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A B S T R A C T   

Bio-based materials facilitate greener approach to engineering novel materials with multifunctional properties 
for various applications including water treatment. In this study, we extracted gliadin from wheat gluten using 
alcoholic solvent. The aggregation limitations of gliadin protein were overcome by functionalisation with metal 
oxides (MOs) TiO2, AgFe2O3 and AgFe–TiO2 prepared by chemical precipitations. The novel composites were 
characterised by scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS), Fourier- 
transform infrared spectroscopy (FTIR), X-Ray diffraction (XRD), thermogravimetry analysis (TGA), Brunauer 
Emmet–Teller (BET), and zeta potential. The multifunctionality of MOs-gliadin composites was tested through 
toxic Escherichia coli (E. coli) inactivation and Co2+ adsorption from water. The antibacterial results showed 
excellent inhibition under both dark and light conditions. The maximum Co2+ uptake, 101 mg/g was reached 
with TiO2@gliadin after 24 h and best fitted the Langmuir isotherm model. The adsorption process followed 
pseudo-second order model with an equilibrium adsorption capacity, qe2 = 89.86 mg/g closer to the experi
mental data. Thermodynamic investigations indicated that ΔG◦

= − 9.677 kJ/mol, ΔH◦ = − 123 kJ/mol,
and ​ ΔS◦ = 0.490 J.K/mol, respectively, suggesting that adsorption was spontaneous and endothermic. The 
regenerated TiO2@gliadin composite was still efficient after five consecutive cycles. This study demonstrates that 
MOs-gliadin blended composites are sustainable for water purification.   

1. Introduction 

Cobalt occurs naturally and is mostly found in soil, water, rocks, 
plants, and animals, including humans with diverse applications in 
products, such as pigments, metal alloys, and batteries (Atsdr Agency for 

Toxic Substances and Disease Registry, 2023). Cobalt is an indispensable 
element for living organisms, its presence in vitamin B12 favours the 
production of red blood cells (The National Institute for Occupational 
Safety and Health (NIOSH), 2019; Health Encyclopedia, 2023; Czarnek 
et al., 2015). Nevertheless, prolonged exposure to cobalt may cause 
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severe effects on blood, lungs, skin, and even result in toxic cardiomy
opathy and cancer (The National Institute for Occupational Safety and 
Health (NIOSH), 2019; Health Encyclopedia, 2023) (Czarnek et al., 
2015). Due to these acute effects, the utmost concentration of Co2+ in 
drinking water approved by the World Health Organization (WHO) 
should be around 4 x10− 5 g L− 1 (Jing et al., 2019). 

Conversely, the presence of bacteria such as Escherichia coli (E. coli) 
in potable water may affect humans (Odonkor and Mahami, 2020). 
E. coli is frequently found in warm-blooded animals including humans 
(World Health Organization et al., 2018). Most E. coli strains are 
innocuous, however, some strains such as verotoxigenic E. coli (VTEC) 
and Shiga toxin-producing E. coli (STEC) can be sources of various dis
eases (World Health Organization et al., 2018). E. coli can be transmitted 
through faecal contamination of water and food, or cross-contamination 
during food preparation (Kostyla et al., 2015). The ingestion of small 
amounts of E. coli, and exposure to potential source such as contami
nated water can result in an infection called E. coli O157 or VTEC 
(Diseases & Conditions and Coli, 2022). The immediate symptoms 
include abdominal pain, diarrhoea, vomiting, and kidney failure (Kos
tyla et al., 2015; Diseases & Conditions and Coli, 2022). The occurrence 
of E. coli in water is indicative of faecal contamination and possible 
pathogenic exposure (Washington State Department of Health, 2023). 
Therefore, it is crucial to treat E. coli contaminated water before direct or 
indirect uses. 

The development of adequate methods for the extraction of Co2+

from aqueous solutions together with bacterial inactivation are of global 
interest. Many studies have been conducted on the use of various ad
sorbents to remove Co2+ from aqueous systems with outstanding 
adsorption capacities as reported in various publications (Awual et al., 
2014; Awual et al., 2015; Awual et al., 2017). However, the problematic 
use of toxic chemicals in the production of adsorbents often limits their 
applicability, especially considering the growing emphasis on environ
mental sustainability. The use of protein complexes in the 
manufacturing of novel proteinic composites is a promising research 
approach. The occurrences of amino groups in proteins’ chemical 
structures offer them the ability to coordinate/link with bioactive ele
ments and other chemical species (Abaee et al., 2017a). Nano-sized 
proteins possess exceptional functional properties including, biode
gradability, biocompatibility, surface activity, amphiphilic nature, 
film-forming ability, water binding capacity, gelation, etc. (Verma et al., 
2018; Lohcharoenkal et al., 2014; Abaee et al., 2017b). These features 
have been widely explored in food research while their application in 
chemical oxidation and adsorption have gained is scant attention. 
Though previous investigations reported wide application of proteinic 
compounds (PCs) in the delivery of specific drugs into living systems 
(Zimet and Livney, 2009; Sneharani et al., 2010; Somchue et al., 2009), 
the utilization of protein composites for the immobilization of toxic 
metals from aqueous mixtures is limited. Indeed, the processability of 
bioproteins (BPs) for environmental remediation is often challenging 
because of their chemical phenomena such as swelling and aggregations 
making them unattractive (Liao et al., 2016a). For instance, Yang et al. 
(2018) recalled that gliadin nanoparticles displayed minimal trapping 
efficacy and were often characterised by aggregation tendency. Oleyaei 
et al. (2016) and Mallakpour and Barati (2011) proposed that these 
limitations could be overcome by engineering composite materials 
containing nanoparticles. Nanomaterials derived from various transition 
metals and their oxides such as silver, titanium dioxide, iron, etc. have 
found application in chemical oxidation and adsorption (Sayed and 
Polshettiwar, 2015; Amendola et al., 2015; Sahoo and Gupta, 2015; 
Majidi et al., 2016; Nishida et al., 2017; Üstün et al., 2022; Kleinfeldt 
et al., 2019). Therefore, their incorporation together with protein 
structures yield new materials with advanced surface area, and suitable 
functional groups that may result in better adsorption capacity. This 
classifies BPs as potential host matrices that can accommodate diverse 
chemical entities to promote their physical and chemical characteristics 
(Filipcsei et al., 2007; Tyagi et al., 2020; Sapna, 2018; Borjigin et al., 

