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Abstract

The efficient removal of organic micropollutants, pharmaceuticals, pesticides, drugs,
and others, remains an unsolved challenge in water treatment. Although
photocatalysis has proven highly effective at degrading these substances, its large-
scale implementation has been so far hampered by technical and economic concerns.

This work describes the development and characterization of novel highly efficient,

self-supporting photocatalytic ZnO foams for the dation of organic

micropollutants. A systematic investigation of flow ra ength and stability
under both recirculating and single-pass ucted using
carbamazepine as a UV-recalcitrant mo . ion, 95%
degradation was achieved with photocatalyst q eld of 1.2x10 and electrical
rforming current technology,
slurry and immobilised systems. Fo ' mplete degradation was

achieved in 30 minute 2[d increasing to 6.3x103, and an Eeo of

36 kWh m=3. Thesefve ose for slurries, immobilised and other

Keywords: Photocatalytic Foams; Photocatalysis; Recirculation Reactor; Single Pass

Reactor; Energy Efficiency



32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

1. Introduction

Over 2 billion people lack access to safe drinking water and nearly half of the global
population lacks access to safe sanitation [1]. Regulatory agencies around the world
are particularly concerned with the increasing presence of organic micropollutants in

water, with more compounds periodically added to watchlists or slated for removal [2].

In this context, novel water treatment technologies are nee to remove these

challenge pre commercialization and utilization of photocatalysis for
wastewater treatment [10]. Further critical issues include long-term stability of
photocatalysts, leaching and their overall cost-effectiveness ratio [11].

Photocatalytic foams are alveolar materials of open porosity with cells

connected through struts to form a monolith. Foam 3D structures can be characterised

using parameters such as pore diameter, strut diameter and cell size [12]. The
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immobilisation of nanoparticles onto commercial foam supports has been used as an
attempt to bridge the performance gap between slurries and immobilised catalysts [13-
15]. Typical commercial foam supports include, but are not limited to, silicon carbide,
alumina and metals (Ni, Cu) [12, 16-18]. Nanoparticles are primarily titanium dioxide-
based, either as commercial P25 particles dip coated onto foams substrates [19-21]
or prepared by sol-gel method [17, 22]. Recently, titania foams produced using a

sequential multi-step coating approach were studied in reactors for reactive

2aching of nanoparticles remains an

the photocatalytic activity is given by the foam material itself, with no nanopatrticles
present, was previously tested in small-scale batch experiments by the authors [28].
Considering large scale applications, ZnO is relatively inexpensive when compared to
TiO2 and can absorb more light quanta than other conventional photocatalysts [29].

The ZnO photocatalytic mechanism, involving the formation of electron/hole pairs
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under irradiation during the degradation of organic micropollutants, is well established
[29]. As an example, carbamazepine (CBZ) oxidation occurs via hydroxyl radicals into
acridine (Al) and acridone (AO) products [30, 31]. Complete oxidation of CBZ, Al and
AO was demonstrated for ZnO foams [28]. The use of oxygen saturated conditions
significantly reduces the effects of photocorrosion, whereby photogenerated holes can
attack the Zn-O bond, dissociating Zn?* [32].

The majority of studies on immobilised foams hav: en in batch, with few

over convectional batch testing, and a step towards implementing photocatalysis in

real applications. Highly efficient self-supporting ZnO photocatalytic foams with high
mechanical and chemical stability were developed to withstand high water flow, and
fully characterised to link synthesis conditions, foam characteristics and photocatalytic

performance, using CBZ as a model organic micropollutant. The choice of CBZ, a



107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

major organic micropollutant worldwide [36], allowed direct comparison with the
literature, revealing the foams’ superior performance. CBZ was selected as a model
compound due to its recalcitrance to direct photolysis under UV-irradiation [37] and
because of its widespread use as a benchmark compound in photocatalytic research
[38]. Modelling studies of the single pass reactor, based on experimental data

provided, show the scale-up potential of the foams.

