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A B S T R A C T   

In this study, an economic silica based ceramic hollow fiber (HF) microporous membrane was fabricated from 
guinea cornhusk ash (GCHA). A silica interlayer was coated to form a defect free silica membrane which serves as 
a support for the formation of thin film composite (TFC) ceramic hollow fiber (HF) membrane for the removal of 
microplastics (MPs) from aqueous solutions. Polyacrylonitrile (PAN), polyvinyl-chloride (PVC), poly-
vinylpyrrolidone (PVP) and polymethyl methacrylate (PMMA) are the selected MPs The effects of amine 
monomer concentration (0.5 wt% and 1 wt%) on the formation of poly (piperazine-amide) layer via interfacial 
polymerization over the GCHA ceramic support were also investigated. The morphology analysis of TFC GCHA 
HF membranes revealed the formation of a poly (piperazine-amide) layer with narrow pore arrangement. The 
pore size of TFC GCHA membrane declined with the formation of poly (piperazine-amide) layer, as evidenced 
from porosimetry analysis. The increase of amine concentration reduced the porosity and water flux of TFC 
GCHA HF membranes. During MPs filtration, 1 wt% (piperazine) based TFC GCHA membrane showed a lower 
transmission percentage of PVP (2.7%) and other suspended MPs also displayed lower transmission. The impact 
of humic acid and sodium alginate on MPs filtration and seawater pretreatment were also analyzed.   

1. Introduction 

Plastics are polymer-based materials with unique characteristics 
such as highly durable, high electrical and thermal insulation, high 
chemical stability, low cost, and can be easily mass-produced. Due to 
their various properties, they have been extensively utilized in a variety 
of industries, including packaging, manufacturing, textiles, electronic 
devices and home appliances, and machinery. With a large production 
volume, most plastic-related trash ends up in the environment as a result 
of human negligence (Wang et al., 2020a). Microplastics (MPs) are an 
emerging persistent freshwater and ocean pollutant with particle size 
less than 5 mm. Polystyrene (PS), polypropylene (PP), 
polyvinyl-chloride (PVC), polyethylene (PE), polycarbonate (PC), poly-
amides (PA) polyester (PES), and polyethylene terephthalate (PET) are 
examples of prevalent MPs found in seawater and wastewater treatment 

plant (Kumar et al., 2021a, 2021b). MPs have disastrous 
eco-toxicological impact on marine species and human beings (Kumar 
et al., 2021a, 2021b; Sun et al., 2019). It causes the (i) damage of human 
cells and inflammation, (ii) toxic effect by diffusion of secondary plastic 
products upon degradation and (iii) toxic ingestion by marine micro-
organism (Bilal and Iqbal, 2020; Dick Vethaak and Legler, 2021). 
Therefore, it is mandatory to eliminate MPs from aqueous environment. 

Polymeric microfiltration and ultrafiltration membranes have been 
primarily employed to remove polyamide, poly(ethylene) and poly-
styrene (Enfrin et al., 2020; Pizzichetti et al., 2021). However, flux 
decline and membrane fouling have hampered their applications for 
MPs filtration. The tendency of membrane fouling by MP is affected by 
the size, shape and physiochemical properties (hydro-
phobic/hydrophilic and charge). Organic fouling phenomenon occurs 
with an initial adsorption of MPs on the membrane pores which results 
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in the formation of either reversible or irreversible cake layer (Enfrin 
et al., 2021). Polymeric membranes are deployed widely for industrial 
wastewater treatment but it is sensitive to chemical reaction that greatly 
affects its performance and life span (Fard et al., 2018). To circumvent 
the effect, ceramic MF and UF membranes have been used for the 
reclamation of industrial wastewater as they exhibit good chemical and 
thermal stability, extended life span and can be cleaned with simpler 
protocols. Expensive materials like titania, zirconia and alumina have 
been used as raw materials for the fabrication of ceramic supports 
(Khanmohammadi et al., 2020; Van Gestel et al., 2006). Over time, re-
searchers explored different low-cost alternatives like sugarcane bagasse 
and rice husk ash to produce environmentally-benign silica based 
ceramic membrane for water treatment (Hubadillah et al., 2017; 
Jamalludin et al., 2019). The common sources of raw materials used in 
the fabrication of low-cost ceramic membrane for wastewater applica-
tions are tabulated in Table 1. Agro-based ash is a preferable source for 
the fabrication of ceramic membranes as it is silica-rich and abundantly 
available. The main advantages of utilizing biomass based materials for 
ceramic membrane fabrication are related to the (i) cost-effectiveness, 
(ii) ability to form defect-free resilient asymmetric porous membrane 
with multifunctions (selective adsorption, catalytic & sieving) due to 
presence of silica metal oxides with other constituents (carbon and other 
metal oxides) and (iii) ease of functionalization (Hubadillah et al., 2020, 
2018, 2017). Guinea corn (Sorghum vulgare) husk (GCH) is an abundant 
and cheap source of silica (94% of silica) that has been used as a raw 
material for cement additives, adhesives and polymer.(Bello et al., 
2018). In this study, a novel ceramic thin film composite (TFC) hollow 
fiber HF membrane supported by guinea cornhusk ash (GCHA) has been 
fabricated for the treatment of MPs containing wastewater. The chosen 
model MPs are polyacrylonitrile (PAN), polyvinyl-chloride (PVC), pol-
yvinylpyrrolidone (PVP) and polymethyl methacrylate (PMMA). These 
MPs have been widely used as binders and precursors in various in-
dustrial applications and their molecular weight are in the range of few 
hundred kilodaltons (kDa). 

