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ABSTRACT: The degradation of four model PAH compounds was studied by spraying from a micrometer-sized, grounded nozzle a
solution of the PAH in a 1:1 solvent of toluene and isopropanol with a trace of water onto wetted TiO2 anatase nanoparticles, which
were immobilized on an etched stainless-steel support charged at +2 kV. Rubrene was chosen because of its established degradation
pathways, and 1-methylpyrene, 2-methylnapththalene, and bis(pyren-1-yl)ethane were chosen because of their molecular structure,
containing aromatic islands with short aliphatic groups, representative of a thermally and catalytically processed heavy feed stream.
The fractional reaction yield was measured using different support materials and by applying different external voltages to the metal
substrate. The optimized method yielding 75% degradation was applied to the other three PAHs, resulting in higher-mass
degradation products, apparently formed via radical polymerization.

■ INTRODUCTION

In the refining of petroleum, much interest exists in how to
convert low-value heavy components to lighter compounds
that have higher value owing to their increased petrochemical
utility.1−3 The heavy oil fractions of the crude oil can be
upgraded by a number of processes, which are often limited by
the high viscosity of the material, mostly owing to the
asphaltene content.4−10 Chemically, asphaltenes consist of
multiring aromatic cores that are linked together, either with
alkyl groups of varying length or directly, for example, with
strong biaryl C−C bonds11 (e.g., C−C bond dissociation
energy in biphenyl is ∼114 kcal/mol, see Figure 1a). They
dissolve in an aromatic solvent but not in a paraffinic solvent
and have high boiling points, often requiring solvents and
catalysts at high temperatures for their upgrading.5,9

Recently, Lai et al.12 presented a new approach to upgrade
asphaltenes, developed on the example of the polycyclic
aromatic hydrocarbon (PAH) rubrene (Figure 1b), i.e., by
dissolving the compounds in a solvent and spraying them from
a micrometer-sized capillary with a sheath gas. Subsequently,
the microdroplets (MD) formed in the spray hit the wetted
surface of anatase-phase titanium dioxide nanoparticles (TiO2
NP), charged at +2 kV. The in situ formed hydroxyl radicals
(OH·) initiate the degradation, resulting in a total degradation
fraction of about 15% for rubrene. By repeating this treatment,
the degradation increases to over 20% after the second
treatment and up to 35% after the third. It is proposed that the
degradation is limited by the surface density of TiO2, the
applied voltage, and the droplet size.12

The formation of the OH· radicals takes place in the charged
TiO2 NPs. The mechanistic understanding of the hole-induced
oxidation of water is well established and explored in more
detail elsewhere.13,14 In short, the applied voltage generates an
electron−hole pair, where the hole can oxidize other species on

the NP surface.14,15 In the presence of water, the holes oxidize
the water to form highly reactive OH· radicals, which have
been found to degrade aromatic systems. Addition of an OH·
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Figure 1. (a) Biaryl C−C bond energies of biphenyl, the hydroxylated
biphenyl radical, and the hydrogenated radical (B3LYP/6-31G*). (b)
Molecular structures of rubrene (m/z 532.22) and degradation
products (m/z 548.21, m/z 472.18, and m/z 456.19). Rubrene
degradation can occur via OH· addition, OH· substitution of a side
ring, or removal of a side ring by the OH·. (b) Molecular structures of
validation molecules 1-methylpyrene (1MP, m/z 216.09), 2-
methylnaphthalene (2MN, m/z 142.08), and bis(pyren-1-yl)ethane
(BPE, m/z 430.17).
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radical to biaryls weakens the aryl−aryl bond; B3LYP/6-31G*
calculations show that the C−C bond energy in a hydroxylated
biphenyl radical is more than 5 kcal/mol lower than that in a
hydrogenated biphenyl radical (Figure 1a). For rubrene, OH·
can add on to the aromatic rings or replace the aromatic side
rings on the aromatic body, as shown in Figure 1b. In
combination with the applied voltage, the TiO2 NP coverage of
the support surface is expected to be the limiting factor
because more polycyclic aromatic hydrocarbons (PAHs) can
react if a larger number of OH· radicals are supplied.
In the OH· radical formation route described above, the

