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Abstract 33 

Highly efficient water treatment is an important challenging issue for membrane 34 

separation where high flux, high removal rate, low fouling under low or even zero 35 

energy consumption are highly emphasized. In the present work, high-flux 36 

hierarchically structured ceramic membranes functionally decorated with active 37 

CoFe2O4 nano-catalyst was rationally designed and applied in highly efficient removal 38 

of emerging organic micro-pollutants from water. Coupling with sulfate radicals-39 

advanced oxidation processes (SR-AOPs), such composite membranes could be 40 

operated with highly stable flux without any extra energy consumption, only under the 41 

gravity of the feeds, which is much more energy-efficient than traditional counterparts. 42 

After detailed structure characterizations, the performance such as flux, removal rate 43 

and stability were fully assessed. High flux can be attributed to the specially designed 44 

membrane structure with long finger-like macroporous layers featuring rapid transport, 45 

significantly outperforming other reported state-of-the-art separation membranes. High 46 

removal rate can be ascribed to a sponge-like layer loaded with nano-catalysts as micro-47 

reactors for sufficient degradation of organic micro-pollutants. Mechanism analysis 48 

indicates that SO4
•- is a dominant active radical responsible for catalytic degradation 49 

while physical adsorption played a minor effect. This technology is expected to be of 50 

potential for application in remote areas where power energy is absent, or simply used 51 

as a point-of-use technology in decentralized water treatment. 52 

Keywords: Water treatment; Emerging micro-pollutants; Ceramic membrane; Nano-53 

catalyst; High flux 54 
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1. Introduction 56 

Rapid industrial development and urbanization result in dramatically increased 57 

discharge of various emerging contaminants such as organic dyes, pharmaceutical and 58 

personal care products (PPCPs), and endocrine disrupting compounds (EDCs) in 59 

wastewaters [1, 2]. Many of these compounds are of significant concerns due to their 60 

bioaccumulation, ecotoxicity and potential menace for human-beings, which calls for 61 

effective methods for their removal. Membrane separation, such as reverse osmosis 62 

(RO) [3] and nanofiltration (NF) [4, 5], can offer a wide-spectrum removal of various 63 

contaminants. However, under high operating pressure, RO and NF processes suffer 64 

from their high energy consumptions and low flux in spite of satisfactory removal rate. 65 

Like most membrane processes, their performance follows a permeability/selectivity 66 

trade-off [6]. In addition, these processes merely concentrate the contaminants, still 67 

leading to membrane fouling and secondary pollution in the form of brines. Thus, 68 

development of novel membrane separation technique featuring high permeability and 69 

low or even zero energy consumption with complete removal rate is still a challenging 70 

issue [7-11]. 71 

Advanced oxidation processes (AOPs) are able to efficiently degrade and mineralize 72 

recalcitrant organic pollutants from water [12]. To overcome the issues of catalyst 73 

recovery, many researchers immobilize their catalysts onto porous membranes to 74 

achieve simultaneous separation and catalytical removal of refractory contaminants 75 

[13]. For such catalytic membranes, robust ceramic supports are generally preferred 76 

over their polymeric counterparts due to their much better structural and chemical 77 

stability (particularly anti-oxidation ability) [14, 15]. In addition, ceramic substrates 78 
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also offer outstanding mechanical stability, thermal stability, anti-swelling ability and 79 

long life time [16-18]. 80 

Herein we report an advanced gravity-driven α-Al2O3/CoFe2O4 catalytic ceramic 81 

membrane coupling in-situ catalytic oxidation degradation with membrane separation 82 

for removal of emerging organic micro-pollutants from water. Different from 83 

traditional membrane structure, a hollow fiber membrane with hierarchical pore 84 

structure, which is comprised of a sponge-like layer sandwiched between two finger-85 

like layers, was specially designed. The highly porous long finger-like micro-voids 86 

were used to minimize the hydraulic resistance and thereby to enable water rapidly 87 

transport under gravity-driven conditions with zero energy consumption. At the same 88 

time, the sponge-like layer was used to provide sufficient surfaces areas for 89 

incorporating CoFe2O4 nano-catalysts through a simple impregnation technique. In the 90 

presence of peroxymonosulfate (PMS), these nano-catalysts generate SO4
•- radicals in 91 

situ [19], which have high standard reduction potential (2.5 – 3.1 V) [20], long half-life 92 

period (30-40 μs) [21] and broad applicable pH range (pH 2 – 8) [22, 23]. 93 

In this study, the pore structure, morphology, and formation of CoFe2O4 nano-94 

catalysts of the α-Al2O3/CoFe2O4 catalytic ceramic membranes were systematically 95 

investigated. Without energy consumption, micro-pollutant model methyl blue (MB) 96 

and real micro-pollutant ibuprofen (low concentration in water) were used and their 97 

removal by the gravity-driven catalytic membrane was studied under various 98 

operational conditions to verify the feasibility. A degradation path mechanism was 99 

