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ABSTRACT

fabricated and modified through incorporation of halloysite nanotube/zinc

oxide (HNT/ZnO)nanocomposite into the membrane matrix. The effect of using
the prepared nanocomposite in the membrane structure on the surface hydrophilicity,
porosity, water content, surface roughness, separation rate, flux, fouling resistance,
and membrane flux recovery was evaluated.
Methods: The HNT/ZnO nanocomposite was synthesized via a co-precipitation
method and subsequently characterized using field-emission scanning electron
microscopy (FE-SEM), attenuated total reflectance Fourier-transform infrared
spectroscopy (ATR-FTIR), and X-ray diffraction (XRD) analyses. The ultrafiltration
membranes were fabricated using the phase inversion technique. The physicochemical
and morphological properties of the prepared membranes were investigated by the
FESEM, ATR-FTIR, energy-dispersive X-ray spectroscopy (EDX), and atomic force

Hypothesis: Poly(vinyl chloride) (PVC)-based ultrafiltration membrane was

microscopy (AFM). In addition, membrane porosity, water uptake, surface roughness,
contact angle, pure water flux, and flux recovery ratio (FRR) were evaluated.

ultrafiltration, Findings: The results demonstrated that modification of the membrane with the HNT/

: ZnO nanocomposite significantly enhanced the surface hydrophilicity and increased

nanocomposite, the pure water flux by approximately three times compared with the pristine PVC

halloysite/zinc oxide, membrane. Increasing the nanocomposite loading up to 0.75% (by wt) improved key

. membrane properties, including hydrophilicity, porosity, water uptake, and mean pore

flux recovery ratio (FRR), size, thereby enhancing the overall filtration performance. The highest flux recovery

antifouling property ratio (FRR = 64.4%) was achieved for the modified membrane containing 0.75%

(by wt) nanocomposite, whereas further increases in nanocomposite concentration
resulted in a decline in FRR values. Moreover, the modified membrane exhibited
substantially higher protein solution flux and superior antifouling performance
compared with the pristine PVC membrane. Evaluation of membrane performance
in milk protein concentration and reuse applications revealed that the modified
ultrafiltration membrane possessed higher permeability and greater fouling resistance
than the unmodified membrane. These findings highlight the potential of HNT/ZnO-
incorporated PVC ultrafiltration membranes for efficient protein separation and
sustainable membrane-based wastewater treatment applications.
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Table 1. Composition of the fabricated ultrafiltration membranes.

odoslel islol b slalis doneaS 5 -\ Jsds

Membrane code NMP (wt%) PEG (Wt%) PVC wt%) . Nanocompos.ite HNT/ZnO .
(weight percent relative to solvent weight)
NHO 83.00 2.00 15.00 0
NH1 82.75 2.00 15.00 0.25
NH2 82.50 2.00 15.00 0.50
NH3 82.25 2.00 15.00 0.75
NH4 82.00 2.00 15.00 1.00
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Fig. 1. (a) FTIR spectrum of HNT/ZnO nanocomposite, (b), (c) FESEM images of synthesized ZnO nanoparticles and HNT/ZnO nano-

composite, and X-ray diffraction (XRD) patterns of (d) ZnO, (f) HNT-COOH, (g) HNT, and (h) HNT—ZnO nanocomposite samples.
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Fig. 2. ATR-FTIR spectra of pristine and halloysite/
zinc oxide nanocomposite-modified poly(vinyl chloride)

membranes
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Fig. 3. FE-SEM images of surface and cross-section together with AFM images of pristine and modified membranes using halloy-

site/zinc oxide nanocomposite.
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Fig. 4. Energy-dispersive X-ray spectroscopy (EDS) analysis
for identifying the elemental composition of the modified

ultrafiltration membrane.
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Table 2. Quantitative elemental analysis of the modified

ultrafiltration membrane.

Element Al Si (0] Zn (@)

Weight

percent

33/0 65/39 74/3 68/0 6/55
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Table 3. Viscosity, mean pore size, water contact angle, and thickness of fabricated PVC-based membranes with different contents

of halloysite/zinc oxide nanocomposite.

Membranes/inorganic materials FRR (/) Contact angle (°) Rejection (/) Water flux (L/m2.h) Ref.
PVC/HNTs 92.1 7732 93(BSA) (0.2MPa)212.2 [52]
EPVC/ZnO 91.8 54.5 97.5(BSA) (0.2MPa) 402 [53]

PVC/ZnO 87 46.2 73.6(COD) (0.04MPa) 66.7 [54]
PVC/HNT/ZNO 68.4 58 98 (BSA) (0.4MPa) 32.4 This Research
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Fig. 5. Elemental mapping of the surface and cross-section of the modified NH, membrane.
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Fig. 7. Water content of the fabricated membranes.
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Fig. 6. Porosity of the fabricated membranes.
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Fig. 8. (a) Water flux and milk powder rejection of the fabricated membranes, and (b) initial pure water flux, milk powder flux

(pH =7+ 0.1), and pure water flux after milk powder filtration for pristine and modified membranes with different concentrations

of halloysite/zinc oxide nanocomposite.
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Table 4. Comparison of mixed-matrix PVC-based membranes modified with inorganic materials

Sample Viscosity (cP) Average pore size (nm) Contact angel (°) Thickness(um)
NHO 18.95+0.1 6.50+0.5 76.00£1.5 60.60
NHI1 21.42+0.2 6.92+0.6 71.00+1.4 71.70
NH2 22.82+0.2 7.76+0.9 63.00+1.3 76.40
NH3 24.24+0.1 8.11+0.7 58.00£1.7 80.64
NH4 25.94+0.3 7.65+0.8 62.00£1.6 119.76
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