2022). Metal oxides (MOs) fillers have an adequate specific surface area 
and high surface energy, thus could be used in protein complexation to 
significantly boost the composites’ mechanical, thermal, and barrier 
properties. Titanium dioxide (TiO2) with diverse attributes including 
nontoxicity, low cost, odourless, antibacterial, and excellent photo
catalytic activity has been broadly used in this regard. It is recognised 
that an adequate dosage of TiO2 into protein matrices is a crucial 
approach to improve their physicochemical properties (Wang et al., 
2012; Zolfi et al., 2014). However, the blending of PCs such as gliadin 
with doped TiO2 or co-doped with transition metals (TMs) has not been 
extensively explored thus far. Gliadin is a hydrophobic protein resulting 
from wheat gluten and is mostly soluble in alcoholic solvents (Wu et al., 
2018a). The chemical coordination of amino groups in the gliadin 
molecule is responsible for its supreme hydrophobicity that is noticeable 
in alkaline pH (Thewissen et al., 2011). It is assumed that gliadin can 
link to noxious metals through electrostatic interactions and hydrogen 
bonding. However, during storage, gliadin nanoparticles easily aggre
gate and exhibit low trapping efficacy which could be alleviated by 
blending with co-doped TiO2-MOs. This may improve its physico
chemical stability resulting in a sustainable multifunctional composite. 
Therefore, in this study, tuneable amounts of TiO2, AgFe2O3, or 
AgFe–TiO2 were combined gliadin to manufacture novel proteinic 
composites with improved physicochemical, thermal, and functional 
properties that were then applied as adsorbents for simultaneous 
remediation of Co2+ and E. coli as representative pollutants from water. 

2. Materials 

The preparation of gliadin blended composites reported in this paper 
was performed using various chemicals including iron (II) sulphate 
hexahydrate (FeSO4.6H2O), sodium hydroxide (NaOH) pellets, and ab
solute ethanol (AnalaR Normapur) procured from “Besloten Ven
nootschap met Beperkte Aansprakelijkheid” (BVBA), Belgium. Silver 
nitrate (AgNO3.6H2O) puriss and titanium tetraisopropoxide (TTIP) 
were acquired from Kebo Lab (member of Merk group, Switzerland), and 
Urea (Reagent plus R ≥ 99.5 % pallet) from Sigma Aldrich, USA. Gluten 
from wheat was obtained from Sigma Aldrich, Australia. 

2.1. Methods 

2.1.1. Extraction of gliadin from wheat gluten and preparation of MO- 
gliadin composites 

20 g of wheat gluten was dissolved in 200 mL of 70 % ethanol at a 
ratio of 1:10 (w: v) and stirred at (400 rpm) for 2 h at 70 ◦C. The solution 
was allowed to cool down to room temperature. Glutenin was separated 
from gliadin eluent by centrifugation at 5000 rpm for 10 min. The 
ethanol content in the gliadin extract was evaporated by rotavapor @ 
40 ◦C, and the resultant solution was portioned into P1 and P2. The P1 
gliadin solution was frozen in a cool environment (-4 to 4 ◦C) for 48 h 
and freeze-dried for further characterization. The preparation and freeze 
drying of gliadin-metal oxide (v:v ratio 1:1) composites were conducted 
following procedures in the supplementary materials, text S1 and text 
S2. 

2.1.2. Characterisation of gliadin blend composites 
The morphological properties of gliadin blended composites were 

examined with a Hitachi SU3500 scanning electron microscope (SEM) at 
an acceleration voltage of 15 kV, and sample images were recorded at 
various magnifications. The elemental composition and mapping mi
crographs of the specimens were acquired by energy dispersive X-ray 
spectroscopy (EDS) attached to SEM using Pathfinder software. The 
functional group properties of the as-prepared gliadin blend composites 
were studied by Fourier-transform infrared spectroscopy connected to 
an attenuated reflectance mode (FT/ATR) in the range of 4000 to 300 
cm− 1 using a PerkinElmer FT-IR Spectrometer Frontier 207. The X-Ray 
diffraction (XRD) measurement of gliadin blended composites was 
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performed using a multipurpose D8-Advance X-ray diffractometer 
(Bruker D8, Germany) in the angular range of 10◦–90◦, with Cu–K ra
diation at a wavelength of 1.5406 Å, at 40 kV and 40 mA. The thermal 
decomposition of gliadin blend composites was studied by thermog
ravimetry analysis (TGA) using a TGA/DTA, STA 449C/4/Jupiter® 
thermal analyser (NETZSCH-Geratebau GmbH, Selb, Germany). The 
TGA investigation was achieved by heating 10 mg of the specimen in 
DTA/TG crucible (Al2O3) within a linear temperature range of 
25–900 ◦C, heating rate 10 ◦C/min; under nitrogen (N2) gas at a flow 
rate of 40 mL/min. The nitrogen adsorption/desorption isotherms used 
to examine the specific surface area of gliadin composites were studied 
by Brunauer Emmet–Teller (BET) analysis that was conducted using 
Micro metrics 3 Flex equipment. The electrical stability of the gliadin 
blend composites in aqueous media was investigated by means of a 
Zetasizer Nano ZS (Malvern Instruments). 

2.1.3. Antimicrobial bioassay and adsorption studies 
The antibacterial activity of gliadin blended composites was tested 

on the inhibition of Gram-negative E. coli and the experimental protocols 
are detailed in S3. 

The adsorption investigations for the removal of Co2+ by gliadin 
blended composites are expressed in Equations. (1 and 2). 

R(%)= ((C i − C e) /C i) × 100 (1)  

q e=((C i − C e) /m) × V (2)  

Where R(%) is the removal efficiency and qe (mg/g or mmol/g) the 
adsorption capacity at equilibrium, C i and C e (mg/L) are the initial 
and equilibrium concentrations of Cobalt, m (g) is the mass of the 
pollutant, and V (L) is the solution volume, correspondingly. 

The adsorption isotherms were fitted using the Langmuir (Equation 
(3)), Freundlich (Equation (4)) and Temkin (Equation (5)) models 
detailed in supplementary data S5 – S7. 

qe =
qmKLCe

1 + KLCe
(3)  

qe=KFCnF
e (4)  

qe =
RT
bT

ln(ATCe) (5)  

where KL (L/mmol) is the affinity constant, KF (mmol/g (L/mmol) nF)) 
and nF are Freundlich adsorption constants, while RT/bT = BT (J/mol) 
and AT (L/mmol) are the heat of adsorption, and the equilibrium binding 
constant, respectively. 

