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The development of a facile and efficient method for the fabrication of ceramic membranes fills a vital 
gap in the ceramic membrane manufacture research field. Ceramic membranes are relatively high in 
cost due to the cost of raw materials (metal oxides) as well as the energy required during the sintering 
stage of the fabrication process. In this study, a ceramic membrane made of low-cost halloysite 
nanotubular (HNT) clay is fabricated through a die press process and sintered at temperatures notably 
lower than those required of raw materials in commercial membranes. The features of the membrane 
were evaluated in terms of chemical properties, surface characteristics, hydrophilicity, durability, oil 
rejection performance, and antifouling properties. The pore size, porosity, and water permeability 
corresponding to the optimum membrane composition: halloysite: Al2O3: starch as 60:25:15 wt% 
were found to be 230 nm, 62.4%, and 1040 LMH/bar, respectively. The membrane demonstrated to 
be superhydrophilic in air and superoleophobic underwater. The performance tests were conducted 
with oil emulsions. Oil-water rejection tests were conducted at different concentrations of oil-in-
water emulsions (724 and 1014 mg/L) and oil rejection was observed to reach more than 99%. The 
flux recovery ratio (FRR) of the membrane in the first filtration cycle when treating the lower oil 
concentration emulsion was 54% greater than the FRR corresponding to the higher oil concentration 
emulsion. However, in the next filtration cycle, the FRR of the ceramic membrane was 30% greater 
for the higher oil concentration emulsion which could be attributed to the formation of an oil film, 
preventing further oil particle penetration in the membrane matrix. The testing with real produced 
water from gas extraction indicated that the novel HNTs-based ceramic membrane performed 
well in feed solutions with high total dissolved solids content and can be used for produced water 
pretreatment before reverse osmosis membranes if the produced water to be desalted. The results 
from this work show that the developed ceramic membrane could be a promising, low-cost alternative 
to the ones existing in the current market for oily wastewater treatment.
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It is unquestionable that the treatment of oily wastewater is a necessity for our current time, especially with the 
increased demand of oil and gas, an industry which produces about 25.5 billion bbl. per year of produced water 
in the United States alone1. Environmental regulations related to the discharge of oily wastewater have become 
more stringent throughout the years, where country-specific limits for maximum oil concentrations typically lie 
in the range of 5 to 40 mg/L2. These large quantities of oily wastewater cause a substantial motivation to search 
for treatment approaches that utilize advanced materials and technologies.

Conventional oily wastewater treatment methods include dissolved air flotation, coagulation, flocculation, 
and biodegradation3–6. The choice of the most effective oil-water separation technology largely depends on the 
form of oil in water, i.e., free oil (> 150 μm), dispersed oil (20–150 μm), and emulsified oil (< 20 μm). Membrane 
technology is capable of separating oil droplets smaller than 10 μm, depending on the membrane pore size7.

The oil may be separated from wastewater by ultrafiltration (UF), microfiltration (MF), or nanofiltration 
(NF) processes depending on the characteristics of the oil-water emulsion8. Currently, polymeric membranes 
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dominate the commercial membrane market9. This is due to well established fabrication techniques and the 
relatively low-cost of large-scale production of polymer membranes. While polymeric membranes have these 
advantages, they are sensitive to harsh feedwater conditions, are not resistant towards different organic solvents, 
and their non-biodegradable nature is a concern in terms of long-term environmental pollution. Relative to 
polymeric membranes, ceramic membranes exhibit higher mechanical strength, are thermally and chemically 
more stable, are resistant to microbial degradation, are easy to regenerate, and usually have longer lifetime10.

Although promising, the main obstacles in ceramic membrane practical applications are high membrane 
fabrication cost and membranes fouling. Colle et al.11 tested an alumina ceramic membrane in an oil-in-water 
emulsion and observed nearly 84% reduction in flux after 40 min of process time due to fouling. Ebrahimi et al.10 
experimented with multilayer Al2O3 and TiO2 ceramic membranes in oil-in-water emulsion and noticed about 
70% reduction in flux after 60 min due to membrane fouling. Dong et al.12 tested the performance of fabricated 
hollow fiber whisker-structured mullite-based ceramic membranes in a 1000 mg/L oil feed concentration and 
reported more than 84% reduction in flux within the first 60 min of operation. It is worth noting that ceramic 
membranes experience less irreversible fouling compared to their polymeric equivalents due to their more 
hydrophilic nature and ability to withstand harsh cleaning procedures13,14.

Commercially available ceramic membranes are typically made of alumina (Al2O3), zirconia (ZrO2), titanium 
oxide (TiO2), silicon oxide (SiO2), and non-metallic oxide ceramic material such as silicon carbide (SiC)15. The 
major reason why ceramic membranes are less dominant in the membrane market relative to their polymeric 
counterparts is because of the costly precursor material, complex fabrication technique and manufacturing 
process in terms of molding and sintering16. Having said that, most of the available commercialized ceramic 
membranes are fabricated from alumina. This is owing to alumina’s low cost (relative to other metal oxides) as 
well as its exceptional physiochemical properties, such as its stability in acidic and basic pH, and its hydrophilic 
nature17,18. However, the preparation of alumina ceramic membranes requires high sintering temperatures, 
reaching 1600 °C19. Energy consumption during the sintering process accounts for at least 60% of the overall 
membrane cost20. The high sintering temperature adds to the manufacturing cost of the material, significantly 
increasing the ceramic membrane price in the market. Similar to alumina, the sintering temperatures required 
for titania and SiC ceramic membrane fabrication can reach up to 1450 °C21 and 2100 °C22, respectively.

