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a b s t r a c t

Low-cost mullite-kaolinite material has recently received more attention as an alternative to conven-

tional ceramic materials such as alumina and silica to prepare ceramic hollow fibre membranes

(CHFMs) due to its high alumina contents and silica and thermal/chemical stability. However, weak bend-

ing strength is still one of the key bottlenecks that delay their commercial applications. In this work, we

successfully fabricate a novel mullite-SS HFM with enhanced bending strength using mullite-kaolinite

power with different stainless steel alloy (SS) 316 L contents of 0.0, 2.5, 5.0, 7.5, 10 and 12 % (w/w) as

a reinforcement material by phase inversion/sintering techniques. The SS alloy was a potential material

to enhance the mechanical strength of mullite HFMs due to its excellent mechanical properties. The

effects of the major fabrication parameters of SS contents, mullite contents, and fabrication parameters

such as air gap distance and bore fluid flow rates were well studied and evaluated through the fabrication

process. Fabricated mullite-SS HFMs were characterized by morphology, porosity, pore size/pore size dis-

tribution, and bending strength. Afterwards, they were evaluated in an oil/water separation system

regarding water flux and oil rejection rate. Based on the findings, there was a gradual increase in the

bending strength from 32.1 to 79.8 MPa with increased SS contents from 0 to 12 % (w/w). At 10 % (w/

w) SS, the satisfactory morphology with the balance between the bending strength of 66.7 MPa and

porosity of 29 % was obtained. This bending strength was significantly higher than reported for

mullite-kaolinite HFMs in previous works. Moreover, At 10 % (w/w) SS, the oil–water rejection perfor-

mance of 96.9% and the water permeation of 290 L/m2. h was satisfactory at the sintering temperature

of 1300 �C. These findings suggest the advantage of this membrane for various water treatment applica-

tions, such as oil/water separation, due to its outstanding physical properties.

� 2023 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams Uni-

versity. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).

1. Introduction

Water pollution is one of the significant global challenges

nowadays. It has been growing continually due to the high water

consumption by the increasing population and because of a variety

of industrial applications worldwide [1]. Developing techniques for

treating water has recently received popularity since water pollu-

tion seriously brings long-term impacts on public health and the

environment [2]. Various treatment technologies have been devel-

oped and tested to address the global problem for feasibility and

applicability [3]. Due to its adaptability, simplicity of use, energy-

efficient and cost-effectiveness, membrane separation technology

represents one of the most promising water treatment techniques

[3,4]. The technique is widely known for effectively handling oil/

water separation because of its cost-effectiveness and excellent

oil removal performance [5,6]. Ceramic membranes have an enor-

mous industrial possibility for effective oil/water separation due to

their outstanding chemical and physical stability, reducing opera-

tion costs [7]. Lahiere and Goodboy [8] reported the first use of

ceramic membranes for oil/water separation. They used a tubular
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ceramic membrane fabricated from alumina and tested it for oil/

water separation in a U.S. petrochemical plant. The separation per-

formance of the membrane reached about 94%, with a water per-

meation of 12.26 m3/day.

Ceramic hollow fibre membranes (CHFMs) have recently gained

more popularity in separation/filtration applications due to their

higher surface area-to-volume ratio, compactness, and effective

performance compared to other ceramic membrane modules [4].

Most of the previous works on CHFMs have been dedicated to

the preparation of CHFMs of alternative nature, low-cost materials

using mullite-based kaolinite [5], bauxite [9], industrial fly ash

wastes [10], alumina-mullite [11], rice husk ash [12], and

mullite-based ball clay [13] with microporous structure and

attempt for a high porosity to improve the water permeation.

To do common things uncommonly, researchers have recently

paid attention to fabricating CHFMs from low-cost mullite materi-

als due to their superior properties compared to other low-cost

materials [14]. Mullite can be a proper alternative to conventional

ceramic materials such as alumina and silica to prepare CHFMs due

to its high aluminosilicate content, high thermal resistance, low

thermal expansion/conductivity and high chemical and mechani-

cal stability [4,14]. According to the literature, mullite powder

can be prepared chemically using different materials such as baux-

ite [9], ball clay [13], kaolin clay [15] and kaolinite [5]. Among all

the materials, kaolinite showed better physical properties, such

as high mechanical properties, high refractory properties and low

plasticity. However, the CHFMs fabricated by kaolinite powder as

a low-cost material typically show a low bending strength of

14 MPa at a sintering temperature of 1350 �C due to the low den-

sity of kaolinite of 2.4 g/cm3 [4,5]. To overcome this bottleneck,

several studies have increased the mechanical properties of the

kaolinite-based HFMs by transforming kaolinite into mullite

through a series of chemical reactions with a higher density of

3.11–3.26 g/cm3 [4,14]. For example, Twibi, et al. [5] fabricated

the initial mullite-kaolinite HFMs with a higher mechanical

strength of 86 MPa than kaolinite HFM.

Despite their technological strength, mullite-based HFMs are

brittle and have weak bending strength due to their microstructure

pores, thin walls, weak bonds, and the nature of ceramic material,

which is fragile [5]. According to Schmeda-Lopez, et al. [16] and

Duke, et al. [17], the brittleness of CHFMs increases their breaking

dangers at high operational conditions, including pressures, flow

rates, and vibration, as well as the supports of CHFMs, tend to col-

lapse at the membrane interface and seals [4]. This constrains their

commercialization in practical industrial applications and affects

their filtration performance.

To cope with this bottleneck, several studies reported that add-

ing reinforcement materials was deemed feasible to enhance the

bending strength of CHFMs fabricated from low-cost materials

and open the path for CHFMs to be commercially applied in water

treatment applications for long operations. Several studies on

CHFMs fabrication employed reinforcement materials, such as

vanadium pentoxide (V2O5) [18], vanadium attapulgite clay [19],

and yttrium oxide (Y2O3) [20], to improve the bending strength

of low-cost CHFMs for various water treatment applications. How-

ever, all these reinforced CHFMs still exhibit weak bending

strength.

Although superior properties of stainless steel alloy (SS) 316 L

include high corrosion resistance, high corrosion resistance, high

resistance to chemicals and chlorides due to its nickel and molyb-

denum content, high-temperature resistance, high mechanical

strength, and excellent robustness [21], to the best of our knowl-

edge, no previous study has incorporated SS as a reinforcement

material to enhance the bending strength of mullite HFMs. To

bridge this knowledge gap, this work develops the bending

strength of mullite HFMs using different strengthening SS contents

(i.e., 0, 2.5, 5.0, 7.5, 10 and 12% (w/w)) as a strengthening material

by phase inversion/sintering technique for effective oil/water

separation.

The primary role of using the SS powder was to fill the large

gaps between the mullite particles to reinforce the bending

strength of the prepared membranes, stabilizing the structure of

pores, and reducing the large pores sizes of the mullite-kaolinite

HFM. Before the membrane preparation, the mullite and SS pow-

ders were characterized by X-ray fluorescence (XRF), X-ray diffrac-

tion (XRD) and Brunauer–Emmett–Teller (BET) method.

Subsequently, the mullite-SS HFMs were characterized in terms

of the effect of the fabrication parameters, such as SS contents,

air gap distance, and bore fluid flow rate on the physical properties

of mullite-SS HFMs, including morphology, bending strength, pore

size, porosity, pore size distribution to obtain the best SS content

that provides the best physical properties to fabricate mullite-SS

HFMs. In addition, the performance of oil–water separation of

mullite-SS HFMs concerning oil rejection rate and water flux was

further evaluated and compared to those of previous studies.

2. Materials and methodology

2.1. Materials

Mullite-kaolinite powder with a particle size of 18 lm was pur-

chased from Shijiazhuang Huabang Mineral Co., Ltd Chania and

used as a primary ceramic material. SS alloy powder (SS 316L) with

a particle size of 3 lm was obtained from Alfa Aesar and used as

reinforcement material. N-methyl-2-pyrrolidone (NMP) was sup-

plied by Sinopharm Chemical Reagent Co., Ltd. and used as a sol-

vent. Arlacel (P135, CRODA) was used as a dispersant.

Polyethersulfone (PESf, Radel A-300, Ameco Performance) was pur-

chased from Amoco Chemicals and used as a polymer binder and a

viscosity enhancer. Distilled and tap water were used as internal

and external coagulants, respectively. Mullite powder, SS 316L

powder, and PESf were dried at 60 �C before use, and NMP was

used without further treatment.