finally proposed to probe the catalytic function of true active radical species while 100 

adsorption kinetic of micro-pollutant molecular was also studied. The unique 101 
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hierarchical sandwich pore structure of the catalytic membrane resulted in highly 102 

efficient removal of the contaminants with ultra-high flux, significantly outperforming 103 

other reported state-of-the-art catalytic separation membranes, traditional RO and NF 104 

membranes. Our study provides a simple, effective and promising point-of-use 105 

membrane technology for decentralized water treatment especially where power energy 106 

is absent. 107 

2. Material and methods 108 

2.1. Materials and chemicals 109 

Raw materials for preparation of α-Al2O3 membrane, α-Al2O3/CoFe2O4 catalytic 110 

ceramic membrane and reagents used in performance study are shown in Table S1. All 111 

the reagents were used as received and all solution prepared with reagents using 112 

ultrapure water from a GWA-UN pure water system.  113 

2.2. Preparation of α-Al2O3/CoFe2O4 catalytic ceramic membrane 114 

Hollow fiber α-Al2O3 membranes featuring sponge-like region and finger-like 115 

macro-voids were prepared by the phase inversion and sintering techniques (Text S2) 116 

according to the previous report [17, 24-26]. The special spinnerette with outer/inner 117 

diameter of 2.5 /1.3 mm was made by our laboratory in order to obtain ceramic 118 

membranes with low thickness. An impregnation technique combined with low 119 

temperature calcination process was applied to prepare α-Al2O3/CoFe2O4 catalytic 120 

ceramic membrane (Text S3). The CoFe2O4 catalyst mother solution was prepared via 121 

a soft chemistry method [27]. Specifically, 10 mmol Co(NO3)3ꞏ6H2O and 20 mmol 122 

Fe(NO3)3ꞏ9H2O were dissolved in 50 mL ultrapure water, and the obtained mixture 123 



 

 7 / 34 

 

solution was added drop by drop into another 50 mL ultrapure water containing 30 124 

mmol citric acid under vigorous stirring. After reaction at 60°C for 1 h, the solution was 125 

cooled down to room temperature (22°C). The α-Al2O3 ceramic membranes were 126 

dipped into the mother solution in a vertical direction, then soaked for 15 s, and finally 127 

drawn out vertically at a speed of 3 cmꞏs-1. This coated membrane was dried in an oven 128 

at 60°C for 1 h. These coating procedures can be repeated in cycles to control the 129 

loading amount of CoFe2O4 nano-catalysts. Finally, the dried coated membranes were 130 

calcined in a temperature programmable furnace. During calcination, the temperature 131 

was increased to a target temperature (300°C, 400°C, 500°C) with a heating rate of 132 

2°Cꞏmin-1 and a dwelling time of 120 min, before being cooled down naturally to the 133 

room temperature (22°C).  134 

2.3. Characterizations 135 

The particle size distribution of α-Al2O3 was measured on a laser particle size 136 

analyzer (Mastersizer 2000, Malvern Instruments Ltd., UK). X-ray diffraction (XRD) 137 

pattern analysis was recorded using X-ray powder diffractometer (D/Max-2400) at 40 138 

kV and 100 mA for monochromatized Cu K (=1.5418 Å) radiation. The pore size of 139 

both ceramic substrates and catalytic membranes was tested under the pressure ranging 140 

from 0 to 8.0 bar in a capillary flow porometer (Porolux 1000, Porometer NV, Germany) 141 

based on gas-liquid displacement method. Scanning electron microscopy (SEM) and 142 

energy dispersive X-ray (EDX) analyses were utilized to characterize the morphology 143 

and micro-regional composition of the α-Al2O3 membranes and α-Al2O3/CoFe2O4 144 

catalytic ceramic membranes using a FEI Quanta 450 system. Transmission electron 145 

microscopy (TEM) and selected area electron diffraction (SAED) analyses were 146 

conducted on a FEI Tecnai 20 Electron Microscope operated at 200 KV. Thermal 147 
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analysis of green membrane sample was determined by TG-DTA (TG/DTA 6300, 148 

Seiko co., Ltd). X-ray photoelectron spectroscopy (XPS) analysis was performed on a 149 

photoelectron spectrometer ECSALAB 250Xi with Al Kα (1486.6 ev) as the X-ray 150 

source. Fourier-transform infrared spectroscopy (FTIR) analysis was conducted on 151 

EQUINOX55 in the range of 4000-400 cm-1. Streaming potential changes on membrane 152 

surface were conducted on an Electro Kinetic Analyzer (EKA) equipped with an 153 

asymmetric clamping cell (Anton Paar, Graz, Austria). MB and ibuprofen adsorption 154 

capacity were respectively characterized by quartz crystal microbalance (QCM, QCM 155 

