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ARTICLE INFO ABSTRACT

Keywords: A combination of hydrodynamic cavitation and photocatalysis (HC-PC) is a promising water treatment tech-
Advanced oxidation process nology for the removal of recalcitrant pollutants. In this work, we investigated influence of key parameters of this
Photocatalysis

hybrid technology such as initial concentration, catalyst loading, pH, re-circulating flow rate and cavitation
device/scale on degradation of three model pollutants (coumarin, paracetamol and dichloroaniline). Unlike
previous HC-PC studies, the individual and combined systems were investigated for each parameter to determine
their effect on system performance and overall synergy. We report a dependence of logKy,, for both systems, with
highest removal (100% in 20 min with AC-PC, 37% in 120 min, or 350 passes, with HC-PC) and synergy
(Synergistic index of 2.8 and 1.2 for AC-PC and HC-PC, respectively) associated with the more hydrophobic
compound, dichloroaniline. HC-PC performance increased and synergy decreased with increasing catalyst
loading, and the inverse effect was found with initial concentration (Cp: 17.5 to 70 ppm). Similarly, pH decreased
performance but increased synergy and low re-circulating flow rate increased performance but decreased syn-
ergy. Detailed analysis of these results indicated the utilisation of in-situ generated H2O5 from recombined OH
radicals is the main contributor of the observed synergy, and not physical interactions between cavities and
photocatalyst particles. Following this, for the first time, influence of cavitation device type (based on linear
flows and swirling flows) and device scale on overall performance of HC-PC system was quantified. Vortex based
cavitation device was found to provide a 20% and 25% higher performance and synergy compared to a linear
flow based cavitation device like orifice. The results presented here provide valuable insights into the synergy of
HC and photocatalytic systems.

Hydrodynamic cavitation
Hybrid techniques

1. Introduction Advanced oxidation processes (AOPs) are an emerging, environ-

mentally friendly and efficient technique for POP abatement. AOPs are

The presence of persistent organic pollutants (POPs) in water streams
is a side effect of rapid human development [1]. Such compounds may
consist of pesticides, dyes or pharmaceuticals and are characterised by
their resistance to natural chemical, biological and photolytic degra-
dation mechanisms [2]. POPs present a challenge to conventional water
treatment techniques, which often transfer the compounds to different
streams without ultimate destruction [3]. Since POPs cannot be suffi-
ciently removed, their relative concentrations accumulate to the point
they are harmful to human health and the environment [4]. To avoid
further addition, and remediation of POPs, there is an increasing need to
identify techniques that eliminate them entirely from water streams.

characterised by their in-situ generation of hydroxyl radicals (OH),
which are highly oxidising (2.8 V with reference to Normal Hydrogen
Electrode) and capable of targeting a wide variety of organic compounds
at high reaction rates [5]. Although there is still the potential in
generating secondary toxins, and complete mineralisation is difficult to
achieve, AOPs remain a compelling option for POP removal in water
treatment industries. Conventional AOPs harness OH through chemical
dosing (e.g. ozone and/or hydrogen peroxide) on the target stream and
may require UV irradiation to either achieve desired removal, or
breakdown unutilized chemicals to prevent damage on downstream
processes. Although effective in POP abatement, interest is growing
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toward more energy and cost efficient AOPs, particularly those that can
omit or reduce the use of chemicals. Hydrodynamic cavitation (HC) and
photocatalysis (PC) are two AOPs which have been shown to effectively
remove a variety of pollutants [6,7] without the need for additional
chemicals.

In addition to chemical reduction/omission, HC and PC exhibit
enhanced removal effects when operated simultaneously [8-16], to the
point where the combined performance is often greater than the sum of
the individual process. The extent of enhancement or “synergy” is re-
ported through the synergistic index/factor (&), where; & > 1 indicates a
synergistic effect, &€ = 1 no effect and & < 1 a detrimental effect. This
metric is reported to quantify and compare the impact of a hybrid pro-
cess on overall removal of pollutants. Frequently, positive synergy (¢ >
1) is reported across independent HC-PC studies, which suggests a
beneficial interaction between the processes, regardless of the pollutant
investigated. The enhancement between HC and PC is attributed to
various physical or chemical interactions between collapsing cavities
(HC) and photocatalyst nano-particles (PC) and are summarised in
Table 1. Notably, the phenomena highlighted are not verified during the
experimental studies and are included as possible explanations for
observed enhancements. This is due to the focus of HC-PC studies being
directed toward other areas, such as the synthesis, characterisation, and
application of novel photocatalysts [10,11,14-16], or parameter opti-
misation [9,12] and identification of degradation pathways [8,13]. For
example, Wang et al [8] coupled HC and PC for the enhanced removal of
tetracycline. Although multiple operating parameters were explored
(initial concentration, pH and inorganic ion presence), only initial
concentration was performed for both individual and HC-PC process,
and the other parameters were used to optimise the process (90 %
removal in 90 min, with 30 ppm initial concentration and 20 mM HCOg3).
Following this, the degradation pathway for Tetracycline was deter-
mined to be the loss of groups attached to the aromatic ring using LC-MS.
This study provides useful insights to the removal and subsequent
degradation pathway of pharmaceutical POPs, but did not provide sig-
nificant insight to the mechanism of synergy between processes. Alter-
natively, Chen et al [16] recently studied the degradation pathway of
Ciprofloxacin during a HC-PC process, using a slit venturi combined
with a synthesised P-doped TiO, photocatalyst. The authors performed
an in-depth characterisation of TiO, with varying weights of P-doping,
before optimising the PC process and coupling with HC, reporting a
strong synergistic effect (¢ = 2.5). Transformations to photocatalyst
surface were found to occur (e.g., BET-specific area increased from 113.1
to 144.3 m?/g, pore volume increased from 0.1491 to 0.1742 cm®/g)
following operation with HC, which implied a potential synergy route
via surface modifications. No further efforts were, however, made to
verify if this modification affected synergy. Comparatively, AC-PC syn-
ergy has been studied in more depth by both Ryu et al [17] and Mrowetz
et al [18]. Operating parameters in these studies (including initial con-
centration and catalyst loading) were investigated for individual and
combined processes to directly compare the process performance with

