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Abstract  8 

The efficient removal of organic micropollutants, pharmaceuticals, pesticides, drugs, 9 

and others, remains an unsolved challenge in water treatment. Although 10 

photocatalysis has proven highly effective at degrading these substances, its large-11 

scale implementation has been so far hampered by technical and economic concerns. 12 

This work describes the development and characterization of novel highly efficient, 13 

self-supporting photocatalytic ZnO foams for the degradation of organic 14 

micropollutants. A systematic investigation of flow rate, catalyst length and stability 15 

under both recirculating and single-pass conditions was conducted using 16 

carbamazepine as a UV-recalcitrant model pollutant. Under recirculation, 95% 17 

degradation was achieved with photocatalyst quantum yield of 1.2×10-3 and electrical 18 

energy per order (EEO) as low as 24 kWh m-3, values outperforming current technology, 19 

slurry and immobilised systems. For single-pass tests, complete degradation was 20 

achieved in 30 minutes, with the quantum yield increasing to 6.3×10-3, and an EEO of 21 

36 kWh m-3. These values also outperform those for slurries, immobilised and other 22 

foam photocatalyst reported in the literature under similar conditions. The low energy 23 

consumption of these newly developed photocatalytic foams, combined with their high 24 

quantum yield and stability, provides a realistic path towards practical implementation 25 

of photocatalytic processes in water treatment, addressing the limitations of existing 26 

slurry and immobilised photocatalytic technology.  27 

 28 
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1. Introduction 32 

Over 2 billion people lack access to safe drinking water and nearly half of the global 33 

population lacks access to safe sanitation [1]. Regulatory agencies around the world 34 

are particularly concerned with the increasing presence of organic micropollutants in 35 

water, with more compounds periodically added to watchlists or slated for removal [2]. 36 

In this context, novel water treatment technologies are needed to remove these 37 

micropollutants in an environmentally and economically sustainable way [3].  38 

There is ample evidence of the effectiveness of photocatalysis at removing 39 

organic micropollutants and/or recalcitrant compounds from water or at least convert 40 

them into more readily biodegradable compounds [4]. However, large-scale 41 

implementation of photocatalysis within tertiary wastewater treatment schemes has 42 

been so far limited by technical and economic concerns [5]. In particular, high electrical 43 

energy per order (EEO) values and a low quantum yield for hydroxyl radicals limit the 44 

practical use of photocatalysts [6]. The most studied configurations for photocatalytic 45 

treatment are nanoparticle slurries and immobilised catalysts [7-9]. While the former 46 

are particularly efficient due to a high surface area, downstream catalyst removal is 47 

required. The latter address catalyst separation issues, but are limited by lower 48 

removal efficiencies and slower degradation kinetics as the active area is drastically 49 

reduced [5]. The post-recovery of photocatalysts remains the main technological 50 

challenge preventing commercialization and utilization of photocatalysis for 51 

wastewater treatment [10]. Further critical issues include long-term stability of 52 

photocatalysts, leaching and their overall cost-effectiveness ratio [11].  53 

Photocatalytic foams are alveolar materials of open porosity with cells 54 

connected through struts to form a monolith. Foam 3D structures can be characterised 55 

using parameters such as pore diameter, strut diameter and cell size [12]. The 56 
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immobilisation of nanoparticles onto commercial foam supports has been used as an 57 

attempt to bridge the performance gap between slurries and immobilised catalysts [13-58 

15]. Typical commercial foam supports include, but are not limited to, silicon carbide, 59 

alumina and metals (Ni, Cu) [12, 16-18]. Nanoparticles are primarily titanium dioxide-60 

based, either as commercial P25 particles dip coated onto foams substrates [19-21] 61 

or prepared by sol-gel method [17, 22]. Recently, titania foams produced using a 62 

sequential multi-step coating approach were studied in batch reactors for reactive 63 

orange dye degradation [23], and diuron pesticide degradation under simulated solar 64 

irradiation [4]. ZnO structures hydrothermally deposited onto metallic [24] and carbon 65 

[15] foam supports studied Rhodamine B dye degradation under visible and UV light 66 

irradiation in batch reactors. Particle immobilising strategies include sequential multi-67 

step onto PU foam supports aiming at UV-mediated degradation [25], and the 68 

combination of metal oxide particles with Ag [26] and Ag2O [27] particles using metallic 69 

substrates for visible light batch systems. Although these foams with immobilised 70 

nanoparticles demonstrated superior photocatalytic efficiency compared to 71 

photocatalytic slurries, the potential leaching of nanoparticles remains an 72 

environmental concern and a challenge for large-scale industrial applications [9]. 73 

Furthermore, some of these systems showed a high energy consumption (> 2400 kWh 74 

m-3) even for dye degradation [27].  75 

A potential alternative using substrate-free ZnO photocatalytic foams, where 76 

the photocatalytic activity is given by the foam material itself, with no nanoparticles 77 

present, was previously tested in small-scale batch experiments by the authors [28]. 78 

Considering large scale applications, ZnO is relatively inexpensive when compared to 79 

TiO2 and can absorb more light quanta than other conventional photocatalysts [29]. 80 

The ZnO photocatalytic mechanism, involving the formation of electron/hole pairs 81 



 

5 
 

under irradiation during the degradation of organic micropollutants, is well established 82 

[29]. As an example, carbamazepine (CBZ) oxidation occurs via hydroxyl radicals into 83 

acridine (AI) and acridone (AO) products [30, 31]. Complete oxidation of CBZ, AI and 84 

AO was demonstrated for ZnO foams [28]. The use of oxygen saturated conditions 85 

significantly reduces the effects of photocorrosion, whereby photogenerated holes can 86 

attack the Zn-O bond, dissociating Zn2+ [32]. 87 

The majority of studies on immobilised foams have been in batch, with few 88 

conducted under recirculating conditions: SiC and alumina foam supports coated with 89 

TiO2 commercial nanoparticles were used for the removal of paraquat herbicide, 90 

tertiary amine and pyrimethanil pesticide under UV irradiation [21, 33, 34]. TiO2 91 

composite films deposited on polyurethane and aluminium foams via polymeric [35] 92 

and silica sol-gel combination [20] promoted photocatalytic UV mediated degradation 93 

of dyes and pesticides. With only limited results on the performance of photocatalytic 94 

foams under recirculating flow configurations, to the authors’ best knowledge there are 95 

no studies on single-pass configurations, which would be closest to practical 96 

application in water treatment.  97 

In this work, self-supporting, substrate-free, ZnO photocatalytic foams are 98 

presented to concomitantly address the need for downstream removal of nanoparticle 99 

slurries and poor efficiency of immobilised materials. Two reactor configurations were 100 

systematically investigated, recirculating and single-pass, a significant advancement 101 

over convectional batch testing, and a step towards implementing photocatalysis in 102 

real applications. Highly efficient self-supporting ZnO photocatalytic foams with high 103 

mechanical and chemical stability were developed to withstand high water flow, and 104 

fully characterised to link synthesis conditions, foam characteristics and photocatalytic 105 

performance, using CBZ as a model organic micropollutant. The choice of CBZ, a 106 
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major organic micropollutant worldwide [36], allowed direct comparison with the 107 

literature, revealing the foams’ superior performance. CBZ was selected as a model 108 

compound due to its recalcitrance to direct photolysis under UV-irradiation [37] and 109 

because of its widespread use as a benchmark compound in photocatalytic research 110 