E4, Biolin Scientitic) with an Au-coated resonator using 5 μL 0.05 wt.% PVC 156 

(polyvinyl chloride) DMF (N, N-Dimethylformamide) solutions. Electron 157 

paramagnetic resonance (EPR, Bruker, Germany) was used to analyze the SO4
•- 158 

trapped with spin trapping agent 5,5-dimenthyl-1-pyrroline N-oxide (DMPO, > 99 159 

wt.%). Zeta potentials on membrane surface at different pH values were conducted on 160 

a zeta potential analyzer (SurPASS 3, Anton paar, Austria). The degradation 161 

intermediates of MB and ibuprofen in the separation and catalyst system were identified 162 

by liquid chromatography-mass spectrometry (LC-MS, RRLC/6410B, Agilent, USA). 163 

2.4. Catalytic-separation coupling process and mechanism analysis 164 

Removal experiments of MB and ibuprofen were performed in a home-made gravity 165 

driven membrane system (Text S4, Figure S17) at room temperature (22°C). In order 166 

to effectively reduce membrane fouling, higher PMS dosage was used [28]. In a typical 167 

removal of MB, the length of catalytic ceramic membrane was 8 ± 0.1 cm. The ceramic 168 

membrane was first immersed into the experiment concentration of MB solution 169 

without adding PMS for 30 minutes to get an adsorption and desorption equilibrium. 170 

PMS (1.0 gꞏL-1) was added with certain volumes only once before running membrane 171 
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separation process since we in advance evaluated the total amount of consumed PMS. 172 

Then, the α-Al2O3/CoFe2O4 catalytic ceramic membrane was fixed inside a gravity 173 

driven membrane module, where water column height could be precisely adjustable. At 174 

given time intervals, permeate was collected with records of with weight and volume. 175 

The absorbance of the permeate was measured by using a UV-Vis spectrophotometer 176 

(UV-1100, Shanghai mapada Instruments) at 600 nm immediately when the sample was 177 

collected. The hydraulic retention time (HRT) was calculated according to Eq. 1, where 178 

Vm is the effective volume, δ is the apparent porosity (~46%) of the membrane, F is the 179 

average flow rate across the membrane at certain water column height. 180 

HRT = 
Vmꞏδ 

F
 × 100%                         (1) 181 

The removal of MB was calculated according to Eq. 2 [29], where A0 is the 182 

absorbance of MB with initial concentration without any adjustment, At is the 183 

absorbance of MB after treatment for a specific time in the membrane system. 184 

R% = 
A0 - At 

A0
 × 100%                    (2) 185 

The removal of ibuprofen was carried out according to the stated above with a little 186 

modification. 0.1 mL NaNO2 (100 mM) was added to the permeate collected at the 187 

predetermined time to quench the radical reaction. The collected sample was kept at 188 

4°C fridge and analyzed in 24 h. The concentration of ibuprofen was tested by using a 189 

HPLC system (Shimadzu, Japan, LC-10 AT) with a C18 reverse phase column (250 190 

mm × 4.6 mm, 5 μm). The mobile phase consisted of acetonitril (HPLC grade) and 0.3% 191 

acetic acid (HPLC grade), water (70/30, volume ratio) with a flow rate of 0.4 mLꞏmin−1 192 

and an injection volume of 20 μL, and the excitation wavelength of 220 nm was used 193 
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for UV detection. Besides, the concentration of leached cobalt was conducted and 194 

analyzed on ICP-MS (Nex ION 300D, USA). All experiments were duplicated. 195 

The optimized operation conditions during gravity driven process were determined 196 

by conducting 4-group control experiments including water column height, dosage of 197 

PMS, initial pH and initial MB concentration. According to the procedure as reported 198 

in elsewhere with minor modification, α-Al2O3/CoFe2O4 catalytic ceramic membrane 199 

was regenerated by impregnating it into 0.1 wt% NaOH solution, ultrapure water and 200 

ultrasonic with frequency of 60 Hz for 10 min repeatedly [15]. 201 

3. Results and discussion 202 

3.1. Characterization of catalytic ceramic membranes 203 

The ceramic membranes with controllable structure morphology consisting of 204 

adjustable sponge-like region and finger-like macro-voids could be rationally designed 205 

and prepared (Figure S1-S9, Table S2), which is an efficient way to prepare asymmetric 206 

membrane in one step. Figure 1a shows the digital photograph of the optimized hollow 207 

fiber α-Al2O3 membrane with an inserted cross-sectional SEM image. This membrane 208 

has an average pore size of 267.5 nm (Table S3). SEM images (Figures 1a, 1b) show 209 

that this membrane had a sandwiched structure, containing outer- and inner-layers 210 

featured with long finger-like macro-voids together with a sponge-like interlayer in 211 

between. The thickness of the outer-, inter-, and inner-layers were 161 ± 4, 111 ± 3, and 212 

142 ± 3 m, respectively, leading to an overall membrane thickness of approximately 213 