2. Experimental

2.1. Materials

Polyvinyl alcohol (PVA) 87-89 % hydr , (molecular weight 13,000-

23,000), phosphoric acid and nitric m Acros. The cross-linker

2,5-dimethoxy-2,5-dihydrofuran cationic surfactant,

Photocatalytic foams were produced using a combination of liquid templating
and sintering methods [28], with a novel two-step sintering process developed here to
obtain sturdier structures for application in flow processes. Briefly, the liquid template
was composed of a particle-polymer-surfactant suspension of ZnO, PVA and CTAB,
40, 5.0 and 0.9 wt%, respectively, in water. After the addition of the DHF cross-linker,

6
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air was incorporated using a homogenizer (IKA, Ultra-Turrax T25 basic) for 4 minutes
at 11,000 rpm. The obtained solid materials were sintered using a two-step process to
refine the microstructure of the pre-foam material and improve mechanical stability to
withstand high flow conditions while maintaining macro and microporosity [39, 40]. The
conditions used were 950 °C for 0.5 h followed by 900 °C for 12 h, with 5.0 °C min

heating and cooling rates under atmospheric and nitrogen saturatied conditions.

2.3. Photocatalytic foams characterisation

The synthesised foams’ crystallographi STADI P
XRD diffractometer (Cu radiation) in transmi or 20 values between 20°
and 80°. The effect of chemical stabili [ ed using Inductively Coupled

Plasma Mass Spectrometry (ICP-

instrument. Standard deviadi ot exceed 5.0 %.

(1)

where &1 is the foam porosity; w1 is the weight of the wet foam (g); w2 is the weight

of the dry foam (g); Dw is the water density (g cm-3) at 15 °C; Dtis the ZnO foam density

(g cm3).
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Macrostructural information was obtained using micro computed tomography
(micro-CT) performed using a Nikon XT H 225ST scanner. The conditions used for
analysis were 0.708 seconds exposure, magnification axis 173.7, 170 kV voltage, 130
MA current, no filter material, 18 gain and tungsten target. In total, 3141 projections (4
frames per projection) were obtained and averaged. Information was limited to the

machine resolution of 20 ym. Data analysis and 3D images were aecessed using Avizo

software. Each sample was probed in three different areas e foam with the same

internal volume (0.5 x 0.5 x 0.5 cm) to assess their ho

2.4. Photocatalytic activity

Photocatalytic degradation of CBZ (10 tra-pure water was studied

in a recirculating flow reactor (Fig. with a rese of 500 mL maintained at 10 +

1 °C using a water-cooled chiller (RC-10 digital VWR) and continuously stirred (ultra-flat

U M’

IKA). The solution flow rate was controlled using a gear pump (MCP-Z Ismatec) in the

range of 100 to 500 mL mint. S@lutions weéré saturated with oxygen for 40 min prior to

ments to minimise the well-known zinc

and irradiated coaxially by three UV lamps to provide a cohesive light intensity (Aquatix
pond, 254 nm, 5 Watts, averaged irradiance I,; = 10.4 mW cm? + 0.4 mW cm?)
measured regularly at multiple locations using a UVC radiometer (International Light
Technologies-ILT 2400) at a fixed distance of 3.0 cm between catalyst and lamps and
inside the quartz tube. The effect of flow rate (100 to 500 mL min-t), catalyst length (2.1,
4.2 and 6.3 cm) and stability (5 cycles of 2 hours each) were studied using this
configuration for 2.0 hours. Adsorption of CBZ on foams and reactor surfaces was

8
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negligible. Direct photo-transformation of CBZ was 10.0% + 1.2x10* degradation
within 2.0 hours.

