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Abstract
The ultraviolet irradiated thin ﬁlm coated spinning disc reactor is a new technol
ogy for the intensiﬁcation of heterogeneous photocatalytic reactions. This reactor
has previously been found to have a reaction rate maxima for the photocatalytic
degradation of methylene blue across a spinning disc reactor. The reaction rate
maxima occurred at an intermediate ﬂow rate of 15mL/s and rotational speeds of
100 and 200rpm, where the reaction kinetics switched from ﬁrst order to second order
with a change in the ﬂow structure. The ﬁndings of this work show that the reaction
rate maxima is most likely in part caused by periodic forcing from the peristaltic
pump increasing the mass transfer of the oxygen. The enhancement in the rate of
oxygen transfer to the surface of the disc would increase the charge carrier separa
tion in the catalyst, increasing the reaction rate kinetics. Oxygen being a second
limiting reactant would also explain the presence of the second order kinetics. The
ﬂow regimes on the surface of the disc change between smooth, spiral and irregular
waves depending on the ﬂow rate and rotational speed. The eﬀect of ﬂow rate mod
ulation only occurs when the ﬂow is undisturbed by asymmetric outﬂow conditions
interfering with the ﬂow regime otherwise present on the disc. The initial surface
rate of reaction for methylene blue was approximately 0.5×10−7 mol/m2 /s for most
operational conditions, but the fast rate of reaction achieved with periodic forcing
was 3.7×10−7 mol/m2 /s, seven times greater than that achieved without the periodic
forcing. Overall, this work shows that periodic forcing should be a key feature in
achieving rate enhancements in spinning disc reactors, setting a new precedent in
spinning disc reactor operational parameter choice.

Keywords: spinning disc reactor, dehydroabietic acid, photocatalysis, process in
tensiﬁcation, periodic forcing.
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1 Introduction
Process intensiﬁcation is a research area which has recently gained an increasing amount
of interest. It focuses on improving eﬃciency and productivity, reducing the capital cost
of process systems, improving intrinsic safety and minimising environmental impact
[1, 2]. A review of diﬀerent process intensiﬁcation strategies can be found in [3].
Another area which continues to be researched for its potential for wastewater remediation is photocatalysis. Photocatalysis involves using light and a semiconductor
catalyst to either partially degrade or fully mineralise waste in wastewater [4]. However
the slow kinetics and diﬃculty in scale up have limited the application of this process
[5, 6, 7]. The use of immobilised thin ﬁlm catalysts has become increasingly popular to
overcome the post separation step required with powders, however this leads to mass
transfer limitations [6, 8, 7, 4, 9, 10].
A spinning disc reactor (SDR) is a process intensiﬁcation technology where a liquid
is fed to the centre of a horizontally rotating disc, causing it to spread out into a thin
ﬁlm. The ﬁlm is highly sheared and this reactor shows enhanced heat and mass transfer
characteristics [11, 12, 13], which makes the SDR of interest for mass transport limited
reactions [11]. It is for these characteristics that the SDR was investigated for appli
cation as a thin ﬁlm photocatalytic system [14] developing a novel phtocatalytic SDR.
Diﬀerent ﬂow regimes can form across the surface of the disc depending on the ﬂow rate,
rotational speed, and liquid properties [15, 14]. A previous publication [14] found that
the photocatalytic surface rate of reaction in the photocatalytic SDR was independent
of these ﬂow regimes. However, a reaction rate maxima was found at the intermediate
ﬂow rate of 15mL/s, with investigated ﬂow rates falling between 5 and 20mL/s. It was
also found that aside from the fast ﬁrst order reactions at 15mL/s, the overall kinetics
were second order, which is unusual in photocatalysis. It was hypothesised that the
reaction rate maxima was caused by a mass transfer eﬀect, suggested by the reaction
order switching, from second to ﬁrst order for the reactions at these maxima.
Therefore, the main aim of this paper is to further investigate and characterise the
photocatalytic SDR by investigating the source of the reaction rate maxima found in
this previous work, as the high reaction rate at this ﬂow rate dictates the desirable
operational parameters. This could therefore indicate new optimal operating conditions
and regimes that could be transferred across to optimise other SDR reaction systems.
The second aim of this work is to investigate source of the unusual second order
kinetics and whether it was the result of the model compound, methylene blue. This
was done by investigating the photocatalytic degradation of a diﬀerent model compound,
dehydroabietic acid (DHA), a resin acid found in pulp and paper wastewater. Resin
acids are endocrine disruptors that have been shown to have adverse ecological eﬀects
at very low concentration [16, 17, 18]. The photocatalytic degradation of DHA has not
been reported previously in the published literature. Consequently this work will also
provide the benchmark photocatalytic degradation results for this important compound,
which has wider relevance to the application of photocatalysis as a wastewater treatment
technology in the pulp and paper industry.
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All of the above further characterizes and expands the applications of this new pho
tocatalytic process intensiﬁcation technology and therefore comprises novel, innovative
work in the area of photocatalysis, spinning disc reactors and process intensiﬁcation.