[38]. Modelling studies of the single pass reactor, based on experimental data 111 

provided, show the scale-up potential of the foams. 112 

 113 

2. Experimental 114 

2.1. Materials  115 

Polyvinyl alcohol (PVA) 87-89 % hydrolyzed, (molecular weight 13,000-116 

23,000), phosphoric acid and nitric acid were purchased from Acros. The cross-linker 117 

2,5-dimethoxy-2,5-dihydrofuran (DHF) and the cationic surfactant, 118 

hexadecyltrimethylammoniumbromide (CTAB) were supplied by Merck (Germany). 119 

ZnO powder (purity 99.9%; average particle size 5.0 μm) was supplied by Goodfellow. 120 

Methanol and acetonitrile were purchased from Fisher. CBZ was supplied by Sigma-121 

Aldrich. Stock solutions of CBZ (1.0 mmol L-1) were stored at 4 °C and replaced 122 

monthly. All aqueous solutions were prepared using ultrapure water (Veolia Purelab 123 

Chorus, resistivity 18.2 MΩ). 124 

2.2. Photocatalytic foams synthesis  125 

Photocatalytic foams were produced using a combination of liquid templating 126 

and sintering methods [28], with a novel two-step sintering process developed here to 127 

obtain sturdier structures for application in flow processes. Briefly, the liquid template 128 

was composed of a particle-polymer-surfactant suspension of ZnO, PVA and CTAB, 129 

40, 5.0 and 0.9 wt%, respectively, in water. After the addition of the DHF cross-linker, 130 
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air was incorporated using a homogenizer (IKA, Ultra-Turrax T25 basic) for 4 minutes 131 

at 11,000 rpm. The obtained solid materials were sintered using a two-step process to 132 

refine the microstructure of the pre-foam material and improve mechanical stability to 133 

withstand high flow conditions while maintaining macro and microporosity [39, 40]. The 134 

conditions used were 950 °C for 0.5 h followed by 900 °C for 12 h, with 5.0 °C min-1 135 

heating and cooling rates under atmospheric and nitrogen saturated conditions.  136 

 137 

2.3. Photocatalytic foams characterisation 138 

The synthesised foams’ crystallographic structure was studied in a STADI P 139 

XRD diffractometer (Cu radiation) in transmission mode for 2θ values between 20° 140 

and 80°. The effect of chemical stability was investigated using Inductively Coupled 141 

Plasma Mass Spectrometry (ICP-MS) in a Thermo Fisher Scientific X-Series II 142 

instrument. Standard deviation error for all samples did not exceed 5.0 %.  143 

The photocatalytic foams morphology was analysed in a Jeol JSM-7900F 144 

FESEM along with statistical image analysis to obtain flake size distribution and 145 

particle size distribution using Image J software. The porosity was calculated using the 146 

following equation based on Archimedes’ principle [41]:  147 

𝜀𝑓 =  

(𝜔1 − 𝜔2)
𝐷𝑤

[
(𝜔1 − 𝜔2)

𝐷𝑤
+ 

𝜔2
𝐷𝑓

]
 (1) 

 148 

where εf is the foam porosity; ω1 is the weight of the wet foam (g); ω2 is the weight 149 

of the dry foam (g); Dw is the water density (g cm-3) at 15 C; Df is the ZnO foam density 150 

(g cm-3).  151 
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Macrostructural information was obtained using micro computed tomography 152 

(micro-CT) performed using a Nikon XT H 225ST scanner. The conditions used for 153 

analysis were 0.708 seconds exposure, magnification axis 173.7, 170 kV voltage, 130 154 

μA current, no filter material, 18 gain and tungsten target. In total, 3141 projections (4 155 

frames per projection) were obtained and averaged. Information was limited to the 156 

machine resolution of 20 μm. Data analysis and 3D images were accessed using Avizo 157 

software. Each sample was probed in three different areas of the foam with the same 158 

internal volume (0.5 × 0.5 × 0.5 cm) to assess their homogeneity. 159 

2.4. Photocatalytic activity 160 

Photocatalytic degradation of CBZ (10 µmol L-1) in ultra-pure water was studied 161 

in a recirculating flow reactor (Fig. 1A) with a reservoir of 500 mL maintained at 10 ± 162 

1 C using a water-cooled chiller (RC-10 digital VWR) and continuously stirred (ultra-flat 163 

IKA). The solution flow rate was controlled using a gear pump (MCP-Z Ismatec) in the 164 

range of 100 to 500 mL min-1. Solutions were saturated with oxygen for 40 min prior to 165 

experiments and continuing during the experiments to minimise the well-known zinc 166 

oxide photo-corrosion effect [32]. Additionally, solutions were maintained under 167 

recirculation (dark conditions) for 40 min to achieve the adsorption/desorption 168 

equilibrium. Photocatalytic foams were placed in a quartz tube (ID 22 mm; OD 25 mm) 169 

and irradiated coaxially by three UV lamps to provide a cohesive light intensity (Aquatix 170 

pond, 254 nm, 5 Watts, averaged irradiance 𝐼0𝜆 = 10.4 mW cm-2 ± 0.4 mW cm-2) 171 

measured regularly at multiple locations using a UVC radiometer (International Light 172 

Technologies-ILT 2400) at a fixed distance of 3.0 cm between catalyst and lamps and 173 

inside the quartz tube. The effect of flow rate (100 to 500 mL min-1), catalyst length (2.1, 174 

4.2 and 6.3 cm) and stability (5 cycles of 2 hours each) were studied using this 175 

configuration for 2.0 hours. Adsorption of CBZ on foams and reactor surfaces was 176 
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negligible. Direct photo-transformation of CBZ was 10.0% ± 1.2×10-4 degradation 177 

within 2.0 hours. 178 

The performance of photocatalytic foams was also studied in a single-pass 179 

configuration (Fig. 1B) to match actual operational conditions. This was done using the 180 

same irradiation system as previously described with a total catalyst length of 8.4 cm 181 

for all experiments. A syringe pump (Nexus 6000) of fixed volume controlled the flow rate 182 

in the range of 0.7 to 5.0 mL min-1. CBZ solutions were saturated with oxygen for 40 min 183 

prior to degradation experiments along with adsorption/desorption equilibrium under dark 184 

conditions. The system was pre-filled with solution prior to degradations and the total 185 

treated volume was 150 mL for all studied flow rates under these conditions. As the volume 186 

was fixed, photolytic and photocatalytic degradation experiments were performed for 187 

different times according to the selected flow rate. The number of data points was relative 188 

to the residence time. The metallic tube around the quartz in the reactor can act as 189 

light-reflecting surface maximising photocatalytic efficiency for both configurations [9]. 190 