Ceramic substrates are very porous hence highly susceptible to pore 
blocking during the filtration of suspended and large sized MPs. To 
control fouling and improve the membrane’s rejection, TFC membranes, 
with a polyamide selective layer formed atop of the highly porous 
substrate, have been developed in recent years (Gohil and Ray, 2017). 
Recently, ceramic supported TFC membranes have been investigated for 
pervaporation (Zhang et al., 2021a) and dye filtration (Xia et al., 2018) 
applications. Literature indicates that the monomer concentration and 
intermediate layer have significant influence towards the polyamide 
layer formation and the mechanisms involved in the pollutant removal. 
Studies on the fabrication of ceramic membrane-based GCHA have not 
yet been reported. The literatures on MPs filtration are also sparsely 
reported. Therefore, this study aims to provide further understanding on 
the construction of an antifouling ceramic supported TFC membrane for 

effective MPs separation. The study constitutes of: (i) the fabrication and 
characterization of GCHA HF membrane and formation of polyamide 
layer over TFC membrane via interfacial polymerization. The interme-
diate silica layer was prepared as a compatible substrate to form a defect 
free polyamide layer. The influence of two different concentrations of 
amine monomers was also studied. (ii) comparison of the filtration 
performance of GCHA HF and TFC GCHA HF for MPs filtration in 
aqueous solution. The impact of organic foulants (humic acid (HA) and 
sodium alginate (SA) on MPs filtration was evaluated. The feasibility 
and long-term stability of TFC GCHA HF membranes for seawater pre-
treatment were also studied. 

2. Experimental 

2.1. Materials 

Polyethersulfone (PES) was purchased from Solvay and used as 
polymer binder in GCHA dope solution preparation. N-Methyl-2-Pyr-
rolidone (NMP) was used as solvent, which was procured from Merck. 
Arlacel P135 gel was obtained from CRODA. Absolute ethanol and 
ammonia were used for silica sol preparation, which was obtained from 
Merck. Tetraethyl-orthosilicate (TEOS) (98%) was procured from Sigma 
and was used as precursor material for the silica. The chosen model 
microplastic such as polyvinylpyrrolidone (PVP 360,000) poly-
acrylonitrile (PAN), polyvinyl-chloride (PVC), and polymethyl methac-
rylate (PMMA 120,000) were purchased from Merck. 

2.2. Fabrication of GCHA and TFC-GCHA hollow fiber (HF) membrane 

2.2.1. Fabrication of GCHA hollow fiber membrane 
GCH was ground evenly and pyrolyzed at 800◦C for 2 h with a 

heating rate of 5◦C/min. Then, the GCH ash (GCHA) was mechanically 
sieved with mesh size of 20 µm. The silica composition of the sieved 
GCHA was revealed to be 71.1 wt% as determined through X-ray fluo-
rescence (XRF) analysis. 35 wt% of 20 µm GCHA was used as the base 
material for the fabrication of HF ceramic membrane through a dual 
orifice spinneret via phase inversion and sintering method. Firstly, 1 g of 
aracel was dissolved in 59 g of NMP under constant stirring for 2 h. 
Then, 35 g of dried GCHA powder was added into the NMP solution ball 
milled for 48 h. Next, 5 g of binder (PES) was added into the ceramic 
suspension and again ball milled for another 48 h. Prior to spinning, the 
dope solution was degassed under vacuum condition for 30 min. Then, 
the bubble free dope solution was poured into a stainless-steel syringe. 
The ceramic hollow fiber support membrane was extruded at a rate of 
10 ml/min through a spinneret and into a custom designed hollow fiber 
spinning system, using water as non-solvent of choice. Reverse osmosis 
water, which was used as a bore fluid, was extruded at a rate of 9 ml/ 
min. The outer and inner diameters of the spinneret were fixed at 2.8 
and 0.5 mm, respectively. The collected ceramic GCHA HF was 
immersed in a water bath for 24 h and dried at room temperature for 48 
h. Finally, the GCHA HF membranes were sintered at 1100◦C for 5 h. 

2.2.2. Fabrication of TFC- GCH hollow fiber membrane 
Silica sol coating was employed to provide a hydrophilic layer for the 

formation of poly (piperazine-amide) layer (Usman et al., 2020). Prior to 
TFC formation, GCHA membrane was hydrolyzed by immersing in an 
ethanol:water (50:50) mixture for 24 h. Then, the hydrolyzed GCHA HF 
membrane was immersed in a silica sol solution for 1 h and followed by 
drying in a vacuum oven at 100◦C for 1 h. Three cycles of silica sol 
coating were carried out and calcined at 400̊ C for 2 h. Then, the GCHA 
sol coated HF membrane was subjected to TFC membrane fabrication. 
Preparation of silica sol solution followed the Stober method the syn-
thesis of silica sol and TEOS was used as the silica precursor material. 
0.24 M TEOS was initially dissolved in a 4.64 M ethanol solution. Then, 
the precursor solution was slowly dropped into the reaction mixture 
containing 1.04 M ammonia, 4.0 M water and 4.64 M ethanol solution 

Table 1 
Cost-effective raw material based ceramic membrane for wastewater treatment 
application.  

