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Abstract

Photocatalytic reactors for the degradation of gaseous organic pollutants often suffer from major
limitations such as small reaction area, sub-optimal irradiation conditions and thus limited reaction
rate. In this work, an alternative solution is presented that involves a glass tube coated on the inside
with (silver-modified) TiO, and spiraled around a UVA lamp. First, the spiral reactor is coated from
the inside with TiO, using an experimentally verified procedure that is optimized toward UV light
transmission. This procedure is kept as simple as possible and involves a single casting step of a
1 wt% suspension of TiO, in ethanol through the spiral. This results in a coated tube that absorbs
nearly all incident UV light under the experimental conditions used. The optimized coated spiral
reactor is then benchmarked to a conventional annular photoreactor of the same outer dimensions
and total catalyst loading over a broad range of experimental conditions. Although residence time
distribution experiments indicate slightly longer dwelling of molecules in the spiral reactor, no
significant difference in by-passing of gas between the spiral reactor and the annular reactor can be
claimed. Acetaldehyde degradation efficiency of 100% is obtained with the spiral reactor for a
residence time as low as 60 s, whereas the annular reactor could not achieve full degradation even at
1000 s residence time. In a final case study, addition of long-term stable silver nanoparticles,

protected by an ultra-thin polymer shell applied via the layer-by-layer (LbL) method, to the spiral
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reactor coating is shown to double the degradation efficiency and provides an interesting strategy to

cope with higher pollutant concentrations without changing the overall dimensions.

Keywords

Photocatalysis, titanium dioxide (TiO,), spiral, acetaldehyde, silver, plasmon, VOC, gas phase

1 Introduction

Photocatalysis is a promising technology for pollution abatement in aqueous and gaseous
environment, especially degradation of volatile organic compounds (VOC).[1,2] The photocatalytic
process is based on light-induced generation of electron-hole pairs that initiate oxidation and
reduction reactions of pollutants on the catalyst surface. Typically, photocatalytic reactors for air
purification are based on the immobilization of the catalyst onto a surface.[3] An ideal photoreactor
for air purification should have (1) an appropriate light source irradiating the catalyst surface, (2) the
catalyst coating should have a large surface area to ensure availability of many active sites, (3) high
mass transfer and (4) low pressure drop.[4] The most widely used gas phase photocatalytic reactors
are the flat plate reactor and the annular reactor. The flat plate reactor is one of the most
straightforward geometries and consists of a coated flat substrate that is illuminated from the top by
UV lamps.[5-9] The airflow runs parallel to the flat plate. Advantages of this type of reactor are
simplicity and small pressure drop. A significant disadvantage is that only a small reaction area can be
achieved. The annular type reactor is built up from two concentric cylinders resulting in an annular
gap.[10-15] The catalyst is coated on the interior wall(s) of the cylinder(s) and the light source is
usually positioned longitudinally in the center of the reactor. Also for this geometry the small
reaction area remains an important disadvantage. More complex reactor types have also been
developed and include for example a monolith reactor.[16] This reactor contains a certain number of
channels and provides a large catalyst surface area and a low pressure drop. The major drawback of

this type is the top irradiation that is insufficient, and results in a limited reaction rate.[17]



The goal of this work is to overcome the aforementioned shortcomings by developing and optimizing
an unconventional reactor design based on a glass spiral surrounding the light source, for the
efficient photocatalytic degradation of acetaldehyde. Such a spiraled reactor configuration has
already proven to be quite beneficial in various research areas, such as water treatment,[18-20] non-
catalyzed microfluidic photochemical transformations, and it even enables efficient photo-
inactivation of a Herpes virus strain and rapid photo-destruction of dyes and pharmaceuticals in

aqueous streams.[21]

In this work we investigate the use of a spiral reactor for gas phase photocatalytic applications, by
coating the entire interior of the spiral tube with TiO, using a fast and convenient coating
procedure,[6,22] so that the catalyst coverage is optimized with respect to the amount of light
transmission. This is a first significant improvement of the work by Arafia et al.,, who provided
convincing evidence of the usefulness of a spiral reactor for the degradation of gaseous
compounds.[23] In addition, we provide an insightful benchmark of the optimized gas phase spiral
reactor against a conventional annular reactor with the same outer dimensions and catalyst loading
by evaluating the degradation efficiency of acetaldehyde over a wide range of reaction conditions.
Acetaldehyde is an important compound both in indoor and outdoor environments and is an
underestimated risk factor for cancer development.[24-26] In summary, the advantages of this spiral
reactor are (1) a very homogeneous light distribution over the entire reactor, (2) Intense contact
between pollutants and the catalyst surface and (3) a large reaction area, (4) leading to high

pollutant degradation efficiency, (5) all in a very compact design.