 191 

Fig. 1. Photocatalytic reactor in (A) recirculation and (B) single-pass 192 

configurations. 193 
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 194 

CBZ removal was monitored using high-performance liquid chromatography 195 

(Thermo Scientific Ultimate 3000 liquid chromatograph using a UV detector) equipped 196 

with a Thermo Scientific™ Acclaim™ 120 C18 column (3.0 x 75 mm, particle size 3.0 197 

µm), inclusive of a guard column, at a flow rate of 0.8 mL min-1, injection volume of 20 198 

µL, detection wavelength 285 nm and mobile phase consisting of 5.0 mmol L-1 199 

phosphoric acid and acetonitrile 70:30 (v/v). The calibration curve was in the range of 200 

0.1 to 25 µmol L-1. Aliquots were collected from either the reservoir (Fig. 1A) or the 201 

reactor outlet (Fig. 1B) at different time intervals.  202 

The performance of the photocatalytic foams was initially evaluated as the 203 

percentage of removal (% R) per time. Pseudo-first order removal rate constants k 204 

(min-1) were calculated using linear regression of the logarithmic normalised 205 

concentration versus time: 206 

% 𝑅 =  [1 − (𝐶/𝐶0)] × 100 (2) 

𝑙𝑛(𝐶/𝐶0) =  −𝑘𝑡 (3) 

 207 

where C0 is the initial concentration (µmol L-1), C is the final concentration (µmol L-1) 208 

and t is the reaction time (min). 209 

Hydrodynamics calculations for the dimensionless numbers Reynolds (Re), 210 

Peclet (Pe), Schmidt (Sc) and Sherwood (Sh) considered flow in a tubular channel 211 

according to the equations below [42]: 212 

 213 

𝑅𝑒𝐷ℎ
=

𝑊𝐷𝑝

𝜇𝐴
 (4) 

𝑃𝑒 =
𝑢𝐷𝑝

𝐷
 (5) 
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𝑆𝑐 =
𝜇

𝜌𝐷
 (6) 

𝑆ℎ = 1.029 ∗ 𝑆𝑐0.33 ∗ 𝑅𝑒𝐷ℎ

0.55 ∗ (
𝐿

𝐷𝑝
)

−0.472

 (7) 

 214 

where Dp is diameter of pores (m), W is the mass flow rate (kg s-1), A is the tube 215 

cross sectional area (m2), u is the mean fluid velocity (m s-1), µ is the dynamic viscosity 216 

of the fluid (kg m-1s-1), ρ is the density of the fluid (kg m-3) and L is the length of the 217 

foam (m). Intrinsic velocity corrections considered the difference between the empty 218 

and porous cylinders (Vext = Vint*ε) [42]. The calculated parameters for recirculation 219 

and single-pass reactor configurations are in ESI Tables S6 and S7. The pressure 220 

drop along the foams was negligible (Table S11). 221 

Correlations from photocatalytic degradation of CBZ were evaluated 222 

statistically using Pearson’s correlation coefficient (Pearson’s r). The trendlines used 223 

for the graphs were based in the piecewise polynomial function named as β-spline 224 

provided by Origin software.  225 

 226 

2.5. UV dose, quantum yield and energy efficiency calculations 227 

The UV dose was calculated for each degradation setup considering the 228 

attenuated irradiance 𝐼𝛼𝜆  (𝑊𝑚−2) reaching the foam (equation S1 ESI), using the 229 

definitions in the IUPAC glossary for photochemistry [43]: 230 

𝑈𝑉 𝑑𝑜𝑠𝑒𝑠𝑖𝑛𝑔𝑙𝑒 𝑝𝑎𝑠𝑠 =  𝜏 ×  𝐼𝛼𝜆 (8) 

𝑈𝑉 𝑑𝑜𝑠𝑒𝑟𝑒𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑡𝑖𝑛𝑔 =  𝑛𝜏 ×  𝐼𝛼𝜆 (9) 

𝜏 =
𝑉𝑅

𝑄
;  𝑛 =

𝑡

𝑉0 𝑄⁄
; 𝑉𝑅 = ε𝑓𝑉𝑓 (10) 

 231 
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where  is the residence time under UV within the foam (s); 𝑛 is the number of 232 

recirculation cycles, 𝑉𝑅 is the volume receiving UV dose (mL), 𝑉0 is total reaction solution 233 

(mL), 𝜀𝑓 is the porosity of the foam and 𝑉𝑓 is the volume of the foam (m3). Table S3 234 

(ESI) shows the residence time, total time under UV number of cycles, and the fraction 235 

of volume illuminated over total volume (Villuminated/V0) for each reactor configuration. It 236 

is noted that while in the single pass configuration the UV dose is a function of flow 237 

rate, this is not the case in the recirculation experiments. UV doses are reported in 238 

Tables S4 and S5 (ESI).  239 

The apparent quantum yield (Φ) was calculated considering equations S3 to 240 

S11 described in ESI, and is defined as the ratio of the reaction rate (mol s-1) to the 241 

photon flux (mol s-1) impinging on the photocatalyst/solution interface [43]. 242 

Calculations were performed considering light attenuation by the quartz tube (as light 243 

intensity was measured inside the tube) and at the liquid/solid interface due to water 244 

and CBZ (equation S1 ESI). Light-scattering losses in air were assumed negligible 245 

[19]. Calculations assumed all remaining photons were absorbed by the foams. Details 246 

of the calculations are described in the equations S3 to S12 ESI [28].  247 

Electrical energy per order (EEO) was calculated according to the equations for 248 

the recirculating and single-pass reactors, respectively [44, 45]: 249 

𝐸𝐸𝑂 =  
𝑃 ×  𝑡

𝑉 × 𝑙𝑜𝑔 (
𝐶0

𝐶⁄ )
 

(9) 

𝐸𝐸𝑂 =  
𝑃 

𝑄 × 𝑙𝑜𝑔 (
𝐶0

𝐶⁄ )
 

(10) 

where P is the lamp power (kW), t is the time (h), V is the treated volume (m3), C0 and 250 