Table 1
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overall synergy. Although this data is useful to develop more efficient
processes and improve understanding of POPs mineralisation, HC-PC
literature is lacking systematic investigations of influence of key pa-
rameters and how synergy occurs. Understanding this aspect can aid key
process conditions such as fixed or suspended catalyst. To date, HC-PC
studies have applied photocatalysts as a nano-particle suspension.
While this offers the advantage of high surface area available for light
absorption and chemical reactions, it also results in the catalyst as a
secondary contaminant. There are technologies available to separate the
catalyst either in a dedicated (e.g. accelerated sedimentation, chemical
coagulation or magnet assisted separation [19]) or combined process (e.
g. Photocatalytic membrane reactors [20]), however, immobilised re-
actors are generally favoured since recovery systems are often difficult
to implement on large-scale [21]. Understanding the interactions be-
tween photocatalyst and cavities can lead to the development of more
scalable systems that can implement immobilised catalyst instead of
suspensions. As such, assessment of these interactions is crucial to
determine the viability of HC-PC on larger operating scales. Under-
standing this aspect can aid key system process conditions such as fixed
or suspended catalyst.

Several attempts have been made to discern this interaction with
acoustic cavitation (AC) based systems, where data reported by multiple
authors suggests the synergistic effect is due to chemical and not phys-
ical effects [17,18,22]. Despite this, synergy explanations (in HC-PC
studies) merely refer to the same possible interactions listed in Table 1
and consider the issue of synergistic origin as resolved. Although there is
evidence on AC, no such data is available for HC. Though both are
fundamentally the same process, the method in which cavities are
generated are significantly different and results in variation of cavitation
performance [23]. When attempting to translate an AC-PC process to
HC-PC, the change from AC to HC-based cavitation may have a signifi-
cant influence in final performance and it is important to verify that
synergy occurs in a similar manner to optimise a HC-PC process for
application to real scenarios.

Another important aspect that is missing from HC-PC literature is the
influence of cavitation device types. Although the majority of studies
have applied conventional linear flow devices to achieve the applica-
tion, swirling flow devices offer a number of advantages. Simpson and
Ranade [24] performed comprehensive numerical and experimental
investigations on linear and swirling cavitation devices and demon-
strated those with swirling flow realise cavity collapse away from the
reactor walls, leading to device longevity and a consistent degradation
performance. Furthermore, De-Nasri et al. [25] recently demonstrated a
superior performance of swirling (specifically the vortex diode) over
linear flow devices through a parametric investigation of hydrodynamic
cavitation devices and operating parameters based on coumarin
dosimetry. The combination of these effects suggests the implementa-
tion of these devices would be useful in photocatalysis systems for both
longevity of the device, overall performance and synergistic in-
teractions. As such, it is an important aspect to consider when

Summary of suggested chemical and physical phenomena used to explain the synergistic effect in HC-PC studies.

Physical effects

Chemical effects

Compound Catalyst surface Catalyst Enhanced mass Additional H,0, generation catalyst activation via reference
cleansing dispersion transfer rates nucleation sites /utilisation sonoluminescence
Tetracycline v v v - - - [8]
Reactive red 180/Direct v - - v v - [91
orange 46

Crystal violet dye - - - - v - [10]
4-Acetamidophenol v v v - v - [11]
Reactive red 2 v v v - v - [12]
Diclofenac sodium v v v v - - [13]
Rhodamine B v v v - - v [14]
Oxytetracycline v v - v - - [15]
Ciprofloxacin v v - v v v [31]
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considering the design and
photocatalysis systems.

Finally, despite the interest in HC-PC systems there remains a lack of
data regarding the influence of cavitation device scale. The aspect of
cavitation device scale has been investigated previously, where the ef-
fect was quantified in terms of 2,4 Dichloroaniline (DCA) removal by
Ranade et al. [26], and OH radical generation via Coumarin dosimetry
by De-Nasri et al. [25]. The studies found that while increased scale had
an unfavourable effect removing DCA, coumarin dosimetry revealed
increasing scale did not have a detrimental effect on OH radical gener-
ation. Therefore, if synergistic effects are also associated with chemical
effects during HC-PC processes, a scaled up device should perform as
favourably as a lower capacity device in terms of synergy. It is important
to investigate this aspect of HC-PC systems to ensure effective imple-
mentation at higher operating capacities, while maintaining benefits of
a combined operation.

This study provides a systematic investigation of key parameters in
cavitation-photocatalysis (Cav-PC) processes to provide an insight on
HC-PC interactions, more effective coupling protocols and direction of
future research efforts. To achieve this, three model pollutants were
selected namely: 2,4 Dichloroaniline (DCA), Paracetamol (PCT) and
Coumarin (Cou). These were selected based on their variation in logkow
(2.91, 0.46 and 1.39 for DCA, PCT and Cou, respectively) and relevance
to cavitation-photocatalysis literature. Previous studies have used Cou
and DCA to characterize HC devices, however, these were restricted to
HC and did not examine its combination with photocatalysis. In addition
to these, we have included PCT in this work, which is frequently
investigated during AOP studies as a representative of pharmaceutical
pollutants. Initially, a comparison of cavitation type (AC and HC) and
pollutant type/properties was performed, followed by key operating
parameters (initial concentration, Co; pH; catalyst loading; flow through
HC device, Q). In addition to these parameters, the influence of HC
device type and scale in combination with PC was investigated. The data
presented here is useful for engineers and scientists developing efficient
methods of POP abatement in water treatment through AOP
applications.

implementation of a cavitation-
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2. Methodology
2.1. Materials

2,4 Dichloroaniline (>99%), Coumarin (>99%) and Paracetamol
(>98%) were procured from TCI chemicals, Acros organics and Sigma-
Aldrich, respectively. For experiments, stock solutions were prepared
at each compound’s solubility limit using tap water and diluted to
desired operating concentrations. Photocatalyst P25 titanium dioxide
(TiOy) was purchased as a powder from Evonik. All procured chemicals
were used as received.