420 ± 40 m. This low thickness is approximately an order of magnitude lower than 214 

those of typical disc or tubular commercial α-Al2O3 membranes ( ~ 3 – 5 mm). In 215 

addition, the outer and inner layers together accounted for ~ 72% of the overall 216 
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membrane thickness. The combined small overall thickness and the sandwich structure 217 

resulted in a pure water permeability as high as 2633.7 Lꞏm-2ꞏh-1ꞏbar-1, which was 218 

approximately 3 times of that for a commercial α-Al2O3 membranes with similar pore 219 

size (Figure 1c and Table S3). This extremely high water permeability enables the 220 

permeation of water only by its own gravity (e.g., under a water column height of 20 – 221 

50 cm in the current study).  222 

The sponge-like interlayer was characterized with smaller sized pores and more 223 

tortuous pore structure than finger-like regions (Figure S11). The impregnation-coating 224 

of CoFe2O4 nano-catalyst led to a very slight decrease of only 2.2% in pure water flux 225 

(Figure 1c and Table S3). The membrane structure was not significantly altered by the 226 

catalyst loading (Figure 1d, 1e). Detailed comparison showed greater presence of 227 

CoFe2O4 nano-catalyst in the sponge-like layer than long finger-like macro-voids 228 

(Figure 1f and Figure S11), which reveals the critical role of the sponge-like interlayer 229 

for the catalyst loading. This result can be explained by the mass transfer in the 230 

sandwich-structured membrane, with the cobalt-containing mother solution retained for 231 

longer time in the sponge-like interlayer due to its smaller and more tortuous pores. 232 

Such a special interlayer structure not only provides the majority of mechanical strength 233 

[24, 30], but also facilitates sufficient contact reaction between micro-pollutants and 234 

SO4
•- generated from PMS catalyzed by CoFe2O4 nano-catalyst to significantly enhance 235 

degradation performance. Moreover, the uniform distribution of CoFe2O4 nano-236 

catalysts was confirmed in the different structures of α-Al2O3 ceramic membranes such 237 

as inner/outer finger-like macro-voids (Figures S11d and S11f), intermediate sponge-238 

like layer (Figure S11e) and membrane surface (Figure S15). 239 
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Interestingly, with increasing calcination temperature from 300°C to 500°C, the 240 

catalytic activities of α-Al2O3/CoFe2O4 catalytic ceramic membrane decreased (see the 241 

decreased removal rate of MB in Figure S12c) due to a decrease in the yield of sulfate 242 

radicals produced by catalyzing PMS. Low temperature calcination of CoFe2O4 nano-243 

catalyst to form composite membrane is not only more beneficial for enhanced removal 244 

rate, but also enables lower energy consumption for membrane fabrication. In the 245 

current study, the best performance was achieved at a calcination temperature of 300°C 246 

(with CoFe2O4 crystal size of 8.2 nm), which is consistent with a previous study [27], 247 

was used throughout the rest of this study. 248 

Figure 1. Digital photograph (a) and cross-sectional SEM image (inset of a), and locally enlarged 249 

cross-sectional SEM image (b) of α-Al2O3 membrane. Pure water flux (c) of α-Al2O3 membrane 250 

before and after impregnation-coating of CoFe2O4 nano-catalyst compared with commercial tubular 251 

alumina membrane. SEM image (d) of spongy-like layer of α-Al2O3 membrane. SEM image (e) and 252 

EDX mapping (f) of spongy-like layer of α-Al2O3/CoFe2O4 catalytic membrane calcined at 300°C. 253 

Fe signal, green; Co signal, red.  254 
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The loading amount of CoFe2O4 nano-catalysts can be steadily controlled via 255 

selecting coating cycles (Figures S13 and S14). A very thin layer (~ 70 nm) of CoFe2O4 256 

spinel nano-catalyst uniformly distributed on the surfaces of alumina particles, was 257 

fully confirmed by some well-correlated characterizations such as SEM-EDX (Figures 258 

S11 and S15), XRD (Figure S12a), FTIR (Figure S16), low-resolution TEM (Figures 259 

2a and 2b), high-resolution TEM (Figure 2c), SAED pattern (Figure 2d) and XPS 260 

(Figures 2e-2g). A brightness contrast difference was found within CoFe2O4 layer, 261 

indicating that it consists of CoFe2O4 nano-crystals with increased specific surface area 262 

(Figures 2a and 2b). The crystal structure of CoFe2O4 nano-catalyst is further revealed 263 

by high-resolution TEM (Figure 2c). The lattice fringes with d-spacing values of 0.25 264 

nm and 0.49 nm can be assigned to the (311) and (111) reflections of CoFe2O4 (Figure 265 

2c), respectively [31]. Moreover, five concentric diffraction rings were observed in 266 

SAED results (Figure 2d), which can be assigned to the (220), (311), (400), (511) and 267 

