in water, the typical droplet size 

for high dispersant concentration is in the order of 2 μm (Gopalan & Katz, 2010). However, 

such a breakup process does not occur in the absence of oil, yet the distinct cutoff at ~2.5 μm 

persists in both. Third, dispersants not only contain surfactants that reduce the surface tension 

of the water, they also form a mono-layer known to stabilize the bubble, increase its skin 

friction, and slow down gas diffusion across its interface (Fdhila & Duineveld, 1996; 

Jamnongwong et al., 2010; Rosso et al., 2006). Accordingly, prior studies (Boulton-Stone, M, 

1995; Dey et al., 1997; Lewis; & Schwartz;, 2004; Veron, 2015) have shown that both EFn 

and ejection height decrease in the presence of surfactants, the latter being consistent with 

qualitative observations during the present measurements (not shown). While these 

observations agree with the reduction in EFn with increasing dispersant concentration, they 

do not explain the preferred size. Can the combined effects of viscous damping and formation 

of a surfactant monolayer restrict the bursting and jetting to bubbles exceeding a certain size? 

Answering this question is deferred to future controlled studies. 

4.2 Sub-micron particle emissions 

This discussion seeks plausible explanations for trends of the sub-micron particle 

distributions observed in the large and small tank experiments, both in ambient and clean air. 

In ambient air, the sub-micron particle concentrations increase by an order of magnitude in 

the large tank only when large bubbles burst in pure dispersant or 500 μm thick oil-dispersant 

slicks (Figure 3-4). However, in spite of this substantial increase, for each of the replicated 

tests, which have different initial size distributions of ambient particles, the shape of this size 

distribution persists during and after bubble injection. Similar trends have been observed in 

the small tank, i.e., in spite of the increase in the concentration of aerosolized nano-particles, 

the different shapes of the size distribution persist during and after bubble injection. In 

pursuit of a plausible explanation, we have examined the surface of 5 mm deep seawater 

samples placed in transparent flasks with 8mm airspace above them under a microscope at a 

40x magnification (0.09 μm/pixel). The air is circulated above the surface at a rate consistent 

with that of the SMPS sampling rate. Sample images comparing the surfaces at the beginning 

of the tests and 10 min later are provided in Figure 13. For seawater exposed to ambient air 
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(Figure 13a &b), there is no accumulation of particles visible on the surface. In contrast, for 

ambient and seawater premixed with dispersant at a concentration of 0.17 mg/L (Figure 13c 

&d), which is consistent with that of a 50 μm dispersant layer in the small tank, there is a 

substantial accumulation of particles on the surface. In fact, the 237x199 μm sample contains 

well over ~2000 particles, many of them in the submicron range. For seawater premixed with 

dispersant at the same concentration exposed to clean air (Figure 13e &f), there is no change 

in the visible concentration of particles on the surface, although both the initial and final 

images show white spots, which are presumably associated with the early formation of 

emulsions. These observations suggest that in the presence of dispersant and ambient air, 

there is a substantial accumulation of particles on the water surface. Such accumulation 

clearly does not occur for water without dispersant or in clean air. Hence, we postulate that 

the presence of dispersant affects the accumulation of ambient particles on the water surface. 

These particles could then become the source for the increased concentration of airborne 

nano-particles upon exposure to the large bubbles, without changing the shape of their size 

distribution. We recognize that this claim is speculative at this point, requiring an explanation 

for the mechanisms involved, and how they are affected by particle and dispersant properties. 

Such analysis is deferred to future studies. 

Reasons for why this phenomenon occurs only for large bubbles may involve a 

difference in the bursting process, i.e., formation of film droplets versus jet droplets (Veron, 

2015). Since only large bubbles (>500 μm) cause the nano-scale increase, presumably, the 

formation of film droplets plays a role. It has already been shown that the thin caps above 

rising bubbles have a smaller thickness in the presence of surfactants (Modini et al., 2013). 

Consequently, the dispersant might also facilitate the resuspension of particles without them 

being part of larger droplets. In contrast, the small bubbles mostly generate larger jet droplets 

and contain more of the bulk liquid (Keene et al., 2007; Veron, 2015). Hence, they are less 

likely to eject nano-particles located on the surface. 

The decay rate in concentration after bubble bursting stops is slow in the presence of 

ambient air in both facilities. However, padding the tank wall with oil absorbers accelerates 

the decay rate, bringing it to the same level as that of clean air (Figure 7). This trend suggests 

that the tank walls might also be sites for the particle deposition. Support for this postulate 

comes from a recent study (Vohra et al., 2017) showing that dry CsI aerosols deposit on the 

walls of an enclosed acrylic chamber. It is plausible that some of the airborne oil-water-

dispersant-particle mixtures suspended by the bubble-bursting deposit on the wall of the tank. 
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Once bubble injection stops, the tank walls presumably dry, causing resuspension of these 

particles. Hence, the shape of the size distribution after bursting stops remains the same as 

that of the original ambient particles. Explanations for the initial short delay in decay would 

be speculative, e.g. some particles settling on the padding on in interior pipes of the SMPS. 