The performance of photocatalytic foams was also studied in a single-pass
configuration (Fig. 1B) to match actual operational conditions. This was done using the
same irradiation system as previously described with a total catalyst length of 8.4 cm
for all experiments. A syringe pump (Nexus 6000) of fixed volume controlled the flow rate
in the range of 0.7 to 5.0 mL min't. CBZ solutions were saturated with oxygen for 40 min
prior to degradation experiments along with adsorption/degorption &kilibrium under dark
conditions. The system was pre-filled with solut}prior to degradations and the total

AN

treated volume was 150 mL for all studied flow rates under these conditions. As the volume

was fixed, photolytic and photocatalytic degradation experiments were performed for

a“
different times according to the selected flow rate. The number of data points was relative

rt’in the reactor can act as

FOAM [COMPARTMENT

Flow

Fig. 1. Photocatalytic reactor in (A) recirculation and (B) single-pass

configurations.
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CBZ removal was monitored using high-performance liquid chromatography
(Thermo Scientific Ultimate 3000 liquid chromatograph using a UV detector) equipped
with a Thermo Scientific™ Acclaim™ 120 Cis column (3.0 x 75 mm, particle size 3.0
um), inclusive of a guard column, at a flow rate of 0.8 mL min-%, injection volume of 20

uL, detection wavelength 285 nm and mobile phase consisting of 5.0 mmol L*

phosphoric acid and acetonitrile 70:30 (v/v). The calibratio e was in the range of

0.1 to 25 pumol L. Aliquots were collected from eith ir (Fig. 1A) or the

reactor outlet (Fig. 1B) at different time intervals

(min't) were calculated using i i e logarithmic normalised
concentration versus time:
(2)
(3)

Re, =2 (4)
h LA
uD
i 5
Pe D (5)

10
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u
S¢=7D (6)

L —0.472
Sh =1.029 * Sc®3% x Rej5S <0_> (7)

D

where Dy is diameter of pores (m), W is the mass flow rate (kg s1), A is the tube

cross sectional area (m?), u is the mean fluid velocity (m s2), i dynamic viscosity

of the fluid (kg mts?), p is the density of the fluid (kg m3 L is the length of the

CBZ were evaluated
son’s r). The trendlines used

e polynomial function named as [B-spline

definitions in the [UPAC glossary for photochemistry [43]:

uv dosesingle pass = TX Igz (8)

uv doserecirculating = NTX gy 9)
YR, __t .y _

T—K,Tl—m, VR—Sfo (10)

11
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where t is the residence time under UV within the foam (S); n is the number of
recirculation cycles, Vg is the volume receiving UV dose (mL), V, is total reaction solution
(mL), & is the porosity of the foam and V; is the volume of the foam (m?3). Table S3
(ESI) shows the residence time, total time under UV number of cycles, and the fraction
of volume illuminated over total volume (Viuminated/Vo) for each reactor configuration. It

is noted that while in the single pass configuration the UV dos a function of flow

rate, this is not the case in the recirculation experiments doses are reported in
Tables S4 and S5 (ESI).

The apparent quantum yield (®) was ¢ tions S3 to

Calculations were performed consi y the quartz tube (as light
intensity was measured inside the tub id/solid interface due to water
g losses in air were assumed negligible
[19]. Calculation ini NS were absorbed by the foams. Details
of the calculations areides [ guations S3 to S12 ESI [28].

der (Eeo) was calculated according to the equations for

_ P xt (9)
V x log (CO/C)

Ego = r (10)
Q X log (CO/C)

where P is the lamp power (kW), tis the time (h), V is the treated volume (m?3), Co and
C the initial and final concentrations of contaminants (mol L*) and Q the flow rate (m®

h1). As the foams have different lengths, the lamp power value used in the above

12
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equations is corrected for the effective length of the foams. As the foam occupied only
a fraction of the quartz tube, the total power of the lamps was multiplied by the
volumetric fraction occupied by the foam, to provide the effective power used for
photocatalysis, considering that the contribution of photolysis is negligible. Details of
the calculations are provided in the equation S10 ESI.

All information related to modelling and simulation is sented in the ESI

section 2.

