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The effects of visible and UV light on the characteristics and properties of Prudhoe Bay (PB) and South
Louisiana (SL) emulsions were investigated to better understand the role of sunlight on the fate of spilled

crude oils that form emulsions with a dispersant in the aquatic environment. Before irradiation, crude oil

emulsions showed the presence of dispersed crude oil micelles in a continuous water phase and crude oil

components floating on the surface. The crude oil micelles decreased in size with irradiation, but
emulsions retained their high degree of polydispersity. UV irradiation reduced the stability of emulsions
more effectively than visible light. The reduction of micelles size caused the viscosity of emulsions to

increase and melting point to decrease. Further, irradiation increased acid concentrations and induced ion

formation which lowered the pH and increased the conductivity of emulsions, respectively. Ni and Fe in

PB emulsions were extracted from crude oil with UV irradiation, which may provide an efficient process

for metal removal. The emulsions were stable toward freeze/thaw cycles and their melting temperatures

generally decreased with irradiation. Evidence of "OH production existed when emulsions were exposed
to UV but not to visible light. The presence of H,O, enhanced the photodegradation of crude oil. Overall,
the changes in emulsion properties were attributed to direct photodegradation and photooxidation of crude

oil components.

1 Introduction

Crude oil is a complex mixture of hydrocarbons, organic com-
pounds containing N, O, and S, and trace quantities of metals
such as Ni, V, Fe, and Cu."? One of the major sources of energy
in the world, crude oil is continually being explored, processed,
transported, stored, and utilized.> However, oil spills can cause
serious damage to the aquatic environment. Whether found at
the bottom or on the surface of bodies of water, spilled oil is sus-
ceptible to physical, chemical, and biological weathering that
cause its components to dissolve and disperse (emulsify) into the
water column.*”” Dispersants are surfactants and co-solvents that
reduce the particle size and increase the surface area of crude oil
components to facilitate physical, chemical, and biological
degradation. Crude oil-in-water (O/W) emulsions consist of dis-
persed crude oil in the form of micelles in a continuous phase of
water and have their own unique properties.®
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The development of surfactant-based technologies associated
with O/W emulsion will be useful in the remediation of oil spill
and related environmental problems. These technologies, in con-
nection with established methods to degrade crude oil, are prom-
ising new areas of study. Although there is high destruction of
petroleum products in a marine environment,” it is still crucial to
investigate the characteristics and properties of crude oil emul-
sions in order to understand the disappearance of spilled crude
oil in water through natural processes. For example, sunlight-
mediated degradation of crude oil is a natural way of remediating
crude oil pollution especially in tropical areas, in high seas
where skimming would be impossible, and when chromophore-
rich crude oil components are present.'® The use of TiO, pro-
motes the photodegradation of crude oil components with air as
an oxidant, but significant concentrations of CI~, SO42_, and
PO,’” ions in marine water have inhibitory effects as they
compete with organic compounds for oxidizing sites on the TiO,
surface.'!? Additional cost, utilization of a very small UV
region of solar radiation, and catalyst recovery make the use of
TiO, infeasible on a large-scale basis."

The development of novel photodegradation and surface-cata-
lyzed oil degradation technologies depend on a more fundamen-
tal understanding of the photolytic degradation pathway.
Photooxidation mechanisms include the reaction of crude oil
components with active oxygen species and transformation of
aromatic compounds into polar fractions (i.e., hydroperoxides,
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phenols, carboxylic acids, and ketones).'*'® Direct photodegra-
dation instead of photooxidation has been observed in some
studies.!” However, there are very few recent investigations that
deal with photodegradation of crude oil or its components in
natural water without the use of metal oxide catalysts and/or
microorganisms. Due to the complexity of crude oil and the diffi-
culties associated with extraction and fractionation of crude oil
from water in an emulsion (e.g., cost, toxicity of organic sol-
vents, and low resolution and percentage recovery),'® most work
has been focused on direct photolysis of bulk crude oil and
emulsions formed with very low water content.

Thus, we report here the preparation and characterization of
crude oil emulsions, and the effects of visible and UV light
irradiation on their properties. Synthetic seawater, plant-based
surfactant, and Prudhoe Bay (PB) and South Louisiana (SL)
crude oils were particularly chosen due to their environmental
relevance. We demonstrate the changes in emulsion properties as
key indicators of crude oil photodegradation. This study presents
descriptive (phenomenological) treatability studies of crude oil
in an emulsion using light, which will enable a better under-
standing for addressing an oil spill where coupled dispersion and
photolytic destruction is applied.

2 Experimental
2.1 Preparation of emulsions

The US EPA reference Prudhoe Bay and South Louisiana crude
oils were used. A novel, nonionic, and plant-based surfactant
(VeruSOL®-Marine-200) was used as received.

The compositions of the surfactant before and after irradiation
were also analyzed. Nuclear Magnetic Resonance (NMR) spec-
trometry and Direct Analysis in Real Time/Mass Spectrometry
(DART/MS) experiments were conducted on a Bruker NMR
instrument operating at 400 MHz and on a JEOL AccuTOF™/
DART SVP spectrometer (with both DART and ESI ion source
and a TOF/MS analyzer), respectively. For NMR analysis, the
surfactant was dissolved first in MeOD and the same amount of
CDCl; was added. For DART/MS, the atmospheric pressure
interface conditions were: orifice 1 = 20 V, and both orifice 2
and ring lens were set to 5 V. The grid electrode voltage and gas
temperature of the ion source used were +350 V and 350 °C,
respectively. Fourier Transform Infrared (FTIR) analysis of the
surfactant was conducted on a Nicolet 8700 FTIR spectrometer.