To further increase the light efficiency and hence the photocatalytic degradation efficiency, silver
nanoparticles are deposited onto the TiO, surface. When irradiated with light of the correct
wavelength, noble metal nanoparticles display surface plasmon resonance (SPR), i.e. the coherent
oscillation of the negative electron cloud against the restoring force of the positive nucleus.[27,28]

The resonant wavelength and SPR intensity depend on the nature of the metal, the surrounding



environment, the size and the shape of the metallic nanostructures.[27] The main focus of the
majority of these studies lies on shifting the activity window of a wide bandgap semiconductor like
TiO, to the visible range of the spectrum.[29,30] Although this shift offers an innovative solution to
the poor solar light response of TiO,, there is still ample room for improvement, as established
overall quantum efficiencies under visible light remain several orders of magnitude lower compared
to those of traditional TiO,-based UV photocatalysis.[29] In this work, the aim is not to enhance the
solar light response but to use UV light to its full potential by working with silver nanoparticles that
display SPR in the UV-region of the solar spectrum. To increase the light efficiency, convenient use
can be made of the strong electric near-field enhancement which SPR entails. The build-up of these
intense local electric fields allows an efficient concentration of the incident photon energy in small
volumes near the nanostructures.[27] Since the rate of electron-hole pair formation is proportional
to the intensity of the electric field, a drastic increase in charge carrier formation occurs. In order for
this plasmonic “lens effect” to work, an energy match between the bandgap energy of the
semiconductor, the spectral output of the light source and the energy associated with the SPR is
crucial.[31] For TiO, under UVA irradiation, this criterion is met especially for silver nanoparticles,
with an SPR band around 390 nm.[27,32] Silver nanoparticles without stabilization, however, are
prone to oxidation and aggregation. Therefore, a core-shell structure consisting of a metallic core
surrounded by a thin protective shell is applied to overcome these stability issues. The protective
shell consists of polyelectrolytes which are wrapped around the nanoparticles based on the layer-by-
layer protocol first described by Decher in 1997.[33] Recently, our research group has shown that the
LBL technique is a highly controllable strategy for the preparation of core-shell silver nanoparticles
with control over the thickness of the polymer shell up to the sub-nanometer level and effectively

prevents oxidation of silver nanoparticles without compromising their plasmonic properties.[34]

It is shown that our (silver-modified) glass spiral reactor offers an attractive solution for
photocatalytic air purification with high degradation efficiencies at much shorter gas residence times

compared to conventional reactor geometries of the same dimensions and catalyst loading.



2 Experimental

2.1 Gas phase photoreactor design

2.1.1 Spiral reactor

The reactor consists of a 2620 mm long borosilicate glass tube (> 95% transmission) of 4 mm inner
diameter, that is hand-blown into a spiral of 200 mm length and 48 mm width as outer dimensions. A
Philips Cleo UVA lamp (25 W, Amax 350 nm) is positioned longitudinally in the center as schematically
depicted in Figure 1A, resulting in an incident intensity of 4.2 mW cm™, measured at a distance of 1.3
cm, corresponding to the distance between the lamp and the reactor, with a calibrated Avantes
Avaspec-3648 irradiance spectrometer. A photograph of the spiral reactor used in this work is shown

in Figure 1B.

2.1.2 Annular reactor

To benchmark the results of the spiral reactor, an annular reactor of the same outer dimensions as
the spiral reactor was constructed. This annular reactor is schematically depicted in Figure 1C and
consists of two concentric cylinders (borosilicate glass, > 95% transmission), one outer cylinder of 48
mm and an inner cylinder of 24 mm, both 200 mm long. Both ends were sealed with butyl rubbers
sandwiched between a dedicated closing mechanism to ensure airtightness (Figure 1D). The same

lamp as in 2.1.1 is positioned longitudinally in the center.