C the initial and final concentrations of contaminants (mol L-1) and Q the flow rate (m3 251 

h-1). As the foams have different lengths, the lamp power value used in the above 252 
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equations is corrected for the effective length of the foams. As the foam occupied only 253 

a fraction of the quartz tube, the total power of the lamps was multiplied by the 254 

volumetric fraction occupied by the foam, to provide the effective power used for 255 

photocatalysis, considering that the contribution of photolysis is negligible. Details of 256 

the calculations are provided in the equation S10 ESI. 257 

All information related to modelling and simulation is presented in the ESI 258 

section 2. 259 

 260 

3. Results and discussions 261 

3.1. Photocatalytic foams characterisation 262 

The novel two-step sintering process introduced here led to the formation of 263 

self-supporting ZnO photocatalytic foams (Fig. 2a) which are highly porous (93.0-264 

94.0%), yet significantly more robust compared with the one step process previously 265 

demonstrated [28]. The micro-CT showed the presence of large, interconnected pores 266 

with mean diameter of 540 ± 18.3 µm (Fig. 2b,c). The walls of the foams consist of 267 

porous 2D flakes (Fig. 2d) which, in turn, consist of sintered particles (Fig. 2e). The 268 

flakes have a mean size of 9.0 µm (Fig. 2f) while the average particle size within the 269 

flakes is 2.1 ± 0.6 µm (Fig. 2g). Voids were formed internally in the flakes structure 270 

with mean size distribution of 0.58 ± 0.19 µm (Fig. 2e) in agreement with previous 271 

reports on ZnO [46]. The wurtzite crystal structure and improved crystallinity over ZnO 272 

particles precursor (Fig. S1 and Table S1 ESI) were confirmed by XRD. 273 

The two-step sintering process yielded more robust foams via pore wall 274 

densification, which was achieved through pre-coarsening of the structure at higher 275 

temperature while simultaneously retaining residual macroporosity during the second 276 
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sintering stage [47]. After the sintering process, a band gap value of 3.26 eV was 277 

measured, in line with previous reports [48, 49]. 278 

 279 

 280 

 281 

Fig. 2. ZnO foams (a) optical image, micro-CT reconstruction of the internal 282 

porous structure (b) top slice view (c) and lateral slice view. FESEM micrographs of 283 

(d) pores walls and (e) walls with higher resolution; (f) flake and (g) particle size 284 

distribution, both obtained from image J software.  285 

 286 

3.2. Photocatalytic activity: recirculating system 287 

Photocatalytic degradation of CBZ under recirculation conditions shows 66 and 64 % 288 

removal for the ZnO foams sintered under atmospheric and nitrogen saturation 289 

conditions after 2.0 hours at 200 mL min-1, respectively (Fig. 3A). The contributions of 290 

adsorption and photolysis were less than 10% combined (Table S2 ESI), lower than 291 
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what observed for similar foams in a batch reactor for the same reaction time (~14%) 292 

[28]. This was further confirmed by calculating the quantum yield, with values of 293 

3.6×10-6 in the absence of the catalyst (photolysis) and 4.5×10-4 and 3.5×10-3 in the 294 

presence of photocatalytic foams, under atmospheric and nitrogen saturation 295 

respectively (Table S2 ESI). Lower quantum yields were obtained for foams sintered 296 

under nitrogen saturation (Table S2 ESI). The photolysis quantum yield was lower 297 

than reported value of 6.0×10-4 mol Einstein-1 for CBZ photochemical degradation [37, 298 

50]. Compared to a similar foam in a batch reactor, the recirculating system had 3 and 299 

a half times faster kinetics to reach the same percentage degradation [28]. 300 

Furthermore, significantly lower UV doses were needed to promote CBZ photocatalytic 301 

degradation in the recirculating reactor. Comparing the UV dose of batch [28] and 302 

recirculating configurations, the latter demonstrated significantly higher efficiency of 303 

66 vs 3 % for the lowest batch UV dose (Fig. S2 ESI). CBZ and intermediates (acridine 304 

and acridone) degradation was also demonstrated by increasing the degradation time 305 

[28]. Hydroxyl and superoxide free radicals are generally responsible for ZnO 306 

photocatalytic activity. Under irradiation, reactive oxygen species (ROS) are formed, 307 

in particular superoxide (O2
-.), associated to the presence of ZnO facets (0001) (Fig. 308 

2e) [51]. 309 

Based on this initial set of results, the recirculating photocatalytic reactor was 310 

modelled assuming a cubic cell model, and strut diameter (ds), cell dimension (a) and 311 

porosity data from experimental values. The model showed a high correlation between 312 

the experimental data and modelling (Fig. S5 and Fig. S6 ESI), and the degradation 313 

reaction of at first order type (Fig. S7 ESI). Fluid dynamics parameters relative to the 314 

heat and mass transfer were calculated as Sherwood number (Sh) and Nusselt 315 

number (Nu). The modelling then considered a range of flow rates from 100 to 500 mL 316 
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min-1, showing the reaction rate strongly depends on the flow rate up to 200 mL min-1. 317 

Above 200 mL min-1, the reaction rates were substantially invariant (Fig. S8 ESI), 318 

allowing to consider the system free from solid−liquid mass transfer resistances. 319 

As numerous photoactivated processes are occurring simultaneously and there 320 

are multiple materials and process parameters affecting the degradation, the quantum 321 

yield was calculated against key materials properties of the foams, surface area (SA) 322 

and surface area-to-volume (SAV) ratio, to assess their individual effects (Table S2 323 

ESI). SAV showed the best correlation, as it incorporates the content of material 324 

present as SA, given porosity and interconnected pore size, within the total volume.  325 

  326 
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 328 

Fig. 3. (A) Degradation of CBZ by (■) adsorption, (●) photolysis and photocatalysis 329 

using foams sintered under (▲) atmospheric and (▼) nitrogen saturated conditions. 330 

Flow rate 200 mL min-1. Photocatalytic degradation of CBZ (C/C0) using ZnO foams 331 

as a function of UV dose for (B) different flow rates and (C) different catalyst lengths 332 

at 300 mL min-1.  333 

 334 

3.2.1. Operational and structural parameters: flow rate, catalyst length effect and UV 335 

dose and catalyst length  336 

A systematic analysis of operational and structural parameters was conducted 337 

to optimise the foams’ performance. Significant changes in CBZ photocatalytic 338 

degradation kinetics were observed as a function of flow rate with strong linear 339 

correlations, from 100 to 500 mL min-1 (cross ref Table 1 and Fig. 3B), due to 340 

hydrodynamics effects. As the flow rate increased, the residence time decreased and 341 

number of cycles progressively increased (Table S3 ESI), resulting in constant UV 342 

doses. Across all flow rates tested, the reactor is in laminar flow regime (2 ≤ Re ≤ 10, 343 