The adsorption kinetic studies were evaluated using pseudo-first 
order (PS1) (Equations (6) and (7)), pseudo-second order (PS2) (Equa
tions (8) and (9)) and intraparticle diffusion (Equation (10)) models 
detailed in the supplementary data, S8 – S11. Where k1 is the PS1 rate 
constant (min − 1) and k2 the pseudo-second-order rate constant (g/ 
mmol min), kd (mmol/gmin1/2) is the rate constant of intraparticle 
diffusion and C (mg/g) the thickness of the boundary layer, and t is the 
equilibrium time, respectively. 

dq
dt

= k1(qe − q) (6)  

ln(qe − qt)= ln qe − k1t (7)  

dq
dt

= k2(qe − q)2 (8)  

t
qt
=

1
k2q2

e
+

t
qe

(9)  

q= kdt1/2(+C) (10) 

Thermodynamic investigations elaborated in S12 were assessed 
using Equation. (11 – 13), where Ke(L/g) is the adsorption equilibrium, 
ΔH◦(J /mol) and ΔS◦ (J.K/mol) are the standard enthalpy and entropy, 
and ΔG◦ (J/mol) the standard Gibbs free energy, correspondingly. 

Ke= qe/Ce (11)  

lnKd =(ΔH◦) /RT (12)  

ΔG◦ = ΔH◦ − ΔS◦T (13) 

The gliadin extraction and adsorption experimental protocols used in 
this study are summarised in Fig. 1. 

3. Results and discussion 

3.1. Scanning electron microscopy and energy dispersive X-ray 
spectroscopy 

Fig. 2 shows the SEM analysis of gliadin blended composites. The 
SEM micrograph in Fig. 2 (a) indicates that gliadin has non-porous 
fibrillar morphology externally. However, a magnified cross-section of 
the protein (Fig. 2 (b)) shows irregular honeycomb internal porous 
structure with void spaces. Fig. 2 (c & d) shows a fragment of gliadin 
thoroughly mixed with TiO2 particles implying successful incorporation 
of TiO2 into gliadin. In addition, gliadin blended with α–Fe2O3 and 
AgFe–TiO2 show different textural morphologies with fillers well 
dispersed in gliadin suggesting that α–Fe2O3 and AgFe–TiO2 were fused 
into void spaces of the protein framework leading to the formation 
Fe2O3@gliadin and AgFe–TiO2@gliadin composites with individual 
powder shapes/morphologies exhibited in Fig. 2(e and f). 

The EDS micrographs in Fig. SF1 (a-f) show all elements including 
Ag, Fe, Ti, C, N, and O were present in AgFe–TiO2 @ Gliadin composite 
implying that the metal oxides TiO2, α-Fe2O3 and AgFe–TiO2 were 
successfully embedded in gliadin. The elemental trends on weight and 
atomic percentages during the protein modification were surveyed by 
EDS analysis coupled to SEM and the results are presented in Table ST1. 
From the pristine gliadin, the weight percentage of O, C, and N recorded 
were 23.83, 56.67 and 19.5 %, respectively. Traces of Ti in TiO2@
Gliadin reached 48.2%. However, the O percentage (23.83 %) in gliadin 
increased to 37.04 % in TiO2@Gliadin while that of C (56.67) and N 
(19.5) in gliadin decreased to 10.63 and 4.14% in TiO2@Gliadin, 
respectively. This implies that the incorporation of TiO2 (O–Ti–O) into 
gliadin by mechanical stirring was well achieved and the lower C and N 
indicate the dilution of the protein by the addition of the metal and 
oxides as fillers. The weight percentage ratio of O and N in unmodified 
gliadin is approximately 1:1 but changed to 9:1 in the TiO2@Gliadin 
composite. On the other hand, the weight ratio of O and C (1:2) in 
gliadin altered to 3:1. This signifies that more of the Ti and O imported 
from TiO2 diluted C and N resulting in a composite. Similar trends were 
observed in the case of AgFeO3 @Gliadin except that the ratios of O and 
C, O and N appeared to be 5:1 and 6:1, respectively suggesting that 
abundant O in AgFeO3 @Gliadin originated from both Ag2O and Fe2O3 
as AgF2O3 at the expense of C and N. These mitigations were further 
detected for AgFe–TiO2@ Gliadin whereby the O and C, O and N ratios 
changed to 2:1 and 5:1, correspondingly. These outcomes infer that the 
blending of gliadin with metal oxides via constant mechanical stirring 
was well achieved and follows the changes in morphologies observed in 
SEM analysis in Fig. SF1. 

3.2. X-ray diffraction 

Fig. 3d displays the XRD diffraction patterns of gliadin blended 
composites. The unmodified gliadin existed solely in the amorphous 
phase and broad peaks were visible at 2θ = 8◦ and 19◦, like the report of 
Gulfam et al. (2012). The diffraction spectrum of TiO2@gliadin exhibi
ted both strong reflections of amorphous gliadin at 2θ = 8◦ and anatase 
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((JCPDS, No. 00-021-1272) phase of TiO2 characterised by diffraction 
peaks 2θ = 48.24◦ (200) and 62◦ (213) which relate to the 
body-centered tetragonal lattice arrangement of the mineral anatase 
phase (Mouele et al., 2020). In both AgFe2O3@gliadin and 
AgFe–TiO2@gliadin composites, iron oxide patterned at 2θ = 29.3◦

(012), 32.16◦ (104) and 33.92◦ (110) corresponded to hematite phase 
(α-Fe2O3). While the coexistence of silver was depicted at 2θ = 38◦

(111), 44.5◦ (200), and 64.5◦ (200) consistent with previous research 
(Balasubramanian et al., 2014; Xu et al., 2015). The anatase TiO2 was 
also traceable in AgFe–TiO2@gliadin at 2θ = 48.24◦ (200); the observ
able amorphous phase of gliadin was still present in AgFe2O3@gliadin 
and AgFe–TiO2@gliadin at 2θ = 8◦ signifying that metal oxides TiO2 and 
α– Fe2O3 were successfully blended in gliadin and their insertion did not 
impact on the physical structure of the protein, which remained intact. 