A 34.6 g L™! synthetic seawater was prepared by dissolving
an appropriate amount of Instant Ocean™ salt in ultrapure water
(18.2 MQ cm). Prudhoe Bay (PB) and South Louisiana (SL)
emulsions were prepared from the crude oils, surfactant, and syn-
thetic seawater. An emulsion was typically prepared by first
mixing 1.0 g of surfactant with 1.0 L of synthetic seawater and
then adding 5.0 g of crude oil in a 1.5 L cylindrical glass vessel.
The surfactant to oil ratio was based on the critical micelle con-
centration of the surfactant and reflective to a proportion that
would be used during application in contaminated surface water.
The components were continuously mixed on an orbital shaker
at 150 rpm for 72 h in the dark at ambient temperature. The con-
centrations of salt, surfactant, and crude oils were the same for
all the emulsions prepared.

2.2 Visible and UV light irradiation of emulsions

Visible and UV light-emitting lamps were used to simulate com-
ponents of natural solar radiation. Cool white (A = mostly
>350-700 nm, ~8 W) and black light (4 = 315-400 nm, ~90%
in the 350 nm range, ~24 W) fluorescent lamps were used as
constant, separate intense sources of visible and UV light,
respectively. Sixteen lamps of each type were installed equally
spaced on a Rayonet® Model RPR-100 photochemical chamber
reactor. In a typical experiment, a 200 mL quartz cylindrical
vessel containing 50.0 mL emulsion sample was placed on a
magnetic stirrer at the center of the photoreactor (~10 cm away
from the lamps) and remained closed during irradiation.'® Prior
to irradiation, the emulsion was saturated with UHP-grade air for
30 min with continuous stirring. The concentration of dissolved
oxygen in emulsion was measured using a YSI Model 550A DO
meter. UHP-grade argon gas was used for experiments that
exclude dissolved oxygen. Visible and UV light irradiation of
emulsions were conducted in a batch-type reaction for three
trials with continuous stirring. The operating temperatures inside
the photoreactor utilizing visible and UV lamps were approxi-
mately 29 and 35 °C, respectively, held fairly constant by a
cooling fan. Synthetic seawater and surfactant in seawater blank
solutions, and emulsions containing 1% H,O, were also ana-
lyzed according to the procedure described above.

2.3 Characterization of emulsions

A McCrone Olympus Model BX50 optical microscope was used
to observe the dispersed crude oil in emulsions. Direct obser-
vation of emulsions in their natural state was also carried out
using an FEI ElectroScan 2020 Environmental Scanning Elec-
tron Microscope (ESEM) without further dilution or sample
preparation. The ESEM was equipped with a tungsten filament, a
Peltier-controlled cooling stage, a backscattered electron detec-
tor, and a gaseous secondary electron detector. The accelerating
voltage was set at 20.0 kV. Samples were cooled to temperatures
between 7.0-9.0 °C and maintained at a pressure of 5.0 Torr to
achieve a saturated vapor pressure of water. A 0.1 mL sample of
each emulsion was placed in the specimen chamber. Due to fluid
mobility, scanning was done at high rates to allow better resol-
ution of images.

Dynamic Light Scattering (DLS) experiments were performed
using a Malvern Zetasizer Nano ZS90 instrument equipped with
a 4 mW He—Ne ion laser (1 = 633 nm) at a measurement angle
of 90°. The hydrodynamic size as Z-average diameter of crude
oil micelles and their size distribution in emulsions were deter-
mined. The zeta ({) potentials of emulsions were also measured
to assess emulsion stability. All DLS measurements were per-
formed at 25.0 °C without sample dilution.

The change in the concentrations of Ni, V, and Fe as a func-
tion of irradiation time, and the initial concentrations of Mg, K,
and Na in the water phase of emulsions were determined using a
Thermo Jarrell Ash model ICAP 61E trace analyzer Inductively-
Coupled Plasma/Atomic Emission Spectrometer (ICP/AES). A
demountable center tube quartz plasma torch was used. A built-
in peristaltic pump was used to feed the nebulizer with the
sample solution. Argon gas was utilized. Standard solutions for
calibration for V, Mg, K, and Na were prepared from their stock
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salt solutions. Standard solutions for Fe and Ni were prepared
from their metallic forms by dissolving appropriate amounts of
these metals in a HNO3;-HCIl mixture. The wavelength lines
used were 231.604 nm (Ni), 292.402 nm (V), 271.441 nm (Fe),
279.079 nm (Mg), 766.491 nm (K), and 330.237 nm (Na). The
samples were diluted 8x with ultrapure water. The concentrations
of CI” and SO,*~ ions in emulsions were determined using
potentiometric titration and spectrophotometric method, respect-
ively. All reagents used were of highest purity and all glassware
used was acid-washed prior to use.