The cost of manufacturing and raw materials makes typical ceramic membranes for industrial use quite costly. 
For instance, costs range from $500/m2 to $1000/m2 for an α-alumina porous tubular ceramic membrane with 
average pore sizes ranging from 1000 to 6000 nm23. As such, the reduction of fabrication costs is highly desirable 
for wider practical applications of ceramic membranes. The average cost of the ceramic membranes made from 
kaolin with pore sizes ranging between 550 and 810 nm was estimated to be $220/m2 24. While fabrication of 
a low-cost flat ceramic membrane with an average pore size of 4000 nm using kaolin and natural clay as a raw 
material was estimated to be $130/m2 24. The use of clay-based materials to reduce the fabrication cost of ceramic 
membranes was reported in literature. For instance, Khalil et al.25 utilized local clay to prepare porous flat sheet 
ceramic membranes using die press technique for the removal of lead from water. The membranes, which were 
incorporated with graphite and activated carbon and sintered at 1400 °C, showed a water flux of 214 LMH at 
1 bar and lead retention of 94%.

Moreover, Rawat and Bulasara26 prepared clay-based membranes from kaolin and fly ash for the removal of 
humic acid from water. The membranes were reported to have a pore size range of 0.73–2.3 μm and porosities 
of 25–45% with membranes showing lower pore sizes and higher porosities when increasing kaolin loadings. 
The optimum membrane, made of 50% kaolin and 25% fly ash, showed humic acid rejection of 98% and flux of 
720 LMH at 1 bar.

In this study, halloysite nanotubular (HNT) clay was used for ceramic membrane preparation. HNT is a 
natural clay mineral with a tubular structure. It has gained much attention recently due to its environmentally 
friendly nature, cost-effectiveness, abundance, and non-toxic nature27. HNT is widely studied for its application 
in the biomedical field28, as a reinforcement filler in polymers29, in environmental remediation27, and engineering 
applications that involve high temperatures such as in ceramics30. The chemical composition of HNT is 
very similar to kaolin clay. Both are dioctahedral 1:1-layer aluminosilicates with a similar chemical formula, 
Al2Si2O5(OH)4. One difference is, kaolin has a plate-like structure, whereas HNT has a tubular morphology. 
Because of this morphology, HNT has a higher water content which includes a monolayer of water separating 
the unit layers in HNT31.

This study presents a novel ceramic membrane made mainly of HNT and some Al2O3 content. To the best of 
our knowledge, the preparation of HNTs-based ceramic membranes for wastewater treatment applications was 
not reported in literature. This type of membrane is intended to be lower in cost than other materials used in 
the available market due to the more cost-effective HNT as well as the lower sintering temperature requirement 
during the fabrication process.

Experimental
Materials
HNT was purchased from Merck and had a particle length ranging between 68 and 1520  nm and external 
diameter ranging between 20 and 150 nm27. Al2O3 (activated, acidic, Brockmann I) were purchased from Sigma 
Aldrich and has a particle size of 150 mesh (~ 89 μm). Corn starch (ARGO, USA) was purchased locally from 
Doha, Qatar. Cooking oil (Thali, Qatar), a mixture of palm oil (70%) and sunflower oil (30%)) was used for the 
oil rejection tests.

Membrane fabrication
A mixture of HNT clay, Al2O3, and starch was ball milled (using a Retsch PM 200, Germany) at a rate of 
100 rpm for 4 h. Table 1 shows the weight loadings (%) corresponding to HNTs, alumina, and starch which 
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were investigated in the present work in order to identify the optimal composition for membrane fabrication. 
A schematic of the membrane fabrication process is shown in Fig. 1. The ball milled mixture was pressed in a 
25 mm diameter die set by using a die press (Carver, Model 4389, USA). The sample was pressed at 8 metric 
tons for a period of 3.5 min. The ceramic discs were sintered to a temperature of 1100 °C using a muffle furnace 
(Nabertherm, Germany) with a 2 °C/min step size to prevent any cracks from forming due to phase changes. 
The sintered membranes were polished down to a thickness of 0.5 mm using a 320 grit, followed by a 600-grit 
abrasive paper.

Characterization of the HNTs based membrane
X-ray diffraction (XRD) analysis was conducted using a diffractometer (Rigaku Smartlab, Japan) equipped 
with a Cu Kα lamp (λ = 0.154 nm). An X-ray fluorescence (XRF) device (Rigaku ZSX Primus II Wavelength 
Dispersive, Japan) was used to perform elemental analysis. The surface and cross-section morphologies of the 
ceramic membranes were analyzed using a scanning electron microscope (SEM) (FEI Quanta 650 FEG, USA) 
at an accelerating voltage of 5 kV. Water contact angle measurements were performed using a contact angle 
analyzer (Krüss DSA25 Drop Shape Analyser, Germany). Dektak stylus profilometer (Bruker Corporation, 
Massachusetts, USA) was used to measure the average surface roughness (Ra) of the ceramic membranes in 3D 
mode with a scan speed of 66.67 μm/s. The profilometer scan area was 2000 μm × 2000 μm in which contact 
mode with the membrane surface using hills and valleys profile was implemented by recording the force received 
from the surface. Membrane microhardness was measured using a microhardness tester (Pace Technologies 
MHV-2000 Vickers, USA). The specific surface area of the ceramic membrane was measured with a BET surface 
area analyzer (Micromeritics ASAP 2420, USA) at 77 K. The thermogravimetric analysis (TGA) was carried 
out in order to monitor the reduction in sample’s weight along with temperature. This will give an indication 

Fig. 1.  Ceramic membrane fabrication process.