2.2. Experimental procedures

The experimental set-ups were selected to perform either AC-based
(set-up 1) or HC-based experiments (set-up 2). During irradiation, set-
up 1 utilised a UV LED light strip (12 V, 48 W and 120 LED/meter),
with a wavelength of 370 nm, where set-up 2 applied a fluorescent PL-L
UV-A/36 W Philips lamp. To ensure adequate catalyst irradiation, the
jacketed beaker used in set-up 1 (Fig. 1a) was constructed from boro-
silicate glass. As borosilicate transmits 90 % of UV-A light [27], and
water has an absorption coefficient between 0.0001 and 001 cm ™! for
UV-A [28], light attenuation by reactor materials is not expected to be a
major factor. AC experiments were performed using a Sonics 500 W VCX
500 ultrasound probe (20 kHz) with 13 mm diameter. The system was
operated at 90% amplitude continuously at a tip depth of 1 cm for all
experiments using AC in set-up 1. It should be noted, earlier studies
using this device applied a configuration with a closed neck reagent
bottle and ice-water bath to maintain temperature and minimise evap-
oration [29]. This configuration was not suitable to provide simulta-
neous UV irradiation and sonication, so a jacketed beaker (shown in
Fig. 1a) was used instead. Based on maintained temperature (<25 °C)
and exposed surface area (~20 cm?), water loss by evaporation during
15 min experiments was<1 %, and therefore considered acceptable. HC
experiments were performed using an experimental rig (Fig. 1b) con-
sisting of a holding tank, feed pump (CNP CHLF2-40 centrifugal pump),
Cavitation device and two valves to control the system flow-path. The
devices used in this study were an Orifice (d; — 5 mm), Vortex diode (d; -
12 mm) and a low capacity vortex diode (d; — 3 mm), the details of which
have been reported previously [26,30]. Where a photocatalyst was
required (i.e. PC and HC-PC experiments), the working volume of 6 L

a)
Ultrasound
probe
<__I_ _I: — Cooling
— water
— UV LED
S — strip

b)

Cavitation (FP

ks

device 0
Main-line valve ;easusgu;e
By-passvalve
Cooling /‘\
water—l ubub | \/
e pr— I
Feed pump

Holding tank

Fig. 1. Reactor schematic for a) experimental set-up 1 (acoustic cavitation, AC) and b) experimental set-up 2 (hydrodynamic cavitation, HC).
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was re-circulated with TiO, via the by-pass line without irradiation for a
pre-determined time period. This was to ensure adsorption equilibrium
was achieved prior to illumination and removal observed during ex-
periments could be attributed to effects via the AOP and not adsorption.
A similar procedure was applied for AC-based experiments, where
reacting volumes (50 mL) were stirred in the dark before initiating ex-
periments. [30].

For all experiment, samples were taken at appropriate time intervals
using 2 mL pipettes and centrifuged (when applicable) with a DLAB
D2012 Centrifuge at 15 x 10® rpm for 20 min. Samples were subse-
quently analysed using a Shimazdu UV1280 UV-vis spectrophotometer.

2.3. Processing of data obtained from Cavitation-Photocatalysis systems

In order to correctly interpret cavitation-photocatalysis systems, it is
important to select an appropriate model for interpreting the obtained
experimental data. Recently, the removal of an organic compound (2,4
Dichloroaniline) during a HC process was reported by Ranade et al. [26].
The oxidation process was represented using the following equations:

R +Pollutant—Intermediates R. 1.

R +Intermdiates—CO5 +H,0 R. 2.

Where, R represents the radicals generated from an advanced
oxidation process. The pollutant and intermediate will often exhibit
different degrees of reactivity towards R. The oxidation process was
interpreted using a per-pass degradation factor, where a correction
factor was introduced to account for the degree of reactivity of the in-
termediates. This factor was introduced while writing the mass balance
of the system as a function of number of passes through the cavitation
device as [26]:
= —aumce M

Where, @, is the initial per-pass degradation factor and f(n) is the
correction factor to account for variation in per-pass factor over number
of passes (pollutant mineralisation will occur in multiple steps). The
authors found the following expression to be a suitable correction factor
to account for this variation while degrading DCA using hydrodynamic
cavitation:

1

(1+y@on)’ 2)

fln) =
For this expression, when y = 0, the correction factor, f(n) will
reduce to 1 and indicates no variation in reactivity between the starting
compound and its intermediates. The variation in y controls the extent of
influence of reactivity in the intermediates. Whereas, the parameter y
can be + 1 or —1, and determines whether the intermediates are more or
less reactive than the parent compound. This will either lead to a
reduction (y = + 1) or an increase (y = — 1) in the per-pass degradation
factor with increasing number of passes. The presence of @, in the de-
nominator indicates the impact of different reactivity of intermediates
will be higher for larger value of per-pass degradation factor.
Substituting Eq. (4) into Eq. (3) and integrating for y # 0 gives:

(1+ y@on)™ } 3)

ln<60> ~ 2 Go(y — 1)(1 + yBon)* ™"

For DCA, the authors found that the intermediates were more reac-
tive, and assigned y the value + 1, thus giving the final expression:

- B
In <c£> _ gy |+ 2o } )

0 Go(y — 1)(1 4 @on)”™!

Although this model was developed for application in hydrodynamic
cavitation systems, the same assumptions may be applied to a photo-
catalysis system operated through multiple passes of an irradiated tank
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(Fig. 1b) or a non-circulating batch system (Fig. 1a). The application in
non-circulating batch system was demonstrated recently by Pang et al.
[32], who effectively predicted the degradation of Di-isobutyl phthalate
during AC, PC and AC-PC processes. This was achieved using the same
reasoning, Eq. (3) & (4) were written as a function of time, t and rate
constant kg, instead of number of passes and per-pass factor), to give the
equation:

y—1
n (g) k. {(Hk)} -

Go ko(y — 1)(1 + kot)’

Although most data reported from cavitation-photocatalysis studies
are reported in the form of a first-order kinetic approach (i.e. y = 0), they
risk applying a model which does not capture the true kinetics of AOP-
based degradation. The advantage of using this methodology ensures the
intermediates are appropriately accounted for by appropriately select-
ing eithery =0 ory # 0.