Differential Scanning Calorimetric (DSC) technique was used
to determine the crystallization and melting temperatures of
emulsions before and after irradiation. Analyses were conducted
on a Thermal Analysis DSC Q100 instrument which was con-
tinuously flushed with nitrogen at a flow rate of 50 mL min~'. A
hermetically-sealed aluminum pan with lid was used as a sample
container. The mass of the sample ranged from 10-20 mg. An
empty pan was used as a reference. Typically, the emulsion
sample was first heated to 30 °C. The sample was then cooled by
using liquid nitrogen down to —60 °C, keeping at this tempera-
ture for 3 min, and then reheating the sample again to 30 °C
(first cycle). The second cycle was performed to analyze the
influence of the first cycle regarding the stability of the samples
and to corroborate the position of the peak. Heating and cooling
rates were set at 1 °C min™".

The bulk physical properties of emulsions were characterized
further. Freshly prepared emulsions were also used in every
analysis. The temperature, pH, and conductivity of emulsions
were measured using an Oakton pH 510 Series pH/mV/°C
meter. The viscosity and density of emulsions were measured
using an Ostwald viscometer and a pycnometer, respectively.

The UV fluorescence (UVF) spectra of emulsions were col-
lected on an Agilent Cary Eclipse fluorescence spectropho-
tometer using a 1.0 cm quartz cuvette at ambient temperature.
For synchronous scanning, excitation and emission monochro-
mators were offset by 20 nm. Emissions between 280 and
480 nm were recorded and 2.5 nm slit widths were used. UVF
spectrophotometric technique was used to monitor the extent of
photodegradation and photochemical behavior of crude oils in
emulsions and to indirectly detect hydroxyl radicals ("OH) using
terephthalic acid as an indicator."”

The ability of visible and UV light to remediate crude oil-con-
taminated water in the presence of surfactant was investigated by
measuring the concentrations of Total Petroleum Hydrocarbons
Gasoline Range Organic (TPH-GRO) and Diesel Range Organ-
ics (TPH-DRO) in emulsions before and after irradiation follow-
ing the US EPA Method 8015. Analyses of the Volative Organic
Compounds (VOCs) and the Semi-Volatile Organic Compounds
(SVOCs) in emulsions were also performed following the US
EPA Methods 8260C and 8270, respectively.

3 Results and discussion
3.1 Compositions of emulsions

The DART/MS signatures of the PB and SL crude oils showed
the presence of several clusters (Fig. S1t). This result indicates
the complexity of the crude oil samples similarly observed in a

recent work.?® Other important properties of the crude oils were
also reported (Table S17).

VeruSOL®-Marine-200 surfactant is a light yellow, odorless,
water-soluble, and nearly neutral (pH = 7.4) liquid. This surfac-
tant contains no solvents or petroleum products and is made of a
single non-ionic, plant oil-based surfactant. Performance results
indicate excellent emulsification of the SL crude oil once the
critical micelle concentration is achieved. NMR analyses of the
surfactant showed four major components in solution
(Table S2t): (1) ~65% was straight chain fatty acid attached to a
hexamer of ethylene glycol, C,sH4g0g; (ii) ~30% has a cis-
alkene within the fatty acid and was attached to the hexamer of
ethylene glycol, C,sHsg0g; (iii) a small amount (~5%) of
propan-2-ol; and (iv) a sugar (o and B glucose by virtue of the
coupling constants and overlapping signals, shifted by solvent
pH and viscosity):

(1) HOCH,CH,(OCH,CH,)4,OCH,CH,0(C=0)CH,CH,
(CH,)sCH;

(i) HOCH,CH,(OCH,CH,)4,OCH,CH,0(C=0)CH,CH,
CH=CH(CH,),CHj,4

DART/MS analysis of the surfactant confirmed the presence
of ethoxy repeating units (Fig. S2+).

The ions present in synthetic seawater solution in appreciable
amounts were Na" (18 720 mg LY, CI7 (9560 mg L™, SO~
(1875 mg L"), Mg*" (1047 mg L™"), K* (1037 mg L"), and
Ca*" (515mg L.

3.2 Characteristics and properties of emulsions

3.2.1 Appearance and color. The physical and chemical
properties of emulsions were characterized before and after
irradiation to gain a better understanding of crude oil degra-
dation. PB and SL crude oils formed emulsions in water with
tints of clear yellowish-brown and clear reddish-brown colors,
respectively (Fig. 1, inset). A drop of each emulsion spon-
taneously dispersed in water in a dilution test. A change of color
from red to green was observed when methyl orange indicator
was mixed with each emulsion. Under the optical microscope,
both emulsions showed dispersed crude oil of uniform shape but
different sizes in the continuous water phase (Fig. 1). Results of
dilution and indicator tests, and optical and electron microscopy
studies imply that crude oil and water are the dispersed and
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Fig. 1 Representative optical micrographs of the (A) Prudhoe Bay and
the (B) South Louisiana crude oil-in-water emulsions before irradiation.
Tiny crude oil particles are dispersed in the continuous phase of water.
Insets show the photographs of freshly prepared emulsions.
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continuous phases, respectively. The crude oil particles were
mobile; hence, it was difficult to image and estimate their sizes
at high magnifications. A detailed study of the appearance and
structure of crude oil was therefore conducted. ESEM allowed
direct visualization of O/W emulsions in the hydrated state.*'**
Crude oil (higher intensity image) was dispersed in a continuous
phase of water (lower intensity image) as micelles and had com-
ponents on the water surface (Fig. 2A-L). The observed bright
numerous specks/areas against the dark water phase were part of
the crude oil. Images of crude oil micelles were more clearly
observed in SL emulsions at high magnifications. The size of
micelles ranged from a few hundred nanometers to ~10-15 um.
On the surface were some crude oil micelles and oil components
floating, which were prominent in PB emulsions. These crude oil
components are presumably those which did not or were difficult
to emulsify in surfactant—water mixtures. Images also showed
irregularly-shaped crude oil components spread on the surface
containing some ~20-30 um-sized water components
(Fig. 2C—F). However, after UV light irradiation, images of
crude oil micelles were difficult to visualize (Fig. 3).

