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2.0 SERDP Relevance

This research will provide fundamental understanding of the underlying principles of bilgewater
emulsion formation, stabilization, and breaking using multiplexed in situ chemical imaging
techniques to study, at the molecular level, the I-I interactions and liquid surface modifications
under ship-relevant conditions. Findings, based on direct observations, will provide physical and
chemical knowledge underpinning these complex interfacial phenomena and lead to solutions
for oil in water (O/W) emulsion reduction, improved wastewater treatment, waste-oil-holding
capacities, and fuel-holding capacities onboard ships. Microfluidic-based strategies for
stabilization, effective separation, and treatment of O/W emulsions, which will be developed
based on the findings of this research, can reduce maintenance burden, increase OWS
treatment efficiency, and lower the cost of wastewater treatment for DOD.

This research will provide fundamental understanding of the underlying principles of bilgewater
emulsion formation, stabilization, and breaking using multiplexed in situ chemical imaging
techniques to study, at the molecular level, the |-l interactions and liquid surface modifications
under ship-relevant conditions. Findings, based on direct observations, will provide physical and
chemical knowledge underpinning these complex interfacial phenomena and lead to solutions
for oil in water (O/W) emulsion reduction, improved wastewater treatment, waste-oil-holding
capacities, and fuel-holding capacities onboard ships. Microfluidic-based strategies for
stabilization, effective separation, and treatment of O/W emulsions, which will be developed
based on the findings of this research, can reduce maintenance burden, increase OWS
treatment efficiency, and lower the cost of wastewater treatment for DOD.



3.0 Technical Objective

Bilgewater, an oil and grease mixture with water, may affect many aquatic species. Thus
development of methods and techniques to treat (i.e., increase OWS availability, reduce cost) or
to mitigate the formation and undesired consequences of shipboard emulsions are urgently
needed. This research aims to investigate the fundamental physicochemical processes in the
formation, stabilization, and breaking of shipboard relevant emulsions. Understanding shipboard
emulsions at evolving interfaces is a key scientific challenge. The underpinning hypothesis is
that surface chemical changes at the |-l interface are critical for mass and charge transfer
leading to emulsion formation, stabilization, and worsening. Using unigue in situ chemical
imaging capabilities developed at PNNL, we answer the following questions to validate the
following questions: 1) How do ionic, nonionic, and solid emulsifiers affect emulsion stabilization
in ship bilgewater conditions? and 2) How does microbial activity affect emulsion formation,
stabilization, and breaking? A unique vacuum compatible microreactor, System for Analysis at
the Liquid Vacuum Interface (SALVI),[1-8] has been used to achieve multiscale imaging and
obtain a more fundamental understanding of these physiochemical multiphase processes.

This project aims to achieve the following goals: 1) study the emulsion formation mechanism in
synthetic and actual bilgewater using novel multimodal imaging approaches; 2) obtain molecular
distribution of key species at the droplet surface and interface; and 3) set the technical
foundation for the development of cost-effective solutions to reduce, prevent, and treat ship-
relevant emulsions.



4.0 Technical Approach

The key technical approach is to use SALVI, a unique vacuum and ambient compatible
microfluidic interface [1-8] and multimodal imaging to study emulsion. We have employed in situ
liquid chemical imaging to study various liquid surfaces, solid-liquid (s-1), and I-l interfaces [3, 5,
6, 8-15]. SALVI, as a portable microfluidic reactor, is suitable for a multitude of analytical
instruments, including ToF-SIMS, SEM, and NMR, allowing chemical insight into the complex I-I
interface. This project studies the |-l interactions at the molecular level and provide
unprecedented insight into the physicochemical processes of bilgewater emulsions.

SERDP-recommended emulsion systems were used as the base models for synthetic
bilgewater studies. Specifically, synthetic bilgewater is similar to MEPC 107(49) test fluid C
emulsion [16]. More importantly, real bilgewater samples as well as a NSWC Carderock
surrogate sample from SERDP funded labs were shared and studied in this project
complementing other ongoing bilgewater emulsion research. Emulsions prepared by
mechanical means were used to serve as the surrogate and be analyzed using multiple imaging
techniques to understand their surface properties, size, morphology, aggregation, and I-|
interactions.

Besides bulk approaches to study emulsions, the unique multiplexed chemical imaging
capability has been employed to decipher the complex interfacial process in emulsion formation,
breaking, and separation. Specifically, our approach can capture the |-l interface and study how
stressors [6, 11, 12, 18-20] (e.qg., biofouling, particulate, and salinity) affect emulsion formation
and transformation. Two tasks were performed. Task 1 aims to establish feasibility of
multimodal imaging applications to study bilgewater emulsions and demonstrate how different
measurement results can be integrated to understand the I-I interface transformation. Task 2
builds upon our expertise in biofilm imaging and optimal bilgewater analysis conditions to be
obtained in Task 1 to investigate the effect of microbes on bilgewater stabilization or breaking.
These initial results will set the technical and scientific foundations for further systematic studies
of bilgewater stabilization, breaking, and mitigation. In addition, project management, reporting,
and manuscript preparation were performed corresponding to each task.

4.1 Task 1 Bilgewater multimodal imaging

The presence of a native or added surfactant is necessary for the long-term stability of
emulsions: the surfactant molecules migrate to the |-l interface and inhibit droplet coalescence.
The synthetic bilgewater and real bilgewater samples were studied to understand how factors
such as ionic, nonionic surfactant micelles, or solid affect emulsion stabilization in situ. In situ
multiplexed imaging tools including SIMS, SEM, or NMR were used. The same sample can be
transferred among these instrument platforms via our unique microfluidic reactor. Synthetic
bilgewater emulsion samples were used to establish suitable imaging conditions followed with
analysis of real bilgewater samples.

Correlative imaging offers a great deal of information and provide a more holistic view of the
complex system. First the bilgewater droplet size distribution (DSD) was determined using
NMR and SEM. NMR, particularly, pulsed-field gradient (PFG), has long been used in emulsion
studies.*: 2 Emulsion formation, droplet cluster structure, diffusion in the liquid, and velocity
distributions in a confined field have been reported using NMR measurements.[1-9] These
approaches were used to obtain an overview of the bilgewater DSD), diffusion, and velocity
distribution. Such information is useful to characterize the emulsion inside the microchannel,
providing the physical measurements for future computational fluid dynamic (CFD) simulation.
By complementing with other imaging studies, more complete pictures of the emulsion
stabilization can be achieved. However, in the NMR measurements, the operator used the
wrong pulse sequence and did not obtain the desirable results in the initial trial. Due to limited
funding and time, we did not pursue additional measurements. It is possible that the PFG
measurements are doable to obtain usable parameters for bilge emulsions. We plan to pursue
this subtask if permitted with additional funding.
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We prepared and published a paper to report the first TOF-SIMS imaging and analysis of bilge
emulsion in Chemosphere [10]. More details are provided in Appendix A. This paper
establishes the technical soundness for using ToF-SIMS to study bilge emulsions.

In addition, in situ liquid SIMS, a new technique developed in my group at PNNL, was used to
provide submicron-resolution molecular mapping of the liquid surface and interface in bilgewater
emulsion.

4.1.1 In situ SEM imaging of bilge emulsion
More importantly, in situ SEM imaging in the high vacuum mode, a new technique developed in

our lab, was used to determine DSD. Figs. 1la & 1b shows the SEM images a fresh and aged
bilge emulsions, respectively.

Fic. 1a. In situ SEM imagig of fresh bilge emulsion. Fic. 1b. In situ SEM imaging of aged bilge emulsion.
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FiG. 2a. DSD of fresh bilge emulsion by in situ SEM. FiG. 2b. DSD of aged bilge emulsion by in situ SEM.

Figs. 2a and 2b depict size determination of fresh and aged bilge emulsions. Compared to the
only other wet commercial SEM device, we can provide both SE and BSE images and give
information on particle size, shape, and morphology. This novel technique was successfully
used to characterize bilge emulsion DSD in the limited scope project. Elemental mapping by
EDX gives more insight into the chemical distribution on the particle surface. This kind of
measurement will be useful to understand how solid emulsifiers stabilize the emulsion droplets.
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We certainly are interested in pursuing additional measurements and observations of bilge
compositions in relation to DSD in the next stage of this project.

4.1.2 In situ liquid SIMS imaging of bilge emulsion

In preparation to fully understand the liquid SIMS data, we studied the dry bilge emulsions and
components using statics SIMS and complemented the chemical measurements using optical
microscopy to determine DSD. This step is important in defining reference spectra in liquid
SIMS data interpretation. A manuscript was submitted to Chemosphere, and it is published in
July 2019. The published version of the manuscript is attached in Appendix A to show progress
of this task.

In the first paper reporting ToF-SIMS imaging and analysis of bilge emulsion, we used a Navy
model and determine DSD using optical microscopy. Our findings suggest that the aged
emulsion not only grows in size but also has significant surface compositional changes. Both oil
and detergent components appear in the emulsion surface as soon as fresh droplets form as
expected. Higher mass organics from the surfactant components appear at the droplet surface
as droplets age. Surface oxidation is another factor that modifies the emulsion chemical
makeup over time, however, this effect is not significant. This is probably because the samples
were prepared in a well-controlled nitrogen drying environment. Drying has an effect on the
emulsion analysis results. One of the most significant effect is loss of the water phase.
Although we can map oil and detergent components using the ToF-SIMS mass spectrometry
imaging of dry emulsion samples, it is not possible to study the water phase in the O/W
emulsion using static SIMS. Therefore, in situ liquid SIMS was deployed to probe the dynamic
oil-water liquid-liquid phase evolution in this task as well.

4.1.2.1 Experimental setup

The same procedure used in previous synthetic bilgewater generation studies have been
adapted to study the emulsion surface changes in this work [11]. The synthetic emulsion
sample consisted of a liquid mixture of 10 mL Navy Standard Bilge Mix (NSBM) #4 abbreviated
as oil mix herein and 1 mL of detergent mix. The oil mix consists of 50% diesel fuel marine (MIL-
PRF-16884N), 25% 2190 TEP steam lube oil (MIL-PRF-17331K), and 25% 9250 diesel lube oil
(MIL-PRF-9000L). The detergent mix consisted of 50% type 1 general purpose detergent (MIL-
D-16791G (1)), 25% commercial detergent Tide Ultra (liquid), and 25% degreasing solvent
(MIL-PRF-680C, Type lll). The oil mix and detergent mix were provided by the collaborators at
the Naval Surface Warfare Center, Carderock Division.

