<]
TUDelft

Delft University of Technology

Ceramic membranes for industrial wastewater treatment: Fabrication, membrane fouling
and fouling characterization

Qin, G.

DOI
10.4233/uuid:c494c0c6-e111-4dc9-8757-e2f3d5e2d56f

Publication date
2025

Document Version
Final published version

Citation (APA)

Qin, G. (2025). Ceramic membranes for industrial wastewater treatment: Fabrication, membrane fouling and
fouling characterization. [Dissertation (TU Delft), Delft University of Technology].
https://doi.org/10.4233/uuid:c494c0c6-e111-4dc9-8757-e2f3d5e2d56f

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.4233/uuid:c494c0c6-e111-4dc9-8757-e2f3d5e2d56f
https://doi.org/10.4233/uuid:c494c0c6-e111-4dc9-8757-e2f3d5e2d56f

W \.branes f(f mdustrnal’
rastewater tr eﬁtme t?
” ’ ¢ ::Ql#.\'&'ﬁ l“\'“' b a 1€ o ' FT-?

;.“'\':ﬂ QY\J\a'].H.'rj.;; .".il *a&'{ M “’%
hw

~

O  n1ar A " Y
= - \;\-Jv’:.— — N\Z AL

5 i =

— yres \ - -




Ceramic membranes for industrial wastewater treatment:

Fabrication, membrane fouling and fouling characterization

DISSERTATION
To obtain
the degree of doctor in environmental engineering at the Delft University of Technology,
on the authority of the rector magnificus,
Prof. dr.ir. T.H.J.J van der Hagen
chair of the Board for Doctorates,
to be publicly defended on
Thursday 20 November year 2025 at 12:30 o’clock
by
Guangze QIN
Master of Science in Applied Earth Sciences, Delft University of Technology

Born in Shan Dong, China



This dissertation has been approved by the promotors.

Composition of the doctoral committee:
Rector Magnificus,
Prof.dr.ir. L.C. Rietveld
Dr.ir. S.G.J. Heijman

Independent members:
Prof.dr.ir. J.B. van Lier
Prof.dr. Y.C. Dong
Prof.dr.ir. M. Vanoppen
Dr.ir. A. Haidari

Reserve members:

Prof.dr.ir. D. van Halem

Chairperson
Delft University of Technology, promotor

Delft University of Technology, promotor

Delft University of Technology
The Chinese University of Hong Kong, China
Universiteit Gent, Belgium

Iv-Water b.v., NL

Delft University of Technology

This research was conducted at the Sanitary Engineering Section, Department of Water
Management, Faculty of Civil Engineering, Delft University of Technology, The Netherlands,
and was financially supported by the China Scholarship Council.

*ﬁﬁl'g

L 2

]
TUDelft

‘“\.\0 o 5§ »

v

Cover by: Guangze Qin

%CIL 3 $

&C”OLARS\‘“V -

Keywords: Silicon carbide membrane; Membrane fouling; Surface charge; DLVO model

Copyright © 2025 by Guangze Qin

ISBN(Paperback/softback): 978-94-6496-493-6

ISBN(E-book): 978-94-6518-182-0

An electronic version of this dissertation is available at https://repository.tudelft.nl/



https://repository.tudelft.nl/

Table of Contents

Chapter 1: Introduction ................coooiiiiiiiiiiiiiii e 11
1.1 Background ..........c.ooniiniiiiiiiii et e e e e e 12
1.2 Ceramic membrane fabrication techniques ..................c.oocooiii 13
L.2.1 S00-el... .ottt e e e e e e e eas 13
1.2.2 Co-SINEETING ...oovniiiiiiiiiiiiiiiii it 14
1.2.3 Chemical Vapor Deposition............c.cooveiiiiiiiiiiiiiiiiiiiier e 14
1.2.4 Polymer-derived Ceramic ProCess...........c.c.coevviuniiiniiiniiiniiinniiinneinnienneineennn 16
1.2.5 Recrystallization sintering method...................c..oooiiiiiiiii 16
1.3  Ceramic membrane fouling in wastewater treatment ...................cc...coeeeennn. 17
1.3.1 Effect of wastewater characteristics on membrane fouling............................. 17
1.3.2 Effect of membrane properties on membrane fouling.................................. 18
1.3.3 Effect of operational parameters on membrane fouling ................................. 20
1.3.4 Effect of types of fabrics fibers on membrane fouling .................................... 21
1.4. Membrane fouling characterization techniques for wastewater treatment............ 21
1.4.1 FE-SEM and FIB-SEM ..........ccoouiiiiiiiiiiiiiiiiiiie ettt 22
| I 3 O [ O PP ORI 23
L3 DOTM ..ottt et ettt e et e et e e e et e een e ena s enneenaeennns 24
1.5. State of the art and knowledge gaps ............c.coiiiiiiiiiiiiiiiiiiiii e 24
1.6. Scope of this thesis ..............cooiiiiiiiii 26
Chapter 2: Chemical vapor deposition of silicon carbide on alumina ultrafiltration
membranes for filtration of microemulSions.................coooiiiiiiiiiiiiiii 33
2.1, INtroduCtion .......oouniiiiiiiiiiii e 35
2.2. Materials and methods...............cooiiiiiiiiiiiii e 37
221 MAterials ......oovuniinniiiiiiiiii et ea 37
2.2.2 Low-pressure chemical vapor deposition...................cco.ooviiiiiiinin. 37
2.2.3. Membrane characterization ..................ccooooviiiiiiiiiiiiiiiiiiin 38
2.2.4. Oil-in-water microemulSions..............c..ooiiuiiiiiiiiiiiiiii e, 39
2.2.5 Determination of threshold flux.....................oooiii 40
2.2.6. Fouling experiments with microemulsions .....................coooiiiiiiinnn . 40

2.3. ReSUILS AN QESCUSSION ... uineiniiniititiiii ettt e ettt eeaeeeeneeseeeseeneensneenennsns 43



2.3.1. Membrane morphology ............c...ccooiiiiiiiiiiiiiiiiii 43

2.3.2. Membrane hydrophilicity and zeta potential............................ooiiinnL. 46
2.3.3. Pure water permeance, membrane pore size and oil rejection ....................... 48
2.3.4. Comparison of fouling of the various membranes...................ccocceiiiiiniennnn... 49
2.3.5 Fouling behavior at various pHs, surfactants and pore sizes .......................... 51
2.3.6 Long term filtration performance of the SiC-coated membrane..................... 57
2.3.7 Comparison with other ceramic membranes..............c....c..oooiiiiiinn. 58
P2 R O01) 1 T 11 1) | PP 60

Chapter 3: Impact of ionic strength and surface charge on ceramic membrane fouling
by oil-in-water emulsions: A quantitative analysis using DLVO and XDLVO models... 71

31 INtrOdUCTION ..ceeiiniiiiii et e a e 73
3.2. Materials and methods ..o 75
321 MAterials ......oouinniiniiii i 75
3.2.2. Membrane characterization ..................c.cooiiiiiiiiiiiiiiiiiiii e, 75
3.2.3 Oil-in-water emulSIONS ............cooiiuiiiiiiiiiiiiiiiii e 76
3.2.4. Filtration experiments with mico-sized O/W emulsions...............c..c...c.......... 77
3.2.5.DLVO and XDLVO mMoOdels........c.coouiiuiiiiiiiiiiiiiiiiiiiic e 77
3.3. Results and diSCUSSION ..........couiiuiiiiiiiiiiiii ittt r e ea e 78
3.3.1. EMulSion Properties...........cccovviuiiiiiiiiiiiiiiiiiiiiiii e 78
3.3.2. Hydrophilicity and zeta potential of the membranes..........................c..oo. 79
3.3.3. Comparison of fouling at various salinities ........................coooiiin 81
3.3.4 DLVO and XDLVO models...........ccccooiiiiiiiiiiiiiiiiiiiiiiiiccce e 83
3.3.5 Limitations and Recommendations ..................ccccooiiiiiiiiiiiiiiiiiinnen, 92
R I O01) 1 1o L1 T 1) 1 PP PPPPRPPR 93

Chapter 4: Qilfield-produced water treatment with SiC-coated alumina membranes 103

4.1 INErOdUCTION ...ceeiininiiiii et 105
4.2. Materials and methods ..............c..ooooiiiiiiiiiiiii e 107
4.2.1 Materials and Synthetic O/W emulsions preparation...............c...ccoeceuiiiinnii. 107
4.2.2 Membrane pPreparation............ccoeeviuiiiiiuiiiiiuiiieieiriiee et eeeeneeneeneeeeeenens 107
4.2.3. Membrane characterization .................c..cooiiiiiiiiiiiiiiiiiiiii e 107
4.2.4. Produced water characterization .................cc.cooiiiiiiiiiiiiiiniiiinnn 108

4.2.5 Estimation of threShold fIUX ......coooniiniiiiiiniiii i ereeereneeaenees 108



4.2.6. Fouling experiments with synthetic and real produced water ...................... 108

4.3. Results and diSCUSSION ..........c.oiuiiiiiiiiiiiiiiiiiii e 110
4.3.1. Characteristics of the raw produced water ...............c...ccoeoiiiiiiiiiiniinnn 110
4.3.2. Fouling of membranes by synthetic O/W emulsions at various salinities ...... 111
4.3.3. Effects of flux on membrane fouling by real produced water-....................... 113
4.3.4. Effects of crossflow velocities on membrane fouling.................................... 114
4.3.5. Effects of membrane pore size on membrane fouling.............................. 116
4.3.6.Characterization of the fouling layer.................coociiiiiiiiiiien, 118
4.3.7. Comparison of membrane fouling with two types of oily wastewater ........... 120
4.3.8. Long-term filtration performance..............c...ccooooiiiiiiiiiiiiiiiiin 121
4.3.9. Comparison of the ceramic MF/UF membrane for PW treatment................ 122
4.3.10. DESCUSSIOM. ..ccuuiniiiniiiiiii ittt et et e et e et et e en et eaeeeneens 123

4.4, CONCIUSION ....oeviiiniiiiiiiii i et e e e e e eaes 124

Chapter 5: Ceramic membrane filtration of natural and synthetic fibers in laundry

WASTEWALCT ...ouiiniiniiiiitiiiiiiii ittt et ettt s e e e e aeaeeaeeaeneeneansas 139

S0 INtroOdUCHION «...ceuieiiiiiiii ettt et e a e eas 141

5.2. Materials and methods .................oiiiiiiiiiiiii e 142
S5.2. 0 MaAterials ....c..ooninniiiiiiii et e eaae 142
5.2.2. Membrane characterization ..................c..oooiiiiiiiiiiiiiiiiiii e 142
5.2.3 Synthetic and real laundry wastewater...............c.coeiiiiiiiiiiiiiiiiiiiiineieenees 143
5.2.4. Filtration experiments with synthetic and real laundry wastewater ............. 143
5.2.5. Qualitative and quantitative microplastic fiber characterization ................. 144

5.3. Results and diSCUSSION...........c..oiiuiiiiiiiiiiiiiiii e 144
5.3.1. Synthetic laundry wastewater properties ...............cccoooevviiiiiiiiiniiinniinnnnnn. 144
5.3.2. Real laundry wastewater Properties ...........c..ccceeueeuiriiiiiiiiiiiieiineiireeeneennes 148
5.3.3. Membrane fouling with synthetic laundry wastewater................................ 150
5.3.4 Membrane fouling with real laundry wastewater .................cccocoeeiiiiiiinnnne. 154

5.4, COonCIUSION .....ooniiiiiiiii it et ee et e e e e 158

Chapter 6: Conclusions and outlooK...............c.oooiiiiiiiiiiiiiiii e 161

6.1 CONCIUSIONS......cuniiiiiiiiiii ittt e et e e e ens 162

6.2 Perspectives and outlookK ..o 164

6.2.1 The possibility of upscaling of SiC ultrafiltration membrane ....................... 164



6.2.2 SiC catalytic membranes............cc..coviiiiiiiiiiiiiiiinin 165
6.2.3 Utilization of ceramic membranes at the end of their life ............................. 165
6.2.4 OCT for the membrane fouling monitoring ................cc.ooooeiiiiiiiiiniinnn. 166

6.2.5 From case studies to broader implications for other wastewater streams ...... 167



Summary |7

Summary

Rapid industrialization and urbanization over the past two decades have made water scarcity and
water pollution the most serious and persistent challenges for people around the world. Membrane
technologies have emerged as crucial solutions to tackle the global water shortage crisis, especially
for the re-use of industrial effluents. Inorganic ceramic membranes are gaining increasing attention
in industry due to their high mechanical and chemical stability, hydrophilicity, water permeability,
antifouling abilities. Silicon carbide (SiC) membranes have shown the lowest fouling compared
with other ceramic membranes. Therefore, recently, new methods have been developed to fabricate
SiC membrane at a low temperature of 860 °C, using low pressure chemical vapor deposition

(LPCVD).

This thesis focuses on the fabrication and application of SiC-coated membranes, detailing their
preparation via LPCVD and their performance in treating nano-sized oil-in-water (O/W) emulsions,

real produced water, and laundry wastewater.

First of all, a novel approach is presented for effectively separating microemulsions via SiC (3C-
SiC)-coated alumina (Al,O3) membranes, fabricated based on LPCVD. With the increase in
deposition time, up to 25 min, the pore size of the membranes decreased from 41 nm (without
deposition) to 33 nm (deposition time of 25 min). The polycrystalline 3C-SiC-coated membranes
also showed an improved hydrophilicity (water contact angle of 15°) and highly negatively charged
surfaces (-65 mV). Oil-in-water (O/W) microemulsions filtration experiments were carried out at
a constant permeate flux (80 Lm~h') for six cycles with varying deposition time, pH, surfactant
types, and pore sizes. The fouling of the SiC-coated membrane was, compared to the Al,O3
membrane, effectively mitigated due to the enhanced electrostatic repulsion and hydrophilicity.
Surfactant adsorption mainly occurred when the surface charge of the microemulsion and the
membranes were opposite. Therefore, the surface charge of the Al,O3 membrane changed from
positive to negative when soaked in negatively charged microemulsions, whereas SiC-coated
membranes remained negatively charged regardless of surfactant type. The membrane fouling was

alleviated when the membrane and oil droplets had the same charge.

Subsequently, the effects of the ionic strength (1, 20, and 100 mM) as well as different surfactants

in O/W emulsions on the membrane fouling were studied. Four surfactants, including sodium
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dodecyl sulfate (SDS, anionic), alkyl polyglycoside (APG, non-ionic), cetyltrimethylammonium
bromide (CTAB, cationic) and N-dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate
(DDAPS, zwitterionic), were selected for this study. The Derjaguin-Landau-Verwey-Overbeek
(DLVO) and extended DLVO (XDLVO) models were used to quantify interactions between the
membrane-oil droplet and deposited oil layer-oil droplet surfaces and to compare these interactions
with the fouling experiments. The (X)DLVO interaction energies of the membrane-oil droplet
exhibited a strong agreement with the fouling tendencies at 1 mM salinity. The SiC-deposited
membrane showed less (ir)reversible membrane fouling than the A1, O3; membrane when filtering
O/W emulsions stabilized with SDS, APG, or DDAPS. The DLVO model predicted a higher
tendency at higher salinity levels during the filtration of SDS, APG, or DDAPS-stabilized O/W
emulsions and a decreased fouling tendency for CTAB-stabilized emulsion with the SiC-deposited
membrane. However, at higher salinity levels, the XDLVO energy barrier was affected by both
the repulsive electrostatic double layer (EL) interaction and attractive Lewis acid-base (AB)
interaction. For the Al,O3 membrane, the XDLVO model obscured EL and Lifshitz-van der Waals
(LW) interactions since the AB component was dominant, confirmed by the diminished XDLVO
energy barrier, whereas for the SiC-deposited membrane, the EL interaction prevailed since the

energy barrier value was positive.

Then real oilfield produced water with high salinity (142 mS/cm) and COD (22670 mg/L) was
successfully treated by SiC-coated Al2O3; membranes in constant flux mode. The major findings
were that pore blockage served as the initial (irreversible) fouling mechanism and that the
(reversible) cake layer, a mixture of organic and inorganic components, dominated the rest of the
filtration cycle, where the SiC coated membrane performed better than the original AlO3
membrane. In addition, it was found that the application of the SiC coating, and the selection of
the appropriate pore size (62 nm) and crossflow velocity (0.8 m/s) increased the fouling mitigation,
potentially advancing the utilization of ultrafiltration in treating saline produced water for reuse

purposes.

Finally, synthetic wastewater containing cotton, linen, polyester, and nylon fibres and real laundry
wastewater were characterized and prepared for filtration experiments, which were conducted at a

flux of 70 Lm~h™! using an Al,O3 membrane and a SiC-coated membrane. Results revealed that
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natural textiles, particularly cotton and linen, released higher COD loads than synthetic fibers when
tested at equal mass, in the trend of, cotton>linen>polyester>nylon, which was further supported
by microscopic and SEM images. Both the AlO3 membrane and the SiC-coated membrane
showed a high fiber rejection (100 %), whereas the SiC-coated membrane showed lower reversible
and irreversible fouling than the Al O3 membrane, due to highly negatively charged surface. The
fouling order of the fibers were in line with the COD concentration of the synthetic laundry
wastewater containing these fibers. Finally, treatment of hot real laundry wastewater by the
ceramic membranes not only mitigated membrane reversible and irreversible fouling, but also
enabled the simultaneous recovery and reuse of water, surfactants, and thermal energy, offering a

sustainable strategy to reduce both water consumption and energy costs.
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1.1 Background

Over the past two decades, rapid industrialization and urbanization have intensified water scarcity
and water pollution, with an estimated 4.4 billion people lacking access to safe drinking water and
48% of wastewater discharged untreated worldwide [1, 2]. Among various types of industrial
wastewater, oily wastewater originating from petrochemical, pharmaceutical, food, and beverage
industries poses a particular challenge [3]. Its improper discharge can severely contaminate both
surface and groundwater, posing serious risks to human health, as oil droplets—ranging from a
few nanometers to several hundred micrometers—are difficult to separate by conventional means

(4, 5].

Currently, treatment methods for oily wastewater include: (i) dissolved air flotation [6], (ii)
gravity-based separation [7], (iii) hydrocycloning [8], and (iv) adsorption [9]. The selection of an
appropriate treatment method depends on factors such as oil droplet size and concentration,
wastewater composition, and regulatory discharge limits [10, 11]. However, these conventional
techniques are often inadequate for oily wasetwater with nano-sized oil droplets. In response,
membrane technologies have become essential tools in treating oily wastewater. A wide range of
water filtration systems, including conventional pressure-driven nanofiltration (NF)[12],
ultrafiltration (UF)[13-15], and microfiltration (MF)[16], have been introduced to the market.
Meanwhile, academic research in membrane-based water treatment technologies, spanning
fundamental, applied, and translational studies, continues to flourish, driven by advancements in

material science and engineering [17-19].

Polymeric membranes are at the forefront of wastewater treatment technologies, thanks to their
well-established presence and proven long-term performance [20]. However, a major challenge in
using polymeric membranes for industrial wastewater treatment is their chemical instability and
high membrane fouling tendency. In contrast, inorganic ceramic membranes are attracting growing
interest because of their high mechanical and chemical stability, hydrophilicity, water permeability,
and antifouling abilities [3, 14, 21]. One notable type of industrial wastewater is laundry
wastewater, generated during the washing of synthetic garments, which releases over five trillion

plastic microfragments into the ocean [22]. Given their robustness in high-temperature and

12
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chemically aggressive conditions, ceramic membranes are particularly well-suited for treating such

challenging laundry wastewater streams [23, 24].

However, still membrane fouling is inevitable. Therefore, effective mitigation strategies are
essential to prolong the operation of ceramic membranes. These strategies may include membrane
surface modification and adjustment of feed water characteristics. This thesis also presents
membrane fouling characterization, which provides fundamental insights into the fouling structure

and, in turn, informs the development of appropriate fouling mitigation approaches.

1.2 Ceramic membrane fabrication techniques

Ceramic membranes can be classified into symmetric and asymmetric types. Among these,
asymmetric membranes typically exhibit higher water permeability [25]. Currently, the main
techniques used to prepare the separation layer include sol-gel [26], co-sintering [27, 28], chemical
vapour deposition (CVD) [29], Polymer-derived ceramic process [30], and recrystallization

sintering method [31, 32].
1.2.1 Sol-gel

Sol-gel is a chemical synthesis method that forms a gel from a colloidal suspension (sol), which is
then dried and heat-treated to form a ceramic [33]. The sol-gel process is one of the most
commonly used techniques for fabricating ceramic membranes, as it enables the production of thin,
porous separation layers with adjustable porosity using a variety of materials [26]. Li et al.
fabricated a zirconium dioxide—silicon carbide (ZrO.—SiC) ultrafiltration membrane using a
combination of the sol-gel and dip-coating methods [26]. Specifically, a 48 nm ZrO: separation
layer was prepared by synthesizing a zirconia sol from zirconium oxychloride (ZrOCl.), which
was then deposited onto a SiC support via dip-coating [26]. y-ALOs/a-ALO; hollow fiber
nanofiltration membranes with a molecular weight cut-off of 1.4 kDa have also successfully been
prepared by dip-coating a y-AlOOH sol onto an a-Al,O3 support with an average pore size of 229
nm. These membranes exhibited a low pure water permeability of 17.4 Lm™h'bar! and
demonstrated low retention percentages for Na* (30.7%) and NH4" (27.3%) [34]. The separation

layer of SiC membranes has typically been fabricated using the sol-gel method. During this process,

13
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the resulting gel is dried in an argon atmosphere at a temperature of 850 °C. The resulting

membranes have had a pore size distribution ranging from 200 to 500 nm [35].
1.2.2 Co-sintering

Co-sintering is a thermal processing method where two or more ceramic layers (e.g. support layer
and separation layer) are sintered at the same time to bond together [36]. Co-sintering involves the
formation of a support layer with coarse particles, a separation layer with fine particles is applied
on top, using fabrication techniques like dip-coating or spray-coating. After drying, the layered
structure is co-sintered in one thermal step [27, 28]. Key advantages of this method is the
shortening of the preparation time and the lower overall production costs [36]. Al,O; MF
membranes have been fabricated with the co-sintering method with an average pore size of 249
nm, a water permeability of 5040 Lm>h'bar! and a rejection of 96.2% to carbon ink [37]. In
addition, Zou et al. reported that tight a-alumina UF membranes with a water permeability of 2000
Lm>h'bar! have been produced via the co-sintering process on an Al,Os support [38]. Apart from
the Al,O3 membrane, co-sintering has been used to synthesize the SiC membranes [27]. Li et al.
reported the fabrication of a SiC selective layer with a pore size of 0.28 um, which was applied
onto a SiC-boron carbide (B4C) green substrate, using a spray coating technique [27]. In this
method, a well-dispersed SiC slurry is atomized into fine droplets and sprayed onto the substrate
surface, allowing uniform layer formation. The membrane was then co-sintering at 1900 °C. After
the sintering process, the membrane layer exhibited a strong adhesion to the substrate, with no

obvious particle infiltration [27].
1.2.3 Chemical Vapor Deposition

CVD is a process in which one or more volatile precursors are transported in the gas phase to a
heated substrate, where they react or decompose on the surface to form a solid material, while by-
products are removed in the gas phase [39]. It has been widely used for the production of silica
membranes used for the gas separation [40]. It includes low pressure CVD (LPCVD), Normal-
Pressure Thermally-Activated CVD, and Plasma-enhanced CVD [41]. Akamatsu et al. have
reported the fabrication of amorphous silica membranes via CVD with the precursor
Dimethoxydimethylsilane (DMDMS) at a temperature of 699.85°C, with considerable hydrogen
gas permeability [40].

14
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LPCVD is a specific type of CVD. Our group was the first to develop an innovative method for
fabricating SiC coatings using LPCVD, successfully depositing a SiC layer onto Al,O; UF
membranes at 750 °C for the separation of an O/W emulsion [29]. The benefit of this technique
lies in its ability to consistently reproduce and replicate the SiC layer. However, the SiC separation
layer coated at 750 °C by LPCVD was deteriorated when soaking into a 5% NaClO solution due
to the amorphous structure of SiC [42]. Similar phenomenon was also observed with amorphous
SiO2 or TiO> membranes, which exhibited a faster corrosion compared to their crystalline

counterparts [43].

The LPCVD coating process including the following five distinct steps [29, 44]:

¢ Ceramic membrane pre-treatment: Rinse the surface of the ceramic membrane with deionized
water, then dry it in an oven at 100°C. After drying, soak it in anhydrous ethanol for 30 minutes.

Allow it to air dry, then set it aside for later use.

e Take out the wafer boat and place the membranes at the center of the wafer boat.

¢ Insert the wafer boat into the chamber. Use a vacuum pump to slowly evacuate air for 6 minutes,
then stop the vacuum pump. Introduce nitrogen gas through the gas pipeline to purge the system
for 1 minute. Check for any leakage in the reactor chamber by comparing the baseline pressure

with the calibrated pressure. Then, heat the reactor at a rate of 10°C/min until it reaches 750°C.

e Deposition stage: The structure of the deposited SiC is strongly influenced by the deposition
temperature and the flow rate ratio of dichlorosilane to acetylene. To deposit amorphous SiC,
maintain a gas flow ratio of dichlorosilane to acetylene at 3. Set the deposition temperature to
860°C, with a deposition rate of 0.9 nm/min. The total gas flow should be 500 sccm, pressure at

60 Pa, and total deposition time between 60 and 150 minutes.

e Post-deposition purge: After the deposition process, residual gases used during deposition need
to be purged. First, evacuate the gas from the pipelines and the furnace, then introduce nitrogen
gas to clean the system. During the back-pressure stage, the pressure inside the reactor is brought

back to atmospheric pressure to allow for safe removal of the wafer boat. Finally, remove the

15
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membrane from the wafer boat, completing the entire process of depositing SiC film on the Al,O3

ceramic membrane.

1.2.4 Polymer-derived ceramic process

In the polymer-derived ceramic process, polymer derivation refers to the transformation of a
preceramic polymer into a ceramic material through controlled pyrolysis (thermal decomposition)
in an inert or reactive atmosphere [45]. The first study on the fabricating SiC UF flat sheet
membrane was conducted by Konig et al [30], utilizing a single-step deposition method with an
allylhydridopolycarbosilane (AHPCS)/a-SiC ratio of 0.8. Experiments have shown a water
permeability of 0.05 Lm™ h'bar! and a molecular cut-off ranging between 35 and 100 kDa. The
polymer-derived ceramic process is also applicable for the production of SiC tubular membrane
using AHPCS and SiC powder [46]. In this process, porous SiC support tubes are first prepared by

uniaxial cold-pressing of B-SiC powder with appropriate sintering aids and sintered at 1800 °C in

a helium atmosphere for 3 hours. For the formation of the membrane layer, a slip-casting
suspension is prepared by dispersing nano-sized SiC particles (~100-200 nm) ina 10 wt% AHPCS
solution in hexane. The support tubes are coated by dip-coating (12 seconds immersion, 2 mm/s

withdrawal rate), followed by staged pyrolysis in flowing argon: first to 200 °C (1 h), then 400 °C
(1 h), and finally 750 °C (2 h). This thermal treatment enables the conversion of AHPCS into an

amorphous SiC ceramic, forming a dense separation layer without relying on conventional

sintering of SiC particles [46].

1.2.5 Recrystallization sintering method

Commercial SiC membranes are mainly fabricated using the recrystallisation technique [31, 32].
This method involves sintering of a mixture of SiC particles with varying sizes in specific ratios.
At high temperatures (1800-2200 °C), the fine particles evaporate and subsequently agglomerate
and recrystallize at the necks of the larger particles [47]. However, achieving a narrow and uniform
pore size distribution requires either uniform agglomerates or monodisperse SiC particles. This is
typically accomplished by carefully controlling the raw powder characteristics (e.g., particle size
distribution, morphology, and purity) and optimizing the sintering conditions [25]. In some cases,

advanced techniques such as colloidal processing or the use of sacrificial pore formers with

16
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controlled sizes are employed to enhance packing uniformity and pore structure control [47]. The
resulting SiC membrane exhibits a high mechanical strength and resistance to thermal shocks. The
main drawbacks of this method are the high sintering temperature (exceeding 2000 °C), due to the
strong covalent Si-C bonds, and the need for a protective atmosphere (such as argon), both of

which increase the fabrication costs of SiC ceramic membranes [47].