ESEM technique has been used for investigating the behavior
of large numbers of emulsions and their properties.’’>* The
observed contrast in the ESEM images of emulsions before
irradiation is attributed to variations in the secondary electron
emission characteristics arising from the difference in electronic

properties®>*’ between crude oil components and water. Two
key factors significantly determine the variation of contrast in the
images in this study; the generation of secondary electrons
within the sample and the transport of secondary electrons
through the sample.?” The secondary electrons generated within
the sample are mainly contributed by the presence of relatively
high atomic number elements®® such as Ni, V, and Fe present in
both crude oils. The lighter contrasts in the images can be attrib-
uted to high concentrations of these metals in those regions. Sec-
ondary electrons will be generated in the same manner should
the emulsions contain only relatively low atomic number
elements including H, C, N, O, and S. For example, no image
contrasts were observed for the surfactant in water, thus, there
were no significant secondary electron emission effect contri-
butions from the surfactant alone. This could also be due to the

relatively low concentration of the surfactant used. Kinetic
energy is lost when secondary electrons diffuse through the
sample and the extent of this diffusion depends on the dielectric
properties of the substances.’? This factor also determines the
image contrasts. Water and the hydrocarbon components of
crude oils have different dielectric responses contributed by the
individual bonds contained in these molecules.

Fig. 2 Representative ESEM images of the (A—F) Prudhoe Bay and
the (G-L) South Louisiana crude oil (O)-in-water (W) emulsions before
irradiation. Crude oil components (higher intensity) are present both on
the water surface and dispersed as micelles in the continuous phase of
water (lower intensity).

Fig. 3 Representative ESEM images of the South Louisiana crude oil
(O)-in-water (W) emulsions at different magnifications after (A-B)
30 min, (C-D) 60 min, (E-F) 90 min, and (G-H) 120 min of UV
irradiation.
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3.2.2 Crude oil micelles size and distribution. The Z-average
diameter of surfactant micelles before the addition of crude oil
was 0.135 pm. Following the addition of crude oil under dark
conditions, the Z-average diameter of micelles in SL emulsions
was in a range of 0.64-0.69 um, ~3x larger than those in PB
emulsion (0.23-0.24 um). Clearly, crude oil micellularization
resulted in a swelling of micelles. The Z-average diameter of
crude oil micelles generally and gradually decreased with
increasing exposure to visible and UV light (Fig. 4). Upon UV
irradiation for 120 min, a 58% size reduction was found for the
PB emulsion and a 47% reduction for the SL emulsion, resulting
to a micelle size close to that of the surfactant alone. Using
visible light for 120 min, the micelle size was reduced by only
19% and 32% for PB and SL emulsions, respectively. Much
smaller micelles (~10 nm—1 pm) were also formed.

Proof of the polydispersity initially observed in the ESEM
images was also obtained using DLS experiments. A high
degree of polydispersity of crude oil micelles was observed
before and after irradiation (Fig. 5). Dispersed crude oil particles
had a propensity to form extremely small micelles (<100 nm)
with increasing irradiation time.

The size and distribution of the dispersed phase particles are
critical in determining the stability and properties of emulsions.*®
The sedimentation rate of crude oil micelles is faster when the
size and density differences between phases are increased.”
Since the micelle size is found to generally decrease with
irradiation, coalescence of small crude oil micelles into larger
ones may not be a plausible explanation for the decreasing trend
in stability of emulsions. Small micelle size imparts stability if
the crude oil micelles are electrostatically or sterically interact-
ing.®%> A small volume of the dispersed phase reduces the fre-
quency of collisions and aggregation.”> If the emulsions
generally form smaller crude oil micelles with irradiation, and
yet results show that stability decreases, then photodegradation
of crude oil components is the major factor in decreasing stab-
ility of emulsions. Nevertheless, with the proportions of small
and large micelles markedly different, any change in particle
size distribution following irradiation is an indication of the
extent of photodegradation and the strength of emulsions pre-
pared. The formation of smaller micelles is crucial for enhancing
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Fig. 4 Average (n = 3) Z-average diameter size of crude oil micelles in
Prudhoe Bay (PB) and South Louisiana (SL) emulsions as a function of
irradiation time. Error bars are at the 95% confidence intervals.

the rate of crude oil photodegradation in emulsions, which can
occur due to their high surface areas.”