Figure 1. Gas phase photocatalytic reactor designs used in this work. A) schematic representation of the spiral
reactor and B) photograph of the actual spiral reactor used in our study. C) schematic representation of an

annular photocatalytic benchmark reactor and D) photograph of the latter as used in our study.

2.2 Synthesis of silver-polymer core-shell nanoparticles

The synthesis of silver nanoparticles was based on the procedure described by Bastus et al.[35] A 100
mL aqueous solution of sodium citrate (5 mM) and tannic acid (0.05 mM) was heated under vigorous
stirring until boiling commenced. At this point, 1 mL of a 25 mM aqueous silver nitrate (AgNO3)
solution was added and left boiling for 30 min. Immediately after the addition of AgNO3, the solution
became bright yellow. To remove the excess of tannic acid and citrate, the batch was centrifuged at
12,000 g for 30 min and the resulting nanoparticles were redispersed in 25 mL Milli-Q-water (p = 18.2

MQ).

To avoid oxidation and aggregation of silver nanoparticles, a core-shell structure of polymers based
on the LBL method is applied, as reported recently by our group.[34] The silver core-shell particles
were constructed using stock solutions of polyelectrolytes polyallylamine hydrochloride (PAH, Mwt

17.5 KDa, Sigma-Aldrich) and polyacrylic acid (PAA, MW 2 KDa, Sigma-Aldrich) prepared in Mili-Q-



water. Prior to use, the polymer solutions were sonicated for 30 min. For the deposition of the first
polyelectrolyte layer, i.e. PAH, 25 mL of silver colloidal solution was added drop-wise to 13 mL of 5
g/L PAH in a glass vial under vigorous stirring, which continued for 20 min under dark conditions at
room temperature. The resulting PAH capped silver nanoparticles were centrifuged (12,000 g) for 40
min in 1.5 mL Eppendorf tubes in order to remove the excess polyelectrolyte. The particles were
redispersed in Milli-Q water as a washing step, centrifuged once more and finally the obtained
colloids were again redispersed in 25 mL of Milli-Q-water. The deposition of the second layer was
achieved using 10 g/L PAA using a similar approach as for the first layer, only the centrifugation
speed was lowered (10,000 g) to avoid the formation of hard pellets. The procedure was repeated
until silver nanoparticles were obtained with four polymer layers. A FEI Tecnai Transmission Electron

Microscope (TEM) operated at 200 kV was used to visualize the core-shell structure of nanoparticles.

2.3 Catalyst coating procedure and photocatalytic tests

The photocatalytic degradation of air pollutants is studied under ambient conditions. Acetaldehyde is
studied as a model compound. Firstly, the TiO, coating was introduced in the spiral photoreactor via
an easy and affordable coating protocol, in which commercially available TiO, powder is simply
suspended in ethanol.[6,22] An important design feature is the optimization of the catalyst loading in
conjunction with the resulting light transparency of the coated surface. Rather than performing
thickness measurements, our optimization method was purely based on light transmission. In order
to establish the most ideal coating conditions, different glass slides were coated with three different
suspensions of TiO, in ethanol (0.5, 1 and 2 wt%) by pouring 3 mL of the suspension over the glass
slide in one smooth motion, dried at 25°C for 6 h and then the transmission of UV light passing
through the glass slides was measured using a calibrated spectroradiometer (Avantes Avaspec). The
coating procedure was repeated to introduce higher catalyst loadings. Using this approach the goal
was to obtain a coating condition that results in 50% light transmission which is considered optimal

since both in the spiral and annular reactors, emitted photons are assumed to cross two coating



layers before exiting the geometry. The results of the ‘coating-transmission calibration’ in Figure 2
show that one coating cycle using a 1 wt% suspension resulted in approximately 50% transmission, as

required.