(440) reflections of cubic CoFe2O4 nano-catalyst, respectively. The TEM results are in 268 

good accordance with the results of XRD (Figure S12a). Figure 2e exhibits the XPS 269 

peaks in the survey scan spectra of the surface of α-Al2O3/CoFe2O4 catalytic membrane, 270 

which belongs to Al 2p, C 1s, O 1s, Fe 2p and Co 2p, respectively. Four peaks are 271 

shown in the de-convolution of Co 2p peak (Figure 2f). The peak at 780.27 eV comes 272 

from the Co2p3/2, while the peak at 796.12 eV arises from Co2p1/2. The satellite peaks 273 

at around 786.31 eV and 802.84 eV belong to two shake-up type peaks of Co at the 274 

high binding energy side of the Co2p3/2 and Co2p1/2 edges. The main and shake-up 275 

satellite peaks of Co2p3/2 and Co2p1/2 indicate the presence of Co2+ in a high-spin 276 

state [32]. The peaks at 710.96 eV and 724.6 eV comes from Fe2p3/2 and Fe2p1/2 277 

respectively [33], indicating the presence of Fe3+ cation. All these results fully confirm 278 
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that CoFe2O4 nano-catalyst was formed on the surface of partially sintered alumina 279 

grains. 280 

281 

Figure 2. TEM images (a and b, low-resolution TEM; c, high-resolution TEM; d, SAED pattern) 282 

and XPS spectra (e, the survey spectrum; f, high resolution spectrum of Co element; g, high 283 

resolution spectrum of Fe element) of α-Al2O3/CoFe2O4 catalytic membrane calcined at 300°C. 284 

3.2. Performance of α-Al2O3/CoFe2O4 catalytic ceramic membrane 285 

Figure 3 presents the MB removal performance of α-Al2O3/CoFe2O4 catalytic 286 

membrane under various conditions with the gravity of the feed as driving force. 287 

Compared to pristine α-Al2O3 membrane and α-Al2O3/CoFe2O4 catalytic membrane 288 

without PMS, the α-Al2O3/CoFe2O4 catalytic membrane with the presence of PMS 289 

possessed much higher removal rates for MB (89.9% ~ 98.6%) (Figure 3a) under a 290 

stable normalized flux, indicating very weak membrane fouling (Figure 3b) [34, 35]. 291 
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Compared to α-Al2O3 membrane, α-Al2O3/CoFe2O4 catalytic membranes showed much 292 

higher sorption capacity of MB molecular due to the existence of CoFe2O4 nano-293 

catalysts. QCM results showed much higher sorption of MB of α-Al2O3/CoFe2O4 294 

catalytic membranes compared to α-Al2O3 membrane (Figure 3c). Therefore, removal 295 

pathway of MB using α-Al2O3/CoFe2O4 catalytic membrane probably includes surface 296 

adsorption and radical catalytic degradation. When the feed water that contains MB and 297 

PMS passed through the α-Al2O3/CoFe2O4 catalytic membrane, the CoFe2O4 nano-298 

catalyst decorated within the membrane reacted with PMS to produce SO4
•-, which is 299 

an active radical with a strong ability to oxidize MB for degradation. Specifically, as 300 

shown in Figure 1b, the sponge-like layer provided sufficient contact area between PMS 301 

and CoFe2O4 nano-catalyst for generation of more SO4
•- , thus between SO4

•-  and 302 

pollutant molecules for rapid degradation, facilitating the significant enhancement of 303 

removal rate. 304 

Figures 3d-3g present the separation performance of α-Al2O3/CoFe2O4 catalytic 305 

membrane at different operation conditions. The α-Al2O3/CoFe2O4 catalytic membrane 306 

had noticeable removal of MB under water column heights of 20 – 50 cm (Figure 3d). 307 

An obvious discoloration was observed for permeate (the inset of Figure 3d, with a feed 308 

concentration of 25 ppm MB). At a low water column height of 20 cm, high average 309 

removal rate of ~ 98% was maintained. Remove rate decreased as water column weight 310 

increased (Figure 3d). High water column height resulted in a relatively high trans-311 

membrane pressure, shortening the retention time of MB pollutants within the α-312 

Al2O3/CoFe2O4 catalytic membrane and thus causing an incomplete reaction between 313 

radicals and pollutants. Meanwhile, at lower water column height, more stable water 314 

flux was maintained (Figure S18a). This reduced membrane fouling tendency is 315 
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consistent with the better catalytical removal of MB by the produced radicals due to 316 

longer retention-reaction time at low water column heights [36]. With decreasing water 317 

column height from 50 to 20 cm (i.e., increasing HRT from 4.1 to 9.3 s), higher MB 318 

removal efficiency was achieved. In our experiments, with water column height 319 

increased, the removal rate decreased (Figure 3d) while the water flux increased (Figure 320 

1c, Figure S18a). This indicates that a trade-off relationship exists between removal 321 

rate and water flux under different water column heights. Considering this trade-off 322 

issue between water flux and removal rate, 30 cm was chosen as the final water column 323 

height in the following experiments. Furthermore, a well-fitted exponentially 324 

decreasing relationship between water column height and MB residual percentage was 325 

observed at different operation times (Figure 3h). The results imply that water column 326 

height imparts an important influence on removal rate of MB for the α-Al2O3/CoFe2O4 327 

catalytic membrane coupling with sulfate radicals-advanced oxidation processes (SR-328 