Ceramic 
membranes 

sources Mechanism Application References 

Aluminosilicate kaolin sieving oily 
wastewater 

(Vinoth Kumar 
et al., 2015) 

Hydroxyapatite cow bone sieving textile 
wastewater 

(Hubadillah 
et al., 2020) 

Aluminosilicate natural 
zeolite 

adsorption ammonia 
wastewater 

(Adam et al., 
2019) 

Silica Natural 
clay 

sieving synthetic dyes 
wastewater 

(Ouaddari 
et al., 2019) 

Silica silica sand sieving oily 
wastewater 

(Alftessi et al., 
2021) 

Aluminosilicate fly ash 
and 
kaolin 

sieving oily 
wastewater 

(Zou et al., 
2021)  
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using a dropper. The colloidal silica sol was allowed to form at 60◦C for 
90 min and aged for 3 days. Then, the GCHA HF membrane was sealed at 
both ends using epoxy resin. 

2.2.3. Fabrication of TFC membrane 
Interfacial polymerization method was adopted for the formation of 

poly (piperazine-amide layer) over GCHA HF membrane and the reac-
tion between the monomers is schematically illustrated in Fig. 1. GCHA 
HF membrane was immersed in an aqueous amine monomer solution 
(piperazine and triethylamine (1 wt%) in water) for 8 min. Two different 
concentrations of piperazine 0.5 wt% and 1.0 wt% were used to study 
the influence of formation of poly (piperazine-amide) layer. Then, the 
GCHA HF membranes prepared at different monomer concentration 
were dried separately in atmospheric condition, followed by the im-
mersion into acyl chloride monomer solution for 2 min (0.2 wt% of 
trimesoyl chloride (TMC) in hexane). The membranes were then dried in 
a vacuum oven at 60◦C for 6 min. Two different monomer concentration 
based TFC membranes were stored in water and labeled as TFC GCHA-1 
and TFC GCHA-2. The influence of piperazine on polyamide layer for-
mation was studied by varying the concentration from 0.5 wt% to 1 wt% 
and the corresponding membranes were labeled as TFC-GCHA-1 HF and 
TFC-GCHA-2 HF, respectively. 

2.3. Physiochemical characterization 

The morphology and topography of GCHHF membrane were 
analyzed using scanning electron microscopy (SEM) (TM 3000, Hitachi) 
and atomic force microscopy (AFM) (5000II, Hitachi), respectively. The 
porosity of GCHA HF membranes were determined using mercury 
intrusion porosimetry (MIP) (MicroActive AutoPore V9600 Version 
1.03). 

2.4. Filtration performance analysis of GCAHF and TFC GCHA 
membranes 

The MPs filtration experiments were conducted using a customized 
hollow fiber filtration module. The water flux was calculated based on 
the flowrate of feed solution (F (L/h)) and membrane surface (A) (m2), 
using the Eq. (1). 

JW =

(
F
A

)

(1) 

Membrane permeability was obtained from the slope of plot between 
the flux and corresponding transmembrane pressure (TMP). 

PVC, PAN and PMMA feed suspension were prepared by dispersion 
in reverse osmosis (RO) water using an ultrasonicator, whereas PVP was 
dissolved in RO water. Prior to MPs filtration, membranes were com-
pacted at a TMP of 200 kPa until it attained a steady state flux. Then, 
each MPs solution was fed separately into the filtration cell and the flux 
corresponding to different TMP and concentration was monitored. The 
TMP was in the range of 50–200 kPa whereas the MPs concentrations 
were fixed at 50 mg/L and 100 mg/L. Membrane fouling was investi-
gated using 50 mg/L of HA and SA as model foulants. The concentration 
of MPs was determined using a total organic carbon analyzer (Shimadzu 
TOC-L Total Organic Carbon Analyzer). 

The concentration polarization model was used to understand the 

transport mechanism of MPs in porous GCAHF and TFC GCHA mem-
branes. Concentration polarization is a phenomenon of solute particle 
buildup on the membrane surface, which is also referred to as irre-
versible fouling. This occurs constantly when the solute size is bigger 
than the membrane’s pore size. The generalized expression of volu-
metric flux (Jv) (m/s) relating to concentration gradient is expressed as 
follows (Lohokare et al., 2008). 

Jv = kln
(

Cm − Cp

Cb − Cp

)

(2)  

where k is the mass transfer coefficient (m/s), Cm is the solute concen-
tration on the surface of membrane, Cp and Cb are the permeate con-
centration and bulk concentration, respectively. In concentration 
polarization, the transmission of solute across the membrane is 
controlled by the boundary condition of Cm and Cb. To determine the 
mass transfer coefficient, transmission (τ) is introduced to Eq. (3) and 
arranged as 

ln
(

τobs

1 − τobs

)

= ln
( τ

1 − τ

)
+

Jv

k
(3)  

where τobs and τ are the observed transmission and true transmission, 
respectively. τ is the ratio of concentration of solute in permeate to 
concentration of solute at membrane surface. τobs is the observed 
transmission which is the ratio of concentration of solute in permeate to 
concentration of solute in bulk. The mass transfer coefficient was ob-

tained from the slope of plot between Jv and ln
(

τobs
1− τobs

)

. 