For coating the spiral reactor, 237 mg of TiO, P-25 (Evonik) was added to 30 mL of ethanol to obtain a
1 wt% suspension and stirred ultrasonically for 30 min. The suspension was poured in one smooth
motion through the spiral reactor to obtain a thin semi-transparent white layer of TiO,. It was
verified that the appearance of the coating was indeed similar to what was obtained by coating a
planar glass slide with the same 1 wt% suspension. To remove the solvent, a continuous air flow was
sent through the reactor overnight in the presence of UV light (leading to photocatalytic degradation
of adsorbed ethanol). When measuring the actual resulting transmission of UV light throughout the
coated spiral, still nearly 30% transmission was recorded. It should be noted though this is a rather
misleading value: the windings of the spiral are not completely tight (practical limitation experience
by the glass blower, see Figure 1a and 1b), so part of the light is still escaping the geometry through
gaps in between windings. This may represent the starting point for further optimization of the outer

shape or dimension of this type of photo-reactor.
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Figure 2. Transmission of different TiO, coatings on glass slides as a function of the number of coating cycles

with different TiO, suspensions in ethanol: 0.5 wt% suspension (red O), 1 wt% (green ®) and 2 wt% (blue V).



The procedure described above resulted in a catalyst coverage of 0.020 + 0.001 mg cm?
(corresponding to a total catalyst loading of 6.6 + 0.4 mg in the entire reactor). The latter is
determined by constructing a calibration curve that relates UV LED light transmission to well-known

surface coverages of TiO, on glass, obtained by (repeated) drop casting of known amounts of a very

well dispersed 0.05 wt% TiO, suspension in ethanol on cleaned cover slips (Figure 3).
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Figure 3. Calibration curve of transmission as a function of TiO, coverage (mg cm'z).

Deposition of polymer-capped silver nanoparticles was achieved by simply pouring the as-obtained
colloidal solution from 2.2 through the coated spiral reactor once. The reactor was dried overnight by

flushing with air.

The reactor (Figure 1B) was mounted on a fully automated photocatalytic gas test setup of which the
operation is amply explained in previous work.[36,37] In all tests, acetaldehyde was selected as
target pollutant (Messer, 1% in N,). The total flow rate was altered between 200 and 2000 mL min™
to investigate the effect on the degradation efficiency. Depending on the experiment, the inlet
concentration of acetaldehyde was set at 30 ppmv, 200 ppmv or 400 ppmv in dry air, as will be
specified below. Prior to the photocatalytic degradation phase, adsorption-desorption equilibrium
was established in dark conditions (30 minutes). Next, the lamp was turned on for 20 minutes. The
degradation of acetaldehyde was determined as the steady state concentration of CO, produced

under UV illumination, over twice the acetaldehyde inlet concentration (as two moles of CO, are



produced per mole of acetaldehyde). In between different experiments with the same reactor, the
catalyst coating was regenerated by flushing with air for 1 h under illumination. Repetitive

experiments showed no observable catalyst deactivation.

For the validation of the spiral photocatalytic reactor, the efficiency was compared with an annular
reactor of the same outer dimensions and identical catalyst loading. Two different cases were
considered for this annular reactor. In the first case, only the inner wall of the outer cylinder was
coated with 30 mL of a 1.1 wt% suspension of TiO, in ethanol to result in the same total amount of
TiO, as present in the spiral reactor (6.6 mg). In the second case, both the inner wall of the outer
cylinder, as well as the outer wall of the inner cylinder were coated. In that case both cylinders were
coated with a 0.73 wt% suspension of TiO, in 30 mL ethanol that again resulted in the same total

amount of TiO, as in the spiral reactor (6.6 mg).

A residence time distribution (RTD) experiment was performed by injecting a ten second step of
40 mL of 1% ethylene in N, (Messer) as a tracer molecule in a total air flow rate of 1600 mL/min,
which was sent through both reactor geometries. The concentration of ethylene in the outflow was
monitored on-line and in real-time by FTIR spectroscopy. The resulting RTD thus reflects the
distribution of ethylene in the entire setup including ducts, detection cell and reactor, but since only
the latter is altered over different experiments, all changes in the RTD can be exclusively attributed

to the reactor geometry alone.