OH· radicals are formed on the surface of the TiO2
nanoparticles. In addition, there is another way to form OH·
radicals which is relevant for this work; it was shown recently
that OH· can be formed from water in MD.16 In many known
cases it was found that reactions are accelerated17−22 or
enabled16,17,23 in MD. For example, if water alone is sprayed in
a setup as described above, spontaneous formation of
hydrogen peroxide from recombination of OH· was
observed.16 The postulated reaction mechanism for the OH·
on the MD surface involves the strong electric field on the
order of 109 V/m at the air−water interface, causing the
oxidation of OH−. This ion exists in water-containing MD as
the water’s autoionization into H+ and OH− is strongly
enhanced on the water droplet surface.24 In general, it was
found that smaller droplets, for example, generated by a higher
sheath gas pressure, a smaller spray capillary, or a quickly
evaporating solvent, lead to higher reaction acceleration.16,22

Therefore, a higher fractional reaction yield (FRY) may be
expected with smaller droplet sizes, if water is present in the
spray solvent.
This work seeks to increase the degradation efficiency for

the approach presented and to understand the underlying
degradation mechanisms in more detail. The first objective is
to find a way to increase the degradation yield so that the
degradation arising from the two different OH· radical sources
can be characterized in more detail, in particular, in terms of
the voltage requirement for degradation onset. One way to
achieve a higher degradation yield is presented. The support
for the TiO2 NPs is improved by (1) stabilizing the previously
used filter paper with the immobilized TiO2 NPs with a
stainless-steel back rest against the spraying pressure, (2)
refreshing the water supply on the TiO2 NPs regularly during
the experiment to ensure a constant water abundance and
prevent it from drying out, (3) employing a movable spray
head to use a larger TiO2 area, and most importantly, (4)
replacing the previously used support material (filter paper)

with an etched stainless steel plate. As a second objective, the
degradation strategy is extended to model compounds that can
probe reaction pathways. Good candidates are 1-methylpyrene
(1MP), 2-methylnaphthalene (2MN), and bis(pyren-1-yl)-
ethane (BPE) as they consist of aromatic bodies and aliphatic
parts, as shown by the molecular structures in Figure 1c.

■ MATERIALS AND METHODS
Support Preparation. Filter paper (Fisherbrand Filter Paper, P4,

medium-to-fine porosity) was cut into triangular pieces (approx-
imately 1 cm × 2.5 cm × 2.5 cm edge lengths) and sonicated in an
aqueous 2.5 mg/mL suspension of TiO2 NPs (anatase, 25 nm
diameter, CAS 1317-70-0, Sigma-Aldrich, sonicated for 30 min) for 2
min. They were fastened in the high-voltage connector clamp together
(Figure 2a) with a similarly sized stainless steel plate (thickness: 0.2
mm).

Stainless steel plates were cut into small triangular pieces
(approximately 1 cm × 2.5 cm × 2.5 cm edge lengths) and cleaned
in methanol by 15 min sonication. For the etching process, similar to
Rao et al.,25 the pieces were dried off and treated with concentrated
hydrochloric acid (37.5%, CAS 7647-01-0, Sigma-Aldrich) for 72 h.
After the acid was rinsed off with sufficient water, the pieces were
sonicated in an aqueous 2.5 mg/mL suspension of TiO2 NPs
(sonicated for 30 min) or in an aqueous bulk-TiO2 (anatase, powder,
99.8%, Sigma-Aldrich, CAS 1317-70-0) solution of the same
concentration for 2 min before calcining at 250 °C overnight. In
order to apply multiple coating layers, the sonication and calcining
steps were repeated. The coated stainless steel supports was directly
fastened in the high-voltage connector clamp (Figure 2b).