2 Method and Materials
2.1 Materials
Methylene blue was obtained from Sigma-Aldrich (85% pure), DHA was obtained from
Pfaltz and Bauer (USA), 90% pure and 99.5% pure oxygen by BOC gases was used for
saturation of the reactant solution. The reagents used for TiO2 sol preparation were
glacial acetic acid (Univar, 99.7%), acetylacetone (Sigma-Aldrich, 99%), isopropanol
(Univar, 99.7%), titanium isopropoxide (Aldrich, 97%) and deionised water (from an
ELGA Maxima Ultra puriﬁer system). The solvents used for analysis with high pressure
liquid chromatography were triﬂuoroacetic acid (Sigma-Aldrich, 99%) and acetonitrile
(Merck, 99.8%). All reagents were used as received.

2.2 Analytical Methods
The concentrations of methylene blue and DHA were quantiﬁed using a Shimadzu LC
20AT high pressure liquid chromatography unit (HPLC) with an SPL-20A UV-vis de
tector and the same Agilent Eclipse XDB-C18 column. For a detailed description of the
analytical technique used for methylene blue detection, refer to [14].
The DHA method was based on the work of Shi [19], using an isocratic method
composed of two mobile phases: a) Pure acetonitrile and; b) De-ionised water acidiﬁed
with 0.01 vol% TFA. A total ﬂow rate of 1mL/min composed of 80/20 mobile phases
a/b was used with an injection rate of 100µL, an oven temperature of 25 ◦ C and total
analysis time of 15 minutes.

2.3 Experimental Set Up and Procedure
The sol-gel coating method described by Ling et al. [20] was used to immobilised the
titanium dioxide catalyst on the surface of the glass discs to obtain a mechanically stable
ﬁlm. Heat treatment was carried out in a F.E. Kiln furnace with an RTC 1000 Bartlett
Instruments Co. controller to obtain the photocatalytically active anatase crystal phase.
SEM images of the deposited ﬁlm showing the homogeneity of deposition can be found
in [14].
A schematic of the experimental set up can be found in Figure 1. The experiments
were run with complete recycle. The liquid was pumped from a 500mL stirred tank
reservoir through a tightly sealed glass ﬂask with a peristaltic pump. The glass ﬂask
acted as a buﬀer to dampen the ﬂow pulsations. All transparent components of the
system were wrapped with aluminium foil to prevent photolysis of the model compounds.
The inlet pipe came in from the bottom of the reactor and went through the centre of
the rotating shaft before coming out of the centre of the disc. This was to ensure no
3

shadowing of the UV light, which would have been unavoidable with the more traditional
top feed tube. The inlet nozzle diverted the ﬂow, so that the liquid hit the disc from
above through an annular-shaped gap. The disc diameter was 200mm and the entire
SDR was enclosed in an UV tight enclosure.
The reactor lid was ﬁtted with a low pressure mercury UV lamp (20W, monochro
matic, λ=254nm, Steriﬂow, supplied by Davey Water Products NZ, part nr. GPH369N/S)
inside a quartz tube, with the lamp being situated at the focus of a parabolic mirror
to improve the homogeneity of the irradiation. After reaction, the liquid was collected
in a basin below the disc, and returned back to the reservoir by gravity. The reservoir
was constantly sparged with oxygen to ensure that the solution was saturated. This was
conﬁrmed with a Mettler Toledo M0128 dissolved oxygen meter.
Prior to starting the reaction, the setup was run in the dark for 20 minutes for
methylene blue or 30 minutes for DHA to allow for the adsorption of the model compound
to reach equilibrium. The temperature of the reactant was kept at 27 ◦ C during the
reaction with tap water using a Liebig cooler. For details on the equipment speciﬁcations,
refer to [14].
The substrate concentrations used were 10mg/L (26.74µmol/L) of methylene blue.
The DHA solution was prepared by dissolving 7mg of the as received DHA in 1L of water
with 7mL of 2w/v% NaOH, and stirring for 24 hours. The solution was then ﬁltered
through a #50 Whatman paper to remove any undissolved DHA.

2.4 Process and Kinetic Modelling
The reactor system had to be modelled in order to be able to compare the kinetic con
stants between runs, because of the variation of the ﬂow rate and rotational speed. The
modelling had to account for the dead time in the reservoir due to the very low resi
dence time in the SDR, otherwise the reaction rate constants would have been artiﬁcially
signiﬁcantly lower than the real values.
The modelling approach followed that described in previous work [14], and the overall
reaction rate constants extracted with this modelling encompassed the rate of light
absorption, the oxidant and catalyst concentration and the mass transfer rate.
A mass balance can be performed on the system by treating the reactor and the reac
tant reservoir as separate control volumes. The reactant reservoir is assumed to behave
as a perfectly mixed ideal continuously stirred tank (CST), with the outlet concentration
equal to the bulk reservoir volume concentration. The change in concentration inside
the reservoir with respect to time is given by,
dCIN SDR
Q
=
(COU T SDR − CIN SDR ),
dt
VCST

(1)

where CIN SDR is the concentration inside the CST (and entering the SDR), COU T SDR
is the concentration exiting the SDR (and hence entering the CST), Q is the volumetric
ﬂow rate and VCST is the volume of the CST.
In order to model the SDR, the volume of liquid resident on the spinning disc had
to be estimated. The Nusselt model (Equation 2) was used to predict the ﬁlm height
4

across the spinning disc and assumes fully developed laminar ﬂow across the surface of
the disc with no shear at the gas-liquid interface [12].
�
h=