3.2.3 Stability. Highly negative { potential values were
obtained for emulsions. Dispersed crude oil micelles acquired a
negative surface charge in aqueous solutions having salt concen-
trations and pH values measured in this study. The ¢ potential
value of the surfactant mixture without crude oil was —65.9 mV.
When crude oil was added, the ¢ potential values became more
negative indicating formation of more stable emulsions (Fig. 6),
despite observation in the ESEM that some oil components were
floating. The emulsions irradiated with UV became relatively
less stable than the emulsions irradiated with visible light.

Repulsive forces such as electrostatic and steric repulsions
cause stabilization of emulsions. Surfactants stabilize the emul-
sions by increasing the strength of the interfacial film between
the crude oil phase and water phase.?® Nonionic surfactants have
the advantage of insensitivity to the salt content of the water
phase®”?® and have a positive contribution in forming stable,
low viscosity O/W emulsions.®** Here, the surfactant used has a
major component that resembles an alcohol ethoxylate-type non-
ionic surfactant. According to the steric stabilization theory, non-
ionic surfactants stabilize the crude oil dispersed phase by
repulsive interactions.>® These steric repulsions can occur
between the hydrated hydrophobic tail of the nonionic surfactant

mic size (nm)

Fig. 5 Intensity time-averaged light scattering (%) as crude oil micelle
size distributions in the (A-I) Prudhoe Bay and the (J-R) South Louisi-
ana emulsions before and after visible and UV light irradiation.
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Fig. 6 Average (n = 3) zeta ({) potentials of the Prudhoe Bay (PB) and
the South Louisiana (SL) emulsions as a function of irradiation time.
Error bars were at the 95% confidence intervals.

adsorbed at the surface of the dispersed crude oil micelles and
the neighboring micelles. These repulsions thus help prevent
coalescence. An increase in the number of polyethylene glycol
chains in the nonionic surfactant increases their solubility in
water, decreases their sensitivities to pH changes, and enhances
sample transport processes.?*" This could be crucial for the bio-
degradability of emulsions. The surfactant used also contains
some degree of unsaturation in its structure. The presence of a
cis double bond in the surfactant can cause the chain to bend
and impart considerable bulkiness that is favorable with respect
to geometrical packing properties. Interestingly, this double bond
can also act as a m-electron donor to form a complex with power-
ful acceptor molecules such as aromatics with electron-with-
drawing substituents abundant in crude oils.** Structure plays a
vital part in the interaction between surfactants and the oil phase.
The presence of natural surfactants in crude oil is critical to
emulsion stability.**** The acidic components of crude oil are
more effective in stabilizing emulsions when they are not
ionized. The negative { potential charge of emulsions is caused
by the interfacially active components of crude oil. When light is
introduced, the percentage of absorption is then reduced which
leads to a decreasing number of negative charges on the crude
oil micelles, thus, reducing the absolute value of ¢ potential
(destabilized emulsion). Likewise, the velocity of micelles in the
electric field is decelerated which results in a similar reduction in
the magnitude of ¢ potential *>

3.2.4 Concentration of metals. After 120 min UV
irradiation, the concentration of Ni in the aqueous phase of PB
emulsion increased by over 100% (Fig. 7). The concentration of
Fe increased by 77% under the same conditions and also gener-
ally increased when subjected to visible light. This trend was
observed in SL emulsion only when irradiated with UV from 60
to 120 min. No experimental evidence was found to support
possible conversion of metal porphyrin compounds to metal
oxides in crude oil emulsions by photochemical activation.
Good agreement between results using ultrapure water and

1.2

0.8
0.6
0.4

0.2 = =

Concentration (mg L)

Irradiation time (min)

Concentration (mg L)

2 120

Concentration (mg L'1)

Concentration (mg L)

Irradiation time (min)

Fig. 7 Average (n = 3) concentrations of heavy metals (Ni, V, and Fe)
in the aqueous phase of the Prudhoe Bay emulsions [(A) visible and (B)
UV light irradiated] and of the South Louisiana emulsions [(C) visible
and (D) UV light irradiated]. Multi-element standard solutions for cali-
bration were prepared using ultrapure water and blank solution. External
standard calibration was used to calculate the concentrations from emis-
sion intensities.

surfactant solutions as calibration standards validates the absence
of effects of interfering species.

Metals in crude oil exist as complex organometallic com-
plexes in the form of porphyrins, nonporphyrin metallic chelates,
colloidal suspensions, and/or metallic soap.'° Ni and V were
found, but the presence of Fe in crude oils could be due to the
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existence of Fe porphyrins or contributed by corrosion products
collected during transportation. The increase in concentration of
metals in the water phase of emulsions implies that metals come
out of crude oil with light treatment. This can be an effective,
novel way to clean up oil contaminated water and may provide
an efficient process for metal removal in crude oils. Removal of
metal is significant since such metals can destroy fluid cracking
catalysts and change the distribution in the gasoline fraction. No
significant change in the concentration of V was observed after
irradiation, which could be due to the presence of sulfur in crude
oils which acts as a retaining agent.’” The successful analysis of
metals in the water phase of emulsion with a high degree of pre-
cision suggests homogeneity of the samples.>®

3.2.5 Thermal properties. Thermal analysis provides a way
of studying emulsions that evolve with irradiation. The crystalli-
zation and melting temperatures of emulsions from the first cycle
were consistent with the second cycle suggesting emulsion stab-
ility toward freeze/thaw cycles.'® The crystallization tempera-
tures of non-irradiated PB and SL emulsions were —7.3 °C and
—8.0 °C, respectively. There was a direct correlation between the
Z-average diameter size of crude oil micelles of irradiated emul-
sions and their crystallization temperatures (Fig. 8). As the
micelle particle size becomes smaller, the crystallization temp-
erature becomes lower. In general, a longer irradiation time
resulted in lower crystallization temperatures. A previous study
on oil emulsions has shown that crystallization temperature is
composition dependent.'® The melting temperatures of non-irra-
diated PB and SL emulsions were 3.4 °C and 5.9 °C, respect-
ively. No general trend was observed for melting temperature as
a function of micelles size and irradiation time in both
emulsions.