3.3. Fourier Transform Infrared 

The absorption bands of all composites depicted by attenuated total 
reflectance-Fourier Transform Infrared (ATR-FTIR) were summarised in 
Table ST2 and plotted in Fig. 3b. The absorption frequencies of bare 
gliadin were mainly identified in three regions 2700–3700, 1200–1800, 
and 500–1200 (cm − 1), respectively. The stretching vibrations peak of 
O–H accounting for intermolecular attached hydroxyl group and N–H 
stretching vibrations characteristics of amides A of polypeptides and 

amino acids were located at 3700–2700 cm − 1 for all samples except that 
their intensities decreased in the blended gliadin composites suggesting 
the possible formation of hydrogen bonding between gliadin functional 
groups and that of the blending agents (Popov et al., 2017). In the region 
1200–1800 cm − 1, the following C–N; C–O; C]O and N–H stretching 
vibration groups characteristic of carboxylic, amino acid, and amides 
(primary and secondary) in unmodified gliadin were identified (Pereira 
et al., 2010; Hoque et al., 2011; Yang et al., 2021). Furthermore, the 
unsaturation and saturation stretching vibrations mainly C]C and C – C 
are depicted in the fingerprint range 500–1200 cm − 1. For TiO2@gliadin 
composite, traces of C− N, –C–C, C–O, and C]O stretching were evi
denced at 1200–1800 cm − 1 at low intensities except for C]O that 
remained persistent indicating that interactions between gliadin and 
TiO2 were independent of C]O stretching. The sharp bands subsequently 
formed in the lower range 300–1200 cm − 1 were ascribed to Ti – O –Ti 
and O–Ti–O groups. This implied that the incorporation of TiO2 into 
gliadin was certainly induced by electrostatic or hydrophobic in
teractions (Antoniou et al., 2015), suggesting that TiO2 probably coor
dinated to other oxygen or nitrogen atoms leading to the diminishment 
of = C–N and C]O peak intensities and hence the formation of Ti – O –Ti 
and O–Ti–O stretching around 300–1200 cm − 1. This later scenario was 
remarkable in AgFe2O3@gliadin composite where the insertion of α– 
Fe2O3 into gliadin structure displaced C–N and C]O stretching in the 
1200–1800 cm − 1 range, resulting in the formation of Ag–O, Fe–O, 

Fig. 1. Experimental protocols for (a) extraction of gliadin waste and blending with metal oxides, (b) inactivation of E. coli and removal of Co2+ from water.  

E.S. Massima Mouele et al.                                                                                                                                                                                                                   



Environmental Pollution 340 (2024) 122788

5

Ag–Fe–O, Ag–O–Fe and Ag–Fe functional groups characterised by strong 
absorption bands between 300 and 1200 cm − 1. Similarly, during the 
incorporation of co-doped AgFe–TiO2 into wheat gliadin, the decrease 
of = C–N; O–H; C–O; C]O and N–H band intensities in 1200–1800 cm − 1 

resulted in the successive appearance of strong Ag–Fe–O, Ag–O–Fe, 
Ag–Fe, O–Fe–O, and O–Ag–O stretches between 700 and 1200 cm − 1 and 
moderate Ag–O, Fe–O, Ti –O–Ti and O–Ti–O vibrations in 300–680 cm 
− 1 assortment. These phenomena indicate that the insertion of metal 
oxides TiO2 and α-Fe2O3 into gliadin framework resulted in protein 
dispersion initiated by hydrophobic effects during conversion of formal 
functional groups and the formation of hydrogen bonds (Liu et al., 2018; 

Chen et al., 2021). This consequently implies that blending of gliadin 
successfully led to the development of novel composites aimed at 
effective removal of Co2+and detoxification of bacterial wastewater. 

3.4. Thermal gravimetric analysis 

Blended gliadin composites were analysed by TGA and its derivative 
to examine the weight loss and thermal degradation steps of the com
posites. The outcomes in Fig. 3c show that thermal weight loss of un
modified gliadin reached 80 % between 160 and 800 ◦C, with the main 
decomposition peak centered at 330 ◦C and a residual mass of less than 

Fig. 2. SEM micrographs of (a & b) Gliadin, (c & d) TiO2@gliadin, (e) Ag2FeO3@gliadin, and (f) AgFe–TiO2@gliadin composites.  
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10% remaining at 800 ◦C. The thermal degradation of TiO2@gliadin, 
AgFe2O3@gliadin, and AgFe–TiO2@gliadin followed multistep pro
cesses. A weight loss of 8% was observed between 78 and 200 ◦C for 
TiO2@gliadin, and 25 % weight loss occurred between 222 and 665 ◦C, 
with a further loss of 4.65% between 760 and 890 ◦C. A residual mass of 

about 65% remained at the terminal temperature of 890 ◦C. When, the 
inclusion of TiO2 improved thermal stability by a factor of 2.5 as 
compared to bare gliadin. This could be ascribed to hydrophobic and 
possibly covalent interactions between TiO2 and gliadin functional 
groups (Zhang et al., 2003a). In Fig. 3e, the thermal degradation of 

Fig. 3. (a) X-ray diffraction (XRD), (b) Fourier transform infrared spectroscopy (FTIR), (c–f) thermal gravimetric (TGA) and differential thermogravimetry (DTG) 
plots of gliadin blended composites (c) Gliadin, d) TiO2@gliadin, e) AgFe2O3@gliadin, and f) AgFe–TiO2@gliadin. 
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AgFe2O3@gliadin gradually increased from 3 to 24 % between 60 and 
160 ◦C and 165–567 ◦C, respectively, and weight loss of 14% between 
590 and 820 ◦C, and 6 % between 815 and 890 ◦C, were observed, with a 
residual mass of around 50% remaining at the terminal temperature. In 
comparison with unmodified gliadin, the addition of AgFe2O3 in gliadin 
enhanced the thermal stability by a factor of 1.7 (80% vs 47%) due to 
potential ionic and hydrophobic interactions between AgFe2O3 and 
gliadin. A similar thermal trend was observed in the case of 
AgFe–TiO2@gliadin composite (Fig. 3f) with a weight loss of 6 % be
tween 40 and 205 ◦C and 15 % between 215 and 500 ◦C, respectively, 
which decreased to 10 % between 655 and 890 ◦C, with a residual mass 
of about 70% remaining at the terminal temperature. These results show 
that blending gliadin with AgFe–TiO2 decreased the thermal stability by 
a factor of 2.6 (80% vs 31 %). During the composting of the materials, 
gliadin nonpolar groups may become favourable to the complexation 
with TiO2 and Fe2O3 possibly through hydrogen bonding, hydrophobic 
interactions, covalent, and ionic bonding (Madhan et al., 2005; Tsai and 
She, 2006). But these did not apparently enhance the thermal stability of 
gliadin (Zhang et al., 2003b). Moreover, the steric and surface charge 
repulsion between metal oxides and protein probably weakened the 
resistance of the novel composites against disintegration, which oppose 
previous claim reported in (Xue et al., 2018). 