AOPs). Thus, the efficient removal of pollutants could be accomplished via reasonably 329 

controlling water column height. 330 

The effects of the dosage of PMS, initial pH and MB concentration were further 331 

investigated. A significant increase of removal rate was observed when the PMS dosage 332 

increased in the range of 0.0 – 4.0 gꞏL-1. At a dosage level of 1.0 gꞏL-1, the average 333 

removal rate maintained above 91.8%. However when the dosage of PMS increased 334 

from 2.0 gꞏL-1 to 4.0 gꞏL-1, the removal rate increased slightly (Figure 3e). The 335 

phenomenon could be attributed to 1) the scavenge of SO4
•- by excess HSO5

-  to form 336 

a less reactive SO5
•- species (Eq. 2) [37]; and 2) the formation of unreactive S2O8

2- 337 

species at high concentrations of PMS (Eq. 3) [38]. Although high PMS dosage has a 338 
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better performance in removing MB, considering its dosage cost and performance, 1.0 339 

gꞏL-1 was considered as the optimum in the following experiments. 340 

SO4
• + HSO5

-  → SO5
•- + SO4

2- + H+                (2)  341 

 SO4
• + SO4

•  → S2O8
2-                                (3) 342 

Figure 3f displays the variations of removal rate of MB with operation time using α-343 

Al2O3/CoFe2O4 catalytic membrane under different initial pH values. With pH 344 

increasing from 2.85 to 9.00, the removal rate of MB decreased. According to the pKa 345 

values of PMS (pKa1 < 0 and pKa2 = 9.4) [33, 39], PMS mainly exists as the form of 346 

HSO5
-  over the pH range of 2.85 to 9.0, resulting in a high catalytic efficiency. With 347 

pH increasing, the different electrostatic repulsion and the surface absorbance of 348 

CoFe2O4 nano-catalyst influence the removal of MB together. However, when the 349 

initial pH increased up to 11, removal rate decreases due to surface absorbance. In this 350 

case, •OH became a dominant radical while scavenging of SO4
•-  resulted in lower 351 

oxidation efficiency [23]. 352 

With increasing MB concentration, the removal rate decreased especially from 50 to 353 

100 mgꞏL-1 (Figure 3g). The average removal rates were 91.8%, 91.2% and 56% for 354 

initial concentration 25 mgꞏL-1, 50 mgꞏL-1, and 100 mgꞏL-1, respectively. However, no 355 

obvious difference in removal rate was observed from 25 mgꞏL-1 to 50 mgꞏL-1, 356 

suggesting a good application potential. This phenomenon is attributed to the effective 357 

reaction between SO4
•-  and MB with low concentration in the gravity-driven 358 

membrane process. 359 
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Figure 3. Removal rate (a) and normalized flux (b) of α-Al2O3/CoFe2O4 catalytic membrane in-situ 360 

coupling SR-AOPs for MB removal and degradation in water. MB adsorption behavior test (c) of 361 

α-Al2O3/CoFe2O4 catalytic membrane and α-Al2O3 membrane by QCM. Effects of different 362 

parameters on the removal rate of MB: (d) water column height, ([MB] = 25 mgꞏL-1, pH = 2.85, 363 

[PMS] = 1.0 gꞏL-1, membrane length = 8.0 ± 0.1 cm); (e) PMS dosage, ([MB] = 25 mgꞏL-1, H = 30 364 

cm, pH = 2.85, membrane length = 8.0 ± 0.1 cm); (f) initial pH, ([MB] = 25 mgꞏL-1, H = 30 cm, 365 

[PMS] = 1.0 gꞏL-1, membrane length = 8.0 ± 0.1 cm); (g) concentration of simulated MB, ([PMS] = 366 

1.0 gꞏL-1, H = 30 cm, pH = 2.85, membrane length = 8.0 ± 0.1 cm). (h) The relationship between 367 

MB residual ratio and water column height, where R is the removal rate of MB, and 1-R represents 368 

for the residual ratio of MB in the effluent. Conditions: [MB] = 25.0 mgꞏL-1, [PMS] = 1.0 gꞏL-1, T 369 

= 22°C, membrane length = 8.0 ± 0.1 cm, without adjustment of pH. (i) Concentration of leached 370 
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cobalt ions in the permeate at different initial pH (from 2.85 to 11). Conditions: [MB] = 25 mgꞏL-1, 371 

H = 30 cm, [PMS] = 1.0 gꞏL-1, membrane length = 8.0 ± 0.1 cm. 372 

The concentration of leached cobalt ions in the permeate was measured for 373 

environment risk assessment as shown in Figure 3i. It decreased with increasing pH 374 

value from 2.85 to 11. The concentrations of leached cobalt ions are all lower than that 375 

