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Improving oxidation efficiency through plasma
coupled thin film processingf

A continuous flow vortex fluidic device (VFD) with a non-thermal plasma generated above a dynamic thin
liquid film created in a rapidly rotating tube is effective in the oxidation of methylene blue. The VFD allows
for the control of the film thickness by adjusting the rotational speed, and through this capability we
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demonstrate that reducing the film thickness enhances the ability for active oxidizing species produced

in the plasma to process material contained within the film. These efficiencies inherent in the VFD
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Introduction

Microfluidics and flow chemistry strategies have demonstrated
significant advantages over batch chemical processing for
specific chemical synthetic approaches.' They are particularly
suited to flux-driven chemical processing, such as photo redox,
photo catalysis or electrochemistry. In photochemistry, the
chemical initiators struggle to irradiate the complete volume of
solution or products photodegrade through over exposure in
batch environments.** In electrochemistry, non-uniform elec-
tric fields and current gradients can create localised hot-spots to
influence the reaction mixture.® This has led to the design and
utilisation of a number of electrochemical and photo-flow
reactors in recent years that have demonstrated the inherent
advantages of flow over batch processing,” with the flexibility
within the reactor platforms suited to improve operational
costs.*

The advantages of microfluidic and flow based processing
can equally be realised in plasma-liquid chemical process-
ing.*** Plasma liquid chemical transformations typically occur
when a plasma is ignited in the gaseous atmosphere above the
liquid, and the active species produced initiate chemical
processes in solution at the plasma-liquid interface.”*™* Plasma
liquid processing efficiency can therefore suffer from a small
interfacial boundary between the active species in the gaseous
plasma and liquid phases. It is therefore often subjected to the
same flux limitations that occur in photochemical and electro-
chemical processing of bulk solution. The efficiencies achieved
for plasma-liquid processing may be further pronounced over
that seen for photochemical transformations, as the active
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technology have general applicability to flux-driven chemical processing, such as photo- and electro-

species driving chemical transformation (electrons, meta-
stables, radicals and ion species) often have stronger interac-
tions with the medium than photons, reducing their ability to
penetrate into the liquid.***®

In order to translate such flux-driven chemical processes to
industrial scales, improved reactors that are optimized for
specific chemical processes are required. The optimization of
such reactors must assess energy consumption for flux gener-
ation, safety (quantities of dangerous goods or reactive inter-
mediates) and yield attributes relating to reagent
concentrations and flow rates for optimal production condi-
tions (production quantities, reaction length and energy and
mass consumptions). As such, process chemistries and
designed reactors should adhere to principles of green chem-
istry*® and green engineering.”®
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Fig. 1 Schematic representation of the plasma thin film processing
vortex fluidic device with an inset photograph of the device high-
lighting the key components.
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We have recently developed a thin film processing device
with in situ non-thermal plasma generation (Fig. 1).*** This
vortex fluidic device (VFD) creates a thin film when liquid is
spun within a rapidly rotating tube that is tilted with respect to
a normal gravitational axis. The advantages of this design are
that the thin-film characteristics can be readily controlled
through the adjustment of the rotational speed, fluid volume
available, and the tilt angle. Note that by tilting the tube with
respect to the gravitational axis, the perturbation to the fluid
under rotation enhances dynamic mixing within the film.
Innovation in plasma-liquid reactor design has previously
attempted to maximise the interfacial contact area of the
plasma and water and improve the plasma chemical processing
efficiency.” These innovations include falling film** or rotating
drum® reactors which have all exploited the creation of thin-
liquid films for improving the efficiency of plasma treatments
of liquids. However in all of these reactor designs, reducing the
film thickness has been detrimental to the overall reactor
performance, either through reducing the rate of liquid treat-
ment (falling film), or being cost prohibitive (rotating drum).
The performance of these reactors may be suboptimal as the
film thickness is negatively linked to the treatment rate.