1.3 Ceramic membrane fouling in wastewater treatment

1.3.1 Effect of wastewater characteristics on membrane fouling

The composition of feed water plays a vital role in membrane fouling, especially the

physicochemical properties of foulants, such as functional groups, size, and surface charge [48,

49].
Salinity

Salts, commonly found in industrial wastewater (e.g., produced water), can alter the properties of
oil droplets and the interactions at the oil-membrane interface, thereby also influencing membrane
fouling [50, 51]. Tanudjaja et al. have, e.g., reported that the Anopore™ Al,O3 membrane became
less negative at a higher salinity level, which contributed to more membrane fouling and a reduced
critical flux [50]. In addition, Chen et al. have reported that increasing the ionic strength can
intensify membrane fouling due to double-layer compression and charge screening effects on both
the oil droplets and the SiC membrane surface. These effects reduce the electrostatic repulsion
between the oil droplets and the membrane surface, thereby promoting the deposition and

accumulation of oil droplets on the membrane surface [10].
pH

The pH value affects the charge of the membrane, thus, affecting the rejection efficiencies of
foulants [10]. Lobo et al. , e.g., have found that the ZrO»/TiO, UF membrane surface became
positively charged at pH values below 4. As a result, a considerable flux reduction was observed,
when filtering an O/W emulsion stabilized with and anionic surfactant, due to the shift from
electrostatic repulsion to electrostatic attraction between the negatively charged oil droplets and
the positively charged membrane surface [52]. Wang et al. have reported that increasing the pH

value led to improvements in both the initial and stable fluxes. A higher pH also resulted in a
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reduced flux decline when a negatively charged zirconia ceramic membrane was used to filter

nano-sized emulsions [3].
1.3.2 Effect of membrane properties on membrane fouling

Surface roughness

There are conflicting results regarding the impact of the surface roughness on membrane fouling.
One perspective suggests that a rough membrane surface can exacerbate the reversible and
irreversible fouling of O/W emulsions. For example, Zhong et al. have reported that oil droplets
are prone to accumulate in the valleys of the rough Al2O3; MF membranes, thus, leading to a more
severe permeability decline than with smooth membranes [53]. The other perspective suggests that
ceramic membranes with a higher roughness tend to form a more loosely packed fouling layer
during filtration, which can be more easily removed during physical cleaning, compared to the
tightly compacted fouling layer that develops on smoother membrane surfaces [54]. Wang et al.,
e.g., have conducted a molecular dynamics simulation that accounted for the shear forces present
under cross-flow conditions, providing microscopic insights into the impact of surface roughness
on the fouling tendencies of Al,O3 membranes [55]. This study has indicated that the valleys on
rough membrane surfaces resulted in weaker interactions with two types of foulants (sucralose and

bisphenol A), making them easier to detach from the ceramic membranes [55].
Surface hydrophilicity

A highly hydrophilic membrane surface is advantageous for wastewater treatment, as it promotes
higher water flux by attracting water molecules into the membrane pores. Moreover, the hydration
layer, formed on such surfaces, acts as a barrier against the adhesion of hydrophobic colloids,
thereby reducing the fouling tendencies [43]. Ceramic membranes composed of metal oxides, are
inherently hydrophilic due to their abundance of hydroxyls groups [56]. The degree hydrophilicity
of ceramic membranes is further affected by the density of the hydroxyl groups and the strength
of the O-H bonds on the membranes surface [57]. Among the commonly used ceramic membranes,

the hydrophilicity follows the order SiC>TiO>>ZrO>>Al,0s3, as illustrated in Fig.1.1a.
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Fig.1.1 Comparison of (a) water contact angle and (b) isoelectric point of ceramic membranes

made from SiC, TiO2, ZrOz, and Al>Os. The data and references used are shown in Table.S1.1.
Surface charge

In the separation process, the membrane surface charge plays a key role in governing electrostatic
interactions with charged foulants, which in turn influences the severity of the membrane fouling.
When the membrane and foulant show the same charge, electrostatic repulsion occurs between the
membrane surface and foulants, and the fouling is alleviated [58]. Also in the Derjaguin-Landau-
Verwey-Overbeek (DLVO) model, the electrostatic component consistently exhibits a repulsive
interaction between the membrane surface and foulants of the same charge, especially for the
spherically shaped oil droplets. Among the commonly used ceramic membranes, the isoelectric
point, indicating the pH at which its surface carries no net electrical charge, follows the order
SiC>TiO,>ZrO>>Al03, as illustrated in Fig.1.1b. However, to date, no studies have quantitatively
analyzed or compared O/W emulsion fouling using DLVO modeling across these specific ceramic

membrane materials (e.g., SiC).
Pore size

Membrane fouling experiments are commonly conducted at either a constant flux or a constant
pressure mode [59]. At the constant pressure filtration mode, Nagasawa et al. have reported that
for porous TiO, membranes with small pores, fouling by O/W emulsions is induced by the
deposition of oil droplets on the membrane surface, which results in the formation of a cake layer
and a reduction in water permeability. For membranes with larger pores, specifically, when the
size of the membrane pores is larger than the size of the droplets, pore blockage is the main fouling

19



Chapter 120

mechanism [58]. Zhao et al. have also reported that during the treatment of raw apple cider fouling
of tubular ceramic membranes made of Al,O3; with smaller pore sizes (0.2 um and 0.45 um) was
dominated by external fouling, such as cake layer formation, whereas the fouling of membranes
with larger pore sizes (0.8 pm and 1.4 pm), was dominated by internal fouling, such as pore
constriction and pore blocking [60]. However, at a constant flux mode, the effects of the pore size

on the SiC membrane fouling was not reported.
1.3.3 Effect of operational parameters on membrane fouling
Crossflow velocity

Chen et al. have reported that at a constant pressure of 0.1 bar, increasing the crossflow velocity
leads to higher shear stress, which in turn enhances the mass transfer coefficient, resulting in a
higher permeate flux for a spinel-based hollow fibre ceramic membrane [61]. Similarly, at the
constant pressure mode, Xue et al. have reported that an increase in crossflow velocity leads to a
higher steady-state flux of the SiC membrane, because higher crossflow velocities enhance the
drag force exerted by the brine, which reduces the size of settling particles and limits their
deposition on the membrane surface. As a result, higher crossflow velocities lead to a lower
reversible fouling resistance and a slower rate of flux decline [62]. Under constant flux condition,
Sim et al. have found that increasing the crossflow velocity reduces the thickness of the cake layer,
but does not have an effect on its porosity on a polyethersulfone UF membrane [63]. However, the
effect of crossflow velocity on SiC membrane fouling under constant flux mode remains

unexplored.
Flux

Liu et al. have reported, conducting constant-flux fouling experiments using a polyvinylidene
fluoride (PVDF) polymeric membrane to filter traditional Chinese medicine water extracts, that
when the permeate flux is below the threshold, the transmembrane pressure (TMP) gradually
increases. However, when the flux exceeds the threshold, severe fouling occurs, leading to a rapid
rise in TMP [64]. In addition, Kirschner et al. have conducted constant flux crossflow fouling
experiments using polyethersulfone UF membrane at permeate fluxes ranging from 20 to 130 Lm"
’h!, in 10 Lm?h! increments. As the flux approached the threshold flux of the membrane, the

TMP curves exhibited a slow increase, and the intermediate pore blocking model closely matched
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the experimental data. When the flux exceeded the threshold, the TMP curves exhibited a rapid
increase, and a combination of the intermediate pore blocking and cake filtration models provided
the best fit [13]. With the increase in the filtration time, the continuous rise in TMP under constant
flux conditions suggests that the cake layer continues to grow without limit. In contrast, under
constant pressure filtration, the cake layer eventually stabilizes at a constant thickness [65]. Sim et
al. have observed that the increase in flux, thus, leads to a higher TMP and larger cake layer
thickness, which has been associated with a decrease in cake layer porosity, from 0.7 at 60 Lm~>h-
'to 0.4 at 100 Lm?h™!, on a polyethersulfone UF membrane [63]. The first work of the effect of
the permeate flux on SiC UF membrane is reported by Chen et al, who found that near the threshold
flux, SiC membrane fouling is primarily governed by foulant-membrane interactions. When the
flux exceeds the threshold, both foulant-membrane and foulant-foulant (i.e., deposited layer)

interactions become obvious [10].
1.3.4 Effect of types of fabrics fibers on membrane fouling

Synthetic fabrics such as nylon and polyester, as well as natural fabrics, including cotton and linen,
are commonly used in fabric production [66]. It has been reported that the natural fibers can
constitute up 55% of the total fibers found in laundry wastewater and these fibers take between 1
to 5 months to fully biodegrade in the natural environment [66, 67]. The natural fibers, being
organic and biodegradable, pose a minimal environmental risk [68]. For example, natural fibers,
such as cotton and silk, have shown no toxicity toward Daphnia magna, whereas synthetic fibers
like nylon caused acute toxic effects on this organism [68]. However, natural fibers could also act
as carriers for harmful substances, as fabrics made from organic fibers are often treated with
chemicals such as chemical colorants and finishes [69]. These chemical additions could also slow
down the biodegradation process of natural fibers [70]. Despite this, most studies have primarily
focused on ceramic membrane fouling caused by filtering synthetic laundry wastewater containing
synthetic fibers rather than the natural fibers [23, 71, 72]. To the best of our knowledge, ceramic

membrane fouling caused by natural fiber has not been quantitatively analyzed yet.

1.4. Membrane fouling characterization techniques for wastewater treatment

Advanced characterization techniques such as FIB-SEM, OCT, and DOTM could provide
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complementary insights into membrane fouling beyond conventional surface imaging. FIB-SEM
enables precise, artifact-free cross-sectioning and nanometer-scale imaging of the internal
microporous structure, making it powerful for identifying irreversible fouling by pore blockage
[73, 74]; in this thesis, it is applied for the first time to ceramic membranes. However, although
OCT, offers non-invasive, real-time 3D visualization of fouling layer development at micrometer
resolution [75], its limited penetration depth, and high costs have restricted its application mainly
to ultra-thin polymeric membranes. DOTM allows direct optical observation of early-stage fouling
events such as droplet attachment, deformation, and coalescence, but since it requires transparent
membranes and provides only 2D information [76, 77], it is not applicable to the opaque SiC-

coated ceramic membranes studied in this work.

1.4.1 FE-SEM and FIB-SEM

The Focused Ion Beam-Scanning Electron Microscope (FIB-SEM) is a dual-beam system that
combines the capabilities of a FIB and a SEM. This integrated system is a powerful tool for
visualizing irreversible fouling, allowing for quantitative comparison across the different
membrane samples [78]. While surface morphology of the fouling (cake) layer have often been
studied using surface imaging with Field Emission SEM (FE-SEM), traditional methods for
preparing membrane cross-sections, such as mechanical cutting, can result in material loss and
structural artifacts during sample fixation [79, 80], compromising the accuracy of fouling layer

characterization.

FIB-SEM overcomes these limitations by allowing precise, site-specific milling to expose
membrane cross-sections without introducing deformation or artifacts. This enables high-
resolution (5-10 nm) imaging of the internal microporous structure of membranes, which is critical
for identifying and comparing internal (irreversible) fouling by pore blockage [73, 74].
Furthermore, FIB-SEM allows measurements of fouling depth, offering insight into the three-
dimensional structure of the fouling layer, which cannot be provided by conventional SEM and
FE-SEM techniques [81]. However, this techniques has not yet been applied to ceramic membranes
and, firstly, we applied FIB-SEM to analysis the reversible and irreversible fouling of ceramic

membranes.
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1.4.2 OCT

Optical Coherence Tomography (OCT) employs infrared light with wavelengths ranging from 800
to 1300 nm. It is a non-invasive technique that enables real-time monitoring [82]. However, the
signal quality and resolution decrease with increasing sample depth (typically within 500
micrometers), making quantitative analysis of OCT tomograms challenging [83]. It generates three
dimensional (3D) images of foulant deposition with depth resolution of 2 um and lateral resolution
of 4 um [75]. Trinh et al. have reported that OCT can monitor the oil internal irreversible fouling
in real time when filtering an O/W emulsion over a 0.45 um polyvinylidene fluoride membrane in
a dead-end filtration mode [82]. This technique is applicable for studying the internal fouling
mechanisms caused by 0.45 pm polystyrene particles with varying surface charges, using a
polycarbonate track-etched membrane with a pore size of 2 um [84]. This technique has also
enabled both visualization and quantification of the structural characteristics of different fouling
types at the mesoscopic scale, which is crucial for understanding and optimizing operational
performance (Fig.1.2.). However, current studies utilizing OCT primarily focus on the fouling
analysis of polymeric membranes [82, 84, 85]. One of the primary limitations of using OCT in
fouling monitoring is its inability to provide qualitative details about the compositions of the
fouling layer [75]. Additionally, the application of OCT in real-world water treatment plants

remains limited due to both economic and technical challenges [86].
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Fig. 1.2. Various techniques are used to study biofilm structures across different spatial scales. It
is important to note that as the field of view increases from left to right, the resolution
correspondingly decreases. Mesoscopic structures, typically spanning several millimeters, serve
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as a bridge between the microscopic and macroscopic scales. These techniques include SEM,
CLSM (Confocal Laser Scanning Microscopy), OCT, and MRM (Magnetic Resonance
Microscopy), as adapted from Ref. [75].

1.4.3 DOTM

DOTM (direct observation through the membrane), which uses an optical microscope to examine
the feed-membrane interface, is restricted to transparent membranes, making it less practical [76,
77]. Additionally, it is limited to two-dimensional (2D) imaging, resulting in the loss of depth
information [87]. However, Tummons et al. have reported that with DOTM, when filtering SDS-
stabilized O/W emulsions, three distinct stages of membrane fouling can be identified: (1)
attachment and clustering of oil droplets, (2) deformation of the droplets, and (3) coalescence of
the droplets [87]. In addition, Tanis et al. have reported that, based on DOTM images, unmodified
polystyrene particles show a higher fouling tendency on a 0.2 pm Anopore Al,O3 membrane than

aminated polystyrene and carboxylated polystyrene particles, respectively [77].

1.5. State of the art and knowledge gaps

Membrane fouling remains the main constraint in oil-water separation using membranes [88]. One
strategy to mitigate fouling is to alter the surface wettability by coating the membrane with
hydrophilic materials rich in hydroxyl groups, such as ZrO- and TiO: nanoparticles [89, 90]. Pore
size is another critical factor affecting fouling [58, 91, 92]. For instance, Jiang et al. reported that
SiC membranes with the largest pore size (0.67 um) exhibited the highest flux decline and lowest
stable flux when filtering 500 ppm O/W emulsion at a constant pressure of 0.5 bar [92]. Nagasawa
et al. also reported that severe fouling was induced for porous TiO> membranes with the largest
pores (1.4 pm), since more oil droplets accumulated into the pores, leading to a high irreversible
fouling [58]. Despite these findings, studies examining the effect of pore size on O/W emulsion

separation under crossflow, constant-flux operation remain limited.

To further understand the role of solution chemistry, recent work has employed DLVO/XDLVO
modeling to study the influence of ionic strength and surfactant type on fouling with polymeric
membranes [93, 94]. For example, He et al. reported that for oil-in-water (O/W) emulsions,
stabilized by the non-ionic surfactant (Triton ™ X-100), the interaction energies predicted by the

DLVO model were consistent with the fouling tendencies at various salinities for the PVDF MF
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membrane in the constant flux filtration mode [93]. Likewise, the group of Chew reported that
fouling tendencies during the filtration of O/W emulsions stabilized with SDS, CTAB, and Tween
20 correlated more strongly with DLVO rather than XDLVO predictions for a 0.22 um PVDF
membrane under constant pressure operation [94]. However, no prior studies have quantitatively
analyzed and compared fouling by O/W emulsions with the DLVO and XDLVO models using

specific ceramic materials, such as SiC.

In terms of fouling characterization, existing studies primarily rely on surface imaging techniques
(SEM, FE-SEM) or real-time visualization methods (OCT, DOTM), most of which have been
applied to polymeric membranes [73, 74]. While these techniques provide valuable mechanistic
insights, they are limited in assessing internal (irreversible) fouling within ceramic membranes.
Focused Ion Beam-SEM (FIB-SEM) represents a promising yet underexplored approach, as it
enables quantitative evaluation of fouling depth and internal morphology. Nevertheless, systematic

studies applying FIB-SEM to ceramic membranes are still scarce.

Beyond O/W separation, ceramic membranes are also investigated for treating laundry wastewater.
It has been reported that natural fibers account for up to 55% of the total fibers in laundry effluents,
with biodegradation times ranging from one to five months in the environment [66, 67]. However,
most studies on ceramic membrane fouling have focused on synthetic Yet, most studies on ceramic
membrane fouling have focused on synthetic wastewater containing only synthetic fibers [23, 71,
72], while fouling caused by natural fibers has not been quantitatively studied. This thesis
addresses these gaps by applying FIB-SEM to ceramic membranes for the first time and by
focusing on performance evaluation of SiC-coated membranes under realistic wastewater

conditions, thus bridging fabrication, application, and advanced fouling characterization.

From the information described above, it can be concluded that for the filtration of industrial

wastewater by ceramic membranes, still some knowledge gaps exist:

e The effect of pore size on SiC membrane fouling by O/W emulsions under constant flux

mode remains unexplored.
e No studies have quantitatively analyzed or compared O/W emulsion fouling using DLVO

modeling across these specific ceramic membrane materials (e.g., SiC).
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e The FIB-SEM techniques have not yet been applied to ceramic membranes for
characterizing reversible and irreversible fouling.

e (Ceramic membrane fouling caused by natural fiber has not been quantitatively investigated.

1.6. Scope of this thesis

To tackle these knowledge gaps, the main objective of this thesis is to systematically investigate
the influence of membrane properties (e.g., pore size) and operational parameters (e.g., crossflow
velocity) on the performance and fouling behavior of SiC-coated ceramic membranes in treating
industrial wastewater, including oil-in-water (O/W) emulsions and natural fiber-laden effluents. In
particular, this study aims to explore the application of advanced characterization techniques such
as FIB-SEM for differentiating reversible and irreversible fouling, and to employ DLVO modeling
for quantitative analysis and comparison of fouling mechanisms across various ceramic
membranes. To achieve this objective, a series of research questions were formulated and explored
throughout the chapters of this thesis. The schematic overview of the main chapters of this thesis

is shown in Figure 1.3.

Chapter 2

Synthetic oily
wastewater

Membrane fabrication and
characterization

Real oily
wastewater
Fouling

DLVO/XDLVO mode

Feed characteristic Characterization
(pH, salinity) (FIB-SEM)
Chapter 3 Fouling characterization | Real laundry wastewater Chapter 4

Ceramic membrane filtration of

natural and synthetic fibers in laundry
wastewater

Chapter 5

Fig. 1.3. Schematic overview of the main chapters of this thesis.
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Research question 1: How do LPCVD deposition time, emulsion pH, surfactant type, and
membrane pore size influence the fouling of SiC-coated ultrafiltration membranes during filtration

of synthetic oil-in-water emulsions?

Chapter 2 demonstrates the potential of using SiC-coated membranes for the separation of nano-
sized emulsions. These membranes were fabricated via LPCVD at 860 °C. We then evaluated the
membranes in terms of pore size, surface morphology, water permeability, mechanical strength,
surface charge, and water contact angle. Additionally, the effects of deposition time, pH, surfactant

type, and membrane pore size on fouling during UF of synthetic O/W emulsions were reported.

Research question 2: Do the DLVO and extended DLVO (XDLVO) models align with the
observed fouling trends of the Al:Os and SiC-coated membranes when filtering oil-in-water

emulsions stabilized by different types of surfactants and under varying salinity levels?

In Chapter 3, the effects of the ionic strength (1, 20, and 100 mM) as well as surfactants types on
the membrane fouling are reported. Four surfactants, including SDS (anionic), APG (non-ionic),
CTAB (cationic) and DDAPS (zwitterionic), were selected for this study. The DLVO and XDLVO
models were used to quantify interactions between the membrane-oil droplet and deposited oil

layer-oil droplet surfaces and to compare these interactions with the fouling experiments.

Research question 3: How does the fouling of SiC-coated membranes vary when treating real
produced water under different fluxes, crossflow velocities, and pore sizes, and how do the fouling

mechanisms evolve as filtration time increases by FIB-SEM?

In Chapter 4, for the first time, direct ceramic UF of real produced water is reported, using SiC-
coated UF membranes in constant flux mode. Firstly, the effect of the salinity on membrane fouling
was determined by filtering synthetic O/W emulsions. Secondly, the fouling resistance was
evaluated under various pore sizes and operating conditions (flux, CFV), using two types of real
produced water with varying water quality. Finally, the (ir)reversible fouling transition

mechanisms were visualized using FIB-SEM images.
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Research question 4: What is the fouling of positively charged Al:Os membranes and negatively
charged SiC-coated ceramic membranes during the treatment of synthetic laundry wastewater

containing natural fibers and synthetic fibers, as well as real laundry wastewater?

In Chapter 5, we report on the fouling of the Al,O3 and SiC-coated membranes when filtering
synthetic laundry wastewater containing natural fibers (cotton, nylon) and synthetic fibers
(polyester, nylon) at a constant flux of 70 Lm™h™'. In addition, the real laundry wastewater was
filtered at different operational conditions, including varying flux and temperature, thus, giving
proper solutions for membrane fouling mitigation and promoting water reuse and heat recycling

in laundry industry.

Finally, in Chapter 6, with the obtained knowledge from the previous chapters, conclusions of
this thesis and a future outlook and challenges of ceramic membranes for industrial wastewater

treatment are presented.
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Appendix

Table S1.1 Summary of contact angle and isoelectric point values of SiC, TiO2, ZrO> and Al,O3

membranes (N.A.: not available).

Separation layer Contact angle (°) Isoelectric point Ref.
SiC N.A. 2.6 [95]
SiC N.A. <3 [58]
SiC 0 <2 [10]
SiC 0 N.A. [96]
SiC 37 3 [28]
SiC 43 3 [28]
SiC 11.3 2.9 [21]
SiC 13 N.A. [92]
SiC 6 2.8 [97]
SiC 10 N.A. [97]
SiC 31.5 N.A. [98]
SiC N.A. 2.5 [99]
SiC N.A. 2.3 [100]
SiC N.A. 33 [100]
SiC N.A. 34 [100]
SiC N.A. 3.5 [100]
SiC 15.8 N.A. [101]
SiC 15,18,21,29 2.0 [15]
TiO: 15.6 N.A. [102]
TiO: N.A. 4.8 [103]
TiO: N.A. 5 [58]
TiO, 20 N.A. [104]
TiO; 29.8 3.2 [105]
TiO; N.A. 6.5 [106]
TiO; 42 N.A. [107]
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Chapter 2

Chemical vapor deposition of silicon carbide on alumina ultrafiltration
membranes for filtration of microemulsions
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deposition of silicon carbide on alumina ultrafiltration membranes for filtration of

microemulsions. Desalination, 582, 117655, http://dx.doi.org/10.1016/j.desal.2024.117655.
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Abstract

Worldwide, a considerable amount of oily wastewater is generated, with oil droplets from 2 to 200
nm that are difficult to separate because of their size and colloidal stability. This study presents a
novel approach for effectively separating microemulsions via cubic silicon carbide (3C-SiC)-
coated alumina (Al,O3) membranes fabricated based on low pressure chemical vapor deposition
(LPCVD). SiC was deposited at a relatively low temperature at 860 °C on 100 nm AlO3
membranes using two precursors: SiH2Cl, and C;Hz. With the increase in deposition time, up to
25 min, the pore size decreased from 41 nm to 33 nm, which is a smaller pore size of a SiC
membrane than previously used for oil/water separation. The polycrystalline 3C-SiC-coated
membranes showed improved hydrophilicity (water contact angle of 15°) and highly negatively
charged surfaces (-65 mV). Microemulsion filtration experiments were carried out at a constant
permeate flux (80 Lmh!) for six cycles with varying deposition time, pH, surfactant types, and
pore sizes. The fouling of the SiC-coated membrane was, compared to the Al O3 membrane,
effectively mitigated due to the enhanced electrostatic repulsion and hydrophilicity. Surfactant
adsorption mainly occurred when the surface charge of the microemulsion and the membranes
were opposite. Therefore, the surface charge of the alumina membrane changed from positive to
negative when soaked in negatively charged microemulsions, whereas SiC-coated membranes
remained negatively charged regardless of surfactant type. The membrane fouling was alleviated
when the membrane and oil droplets had the same charge. Lastly, the 62 nm SiC-coated membrane
with 20 min coating time was the best choice for the filtration of the microemulsion, because of

the high rejection of the oil droplets and low fouling tendency.
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2.1. Introduction

Worldwide, oily wastewater is generated from the petrochemical, pharmaceutical, food, and
beverage industries [89, 151]. However, the discharge of oily wastewater can severely contaminate
groundwater and surface water and is harmful to human health [4, 5]. At present, the typical and
conventional technologies for the treatment of oily wastewater include (i) dissolved air flotation
[6], (i1) gravity-based separation [7], (iii) hydrocycloning [8], and (iv) adsorption [9]. The choice
between the various oil-water separation technologies depends on oil droplet size/concentration,
properties of oily wastewater, and the maximum allowable emission concentration [11, 152].
Meanwhile, the emerging membrane separation technology is regarded as a promising and
sustainable approach for effectively treating wastewater due to its distinct advantages, including a
small footprint and high separation efficacies [153, 154]. Compared with polymeric membranes,
inorganic ceramic membranes have attracted increasing attention due to their high

mechanical/chemical stability, hydrophilicity and water permeance [3, 14, 21].

Most oil-in-water (O/W) emulsions have oil droplet sizes ranging from a few nanometers to several
hundred micrometers. For emulsions with micron-sized oil droplets, ceramic ultra/microfiltration
(UF/MF) membranes show satisfactory rejection, typically in the range of 90-99 percent [29, 152].
However, some industrial operations also generate large quantities of oily wastewater with oil
droplets from 2-200 nm [155]. These emulsions are predominantly thermodynamically stable
"microemulsions" with sizes ranging from 10 to 100 nm [155, 156]. So effective and widely
applicable strategies for separating different emulsions with nano-sized oil droplets are highly
required. Some studies [89, 157-159] have addressed the treatment of nano-sized oil emulsions
using inorganic membranes such as zirconia and carbon nanotubes. Silicon carbide (SiC)
membranes are usually fabricated using the sol-gel technique at a high temperature (up to 2100
°C), resulting in long production times and high costs [160]. To save costs and diminish the
environmental impact of membrane production, in our previous work, we developed an innovative
method for producing a SiC coating based on low pressure chemical vapor deposition (LPCVD)
onto Al,O3 UF membranes at 750 °C. In addition, our previous studies found that the SiC-coated
alumina (Al2O3) membranes perform better than the Al,O3; membranes in separating micro-sized

SDS stabilized oil/water emulsions with lower reversible and irreversible fouling [152]. However,
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on the one hand, the SiC layer deposited at 750 °C, which was reported in our previous studies,
was not chemically stable due to the amorphous structure of SiC [29]. It has also been reported
that 3C cubic and 6H hexagonal are the most stable structures compared with other SiC polytypes
[161]. To solve this problem, the deposition temperature was increased from 750 °C to 860 °C to
deposit the polycrystalline 3C-SiC on the 100 nm Al,O3; membrane surface [162]. The fouling
behavior of the filtration of microemulsions using SiC-coated UF membranes has not yet been
performed and reported. Therefore, we developed 3C-SiC membranes with smaller pore sizes and
similar permeabilities compared with the previous work, to achieve high rejection of nano-sized

emulsions.

Fouling is the main constraint when using membranes for oil-water separation [88]. One possible
way to address fouling is to modify the wetting property of the membrane surface by coating
hydrophilic materials, rich in hydroxyl groups (e.g., ZrO> and TiO2 nanoparticles) [89, 90]. Pore
size is another critical factor influencing fouling [58, 91, 92]. Jiang et al. reported that SiC
membranes with the largest pore size (0.67 pm) showed the highest flux decline rate and lowest
stable flux when filtering 500 ppm O/W emulsion at a constant pressure of 0.5 bar [92]. Nagasawa
et al. also reported that severe fouling was induced for porous TiO> membranes with the largest
pores (1.4 um) since more oil droplets accumulated into the pores, leading to a high irreversible
fouling [58]. However, studies on the effect of pore size on O/W emulsion separation in a crossflow,
constant flux mode are lacking. Therefore, the objective of this study was to better understand the
effect of surface charge, hydrophilicity, and pore size of the SiC-coated UF membranes on
membrane fouling by O/W microemulsions in a constant flux mode. Firstly, deposition times
determine the layer thickness, affecting the pore size and permeabilities of the membranes.
Therefore, deposition times ranging from 10 to 25 min were employed to tune membrane pore
sizes and surface properties. The effect of deposition time on membrane fouling was investigated
to find the optimum deposition time. We then evaluated ceramic membranes in terms of pore size,
surface morphology, water permeance, mechanical strength, surface charge, and water contact
angle before the filtration experiments. These experiments were conducted in crossflow filtration
with constant fluxes for the filtration of O/W microemulsions, stabilized with anionic, cationic,
and non-ionic surfactants. The effect of pH of the feed solution on fouling was also studied to find

which types of oily wastewater (alkaline or acidic) are much more suitable for the treatment by
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SiC-coated membranes. Finally, by comparing the oil rejection and (ir)reversible fouling, the best

pore size was chosen.

2.2. Materials and methods

2.2.1 Materials

Soybean oil (S7381, Sigma-Aldrich, the Netherlands), sodium dodecyl sulfate (SDS, 75746,
Sigma-Aldrich, the Netherlands), Span 80 (85548, Sigma-Aldrich, the Netherlands), Tween 80
(P1754, Sigma-Aldrich, the Netherlands), Hexadecyltrimethylammonium bromide (CTAB,
H5882, Sigma-Aldrich, the Netherlands), calcium chloride ( > 97%, 746495, Sigma-Aldrich, the
Netherlands) and sodium chloride ( > 99%, Sigma-Aldrich, the Netherlands), were employed to
prepare the O/W microemulsions. HCI1 (0.1 mol/L, 1090601003, Sigma-Aldrich, the Netherlands)
and NaOH (97%, powder, Sigma-Aldrich, the Netherlands) were used for pH adjustment. The
citric acid (= 99.5%, powder, Sigma-Aldrich, the Netherlands) was used for membrane cleaning.
Demineralized (DI) water was used to prepare the microemulsion, clean the filtration tube, and
backwash or forward flush the fouled membranes. Commercial single-channel tubular Al,Os3
ceramic UF membranes used in the experiments were made of a- AlOs for both the 600 nm
support layer and the selective layer with a maximum pore size of 100 nm (CoorsTek, the
Netherlands), where the information on pore size was provided by the membrane manufacturer.
The Al,O3 membranes chosen for LPCVD had similar permeabilities in the range of 360 to 380
Lm>h'bar!. Flat sheet Al,O; membranes with 100 nm pore size were produced by Inopor
(Germany) with a rectangular shape (1cm x 2cm) and a thickness of I mm. These membranes were
coated under the same circumstances as the tubular membranes for contact angle and zeta potential

measurements.

2.2.2 Low-pressure chemical vapor deposition

Dichlorosilane (SiH>Cl) and acetylene (C>Hz) were used as precursors for the SiC layers
deposition. The Al,O3 membranes were put on two half wafers, which were located in the center
of the LPCVD chamber. The deposition temperature was 860 'C, and the precursors flow ratio
(SiH2Cl/C2H2) was 6.7 to obtain polycrystalline SiC [44]. The amount of gas flowing into the

tube was controlled by mass flow meters with ranges from 0 to 500 standard cm*/min, and 100
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cm?/min was chosen based on a previous study [44]. The Al.Os membranes without deposition
and with deposition times of 10 min, 15 min, 20 min, and 25 min were denoted as HO, H10, H15,
H20, and H25, respectively. The 200 nm and 600 nm Al>Oj3 tubular membranes without deposition
and with deposition times of 20 min were denoted as H0-200, HO-600, H20-200, and H20-600,

respectively.