2.2. Material characterizations

Characterization of mullite/SS powders played an important

role in the integration quality between mullite/SS particles. Mul-

lite/SS characterization provided a better understanding of the

powder’s composition, crystallinity, surface area etc. It also

explained whether the alumina/silica contents in mullite powder,

SS contents and their impurities met the required specifications.

Therefore, fluorescence (XRF, Rigaku, Smart Lab, Japan) was

applied to determine the composition of the mullite and SS pow-

ders at temperatures of 18 �C � 28 �C and relative humidity lower

than 75%. First, mullite powder composition was obtained by com-

bining 8 g of mullite powder with 2 g of cellulose wax which

served as a binder to form a mixture of mullite and cellulose. Next,

the mixture was pressed to 20–30 torr (mmHg) pressure to form a

pellet, which was then placed in a sample holder for analysis.

X-ray diffraction (XRD, Rigaku, Smart Lab, Japan) analysis ana-

lyzed the crystalline structure of mullite and SS powders sepa-

rately under ambient conditions. The examination was conducted

by a Rigaku Smartlab X-ray diffractometer (Model: D5000 Siemens,

Japan) with a copper anode. The sample was placed on a silica glass

sample holder for spitting with a thin gold coating layer for 3 min

under a vacuum. The diffraction patterns were generated by beta-

filtered CuKa radiation with a wavelength (k) of 1.5406 oA at

30 mA, and a 40 kV monochromator produced from a Pan Analytic

Diffraction X-ray tube. The diffraction patterns were obtained

N.M.A. Omar, M.H.D. Othman, Z.S. Tai et al. Ain Shams Engineering Journal 15 (2024) 102260

2



across a diffraction angle range of 10� to 80� with a step size of

0.026�, step time of 50 s, and a constant anti-scatter slit of 1/4.

The surface area of mullite and SS powders was evaluated by

measuring the ability of mullite and SS powder to adsorption/des-

orption nitrogen at 196 �C. This method uses a micromeritics

device with a high-resolution surface area analyzer (Model, Bel-

sorp Max, BEL Japan Inc., Osaka, Japan) to measure the surface area

of mullite and SS powder in relative pressures ranging from 0 to

0.99, whereas the specific surface area of BET was determined at

classic relative pressures ranging from 0.05 to 0.30.

The thermogravimetry analysis (TGA) was used to evaluate the

weight change of mullite and SS powders as a function of temper-

ature using a TGA (Mettler Toledo, SDTA851e). This analysis is

important for determining the thermal stability and composition

of mullite and SS powders. The TGA (Mettler Toledo, SDTA851e)

conducted the thermal analysis. The samples were subjected to

gradual heating from 30 to 1350 �C at a rate of 10�C/min under a

nitrogen (N2) atmosphere. The degree of dihydroxylation, which

indicates the loss of structural water, was determined through

the following Equation (1) [22]:

D ¼ 1�
Mm �Mtð Þ

Mmð Þ
ð1Þ

where D: Degree of dihydroxylation, Mm: Maximum loss of mass,

Mt: Loss of mass at a certain temperature in the TGA curve.

2.3. Fabrication of mullite-SS composed HFMs

The optimum ceramic loading in the dope suspension for cera-

mic membrane fabrication was 50–60% (w/w), as Li [23] reported

earlier. Consequently, this study obtained the best continuous

and stable resultant mullite HF at 57% loading and mullite-SS

HFs ranging from 54.5 to 45.0 % loading. Based on this observation,

five dope suspensions were prepared with different mullite and SS

powder contents with a total solid loading of 57%, as presented in

Table 1.

The Arlacel P135 dispersant was gently mixed in the NMP sol-

vent until entirely dissolved. Arlacel (P135) is the most common

dispersant for ceramic dope suspension preparation. This disper-

sant showed outstanding results in ceramic dope suspension

preparation, as recorded in many studies in the literature

[5,6,12,24,25]. The advantages of the Arlacel P135 are its function

in improving the homogeneity and stability of the ceramic suspen-

sion, better control over the size and distribution of the ceramic

particles in the suspension, reducing the accumulation/sedimenta-

tion of the ceramic particles and the ability to improve the adhe-

sion between the particles of ceramic [26]. Afterwards, the

mullite and SS powders mixture were batch-wise added to the

NMP and Arlacel P135 mixture with gentle mixing in a milling

jar. The mixture was milled for 48 h in a ball miller at 190 rpm

to form a mullite-SS homogeneous dope suspension. Afterwards,

Table 1

Composition of mullite and SS dopes suspension.

Dope

suspension No.

Mullite

(wt. %)

SS

(wt. %)

Dispersant

(Arlacel P135, wt. %)

NMP

(wt. %)

PESf

(wt. %)

1 57.0 0.0 1 35 5

2 54.5 2.5 1 35 5

3 52.0 5.0 1 35 5

4 49.5 7.5 1 35 5

5

6

47.0

45.0

10

12

1

1

35

35

5

5

Fig. 1. Schematic diagram of mullite-SS dope suspension preparation steps.
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the polymer binder (PESf) was added to the mullite-SS homoge-

neous dope suspension and subjected to a further 48 h milling

using a ball miller at 190 rpm to attain homogenous dispersion

of mullite and SS particles. Later, the mullite and SS dop suspension

was degassed by gently mixing for 1 h at ambient temperature to

remove trapped air in the dope suspension before spinning. The

mullite and SS dope suspension separation steps are shown in

Fig. 1. After degassing, the mullite-SS dope suspension was drawn

into a SS syringe for extrusion and phase inversion. Next, the

mullite-SS dope suspension and internal coagulant (distilled

water) were spun together through a tube-in-orifice spinneret

with an inner diameter of 1 mm and an external diameter of

2 mm by syringe pumps at a steady flow and ambient temperature

to form mullite-SS HF pristine before immersing into the external

coagulant bath (water bath). The spinning parameters are listed in

Table 2.

Then, the mullite-SS HF precursor was kept in the water bath

overnight to complete the phase inversion of the mullite-SS HF

and NMP traces removal. Later, the mullite-SS HF precursors were

dried overnight at ambient temperature and then cut 20 cm before

passing to the sintering process. A schematic diagram of the extru-

sion of mullite-SS dope suspension and phase inversion technique

is shown in Fig. 2.

The last stage was sintering the precursor mullite-SS HFs at

1350 �C based on the heating profile shown in Fig. 3. The sintering

temperature profile for ceramic membranes can vary depending on

the specific ceramic material and the desired properties of the final

membrane. First, the furnace temperature increased from room

temperature to 600 �C at a heat rate of 2 �C/min. Next, the temper-

ature was fixed at 600 �C for 2 h to remove polymer binders to pre-

vent defects and impurities during high sintering temperatures.

Afterwards, the temperature was raised to reach the target temper-

ature of 1350 �C and fixed for 6 h to sinter the mullite-SS HF pre-

cursor and form mullite-SS HFMs. At 1350 �C sintering

temperature, proper solidification and integration between mullite

and SS particles were obtained. In addition, at sintering tempera-

tures below 1350 �C, the mullite-SS HFM was still brittle.

The final step was the reduction process of all fabricated

mullite-SS HFMs fabricated at different SS contents using hydrogen

(H2) flow in a tubular furnace at 800 �C for 4 h to reduce any iron

oxide (Fe2O3) formed to iron (Fe). This technique was preferable for

the reduction process by H2 to flowing H2 during the sintering pro-

cess of the mullite-SS HFMs for several reasons: 1) safety, 2) lower

temperature used up to 800 �C, as compared to at sintering process,

which reached 1350 �C, 3) less reduction of Fe2O3 to Fe was

obtained. According to Rui, et al. [27], pure H2 efficiently reduced

the Fe2O3 to Fe up to 100%.

2.4. Characterizations of mullite-SS composed HFMs

The rheology behaviours of mullite and SS dope suspension

were tested by Brookfield viscometer at a shear rate from 1 to

10 s�1. Scanning Electron Microscopy (SEM, Hitachi Model TM

3000) was applied to characterize the morphology of prepared

mullite-SS composed HFM at 30 kV and different magnifications.