There is also a substantial increase in sub-micron airborne droplet concentration in the 

presence of clean air for the cases involving dispersant. However, the concentrations involved 

(Figures 5 and 6) are much smaller than those observed with ambient air (Figure 4), and the 

associated mass emission is very small. In this case, the size distribution has a persistent 

single mode at 120-130 nm. This is consistent with the previously observed range of 100-135 

nm film droplets generated in clean seawater (Lewis; & Schwartz;, 2004; Mårtensson et al., 

2003) as well as the 110 nm film droplet mode reported for clean and SDS-contaminated 

seawater (Sellegri et al., 2006). While these nano-sized film droplets are presumably 

generated by the large bubbles also in the presence of ambient air, their concentration is 

orders of magnitude smaller than that of the sub-micron particles in ambient air. 

In terms of relevance to open ocean conditions, this paper shows that in the presence 

of dispersant, bursting bubbles large enough to generate film droplets enhances the nano-

particle concentration above an oil slick. The increase is modest for clean air, but may reach 

an order of magnitude for air containing ambient nano-particles, which commonly occurs in 

the oceanic environment (Veron, 2015).  Extreme cases may include e.g. periods of in situ 

burning of oil after a spill (Buist, 1994), where the air is filled with soot particles. 
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Density (ρ) 

[kg/m3] 

Dynamic 

Viscosity (μ) 

[cP] 

Surface 

Tension (σ) 

[mN/m] 

Interfacial 

Tension with 

seawater (γ) 

[mN/m] 

Critical bubble 

diameter (db
c) 

[μm] 

      

Artificial 

Seawater 
1018.3 1.0 73.0 - 10.3 

      

Crude Oil 876.5 8.2 28.0 18.58 2.0x103 

      

DOR 1:25 Oil 877.1 10.5 28.0 0.13 3.3x103 

      

Dispersant 

Corexit 9500A 
949 66.4@15°C 39-40 0.09 8.8x104 

Table 1: Physical properties of present liquids at room temperature (unless specified 

otherwise). Values of ρ, μ and σ are adapted from (Murphy et al., 2015; Nalco Company, 

2008; Steffy et al., 2011). The interfacial tension is measured. The critical bubble diameters 

for jetting are based on Ohc = 0.052 (Lee et al., 2011). 
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# Bubble 

Plume 

Size 

[db*] 

Contaminant  Slick 

Thick-

ness 

[μm] 

Number 

of Tests 

in large 

tank (n) 

Number 

of tests 

in small 

tank 

(ambient 

air) 

Number 

of tests 

in small 

tank 

(clean 

air) 

Emission Factor 

(EFn) per Bubble 

(large tank data) 

Mode 

dp 

[μm] 

∑EFn 

[#/bubble] 

[Micro 

size] 

- Large 

[595 

μm] 

Baseline - 5 - 3 1.0 0.32 

1 Large Crude Oil 50 1 - - 1.1 3.02 

2 Large Crude Oil 500 3 - 3 1.5 1.43 

3 Large 1:25 DOR 

Oil 

50 1 - - 0.8 0.72 

4 Large 1:25 DOR 

Oil 

500 3 2 3 1.5 0.40 

5 Large Dispersant 50 3 - 3 -- <0.08 

- Medium 

[178 

μm] 

Baseline - 5 - - 3.5-

4.0 

8.02 

6 Medium Crude Oil 50 1 - - 2.7 3.26 

7 Medium Crude Oil 500 3 - - 1.4-

4.6 

<0.08 

8 Medium 1:25 DOR 

Oil 

50 1 - - 6.2 3.73 

9 Medium 1:25 DOR 

Oil 

500 1 - - 4.7 1.67 

10 Medium Dispersant 50 1 - - 2.6, 

4.7 

1.27 

- Small 

[86 μm] 

Baseline - 5 - 3 2.3-

3.0 

1.27 

11 Small Crude Oil 50 1 - - 3.0 0.39 

12 Small Crude Oil 500 3 - 2 1.7 <0.08 
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13 Small 1:25 DOR 

Oil 

50 3 - - 4.7 0.64 

14 Small 1:25 DOR 

Oil 

500 1 - 2 3.5 0.32 

15 Small Dispersant 50 3 - 2 2.6, 

4.0 

0.0842.5 

Table 2: The test parameters, number of replicated measurements and characteristics of EFn. 
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Study Mode 

bubble size 

[db*] μm 

Mode 

droplet size 

[dp*] μm 

Scaling 

[dp*/db*] 

Number of 

micron/jet 

drops per 

bubble [∑EFn] 

Small Bubbles 

Present 86  2.3-3.0  2.67-3.48 

% 

1.27 

(Wang et al., 2017) 60  1.5  2.50% 1.4 

(Lee et al., 2011) 53  NA NA 0-3 

Medium Bubbles 

Present 178  3.5-4.0  1.97-2.25 

% 

8.02 

(Veron, 2015; Wu, 2002)  178  4.9  2.75% 6.48 

(Lewis; & Schwartz;, 2004) 178  3.23  1.81% 8.82 

 

Table 3: Comparisons of bubble sizes, droplet sizes, droplet scaling and fluxes measured in 

the present study with those found in other publications for small and medium bubbles. 