The long term pretreatment efficiency of the porous membrane was 
also evaluated using untreated seawater. The seawater samples were 
collected from Pantai Senok, Malaysia and the seawater characteristics 
was reported in our earlier studies (Lukka Thuyavan et al., 2021). The 
untreated seawater was filtered using a cross-flow HF module at the low 
TMP of 100 kPa for 120 min followed by washing with 0.2% sodium 
hydroxide solution and water. The saline solution was passed through 
the filtration cell again for another 120 min and the permeate was 
collected at the interval of 15 min. Flux reduction ratio (FRR) was 
calculated for the experiment of MPs filtration and seawater pretreat-
ment using initial water flux (Jiw) and after water flux (Jaw), by Eq. (4). 

%Flux reduction ratio(FRR) =
(

Jiw − Jaw

Jiw

)

× 100 (4) 

Fourier transform infrared (FTIR) spectroscopy (Thermo Scientific 
iS20 FT-IR spectrometer) was used to study the functional groups of 
membrane before and after filtration. Prior to FTIR analysis, the ceramic 
membrane was ground into a powder and formed into a pellet shape 
with potassium bromide (KBr). 

3. Results and discussion 

3.1. Surface and cross-sectional morphology analysis of GCHA and TFC- 
GCHA membranes 

Fig. 2 shows the cross-sectional and surface morphological images of 
GCHA, TFC-GCHA-1 and TFC-GCHA-2 HF membranes. Referring to 
Fig. 2, typical asymmetric structures were noticed in GCHA, TFC-GCHA- 

Fig. 1. Schematic illustration of polypiperazine-amide layer formation.  
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1 and TFC-GCHA-2 HF membranes. The GCHA support layer exhibited 
spongy and porous support layer formation with macrovoid formation. 
During phase inversion, GCHA powder with PES binder formed an 
asymmetric structure through the exchange between solvent and non- 
solvent in the coagulant bath (Yu et al., 2020). During GCHA sinter-
ing, PES was incinerated to form a porous substrate layer. Interestingly, 
thin poly (piperazine-amide) layer was clearly seen in both TFC-GCHA-1 
and TFC-GCHA-2 HF membranes (Figs. 2e and 2f). Interlayer silica also 
enhanced the degree of densification in the macrovoid pores. It was 
observed that the increase in piperazine concentration from 0.5 to 1 wt 
% enhanced the monomer diffusion in the silica layer of HF membranes, 
hence resulting in an increase of skin layer. The thickness of poly 
(piperazine-amide) layer of TFC-GCHA-1 and TFC-GCHA-2 HF mem-
branes are 280 and 332 nm, respectively. The dense layer ensures that 
the intermediate silica layer is rich with hydroxyl ions, providing a good 

platform for the formation of poly (piperazine-amide) layer. As seen in 
Fig. 2g, large pores were clearly observed in GCHA HF membranes. The 
pore size reduced in both TFC-GCHA HF membranes, which was due to 
the interfacial polymerization between piperazine and TMC. Uniform 
and dense pores with continuous layer were noticed in TFC-GCHA-2 HF 
membrane, owing to higher degree of crosslinking between the mono-
mers (Wei et al., 2011). Morphological analysis indicated that GCHA has 
good compatibility due to the formation of an asymmetric structure and 
poly (piperazine-amide) layer over the substrate. 

3.2. AFM topography analysis of GCHA and TFC-GCHA membranes 

Fig. 3 shows the AFM topography of GCHA and TFC-GCHA HF 
membranes. GCHA membrane displayed a wide peak-valley formation 
and high surface roughness of 220.5 nm (Fig. 3a), due to the large pore 

Fig. 2. Cross sectional (a-f) and surface (g-i) morphology analysis of GCHA, TFC-GCHA-1 and TFC-GHA-2 HF membranes.  

Fig. 3. AFM topography analysis of (a) GCHA, (b) TFC-GCHA-1 and (c) TFC-GHA-2 HF membranes.  
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size. The high surface roughness was attributed to the quick exchange 
between solvent and non-solvent during phase separation. Furthermore, 
the GCHA also exhibited water retention properties, which led to 
instantaneous demixing and the formation of irregular and rougher 
surface. The poly (piperazine-amide) layer of TFC membrane exhibited 
lower peak-valley formation as a result of a regular pore development. 
The surface roughness decreased to 158.8 nm and 101. 8 nm for TFC- 
GCHA-1 and TFC-GCHA-2 HF membranes, respectively (Figs. 3b and 
3c). The pore size distribution was uniform in TFC-GCHA-2 HF mem-
branes, due to the controlled diffusion of aqueous amine monomer 
(piperazine) to TMC region of reaction zone upon interfacial polymeri-
zation. In case of TFC-GCHA-1 membrane, lower concentration of 
piperazine altered the diffusion rate in polymerization zone and resulted 
in the increase in the number of unreacted TMC groups. Hence, the 
ridge-valley formation with higher surface roughness was observed. 
Similar pattern are observed with the literature of TFC polymeric RO 
membranes (Khorshidi et al., 2015; Yan et al., 2015). This clearly 
indicated that the polyamide layer constrained the pore formation on 
GCHA membrane. In general, membranes with lower surface roughness 
are less susceptible to adsorption of solutes upon filtration (Zhong et al., 
2012). The as-fabricated TFC-GCHA may aid in restriction of MPs 
adsorption over the surface upon filtration. 