The details of SALVI microfluidic reactor fabrication were reported in previous papers. [3, 5, 6,
8-15]

The mass spectral and image measurements were conducted on a ToF-SIMS 5 instrument
(IONTOF GmbH, Munster, Germany). The liquid was sealed in a SALVI device underneath a
100 nm thick SiN membrane. The primary ion beam was a 25 keV Bis* primary ion beam.
Dynamic profiling drilled an aperture with 2 um in diameter through the SiN membrane. The
liquid in the microchannel membrane was withheld by its surface tension across the
aperture.[12, 13] Secondary ions could be then emitted at an energy range of 0 to 10 eV from
the aperture. More experimental details are described in our previous publications.[14, 15]

The liquid SIMS mass spectral data was processed using the IONTOF Surface Lab 6.3
software. The mass spectra were calibrated by OH- (m/z- 17), SiC2Hs0- (73), Si>C3sHeO3 (m/z-
149), SizCsH1504 (M/z- 223) in the negative mode; and CHs* (m/z* 15), (CH)3Si* (m/z* 73),
SizOCsH15+ (m/z* 147), Si3C5H1503+ (m/z* 207), Si404C7H21+ (m/z* 281) in the positive mode,
respectively. Spectral principal component analysis (PCA) was conducted using the MATLAB
R2014a software (MathWorks, Natick, Massachusetts). For the first round of PCA, known
interference peaks were removed, including m/z- 1 H-, m/z- 12 CH-, m/z 16 O, m/z- 24 Cy, m/z
25 CoH, m/z- 28 Sir, m/z- 29 SiH-, m/z- 41 SiCH-, m/z- SiCH», m/z- 44 SiO-, m/z- 45 SiOH-, m/z-
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58 SiCH20", m/z- 59 SiCH30, m/z- 60 SiO2, m/z- 73 SiC,HsO", m/z- 75 SiCH302, m/z- 149
SingHgOg', m/z- 163 Si2C5H1502', m/z- 223 Si13C5H1504', and m/z- 237 Si3C7H2103' in the
negative mode and m/z* 28 Si*, m/z+* 59 CHsSiO*, m/z* 73 (CHa)sSi*, m/z* 147 Si>OsH15*, m/z*
207 Si3CsH1503+, m/z* 281 Si404C7H21+, m/z* 369 Si504C11H33+, m/z* 209 Bi+, m/z* 418 Bi2+, and
m/z* 657 Bis* in the positive ion mode. For the second round of PCA, peaks were selected
according to the following criteria: a) the intensity of the peak in the SIMS mass spectrum was
significantly higher than its neighboring peaks, b) peaks identified in dry sample analysis or
other relevant publications (e.g., [10]), c) water clusters, and d) peaks in the SIMS mass
spectrum bigger than m/z* 40 or m/z- 40. Before performing PCA, raw data were treated by
normalization to the total selected peak intensity, square-root transformation, and mean
centering.

4.1.2.2  Spectral comparison of in situ liquid SIMS imaging of bilge

Table 1 gives the sample matrix of the bilge emulsion using in situ liquid SIMS. These analyses
were completed in the limited scope project.

Sample ID Description Status

Fresh bilge Emulsion generated with NSBM #4 and DM sample no Done
dilution at 3500 rpm

Aged bilge Emulsion generated with NSBM #4 and DM sample no Done
dilution at 3500 rpm

Oil mix 50% NSBM 4-1 + 25% NSBM 4-2 + 25% NSBM 4-3 Done

Detergent mix 50% DM1 + 25% DM2 +25% DM3 Done

Fresh bilge & X-100 Fresh emulsion and X-100 (1:1) vortexed for 1 min Done

Di water DI water as the solvent for O/W emulsion Done

Table 1. Sample matrix of in situ liquid SIMS analysis of bilge emulsions

Fig. 3 shows SIMS spectral comparison showing the two important liquid phase oil and water
with complex composition. This result demonstrates that the |-l interface can be spatially
mapped using liquid SIMS. We are continuing the liquid SIMS analysis and will be preparing for
a second manuscript to report scientific findings that are mapped at the I-I interface showing
different chemical distribution in bilgewater emulsions, differentiating the oil and water phases in
space at the submicrometer scale. Such knowledge is needed to map the oil-water interface
encountered in bilgewater emulsions.
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FiG. 3. In situ liquid SIMS spectral comparison of aged bilge, fresh bilge, X100 and bilge, oil mix, detergent mix,
and DI water in the mass range 1-250 (a) and 500-800.

Additional spectral results will be presented in our second manuscript reporting findings of the
oil-water liquid-liquid interfacial changes between the fresh and aged bilge emulsion.

4.1.2.3 SIMS Spectral PCA of in situ liquid SIMS analysis of bilge

We conducted spectral PCA of the in situ liquid SIMS data set. Fig. 4 depict representative PCA
scores plots and loadings plots in the negative ion mode.
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In the negative mode, principal components (PC1, PC2 and PC3) explain 92.15% of all data.
PC1 explain 42.91% of data and mainly separates the DI water control, oil mix and fresh bilge
from aged bilge and detergent mix. It's not surprising that the sample consisting of X-100 and
fresh bilge exists between PC1 positive and negative, nicely positioned between the detergent
and bilge emulsions. PC2 explains 32.25% of data and it mainly separates the detergent mix
and DI water from aged bilge, fresh bilge, and oil mix and detergent mix. PC3 explains 16.99%
of all data and it mainly separates the fresh bilge and detergent mix from aged emulsion and DI
water.

In PC1 negative mode loading, oil mix, fresh bilge and water cluster are the main contributors.
Oil mix peaks, such as m/z -49 C4H-, 63 CsHs-, 79 CsH7 and water clusters, such as m/z-
(H20),OH-, n=2, 3,5, 6, 7, 9, 10, 11, make great contributions to the formation of fresh bilge.
PC1 positive separates aged bilge emulsion and detergent mix from fresh bilge emulsion and oll
mix. This finding suggests that the bilge surface change over time, and that detergent
components have higher contribution to the aged emulsion. Some detergent peaks, especially
in the high mass range, identified as m/z- 325, 337, only exist in aged bilge but not in fresh bilge.
This means that these detergent components do not appear immediately in the fresh bilge
surface; instead they show up in the aged bilge surface as time goes. This finding confirms the
chemical surface change of O/W bilgewater droplets over time using static SIMS. PC2 positive
scores plot shows oil mix, fresh bilge, aged bilge and X-100+fresh bilge share similar features.
This finding suggests some oil components, such as m/z- 49 C4H-, 63 CsHs, 79 C¢H; and
detergent components, such as m/z- 101, 105, 205, 221, show up immediately in the fresh bilge
and persist in aged bilge over time.

In PC3 positive, oil and detergent components share same peaks, and both contribute to fresh
bilge and X100 and fresh bilge. Some characteristic peaks include m/z- 49 C4H-, 205, 425, and
513. PC3 negative separates aged bilge and DI water from fresh emulsion and detergent mix,
which further confirms that the bilge surface change over time. In addition, water clusters, such
as m/z- (H.0),OH-, n= 3,4,5,6,7,9,10,11, make contributions the aged bilge. The sample
consisting of X-100 and fresh bilge share common peaks with fresh and aged bilge. Overall, the
observation of water clusters in both fresh and aged bilge indicates that water clusters play an
important role in the formation of bilge. In addition, we observe bilge surface change over time.
Detergent components, especially those high mass peaks only show up in the aged bilge but
not in the fresh bilge, providing another evidence of bilge surface compositional change.

A manuscript is being prepared to report the key findings of the evolved oil-water interface using
in situ liquid SEM and in situ liquid SIMS. In situ NMR analysis was also conducted to
determine the diffusion constant and cluster size in the bilge emulsion. More details are
provided in Appendix B.

4.1.3 Bilge evolution in both droplet size and surface chemical composition

Both static ToF-SIMS and dynamic ToF-SIMS surface analysis indicate that the bilge surface
chemical composition changes comparing between fresh and aged emulsions. In addition,
droplet size evolves over time. Both optical and in situ SEM DSD results show that the droplet
size increases over time. Fig. 5 illustrates the conceptual understanding of the interfacial
change of bilgewater using the unique imaging approaches in this project
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4.2 Task 2 Bilgewater and biofilm interactions

Microorganisms may influence the formation and stabilization of emulsions by producing
surfactants, altering the chemistry and pH of bilgewater, and scavenging available oxygen and
thus limiting the oxidative decomposition of oil and surfactants. Cells and cell fragments could
also help form oil particle aggregates (OPAs), which are very stable and do not readily
coalesce.[16-19] The presence of higher concentrations of cells and cellular exudates are
suspected to change the viscosity and salinity of bilgewater, further enhancing the emulsion
stability. Some microorganisms may also contribute to the breakdown of emulsions by
metabolizing the oil or scavenging the biological surfactants as a carbon and energy source. All
microorganisms produce a variety of amphiphilic molecules that act as biological surfactants to
help emulsify 0il.[20-22] These surfactants may be summarized in four categories: glycolipids,
fatty acids, lipoproteins, and polymers.[23-27] Mannosylerythritol lipids (MELS), a glycolipid, are
powerful surfactants capable of reducing aqueous surface tension to ~25.1 mN/m.[27] Microbial
metabolism, particularly in iron oxide rich and reduced oxygen water, results in the production of
biological acids, which may lower the pH of bilgewater. Cells sequester water from the
surrounding environment and are adept at maintaining concentration differentials. For instance,
hydrophobic bacteria was found to stabilize O/W emulsions,?8l however, little is known about
how microbes including biofilms affect bilgewater emulsion formation and degradation.

Microbes essentially have two general means of interacting with an emulsion: through direct
whole-cell contact with the dispersed phase or through indirect influence via biochemistry that
the cells release into the continuous phase through normal metabolism or as a consequence of
processes (e.g., chemical disruption of membranes or sheering) that lyse the cells.[29, 30]
Additionally, cells and cellular bodies may be found in one of four phases in bilgewater: biofilms,
the surface microlayer, planktonic cells, or larger flocculating clusters, each possessing unique
communities and behaviors. This task was used to examine the effects of viable cells and cell-
derived biochemistry on emulsification and stability in bilgewater.
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4.2.1  Culture selected microbes in the microfluidic reactor
4211  Sample matrix
Table 2 gives the sample matrix of the bilge emulsion using the SALVI microreactor for biofilm

culture and ToF-SIMS for analysis. These analyses were completed in the limited scope
project.

No. | Bacteria Description Status Priority Goal

1 Pseudomonas (P) Planktonic cells Done v Phase |
2 Biofilms Done v Phase |
3 Growth media Done v Phase |
4 Growth media with emulsion Done v Phase |
5 Arthrobacter (A) Planktonic cells Done \ Phase |
6 Biofilms Done N Phase |
7 Growth media Done N Phase |
8 Growth media with emulsion Done v Phase |
9 Cobetia marina (C) Planktonic cells TBD Phase Il
10 Biofilms TBD Phase Il
11 Growth media TBD Phase Il
12 Growth media with emulsion TBD Phase Il

Table 2. Sample matrix of biofilm and bilge emulsion interactions
4.2.1.2  Growth curve

The growth curves of each biofilm were established prior to any bilge and biofilm interaction
experiments. Details of these growth curves are necessary in the biofilm culture and they will
be reported in our manuscript reporting the biofilm and bilgewater interactions. Preliminary
findings were reported in SEMS in a previous quarterly report.

4.2.2  Study microbial biofilm effects on real bilgewater emulsions using
advanced imaging

4.2.2.1 Experimental setup

The objective of this experiment was to compare chemical changes between biofilm and
bilgewater exposed to biofilm. Pseudomonas fluorescens and Arthrobacter bacteria species
were selected and cultured to form biofilms in the microchannel within a SALVI microfluidic
reactor. Before culturing biofilm in a SALVI, each bacteria organism was cultured on agar
plates for 24 hrs. from frozen stocks. Then cultured bacteria was inoculated in 20 mL of fresh
LB medium contained in a 50 mL plastic tubes for 24 hr. incubation. The incubation condition
was 35 °C in a shaker with a rate of 150 rpm.

The incubated bacteria planktonic cell (10 mL) was injected into the SALVI setup illustrated in
Fig. 6 at a flow rate of 2 uL/min. After bacteria incubated media was injected to generate biofilm
within the SALVI channel, fresh medium was injected at 2 puL/min continuously. The fresh
medium injection and continued culture have been done in room temperature for three days.