  



 

 

© 2019 American Geophysical Union. All rights reserved. 

 

Figure 1: (a) Functional schematic of the large bubble chamber setup used for primary tests. 

APS: Aerodynamic Particle Sizer, SMPS: Scanning Mobility Particle Sizer, TSP: Total 

Suspended Particulate mass. (b) Cross-section of bubble generator nozzle. (c) Functional 

schematic of small-scale bubble-chamber used for auxiliary tests. 
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Figure 2: (a) Sample raw image of bubbles in the plume. (b) Intensity gradient of (a). (c) 

Enhanced image after applying MHE on (a). (d) Bubble size distributions averaged over three 

independent tests. (e) Bubble size distributions of three replicated tests for each bubble 

plume. Note: db∗  and d̅b denote mode and mean bubble diameters respectively. 
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Figure 3: Distributions of nano-sized particle number concentrations [dN/dlog (dp)] from one 

out of the available replicated tests for the: (a, b, c) large, (d, e, f) medium and (g, h, i) small 

bubble plumes in the large tank exposed to laboratory air. Results are time-averaged (a, d, f) 

10 min before, (b, e, h) 20 min during and (c, f, i) 10 min after bubble injection. Dotted lines 

denote baseline runs with a clean seawater surface, and solid lines denote the corresponding 

tests with oil/dispersant slicks. 
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Figure 4: The increase in nano-sized particle number concentrations during bubble injection 

averaged over time and over three replicated tests performed under the same conditions in the 

large tank. The background concentrations before bubble injection are subtracted. Error bars 

denote the standard error among replicates. 
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Figure 5: Distributions of nano-sized particle number concentrations for the (a, b, c) large, 

and (d, e, f) small bubble plumes in the small-scale chamber exposed to HEPA-filtered clean 

air. Results are time-averaged (a, d) 10 min before, (b, e) 20 min during, and (c, h) 60 min 

after bubble injection. Cases replicated three times have error bars denoting the standard error 

among these replicates. Cases with dotted and solid lines of the same color denote two 

replicated runs. Baseline refers to seawater without a slick. 
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Figure 6: Distributions of nano-sized particle number concentrations for 500 μm thick DOR 

1:25 oil slicks with large bubbles in the small-scale chamber. Results from the clean air tests 

are shown in the first row (a-e), and those corresponding to ambient air tests are shown in the 

second row (f-j). Each case is replicated twice, and both are shown separately. Results are 

time-averaged for (a, f) 10 min before bubble injection, (b, g) 20 min during injection, as well 

as (c, h) 0-10 min, (d, i) 10-20 min and (e, j) 20-60 min after stopping the bubble injection. 

  



 

 

© 2019 American Geophysical Union. All rights reserved. 

 

Figure 7: Time evolution of the normalized total nano-aerosol concentration after bubble 

injection stops, χ(t). The large tank results (LT) are averaged over three replicates, with the 

error bars denoting the standard error. The small tank (ST) data that have been replicated 

twice are shown separately. Data for test with padded wall (two replicates) are labeled as ST-

padded. 
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Figure 8: Distributions of micron-sized particle number concentrations [dN/dlog (dp)] from 

one out of the available replicated tests for the (a, b, c) large, (d, e, f) medium and (g, h, i) 

small bubble plumes in the large tank. Results are time-averaged (a, d, f) before, (b, e, h) 

during and (c, f, i) after bubble injection. Dotted lines denote baseline runs with a clean 

seawater surface, and solid lines denote the corresponding tests with contaminated slicks. 
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Figure 9: Micron-size particle number concentrations averaged over replicated 

measurements (Table 2) performed at the same conditions in the large tank. Distributions are 

time-averaged during bubble injection after subtracting background concentrations before 

bubble injection. Error bars denote the standard error. 
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Figure 10: Distributions of EFn and EFm in the micron size range for the large ((a) and (d)), 

medium ((b) and (d)) and small bubble plumes ((c) and (f)) respectively from the large tank 

data. 
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Figure 11: (a) Total suspended particulate (TSP) mass collected per bubble for the large tank 

tests, denoted as TSPB. Error bars denote standard error for replicated measurements (Table 

2). (b) Distributions of ∑EFm
corr for all the large tank tests with contributions of sub-micron 

aerosols shown in solid (note log-scale). Distributions of TSPB from the large tank data for 

the (c) crude oil and (d) `DOR 1:25 oil slicks, focusing on the effect of slick thickness. 
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Figure 12: A comparison between the total droplet flux estimated from the APS data (solid 

lines) for the medium and small bubble plumes to that predicted by the 5% rule (dashed 

lines), assuming one droplet per bubble. 
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Figure 13: Microscopic (40x) images of air-water interfaces showing the accumulation of 

ambient particles on the surface (a, c, e) before, and (b, d, f) after exposure to air for 10 min. 

(a, b) Seawater exposed to ambient air, (c, d) seawater premixed with dispersant (0.17 

mg/liter) exposed to ambient air, and (e, f) seawater premixed with dispersant (0.17 mg/liter) 

exposed to HEPA-filtered air. 

 

 