The sample was carefully snapped and located on a rectangular

SEM stub and sputter-coated with a thin gold layer for 2 min under

a vacuum before the analysis. The Instron tester (Model of 5544)

was used for a three-point test to evaluate the bending strength

Table 2

Spinning parameters of mullite-SS HFs pristine.

Spinning parameters

Air gap distance (cm) 5, 10, 15, 20

Bore fluid flow rate (ml/min) 4, 6, 8, 10

Extrusion rate (ml/min) 10

Extrusion pressure (bar) 1

Internal diameter of spinneret (mm) 1

External diameter of spinneret (mm) 2

Internal coagulant Distilled water

External coagulant Tap water

Fig. 2. Schematic diagram for extrusion and phase inversion technique.
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of the mullite-SS HFM. The used load cell for this tensile tester was

1 kN. Next, the mullite-SS HFM was placed on a sample holder at a

distance of 5 cm, and the speed loading applied on the sample was

0.25 mm/min till the membrane cracking occurred. The following

Equation was used to estimate the bending strength of mullite-

SS HFM [28]:

rF ¼
8FLDo

p D4
o� D

4

i

� � ð2Þ

where rF (MPa): Bending strength, F (N): Load at the break, L

(5 cm): Span length, Do (m): Outer diameter and Di (m): Inner

diameter.

Mercury intrusion porosimetry (MIP, Micromeritics AutoPore IV

9500 Series, USA) was used to estimate the porosity, pore size, and

pore size distribution of mullite-SS composed HFM. First, the sam-

ple was prepared by gently crashing the mullite-SS composed HFM

into tiny pieces on a 5 cc penetrometer sample holder. Next, the

measurement was gathered by mercury porosimetry at low pres-

sure ranging from 38.6 � 103 to 4.2 � 103 bar to assure adequate

mercury penetration into membrane pores. Then, the penetrome-

ter was filled with mercury according to a low-pressure gauge.

Next, the penetrometer was weighed and placed into the high-

pressure orifice filled with the membrane sample and mercury.

Finally, the porosity and the pore size were calculated, while the

pore size distribution was graphed.

The hydrophilicity of the mullite-SS composed HFM was evalu-

ated by measurement of contact angle value using the goniometer

test (Model: OCA 15 EC, Dataphysics, Germany). The distilled liquid

water drops were vertically dropped out on the different areas of

the outer surface of the membrane. A high-resolution camera

was used to monitor the change in the images. The average contact

angle values were obtained to reduce the inaccuracy throughout

the test. This test was repeated more than 3 times to obtain a more

accurate result. The crossflow filtration system was used to evalu-

ate the water permeation and oil rejection efficiency of mem-

branes, as shown in Fig. 4. The test was carried out at a pressure

of 2 bar for 120 min. The water permeation was determined by col-

lecting the penetrable volume in unit time and area as described by

the following Equation.

J ¼
V

A � Dt
ð3Þ

where: J (L/h.m2): flux, V (L): collected water volume on the perme-

ate side, Dt (10 min): collecting time of water, and A (m2): mem-

brane area.

2.5. Oil rejection performance measurement

The performance of mullite-SS HFMs for oil rejection from the

water was evaluated using three different oil/water emulations

with varying concentrations of vegetable oil (i.e. 1000, 1500, and

2000 ppm). To prepare the oil–water emulsion samples with con-

Fig. 3. The sintering temperature profile of mullite-SS HF precursor.

Fig. 4. Schematic diagram of the oil/water filtration system.
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centration1000, 1500, and 2000 ppm at room temperature, 2, 3 and

4 g of oil were added to 2 L of distilled water. Sodium dodecyl sul-

fate (an anionic surfactant) was also added to each oil–water emu-

lation in a 1:4 ratio [28]. A mixer homogenizer (Model: EKOMIX

2403, China) was used to stir the mixture at 1200 rpm for

20 min until the SDS fully dissolved, resulting in a homogenous

oil–water emulsion. The non-appearance of an oil layer confirmed

the stability of the produced oil–water emulsion at the surface

after 4 days and no other indications of degradation related to coa-

lescence or loss of homogeneity. A crossflowmicrofiltration system

was used for this test for 120 min. The membrane module used in

this study comprised a cylindrical stainless steel housing including

three mullite-SS HFMs with an active length of 10 cm. The oil–wa-

ter emulsion was pumped from a 4 L feed tank using a centrifugal

pump. The flow velocity and pressure were measured using a flow

meter and two manometers, respectively, and were set to 1.5 bar

and 2.0 L/min, respectively. The filtered water was collected in a

clean container positioned underneath the end of the membrane

module. Before and after filtration, the oil/water feed absorbance

levels were measured using a visible spectrophotometer (UV,

DR500, Hach) at a wavelength of 273 nm. The rate of oil rejection

was calculated using Equation (4).

R ¼
Cf�Cp

Cf

� 100% ð4Þ

where R (%): Oil rejection, Cf (g/L): Concentration of the feed and Cp

(g/L): Concentration of permeate.

3. Results and discussion

3.1. Properties of mullite and SS powders

The chemical compositions of mullite and SS powders were

determined via XRF analysis, as indicated in Table 3. Mullite was

mainly composed of silica and alumina, with respective contents

of 59.6 and 39.1 % (w/w). Interestingly, the total alumina and silica

content of mullite (98.7 % (w/w)) were higher than other alterna-

tive ceramic materials, such as palm oil fuel ash [29], waste sugar-

cane bagasse ash [30], zeolite [31], corn cab ash [32], and bentonite

[28].

According to the XRD curve in Fig. 5 (A), mullite and quartz

were the dominant crystalline phases in the mullite sample. The

mullite sample also contained minor cristobalite phases. Mean-

while, the XRF results show that SS powder was composed of iron

(Fe) (69% w/w), chromium (Cr) (18 % (w/w)), nickel (Ni) (10 % (w/

w)) and molybdenum (Mo) (3% (w/w). This result was consistent

with the XRD results in Fig. 5 (B), demonstrating high Fe, Cr, and

Ni intensity.

The BET hysteresis was used to evaluate the surface area of mul-

lite and SS powders as a function of pore size/particle size. The hys-

teresis in this analysis was attributed to the thermodynamic effect,

network effect or both. This analysis used capillary condensation

and multilayer adsorption in mesoporous solids adsorption for VI

and V isotherms types. As seen in Fig. 6 (A) and (B), the BET surface

areas of mullite and SS were 23.4 and 1.5 m2/g, respectively. The

reason for the tendency of mullite towards a higher surface area

than SS could be attributed to the differences in particle size,

aggregate distribution, porosity, and size distribution, especially

for fine and small particles such as SS particles. Additionally, it

could be attributed to the fact that large particles size, such as mul-

lite particles, had a perfect shape, whereas very small microparti-

cles, such as SS particles, behaved similarly to nanoparticles

which usually did not have a regular/entire shape. Their size most

likely was shown to be equivalent to sphere diameter. In other

words, the volume of very small particles was measured first and

then converted to a diameter of a sphere with the same particle

volume [28 33]. The V isotherm type was produced corresponding

to the IUPAC classification method, and the H1 isotherms loops

type was observed for mullite and SS powders. According to Ayinla,

et al. [34], the data portrays H1 isotherms usually describe materi-

Table 3

Mullite-kaolinite and SS chemical composition analysis.

Components Mullite-kaolinite % (w/w) SS % (w/w)

SiO2 59.6 –

Al2O3 39.1 –

Fe2O3 0.5 –

TiO2 0.7 –

Cr – 18.0

Ni – 10.0

Fe – 69.0

Mo – 3.0
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als with narrow distribution and uniform cylinder-shaped pores

and show a better consistent pore size and simple pore connection.

The thermogravimetry analysis (TGA) results for mullite-based

kaolinite, and SS 316 L powders are shown in Fig. 7 (A & B) as

curves representing the weight loss as a function of temperature

presented in the sintering profile in Fig. 3. As seen in Fig. 3, in

the pre-sintering step from room temperature of 31 �C to about

600 �C, the mullite powder displays a gradual weight loss of about

0.417%, as shown in the TGA curve (Fig. 7, A). This significant

weight loss could be attributed to the loss of the hydroxyl (OH)

group bonded to the water molecule and the decomposition of

organic materials, as reported elsewhere in the literature [13].