 

Loading (wt%)

Membrane HNTs Al2O3 Starch

M1 100 0 0

M2 0 100 0

M3 60 35 5

M4 60 30 10

M5 60 25 15

M6 60 20 20

M7 70 30 0

Table 1.  Weight loadings (%) corresponding to HNTs, Al2O3 and starch used for Preparation of ceramic 
membrane.
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about the nature and chemical composition of the analyzed samples. In the present paper, SDT Q600 TGA (TA 
instruments, Delaware, USA) was implemented under nitrogen environment starting from ambient temperature 
up to a temperature of 1480 °C with a heating rate of 10 °C/min.

Performance evaluation
Filtration tests
Membrane performance tests were conducted in a dead-end filtration cell (HP4750 stirred cell, Sterlitech, USA) 
with an effective filtration area of 5.29 cm2. For the tests studying the effect of pressure on flux, the transmembrane 
pressure (TMP) varied from 0.5 to 7 bar. Unless otherwise stated, the filtration tests were conducted at a pressure 
of 1 bar at stirring speed of 800 rpm and performed in duplicates. The mass of the permeate was measured and 
the water flux J (L/(m2h)) of the fabricated membrane was calculated using Eq. (1) and the water permeability 
Lp using Eq. (2):

	
J = V

At
� (1)

	
Lp = J

∆ P
� (2)

where V denotes the volume of permeation (L), A indicates the effective surface area (m2), P is the applied 
pressure in bar, and t denotes the filtration time in hours.

For the oil-rejection experiments, a solution comprised of 724 mg/L of oil was made using deionized water 
(DIW). Similarly, the fouling behavior of the ceramic membrane was evaluated by filtration using two solutions 
consisting of 724 mg/L (OW1) and 1014 mg/L (OW10) of oil were in DIW. The mixture was shaken at a rate 
of 400  rpm for at least 4  h and immediately used afterwards. All filtration experiments were conducted at 
room temperature under a constant pressure of 1 bar. Moreover, the oil-rejection filtration experiments were 
performed for 1 h while the fouling behavior experiments were conducted for 6 h. Permeate samples were taken 
at different filtration time intervals to measure the final total organic content (TOC) in mg/L. The rejection R 
(%) was calculated using Eq. 3:

	
R (%) = Cf − Cp

Cf
x100 � (3)

where Cf and Cp are the feed and permeate concentrations of oil, respectively.
The water absorption (%), density (g/cm3), and porosity of the ceramic membranes were calculated using 

gravimetric methods32,33 as follows:

	
W ater Absorption (%) = Ww − Wd

A
� (4)

	
Density = Wd

V
� (5)

	
Porosity (%) = Ww − Wd

A . l . ρ
� (6)

Where Ww and Wd denote the mass of the wet and dry membrane (g), A and V stand for the area and volume of 
the ceramic membrane (m2), l denotes the thickness of the membrane (m), and ρ stands for the density of water 
at 25 ℃.

The pore sizes of the ceramic membranes were estimated using the Guerout–Elford–Ferry Eq. (7) 33:

	
Pore size =

√
(2.9 − 1.75 ϵ ) 8η lQ

ϵ A∆ P
� (7)

Where ε is porosity, Q is the volume of permeate in m3/s, η  is the viscosity of water at 25℃ which equals 
8.9 × 10− 4 Pa s, and ∆P is the operational pressure, which is 1 bar.

Furthermore, the ceramic membranes were tested with real treated produced water collected from gas 
industry. The produced water had total dissolved solids (TDS) of 2358 mg/L, total organic carbon (TOC) of 
981.9 mg/L and a pH 8.3. The effect of membrane washing on the performance of the ceramic membranes was 
evaluated by washing the fouled membranes with DIW (at pH 7) as well as with soap & water solutions (10 g/L) 
at pH 9.37 by placing the cleaning solutions in the filtration cell and stirring for 30 min at stirring speed of 
800 rpm.

The flux recovery ratio (FRR) of the membranes was evaluated by filtration with DIW for 20 min followed 
by filtration with oil, sodium alginate or produced water and finally filtration with DIW again for 20  min. 
Equations  (8–12) were used to estimate the total fouling ratio (Rtotal), reversible fouling ratio (Rr) as well as 
irreversible fouling ratio (Rir) corresponding to the ceramic membranes34,35:

	
FRR =

(
JDIW 2

JDIW 1

)
� (8)
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Rtotal (%) =

(
JDIW 1 − JF S

JDIW 1

)
× 100� (9)

	
Rir (%) =

(
JDIW 1 − JDIW 2

JDIW 1

)
× 100� (10)

	
Rr = JDIW 2 − JF S

JDIW 1
× 100� (11)

	 Rtotal = Ri + Rir� (12)

where JFS stands for the flux collected with fouling solutions, JDIWA1 is the pure water flux and JDIWA2 is the pure 
water flux after filtration with fouling solutions. The experiments were repeated three times, and the average 
values were reported in this manuscript.