Fig. 3B). As the flow rate increased from 100 to 200 mL min-1, kinetics more than 344 
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doubled, typical of a mass transfer-limited regime. The increase can be attributed to a 345 

decrease in the thickness of the boundary layer, leading to improved mass transfer 346 

[52]. Above 200 mL min-1, there is only a weak dependence of kinetics on flow rate 347 

(Fig. 3B), with degradation being adsorption controlled. A Peclet number (the ratio of 348 

diffusion time over convection time), Pe >1, for all flow rates and a doubling of the 349 

Sherwood number (the ratio of convective mass transfer rate over diffusion rate), Sh 350 

from 3 to 7, further confirm this analysis. Conversely, Sh halved from 6 to 3 with 351 

increased catalyst length for a fixed flow rate. All calculated parameters are reported 352 

in the Table S6 ESI. The complex effect on photoactivity of hydrodynamic conditions 353 

can be attributed to the highly porous structure of the foams (> 90%) with 354 

heterogeneous interconnected pores of different diameters (Fig. 2). Similar effects 355 

have been observed in porous media [53], where convective mass transfer dominates 356 

within the macroscopic interconnected pores, and diffusion, adsorption and desorption 357 

dominate in the smaller pores surrounding the large ones [54], and within the porosity 358 

of the foam walls. To the best of the authors knowledge, similar comparisons for foams 359 

in recirculation reactors had not yet been reported. 360 

ZnO foams were highly photoactive under recirculating conditions and UV 361 

irradiation since the right combination of the foams’ properties (pore diameter, SAV 362 

and porosity) led to higher light penetration across the 3D catalyst structure. Strong 363 

correlations were observed between photocatalytic degradation kinetics, flow rate and 364 

foam length under recirculating conditions (cross ref. Fig. 3b-c, Table 1 and Fig. S3 365 

ESI). Additionally, a high linear inverse correlation (< −0.800) was obtained for flow 366 

rate and electrical energy per order (EEO), with the latter reducing as the former 367 

increases. Kinetics and quantum yield linearly increased with catalyst length 368 

underpinned by strong correlations. 95% CBZ removal was achieved by tripling the 369 
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foam’s length after 2.0 h with quantum yield of 1.2×10-3 (Table 1). Normalised numbers 370 

demonstrated the SA remained constant (correlation -0.866, R2 = 0.432) while a strong 371 

correlation with the surface-to-volume ratio (SAV) was obtained (0.986, R2 = 1.0).  372 

 373 

 374 

Table 1. Quantum yield (Ф) and normalised quantum yield considering the foams’ 375 

properties of surface area (SA) and surface area to volume (SAV) as a function of flow 376 

rate, catalyst length, % CBZ removal, pseudo first order removal rate constant (k) and 377 

electrical energy per order (EEO) for recirculating reactor along with correlations.  378 

Flow rate 
(mL min-1) 

Catalyst 
length (cm) 

%CBZ 
removal 

k 
(s-1)* 

Φ (-) 

normalised Φ 
EEO 

(kWh m-3) Φ/SA 
(m-2) 

Φ/SAV 
(m) 

100 

2.1 

45.0 7.0×10-5 2.7×10-4 0.9×10-2 6.4×10-8 40 

200 66.0 1.2×10-4 4.5×10-4 1.5×10-3 1.1×10-7 22 

300 72.0 1.3×10-4 4.9×10-4 1.6×10-3 1.2×10-7 19 

400 72.0 1.4×10-4 5.3×10-4 1.7×10-3 1.3×10-7 19 

500 76.0 1.5×10-4 5.7×10-4 1.9×10-3 1.3×10-7 17 

correlation - 0.869 0.914 0.925 0.923 0.876 -0.820 

300 

2.1 72.0 1.3×10-4 4.9×10-4 1.6×10-3 1.2×10-7 19 

4.2 84.0 2.0×10-4 7.8×10-4 1.3×10-3 1.8×10-7 26 

6.3 95.0 3.2×10-4 1.2×10-3 1.3×10-3 2.9×10-7 24 

- correlation 0.999 0.989 0.995 -0.866 0.986 0.693 

* the associated error is < 10-3. 379 
Φ calculated using equation S7. 380 
Φ/SA and Φ/SAV calculated using equations S8 and S9. 381 

 382 

An extensive comparison of photocatalytic degradation of CBZ in the literature shows 383 

that the foams produced here outperform most nanoparticle suspensions and 384 

immobilised catalysts (Table 2): Nanoparticles suspensions in batch reactors achieved 385 

1 to 4 orders of magnitude lower quantum yields than photocatalytic foams, e.g. 386 

4.6×10-8 to 2.6×10-4 for TiO2 under UV irradiation with significantly higher EEO values 387 

(34.3 to 1.2×103) [55-57] and TiO2 under LED [58]. The photocatalytic foams 388 

outperformed also ZnO and ZnO/biochar nanoparticles under UV irradiation in batch 389 
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reactors [56, 59] considering both quantum yield and energy consumption (cross ref 390 

Table 1 and Table 2). While slightly higher quantum yields were reported for ZnO NPs 391 

under UV and visible irradiation [60-62] and even a nanoparticle composite of 392 

graphene oxide and Bi2O2CO3 under simulated visible irradiation [60], energy 393 

consumption was higher by at least two orders of magnitude for CBZ photocatalytic 394 

degradation.  395 

A further comparison with foams of different materials, different reaction configurations 396 

and targeting a wide range of pollutants (Table S8 ESI) also showed the superior 397 

performance of the foams prepared in this work: TiO2 foams in batch reactors 398 

demonstrated lower quantum yields of 5.2×10-5 (TiO2/βSiC) [4], 3.9×10-4 (TiO2) [63], 399 

however had 2-3 orders of magnitude higher electrical energy per order when 400 

compared to the ZnO photocatalytic foams (cross ref Table 1 and Table S8 ESI).  A 401 

1-2 orders of magnitude lower quantum yield was reported for ZnO/rGO composite 402 

foam in a batch reactor [64], and for TiO2/Al foam in a batch recirculating reactor [17]. 403 

Apart from a similar ZnO foam under UV illumination in a recirculating system [65], all 404 

other foams demonstrated superior energy consumption ranging from 1.4×102 to 405 

6.2×104 kWh m-3 (cross ref Table 1 and Table S8 ESI). Increased quantum yield 406 

suggests ZnO photocatalytic foams enhanced the absorption of photons when 407 

compared to NPs suspensions and immobilised photocatalysts. Quantum yields 408 

obtained for ZnO photocatalytic foams were comparable to other AOPs as UV/H2O2 409 

(3.3×10-3 mol Einstein-1) for CBZ degradation [66].  410 

These results convincingly show that the use of photocatalytic foams in flow reactors 411 

could pave the way for enhanced light efficient and mass transfer photocatalytic 412 

processes. 413 

 414 
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 415 

Table 2. Quantum yield (Φ) and electrical energy per order (EEO) calculated for CBZ 416 