Additionally, it could be attributed to the structural water loss

from the mullite powder. However, increasing the temperature

from room temperature to 600 �C (pre-sintering step) for SS 316

L increases the weight of SS gradually, as exhibited in the TGA

curve in Fig. 7 (B). The reason for this could be the gradual release

of the adsorbed gases by SS powder at low temperatures, which

increases the SS weight [35].

Above 600 �C, the mullite weight increased (see Fig. 7, A). This

increase could be because when the temperature is above 600 �C,

mullite undergoes a phase transformation and releases some SiO2

as a gas. This results in weight loss in the mullite [36]. On the other

hand, during this phase transformation, the Al2O3 molecules in the

material react with the remaining SiO2 to form a newmullite phase

with a higher aluminium content. This phase has a higher density

than the original mullite and contributes to the observed weight

gain in the mullite [36]. As for SS, a sharp weight increase was

observed over 600 �C, as shown in Fig. 7, B. This increment could

be attributed to the quick oxidation of SS due to the presence of

chromium, which forms a protective oxide layer on the surface of

the steel [37]. At high temperatures, this oxide layer may start to

break down, leading to the oxidation of the steel. The oxidation

of steel results in the formation of metal oxide, which is heavier

than the original steel [38]. This may also contribute to the weight

increase observed during TGA analysis. The decomposition of

organic compounds in the SS could also increase the SS weight at

high temperatures. The decomposition of these compounds could

release gases such as carbon dioxide or water vapour, which can

contribute to the weight increase observed during TGA analysis.

A similar trend of the TGA curve of SS 316 L was reported in the lit-

erature by Jang, et al. [37].
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3.2. Rheological characteristics of dopes suspension

The effects of varying the SS contents (0.0, 2.5, 5.0, 7.5, 10 and

12 % (w/w)) on all mullite-SS dopes suspension viscosity were

studied through shear rates between 1 and 10 s�1. As seen in

Fig. 8, the effects of the SS contents on the viscosity of all

mullite-SS dopes suspensions differed. The dope suspension with

12% (w/w) SS showed the highest viscosity, while the suspension

with the SS loading of 0 % (w/w) showed the lowest viscosity.

The suspension viscosity obviously increased when the SS contents

in the dope suspensions were increased from 2.5, 5.0, 7.5, 10 to 12

% (w/w). Several reasons could explain this observation, such as

increased particle concentration, particle size, interparticle interac-

tions, and surface charge changes. Adding SS to the mullite dope

suspensions resulted in an increased concentration of suspended

particles, which increased the viscosity of the dope suspensions.

The increase in concentration caused the particles to become more

closely packed, leaving less space for the fluid to flow through. This

increased crowding creates greater internal friction, leading to

higher viscosity. Adding SS to a mullite suspension also increased

the size of the suspended particles. With an increased particle size,

the viscosity of the suspension escalated due to the amplified con-

tact area between particles, creating higher friction and resistance

to flow. Ceramic particles generally possess a negative surface

charge that hinders their tendency to aggregate by repelling each

other. However, when SS was added to mullite dope suspensions,

the surface charge of the particles changed, facilitating their attrac-

tion towards one another and leading to the formation of aggre-

gates and increased viscosity of the dope suspensions.

Furthermore, incorporating SS into a mullite dope suspension

affected the interaction between the ceramic particles. Introducing

SS particles to the mullite suspension formed the bonds between

SS and mullite particles, resulting in a network of particles more

resistant to flow. Consequently, this increases the viscosity of the

dope suspensions. This finding was similar to that of Deng, et al.

[39], who reported that a gradual increase in the titania (TiO2) from

0 to 9 % (w/w) to the mullite dope suspension led to a gradual

increase in the dope suspension viscosity.

Another significant observation was that all dope’s suspension

viscosities obeyed the shear rate pattern, where increasing the

shear rate reduced the viscosity of all dope suspensions. This

observation was similar to that reported in many studies for

decreasing the dope solution’s viscosity with increasing the share

rate [40–42]. At shear rates from 1 � 4 s�1, the viscosity difference

between all dope suspensions was obvious because the dopes had

non-Newtonian flow behaviour and displayed shear-thinning fea-

tures. In contrast, at shear rates behind 5 s�1, no obvious viscosity

difference was observed because the dopes behaved almost New-

tonian flow.

3.3. Characteristics of mullite-SS HFMs

HFMs with different SS loadings ranging from 0 to 12 % (w/w)

were successfully fabricated through the phase inversion/sintering

technique. The total loading of mullite-kaolinite and SS was always

maintained at 57 % (w/w) for all HFMs. Fig. 9 shows the photo-

graphic images of HFMs with different SS loadings. The HFM was

white in colour when there was no SS loading. With increasing

SS loadings from 2.5 to 7.5 % (w/w) SS, the HFMs turned greyish.

The HFM with 10 and 12 % (w/w) SS became dark grey, attributed

to the high content of SS that was dark grey.

3.3.1. Phase change of mullite-SS HFMs

The effects of different SS contents on porous mullite-SS HFMs

phase composition were studied by XRD analysis, as shown in

Fig. 10. The main crystal phase of all mullite-SS HFMs was the mul-

lite with a minor cristobalite crystal phase. By adding the SS con-

tent to the mullite HFM, two more crystal peaks of iron oxide

(Fe2O3) and nichrome appeared (Fig. 5). It was worth mentioning

that nichrome had a silvery-grey colour and several outstanding

properties that effectively improved the properties of the

mullite-SS HFMs, such as high mechanical strength, electrical resis-

tance, and oxidation resistance [43]. The gradual increase of SS

contents in the mullite-SS HFMs further increased the peaks of

the nichrome crystal phase and decreased the cristobalite and mul-

lite crystal phases. As a result, the highest peaks of the nichrome

crystal phase and the lowest cristobalite and mullite crystal phase

were recorded in the mullite-SS HFM containing 12 % (w/w) SS.

In contrast, the highest cristobalite and mullite peaks were

observed at the mullite HFM with 0.0 % (w/w) without nichrome

peaks. Moreover, there were no notable changes in the intensity

of the cristobalite and mullite peaks when the SS loading increased

from 0 % (w/w) to 2.5 % (w/w), while the obvious increase was

noted when the SS loading increased from 5.0 to 12 % (w/w). On

the other hand, the peaks of cristobalite and mullite peaks in mul-

lite SS HFM containing SS loading from 5.0 to 12 % (w/w) SS slightly

decreased over the mullite SS HFMs with 0.0 and 2.5 % (w/w) SS.

As depicted in Fig. 10, the mullite-SS HFMwith 45 % (w/w) mul-

lite and 12 % (w/w) SS had the highest cristobalite/nichrome con-

tents and the lowest mullite content, as compared to other

mullite-SS HFMs containing mullite/SS of 47/10, 49.5/7.5, 52/5.0,

54.5/2.5 and 57/0.0. In contrast, the highest mullite content with

the lowest cristobalite/nichrome contents was observed at mullite

HFM with 0.0 % (w/w) SS and 57 % (w/w) mullite HFM. A gradual

increase in cristobalite/nichrome contents was obtained with an

increase in SS contents from 0.0, 2.5, 5.0, 7.5, 10 to 12 % (w/w) in

the mullite-SS HFMs, while a gradual reduction in mullite content

was observed with an increment in the SS contents from 0 to 10 %

(w/w).

The XRD analysis was also conducted to evaluate the reduction

of Fe2O3 in the composition of the mullite-SS HFMs sintered at

1350 �C to iron (Fe) form. The XRD pattern in Fig. 10 before the

reduction reaction shows the Fe2O3 peaks at two theta degrees of

30.7�, 36.1�, 43.9�, 58.1�, 63.84� and 69.9�. After the reduction reac-

tion of Fe2O3 was achieved using H2 at 800 �C for 4 h, an obvious

reduction was observed, and all Fe2O3 peaks successfully shifted

to the Fe except one peak shifted from Fe2O3 to FeO at h of 43.9�,

as exhibited in the XRD pattern in Fig. 10 (after reduction). Accord-

ing to Rui, et al. [27], the oxidation of Fe2O3 and FeO could be fur-
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ther reduced to Fe by increasing the reaction temperature and

time. Therefore, the FeO was further decreased to Fe by increasing

the reaction temperature to over 800 �C and the reaction time to

more than 4 h in the H2 environment. Based on the obtained out-

comes, the proposed technique successfully reduced Fe2O3 to Fe.