We report on an investigation that details our technology for
continuous flow plasma-liquid processing. As this technique
decouples plasma chemical processing in thin films from the
volumetric treatment rate, we further investigate the advantages
of controlling the film thickness in plasma liquid chemical
processing. The utility and advantages of our continuous flow
plasma-liquid processing platform is demonstrated through
advanced oxidation transformations of methylene blue.”*** The
theoretical aspects of this processing platform are discussed in
relation to how they may translate into new strategies for
improving related flux-driven chemical processing. While we
explicitly demonstrate this functionality for plasma liquid pro-
cessing, these observations are equally applicable to other
interfacial/flux driven chemical processes, such as electro- or
photo-chemical reactions, or reactions at a gas-liquid interface.
Photo-redox reactions have been previously demonstrated in
the VFD*»** and complimentary thin film devices,* and this
work provides insights for improving the green chemistry
metrics of such processes.

Materials and methods

A methylene blue stock solution was prepared from methylene
blue (Sigma Aldrich) and Milli-Q water at a concentration of
50 mg L. Advanced oxidation of methylene blue (MB) in water
was performed in a plasma vortex fluid device (VFD), as depic-
ted in Fig. 1. Here a borosilicate glass tube 20 mm OD, was
rapidly rotated at speeds up to 10 000 rpm. A syringe pump
delivered methylene blue stock solution at a prescribed flow
rate through Teflon tubing into the base of the rotating tube.
The fluid forms a liquid film on the interior wall of the rotating
tube where it experiences a non-thermal plasma treatment.
Fluid exiting the device after treatment was collected for anal-
ysis. This is referred to as continuous flow operation of our VFD.
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A plasma circuit supplies AC high voltage pulses to elec-
trodes located within and external to the test tube. This creates
a pulsed AC electric field that ignites a non-thermal plasma in
the air above the liquid film. Here AC HV pulses (~19 KV, fic ~
1000 Hz) were repeated at a frequency of ~230 Hz, to produce
the non-thermal plasma with a peak power of 37.5 W. UV-vis
spectra were recorded using an Agilent Cary 60 UV-vis spec-
trometer over a 200-800 nm range in 1 nm intervals with 0.1 s
step size. Here auto-pipettes were used to appropriately dilute
the solutions to achieve linear absorbance in the UV-vis spec-
trophotometer. This dilution factor was then used to renorm-
alize the solution absorbance. A minimum of three replicates
were performed at each rotational speed and flow rate for the
plasma processing treatments. Liquid chromatography mass
spectrometry was also performed to confirm the degradation of
MB through the plasma treatment, with the details of these
experiments being contained in the ESL{

Results and discussion

Advanced oxidation of methylene blue was performed in our
plasma VFD. Within the device, a vortex is created at the base of
the tube, and centrifugal forces create and sustain a thin liquid
fluid on the interior surface of the glass tube. Under continuous
flow operating conditions at fixed rotational speed and tilt
angle, the volume of fluid retained within the device is constant.
Under these conditions, the film thickness is controlled by the
set rotational speed. Within this microfluidic platform, the
residence time of the fluid in the device (t) is proportional to the
fluid volume retained in the device (V) divided by the incoming
fluid flow rate (Q),

(1)

S

Therefore, at a constant rotational speed and tilt angle, the
flow rate of solution into the device can be used to adjust the
residence time of the fluid in the device. This in turn controls
the exposure of the solution to the non-thermal plasma.

In Fig. 2, we present a photo of the methylene blue (MB)
stock solution, and the MB solutions following continuous flow
non-thermal plasma processing at 8000 rpm for different flow
rates. Here the advanced oxidation facilitated by the non-
thermal plasma oxidizes the MB, and the solution goes from
blue to near colourless. The mechanism for MB degradation
within a plasma (oxidation by OH radicals and H,0, and
decomposition by energetic electrons) have previously been
established.”*?® The efficiency of the degradation process was
characterised using UV-vis spectroscopy, with example spectra
for the processed solutions shown in Fig. 2b. These spectra
illustrate that the oxidation process has removed the charac-
teristic absorptions of the MB solution in the 550-710 nm
region, and that the degree of this decrease in absorption
correlates to the increased residence time (inverse flow rate)
within the VFD. This degradation process was also confirmed
and supported by liquid chromatography mass spectrometry,
which is discussed in detail in the ESL.}
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Fig. 2 (a) [From left to right] Photo of methylene blue (MB) stock

solution (50 mg L™Y), and plasma treated MB solutions at 8000 rpm for
flow rates of 1.0 mL min~*, 0.5 mL min~% 0.2 mL min~! and
0.1 mL min~ (b) UV-vis spectra of the initial MB solution and plasma
treated solutions for different flow rates (FR) at 8000 rpm.