3.2.6 Other bulk physical properties. Measurements of bulk
physical properties of emulsions were conducted (Table 1). The
pH values of irradiated emulsions were consistently more acidic
than the pH values of emulsions under dark conditions. Substan-
tial decreases in the average pH values were observed for both
emulsions as a function of irradiation time. For example, the pH
values of PB and SL emulsions were lowered by as much as

1.45 and 0.11 units after exposure to UV light for 120 min.
The same reduction in pH values (0.49) was observed for both
emulsions treated with visible light for 120 min. There was no
significant change in the pH of the surfactant in seawater with
increasing irradiation time. In PB emulsion after 30 min UV
irradiation, the concentrations of oleic acid, tetradecanoic
acid, and n-hexadecanoic acid increased, and formation of
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Fig. 8 Correlation between the Z-average diameter size of crude oil
micelles in the Prudhoe Bay (PB) and the South Louisiana (SL) emul-
sions irradiated with visible and UV light and their (A) crystallization
and (B) melting temperatures for which the intensity of the DSC curve is
maximized. Direction of the arrows indicates the general trend of how
crystallization and melting temperatures vary with irradiation time.

Table 1 Some bulk physical properties of the Prudhoe Bay (PB) and the South Louisiana (SL) emulsions before and after irradiation?

Sample pH Conductivity (mS cm™") Density (g mL™") Viscosity (cP)
Seawater 7.70 51.2 1.0212 0.9238

Surfactant in water ~ 7.73 51.9 1.0212 0.90571

Treatment PB emulsion  SL emulsion ~ PB emulsion  SL emulsion — PB emulsion  SL emulsion  PB emulsion  SL emulsion
Dark conditions 7.15 6.90 0.422 0.433 0.9977 0.9975 0.8859 0.8803
Visible light

30 min 6.74 6.68 0.471 0.459 0.9972 0.9976 0.8757 0.8782
60 min 6.77 6.72 0.502 0.507 0.9973 0.9977 0.8736 0.8775
90 min 6.68 6.62 0.609 0.556 0.9975 0.9977 0.8746 0.8788
120 min 6.66 6.41 0.638 0.634 0.9977 1.0029 0.8733 0.8950
UV light

30 min 6.79 6.80 0.481 0.456 0.99734 0.99809 0.8762 0.8949
60 min 6.31 6.72 0.509 0.491 0.99799 0.99706 0.8786 0.8980
90 min 6.20 6.77 0.555 0.524 0.99794 0.99748 0.8851 0.9101
120 min 5.70 6.79 0.582 0.540 0.99777 0.99780 0.8883 0.9157

“ Data reported are the average of three trials.
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3-hydroxypropyl ester oleic acid was observed (Table S37). In
SL emulsion, 9-hexadecenoic acid (3900 ug L™") and dodeca-
noic acid (3700 pg L™') were formed after 30 min UV
irradiation, whereas  9-octadecenoic acid  (Z)-2-hydroxy
(30000 ug L") and oleic acid (79 000 pg L") were identified
after visible light irradiation (Table S47). The increase in concen-
tration and the formation of carboxylic and fatty acids could
explain the drop in pH values in PB emulsions with irradiation.
The difference in pH change between the two emulsions could
be explained by the difference in the compositions of the two
crude oils. Free radical oxidation of substituted polyaromatic
hydrocarbons (PAHs) and/or breakdown of long chain acids in
crude oil could have resulted in an increase in concentration and
production of acid molecules. Acidification may have conse-
quences for pH sensitive organisms.

The addition of surfactant slightly increased the conductivity
of seawater. However, a >90% reduction in conductivity was
observed in the presence of crude oil. In general, continuous UV
irradiation increased the conductivities of emulsions slightly
more than visible light irradiation. The densities of emulsions
were less than the density of synthetic seawater with or without
the surfactant. There was no significant difference between the
densities of emulsions before and after irradiation. The viscos-
ities of crude oil samples decreased when they were emulsified
in seawater in a form of the O/W type. The presence of surfac-
tant and crude oil lowered the viscosity of seawater by only
~4%. Longer irradiation time resulted in increased viscosities of
both crude oil emulsions. The conductivity of emulsions
increases as a result of formation of ionized compounds upon
irradiation. This is due to a release of ionic species that are
soluble in the continuous water phase. Dissolved hydrated ions
become smaller when a surfactant is added in pure water.*® This
explains the slight increase in the equivalent conductivity of sea-
water when surfactant was added. Enhanced degradation could
then easily take place if crude oil components are converted to
more water-soluble compounds, which are simply transported in
water.