Analytical methods
The organic content of the feed and permeate streams was measured using a TOC analyzer (Shimadzu, Japan). 
TOC content was calculated by subtracting the total carbon (TC) from the inorganic carbon (IC) for each sample.

Results and discussion
Membrane characterization
Surface morphology, porosity, and permeability
SEM characterization of the membranes revealed the pure HNTs membrane (M1) to have a low porosity 
obviously due to the absence of the pore-forming agent (starch) which later showed to increase porosity within 
the membrane matrix. This can be confirmed by comparing the SEM cross section (Figure S1a) and top view of 
M1 (Figure S1b) relative to the other membranes. Similarly, M7 membrane, composed of 70 wt% HNTs and 30% 
alumina only had a dense membrane structure as shown in Figure S1e and Figure S1f.

On the other hand, the M2 membrane composed of pure alumina (Figure S1c and S1d) demonstrated a 
lack of robustness during the dry press formation and broke easily. Similarly, M3 membrane, composed of 60% 
HNTs, 35% alumina and 5% starch, depicted fragility and broke during the fabrication process.

Figures 2 and 3 depict the surface topography as well as the cross-section of M5 and M6 ceramic membranes. 
Compared to the pure ceramic membrane (M1), starch-containing ceramic membranes (M4, M5 and M6) 

Fig. 2.  SEM imaging of the surface topography (a & b) and cross section (c & d) of M5 membrane (inset: 
original ceramic membrane).
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exhibited porous structures with visible differences in grain size due to the combination of HNTs clay and 
alumina. The pores observed on the surface were formed from the combustion of starch.

Based on the SEM analysis, most filtration experiments were conducted on ceramic membranes M4 to M6 as 
the membrane integrity was maintained.

The total porosity and permeate flux corresponding to the prepared membranes using DIW are depicted in 
Fig. 4. As seen, the addition of pore forming agent (starch) was observed to increase the porosity and flux of the 
developed ceramic membranes. This can be confirmed by comparing the porosities of M4, M5 and M6 with the 
pure HNTs membrane (M1). For instance, the average porosities of M4, M5 and M6 corresponded to 59,2, 62.4 
and 53.6%, respectively while that of pure HNTs membrane was only 30.2%. This can be supported by observing 
the surface topography and cross section of the fabricated membranes using SEM (Fig. 2).

Table 2 shows the pore size, density and water absorption of the developed ceramic membranes. The addition 
of 10 wt% starch was observed to increase the pore size of pure membrane (M7) from 39.67 nm to 46.85 nm 

Membrane Pore size (nm) Density (g/cm3) Water absorption (%)

M4 46.85 ± 0.43 3.02 ± 0.0012 19.93 ± 0.24

M5 230.14 ± 3.69 2.56 ± 0.0114 24.34 ± 0.60

M6 308.86 ± 19.7 2.47 ± 0.0019 22.56 ± 1.93

M7 39.67 ± 0.83 3.40 ± 0.0019 16.29 ± 0.48

Table 2.  Pore size, density and water absorption of ceramic membranes.

 

Fig. 4.  Total porosity of fabricated ceramic membranes.

 

Fig. 3.  SEM imaging of the cross section (a) and surface (b) topography of M6 ceramic membranes.
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(corresponding to M4). Likewise, the addition of 15 wt% and 20 wt% starch to ceramic membranes enhanced 
their pore sizes up to 230.14 and 308.86 nm, respectively.

The enhancement in the porosities and pore size following the addition of starch during the membrane 
preparation observed in the present work were found to be consistent with work reported in literature. For 
instance, Samhari et al.36 reported that adding corn starch (15 wt%) increased the porosity of ceramic membrane 
from 12.3 to 58.6% and pore size from 1900 to 3500 nm. The authors attributed the increase in the pore size of the 
membranes to take place throughout the sintering process. Furthermore, in a study by Elomari and coworkers37, 
ceramic membrane prepared from clay showed increased pore size from 1900 to 2400 nm and porosity from 
30.8 to 48.2% as the starch content increased from 0 to 20 wt%, respectively. The increase in the porosity was 
attributed to the combustion of starch compounds during the sintering process.

Table 2 shows the density (g/cm3) and water absorption (%) values of the prepared ceramic membranes. 
As seen in this table, the addition of starch has the effect of reducing the membrane’s density. For instance, the 
density of M7 corresponding to 70 wt% HNTs and 30 wt% alumina was 3.4 g/cm3. The addition of 5 wt% starch 
to ceramic membranes was found to lower the density of M4 down to 3.02 g/cm3. The further addition of starch 
reduced the density of M5 (10 wt% starch) and M6 (20 wt% starch) to 2.56 g/cm3 and 2.47 g/cm3, respectively. 
It was also observed that the increase in the starch content increased the water absorption of the prepared 
ceramic membranes from 16.29 to 22.56% (Table 2). Overall, the decrease in density and the increase in the 
water absorption of ceramic membranes with addition of starch was found to correlate well with the previously 
published studies The ceramic membranes developed by Li et al.38 showed a drop in their densities from 1.3 g/
cm3 to 0.9 g/cm3 following the addition of 30 wt% starch due to the formation of porous structure that increased 
the volume of voids within the starch-containing membranes. Likewise, the ceramic membrane fabricated by 
Samhari et al.36 was reported to show increasing water absorption from 5.8 to 32.4% at 15 wt% starch content.