3Qν
2πr2 ω 2

�1
3

(2)

where h is the liquid ﬁlm thickness, r is the radius across the disc, Q is the volumetric
ﬂow rate onto the disc, ν is the kinematic viscosity and ω is the rotational speed (rad/s).
Assuming that the SDR behaves as a plug ﬂow reactor, a mass balance can be
performed on a diﬀerential volume of the SDR in combination with Equation 2. This
leads to the following expression for the change in substrate concentration with respect
to radius across the SDR,
dC
= 2π
dr

�

3ν
2πQ2 ω 2

�1
3

���

1

R r3,

(3)

���

where R is the volumetric rate of reaction and the radius is r.
���
The kinetics were found to be second order, R = kv C 2 , which is uncommon in pho
tocatalysis, for which ﬁrst order reactions, reﬂecting a simpliﬁed Langmuir-Hinshelwood
kinetic expression due to dilute reactant concentrations are the norm [6, 8]. Substitut
ing second order kinetics into Equation 3 and integrating between the inlet and outlet
radius, RIN and ROU T respectively, leads to the following expression for the reaction
across the SDR:
COU T SDR =

1
�1 �
�
4/3
4/3
3Qν 3
2πk 2πω
RIN − ROU T +
2
�

(4)
1
CIN SDR

Equation 4 was solved numerically in conjunction with Equation 1 to model the
entire system with complete recycle. MATLAB code was used to ﬁt k iteratively, and
was improved from the code used in [14] as it solved only one equation numerically
using ode45, an inbuilt ordinary diﬀerential equation solver based on the Runge-Kutta
Dormand Prince method.
In heterogeneous catalysis with an immobilised catalyst, the kinetics can be expressed
on a volumetric or surface area basis, where the surface area used is the illuminated
surface area, not the surface area of the catalyst. This is done for comparison purposes
as the use of surface reaction rate constants eliminates the eﬀect of diﬀerent reaction
volume per surface area at diﬀerent ﬂow and rotational speed conditions on the spinning
disc reactor. The reaction only occurs on the surface of the spinning disc. The surface
rate constant can be calculated from the volume rate constant using Equation 5.
V
kv
(5)
S
where S is the illuminated surface area of the catalyst, ks is the ﬁrst or second order sur
face reaction rate constant, kv is the ﬁrst or second order volume reaction rate constant,
and V is the volume of the reactor.
ks =
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3 Results and Discussion
3.1 Degradation of Dehydroabietic Acid in the Photocatalytic SDR
Experiments on the degradation of DHA were used to investigate the eﬀect of the sub
strate on the degradation rate, speciﬁcally to clarify the source of the second order
kinetics in previous work with the photocatalytic SDR with methylene blue, the high
surface reaction rate maxima found, and characterise a wider range of the rotational
speed (up to 350rpm) to quantify the eﬀect on the rate of reaction.
Adsorption and photolytic control experiments can be found in Supplementary Mate
rial Figure A.1. Like the reactions of methylene blue in the photocatalytic SDR, kinetic
ﬁtting of the data showed that the DHA reactions followed second order kinetics, as
shown in Figure 2, with ﬁrst order kinetics showing a poor ﬁt to the data (see sup
plementary material for further data). This means that the second order kinetics are
not purely attributable to the model wastewater compound, and were not caused by
the dimerisation of methylene blue, as was suggested as a possible mechanism in [14].
Indeed, this may indicate that the second order kinetics are a characteristic of the SDR.
The hypothesised cause of the second order kinetics is discussed in further detail later,
in Section 3.3. Before this can be done, a comparison between the characteristics of the
photocatalytic reactions of methylene blue and DHA in the SDR and how this relates
to the underlying hydrodynamics needs to be outlined in order to explain and isolate
various factors that may contribute to the reaction kinetics.
Figure 3a shows the volume reaction rate constants plotted against the theoretical
average ﬁlm height across the surface of the disc. This graph shows that there is an
increasing volume reaction rate with a decreasing liquid ﬁlm height. The increasing
volumetric rate of reaction is caused by a decreasing total volume, which is characterised
by the average liquid ﬁlm height. This is the same trend observed for methylene blue
in this photocatalytic SDR [14]. The plotted error bars are one standard deviation from
the average of repeat reactions carried out at the speciﬁed conditions. Figure 3a shows
that the error increases with decreasing ﬁlm height. This is likely caused by any small
variations in the reaction rate being ampliﬁed by the increased recirculation for the same
total reaction time, through the decreasing residence time (ﬁlm height).
Surface area reaction rate constants, calculated using Equation 5, eliminate the ef
fect of a varying reaction volume per surface area ratio at diﬀerent reactor operational
parameters. This makes a surface rate constant more representative of the performance
of an immobilised heterogeneous catalyst. Figure 3b shows the eﬀect of ﬁlm height on
the surface reaction rate constant of DHA.
Overall, Figure 3b shows that there is no visible correlation of the surface reaction
rate of DHA with the ﬁlm height. This is the same trend as found for the degradation
of methylene blue [14]. This ﬁnding suggests that roughly the same number of pollutant
molecules are degraded per pass of the SDR, giving a constant surface reaction rate.
There are two reactions that are fall outside of the range of error of the rest of the
measurements: a) The lowest surface reaction rate constant was at the ﬂow rate of 8mL/s
and rotational speed of 100rpm and; b) The highest surface reaction rate constant was
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at a ﬂow rate of 20mL/s and rotational speed of 200rpm.
The reaction at a ﬂow rate of 8mL/s corresponds to the highest residence time in
the reactor and the lowest substrate recirculation rate. The lowest reaction rate at the
ﬂow rate of 8mL/s could be caused by a mass transfer limitation if the extra time spent
in the reactor does not result in further degradation of the parent compound. In other
words, the recirculation rate is too low for the overall rate of reaction.
No similar explanation can be given for the overall rate of reaction at a ﬂow rate
of 20mL/s and rotational speed of 200rpm. It has a residence time and a liquid ﬁlm
thickness that is intermediate between the other experiments. Figure 4a shows the eﬀect
of ﬂow rate and rotational speed on the initial surface rate of reaction (5mg/L DHA).
Figure 4c shows the average initial surface reaction rate plotted as a surface for the
degradation of DHA, and complimentary contour plots may be found in Supplementary
Material Figures B.1 and B.2. Although it would be expected that there would be
an increasing surface rate of reaction at an increasing rotational speed and ﬂow rate,
due to increasing shear, such a trend is not visible on the graph. The data shows an
approximately constant surface rate of reaction, with the majority of the experiments
having an initial surface rate of reaction between 0.5 to 1×10−7 mol/ m2 /s.
Figure 4d shows that the methylene blue reactions in the SDR also do not have an
increasing rate constant with increasing rotational speed and ﬂow rate, however, this is
where the similarity ends. The two operating surfaces are very diﬀerent, in particular,
the DHA degradation not having the two reaction rate maxima at a ﬂow rate of 15mL/s,
as shown in Figure 4d. Thus the ﬂow across the disc was investigated with a highspeed
camera to determine if its structure had changed (either through changes as a result of
using a diﬀerent compound or perhaps changes in the SDR), which could have aﬀected
the rate of reaction.
Figures 4a and 4b can also be used to compare the degradability of DHA with that of
methylene blue. The initial surface rates of reaction for DHA were calculated at 5mg/L
and for methylene blue at 8mg/L. The molar initial concentrations between the two
compounds are not signiﬁcantly diﬀerent, 16.7µmol/L and 21.4µmol/L for DHA and
methylene blue respectively. As mentioned previously, the average initial surface rate
of reaction for DHA is between 0.5 to 1×10−7 mol/ m2 /s and Figure 4b shows that the
average initial rate of reaction for methylene blue is also between 0.5 to 1×10−7 mol/
m2 /s, when excluding the reaction rate maxima observed at 15mL/s. The degradation
rates of the two compounds are comparable, even with the slightly higher concentra
tion of methylene blue. This may be contributed to by the fact that the molecules are
both three ringed structures with a similar molecular weight. Excluding the degrad
ability of intermediates, it appears that the photocatalytic degradability of DHA in the
photocatalytic SDR is similar to that of methylene blue.