3.3. Porosity analysis of GCHA and TFC-GCHA membranes 

Fig. 4 shows the porosity analysis of GCHA, TFC-GCHA-1 and TFC- 
GCHA-2 HF membranes. As seen in Fig. 4, GCHA HF membrane dis-
played higher peak intensity and exhibited higher porosity of 76.03%, 
while this decreased to 44.89% for TFC-GCHA-2 HF membranes. The 
enhanced porosity of GCHA membrane was due to the selection of lower 
concentration of GCHA powder (35 wt%) and sintering temperature 
(1100ºC). The larger pore sized membrane facilitated quick transport of 
water molecules across the channels, which enables filtration under 
lower TMP. The reduced porosity in TFC-GCHA membranes was due to 
the dense packing of macrovoid pores by silica interlayer and formation 
of outer polyamide layer. During interfacial polymerization (Fig. 1), 
amine monomer film diffuses towards the interface of organic TMC 
layer, which determine the thickness and porosity of the selective layer. 
The entire interfacial polymerization reaction is governed by the 
monomer concentration, reaction time temperature and type of mono-
mer (Seah et al., 2020). It is imperative to note that the TFC-GCHA 
membranes possessed a smaller pore ranges from 0.11 to 0.18 µm as 
compared to GCHA HF, which owed to the formation of poly 

(piperazine-amide) layer (Fig. 4). It confirms that the thin polyamide 
layer was bound to the ceramic substrate. It also indicates that the pore 
size of GCHA HF membrane is similar to commercial high molecular 
weight cut off microfiltration (MF) membranes. As seen in Fig. 4, the 
intensity of poly (piperazine-amide) pore was slightly lower in 
TFC-GCHA-2 membranes. This phenomenon was due to the formation of 
pores with dense surface through the higher concentration of PIP. It 
enable the active sites of amine layer to form dense cross-linked poly 
(piperazine-amide) layer by the controlled diffusion of PIP to organic 
interface through acid acceptor triethylamine. Similar pore size reduc-
tion trend were also noticed in literature of TFC ceramic membrane 
(Chong and Wang, 2019). The pore size range indicated that the smaller 
pore size TFC-GCHA membrane can restrict the transport of micron 
range particles. 

3.4. Water permeability analysis of GCHA and TFC-GCHA membranes 

Fig. 5 shows the water permeability analysis of GCHA and TFC- 
GCHA membranes. GCHA membrane exhibited the highest water 
permeability of 4.27 × 10− 5 m/s kPa. However, the water permeability 
decreased to 4.35 × 10− 6 m/s kPa and 2.54 × 10− 6 m/s kPa for TFC- 
GCHA-1 and TFC-GCHA-2 HF membranes, respectively. The higher 
water permeability value of GCHA membrane was due to the porous 
structure and the presence of abundant silica functional group. Silica 
constitutes of hydroxyl groups to enables fast absorption of water mol-
ecules upon phase separation. It eventually aids in the formation of 
porous structures. Thus, higher water flux of 6128.74 L/m2h was 
noticed at 200 kPa in GCHA membrane. From Fig. 5, the water flux TFC- 
GCHA membranes dropped significantly. It clearly depicted that the 
existence of poly (piperazine-amide) layer on ceramic substrate 
controlled the pore size formation. Compared to TFC-GCHA-1 mem-
branes, TFC-GCHA-2 achieved a lower flux of 296.58 L/m2h due to 
forming of dense layer when higher concentration of piperazine cross 
linked with TMC. 

3.5. MPs filtration performance analysis 

3.5.1. Impact of TMP and concentration on MPs filtration analysis of 
GCHA and TFC-GCHA membranes 

Fig. 6. shows the volumetric flux (Jv) versus transmission (τ) plots of 
MPs filtration (PVC, PMMA, PAN and PVP), as a function of TMP 
(50–200 kPa) and concentration (50 mg/L and 100 mg/L). As seen in 
Fig. 6, Jv increased with the increase of TMP, from 50–200 kPa. Among 
the membranes, GCHA membrane exhibited the highest Jv of 
3.06 × 10− 3 m/s at 200 kPa for 50 mg /L PVC suspension. The 

Fig. 4. Pore size and water flux analysis of GCHA, TFC-GCHA-1 and TFC-GHA- 
2 membranes. Fig. 5. Water flux analysis of GCHA and TFC-GCHA membranes.  
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volumetric flux reduced in both TFC-GCHA membranes, which was due 
to the lower pore size. PVP displayed the lowest Jv and transmission as 
compared to other MPs regardless of the type of membrane used. This 
observation was attributed to higher molecular weight of PVP 
(360,000 Da) and PVP solubility enhancing the viscosity of water. TFC- 
GCHA-2 membrane exhibited the lowest PVP transmission of 2.7 (%) for 
the concentration of 50 mg/L. This could be due to the existence of a 
dense selective poly (piperazine-amide) layer in TFC-GCHA-2 mem-
brane. PVC solution held the highest transmission of 49% through GCHA 
membrane at a TMP of 200 kPa for 100 mg/L. It was important to 
observe that the increase of MPs concentration from 50 to 100 mg/L 
increased its concentration in the permeate. The MPs removal efficiency 
is in the order of PVP>PAN>PMMA>PVC. The physiochemical prop-
erties of MPs played a significant role in governing the filtration 
behavior. The molecular weight of PVC, PMMA and PAN are within the 
range of 80,000 –120, 000 Da. All the membranes displayed an increase 
in volumetric flux when the MPs concentration decreased. Furthermore, 
the increase of TMP decreased the transmission of MPs. This is due to the 
fact that high molecular weight MPs initially adsorbs and form polari-
zation layer on the membrane surface. Other factors which contributed 
to the interaction of GCHA and TFC-GCHA membranes include hydro-
phobicity (vinyl chloride in PVC, methyl methacrylate in PMMA and 
acrylonitrile in PAN), surface charge (dissociation of MPs in water 
causes exchange of surface functional groups) and particle sizes (beads: 
PMMA and amorphous: PVC and PAN) (Zhang et al., 2021b). Both 
experimental flux and observed transmission data were in good agree-
ment with the concentration polarization model. The similar pattern of 
protein flux and transmission on ultrafiltration (UF) membrane was 
noticed in literature (Narsaiah and Agarwal, 2007). As seen in Fig. 5, the 
transmission (%) of MPs is even lower for 100 mg/L in TFC-GCHA HF-2 
membranes. On the basis of MPs removal, the membrane performance is 
in the order of TFC-GCHA-2 > TFC-GCHA-1 > GCHA membranes. The 
TFC-GCHA membranes outperformed the GCHA membranes due to the 
selective polyamide layer which acts as a barrier for the transmission of 