To assess the performance of plasma processing in thin films,
the advanced oxidation of MB was performed for rotational
speeds of 6000, 7000 and 8000 rpm using the flow rates of 1.0,
0.5, 0.2 and 0.1 mL min~". The concentration of MB remaining
in solution after the plasma treatment was then determined
using the intensity of the characteristic MB 660 nm peak. In
Fig. 3 we present the percentage of MB that remains in solution
after the advanced oxidation plasma treatment. Here the fastest
flow rate of 1.0 mL min~ ", the MB dye remaining is independent
of the devices rotational speed. This suggests that the degrada-
tion is limited by the production of oxidising species provided by
the plasma at this high flow rate, so that a constant amount of
solution is flowing through the device without treatment.
However, as we reduce the flow rate to 0.5 and 0.2 mL min*, we
find that the amount of dye removed increases with increasing
rotational speed. This suggests that we have entered a regime
where the treated volume of liquid is no longer limited by the
availability of the advanced oxidation species produced by the
plasma. At flow rates of 0.1 mL min~ ", we observe that all rota-
tional speeds give comparable quantities of MB remaining,
indicating that the treatment time is sufficiently long that within
the mixed film the MB is oxidised equivalently in all cases.

In order to quantify the present observations, we consider
the properties of the fluid within the rotating device. A complete
fluid dynamics description of the fluid motion is complicated

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 The residual MB remaining after the oxidative plasma treatment
in a VFD at different flow rates (exposure time to the plasma) for
different rotational speeds.

by the fluid viscosity, vibrations,*® and the tilt angle destroying
the cylindrical symmetry through a decoupling of the rotational
and gravitational axes. Therefore to gain insights into the fluid
dynamics, we attempt to describe the boundary surface of the
fluid. At this interface, the rotational and gravitational forces
experience by the fluid should be normal to the fluid surface.
The height, z, as a function of the radius from the tube axis, r,
can be expressed through:

dz(r,¢) W’ cos(¢)
g sin(f)  tan(0) " )

Here w is the angular frequency, 0, is the tilt angle, and ¢, is
the polar angle around the rotational axis. Within this model,
we found it necessary to introduce the empirical parameter « to
account for the viscosity and behaviour with respect to the tilt
angle. This can be solved for the continuous flow case to obtain
the height of the fluid surface as a function of the radius and
polar angle for the boundary conditions of the fluid dictated by
the physical dimensions of the tube (height, 7 = 195 mm;
internal radius, 7n.x = 8.8 mm). Here we assume that under
continuous flow where fluid is exiting the tube, the height of the
fluid is equal to the tube height at the maximum radius for the
polar angle ¢ = 0°. This profile gives the minimum radius,
where the profile intersects the hemispherical tube base. We
assume that in the vortex of the base at the tube, the fluid
maintains this minimum radius. The height profile defining the
fluid surface becomes:

wZ (r2 - rminz)
2g sin(f)

cos()
tan(6)

Z(V, 0) = (r - rmin)' (3)

From this surface profile of the fluid, the volume of the fluid
retained within the tube can be obtained through numerical
integration, assuming a uniform density of fluid between the
outer tube wall and the fluid surface.

RSC Adv., 2017, 7, 47111-47115 | 47113
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To determine the empirical parameters, and assess the
predictive power of the model, the volume of water confined
within the rotating tube for a range of tilt angles and rotational
speeds has been observed, with these values being compared to
the calculated values in Fig. 4a. These measurements were per-
formed by weighing the volume of water retained in the tube after
spinning up an excess volume of fluid to the set rotational speed
at the specified tilt angle. The o parameter was then adjusted for
each tilt angle to best reproduce the measured volumes for the
different rotational speeds. Here « ranged from 1.11 to 0.80 for ¢
between 30 and 90°, respectively. According to Fig. 4a, the model
reproduces the characteristic behaviour of the volume for the
various tilt angles and rotational speeds, particularly at the higher
rotational speeds 5000 rpm and above. This model can therefore
be used to provide quantitative insights into the fluid properties.