3.2 Highspeed Camera Imaging: Change in Flow Across the Spinning Disc
A highspeed camera image study was carried out with the reactions carried out with
the degradation of methylene blue reported in [14]. Similarly, a highspeed camera image
study was also carried out with the degradation of DHA reported in this study. The
7

ﬂow across the surface of the disc was found to be signiﬁcantly diﬀerent. Comparative
photographs of ﬂow in the SDR at the same operational parameters are shown in Figure
5.
Large standing waves can be seen in the photographs taken during the reactions with
DHA in Figure 5. A close up schematic of the standing waves at a ﬂow rate of 15mL/s
and a rotational speed of 200rpm is shown in Figure 6. This is in contrast to the other
types of waves observed (e.g. spiral, irregular and criss-cross) in the photographs taken
during the methylene blue degradation experiments reported in [14], in which there is
even ﬂow outwards from the disc centre.
These standing waves are almost not visible at a combination of low ﬂow rate and
low rational speed, as shown by Figure 5 at a ﬂow rate of 5mL/s and rotational speeds
of 50 to 150rpm. They are less severe at lower rotational speeds, for example at a ﬂow
rate of 20mL/s and rotational speeds from 50rpm to 150rpm shown in Figure 5. The
standing waves were also obscured or disrupted by the other multitude of irregular waves
at higher rotational speeds, such as at ﬂow rates of 15 and 20mL/s and rotational speed
of 350rpm, shown in Figure 5. The order of the severity of these waves on the disruption
of the natural ﬂow pattern by ﬂow rate, from most severe, is 15mL/s, then 20mL/s and
least severe at 5mL/s.
Close up images of the standing waves are shown in Figure 7, and show that the
standing waves have a large smooth section behind the wave front. The standing waves
were large, and could have ﬂowed over and above the thin liquid ﬁlm, hence introducing
the smooth section found behind the wave front. This short circuiting of the ﬂow may
have interfered with the mass transfer normally present in the ﬂow to the surface of the
disc. The disruptive eﬀect of the standing waves would be most pronounced at the ﬂow
rate of 15mL/s and mid range of rotational speeds (200rpm) as they are most severe in
this region, which is where the most signiﬁcant drop in reaction rate has taken place.
The standing waves originated from the nozzle, at a constant location with respect
to the nozzle bolts. It was found that the main cause of the standing waves was due to
the nozzle not being built to speciﬁcation, with incorrect alignment between the top and
bottom halves of the nozzle, as shown in Figure 8, resulting in an asymmetric annular
outlet gap. The outﬂow asymmetry of the nozzle was also exaggerated by the diﬀering
release height relative to the disc surface, shown diagrammatically in Figure 8. The
annular gap asymmetry was corrected with aluminium tape creating the more smooth
ideal ﬂow seen in the methylene blue results in [14]. However, the imperfect application
of tape to adjust for this issue and gradual tape swelling, combined with the screws
holding the nozzle pieces together gradually loosening up (from the constant screwing
in and out during disc replacement) resulted in the change of ﬂow across the surface of
the disc and the aforementioned standing waves.
This change therefore created an opportunity to study how a diﬀerent ﬂow regime af
fected the reaction rates in the SDR, providing further information on how to control and
optimise operating conditions in this new photocatalytic reactor system. Consequently,
a new set of methylene blue reactions were conducted.
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3.3 Eﬀect of Change in Flow on the Degradation of Methylene Blue
Experiments were carried out to evaluate if the degradation rate of methylene blue
had changed with the changed ﬂow pattern across the surface of the spinning disc; to
conclusively prove or disprove that the change in the rate of reaction trend at 15mL/s
was caused by the change in model compound. The volume degradation rate constants
of repeat methylene blue experiments at the same conditions as used in [14] are shown
in Figures 9a and 9b.
The plotted volume reaction rate constants are averages of repeat reactions, however,
not all reactions were repeated. For the repeat reactions, one standard deviation is
provided as the error of the measurements for that respective data set. However, for
non-repeated reactions, the error was taken as the maximum error of all available data.
It can be seen in Figure 9a that the majority of the two data sets do not overlap,
as would be expected if the change in ﬂow structure aﬀected the reaction rate. Not all
the changes are of equal weighting, or in the same direction, for diﬀerent operational
parameters. Thus, if the ﬂow is changing the rate of reaction, it is not changing it
uniformly across the diﬀerent operational parameters. The three standing waves are
almost not visible at the lower ﬂow rates, as shown in Figure 7a. This could explain the
reason why the reaction at a ﬂow rate of 5mL/s and rotational speed of 200rpm (Figure
9a) shows the same performance despite the change in ﬂow structure across the surface
of the disc.
Figure 9b shows that the observed shifts in the reaction rates show no clear de
pendence on the average ﬁlm thickness. The repeat reactions for methylene blue at a
ﬂow rate of 15mL/s show the same trend as the reactions found with DHA, that no
reaction maxima occur here. This conclusively shows that the shape and type of ﬂow
must have had an eﬀect on the overall rate of reaction. In order to conﬁrm that the
observed reactions eﬀects were the result of the ﬂow and nozzle outﬂow condition, the
nozzle outﬂow was varied and the reactions at a ﬂow rate of 15mL/s were repeated in
order to systematically determine the ﬂow characteristics that create the reaction rate
maxima previously observed at these conditions.

3.4 Eﬀect of Diﬀerent SDR Nozzle Designs on Methylene Blue Degradation
The ﬁrst modiﬁcation was intended to increase the number of the standing waves present.
This was done by throttling the ﬂow through the outlet annular gap of the nozzle in a
staggered formation, as shown in Figure 10a. The ﬂow came out in series of jets onto
the surface of the disc. This resulted in a doubling of the number of standing waves
present. Figure 10b shows the eﬀect that this had on the reaction rate at a ﬂow rate of
15mL/s and rotational speed of 200rpm. The rate of reaction increased, outside of the
expected error of repeat experiments, denoted by the error bars.
This improvement was not signiﬁcant enough to improve the reaction rate to the level
that was observed when the ﬂow was mostly homogeneous in [14]. In order to overcome
the inconsistent outlet height of the nozzle (as discussed in the previous section and
shown in Figure 8), an aluminium cap was shaped and ﬁtted over the top of the nozzle
9