MPs. The higher concentration of amine monomer contributed to the 
formation of interconnected dense pores on the surface of TFC-GCHA-2 
membranes which minimized the adsorption of MPs onto the ceramic 
substrate. This MPs filtration analysis indicated that TFC-GCHA mem-
brane displayed better performance at lower TMP (200 kPa) and con-
centration (50 mg/L). 

3.5.2. Impact of foulants on MPs filtration analysis of GCHA and TFC- 
GCHA membranes 

Natural organic matters (NOM) and extracellular polymeric sub-
stances (EPS) are common foulants found in waterways. These macro-
molecules can easily buildup and block the membrane pores during 
filtrations (Alresheedi et al., 2019). Fig. 7 shows the effect of HA and SA 
on MPs filtration at a TMP of 50–200 kPa. GCHA membrane exhibited 
the highest flux and transmission percentage for both HA-MPs and 
SA-MPs solutions. All membranes exhibited a drop in flux for the 
MPs-HA and MPs-SA filtration as compared to the filtration using indi-
vidual MPs (Fig. 6). GCHA membrane exhibited the highest transmission 
of 41.5% for 50 mg/L PVC: 50 mg/L SA solution at a TMP of 50 kPa. 
Lower transmission was observed in both TFC-GCHA membranes for 
both HA-MPs and SA-MPs solutions. TFC-GCHA-2 membrane displayed 
the lowest transmission of 4.1% for 50 mg/L PVP: 50 mg/L HA solution 
at a TMP of 200 kPa. The presence of the polyamide layer has restricted 
the transport of MPs via sieving mechanism. The filtration analysis was 
in good agreement with mass transfer coefficient data analysis of MPs.  
Table 2 shows the MPs mass transfer coefficient data of the membranes 
and the value of R2 are also close to one. In concentration polarization 
phenomena, mass transfer coefficient relies on both flux and trans-
mission of MPs. The solute movement restricted with the enhancement 
of flux, owing to the accumulation of solute molecule on membrane 
surface and adsorption or blocking solute molecules on the membrane 
surface. The mass transfer coefficient factor is an estimation of the solute 
molecule diffusion from feed to membrane interface (Shamsuddin et al., 
2015). For MPs, the desired mass transfer coefficient should be of a 

Fig. 6. MPs flux (Jv) and transmission (τ) analysis of GCHA, and TFC-GCHA membranes with respect to different TMP (50, 100 and 200 kPa) and concentration 
(50 mg/L and 100 mg/L). 
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lower value. GCHA membrane displayed the highest mass transfer 

coefficient for in all the MPs in which maximum of 0.022 ms− 1 for 
PMMA-HA and PVP-SA was observed. The proximity of MPs mass 
transfer coefficient value was due to flux and transmission data are 
closer to another. The complex formation of organic foulant with MPs is 
also other reason. From Table 2, mass transfer coefficient value 
decreased imperatively for TFC-GCHA membranes, which also revealed 
that MP and foulant transmission (τ) was lower. Lowest mass transfer 
coefficient of 0.00014 ms− 1 was noticed in TFC-GCHA-2 membrane for 
PVP-SA. The lower mass transfer coefficient in TFC-GCHA membrane 
could be due to two main reasons (i) solubility properties of MPs and 
NOM and (ii) membrane surface. As seen in Fig. 7, the transmission (τ) % 
of PVP based HA and SA solutions were lower in both GCHA and 
TFC-GCHA membranes. This phenomenon was due to the solubility of 
PVP enhances interaction with HA and SA and ultimately result in 
complex formation. The other MPs are belongs to suspended type and 
hydrophobic characteristics. Fig. 8a shows the FTIR spectra of MPs. 
Hydrophobic alkane (C-H) stretching peak is seen at the wavelength 
range of 2908–2993 cm− 1 in all the MPs (Kuang et al., 2019; Ramesh 
et al., 2007; Safo et al., 2019). The other prominent hydrophobic groups 
such as CH3, C-Cl stretching were noticed in PMMA and PVC, respec-
tively (Ramesh et al., 2007). The C-N stretching belongs to the pyrroli-
done and nitrile group are clearly seen in PVP and PAN, respectively 
(Kuang et al., 2019; Safo et al., 2019). The hydrophilic carboxylic group 
was distinctly visible in PVP. The possible interaction of MPs and foulant 
is shown in Fig. 8b. Upon filtration, the larger MPs-HA and MPs-SA 
complexes are bound to the membrane surface and block water trans-
port. The MPs fouling analysis exhibited good correlation with the 
physiochemical properties of MPs solution. 