2.2.3. Membrane characterization

Scanning electron microscope (SEM) measurements were carried out on a Helios NanoLab 650.
In addition, the SEM was attached to an Energy Dispersive X-ray (EDX) spectroscopy (Apollo 40
Silicon Drift Detector, Ametek EDAX"™Y) and EDAX Genesis software, which was employed to
define the chemical composition of both the pristine AlO3 and LPCVD modified SiC-Al20O3
membranes. The Helios Nanolab G3 UC (Thermo Fisher Scientific, USA), which integrates a
focused ion beam with an SEM, was used to examine the cross-section of SiC-coated membranes.
Using the Focused Ion Beam method, the top thin layers of the SiC-coated sample were removed
by directing the gallium ion beam onto it, sequentially revealing a new cross-section. This newly
exposed surface was then visualized using the electron beam of an SEM. XRD (X-ray Diffraction)
was conducted with an X-ray diffractometer (D8-Discover, Bruker, USA) and Eiger-2 500k 2D-
detector to measure the SiC crystal structure. Surface roughness measurements were performed by
atomic force microscopy (AFM) (Dimension Icon, Bruker, USA) in tapping mode in the air. The
Gwyddion software was used to analyze the AFM images and provide quantitative roughness data.
Transmission electron microscopy (TEM) images were collected using a Titan aberration-

corrected transmission electron microscope (Thermos Fisher, FEI company).

The water contact angle (WCA) and underwater oil contact angle (UOCA) of the pristine Al,O3
membranes and the LPCVD-modified SiC-Al,O3 UF membranes were performed by a contact
angle instrument with a manual adjustable zoom lens (Dataphysics OCA25, Germany). The WCA
measurements, conducted on a minimum of three times at distinct locations of each membrane,
were measured by dosing 2 ul water on the membrane surface. The UOCA measurements were
conducted using captive bubble mode, where a droplet of soybean oil was captured by the bent
dosing needle (SNC 050/026, Benelux Scientific BV, the Netherlands) under the membrane holder
(SHC 20, Benelux Scientific BV, the Netherlands), which fixed the commercial flat Al,O3; and
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SiC-coated Al,O3 membrane in the aqueous phase in a glass cell (GC 50, Benelux Scientific BV,
the Netherlands).

The zeta potential was used to estimate the surface charge of the membranes using an electrokinetic
analyzer (SurPASS, Anton Paar, Graz, Austria). The instrument measured the streaming current
coefficient, and the Helmholtz—Smoluchowski equation was used for the calculation of the zeta
potential of the flat membrane. The isoelectric point (IEP) was measured in a titration system,
encompassing a pH range of 3 to 10 with a pH interval of 1. Three-point bending tests were
performed, using a mechanical testing system (ElectroPuls E20000, Instron, USA), to measure the
bending strength of the membranes. The capillary flow porometry (Porolux 500, IBFT GmbH,
Germany) was employed to measure the bubble point, mean pore size, and pore size distribution

of the membranes. The pore size distribution was calculated based on the Young-Laplace equation

(Eq. (2.1)) [163]:

4y-cos @
P

D= (2.1)

Where D is the effective diameter of membrane pores (m), y is the surface tension of the wetting
liquid (0.016 N/m), 0 is the contact angle at the fluid and membrane surface interface (0°), and P
is the applied pressure (N/m?).

2.2.4. Oil-in-water microemulsions

Various nano-sized O/W emulsions, namely non-ionic Tween 80-stabilized microemulsion,
anionic SDS-stabilized microemulsion, and cationic CTAB-stabilized microemulsion, all in
combination with co-surfactant Span 80, were prepared for membrane filtration experiments, to
study the impact of the charge of the emulsions on fouling of the membranes, respectively. To
obtain 500 mg/L Tween-80 stabilized microemulsion, 2 g Soybean oil, 0.2g Span 80, and 0.2g
Tween 80 with a mass ratio of 10:1:1 were added into 1L DI water (pH = 5.6), followed by
continuously high speed stirring at 2000 rpm with a magnetic stirrer (L32, LABINCO, the
Netherlands) for one day and ultrasonication in a sonifier (3800, Branson, USA) for one day, in
accordance with previous studies [89, 164, 165]. Prior to each experiment, the preparation of the
fresh emulsion involved the dilution of 1 L O/W microemulsion with 4 L DI water to a constant

oil concentration of 500 mg/L since 50-1000 mg/L oil and grease content are typically present in
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oily wastewater [154]. The same procedures were used for the SDS and CTAB-based
microemulsions. 1 mM NaCl were added to the microemulsion to adjust the ionic strength. The
pH of the microemulsions was measured by a pH meter (228HTE, PCE Brookhuis B.V., the
Netherlands). The sizes and size distributions of the oil droplets were measured with a particle size
analyzer (Bluewave, Microtrac, USA), while the zeta potential of the microemulsions was obtained
using a Malvern Zetasizer Nano instrument (ZS90, Malvern, UK). The stability of the
microemulsions were confirmed by similar oil droplet size distribution after the emulsions were

left to stand for 1 day and 7 days (Fig.S14).

2.2.5 Determination of threshold flux

The conventional flux stepping method was employed to estimate the threshold flux [166, 167].
This method involved incrementally increasing the permeate flux while simultaneously recording
the transmembrane pressure (TMP) for each step. The threshold flux was determined by using the
average TMP (TMP,y,). The flux stepping tests use a range of fluxes varying from 40 Lm>h! to
100 Lm™h!. Each step in the test lasted for 20 minutes, with intervals of 10 Lm™2h!.

2.2.6. Fouling experiments with microemulsions
Fouling experiments with constant permeate flux

Microemulsion filtration experiments were carried out with a constant permeate flux crossflow
setup (Fig.2.1). The concentrate stream was discharged back into the feed during filtration, while
a steady flow was provided by the digital diaphragm metering pump (DDA17-7, Grundfos,
Denmark). The gear pump (VGS Standard, Verder Liquids, the Netherlands), employed as a
circulation pump, was utilized to maintain a consistent crossflow velocity (CFV) of 0.59 m/s. The
TMP was calculated by averaging the inflow and outflow pressures on both sides of the membrane
module. To avoid a discrepancy between the feed pump flow and the permeate flux, a digital
balance (FZ-30001WP, Japan) was utilized to measure the weight of the permeate, and then it was

converted to permeate flux.
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Fig. 2.1. Schematic diagram of constant flux filtration system.

Filtration protocol

Feed

Each filtration experiment began with a pure water permeance test in a crossflow mode, using the

same permeate flux and crossflow used for microemulsion filtration. The fouling experiments for

the SiC-coated membranes with different deposition times comprised multiple cycles, which were

reliant upon the microemulsions properties (pH and surfactant type). Each filtration cycle consisted

of three stages: (1) filtering the microemulsions at a specified flux for 20 min; (i1) backwashing to

remove reversible fouling at a constant backwash flux of 1080 Lm~h'; (iii) forward flushing with

microemulsion for 10 s at a CFV of 0.59 m/s to drain the concentrated water. To have a fair

comparison of backwash efficacy, due to the decreased permeance of the SiC-coated membranes,

the fouled HO, H10, H15, H20, and H25 membranes were backwashed for 1 min with DI water at

pressures of 3 bar, 3.375 bar, 3.857 bar, 4.5 bar, 5.4 bar, 6.75 bar, respectively to obtain the same

backwash flux in every membrane. Every experiment was conducted in duplicate.
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Data analysis

Permeate fluxes and water temperature were measured at 10-second intervals. The pure water
permeance was assessed by filtering DI water at 5 bar. This preliminary step was conducted to

verify the thorough cleaning of the membranes prior to the start of the experiments using Eq. (2.2)

[168]:

J-e—0-0239(T—20)

Lpaoc = AP (2.2)

Where Ly 20 °c represents the water permeance at 20 °C (Lm™2h'bar"), J denotes the membrane

flux (Lm>h"), and T denotes the water temperature (°C).

The relation between the permeate flux, TMP, viscosity, and membrane resistance is shown in Eq.

(2.3):

[ (2.3)

UR
Where R represents the resistance to mass transfer (m!), u denotes the permeate viscosity (Pa-s),
and J denotes the permeate flux through the membranes (m/s). The calculation of the membrane
resistance is based on the resistance-in-series model [169, 170].

TMP
TMP,

TMPyormaiized = (2.4)

The normalized TMP is the ratio of TMP divided by TMPy, as shown in Eq. (2.4). The TMPy s

the TMP corresponding to the required flux (80 Lm~h") with a clean membrane.

The methods used to determine oil and chemical oxygen demand (COD) rejection are provided in

the supporting information, as shown in Fig.S2.16 and S2.17.
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2.3. Results and discussion

2.3.1. Membrane morphology

EDX spectroscopy analyses were conducted to probe and verify the elemental compositions of the
Al O3 membranes and SiC-coated Al O3 membranes. The main composition of the SiC membrane,
C and Si, was confirmed by the two strong peaks at 0.277 keV and 1.739 keV, respectively (see Fig.
S2.1). As shown in Fig.2.2a, with the increase in deposition time from 0 min (without deposition)
to 25 min, the weight percentages of Si increased from 0 to 25.09 wt%, while the weight
percentages of Al decreased from 89.96 to 61.03 wt%. EDX mapping distribution analysis, as
shown in Fig. S2.2, confirms these observations. Fig.2.2b shows the XRD patterns of the HO and
the H20 membrane. The upper spectrum (red line) shows the characteristic XRD pattern of the
polycrystalline layer for the H20 membrane, and the main phase identified is 3C-SiC polytype
with diffraction peaks at 35.61°, 41.4° and 60°, respectively, ascribed to (111), (200), (220)
diffraction planes of the beta phase SiC.

l:l Si b vo-AlOs ——HO0
100 | a A F wscsic v « ——H20

v v
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v
20 | i v
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HO H10 H15 H20 H25 20 30 40 50 80 70
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Fig. 2.2. (a) Weight percent of element for the HO, H10, H15, H20, and H25 membranes. (b) XRD patterns of the
HO and H20 membranes.
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Fig. 2.4. SEM images for the surface of the (a) HO and (b) H10, (c) H15, (d) H20, (¢) H25 membranes, and (f) the
cross-section of the H20 membrane.

An SEM was employed to examine further the surface and cross-section structure of the AlLO;
membrane and SiC-coated Al,O3; membranes. The separation layer of the membranes was in the
range of 24 to 30 um (Fig. S2.3). Fig.2.3 shows one pristine Al,O3 membrane and SiC-coated
membranes with various deposition times. SiC has been deposited on both sides of the membranes.

The deposition on the support layer did not affect the membrane's permeability due to the relatively
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small layer thickness of SiC compared to the pore size of the support layer, as evidenced by the
SEM image in Fig. S20. With the increased deposition time, the color changed from white to
golden and dark grey, and SiC nanoparticles aggregated on the Al,O; surface, leading to the
formation of pronounced nano-scale protrusions (Fig.2.4) [171]. With the deposition time further
increased to 25 min, nanoparticles of larger sizes were observed. To evaluate the coating depth of
SiC, a combination of the focused ion beam and SEM was applied to obtain high-resolution SEM
images of the cross-section of the H20 membrane, as depicted in Fig. f. The results showed that
the deposition mainly happened on the surface (2.5 um) at the deposition time of 20 min, which
was confirmed by the results of SEM-EDAX line scan (Fig. S2.3f and Fig.S2.15 a-c). These scans
indicated that the Si intensity stayed constant, and higher than the background noise, over the entire
separation layer, indicating adequate infiltration of the precursors into the membrane, where the

penetration depth of SiC was around 2.5 pm.
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Fig. 2.5. (a) STEM EDX net intensity maps of the cross section of the H20 membrane. (b) STEM images and (¢) EDX
net intensity maps of a SiC coated alumina particle near the top. (d) and (e) High-resolution TEM images of the H20
membrane with SAED patterns (upper right).

Fig.2.5 shows the thickness of the uniform SiC layer on the surface of the Al,Os particles for the
H20 membrane, observed by TEM, being 18 + 1 nm. The interface between the Al,O3 particles
and SiC coating layer is clearly visible. Besides, high-resolution TEM images show an amorphous
SiC layer with some 5-10 nm crystalline 3C-SiC (B-SiC) particles. A laminated structure,
embedded in the amorphous SiC matrix, confirmed the presence of the 3C-SiC polytype (Fig.2.5d).
The lattice plane distances were 2.517, 2.180, 1.541A, respectively, corresponding to the {111},
{002} and {022} planes of 3C-SiC (Fig.2.5¢). This finding is in accordance with the XRD results,

described in previous section.

The membrane surface morphology was also studied by AFM, and the results are shown in Fig.
S2.5. The average surface roughness (Ra) and the root-mean-square surface roughness (Rg) values
of the Al,O3; membrane (Fig. S2.5a) were 55 + 3nm and 43 + 4 nm, respectively, illustrating a
relatively smooth surface. With the increase in deposition time, from 10 min to 25 min, the
Raincreased from 66 £ 1 nm to 82 + 2 nm (Fig. S2.5b-e), respectively, indicating that the
deposition of SiC nanoparticles provided an increase in roughness of the membrane surface. The
increase of Ra could be explained by the increase in the size of the SiC nanoparticles, which
covered the AlbOs particles, as also illustrated by the SEM images (Fig.2.4), which is consistent
with the work of Lin et al. [172]. Increased surface roughness contributes to a rise in turbulence,
and oil droplets could gain momentum to slip away from the pores, leading to less fouling [43]. In
addition, the relationship between the size of the oil droplet and the characteristic length of
roughness also influences fouling since the underwater superoleophobicity of the coated

membranes reduces fouling if the size of oil droplets exceeds the characteristic length [173].

2.3.2. Membrane hydrophilicity and zeta potential

The effectiveness of membranes for oil/water separation is significantly influenced by surface
wettability. Membranes with hydrophilic surface (WCA < 90°) are underwater oleophobic or even
superoleophobic when the UOCA is >150° [174]. All SiC-deposited Al,O3 membranes (H10, H15,
H20, H25) were in-air hydrophilic (Fig.2.7a and Fig. S2.6) and underwater superoleophobic (Fig.
S2.7). These properties can be attributed to a significant number of hydroxyl groups on the SiC-
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deposited Al,O3 membrane surface [160], which is essential for their oil fouling resistance. Due
to the porous structure of H10, H15, H20, and H25, a static WCA measurement was impossible
since all the water drops were easily dispersed on the membrane surface and rapidly infiltrated into
the pores. Fig. S2.8 shows the real-time, dynamic WCA of the membranes, indicating that the
WCA of the Al,O3 membranes decreased from 36° to less than 5° within 2.8 s, while for the SiC-
coated membranes, the WCA rapidly declined to less than 5° within 1 s. Therefore, only the initial
WCA was determined, being 37° + 1.2° for the Al,O3 membrane and 29° + 1.2°to 21°+ 0.6 °, 18°
+ 0.3° and 15° + 0.1° for the H10, H15, H20 and H25 membrane, respectively. This is consistent
with a previous study where the WCA of SiC hollow fiber membranes is 11.3° [21]. In addition,
according to Wenzel's equation, increasing the roughness of hydrophilic surfaces enhances their
hydrophilicity [175], which is consistent with our finding that the surface roughness increased with
deposition time. Besides, the UOCA of HO and H20 were 137° and 168°, respectively. This
indicates the underwater oleophobicity was increased with the deposition of the SiC layer. Soybean
oil adhered to the Al,O3; underwater membrane surface, while the soybean oil droplets remained
spherical for the SiC-coated membrane, and no evident oil adhesion after pulling down the oil
droplet from the SiC-coated surface was observed, as shown in Fig. S2.9. These observations

indicate the improved hydrophilicity and superoleophobicity of the membranes after SiC

deposition.
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Fig. 2.6. Initial water contact angle (a) and zeta potential (b) of Al,O3 membrane (HO) and SiC-coated Al,O3
membranes (H10, H15, H20, H25) with increasing deposition times.
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The zeta potential of the membrane is an indication of the surface charge, and, for a specific surface,
it is usually dependent, amongst others, on the pH. Usually, the membrane surface becomes more
negatively charged with an increase in pH [152]. Fig.2.6b shows that the zeta potential of
membranes indeed decreased with an increase in pH and that the IEP of the Al,O3; membranes
became 6.4, which is consistent with the results reported by Nagasawa et al. [58]. Besides, all SiC-
coated membranes were negatively charged in the measured pH range (3-10) and were more
negatively charged compared with the Al,O; membranes. The zeta potentials of the H20 and H25
membranes showed similarities but were lower than those of the HO, H10, and H15 membranes.
A possible explanation is that the SiC layer is not closed at lower deposition time, and all the

alumina is covered by SiC after 20 min of deposition [176].

From Table S2.2, it can be observed that the pH value had little impact on the zeta potential of the
oil droplets, which is in accordance with previous studies, where it has been reported that the pH
of the solution does not have an effect on the surface charge of emulsions stabilized with ionic

surfactants due to the strong acid sulfonate heads of surfactant [177].

2.3.3. Pure water permeance, membrane pore size and oil rejection

Pure water permeance tests were carried out, and the results are depicted in Fig.2.7a. The
permeance of the membranes exhibited a linear reduction, ranging from 368 + 8 to 165 + 3
Lm~h'bar’!, respectively, as the deposition time increased from 0 min (no deposition) to 25 min.
This can be explained by the linear decrease of the mean membrane pore size, from 41.2 nm (HO)
to 33.6 nm (H25), respectively (Fig. b). The bubble point diameter, which reflects the maximum
pore size of the membrane, also showed a decrease with an increase in deposition time from 93
nm (HO) to 73 nm (H25), respectively (Fig.2.7c). Therefore, the rejections of the nano-sized oil
droplets (104 nm) of both the AlO3 membrane and SiC-coated membranes were over 99% due to
the size-sieving effect (Fig. S2.10), as indicated by Zhang et al. [178]. Additionally, the small oil
droplets could potentially be trapped within the irregular channels of the membrane support.
However, the COD rejection (98 + 0.4 %) was lower than the oil rejection, probably because the
small surfactant molecules can pass through the membrane pores. In the meantime, the porosity of
the membranes dropped linearly with the increase in the SiC deposition time. According to data

gathered through Image J analysis of the SEM images (Fig.2.7d and Fig. S2.4), the porosity
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decreased to 19.9 % when the deposition time was increased to 25 min. The decreased porosity,
improved grain bonding (Fig. S2.18) and deposition of the SiC on the defects of the HO membrane
surface (Fig. S2.19) contributed to the improved bending strength from 76 = 9 MPa to 106 + 10
MPa of the HO membrane and H25 membrane, respectively (Fig.2.7d).
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Fig. 2.7. (a) Permeance, (b) pore size, (c) pore size distribution, and (d) bending strength and porosity of the Al,O3
membrane (HO), and the SiC-coated Al,O3 membranes with increasing deposition times: H10, H15, H20, H25.

2.3.4. Comparison of fouling of the various membranes

Fig2.8 shows the comparison of the fouling of the AlO3 membrane (HO) and the four SiC- Al,O;
membranes (H10, H15, H20, H25) for microemulsion filtration at a constant flux of 80 Lm~h,

respectively. This flux was selected based on the threshold fluxes of the HO membrane (76 Lm™
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h'') and the H20 membrane (86 Lm2h!") (Fig. S2.11). The normalized TMP curve (Fig.2.8a) shows
that the HO membrane showed the greatest fouling tendency. However, it is worth noting that the
normalized TMP curves showed similarities across all membranes in the initial cycles. Following
the initial cycle, the backwash was effective, indicating little irreversible fouling. However, with
an increasing number of filtration cycles, irreversible fouling gradually accumulated, causing a

more rapid increase in TMP.

The fouling resistance was also used to calculate the reversible and irreversible fouling. Fig.2.8b
illustrates the fouling resistance observed in the six cycles for all membranes. Both irreversible
fouling and reversible fouling decreased with the increase in deposition time until 20 min. The R;
and Ri: were reduced by 77% and 72%, from 14.31x10'? to 3.29x10'> m ~! and from 9.69x10'? to
2.76 x 10'?2 m 7!, respectively, as the deposition time increased to 20 min. However, more fouling
was noticed for the H25 membrane, probably due to the lower permeance and smaller pore size,
resulting in higher TMPs at constant flux and, thus, more accumulation of irreversible fouling

[179].

With the increase in deposition time, the membranes became more hydrophilic and more
negatively charged (Fig.2.6). Both electrostatic interactions and hydrophilic interactions affect the
membrane fouling in crossflow filtration [180]. The pH of the microemulsion was 5.6 and, at this
pH, the zeta potentials of the HO, H10, H15, H20, H25 membranes (Fig.2.7¢) were -20.0 mV, -30
mV, -38 mV, -55.5 mV and -59.6 mV, respectively. This means that the surface of all the
membranes was negatively charged. The microemulsions stabilized by Tween 80 and Span 80
were slightly negatively charged (-21.30 + 0.73 mV) due to the deprotonation of the hydroxyl
groups present in Tween 80 [94]. Therefore, weak electrostatic repulsion between the nano-sized
oil droplets and the A1O3z membrane surface led to an increased fouling potential, whereas stronger
electrostatic repulsion forces occurred for SiC-coated membranes. This observation is consistent
with the results obtained with the filtration of negatively charged oil droplets over a negatively
charged ZrO»/T10, membrane, leading to a decrease in cake layer formation and the accumulation
of fouling [181]. Probably, the hydrophilicity of the membranes, which improved after SiC
deposition (Fig.2.6a), also prevented the membrane from adsorbing or depositing oil. It has also
been reported that the improved hydrophilicity of isotropic PES membrane leads to less fouling

due to decreased oil layer formation [88].
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Fig. 2.8. The normalized (a) TMP and (b) fouling resistance of the HO, the H10, the H15, the H20, the H25 membrane
for the filtration of microemulsion (500 mg/ L soybean oil with 50 mg/ L Span 80 and 50 mg L™! Tween 80); (c) is

the zeta potential of the HO the H10, the H15 the H20, the H25 membranes in the surfactant solution with 50 mg/ L
Span 80 and 50 mg/ L Tween 80.

2.3.5 Fouling behavior at various pHs, surfactants and pore sizes

Fouling behavior at various pHs

To investigate the influence of pH on the fouling of the HO and the H20 membrane, three different
pH values (4, 5.6, and 8) were selected. The normalized TMP curves of HO and H20 are shown in
Fig.2.9, which reveals that with an increase in pH of the microemulsion, the performance of both
the HO and the H20 membranes improved, while the fouling was more severe in the HO membrane
compared to the H20 membrane at the same pH. This phenomenon can be ascribed to the fact that
as the pH rises, the surface charge of the membrane becomes increasingly negative [147]. The zeta
potential of the H20 membrane, e.g., experienced a reduction from -48.2 mV to -65.1 mV as a
result of a rise in pH from 4 to 8, respectively, while the zeta potential of microemulsions remained
constant with the change in pH, as shown in Table. S2.2. At a pH of 5.6, the H20 membrane (-61.8

mV) would repulse oil droplets more strongly. Therefore, the H20 membrane would retain oil
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droplets on the surface and showed less susceptibility to fouling by negatively charged oil droplets.
However, the surface charge of the HO membrane was less negative (-39.2 mV), as can be seen
from Fig.2.9¢e, compared with the H20 membrane, leading to more fouling. When filtering the
microemulsion at a pH of 8, the zeta potential of the HO membrane was further decreased to -45.8
mV, and the electrostatic repulsion enhanced and decreased fouling. The zeta potential value of
the H20 (-65.1 mV) was nearly 1.5 times lower than that of the HO (-45.8 mV). Thus, a higher
electrostatic repulsion existed, which supports the results of better fouling resistance of H20 at a

pH of 8.
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Fig. 2.9. Normalized TMP of the HO and the H20 membrane or the filtration of microemulsion stabilized with 50
mg/L Span 80 and 50 mg/L SDS at the pH of (a) 4, (b) 5.6, and (c) 8; (d) is the normalized fouling resistance of the
HO and the H20 membrane at the pH of 4, 5.6 and 8; (e) is the zeta potential of the HO and the H20 membrane at the
pH of 4, 5.6 and 8.

With the increase in pH, stronger repulsive electrostatic interactions led to the accumulation of oil
droplets above the membrane surface and formed a cake layer [180]. Therefore, it became more
difficult for the oil droplets to squeeze and enter the pores, and thus, less irreversible fouling
existed. Fig.2.9d shows a reduction in the R; and Ri: of HO, specifically, from 7.04x10'% to
3.46x10"> m ! and from 18.43x10'? to 1.97 x 10> m !, respectively, when the pH climbed from
4 to 8. Nevertheless, the R; and Rir of H20 exhibited a moderate drop, from 3.74 x 10! to 0.98 x
102 m ! and from 3.00x10' to 0.83x 10'?> m 7!, respectively.

Fouling behavior with various surfactant types

The stability of O/W microemulsions depends on the surfactants present in oily wastewater. The
type of surfactant has a significant effect on membrane fouling since the colloidal surface charge
strongly influences fouling [14, 58, 94, 182]. Microemulsions with combinations of surfactant
Span 80 with three different surfactants, Tween 80, SDS and CTAB, respectively, had similar oil
droplet average sizes as shown in Table. S2.1 and Fig. S2.12, being 99, 108 and 123 nm,

respectively.

To investigate the impact of free surfactant molecules on the fouling of the membranes, a series of
ultrafiltration (UF) experiments were carried out using pure Span 80 and Tween 80, SDS, CTAB
(50 mg/L) in DI water (Fig. S2.13). The results showed that TMPs remained constant, and no
fouling occurred since no micelles formed, and the small surfactant molecules could pass through
the membrane pore and go into a permeate solution. As shown in Fig.2.10e, the zeta potentials of
both the HO and the H20 membrane followed the order: Span 80 + CTAB > Span 80 + Tween 80 >
Span 80 + SDS (H20: -30.9 £ 1.4,-55.5 = 1.1,-61.8 = 1.9 mV, respectively; HO: 14.1 = 3.8, -
20.0 = 0.7, -39.3 &= 0.8 mV, respectively). As depicted in Fig.2.10a,e and Table S2.2, the H20
membrane filtering the microemulsion stabilized with Span 80 and Tween 80 (-21.30 + 0.73 mV)
showed a lower fouling tendency than the HO membrane due to a more negatively charged surface

of the H20 membrane (-55.5 &= 1.1 mV) than that of the HO membrane (-20.0 = 0.7 mV).
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Similarly, as depicted in Fig.2.10b,e and Table S2.2, the microemulsion stabilized with Span 80
and SDS (-58.3 + 0.82 mV), the HO membrane showed a higher fouling tendency and (ir)reversible
fouling than the H20 membrane (Fig.2.10d), due to weaker electrostatic repulsion between oil
droplets and the negatively charged HO membrane’s surface (-39.3 & 0.8 mV) than that of the
H20 membrane’s surface (-61.8 = 1.9 mV). The HO membrane surface charge changed from

highly positive to slightly/moderately negative under the influence of Span 80 and Tween 80/SDS.

Therefore, the electrostatic attraction between oil droplets and the HO membrane surface changed

54



Chapter 2|55

to electrostatic repulsion and contributed to decreasing membrane fouling. Thien et al. also
reported that the surfactant-stabilized oil droplets and surfactant-soaked membranes have the same
charges due to surfactant adsorption, independent of surfactant type [94], leading to electrostatic

repulsion.

However, the fouling behavior of the HO membrane and the H20 membrane for the positively
charged Span 80 and CTAB stabilized microemulsions (62.67 £ 0.76 mV) was different compared
with the two previous microemulsions (Fig.2.10¢). The HO membrane showed the least membrane
fouling compared with the other two types of microemulsions due to strong electrostatic repulsion
between the positively charged membrane surface (14.1 & 3.8 mV) and oil droplet. A higher
reversible and irreversible fouling was found for the H20 membrane (Fig.2.10d), compared to the
HO membrane, due to the electrostatic attraction. The reason probably is that, although CTAB
molecular adsorbed on the H20 membrane surface, charge inversion was not observed for the H20
membrane with a highly negatively charged surface, which was supported by the observation of a
decrease of zeta potential from -55.4 mV to -30.9 mV. Therefore, the CTAB and Span 80 stabilized

microemulsions fouled the H20 membrane rapidly.
Fouling behavior with various membrane pore sizes

Based on the findings of previous researchers, the early stage of colloidal fouling is characterized
by pore blocking [183]. Specifically, in this work, oil droplets smaller than the diameter of
membrane pores can result in pore blocking, whereas droplets much bigger than membrane pores
can result in the cake layer formation. As shown in Fig.2.11 a-c and Table 2.1, the oil rejection
decreased with the increase of the membrane pore sizes. When the average pore sizes of the
membranes were far less than the average particle size of oil droplets, the membranes were more
effective at retaining the oil droplets due to the pore size sieving effect. As a result, the oil rejection
rate of the HO membrane (41 nm) and the H20 membrane (35 nm) were 99.4 % and 99.2 %,
respectively (Fig.2.11 a and e). When the mean pore sizes further increased to 139 nm (H20-600)
and 181nm (H0-600), the sieving capacity of pore size was reduced. Therefore, it was less probable
that the nano-sized oil droplets would pass through the pores of membrane, leading to the lowest
oil rejection rate of 71.3% (H20-600) and 54.9% (HO0-600) (Fig.2.11c and e). It is noticeable that

the particle size distribution of the microemulsion revealed that 40.3% of the oil droplets had a
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size below 80 nm. Interestingly, the 81 nm HO0-200 membrane demonstrated an oil rejection of
94.2% (Fig.2.11b and e). The phenomenon observed can be attributed to the deposition of nano-
sized oil droplets on the membrane surface during the initial stage of the filtration process, resulting

in the formation of a cake layer and subsequent rejection of the nano-sized droplets.
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Fig.2.11. Fouling comparison of (a) the HO and the H20 membrane, (b) the H0-200 and the H20-200 membrane, (c)
600 nm during the filtration of microemulsions stabilized with 50 mg/L Span 80 and 50 mg/L. Tween 80 at the salinity
of 1 mM. (d) is the normalized fouling resistance of the membranes at various pore sizes. (e) is the pore size
distribution of the membranes and particle size distribution of the microemulsions stabilized with 50 mg/L Span 80
and 50 mg/L Tween 80 at the salinity of | mM.

To verify the build-up of the cake layer, the oil rejection was measured at three different time
intervals: 0 to 2 min, 2 to 4 min, and 4 to 20 min in every cycle of the experiment using the HO-
200 membranes. The results depicted in Fig.2.11b indicate that there was an observed rise in oil

rejection from 85.6 % to 93.6 % for the HO-200 membrane in the first cycle, which confirmed the
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cake layer formation. Besides, the large percentage of reversible fouling shown in Fig.2.11d
verified that the dominant fouling mechanism was cake filtration. A similar phenomenon was also
observed for the H20-200, H0-600, and H20-600 membranes. As expected, the irreversible fouling
decreased as the pore size increased. Particularly, the irreversible fouling of the HO membrane was
significantly greater than that of the other membranes since higher TMP led oil droplets to deform

and go into pores.

Table 2.1. Properties of the Al,O3 and SiC-coated membranes.