EDS and XRD analysis
The surface EDS-elemental mapping images of M5 shown in Fig. 5 confirm the uniform distribution of alumina 
particles within the membrane. Moreover, from the elemental quantification analysis conducted and presented 
in Fig. 5, the Si: Al ratio was measured to be approximately 1:2.

The ceramic membranes, fabricated and sintered at various temperatures (1000 °C to 1100 °C), were analyzed 
using XRD technique. The phase composition of the ceramic membranes at the different sintering temperatures 
was evaluated and is depicted in Fig. 6. At sintering temperatures between 1000 °C and 1100 °C, halloysite peaks 
do not appear as they become amorphous at high temperatures. However, quartz peaks are visible at all three 
sintering temperatures. The alumina content in different phases is the most prominently detected by XRD due 
to its high crystallinity. At lower temperatures of 1000 °C and 1050 °C, small alumina peaks are mainly observed 
for δ-Al2O3 and κ- Al2O3 phases. After 1000 °C, the θ-Al2O3 phase appears and is the dominant type at 1050 °C. 
At 1000 °C and 1050 °C, the α- Al2O3 phase (corundum) co-existed with the other alumina phases. However, 
the transformation of all the pure alumina to the stable α- Al2O3 with high crystallinity is observed at 1100 °C. 
These results are in good alignment with those in literature39,40 which reported the existence of sharp peaks of α- 
Al2O3 starting from 1050 °C and the disappearance of all other alumina phases at a temperature above 1050 °C. 
The sharp peaks indicate relatively large grain sizes39. Corundum is known to have high mechanical and thermal 
stability41.

Membrane hydrophilicity and surface roughness
The hydrophilicity of a membrane is one of the most crucial properties that affects its flux and fouling resistance. 
The contact angle of a water drop on the membrane surface indicates a membrane’s hydrophilic/hydrophobic 
character42. A membrane with a superhydrophilic and superoleophobic character is necessary to effectively and 
efficiently reject oil while allowing water to pass through at a high flux43. The ceramic membrane, M5 is found to 
be superhydrophilic in air (water contact angle (WCA) = 0°) and superoleophobic under water (oil under-water 
contact angle (OCA) ≈ 172.9°) as depicted in Fig. 7. This can be attributed to numerous surface hydroxyl groups 
such as Si-OH and Al-OH as well as to the high surface roughness of the prepared membrane According to the 
Wenzel equation, a hydrophilic surface with a static contact angle, θ0, less than 90° becomes more hydrophilic 
with the increase in the roughness factor44,45. Hence, due to the surface wetting properties, the prepared HNTs 
based membrane is expected to form an oleophobic layer of water molecules on the surface of the membrane 
that assists in repelling oil12.

Membrane surface roughness plays an important role in the wettability and interaction between membranes 
and contaminants in water. The effect of surface roughness on membrane fouling has been a concept of debate 
by scientists for years46–48. For example, Lyu et al.49 hypothesized that a high surface roughness would enhance 
the membrane’s antifouling properties49. Figure 8 presents 3D scans of the surfaces of M4, M5 and M7 ceramic 
membranes using Dektak stylus profilometer while Table 3 lists the average surface roughness values (in µm) 
corresponding to these membranes. As seen, the introduction of starch was found to increase the pore size and 
porosity of the membranes which was reported to increase the surface roughness of the ceramic membrane. A 
study by Chou et al.50 reported that roughness value was affected by the pore size when different coating layers 
were deposited on membrane support. The average surface roughness of M7, which is composed of 70 wt% HNTs 
and 30 wt% alumina, was 2006.44 ± 292 nm while that of M4 (containing 10 wt% starch) was 3630.15 ± 522 nm. 
Moreover, M5 which contains 15 wt% starch showed an average surface roughness of 3971.6 ± 543 nm which 
was higher than both M7 and M4. The surface roughness values of the ceramic membranes were observed to 
correlate with previous work in literature. For instance, the ceramic membrane support which was prepared by 
Zou et al.20 from alumina and fly ash showed average surface roughness of 1471–2045 nm.
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Zeta potential
The zeta potential of the pure alumina, HNTs particles as well as M5 ceramic membrane at different feed pH 
values is shown in Fig. 9. As seen, the zeta potential of pure alumina ranged between − 2.4 and − 34.5 mV while 
that of pure HNTs ranged between − 11.5 and − 39.5 mV. The zeta potential range of M5 ceramic membrane 
was found to range between − 13.1 to -36.2 mV. The increase in the negative surface charge of the modified 
membrane in comparison with pure alumina membrane could be attributed to the introduction of HNTs which 
were reported in literature to show negative surface charges over a wide range of pH51,52. Dong et al.51 reported 
the zeta potential of HNTs to exhibit a negative surface charge starting from pH ~ 3 until a zeta potential of ~ -40 
mV at pH 10. Moreover, Stor et al.52 reported the existence of negative surface charges corresponding to HNTs 
over from pH 2.5 to pH 8. The increase in the negative surface charge of the ceramic membranes surfaces plays 
an important role on the interaction with fouling substances in water and, consequently, affect the antifouling 
properties of the membranes53.