to restrict the outlet ﬂow at the surface of the disc to the same height in order to recreate
the more homogeneous ﬂow seen in the initial methylene blue experiments in [14]. A
cross-sectional schematic diagram of the nozzle cap is shown in Figure 11. The nozzle cap
was tested, without a reaction, to see if a stable ﬂow could be maintained over the surface
of the disc, without reverting to the presence of the standing waves observed during the
DHA experiments so that when a reaction was carried out it could reliably be linked
to a constant ﬂow structure across the surface of the disc. Several reactions were then
carried out with the aluminium cap at the same ﬂow rate of 15mL/s and rotational speed
of 200rpm, with diﬀering ﬂow structures across the surface of the spinning disc. The
ﬂow across the disc was noted during the reaction, and the results of these experiments
are shown in Figure 12a, with diagrams of the observed ﬂow structure shown in Figure
12b. Repeat reactions with the aluminium cap gave diﬀerent ﬂow structures due to the
ﬂexibility of the material. This therefore provided a greater range of ﬂow structures to
study. Some reactions such as reaction II in Figure 12 show fairly smooth ﬂow with few
waves, and other reactions such as V show a large number of small waves. From this, a
trend was observed between more homogeneous ﬂow (without the standing waves) and
reaction rate: the general trend shown by Figure 12a is that the more homogeneous the
ﬂow appeared (and the fewer smaller waves present), and hence the closer to what it
looked during the experiments reported in [14], the faster the reaction rate achieved.
This makes sense, in part, less waves mean a surface that reﬂects and scatters less of the
UV light, which should increase the UV penetration to the photocatalyst and therefore
increase the reaction rate. This deﬁnitely shows that the outlet ﬂow structure had a
signiﬁcant eﬀect on the rate of reaction, as all other variables were kept constant. The
eﬀect of the nozzle on the ﬂow structure is supported by literature: Leneweit et al.
[21]found that wave formation was very sensitive to entrance conditions on a spinning
disc reactor. This indicates that the nozzle design is a key parameter in the SDR and
is consequently until now an overlooked characteristic that needs to be investigated in
more detail in the future.
It should be noted that the reactions labelled V and VI were carried out with 700mL
total system volume, and the rest with 550mL. Although this may introduce a con
founding factor, this is unlikely because the modelling accounts for the change in system
volume. It is also unlikely that the change in volume aﬀects other kinetics parameters
not accounted for by the modelling, or to a signiﬁcant degree, because an equally low
reaction rate is possible at a volume of 550mL, as shown by Reaction C with the nozzle
cap (IV Figure 12b). Hence the conclusion remains the same, that a change in ﬂow
structure causes a change in the rate of reaction.
Therefore, the optimum ﬂow for maximum reaction rate in this photocatalytic SDR
is characterised by the ﬁrst set of highspeed camera images reported in [14]: 1) The
absence of large, standing pooled up waves; 2) A smooth region across the majority of
the disc.
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3.5 Determining if the Reaction is Mass Transfer Controlled
If the ﬂow structure is improving the overall rate of reaction at 15mL/s, in addition
to the increased light penetration described above, this is most likely due (in part at
least) to mass transfer enhancement. This is because mass transfer resistances are a
major factor that retard reaction rates in heterogeneous reactions systems [22, 4]. The
standing waves, which are most severe at 15mL/s, probably interfere with this eﬀect.
In order to test if the reaction is mass transfer controlled, and it is the enhancement
in mass transfer rate that at least in part responsible for the change in reaction rate,
the mass transfer rate can be compared with the overall reaction rate. The following
assumptions are therefore made:
1. The reaction rate is ﬁrst order with respect to the surface substrate concentration,
which is true for the fastest reaction (although not for the rest).
2. The mass transfer rate of the substrate to the surface is proportional to the diﬀer
ence in concentration between the bulk solution and surface of the catalyst.
3. The mass transfer and the reaction steps happen in series.
4. The surface reaction is in equilibrium with the mass transfer.
Then the overall reaction rate constant is the inverse sum of the mass transfer rate
and kinetic rate, shown by Equation 6. This is a common result, discussed in [22].
1
koverall

=

1
1
+
km kr

(6)

This inverse summation ensures that the overall reaction coeﬃcient will always be
slower than both the mass transfer and kinetics rates. However, if the magnitude of one
is signiﬁcantly smaller than the other, then that rate will become limiting. Therefore,
by comparing the overall rate to the mass transfer rate, the rate limiting factor can be
determined.
The overall surface rate coeﬃcient for the reaction at a ﬂow rate of 15mL/s and
rotational speed of 200rpm is 8×10−6 m/s. The mass transfer rates found experimentally
by Burns and Jachuck for the ﬂow across a spinning disc [23] were in the order of 0.16
to 0.35×10−3 m/s. Assuming that the mass transfer on this SDR model is of a similar
magnitude, this indicates that the reaction cannot be limited by the mass transfer rate of
the pollutant. The mass transfer rate of the pollutant is two orders of magnitude larger
than the overall rate, hence the true reaction rate (i.e. the photocatalytic reaction rate at
the surface of the TiO2 ) must be limiting the overall rate of reaction. The enhancement
in kinetics at 15mL/s with a change in ﬂow is approximately seven times higher, as seen
from Figure 12a, and it is not possible for the mass transfer of the pollutant to cause
this improvement when it is not the limiting rate.
Therefore this indicates that the ﬂow structure is changing the reaction rate on the
surface of the catalyst. There are two likely explanations for this. Firstly, the change in
UV penetration discussed above. Secondly, the photocatalytic reaction depends heavily
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on the presence of an electron scavenger, normally oxygen [4]. It is normally assumed
that the oxygen is not a limiting reactant, by using a saturated solution throughout
the reaction. The solution was oversaturated with oxygen for the duration of these
experiments, as measured with a dissolved oxygen meter. Oxygen, like methylene blue
and DHA, needs to be mass transferred to the surface of the catalyst to perform its role
as the electron scavenger. It separates the electron-hole pairs, decreasing electron-hole
recombination and hence increasing the formation of active sites on the catalyst. Slow
oxygen adsorption kinetics or slow electron transfer between the catalyst and adsorbed
oxygen have often been found to be the rate limiting step in photocatalysis [24, 25, 26].
An improvement in the mass transfer rate of oxygen to the surface of the catalyst
would directly impact the kinetics and reaction rate. An increase in mass transfer rate
not only increases the mass transfer rate of the substrate, but also increase the mass
transfer rate of the oxygen to the surface of the catalyst, and hence oxygen adsorption.
An increase in the adsorption rate of oxygen would increase the reaction rate through
an increase in the number of active sites present on the catalyst. The reaction between
a pollutant molecule, A, and an active site * is shown in Equation 7.
−r = k[A][∗]

(7)