Sample name Coating time Pore size Permeance
(min) (nm) (L m?h! bar)

HO 0 41 380

H20 20 35 195
HO0-200 0 81 498
H20-200 20 62 235
HO0-600 0 181 985
H20-600 20 139 827

Overall, considering the fouling resistance and a constant oil rejection over 98% after the cake
layer formed, the 62 nm H20-200 membrane is a promising choice for the separation of the

microemulsions.

2.3.6 Long term filtration performance of the SiC-coated membrane
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Fig. 2.12. Fouling behavior of the H20 membrane for 1000 min during the filtration of microemulsions stabilized
with 50 mg/L Span 80 and 50 mg/L SDS at the salinity of ImM.
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We assessed the long-term performance of the SiC-coated membrane (H20) by conducting O/W
separation for 1000 min (20 min per cycle with backwashing between cycles), as shown in
Fig.2.12. Initially, during the early stage of the filtration process (within the first 160 min), the
H20 membrane showed a relatively fast fouling tendency, requiring backwashing of the H20
membrane every 20 min. After the first eight cycles, the H20 membranes reached a dynamic stable
filtration status with both a low per-cycle TMP increase and a high recovery of water permeance.
Besides, the oil rejection during the fifty-cycle filtration experiments was 99.6 + 0.2 %. After
soaking the H20 membrane in citric acid (0.01 M, 70 °C) for 60 min, the permeance of the H20

membrane could be recovered to 99%, showing the reusability of the SiC-coated membranes.

2.3.7 Comparison with other ceramic membranes

Different hydrophilic ceramic membranes for oil/water separation are described in Table 2.2,
based on the membrane pore size, water permeance, and the rejection of oil droplets. Compared
with ceramic MF membrane, the SiC-coated alumina membrane in this work has a smaller pore
size and a higher oil rejection, although the water permeance is lower [21, 92, 184, 185]. Moreover,
to the best of our knowledge, the SiC membrane (H20) of this work had the smallest membrane
pore size (35 nm) used for oil/water separation compared with other reported state-of-the-art SiC

membranes [29, 92, 152, 186, 187].

Table 2.2. Comparison of the optimum membrane in this work with other reported hydrophilic
ceramic membranes for oil/water separation

Membrane Pore size Water Qil droplet size Rejection Ref
(nm) permeance (nm) (%)
(Lm~h'bar")

aAl203-ZrO2 50 80 1360 >90 [188]

V4(0)} 78 300.55 18 99.7 [89]

Si3N4 680 260 630 91 [184]

Graphene oxide 220 534 100-500 99.9 [185]

SiC 710 654 50-200 93.5 [21]

SiC 400 324 1000 98.5 [187]

ZrO2/SiC 60 300 1350 99.9 [186]

SiC 430 300 850 90 [92]
SiC-coated Al2O3 47 177 5000 99 [29, 152]
SiC-coated Al203 35 195 99 99.7 This work
SiC-coated AL20;3 62 235 99 96.2 This work
SiC-coated A,O;3 139 827 99 71.3 This work
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The pore size of SiC membranes prepared by traditional fabrication techniques generally depends
on the size of the starting SiC particles. In most cases, smaller SiC particles lead to smaller
membrane pores [25]. Since SiC powders typically range from 0.5 to 41 um, the resulting pore
sizes of membranes fabricated by methods such as spray coating, dip coating, and co-sintering
usually fall within 0.4-3 um, as shown in Figure 2.13 [17, 26-28, 92, 96, 160, 187, 189, 190]. The
smallest reported pore size for a full SiC membrane is 78 nm, achieved with the dip-coating method,
where oxidation bonding creates a silica phase that narrows the pores, combined with the use of
fine SiC powder (0.55 um) [191]. However, because the SiC particles are irregular in shape, their
non-ideal packing introduces uncertainties in pore size control for ceramic membranes [25]. In
contrast, the LPCVD method can deposit a homogeneous SiC layer onto an Al.Os support by
forming nano-sized SiC particles at relatively low temperatures (860 °C), enabling precise control

of pore size at the nanometer scale.
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Fig. 2.13. Pore size of SiC membranes fabricated by spray coating, dip coating and co-sintering methods.
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2.4. Conclusion

The preparation and characterization of a pristine Al,O3 membrane (HO) and, innovatively,
chemically stable SiC-coated Al,O3 UF membranes (H10, H15, H20, H25) and the fouling of these
membranes by surfactant-stabilized O/W microemulsions was studied. A comparative analysis was
conducted to examine the physicochemical properties (e.g., surface morphologies, mechanical
strength, and wettability) of both Al,O3; membrane (H0O) and SiC-coated AlO3 UF membranes.
Co-surfactant Span 80 was combined with three different surfactants, non-ionic Tween 80, anionic
SDS, and cationic CTAB, to prepare the microemulsions. Fouling experiments were carried out at
a constant flux of 80 Lm>h"!, which was around the threshold flux. To study the influence of
electrostatic interactions on membrane fouling, membrane filtration experiments were conducted
at various pHs, surfactant types, and pore sizes. The findings are summarized as follows. Firstly,
polycrystalline 3C-SiC deposition decreased the porosity and pore size of the membrane and
improved its bending strength. Secondly, SiC-coated membranes with different deposition times,
filtering O/W microemulsions, had a lower (ir)reversible fouling compared with the pristine Al,O3
membranes due to a more hydrophilic and negatively charged surface. The 20 min SiC-coated
membranes showed the lowest (ir)reversible fouling and a lower (ir)reversible fouling was
observed at higher pH due to the larger electrostatic repulsive force between the more negatively
charged membrane surface and nano-sized oil droplets. Thirdly, the Al>O3 membrane filtering
microemulsions stabilized with Span 80 and Tween 80/SDS showed a higher fouling tendency
than the SiC-coated Al,O3; membrane due to stronger electrostatic repulsion. However, the SiC-
coated Al,O3; membranes showed a higher fouling tendency for the positively charged (CTAB-
stabilized) microemulsion than the Al,O3 membrane due to the electrostatic interactions (attraction
for the SiC-coated AlO3 membrane and repulsion for the Al,O3 membrane). Lastly, the 62 nm
SiC-coated membrane performed best for the filtration of the microemulsion, because of the high

rejection of the oil droplets and the low fouling tendency.
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Supplementary information

Table S2.1. The average size of the microemulsion stabilized with Span 80/SDS, Span 80/Tween

80 and Span 80/CTAB.
Name MV(um) MNum) MA(um)
Span 80/SDS-stabilized microemulsion 147 69 108
Span 80/Tween 80-stabilized microemulsion 130 64 99
Span 80/CTAB-stabilized microemulsion 161 83 123

Table S2.2. Characteristics of nano-sized O/W emulsions.

Oil Tween  Span Zeta

. . SDS CTAB NaCl CaCl, .
Solution  concentration 80 80 (mgl) (mgL) (mM) (mM) pH potential

(mg/L) (mg/L) (mg/L) (mV)
1 500 0 50 50 0 0 0 4  -55.6£0.86
2 500 0 50 50 0 0 0 5.6 -583+0.82
3 500 0 50 50 0 0 0 8 -60.3+1.64
4 500 50 50 0 0 0 0 5.6 -21.3+0.73
6 500 0 50 0 50 0 0 5.6 623+0.76
7 500 0 50 50 0 1 0 5.6 -50.1+0.41
8 500 0 50 50 0 10 0 5.6 -42.8+0.86
9 500 0 50 50 0 1 1 5.6 -38.2+0.65
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Fig. S2.1. EDAX analysis of the H25 membrane.
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Fig. S2.2. Multi-elemental (Si, Al, and O) EDX mapping of the H20 membrane.
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Fig. S2.3. SEM images of the cross-section of the (a) HO, (b) H10, (c) H15, (d) H20, (e) H25
membranes and corresponding (f) EDAX line-scan spectra.
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the (a) HO, (b) H10, (c) H15, (d) H20, () H25

Fig. S2.4. Image J analysis of the SEM images for
membranes, and (f) porosity of the membranes.

63



Chapter 2 |64

020 ym
-0.20 ym

_/‘QQ‘(\
\/ &

Ra=55+3 nm Rq=43+4nm

0.19um
-0.37 ym

Ra=71+1nm Rq=53+5nm Ra=76+3 nm Rq=59%7 nm Ra=82+2nm Rq=63+1nm

Fig. S2.5. The average surface roughness (Ra) and the root-mean-square surface roughness (Rq) of
the (a) HO and (b) H10, (c) H15, (d) H20, and (¢) H25 membranes.
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Fig. S2.6. Initial water contact angle for the (a) HO, (b) H10, (¢) H15, (d) H20, (e) H25 membranes.
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Fig. S2.7. Underwater oil contact angle of the (a) HO and the (b) H20 membrane.
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Fig. S2.8. Dynamic water contact angle for the HO, H10, H15, H20, H25 membranes.
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Fig. S2.9. Dynamic underwater oil adhesion property on the H20 membrane.
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Fig. S2.10. (a) The oil rejection and (b) the COD rejection of the HO, H10, H15, H20, and H25
membranes challenged with 500 mg/L soybean oil microemulsion (pH = 5.6, 50 mg/L Span 80
and 50 mg/L Tween 80). (c)The oil rejection and (d) the COD rejection of the HO membrane and
the H20 membrane were challenged with 500 mg/L soybean oil microemulsion feed with various
pH. (e) The oil rejection and (f) the COD rejection of the HO membrane and H20 membrane were
challenged with 500 mg/L soybean oil microemulsion feed with various surfactants.
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soybean oil microemulsion feed (pH = 5.6, 50 mg/L Span 80 and 50 mg/L Tween 80). The
threshold flux is determined by TMPa method for (a) the HO membrane and (b) the H20
membrane, respectively. The threshold flux values are denoted by the arrows pointing to the flux

axis.
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Fig. S2.13. Fouling comparison of the HO and the H20 membrane during the filtration of solutions
with various types of surfactant: 50 mg/L Span 80 and 50 mg/L (a) Tween 80, (b) SDS, (c) CTAB.
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Fig. S2.14. Particle size distribution of microemulsion after standing for 0 days, 1 day, and 7 days.
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Fig. S2.15. SEM image of the cross-section of the H20 membrane with (a) low magnification and
(b) high magnification. (c) STEM-EDX mapping of the H20 membrane. (d) Cross-sectional high-
angle annular dark-field imaging (HAADF) image with the corresponding EDX mapping of (e) Si
and (f) Al

The oil concentration in both feed and permeate was assessed using a UV/Vis spectrophotometer
(GENESYS 10S UV-Vis, Thermo scientifical, US) at 275 nm [128]. Meanwhile, the chemical
oxygen demand (COD) of the samples was determined using a Hach spectrophotometer (DR 3900,
US) equipped with COD cuvettes (LCK 314 and LCK 514, Hach) [192]. The feed was diluted to
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establish a calibration curve, and the measurement was conducted as depicted in Fig. S16 and
Fig.S2.17.

The soybean oil and COD rejection were calculated by Eq. (S2.1):

R = ( - @) x 100% (S2.1)
Cr

where R is the rejection, Cp is the oil (mgL™') or COD concentration (mgL™') in the permeate, and
Cf is the oil (mgL™!) or COD concentration (mgL') in the feed.
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Fig. S2.16. Linear relationship of soybean oil concentration with UV-vis absorbance.
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Fig. S2.17. Linear relationship of soybean oil concentration with COD.
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Fig. S2.18. Improved interface bonding between the Al,O; grains due to the coating of the SiC
layer.

Fig. S2.20. SEM images for the surface of the support layer for the (a) HO and (b) the H20
membrane.
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Chapter 3

Impact of ionic strength and surface charge on ceramic membrane
fouling by oil-in-water emulsions: A quantitative analysis using
DLVO and XDLVO models
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This chapter is based on:

Qin, G., Zhou, H., M.B. Tanis-Kanbur, Rietveld, L. C., & Heijman, S. G. (2025). Impact of
ionic strength and surface charge on ceramic membrane fouling by oil-in-water emulsions: A
quantitative analysis using DLVO and XDLVO models. Under review by Separation and
Purification Technology.
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Abstract

Large amounts of oily wastewater, which can be defined as produced water, are generated in
oilfields. Ultrafiltration (UF) serves as an effective and economical method to purify produced
water. Unfortunately, membrane fouling during produced water treatment is severe. In this
paper, the effects of the ionic strength (1, 20, and 100 mM) as well as different surfactants on
the membrane fouling are investigated. Four surfactants, including SDS (anionic), APG (non-
ionic), CTAB (cationic) and DDAPS (zwitterionic), were selected for this study. The
Derjaguin-Landau-Verwey-Overbeek (DLVO) and extended DLVO (XDLVO) models were
used to quantify interactions between the membrane-oil droplet and deposited oil layer-oil
droplet surfaces and to compare these interactions with the fouling experiments. The (X)DLVO
interaction energies of the membrane-oil droplet exhibited a strong agreement with the fouling
tendencies at 1 mM salinity. The SiC-deposited (B20) membrane showed less reversible and
irreversible membrane fouling than the AlO; (BO) membrane when filtering negatively
charged O/W emulsions stabilized with SDS, APG, or DDAPS. The DLVO model predicted a
higher fouling tendency at higher salinity levels during the filtration of SDS, APG, or DDAPS-
stabilized O/W emulsions and a decreased fouling tendency for CTAB-stabilized emulsion with
the B20 membrane. However, at higher salinity levels, the XDLVO energy barrier was affected
by both the repulsive electrostatic double layer (EL) interaction and attractive Lewis acid-base
(AB) interaction. By comparing both experiments and (X)DLVO modeling, this study
improves the fundamental understanding of the effect of ionic strength and surfactant types on
reversible and irreversible fouling of the AIbO3 and SiC-coated membranes fouling by O/W

emulsions.
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3.1. Introduction

Large quantities of produced water are discharged concurrently with oil and gas extraction at
a global average rate of about 39.75 million m® per day [18, 193]. Several studies have
investigated various treatment techniques to enhance produced water reuse including
Microfiltration (MF) [194], ultrafiltration (UF) [4], electroflocculation [195], reverse
electrodialysis (ED) [196], membrane distillation [197, 198], adsorption [199], sand filtration
[200], gas flotation [201], chemical precipitation [202], and advanced oxidation [203].
However, among other water treatment technologies, UF is considered to be the most
promising approach for removing oil, grease, and colloidal particle removal, making it an

effective pretreatment option for the reuse of the produced water [4, 204].

The main challenge with the use of UF membranes for produced water treatment is fouling,
which occurs due to the aggregation of oil droplets on the surface or in the membrane pores.
To effectively control membrane fouling, it is crucial to understand the oil droplet-membrane
interactions and oil droplet-oil layer interactions. Here, the presence of surfactants, used during
oil extraction, is considered to play a vital role [5]. Surfactants absorb on both the oil-water
interface of the droplets and the membrane surface. Therefore, the surfactants influence both
the interactions between the oil droplets and membrane surface and the oil droplet-oil layer
interactions. Sodium dodecyl sulfate (SDS, anionic), alkyl polyglycoside (APG, non-ionic),
and cetyltrimethylammonium bromide (CTAB, cationic) are frequently used in oil extraction
[14, 94, 205], allowing for a more practical investigation of the membrane fouling mechanism.
However, previous research by De Vos et al. has highlighted the advantage of the application
of zwitterionic surfactants, such as N-dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate
(DDAPS), due to its low fouling propensity under high salt concentrations [48, 49, 206]. The
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory has been widely used in various fouling
studies. However, it sometimes falls short of accurately describing interactions at shorter
separation distances between two surfaces. To address this limitation, the Lewis acid-base (AB)
interaction, which accounts for electron donor-acceptor interactions at distances less than 10
nm, was integrated into the DLVO model, resulting in the extended DLVO (XDLVO) model
[207]. While the XDLVO model is more commonly employed than the DLVO model to analyze
colloidal fouling on membrane surfaces, its application to apolar foulants, such as oil, remains

less thoroughly understood. Previous studies have typically focused on either the effects of
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different surfactants at a single salinity level or on oil-water emulsions with varying salinity
without considering surfactants variations [93, 94]. He at. al., e.g., reported that for oil-in-water
(O/W) emulsions stabilized by the non-ionic surfactant (Triton ™ X-100), the interaction
energies predicted by the DLVO model were consistent with the fouling tendencies at various
salinities for the PVDF MF membrane in the constant flux filtration mode [93]. The group of
Chew reported that the DLVO correlated well with the fouling tendencies, rather than the
XDLVO model, for the filtration of the O/W emulsion stabilized with SDS, CTAB and Tween
20 for the 0.22 um PVDF membrane in the constant pressure filtration mode [94]. However,
Zhang et al. reported that the fouling tendency for a Span 80-stabilized O/W emulsion
mismatched with the DLVO/XDLVO model for the polyethersulfone (PES) UF membrane in

the constant pressure filtration mode [208].

Silicon carbide (SiC) and alumina (Al2O3) ceramic membranes are commercially available and
widely used in wastewater treatment applications, standing out among other ceramic
membranes [19, 43, 100, 209, 210]. Increasing the adsorption-free energy between oil and the
membrane alleviates membrane fouling by changing the membranes' hydrophilicity and
surface zeta potentials. Therefore, SiC membranes are preferred over Al,O3 for produced water
treatment due to their super hydrophilic and highly negatively charged surface [15]. To the best
of our knowledge, no prior studies have quantitatively analyzed and compared fouling by O/W
emulsions with the DLVO and XDLVO models using these specific membrane materials. This
study is the first to examine the combined impact of both varying salinities and different
surfactants, utilizing positively charged AlO3; membranes and negatively charged SiC ceramic
membranes by combining fouling experiments and the DLVO/XDLVO model. Various studies
focused on the relationship between the DLVO/XDLVO model and membrane fouling in the
dead-end constant pressure mode [94, 208, 211]. However, there are limited studies on fouling
in the crossflow constant flux mode for the separation of O/W emulsion [13, 50], although this
is the operational mode in full-scale installations. The filtration experiments were conducted in
the constant flux crossflow mode, assessing how membrane surface properties and emulsion
characteristics, such as salinity levels and surfactant types, affect membrane fouling.
Additionally, the study explored the relationship between the DLVO/XDLVO models and the

reversible and irreversible fouling.

Reversible fouling, namely cake layer fouling, has been the subject of several studies [55, 212,

213]. A practical and cost-effective method is to differentiate between reversible and
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irreversible fouling is to backwash the membrane with demineralized (DI) water. The extent of
reversible and irreversible fouling can then be calculated based on the resistance-in-series
model [169, 170]. To the authors’ knowledge, this is the first time that a study was performed,
combining constant flux, backwashing (related to the reversible and irreversible fouling) and
DLVO theory. This integration provides a comprehensive understanding of fouling behavior

under practical operating conditions in full scale application.

Consequently, the objective of the present is to enhance the fundamental understanding of the
interaction between oil droplets and ceramic membranes in the crossflow constant flux mode,
with a focus on studying the correlation between the DLVO/ XDLVO interaction energy and

reversible and irreversible fouling, varying salinity and surfactant types.

3.2. Materials and methods
3.2.1 Materials

N-hexadecane (296317), sodium dodecyl sulfate (SDS, L4509-250G), APG (49122),
Hexadecyltrimethylammonium bromide (CTAB, H5882), DDAPS (> 97%, 40232) and sodium
chloride (S9998-1KG), which were supplied by Sigma-Aldrich Co., Ltd, the Netherlands, were

used for the preparation of the O/W emulsions.

SiC-deposited Al,O3; membranes were obtained via low-pressure chemical vapor deposition
(LPCVD), as reported in our previous studies [15]. The tubular Al,O3; membranes, provided by
the CoorsTek Co., Ltd, were chosen as substrate for LPCVD with permeabilities in the 350
+£10 Lmh'bar! range. Polycrystalline 3C-SiC was coated on Al,O3 membranes using two
precursors (SiH2Cl> and C2Hz) with coating time of 20 min at a temperature of 860°C via
LPCVD. The membranes without coating and those with a coating time of 20 min were labeled
as BO and B20, respectively. The pore size of the BO and B20 membrane were 41 nm and 33

nm, respectively, as determined from our previously reported results [15].

3.2.2. Membrane characterization

Surface SEM images of the BO and B20 membrane was obtained by NovaNanoLab 600 (FEI
company, USA). The water contact angle (WCA) of both the pristine BO membranes and the

LPCVD-coated B20 membranes was performed by a contact angle instrument (Dataphysics
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OCA25, Germany). The WCA measurements were performed by the sessile drop method by
dosing 2 pl liquid (ultrapure water, formamide, diiodomethane) on the flat sheet membrane
surface. Each measurement was repeated five times per sample, and average values were
obtained for the surface tension component calculation. Detailed information on the WCA
measurements can be found in Text S1. The zeta potential of both BO and B20 membranes was
measured with an electrokinetic analyzer (SurPASS 3, Anton-Paar, Graz, Austria). However,
the membrane zeta potential could not be measured in electrolyte solutions with high
concentrations (e.g., 100 mM NacCl) because of the range limit (<50 mM NaCl) of the SurPASS
electrokinetic analyzer. Hence, the Freundlich ion adsorption model was used to estimate

at 100 mM NacCl concentration [93, 214].

3.2.3 Oil-in-water emulsions

To study the effect of the charge of the emulsions on membrane fouling, various micro-sized
O/W emulsions were prepared for the membrane fouling experiments. These included an
anionic SDS-stabilized emulsion, a non-ionic APG-stabilized emulsion, a zwitterionic
DDAPS-stabilized emulsion, and a cationic CTAB-stabilized emulsion. To prepare a 500 mg/L
SDS stabilized emulsion, 2 g N-hexadecane and, 956.4 mg SDS were added into 1L of
deionized (DI) water. The mixture was stirred continuously at 1500 rpm using a magnetic stirrer
(C-MAG HS 10, IKA, the Netherlands) for twelve hours, followed by ultrasonication using a
Branson Ultrasonics sonifier (CPX3800H, USA) for two hours, as described in previous studies
[3, 164, 165]. A fresh emulsion was prepared by diluting 1 L of O/W emulsion with 3 L of DI
water, ensuring a consistent oil concentration of 500 mg/L. This concentration aligns with the
typical oil and grease content of 100-1000 mg/L in oily wastewater [154]. To prepare 4 L of
O/W emulsions with salinity concentrations of 1 mM, 20 mM, and 100 mM, 0.234 g, 4.68 g,
and 23.38 g of NaCl were added, respectively. The same preparation method was used for the
preparation of the APG, DDAPS, and CTAB-based emulsions. O/W emulsions were prepared
using 0.1 times the critical micelle concentration (CMC) of each surfactant. The CMC values
for SDS, APG, CTAB, and DDAPS were 2391 mg/L, 348 mg/L, 346 mg/L, and 1006 mg/L
[48, 215], respectively. For a total emulsion volume of 4 L, the corresponding amounts of used
surfactants were 957.6 mg for SDS, 139.2 mg for APG, 138.4 mg for CTAB, and 402.4 mg for

DDAPS, respectively. The micro-sized oil droplets and their distributions were analyzed using
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a particle size analyzer (Bluewave, Microtrac, USA), while the emulsions’ zeta potential was

measured with a Malvern Zetasizer Advance analyzer (Zetasizer Lab, Malvern, UK).

3.2.4. Filtration experiments with mico-sized O/W emulsions

A constant permeate flux crossflow setup was used for O/W emulsion fouling filtration
experiments (Fig.S3.1). A constant flux of 80 Lm2h! (Fig.S3.2) was maintained by a digital
feed pump (DDA12-10, Grundfos, Denmark). This flux was estimated based on the threshold
flux determined though the conventional flux stepping method [15, 166, 167]. The fouling
resistance was calculated according to the resistance-in-series model [169, 170]. Detailed
information about the filtration protocol can be found in the Supporting Information (Text

S3.2).

3.2.5. DLVO and XDLVO models

According to classical DLVO theory, the total interaction energy between an oil droplet and the
B0 or B20 membrane is expressed as the combination of the Lifshitz-van der Waals (LW)

interaction energy and the electrostatic double layer (EL) interaction energy [216]:
Unio (R) = Upio () + Uiy () 3.1)

Where UPEVO (h) is the total interaction energy between the BO/ B20 membrane (m) and an oil
droplet (0), immersed in a surfactant solution (l); h is the separation distance between the oil
droplet and BO/B20 membrane; UL/ (h) is the LW interaction term and, UZ}, (h) is the EL
interaction term. In addition to the LW and EL interaction energies, the AB interaction energy
can also be considered in energy balances for aqueous systems because of the hydrogen bonds
in polar liquids like water [17]. The XDLVO model includes the AB interaction component and

can be written as:
Uri(l?oLVO (h) - Umlo (h) + Ur?‘tll‘o (h) + Umlo (h) (3-2)

Where UZPEVO(R) is the total interaction energy between the B0/B20 membrane and oil

droplet immersed in the surfactant solution, and U5 (k) is the AB interaction term.

GEW (ho), AGEL (ho) and AGAE (hy) denote the adhesion energies per unit area for LW, EL,

and AB interactions, respectively, between two infinite planar surfaces [94, 216-218]:
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AGHY (hy) = —2 (wﬁ“’ - /VLLW> <\/VOLW - /VzLW> (3.3)

AGrio(ho) =

2+72) [1 — coth(xh,) + 2

(522_?2) CSCh(KhO)] (3.4)

8GA% (ho) = 2 [VVF (V¥o + ¥ —70) Ve (V75 + v =77 ) = Yo v —vavm|  (35)

Where hg is the minimum equilibrium cut-off distance, which is 0.158 nm [219], ¢, is the
permittivity of the vacuum, which is 8.8542 *10® F/M, &, is the relative permittivity of water,
(n and {, are the zeta potentials of the B0/B20 membrane and the oil droplets, respectively.
The three unknown surface tension parameters of the membrane surface (y.5Y, ¥, ¥;h) can be
determined by measuring the contact angle of three probe liquids with known surface tension
(y;) and surface tension parameters (y;"Y, y;', y; ), as shown in Table.S3.1. Detailed

information about the calculation is provided in the supporting information (Text.S3.3).

To calculate the real interaction energy between the BO/B20 membrane and a spherical oil
droplet, the Derjaguin approximation is used to calculate the corresponding interaction energy

between a flat membrane and a spherical oil droplet [216]:

UL (h) = 2nAGH (h) 2 (3.6)
UEL (h) = meoe,a [26mdy In (257) + (¢3+42) In(1 — e=20)] (3.7)
UAB (h) = 2malAG4B (hy) exp (h /1_ h) (3.8)

Where a is the radius of the oil droplet, h is the surface separation distance between the BO/B20
membrane and a spherical oil droplet, and A is defined as 0.6 nm, representing the characteristic
decay length of AB interactions [94]. The DLVO/XDLVO interaction energies and surface
tension components were calculated using MATLAB software (Matlab R2020Db).

3.3. Results and discussion

3.3.1. Emulsion properties
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The particle size distribution of the oil droplets stabilized with various salinity levels and
surfactant type is shown in Table.S3.2. With increasing salinity and varying surfactant types,
the particle size distribution of the emulsions kept constant, with an average particle size of 5
+ | um. In addition, the absolute value of the zeta potential of the emulsions decreased with
the salinity (Fig.3.1), due to the compression of the diffuse double layer. The charge screening
effect of the compressed diffuse double layer decreases the absolute zeta potential, by
diminishing the electric field and thus reducing the electrophoretic mobility of the emulsion
droplets [220]. Additionally, the colloidal stability of the emulsion may decrease, as Na* ions

reduce the electrostatic repulsion between oil droplets [221].

1 mM
80 - T 20 mM
- T 100 mM
60 - i
Z 40t :
o
Z 20 -
o
o]
o g _IJ
]
kS .
20 L . L
-40 +
-60 l . ] . ] . l
DDAPS SDS CTAB APG

Fig. 3.1. {, of the O/W emulsions stabilized with various surfactants in various ionic strength (1, 20, and 100
mM).

3.3.2. Hydrophilicity and zeta potential of the membranes

The effects of the types of surfactants and various salinity levels on fouling of the BO membrane
and the B20 membrane were examined using four types of surfactants (SDS, APG, CTAB, and
DDAPS) at the salinity levels of 1 mM, 20 mM, and 100 mM. The Freundlich ion adsorption
model was used to estimate {,,, at 100 mM NaCl concentration, which is outside the

experimental range of the Surpass equipment (Fig. S3.3). The absolute value of the zeta
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potential of the membranes decreased with increasing salinity, regardless of the types of

surfactant, for both the BO and B20 membranes (Fig.3.2).

When a layer of SiC was coated, the total surface tension increased, showing stronger
intermolecular forces than the pristine AbO3 membrane [222]. Particularly, the enhanced
electron donor surface tension component (y) suggests a stronger affinity between water
molecules and the material [223] due to the higher presence of the oxygen-containing
functional group (-OH) in the B20 membranes. Moreover, the B20 membranes had a higher
acid-base component (yaB), indicating the increased polarity of the membranes. The polarity of
a material is generally related to its hydrophilicity. Al-Os is a highly polar compound due to the
abundance of hydroxyl groups on its surface, which readily form hydrogen bonds with water
molecules, giving it a hydrophilic nature [224]. SiC, on the other hand, is relatively less polar,
but its surface tends to oxidize, forming a silicon dioxide layer, which introduces polar
functional groups to the surface. These oxide layers increase the hydrophilicity of SiC [225,
226], making it more hydrophilic than the Al,O3 membrane. This is confirmed by the decrease
in the WCA from 36.8°+ 0.9° for the BO membrane to 19.1° + 0.5° for the B20 membranes,
respectively (Fig.S3.4). Therefore, the increased hydrophilicity and polarity from SiC coating

help reduce membrane fouling caused by the oil droplets.
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Fig. 3.2. {; of the BO membrane and the B20 membrane immersed in different surfactant solutions (SDS, APG,
CTAB, or DDAPS) with different salinity: (a)1 mM, (b)10 mM, (c) 20 mM, and (d)100 mM.