After each organism’s biofilms within the SALVI microchannel had fully grown, the control
biofilm samples were collected in a tube at the end of the SALVI setup.

To expose bilgewater into fully grown biofilms, a 1:1 (fresh medium to bilgewater) medium

mixture was injected into the SALVI setup at 2 uL/min (Fig. 6). Bilgewater exposed biofilms
were collected from the collection tube after 24 hours, and this is the day 1 biofilm and bilge
interaction sample. After 48 hours another set of bilgewater exposed biofilm samples were

11



collected in the same manner (or day 2 biofilm and bilge interaction sample). This set of
samples were used to study the effect of biofilms on bilge emulsions over time.

; Emulsion Synthesis Biofilm Culture within SALVI
§ . ®

o il

* Culture bacteria biofilm in a SALVI device
* Infusion of 1:1 LB Broth : Bilgewater

= Mixing by Homogenizer for 2min. at 3500 rpm » Sample collection: Control, Day 1, and Day 2

* Sonication for 10 min.

ToF-SIMS Surface Analysis Data Analysis
; \
y = 4 |

FiG. 6. Schematic showing biofilm and bilge interaction experimental setup and sample collection.

Spectrum 2D Imaging

Count

]
m/z

The collected biofilms were placed on clean Si chips and dried in a biosafety cabinet (BSC) for a
couple of hours. Dried samples including LB media, control biofilms, bilge and biofilm mixture at
day 1, and day 2) were loaded into ToF-SIMS for surface analysis. Similar to Task 1, it is
important to establish mass spectra with high mass accuracy using static SIMS before
employing dynamic SIMS to study the liquid biofilm and bilge mixtures. We fully intend and plan
to continue task 2 and study the biofilm effect using in situ imaging tools permitted by additional
funding.

4.2.3 ToF-SIMS spectral analysis and comparison

Fig. 7 depicts SIMS spectral comparison of fresh bilge, LB broth, P. and bilge collected at day 2,
P. and bilge collected at day 1, and P. biofilm in the mass range 1-250 (a) and 250-500 (b) in
the positive ion mode. P. is the abbreviation of Pseudomonas. SIMS spectra show different
features for biofilms and bilgewater emulsions that have interacted with P. biofilm over different
periods of time. SIMS spectral features suggest time has an effect on the bilge and biofilm
interactions. This set of results is under further investigation to identify interesting peaks of
relevance to biofilms and bilge components. These results will be presented in a third
manuscript.

12
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4.2.4 Initial TOF-SIMS spectral PCA results of biofilms effects on bilge
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FIG. 8. ToF-SIMS spectral PCA results: a) PC1 vs. PC4 scores plot; b) PC2 vs. PC4 scores plot; ¢) PC1; d)
PC2; and e) PC4 loadings plots in the positive ion mode.
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Because of the nature of SIMS spectra and Poisson noise, PCA is considered a good approach
to decode its complexity. Fig. 8 depicts representative spectral PCA results including PC1 vs.
PC4 scores and loadings plots in the positive ion mode.

Specifically, PC1 separates P. biofilm and planktonic cell from the fresh/aged bilge and bilge
emulsions exposed to biofilms. PC4 separates the fresh and aged bilge and the bilge exposed
to biofilms over different times. Fresh bilge emulsion and bilge treated with biofilm for one day
are more similar (PC4 positive) compared to aged bilge and bilge treated with biofilm for two
days (PC4 negative). The similarity between planktonic cells and bilge interacted with biofilm
over one day suggests that the initial effect may come more from the planktonic cells than the
biofilms in day 1, which is supported by PC4 positive and associated loadings. In day 2, the
biofilm itself would exert more effect on the bilge as evidenced by loadings and similar scores in
PC4 negative. We are working on additional analysis and we plan to summarize findings in a
third manuscript.
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5.0 Summary and Recommendations

We successfully accomplished the proposed technical tasks in the limited SERDP project WP
18-1660. We demonstrated that the in situ correlative imaging of bilge emulsion is possible
using the advance chemical imaging techniques such as SEM and ToF-SIMS. We present two
key results in task 1. First of all, droplet size distribution of bilge emulsion seems to grow from
fresh to aged particles in water based on optical and in situ SEM imaging. Moreover, unique oil
and water interfacial information and evolution can be captured using in situ liquid SIMS. In task
2, we illustrated that biofilm effects on bilge could be probed using ToF-SIMS. We also find that
both planktonic cells and biofilms have an effect on the oil-in-water bilge changes.

To continue this research using advanced imaging techniques to understand bilge formation,
stabilization and breaking to establish more efficient wastewater treatment strategies, we
recommend the following,

1. Continue collaboration with NAVY and use the same bilge model developed by NAVY

2. Develop a droplet SALVI microreactor to permit in operando chemical imaging of oil-in-
water bilge formation, stabilization, and breaking using in situ SEM and in situ SIMS

3. Expand and optimize in situ PFG NMR to complement bilge droplet size distribution

4. Study the effect of surfactants on bilge using the in operando E-cell and build the
technical base for novel bilge separation

5. Investigate biofilm effects on bilge evolution further using in situ optical imaging and in
situ SIMS chemical imaging

We anticipate to obtain more fundamental understanding of the bilge stabilization and breaking.
More systematic conditions can be studied using the above approaches. Such information is
critical to develop new mitigation techniques or strategies for wastewater treatment of
importance to SERDP. The limited scope project generates sufficient results for three
manuscripts. One paper is already published, and two papers are in preparation. We also
trained a post bachelor research assistant, a graduate student, and a recent postdoctoral
research assistant in the process of this work.
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O Appendix

A. Published Chemosphere article

The following provides the accepted Chemosphere manuscript of the first ToF-SIMS
imaging and analysis of bilge emulsion.
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1. Introduction

Wastewater pollution has been a serious issue due to its wide-
spread damage to the ocean. Among various potential ocean

* Corresponding author,

Bilgewater is a regulated shipboard produced wasle stream that often contains oil-in-water emulsion,
Fundamental knowledge of emulsion surface changes is required for improved wastewater treatment;
however, limited information is currently available. We have reported the first surface characterization of
synthetic bilgewater emulsions using time-ol-flight secondary ion mass spectrometry (ToF-5IMS)
coupled with optical microscopy. A Navy standard bilgewater solution consisting of a hydrocarbon and
detergent mixture is used as the synthetic hilgewater emulsion model. Both fresh and aged emulsion
samples are analyzed to determine their droplet size distributions {DSDs) and surface chemical
composition. Our results show that [resh emulsions are largely mono-modal with hydrocarbon [rag-
ments as the main surface composition. Aged emulsions are also mono-modal with slightly larger size.
Both SIMS spectral comparison and Principal Component Analysis {PCA) show that some surfactant
components appear on the fresh emulsion surface while larger molecular weight components appear at
the aged bilge droplet surlace. Our results indicate that the oil-water interface evolves alter emulsion
droplet formation. More importantly, surface evolution not only changes the bilgewater DSD, but also
alters the surface chemical composition and reactivity,

© 2019 Elsevier Ltd, All rights reserved.

contaminants, bilgewater emulsions formed from various ship
compartments has been an issue of concern (McLaughlin et al.,
2014). The bilge of the vessel is the lowest space of the structure.
Liquid wastes created through daily shipboard activities drain and
are collected in a waste collection well. Typical bilgewater may
contain water, oil, detergent, grease, solvents, chemicals, particles,
and other materials (Ratledge, 1992) and is usually in a stable oil-in-
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water (O/W) emulsion form. These oil droplets can range from a
few micrometers to sub-micrometer in diameter. Due to their small
diameters, bilgewater emulsions either require system residence
times that are difficult to remove on shipboard or remain homog-
enous indefinitely. In addition, chemical bilgewater treatment is a
non-viable option due to the constant variability of bilgewater
influent (Chakrabarty et al., 2008). Because oil is entrained within
bilgewater emulsions, a more sophisticated process than conven-
tional skimming is required for emulsion breaking and oil removal,
such as using dissolved air floatation or electrocoagulation. Thus
development of methods and techniques to treat or to mitigate the
formation and undesired consequences of shipboard emulsions
(ie., development of targeted treatment technologies or shipboard
elimination of problematic surfactants} are urgently needed. In
order to develop effective bilgewater treatment methods, it is
important to understand the evolution at the oil and water liquid-
liquid interface after bilgewater emulsions form.

There has been some recent efforts to understand O/W emulsion
stability and chemical properties. Stabilized emulsions were
recently investigated using two different surfactants to determine
the effect of surfactant classification and salinity on emulsion for-
mation and stability (Church et al., 2017). In another study, a stable
0/W emulsion was characterized using sorbitan monooleate as the
emulsifier, and it was found that the emulsion stability changed in
correlation with emulsifier dosage, O/W ratio, stirring intensity, and
temperature (Chen and Tao, 2005). These studies utilized surfac-
tants and physical stirring tools (i.e, homogenizer, sonicator) to
synthesize stable O/W emulsions.

To measure synthetic O/W emulsion stability, various charac-
terization parameters, including contact angle, pH, oxidation
reduction potential, and droplet size distribution need to be cross-
evaluated. Increasingly, multiplexed characterization approaches
are considered for in-depth understanding of emulsions (Chen and
Tao, 2005; Church et al., 2017). However, emulsion droplet surface
changes are non-obvious using bulk approaches.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS} is a
versatile surface analysis tool, and it can provide detailed
elemental, molecular, and isotopic mapping of solid surfaces, thin
films, or gas-solid interfaces. ToF-SIMS has been used in surface
characterization in many applications such as biological cells, pro-
teins, biofilms, corrosion, various materials (e.g., silicon wafer,
polymers, and nanomaterials) and particles (Fuet al,, 2018; Yuetal,,
2018; Ding et al,, 2019). In addition to spectral analysis, ToF-SIMS
provides a two-dimensional (2D} and three-dimensional (3D)
chemical mapping of surfaces (Sui et al, 2017). Although many
types of surfaces have been characterized using ToF-SIMS, emul-
sions have not been widely studied using this approach (Davies
et al., 1996).

Bilgewater is highly variable and can contain any percentage of
portable water, seawater, and oils. As an initial study of bilge using
advanced surface analysis, we will focus on the established NAVY
synthetic bilge model (Church et al., 2017 ). Factors like salinity or
pH will be pursued in the future. In this study, oil DSD changes
between aged and fresh bilgewater emulsions were imaged using
optical microscopy, and emulsion DSD was determined using an in-
house droplet count Matlab software. The bilgewater surface
changes between fresh and aged synthetic emulsions have been
characterized by ToF-SIMS.

2. Material and methods
2.1. Bilgewater composition

The same procedure used in previous synthetic bilgewater
generation studies have been adapted to study the emulsion
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surface changes in this work (Church et al., 2017). The synthetic
emulsion sample consisted of a liquid mixture of 10mL Navy
Standard Bilge Mix (NSBM) #4 abbreviated as oil mix herein and
1 mL of detergent mix. The oil mix consists of 50% diesel fuel marine
(MIL-PRF-16884 N), 25% 2190 TEP steam lube oil (MIL-PRF-17331K),
and 25% 9250 diesel lube oil (MIL-PRF-9000L). The detergent mix
consisted of 50% type 1 general purpose detergent (MIL-D-16791G
(1)), 25% commercial detergent Tide Ultra (liquid), and 25%
degreasing solvent (MIL-PRF-680C, Type IlI). The oil mix and
detergent mix were provided by the collaborators at the Naval
Surface Warfare Center, Carderock Division.