Industrially, O/W emulsions are made to reduce the viscosity
of crude oils and bitumens so that they can be effectively trans-
ported through pipelines27 and are important for preventing cor-
rosion and formation of sediments in pipes.38 The increase in
viscosity of emulsions when irradiated can be explained by una-
voidable evaporative loss of volatile contents of crude oil. For-
mation of smaller crude oil micelles during irradiation not only
has physical significance in terms of stability but also has effects
on viscosity. Smaller micelles promote viscous emulsions due to
more particle—particle interactions as a result of a larger inter-
facial area.*® However, relatively larger micelles result in
unstable emulsions with lower viscosity.>”

3.2.7 Fluorescence characteristics. Fig. 9 shows the repre-
sentative fluorescence spectra of emulsions before and after
irradiation. Both non-irradiated emulsions showed broad emis-
sion spectra in the 340420 nm wavelength regions. In PB emul-
sions, the maximum fluorescence signal was reduced by 67%
with visible light and 90% with UV light after 120 min. In SL
emulsions, the reductions were 50% and 90% with visible and
UV light irradiation, respectively. A small fluorescence peak at
425 nm was common in all spectra and attributed to a signal

from the surfactant. Based on the relative fluorescence intensi-
ties, the surfactant did not seem to degrade upon irradiation even
with the addition of 1% H,0, (Fig. S31). NMR, DART/MS
(Fig. S41), and FTIR (Fig. S5t) analyses further revealed that
the surfactant did not degrade with irradiation.

Irradiation of emulsions in the presence of 1% H,0,,
however, significantly lowered their TPH-DRO and TPH-GRO
concentrations (Table S5t). Seawater blank solution did not
show any fluorescence peaks. In dark conditions, the correspond-
ing emulsions that were treated in exactly the same way showed
no significant alterations in fluorescence intensities. The syn-
chronous fluorescence spectra of irradiated PB and SL emulsions
also show a progressive decrease in the spectral intensity with
irradiation time (Fig. 10). This effect was similarly observed in
previous studies.*****' More fine structures are apparent using
the synchronous scanning mode, indicative of the complex
mixture of fluorescing aromatic compounds present in
emulsions.

When subjected to irradiation, light absorption by crude oil
emulsions is possible in the presence of conjugated PAHs, the
more reactive components of crude oil.'® Emissions in the
265-385 nm region indicate the presence of 1,4-fused aromatic
rings.*? Similar to these observed results, maximum emissions in

darkcondition = ——visiblelight ——UVlight
m -
700 | Frradiation
600 | sime (min)
500 30
400 - 60 l
300 - 9%
200 120
100
0 - : : : ; . : : .

280 300 320 340 360 380 400 420 440 460 48(

E o | deien

= 700 " -

g 600 - time (min)

gI'\sw- g

854071 g

§ 5,300 -

3 120

2 200 -

5 100 -

ﬁ 0 - : : ; ; . ; .
280 300 320 340 360 380 400 420 440 460 480
70_
4
50 -
40_
30 -
20_

10 - synthetic seawater

1] Y T * T T T ; T T ]

280 300 320 340 360 380 400 420 440 460 480
‘Wavelength (nm)

Fig. 9 Fluorescence emission spectra of the (A) Prudhoe Bay and the
(B) South Louisiana emulsions as a function of visible and UV
irradiation time, and of the (C) synthetic seawater and non-irradiated sur-
factant. Fluorescence intensities are the average of three replicate
measurements. Excitation wavelengths were set at 250 nm. Excitation
and emission slit widths were set at 5 nm.
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irradiation time. Fluorescence intensities are the average of three repli-
cate measurements.

the 296-310 nm and in the 320-330 nm regions both indicate
the presence of aromatic hydrocarbons in crude oils.** The poly-
nuclear aromatics absorb strongly in the near UV region
(>290 nm). Marked decreases in the concentrations of naphtha-
lene, 1-methylnaphthalene, 2-methylnaphthalene, and phenan-
threne, and in the concentrations of the majority of VOCs and
SVOCs in emulsions before and after irradiation were observed
(Tables S3-S4 and Tables S6-S7t). This could explain the
observed decreasing fluorescence in emulsions as a function of
irradiation time. Light can generate reactive species that can
oxidize the low molecular weight, water-soluble fraction of
crude oil which affects the fluorescence of emulsions.'®*?

Photodegradation leads to loss of fluorescence emission in the
far UV range. The different responses to various irradiation
wavelengths could also due to variations in the compositions of
crude oils. For example, aromatic hydrocarbons initially present
in emulsions could react with light to yield non-fluorescent com-
pounds.® The formation of polar groups such as carbonyl groups
accompanies an increase in the water-soluble extractable com-
ponents which are poorly-fluorescing. Some are degradation pro-
ducts not originally present in crude oil. The portion of the solar
spectrum responsible for photodegradation is primarily the UV
region with 95% UV-A (~315-400 nm).” The decrease in fluor-
escence emission using visible light could be due to direct pho-
tolysis of visible light-absorbing chromophores in crude oils
when present in emulsions.
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Fig. 11 Fluorescence emission spectra of the surfactant containing
0.10 M terephthalic acid solution (indicator) under air saturation
(average dissolved O, concentration at 0 min is ~8.0 mg L") after (A)
visible and (B) UV light irradiation. Excitation wavelengths were set at
320 nm. Excitation and emission slit widths were set at 5 nm. Data
reported are the average of three replicate measurements.