Key parameters representing degradation kinetics (o or ko) was
obtained from experimentally measured concentration profiles as a
function of number of passes or time. The results obtained from only HC,
only PC and HC + PC experiments were then used to quantify synergy by
defining the synergistic index, & as:

Do, Hc-rc

Synergistic index(&) = P (6)
0.HC 0,PC
Or
s N  koacrc
ynergistic index(E) = m 7

3. Results and discussion
3.1. Comparison between AC-PC and HC-PC systems

Initially, a comparison was made directly between experimental set-
up 1 and 2 using DCA as a pollutant. This was performed using an
identical catalyst loading (0.1 g/L) and starting concentration (35 ppm).
The resulting removal profiles for individual and combined processes
are presented in Fig. 2. It should be noted that although efforts were
made to make a similar comparison across set-ups, limitations on
operating volume and irradiation methods prevented a true comparison.
In set-up 1, the 13 mm diameter AC probe used has a max. operating
volume 250 mL (as recommended by the manufacturer: Sonics), and the
UV-LEDs do not provide the same intensity as the light source used in
set-up 2. The resulting trends across both set-ups may, however, still be
compared, and are discussed below.

From Fig. 2, it may be seen that for both set-ups; photocatalysis out-
performs the cavitation, and both processes are enhanced when oper-
ated simultaneously. During AC treatment (Fig. 2a), the concentration of
DCA does not decrease overtime, however HC (Fig. 2b) removes
approximately 10 % in ~ 350 passes. The lack of removal during AC may
be explained by the reactor configuration. Specifically, the exposed
surface area used in this work is greater than that used in a similar study
where the same probe was applied [29]. This may have caused an
evaporation effect, resulting in an increase in DCA concentration that
could mask its removal via AC. Despite this, the AC-PC profile shows a
significant improvement compared to PC, indicating that the presence of
AC has a beneficial effect. This effect is also observed in the HC-PC
profile, although to a lesser extent which indicates a lower enhance-
ment than the AC-PC system. Before quantifying the performance and
extent of enhancement of each system, it is important, however, to select
an appropriate mathematical model that represents the system kinetics.

As discussed in Section 2.3, Ranade et al. [26] presented a per-pass
modelling approach that accounts for the influence of intermediates
and has been applied to multiple AOP systems [32]. This model was
applied to the photocatalysis data sets under two conditions; y = O,
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Fig. 2. Comparison of DCA removal profiles during individual and combined processes utilising a) experimental set-up 1 and b) experimental set-up 2 (Orifice) —

Compound: DCA, Cy: 35 ppm, catalyst loading: 0.1 g/L.

which represents the conventional (i.e. first order) approach, and y # 0,
where the influence of intermediates is accounted for. The predicted and
experimental profiles are compared in Fig. 3. It can be seen from Fig. 3
that, y = 2 led to better description of the experimental data compared to
that observed with y = 0. To ensure precise representation of the system
kinetics, subsequent data sets were interpreted using y = 2. The resulting
values were used to calculate the synergistic index, &, which was used to
assess the impact of cavitation type on synergy. The fitted kinetic pa-
rameters are listed in Table 2.

As expected from the profiles in Fig. 2, AC-PC has a much higher
synergistic index (£ = 2.8) compared to HC-PC (¢ = 1.2). This is
attributed to the differences in the cavitation methods, which have been
reported as more intense during AC compared to HC processes [33]. A
greater intensity can lead to an increase in the magnitude and frequency
of events reported to benefit the synergistic effect during Cav-PC (see
Table 1 for reference). Rajoriya et al. [11], however, made a similar
comparison between AC-PC and HC-PC processes using paracetamol (4-

Acetamidophenol) as a target compound and report 3.5 times increase in
£ using a slit venturi HC-PC process compared to their AC-PC configu-
ration, although no efforts were made to explain this trend. This
discrepancy between their study and the data presented here is likely
due to differences in catalyst loading and type. In this study, we applied
a commercially available catalyst (P25 TiO,) at 0.1 g/L, whereas the
Rajoriya et al. synthesized and employed a Nitrogen-doped TiO2 at 2 g/
L. This may result in different catalytic and system properties that will
influence the resulting synergy in both processes, as such it is not
possible to directly compare with the data presented here and highlights
the complexity of quantifying synergy between processes.

In an effort to elucidate the synergistic effects, two other model
pollutants were selected to compare the performance between set-ups 1
and 2: Coumarin (Cou) and Paracetamol (PCT). These were selected for
their relevance to AOP water treatment literature [11,25,29,34-37] and
variety in physico-chemical properties. Specifically, each compound has
a different log K,y which is used to indicate the hydrophobicity of a
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Table 2

Summary of kinetic and synergistic index (&) data for investigated compounds utilising experimental set-ups 1 & 2, employing either; cavitation, photocatalysis or
cavitation-photocatalysis processes. (Device: Orifice).

AC, experimental set-up 1

HC, experimental set-up 2

Compound Co (ppm) logKow Process Rate constant, ko x10% (s7) y() E(-) Per-pass factor, @ x10* ) y() &)

Cou 15 1.39 Cavitation 0 0 2.3 0.3 0 0.62
Photocatalysis 23 1.1 7.1 5.8
Cavitation-Photocatalysis 52 1.3 4.5 8

DCA 35 291 Cavitation 0 0 2.8 3.5 2 1.2
Photocatalysis 31 2 15.5 2
Cavitation-Photocatalysis 87 0 23.5 1.7

PCT 50 0.46 Cavitation 0 0 1.1 3.5 0 1
Photocatalysis 26 0 16.9 0
Cavitation-Photocatalysis 27 0 20.4 3.4
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compound [38,39]. This parameter determines the proximity of a
compound to different regions of the cavitation or photocatalysis pro-
cess [29], as such, the resulting ¢ indicates at which region the most
synergy will occur. The same experimental conditions at which DCA was
treated were applied to these compounds and the obtained kinetic pa-
rameters are presented in Table 2.