3. Results and discussions

3.1. Photocatalytic foams characterisation

The novel two-step sinteri i here led to the formation of
self-supporting ZnO photocatalytic re highly porous (93.0-
94.0%), yet significantly [ one step process previously
demonstrated [28] ' presence of large, interconnected pores

with mean diamete 2 ig,'2b,c). The walls of the foams consist of

reports on ZnO [46]. The wurtzite crystal structure and improved crystallinity over ZnO
particles precursor (Fig. S1 and Table S1 ESI) were confirmed by XRD.

The two-step sintering process yielded more robust foams via pore wall
densification, which was achieved through pre-coarsening of the structure at higher

temperature while simultaneously retaining residual macroporosity during the second

13
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sintering stage [47]. After the sintering process, a band gap value of 3.26 eV was

measured, in line with previous reports [48, 49].

particle size/ pm

3.2. Photocatalytic activity: recirculating system

Photocatalytic degradation of CBZ under recirculation conditions shows 66 and 64 %
removal for the ZnO foams sintered under atmospheric and nitrogen saturation
conditions after 2.0 hours at 200 mL min™*, respectively (Fig. 3A). The contributions of

adsorption and photolysis were less than 10% combined (Table S2 ESI), lower than

14
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what observed for similar foams in a batch reactor for the same reaction time (~14%)
[28]. This was further confirmed by calculating the quantum vyield, with values of
3.6x10% in the absence of the catalyst (photolysis) and 4.5x10* and 3.5x10 in the
presence of photocatalytic foams, under atmospheric and nitrogen saturation
respectively (Table S2 ESI). Lower quantum yields were obtained for foams sintered

under nitrogen saturation (Table S2 ESI). The photolysis quantum yield was lower

than reported value of 6.0x10* mol Einstein! for CBZ phot ical degradation [37,

UV dose of batch [28] and
ificantly higher efficiency of
BZ and intermediates (acridine
strated by increasing the degradation time

s are generally responsible for ZnO

porosity data from experimental values. The model showed a high correlation between
the experimental data and modelling (Fig. S5 and Fig. S6 ESI), and the degradation
reaction of at first order type (Fig. S7 ESI). Fluid dynamics parameters relative to the
heat and mass transfer were calculated as Sherwood number (Sh) and Nusselt

number (Nu). The modelling then considered a range of flow rates from 100 to 500 mL

15
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327

min-t, showing the reaction rate strongly depends on the flow rate up to 200 mL min-t.
Above 200 mL mint, the reaction rates were substantially invariant (Fig. S8 ESI),
allowing to consider the system free from solid-liquid mass transfer resistances.

As numerous photoactivated processes are occurring simultaneously and there
are multiple materials and process parameters affecting the degradation, the quantum

yield was calculated against key materials properties of the foa surface area (SA)

and surface area-to-volume (SAV) ratio, to assess their i ual effects (Table S2

ESI). SAV showed the best correlation, as it incorp ntent of material

UV dose / mJ cm™2

rate constant x 10°

o
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Fig. 3. (A) Degradation of CBZ by (m) adsorpti
using foams sintered under (A) atmospheri
Flow rate 200 mL min-t. Photocatalytic degrada BZ (C/Co) using ZnO foams
as a function of UV dose for (B) di ) different catalyst lengths

at 300 mL min,

3.2.1. Operational . flow rate, catalyst length effect and UV

erational and structural parameters was conducted

to opti s* performance. Significant changes in CBZ photocatalytic

correlations, from 100 to 500 mL min* (cross ref Table 1 and Fig. 3B), due to
hydrodynamics effects. As the flow rate increased, the residence time decreased and
number of cycles progressively increased (Table S3 ESI), resulting in constant UV
doses. Across all flow rates tested, the reactor is in laminar flow regime (2 < Re < 10,