The FRR data of membranes for MPs-HA and MPs-SA are shown in 
Table 2. GCHA membrane displayed the highest FRR for the MPs-HA and 
MPs-SA solutions. GCHA membrane exhibited FRR of 28.30% for the 
PVP-SA solution. It indicated that the MPs adsorbed on the surface and 
pore walls of membrane, due to larger pore size and higher surface 
roughness of the membrane (Fig. 3). The FRR values were significantly 

Fig. 7. MPs with organic foulants (humic acid (HA) and sodium alginate (SA)) flux (Jv) and transmission (τ) analysis of GCHA, and TFC-GCHA membranes with 
respect to different TMP (50, 100 and 200 kPa) and concentration (MP: organic foulants) (50 mg/L:50 mg/L). 

Table 2 
MPs mass transfet coefficient, FRR and R2 data of GCHA and TFC-GCHA 
membranes.  

Membrane GCHA TFC-GCHA-1 TFC-GCHA-2 

PVC-HA 
k(ms− 1)  0.0090  0.00044  0.00021 
R2  0.979  0.987  0.997 
(%)FRR  13.73  6.01  0.97 
PMMA-HA 
k(ms− 1)  0.022  0.00037  0.00029 
R2  0.980  0.991  0.986 
(%)FRR  16.60  9.78  5.73 
PAN-HA 
k(ms− 1)  0.0167  0.00024  0.00042 
R2  0.974  0.976  0.977 
(%)FRR  20.49  11.71  6.17 
PVP-HA 
k(ms− 1)  0.0076  0.00046  0.00019 
R2  0.982  0.967  0.999 
(%)FRR  26.66  14.80  7.27 
PVC-SA 
k(ms− 1)  0.0151  0.00044  0.00021 
R2  0.984  0.978  0.982 
(%)FRR  15.26  7.74  3.51 
PMMA-SA 
k(ms− 1)  0.0093  0.00031  0.00019 
R2  0.991  0.985  0.991 
(%)FRR  17.06  12.92  5.70 
PAN-SA 
k(ms− 1)  0.014  0.00034  0.00036 
R2  0.993  0.989  0.989 
(%)FRR  22.33  11.71  7.55 
PVP-SA 
k(ms− 1)  0.022  0.00034  0.00014 
R2  0.999  0.996  0.964 
(%)FRR  28.30  14.27  10.65  
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reduced in both TFC-GCHA membranes. TFC-GCHA-2 membrane 
exhibited lower FRR of 0.97% for PVC-HA solution. This could be due to 
the reduced pore size and surface area on the membrane substructures 
for the attachment of MPs. Schematic illustration of MP fouling is pre-
sented in Fig. 9a. MPs-HA solution displayed slightly lower FRR 
compared to MPs-SA. It is due to the MPs bind strongly with active sites 
of HA through anionic interactions, particularly from the carboxylic 
group. HA also constitutes enormous active sites of hydroxyl ions, which 
tend to binds with heteroatoms of MPs (-N- in PAN, -Cl- in PVC, -COO-- 
in PMMA, and –N- as well as –COO- in PVP). Thus, lower transmission 
and FRR was observed for MPs-HA as compared to MPs-SA. However, 
the interaction between MPs and SA was weaker, due to the masking of 
Na+ ions in SA active functional sites. MPs-SA exhibited lower flux and 
higher transmission for both GCHA and TFC-GCHA membranes (Fig. 7). 
This could be due to the binding of SA on the membrane surface which 
has restricted the water movement. Membrane functional group analysis 
was also studied to evaluate the interaction between feed and mem-
brane. Fig. 9b shows the FTIR spectra of GCHA and TFC-GCHA-2 

membranes before and after filtration. The characteristic spectral band 
of Si-O-Si vibration was observed at 1012.08 cm− 1 for both membranes 
and another Si stretch was also observed at 789.71 cm− 1 (Wang et al., 
2020a, 2020b, 2020c). As seen in Fig. 9b, the intensity of both GCHA 
and TFC-GCHA-2 membranes remained the same and no foulant peaks 
were noticed. This confirms that foulant deposition was minimal on both 
membranes, which could be due to the lower concentration of MPs 
(50 mg/L) and foulants (50 mg/L). Overall, the MPs filtration indicated 
that the TFC-GCHA-2 exhibited lower MPs transmission which makes it 
an ideal membrane for the separation of MPs from aqueous solution. 

3.6. Impact of TFC-GCHA membranes on seawater pretreatment 

Primary (cosmetics) and secondary MPs (degradation of macro-
plastic) are the main source of marine pollutants, which enter into 
seawater through surface water, industrial effluents, atmospheric con-
taminants and trash materials (Jiang et al., 2022). Fig. 10a shows the 
cycles of pretreatment of untreated seawater filtration analysis of TFC 

Fig. 8. MPs Functional group analysis. 8a. FTIR spectra of MP, 8b. Schematic of MPs-HA interactions.  