3.5. Surface area determination 

The surface area and BET isotherms of gliadin blended composites 
that are shown in Fig. 4(a–c) define their pore size, pore volume and 
specific surface area that are displayed in Table ST3. The results indicate 
that blended composites with lower surface areas exhibited lower pore 

volumes. The specific surface area of TiO2@gliadin, AgFe2O3@gliadin, 
and AgFe–TiO2@gliadin ranged from 11. 80, 1.45–150.45 m2g with 
corresponding pore volumes of 0.062, 0.007, and 0.092 cm3/g, respec
tively. The surface area of unmodified gliadin was 0.170 m2/g with a 
very poor pore volume of 0.0002 cm3/g defined by particle aggregation 
as claimed in previous investigations (Liao et al., 2016b). These out
comes show that the surface area of TiO2@gliadin, AgFe2O3@gliadin 
and AgFe–TiO2@gliadin are 11, 2, and 100 times higher than that of the 
bare gliadin owing to the dispersion of gliadin. The isotherms of 
TiO2@gliadin and AgFe2O3@gliadin in Fig. 4 (a & b) correspond to type 
II isotherms, which are characteristics of finely divided nonporous 
blended composites with a sharp increase in adsorption and desorption 
at low relative pressure followed by steady phase and no delay or 
discontinuation in the adsorption/desorption cycle. Nevertheless, the 
outcomes in Table ST3 indicate that TiO2@gliadin with a pore size of 
21.7815 nm is expected to be mesoporous, like AgFe2O3@gliadin with a 
pore diameter of 19.0797 nm. On the other hand, the plot of 
AgFe–TiO2@gliadin in Fig. 4c displays a type IV isotherm assigned to 
mesoporous blended material. However, its feature hysteresis loop could 
be generated by the capillary condensation of the adsorbate in the 
mesopores of the composite. 

3.6. Zeta potential 

The surface charges of gliadin composites were investigated by the 
zeta potential of composites dissolved in deionised water and the results 
are shown in Fig. 4d. The outcomes indicate that the surface charge of 
gliadin and AgFe – TiO2@gliadin changed from positive to negative with 
the increase in pH. The isoelectric point (IEP1) of gliadin could be 

Fig. 4. Nitrogen adsorption and desorption isotherms of (a) TiO2@gliadin, (b) AgFe2O3@gliadin, and (c) AgFe–TiO2@gliadin, and (d) zeta potential of gliadin 
blended composites. 
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observed around 7.8 which is one magnitude higher than the 6.5 re
ported in previous studies (Joye et al., 2015a; Joye et al., 2015b; Wu 
et al., 2018b) and implies that at pH < 7.8, gliadin is positively charged 
and may oppose cations being targeted; while at pH > 7.8 the surface of 
gliadin is negatively charged and is expected to improve the affinity 
towards selected cations. 

The IEP2 of AgFe–TiO2@ gliadin was located at a pH of 5.6 and 
hence lower than that of gliadin. On the other hand, the zeta potential of 
both TiO2@gliadin and AgFe2O3@gliadin was negative in the pH range 
of 3.5–9.5 and slightly increased in absolute magnitude with an increase 
in pH. This signified that the surfaces of the later composites were 
populated by negative charges and favourable for the adsorption of 
positively charged species. Gliadin showed a negative trend between pH 
3.5 and 9.5. The incorporation of TiO2 and AgFe2O3 into gliadin resulted 
in blended composites with noticeable stability between pH 5.5 and 7.5 
that gradually was lost as the solution pH increased. AgFe–TiO2@gliadin 
exhibited both positive and negative ζ-potential values. This was 
extensively supported by the back shifting of AgFe–TiO2@gliadin IEP2 
to 5.6 being lower than that of unmodified gliadin. 

As much as the deamination of gliadin occurs via conversion of 
amine groups (Moraveji), the blending functionalisation of gliadin was 
ascribed to hydrogen bonding, covalent bonding, or weak surface and 
electrostatic forces of amino and related groups with metal oxides (MOs) 
forming novel complexes. Hydrophobic aggregation of neat gliadin 
resulted in poor surface area and inadequate pore volume. Its func
tionalisation resulted in dispersed materials with improved surface area 
and pore volumes and interesting changes in surface charge. 

The AgFe–TiO2@gliadin blended composites appeared stable at the 
pH range of 7.5–9.5 while unmodified gliadin was extremely unstable at 
pH 7.5. This was mainly due to the aggregation of gliadin extract at pH 
7.5–8 and blended AgFe–TiO2@gliadin at pH 5.5–6. In the pH range of 
7.5–9.5, the ζ-potential values of blended gliadin composites were 
recorded between − 18 and − 38 mV indicating a high degree of 
dispersion. This is in line with Maryam Moraveji et al. (Moraveji) who 
testified that high absolute values of ζ-potential imply abundant re
pulsions between colloidal species that prevent aggregation and hence 
sustain the stability of particles. 

However, Freitas & Müller, (Freitas and Mü, 1998) claimed that 30 
mV is likely the threshold absolute value of the ζ-potential that dictates 
the stability of charged colloidal structures. For ζ-potential absolute 
values above 30 mV, dispersions could be disrupted and result in par
ticles agglomeration and precipitation in lower ionic conditions. In the 
current study, this scenario was observed with AgFe2O3@gliadin 
blended composite where the absolute ζ-potential evidenced around 38 

mV led to a light blue precipitate of aggregated particles in alkaline 
media. 

3.7. Antimicrobial bioassay 

The first aspect of gliadin blended composites multifunctionality was 
evaluated by assessing the antibacterial properties vital for water puri
fication. This was achieved up on inactivation of bacterial culture of 
Escherichia coli under dark and visible light conditions (Fig. 5). The 
statistical analysis (ANOVA) of the antibacterial tests with gliadin 
composites is shown in Table ST4. 