3.3.2. Physical properties of mullite-SS HFMs

Li [23] reported that to fabricate a ceramic membrane with a

well morphological structure, small pore sizes, and well pore sizes

distribution, ceramic contents in the dope suspension ranged

between 50 and 60 % (w/w). Therefore, several mullite dope sus-

pensions were studied to obtain the best dope suspension that fit

the SS contents to form a proper mullite-SS dope suspension with

a weight loading between 50 and 60% (w/w). Although Twibi, et al.

[5] reported that the best mullite contents in the dope suspension

to form mullite hollow fibre membrane was 60% (w/w). However,

this mullite content of 60 wt% with SS contents had a low fluidity

due to extremely high viscosity, affecting the spinnability of the

suspension. Thus, we proposed three mullite contents of 57, 54,

and 51% (w/w). The phase inversion/sintering technique was

applied with the fabrication parameters of a 6 mL/min extrusion

rate, a 10 mL/min bore fluid flow rate, an air gap distance of

5 cm and a sintering temperature of 1350 �C. The preparation of

mullite-SS HF precursor at these conditions using 54 and 57%

(w/w) mullite contents with SS contents showed a suitable dope

suspension viscosity of 27.81 and 29.02 pa.s, respectively and well

membrane morphology, as depicted in Fig. 12. This dope

suspension viscosity was significantly close to the optimum viscos-

ity of ceramic slurry (28.5 pa.s) that Yanu, et al. [44] reported. On

the other hand, at 51 wt% mullite contents with SS contents, the

formation of mullite-SS HF precursor was difficult due to the low

dope suspension viscosity of 18.34 pa.s. As a result, the dope sus-

pension with the mullite contents of 57 % (w/w) was optimum in

this study (Fig. 12).

The optimum mullite-kaolinite loading of 57 % (w/w) was used

with different SS contents to prepare mullite-kaolinite/SS HFMs.

These membranes were prepared at an extrusion rate of 10 mL/

min, a bore fluid flow rate of 10 mL/min, an air gap distance of

5 cm and a sintering temperature of 1350 �C. The SEM images of

the cross-section of the mullite-SS HFMs at various contents of

SS (i.e., 0.0, 2.5, 5.0,7.5, 10, and 12 % (w/w)) are exhibited in Fig. 13.

All prepared mullite-SS HFMs showed an asymmetric structure

due to the phase inversion technique. The formation of the asym-

metric structure of the mullite-SS HFMs obeyed the viscous finger-

ing phenomenon reported by Kingsbury and Li [45]. Viscous

fingering generally is a hydrodynamic instability that occurs when

a less viscous fluid displaces a more viscous fluid in a porous med-

ium to form an asymmetric structure [45]. The asymmetric struc-

ture of the mullite-SS HFMs occurred when the pristine mullite-

SS HFs containing polymer solution with suspended mullite and

SS powders were immersed in the external nonsolvent bath (water

bath). During the immersion, the NMP solvent started diffusing out

of the pristine mullite-SS HFs, while the nonsolvent started diffus-

ing into the pristine mullite-SS HFs. This exchange of solvent and

Fig. 9. Photographic image of (A) mullite and SS powders, (B) fabricated mullite-SS HFMs with different SS contents (0.0, 2.5, 5.0, 7.5, 10 and 12 % (w/w) SS) by phase

inversion/sintering techniques, sintered at 1350 �C.
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nonsolvent caused the polymer binder in the pristine mullite-SS

HFs to shift from a state of thermodynamic stability to a state of

metastability or instability, leading to liquid–liquid mixing in the

pristine mullite-SS HFs. When the solvent flux was greater than

the nonsolvent flux, the polymer concentration at the interface

increased, creating a highly concentrated polymer layer at the sur-

face. This layer slowed the exchange rate of solvent and nonsol-

vent, resulting in a lower polymer concentration in the sublayer

than in the top layer. Further substituting solvent with nonsolvent

solidifying the polymer-rich phase produced an asymmetric mem-

brane structure [46]. After sintering, the asymmetric structure was

preserved, although there were modifications in the voids caused

by shrinkage.

In addition, all the developed HFMs exhibit porous structures

comprising micro-voids and sponge-like structures HFM, except

mullite-SS HFM with 12 % (w/w) SS exhibited only sponge-like

structures with very narrow pores. The formation of micro-voids

and sponge-like in the cross-section of mullite HFMs agreed with

the outcomes reported by the Twibi group [5] and Paiman et al.

[40].

Another significant observation from Fig. 13 was that the

mullite-SS HFMs containing SS of 0.0, 2.5,5.0 and 7.5 % (w/w)

had some macro-voids, their sizes ranging from 47.9 lm to

64.8 lm, as shown in Fig. 14. These macro-voids are usually

described as defects to the fabricated membranes because they

reduce the mechanical strength of the membrane and rejection

performance, as Greenberg, et al. [47] reported. However, the pres-

ence of macro-voids reduced the mass transport resistance, allow-

ing better flux performance. In addition, there were no finger-like

voids in the inner cross-section of the membrane. This observation

could be due to the high viscosity of the dope solutions that inhib-

ited the mechanism of viscous fingering from forming the fingers-

like inner membrane structure. This observation was similar to

previous studies by Kingsbury and Li [45].

The inner section of the mullite HFM (0.0 % (w/w) SS) had an

asymmetrical structure in the membrane cross-section with dom-

inant micro-voids of about 80% of the membrane wall and some

sponge-like about 20 % of the membrane wall and membrane wall

thickness of 0.52 mm. However, mullite-SS HFMs had lower micro-

voids and higher sponge-like than mullite HFM. The gradual

increase of SS contents (2.5, 5.0, 7.5, 10, and 12 % (w/w)) in the

mullite-SS HFMs gradually increased the sponge-like and reduced

the micro-voids. Adding the SS with different contents reduced

the mean pore size of porous mullite and formed a very well net-

work between mullite and SS particles. Regarding the structure,

the mullite-SS HFMs with 25% illustrated a similar structure trend

of mullite HFM with a slight increase in the sponge-like of 25% and

a slight decrease of micro-voids of about 75% and wall thickness of

about 0.50 mm. The mullite-SS HFMs with 5 and 7.5 % (w/w) SS

demonstrated almost a similar trend of asymmetric structure

where the formation of micro-voids decreased to about 60%, while

the remaining pores of about 40% of the wall thickness were

sponge-like. On the other hand, these two membranes showed dif-

ferent cross-section thicknesses of 0.49 and 0.48 mm, respectively.

The mullite-SS HFMs with 10% (w/w) SS showed a sponge-like of

about 80%, micro-voids of about 20%, and a membrane cross-

section of 0.43 mm. In contrast, no micro-voids were observed

for the mullite-SS HFMs with 12% (w/w) SS. Only the sponge-like

structure with narrow pores was obtained with a membrane

cross-section of about 0.44 mm.

In addition, Fig. 13 demonstrates that the SS particles were suc-

cessfully spread between mullite particles, demonstrating a

homogenous combination between the mullite and SS particles,

as proved by the element distribution mapping presented in

Fig. 15. The EDX elemental mapping analysis was used to evaluate

the distribution of SS elements within the mullite particles for all

mullite-SS HFMs prepared with different SS contents, as displayed

in Fig. 15 (A-E). The Figure revealed that silicon (light green) and

alumina (dark green) were the most abundant compounds in all

prepared mullite-SS HFMs. Moreover, the SS elements, including

Fe (purple), Cr (navy blue), Ni (dark blue), and Mo (light blue), were

distinctly distributed between the mullite particles in all the fabri-

cated mullite-SS HFMs, demonstrating the successful integration of

SS particles with mullite particles and the successful fabrication of

Fig. 12. SEM images of mullite HFMs with different mullite contents of 54 and 57 % (w/w) mullite by phase inversion/sintering techniques, sintered at 1350 �C.
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Fig. 13. SEM images of mullite-SS HFMs after the reduction process at different SS contents (i.e., 0.0, 2.5, 5.0, 7.5, 10, and 12 % (w/w)), prepared at an extrusion rate of 10 mL/

min, a bore fluid flow rate of 10 mL/min, and an air gap distance of 5, sintered at 1350 �C.
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mullite-SS HFMs. A similar trend has been stated by Deng, et al.