Fig. 3B). As the flow rate increased from 100 to 200 mL min, kinetics more than

17
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doubled, typical of a mass transfer-limited regime. The increase can be attributed to a
decrease in the thickness of the boundary layer, leading to improved mass transfer
[52]. Above 200 mL min‘t, there is only a weak dependence of kinetics on flow rate
(Fig. 3B), with degradation being adsorption controlled. A Peclet number (the ratio of
diffusion time over convection time), Pe >1, for all flow rates and a doubling of the

Sherwood number (the ratio of convective mass transfer rate over diffusion rate), Sh

from 3 to 7, further confirm this analysis. Conversely, S ved from 6 to 3 with

heterogeneous interconnected pores of differe i ters (Fig. 2). Similar effects

ive mass transfer dominates

ation of the foams’ properties (pore diameter, SAV
r light penetration across the 3D catalyst structure. Strong
correlations ved between photocatalytic degradation kinetics, flow rate and
foam length under recirculating conditions (cross ref. Fig. 3b-c, Table 1 and Fig. S3
ESI). Additionally, a high linear inverse correlation (< —0.800) was obtained for flow
rate and electrical energy per order (Eeo), with the latter reducing as the former

increases. Kinetics and quantum vyield linearly increased with catalyst length

underpinned by strong correlations. 95% CBZ removal was achieved by tripling the

18
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foam’s length after 2.0 h with quantum yield of 1.2x10-3 (Table 1). Normalised numbers
demonstrated the SA remained constant (correlation -0.866, R? = 0.432) while a strong

correlation with the surface-to-volume ratio (SAV) was obtained (0.986, R? = 1.0).

Table 1. Quantum yield (¢) and normalised quantum yield comsidering the foams’

properties of surface area (SA) and surface area to volume ) as a function of flow

Flow rate Catalyst %CBZ k
(mL min) length (cm) removal (s> > DISAV (kWh m)

100 45.0 6.4x108 40
200 66.0 1.1x107 22
300 2.1 72.0 1.2x107 19
400 72.0 1.3x107 19
500 1.3x10°7 17
correlation 0.876 -0.820
1.2x107 19
300 1.3x10°  1.8x107 26
1.3x103  2.9x107 24
- 0.995 -0.866 0.986 0.693

immobilised catalysts (Table 2): Nanoparticles suspensions in batch reactors achieved
1 to 4 orders of magnitude lower quantum vyields than photocatalytic foams, e.g.
4.6x1081to 2.6x10* for TiO2 under UV irradiation with significantly higher Eeo values
(34.3 to 1.2x10%) [55-57] and TiO2 under LED [58]. The photocatalytic foams

outperformed also ZnO and ZnO/biochar nanoparticles under UV irradiation in batch

19
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reactors [56, 59] considering both quantum yield and energy consumption (cross ref
Table 1 and Table 2). While slightly higher quantum yields were reported for ZnO NPs
under UV and visible irradiation [60-62] and even a nanoparticle composite of
graphene oxide and Bi202COs under simulated visible irradiation [60], energy
consumption was higher by at least two orders of magnitude for CBZ photocatalytic

degradation.

A further comparison with foams of different materials, differ eaction configurations

and targeting a wide range of pollutants (Table S8 wed the superior

performance of the foams prepared in this v TiO2 foams | tch reactors

i02) [63],

obtained for ocatalytic foams were comparable to other AOPs as UV/H20:2
(3.3x10°2 mol Einsteint) for CBZ degradation [66].
These results convincingly show that the use of photocatalytic foams in flow reactors

could pave the way for enhanced light efficient and mass transfer photocatalytic

processes.

20



415
416 Table 2. Quantum yield (®) and electrical energy per order (Eeo) calculated for CBZ

417  degradation for different photocatalysts in batch, batch recirculating and flow reactors.