3.3.3. Comparison of fouling at various salinities

Regarding the 1 mM salinity, Fig.3.3 shows that the B20 membrane exhibited less fouling
compared to the B0 membrane when filtrating O/W emulsions stabilized with SDS, APG, or
DDAPS. However, the B0 membrane showed less fouling than the B20 membrane when
filtrating the O/W emulsions stabilized with CTAB. The electrostatic repulsion and attraction
between the membrane and oil droplets, the degree of hydrophilicity of the membrane surface,
and surfactant adsorption were used to illustrate this phenomenon. The BO membrane was
positively charged at a pH of 5.8 [10, 15], and the zeta potential of the BO membrane shifted
from positive to negative when immersed in 0.1 Critical micelle concentration (CMC) solutions
of SDS, APG, and DDAPS (Fig.3.2), while the highly negatively charged B20 membrane
showed no charge inversion when immersed in the 0.1 CMC solutions of positively charged
CTAB. Additionally, its zeta potential was much more negative than that of the Al,O3
membrane using four types of surfactant solutions. When dealing with negatively charged O/W
emulsions stabilized with SDS, APG, or DDAPS, the SiC-deposited membrane showed less
membrane fouling due to the enhanced electrostatic repulsion between the B20 membrane and
O/W emulsions compared to the BO membrane. However, when filtrating the CTAB-stabilized
O/W emulsion which was positively charged, electrostatic repulsion occurred between the
positively charged BO membrane and CTAB-stabilized O/W emulsions. In contrast, the B20
membrane experienced electrostatic attraction with the CTAB-stabilized O/W emulsions,
leading to greater fouling than the BO membrane. From the normalized TMP curve (Fig.3.3a-
b), the BO membrane showed a higher fouling tendency compared with the B20 membrane
when filtering O/W emulsions stabilized with SDS, APG, or DDAPS, but a lower fouling
tendency for CTAB-stabilized O/W emulsions. As shown in Fig.3.3c, the B20 membrane
showed less total and reversible and irreversible fouling resistance when dealing with the O/W
emulsions stabilized with SDS, APG, or DDAPS. When filtrating O/W emulsions stabilized
with CTAB, B20 membranes exhibited more fouling than BO membranes, with the reversible
fouling dominant (Fig.3.3c), likely due to cake filtration, which can be removed through

hydraulic backwash.
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Fig. 3.3. The normalized fouling curve of (a) BO membrane and (b) B20 membrane when filtering micro-sized
SDS, APG, CTAB, DDAPS stabilized O/W emulsion at the 1 mM salinity; (c) is the normalized fouling resistance
of the BO and B20 membrane at the 1 mM salinity.

When the concentration of NaCl increased from 1 mM to 20 mM (Fig.3.4) and then to 100 mM
(Fig.3.5), both membranes (B0 and B20) showed an increased fouling when filtrating SDS,
APG, and DDAPS-stabilized O/W emulsions. At the same time, the surface tension of oil
droplets decreased, making oil droplets more prone to deformation and coalescence, which led
to increased irreversible fouling [205]. Although, the B20 membrane still exhibited less fouling
than the BO membrane when filtrating SDS, APG, and DDAPS-stabilized O/W emulsions, the
B20 membrane, when filtering the CTAB-stabilized O/W emulsion, showed less fouling,
compared to the conditions at 1 mM salinity due to the lower electrostatic attraction, but still
had more fouling than the BO membrane. As shown in Fig.3.1 and Fig.3.2, lower absolute zeta
potentials of O/W emulsions and membranes were observed at 20 mM salinity compared to 1
mM salinity due to the charge screening effect [48]. So both the electrostatic repulsion and
electrostatic attraction would decrease with the increase in the salinity. Fig.3.4a-b and Fig.3.5a-
b showed that the membrane fouling trend for both BO and B20 membranes also remained
consistent at the higher salinity levels (20 mM, 100 mM) compared to the fouling observed at
1 mM salinity. The fouling order for the BO membrane was SDS < CTAB < APG < DDAPS,
while for the B20 membrane, it was SDS < APG < DDAPS < CTAB (Fig.3.4c and Fig.3.5c¢).
This can, again, be explained by the electrostatic interactions. Notably, the increased
irreversible fouling of the BO and B20 membrane with increasing salinity can be explained by
the decreased charge repulsion. At low salinity, apparently, there was a strong electrostatic
repulsion between DDAPS-stabilized droplets and the B20 membrane, as well as a strong
electrostatic attraction between CTAB-stabilized droplets and the B20 membrane. However, as
salinity increased, both interactions weakened, which means that the strong electrostatic

attraction (CTAB) became weaker, and the strong electrostatic repulsion (DDAPS) also
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diminished. Consequently, the difference in fouling between the two emulsions became less
obvious at higher salinity. At the higher salinities, the normalized TMP of the B20 membrane
was much lower than that of the BO membrane when filtrating SDS, APG, and DDAPS-
stabilized O/W emulsions, while it was higher than that of the BO membrane when dealing with
CTAB-stabilized O/W emulsions, hence the B20 membrane had better performance when

filtrating SDS, APG and DDAPS-stabilized O/W emulsions at 20 mM and 100 mM salinity.
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Fig. 3.4. The normalized fouling curve of (a) BO membrane and (b) B20 membrane when filtering micro-sized
SDS, APG, CTAB, DDAPS stabilized O/W emulsion at the 20 mM salinity; (c) is the normalized fouling

resistance of the BO and B20 membrane at the 20 mM salinity.
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SDS, APG, CTAB, DDAPS stabilized O/W emulsion at the 100 mM salinity; (c) is the normalized fouling

resistance of the BO and B20 membrane at the 100 mM salinity.

3.3.4 DLVO and XDLVO models

Interaction between membrane and oil droplets

The contact angle and zeta potential of the BO and B20 membranes, as well as the oil droplets,

were measured to calculate the interaction energy between the oil droplets and the surface of
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the BO and B20 membranes. The interaction energy components versus the separation distance
at the salinity of 1 mM are shown in Fig.3.6. The negative value of the interaction energy means
an attractive force and the higher the absolute negative value thus indicates severe fouling.
Specifically, the LW and AB interactions energies between the BO and the B20 membranes
and oil droplets were attractive at separation distances smaller than 10 nm and 3 nm (Fig.3.6a
and c), respectively, indicating an attractive adhesion force. However, as shown in Fig.3.6b,
the EL energy for the B20 membrane was repulsive and long-range (< 50 nm) due to the
negative charge of both the membrane surface and the oil droplets. Therefore, overcoming the
electrostatic repulsion requires sufficient energy to bring the oil droplets closer to the
membrane surface. The B20 membrane, having a more negative zeta potential, thus displayed
a stronger electrostatic double-layer repulsion than the BO membrane. Additionally, the higher
zeta potential enhanced the repulsion of negatively charged oil droplets, potentially improving
the antifouling ability of the membranes. The DLVO energy barrier values of the B20
membrane for the SDS, APG, and DDAPS stabilized emulsions were 7529, 5230, and 3282
KT (Fig.3.6d), respectively, indicating the lowest fouling potential for SDS-stabilized
emulsions, due to the higher energy barrier. The trend of the DLVO energy values is consistent
with the fouling tendencies discussed in Section 3.3.3. For the BO membrane, the DLVO energy
barrier values were 4536, 2876, and 1778 KT for the SDS, APG, and DDAPS surfactants,
respectively. The lower energy barrier for the BO membrane compared to B20 membrane
indicates a higher membrane fouling potential. By comparison, for the positively charged
CTAB-stabilized emulsions, no energy barrier was observed at the B20 membrane, indicating
a high potential. The LW and AB attractive interactions effectively neutralized the EL repulsive
interaction, enabling the oil droplets to overcome the energy barrier and facilitating their
adhesion onto the surfaces of the BO and B20 membranes. Therefore, oil droplets stabilized
with negatively charged SDS, APG, and DDAPS faced a higher energy barrier before being

adsorbed onto the surface of the BO and B20 membranes.

With the increase in salinity from 1 mM to 100 mM, the DLVO model still maintains a good
agreement with the increased membrane fouling, can be confirmed by the decreased energy
barrier. The DLVO energy barrier is associate with the energy barrier of the EL component
(Fig.3.6d, Fig.3.7d, and Fig.3.8d). In other words, the electrostatic interaction energy plays a
vital role for the fouling tendencies of the negatively charged BO membranes and B20
membranes. Zhao et al. also reported that EL interaction is crucial for the anti-fouling ability

of the ceramic membranes, especially for the low-pressure gravity-driven system [227]. As
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shown in Table.S3 and Table.S4, the reduction of the Lewis base (y'), from 47.22 to 43.04 for
the BO membrane and 57.42 to 55.22 for the B20 membrane with a salinity increase from 1
mM to 100 mM, respectively, caused lower membrane fouling. Zhao et al. indicated that vy~ is
an indicator of membrane fouling. They explain that the larger the value of 7, the greater the
total interfacial energy, and the smaller the membrane fouling [228]. Therefore, the increase in
salinity reduced the electron donor tension on the membrane surface, thus, decreasing the

fouling resistance of the B0 and the B20 membrane.

Based on the XDLVO model, the lower negative value of the AB component for the B20
membrane compared to the BO membranes indicates a lower attractive AB force (Fig.3.6c¢,
Fig.3.7¢c, and Fig.3.8c). This also contributed to less fouling of the B20 membrane than of the
B0 membrane. Current literature on membrane fabrication or modification also suggests that
reducing WCA (0w) can increase hydrophilicity and the AB interaction energy, thereby
mitigating membrane fouling [213, 229]. Thus, as salinity increases, the absolute value of the
AB component decreased. However, when comparing membrane fouling under different
surfactants and salinity levels, the trend of the AB component was not aligned with that of the
membrane fouling curve (Fig.3.3c, Fig.3.4c, Fig.3.5¢c, Fig.3.6¢c, Fig.3.7c, and Fig.3.8c). One
possible explanation is that the differences in WCAs are not significant enough to effectively
distinguish the fouling caused by different surfactants. At the salinity of 1 mM, when filtering
SDS stabilized emulsions, the BO and the B20 membrane showed XDLVO energy barriers of
3779 kT and 7046 kT, respectively (Fig.3.6¢). However, at high salinity levels (20 and 100
mM), the interfacial energy barrier of the BO membrane disappeared as the XDLVO interaction
energy became negative and the energy barrier of the B20 membrane still existed, with values
of 1927 kT and 93 kT, respectively (Fig.3.7e, and Fig.3.8e). The reason is that the interfacial
energy barrier of the XDLVO model depends on the EL component at low salinity (1 mM).
However, due to the higher charge screening effects caused by high salinity (20 mM, 100 mM),
the EL interaction energy was decreased significantly. At the same time, the Debye length,
calculated as 9.6 nm at the salinity of 1 mM and 0.956 nm at the salinity of 100 mM [230],
respectively, decreased, indicating that at high salinity, the electrostatic interaction played a
role at a shorter distance, thus, the energy barrier affected by the both the repulsive EL
interaction and attractive AB interactions. Specifically, for the B0 membrane, the dominance
the AB interaction was due to the diminished XDLVO energy barrier whereas for the B20
membrane, the EL interaction prevailed since the energy barrier was positive. A similar

phenomenon was observed with the other negatively charged emulsions (APG and DDAPS),
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confirming the anti-fouling ability of the B20 membrane under varying salinity levels and
different surfactant types. Thus, the increased B20 membrane fouling can be explained by the
reduction in the energy barrier due to increased salinity. When filtering the SDS-stabilized
emulsion through the BO membrane, the energy barrier also diminished and eventually
disappeared with the increase in salinity from 1 mM to 100 mM, respectively. For example, as
shown in Fig.3.6e and Fig.3.8e, at a separation distance of 2 nm, which was close to the
separation distance corresponding to the energy barrier of the B20 membrane at 1 mM salinity
level, the corresponding interaction energy of BO membrane was 3375 kT at 1 mM and then
decreased to -1023 kT (100 mM), indicating that the attractive interactions between the oil
droplets and the membrane surface became stronger, thereby, potentially, intensifying
membrane fouling. The XDLVO model, thus, accurately predicted the fouling tendency of the
B0 and B20 membrane at the salinity of 1 mM, based on the energy barrier values whereas at
high salinities (20 mM, 100 mM), due to the dominance of the AB component, a mismatch
between the fouling tendency and XDLVO occurred for the BO membrane. It can be inferred
that at low salinity levels, the interaction between oil droplets and the membrane surface was
primarily governed by electrostatic forces, while at high salinity levels, adhesion behavior was

mainly driven by AB interactions.

To further evaluate the effect of salinity on various interactions, in addition to analyzing the
DLVO/XDLVO curves and energy barriers, we also examined the interfacial free energy
components of the micro-sized oil droplets and BO/B20 membranes at a separation distance of
0.158 nm. There, the impact of electrostatic free energy (AG") on the overall interfacial free
energy (AGT°T) was minimal, given its long-range properties. At low salinity (1 mM), as shown
in Table.S3.5, the BO membrane exhibited the highest AG™T (-9.37 mJ/m?), e.g. compared to
100 mM salinity (-10.71 mJ/m?), consistent with the increased membrane fouling observed at
high salinity (Fig.3.5). The Lifshitz—van der Waals Free Energy (AG"Y) values remained nearly
unchanged across different salinities (ranging from -0.93 to -1.03 mJ/m?) (Table.S3.5),
indicating that salinity has a limited effect on van der Waals interactions. This aligns with the
findings of Xie et al., who reported that van der Waals interactions are insensitive to the
variation in electrolyte type, concentration, and pH [231]. At low salinity, after SiC deposition,
the absolute value of the LW component (-0.093 mJ/m?) was lower for the B20 membrane than
for the BO membrane (Table.S3.6). This is because the weaker dispersion forces between the
surface of B20 membrane and the liquid reduced the tendency of the liquid to maintain a

spherical shape on the surface, making it easier for the liquid to spread, resulting in a more
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hydrophilic surface. Meanwhile, the Acid-Base Free Energy (AG*B) increased considerably
from -8.44 mJ/m? (B0) to -2.71 mJ/m? (B20), indicating that fouling caused by acid-base
interactions was effectively reduced after SiC deposition. A similar phenomenon was observed
at high salinities (Table S3.5 and S3.6). The increase in AG*P at different salinities suggests
that SiC deposition enhanced the interaction between surface functional (hydroxide) groups
and polar water molecules [232]. This enhancement is primarily due to hydrogen bonding
interactions between water molecules and electron-donating (y*) or accepting (y~) groups.

These stronger interactions create a high surface energy, which effectively resists fouling [233].
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Interaction between deposited oil layer and oil droplet

With the increase in filtration time, the oil droplets aggregated, eventually forming a cake layer
to serve as an extra filter layer. The oil droplet-oil droplet interaction was determined entirely
by the properties of the oil rather than the membrane characteristics. Thus, when the cake layer
was formed, the same zeta potentials and contact angles resulted in an overlap of the DLVO
and XDLVO curves for the fouled BO and B20 membranes (Fig.3.9 and Fig.S3.5). As shown
in Fig.3.9, when the cake layer was formed, the influence range of each energy component
varied. All three interaction energies decreased to zero as the separation distance increased, but
the ranges of their influence varied. For both fouled membranes, the influence range of the EL
component was the then longest (Fig.3.9b), with magnitudes decreasing to 0 at d > 60 nm,
while the AB (Fig.3.9¢) surpassed the EL and LW interactions and dominated the curve of
attraction and repulsion at a separation distance smaller than 3 nm. This can be explained by
the hydrophobicity of the oil cake layer and the corresponding improved AB interfacial force
[234]. Fig.3.9d shows that oil droplets stabilized with CTAB had to overcome the largest energy
barrier to adsorb or deposit on the oil layer, followed by SDS, APG, and DDAPS. The reason
is that the absolute value of the CTAB stabilized oil droplets was the largest, contributing to
the larger EL component, which was dominant in the DLVO interaction. The energy barrier of
the oil-membrane interaction was thus lower than that for the oil droplet-oil layer interaction,
indicating that the accumulation of the fouling in the later stages of filtration was less than in

the initial stage (0-3 min). Based on the membrane-oil droplet DLVO interaction energy in
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Section 3.3.4.1, the B20 membrane was expected to show severe fouling when filtering CTAB
stabilized O/W emulsions over 20 minutes. However, the positive DLVO interaction energy
between the CTAB-stabilized oil droplets and the deposited oil layer on the B20 membrane
alleviates the membrane fouling. However, during the filtration, it was found that there was no
decline in the slope of the TMP curve (Fig.3.3). The possible reasons would be that the filtration
time of each cycle was too short (20 min) to develop the oily cake layer, and that the drag
force/crossflow could reduce the generation of the cake layer. Thus, the membrane surface was
not fully covered with the cake layer and the fouling mechanism was the combination of the
pore blocking (membrane-oil interaction) and the cake filtration (oil droplet-oil droplet
interaction). For these two types of fouling, the oil-membrane interaction dominated over the
oil-oil interactions, confirmed by the surface SEM images and Energy Dispersive X-ray (EDX)
mapping images of the BO and B20 membranes. This is particularly apparent for the B20
membrane, where the oil coverage area on the surface (35%) was smaller than the clean
membrane surface area (65%) (Fig.3.10). In contrast, the BO membrane had a higher oil
coverage of 46%, indicating that oil-membrane interactions influenced 54% of the surface,
while oil-oil interactions accounted for the remaining 46%. The calculation of the total DLVO
interaction energies were based on the percentage of oil-oil and oil-membrane interactions
[235]. For example, in SDS-stabilized emulsions at 1 mM salinity, the DLVO interaction barrier
for the oil-membrane interaction for the BO and B20 membranes were 7529 kT and 4536 kT,
respectively. The DLVO interaction for the oil-oil interaction was 15012 kT. Thus, under the
combined fouling mechanism, the total DLVO interaction energy barriers for the BO and B20
membranes were 10135 kT and 9354 kT, respectively. Moreover, Fig.3.9¢ indicates that the
XDLVO interaction energy barrier was slightly positive due to the dominance of the AB
component. This XDLVO energy barrier is smaller than the oil-membrane XDLVO interaction
energy barrier, indicating a higher fouling tendency. This finding is consistent with results from
the fouling experiment. Thus, the XDLVO model better predicted the fouling at the later stage

of the fouling experiment.
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Fig. 3.10. (a) Surface SEM images of the fouled BO membrane following a 20 min filtration cycle; (b)
Corresponding EDX mapping images; (c) Surface SEM images of the fouled B20 membrane and (d)
Corresponding EDX mapping images.

DLVO model and membrane fouling resistance
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As shown in Fig.3.11, the connection between the DLVO interaction energy of the oil droplet-
membrane surface interaction and the membrane fouling resistance is illustrated, using a
separation distance of 1 nm, as proposed by Lin et al. [234]. Based on the DLVO theory, a
positive repulsive interaction energy between a membrane and an oil droplet indicates the
alleviation of membrane fouling, while a negative value suggests an attractive effect that could
increase membrane fouling. The BO membrane exhibited a positive DLVO interaction energy
for all types of the surfactants, while the B20 membrane also showed a higher positive value
for the emulsions stabilized by the negatively charged SDS, APG, DDAPS. Meanwhile, as
indicated by the direction of the blue arrow (from top left to the bottom right), both BO and
B20 membranes showed that reversible and irreversible fouling decreased with increased
DLVO interaction energy, owing to the higher electrostatic repulsive interactions with
negatively charged emulsions. The electrostatic interaction was the primary contributor to the
DLVO interaction energy. A similar phenomenon can be observed at the salinity of 20 mM
(Fig.S3.6) and 100 mM (Fig.S3.7). These findings offer valuable insights into reducing
membrane fouling after the SiC coating at various salinities and surfactant types, attributed to

the higher positive value of DLVO interaction energy.
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membrane filtrating 500 mg/L micron-sized O/W emulsions at 1 mM salinity. The red marks represent the
irreversible fouling, and the black marks represent the reversible fouling.
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3.3.5 Limitations and Recommendations

DLVO and XDLVO models cannot consider the effects of drag and shear forces due to the
hydrodynamic effects generated at the cross flow mode. Dead-end filtration, shows the
advantage of focusing on the interfacial interactions in the absence of shear effects, since the
interfacial interactions decrease with the increase in hydrodynamic effects [236]. In a
comparative study, oil fouling was compared under both constant pressure dead-end and cross-
flow configurations. Results showed that cake filtration dominated in the dead-end setup,
whereas in constant-flux cross-flow mode, the extent of cake formation was reduced due to the
continuous cleaning effect of shear when filtering SDS-stabilized O/W emulsions [236].
Furthermore, in dead-end mode, emulsions with a more negative charge resulted in higher
permeate flux, as the negatively charged oil droplets were more strongly repelled from the
negatively charged polyamide membrane surface (-17.1 mV) and therefore fouled the
membrane more slowly. However, under cross-flow filtration conditions, the rank order of
permeate flux for the four surfactants was no longer aligned with the zeta potential of the
foulant. Instead, flux performance in cross-flow mode was found to correlate with the oil
contact angle. This fouling behavior is consistent with XDLVO theory, where both electrostatic
and acid-base interactions contribute to fouling [236]. Our findings differ because the
membranes in this reported study had relatively low absolute zeta potential, diminishing the

contribution of electrostatic interactions [236].

Although XDLVO is a more complex model for identifying the total interaction energy and
membrane fouling, the AB compound dominates the XDLVO total energy value, ignoring the
contributions of LW and EL compounds and obscuring the fouling tendencies of various O/W
emulsions. Therefore, the DLVO model can better predict and compare the fouling of various
O/W emulsions, particularly for the foulant-membrane interactions at higher salinity. During
the filtration experiments, a single foulant-membrane interaction may not fully represent the
overall interactions near the membrane surface, as multiple interactions, such as foulant-foulant
interaction, also occur. Additionally, the electricity-enhanced electrified SiC membrane is
recommended for future studies to mitigate fouling, given the dominance of EL interaction
energy. In this study, the average surface roughness for the BO and B20 membranes is slightly
increased, with values of 55 £ 3 nm and 76 + 3 nm, respectively (Fig. S3.8). Therefore, the
effect of the surface roughness of the BO and B20 membrane on the DLVO/XDLVO model

was not considered in this study.
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3.4. Conclusion

Utilizing DLVO models to quantify the interaction between the micro-sized oil droplets and
the BO/B20 membrane helped predict the membrane fouling at the same hydrodynamic
conditions. Variations in hydrodynamic effects were reduced by maintaining consistent
crossflow velocities and permeate fluxes. In constant flux crossflow experiments, the B20
membrane had less reversible and irreversible membrane fouling than the BO membrane when
filtrating O/W emulsions stabilized with negatively charged surfactants (SDS, APG, and
DDAPS). Additionally, the B20 membrane exhibited higher DLVO interaction energies than
the BO membrane. The EL components, which have the longest interaction range, mainly
influence membrane fouling. In contrast, the LW and AB components, which act as the middle
and short-range force, have little impact on membrane fouling. Notably, both the (X)DLVO
interaction energies between the membrane and oil droplets strongly aligned with the reversible
and irreversible fouling at a low salinity of 1 mM. At higher salinities (20 and 100 mM), the
DLVO model also aligned well with the observed fouling trends for both BO and B20
membranes. Additionally, the (X)DLVO model indicated that an increase in salinity from 1
mM to 100 mM resulted in a decreased (X)DLVO interaction energy barrier, aligning with
increased reversible and irreversible fouling during filtration with SDS, APG, and DDAPS-
stabilized O/W emulsions for the B20 membrane. Conversely, the observed increase in DLVO
interaction energy for CTAB-stabilized emulsion aligned with a decreased fouling propensity
and lower reversible and irreversible fouling for the B20 membrane. In summary, by coupling
fouling experiments with (X)DLVO modeling, this study enhances the fundamental
understanding of the impact of ionic strength and surfactant types on reversible and irreversible

fouling by micro-sized oil droplets in crossflow constant flux mode.
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Supplementary information

Text S3.1. Measurement of contact angle

The WCA measurements were measured by the sessile drop method by dosing 2 pl liquid
(ultrapure water, formamide, diitodomethane) on the Al,O3 and SiC-coated membrane surface.
The oil-contaminated membrane surfaces using a contact angle analyzer (Dataphysics OCA2S5,
Germany). The membrane samples used for the contact angle measurements were prepared as
follows: the membrane was soaked in the ultrapure water for 1 h to remove any impurities on
the membrane surface. Finally, the membrane was taken out and air-dried. The oil-
contaminated flat sheet membrane used for the contact angle measurement was chosen at the
end of the filtration cycle, and dried at room temperature for 24 h. Each sample was tested five

times, and the average value was used for the surface tension calculation.

Text S3.2. Filtration protocol

The fouling experiments, consisting of six cycles, were conducted at the constant flux of 80
Lm~h! (Fig.S1). This flux was estimated based on the threshold flux using the conventional
flux stepping method [15, 166, 167]. Each filtration cycle started with filtering the O/W
emulsions at a specified flux with a crossflow velocity of 0.59 m/s for 20 min. Between the
filtration cycles, backwashing was applied to eliminate reversible fouling, maintained at a
constant flux of 1080 Lmh! for 30 seconds. Finally, forward flushing with the feed emulsions
for 15 s at a CFV of 0.6 m/s to drain the concentrated water. Every experiment was conducted

in duplicate.

Text S3.3. Surface tension calculation
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The surface free energy per unit area is represented by the surface tension, y, of a liquid
or solid. y is the sum of the apolar Lifshitz-van der Waals (LW) surface tension component

(y'") and the polar Lewis acid-base (AB) surface tension component (y48)[1]:
y =y +y? Q)

Where y48 consists of an electron acceptor (y*) and an electron donor (y ~) component

[237]:

YA =2 y*y- (52)

Contact angle measurements are frequently used to describe surface tension components
and interfacial tensions [237, 238]. 8 between the liquid (I) and solid (s) phases in air is a

function of the surface tension components of two materials [237]:

(1 + cosB)y, =2 <\/VILWVSLW + \/nys‘ + \/m;) (S3)

In equation S3, the three unknown surface tension parameters of the solid surface (yt%,
Yo, Vs ) could be determined by measuring the contact angle measurements of three probe
liquids with known surface tension (y;) and surface tension parameters (y;", y;", v;). By
calculating the free energy of interaction between two similar surfaces submerged in water
(AG,,,s), the surface hydrophobicity/hydrophilicity could be assessed [239]. The surface is
considered hydrophobic if the interaction between two surfaces is greater than that of each
surface with water (AGg,,s < 0) and vice versa (AGg,,s > 0). The surface tension elements of

the interacting entities are used to calculate AGg,,s [239]:

2
AGos = —2Ysw = —2< s - \/VVLVW> —4(Vrvs + v = v = s ) (58
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Parafilm with y"*V = 25.5 mJ/m? [240] was used as a planar surface because of its apolarity (y*®
= 0). The contact angle of the selected surfactant solutions on parafilm was measured
(Dataphysics OCA 25, Germany), hence the corresponding YV of the selected surfactant

solution could be calculated by equation S3 [94].
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Fig. S3.1. Schematic diagram of constant flux membrane filtration system.

09 14

a) b)
08 | r
12 |
07 |
06 | 1.0
— o~
= =
= =
8 o5t / =)
Eﬂ E‘os L
B 04 ) &
= =
03 0.6
Tthreshold =104 LMH
02| — 1

L 04
Jthreshold = 76 LMH

1 1 02 1
40 50 60 70 80 90 70 80 90 100 110 120

Flux (LMH) Flux (LMH)

Fig. S3.2. The threshold flux determination by flux stepping method for (a) the BO membrane and (b) the B20
membrane filtering 500 mg/L micron-sized O/W emulsions stabilized with 239.1 mg/L SDS at 1 mM salinity with

the crossflow velocity of 0.59 m/s.
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Fig. S3.3. The membrane surface charge density under 100 mM salinity was estimated by using the Freundlich
ion adsorption model for (a) the BO membrane with SDS solution, (b) the B20 membrane with SDS solution, (c)
the BO membrane with APG solution, (d) the B20 membrane with APG solution, (¢) the BO membrane with CTAB
solution, (f) the B20 membrane with CTAB solution, (g) the BO membrane with DDAPS solution, and (h) the B20

membrane with DDAPS solution.
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Fig. S3.4. Water contact angle of the (a) BO membrane and the (b) B20 membrane.
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Fig. S3.5. Effect of surfactants on the deposited oil layer-oil droplet interaction energy for the BO membrane: (a)
LW, (b) EL, (c) AB, and (d) DLVO, and (¢) XDLVO interaction energy at 1 mM salinity.
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and (b) the B20 membrane filtrating 500 mg/L micron-sized O/W emulsions at 20 mM salinity. The red marks

represent the irreversible fouling, and the black marks represent the reversible fouling.
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Fig. S3.8. The average surface roughness (R,) and the root-mean-square surface roughness values (Rq) of the (a)

B0 and (b) B20 membranes.

Table. S3.1. Surface tension and surface tension components of ultrapure water, formamide, diiodomethane, and

n-hexadecane in mJ/m? [238, 241].

Lw + -

)4 Y. )4 )4 )4
Ultrapure water 72.8 21.8 51 25.5 25.5
Formamide 58 39 19 2.28 39.6
Diiodomethane 50.8 50.8 0 0 0
n-hexadecane 27.5 27.5 0 0 0

Table. S3.2. The average particle size of micron-sized O/W emulsions at various salinity levels stabilized with a

single surfactant: SDS, APG, CTAB, or DDAPS.

Surfactant 1 mM 20 mM 100 mM
SDS 5.00 5.86 6.12
APG 6.50 6.84 6.91
CTAB 478 5.17 5.25
DDAPS 427 4.55 4.80
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Table. S3.3. Contact angle with the parafilm (°), the ALO3; (B0) membrane (°), and corresponding surface tension

/surface tension components (mJ/m?).

Lw AB + -

Sample 6 0 14 4 4 y y
(parafilm) (BO)

Membrane (0 mM ) - - 43.016 34.995 8.021 0.335 48.051
Membrane (1 mM ) - - 43.145 34.995 8.150 0.352 47.221
Membrane (20 mM ) - - 43.334 34.995 8.338 0.378 45.974
Membrane (100 mM ) - - 43.756 34.995 8.760 0.446 43.038
SDS (I mM ) 91.3£0.6 37.4+0.7 65.52 40.199 25.321 7.077 22.649
SDS (20 mM 91.2+0.7 38.3+0.5 65.73 40.605 25.125 6.794 23.228
SDS (100 mM ) 91.8+£0.9 40.5+£0.4 66.18 40.293 25.887 7.385 22.686
APG (1 mM) 95.2+1.1 37.8+0.6 70.37 40.147 30.223 11.013 20.735
APG (20 mM) 94.5+0.6 38.6+0.5 69.55 40.274 29.276 10.132 21.148
APG (100 mM) 95.0+1.2 40.0+0.5 70.23 40.294 29.936 11.225 19.959
CTAB (1 mM ) 93.5+1.0 39.2+1.0 68.97 41.116 27.854 8.907 21.776
CTAB 20 mM) 92.8+0.7 40.5+0.7 67.82 40.795 27.025 7.799 23.412
CTAB (100 mM ) 92.3+0.8 42.3+0.6 68.07 41.854 26.216 7.632 22.513
DDAPS (1 mM) 94.0+1.2 38.2+0.3 69.58 41.073 28.507 9.806 20.718
DDAPS (20 mM) 94.5+1.3 38.8+0.5 68.92 40.752 28.168 9.336 21.014
DDAPS (100 mM) 94.2+0.5 40.2+£0.9 69.81 41.048 28.772 10.412 19.876

Table. S3.4. Contact angle with the parafilm (°), the SiC-deposited (B20) membrane and corresponding surface

tension/surface tension components (mJ/m?).