Mechanical properties
The microhardness or indentation hardness of a material is the measurement of the material’s ability to withstand 
loads. Microhardness measurements were conducted on the membrane to determine the membrane response 
to stress. Figure 10a shows the microhardness of ceramic membranes using a microhardness tester. As seen, 
the addition of starch was found to reduce the hardness of the membranes due to the formation of a porous 
structure. For instance, M7 (composed of 70 wt% HNTs and 30 wt% alumina) depicted a microhardness of 
133.9 HV while M4 (containing 60 wt% HNTs, 30 wt% alumina and 10 wt% starch) had a microhardness of 
70.1 HV. The optimum membrane M5, which contains 60 wt% HNTs, 25 wt% alumina and 15 wt% starch, had 
a microhardness of 43.7 HV which was higher than a microhardness of 29 HV for M6 sample (60 wt% HNTs, 
20 wt% alumina and 20 wt% starch(. Figure 10b depicts the indent which was formed after applying a force of 
4.904 N on M5 which showed an average hardness of 43.71 HV. The findings of the present work were observed 

Fig. 5.  (a) EDS elemental mapping of the ceramic membrane M5 surface and (b) EDS element quantification.
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to be comparable with the work reported in literature. The measured microhardness of 43.71 in the present 
study falls within the microhardness range of 3D printed clay-based ceramic membranes sintered at 1300 °C 
andreported by Hwa and coworkers54 which showed a microhardness range of 32–68 HV.

Thermogravimetric analysis (TGA)
TGA was conducted on ceramic membranes M5, M6 and M7 (Fig. 11). This test demonstrated that the addition 
of starch has an effect on the thermal behavior of the membranes. For instance, the first mass loss which occurred 
at around 80 °C is attributed to the evaporation of water in the ceramic membrane samples and is observed to be 

Fig. 7.  Contact angle measurements of water in air (left) and oil underwater (right) of M5.

 

Fig. 6.  XRD analysis with the phase compositions of the ceramic membrane M5 sintered at different 
temperatures.
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more pronounced in the sample containing 20 wt% starch compared to the sample with 15 wt% starch. This is 
due to the hydrophilic character of starch, which tends to absorb more water/moisture as a result of the presence 
of hydroxyl groups55. The second mass loss was observed to be initiated at approximately 300 °C due to the 
starch burning, and the membrane with 20 wt% starch loading exhibited a greater weight% loss when compared 
to the membrane with 15 wt% starch due to the higher starch content. This was observed to align with the TGA 
analysis performed by Guinesi et al.56 and Dony et al.57 who investigated the thermal behavior of starch under 
nitrogen and observed the thermal degradation to start around the temperature reported in the present work.

Fig. 8.  surface roughness of ceramic membranes; M4: 60 wt% HNTs, 30 wt% alumina and 10 wt% starch. M5: 
60 wt% HNTs, 25 wt% alumina and 15 wt% starch. M7: 70 wt% HNTs and 30 wt% alumina.
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Fig. 10.  (a) microhardness of ceramic membranes using microhardness tester and (b) indent formed after 
microhardness measurement test on M5 (Applied force = 4.904 N).

 

Fig. 9.  Zeta potential of pure alumina, HNTs as well as M5 ceramic membrane at various pH.

 

Membrane Average surface roughness, (nm)

M4 3630.15 ± 522

M5 3971.6 ± 543

M7 2006.44 ± 292

Table 3.  Average surface roughness of ceramic membranes.
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The third mass loss shown in Fig. 11 took place at a temperature range of ~ 450 °C. This was attributed to 
the dehydroxylation process which was reported by Zhang et al.58 to occur between 450 and 700 °C as shown 
in the below reaction. Above 700 °C, no visible mass loss was observed on the TGA curves under the studied 
temperature range.

	 Al2 [Si2O5] (OH)4 → Al2O3 · 2SiO2 + 2H2O

Membrane performance tests
Water fluxes of prepared membranes
Water fluxes for fabricated ceramic membranes are plotted in Fig. 12 and show an increase in flux values at 
higher starch content due to increase in the membrane porosity and pore size of the prepared membranes. 
In the present work, the enhancement in the pure water flux following the addition of starch was observed to 
outperform some of the work reported in literature. For comparison, Wu et al.59, reported the permeability of a 
commercial tubular ultrafiltration membrane with a titania (TiO2) support and a zirconia (ZrO2) active layer to 
have a permeability of approximately 200 L/(m2.hr.bar) with a molecular weight cut off (MWCO) of 150 kDa. Ben 
Ali and coworkers60 reported a ceramic ultrafiltration membrane made of kaolino-illitic clay with a permeability 
of 2219 L/(m2.hr.bar); however, it had a large median pore diameter of 6.3 μm. It should be mentioned that a 
fair comparison of the permeability of the ceramic membrane in this work with those presented by research is 
difficult to make due to the differences in pore size, porosity, and thickness of the studied membranes.

Fig. 12.  Water fluxes of ceramic membranes during filtration with DIW; TMP: 1 bar.