The sample surface morphologies were studied with a scanning
electron microscope (SEM) using a Zeiss CrossBeam540 at the
ExxonMobil Research and Engineering Company’s Corporate
Strategic Research Laboratory in Annandale, New Jersey. Instrumen-
tal conditions were as follows: 3−7 kV accelerating voltage with a 6
nm Cr-metal coating for enhanced conductivity. A range of imaging
conditions and detector combinations (SE, SE2, and BEI) were
employed in order to permit evaluation of the surface structures at
various length scales and surface sensitivities.

Degradation Procedure. 1MP (CAS 2381-21-7, Frontier
Scientific), 2MN (CAS 91-57-6, Sigma-Aldrich), BPE (Tyger
Scientific), and rubrene (CAS 517-51-1, Sigma-Aldrich) were
dissolved in a 1:1 volumetric mixture of isopropanol and toluene
(IP/T) at a concentration of 0.02 mg/mL, unless otherwise noted,
and sprayed from a fused-silica capillary (flexible, with polyimide
coating, Molex, LLC, inner diameter 100 μm, outer diameter 300 μm)
with a syringe pump (pump rate 25 μL/min, Harvard Apparatus
Infusion) and compressed air (Praxair, sheath gas pressure 60 psi)
from a concentric steel tube around the capillary (diameter 1.7 mm).

The spray source was kept at a distance of 2.5 cm from the support
with the charged TiO2 NPs (Keithley 247 high-voltage supply), as
depicted in Figure 2. The position of the spray on the TiO2 NP was

Figure 2. Spray setup with (a) filter paper and (b) etched stainless steel. The filter paper is stabilized by a stainless steel sheet to prevent bending by
the sheath gas.
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changed with an xyz-translational stage, so that the whole coated area
was used. The syringe needle was grounded and the current against
ground at the spray tip was monitored with a picoammeter (Keithley
485 autoranging picoammeter) to verify that no significant current
was flowing (<30 pA, as expected for sonic sprays26). After every 100
μL sprayed, the power supply was turned off, and 1−2 drops of water
were added onto the TiO2 NPs.
Analysis with Laser Desorption Laser Ionization Mass

Spectrometry. The TiO2NPs were washed ten times with 100 μL
of the solvent used. The rinsate was dropcast onto a glass platter,
which was fastened onto a metal sample holder. The laser desorption
laser ionization mass spectrometer (L2MS) is in detail described
elsewhere.12,27 Briefly, the sample is introduced into a high vacuum
(10−8 Torr) and evaporated with a CO2 laser beam (wavelength 10.6
μm, Alltech AL 882 APS) before the isolated molecules in the neutral
plume are ionized with a laser pulse from the ionization laser
(Coherent, ExciStar XS 157 nm, EXS-2000XS-L). The produced ions
are extracted by and accelerated away from the ionization region by
voltage plates kept between 2.5 kV and 2.1 kV. The detection
efficiency is dependent on the mass and ionization cross section but is
on the same order of magnitude for the parent ions and the
degradation products.27 Hence, the FRY is reported as the ratio of the
peak height of the product to the sum of all peak heights. The use of
FRY is a reasonable practical compromise also employed in previous
work,12 which assumes we detect all species that represent the sample
composition using the approach herein. After passing through the
Wiley−McLaren time-of-flight tube, the ions strike a multichannel
plate detector system charged at −2 kV (Chevron configuration,
Photonis USA, 25 mm active area), releasing an electrical current that
is collected at an anode, amplified (amplification: 2× coarse gain, 2×
fine gain, 20 ns integration time, Ortec 474 timing filter amplifier) and
observed with an oscilloscope (LeCroy Waverunner LT342). Every
mass spectrum represents an average of 50 laser shot pairs, and 3−10
spots on the analyte surface are sampled. The recorded time-of-flight
data is converted to m/z spectra with a calibration curve using three
aromatic molecules of known mass spanning the range m/z 202−619.