[39].

The effects of SS contents on the wall thickness, sponge-like,

and micro-void layers thickness of mullite-SS HFMs were evalu-

ated by SEM analysis and are summarised in Table 4.

Fig. 13 also displays the effects of SS contents on the outer sur-

face morphology of the mullite-SS HFMs at 1350 �C sintering tem-

perature. The non-uniform interconnecting grain size formation

was observed with open pores for all HFMs. The most open pores

were observed at HFMs with 0 % (w/w) SS. With increased SS con-

tents from 0 to 12 % (w/w), these open pores generally decreased

gradually because of increased SS particles between mullite parti-

cles and higher necks growth formation between these particles at

the sintering process. At the HFMs with 5.0 and 7.5, 10 % (w/w) SS,

there was a slight change in the outer membrane surface pores,

while at HFMs with 12 % (w/w), the narrowest pores were

observed.

Many sintering process conditions, such as high sintering tem-

peratures and long-time sintering processes, can effectively

increase the bending strength of mullite HFMs. On the other hand,

these sintering conditions caused high porosity and pore size

reduction, resulting in membrane densification [6]. Moreover, the

sintering process in the presence of the nanoparticle particles used

as a support material to enhance the bending strength of HFMs is

difficult to control during the sintering process [48]. Therefore, this

study used SS powder with particle sizes of 3 lm to increase the

bending strength of mullite HFMs fabricated by mullite powder

with a particle size of 18 lm. The main function of the SS particles

was to fill in the large voids between mullite particles to improve

the bending strength of the mullite HFM, as shown in Fig. 16.

Membrane mechanical stability was significant in membrane

filtration processes. Fig. 17 exhibits the bending strength assess-

ment outcomes of the mullite-SS HFMs fabricated with different

SS contents and sintered at 1350 �C for 6 h. The bending strength

of mullite-SS HFMs was improved with increased SS contents over

the mullite HFMs. The increase in the SS contents from 0.0, 2.5, 5.0,

7.5, 10, and 12% (w/w) improved the bending strength of mullite-

SS HFMs to 32.1, 38.4, 45.2, 58.6, 66.7 and 79.8 MPa, respectively.

This observation is similar to the outcomes of Deng, et al. [39], who

reported that the gradual increase in the titania (TiO2) content in

the mullite HFMs from 0 to 9 wt% led to a gradual improvement

in the bending strength from 11 to 12.5 MPa, respectively.

Another significant observation was that the lowest mechanical

strength of 32.1 MPa was observed for the mullite HFM with 0 %

(w/w) SS. The very low mechanical strength could be attributed

to weak packed particles of mullite particles that composed the

mullite HFM due to the low sintering temperature, as Zhu, et al.

[49] reported in their study for the fabrication of mullite-titania

HFM.

Moreover, this low bending strength of mullite HFM at a low

sintering temperature was evidenced by Twibi, et al. [5] for

mullite-kaolinite HFMs. However, at the sintering temperature of

1350 �C, the highest mechanical strength of 66.7 and 79.8 MPa

was found at mullite-SS HFM with 10 and 12 % (w/w) SS, respec-

tively, due to the well-symmetric structure with sponge-like voids

due to the good integration between mullite and SS particles.

According to Li, et al. [11], the sponge-like region in the membrane

cross-section represented a mechanical strength higher than that

of the figure-like regain. In addition, SS particles acted as a rein-

forcement phase improving the bending strength and the packing

structure of porous mullite-SS HFMs. This observation agreed with

the observed trend in the SEM micrographs shown in Fig. 13. The

high mechanical strength of mullite-SS HFMs significantly reduced

the chance of membrane failure in separation and filtration pro-

cesses for long-term operation.

The effects of SS contents on the mean pore size, porosity, and

pore size distribution of mullite-SS HFMs sintered at 1350 �C are

shown in Fig. 18 A and B. Fig. 18 A demonstrates that the porosity

Fig. 14. SEM images of several macro-voids at mullite-SS HFMs containing 0.0, 2.5,5.0 and 7.5 % (w/w) SS, sintered at 1350 �C.
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Fig. 15. EDX elemental mapping analysis on the cross-section of mullite-SS HFMs of (A) M-SS,2.5 wt% SS, (B) M-SS, 5 wt% SS, (C) M-SS,7.5 wt% SS, (D) M-SS, 10 wt% SS and (E)

M-SS, 12 wt% SS.
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of all mullite-SS HFMs reduced gradually with increasing the SS

contents, while the mean pore size at the SS contents of 0, 2.5,

5.0, and 12 % (w/w) had a sharp decrease to 0.75, 0.69 and

0.63 lm respectively, but at SS contents of 7.5 and 10 % (w/w) SS

had a slight decrease in the mean pore size to 0.61, and 0.59 lm,

respectively. The largest mean pore size of 0.75 lm and highest

porosity of 36.1 % was observed at the mullite-SS HFM with 0 %

(w/w) SS (mullite HFM). This note could be due to the large pores

of the mullite HFM. In contrast, the mullite-SS HFM with 12 % (w/

w) SS showed the smallest mean pore size of 0.30 lm and the low-

est porosity of 19.9 %. The porosity of rest membranes with SS con-

tents of 2.5, 5.0, and 7.5 % SS was 35.5, 32.6, and 31.6 %,

respectively. This finding agreed with a previous work by Deng,

et al. [39]. Another significant observation was that the range of

porosity of all mullite-SS HFMs was from 19.9 to 36.1 %, as Fung

and Wang [50] recommended that the optimum porosity of cera-

mic membrane ranged from 30 to 90 %.

Fig. 18 B exhibits the effects of the different SS contents on the

pore size distribution of the mullite-SS HFMs. All pore size distri-

bution curves of mullite-SS HFMS exhibited almost the same width

and binominal pore size distribution. All membranes’ overall pore

size varied from 0.01 lm to 1.95 lm. In addition, all pore size dis-

tribution curves demonstrated small pore size, mostly related to

the sponge-like structure, as evidenced in Fig. 7. For mullite-SS

HFM at 0.0 % (w/w) SS, the highest pore peak was observed at a

pore size of 0.59 lm, while at the membrane with 12 % (w/w)

SS, the lowest pore peak was observed at a pore diameter of

0.32 lm. Increasing the SS contents to 2.5, 5.0, 7.5, and 10 % (w/

w) SS resulted in a change of the pore peaks to 0.42, 0.31, 0.43

and 0.42 lm, respectively. Decreasing the heights of the pore peaks

indicates that the number of pores becomes less. This notice could

be due to the increasing SS contents in the mullite-SS HFMs. Fur-

thermore, it can be observed that the highest pore peaks for

mullite-SS HFMs with 2.5, 7.5, and 10 % (w/w) SS were at the same

pore diameter at 0.43 lm. This observation was observed in many

previous works in literature [6,11,50].

Hydrophilic membranes with a high hydrophilic property are

significantly desired in many filtration applications, such as oil/wa-

ter separation. These membranes mainly allowed water to pass the

membrane pores while efficiently rejecting oil from passing

depending on the degree of membrane hydrophilicity, which typi-

cally depended on the membrane pores size, as Mohtor, et al. [51]

explained in their experiment work. Fig. 19 shows the average

water and oil contact angle values on the surface of mullite-SS

HFMs fabricated by different SS contents (i.e., 0.0, 2.5, 5.0, 7.5,

10, and 12 % (w/w)). As seen in Fig. 19 (A&B), the water contact

angles of mullite HFM and mullite-SS HFMs were zero due to the

quick spread of water into the members, causing a difficult mea-

surement of the water contact angle values.

In addition, water drops could not remain on the membrane

surface due to the high hydrophilicity of the membranes due to

the large pores size of mullite-SS HFMs that allows fast water pen-

etration. Another significant observation was that increased SS

contents did not affect all mullite-SS HFMs water contact angles

and remained zero. This observation was similar to that mentioned

elsewhere [5,6]. However, the oil drops on the mullite-SS HFMs

had a lower spread on the membrane surface than water, resulting

in readable contact angles, as shown in Fig. 19 (C-G). The gradual

increase of the SS contents from 0.0, 2.5, 5.0, 7.5 to 10 % (w/w)

caused a gradual increase in the oil contact angle from 31.2�,

35.4�, 41.1�, and 44.0� to 49.8�. This increase in the oil contact

angle was attributed to the function of SS powders that reduced

the large pores size of mullite HFMs and increased the membrane

roughness.