The concentration of active sites available for the degradation of the parent compound
[*] is inversely proportional to the concentration of active sites taken up by intermediates
[I], which in turn is proportional to the degradation rate of the parent compound A:
[*]∝[I]−1 ∝[A]. If the number of active sites available for the degradation of [A] decreases
during the reaction, due to the formation of intermediates and low total site availability,
then the degradation of [A] follows second order kinetics. However, if the formation of
the active sites is faster than the total requirement of active sites for both the parent
compound [A] and the intermediates, then the degradation rate of [A] will be independent
of the total number of active sites and become ﬁrst order. This would explain the
presence of the second order kinetics observed for the reactions of both substrates, and
also why the fastest reactions were ﬁrst order. It is possible that the fastest reactions
are ﬁrst order because they are not limited by the formation of active sites due to slow
oxygen adsorption. In this case the second order kinetics would be a kinetic disguise due
to a physical process. Ollis has previously discussed how true chemical kinetics can be
disguised by physical processes in [27]

3.6 Periodic Forcing Intensiﬁcation
However, this still does not explain why there is an increase in the rate of reaction
at 15mL/s in the initial methylene blue results. It is suggested that this is caused
by periodic forcing, a known process intensiﬁcation strategy discussed by Górak and
Stankiewicz [3].
Górak and Stankiewicz’s review [3] of process intensiﬁcation discusses the introduc
tion of dynamics, or artiﬁcial and purposeful periodicity, to improve reactor performance.
They found that the inclusion of periodicity has been found to increase interfacial mass