■ RESULTS AND DISCUSSION

Rubrene Degradation on Different TiO2 NP Supports.
Rubrene was treated with the method described above on
three different TiO2 NP support types, i.e., on a modified filter
paper support, on a single-coated stainless-steel support, and
on a triple-coated stainless-steel support. The advantage of
filter paper was the large surface area, arising from the three-
dimensional cellulose fiber structure as can be seen in the SEM
image in Figure 3a. However, there were two major drawbacks,
namely, cellulose’s lack of conductivity significantly lowers the
electric field strength for the given applied potential, and it
does not withstand higher temperatures that can immobilize
the TiO2 NPs permanently through a calcining process. Both
drawbacks could be mitigated by replacing the filter paper
material with stainless steel except that the surface area of
stainless steel is significantly smaller than that of filter paper. In

order to increase the surface area, an etching step was
introduced. Figure 3b shows a single-coated support where the
roughened surface is barely covered with a monolayer of TiO2
NPs. Figure 3c shows an SEM image of the triple-coated
support. It is seen that after three coating processes, a thick NP
layer has formed on the surface, completely covering the
roughened features. This layer was stable for the whole study
period of six months. No decline in catalytic performance was
found, nor was any change in surface morphology detected.
The degradation product peaks obtained for the three

support types are summarized in Table S1, and a sample mass
spectrum is presented in Figure 4. All support models were

tested in triplicate. Figure 4 shows one representative mass
spectrum obtained for a degradation sample with triple-coated
TiO2 support; most of the peaks listed in Table S1 can be
clearly seen, but some peaks appear more strongly in other
spectra. As possible degradation pathways for rubrene have
been studied before with this degradation approach, a number
of product peaks could be assigned, which are labeled in black
in Figure 4, including the parent ion peak. This improved
method was able to observe more products than previously
reported, and new peaks in the product mass spectrum are
marked in red.
The FRY was calculated from the sum of the product peak

heights divided by the sum of the peak heights of all peaks
observed, including the rubrene parent peak. Figure 5 shows
the FRY measured for the different support models, where the
FRY measured for the known product peaks is represented in
black. The FRY taking into account all product peaks,

Figure 3. SEM images of TiO2 on (a) filter paper, (b) etched stainless steel with one layer of coating, and (c) stainless steel with three layers of
coating.

Figure 4. Representative mass spectrum for rubrene degradation on
the triple-coated stainless-steel support showing the parent ion (m/z
532) with already known peaks marked in black and newly detected
peaks in red. This spectrum was taken for one of the samples, so that
not all product peaks listed in Table S1 show with the same clarity.
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including the newly observed products peaks, are represented
in red. The stainless-steel support increased the FRY,
indicating that the higher conductivity probably compensated
for the lower surface area. The two coated stainless-steel
supports did not show significantly different reaction yields,
indicating that the conductivity of the material, and hence the
electric field strength, plays a more important role than the
surface coverage. This was confirmed by a simple test; after the
effective voltage at the TiO2 support was measured with a
multimeter, it became clear that the filter paper material
suffered a substantial voltage reduction after drying out,
effectively becoming an electric insulator. The electric field
emanating from the conducting support could still continue to
exert a force on the incoming microdroplets, polarize the
droplets, align the molecules, and ionize droplets, however to a
lesser extent due to the decreased electric field strength. For
the stainless-steel supports, and the thoroughly wetted filter
paper support, the effective voltage on the TiO2 NPs was
measured to be the applied voltage. However, exposure to the
sheath gas dried out the surface of the filter paper support after
a few minutes, resulting in an effective voltage of 100 V instead
of 2 kV only millimeters away from the electrode. At the
opposite end of the dry filter paper, which then acted as a
resistor, only 15 V remained. Therefore, the stainless steel
support presented a sturdier system and was chosen for further
characterization.
Control Experiments for Rubrene Degradation. As

described above, the degradation reaction needs OH· radicals
to proceed. These radicals can either be formed from dissolved
water in the MD or by charging wet TiO2 NP. To examine the
contributions from either OH· radical source, control experi-
ments selectively disabled one or both of the sources. These
experiments were all carried out using the triple-coated
stainless-steel support as this yielded better reproducibility as
indicated in Figure 5.
In order to investigate the impact of the wet TiO2 NPs on