This study proposed that the SS content of 10% (w/w) was the

optimum SS content for mullite-SS HFM fabrication because of

its well-structured membrane morphology with sponge-like struc-

ture, free of macro-void defects, higher bending strength, small

pore sizes and good porosity. Thus, it was selected to be the opti-

mum for investigating the impact of the bore fluid flow rate and

air–gap distance on the morphology and bending strength of

mullite-SS HFMs.

According to Kingsbury and Li [45], the variation in spinning

parameters such as bore fluid rate and air–gap distance signifi-

cantly affected the membrane morphology and bending strength.

Fig. 20 demonstrates the SEM images of effecting various bore fluid

flow rates of 4, 6, 8, and 10 mL/min on the mullite-SS HFM mor-

phology at a fixed air–gap of 5 cm and an extrusion rate of

10 mL/min. In the phase inversion process of the mullite-SS dope

solution, shrinkage was noted due to the diffusion rate of distilled

water into the dope suspension being slower than the diffusion

Table 4

Effects of SS contents on the membranes wall thickness, sponge-like and micro-void

layers thickness.

SS contents

wt.%

Sponge-like layer

thickness (%)

Micro-voids layer

thickness (%)

Wall

thickness (mm)

0 20 80 0.451

2.5 25 75 0.435

5 40 60 0.411

7.5 60 40 0.389

10

12

90

100

10

0

0.365

0.326

Fig. 16. Sketch diagram of filling the large mullite voids by micro-sized SS particles,

modified from Chong et al. [48].
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Fig. 17. Mechanical strengths of mullite-SS HFMs at different SS contents, sintered

at 1350 �C [notice: error bars are based on standard errors from three duplicate

calculations].
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rate of the NMP solvent. As a result of shrinkage, the internal radial

force was generated and caused a deformation of the inner mem-

brane structure. This trend was observed in the literature [11,52].

By comparison, the deformation of the inner structure of

mullite-SS HFM presented in Fig. 20 showed a clear difference in

the degree of deformation depending on the bore fluid flow rates.

For example, the increase in the bore fluid flow rates of the resul-

tant mullite-SS from the spinning process from 4, 6, 8, and 10 mL/

min caused a gradual decrease in the solidification rate in the inner

membrane structure. In addition, it increased the inner membrane

diameter from 0.03, 1.10, and 1.98 to 2.21 mm, respectively, as

shown in Fig. 20 (A), (B), (C), and (D). As a result of increasing

the membrane diameter, the membrane bending strength

decreased gradually from 89.62, 77.13, 68.02, and 66.74 MPa

(Fig. 21). This observation had a similar trend in the literature for

increasing mechanical strength and decreasing membrane diame-

ter [53,54].

At 4, 6, and 8 mL/min, the bore fluid flow rate was insufficient to

provide a strong hydrodynamic force against the mullite-SS dope

solution during the spinning process to interchange solvents
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Fig. 19. Water and oil contact angles of mullite-SS HFMs at different SS contents, sintered at 1350 �C.
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(NMP) and nonsolvents (distilled water), resulting in partial poly-

mer solidification on the inner lumen of the resultant mullite-SS

HF. However, at a 10 mL/min bore fluid flow rate, a complete poly-

mer solidification was formed on the inner membrane surface due

to sufficient hydrodynamic force applied against the mullite-SS

dope solution. Consequently, a good morphology was formed, as

represented in Fig. 21 (D), and lower bending strength was

obtained at 66.74 MPa, as shown in Fig. 21. This trend agreed with

the finding obtained by Li et al. experimental work [11].

In addition, the membrane morphology and mechanical

strength were evaluated at different air–gap distances of 5, 10,

15, and 20 cm at a fixed bore fluid flow rate of 10 mL/min and

an extrusion rate of 10 mL/min. As seen in Fig. 22 (A, B, C, and

D), the principal effect of the air–gap distance was on the morpho-

logical structure of the membrane, which affected the membrane

wall thickness and resulted in an effect on the membrane bending

strength. Furthermore, increasing the air–gap distance caused

more deformation on the membrane cross-section with large

micro-voids because of the long contact time between distilled

water (inside coagulant) and air with the resultant mullite-SS HF,

which increased the viscosity of the outer surface due to the sol-

vent evaporation and moisture condensed on the membrane sur-

face at the same time. The largest deformation in the membrane

cross-section was observed at the air–gap distance of 20 cm, while

the best morphological structure was seen at the lowest air–gap

distance of 5 cm. These findings were also reported in the literature

[5,55].

However, the membrane bending strength depended on the

membrane cross-section thickness that resulted from different

air–gap distances, as shown in Fig. 23. The highest bending

strength of 66.74 was recorded at the lowest air–gap distance of

5 cm. In contrast, the other bending strength of 64.30, 64.02, and

61.41 MPa was observed at air–gap distances of 10, 15, and

20 cm, respectively. Another interesting observation was a slight

difference in the bending strength at the air–gap distances of 10

and 15 cm, while at 20 cm, the lowest bending strength of

61.41 MPa was noted. These findings are similar to Gitis and

Rothenberg’s findings. They revealed that increasing the mem-

brane cross-section thickness increases the bending strength of

the membrane and its mechanical stability.

Overall, this concluded that the optimum air gap distance and

bore fluid flow rate that provided the optimum membrane mor-

Fig. 20. SEM images of the mullite-SS HFMs with 10 % (w/w) SS at various bore fluid flow rates: (A) 4 mL/min, (B) 6 mL/min, (C) 8 mL/min, (D) 10 mL/min, at an air–gap of

5 cm, sintered at 1350 �C.

89.62

77.13

68.02 66.74

2 4 6 8 10

0

20

40

60

80

100

B
e
n
d
in

g
 S

tr
e
n
g
th

 (
M

p
a
)

Bore Fluid Flow (mL/min)

Fig. 21. Mechanical strength of mullite-SS with 10 % (w/w) SS fabricated at

different bore fluid flow rates, sintered at 1350 �C [notice: error bars are based on

standard errors from three duplicate calculations].

Fig. 22. SEM images of mullite-SS HFMs with 10 % (w/w) SS fabricated at different air–gap distances (A) 20 cm, (B) 15 cm, (C) 10 cm, (D) 5 cm, at a bore fluid flow rate of

10 mL/min, and sintered at 1350 �C.
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phology and structure for mullite-SS HFMs were at 5 cm and

10 mL/min, respectively. As a result, the mullite-SS HFMs were

prepared at these fabrication parameters and employed for the

pure water permeation oil/water separation process in this study.

3.4. Effect of SS contents on pure water permeation

The effect of SS contents on the permeation of pure water

through mullite-SS HFMs was investigated and evaluated by a

crossflow filtration system at 2 bar pressure using pure distillate

water for 90 min, and the results are exhibited in Fig. 24. The high-

est water permeation of 460 L/m2 h was observed for mullite HFM

with 0 wt% SS, while the lowest water permeation of 185 L/m2 h

was recorded at the mullite-SS HFM with 12 wt% SS. Besides,

increasing time showed almost steady-state water permeation

for all mullite-SS HFMs at first 40 min, while the mullite-SS HFM

with 12 wt% SS showed at first 20 min. This observation could be

attributed to the high hydrophilicity of all mullite-SS HFMs based

on the contact angle measurement. Because of the high hydroxyl

groups from the ceramic material (mullite) on all mullite-SS HFMs,

the membranes absorb water droplets instantly after reaching the

membrane surface, facilitating quick water flow through the mem-

branes [1].

Another significant observation was that after 50 min, there

was a slight reduction in water permeation for all mullite-SS HFMs

except mullite-SS HFM with 12 wt% SS showed after 20 min. This

could be due to the interaction of mullite molecules with water

molecules on the membrane surface, which resulted in a slight sat-

uration of the membrane pores and a slight increase of the mem-

brane resistance for water molecules, as reported in previous

experimental work [5]. In addition, as can be seen from the Figure,

there was an obvious gap in pure water flux between mullite-SS

HFMs fabricated with 12 wt% SS and other membranes fabricated

with other SS contents. This observation could be attributed to

the tight pores and low porosity due to the high SS contents

between mullite particles.