2.2, Optical microscopy and size determination

The DSD of the synthetic bilgewater emulsion was analyzed
using an optical microscope (Nikon Eclipse TE2000-U). To obtain a
clear individual oil droplet image, the emulsion sample was diluted
with a ratio of 20 (deionized water, DI):1 (emulsion). Representa-
tive optical images of a fresh and 6-day aged emulsion sample are
provided in Fig. 1. The DSS was determined using a Matlab program.
More details are seen in supplementary information (SI).

2.3. ToF-SIMS surface analysis

A series of dry emulsion samples were prepared for ToF-SIMS
analysis. Details of each sample are given in Table S1. A ToF-SIMS
V instrument (IONTOF GmbH, Miinster, Germany) was used. The
pressure of the main chamber was maintained at ~1 x 10 ® mbar
during analysis. The primary ion beam was a 25keV Bif with
10 kHz pulse energy. The pulse width was 0.8 ns and the current
was ~0.6 pA. SIMS spectra were acquired by rastering over an area
of 500 x 500 pm? for 60 scans.

ToF-SIMS data was processed using the IONTOF Surface Lab 6.3
software. Calibrated spectra were exported to Origin Pro {(2017) for
plotting. Analysis reproducibility was verified (see Figs. 53 and 54).
Spectral principal component analysis (PCA) was conducted using
Matlab (version R2018a). Prior to conducting spectral PCA, SIMS
spectral data were treated by mean-centering, normalization to the
total ion intensity of selected peaks, square-root transformation
(Sui et al, 2018). Additional experimental details are seen in SL

3. Results and discussion
3.1. DSD of fresh and aged bilgewater

Fig. la &b depict a representative example of fresh and aged
bilgewater droplets imaged using optical microscopy. The summary
of optical microscopy DSD determination is provided in Table 52.
Bilgewater emulsion droplet size seems to grow overtime. The
average mean diameter of fresh bilge is 1.26 um, and the aged is
1.38 pm. Both emulsions are monomodal. Coalescence seems to be
a factor contributing to the size change from fresh bilge to aged
bilge by comparing the optical images.

3.2. Bilgewater surface characterization

Fig. 2 depicts ToF-SIMS spectral comparison of fresh emulsion,
aged emulsion, oil mix, detergent mix, and the Si substrate control
(abbreviated as control herein) in the positive ion mode. Fig. 511
shows comparison of mjz™ 500—-800. Additional negative spectral
comparisons are depicted in Figs. S10a-510¢,

Two trends are observed in Fig. 2. First, both oil mix and
detergent mix contribute to the fresh and aged emulsion in the
lower mass region (mjz* 1-250). Fresh and aged emulsions have
hydrocarbon peaks, such as mjz" 41.038 C3HZ, 55.054 C4H¥, 57.071
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Fig. 1. Representative optical image of fresh (a,

C4Hg, 71.088 CsHyy, 91.047 C;H7, and 105.066 CgHd. Specifically, oil
mix component peaks, such as mfz" 27.022 CaHjy, 29.038 C3Hs,
67.053 CsHF, 69.071 Cs5Hg, 81.069 CsHd (Li and Parnell, 2003) and
detergent mix peaks (ie, mjz' 22990 Na', 45033 C3Hs0")
contribute to the fresh and aged emulsion surface, suggesting that
the oil and detergent components immediately appear at the sur-
face of fresh bilge droplet and persist on the aged bilge droplet.

Second, pseudo-molecular ions [M+H|™ peaks from the key
components of detergents are observed and identified in the
detergent mix, fresh bilge, and aged bilge emulsions in a wider m/z
range (Figs. 2 and S11). For example, components of Triton mfz™
251153 Cy5H2702 and polyethylene glycol mfz* 107.085 C4Hy,04.
More detailed information is summarized in Table 53.

For the relatively higher masses (i.e., mjz™ = 500), contribution
from the oil mix to the emulsion surface is not as significant as the
detergent mix. Distinct detergent peaks such as mfz* 507276
CasHg44011Na', 551303 Ca4H4g013Na’', 595323 CaeHs2053Na’,
639.347  CygHs014Na™, 683370  CygHgnOysNa®,  727.394
C32Hg40q6MNa™, 771.417 Ca4Hpz0q5MNa™ are identified as fragments of
D-tocopheryl polyethylene glycol succinate (TPGS, an efficient
emulsifier) (Kong et al,, 2011; Lu et al, 2013; Khare et al., 2016).

The intensity of these emulsifier peaks in aged emulsion is
higher than that in fresh emulsion, indicating that the emulsion
surface composition evolves over time. These dominant detergent
peaks with larger molecular mass (mfz ' > 500) provide direct evi-
dence that surfactants with higher organic mass migrate into the
surface after being inside the droplet initially. The SIMS spectral
features suggest that the lower mass surfactant components (Figs. 2
and 511) necessitate emulsion formation, thus they appear on the
fresh emulsion surface immediately. In contrast, relatively larger
molecular weight components take longer to migrate to the droplet
surface as observed in aged emulsions. In other words, "aging’ effect
also changes chemical compositions of emulsion droplet surface

A4

b) and aged (c, d) synthetic bilge emulsions.

besides changing the droplet size.

In addition, some species (i.e, m/z" 238.148, 334.334) only
appear in fresh emulsion, and others only exist in the oil mix (e.g.,
mfz" 271222 C7H3502). Such observation suggests that new
organic species are formed on the emulsion surface as oil mix
components are consumed and interacted with detergent mix and
water over time. This is not surprising as secondary organics are
known to form as a result of oxidation from primary organics such
as hydrocarbons in ambient conditions (Waxman et al, 2013;
Alpert et al., 2017). This finding indicates that reactions may take
place at the emulsion surface, although these new components are
not fully identified yet. Spectral comparisons in the negative ion
mode (Figs. 510a—510c) give similar observations and support the
findings in the positive ion mode.

3.3. Surface evolution confirmed by PCA

All peak spectral PCA was conducted to confirm the spectral
observation and identify additional features among emulsion
samples and their components. PC1 explains 48.72% of data and
mainly separates the Si substrate control and detergent mix from
aged bilge, fresh bilge and oil mix. PC2 explains 30.92% of data and
mainly separates the detergent mix from aged bilge, fresh bilge, and
oil mix (Fig. S12a). PC3 as another important component explains
17.38% of data, and it separates oil mix and detergent mix from
fresh and aged bilge. Comparing scores and loadings plots of the top
five PCs, PC1, PC3, and PC4 give the most interesting results.
Fig. 3a—e give the scores plots of PC1 vs PC3 and PC3 vs. PC4 as well
as their loadings plots in the positive ion mode. Additional PCA
results are shown in Figs. 512-513.

0il components are expected at the bilgewater emulsion sur-
face. PC1 negative loadings share commonalities for oil mix, fresh,
and aged bilge emulsions (Fig. 3a). This finding verifies that the oil
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mix is indeed an important component leading to the formation of
bilgewater emulsion. Some characteristic peaks identified as com-
ponents of the oil mix include hydrocarbon fragments such as mjz”
67 CsHY, 69 CsHd, 81 GgHE, and 119 CgHy; 04, In the relatively
higher mass range (i.e., 200 < m{z™~ < 500), some characteristic oil
mix peaks are mfz' 227 C13H2304 and 271 Cy7H3504. PC1 positive
separates the detergent mix from the oil mix, fresh bilge, and aged
bilge emulsions. Similar to the oil mix, some characteristic deter-
gent peaks appear immediately at the fresh emulsion surface, for
example, TPGS fragments including mjz" 287 CjzHz40gNa’, 331
c-ml [2307Nﬂ+, 375 C]sI |3203N3_, 419 C1sl |3509Nﬂ+, and 435
CigH3600Na’, 463 CpHaoOoNa ', and 479 CzoHap011Na . Most of
them persist in the aged emulsion. Unlike the oil mix, the detergent
mix components have more contribution to the fresh and aged
emulsion in the higher mass organics, some examples are the TPGS
fragments, such as mfz* 507, 551, 595, 639, 683, 727, and 771.

Fig. 3a depicts the PC3 vs. 'C4 scores plot. The detergent mix has
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some components found in the oil mix. It is not surprising that oil
mix and detergent mix components share some commonalities in
PC3 negative. Peaks such as mfz" 23 Na*, and 59 C3H,0" are
representative of detergent components. Fresh and aged emulsions
share commonalities in PC3 positive. Some representative peaks
are mfz 55 C4H4, 67 CsHY, 69 CsHg, 81 CgHg, and 107 C4H 04,
which are hydrocarbon fragments as components of the oil mix (Li
and Parnell, 2003). Other peaks contributing to this distinction are
from the detergent mix including but not limited to TPGS emulsifier
fragments as discussed earlier.

PC4 negative loadings in Fig. 3b and c shows distinct peaks of
aged emulsion (e.g., mfz " 212, 230, 258, and 445), consistent with
spectral comparison. Some peaks only exist in fresh emulsions as
indicated in PC4 positive in Fig. 3¢, for instance, mfz~ 334. Many
surfactant peaks appear both in aged and fresh emulsion surfaces,
however, a few peaks only appear in the aged emulsion such as, m/
27 212, 230, 258, and 445, giving the evidence that new products
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and PC4 loadings plots in mfz® 0-250 (), 250-500 (d), and 500-800 (e). Peaks are labelled in their center masses.

are formed during surface aging. Without the MS-MS SIMS capa-
bility (Fisher et al., 2016), it is difficult to unambiguously determine
all the organic peaks at this time. Regardless, this finding shows the
chemical surface change of O/W bilgewater droplets over time,
Some surfactant peaks only appear in the fresh emulsion but not in
the aged emulsion peaks. We postulate these peaks are consumed
and form larger organic mass or secondary organics in the aged
emulsion. This hypothesis requires verification with additional
experiments using in situ liquid SIMS in the next step.
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3.4. 2D bilgewater surface aging

Fig. 4 depicts the 2D comparison of selected key peaks observed
in the fresh and aged bilge emulsion (Fig. 4a and b) in relation to the
o0il mix and detergent mix (Fig4. c and d) in the negative ion mode.
The redder color indicates higher relative ion intensities and darker
color lower intensities. The 2D image comparison results support
the spectral observations in the positive ion mode. First, some
component peaks of the oil mix and detergent mix are persistent in
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Fig. 4. Normalized 2D image comparison of key peaks in the negative mode: {a) aged emulsion sample, (b} fresh emulsion sample, (¢} oil mix and (d) detergent mix sample.

Normalization is done 1o the total ion intensities.

fresh and aged emulsions. Some examples include but not limited
to the following, fatty acid m/z~ 101.040 CsHg03, 115.065 CgH103
and  polyethylene glycol (eg, mfz- 105067 C4He03,
149.053CgH;303 ). Second, surfactant components that are verified
as the key components of the detergent mix seem to have higher
contribution to the aged emulsion than fresh emulsion. For
example, mfz  265.152 Cy3H604P |, 337.212 CypH3304, and 425.276
C24H4:0¢ have higher relative intensities as the emulsion surface
ages over time compared to the fresh one.