In the dark conditions, TiO2@gliadin exhibited a significant reduc
tion in E. coli density after 24 h of incubation in comparison to all other 
composites and control (P < 0.05) (Fig. 5a, Table ST4). The observed 
activity of TiO2@gliadin in the dark could be due to different reasons. 
First, E. coli cells are negatively charged due to the presence of lipo
polysaccharides layer (REF). Interactions between the cell wall of the 
bacteria and TiO2@gliadin could promote cell death. Therefore, the 
antimicrobial activity could be due to the presence of metal ions (Mor
aveji; Freitas and Mü, 1998). On the other hand, the aqueous mobile 
metal ions such as Ag+ and Fe2+ potentially incapacitate various en
zymes and/or directly damage DNA leading to cell destruction (Prabhu 
and Poulose, 2012). Alavi & Yarani (2022) reviewed various approaches 
on the development of antibacterial metal oxides (MO) or metal nano
particles (MNPs). In their report, the authors informed that the two 
principal mechanisms involved in the killing of bacteria include direct 
binding of MO/MNPs to biological macromolecules which results in cell 
wall damage, causing destruction of the bacterial membrane followed by 
electron transport that disrupts nucleic acids, proteins, or enzymes. The 
second mechanism is the indirect generation of reactive oxygen species 
(ROS) mainly O2

.-,1O2
− , H2O2 and OH. inside the bacteria cell membrane 

leading to DNA damage and total inhibition (Alavi and Yarani, 2022). 
These scenarios were possibly responsible for the slight antibacterial 
activity of gliadin functionalised composites under dark conditions 
plotted in Fig. 5a. 

After 24 h of incubation under light conditions (Fig. 5b), all com
posites showed a significant reduction in E. coli density in comparison 
with unmodified gliadin and control (P < 0.05). The lowest density of 
bacteria was observed in the case of TiO2@gliadin. The ANOVA analysis 
(Table ST4) revealed that TiO2@gliadin substantially reduced the den
sity of E. coli to 50.5% in comparison to the control (Tukey, Post-hoc p < 
0.05). This can be explained by the photocatalytic activity of AgFe–TiO2 
catalyst dopant functionalised into gliadin and the subsequent produc
tion of reactive oxygen species (ROS) in aqueous gliadin composites - E 

Fig. 5. E. coli evolution on gliadin blended composites in (a) dark and (b) light after 0 and 24 h. Data were means ± SD; n = 3.  
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coli matrix (K.Y et al., 1998). Certainly, when gliadin composites matrix 
is exposed to visible light, the abovementioned ROS are generated via 
activation or electron promotion from TiO2 and dopants valence bands 
to the conduction bands. In this regard, Ag2O and Fe2O3 used as dopants 
retarded electron-hole pairs recombination and favored the storage of 
charge carriers (e− ) that were disseminated around the surface of 
TiO2@gliadin composite. On the one hand the produced electrons 
diffuse into the aqueous gliadin composites - E coli matrix and reduce O2 
producing various ROS such as O2

.-,1O2
− , H2O2 and OH.. While the active 

holes (h+) pairs on TiO2 and dopants valence bands oxidize H2O mole
cules to OH.. Altogether, the produced ROS attacked the cell membrane 
of the E. coli followed by DNA disruption and death (Alavi and Yarani, 
2022). 

AgFe2O3@gliadin and AgFe–TiO2@gliadin showed adequate bacte
rial reductions in the density of E. coli of 25.2 and 24.7% as compared to 
12.8% with gliadin only, respectively with respect to the control after 
24 h (P < 0.05). However, there were no significant differences between 
these treatments (Table ST4) (ANOVA, p > 0.05). Gliadin on the other 
hand had the lowest bacterial inhibition (Fig. 5 (a &b). The poor 
attractive charges on its surface could be ascribed to the excess of 
nutritious carbon content in gliadin (Wanag et al., 2018a). Indeed, the 
EDS results shown in Table ST1, indicate that the carbon content was 
10.36 % for TiO2@gliadin, 11.77% and 20.41% for AgFeO3 @gliadin 
and AgFe–TiO2@gliadin, and 56.67% for gliadin itself, correspondingly. 
According to Agnieszka Wanag et al. (2018b) elevated carbon content in 
catalyst materials obstructs the interaction between C and Ti and 

hinders the activity of the semiconductor s’ surface which further in
hibits photocatalytic efficacy. As a result of these mitigations, the release 
of free radicals in the solution could have been impeded, resulting in a 
decrease in antibacterial effectiveness. 

When compared to normal MO, Alavi and Yarani (2022) claimed that 
an excessive dose of antibacterial NPs could result in minimal biocom
patibility and cytotoxicity in biological environments. Therefore, 
coupling photocatalytic NPs with other biocompatible antibacterial 
constituents is a promising method to engineer novel materials with 
advanced physicochemical properties. So, the co-doping of Ag2O and 
Fe2O3 in TiO2 and their subsequent dispersion into gliadin covered in 
this study is an adequate procedure for development of multifunctional 
antibacterial protein-MO composites. 

3.8. Adsorption studies 

3.8.1. Effect of initial solution pH and concentration 
To establish their multifunctional characteristics, the adsorption 

properties of gliadin blended composites were evaluated, in addition to 
the antibacterial activity examined in the previous section. The effect of 
initial pH and concentration on the removal efficiency (%) and 
adsorption capacity (qe, mg/g) of Co2+ by gliadin and gliadin blended 
composites described in supplementary data Text S4 (Equations (1) and 
(2)) was assessed by altering the solution pH from 3 to 8, and the initial 
concentration from 25 to 400 mg/L, and the results are displayed in 
Fig. 6. Fig. 6 (a) demonstrates that regardless of the pH region, 99.99% 

Fig. 6. (a & b) effect of pH on removal efficiency and adsorption of Co2+ by gliadin blended composites (n = 2), (c) behaviour of initial solution pH before and after 
adsorption, and (d) effect of Co2+ initial concentration (m = 10 mg, V = 10 mL, t = 1440 min, n = 2). 
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of Co2+ removal was achieved with TiO2@gliadin composite indicating 
that solution pH in the range of 3–8 did not impact on the retention 
efficacy of Co2+ (Pongkitdachoti and Unob, 2018a). On the hand, 70% 
removal was attained with AgFe -TiO2@gliadin at pH 7, while 26% with 
AgFe2O3@gliadin at pH 5–8, and about 5% retention with gliadin at pH 
7, respectively. These removal efficiencies indicated that the solution pH 
affected both the surface charge and textural chemistry of the blended 
composites (Mengesha et al., 2022a). According to zeta potential di
agnostics in Fig. 5d for pH range below the isoelectric points IEP1 = 7.8 
and EPE2 = 5.6, gliadin and AgFe–TiO2@gliadin are positively charged 
and consequently show poor interactions towards Co2+ which further 
indicate minimal electrostatic interactions. Despite having a negative 
charge in the pH range tested, the AgFe2O3@gliadin composite showed 
only moderate removal efficiency. A similar trend was observed in the 
case of uptake capacity qe (mg/g) in Fig. 6 b whereby the highest Co2+