The rate constants (ko) for AC also indicate almost no removal for
either PCT or Cou. This is not in agreement with previous investigations
using a similar sonication device where a removal of 10% was achieved
within 180 min for PCT and 20% in 120 min for Cou [11,29]. This
discrepancy is likely due to the significantly shorter reaction time and
tip depth used in this study, which was not sufficient to quantify removal
using UV-vis Spectrophotometry. Although removal likely occurs, the
values may be considered as negligible compared to those calculated for
PC and AC-PC processes. Although this will result in an error when
reporting ¢ for this process (see Eq. (7), the overall trend is still
considered insightful to the purpose of this study and are discussed
below.

The influence of compound logK,,, on initial first order rate constants
(ko) and per-pass factors (@) for each process are presented in Fig. 4.
Although the trends of the individual processes could likely be explained
according to each pollutant’s physico-chemical properties and their
subsequent interaction within the cavitation or photocatalysis process
[38,401, it is only suggested when appropriate, as the main interest is
how synergy is affected by operating parameters. Thus, the comparison
is restricted to how the trends vary across processes. For experimental
set-up 1 (Fig. 1a), ko remains approximately the same across all com-
pounds during PC but increases monotonically with AC-PC. This implies
that despite the poor performance with AC, all 3 compounds responded
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Fig. 4. Influence of chemical logK,, on a) rate constant (ko) using experi-
mental set-up 1 and b) per-pass factor (@p) using experimental set-up
2 (Orifice).
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positively when PC was coupled with the process. This agrees with the
majority of AC-PC literature available, where an enhanced performance
is typically reported [41-44]. For set-up 2 (Fig. 1b), however, only PCT
and DCA are improved when operated simultaneously, but Cou shows an
opposite effect (indicated by solid line dipping below dashed line of 4b).
Since both set-ups rely on the generation of cavities for synergy, it is
anticipated that synergy will occur via the pathways indicated in
Table 1. Furthermore, it is expected that the same order of reactivity is
observed across both set-ups, since the same synergistic pathway would
imply that the same regions dictate the extent of synergy. However, the
trend for AC-PC is kg pca > Ko,cou > Ko.pcT and HC-PC is Bo.pca > DopcT >
@o.cou therefore it is implied that synergy was affected by the nature of
cavitation applied to the system. In an effort to further explain this
phenomena, the synergistic index (&) for each process were compared.

Fig. 5 presents the calculated ¢ values for both set-ups. For set-up 1, a
synergistic effect is observed with an increasing order of; PCT (¢ = 1.1),
Cou (¢ = 2.3) and DCA (¢ = 2.8). Previous studies have shown greater
hydrophobicity (logKoy) result in a closer proximity to the cavity bubble
interface which makes it more susceptible to cavitation-based degra-
dation [38,45]. As such, it appears there is a positive relationship be-
tween proximity to the cavity bubble and extent of synergy. A recent
study by Ryu et al. [17], however, suggested this is not true for all
compounds. When degrading bisphenol A (BPA), Atrazine (ATZ) and
Sulfamethoxazole (SMX) via AC-PC, they show compounds with a lower
logK,w exhibit a greater degree of synergy (&).

The synergy was attributed to hydrogen peroxide (H202) generation
by AC and its subsequent reaction with photo-generated electrons (e”) to
form additional OH radicals. Therefore, compounds with a low logKgy
would tend closer toward the photocatalyst surface, where more OH
radicals are available. Although this may partially explain the effect, the
data presented in this study suggests it does not fully explain the syn-
ergistic effect observed here. This is especially evident when considering
the ko values for PC, where all compounds perform in a similar manner
(i.e. comparable proximity to catalyst surface) but each compound gives
a distinct response during AC-PC. To couple their theory with the pre-
sented data, the following explanation is suggested: In addition to HyO9
utilisation by photogenerated e, it can also be utilised by cavitation.
Where variations in £ occur due to an optimal location existing between
photocatalyst particles and cavity bubbles. In the case of DCA, it has a
greater proximity to cavities than both PCT and Cou, but has a proximity
to TiO4 between Cou and PCT. This results in the optimal conditions for
DCA to utilise generated HoO, more effectively than the other two
compounds and is reflected in the higher ¢ values.

Fig. 5 also highlights that set-up 2 results in more diminished syn-
ergistic effect, where only DCA shows any significant enhancement (¢ =
1.2). This is still in agreement with set-up 1, despite Cou acting as an
outlier, and further suggests that a compound’s proximity plays a part in
synergy despite the cavitation method. It is possible that Cou accumu-
lates at a point between the cavity/photocatalyst where it does not
effectively utilise the synergistically generated OH, which may cause it
to subsequently be scavenged by in-situ HyO and result in a lower @,
than its PC operation. This effect may be attributed to the lower syn-
ergistic effect observed across set-up 2. As Cou accumulates between
cavity/photocatalyst, it is less likely to contact synergistically generated
OH radicals. This is observed for HC-PC where Cou gave the lowest &, but
gave a value between DCA and PCT during AC-PC. This indicates the
location of Cou does not hinder its synergy during AC-PC, but does
during HC-PC. A possible explanation could be that compounds at sur-
face of cavity or photocatalyst will experience more benefit of the
coupled process (i.e. the locations where in-situ HyO; is broken down)
during HC-PC. Previous dosimetry studies have suggested HC may
behave analogously to a low frequency AC system [46], where poor OH
diffusivity controls their chemical reactions [47]. In this case, OH rad-
icals may not be able to effectively reach the proximity of Cou during HC
conditions (i.e. 5-10 kHz). Since the AC device is a higher frequency of
20 kHz, the OH radicals are less, however, affected by diffusion and can
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highlight process performance.

effectively interact with Cou. Thus giving a greater synergy during AC-
PC. Further studies are, however, required to elaborate on this.

Since it is implied that the synergy during HC-PC may differ from AC-
PC (according to the order of reactivity of the compounds), it is also
important to verify how it occurs in this process. To validate this theory
of synergy between HC and PC processes and develop a more compre-
hensive understanding of the resulting synergistic effect, the influence of
other operating parameters must be performed. In particular, it is
necessary to systematically vary operating parameters that alter the
suggested synergistic effects in Table 1 while also ensuring an effective
response from a compound.