the degradation, the TiO2 activity was inhibited (a) by not
supplying water to the TiO2 NPs, or (b) by not applying
voltage to generate the electron−hole pair, or (c) by replacing
the TiO2 NP coating with a TiO2 bulk coating. The result was
a significantly lower FRY in all three cases. To learn more
about the effect of the MD on the degradation, the reaction

solution was (d) directly deposited onto the TiO2 NP support
without spraying it, and (e) the experiment was repeated in
toluene, a solvent that did not contain OH groups but was
likely to form OH· radicals from dissolved water. One
additional control experiment (f) combined all previously
mentioned controls into one, i.e., a rubrene solution in toluene
was deposited as bulk solution onto a dry stainless steel
support that was coated with bulk TiO2 without applying a
charge.
Figure 6 shows the result for all tests relative to the starting

material rubrene; only about a third of the degradation product

formation was detected when no OH· radicals could be formed
via the described routes in either the MD or the TiO2 NPs. As
a result, the high degradation efficiencies could only be
obtained if the reaction took place with OH-containing MD on
wetted and charged TiO2 NPs.

Dependence of Rubrene Degradation on Applied
Voltage. In order to characterize the reaction properties
further, the complete degradation experiment was carried out
with different voltages, i.e., different electric fields on the TiO2
NP. Again, all experiments were carried out using the triple-
coated stainless-steel support as it yielded the highest
reproducible degradation efficiency. Figure 7 shows that at
voltages as low as 1 kV, about the same amount of products
was formed as for the control experiments (Figure 6). At 1.5
kV, there was more product formation; however, not as much
as in the reactions presented in the first part of this work. This
indicates that the onset voltage for OH· generation is between
1 kV and 1.5 kV, and there is a gradual increase above those
voltages. More OH· radicals seem to be generated when a
higher voltage is supplied to the wet TiO2.

1MP, 2MN, and BPE Degradation. By reacting more
model compounds, this reaction approach was also tested to
determine whether it was applicable to more PAHs than
rubrene. The first candidates were 1MP, 2MN, and BPE

Figure 5. FRY calculated from peak height ratios taking into account
the known product peaks (black) and all product peaks (red). Both
coated stainless-steel supports produced higher FRY, probably
because the higher conductivity compensated for the lower surface
coverage. The error bars represent the standard deviation between
three samples, respectively.

Figure 6. Summary of the FRY for the regular treatment process on
the triple-coated stainless steel support, for processes without
activated TiO2 NPs (shaded in yellow) and for processes without
OH•radicals from the MD source (shaded in green), taking into
account the known product peaks (black circles) and all product
peaks (red dots), all referenced to the rubrene blank. The last control
experiment combined all others in one (shaded in yellow and green).
All control experiments (a−f) show significantly less efficiency, on the
order of magnitude of a rubrene sample by itself. Only by using the
complete degradation procedure can the high efficiency be obtained.
The error bars represent the standard deviation of three degradation
samples (left), giving an impression of variation for the control
experiments (a−f).
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(Figure 1c), naphthalene and pyrene derivatives with aliphatic
side chain. The same parameters were used as for rubrene on
the triple-coated stainless-steel support. In the mass spectra
shown in Figures 8a−c, new peaks are mostly observed at
higher masses than the parent peaks, suggesting that this
process does not simply fragment the aromatic ring. Instead, it
is speculated that the relatively stable benzylic radical formed
from 1MP and/or 2MN undergoes a chemical change that
leads to an increase in the molecular weight. These new peaks
indicate that a reaction has occurred. By the virtue of the
product m/z being higher than the reactant m/z, a polymer-
ization of naphthalene substructures is possible, potentially
initiated by the OH· radicals.
The efficiency of this process depends on the molecular

architecture of the parent molecule in terms of alkyl side chain
length, alkyl chain position on the aromatic body, and length of
alkyl chain bridge in between the aromatic islands.
Similarly to 1MP, 1-dodecylpyrene (DDP) shows high-mass