Photocatalyst Material Reactor (type,lr;;ie\:ztrl,of (nm)) () (kVVEhE?n'?’) Ref
TiO2 Batch UVA; 9W; 365 max 2.6x10*% 34.3 [55]
TiO> Batch UV; 150W; <300 max - 92 [67]
TiO2 Batch UVA; 150W; 365 max 170 [56]
C-TiO2 Batch UVA; 150W; 400 max 1,200 [57]
TiO2 Batch LED vis; 417 - (58]
Suspensions *g-CsNa Batch LED vis; 417 - (58]
Zn0O Batch UVA,; 48W; 320 [61]
Zno Batch UV; 150W; 260 [67]
Zno Batch 210 [56]
ZnO Batch [62]
ZnO/biochar Batch 4.0x10C [59]
**Bi202.C03/GO Batch 2.6x102 [60]
TiO2 Batch 3.8x107 11,000 [68]
N-TiOz - 14,000 [69]
. TiO2 - 1,200 [70]
Immobilised TiO, i 0.07 [70]
TiO2 3.6x10° 3.3 [71]
N-TiO2 7.7x10°° 0.9 [71]
ZnO 3.6x10°2 140 [28]
8.7x10* 21 [65]
1.2x10°3 24 This work
6.3x103 36 This work
418
419
420
421 sure of efficiency is electrical energy per order (Eeo), defined

422  as the kilowa of electrical energy needed to decrease the concentration of a
423 contaminant by one order of magnitude (90%) in one cubic meter of solution [45]. In
424  general, the photocatalytic degradation of organic and inorganic pollutants is classified
425 as a high energy process, with median Eeo values of 335 kWh m= for both

426  suspensions and immobilised (TiO2, ZnO and WO3) photocatalysts, whereas other

427 advanced oxidation processes (AOPs, e.g. ozonation based, UV/Cl and UV/H202)

21
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have been considered more energy efficient (Eeo < 10 kWh m3) [6]. In the present
work, the Eeo of the foams ranged from 40 to 17 kwWh m-3, with increasing flow rate
(Table 1), significantly lower than the median for general photocatalytic processes. A
more specific comparison with the literature limited to the photocatalytic degradation
of CBZ, revealed that the foams produced here have the lowest Eeo value,

outperforming both suspensions and immobilised TiO2 and ZnQycatalysts (Table 2).

Although the energy consumption was lower for some imm ed TiOz under UV [70,

71] irradiation in flow reactors, CBZ was not fully de these conditions,
reaching only 62% after 7 days (Table 2).
the degradatiton of CBZ

petitive with a wide range of

a few specific systems

tion of a flow reactor with the use of 3D
y improved energy efficiency of this

pended and immobilised conventional

terms of Zn photo-corrosion [32], decreased with increasing flow rate (Fig. 4b). Zn?*
release increased proportionally with foam length as more material was present in the
reactor (Fig. 4b-c). Greater chemical stability was associated to lower flow rates (Fig.
4b). The photocatalysts were stable over 10 h (5 cycles of 2 hours each) under

recirculating conditions at 300 mL min-t without any significant change in mass (Fig.

22
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4a), nor in morphology (Fig. S4 ESI), before and after each cycle. The increase in zinc
concentration is more pronounced from the first to the second cycle followed by a
plateauing of values. Zn?* concentration in solution did not exceed 170 ppb per cycle
(Fig. 4a). In terms of degradation process influence, a less pronounced corrosion
effect was observed under dark conditions. Adsorption alone was responsible for

approximately a third (20 ppb) of zinc concentration after 2.0 fafor foams (2.1 cm)

sintered under atmospheric conditions and a quarter for en saturated sintered

recommended zinc levels for drinking water m [73]. The stability of the
substrate-free  ZnO foams unde i ' nted here outperformed
comparable systems in the literature pstructures immobilised onto Ni
foams [24, 26] in term batch-wise Au/ZnO/rGO foams [13, 24,

emical stability (Zn?* concentration) was

together, these findings confirm the effectiveness of

prove the foams’ mechanical and chemical stability.
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Fig.4.C of the ZnO foams for CBZ removal vs (A) reusability after 5
consecutive ¢ S hours each at 300 mL min-; (B) flow rate and length of

catalyst at 300 mL mint; (C) zinc concentration normalised over catalyst length; and