2D image comparisons of selected key peaks in the positive ion
mode (Fig. $14) give similar observations and support the findings
in the negative mode. Detailed information is in SL

4. Conclusions

In conclusion, we have conducted the first surface character-
ization of synthetic bilgewater emulsions using a Navy model with
coupled optical microscopy and ToF-SIMS. Our findings suggest
that the aged emulsion not only grows in size but also has signifi-
cant surface compositional changes. Both oil and detergent com
ponents appear in the emulsion surface as soon as fresh droplets
form as expected. Higher mass organics from the surfactant com-
ponents appear at the droplet surface as droplets age. Surface
oxidation is another factor that modifies the emulsion chemical
makeup over time, however, this effect is not significant. This is
probably because the samples were prepared in a well-controlled
nitrogen drying environment. Drying has an effect on the emul
sion analysis results (Fu et al., 2018; Sui et al., 2018). One of the most
significant effect is loss of the water phase. Although we can map oil
and detergent components using the ToF-SIMS mass spectrometry
imaging of dry emulsion samples, it is not possible to study the
water phase in the O/W emulsion using static SIMS. Therefore, in
situ liquid SIMS is planned to probe the dynamic oil-water liquid-
liquid phase evolution in the near future.
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Liquid ToF-SIMS revealing the oil, water, and
surfactant interface evolutiont
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Xiao-Ying Yu (=

Bilge water from ships is regarded as a major pollutant in the marine envircnment. Bilge water existsin a
stable oil-in-water (/W) emulsion form. However, little is known about the O/W liquid—liquid (-1} inter-
face, Traditional bulk characterization approaches are not capable of capturing the chemical changes at
the O/W || interface, Although surfactants are deemed essential in droplet formation, their roles in bilge
water stabilization have not been fully revealed. We have utilized novel in situ chemical imaging tools
including in situ scanning electron microscopy (SEM} and in situ time-of-flight secondary ion mass
spectrometry (ToF-SIMS} to study the evolving O/W interface using a NAVY bilge model for the first
time. The droplet size distribution (DSD} does not change significantly without the addition of X-100
surfactants under static or rocking conditions. Both the eil components and the water clusters are
shown to evolve over time at the O/W droplet interface by in situ liguid SIMS imaging. Of particular
interest to droplet stabilization, the contribution of surfactants to the aged bilge droplets becomes more
significant as the droplet size increases. The migher mass surfactant component does not appear on the
dronlet surface immediately while many lower mass surfactants are solvated inside the droplet. We have
provided the first three-dimensional images of the evolving O/W interface and demonstrated that in situ
surface chemical mapping is powerful enough to reveal the complex and dynamic |- interface in the
liquid state. Our observational insights suggest that surfactants are important in mediating droplet
growth and facilitating effective separation of bilge water emulsion.

difficult using physical methods, especially when the diameter
of the emulsified oil droplet is below 20 pm.” Known methods

Due to rapid development of sea transportation, pollution in
the marine environment has caught attention worldwide. Bilge
water, a wastewater mainly formed from ships, is regarded as a
major pollutant to the marine environment."™ Typically, bilge
water is a mixture of seawater, oily fluids, detergent fluids,
lubricants, particles, and other similar wastes; and it usually
exists in a stable oilin-water {{/W) emulsion form.*” It con-
tains hazardous substances and can cause damage to the water
quality and endanger the environment. Moreover, it is toxic to
aquatic biological systems as well as human health. Several
chemical and physical methods have been developed to treat
bilge water, such as flotation, separation by centrifugation,
filtration, and ecoagulation.® However, the treatment of bilge
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of bilge water treatment are not efficient universally, including
ultrafiltration, wet air oxidation, electrocoagulation, the use
of biotechnology, and membrane distillation.*"*"* Thus,
new methods to treat bilge water are urgently needed. To
facilitate method development, it is important to understand
the properties of bilge water emulsion, including the for-
mation, stability, breaking, and evolution of emulsion droplets
at the O/W liquid-liquid (I-1) interface under conditions
relevant to onboard ships.'***

A few recent papers reported experimental studies of O/W
emulsion stability, Optical mier py including focal
laser scanning microscopy, atomic force microscopy, and
seanning electron microscopy (SEM) were used to characterize
O/W emulsions.'®™? Salinity and pH were shown to be asso-
ciated with emulsion breaking and separation processes.'**"
The emulsifier dosage, ratio of oil to water, stirring intensity,
emulsifying temperature, and mixing time also have an effect
on droplet stability using conventional measurements,”'**
However, the evolution of chemical changes at the O/Ww
I-1 interface cannot be characterized using known bulk
approaches.
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Our group developed a novel vacuum compatible microreac-
tor, or System for Analysis at the Liguid vacuum Interface
{SALVI}, enabling multimodal imaging of liquids using vacuum
instruments.” ™ In situ liquid time-offlight secondary ion
mass spectrometry {ToF-SIMS5) has proven to be a powerful tool
to study liguid surfaces, air-liquid {a-1}, -1, and solid-liguid
interfaces. It provides detailed elemental, molecular, and iso
topic mapping of the surface or interface in biology, materials,
and the environment. ToF-SIMS itself provides more than one
mode of measurement, offering spectral, two-dimensional (2D},
and three-dimensional {3D) chemical mapping of surfaces and
interfaces.”

To further the emulsion interfacial research using in situ
imaging and based on our recent dry SIMS surface character
ization, we propose the following hypotheses of the evolution of
the O/W interface in bilge water emulsion: (1) water plays a
eritical role in the O/W interface; (2) low mass oil and detergent
components {i.e., m/z" 0-250) and relative high mass surfactant
components {iLe., mjz" 250-500) appear immediately in the
fresh bilge water surface and persist in the aged bilge water;
{3) high mass surfactant components {i.e., m/z" 500-800) may
take time to migrate to the surface; and {4) surface surfactant
composition has an effect on the emulsion DSD. This work is
the first in site chemical imaging study of emulsion using new
chemical imaging tools including in site scanning electron
microscopy {SEM) and in situ ToF-SIMS, In situ liquid SEM
has been first used to determine the change in droplet size
distribution {DSD} of oil droplets between fresh and aged bilge
water emulsions. fn situ liquid SIMS has been used to study the
evolution of O/W emulsions at the 1-1 interface as the surface
ages and given visualization of the surfactant, oil components,
and water in the liquid state. Optical microscopy was used to
quickly assess the effect of surfactants on the DSD evolution of
bilge water with and without X-100 enhancement over the
course of six days.

Experimental

w T<h 1 n

Components of the oil mix and detergent mix were provided
by our collaborator at the Naval Surface Warfare Center,
Carderock Division; and they were used to generate synthetic
bilge emulsion. The synthetic emulsion consists of a liquid
mixture of 10 mL oil mix {Navy Standard Bilge Mix {NSBEM) #4)
and 1 mL detergent mix, The detailed procedure has been
reported previously.'® Briefly, the oil mix contains 50% diesel fuel
marine {MIL-PRF-16884N), 25% 2190 TEP steam lube oil {MIL-PREF-
17331K), and 25% 9250 diesel lube oil {MIL-PRF-9000L). The
detergent mix contains 50% type 1 geneml purpose detergent
{MIL-D-16791G (1)), 25% commercial detergent Tide Ultra {liquid),
and 25% degreasing solvent {MIL-PRF-680C, type II)." Fresh hilge
refers to emulsions prepared following the reported procedure
and immediately followed by in situ analysis without sitting or
rocking. Aged bilge refers to emulsions analyzed 24 h after
preparation. To study the effect of surfactants, a bilge sample
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was prepared with extra X-100 surfactants compared to the
NAVY recipe. This sample is referred to as X100 + fresh bilge.
More details of all the liquid emulsion samples are given in
Table §1 (ESIY).

The prepared bilge liquids are injected into the SALVI
microchannel prior to in situ SEM and in situ liquid ToF-SIMS
chemical imaging. Optical microscopy was also used to obtain
images for DSD determination. To obtain clear images of
individual oil droplets, the emulsion sample was diluted using
deionized {D1) water before in site SEM imaging and optical
imaging. As a comparison, dried droplets were analysed using
static ToF-SIMS to offer better mass accuracy. Additional
experimental details of static ToF-SIMS sample preparation
were presented pwvi()usly’s and in the ESLY

SALVI device fabrication

The details of SALVI device fabrication were described in our
previous publications.*** In general, the SALVI device consists of
a polydimethylsiloxane (PDMS) block with a 200 pm {width) =
300 pm {depth) microfluidic channel inside, a 100 nm thick
silicon nitride {SiN) membrane (Norcada, Canada) with a window
of 1.5 » 1.5 mm” on a supporting silicon frame {7.5 = 7.5 mm?).
In addition, PTFE tubing is used to introduce a liquid to the
microfluidic channel. Fig, 1¢ and d show the schematic of
SALVI coupled with in situ liquid SEM and in siti liguid SIMS,
respectively.

In situ liquid SEM

The SiN membrane detection window of the SALVI device was
coated with 10 nm thick carbon prior to in sity SEM imaging to
reduce the charging effect. The microfluidie device was injected
with approximately 100 pL liquid sample {e.g, bilge water
emulsion) and sealed with a PEEK union. The loaded SALVI
device was mounted on the SEM stage and stabilized with
double-sided copper tape to further reduce charging. More
details were reported previously.”™** The backscattered elec-
tron {BSE) images were acquired in the high vacuum mode. The
vacuum in the chamber was maintained at ~4 = 10 * Torr.
The accelerating voltage and current were set at 20 kV and
0.11 nA, respectively.

‘The SEM images of the bilge droplets were pre-processed
using Image] to enhance the contrast. The image analysis of the
DSDs of fresh and aged emulsions was done by fitting the data
with a lognormal distribution model in MATLAB {MathWorks,
MATLAB 2018b}. The lognormal model is often used as a default
maodel for regression analysis of particle size.”” Table 52 {ESIT)
provides fitting results of the DSD obtained from in sity SEM.

Optical microscopy

Optical mieroscopy {Nikon Eclipse TE2000-U) was used to study
the effect of surfactant on the droplet size growth in bilge water
emulsion with and without X-100 over six days under both
static and rocking conditions. In static conditions, the emul-
sion mixture was allowed to sit in the hood for six days and an
aliguot was taken from the mixture for DSD determination
daily. No additional sonication was used before analysis.
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Fig.1 The schematic showing bilge water and liquid sample pregaration for multimedal imaging analysis: (a) liquid bilge water emulsions after
mechanical mixing and sonication; (b] a SALVI device filled with emulsion; (c] in sitis liquid SEM measurements of bilge water; [d) in siti liquid ToF-5IMS
analysis of bilge water; [e) DSD determination using in situ SEM; and () a representative ToF-SIMS mass spectrum and 3D image.