3 Results and discussion

At first, our hypothesis of achieving an optimal catalyst coating by calibrating the resulting light
transmission was verified. The idea was to aim for 50% transmission, since the light roughly has to
cross two coated surfaces. As derived from Figure 2, a single coating step with a 1 wt% suspension of
TiO, P25 in ethanol leads to this transmission target of 50%. This hypothesis was proven

experimentally by coating the spiral reactor with increasing amounts of TiO, and measuring the
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resulting photocatalytic degradation of 200 ppmv acetaldehyde at a total flow rate of 400 mL min™.
The results in Figure 4 clearly illustrate that the degradation efficiency increases when increasing the
suspension concentration up to 1 wt%, which can be explained by more effective use of incident
photons by the increasing amount of catalyst present in the reactor. After reaching a maximum for
the 1 wt% suspension, the degradation efficiency again drops for the 1.5 wt% suspension, which is
attributed to an excessive amount of coating that blocks (scatters) part of the incident photon flux

and prevent full photo-activation of the inner spiral surface in contact with the pollutants.
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Figure 4. Photocatalytic degradation of acetaldehyde (200 ppmv in air at 400 mL min'l) using the spiral reactor

coated with different suspensions of TiO, in ethanol.

The photocatalytic activity of the two different reactor geometries (spiral versus annular) were
compared towards the photocatalytic degradation of acetaldehyde. In these experiments, the
concentration of acetaldehyde was kept constant at 30 ppmv while the total volumetric flow rate
was altered between 200 mL min™ and 2000 mL min™, which are the extrema of our setup. Since our
aim was to compare reactor geometries of the same outer dimensions, both the spiral and the
annular reactors were 200 mm long and 48 mm wide. Since the annular type reactor is composed of
two cylinders, the most evident way to compare it with the spiral reactor is to coat both cylinders.
The outer cylinder only coated from the inside and the inner cylinder only coated on the outside. This
means, however, that although the amount of catalyst was kept the same, i.e. 6.6 mg, the total

available surface was significantly larger for the annular reactor than for the spiral reactor (452 cm?
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and 329 cm? respectively). Alternatively, only the outer cylinder of the annular reactor was coated
from the inside. This way, a total amount of 6.6 mg TiO, was coated on a surface of 302 cm? which is
very close to the total available surface of the spiral reactor. All geometrical parameters are

summarized in Table 1.

As can be derived from the results in Figure 5, the spiral reactor outperforms both the single coated
cylinder and the double coated cylinder over the entire set of reaction conditions. Although the outer
dimensions of the reactor are identical, the internal volumes are not. For the annular reactor, the
volume is 271 cm?® whereas the reactor volume of the spiral is only 33 cm?® (Table 1). This means that
the residence time of acetaldehyde in the spiral reactor is about 8 times shorter than for the annular
reactor. In other words, the same amount of acetaldehyde is flowing through the spiral reactor 8
times as fast as through the annular reactor and still the degradation efficiency is significantly higher,
especially at higher flow rates (i.e. shorter residence time). It can thus be concluded that the spiral
reactor provides a very compact solution for the effective and fast degradation of VOC in a short
period as compared to conventional photocatalytic reactor types. This outstanding performance is
attributed to (1) homogeneous illumination over the entire reactor length (characteristic to
concentric photoreactor design in general), (2) a coated layer optimized towards light transmission,
and (3) intense (yet short) contact between gaseous reagents and the irradiated surface over the
entire spiral length due to the narrow tube diameter. The latter can be explained due to the low
Reynolds numbers in both reactors (i.e. < 15). This implies diffusion is the sole mechanism for
transport of molecules to and from the surface, perpendicular to the direction of flow. It is evident

this process proceeds more effectively for the narrow tube of the spiral reactor.

Table 1. Parameters of the different photocatalytic reactor designs

Length Reactor Catalyst Coated Coverage
(cm) volume loading surface (mg/cm?)
(cm?) (mg) (cm?)
Spiral 20 33 6.6+0.4 329 0.020 £ 0.001
Annular 20 271 6.6+0.4 302° 0.022 +£0.001
452° 0.015 + 0.001

®If only the outer cylinder is coated; °If both inner and outer cylinders are coated
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Figure 5. Photocatalytic degradation of acetaldehyde for different flow rates using different types of reactor
geometries (30 ppmv in air, flow rates ranging from 200 to 2000 mL min'l). Red @ indicate the spiral reactor,

the green ¥ the double coated cylinder and the blue O the single coated cylinder.