adsorption capacity of 48 mg/g was reached with TiO2@gliadin at pH 4 
versus 36 mg/g for AgFe–TiO2 at pH 7, 15 mg/g for AgFe2O3@gliadin at 
pH 5–8 and roughly 2 mg/g for gliadin at pH 7, correspondingly. Fig. 6 c 
indicates that solution pH declined from the initial domain of 3–8 to 
lower values by a magnitude of 2 (for initial pH region of 6–8) and down 
to the lowest values by magnitude of 0.5 (for initial pH region of 3–5) 
after adsorption. These observations were probably due to the presence 
of protons released during the complexation of Co2+ and TiO2@gliadin 
functional groups (OH, CO, O–Ti–O, etc.) (Pongkitdachoti and Unob, 
2018b). Instead, Fig. 6d shows that complete removal of Co2+ was 
achieved at concentrations range of 50–200 mg/L, nevertheless 100 
mg/L was selected as the optimum concentration to ease the ICP 

analysis. These outcomes indicate that the surface properties of adsor
bents and solution chemistry significantly impact on the removal of 
metal ion in the solution (Mengesha et al., 2022b). Consequently, 
TiO2@gliadin was selected as the suitable composite for extended ex
periments for the adsorption of 100 mg/L Co2+ in an acidic environment 
(pH 4). 

3.8.2. Adsorption isotherms 
The adsorption isotherms including Langmuir, Freundlich and 

Temkin models described in supplementary materials Text S5 - Text S7 
(Equations (3)–(5)) were used to assess the affinity, surface heteroge
neity sites and multilayer adsorption, and the interaction between 
TiO2@gliadin composite and Co2+, respectively. Fig. 7a indicates that 
the removal of Co2+ in the solution was thoroughly illustrated by the 
Langmuir isotherm model (R2 = 0.958) with a maximum adsorption 
capacity (qm) of 96.996 mg/g (Table ST5) which closely corroborates 
the experimental uptake capacity (qe, exp = 101 mg/g). In contrast, 
Freundlich (R2 = 0.825) and Temkin (R2 = 0.858) (Table ST5) did not fit 
the experimental results nicely. Their L-type isotherms without strict 
plateau propose a progressive saturation of TiO2@gliadin composite 
(Covelo et al., 2007a). The Langmuir H-type isotherm indicates strong 
interactions between Co2+ and TiO2@gliadin (Covelo et al., 2007b). 
Therefore, these outcomes assume that the retention of Co2+ followed 
monolayer coverage and constant binding energy between TiO2@glia
din surface and Co2+ cation. The KL constant of 0.726 L mg− 1 in 
Table ST5 possibly suggests strong affinity between the absorbent and 
absorbate associated with elevated energy for the uptake of Co2+. The 

Fig. 7. (a) Adsorption isotherms, (b) Kinetics, and (c) Intra-particle diffusion model parameters acquired during adsorption of Co2+ by TiO2@gliadin blended 
composite (Co = 100 mg/L, V = 10 mL, pH = 4, m = 10 mg). 
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interface of Co2+ on TiO2@gliadin possibly occurred via hydrogen 
bonding, hydrophobic interactions, or covalent bonding with OH, C]O, 
T–O, etc. groups of the blended composite. 

3.8.3. Kinetics investigation 
The kinetic of adsorption of Co2+ by TiO2@gliadin blended com

posite was examined using pseudo-first-order, pseudo-second order, and 
intraparticle diffusion models whose experimental details are shown in 
supplementary data Text S8 - Text S11 (Equation (6) -10), 
correspondingly. 

Fig. 7a shows that in the primary stage of adsorption, about 91.75% 
of Co2+ was removed after 90 min and slightly increased to 92.19% 
followed by saturation within 120 min of sorption. This is ascribed to the 
coactive effect of surface chemistry and pore texture of TiO2@gliadin 
composite (Mengesha et al., 2022b). The following pseudo-first order 
(PFO), pseudo-second order (PSO), and intra-particle diffusion models 
(Fig. 7b and c) were used to fit the experimental kinetic data (De 
Andrade et al., 2018; Marçal et al., 2015; Santoso et al., 2020; Zhang 
et al., 2021) and the derived kinetic parameters are recorded in 
Table ST6. In Fig. 7b, the adsorption of Co2+in solution occurred grad
ually and reached equilibrium after 120 min. This progressive retention 
of Co2+ was probably due to the multistep adsorption scenarios or the 
slow dissemination of adsorbate into the non-uniform mesopores of the 
TiO2@gliadin composite. The adsorption of Co2+ conformed to a 
pseudo-second-order kinetic model defined by a correlation coefficient 
(R2) of 0.993. The adsorption capacity of Co2+ (qe2 = 89.86 mg/g) 
dictated by the pseudo-second-order scheme at equilibrium was near to 
the experimental data (qe, exp = 101 mg/g). The intra-particle diffusion 
model (Fig. 7c) shows that the removal of Co2+ certainly happened in 
three major diffusion steps. The first stage (R2 = 1.000) characterised by 
a very fast adsorption phase marked by a very sharp initial slope is 
related to diffusion when adsorbates are transferring from the bulk to 
surface (Beltrame et al., 2018). This is followed by a quick and short 
pore diffusion phase (stage 2, R2 = 0.948), and a prolonged equilibrium 
phase (stage 3, R2 = 0.995). 

Table ST7 shows that the first phase occurred substantially more 
rapidly than the second and last steps as indicated by the diffusion rate 
Ki1 = 36.084> Ki2 = 1.089 > Ki3 = 0.211 mg/gmin0.5, so the adsorption 
rate is mostly controlled by the first step (Viegas et al., 2014; Qiu et al., 
2009). 