12

transfer rates. Other authors have found that the introduction of speciﬁc frequency pe
riodicity of system variables, such as pressure, temperature, ﬂow rate and composition,
can yield higher reactor performance [28, 29, 30, 31, 32, 33].
In this reactor strong periodic forcing could potentially be caused by the peristaltic
pump, which created signiﬁcant ﬂow pulsation. Since it was assumed from the outset
that a steady, non-pulsing ﬂow was required (as is common in chemical reactor unit
operations), a buﬀer was ﬁtted in order to dampen these pulsations. However, this did
not entirely eliminate them. As the enhanced rates both occurred at the same pump
ﬂowrate of 15mL/s, it is likely that there is a maxima in the pump pulsations through
the buﬀer and into the system at this ﬂow rate, enhancing the mass transfer rate through
periodic forcing. This is also perhaps not the ﬁrst time that periodic forcing has enhanced
mass transfer rates in SDRs: Burns and Jachuck [23] also found elevated mass transfer
rates at the lower ﬂow rate of 10mL/s that they could not explain. This ﬂow rate is
close to the operating conditions in this work.
Literature on periodic forcing substantiates this hypothesis. A review by Silveston
et al. [30] found that although periodic forcing on the ﬂow rate is not an eﬀective
manipulated variable for single phase ﬂow, it has been shown to be eﬀective for two
phase ﬂows. Mathematical modelling carried out by Sisoev et al. investigating the gas
absorption into a wavy ﬁlm ﬂowing over a spinning disc found that waves deformed
the boundary layer, improving the mass transfer rate [34]. In a diﬀerent paper, the
same authors studied (numerically) the eﬀect of ﬂow rate modulation and disc surface
topography on the dynamics of the liquid ﬁlm formed across the spinning disc [35].
They found that intermediate periodic forcing at the inlet gave an enhancement in the
interfacial waviness, which was much higher than that found with constant ﬂow rate.
By inference, from the ﬁndings of Sisoev et al. in [34], the larger interfacial waviness
should result in enhanced mass transfer at intermediate periodic forcing conditions.
Burns and Jachuk [23], who found enhanced mass transfer at the lower ﬂow rate,
used a centrifugal pump with a needle valve for ﬂow control. This means that the pump
was constant speed, and thus the pulsations should be the same frequency across all ﬂow
rates. However, the pulsations may have a diﬀerent magnitude due to the throttling of
the ﬂow by the needle valve, with the largest throttling at the lowest ﬂow rate. Sisoev
et al. [34] also found that an increase in the amplitude of the periodic forcing (up to a
ﬁnite limit) also increased the interfacial waviness, and by inference as per above the
mass transfer. Therefore, in the work of Burns and Jachuk [23] it is more likely to be
the amplitude, and not the frequency of the periodic forcing causing the mass transfer
enhancement.
The enhanced rate of reaction found in the data in the current work corresponds to
the intermediate ﬂow rate conditions, where the peristaltic pump would have resulted in
periodic forcing at an intermediate frequency. This may also explain why the presence
of the standing waves destroys the enhanced rate of reaction; the standing waves may
interfere with this eﬀect by disrupting the periodically forced ﬂow regime across the
surface of the disc.
Further supporting evidence for this is also found in literature. Alekseenko et al. [36]
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discusses the wave ﬂow of liquid ﬁlms on inclined planes, where much of the theory of
thin ﬁlm ﬂow across a spinning disc originates from. Chapter 13 provides a discussion
on the eﬀect of waves on transfer processes, with experimental evidence of the eﬀect of
periodic perturbations on the mass transfer of dilute gases. The eﬀect of waves on the
mass transfer was disentangled from the eﬀect of Reynolds number on the mass transfer,
because any change in natural formation of waves is accompanied by a change in the ﬂow
conditions and hence Reynolds number as well. This was done by superimposing ﬂow
pulsations on the main ﬂow, resulting in non-linear two-dimensional regular stationary
waves covering the entire surface of the ﬁlm. The characteristics of these waves were de
ﬁned only by the frequency of the ﬂow pulsations. They found that these ‘excited’ waves
gave signiﬁcant enhancements in mass transfer over the natural ﬂow. The increase in the
mass transfer depended on the period of the two-dimensional waves, with a larger wave
period corresponding to a stronger intensiﬁcation on the mass transfer, with long waves
resulting in an increase of 150%. At high Reynolds number consistent intensiﬁcation
data could not be gathered due to the formation of three dimensional waves. The eﬀect
of three dimensional waves over two dimensional waves was studied experimentally by
breaking down the two dimensional waves into three dimensional ones with the same
period. It was found that the intensiﬁcation was signiﬁcantly larger for two dimensional
waves. It is possible that for a spinning disc system the limit for three dimensional
waves occurs at a ﬂow rate of approximately 15mL/s. The ﬂow rate of 15mL/s and
rotational speeds of 100 and 200rpm are just at the transition from spiral to irregular
regime, as shown in Figure 3 in [14]. As the ﬂow rate and rotational speed are increased