Sample 0 (parafilm) 0(B20) y yw y 4B y* y~

Membrane (0 mM) - - 48.656  39.660 8.996 0.350 57.842
Membrane (1mM ) - - 48.723  39.660 9.063 0.358 57.426
Membrane (20 mM) - - 48.832  39.660 9.172 0.371 56.745
Membrane (100 mM) - - 49.072  39.660 9.412 0.401 55.218
SDS (1 mM) 91.3+0.6 19.6+0.2 65.52 40.199 25.321 7.614 21.051
SDS (20 mM) 91.2+0.7 20.4+0.1 65.73 40.605 25.125 7.598 20.772
SDS (100 mM) 91.8+£0.9 22.34+0.3 66.18 41.013 25.167 7.599 20.839
APG (1 mM) 95.2+1.1 19.5+£0.6 70.37 40.147 30.223 11.586 19.709
APG (20 mM ) 94.5+0.6 20.3+£0.2 69.55 40.274 29.276 10.758 19.918
APG (100 mM) 95.0+£1.2 22.0+£0.4 70.23 40.294 29936 11.197 20.008
CTAB (1 mM) 93.5+£1.0 21.6+£0.4 68.97 41.116 27.854 9.599 20.206
CTAB (20 mM) 92.8+0.7 23.8+£0.2 67.82 40.795 27.025 8.437 21.641
CTAB (100 mM) 92.3+0.8 26.4+0.7 68.07 41.854 26.216 7.846 21.900
DDAPS (1 mM) 94.0+1.2 19.94+0.3 69.58 41.074 28.507 10.458 19.425
DDAPS (20 mM) 93.7+1.3 20.5+0.4 68.92 40.752 28.168 10.002 19.831
DDAPS (100 mM) 94.2+1.5 21.9+0.6 69.81 41.048 28.772 10.562 19.594
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Table. S3.5. Interface free energy at the separation distance of hy (mJ/m?) of the B0 membrane and solutions at

different salinities (1 mM, 20 mM, and 100 mM).

Sample GLW (ho) GAB (ho) GTOT(ho)
(mJ/m?) (mJ/m?) (mJ/m?)

SDS (1 mM ) -0.931 -8.436 -9.367
SDS (20 mM -1.030 -8.976 -10.006
SDS (100 mM) -0.953 -9.758 -10.711
APG (1 mM) -0.919 -9.436 -10.355
APG (20 mM) -0.949 -9.732 -10.681
APG (100 mM) -0.953 -9.947 -10.900
CTAB (1 mM) -1.160 9.157 -10.371
CTAB (20 mM) -1.078 -10.229 -11.307
CTAB (100 mM) -1.357 -9.849 -11.206
DDAPS (1 mM) -1.149 -8.579 -9.728
DDAPS (20 mM) -1.067 -8.954 -10.021
DDAPS (100 mM) -1.142 -9.252 -10.394

Table. S3.6. Interface free energy at the separation distance of hy (mJ/m?) of the B20 membrane and solutions at

different salinities (1 mM, 20 mM, and 100 mM).

Sample Grw (ho) Gag (ho) Grot(ho)

(mJ/m?) (mJ/m?) (mJ/m?)

SDS (1 mM) 20.093 2714 2807
SDS (20 mM) -0.168 -3.174 -3.342
SDS (100 mM) -0.247 -3.285 -3.532
APG (1 mM) -0.084 -3.547 -3.631
APG (20 mM -0.107 -3.704 -3.811
APG (100 mM) -0.110 -4.053 -4.163
CTAB (1 mM) 20.268 :3.375 -3.643
CTAB (20 mM) -0.205 4.624 -4.829
CTAB (100 mM) -0.421 -4.574 -4.995
DDAPS (1 mM) 20.259 2.728 2,987
DDAPS (20 mM) -0.196 -3.265 -3.461
DDAPS (100 mM) -0.254 -3.232 -3.486
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Chapter 4

Oilfield-produced water treatment with SiC-coated alumina

membranes
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Chapter 4104

Abstract

During the extraction of fossil fuels, a complex waste stream is produced simultaneously, also
known as produced water (PW). Membrane filtration is a promising technology that can
successfully enable the treatment and reuse of PW. Silicon carbide (SiC) membranes are
preferred for PW treatment, due to their low (ir)reversible fouling compared to other ceramic
membranes. However, full SiC membrane is expensive and thus economically less feasible.
Therefore, we established a method for coating SiC on alumina (Al;O3) ultrafiltration
membranes, based on low-pressure chemical vapor deposition at 860°C. In the presented study,
the fouling resistance and behavior of these novel membranes, with various pore sizes and
under different operating conditions, including flux and crossflow velocity, were evaluated. We
also used AI,O3 membranes and SiC-coated Al>O3 membranes in constant flux mode to treat
real oilfield PW with high salinity (142 mS/cm) and COD (22670 mg/L). Additionally, the
fouling mechanisms in the SiC-coated and AlO3; membranes were analyzed with the help of
Focused Ion Beam-Scanning Electron Microscopy imaging. The major findings were that pore
blockage served as the initial (irreversible) fouling mechanism and that the (reversible) cake
layer, a mixture of organic and inorganic components, dominated the rest of the filtration cycle,
where the SiC coated membrane performed better than the original alumina membrane. In
addition, it was found that the application of the SiC coating, and the selection of the
appropriate pore size (62 nm) and crossflow velocity (0.8 m/s) increased the fouling mitigation,

potentially advancing the utilization of ultrafiltration in treating saline PW for reuse purposes.
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4.1. Introduction

The substantial amount of produced water (PW), generated from the oil and gas industry,
represents a source of oily wastewater that poses a threat to marine ecosystems [242-244].
Several authors have studied various treatment technologies to enhance PW reuse [4, 194, 195,
197, 198, 245]. Microfiltration (MF) [194], electro flocculation [195], ultrafiltration (UF) [4],
membrane distillation [197, 198], electrodialysis (ED)[245], adsorption [199], and advanced
oxidation [199] are some of the methods that have been documented. Regarding oil, grease,
and colloidal particle removal, membrane separation technologies appear promising for
pretreating PW for desalination. However, fouling is the primary challenge for PW treatment
using membranes, caused by the accumulation of particles and/or oil droplets on the membrane
surface or within its pores. Water quality, operational conditions, and membrane properties
influence the extent of fouling, resulting in permeability reduction during PW treatment. The
main water characteristics determining the severity of fouling on the membrane surface are the
content of organic matter, measured as total organic carbon (TOC), suspended solids, measured
as total suspended solids (TSS), salts, measured as total dissolved solids (TDS), and oil and
grease concentrations. In addition, the particle size of the suspended solids in water can play a
determining role during membrane fouling [194, 195]. Additionally, hydrodynamic and
operational conditions, such as cross-flow velocity (CFV), operational flux, and backwash
conditions, affect membrane fouling [3]. Finally, the fouling severity is related to the pore

geometry, hydrophilicity, and surface charge of the membrane [58].

Polymeric membranes, including PVDF, polysulfide (PS), and polyether sulfone (PES), are
commonly used for PW filtration [4, 194, 246]. He et al. reported that PVDF MF membranes
have successfully been applied for treating shale flowback water, which consisted of the
injected fracturing fluid and the connate water of the formation [194]. However, ceramic
membranes have gained popularity in treating PW due to a higher mechanical and chemical
stability, compared with polymeric membranes, [209, 210, 225, 247]. These ceramic
membranes have been produced from various materials, including zirconium oxide (ZrO,),
alumina (Al>O3), and titanium oxide (TiO2)[58, 90]. Zsirai et al. have reported that, although
SiC MF membranes show the highest water flux during filtration of the PW at constant pressure
mode, they also showed the largest fouling, compared with SiC UF and TiO, UF/MF

membranes. This was attributed to its highest initial flux, which was observed to be ten times
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greater than that of other ceramic membranes at the same pressure [247]. In practice, water
treatment plants operate in a constant flux crossflow mode to avoid buffering after or before
the other treatment steps, and to date, fouling of SiC MF/UF membranes treating real PW in

constant flux crossflow mode has, to the authors’ knowledge, not yet been studied.

During the treatment of PW with high salinity, the hydrophilicity of the membrane plays a
crucial role in membrane fouling, since it has been reported that the zeta potential of oil droplets
in PW is close to 0 mV when the NaCl concentrations of PW are higher than 50,000 mg/L [5].
Therefore, some studies have focused on the improvement of the hydrophilicity of membranes
by modification techniques, such as low-pressure chemical vapor deposition (LPCVD) [29]
and atomic layer deposition (ALD) [168] on the pristine membranes, to alleviate membrane
fouling and achieve a better filtration efficacy. These studies have, however, mainly focused
on the effect of hydrophilicity on reversible fouling because of practical reasons. Field
Emission Scanning Electron Microscopy (FE-SEM) typically provides surface images and,
thus, cannot directly access the internal structure of the ceramic membrane and cannot provide
insight into the third dimension (depth) of the fouling layer [81]. However, Focused lon Beam-
Scanning Electron Microscopy (FIB-SEM) is a powerful tool for visualizing irreversible
fouling by producing artifact-free cross sections with high-resolution (5-10 nm) ultrastructural
details [74], allowing for quantitative comparison across the different membranes [78], but, to

the authors’ knowledge, has not yet been applied to ceramic membranes.

Pretreatment processes to alleviate the fouling, such as sedimentation, coagulation, and rapid
sand filtration, are mostly performed before the UF process [18]. In the present study, for the
first time, direct ceramic UF of real PW was conducted, using the SiC-coated UF membranes
in constant flux mode. We established a method for producing SiC-Al,O3; UF membranes based
on LPCVD. Firstly, the effect of the salinity on membrane fouling was determined by filtering
the synthetic O/W emulsions. Secondly, the fouling resistance and behavior were evaluated
under various pore sizes and operating conditions (flux, CFV) using two types of real PW with
varying water quality. Finally, the (ir)reversible fouling transition mechanisms were

investigated using FIB-SEM images.
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4.2. Materials and methods
4.2.1 Materials and Synthetic O/W emulsions preparation

Sodium hydroxide (1.09141, Sigma-Aldrich, the Netherlands) and citric acid (251275, Sigma-
Aldrich, the Netherlands) were chosen for the chemical cleaning of the fouled membranes.
Detailed information about the chemicals and procedure of the synthetic O/W emulsion

preparation is included in the supporting information S4.1.

4.2.2 Membrane preparation

Commercial single-channeled tubular Al;O3 membranes were purchased from CoorsTek, the
Netherlands of which the selective and support layers are made of a-alumina. The pore sizes
of the two selective layers and the support layer, as provided by the manufacturer, are 100, 200,
and 600 nm, respectively. The alumina membranes with these pore sizes exhibited measured

permeabilities of 350 £ 10, 478 + 21, and 985 + 64 Lm~h'bar!, respectively.

SiC-coated membranes were prepared by LPCVD. A schematic of the LPCVD system is shown
in Fig.S4.1; Dichlorosilane (SiH>Cl>) and acetylene (C2Hz) were chosen as precursors for the
SiC layers deposition. The deposition temperature was 860 °C, the precursors flow ratio
(SiH2Cl2 /C2H2) was 6.7 and the deposition time was 20 minutes [15], as recommended for the
formation of polycrystalline SiC [42, 44]. The pristine 100, 200, and 600 nm Al,O3; membranes
and the corresponding SiC-coated membranes are referred to as A0, A0-200, A0-600, A20,
A20-200, and A20-600, respectively.

4.2.3. Membrane characterization

The water contact angle (WCA) of the A0 membranes and A20 membranes was determined by
Dataphysics OCA25, Germany. The zeta potential of flat sheet AO and A20 membranes, with
salinities from 10°M to 102M, was measured by SurPASS 3 (Anton Paar, Graz, Austria),
which was coated in the same way as the tubular membrane. In addition, as it is difficult to
measure the zeta potential of the membrane at high salinity (10""M) by SurPASS 3, the zeta
potential of the membranes at 10"'M salinity was estimated using the Freundlich ion adsorption
model [93], as shown in Fig.S4.2. SEM measurements of virgin and fouled membranes were
conducted using FEI Nova NanoSEM 450 and Energy Dispersive X-ray (EDX) spectroscopy.

FIB-SEM images were acquired using a 10 kV accelerating voltage and an 800 pA ion beam.
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The actual mean pore size was obtained by capillary flow porometry (Porolux™ Revo, IBFT

GmbH, Germany).

4.2.4. Produced water characterization

Two types of PW, provided by the Norwegian Technology company, were characterized. The
first PW sample (PW A) was collected from the Mongstad refinery, originating from the Troll
field. The second PW (PW B) was a mix of batches obtained from the SAR Dusavik offshore
base collected from various oilfields in southern Norway. The PW samples were kept at a
temperature of 4 °C until they were further processed. Typically, the PW from oil fields tends
to exhibit high levels of TOC and salinity compared to the PW from gas production facilities
[248]. We primarily analyzed membrane fouling caused by high-salinity PW B, with relatively

low-salinity PW A as the control group for comparison.

The pH and electrical conductivity of the PW were respectively measured by multiparameter
benchtop meters (inoLab® Multi 9630 IDS - WTW). The droplet sizes and distributions were
measured using a Bluewave particle size analyzer (Microtrac, USA). TSS and TDS in the feed
and permeate water were measured following the Standard Methods [249]. The measurement
and rejection of oil and COD concentration of both feed and permeate are described in the

supporting information (Fig. S4.3 and Fig.S4.4).

4.2.5 Estimation of threshold flux

The threshold flux was estimated using the flux stepping method [166, 167]. The average TMP
(TMPayg) was then calculated and used to determine the threshold flux. Fluxes ranging from 20
Lm>h"! to 55 Lm?h!, with intervals of 5 Lm™h"!, were employed in the flux stepping tests, and

each step lasted 20 minutes.

4.2.6. Fouling experiments with synthetic and real produced water
Constant permeate flux crossflow fouling experiments

A constant permeate flux crossflow setup (Fig.4.1) was employed for synthetic O/W emulsions
and real PW filtration experiments. The concentrate stream was recirculated to the feed during
filtration, having a negligible effect on the feed concentration, while the feed pump provided a
stable permeate flux (DDA 12-10, Grundfos, Denmark). The constant CFVs were controlled by
a circulation gear pump (VerderGear Process HIF, Verder Liquids, the Netherlands). The
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fouling experiments consisted of six cycles, each with three stages. The first stage was to filtrate
the PW at a specific flux for 20 minutes. In the second stage, the fouled membranes were
backwashed at a constant backwash flux, being approximately 1050 Lm>h™'. Based on the
membrane's permeability, the fouled A0 and A20 membranes were backwashed for 30 seconds
with demineralized (DI) water under 3 and 5.25 bar, respectively. The third stage involved
forward flushing the membrane with feed PW water for 15 seconds at a CFV of 0.8 m/s to

remove and replace the feedwater.
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Fig. 4.1. Schematic view of filtration set up with constant flux.

Data analysis

The fouling resistance of the pristine A0 and coated A20 membranes was calculated based on
the resistance-in-series model [169, 170], as shown in Eq. (1), Eq (2), Eq. (3), Eq. (4) and Eq.
%)

R[:¥:Rm+R,+RW (D
TMP,

R, = M" )

R = Tfjﬁ (3)
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Where TMPyrepresents the TMP needed to achieve the required flux with a clean membrane,
TMP; refers to the TMP after each cycle, and TMP: reflects the TMP following the backwash
processes, R, (m), R, Ri, R denotes the overall resistance, reversible fouling resistance,
irreversible fouling resistance, and intrinsic membrane resistance. The value of R, was
obtained by conducting filtration experiments using DI water. The value of R; was calculated
by using the final filtration pressure at the end of each filtration cycle. After backwashing the
fouled membranes using DI water for 30 seconds, the R; was calculated by subtracting the
TMPy from TMP; and then dividing the result by the viscosity and permeate flux. The R, value
was then determined by subtracting the sum of R;,. and R,, from R,. The normalized TMP was

calculated using the TMP to divide the TMPy, as indicated in Eq. (6).

4.3. Results and discussion

4.3.1. Characteristics of the raw produced water

Characteristics of the real PWs are shown in Table 1. The results indicate that PW B contained
higher levels of COD (22670 £ 524 mg/L) than PW A (9160 + 168 mg/L). The conductivity of
PW A (51.2 £ 2.6 mS/cm) was comparable to that of the feed water in a seawater desalination
plant (52.8+ 0.2 mS/cm) [250]. By comparison, PW B's conductivity (142.1 = 4.2 mS/cm) and
TDS (105567 + 1066 mg/L) were about three times higher than those of seawater and similar
to those of the PW from a well site in Midland, USA [4]. Based on the particle size distribution
analyses of the PW, the mean particle sizes of PW A and B were 0.24 + 0.09 and 4.85 + 0.84
um, respectively (Fig.4.2). For PW A, particles smaller than 10 um accounted for 90.6 % of
the total volume; for PW B, this proportion was only 59.4% (Fig.4.2). The difference in water

characteristics between the two PWs may lead to varying degrees of membrane fouling.
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Fig. 4.2. The particle size distribution of the (a) PW A and (b) PW B.

Table 1. Characteristics of the raw PW.

Parameters Raw (PWA) Raw (PW B)
Turbidity 234+19 4032+62
pH 7.44+0.29 8.29+0.21
Conductivity (mS/cm) 51.7£2.6 142.1+4.2
COD (mg/L) 9160+168 22670+524
TOC (mg/L) 1856+47 53354122
Mean particle size (um) 4.22+0.09 11.31+1.84
TDS (mg/L) 30833+1389 105567+1066
TSS (mg/L) 4567+1327 8067+2185

4.3.2. Fouling of membranes by synthetic O/W emulsions at various salinities

The eftect of the salinity on the fouling of both membranes (A0 and A20, respectively) was
conducted by adding 10> M NaCl, 102 M NaCl, and 10> M NaCl+10* M CaCl, to the O/W
emulsions stabilized with SDS (Fig.4.3). As shown in Fig. S5, these emulsions had similar
particle size distributions. It can be observed that the fouling in the A20 membrane appeared
to be lower, compared to the A0 membrane, probably due to the more negatively charged
surface. With the addition of NaCl from 10" M to 107 M (Fig.4.3 a-b,d,f), the fouling of the
A0 and A20 membranes increased as the salinity increased. This increased fouling can be
explained by the compression of the diffuse double layer of positive ions around the negative
oil droplet and the simultaneous compression of the diffuse double layer on the surface of the
negatively charged membrane with increased salinity and thus ionic strength, resulting in a

lower negative charge of both the O/W emulsion and the membrane [220]. The above
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explanation is supported by the results of the absolute values of the zeta potential of the O/W
emulsion, which showed a decrease from -50.7 + 0.6 mV to -31.5 = 0.8 mV, respectively, with
an increase in salinity from 10" M to 10 M (Table.S4.1). In the meantime, as depicted in
Fig.4.3e, the zeta potentials of the A0 and A20 membranes decreased from 50.1 +1.6 mV to -
17.6 £ 1.5 mV and -55.4 +£ 1.2 mV to -25.5 £ 1.3 mV, respectively. The A0 membrane surface
charge changed from slightly positive (3.0 = 0.5 mV) to highly negative (-50.1 £1.6 mV)
probably due to the adsorption of the SDS [15]. The surfactant molecules form a layer at the
surface of the hydrophilic A0 membrane, with their negative head groups oriented toward the
surface. Subsequently, the second layer is adsorbed on the first layer, orienting the adsorbed
surfactant with the negatively charged, hydrophilic head groups to the solvent, making the
hydrophilic surface even more hydrophilic and negatively charged [251]. The results are
consistent with previous studies, which reported that the absolute zeta potential of the
membrane decreased with the increase in salinity [50, 146, 220]. The WCA increased from 27°
£ 1.2° to 54° £ 2.6° (Table.S4.1) with the salinity increase from 10! M to 10 M, indicating
sodium ions interacted with the hydrophilic group of the membrane surface, and that the

salinity affected the hydrogen-bonding structures of the O/W emulsions [85].

With the addition of the Calcium ions (Ca?"), irreversible fouling was higher than at other
salinity levels (Fig.4.3c and Fig.4.3f). Ca?"are commonly present in PW, while membrane
fouling can be accelerated by divalent cations such as Ca®", which cause the diffuse double
layer to compress more than monovalent ions [252]. In addition, Ca®* and the sulfate group of
SDS may react with each other, forming a complex [253, 254], thus increasing the irreversible
fouling [255]. However, the irreversible fouling of the A20 membrane was still lower than that
of the A0 membrane (Fig.3c) since a lower zeta potential of the A20 membrane (-29.4 mV),
compared to the A0 membrane (-19.0 mV), was measured (Fig.4.3e), although the repulsion

was weaker than without adding Ca?".
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Fig. 4.3. The normalized TMP curves of the A0 and the A20 membrane during the filtration of synthetic O/W
emulsions at varying salinity: (a) 10> M NaCl, (b) 102 M NaCl, (c) 10°M NaCl + 10 M CaCl,, (d) 10"' M NaCl.
(e) Zeta potential of the A0 and A20 membranes with varying salinity and ion compositions. (f) The normalized
resistance of the AQ and A20 membranes.

4.3.3. Effects of flux on membrane fouling by real produced water

The threshold flux of the A0 and A20 membrane, when filtering PW B, were 39 and 42 Lmh
!, respectively (Fig. S4.6), thus, three distinct permeate fluxes were chosen, approximately at
and higher than the threshold flux, being 30, 40, and 50 Lm™h™!, respectively, to study the effect
of permeate flux on membrane fouling by PW B (Fig.4.4). At a flux of 30 Lm™h"!, which was
lower than the threshold flux, the interactions between foulants and membrane led to pore
blockage of the A0 membrane, followed by the formation and continuous growth of the
reversible cake layer on the membrane surface [12]. However, the SiC coating probably
inhibited the deposition of the hydrophobic foulants, slowing down the cake layer formation.
In addition, the starting point of the normalized water permeance curves of the A0 membrane
showed a downward shift with each cycle, this trend was not observed in the A20 membrane,
indicating that irreversible fouling existed in the A0 membrane and not in the A20 membrane
(Fig. S4.7 a and b). When the flux exceeded the threshold flux (50 Lmh), the interactions

between the foulant and the deposited foulant probably represented the dominant fouling
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mechanism, which is supported by the FBI-SEM images as presented in section 4.3.6, leading
to the formation of an (oily) cake layer and a consequent rapid increase in TMP. At the same
time, the high TMP probably led to the compaction of the cake layer, and forced the small-
sized foulants into the membrane pores, leading to increased irreversible fouling of the A0 and
A20 membranes, as confirmed by every cycle's lower initial normalized permeance (Fig. S4.7
c). At this high flux, hydraulic cleaning is still effective in removing the foulant cake layer,
which can be confirmed by the relatively low irreversible fouling compared with reversible
fouling and the high permanence recovery (PR). The normalized permeance (64 % PR) of the
A20 membrane was still higher than that of the A0 membrane (47 % PR) in the final cycle at
50 Lm>h! (Fig. S4.7). Moreover, the PR of the A20 membrane after backwashing with DI
water was as high as 95 + 2 % of the original permeability at 40 Lm>h"!, suggesting promising
backwashing efficiencies and implying its suitability for long-term separation of the PW(Fig.
S4.7). In addition, Fux and Ramon have reported that during filtration experiments at fluxes
lower than the threshold flux, the oil droplets are spherical, and can be easily removed by
forward crossflow flushing. However, when the flux exceeds the threshold flux, the droplets

deform and cause irreversible fouling inside the membrane pores [256].
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Fig. 4.4. The normalized (a) fouling curve and (b) resistance of the A0 and A20 membranes for the filtration of
PW B at the flux of 30, 40, and 50 L m2 h™! with CFV of 0.8 m/s.

4.3.4. Effects of crossflow velocities on membrane fouling

The membrane filtration performances, filtering PW B under different CFVs (0.4, 0.8, and 1.2

m/s) were compared at 50 Lm~h™!. This high flux is preferred in full-scale installations because
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a smaller membrane surface is needed to treat PW. At low CFV (0.8 m/s), the higher TMP at
the constant flux of 50 L m? h'! probably compacted the cake foulants, thereby facilitating the
development of a denser, low porosity cake layer [257], impacting permeability, since the
hydraulic resistance of the cake layer is highly influenced by its porosity. As shown in Fig.4.5a,
increasing the filtration CFVs from 0.8 to 1.2 m/s reduced the TMP increase rate (d{TMP/dt),
thus alleviating membrane fouling, as also reported by Hube et al. [258]. The reversible fouling
was dominant for both the A0 and A20 membranes (Fig.4.5b). However, much higher
reversible fouling was observed for the AO membrane than for the A20 membrane at different
CFVs. The A20 membrane, for example, exhibited much lower reversible fouling (22.1 x 10'?
m ') than the A0 membrane (54.9 x 102 m ~!) at the CFV of 0.8 m/s. This can be explained
by the higher hydrophilicity of the A20 membrane compared to the A0 membrane, which is
confirmed by the WCA, decreasing from 37° (A0) to 18° (A20) (Fig.S4.8). Since the zeta
potential of the PW is close to 0 mV when the salinity of PW is higher than 50,000 mg/L [5], a
low adhesion to the hydrophilic A20 membrane therefore led to a thin cake layer. The reversible
fouling further decreased from 16.88 x 10> m ~! to 3.97 x 10'> m ! for the A20 membrane
when the CFV increased from 0.8 m/s to 1.2 m/s, respectively (Fig.4.5b). The increased
turbulence and shear forces close to the membrane surface apparently reduced the
concentration polarization, preventing further accumulation and deposition of foulants onto the
membrane [259]. This is supported by an increase of the Reynolds number (Re) from 3573 to
5359 (Table.S4.2), and the flow patterns changed from Laminar-turbulent flow to turbulent
flow since the turbulent flow is typically characterized as Re greater than 4000 [260]. In
addition, the oil rejection by the A0 membrane increased from 98.4 +0.3% to 99.0 + 0.5% with
an increase in CFV from 0.4 m/s to 0.8 m/s, indicating an increased oil droplet concentration
near the membrane at lower CFV, see Fig. S4.9b. This phenomenon was also observed for PW
A (Fig. S4.10b), where the oil rejection increased from 96.5 + 0.6 to 98.2 + 0.4% at CFVs of
0.4 m/s and 0.8 m/s, respectively, while high CFVs lead to much higher consumption. It thus
indicates a cross-flow (0.8 m/s) of Reynolds number about 3573 as an optimal cross-flow

regime.
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4.3.5. Effects of membrane pore size on membrane fouling

At the constant pressure filtration mode, Liu et al. reported that MF membranes with larger
pore sizes are more susceptible to membrane fouling compared to UF membranes when
filtering the PW [261]. However, in the present study, the UF membrane (A0, A20) showed
higher fouling tendencies compared with the MF membrane (A0-600, A20-600), as shown in
Fig.4.6a. The observed, initial sharp permeance decline can be explained by adsorption and
deposition of foulants smaller than the membrane pore sizes into these pores, followed by a
slow and steady permeance decline due to the progressive cake layer formation on the
membrane surface [183]. As can be observed, the cake layer only partly covered the A0-600
membrane surface at the end of the filtration cycle (Fig.4.7a). In addition, it can be observed
that the cake layer surface was rough (Fig.4.7b), with a thickness of 1.5 um, and the sandwich
structure of the cross section of the membrane is visible, with the three layers representing the
porous cake layer, pore blockage, and open pores (Fig.4.7c and d). Finally, it can be observed
that oil rejection increased as membrane pore sizes decreased (Fig. S4.9¢), and the A0 (41 nm)
and A20 membrane (35 nm) achieved oil removal efficiencies 0f 99.5 + 0.3 % and 99.7 + 0.2 %,

respectively (Fig.S4.9¢c).
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the SiC-coated membranes (A20, A20-200, A20-600) for the filtration of PW B at 40 L m 2 h™! with the CFV of
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The A20-600 (139 nm) and A0-600 (181 nm) membranes showed the lowest oil rejection
percentages, being 98.2 £ 0.2 % and 97.6 £ 0.3 %, respectively (Fig. S4.9c). This can be
explained by the oil droplets forming a cake layer on the membrane surface, which effectively
helps reject small-sized oil droplets. The formation of the cake layer was assessed by measuring
the oil rejection at the following time intervals: 0 to 3, 3 to 6, and 6 to 20 minutes in the initial
experiment cycle. The results (Fig. S4.11) indicated a slight increase in oil rejection from 94.3
+ 0.5 % to 98.4 £ 0.3 % for the A0-600 membrane in the initial cycle, which verified the cake
layer formation. The significant proportion of external fouling, which accounts for 95.2 % of
the total fouling resistance (Fig. ), confirmed that cake filtration was the dominant fouling
mechanism, and the fouling alleviation was enhanced by increasing pore size. A similar trend
was noted in the A20-200, A0-600, and A20-600 membranes. The particle size of the particles
in the permeate was close to the average pore size of the membranes, as shown in Table.S4.3,
indicating the size exclusion played a critical role in rejecting particles in the feed. Additionally,
there was a reduction in irreversible fouling with increasing pore sizes since, at larger pore
sizes, a lower TMP led to less deformation of the oil droplets, so they were not pressed into the
pores. Given the fouling resistance and the excellent oil rejection with 99.4 + 0.3 % (PW B)
after cake layer formation, the A20-200 membrane was an optimal choice for separating the
PW B. However, for PW A with a smaller size distribution at 11.7 % of the size below 80 nm
(Fig.4.2), the oil rejection for the A20, A20-200, and A20-600 membranes was 99.1 + 0.4%,
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96.9 £ 0.5%, and 89.6 + 1.5% (Fig.S4.10 and Fig.S4.12). The A20 membrane is therefore a
promising choice. These findings indicated that choosing membranes with appropriate pore
sizes should be prioritized over a high initial permanence to achieve low fouling tendency and

considerable separation efficiency.