3.5. Performance test of mullite-SS HFMs for oil/water separation

Fung and Wang [56] reported that adding reinforcement mate-

rials to ceramic membranes generally reduces the water flux,

increases the rejection rates, and increases the mechanical proper-

ties of membranes. This claim was observed in this study by

increasing the SS contents from 0.0, 2.5, 5.0, 7.5, and 10 to 12%

(w/w), and the relationship between the water flux and the SS con-

tents is shown in Fig. 25. The flux of water through mullite-SS

HFMs was investigated and evaluated at the sintering temperature

of 1350 �C and 2 bar pressure. As reflected by the Figure, the incre-

ment of the SS content significantly impacted the water flux with

time for all mullite-SS HFMs.

Overall, the mullite HFMs with 0 % (w/w) SS showed the highest

water flux of 460 L/m2.h at the first 10 min. Meanwhile, a gradual

reduction in the water flux with time was observed with increasing

SS contents from 0 to 12 % (w/w), where the lowest water flux of

290 L/m2.h was obtained for mullite-SS HFMs with 12% (w/w) SS

at the period. A higher SS content could decrease the water flux

due to a significant change in the membrane pores size and poros-

ity due to increased SS contents, as shown in Fig. 17.

In addition, all HFMs showed a sharp reduction in the water flux

with a time between 10 and 50 min. This could be attributed to the

mullite-SS molecular interaction with water molecules on the

membrane surface, which resulted in the saturation of membrane
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Fig. 23. Mechanical strengths of mullite-SS HFMs with 10 % (w/w) SS fabricated at

different air–gap distances and sintered at 1350 �C [notice: error bars are based on

standard errors from three duplicate calculations].
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pores and increased the membrane resistance for water molecules,

as reported in previous experimental work [5]. The highest stable

water flux of 155 L/m2 h was also observed for mullite HFM behind

90 min, while the lowest stable water flux of 115 L/m2 h was

recorded at the mullite-SS HFM with 10 wt% SS. No steady-state

water flux was observed for the membranes with the SS contents

of 0.0, 2.5 and 5.0 % (w/w) before 90 min, whereas for mullite-SS

HFMs with 7.5, 10 and 12 % (w/w), SS was observed. For mullite-

SS HFM with 7.5 % (w/w) SS, steady-state water flux was observed

after 50 min and continued until the end of the filtration process at

120 min with a water flux of 119 L/m2 h. In comparison, for

mullite-SS HFMs with 10 and 12 % (w/w) SS, steady-state water

flux was observed at a minute after 60 and 70 min, respectively

and remained constant until the end of the filtration process at

120 min with a water flux of 115 and 13 L/m2 h.

Another significant observation was an obvious gap in the water

flux between mullite-SS HFMs fabricated with 0.0, 2.5, 5.0 and 7.5

% (w/w) SS and the mullite-SS HFMs fabricated with 10 % (w/w) SS

at the first 40 min. This observation could be attributed to the

sponge-like and micro-void structures formed in the cross-

section of the membrane containing 0.0, 2.5, 5.0 and 7.5 % (w/w)

SS (Fig. 11) and the formation of some macro-void structures, as

shown by the SEM images in Fig. 20. As a result, it is proposed that

the micro-void and macro-void structures could increase the water

permeation and cause unsteady-state water permeation. Besides,

there was an obvious gap in the water flux between mullite-SS

HFMs with 10 % (w/w) SS and the mullite-SS HFMs with 12 %

(w/w) SS from the first 10 min until 120 min. This gap could be

attributed to the higher contents of SS that resulted in a reduction

in pore sizes and membrane porosity. This result was similar to

that of a study undertaken by Deng, et al. [39].

The rejection performance of the mullite-SS HFMs fabricated at

different SS contents to separate oil/water with different oil con-

centrations (i.e. 1000, 1500, and 2000 ppm) is shown in Fig. 26.

The oil rejection performance increased by about 10.5 %, increasing

the SS contents from 0 to 10% (w/w). The gradual increase in the SS

contents increased the oil rejection for all oily wastewater emula-

tions. The highest oil rejection of 96.9 and 100 % was achieved by

mullite-SS HFM with 10 and 12 % (w/w) SS, respectively, at

1000 ppm, while the lowest oil rejection of 88 % was reported for

mullite-SS HFM with 0 % (w/w) SS at the same concentration. This

phenomenon was noted with all other emulations of 1500 and

2000 ppm (Fig. 24). The decline of the oil particles was much

improved at 12 % (w/w) SS over other mullite-SS HFM prepared

at other SS contents (i.e., 0–10 % (w/w)) due to its much smaller

pores size, lower porosity and much denser pores structure, which

retained the oil particles at the feed side [57–59]. Besides, it could

be due to the blockage of some membrane pores due to the high SS

contents. Furthermore, the increase in the oil concentration from

1000, 1500, to 2000 ppm increased the viscosity of the feed solu-

tion and reduced the oil rejection performance. This observation

could be attributed to the highly emulsified oil particles in the

oil/water emulations, which enabled oil to drop on the membrane

surface as a cake layer and increased the resistance of the mem-

brane surface against water permeation. This behaviour was

observed elsewhere in the literature [60]. As a result, the synthe-

sized mullite-SS HFM with 10% (w/w) could serve as a proper

choice for oil/water separation.

4. Comparison of the mullite-SS HFM performance with other

mullite and kaolin HFMs

The mullite-SS HFM performance for oil rejection from oil/wa-

ter emulation was evaluated and compared with other mullite

and kaolin HFMs. As presented in Table 5, the mullite-SS HFMs

showed a high permeation flux and an excellent oil rejection rate.

The oil rejection rate of mullite-SS HFMs with 10 % (w/w) SS sin-

tered at 1350 �C was the same as that of mullite-kaolinite sintered

at 1450 �C. Since all mullite and kaolin HFMs usually could not

stand for long-time filtration processes due to their low mechani-

cal strength. As a result, the mullite-SS HFMs were an excellent

alternative for oil/water separation due to their good bending

strength of 66.74 MPa, as compared to other mullite and kaolin

HFMs sintered at the same sintering temperature.

5. Conclusion

This study has demonstrated that mullite-SS HFMs with

sponge-like and asymmetric structures were successfully synthe-

sized in this study by mullite and SS loading of 57% (w/w), an
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Fig. 26. Oil rejection performance by mullite-SS HFMs fabricated from different SS

contents [notice: error bars are based on standard errors from three duplicate

calculations].

Table 5

Comparison between mullite-SS HFM with mullite and kaolin HFMs.

Membrane

material

SS content

(wt.%)

Ceramic

content (wt.%)

Sintering

temperature (oC)

Mechanical

strength (MPa)

Porosity

(%)

Water permeation

(L/ m2 h)

Oil rejection rate

(%)

Ref.

Kaolin – 37.5 1500 93.2 5.2 35.0 100 [41]

Al2O3-kaolin – 50.0 1600 10.8 – – – [61]

Kaolin – 35.0 1300 15 58.0 320 91.8 [62]

Mullite (coal-gangue) – – 1400 34 47.2 35.8 97.0 [63]

Mullite-kaolinite – 60.0 1450 78 10.8 182 97.1 [5]

Mullite-SS 10 47.0 1350 66.7 29.0 290 96.9 This work
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extrusion rate of 6 mL/min, a bore fluid flow of 10 mL/min and dif-

ferent SS contents of 0.0, 2.5, 5.0, 7.5, 10 and 12 % (w/w) SS by

inversion/sintering techniques. The SS particles successfully filled

the gaps between the mullite particles and formed a good bending

strength between membrane particles at a sintering temperature

of 1350 �C. The increased SS contents from 0.0, 2.5, 5.0, 7.5, 10

and 12 % (w/w) significantly affected the mechanical properties

and increased the bending strengths from 32.1, 38.4, 35.2, 58.6

and 66.7 to 79.8 MPa, respectively. At SS content of 10% (w/w),

the mullite-SS HFM showed better physical properties than other

membranes after balancing all its physical properties and compar-

ing them with other mullite-SS HFMs containing 0.0, 2.5, 5.0, 7.5

and 12 % (w/w) SS. ‘‘Hence, this study has concluded that the

316L SS alloy has the ability to improve the bending strength of

mullite HFMs. This study suggests that mullite-SS HFMs can effec-

tively use for oil/water separation.
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