Terephthalic acid produced the fluorescent product, monohy-
droxyterephthalate, from its reaction with photogenerated “OH."?
Emulsions treated with visible light did not produce any signifi-
cant fluorescent product (Fig. 11). With UV irradiation, however,
the emissions in the visible range appeared as strong and broad
peaks with maxima at 427 nm. The fluorescence intensities of
emulsions treated with UV light increased with irradiation time.
Aside from acidic compounds, a variety of oxygenated hydrocar-
bons (i.e. VOCs) were produced after irradiation. In PB emul-
sions, acetone, carbon disulfide, alkylated benzenes, alkylated
cyclohexanes, hexylpentyl ether, trichlorooctadecylsilane, tride-
cane, and nonanal were formed. In SL emulsions, chloro-
methane, 2-butanone, carbon disulfide, dichloroethene,
alkylbenzenes, substituted decanes, hexanal, heptanal, and
octanal were formed.

Photooxidation of organic compounds involves the action of a
reactive oxidant including "OH.'®'” Free radical-based oxidation
by photochemical reactions can act on crude oil components in
water with dissolved hydrocarbons as well as with dispersed
crude oil emulsions.’ Dissolved O, contributed to the creation of
"OH since the emulsions did not give any fluorescence signal
when saturated with argon gas. The free ‘OH react with free
organic molecules in the bulk of the emulsion, a known reaction
causing H-abstraction from the hydrocarbons.*® At pH 7.0,
addition of CH3OH, an "OH scavenger, decreased the rate of
degradation. This suggests that the reaction occurred mainly in
the bulk solution, where "OH were effectively scavenged by the
CH3;0H molecules. Emissions in the visible spectrum range
increase as ‘OH species are produced with continuous UV
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irradiation and higher photooxidation is thus observed. As UV
light is attenuated through the water phase, the presence of "OH
is important in the oxidation of organic components of crude oil
in emulsions.

The addition of H,O, enables chemical oxidation to take
place either by mineralizing dispersed crude oil constituents or
by transforming them into more degradable compounds.
Additionally, HO, enhances photooxidation reactions with UV
wavelengths in the natural sunlight spectra, and significantly sti-
mulating aerobic biodegradation of the dispersed crude oil; the
result of the production of O, associated with the decomposition
of peroxide.'® In water, it is well-documented that peroxide can
produce photo-Fenton reactions. It is also known that micellular-
ization of crude oil constituents, such as PAHs, leads to faster
rates of aerobic microbial degradation and photodegradation.'®
In open water, estuarine, and sediment environments where
hypoxia already exists or is close to occurring (for example, in
the Gulf of Mexico region), the addition of H,O, can help offset
hypoxia due to the significant increase in crude oil-related sub-
strates (with or without added flux of crude oil substrates associ-
ated with the use of dispersants alone) entering these
environments.

4 Conclusions

Crude oil-in-water emulsions have been successfully prepared
using synthetic seawater, hydrophilic nonionic surfactant
(VeruSOL®-Marine-200), and Prudhoe Bay and South Louisiana
crude oil samples. The properties of emulsions have been care-
fully characterized providing a basis for further work relating to
oil-dispersant emulsion formation and efficiency in oil spill dis-
persant design.

Contrast differences between the aqueous phase and the crude
oil phase in the ESEM images are sufficient to study the struc-
ture of these emulsions. ESEM techniques can be used for dis-
tinguishing hydrocarbons with different degrees of saturation
and for studying the extent of crude oil photodegradation.
Measurement of emulsion properties including stability, crude
oil droplet size and distribution, density, viscosity, pH, and con-
ductivity has proven to be a general strategy in studying the
chemistry of emulsions. Trace metal analysis helps assess hom-
ogeneity of emulsions and monitor changes in metal concen-
trations with irradiation time. Thermal analyses show a
relationship between freezing temperature and change in droplet
size. Due to compositional complexity of the emulsions, the
effects of visible and UV light irradiation on these properties
have been used as indirect indicators for photodegradation. The
unique changes in various properties have provided a clear
explanation and a novel way of assessing crude oil degradation
and emulsion stability. Stability measurements used here can be
applied for further development of emulsion breakers, recyclabil-
ity of surfactants, and inhibitor testing for environmental
applications.

Significant findings concerning the role of visible and UV
light on the degradation of crude oil in O/W-type emulsions
have been presented. Photodegradation stimulates degradation of
crude oil components through reaction with "“OH. Photodegrada-
tion of crude oil components can be an effective process for

mitigating some of the damaging impacts resulting from oil
spills in the aquatic environment. Much more water-soluble
photoproducts should therefore be more easily transported to and
taken up by the aqueous organisms. There could be enhanced
bioavailability enabling further degradation of crude oil com-
ponents and their photoproducts following exposure to sunlight.
Future work may focus on enhancing biodegradability and study-
ing the effects of photoproducts in the natural environment (e.g.,
phototoxicity). Modern efficient UV-visible light sources may
enable economic application of photodetoxification on a large-
scale basis.
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