(D) influence of photolysis, adsorption and photocatalysis, as described in Fig.3a

(200 mL mint), on the overall stability.
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3.3. Photocatalytic activity: single-pass reactor

To further understand the scale-up potential of the substrate-free foams, single-
pass experiments were conducted to mimic what would happen in actual wastewater
treatment plants for both economic and practical reasons [52]. Single-pass tests were
conducted using the substrate-free ZnO photocatalytic foams (total length of 8.4 cm

compared to 6.3 cm in the recirculating case) at the range of 0 5.0 mL min flow

rate for 10 umol Lt CBZ solutions under UV irradiation (Fi Fig. 5a provides CBZ

ady-state levels (Fig. 5a), as opposed to a linear decay under
higher flow rates (Fig. 3b). CBZ photocatalytic degradation
reached 100.0" 6.5% for both 0.7 and 1.0 mL min! conditions, respectively, after
only 30 min (cross ref Fig. 5a,b). A similar profile was reported previously for a
continuous-flow reactor operating at 2.7 mL min-! with immobilised TiOz2, although this
required significantly longer time (200 min) [70]. By increasing the flow rate to 5.0 mL

min-t, a different trend in degradation was observed with lower removal efficiency

(35.0%) as residence time is significantly lower (Table S3 ESI). Higher flow rates
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yielded a lower contribution of photolysis within the initial degradation stages until a
plateau was reached (Fig. 5a,b). This contribution was more evident for 0.7 and 1.0
mL min't conditions, as UV doses meaningfully increased (Table S5 ESI). The UV
dose was comparable for all studied flow rates after 30 min of photocatalytic
degradation (cross ref Fig. 5b and Table S5 ESI). These results suggest ZnO

photocatalytic foams were highly photoactive at UV doses up 18,3282 mJ cm2 and

extended residence times (Fig. 5b inset). Photolysis alo uld not fully degrade

recommended levels of 3.0 ppm [73]. The Pecl er was well above unity, with

Sh being below unity and increasi i [ ate (Table S7 ESI).

A
photolysis 0.7 mL min?
hotocatalysis 0.7 mL min®
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The inset shows UV dose up to 200 mJ cm-2. (C) rate constant, Reynolds number and

Zn?* concentration for each flow rate. Catalyst length 8.4 cm.

Single-pass tests showed complete CBZ degradation after only 30 min at both
0.7 and 1.0 mL min’! flow rates and consequently increased degradation kinetics
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(cross ref Fig. 5b,c and Table 3). Enhanced overall quantum yields of 6.3x10° and
5.6x102 were achieved at lower flow rate conditions with enhanced kinetics (Table 3).
The combination of longer photocatalytic foams and lower flow rates significantly
improved quantum yield for single-pass studies as residence time and UV doses were
greater than under recirculation conditions (Table S4 ESI). The quantum vyield

obtained for the photocatalytic foams in single pass configuration @utperformed current

Eeo was at |& e orders of magnitude higher [78]. Quantum yields of ZnO
photocatalytic foams were higher than reported for UV/H202 CBZ degradation [66] and
lower energy consumption than other advanced oxidation process as UV/H202, UV-
LEDs/Os and UV/CI (Table S9 ESI) as discussed previously with inversely proportional

correlations. The foams’ surface area-to-volume ratio (SAV) has a particularly strong

effect on the quantum vyield (Table 3) as catalyst length was even higher than
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556 recirculation. The energy efficiency at the lowest flow rate was comparable with values
557 obtained for the recirculating system (Eeo = 36 kWh m3), whereas it increased by a
558 factor of 5 for the 5 mL min-! condition (Table 3). These results demonstrate the ability
559 of the foams to effectively capture light and improve reactivity.