(662 μgꞏL-1) reported previously [40] and China Ⅲ type surface water standard [41], 376 

indicating that the α-Al2O3/CoFe2O4 catalytic membrane is both effective and 377 

environment friendly. 378 

Besides MB, the α-Al2O3/CoFe2O4 catalytic membrane was also quite effective for 379 

highly efficient removal of ibuprofen. As shown in Figures 4a and 4b, the α-380 

Al2O3/CoFe2O4 catalytic membrane coupling with SR-AOPs possessed much higher 381 

removal rates for ibuprofen ( ~ 99.5%), and also exhibited an almost complete removal 382 

of ibuprofen at a stable normalized flux with very weak membrane fouling. Compared 383 

with MB (Figure 3c), higher removal rate of ibuprofen can be attributed to the weaker 384 

adsorption on the membrane surface as clearly observed in the QCM result (Figure 4c). 385 

More importantly, α-Al2O3/CoFe2O4 catalytic membrane had extremely high water 386 

permeability of 2575 Lꞏm-2ꞏh-1ꞏbar-1 (Figure 4d and Table S3), significantly 387 

outperforming other existing state-of-the-art membranes such as other catalytic 388 

membranes, traditional RO and NF membranes. 389 

This feature enabled the membrane developed in the current study to be driven with 390 

zero energy consumption only by the gravity of feed at a trans-membrane pressure as 391 

low as ~ 0.02 bar while maintaining high removal rate of MB (95 ~ 98%) and ibuprofen 392 

( ~ 99.5%). The membrane system with high flux and rejection without any extra energy 393 
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consumption is promising for highly efficient treatment of wastewaters containing 394 

persistent organic contaminants. Besides high flux and removal rate, the α-395 

Al2O3/CoFe2O4 catalytic membrane developed in our work possesses a good reusability 396 

and durability (Figure S19). 397 

398 

Figure 4. Removal rate (a) and normalized flux (b) of α-Al2O3/CoFe2O4 catalytic membrane in-situ 399 

coupling SR-AOPs for ibuprofen removal and degradation in water. Operation conditions: 400 

[Ibuprofen] = 2.0 mgꞏL-1, [PMS] = 1.0 gꞏL-1, T = 22°C, water column height = 30.0 cm, membrane 401 

length = 8.0 ± 0.1 cm, without adjustment of pH. (c) Ibuprofen adsorption behavior test of α-402 

Al2O3/CoFe2O4 catalytic membrane and α-Al2O3 membrane by QCM. (d) Comparison of water 403 

permeability and removal rate between α-Al2O3/CoFe2O4 catalytic membrane fabricated in the 404 

current study and other existing catalytic membranes [29, 42-47], traditional RO [48-50] and NF 405 

membranes [5, 51-53]. 406 

3.3. Mechanism analysis 407 
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Membrane surface streaming potential test can be used to reveal surface charge 408 

change on time during removal of micro-pollutants in water [54]. The higher potential 409 

difference, the stronger the adsorption ability. As shown in Figures 5a and 5b, when the 410 

amount of adsorbed MB achieved equilibrium, the streaming potential difference was 411 

5.2 mV and 42.3 mV for α-Al2O3 membrane and α-Al2O3/CoFe2O4 catalytic membrane, 412 

respectively. Therefore, the adsorption of MB on membrane surface plays a non-413 

negligible (but minor) role in micro-pollutant removal especially for α-Al2O3/CoFe2O4 414 

catalytic membrane, which also has a much higher absorption ability than α-Al2O3 415 

membrane. 416 

In order to identify the dominant radical responsible for micro-pollutant catalytic 417 

degradation, radical quenching experiments were carried out by using tert-butyl alcohol 418 

(TBA) and ethanol as the quenching molecular probes because their reaction rate with 419 

SO4
•- and •OH differs significantly. The second reaction rate constants of TBA are (4.0 420 

~ 9.4)×105
 M-1ꞏS-1 and (3.8 ~ 7.6)×108 M-1ꞏS-1 with SO4

•- and •OH, respectively, while 421 

the second reaction rate constants of EtOH are (1.6 ~ 7.7) ×107 M-1ꞏS-1 with SO4
•-, and 422 

(1.2 ~ 2.8) ×109 M-1ꞏS-1 with •OH [55]. As shown in Figure 5c, there is almost no 423 

difference in removal rate with time for the membrane systems with (removal rate-424 

91.3%, the blue curve) and without (removal rate-91.8%, the yellow curve) addition of 425 

1.0 M TBA, indicating that •OH was not the dominant radical in catalytic degradation 426 

of MB in the systems. However, the removal rate of MB significantly decreased from 427 