3.2. Influence of operating parameters: Catalyst loading

The influence of catalyst loading (0.01 — 0.5 g/L) on @ and ¢ is

shown in Fig. 6. Catalyst loading is an important parameter in photo-
catalysis processes and its optimisation is a key feature of photocatalytic
studies [48]. Typically, as loading increases an optimal value is achieved
due to increased availability of active photocatalyst surface, thus
increasing surface area and light absorbed by the system [18,40]. As it
increases beyond the optima, the scattering effect of TiOy (i.e., light
neither absorbed nor transmitted), however, also increases. As such, this
operating parameter directly affects the photocatalyst surface phenom-
ena. When this parameter is varied and compared between a PC and HC-
PC process, it is possible to see the resulting impact of HC on the pho-
tocatalyst surface phenomena [17,18].

Fig. 6a shows the relationship between @, and catalyst loading in set-
up 2. For both processes, as catalyst loading was increases, there is a
corresponding increase in @y. HC-PC shows a better performance than
PC, which is attributed to additional removal via HC and the resulting
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synergistic effect. Conventionally, this effect is partially attributed to
enhanced surface area from cavitation, which increases light attenua-
tion of the system [8,11-15,31]. This may be seen by the difference in
@o (A @) between the two processes, which gradually increases up to
0.5 g/L. The increase in A @, may be explained by higher catalyst
loadings becoming more effective at light attenuation due to the impact
of cavitation, whereas lower loadings are already close to maximum
attenuation. A similar result was observed by Mrowetz et al. [18], who
investigated the effect of catalyst loading (0 — 0.3 g/L) on an AC-PC
system. They found the difference between processes would increase
up to 0.1 g/L but remained constant for subsequent loadings. Addi-
tionally, the authors note that both processes responded in a similar
manner to catalyst loading with or without cavitation, which led them to
conclude catalyst loading did not have an influence on synergy.
Although the profile presented in Fig. 6a suggest a similar effect may be
occurring in this study, since the optimal loading was not achieved at
this range, it is not possible to say this definitively. Batch studies of DCA
removal using PC have been reported to be 2 g/L [49], however it was
not feasible to achieve this condition at this scale. Therefore, it is
possible that physical effects of cavitation enhanced the system, but it
may still occur through other pathways such as HyOs, as suggested by
previous authors [17,18].

The corresponding ¢ values are presented in Fig. 6b, where an in-
crease in catalyst loading results in a gradual decrease in synergy. This
may be explained by considered the definition of £ presented in Eq. (6).
When varying catalyst loading, @o xc will remain constant (as this pro-
cess is unaffected by catalyst loading), therefore the value of ¢ essen-
tially depends on the ratio of @ nc_prc/@opc in other words, by how
much the PC is enhanced by cavitation. Since processes benefit from a
greater catalyst loading, the enhancement will be more pronounced at
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lower @ and less at higher values and thus causes ¢ to decrease. In the
context of synergistic effects, this implies the benefits are less pro-
nounced when the PC system is operating close to optimal conditions.

3.3. Influence of operating parameters: Initial concentration

Initial concentration, Cy determines the fraction of pollutant adsor-
bed to the surface of photocatalyst [18] and photons absorbed by a
pollutant [48]. When catalyst loading is fixed, the fraction of DCA
adsorbed will vary depending on Cy. As such, this parameter impacts
catalyst surface phenomena, and its influence from cavitation can help
elucidate the influence of cavitation on photocatalysis [17,18], specif-
ically the reported surface cleansing affect. To investigate the effect of
the surface cleansing effects during HC-PC, Cy was varied at 3 condi-
tions; 17.5, 35 and 70 ppm for each process.

The @, profiles presented in Fig. 7a, indicate a similar effect to that
observed with catalyst loading; both PC and HC-PC follow a similar
pattern (i.e., @y decreases with increasing Cp), while HC remains rela-
tively constant. The trends of PC and HC-PC may be attributed to the
fraction of DCA adsorbed to catalyst surface. As the loading is fixed,
available surface sites will remain constant and quantity of adsorbed
DCA will be unchanged. As Cy increases the adsorbed DCA, however,
represents a lower fraction and thus results in a lower per-pass factor.
The same trend is again observed for PC and HC-PC with this parameter,
which further implies that both processes have the same dependence on
Co (i.e. a fixed amount of surface sites in the system). This was also
concluded by Mrowetz et al. [18] who reported a similar trend in rate
constant when varying Co for removal of Acid red 1 dye. Although @, are
still greater during HC-PC, the similar trend enforces the theory that
synergy may likely occur through in-situ generation and utilisation of
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Fig. 7. Influence of initial concentration (Cy) on a) per-pass factor (&y) and b)
synergistic index (&), ¢ = 1 indicated by dashed line to highlight process per-
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Device: Orifice.
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H20o.

Having established that the enhancement of these processes likely
occurs through H,O, generation and utilisation, it is possible to further
interpret the effect on &. Fig. 7b shows ¢ increases as Cp increases and is
the inverse to that calculated for catalyst loading. The trend of ¢ with
increasing Cp can be explained by considering HyO» utilisation during
the individual processes. Since the process of HC remains constant it is
assumed there is no change in utilisation. As Cy increases, however, it
effectively reduces effectiveness of PC by decreasing the ratio of surface-
sites to pollutant, which results in a lower probability of DCA interacting
with OH and so a lower @&,. Therefore, applying HC to PC increases the
chances of the pollutant interacting with OH by utilising in-situ gener-
ated Hy0o, causing an increase in @,. This effect is more pronounced
while operating in conditions in which utilisation is reduced; therefore &
increases with increasing Cy. This also explains the trend observed with
catalyst loading. Lower loadings ineffectively utilised HyO2 based on
decreased ratio of surface-sites to pollutant, whereas higher values
harnessed HoO». Thus resulting in the inverse trend, where & decreases
with increasing catalyst loading. This result demonstrates a limitation of
coupling HC-PC processes; the extent of synergy is dependent on the
operating conditions and performance of the individual processes. This
aspect of HC-PC was explored further by investigating acidity (pH) and
re-circulating flow rate.