From our fluid model, in Fig. 4 we also present the film profile
in the rotating test tube (b), and derivatives of the surface area (c),
volume (d) and surface area to volume ratio (e) with respect to the
height up the tube for the fixed tilt of 45° at rotational speeds of
6000, 7000 and 8000 rpm. Note that at these high rotational
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Fig. 4 (a) The experimental (symbols) and modelled (curves, coloured
to match experiment) for the fluid volume retained in the tube for
different tilt angles at various rotational speeds. (b) The fluid film profile
in the tube (Fmax = 8.8 mm, h =195 mm) at 6000, 7000 and 8000 rpm
rotational speeds. Also shown is the active plasma region. The
elements of (c) interior surface area of the fluid (dSA/dz, m), (d) the
fluid volume (dV/dz, m?) and (e) the surface area to volume ratio
(dSA/dV, m™) as a function of the height up the tube for rotational
speeds of 6000, 7000 and 8000 rpm.
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speeds, the film thickness is largely uniform with respect to the
polar angle about the rotational axis. Here we observe that the
maximum film thickness at the base of the tube decreases from
530 to 294 um as the rotational speed increases from 6000 to
8000 rpm. In the region of the plasma electrode (z ~ 60 mm) the
film thickness also decreases with increasing rotational speed,
being 380, 280 to 210 um for 6000, 7000 and 8000 rpm, respec-
tively. Despite there being significant variations in the film
thickness, the surface area of the film remains largely constant,
Fig. 4c, being upwards of 94% of the tubes interior surface area.
The volume element of the film in the plasma region, however,
decreases by 26% and 44% in going from 6000 rpm to 7000 and
8000 rpm, respectively. This variation in the film properties
translates to an increase in the surface to volume ratio element of
the film at 6000 rpm by a factor of 1.4 and 1.8 for 7000 and
8000 rpm respectively. We believe that it is this increase in the
surface area to volume ratio in the plasma region that improves
the plasma liquid processing efficiency with increasing rotational
speed. This builds on earlier studies which have highlighted the
importance of chemical processing at the plasma liquid inter-
face,"” with the movement of particles into and out of this region
also being important for processing efficiency.

What is particularly remarkable about the present result is
that the residence time in the device is directly proportional to the
volume contained in the device. The exposure time of the fluid to
the plasma therefore decreases as the rotational speed increases.
This observation highlights that plasma processing in thin-liquid
films may be more effective than purely increasing the exposure
time to the plasma. These results highlight that within the VFD
processing platform, the dynamic mixing inherent to the tech-
nology* and the ability to increase the surface to volume ratio of
the thin-film increases the efficiency in which active species in the
plasma can penetrate into the thin film to stimulate chemical
processes. The advantages of the present thin-film processing
strategy for flux-driven chemical processes should facilitate
improvements in designing chemical reactors. Specifically, this
strategy can improve the feasibility of chemical production
through maximising chemical conversion and reducing energy
costs associated with flux generation. While the present investi-
gation focused on strategies for improving conversion efficiency
in plasma-liquid reactors, strategies for improving yield per
energy input are also an important consideration for optimal
reactor design. While we have made no attempts to optimise the
yield of our reactor, for completeness these details are discussed
in the ESI,T where we also compare the present reactors perfor-
mance in degrading MB to previously reported values. We note
that neutron imaging techniques are currently being used to
further characterise and improve our understanding of the fluid
dynamics in the VFD.*® The present investigation also provides
a physical basis for understanding how the VFD platform
improves oxidation of N-acetyl cysteine over batch conditions,*
and how such reactions may be further optimised.

Conclusions

We have demonstrated a new continuous flow plasma chemical
processing platform for performing advanced oxidations. Further,

This journal is © The Royal Society of Chemistry 2017
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though the ability to control the liquid film thickness within the
device, we have demonstrated flux driven chemical processing
can be improved through film thinning without a reduction in the
volumetric treatment rate. This observation has general applica-
bility for other flux driven chemical processing techniques, such
as photo-redox, photo-catalysis and electrochemistry. As some of
these techniques require high energy input, the present devices
ability to improve chemical conversion may assist in the scale out
of some chemical processing to industry. The described film
thinning techniques may therefore reduce the environmental and
economic impact of chemical processing through more efficient
energy usage, in line with improved green chemistry metrics. The
efficiency and scalability of this technology through combining
multiple reactors in parallel or increasing the size of the plasma
region will be assessed in future work.
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