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

Photocatalyst Material Reactor 
Irradiation 

(type, power, λ (nm)) 
Ф 

EEO 

(kWh m-3) 
Ref 

Suspensions 

TiO2 Batch UVA; 9W; 365 max 2.6×10-4 34.3 [55] 

TiO2 Batch UV; 150W; ≤300 max - 92 [67] 

TiO2 Batch UVA; 150W; 365 max 6.8×10-6 170 [56] 

C-TiO2 Batch UVA; 150W; 400 max 4.6×10-8 1,200 [57] 

TiO2 Batch LED vis; 417 6.9×10-9 - [58] 

*g-C3N4 Batch LED vis; 417 6.9×10-7 - [58] 

ZnO Batch UVA; 48W; 365 1.7×10-2 320 [61] 

ZnO Batch UV; 150W; ≤300 max - 260 [67] 

ZnO Batch UVA; 150W; 365 max 1.6×10-5 210 [56] 

ZnO Batch Xe lamp; 5000W; 483 3.5×10-3 22,000 [62] 

ZnO/biochar Batch UV; 90W; 365 4.0×10-6 34,000 [59] 

**Bi2O2CO3/GO Batch Xe lamp; 300W; ≥365 2.6×10-2 6,700 [60] 

Immobilised 

TiO2 Batch Xe lamp; 55W; ≥365 3.8×10-7 11,000 [68] 

N-TiO2 Batch Xe lamp; 150W; 480 - 14,000 [69] 

TiO2 Recirculating UVA; 75W; 365 - 1,200 [70] 

TiO2 Flow UVA; 300W; 365 - 0.07 [70] 

TiO2 Flow UVA; 300W; 365 max 3.6×10-5 3.3 [71] 

N-TiO2 Flow UVA; 300W; 365 max 7.7×10-5 0.9 [71] 

Foams 

ZnO Batch UV; 5W; 254 3.6×10-2 140 [28] 

ZnO Recirculating UV; 15W; 254 8.7×10-4 21 [65] 

ZnO Recirculating UV; 15W; 254 1.2×10-3 24 This work 

ZnO Flow UV; 15W; 254 6.3×10-3 36 This work 

*graphitic carbon nitride; **graphene oxide (GO) 418 

 419 

3.2.2. Energy efficiency 420 

A widely used measure of efficiency is electrical energy per order (EEO), defined 421 

as the kilowatt hours of electrical energy needed to decrease the concentration of a 422 

contaminant by one order of magnitude (90%) in one cubic meter of solution [45]. In 423 

general, the photocatalytic degradation of organic and inorganic pollutants is classified 424 

as a high energy process, with median EEO values of 335 kWh m-3 for both 425 

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

advanced oxidation processes (AOPs, e.g. ozonation based, UV/Cl and UV/H2O2) 427 
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have been considered more energy efficient (EEO < 10 kWh m-3) [6]. In the present 428 

work, the EEO of the foams ranged from 40 to 17 kWh m-3, with increasing flow rate 429 

(Table 1), significantly lower than the median for general photocatalytic processes. A 430 

more specific comparison with the literature limited to the photocatalytic degradation 431 

of CBZ, revealed that the foams produced here have the lowest EEO value, 432 

outperforming both suspensions and immobilised TiO2 and ZnO catalysts (Table 2). 433 

Although the energy consumption was lower for some immobilised TiO2 under UV [70, 434 

71] irradiation in flow reactors, CBZ was not fully degraded under these conditions, 435 

reaching only 62% after 7 days (Table 2). 436 

A further comparison with a wide range of AOPs for the degradation of CBZ 437 

showed that the low value of EEO of 24 kWh m-3 is competitive with a wide range of 438 

AOPs both in batch and flow configurations, with only a few specific systems 439 

outperforming the foams produced here (Table S9 ESI).  440 

These results clearly show that the combination of a flow reactor with the use of 3D 441 

photocatalytic foams resulted in significantly improved energy efficiency of this 442 

photocatalytic process compared to suspended and immobilised conventional 443 

photocatalysts.  444 

3.2.3. Stability and reuse of foams 445 

ZnO photocatalysts suffer from photocorrosion upon UV irradiation when 446 

oxygen is depleted [72]. The stability of substrate-free ZnO photocatalytic foams, in 447 

terms of Zn photo-corrosion [32], decreased with increasing flow rate (Fig. 4b). Zn2+ 448 

release increased proportionally with foam length as more material was present in the 449 

reactor (Fig. 4b-c). Greater chemical stability was associated to lower flow rates (Fig. 450 

4b). The photocatalysts were stable over 10 h (5 cycles of 2 hours each) under 451 

recirculating conditions at 300 mL min-1 without any significant change in mass (Fig. 452 



 

23 
 

4a), nor in morphology (Fig. S4 ESI), before and after each cycle. The increase in zinc 453 

concentration is more pronounced from the first to the second cycle followed by a 454 

plateauing of values. Zn2+ concentration in solution did not exceed 170 ppb per cycle 455 

(Fig. 4a). In terms of degradation process influence, a less pronounced corrosion 456 

effect was observed under dark conditions. Adsorption alone was responsible for 457 

approximately a third (20 ppb) of zinc concentration after 2.0 h for foams (2.1 cm) 458 

sintered under atmospheric conditions and a quarter for nitrogen saturated sintered 459 

foams (Fig. 4d). Foams prepared under nitrogen saturation had a slightly lower 460 

chemical stability (60 ppb) as opposed to atmospheric conditions (40 ppb) after 2.0 h 461 

of photocatalysis ((Fig. 4d). Numbers were significantly lower than maximum 462 

recommended zinc levels for drinking water of 3.0 ppm [73]. The stability of the 463 

substrate-free ZnO foams under recirculation presented here outperformed 464 

comparable systems in the literature, e.g. ZnO nanostructures immobilised onto Ni 465 

foams [24, 26] in terms of time on stream, or  batch-wise Au/ZnO/rGO foams [13, 24, 466 

26], in terms of performance stability. The chemical stability (Zn2+ concentration) was 467 

not monitored for previously reported materials, so a direct comparison is not possible. 468 

All the photocatalytic foams retained their macroscopic integrity after 469 

degradation experiments. Taken together, these findings confirm the effectiveness of 470 

the two-step sintering to improve the foams’ mechanical and chemical stability. 471 
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474 

 475 

Fig. 4. Chemical stability of the ZnO foams for CBZ removal vs (A) reusability after 5 476 

consecutive cycles of 2 hours each at 300 mL min-1; (B) flow rate and length of 477 

catalyst at 300 mL min-1; (C) zinc concentration normalised over catalyst length; and 478 

(D) influence of photolysis, adsorption and photocatalysis, as described in Fig.3a 479 