During rocking, the emulsion mixture was stationed in a plat
form shaker {INNOVA 2300, New Brunswick Co., Inc.) to shake
at 180 rpm continuously for six days and DSD determination
was determined daily. All samples were analysed using
1000 times of magnification and droplet images were collected
using a digital CCD camera {Hamamatsu, C4742-95-12HR) on
an inverted microscope {Nikon Eclips TE2000-U). The pixel size
information was processed and given by the MemMurph'x’
software with a resolution of ~92 nm. The camera captured
images at 4000 {H) by 2624 (V) pixels. At least six images were
acquired for each sample. A Matlab program was used to
determine the DSD {Table 83, ESIF).
ToF-SIMS
A ToF-SIMS V instrument {(IONTOF GmbH, Miinster, Germany)
was used for in situ liquid SIMS. During liquid ToF-SIMS, the $iN
membrane was punched through using a pulsed Bi;" ion heam
{25 KeV, 10 kHz, pulse width 150 ns). As the primary ion beam
made a hole of 2 pm in diameter on the SiN membrane, the SIMS
image of the liquid surface was collected for 100 s for 2D and 3D
image analysis. Then the Bi;" ion beam continuously sputtered on
the liquid surface for 200 s with a reduced pulse width of 80 ns to
acquire spectral measurements, Before each analysis, the 1 KeV
0," beam was used to clean the SiN membrane with a scanning
area of 200 um > 200 pm to remove surface contamination from
the atmosphere. At least 4 data points were acquired for each
sample in the positive and negative ion mode, respectively. The
main chamber pressure was maintained around 4 » 10 7 mbar
during analysis. The analysis depth of liquid ToF-SIMS is approxi
mately less than 10 nm."**%" Fig. 83 and 84 (ESIt) show the
reproducibility of the liquid ToF-SIMS mass spectra. During
static ToF-SIMS analysis of dried emulsion samples, a standard
procedure was followed.™

The ToF-SIMS mass spectral data was processed using IONTOF
Surface Lab 6.3 software. The mass spectra were calibrated
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using OH {mfz 17), SIGH;O0 {miz 73), Si.CsHeO5 {miz 149),
and 8i;C:sH50,  {mfz 223) in the negative mode; and CH'
{mjz" 15), (CH3}sS1" (miz" 73}, §L,0OCsH,s" {miz" 147}, Si3CsH,504"
{mjz" 207), and Si;0,C;Hs" {m/z" 281) in the positive mode,
respectively. Spectral principal component analysis {PCA} was
conducted using MATLAB software,

In the first round of PCA, the known interference peaks were
removed, for example, miz 1 H , 12 CH , 16 O , 24 C; ,
25 C,H ,288i ,298iH , 41SiCH ,SiCH, ,448i0 ,45S8i0H ,
58 SICH,0 , 59 SICH;0 60 Si0, , 73 SiCLH.0 |, 75 SiCH;0, ,
149 Si,CyHaOy , 163 Si,CyH,50s , 223 SiyyCiH,s0, , and
237 S8i3C;H; 05  in the negative mode; and mfz" 28 S§i°,
59 CH,S5i0°, 73 {CHg)s5i", 147 S8i,04H,;", 207 Si3C3H,05,
281 5i,0,C;H.,", 369 8i;0,C,,Hs,", 209 Bi', 418 Bi,", and
657 Bi;" in the positive mode. In the second round of PCA,
peaks were selected using the following criteria: (1) the inten-
sity of the peak in the ToF-5IMS mass spectrum was signifi-
cantly higher than its neighboring peaks {ie, SN =3);
{2} product peaks were identified using reference spectra of diy
samples in the static SIMS analysis;'® {3) known water cluster
peaks; and (4] the peaks in the SIMS mass spectrum with m/z" or
mfz > 40. The mass calibrated data were treated by normalization
to the total selected ion intensity, square-root transformation, and
mean entering before running spectral PCA*®

Results and discussions
In situ SEM determination of DSD

Fig. 2 depicts the representative SEM BSE images of the fresh
and aged bilge droplets. Fig. $1a and $1b (ESIt] show more
SEM results. Both fresh and aged bilge have mainly mono-
maodal size distribution. Table 52 (ESIt) gives the summary of
the DSD determination using in situ liquid SEM. The measure-
ments illustrate that bilge emulsion droplets change slightly in
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Fig. 2 Representative in situ liquid SEM images (a and b) and histograms showing fresh and aged bilge DSD determination using the lognormal (c and d)

and bimodal Gaussian distribution (e and f), respectively

size over time. The SEM images show that the droplet increases
from the mean diameter of 1.69 £ 0.43 pm in the fresh bilge to
3.12 £ 0.26 pm in the aged one after one day using the bimodal
fitting. When using the lognormal distribution to analyze
DSD, the results are slightly different, ie, 1.98 £ 0.55 um
and 3.35 £ 1.06 pm for fresh and aged bilge emulsion,
respectively. The results using bimodal and lognormal fittings
are slightly different, however, showing a similar trend. This
finding confirms that the droplet does not remain the same
onee formed and changes over time.

Coagulation does occur even in fresh bilge emulsion. A
bimodal Gaussian distribution fit was conducted combining
all valid in situ SEM images (Fig. 2. The observations show that
only a small percentage of bilge droplets quickly coalesce. The
bimodal fitting results suggest that the majorities of drops are
in the primary mode, ie, 1.57 = 0.51 pm and 3.15 + 1.49 pym
for fresh and one-day aged bilge emulsion (abbreviated as aged
hereafter). The secondary mode is 3.81 + 1.79 pm for fresh and
25.33 + 1.61 um for aged bilge emulsion. Thus, the lognormal
fit is reasonable to explain most data. Larger droplets are easier
to handle in bilge water separation. Fresh and aged bilge water
emulsions tend to be less than 4 um, thus not so easy to treat.
We focus on the in situ surface chemical analysis of the primary
mode or the smaller droplets with a diameter of one to several
micrometers in this work.

Bilge water DSD evolution

Optical microscopy was used to quickly assess DSD evolution of
bilge water with and without X-100 addition over the course of
six days at static and gently rocking conditions {Fig. 52a and b,
ESIY). In static conditions, DSD increased from 1.29 + 0.51 pm
from the freshly prepared bilge to 1.87 + 1.03 pm for that on
day 6 without the addition of X-100 {Fig. 52a, ESIT). When adding

Chem. Chem. Phys., 2020, 22, N771=1

X-100, coagulation was immediately significant. The DSD in the
latter case ranged from 4.66 + 472 pm from the freshly
prepared emulsion sample to 17.54 + 50.64 um on day 6. The
X-100 surfactant seems to have a more significant effect on the
emulsion DSD growth compared to just time alone. The large
variance of DSDs in the X-100 enhanced bilge water sample
shows that extremely large droplets frequently form under
static conditions. This observation suggests that the X-100
surfactant can promote coagulation of droplets to a large size
randomly as time elapses.

In contrast, when gently rocking the bilge water samples with
and without X-100 surfactants, the results are different. The DSD
does not change significantly for bilge water as expected (Fig 52b,
EslIt), because shaking helps prevent coagulation and mimics the
gentle collisions encountered in flowing water. However, when
adding X-100 surfactant to the bilge water, the DSD under rocking
conditions shows a growth pattern in six days despite a slight
delay compared to that in static conditions. The droplets grow
from 5.17 + 576 pm to 19.01 + 15.60 pm. This finding supports
the hypothesis that surfactants like X-100 have a significant effect
on the emulsion DSD growth mainly by mediating the surface
chemistry. In addition, coagulation is significant in rocking
conditions, like in static conditions, In contrast, the DSD grows
much larger when adding extra X-100 surfactant to the bilge
water, further illustrating the effect of surface chemistty on DSD
change. More information on DSD is summarized in Table S3
{ESIt}. In the following, we focus on the effect of surfactants on
the evolved O/W interfacial chemistry.

In situ ToF-SIMS imaging of the O/W interface

Looking into the positive ion mass comparison plots (Fig. 3
and Fig. 85, ESIf), oil components are observed in the fresh
bilge, aged bilge, and X-100 + fresh bilge in the low mass range
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Fig. 3 in situ liquid ToF-5IMS spectral comparison of synthetic bilge water emulsions and key components in mifz* 0=250. Green, red, and blue bars

represent oil, detergent, and water cluster peaks, respectively.

{i.e., miz" 1-250). Most of the characteristic peaks are identified as
hydrocarbon fragments, such as mz" 41 C3H;', 57 CiHy', 67 C;H',
69 CgHy', 71 CgH,y,", 81 GgHy', 91 C;H,', 105 CgHy', and 121
CoHys'. In the higher mass range {ie., m/z" 250-500}, only a small
fraction of high mass peaks from the oil mix are observed in the
fresh bilge, aged bilge, and X100 + fresh bilge samples. In the high
mass range {ie., miz’ 500-800), no significant oil peaks are
observed in the bilge samples. We previously studied dried bilge
samples using static ToF-SIMS and hypothesized that the bilge
surface would evolve over time."® However, water is lost in dry
sample analysis. In this work using liquid SIMS, our results provide
a more direct evidence that oil components mainly contribute to
the peaks in the low mass range. They appear immediately in the
fresh bilge surface and persist in the aged bilge. Lower mass peaks
of the detergent components have a similar behavior. In contrast,
higher mass detergent components show different behaviors.

Spectral composition between static and in situ ToF-SIMS

High mass resolution analysis using dry samples was performed
to provide confident reference spectra for peak identification in
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liquid ToF-SIMS. The details of dry sample preparation, static
ToF-SIMS analysis, and peak identification were reported
recently.’” Comparisons of the peaks in static dry samples and
dynamic liguid samples show that the mass to charge {m/z)
ratios are in good agreement. Thus, peak identification using
unit mass in liquid SIMS is reasonable, and it is based on
reference spectral analysis in static ToF-SIMS with a higher mass
aecuracy. The key peak identification is presented in Table 1 and

more information is shown in Tables 54 and 85 (ESIf).

Oil and detergent components in bilge water

Fig. 3 and Fig. S5 {ESIf) depict the liquid SIMS speetral
comparison of the fresh bilge, aged bilge, X-100 + fresh bilge,
oil mix, detergent mix, and DI water in the positive ion mode.
Detergent mix and oil mix share some common peaks in the
low mass range {ie., m/z" 1-250); and most of them are
identified as hydrocarbon peaks, such as m/z" 41 CHs',
57 C4Hs', 71 CsHyy', 91 C5H5', 105 CgHs', and 121 CoHys'™.
Several high peaks are observed in the detergent mix in the
relative high mass range {m/z" 250-500]}, such as m/z" 331, 347,
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Table 1 Key possible peak identification in the positive and negative mode

Mz’ e M, Formula Chemical description  Ref.
41.039 41 CyHL" Hydrocarbon 19
42,055 43 CH;" Hydrocarbon 19
55.055 55 C.H;" Hydrocarbon 39
57070 a7 C,Hy" Hydrocarbon 39
67.055 67 CeH," Hydrocarbon 39
69070 69 ey Hydrocarbon 19
71.086 71 CsH,,” Hydrocarbon 39
S1.070 a1 CgHy™ Hydracarbon 39
91.055 91 C;H;" Hydrocarbon 39
105070 105 CgHy" Hydrocarbon 39
121.102 121 CoHis" Hydrocarbon 39
243.121 243 CypHag O Na* Fragment of TPGS 15
507.278 507 CyHy0y,Na®  Fragment of TPGS 10
551.304 551 CogHys0Ma™  Fragment of TPGS 10
595.330 595 CagHsaOyaNa™  Fragment of TPGS a0
639.356 639 CagHegO, Na'  Fragment of TPGS a0
683.382 653 CypHgeOyNa™  Fragment of TPGS 40
L exace M abe Formula Chemical description Ref.
49.008 a9 C.H™ Hydrocarbon @
63.023 63 CgHy Hydrocarbon @
79.055 79 CgH. ™ Hydrocarbon “
105.055 105 CaHy0y Polyethylene glycol N
205217 205 CraHagDs™ Polyethylene glycol b
221.061 221 CraHy04” Diethyl phthalate N
255.232 255 CyaHa 0y m-Hexadecanoic acid a
325.063 325 CogH, 0P Triphenyl phosphate o
337.238 337 CaHy 0, Triton X-41 ¥
425.290 425 CagHyrOg Triton X-45 b
513.343 513 CagHyOg Triton X-114 b