Residence time distribution (RTD) functions for the spiral reactor and annular reactor are shown in
Figure 6. The RTD function, E(t), is calculated as the FTIR absorbance of ethylene divided by the
integrated absorbance over the entire time range (equal for both experiments: 5.57 + 0.05). The first
moment (average residence time) and second moment (degree of dispersion around the average
residence time) were calculated as described by Levenspiel.[38] The former was equal for both
reactors (20.3 + 0.3 s), the latter differed slightly between the two reactors (spiral reactor: 54 s?;
annular reactor: 77 s2). The later breakthrough of ethylene (onset of the RTD curve) observed for the
spiral reactor compared to the annular reactor, might indicate some slightly longer dwelling of
molecules in the spiral reactor, which could improve the interaction of gaseous pollutants with the
coated reactor walls. It should be noted, however, that the difference in RTD functions is altogether

quite small, and thus no significant difference in by-passing of gas can be claimed.
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Figure 6. Comparison of the residence time function E(t) for the spiral reactor (black curve) and annular reactor
(gray curve).

Finally, silver nanoparticles, stabilized by four polymer layers (Ag/(PAH/PAA)) were added to the TiO,
coating in the spiral reactor. Figure 7 shows a TEM image in which a thin, uniform polymer shell is
clearly visible. This image shows the degree of nanometer-level control on the thickness of the
polymer shell that is offered by the LbL method. The total amount of silver loading on TiO, could not
be determined accurately. In previous work on similar samples the loading was estimated to be well

below 1 wt%.[34]

Figure 7. TEM image of silver core-shell nanoparticle with four polyelectrolyte layers (Ag/(PAH/PAA)).
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The degradation of acetaldehyde was again used as a test to evaluate the difference between bare
TiO, and silver-modified TiO,. In these experiments a total flow rate of 200 mL min™ was used with
an acetaldehyde concentration of 400 ppmv. A drastic increase in the inlet concentration was
required since for the 30 ppmv inlet concentration in the experiments above 100% acetaldehyde
degradation was already achieved over the entire flow regime. The results depicted in Figure 8 show
that under these conditions the TiO,-coated spiral results in 50% acetaldehyde degradation. Upon
addition of LbL-stabilized silver nanoparticles, an activity increase of 100% is obtained and complete
removal of acetaldehyde is achieved. This is attributed to the enhanced electric near-field induced by
SPR on these protected silver nanoparticles under UV illumination.[34] The core-shell silver
nanoparticles show a plasmon band around 400 nm that overlaps with the TiO, P25 absorbance
spectrum and the light source intensity spectrum. It is shown by Ingram et al. that this condition has
to be fulfilled for optimal plasmonic near-field enhancement of the photocatalytic activity.[31] The
particular usefulness, structure-activity relation and stability of the LbL-capped silver nanoparticles

used in this final case study, are fully documented in our recent work by Asapu et al.[34]
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Figure 8. Degradation of Acetaldehyde with TiO, (black curve) and Ag@TiO, (gray curve). An increase of 100%
in degradation efficiency is observed upon modification of TiO, with Ag core-shell nanoparticles. (Inlet

conditions: 400 ppmv acetaldehyde at a total flow rate of 200 mL min'l)
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To conclude, we end with an outlook on future possibilities offered by such a plasmon-enhanced
spiral photoreactor design. The addition of gold or silver/gold alloy nanostructures would enable to
not only harvest UV photons, but photons from the entire UV/Vis region of the solar spectrum, as we
recently showcased by means of a ‘rainbow’ broadband plasmonic catalyst.[39] For the effective
harvesting of solar photons we suggest a slight variation on the reactor geometry by translating a 3D
spiral (helix) to a planar 2D spiral that can be oriented directly towards the sun. We will communicate

our results on these advancements soon.

4 Conclusion

In this work, it is shown that an optimized spiral photocatalytic reactor outperforms a conventional
annular photocatalytic reactor of the same outer dimensions and catalyst loading for the degradation
of acetaldehyde as a model VOC. Particular attention has been paid to the optimization of the
catalyst coating procedure by calibrating the resulting light transmission as a function of catalyst
loading. The spiral reactor showed 100% degradation efficiency over a large range of flow rates
whereas the annular reactor did not reach full degradation for gas residence times as high as 1000 s.
Furthermore it is demonstrated that the addition of stabilized silver nanoparticles, encapsulated by a
thin polymer shell, has a significant positive effect on the spiral’s performance and resulted in
doubling of the degradation efficiency for an acetaldehyde inlet concentration as high as 400 ppmv.

With this we provide a powerful and compact reactor solution for fast and efficient VOC degradation.
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