(200 mL min-1), on the overall stability.  480 
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3.3. Photocatalytic activity: single-pass reactor 482 

To further understand the scale-up potential of the substrate-free foams, single-483 

pass experiments were conducted to mimic what would happen in actual wastewater 484 

treatment plants for both economic and practical reasons [52]. Single-pass tests were 485 

conducted using the substrate-free ZnO photocatalytic foams (total length of 8.4 cm 486 

compared to 6.3 cm in the recirculating case) at the range of 0.7 to 5.0 mL min-1 flow 487 

rate for 10 µmol L-1 CBZ solutions under UV irradiation (Fig. 5). Fig. 5a provides CBZ 488 

degradation for each studied flow rate condition with the respective photolysis control. 489 

As photochemical degradation was more pronounced at lower flow rates for all 490 

conditions, the photocatalysis to photolysis rate was plotted to show photocatalysis 491 

contribution only (Fig. 5b). Despite differences in residence time, similar UV doses 492 

were obtained for the different flow rate conditions (Fig. 5b) after 30 min of reaction. 493 

Fig. 5c shows the degradation kinetics as a function of Reynolds number for each flow 494 

rate along with zinc concentration measured after each experiment. Single-pass 495 

experiments were conducted at fixed volume of solution. Therefore, total degradation 496 

time was selected according to the residence time for each studied flow rate.  497 

Single-pass degradations demonstrated a decrease in concentration with 498 

degradation time until steady-state levels (Fig. 5a), as opposed to a linear decay under 499 

recirculating conditions at higher flow rates (Fig. 3b). CBZ photocatalytic degradation 500 

reached 100.0 and 96.5% for both 0.7 and 1.0 mL min-1 conditions, respectively, after 501 

only 30 min (cross ref Fig. 5a,b). A similar profile was reported previously for a 502 

continuous-flow reactor operating at 2.7 mL min-1 with immobilised TiO2, although this 503 

required significantly longer time (200 min) [70]. By increasing the flow rate to 5.0 mL 504 

min-1, a different trend in degradation was observed with lower removal efficiency 505 

(35.0%) as residence time is significantly lower (Table S3 ESI). Higher flow rates 506 
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yielded a lower contribution of photolysis within the initial degradation stages until a 507 

plateau was reached (Fig. 5a,b). This contribution was more evident for 0.7 and 1.0 508 

mL min-1 conditions, as UV doses meaningfully increased (Table S5 ESI). The UV 509 

dose was comparable for all studied flow rates after 30 min of photocatalytic 510 

degradation (cross ref Fig. 5b and Table S5 ESI). These results suggest ZnO 511 

photocatalytic foams were highly photoactive at UV doses up to 3282 mJ cm-2 and 512 

extended residence times (Fig. 5b inset). Photolysis alone could not fully degrade 513 

CBZ, with degradation kinetics improved by 1.6 to 5.1 times in the single-pass reactor 514 

compared to the recirculating reactor (cross ref Table 1 and 3). As increased kinetics 515 

were obtained for lower flow rates (Re < 1.0), chemical stability remains below WHO 516 

recommended levels of 3.0 ppm [73]. The Peclet number was well above unity, with 517 

Sh being below unity and increasing with increasing flow rate (Table S7 ESI).  518 

 519 
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 521 

 522 

Fig. 5. (A) CBZ photocatalytic (closed symbols) degradation and correspondent 523 

photolytic (open symbols) control vs time; (B) photocatalysis to photolysis ratio vs UV 524 

dose. Flow rate: 0.7 (black squares), 1.0 (red circles) and 5.0 mL min-1 (blue triangles). 525 

The inset shows UV dose up to 200 mJ cm-2. (C) rate constant, Reynolds number and 526 

Zn2+ concentration for each flow rate. Catalyst length 8.4 cm. 527 

 528 

Single-pass tests showed complete CBZ degradation after only 30 min at both 529 

0.7 and 1.0 mL min-1 flow rates and consequently increased degradation kinetics 530 

0 5000 10000 15000 20000 25000

0.0

0.2

0.4

0.6

0.8

1.0

0 1000 2000 3000
0.0

0.2

0.4

0.6

0.8

1.0

 0.7 mL min
-1

 1.0 mL min -1

 5.0 mL min -1

P
h
o
to

c
a
ta

ly
s
is

/p
h

o
to

ly
s
is

UV dose/ mJ cm-2

P
h

o
to

c
a
ta

ly
s

is
/p

h
o

to
ly

s
is

UV dose/ mJ cm-2

B

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

2

4

6

8

10

Re

ra
te

 c
o

n
s

ta
n

t 

 1

0
-2

/ 
m

in
-1

0

300

600

900

1200

1500

1800

  
[Z

n
]/

 p
p

b

C



 

29 
 

(cross ref Fig. 5b,c and Table 3). Enhanced overall quantum yields of 6.3×10-3 and 531 

5.6×10-3 were achieved at lower flow rate conditions with enhanced kinetics (Table 3). 532 

The combination of longer photocatalytic foams and lower flow rates significantly 533 

improved quantum yield for single-pass studies as residence time and UV doses were 534 

greater than under recirculation conditions (Table S4 ESI). The quantum yield 535 

obtained for the photocatalytic foams in single pass configuration outperformed current 536 

systems, e.g. TiO2 NPs suspensions [56, 57] and ZnO NPs suspensions [56, 59, 62] 537 

as well as immobilised TiO2 [68] in batch reactors for CBZ removal. Although a higher 538 

quantum yield of 1.7×10-2 was reported for ZnO suspensions in a batch reactor, energy 539 

consumption was 9 times higher than ZnO foams (Table 2) [61], while lower quantum 540 

yield and comparable energy consumption were obtained for another batch reactor 541 

with TiO2 NPs [55] for CBZ photocatalytic degradation. A similar range of quantum 542 

yield values was reported for TiO2 immobilised on glass rings (fixed-bed) and TiO2 543 

immobilised on flat substrates (fixed-film) respectively, in a batch recirculating system 544 

(150 W mercury lamp, 350 and 410 nm) for degradation of another pharmaceutical 545 

compound, clofibric acid [74]. ZnO foams achieved a higher quantum yield with lower 546 

energy consumption compared to TiO2/βSiC foams in batch [4, 75] and recirculating 547 

[76] [reactors and ZnFe2O4/Ni foam in batch [77] (cross ref Table 2 and Table S8 ESI). 548 

A higher quantum yield was achieved by ZnO/graphene composite foams, however, 549 

EEO was at least three orders of magnitude higher [78]. Quantum yields of ZnO 550 

photocatalytic foams were higher than reported for UV/H2O2 CBZ degradation [66] and 551 

lower energy consumption than other advanced oxidation process as UV/H2O2, UV-552 