“ Based on the molecular weight. ¥ Reference is from the PubChem
database.**

419, and 463. However, they are not observed in the fresh bilge,
aged bilge, or X-100 + fresh bilge sample analysis using in situ
liquid SIMS. This finding indicates that the contribution from
detergent components is not as significant in the relative high
mass range. This result is different from dry emulsion analysis.
In dry samples, these detergent peaks were observed in bilge
water emulsions, especially in the aged emulsion.'*

This discrepancy prompts a postulation that the surface chem-
istry is different from what was conceived based on dry emulsion
surface analysis previously. In addition, it gives the observational
evidence that dry emulsion does not fully represent the liguid
droplet environment. One disadvantage of dry sample analysis is
the loss of water in the O/W interface. Consequently, dry samples
cannot offer direct observations of the changing O/W interface in
liquid. In contrast, iquid SIMS makes up the traditional SIMS
deficiency and gives 2D and 3D images of the dynamic -1 interface,
In the O/W liquid environment, some peaks from the detergent mix
in the mz" 250-500 range disappear in the aged bilge surface in
liquid; however, they are observed in dry samples. This interesting
finding suggests that these detergent components may prefer to be
solvated in liquid and remain in the bulk liquid inside the droplet.
This may lead to the impression that the components on the bilge
droplet surface are mainly small hydrocarbon chemicals from oil
mixtures and surfactants. When the liguid sample becomes diy,
these solvated components could appear in the bilge surface due to
loss of water.
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Observations are different in the high mass range, ie,
mfz" 500-800. Unlike the oil components that have negligible
contributions to the bilge surface composition, the detergent
components are the main contributors. Significant detergent
peaks are fragments of o-tocopheryl polyethylene glyeol
succinate {TPGS), an efficient emulsifier,'®**** including
mjz" 507 CyHayuOpiNa®, 551 CreHag0yaNa'", 595 CogHsa043Na',
639 CpgHseOyeNa', and 683 CyHgoOysNa'. These detergent
peaks have dominant appearance in the aged bilge surface;
however, they are not observed in the fresh emulsion atall, This
finding suggests that these large molecular weight components
do not appear immediately in the fresh bilge surface. In
addition, these surfactant peaks migrate to the droplet surface
over time. This result is similar to what was found in dry bilge
samples. The observation of large surfactant peaks in the liquid
bilge surface confirms that large molecular weight components
take longer to move to the droplet surface, which is postulated
based on dry droplet surface analysis. Additionally, the obser-
vation of these high molecular weight surfactants in both static
and liquid ToF-SIMS may suggest that these surfactants are not
situated as deep in the droplet bulk liguid phase, perhaps they
exist in the thin film of the 1-l interface as the bilge water
emulsion forms initially. This may explain why they could be
more easily observed in both the static and liquid ToF-SIMS
unlike some of the mid-mass range detergent components. The
latter may be located deeper in the bulk of the droplet.
Molecular dynamic simulations would be helpful to elucidate
and verify this postulation in the future.

Water cluster in bilge water

Water clusters are observed in the detergent mix and play a crucial
role in forming bilge droplets. Water clusters marked by blue bars
in Fig. 3 and Fig. S5 {ESI) are spread in the detergent mix
and bilge samples in a wide mass range. In the lower mass range
of m/z' 1-250, the characteristic water clusters are (H;0),H', n = 7,
8, 10, 11, 12, or 13. In the relative high mass range {ie., miz+
250-500), representative water clusters are featured as the follow-
ing (H:O)H', n = 14-20. The low intensity of water clusters
indicates that these water clusters are not the main composition
in the bilge surface. It also confirms that some detergent compo-
nents {e.g., m/z" 250-500) dissolved in liquid hardly move to the
bilge surface. In the high mass range {ie., m/z" 500-800}, no
obvious water clusters are observed at the bilge surface. This
may also be attributed to the much lower ion yields of larger
water clusters, The existence of water clusters makes the bilge
surface different over time when comparing fresh and aged
droplets in liquid, and this is probably due to hydrogen bonding
and other types of weak intermolecular interactions. Additionally,
water eluster distribution varies over time, contributing to the
different bilge surface composition. The negative spectral compar-
ison in Fig. $6 (ESIT) shows similar results to those in the positive
maode. More information is provided in the ESLT

‘The I-1 interface change confirmed by spectral PCA

To better understand the bilge water surface compositional

changes between emulsion samples and their components,
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selected peak spectral PCA is conducted in the positive and
negative mode, respectively. In the negative mode, principal
components {e.g., PC1, PC2 and PC3) explain 92.15% of all data.
PC1 explains 42.91% of data and mainly separates the DI water
control, oil mix, and fresh bilge from aged bilge and detergent
mix. It is not surprising that the X-100 + fresh bilge sample
crosses over PC1 positive and negative, because it consists of
emulsions and an extra amount of X-100. The latter is a popular
detergent component and surfactant. PC2 explains 32.25%
of data and mainly separates the detergent mix and DI
water from the aged bilge, fresh bilge, oil mix, and detergent
mix. PC3 explains 16.99% of all data and mainly separates the
fresh bilge and detergent mix from the aged emulsion and DI
water (Fig. 4).

In PC1 negative mode loadings, oil mix, fresh bilge and
water cluster are the main contributors. Oil mix peaks, such as
mfz 49 C.H , 63 CsH; , 79 CgH> and water clusters, such as
mfz {H,0),0H ,n=2,3,5,6,9,and 10, make contributions to
the formation of fresh bilge. PC1 positive separates aged bilge
and detergent mix from fresh bilge and oil mix. This finding
suggests that the bilge surface composition changes over time,
and that detergent components contribute more to the aged
emulsion. Some detergent peaks, especially in the relative
and 337
CagHs304 , only exist in the aged bilge but not fresh bilge, This

high mass range, identified as m/z 325 C,5H,,0.P

indicates that these detergent components do not appear
immediately in the fresh bilge surface yet move to the aged
bilge surface as time elapses. This finding confirms the earlier
hypothesis that the chemical surface composition change in
O/W bilge water droplets over time using in situ molecular
imaging.

The PC2 positive scores show that oil mix, fresh bilge, aged
bilge and X-100 + fresh bilge share the same peaks. This finding
sugrests that some oil components, such as mfz 49 CH ,
63 C;H; , and 79 CgH; , and detergent components, such as
mfz 105 CgH, , 205 C,;H,,0, and 221 C,;H,;0, , appear
immediately in the fresh bilge and persist in the aged bilge over
time. The PC2 negative scores show that the detergent mix
shares common peaks with DI water. This makes sense because
the detergent mix contains water. In PC3 positive, oil and
detergent components have similar peaks, and both contribute
to fresh bilge and X100 + fresh bilge. Characteristic peaks
include m/z 49 C;H , 205 Cj2Hae05 , 425 C3yHy O  and
513 C3Hye0s . PC3 negative separates aged bilge and DI water
from fresh bilge and detergent mix, which further confirms that
the bilge surface composition changes over time. In addition,
water clusters, such as m/z {H.0},OH , n = 3-6 and 9-10,
make contributions to the aged bilge. The X-100 + fresh bilge
sample shares common peaks with fresh and aged bilge as
anticipated. Overall, the observation of water clusters in both
fresh and aged bilge indicates that water clusters play a vital
role in the formation of bilge emulsion. Our results demon
strate that the bilge surface composition changes over time.
Detergent components, especially those appearing in the aged
but not fresh bilge, are in the high mass range, further
confirming the change of bilge surface as a result of surface
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evolution from surfactants. The change in water cluster dis-
tributions and diffusion may also play a central role in this
surface change. Further research would require theoretical
simulation to investigate this phenomenon and provide more
fundamental insights.

The scores plots of PC1 vs. PC2, PC1 vs. PC3, and their
loading plots in the positive mode are presented in Fig. S7
{ESI%). These plots in the positive mode show agreement with
those in the negative mode. Detailed information is provided in

the ESLT

3D imaging of the evolved O/W interface

3D images are very useful in visualizing the spatial distribution
of chemical spe&:ies."" Normalized 3D images of selected key
peaks are used to study the evolution of chemiecal species at the
5 shows reconstructed and
normalized 3D images in the positive mode; the color bright-
ness indicates the relative intensity of a particular peak. The
hydrocarbon fragments {e.g, miz" 43 GH,', 67 CH;', and 81
CgHs') appear in fresh and fresh + X-100 bilge. The hydrocarbon
peaks have good abundance in the aged bilge, supporting the
finding that the hydrocarbon components appear in the fresh
bilge immediately and persist in the aged bilge over time.

O/W I-1 interface in this work. Fig.

The deterzent components are evenly distributed in the deter-
gent mix, for example, miz" 243 CyoHagOsNa', 551 CaHyeOyaNa',
and 595 CaHg0y5Na'. However, they do not contribute signifi-
cantly in the fresh bilze, especially in the large mass range {ie.,
mjz" 551, 595). In the aged bilge, these larger detergent compo
nents have higher relative abundance and thus they are more
dominant contributors to the surface chemical makeup. The
contrast of detergent components in the fresh and aged bilge
indicates that the existence of these large surfactant species is not
noticeable immediately on the surface of the fresh bilge droplets.
Instead, they migrate to the bilge droplet surface over time. Our
results further confirm that the O/W interface evolves chemically
in surface composition and physically in size.

water clusters including but not limited to m/z* 199 {H0),,H',
235 (Hx0)sH', and 325 (HaO)H  are well distributed in the
detergent mix, fresh, and aged bilge water emulsions. In the
detergent mix, a higher abundance of {(H0},,H is seen. In compar-
ison, the relative abundances of (H0),3H" and {H,0),sH" are higher
in the fresh and aged bilge water. This finding indicates that the
water cluster distribution changes and affects the surface water
hydrogen bonding environment.

Reconstructed 3D images of selected key peaks in the negative
maode in Fig. 5b show similar findings. The hydrocarbon frag-
ments, such as miz 49C,H , 63 CH; , and 79 CgH; |, appear in
the fresh bilge and fresh + X-100 bilge emulsions. As the droplet
surface ages, the hydrocarbon components become evenly
distributed in space. This observation supports the hypothesis
that the hydrocarbon components appear in the fresh bilge
immediately and persist in the aged bilge over time. The detergent
components are homogeneously distributed in the detergent
mix, for example, miz 105 CysHaO;3 |, 221 Cy2H,30, |, and 255
C,4H3,0; . They also are evenly distributed in the fresh bilge,
aged bilge, and X-100 + fresh bilge emulsions. When looking
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Fig. 4 Selected peak spectral PCA results in the negative mode: (a) Scores plots of PC1 vs. PC2; (b) scores plots of PC1vs. PC3; and loadings plots of PC1

{e), PC2 (d), and PC3 (e), respectively. Peaks are labeled in their unit masses.

into the relative intensity of the same detergent peaks between
the fresh bilge and aged bilge, the relative percentages of these
components change over time. For example, mfz 221
CyzHy50; has a higher relative intensity in the aged bilge.
This finding also supports the hypothesis that the 1-1 interface

N778 | Fhys Chern. Chem. Phys., 2020, 22, WTT-11782

has evolved over time. Water clusters are observed in all
samples except the oil mix, and they are key components of
both fresh bilge and aged bilge emulsions. This observation
verifies that water is an essential liquid phase at the O/W
interface in emulsion formation.*!
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New insight into the O/W interface