product peaks after treatment, with one fragment peak around
m/z 207. This suggests that the OH· radical prefers to undergo
a barrierless addition to the aromatic ring followed by scission
of the benzylic C−C bond rather than abstracting a hydrogen
from any carbon of the alkyl side chain, leading to a series of
alkenylpyrene and light gas. This is observed to a smaller
degree for DDP, as shown in Figure S1. It is possible that the
long alkyl chain poses a steric hindrance to the addition to the

aromatic ring. In addition, our current experimental setup does
not collect any light gases that are formed from the
fragmentation of dodecyl side chains.
In comparison to 2MN, the structural isomer 1-methyl-

naphthalene (1MN) does not undergo the reaction as readily
(see Figure S2), which could be explained by different radical
stabilities or by the fact that 1MN evaporates more quickly,
thereby leaving less starting material to react. Additionally, the
polymerization reaction in 1MN is possibly hindered by
proximity to the ring fusion center as opposed to 2MN. In
order to suppress the formation of products with higher
molecular weight, we carried out additional experiments with a
hydrogen donor, tetralin, so as to cap the radical with
hydrogen. However, the barrier involved in H-abstraction from
tetralin prevents it from occurring readily under ambient
conditions, and the polymerization reaction is likely to occur
very quickly, even when hydrogen donor molecules like tetralin
were present. In addition, treatment of tetralin alone causes
product formation with high molecular weight (Figure S3).
The degradation of BPE was compared to the degradation of

bis(pyren-1-yl)methane (BPM), which has a shorter alkyl
bridge in between the two pyrenyl substituents. No
degradation was observed for BPM, suggesting a more stable
reactant or transition-state radical (Figure S4).

■ CONCLUSIONS

The degradation approach for asphaltene degradation by OH·
radicals was further developed on the rubrene model system,
resulting in a 5-fold increase in efficiency in rubrene
degradation and the detection of new products. This was
achieved by identifying the crucial reaction parameters and
optimizing the treatment process correspondingly. A con-
ductive TiO2 NP support was required to ensure the effective
charge on the TiO2 NPs, and sufficient water had to be
supplied for OH· radical generation. The highest degradation
efficiency (75%) was achieved with water-containing MD and
charged and wetted TiO2 NPs, where the spray head was
constantly moved across the TiO2 NP coating. The improved
treatment was successfully tested by degrading other PAHs.
The results of this study encourage the degradation of
additional, different types of PAHs.

Figure 7. Trend for rubrene degradation on the triple-coated
stainless-steel support at different voltages; the amount of product
formed at 1 kV seems to be comparable to amount detected in the
control experiments. For higher voltages applied, the OH· generation
seems to gradually increase further.

Figure 8. (a) 1MP, (b) 2MN, and (c) BPE spectra taken before (black) and after (red) treatment with the degradation method. (a) Parent
molecule of 1MP at m/z 216 and products at m/z 208, m/z 388, and m/z 662. (b) 2MN product peaks m/z 431 and m/z 665. (c) Parent molecule
of BPE at m/z 434 with product peaks at m/z 210, m/z 464, and around m/z 668. Peaks that predominantly show up in the original spectrum are
marked in black, peaks from the processed sample in red, and peaks occurring in both spectra in green.
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■ NOMENCLATURE
1MN = 1-methylnaphthalene
1MP = 1-methylpyrene
2MN = 2-methylnaphthalene
BPE = bis(pyren-1-yl)ethane
BPM = bis(pyren-1-yl)methane
DDP = 1-dodecylpyrene

IP/T = 1:1 volumetric mix of isopropanol and toluene
m/z = mass-to-charge ratio
L2MS = laser desorption laser ionization mass spectrometry
NP = nanoparticles
OH· = hydroxyl radicals
PAH = polycyclic aromatic hydrocarbons
SEM = scanning electron microscope
TiO2 = titanium dioxide
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