560

561 Table 3. Quantum yield () considering the foams’ pgeperties of external

562 surface area (SA) and surface area-to-volume (SAV) as a f n of flow rate, % CBZ
563 removal, pseudo first order removal rate constant (k) energy per order
564 (Eeo) for single-pass reactor along with correlati Y . Photolysis

565 quantum yield (®photolysis)-

normalised ®
Eeo

®/SA  ®/ISAV (kWh m?)
(m?) (m)

Degradation Flow rate %CBZ
conditions (mL min?) removal

¢photo|ysis

0.05 1.5x10°6 36
photocatalysis 1.0 0.05 1.3x10°® 125
5.0 0.02 4.6x10°7 187

correlatio - . -0.998 -0.993 0.845

0.7 100

566
567
568
569
570

571

572 2.pass configuration could be seen as a limiting case of the

573 recirculating configuration as the flow rate decreases. Combining the kinetics in a
574  single plot shows an inverse exponential correlation with Reynolds number (Fig. 6b).
575 Thisis reflected in the significantly higher residence time (Fig. 6a) calculated for lower
576 flow rates and fraction of illuminated volume over total volume (Table S3 ESI) being

577 one order of magnitude higher for the single-pass to achieve similar CBZ degradation
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compared to the recirculating configuration. Both characteristics translated in a
significantly higher efficiency of the single pass configuration, which achieved
complete degradation in 30 minutes, whereas the recirculating could obtain only 95%
after 120 minutes of irradiation (Fig. 3c). A comparable kinetics ratio of

photocatalysis/photolysis of 8.0 was observed for both studied reactor configurations.

2

N
8
&

3

200 =

flow rate/ mL min -1
flow rate/ m
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Fig. 6. Flow rate as a function of (A) residence time (z) for recirculation (black
squares) and single pass (blue squares) studies. The inset shows the recirculation
profile at a lower scale; (B) rate constant vs. Reynolds number for both reactor

configurations.

3.5. Scale-up considerations

Simulations of the single-pass configuration were ed to investigate the

potential for scale-up of the foams. The simulation r ed considering

by increasing the catalyst length, degradation ntly improved. An increase
of catalyst length from 8.4 cm to 70 le-pass degradation from 24
to 82% (cross ref Fig. 7 and Table Eeo from 187 to 47 kWh
m=3. The simulated conye photocatalysis to photolysis
contribution (Table experimental data. Pressure drop (AP)

values were neglig and 70.0 cm (Table S11 ESI).

0.2

0.0 T T T T T T T T
0O 10 20 30 40 5 60 70 80

catalyst length/ cm
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Fig. 7. Simulation results for CBZ photocatalytic degradation as a function of catalyst

length for the single pass reactor.

The combination of longer, energy efficient 3D foams with higher flow rates in
the single-pass configuration could open new perspectives towards the scaling-up of

photocatalytic reactors. Removal of organic micropollutants wi duced operational

costs was demonstrated especially eliminating the or NPs downstream

separation.

4. Conclusions

supporting Able over 5 consecutive cycles of 2 hours each with improved

chemical stabi inear correlation with catalyst length. Significantly low electrical
energy per order (Eeo) of 17 kwh m® was consumed under recirculation conditions.
The use of ZnO photocatalytic foams in recirculation reactors proved to be as energy
efficient as other AOPs. Additionally, the photocatalytic activity of self-supporting ZnO

foams in single-pass reactor was demonstrated for the first time. Complete CBZ

removal with reduced energy consumption was achieved after only 30 min at 0.7 mL
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mint owing to increased kinetics and quantum yield (6.3x103) while proportionally
reduced energy consumption. Exponential concentration decay was demonstrated as
function of UV dose until reaching steady-state. Photo-corrosion resulted in dissolved
Zn levels well below WHO drinking water guidelines. Simulation studies demonstrated
high CBZ removal (82%) could be reached at 5.0 mL min-* for 70 cm catalyst length

with reduced energy consumption. In both reactor configuratigns, the ZnO foams

demonstrated high mechanical and chemical stability, lo rgy consumption and

current technology.
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