Fig. 9. MPs fouling analysis. 9a. Schematic of MPs fouling in GCHA and TFC-GCHA membranes. 9b. FTIR spectra of before and after MPs analysis of GCHA and TFC- 
GCHA membranes. 
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GCHA-2 HF membrane at a TMP of 100 kPa. As seen in Fig. 10a, the flux 
decreased with the increase of seawater filtration duration. This could 
be due to (i) adsorption of colloidal particles in seawater on poly 
(piperazine-amide) layer and (ii) blocking of smaller inorganic sub-
stances on interior pore walls of membrane pores. Such accumulation 
minimized the movement of water molecules through the polymeric and 
ceramic matrix. An average steady state flux and ionic transmission of 

0.19 × 10− 4 m/s and 100% was noticed with the low TMP of 100 kPa. 
The higher selectivity was due to the large membranes pore size. It was 
imperative to mention that the flux values were consistent for both cy-
cles and FRR was less than 27% for TFC-GCHA-2 HF membranes. This 
indicated that the formation of poly (piperazine-amide) layer restricted 
the attachment of foulants on the surface of membrane, mitigating 
fouling. Fig. 10b shows the FTIR analysis of TFC GCHA-2 membrane 

Fig. 10. Brine solution filtration analysis of TFC-GCHA-2 membranes. 10a. Flux analysis with respect to time, 10b. FTIR analysis of membrane after brine water 
filtration. 10c. Permeate leaching analysis. 

Table 3 
Performance evaluation of MPs filtration with literatures.  

S. 
No 

Membrane MPs Rejection (%) Flux (x 10− 4 m/ 
s) 

Transport mechanism References  

1 PEI and PAA modified electrospun 
polyacrylonitrile 

polystyrene 99 2.39 sieving and electrostatic 
attraction 

(Wang et al., 2020b)  

2 Poly(sulfone) poly(ethylene) 80–50 ~0.21** cake layer (Enfrin et al., 2020)  
3 Cellulose acetate polyamide 

polystyrene 
99.8 
94.3 

96.7* sieving (Pizzichetti et al., 
2021)  

5 TFC-GCHA-2 PVC (50 mg/L) 
PMMA (50 mg/L) 
PAN (50 mg/L) 
PVP (50 mg/L) 
Seawater 

88.8 
92.1 
93.7 
97.2 
100% ionic 
transmission 

1.09 
0.97 
0.89 
0.82 
0.19 

concentration polarization Present study 

**- Steady state flux under longer duration. 
*- After 10 min of filtration. 
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after seawater filtration. The membrane surface functional group was 
unchanged even after filtration. This further confirmed that the TFC 
GCHA-2 membrane was resilient and exhibited great potential for real 
time water reclamation applications. Table 3 shows the MPs filtration 
performance comparison of membrane prepared in this work with 
membranes found in literature. Among the membranes, silica GCHA 
based TFC membrane displayed better and comparable MPs removal 
performance and selectivity for seawater filtration. TFC GCHA-2 mem-
brane also displayed fouling resistant for seawater and comparable flux 
under energy efficient condition of low TMP. The leaching test of 
membrane was also assessed after seawater filtration using municipal 
water. As seen in Fig. 10 c, the FTIR peak showed only hydroxyl peaks. It 
revealed that no residues of MPs or other constituents from membrane in 
the permeate. The superior stability of membrane was due to the strong 
bonding of thin poly (piperazine-amide) layer on GCHA support through 
intermediate silica layer via interfacial polymerization and electrostatic 
attraction. This can ascribed to the presence of electron rich silica, which 
has strong affinity to bind with amine group in piperazine. The inter-
mediate silica layer provided roughness and hydrophilicity for the 
controlled diffusion of monomers and aid in resilient thin film forma-
tion. Similar interlayer structures also improved the stability of ceramic 
membranes (Cho et al., 2021; Li et al., 2021). In general, high pressure 
reverse osmosis (RO) membranes are widely deployed for the produc-
tion of potable water from brackish water. The existence of MPs cause 
membrane fouling and decline the performance of membrane. This 
study provides an insight on an effective modification and ecofriendly 
method in preparing a highly porous ceramic membrane for the pre-
treatment of MPs prior to seawater RO desalination. Thereby, GCHA 
based TFC membrane can ensure a sustainable production of freshwater. 

4. Conclusion 

Cost effective GCHA supported TFC membranes were successfully 
fabricated via interfacial polymerization and tested for their MP removal 
efficiency in aqueous solution. Cross sectional analysis confirmed the 
formation of polyamide layer over asymmetric GCHA HF membrane. 
AFM analysis indicated that a regular pore structures were noticed in 
TFC-GCHA membranes with lower surface area for membrane prepared 
with higher monomer concentration. Water flux analysis elucidated that 
TFC-GCHA-2 membrane exhibited lower water flux of 296.58 L/m2h, 
owing to the formation of a thin polyamide layer. The smaller polyamide 
layer pore was clearly seen during MIP analysis. During MPs filtration, 
TFC-GCHA membranes exhibited lower transmission for all MPs solu-
tions. Volumetric flux increased with the increase of TMP and decreased 
MPs transmission. The flux and transmission data had good correlation 
with concentration polarization model. The organic foulant HA and SA 
inhibited the flux for all membranes. MP-HA increased the transmission 
in all the membranes, owed to complex formation. Flux dropped and 
transmission increased in the presence of MPs-SA. TFC-GCHA mem-
branes displayed lower MPs transmission of MPs for all foulants. TFC- 
GCHA-2 membrane exhibited lower FRR with better stability during 
the long-term seawater filtration. Overall, this study reveals the poten-
tial of GCHA supported HF TFC membranes as an energy efficient and 
economic material for MPs filtration. 
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