91.8% to 81.5% with the presence of 1.0 M EtOH (the red curve). This is attributed to 428 

the fact that EtOH mainly consumed SO4
•-, thus inhibiting the removal rate of MB. The 429 

results indicated that SO4
•-  is the dominant radical for micro-pollutant catalytic 430 

degradation. As shown in Figure 5d, EPR results demonstrates that SO4
•- was steadily 431 
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produced by CoFe2O4 nano-catalyst and PMS. Acidic condition was more favorable for 432 

the production of more SO4
•-. The results agree well with the removal rate at different 433 

pH values shown in Figure 3f. 434 

435 

Figure 5. The streaming potential of α-Al2O3 membrane (a) and α-Al2O3/CoFe2O4 catalytic 436 

membrane (b) under test conditions: [MB] = 25 mgꞏL-1, [KCl] = 1.0 mmolꞏL-1, pH = 6.85, room 437 

temperature (22°C), N2 surrounding, P = 250 mbar; (c) radical quenching experiment, conditions: 438 

[MB] = 25 mgꞏL-1, [PMS] = 1.0 gꞏL-1, H = 30 cm, membrane length = 8.0 ± 0.1 cm, pH without 439 

adjustment (pH = 2.9), room temperature (22°C), (d) EPR results at different pH value. 440 

To further reveal the degradation mechanism with intermediates formed during the 441 

process, the permeation solutions were analyzed by LC-MS. The discussion of ESI-MS 442 

spectra obtained in this work was related to m/z values assigned to different compounds 443 

presented in Figure S20 and Figure S21. The reaction processes of CoFe2O4 inducing 444 

PMS are shown in Eq. 4 – Eq. 7 [28], with SO4
•- , •OH, OH-  and the possible 445 
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intermediates. In CoFe2O4 nano-catalyst, actually Co presented a valent state of +2 (left 446 

side in Eq. 4) before reaction. Indeed, this can be supported by the XPS analysis of α-447 

Al2O3/CoFe2O4 catalytic membrane, indicating that only Co2+ was detected (Figure 2e, 448 

2f). However, Co2+ then partially underwent an increase from +2 to +3 in valent state 449 

after catalytic reaction (right side in Eq. 4). Coupled with the results in Figure 5, SO4
•- 450 

was likely the dominant radical in the catalytic degradation process. Based on the above 451 

results, the degradation process mechanism of MB and ibuprofen is proposed in Figure 452 

6. 453 

≡Co2+ + HSO5
-  → ≡Co3+ + SO4

•  + OH-      (4) 454 

   SO4
•  + OH- → SO4

2- + •OH                      (5) 455 

≡Co3+ + HSO5
-  → ≡Co2+ + SO5

•  + H O      (6) 456 

      SO5
•  + O2

-  → SO4
•  + O2                         (7) 457 

  SO4
•  + MB/Ibuprofen → Organic intermediates + CO2 + H2O  (8) 458 

 459 

Figure 6. Degradation pathways for MB and ibuprofen in the membrane separation and 460 

catalytic process. 461 
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4. Conclusions 462 

In this work, a rationally structural design strategy for development of zero energy 463 

consumption and high performance robust catalytic ceramic membrane was presented 464 

for highly efficient removal of emerging organic micro-pollutants in wastewater. To 465 

overcome the key issues of conventional membrane separation (e.g., high energy 466 

consumption, low flux and membrane fouling), we designed a sandwiched α-467 

Al2O3/CoFe2O4 catalytic ceramic membrane structure highly efficient coupling 468 

membrane separation with catalytic degradation, which exhibits a great potential for 469 

removal of MB and ibuprofen. The finger-like macropores ensures high water 470 

permeability (2575 Lꞏm-2ꞏh-1ꞏbar-1) to allow the rapid permeation of water only under 471 

its gravity without any extra energy input, significantly outperforming other reported 472 

state-of-the-art separation membranes such as traditional RO and NF membranes with 473 

lower performance which still needs much higher energy consumption. Active CoFe2O4 474 

nano-catalysts loaded in the sponge-like interlayer acts as efficient micro-reactors to 475 

not only effectively degrade organic contaminants but also significantly minimize 476 

membrane fouling. A very low leaching level of cobalt ions was also observed, 477 

indicating no environment risk for water treatment. Coating of nano-catalyst indeed 478 

increased the adsorption of micro-pollutants on membrane surface, but played a minor 479 

role on removal performance. Both removal efficiency and water flux could be 480 

maintained at relatively high levels. Considering the toxicity of sulfate ions above a 481 

certain level, their removal will be studied via employing post-treatment methods such 482 

as nanofiltration and reverse osmosis in our follow-up study. Also the toxicity 483 

assessment of intermediates after catalytic degradation is being under way as a follow-484 

up study. By employing the same protocol, the design strategy for catalytic ceramic 485 
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membranes can be directly extended to other membrane systems with different ceramic 486 

substrates (such as zirconia, mullite and spinel) and other active MFe2O4 (M = Cu, Ni, 487 

Zn, Mn) nano-catalysts. Such membranes, with the promising features such as better 488 

performance in permeability and removal efficiency but zero energy consumption, can 489 

be also employed for removal of other organic micro-pollutants from various water 490 

streams. Our study provides a potential platform for the development of low energy 491 

consumption and high efficiency robust membranes for highly efficient removal of 492 

various emerging micro-pollutants. 493 
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