Overall, it seems the coupling of both processes is most effective
when applied to processes which are not operating at optimal conditions
and could be a useful method to achieve the same performance with a
lower resource cost.

3.4. Influence of operating parameters: Acidity

Operating pH influences both the cavitation and photocatalysis
processes. pH alters the state of a compound according to its chemical
groups and pKa. DCA contains an amine group (-NHjy) which forms a
conjugate acid (-NH3) below its pKa value of 2. Therefore, DCA is
partially charged when treated in conditions close to its pKa such as that
investigated here (pH = 3). The charged nature of DCA will subse-
quently influence its removal performance in each process. The pH alters
TiO, to form slightly positive (pH < 5.2) or negative (pH > 9) surface
[50], which in turn alters the adsorption characteristics between com-
pound and catalyst. Additionally, the formation of OH radicals is re-
ported to be higher at lower pH, due to enhanced redox potential of
valence-band holes at acidic pH [51]. The @, values at neutral and
acidic conditions are shown in Fig. 8. The drop in removal at lower pH is
likely due to resulting positive charges on both DCA and the catalyst
particle causing repulsion. This will reduce the probability of DCA
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Fig. 8. Comparison between per-pass factor (@) of each process during acidic
(pH = 3) and neutral (pH = 7) conditions — Compound: DCA, Cy — 35 ppm,
catalyst loading: 0.1 g/L, Device: Orifice.
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interacting with surface-based OH radicals. Although the improved
redox potential increases the overall concentration of OH in the system
(including bulk), the short lifetime of OH [29] means they are still more
likely to react via another pathway than the target molecule. This causes
@ to decrease in acidic conditions by 45% and 16% across PC and HC-
PC, respectively, while HC remained unchanged at both pH conditions.
This may be attributed to the partial dissociation of DCA being insuffi-
cient to affect HC at this pH, whereas the positively charged TiO in
combination with the partial dissociation was sufficient to Impair the
process during PC and HC-PC [51]. A similar result was observed when
Chu et al [52] examined the effect of pH during the degradation of 2-
Chloroaniline using TiO, photocatalysis. A drop in 7 % of the rate
constant was reported when decreasing pH from 7 to 3, which was also
attributed to electrostatic repulsions between the catalyst and the
molecule at these conditions.

As mentioned, acidic conditions encourage the formation of OH but
decrease interactions between DCA and the catalyst particles. This will
increase likelihood of OH interacting to form in-situ HyO that remains
unutilised during PC [53], but will be effectively harnessed during HC-
PC. Since neutral conditions result in a greater utilisation of OH, there is
less enhancement from HC at this condition than acidic. This was re-
flected in & presented in Table S1 of the supporting information, where
acidic pH increases process synergy by 40 %. This further implies a
potential trade-off while operating HC-PC, where individual processes
with a lower performance tend to produce a greater synergistic effect. To
verify this effect, the influence of flow rate through HC device was then
studied.

3.5. Influence of operating parameters: Re-circulating flow rate

The circulating flow rate through HC device, Q, is another operating
parameter which influences performance of HC-PC systems. Q will affect
DCA removal by; Pressure drop, AP (HC), irradiation time in holding
tank (PC) and a combination of both (HC-PC). To determine the influ-
ence of Q, the system was operated at a lower flow rate (13 LPM)
compared to the previous conditions (18 LPM). The resulting @, and ¢&
values are presented in Fig. 9 and Table S2 of supporting information.

It can be seen that a lower Q (i.e., AP = 100 kPa) has no influence on
DCA removal via HC, Table S2. This result is in agreement with Sarvo-
thaman et al. [30] who also report no effect on DCA removal across
multiple AP values for linear flow based cavitation devices with a similar
AP vs Q Curve (including the orifice device used in this work). On the
other hand, PC shows a significant improvement due to the increased
irradiation time in the system holding tank (Fig. 1b), which leads to an
increased amount of photocatalyst activation and thus higher levels of
OH generation. A similar increase is observed during HC-PC, though to a
lesser extent. In terms of synergy however, a lower re-circulating flow
rate did not provide any enhancement (¢ = 1). This is likely due to longer
residence time enhancing utilisation of a significant portion of HyO,
generated during PC, which would diminish the effect of HC. This
parameter further emphasises the need to identify synergy or perfor-
mance as criteria when designing HC-PC systems.

3.6. Influence of operating parameters: Cavitation device type and scale

The final aspect of HC-PC systems investigated was the influence of
cavitation device and scale. Cavitation devices can be broadly consid-
ered in two categories; swirling or linear flow. The orifice was used in
this study as a linear flow cavitation device. With orifice, the cavitation
zone is adjacent to the solid walls and therefore it is susceptible to
erosion, which may deteriorate performance [24]. Despite this draw-
back of cavitation devices based on linear flows, previous HC-PC studies
were limited to such devices [8-15,31]. Although it has been shown that
the swirling flow devices can help prolong device lifetime by favouring
cavity collapse away from the walls [24], to our knowledge, their
application in combination with PC is not reported. This work compared



S.J. De-Nasri et al.

Chemical Engineering Journal 473 (2023) 145241

40

013 LPM m18LPM
35 r

30 r

25

20 r

15 -

per-pass factor, ¢, x10% (-)

10 -

: [

HC

PC HC-PC

Fig. 9. Comparison between per-pass factor (@) of each process during low (13 LPM) and high (18 LPM) flow conditions — Compound: DCA, C, — 35 ppm, catalyst

loading: 0.1 g/L, Device: Orifice.

performance of an orifice (a device based on linear flows) with vortex
based cavitation device namely, vortex diode (VD). This vortex based
cavitation device has been shown to out-perform linear flow devices
such as orifice and venturi [25]. Scale of cavitation device is another
important parameter, which may influence overall performance.
Although HC-PC performance has been investigated across a range of
pollutants, catalyst types and operating parameters therein [8-15,31],
there is no data available regarding the influence of scale on perfor-
mance of such HC-PC systems. It is essential to determine this effect to
assess the feasibility of implementing HC-PC in industrial applications
and identify future research efforts. For this study, a VD device (D;) with
throat diameter of 12 mm was selected with a similar AP vs Q curve as
the orifice device [30] and operated at the same AP (200 kPa), to make a
direct comparison between linear and swirling flows. The same AP was
then applied to a 4-times scaled down VD (Do, with throat diameter of 3
mm and ~ 16 times lower operating flow rate) to investigate the in-
fluence of cavity device scale.