 

Fig. 11.  TGA showing the thermal degradation of various loadings of ceramic membranes under nitrogen.
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Membrane performance with oil emulsions
The rejection and flux of the prepared ceramic membranes during filtration experiments with oil emulsions is 
shown in Fig. 13a and b. It was observed that M5 sample exhibited the highest oil rejection with 99% removal 
efficiency during filtration of 1013 mg/L oily solutions compared with M4 and M6 membranes. Moreover, M4 
sample exhibited a higher permeate flux of 60 ± 5 LMH relative to 41 ± 2.5 LMH for M5 membrane. The analysis 
of the correlation between starch loading and rejection showed that the addition of starch beyond 15% reduces 
the membrane rejection; hence, M5 with a starch loading of 15% was observed to correspond to the optimum 
ceramic membrane for oil rejection in the present work.

The increase in the oil rejection of membranes over filtration time can be attributed to formation of a compact 
layer composed of oil droplets on the membrane surface, which possess self-rejection properties towards oil. The 
confirmation of the presence of oil on top of the membrane was investigated using SEM and EDS elemental 
mapping techniques which are shown in Fig. 14a (surface of membrane before oil filtration) and Fig. 14b (surface 
of membrane after oil filtration). The EDS elemental maps which show an increase in the bright areas indicate a 
carbon mass content increase from 5.15% before oil filtration (Fig. 14c) to 11.15% after oil filtration (Fig. 14d).

Membrane fouling during filtration of oil emulsions
During filtration of oil emulsion, a decline in membrane permeate flux is usually observed. Permeate flux decline 
may occur due to internal and/or external pore blockage by oil in addition to the formation of a deposited oil 
layer on the surface of the membrane. Every one of these elements adds a level of resistance to the flow in the 
membrane, leading to flux decline. Figure 15a and b depict the membrane flux for the ceramic membrane during 
filtration of the oil emulsion with concentrations of 724 mg/L (OW1) and 1014 mg/L (OW10), respectively, in 
two consequent filtration cycles.

Fig. 13.  (a) rejection and (b) flux of ceramic membranes by filtration of oily solutions (1013 mg/L); M4 
(HNTs: 60 wt%, alumina:30 wt%, starch: 10 wt%), M5 (HNTs: 60 wt%, alumina: 25 wt%, starch: 15 wt%), M6 
(HNTs: 60 wt%, alumina:20 wt%, starch: 20 wt%), TMP: 1 bar.
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For the OW1 concentration, the permeate flux decreased significantly in the early stages in cycle 1. In cycle 
2, nearly 84% of the permeate flux was regained. The permeate flux in cycle 2 decreased significantly initially but 
was steady within 4 h.

For the OW10 concentration, a gradual decrease of permeate flux in cycle 1 was observed and reached a 
steady state after 4  h. This indicates the occurrence of irreversible fouling in the membrane. The significant 
change in the permeate flux in cycle 2 was not major compared to that in cycle 1. This could be attributed to 
the formation of an oil layer on the membrane in cycle 2 which inhibited the mass transfer and consequential 
adsorption of small oil particles in the pores of the membrane. With time, more and more oil particles would 
cohesively bond together, including oil particles smaller than the membrane pore size, and water would pass 
though at a near steady flux.

The flux recovery ratio (FRR) is the measure of the ability of the membrane to recover its initial pure water flux 
after fouling to identify the extent of reversible and irreversible fouling occurring in the membrane. Figure 15c 
depicts FRR values. As OW1 emulsion is lower in oil concentration, a higher FRR (0.755) was observed relative 
to the FRR for the higher oil concentration OW10 for cycle 1 (0.344) as shown in Fig. 15c. However, after cycle 1, 

Fig. 14.  SEM images and EDS elemental maps showing carbon at the top surface of M5 ceramic membrane 
before (a) and after (b) filtration with emulsified oil 1013 mg/L.
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the larger particles of oil in OW10 remained on the surface and formed an oil layer, which may prevent further 
oil particles from passing through, hence, the FRR is higher for the OW10 in cycle 2 (0.999).

The reversible (Rr) and irreversible (Rir) membrane fouling values are depicted in Fig. 15d. When looking at 
the fouling resistance of the membrane, OW1 consisted of smaller particles, hence, more oil particles could enter 
the membrane pore and be adsorbed internally, and more irreversible fouling in OW1 was observed throughout 
the overall performance of the membrane. In OW10, bigger oil particles allowed for more oil to be retained on 
the surface of the membrane which can be more easily removed via washing with water for cycle 2. The higher 
concentration of oil caused more irreversible fouling in the membrane in cycle 1 due to ultimate pore blocking; 
however, because the oil particles may have formed a layer on the external surface of the membrane in cycle 1, 
less membrane fouling is observed in cycle 2 as most of the oil is retained on the surface of the membrane. This 
indicates that physical cleaning with DIW could remove the loosely attached oil aggregates from the surface.