Fig. 4.7. Top view SEM images of fouled A0-600 membrane with a scale bar of (a) 10 pm and (b) 3 um. The
cross-section FIB-SEM image of A0-600 membrane with a scale bar of (c) 20 um and (b) 4 um.

4.3.6.Characterization of the fouling layer

SEM analysis was performed on the virgin and fouled A0 and A20 membranes to characterize
the chemical components and structures of organic components in the cake layers. The top-
view surface image of the virgin A0 and A20 membranes shows a porous structure (Fig.4.8a
and c). In addition, the FIB-SEM images show that, after a filtration time of 3 minutes, a cake
layer was not formed on the surface of the A0 membrane, and the thickness of the pore blockage
area was only 1 um (Fig.4.8 e-h). However, as depicted in Fig.4.8 h, a cake layer with a
thickness of 4 +£ 1 um was formed on the A0 membrane with 3-5 um pore blockage depth after

a filtration time of 20 minutes because the fouling layer was compressed by the permeate drag
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force and hydraulic pressure [262], indicating the severe fouling induced by the foulants. This
fouling layer was confirmed by the EDAX line scan of element C for the cross section of the
A0 membrane (Fig.S4.13). During the vacuuming stage of the SEM sample preparation, the
loss of volatile component resulted in the visualization of a fouling layer being composed of
colloidal (e.g. the heavier hydrocarbons existing in crude oil [263]), KCI/NaCl crystals and
non-volatile organic foulants, as indicated by the EDAX analysis of the foulant layer (Fig.S4.14)
and ions in the feed water (Table.S4.4), since, amongst others, the elements C, O, Fe, Na, Mg,
Al Si, CL, K, and Ca, were found in the foulant layer. According to the EDAX analysis, organic
compounds (23.61%) were predominant (Fig. S4.14). Meanwhile, the A20 membrane
exhibited moderate fouling, characterized by a loosely attached porous cake layer covering its
surface after a filtration time of 20 minutes (Fig.4.8k). These observations confirmed that
pristine Al,O3 membranes were more susceptible to fouling. The PW is alkaline (pH = 8.4),
causing inorganic salts to precipitate and resulting in membrane fouling [264]. The results of
the element mapping also showed that K and Cl had a similar distribution, probably due to the
formation of the KCI crystals in the dried membrane samples (Fig.S4.15). The membrane
surface of both A0, and A20 membranes after backwash was clean, and fouling was not
observed (Fig. S4.16). The support layer of the A0 membrane also remained clean without
observable foulants (Fig. S4.17), which confirms that the oil droplets probably did not deform
and pass through the membrane pores in the condition that TMP is smaller than the critical
pressure [265]. As shown in Fig. S4.18, the microporous structure and the internal fouling of
the A0 membrane in the top of the separation layer were not visible in the FE-SEM images,
due to limitations in the cutting techniques, which resulted in an uneven membrane cross-
section. Further surface polishing was needed for visualization. Overall, the FIB-SEM images
offer a clear visualization of the evolution of membrane fouling, allowing for a quantitative

assessment, and comparing the fouling of the A0 and A20 membranes.
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Cake Layer

Fig. 4.8. (a) Top view SEM images and (b) cross-section FIB-SEM images of the clean A0 membrane. (c) Top
view SEM images and (d) cross-section FIB-SEM images of the clean A20 membrane. (e) Top view SEM images
and (f) cross-section FIB-SEM images of the fouled A0 membrane at the filtration time of 3 minutes. (g) Top
view SEM images and (h) cross-section FIB-SEM images of the fouled A0 membrane at the filtration time of 20
minutes. (i) Top view SEM images and (j) cross-section FIB-SEM images of the fouled A20 membrane at the
filtration time of 3 minutes. (k) Top view SEM images and (1) cross-section FIB-SEM images of the fouled A20
membrane at the filtration time of 20 minutes.

4.3.7. Comparison of membrane fouling with two types of oily wastewater

The threshold flux of the A0 and A20 was 41 Lm>h! and 48 Lm?h’!, respectively, for the
filtration of PW A (Fig.S4.19), which was higher than when filtering PW B. Fig. 4.9 shows that
with a higher salinity and COD (PW B), compared with PW A, a higher (ir) reversible fouling
can be observed for both the A0 and A20 membranes. A dense and compact cake layer was
probably formed when filtering PW B due to the electrostatic shielding effect [266]. In addition,
the decreased electrostatic repulsion between the foulants and membrane surface reduced the
distance between the droplets, and promoting coalescence of the droplets [206]. However, the

A20 membrane still exhibited a lower (ir)reversible fouling compared to the A0 membrane.

The oil rejection of PW A (99.3 + 1.1 %) was a little lower than the oil rejection of PW B (99.6
+ 0.5 %), probably due to the smaller oil droplet sizes, see Fig. . The COD oil rejection of the
PW A by the A0 and A20 membranes was 78.9 + 2.7 % and 76.4 + 1.6 %, respectively, which
is also lower than the oil rejection PW B, with 81.7 = 1.1 % for the A20 membrane and 78.7 +
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1.3% for the AO membrane, respectively (Fig.S4.20 and Fig.S4.21). The TSS concentration is
below 8 mg/L in both the permeate of the A0 and A20 membranes for PW A and PW B, showing
a rejection over 99% (Table S4.5).
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Fig. 4.9. The normalized (a) fouling curve and (b) resistance of the A0 membranes and the A20 membranes for
the filtration of the PW A and the PW B at 50 L m 2 h™! with the CFV of 0.8 m/s.

4.3.8. Long-term filtration performance

Fig.4.10 shows that direct ceramic UF of PW using the A20 membranes allowed for a
continuous long-term operation of 24 hours (72 cycles), under a flux of 40 Lm>h! and a CFV
of 1.2 m/s. The reversible fouling was dominant and could be easily cleaned by physical
cleaning (e.g., backwash). Typically, direct ceramic UF needs regular physical actions such as
backwashing combined with chemical cleaning. After immersing the A20 membrane in 0.1 M
sodium hydroxide and 0.1 M citric acid for 1 h, respectively, the irreversible fouling was

effectively removed, and the permeability of the A20 membrane was recovered to 98.2 + 0.4%.
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Fig. 4.10. The fouling curve of the A20 membranes for 24 hours during the filtration of the PW B at the flux of
40 Lmh! with the CFV of 1.2 m/s.

4.3.9. Comparison of the ceramic MF/UF membrane for PW treatment

Table 4.2 summarizes various hydrophilic ceramic membranes used for PW treatment,
highlighting their pore size, filtration mode, and oil rejection performance. The SiC-deposited
membranes fabricated in this study exhibit smaller pore sizes and demonstrate effective oil
removal at various salinity and COD levels compared to ceramic UF/MF membranes.
Moreover, to the authors’ knowledge, this study is the first to apply SiC membranes in constant
flux mode for PW treatment, utilizing the smallest pore size (35 nm) reported among SiC

membrane [247, 267].

Table 4.2. Comparison of the ceramic membrane-based PW treatment technologies.

Material Pore size Filtration mode Oil rejection Ref
(nm) (%)
71O 1000 Constant pressure (2 bar) >97.22 [268]
Zr0>-TiO» 5 Constant pressure (1.4 bar) >99.9 [269]
710> 78 Constant pressure (1 bar) 98.8 [3]
ALO3 200 Constant pressure (2.5 bar) 99 [270]
TiO, 50 Constant pressure (0.4 bar) 80 [247,267]
SiC 500 Constant pressure (0.4 bar) 73 [247, 267]
SiC-deposited 139 Constant flux (40 Lm>h™") 97.6 This work
SiC-deposited 62 Constant flux (40 Lm2h™) 98.2 This work
SiC-deposited 35 Constant flux (40 Lm2h™") 99.7 This work
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4.3.10. Discussion

This study demonstrates the feasibility of using FIB-SEM to directly visualize reversible and
irreversible fouling of ceramic membranes. However, standardization of this technique remains
challenging, as results may vary with equipment, operator handling, and region selection. To
enhance reproducibility and achieve more quantitative insights, future work could combine
FIB-SEM imaging with advanced image collection and processing techniques [83]. For
example, machine learning—based image recognition can be employed to systematically
measure cake layer thickness and pore blockage depth, thereby reducing operator bias and
improving reproducibility. In addition, automated image analysis, statistical sampling of
multiple regions, and cross-validation with complementary techniques (e.g., OCT, X-ray
tomography) will help establish more quantitative and standardized use of FIB-SEM in

membrane fouling studies.

The reuse requirements for treated produced water depend strongly on the targeted application.
For example, PW is commonly reinjected to the well to maintain the hydraulic pressure within
the well, for this purpose, standards typically require oil & grease < 30 mg/L, turbidity < 5
NTU, and TSS < 5 mg/L [271, 272]. However, this practice is environmentally controversial
since the injected treated PW can migrate unto freshwater aquifers, leading to the groundwater
contamination [273]. As an alternative, Echchelh et al. reported that treated PW can be reused
in irrigating halotolerant crops [274]. Moreover, blending raw PW with desalinated water at
ratios between 2:1 and 1:4 can help mitigate long-term soil salinization [274]. Nonetheless,
most crops are non-halotolerant and therefore cannot tolerate high salinity. For these crops,
additional water quality requirements must be met, such as pH between 6.5 and 8.4, chloride <
70 mg/L, and nitrate < 10 mg/L [275]. The ceramic membranes investigated in this study
effectively reduced oil & grease and suspended solids, enabling compliance with reinjection
standards and halotolerant crop irrigation requirements. However, because MF/UF SiC
membranes do not remove dissolved salts, additional treatment processes (e.g., nanofiltration,
reverse osmosis, or softening) are necessary for safe irrigation of non-halotolerant crops. These
findings therefore highlight the role of ceramic membranes as a robust pretreatment step, while

emphasizing the need for further polishing depending on the intended end-use.
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4.4. Conclusion

ADO3 and SiC-coated membranes with different pore sizes to treat both synthetic and real
oilfield produced waters (PWs) were studied in a constant flux mode. The SiC-coated
membrane was successfully operated for one day, only by backwashing the membrane every
20 minutes, confirming the validity of direct ceramic UF of PW with SiC-coated membranes.
In addition, the SiC-coated membrane showed high efficacy in removing organic compounds
(>80%) and inorganic particles (>99%) with a lower (ir)reversible fouling, compared with
AlO3; membranes, induced by size exclusion and electrostatic repulsion, and less adsorption.
The permeate with over 99 % oil removal was feasible even after 72 manual cycles (24 hours)
and met the standards for reinjection or reuse in future desalination processes. The fouling
mechanisms in SiC-coated and AlO3 membranes were also analyzed with the help of FIB-
SEM imaging, concluding that pore blockage was the initial fouling mechanism, and
(reversible) cake layer fouling dominated the rest of the filtration cycle for both the SiC-coated
and the Al,O; membranes. Finally, it was concluded that employing the SiC coating and
selecting the appropriate pore size (62 nm A0-200), and CFV (0.8 m/s) based on the properties
of the PW is beneficial for fouling mitigation, potentially advancing the utilization of UF in

treating PW for reuse purposes.
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Supplementary information

Text S4.1. Synthetic O/W emulsions preparation

Mineral oil (330779, Sigma-Aldrich, the Netherlands), sodium dodecyl sulfate (SDS, 75746,
Sigma-Aldrich, the Netherlands), calcium chloride ( > 96%, 383147, Sigma-Aldrich, the
Netherlands) and sodium chloride ( > 99%, S9888, Sigma-Aldrich, the Netherlands), were used
for the preparation of the synthetic O/W emulsions. SDS-stabilized O/W emulsions were
prepared for membrane filtration experiments to investigate the impact of the salinity on
membrane fouling. To obtain 500 mg/L. SDS stabilized O/W emulsion, 2 g mineral oil, and
0.2g SDS with a mass ratio of 10:1 were added into 1L Demineralization (DI) water. The
mixture was then subjected to continuous high-speed stirring at 3000 rpm using a magnetic
stirrer (L32, LABINCO, the Netherlands) for one day, followed by ultrasonication in a sonifier
(3800, Branson, USA) for half a day, following the procedures outlined in previous studies [89,
164, 165].

Pressure gauge Water cooled flange

3-zone heating

’ ||| Wafers

SiH2Cl2

Paddle

C2H2/H

Mass flow controllers

Pumping system

To exhaust

Fig. S4.1. Schematic illustration of LPCVD system.
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Fig. S4.3. Linear relationship of mineral oil concentration with UV-vis absorbance.

The oil concentration of both the feed and permeate was measured by a UV/Vis

spectrophotometer (GENESYS 10S UV-Vis, Thermo scientifical, US) at 275 nm [128], while

the chemical oxygen demand (COD) of the samples was measured by a Hach

spectrophotometer (DR 3900, US) with COD cuvettes (LCK 314 and LCK 514, Hach) [192].

The feed was diluted to make a calibration line, as shown in Fig. S7, with a regression

coefficient higher than 0.999.

The soybean oil and COD rejection of the membranes were calculated by Eq. (1):
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Cp
R=(1-=2)*100% (1)
¢

where R is the rejection, C,, is the oil (mgL™') or COD concentration (mgL!) in the permeate,
and Cyis the oil (mgL!) or COD concentration (mgL™!) in the feed.
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Fig. S4.4. Linear relationship of mineral oil concentration with COD.
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Fig. S4.5. The particle size distribution of the O/W emulsions with different salinities.
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Fig. S4.8. Water contact angle of the (a) AO membrane and the (b) A20 membrane.
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Fig. S4.13. (a) The EDAX line scan of the cross-section of the fouled A0 membrane and (b)
the corresponding SEM image.
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Element Normalized
SEC Table : Default

Element Wt % At % BE-Rati Z A F
CHE 23.61 39.37 0.0497 1.0754
0K 0.93 26.20 0.0748 1.0510
FelL .9 2.12 0.0273 0.8654
Nak B.99 0.0685 0.9768
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ALK 3.78 0.0411 0.9651
SiK 3.39 0.0415  0.5904
ClE 10.88 0.1741 0.9315
E K 3.14 0.054%  0.9%300
CaK 1.77 0.0324 0.9482
Total 00.00

Fig. S4.15. Top-view EDS mapping result (element: Al, C, O, Cl, and K) of fouled A0
membrane. K and Cl showed similar distribution.
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Fig. S4.16. The top view SEM image of the cleaned (a) A0 and (b) A20 membrane.

Fig. S4.17. After the one-cycle filtration experiments, the top view SEM image of the support
8layer of the A0 membrane.
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Fig. S4.18. FE-SEM images of the cross section of the A) membrane.
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Table S4.1. Characteristics of O/W emulsions.

Oil Zeta WCA
Emulsion concentration SDS NaCl — CaCl, pH potential (%)
(me/L) (mg/L) (mM) (mM) (mV)
1 500 50 0 0 56 -552+0.14 17°+0.8°
2 500 50 1 0 5.6 -50.7£0.64 27°£1.2°
3 500 50 10 0 5.6 -43.2+097 35°+0.7°
4 500 50 1 1 5.6 -38.8+0.51 38°+1.4°
5 500 50 100 0 5.6 -31.5+40.79 54°+2.6°

Table S4.2. Reynolds number at different cross-flow velocities for the ceramic membranes.

Cross-flow velocity (m-s™)

Reynolds number (Re)

Flow patterns

0.4
0.6
0.8
1.0
1.2

1787
2681
3573
4466
5359

Laminar flow

Laminar-turbulent transition

Laminar-turbulent transition

Turbulent flow

Turbulent flow
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Table S4.3. Permeate of the A0 and A20 membranes for PW B.

Sample name Pore size (nm) PSD of Permeate (nm)
A0 41 36
A20 35 33
A0-200 81 146
A20-200 62 134
A0-600 181 267
A20-600 139 170
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Table S4.4. Ion concentration in the feed water (PW B).

Parameter PW B LOQ? MUP
Hg (ng/L) 0.554 0.005 25%
As (ng/L) 7.4 0.2 30%
Pb (ng/L) 46 0.2 20%
Cd (ug/L) 0.15 0.01 25%
Cu (ug/L) 160 0.5 25%
Cr (ug/L) 87 0.5 25%
Ni (pg/L) 330 0.5 25%
Zn (pg/L) 520 2 25%
Al (ug/L) 6300 5 40%
Ba (ug/L) 180000 1 25%
Fe (ug/L) 36000 2 25%
Mg (mg/L) 380 0.1 25%
Mn (ug/L) 3500 0.2 25%
Mo (ug/L) 410 0.2 25%
Na (ug/L) 32000 0.1 45%

S (ug/L) 340 0.1 20%
Sn (ug/L) 23 0.1 25%
V (ug/L) 28 0.2 30%
Ca (mg/L) 2200 0.05 25%

2 LOQ: Limit of quantification; ® MU: Measurement uncertainty
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Table S4.5. Characteristics of the permeate of the PW.

Chapter 4138

Parameters Permeate A0 Permeate Permeate AQ Permeate A20
(PWA) A20 (PWA) (PWB) (PWB)
Turbidity 7.7£3.0 7.5+£2.6 2.9+0.6 2.3+0.4
pH 7.58+0.28 7.46+0.41 8.29+0.20 8.37+0.33
Conductivity 48.1+£2.1 48.6+1.7 141.443.1 140.7+4.5
(mS/cm)
COD (mg/L) 1997+ 44 1713+ 32 5219+124 4530+89
TDS (mg/L) 263671685 20133+704 65950+£265 55150+465
TSS (mg/L) 8+5 6+6 8+5 615
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Chapter 5

Ceramic membrane filtration of natural and synthetic fibers in laundry
wastewater

———————————————————————————————————————————————————————————————————————————————————————————————————————

Natural fibers (67.8 %)

Synthetic fibers (32.2 %)

This chapter is based on:

Qin, G., Liu, Y., Rietveld, L. C., & Heijman, S. G. (2025). Ceramic membrane filtration of
natural and synthetic fibers in laundry wastewater. Under review by the Journal of Separation

and purification technology.
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Abstract

The clothes washing industry generates large volumes of laundry wastewater that, in principle,
can be well treated by ceramic membrane filtration. However, the fouling of ceramic
membranes by fibres/fragments from laundry wastewater could result in a decrease of the water
permeance across the membranes. In this study, synthetic wastewater containing cotton, linen,
polyester, and nylon fibres and real wastewater were characterized and prepared for the
filtration experiments, which were conducted at a flux of 70 Lm™h"! using an alumina (AL,O3)
membrane and a silicon carbide (SiC)-coated Al,O3 membrane. Results revealed that natural
fabrics, particularly cotton and linen, released higher chemical oxygen demand (COD) loads
than synthetic fibers when tested at equal mass, which was further supported by microscopic
and SEM imaging. Both the SiC-coated and Al.Os ceramic membranes demonstrated a high
fiber rejection (100%). However, the SiC-coated membrane exhibited a relatively lower
reversible and irreversible fouling, attributed to its highly negatively charged surface, which
repels the fibres that are negatively charged by negatively charged surfactants. The observed
fouling among different fibers corresponded well with the COD levels of the synthetic laundry
wastewater containing those fibers. Laser direct infrared imaging (LDIR) analysis confirmed
that natural fibers dominate in real laundry wastewater. Finally, treatment of hot real laundry
wastewater not only mitigates reversible and irreversible membrane fouling than when filtering
cold synthetic wastewater. The filtration of hog laundry wastewater could facilitate the
recovery and reuse of water, surfactants, and heat, offering a sustainable solution to reduce both

water consumption and energy costs.
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5.1. Introduction

Large flows of laundry wastewater are discharged during the washing of synthetic garments,
releasing over five trillion plastic fragments on the ocean’s surface [22]. Several authors have
studied various treatment technologies to treat laundry wastewater including microfiltration
(MF) [276], ultrafiltration (UF) [23], coagulation [277], and advanced oxidation [278]. Yang
et al. reported that during the domestic washing of synthetic fabrics, submicrometric particles
with sizes ranging from 100 to 600 nm are released [279], thus, UF have been considered to be
the most promising approach for removing these submicrometric fibers, making it also an

effective option for the reuse of the laundry wastewater [24].

However, fouling remains the primary challenge when using UF membranes for treating
laundry wastewater [72]. Ceramic membranes offer several advantages over polymeric
membranes, including a higher mechanical, thermal and chemical stability, as well as lower
fouling tendencies [95, 209, 210]. These benefits make them particularly suitable for treating
laundry wastewater in high-temperature and chemically harsh environments [23, 24]. The first
study on the evolution of the ceramic membranes fouling for laundry wastewater treatment was
done by the Kim et al., who reported that ceramic UF membranes have successfully been
applied for both the synthetic and real laundry wastewater treatment [23]. Kim et al. also
reported that ceramic membranes can be regarded as a potential alternative for the traditional
microplastic filter for the treatment of the household washing wastewater[71]. The ceramic UF
membrane was effective at removing suspended particulates in real laundry wastewater but less
effective in rejecting organic matter [23]. A large amount of microplastic fibres was found in
the laundry wastewater [280], having varying shapes, including fibres, films, foam, and

granules [281, 282], and sizes from 0.1 pm to 2 mm [282].

Silicon carbide (SiC) and alumina (Al2O3) ceramic membranes are commercially available and
widely used in wastewater treatment applications, standing out among other ceramic
membranes [19, 43, 100, 209, 210]. Our previous studies showed that the SiC-coated Al,O3
membranes exhibited a lower reversible and irreversible fouling than the Al2O3 membrane for
the filtration of oil-field produced water [204]. Hyeon et al. also found that SiC membranes are
more effective than Al,O; for laundry wastewater treatment because they have a higher
negative zeta potential (-24.3 mV) compared to the Al2O3 membrane (-4.7 mV) at a pH of 6

[282]. Synthetic fabrics such as nylon and polyester, as well as natural fabrics, including cotton
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and linen, are commonly used materials in fabric production [66]. It has been reported that the
natural fibers can make up 55% of the total fibers found in laundry wastewater and these fibers
take 1 to 5 months to fully biodegrade in the natural environment [66, 67]. However, most
studies have primarily focused on ceramic membrane fouling caused by filtering synthetic
laundry wastewater containing synthetic fibers rather than the natural fibers [23, 71, 72]. To
the best of our knowledge, ceramic membrane fouling caused by natural fiber has not been
quantitatively analyzed yet. Therefore, in this study, fouling induced by fabric fibers, especially
the natural fibers, using positively charged Al,O3; membranes and negatively charged SiC
ceramic membranes is presented. Filtration experiments were carried out in a constant flux
crossflow mode, using both synthetic and real laundry wastewater. The experiments were set
up to evaluate how membrane properties, and laundry water characteristics, including
temperature and fibric types, influence membrane fouling, thus, giving proper solutions for the
mitigation of membrane fouling mitigation and promoting water reuse and heat recycle in

laundry industry.

5.2. Materials and methods
5.2.1. Materials

Fabric materials made of 100% cotton, 100% nylon, 100% linen and 100% polyester were
purchased from a local store and used to prepare the synthetic laundry wastewater. The anionic
surfactant, sodium dedecyl benzene sulfonate (SDBS, powder, 289957-500G), was purchased
from Sigma-Aldrich, the Netherlands.

SiC-deposited Al2O3; membranes were obtained via low-pressure chemical vapor deposition
(LPCVD) using two precursors (SiH2Cl, and CoHb») at a temperature of 860°C, as reported in
our previous study [15]. The tubular Al,O3; membranes, provided by the CoorsTek Co., Ltd,
were chosen as substrate for LPCVD with permeabilities in the 360 = 12 Lm~h"'bar! range.
The membranes without coating and those with a coating time of 20 min were labeled as CO
and C20, respectively. The pore size of the CO and C20 membrane were 41 nm and 33 nm,

respectively, as determined from our previously reported results [15].

5.2.2. Membrane characterization
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Surface SEM images of the CO and C20 membrane were obtained by NovaNanoLab 600 (FEI
company, USA). The zeta potential of both the CO and C20 membranes was measured with an

electrokinetic analyzer (SurPASS 3, Anton-Paar, Graz, Austria).

5.2.3. Synthetic and real laundry wastewater

To study the effect of the charge of the emulsions on membrane fouling, various synthetic
laundry wastewater were prepared for the membrane fouling experiments. The washing
machine (WGG04408, Bosch, Germany) was cleaned by running empty cycles before the
preparation of the synthetic laundry wastewater. Linear alkylbenzene sulfonates (LASs) are
key anionic surfactants commonly found in detergents, including laundry powders and
dishwashing liquids [283]. SDBS, a specific type of LAS, was used as a detergent, with 0.75
g/L added to the 30L DI water and the 2.5 kg polyester cloth during the washing procedure,
based on the work of Hernandez et al. [284]. The same procedure was applied to the preparation
of the synthetic laundry wastewater, containing either 2.5 kg cotton, 2.5 kg nylon, 2.5 kg
polyester, or 2.5 kg linen fibers. The real laundry wastewater was collected from a laundry
company, Elis B.V., located in Uden, the Netherlands. The detergent usage was measured per
kilogram of clothing, with an average consumption of 10 + 1.5 mL per kilogram. The washing
process utilized approximately 14 + 1 liters of water per kilogram of clothing. The laundry
wastewater was generated from the following washing programs. The prewash was conducted
at 45°C, the main wash at 60°C, and the cool-down at 40°C. The particle size distributions of
the fabric fibers in the feed water were analyzed with a particle size analyzer (Bluewave,
Microtrac, USA). Meanwhile, the particle size distribution of the permeate water and the
laundry wastewaters’ zeta potential was measured using a Litesizer (DLS 700, Anton Paar,

Austria).

5.2.4. Filtration experiments with synthetic and real laundry wastewater

A constant permeate flux crossflow setup was used for fouling experiments (Fig.S5.1). A
constant flux of 50 Lm~h™! for the real laundry wastewater and 70 Lm~h™! for synthetic laundry
wastewater was selected, based on the threshold flux values determined for the CO and C20

membranes, respectively. These threshold flux values were determined though the
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conventional flux stepping method [15, 166, 167]. The fouling resistance was calculated
according to the resistance-in-series model [169, 170]. Detailed information about the filtration

protocol can be found in the Supporting Information (Text S5.1).

5.2.5. Qualitative and quantitative microplastic fiber characterization

Three methods were used to characterize the release of the fabric fibers. In the first method,
the fibers in both synthetic and real laundry wastewater, including feed and permeate samples,
were analyzed using a digital microscope (VHX-5000, magnificationx1000) equipped with a
wide-range zoom lens (VH-Z100R). Multiple images with a resolution of 1600x1200 pixels
with a scale bar of 10 um were captured for each feed and permeate sample to quantify the
number of fibers per milliliter. In addition, the area, perimeter and max/min diameter of the
fiber were identified by using the “auto area measurement function”. In the second method,
laser direct infrared imaging (LDIR) was used to identify the type and the number
concentration of microplastic fibers in the real laundry wastewater [24, 285]. In the third
method, the fabric fibers in the synthetic laundry wastewater were analyzed using Fourier
transform infrared (FTIR) spectroscopy (Nicolet™ iS50, Thermo Fisher Scientific, USA). The
analysis was conducted in attenuated total reflection (ATR) mode over a wavenumber range of
500-3600 cm™'. The scans were performed 60 times with a resolution of 4 cm™', and the data

spacing was set at 0.482 cm’!. Every FTIR measurement was conducted in duplicate.

5.3. Results and discussion

5.3.1. Synthetic laundry wastewater properties

The FTIR spectra (Fig.5.1a) shows the peaks of the four types of fabric fibers. Linen and cotton
fibers are primarily composed of cellulose, therefore, the key absorption peaks included 1100
cm ! (C-0), 2900 cm™!' (C-H), and 3400 cm™' (O-H). For the polyester fibers, the key
absorption peaks included 1100&1260 cm™! (C-0O), 1600 cm™!' (C=C) and 1712 cm™! (C=0),
which is in accordance with the absorption peaks given in literature [286, 287]. For the nylon
fiber, the absorption peak at 3299 cm™! confirms the presence of amine stretching, while the
peak at 1633 cm ™! indicates amine carbonyl stretching in the structure. These results are in line
with the ATR-FTIR spectra of these fibers that have been reported in literature [286, 287]. The
particle size distribution of the synthetic laundry wastewater is shown in Fig.5.1b. The average

particle sizes for cotton, nylon, linen and polyester fibers were 11.35 + 1.72 pm, 12.62 + 1.21
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um, 25.45 £ 2.36 um, 3.97 + 0.23 um, respectively. In contrast, Yang et al. have reported the
release of submicron particles (100—600 nm) during domestic washing of 12 different polyester
fabrics. The washing experiments were carried out using a Gyrowash lab washing machine
(James Heal, Model 1615), which contains eight steel containers designed to simulate
household washing conditions [279]. Meanwhile, Barrick et al. have reported that larger
microfiber sizes for cotton, nylon, and polyester, averaging 20.46 £ 5.36 um, 25.37 =5.24 um,
and 30.51 £5.09 um, respectively [68].

Cotton and linen fibers are both cellulose-based and hydrophilic [288], but when soaked in a
negatively charged surfactant solution, linen fibers (derived from flax) typically exhibit a less
negative zeta potential (—16.9£2.3 mV) than cotton fibers (—20.1+1.4 mV), as shown in
Fig.5.1c. This difference is attributed to the lower concentration of surface carboxyl groups
present on linen fibers, as well as less adsorption of the negatively charged surfactant due to
their hydrophilic nature [69, 289]. At neutral pH (pH = 7), nylon fibers lose most of their
positive charge due to the deprotonation of amide groups, indicating a near-neutral surface
[290]. However, when nylon fiber are released from fabric and interact with SDBS surfactant,
the negatively charged SO3™ groups of the SDBS adsorb onto nylon fibers. Additionally, the
hydrophobic nature of nylon fiber further promotes adsorption of the SDBS molecules,
particularly of the surfactant's hydrophobic tail. This combined adsorption caused a shift in the
zeta potential to -23.3+1.2 mV, a more negative value than those observed for cotton fibers and
linen fibers. Polyester exhibits an even higher surface hydrophobicity than nylon [291], and
tend to adsorb more SDBS surfactants by hydrophobic interactions. Thus, the zeta potential
was -33.6+1.8 mV, more negative compared to nylon, cotton, and linen. Ladewig et al. have
reported that at a pH of 10, synthetic fibers (polyester) exhibited a higher zeta potential of -69
mYV, compared to natural fibers (cotton), having a zeta potential of -24.5 mV [69]. Similarly,
Ripoll et al. have reported that at alkaline pH, natural fibers, such as cotton and bamboo, had a
lower absolute value of zeta potential, compared to synthetic fibers like polyamide [292]. This
difference has also been attributed to the higher zeta potential of hydrophobic fibers (e.g.,
polyamide) compared to the more hydrophilic fibers (e.g., cotton) [292].
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When the membranes were soaked in the SDBS solution, the zeta potentials of the CO and C20
membranes were -41.7 +2.4mV and -60.8 + 3.1 mV, respectively. This indicates the presence

of electrostatic repulsion between the membrane surfaces and the fibers.
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Fig. 5.1. (a): The FTIR spectra of the fabric fibers. (b): The fiber size distribution of the synthetic laundry
wastewater. (c): The zeta potential of the synthetic laundry wastewater containing cotton, linen, nylon, polyester
fibers and the CO and C20 membranes soaking into the SDBS solutions. (d): The COD concentration and
turbidity of the synthetic laundry wastewater containing cotton, linen, nylon, polyester fibers.