3.8.4. Thermodynamics 
The impact of temperature varied from 21 to 45 ⸰C on sorption of 

Co2+ by TiO2@gliadin composite was evaluated at the applied condi
tions. The thermodynamic study for the removal of Co2+ is theorized in 
supplementary materials Text S12 while the linear trend Ke vs. 1/T 
described in Equations 11–13 was used to determine ΔH◦, ΔS◦ and ΔG◦, 
respectively (Liu et al.). Fig. 7d shows that the removal efficacy (%) of 
Co2+ slightly decreased with an increase of temperature. That is a 
retention 99.1% achieved at 21⸰C decreased slightly to 98.75, 98.74 and 
98.6 % when the temperature was raised to 25, 35 and 45 ⸰C, respec
tively. This could be attributed to possible protonation and inhibition of 
the active sites of TiO2@gliadin composite that are supposed to induce 
strong interactions with Co2+ in acidic conditions. This also affected the 
adsorption capacity qe in Fig. 7d that slightly dropped from 45 to 43.8 
mg/g as temperature changed from 21 to 45 ⸰C, accordingly. The values 
of estimated thermodynamic parameters are presented in Table ST8. The 
negative ΔG◦ = − 9.677 kJ/mol observed implies spontaneous and 
favourable adsorption. While ΔH◦ = − 123 kJ/mol and ΔS◦ = 0.490 J.k/
mol indicate that adsorption of Co2+ was an endothermic process, and 
both a decrease and increase in solid/solution interface randomness 
were experienced, respectively (Kasperiski et al., 2018). The ΔH◦ value 
being less 40 kJ/mol suggests physisorption process. The slight decrease 
of ΔG◦ observed implies the increase of temperature unfavoured Co2+

removal process. 

3.8.5. Protein blending, adsorption mechanisms and composite reusability 
The FTIR analysis indicates that TiO2@gliadin surface consists of 

various oxygen containing functional groups formed by hydrophobic 
and covalent interactions between TiO2 and gliadin (Fig. 8 (a). Indeed, 
during gliadin functionalisation, terminal amino acid, carboxyl, hy
droxyl (OH) and amines groups protonates or deprotonated and coor
dinated to O–Ti–O framework covalently or via hydrogen bonding. This 
resulted in abundant negative charges forming monodentate or biden
tate binding sites on TiO2 vacant oxygen atoms. The additional mech
anisms are schemed in supplementary data (Fig. SF 2a). According to 
zeta potential results, it is possible that certain amino groups of 
TiO2@gliadin composite are protonated. However, end-carboxyl groups 
of amino acids and side groups are ionized especially at alkaline pH 
likely participated in adsorption of Co2+. 

Consequently, hydrogen bonding and hydrophobic interactions, 
electrostatic and covalent and metallic interactions were among the 
main mechanisms involved in the adsorption process (Fig. 8b) as early 
substantiated by isotherm investigations (Mengesha et al., 2022b). The 
abovementioned mechanisms are extensively clarified in supplementary 
materials (Fig. SF 2d). The surface area and pore size shown in Table ST3 
probably contributed to the improved adsorption capacity. This was 
further elucidated by thermodynamic assessment. The suggested sche
matic mechanisms for the removal of Co2+ by TiO2@gliadin are sum
marised in Fig. 8b. 

The composite regeneration highlighted in supplementary data (Text 
S11) is a crucial step to minimise the environmental impact and the 
process cost. Several regenerative cycles using 0.5 M HCl as suitable 
eluent to leach Co2+ adsorbed onto TiO2@gliadin, are shown in sup
plementary data (Fig. SF 3). Regardless of the affinity and stability of 
Co2+ to form complexes in solution (Mengesha et al., 2022b), the 
combined acid washing process was effective for the release of Co2+ as 
expected. Fig. 8c shows that TiO2@gliadin composite maintained its 
performance even if a slight reduction in adsorption capacity and 
removal % after five consecutive adsorption cycles was observed with 
the reused TiO2@gliadin as compared to the initial composite. This 
could be ascribed to the fact that active sites on TiO2@gliadin used were 
fully occupied by strongly bonded Co2+ and co-existing groups. Never
theless, the 96.5% removal percentage achieved after five cycles still 
sustains that TiO2@gliadin composite could successfully be used for 
industrial applications. The comparative removal of Co2+ achieved 
using various sorbent materials are presented in supplementary mate
rials Table ST9 and discussed in supplementary materials text S13. 

4. Conclusions 

Metal oxides, TiO2 and AgFe2O3 were successfully incorporated into 
extracted gliadin protein by mechanical and chemical precipitation. 
SEM-EDS, FTIR, XRD, BET, TGA and zeta potential presented evidence 
that the dispersion of MOs into gliadin extract likely occurred via hy
drophobic, ionic, covalent, electrostatic, hydrogen bonding, resulting in 
the formation of bidentate chelating and monodentate bridging sites. 
The highest inhibitory activity of E. coli under light and in the dark 
conditions was observed for TiO2@gliadin. AgFe–TiO2@gliadin and 
AgFe2O3@gliadin lowered the growth of E. coli under the light condi
tions as compared to the control. The effective retention of Co2+ at pH 
that was varied from 3.5 to 9.5 was observed with TiO2@gliadin but was 
more prominent at pH 4 and superior to that of AgFe–TiO2@gliadin, 
AgFe2O3@gliadin, and unmodified gliadin, correspondingly. The 
adsorption of Co2+ onto TiO2@gliadin best fitted the Langmuir model 
over Temkin and Freundlich models. The kinetic study indicated that 
adsorption of Co2+ followed the pseudo-second-order kinetic model. The 
retention of Co2+ occurred in three main diffusion stages including 
external and pore diffusion, and adsorption. 

Thermodynamic study showed that the adsorption was an endo
thermic physisorption process. The used TiO2@gliadin could be regen
erated by washing with 0.5 M HCl and distilled water to retrieve the 
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adsorbed Co2+, and the composite could be reused up to five consecutive 
cycles. The current study demonstrates that gliadin with MOs resulted in 
novel multifunctional composites with adequate physicochemical, 
adsorption and bacteria inactivation properties. In the process investi
gated in this study, the utilization of gliadin in this study presents an 
environmentally sustainable approach to circular waste management. 
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To begin with, the accumulation of Co2+ in humans could be fatal 
and often leads to diseases such as rhinitis, allergic dermatitis vasodi
lation, cardiomyopathy, and asthma. Likewise, the occurrence of E. coli 
bacteria in fresh water often results in infection known as E. coli O157 
causing stomach pain, diarrhoea, and kidney failure. Gliadin-metal ox
ides functionalised composites produced in this study are effective for 
the removal of Co2+ and E. coli inhibition. Therefore, this approach is 
green and environmentally friendly for circular waste management and 
can be applied at both laboratory and industrial scales, making it a 
favourable alternative for environmental remediation. 
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