The noteworthy antifouling properties of the ceramic membranes could be attributed to the membrane’s 
superoleophobicity as well as the membrane’s overall negative surface charge as depicted in Fig.  9. The oil 
droplets in water are negatively charged and could be repelled from the negatively charged surface of M5 ceramic 
membrane thus notably reducing the membrane fouling during filtration. This was observed to align well with 
work reported in literature. For instance, the alumina ceramic membranes modified with SiC was reported 

Fig. 15.  (a) permeate flux of cycle 1 and cycle 2 for OW1 emulsion and (b) permeate flux of cycle 1 and cycle 
2 for OW10 emulsion (c) Flux recovery ratio of the membrane with OW1 and OW2 emulsions for cycle 1 and 
cycle 2. (d) Fouling resistances of the membrane M5 during filtration of OW1 and OW2 emulsions for cycle 1 
and cycle 2.
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by Chen et al.61 to exhibit higher antifouling behavior when tested with oil/water solutions in comparison 
with pure alumina membranes due to changing in the modified membrane’s surface charge from positive to 
negative and improvement of the membrane’s hydrophilicity after modification with SiC. The investigation of the 
performance of the ceramic membranes modified by Chen et al.61 during filtration with various concentrations 
of oil/water solutions showed that oil droplets exhibited characteristic negative surface charge ~ -70 mV and the 
repulsion between the modified membrane’s surface and oil droplets in water enhance the antifouling properties 
of ceramic membranes.

It was reported that oil separation with MF and UF membranes is mainly dominated by size sieving mechanism 
and that membranes with smaller pore sizes have not only higher oil rejection but also possess lower irreversible 
fouling62,63. The membrane fouling in treatment of oily wastewater is largely affected by the membrane pore 
size. When the membrane pore size is smaller than oil droplets in water, the oil droplets can accumulate on the 
membrane surface which is followed by cake layer formation and pore blockage. The oil droplets can be forced 
to pass through the membrane at high operating pressures which results in lower oil fouling64,65. On the other 
hand, when the pore size of the ceramic membranes is greater than oil droplets in water the blockage of internal 
pores may take place and consequently, the selection of optimum pore size for treatment of oily wastewater with 
membranes is critical to reduce fouling65.

Filtration of produced water
Ceramic membrane performance tests were further conducted using industrial produced water as feed to 
simulate practical application. The testing of the developed membranes was conducted by the filtration of real 
produced water from gas extraction in Qatar, which had a TDS of 2358 mg/L, TOC content of 981.9 mg/L and 
pH 8.3. Figure 16 shows the TOC rejection and normalized flux of M5 membrane during filtration of produced 
water. It can be observed that the normalized flux of M5 ceramic was above 51% at 150 min filtration time. 
Moreover, the effect of membrane washing on the performance of the ceramic membranes was evaluated as 
described in Sect. 2.4.1. It was found that FRR of ceramic membrane after cleaning with soap solutions was 
21% which was significantly higher than that corresponding to washing with DIW (4%). The treatment of real 
produced water in the present work was observed to be in good agreement with work reported in literature. 
The commercial UF TiO2/ZrO2 composite membranes (TAMI Industries, France) were used to treat oil-sands 
process water with TOC 56.1 mg/L66. The commercial membranes showed similar TOC removal efficiencies of 
24.8–38.6% despite having a lower TOC in the feed produced compared with feed produced water in the present 
work. The findings of this part indicate that the novel HNTs-based ceramic membrane can be used for produced 
water pretreatment before RO if water desalting is required as it performed well in high TDS feed solutions 
filtration.

Conclusions
Novel HNTs-based ceramic membranes were prepared by using a die press method and sintered at 1100 ℃, 
which is lower than the sintering temperature employed for fabrication of most of the commercial ceramic 
membranes. SEM surface topography images depicted a porous surface with a visible difference in grain size 
due to the combination of HNTs clay and alumina and alumina was found to be homogenously distributed 
throughout the membrane. Contact angle measurements revealed the membrane to be superhydrophilic and 
superoleophobic underwater. The pore size, porosity, and water permeability corresponding to the optimum 
membrane composition: halloysite: Al2O3: starch as 60:25:15 wt% were found to be 230 nm, 62.4%, and 1040 
LMH/bar, respectively. The ceramic membrane showed a TOC rejection of 99.1% when tested with filtration of 
1013 mg/L oil/water solutions. The FRR of the ceramic membrane in cycle 1 with OW1 and OW10 was 0.757 
and 0.346, respectively, and 0.695 and 1.00 in cycle 2 for OW1 and OW2, respectively. When treating OW1, 

Fig. 16.  TOC rejection and normalized flux corresponding to M5 during filtration of produced water; TMP: 
2.5 bar, pH: 8.3.

 

Scientific Reports |        (2025) 15:14457 16| https://doi.org/10.1038/s41598-025-99143-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


irreversible fouling was observed in cycle 1 and cycle 2 of the oil emulsion treatment process, whereas irreversible 
fouling was observed only in cycle 1 with OW10 due to the larger oil particles present in OW10 which formed 
loosely attached oil aggregates on the membrane surface. Real produced water from gas extraction was used 
in the filtration tests and TOC rejection was observed to increase with time up to 33% while the normalized 
flux was 51% of the initial membrane flux. The findings of this study indicate that the prepared HNTs-based 
ceramic membrane can be used for efficient oil removal from oil/water emulsions as well as for produced water 
pretreatment before desalting RO membranes as they perform well in high TDS feed solutions. It should be 
highlighted that with the use of HNT clay, the cost of raw material and energy consumption for membrane 
fabrication can be notably reduced compared to conventional ceramic membranes available on the market.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary 
information files.
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