The COD concentrations of the synthetic laundry wastewater, after the washing of 2.5 kg of
the respective clothes, containing polyester, nylon, cotton and linen, were 2059 + 13 mg/L,
1680 = 16 mg/L, 2689 + 21 mg/L, 2440 + 25 mg/L, respectively (Fig.5.1d). The possible
explanation for the differences in COD is that natural fibers are more prone to abrasion and
damage and, thus, when subjected to friction and mechanical forces, they are more likely to
release fibers [293]. However, the synthetic laundry wastewater containing polyester had a

higher turbidity than the feed water containing nylon, cotton, and linen, probably due to the
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higher presence of smaller, suspended particles and fine fibrous fragments that scatter light

(Fig.5.1d) [294].

The fabric fibers had elongated and irregular shapes, and particularly those with a high aspect
ratio (length/diameter) were long with a narrow diameter, being potentially able to penetrate
membrane pores (Fig.5.2). The microscopic image of the cotton shows the relatively small and
uniformly distributed fibers, suggesting the release of finer fibers, which contributed to the
highest COD levels. In contrast, microscopic image of nylon displays a clean appearance with
minimal visible residues, corresponding to its lowest COD concentration (1680 + 16 mg/L),
indicating limited nylon fiber release. The microscopic image of the linen shows the clearly

visible fibrous fragments, corresponding to the second highest COD concentration. Polyester

shows scattered but noticeable fibrous structures and small particles, aligning with a moderate

COD value (2059 + 13 mg/L).

Fig. 5.2. Microscopic images of the cotton, polyester, nylon and linen fibers in the feed water.
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5.3.2. Real laundry wastewater properties

The fabric fibers had an average particle size of 9.26 + 0.57 um, ranging from a minimum of
56 nm to a maximum of 62.23 pm (Table 5.1 and Fig.5.3). The small sizes of the fibers can be
attributed to the potential degradation of natural fabric fibers or the desorption of their adsorbed
contaminants, which may release smaller substances (e.g., dyes, monomers, finishing
chemicals)[69]. This process could deteriorate water quality and accelerate membrane fouling.
The zeta potential of the laundry wastewater was -30.77+0.42 mV (Table 5.1), due to the

presence of anionic and non-ionic surfactants [295].

Table 5.1. Characteristics of the real laundry wastewater.

Parameters Real laundry wastewater
Turbidity 318+11
pH 7.91£0.29
Conductivity (mS/cm) 1.23+0.02
COD (mg/L) 4014+154
Zeta potential (mV) -30.77+£0.42
Mean particle size (um) 9.26+0.57
30|

0 10 20 30 40 50 60
Diameter (um)

Fig. 5.3. The particle size distribution of the real laundry wastewater.
In order to accurately identify the percentage and species of synthetic and natural fibers in real
laundry wastewater, the LDIR technique was used to analyse the real laundry wastewater
sample. Out of the 722+ 17 detected particles, the composition of 656 +21 particles was
successfully identified by matching their FTIR spectra with reference spectra from the software
library, using a minimum confidence threshold of 65%. Fig.5.4a shows the fiber length

distribution, and Fig.5.4b shows the fiber material distribution of the real laundry wastewater.
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The fiber identification spectra from the LDIR software are shown in Fig.S5.4. According to
the Fig.5.4a, the majority of the fibers have lengths ranging from 0 to 50 um, as indicated by
the particle size distribution results. The LDIR analysis (Fig.5.4b) revealed that 67.8% + 1.6%
of the fibers in the sample were natural, including 49.8% + 0.9% cellulose-derived fibers and
18.9% + 1.8% natural PA fibers, which including wool and silk [296]. The remaining fibers
were synthetic, consisting of 9.8% + 1.2% polyethylene terephthalate (PET), 6.4% + 0.7%
acrylates, 5.6% =+ 0.8% PA, and 4.0% + 0.7% Polyurethane (PU), along with smaller fractions
of 4.2% + 0.6% methylcellulose, and 2.3% =+ 0.4% polytetrafluoroethylene (PTFE). These
results indicated that natural fibers dominate in real laundry wastewater. It has been reported
that the natural fibers such as cotton and linen could make up 55% of the total fibers in the
laundry wastewater [67]. These cellulose-based fibers serve as an easily accessible carbon
source for microorganisms. In contrast, polyester and nylon, due to their hydrophobic nature
and non-sugar-based composition, are not biodegradable [297]. With the number of fabrics
fiber in the real laundry wastewater and the volume of the feed water, an total fiber
concentration of 4.23x10* L™! including 2.86x10* L' natural fibers and 1.37x10* L' synthetic

microplastic fibres was calculated.
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Fig.5.4. (a) Fiber length distribution and (b) fiber material distribution of the real laundry wastewater.
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5.3.3. Membrane fouling with synthetic laundry wastewater

The normalized TMP fouling curves, shown in Fig.5.5, indicate that cotton fibers caused the
most severe membrane fouling, followed by the linen, polyester and nylon. Among them, linen
fibers resulted in the highest irreversible fouling, probably due to the lower zeta potential of
linen fibers (—16.9+2.3 mV), which reduces the electrostatic repulsion between the fibers and

the CO and C20 membranes, promoting stronger adhesion and irreversible deposition.
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Fig. 5.5. The normalized TMP curve of CO and C20 membranes for different types of laundry wastewater
including (a): Polyester, (b): Nylon, (c): Cotton, (d): Linen; (e): Normalized fouling resistance of C0O and C20
membranes for different types of synthetic laundry wastewater. (f): Turbidity and COD rejection of CO and C20
membranes for various types of synthetic laundry wastewater.
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The trend of membrane fouling is consistent with the COD concentrations, which is in the order
of cotton>linen>polyester>nylon. To evaluate whether surfactants contribute to membrane
fouling, pure SDBS surfactant solutions were filtered. The results showed that the surfactants
did not cause either reversible or irreversible fouling of the CO or C20 membranes, as indicated
by the unchanged TMP with the increase in filtration time (Fig. S5.2). Therefore, the fouling
observed is attributed to the presence of fibers. Natural fibers thus caused more membrane
fouling than the synthetic fibers, probably due to the lower absolute values of zeta potential of
the natural fibers and higher COD load. In literature, natural fibers have largely been
overlooked, with research primarily focusing on synthetic fibers. This is likely due to the
assumption that natural fibers, being organic and biodegradable, pose a minimal environmental
risk [68]. For example, natural fibers, such as cotton and silk, have not exhibited toxicity toward
Daphnia magna, whereas synthetic fibers like nylon caused acute toxic effects on the organism
[68]. However, it has also been reported that natural fibers could serve as carriers for harmful
substances, as fabrics made from organic fibers are often treated with chemicals such as
chemical colorants and finishes [69]. These chemical additions could also slow down the

biodegradation process of natural fibers [70].

As shown in Fig.5.5f, the COD removal efficacies of the CO and C20 membranes were highest
for polyester fibers, reaching 82.3 = 0.8 % and 85.1 £ 1.4 %, respectively. A possible
explanation is that all the fibers were removed, and only the small molecules, such as
surfactants, and monomers, contributed to the COD measured in the permeate. In contrast, the
nylon fabrics released the lowest amount of fibers, thus, resulting in less adsorption of
surfactant onto the fibers and a higher concentration of surfactant in the permeate. This led to
low COD rejection by the CO membrane and C20 membranes, at 64.9 £2.1% and 70.9 £ 3.1%,
respectively. Because the COD, present in the permeate, mainly originated from the SDBS
surfactant, it could be recovered and reused if the wastewater were recycled. Additionally, all
fibers released from the fabrics were completely rejected by the membranes, as confirmed by

the microscopic images (Fig.S5.3).
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Fig. 5.6. SEM images of the fouled CO membrane, along with the corresponding element mapping (C, Al and O)
after treating the synthetic laundry wastewater containing (a) Polyester, (b) Nylon, (¢) Linen, and (d) Cotton.

As can be observed from Fig.5.6, the surface morphology and elemental mapping confirm that
different fabric fibers in synthetic laundry wastewater led to varying degrees of membrane
fouling on the CO membrane. The fouling layer on the C20 membrane was not studied since
the carbon in the SiC membrane influences the carbon distribution of the foulants (fiber) on
the membrane surface. Among all tested fibers, cotton resulted in the most developed cake
layer, covering approximately 91% of the membrane surface, as evidenced by the strong and
widespread carbon signal and the near absence of aluminum signal. The polyester led to the
second largest fouling, with about 65% of the alumina signal obscured, also suggesting the
formation of a substantial cake layer. The observed fouling appeared to be dominated by

foulant-foulant interactions, particularly hydrophobic interactions, rather than membrane-
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foulant interaction. With the increase in the filtration time, these interactions promote the
accumulation and growth of the cake layer and the porosity of the cake layer initially increases
during the early stage of filtration and then reaches a plateau [298]. Enfrin et al. have reported
a similar fouling mechanism, where polyester fibers produced via electrospinning and
cryosectioning, with a diameter of 13 = 7 um, led to a combination of internal pore blockage
and cake layer formation [299]. When treating synthetic laundry wastewater containing linen
fibers, the fibers were clearly deposited as cake layer on the membrane surface. In the case of
nylon fibers, the elemental carbon mapping showed a homogeneous but faint distribution of
carbon across the membrane surface, however, the aluminum signal remained clearly visible,
indicating that only a thin and sparse fouling layer with minimal surface coverage. This
suggests that nylon caused the least reversible fouling, which is related to cake layer formation,

consistent with the low COD value (1680 £ 16 mg/L).
5.3.4 Membrane fouling with real laundry wastewater

The threshold flux of the membranes

The threshold fluxes for the CO and C20 membranes were 48 Lm?h™! and 56 Lm>h',
respectively (Fig.5.7), thus, a constant flux of 50 Lm>h"! was selected for filtering the real

laundry wastewater.

30
30 A B
25}
25
20}
=20} =
[o] ©
0 0
= 15k
D15} 2
[u] ©
S S
10} =i
Jthresho\d =48 LMH
yd 05 L Jireshols = 36 LMH
0.5 "y .
o
ol &= *TUT CO 00 C20
1 1 1 1 1 | | 1 1 1 1 | 1
20 30 40 50 60 70 20 30 40 50 80 70 80
Permeate flux (LMH) Permeate flux (LMH)

Fig. 5.7. The threshold flux of the CO and C20 membranes for the real laundry wastewater treatment.
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The effect of the temperature and flux on membrane fouling

At the flux of 50 LMH (Fig.5.8a), a rapid increase in the normalized TMP for the CO membrane
indicates a higher fouling rate than the C20 membrane, which may be attributed to the lower
electrostatic repulsive forces between the CO membrane and fabric fibers. It has been reported
that fabric fibers, including natural and synthetic (microplastics) fibers, are primarily rejected
by membranes based on size-exclusion, with fibers smaller or larger than the membrane pores
potentially causing irreversible or reversible fouling, respectively [71]. In order to further study
the effect of flux on irreversible fouling, the flux was increased to 70 Lm>h’!, being higher
than the threshold flux of the both membranes (Fig.5.8b). A higher irreversible and reversible
fouling was observed for both CO and C20 membranes due to the increased treated volume.
However, the C20 membrane still outperformed the CO membrane, with a lower fouling
tendency. The performance gap between the two membranes became more noticeable at this

higher flux (70 Lm>h') compared to the low flux of 50 Lm™h.

In cloth washing industry, large volumes of reusable hot laundry wastewaters are being
discharged [300]. To evaluate membrane performance under realistic conditions, the filtration
experiments were conducted at the temperature of 20 °C and 60 °C (Fig.5.8c). At higher
temperatures, ceramic membranes usually exhibit a higher permeability due to the lower water
viscosity at higher temperature, potentially resulting in less fouling. Similarly, Paula et al. have
also observed an increased membrane fouling at lower temperatures during flux step
experiments [301]. The explanation could be that the detergents and surfactants (e.g., SDBS)
in laundry wastewater remain more soluble and induced micellization becomes interrupted at
higher temperatures, reducing their tendency to adsorb onto membrane surfaces [23, 302]. Also,
due to the stronger convective forces, because of decreased viscosity at higher temperatures,
the formation of the cake layer on the membrane surface is probably slowed down, leading to
a decreased reversible fouling . On the other hand, increased temperatures can increase fouling
in oily wastewater treatment, as the reduced viscosity of oil leads to droplet deformation and
greater potential for pore blockage in ceramic membranes [265]. From an economic perspective,
treating real laundry wastewater at 60 °C not only mitigates the membrane fouling, but also
enables the recovery and reuse of both water and heat, potentially reducing water consumption

and associated energy costs.
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Table 5.2. Characteristics of the permeate water.

Permeate water (C20)

Parameters Permeate water (C0)
pH 7.88+0.12 7.82+0.08
Conductivity 1.16+0.04 1.18+0.05
(mS/cm)
COD (mg/L) 1179+42 1128425
Zeta potential (mV) -19.41+0.32 -18.66+0.47
Mean particle size 12.38+0.34 12.13+0.56
(nm)
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Fig. 5.8. The normalized TMP curve of CO and C20 membranes under different conditions (a):T=20 °C, 50 Lm"
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Fig. 5.9. The particle size distribution in the permeate water of the CO and C20 membranes.

The COD concentration in the permeate was 1179 +42 mg/L for the CO membrane and
1128 +£25 mg/L for the C20 membrane. Based on these values, the calculated COD rejection
rates were 70.6% and 71.9%, respectively (Table 5.2). The particles in the permeate (Fig.5.9)
can be explained by the presence of spherical micelles of the surfactant ranging from 2 to 20

nm [295].

To further analyse the fibers in the real laundry wastewater, their morphologies were examined
using microscopic images (Fig.5.10). The contaminants in the feed water exhibited various
shapes, including fibers, films, fragments and chips [281, 282]. In contrast, microscopic
analysis of the permeate water revealed no visible fibers and particles, demonstrating the high
rejection (100%) performance of the ceramic membranes. It is reported that the natural fibers
such as cotton and linen could make up 55% of the total fibers in the laundry wastewater [67].
These cellulose-based fibers serve as an easily accessible carbon source for microorganisms.
In contrast, polyester and nylon, due to their hydrophobic nature and non-sugar-based

composition, are not biodegradable [297].
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Fig.5.10. Microscopic characterization of the feed and permeate of real laundry wastewater after treatment with
CO0 and C20 membranes.

5.4. Conclusion

The behavior of fiber release, membrane fouling, and fouling mitigation during the treatment
of synthetic laundry wastewater using pristine Al2O3 and a SiC-coated ceramic membranes was
presented. The fiber size distribution was characterized using light scattering-based techniques,
and the fouling experiments were conducted at a constant flux of 70 Lm~h™!. Results revealed
that natural fabrics, particularly cotton and linen, released higher COD loads than synthetic
fabrics, when tested at equal mass, in the trend of, cotton>linen>polyester>nylon, which was
further supported by microscopic and SEM images. Both the pristine and the SiC-coated
membranes showed a high fiber rejection (100 %), whereas the SiC-coated membrane showed
lower reversible and irreversible fouling than the Al,O3; membrane due to its highly negatively
zeta potential . The fouling order of the fibers in line with the COD concentration of the
synthetic laundry wastewater containing these fibers. Further, it was found that during
treatment of hot (60 °C) real laundry wastewater by the ceramic membranes, not only
membrane reversible and irreversible fouling was mitigated, but it also enabled the
simultaneous recovery and reuse of water, surfactants, and thermal energy, potentially offering
a sustainable strategy to reduce both water consumption and energy costs. The LDIR results
showed that natural fibers is dominant in the real laundry wastewater with number
concentration of 2.86x10* L', This study also highlighted the importance of paying greater
attention to natural fibers, as they can cause more severe fouling of ceramic membranes

compared to synthetic fibers during the laundry wastewater treatment process.
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Supplementary information
Text S5.1

The fouling experiments, consisting of six cycles, were conducted at the constant flux of 80
Lm>h! (Fig.4.1). This flux was estimated based on the threshold flux using the conventional
flux stepping method [15, 166, 167]. Each filtration cycle started with filtering the laundry
wastewater at a specified flux with a crossflow velocity of 0.6 m/s for 20 min. Between the
filtration cycles, backwashing was applied to eliminate reversible fouling, maintained at a
constant flux of 1080 Lm~h™! for 10 seconds. Finally, forward flushing with the feed water for
15 s at a crossflow velocity of 0.6 m/s to drain the concentrated water. Every fouling experiment

was conducted in duplicate.

The chemical oxygen demand (COD) of the water samples was measured by a Hach

spectrophotometer (DR 3900, US) with COD cuvettes (LCK 314 and LCK 514, Hach) [192].

The COD rejection of the membranes were calculated by Eq. (S.5.1):

C
R=(1-—2)*100% (S.5.1)
¢

where R is the rejection, C, is the COD concentration (mgL™) in the permeate, and Cris COD
concentration (mgL™) in the feed.
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Fig.S5.2. Fouling comparison of the CO and the C20 membrane during the filtration of SDBS surfactant
solutions.
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Fig. S5.3. Microscopic characterization of the feed and permeate of synthetic laundry wastewater containing
Polyester, Nylon, Cotton and linen fibers after treatment with CO and C20 membranes.
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Fig.S5.4. Particle identification spectre LDIR of real laundry wastewater.
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Conclusions and outlook
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6.1 Conclusions

In this thesis, the manufacturing, characterization, and application of SiC-coated ceramic
ultrafiltration membranes have been presented for treating synthetic oil-in-water (O/W)
emulsions, real oily wastewater and laundry wastewater. The membranes were prepared via
low-pressure chemical vapor deposition (LPCVD) at 860 °C and extensively characterized to
determine their pore structure, surface morphology, water permeance, mechanical strength,
surface charge, and wettability. Their separation performance and fouling were first evaluated
using synthetic O/W emulsions, focusing on the influence of deposition time, pH, surfactant
type, and membrane pore size. To further understand the fouling mechanisms, classical
Derjaguin-Landau-Verwey-Overbeek (DLVO) and extended DLVO (XDLVO) models were
applied to quantify the interactions between membranes, oil droplets, and deposited oil layers,
taking into account varying ionic strengths and different surfactant types (anionic, nonionic,
cationic, and zwitterionic). Building on this, the membranes were tested in real industrial
wastewater applications through direct filtration of produced water under constant flux
conditions, assessing the impact of salinity, operating conditions (flux and crossflow velocity),
and membrane pore size on fouling development. Fouling mechanisms, including reversible
and irreversible components, were visualized and distinguished using Focused Ion Beam-
Scanning Electron Microscope (FIB-SEM) imaging. Finally, the membranes were evaluated
for filtering synthetic laundry wastewater, containing both natural and synthetic fibers, as well
as real laundry wastewater under varying operational conditions, such as flux and temperature.
These studies have provided insights into fiber-induced fouling and led to practical strategies

for fouling mitigation, water reuse, and heat recovery in the laundry industry.

Overall, it can be concluded that SiC membranes showed a lower reversible and irreversible
fouling compared with the conventional Al,O3; membranes when treating negatively charged

O/W emulsions, real produced water, and laundry wastewater.

The specific conclusions drawn in response to the research questions are as follows:

Research question 1: How do LPCVD deposition time, emulsion pH, surfactant type, and
membrane pore size influence the fouling of SiC-coated ultrafiltration membranes during

filtration of synthetic oil-in-water emulsions?

The SiC-coated membrane exhibited a lower fouling than the conventional Al.Os membrane

when filtering negatively charged O/W emulsions, primarily due to its enhanced hydrophilicity
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and stronger electrostatic repulsion. As the SiC coating deposition time increased, both
membrane hydrophilicity and surface charge (zeta potential) improved, effectively reducing
membrane fouling, particularly when the membrane and oil droplets carried the same charge.
At a higher pH, increased electrostatic repulsion between the negatively charged oil droplets
and membrane surfaces further mitigated fouling. However, when treating positively charged
emulsions, stabilized by CTAB and Span 80 (zeta potential: 62.67 +£0.76 mV), the SiC-coated
membrane experienced the highest fouling due to electrostatic attraction. In contrast, fouling
was reduced with negatively charged emulsions stabilized by Tween and Span 80
(—21.30+£0.73mV), and was lowest with those stabilized by SDS and Span 80
(—58.3+0.82mV). Increasing the membrane pore size led to reduced reversible and
irreversible fouling, but also decreased oil rejection. Therefore, the SiC-coated membrane with
a 62nm pore size and 20-minute coating time was identified as the best choice for

microemulsion filtration, offering a high oil rejection with a low fouling propensity.

Research question 2: Do the DLVO and XDLVO models align with the observed fouling trends
of Al:0s and SiC-coated membranes when filtering oil-in-water emulsions stabilized by

different types of surfactants and under varying salinity levels?

The DLVO and XDLVO interaction energies of the membrane-oil droplet exhibited a strong
agreement with the fouling tendencies at all salinities. This shows the importance of the
electrostatic repulsion of the oil droplet by the negatively charged SiC membrane. The SiC-
deposited membrane showed less (ir)reversible membrane fouling than the A O3 membrane
when filtering O/W emulsions stabilized with SDS, APG, or DDAPS. The DLVO model
predicted a higher fouling tendency at higher salinity levels during the filtration of SDS, APG,
or DDAPS-stabilized O/W emulsions and a decreased fouling tendency for CTAB-stabilized
emulsion with the SiC-deposited membrane. However, at higher salinity levels, the XDLVO
energy barrier was affected by both the repulsive electrostatic double layer interaction and
attractive Lewis acid-base interaction. For the AlO3; membrane, the XDLVO model obscured
electrostatic double layer and Lifshitz-van der Waals interactions since the Lewis acid-base
component was dominant, confirmed by the diminished XDLVO energy barrier, whereas for
the SiC-deposited membrane, the electrostatic double layer interaction prevailed since the

energy barrier value was positive.
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Research question 3: How does the fouling of SiC-coated membranes vary when treating real
produced water under different fluxes, crossflow velocities, and pore sizes, and how do the

fouling mechanisms evolve as filtration time increases?

Real oilfield produced water with a high salinity (142 mS/cm) and high chemical oxygen
demand (COD) (22670 mg/L) was successfully treated in a constant flux mode using both
Al>O3; membranes and SiC-coated AlO3; membranes. The results show that irreversible pore
blockage occurred at the initial stage, while the subsequent fouling was dominated by a
reversible cake layer composed of organic and inorganic matter. The SiC-coated membranes
outperformed the pristine Al O3 membranes in terms of reversible and irreversible fouling
resistance. Furthermore, increasing membrane pore size and crossflow velocity, along with

decreasing the applied flux, effectively mitigated fouling on the SiC-coated membranes.

Research question 4: What is the fouling of positively charged Al:Os membranes and
negatively charged SiC-coated ceramic membranes during the treatment of synthetic and real

laundry wastewater?

Both the SiC-coated and Al:Os membranes demonstrated a high fiber rejection (100%) when
filtering synthetic laundry wastewater. However, the SiC-coated membrane exhibited a lower
reversible and irreversible fouling compared to the Al.Os membrane, attributed to its highly
negatively charged surface. The fouling tendency of the different fibers correlated with the
COD levels of the wastewater, following the order: cotton > linen > polyester > nylon. Further,
the treatment of hot real laundry wastewater, using SiC-coated membranes, not only reduced
both reversible and irreversible fouling, but also enabled the simultaneous recovery and reuse
of water, surfactants, and thermal energy, offering a sustainable approach to lowering water

consumption and energy costs.

6.2 Perspectives and outlook

6.2.1 The possibility of upscaling of SiC ultrafiltration membrane

Coating tight ultrafiltration ceramic membranes with SiC via LPCVD presents a promising
approach for producing SiC tight UF membranes suitable for desalination. For instance, our

group has developed SiC ultrafiltration membranes with a mean pore size of 7 nm, which is
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the smallest SiC membrane pore size reported for water treatment to date, achieving a sulfate
(SO4%) rejection of 79% [303]. However, the upscaling of the membranes still requires further
investigation for commercial implementation. Despite this progress, further research is needed
to scale up membrane production for commercial applications and to perform long-term testing
in full-scale industrial wastewater treatment. In contrast to the conventional sol-gel method
[160], our LPCVD-based fabrication method is potentially scalable. While advancements have
been made in the development of SiC ultrafiltration membranes, fabrication techniques for SiC

nanofiltration membranes remain underdeveloped.

6.2.2 SiC catalytic membranes

In the present thesis, emphasis is given to the use of SiC coated membranes for industrial
wastewater treatment. However, SiC is also one of the photoelectric semiconductor materials
that can be used as a substrate for manufacturing photocatalytic ceramic membranes. Among
them, especially 3C-SiC (2.36 e¢V), due to its small bandgap, can absorb light into the visible
spectrum and is suitable as a photocatalyst [304]. Although photocatalysis is a promising
degradation technology, a key limitation lies in the challenge of removing and recovering the
photocatalyst from the liquid after the reaction [305]. Zhu et al. have reported that SiC catalytic
ceramic membranes with B-SiC nano-wires exhibit a high efficacy in degrading organic
compounds under simulated sunlight [97]. Thus, integrating oxidation processes with ceramic
membranes to replace conventional water treatment methods using catalytic ceramic
membranes represents a promising direction for future research, although a major challenge is

the difficulty of delivering sufficient light into membrane modules.

6.2.3 Utilization of ceramic membranes at the end of their life

In the present thesis, ceramic membranes have only be used at laboratory scale. At real world
applications, the sustainability of the technology is of major importance. Nowadays, at the end
of their life, ceramic membranes are typically discarded as solid waste. However, these
membranes can be chemically treated or surface-modified to restore or even enhance their
filtration properties. Through these treatments, the old membranes can be reused as
ultrafiltration/nanofiltration modules, extending their life span and reducing waste. In addition,

Al>Oj3 ceramic membranes can be crushed into powder and then used to make ceramic products.
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Besides, Karatas has reported that discarded tubular ceramic membranes previously used for
industrial wastewater treatment can be repurposed. Specifically, a laboratory-scale gas-liquid
membrane contactor employing a discarded UF ceramic membrane was successfully used to
capture CO; from indoor air using a NaOH solution at ambient temperature [306]. Therefore,
research should further be conducted to explore and optimize the regeneration and recycling

pathways of used ceramic membranes.

6.2.4 OCT for the membrane fouling monitoring

In the presented thesis, ex-situ fouling characterisation of the ceramic membranes has been
done by Scanning Electron Microscope. However, in-situ membrane fouling monitoring
techniques, such as Optical Coherence Tomography (OCT), used for polymeric membranes,
remain unexplored for ceramic membranes. Future studies could therefore focus on OCT for
both visual in-situ fouling monitoring (e.g., observing stripping patterns of the foulants on the
membrane surface) and in-situ fouling structural analyses (e.g., measuring cake layer
thickness). Furthermore, correlation analysis could be conducted by linking in-situ real cake
layer thickness to membrane permeance decline and increased fouling with the increase in the

filtration time.
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6.2.5 From case studies to broader implications for other wastewater streams
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Fig.6.1. The fouling resistance for the Al,O3 and SiC membrane when filtering O/W emulsions, produced water

(PW), synthetic laundry wastewater (LW), real LW.

Both synthetic oily wastewater and synthetic laundry wastewater yielded higher fluxes (80 and
70 L m~h!, respectively) compared with real produced water and real laundry wastewater (50
L m~h™!). This indicates that real wastewaters impose harsher fouling conditions than synthetic
wastewater. Produced water (Chapter 4) was characterized by extreme salinity and high COD,
while laundry wastewater (Chapter 5) contained elevated temperatures and organic fibers.
Despite these compositional differences, both represent highly challenging environments

where polymeric membranes typically fail.

The comparative results highlight key differences. In produced water, oil fouling and high
salinity led to a high increase in TMP, whereas in laundry wastewater, although synthetic fibers

showed higher fouling tendencies than the natural fibers natural, overall fouling was less severe
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than oil fouling. Despite these differences, reversible fouling dominated in both cases,

primarily in the form of cake layer formation.

In practice, these findings suggest that the applicability of SiC membranes extends beyond the
two presented case studies. Other challenging waste streams, including oily wastewater from
petrochemical industry and food industry, often combine chemical aggressiveness and high
temperatures [259]. The robustness of SiC membranes under both extremes indicates a
promising potential for broader industrial adoption, especially as pretreatment steps or

polishing units in an integrated water treatment unit.

6.2.6 Practical deployment and scalability considerations

Membrane cleaning is a critical operational challenge. Physical cleaning, typically achieved by
backwashing, can only recover permeance loss caused by reversible fouling. When water flux
declines to about 40-50% of the initial value, chemical cleaning becomes necessary to remove
irreversible fouling [272]. Chemically enhanced backwash (CEB) and cleaning-in-place (CIP)
procedures using NaOH solution or NaOCI solution are recommended for effective fouling

control in ceramic membrane applications [307].

In terms of scalability, several aspects must be considered. The scale up of tubular Al,O3
supports, the deposition of intermediate Al,O3; layers made by slurry coating and LPCVD-
based fabrication of SiC separation layer all present potential throughput and cost constraints
[308]. Furthermore, the high capital cost of ceramic membranes remains a major barrier to
their large-scale use in water treatment. Large housings that accommodate multiple ceramic
membrane elements (e.g., CeraMac®, PWNT, the Netherlands) can effectively reduce overall
capital costs, thereby offering more engineering opportunities [305]. Large stainless steel
housings are usually employed to withstand high-pressure backwash [305]. With lower
requirements for frequent management and maintenance, robust and reliable ceramic
membranes have already been applied in small-scale potable water recycling plants in remote
locations, such as the Davis Station in Antarctica [309]. Although the fabrication cost of
ceramic membranes are higher than polymeric ones, studies suggest that the overall capital and
operating costs can be comparable in the long run, as ceramics can maintain higher fluxes over

longer operating periods [310].
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