To better understand the evolution of the O/W interface, we
further compare the results obtained in static ToF-SIMS and
dynamic liquid ToF-SIMS. Static SIMS {Fig. 3 and Fig. 85, ESIt)
gives the analysis of dry samples (Fig. 58, ESIt] and the resulis
were published previously.'® Liquid SIMS probes the -1 interface
and gives direct visualization of the liquid environment.*™*
Fig. & is a schematic illustration based on the liquid ToF-SIMS
results. As a surface technique, the analysis depth of ToF-SIMS is
known to be the top few nm of a material. When using ice as an
approximation, liquid ToF-SIMS is probing the top layer of
the oil-water interface approximately less than 10 nm (Fig. 6b
and d}.*"**” 1t is worth noting that the data spots in the 3D
images do not represent a fixed location of the ion due to liquid
diffusion,” and they offer a representation of the chemical
species spatial distribution of the thin layer of liquid being
probed by the primary ion beam. Because of the diffusion of
liquid, only the top layer of the liquids can be imaged using
in situ liquid ToF-SIMS. At the vacuum-liquid interface, the
temperature drop was estimated to be ~12 K if starting the
experiment at room temperature. This temperature change will

a b
43,67,81

mfr* 243,551,595
i

199,235,325
:lw'" e . s

Detergent mix Fresh bilge+X-100 Fresh bilge Aged bilge

]
£
[s]
v oy
CyoHz00cNa" C,H,* (H,0),,H*
Cyy Na CHy* {H,0),;H*
CygHs;0p5Na" 81 CH,' {H,0),.H*

mfzr 105,221, 255

Paper

not induce freezing and has a slight effect on the diffusion rate
of ions. The concentration change was estimated to be approxi-
mately 1.2-2.2 times of the initial concentration.”” In addition,
the diffusion rates of oil and the O/W mixture are different. In
the original design of SALVI, we considered the self-diffusion
constants of small ions and water to be in the range of 1-3 =
10 * em® s 3% The diffusion constants of oils are much
slower than water™® and the temperature dependence study of
oils showed an insignificant effect on the diffusion constants.*
‘The dynamic viseosity of single droplets of diesel emulsions does
not vary much with high water to diesel ratios.**

The SIMS spectral comparison indicates that the liquid
‘ToF-SIMS ean reveal the I-1 interface compared to statie SIMS.
The lower mass oil fragments and detergent components
(e.g, miz" 0-250) migrate to the 1-] interface immediately and
persist in aged bilge water as time goes, as evidenced by liquid
‘ToF-SIMS spectral observations. The relative high mass detergent
components {e.g., m/z" 250-500) are more likely to exist in the bulk
liquid in a droplet underneath the surface, because SIMS imaging
could not detect them in either fresh or aged droplet surfaces
in the liquid state (Fig. S5a, ESIt). Interestingly, the high
mass detergent components {eg, mjz” 507 CapHaOpNa',

49, 63,79 53,71,89

C.H 0, C,H (H,0),0H
Ci3Hy0, CHy (H,0),0H"
CygH3s 0, CeHy (H;0),0H

Fig. 5 Comparison of normalized 3D images of key peaks in the positive (a) and negative mode (). Darker colors indicate higher relative peak intensities

and light colors indicate lower intensities.
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551 CpqHy5012Na", 595 CogHsy043Na", 639 CogHss0y4Na", and
683 CaoHgeOysNa") may exist closer to the top of the liguid,
however, likely below the 10 nm of the 1-] interface initially.
These surfactant eomponents move to the top of the -1 inter-
face after one day and get detected by in situ liquid ToF-SIMS
{Fig. 6c and d). Although the static analysis of dry samples gives
similar results concerning the low and high mass surfactant
peaks, it misses the solvated mid-range mass fragments due
to diying and water loss by collapsing the liquid structure
{Fig. 58b, ESIt}. Thus, in situ liquid 'ToF-SIMS provides a unigue
tool to observe the I-1 interfacial change and gives us new
insight into the evolution of the O/W interface, which was
previously not possible.

Conclusions

We investigated the O/W |-l interface characterization of syn-
thetie bilge water emulsions based on a Navy model using
in situ SEM, optical microscopy, and in sity liquid SIMS. We
found that the bilge water DSD is largely monodisperse; how
ever, infrequent coagulation oceurs even in freshly prepared
bilge emulsions. The mean droplet size changes slightly as time
elapses for bilge water without X-100 at static or gentle rocking
conditions. However, the DSD becomes much larger for the
bilge water with additional X-100 under either static or rocking
conditions. This finding indicates time itself is insufficient to

N78BO | Phys. Chern. Chemn Phys., 2020, 22, N771-11782

promote droplet growth and that the addition of surfactants
like X-100 has a stronger influence on the DSD. Furthermore,
the O/W 1-1 interfacial chemical composition evolves over
time. We verified some of the hypotheses based on statie dry
emulsion results obtained in this work. First, our new finding
suggests that water clusters play a crucial role in the formation
and evolution of bilge water emulsion. Second, both oil and
small detergent components appear in the O/W interface as
soon as fresh droplets form as expected. Although high mass
organics from the surfactant components do not appear imme-
diately at the 1-1 interface, they migrate to the droplet surface as
time passes. Our liquid SIMS observations reveal that some
organic components in the mid-mass range {ie., m/z 250-500)
are more likely to remain solvated and stay in the bulk of the
liquid phase inside the droplet, therefore, they do not appear
on the droplet surface. Such an observation is illuminating to
further the surface chemistry of droplet composition and
understand the evolving O/W interface.

In situ liquid SIMS offers us a unique chance to visualize the
water phase in the O/W emulsion compared to static SIMS. The
latter loses the information of water due to emulsion drying. In
this work, we have first demonstrated that the bilge water
emulsion interface involving water, oil, and surfactants in the
liquid phase can be studied using novel in sity multimodal
imaging. More systematic studies of factors, such as salinity,
PH, surfactants, that affect bilge water emulsion stabilization
and weakening using this Navy model would be interesting for

This journal is® the Owner Societies 2020
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future work. Equally important is the theoretical modeling of the
dynamic 1-l interface that affects the chemistry of the droplet.
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C. A Brief Report on Liquid NMR Diffusion Analysis of Bilge
By Kee Sung Han, Pacific Northwest National Laboratory
Experimental Details

All NMR measurements were performed on a 500 MHz NMR spectrometer equipped
with a 5-mm liquid NMR probe, which has z-gradient capability with a maximum gradient
strength of ~50 G/cm. The 'H pulsed field gradient (PFG) NMR measurements were
performed with a 13-interval bipolar gradients stimulated echo sequence (Dbppste, a
vender supplied pulse sequence, Agilent, USA) at 25 °C. Diffusion coefficients were
calculated from the PFG echo profile obtained as a function of gradient strength (g)
using a Stejskal-Tanner equation: S(g) = S(0)exp[-D(yog)?(A-6/3)], where S(g) and S(0)
are the echo peak height at the gradient strength of 0 and g, respectively, y is the
gyromagnetic ratio of proton (*H),  is the duration of gradient pulse, g is the gradient
amplitude and A is the duration between the two pair of bipolar gradient pulses.

Initial Results
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Figure Al (a) *H NMR spectrum of fresh diesel with 10 pL tetramethylsilane (TMS,
molecular weight = 88.23 g/mol), (b) diffusion coefficients distribution of fresh diesel
obtained from pulsed field gradient (PFG) NMR, (c) the cluster size (weight) calculated
from the diffusion coefficients using the external calibration curve with TMS as a
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reference molecule and (d) the hydrodynamic radius calculated from the diffusion
coefficients using the Stokes-Einstein equation (D= kgT/6171rs)
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Figure A2 (a) 'H NMR spectrum of fresh diesel diluted with D,O (10:1) and 10 uL
tetramethylsilane (TMS, molecular weight = 88.23 g/mol) was added as an internal
reference for cluster size calibration, (b) diffusion coefficients distribution of diluted diesel
obtained from pulsed field gradient (PFG) NMR, (c) the cluster size (weight) calculated
from the diffusion coefficients using the external calibration curve with TMS as a
reference molecule and (d) the hydrodynamic radius calculated from the diffusion
coefficients using the Stokes-Einstein equation (D= kgT/61nrs).

H NMR spectrum shown in Figure 1(a) is the first echo signal on PFG-echo profile for
fresh diesel sample and the open squares are the peak intensities used for the
calculation of diffusion coefficients (shown in Figure 1(b)). The cluster weight (g/mol)
were estimated using external calibration curve [1] with tetramethylsilane (TMS)
reference. It showed the cluster sizes distributed in the region of 140 — 900 g/mol. In
Figure 1(d) the distribution of hydrodynamic radius were estimated using the Stokes-
Einstein equation: D= kgT/61nrs , Where, kg is the Boltzmann constant, T absolute
temperature, n is the viscosity and rs is the hydrodynamic radius of diffusing molecules.

D1ms/Dx = rexlfstvs then rsx = rstvs (DTMS/ Dx), where Is,TMS is11.4 A [2]
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For fresh diesel sample, the hydrodynamic radius are distributed from 14 -36 A.

For the diluted diesel (10: 1 vol. D2O: diesel) solution, Figure 2 shows the first spectrum
of *H PFG-echo profile and peak intensities used for diffusion calculation (Figure 2(a)),
distributions of diffusion coefficient (Figure 2(b)), cluster weight (Figure 2(c)) and
hydrodynamic radius (Figure 2(d)). While the peak intensities around 4 ppm were very
tiny in diesel sample, the peak intensities on the chemical shift around 4 ppm is
predominant in the diluted diesel solution. The cluster sizes were slightly reduced from
those of pristine diesel and distributed around 100 — 400 g/mol. The hydrodynamic
radius also reduced slightly and distributed around 15 — 25 A

References

1. Neufeld, R. and D. Stalke, Accurate molecular weight determination of small
molecules via DOSY-NMR by using external calibration curves with normalized diffusion
coefficients. Chemical Science, 2015. 6(6): p. 3354-3364.

2. Soltésova, M., et al., Determination of Size of Molecular Clusters of Ethanol by

Means of NMR Diffusometry and Hydrodynamic Calculations. The Journal of Physical
Chemistry B, 2014. 118(24): p. 6864-6874.

A25



	1.0 Acknowledgement
	2.0 SERDP Relevance
	3.0 Technical Objective
	4.0 Technical Approach
	4.1 Task 1 Bilgewater multimodal imaging
	4.1.1 In situ SEM imaging of bilge emulsion
	4.1.2 In situ liquid SIMS imaging of bilge emulsion
	4.1.2.1 Experimental setup
	4.1.2.2 Spectral comparison of in situ liquid SIMS imaging of bilge
	4.1.2.3 SIMS Spectral PCA of in situ liquid SIMS analysis of bilge

	4.1.3 Bilge evolution in both droplet size and surface chemical composition

	4.2 Task 2 Bilgewater and biofilm interactions
	4.2.1 Culture selected microbes in the microfluidic reactor
	4.2.1.1 Sample matrix
	4.2.1.2 Growth curve

	4.2.2 Study microbial biofilm effects on real bilgewater emulsions using advanced imaging
	4.2.2.1 Experimental setup

	4.2.3 ToF-SIMS spectral analysis and comparison
	4.2.4 Initial ToF-SIMS spectral PCA results of biofilms effects on bilge


	5.0 Summary and Recommendations
	6.0 References
	Appendix
	A. Published Chemosphere article
	B. Published PCCP front cover and hot article
	C. A Brief Report on Liquid NMR Diffusion Analysis of Bilge
	Experimental Details
	Initial Results
	References