The resulting kinetic data from each cavitation type is summarised in
Table S3 of supporting information. The data shows there is negligible
difference in performance when comparing HC on Orifice and D;. This
agrees with earlier work of Sarvothaman et al. [30] who applied a single
per-pass constant to describe the performance of multiple devices with
similar AP vs Q curves. This allowed for both devices to operate at the
same flow rate, Q so the PC process for both devices will remain the
same. Despite a similar individual performance, there is an increase of
~ 20 % in @ and 25% in ¢ during HC-PC when using the D; over Orifice.
This is likely due to the superior generation of OH reported with D; over
the Orifice, causing an enhanced synergistic effect. When D; is coupled
with PC, there is more OH contributed from the HC process than with the
orifice. The additional OH is either utilised directly by DCA or recom-
bined to form Hy05 that is then subsequently converted to OH by the
photocatalyst [17]. It should be noted, the similar performance in HC for
both devices can be attributed to the influence of intermediates scav-
enging OH radicals. This may be similar to the findings of De-Nasri et al.
[25] who showed that although a similar amount of parent compound is
consumed for cavitation devices, intermediates formation may vary.
Another important observation is that ¢ was increased without the
detriment of the individual processes, as was the case in varying pre-
vious operating parameters. Overall, the comparison highlights the
importance of device selection, and the benefits of applying swirling
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flow over conventional cavitation devices.

Influence of device scale (nominal operating capacity) on perfor-
mance and synergistic index is shown in Fig. 10. In SI Table 3 we see a
significantly higher @, across individual and combined processes (10 —
50 times increase) for the smaller cavitation device (D3). The improve-
ment with decrease in HC scale has been reported previously with DCA
by Ranade et al. [26], and the improvement with PC can again be
attributed to the increased residence time due to the lower flow rate.
Although a greater @, was observed during HC-PC than the individual
processes, it was not sufficient to produce a synergistic effect (¢ = 0.7).

In relation to earlier discussions, this may be due to the individual
processes effectively utilising OH radicals, which will diminish the
enhancement from combined operation. Another possibility for £ < 1
could also be the levels of HyO5. An increased residence time increases
OH production during PC, and when coupled with HC may increase the
levels of OH to the point where it recombines before interacting with
DCA. This could lead to an increase the HyO> in the system, which can
lead to catalyst agglomeration due to the formation of Ti(IV) peroxide
species [54]. Although cavitation effects may cause these to de-
agglomerate again, these effects also contribute to OH which will lead
to more agglomeration. This result implies that for operating HC or PC
on low operating capacities, it may not be necessary to implement a
combined process (depending on design constraints). A combined pro-
cess may, however, be beneficial or necessary to achieve higher oper-
ating capacities. This aspect is discussed below by comparing the @, and
resulting ¢ of each condition DCA was examined during HC-PC.

In an effort to consolidate the data collected in this work, the @, and
corresponding & for each condition explored during HC-PC treatment is
presented in Fig. 11. The & of a process appeared to be related to how
effectively the individual processes would harness re-combined OH
radicals as HyO2, which implied those with a lower @&, would exhibit a
greater corresponding &.

The data shown in Fig. 11 indicates the following relationship be-
tween @, and &:

5 =130 x @60.25 (8)

This effect confirms that a trade-off between overall performance
and synergy exists during DCA removal and indicates enhancement is a
result of individual processes operating ineffectively. This implies
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Fig. 11. Per-pass factor and corresponding synergistic index for conditions applied during HC-PC in this study, using DCA as a model pollutant (Symbols: from

experimental data, Curve: calculated from Equation (8).

processes with a greater synergy will have a lower overall performance
than those that are already operating effectively. Therefore, assessment
of HC-PC systems should not rely only on realisation of synergy, but
should also consider other factors such as performance, energy con-
sumption per unit product (capacity) when operated simultaneously.

4. Conclusions

In this work, for the first time, we present a systematic investigation
of operating parameters addressing the extent of synergy in a HC-PC
process. The per-pass degradation model was found to provide an
effective way to evaluate performance of individual HC and PC treat-
ments as well as combined HC-PC treatment. Influence of key system
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parameters on overall performance and synergy was investigated using
the per-pass degradation model. The presented results were analysed to
identify the most likely synergistic pathway and to understand observed
differences in relationship among synergy and key parameters. Specif-
ically, catalyst loading (0.01 — 0.5 g/L), initial concentration (17.5 - 70
ppm), acidity (pH = 3 and 7) and operating flow rate (13 and 18 LPM)
were investigated and interpreted. This was used to suggest a synergistic
pathway and before proceeding to examine the effects of cavitation
device type and scale. The key findings of the present investigation are
summarised as:
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Synergy in HC-PC systems is likely to occur through H,O5 generation
and utilisation; and not through physical interactions between cav-
ities and photocatalyst particles.

Swirling flow cavitation devices improve both, extent of system
performance and synergy compared to their corresponding linear
flow devices (20 and 25% increase, respectively).

Comparing the per-pass factors for DCA during HC-PC at various
conditions revealed that synergy (£) decreases with increasing per-
pass degradation factor (@). The data indicates the relationship as
Eox@y %25, This suggests that the highest synergy does not necessarily
mean the highest system performance.

Per-pass performance decreases with scale-up and therefore,
coupling of HC with PC would be beneficial (higher synergy) with
scale-up.

Overall, this study provides valuable insights into the key parameters

influencing the synergy between cavitation and photocatalysis. The re-
sults will be useful to engineers and researchers working in the water
treatment and environmental engineering industries.
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