(beyond 200rpm) the nature of the waves becomes more three dimensional and irregular,
weakening the enhancement of the periodic forcing as per the inclined plane case.
Another important parameter found by Alekseenko et al. [36] that aﬀected the in
tensiﬁcation was the path length of the ﬁlm, with minimal intensiﬁcation at the start,
largest at the middle and then dropping oﬀ again to the end of the length. This means
that the intensiﬁcation does not occur over the entire area of the ﬁlm. The larger the
non-linearity of the waves, the larger the intensiﬁcation of the mass transfer and the
closer the maximum intensiﬁcation occurs to the inlet. If this phenomena is translat
able to the spinning disc system, then it is possible that at 15mL/s the mass transfer
intensiﬁcation is closest to the centre of the disc; which would mean that more of the
disc surface experiences the enhanced rate of reaction compared with at other condi
tions. This is also substantiated by Leneweit et al. [21] who found that with higher ﬂow
rates or with strong inlet disturbances the wave development across the SDR takes on
non-linear characteristics, in line with experiments performed on an inclined plane.
Therefore, it is possible that periodic forcing is causing an enhancement of the mass
transfer of the oxygen, increasing the kinetics rate. The enhancement of the periodic
forcing is most signiﬁcant at the intermediate ﬂow rate of 15mL/s, most likely because
this forms the limit between where the waves are most non-linear to where the waves
become three dimensional, which sets a preferred condition for the operational ﬂow rate
of the reactor to get maximum mass transfer rate enhancement.
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4 Conclusions
Two model compounds were investigated for the photocatalytic degradation in a SDR,
methylene blue and DHA. It was found that both compounds showed a similar degra
dation rate, mostly likely due to a similar three-ringed molecular structure and similar
molecular weight. The degradation of both model compounds were used to evaluate the
source of the reaction rate maxima found at the intermediate ﬂow rate of 15mL/s and
it was found that the ﬂow structure aﬀects the rate of reaction across the surface of the
disc. It is hypothesised that the reaction rate maxima is the result of periodic forcing
from the peristaltic pump enhancing the mass transfer of the oxygen combined with
conditions characterised by a more homogeneous ﬂow regime. The more homogeneous
ﬂow regime would also decrease light scattering and hence increase penetration of the
UV light to the catalyst surface. The enhanced oxygen would improve the charge carrier
separation and through that the reaction rate kinetics, resulting in the enhanced rate of
reaction. The eﬀect of ﬂow rate modulation only occurs when the ﬂow is undisturbed by
asymmetric outﬂow conditions short circuiting the ﬂow. This makes the nozzle design an
important design consideration in SDRs, which is normally overlooked. The initial sur
face rate of reaction for methylene blue is approximately 0.5×10−7 mol/m2 /s for most
operational conditions, but the fast rate of reaction achieved with periodic forcing is
3.7×10−7 mol/m2 /s, which seven times larger than that achieved without the periodic
forcing. Periodic forcing should be investigated as a possible method of intensifying
reaction kinetics, for the spinning disc reactor and other reactors, as its enhancement
eﬀect is on top of the increased mass transfer already normally observed in this system.
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speed of 200rpm, with an outline of one of the standing waves and arrows designating
the other two.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 7: Close-up comparative photographs of ﬂow regimes during the degradation
of methylene blue in [14] and during the degradation of DHA assuming UV light does
not aﬀect the surface tension/ﬂow characteristics a) 5mL/s and 200rpm with methylene
blue b) 5mL/s and 200rpm with DHA c) 15mL/s and 100rpm with methylene blue d)
15mL/s and 100rpm with DHA e) 20mL/s and 350rpm with methylene blue f) 20mL/s
and 350rpm with DHA.
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Figure 8: Schematic diagram of the side and top views of the inlet nozzle showing the
asymmetric annular gap and diﬀering liquid release height - h.
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Figure 9: Initial surface reaction rates of repeated reactions with methylene blue after
the change in ﬂow regime a) eﬀect of ﬂow rate and rotational speed b) eﬀect of estimated
ﬁlm thickness.
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Figure 10: Eﬀect of staggered nozzle outﬂow obstructions on the degradation rate of
methylene blue at 15mL/s and 200rpm a) showing staggered nozzle obstruction arrange
ment b) eﬀect of arrangement on rate of reaction.
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Figure 11: Cross-sectional schematic of the nozzle cap ﬁtted over the top of the nozzle,
to restrict the outﬂow to the same height.
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Figure 12: Diagrams showing a) The eﬀect of ﬂow structure on the surface rate of
reaction of methylene blue at 4mg/L (half initial starting concentration) b) The ﬂow
structure observed during those reactions.
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