LEDs/O3 and UV/Cl (Table S9 ESI) as discussed previously with inversely proportional 553 

correlations. The foams’ surface area-to-volume ratio (SAV) has a particularly strong 554 

effect on the quantum yield (Table 3) as catalyst length was even higher than 555 
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recirculation. The energy efficiency at the lowest flow rate was comparable with values 556 

obtained for the recirculating system (EEO = 36 kWh m-3), whereas it increased by a 557 

factor of 5 for the 5 mL min-1 condition (Table 3). These results demonstrate the ability 558 

of the foams to effectively capture light and improve reactivity.  559 

 560 

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

surface area (SA) and surface area-to-volume (SAV) as a function of flow rate, % CBZ 562 

removal, pseudo first order removal rate constant (k) and electrical energy per order 563 

(EEO) for single-pass reactor along with correlation. Catalyst length 8.4 cm. Photolysis 564 

quantum yield (Φphotolysis). 565 

Degradation 
conditions 

Flow rate 
(mL min-1) 

%CBZ 
removal 

k 
(s-1)* 

Φphotolysis Φ 

normalised Φ 
EEO 

(kWh m-3) Φ/SA 
(m-2) 

Φ/SAV 
(m) 

photocatalysis 

0.7 100 1.6×10-3  6.3×10-3 0.05 1.5×10-6 36 

1.0 96 1.4×10-3  5.6×10-3 0.05 1.3×10-6 125 

5.0 35 5.0×10-4  1.9×10-3 0.02 4.6×10-7 187 

 correlation - -0.994  -0.996 -0.998 -0.993 0.845 

photolysis 

0.7 87 2.5×10-4 5.8×10-5     

1.0 62 1.8×10-4 4.3×10-5     

5.0 9.0 1.3×10-4 3.1×10-5     

* the associated error is < 10-3. 566 
Φphotolysis calculated from equations S10 and S11. 567 
Φ calculated using equation S7. 568 
ΦSAV calculated using equation S8 and S9. 569 
 570 

3.4. Single-pass and recirculating reactors comparison 571 

The single-pass configuration could be seen as a limiting case of the 572 

recirculating configuration as the flow rate decreases. Combining the kinetics in a 573 

single plot shows an inverse exponential correlation with Reynolds number (Fig. 6b). 574 

This is reflected in the significantly higher residence time (Fig. 6a) calculated for lower 575 

flow rates and fraction of illuminated volume over total volume (Table S3 ESI) being 576 

one order of magnitude higher for the single-pass to achieve similar CBZ degradation 577 
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compared to the recirculating configuration. Both characteristics translated in a 578 

significantly higher efficiency of the single pass configuration, which achieved 579 

complete degradation in 30 minutes, whereas the recirculating could obtain only 95% 580 

after 120 minutes of irradiation (Fig. 3c). A comparable kinetics ratio of 581 

photocatalysis/photolysis of 8.0 was observed for both studied reactor configurations. 582 
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Fig. 6. Flow rate as a function of (A) residence time (𝜏) for recirculation (black 586 

squares) and single pass (blue squares) studies. The inset shows the recirculation 587 

profile at a lower scale; (B) rate constant vs. Reynolds number for both reactor 588 

configurations. 589 

 590 

3.5. Scale-up considerations 591 

Simulations of the single-pass configuration were conducted to investigate the 592 

potential for scale-up of the foams. The simulation results were performed considering 593 

the highest flow rate studied (5.0 mL min-1) for the single-pass reactor, showing that 594 

by increasing the catalyst length, degradation was significantly improved. An increase 595 

of catalyst length from 8.4 cm to 70.0 cm, increased single-pass degradation from 24 596 

to 82% (cross ref Fig. 7 and Table S10 ESI) and reduced the EEO from 187 to 47 kWh 597 

m-3. The simulated conversion results accounting for photocatalysis to photolysis 598 

contribution (Table S10 ESI) agreed with the experimental data. Pressure drop (ΔP) 599 

values were negligible for catalyst lengths 8.4 and 70.0 cm (Table S11 ESI). 600 

  601 

0 10 20 30 40 50 60 70 80

0.0

0.2

0.4

0.6

0.8

1.0  8.4 cm
 40.0 cm

 70.0 cm

C
/C

0

catalyst length/ cm



 

33 
 

Fig. 7. Simulation results for CBZ photocatalytic degradation as a function of catalyst 602 

length for the single pass reactor.  603 

 604 

The combination of longer, energy efficient 3D foams with higher flow rates in 605 

the single-pass configuration could open new perspectives towards the scaling-up of 606 

photocatalytic reactors. Removal of organic micropollutants with reduced operational 607 

costs was demonstrated especially eliminating the need for NPs downstream 608 

separation. 609 

 610 

4. Conclusions 611 

ZnO photocatalytic foams prepared with 2-step sintering process demonstrated 612 

high photocatalytic activity and enhanced chemical and mechanical stability under 613 

continuous recirculating and single-pass conditions with low energy consumption. This 614 

sintering approach resulted in greater interconnected pores within the 3D structure. 615 

Improved photocatalytic degradation kinetics were associated to flow rates up to 200 616 

mL min-1. Increasing the foams’ length significantly improved degradation kinetics and 617 

quantum yield up to 1.2×10-3, leading to 95% CBZ oxidation after 120 min. ZnO self-618 

supporting foams were stable over 5 consecutive cycles of 2 hours each with improved 619 

chemical stability and linear correlation with catalyst length. Significantly low electrical 620 

energy per order (EEO) of 17 kwh m3 was consumed under recirculation conditions. 621 

The use of ZnO photocatalytic foams in recirculation reactors proved to be as energy 622 

efficient as other AOPs. Additionally, the photocatalytic activity of self-supporting ZnO 623 

foams in single-pass reactor was demonstrated for the first time. Complete CBZ 624 

removal with reduced energy consumption was achieved after only 30 min at 0.7 mL 625 



 

34 
 

min-1 owing to increased kinetics and quantum yield (6.3×10-3) while proportionally 626 

reduced energy consumption. Exponential concentration decay was demonstrated as 627 

function of UV dose until reaching steady-state. Photo-corrosion resulted in dissolved 628 

Zn levels well below WHO drinking water guidelines. Simulation studies demonstrated 629 

high CBZ removal (82%) could be reached at 5.0 mL min-1 for 70 cm catalyst length 630 

with reduced energy consumption. In both reactor configurations, the ZnO foams 631 

demonstrated high mechanical and chemical stability, low energy consumption and 632 

high quantum yields. These results demonstrate that the self-supporting ZnO 633 

photocatalytic foams have the potential to be scaled-up for use in wastewater 634 

treatment plants to remove of organic micropollutants, overcoming the limitations of 635 

current technology. 636 
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