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A B S T R A C T   

This work deals with the synthesis, structural characterization and applications of N-halamine 
glycinate functionalized silica-mesoporous silica coated ZnO-NPs/AC composite for water disin-
fection. Several nanocomposite materials were obtained: ZnO-NPs/AC, ZnO-NPs/AC@SiO2, ZnO- 
NPs/AC@SiO2@mSiO2, ZnO-NPs@SiO2@mSiO2-Gly and ZnO-NPs@SiO2@mSiO2-N-halamine- 
Gly. These nanocomposite materials were fully characterized via different physiochemical tech-
niques including: FTIR, TGA, XPS, XRD, SEM, TEM and BET. XRD indicated a predominance of 
crystalline pattern of ZnO-NPs impregnated into activated carbon (AC) and their silica and m- 
mesoporous silica coating precursors. The FTIR spectra confirmed an immense combination be-
tween ZnO-NPs and AC of ZnO-NPs/AC nanocomposite as well as its interactions with coated 
silica precursors. SEM, TEM images illustrated that the fabricated ZnO-NPs/AC nanocomposites 
are well coated with silica-mesoporous silica functionalized N-halamine. The distinctive surface 
area has decreased from 800 m2/g for pristine AC to 772 m2/g for ZnO-NPs/AC and to 282 m2/g 
for ZnO-NPs/AC@SiO2 and to 139 m2/g for ZnO-NPs/AC@SiO2@mSiO2 and to 15.4 m2/g for 
ZnO-NPs@SiO2@mSiO2-N-Gly. All those nanocomposites showed good efficacy against all four 
bacterial species, with higher inhibition zones for the 2 g-positive bacteria than that of the 2 g- 
negative ones. The ZnO@SiO2@mSiO2-N-halamine-Gly exhibited the high zone inhibition against 
all tested bacteria except for E. Coli.   

1. Introduction 

In recent times, the issue of bacteria resistance to most antimicrobial activities has grown significantly. Recently, ZnO nanoparticles 
have been proposed as a safe and effective material to impart antibacterial activity [1]. New ecologically acceptable methods of 
producing ZnO-NPs were therefore needed [2–4]. ZnO-NPs’ high specific surface area which is enabled by their higher surface 
reactivity and reduced particle size has been demonstrated to have strong antibacterial potential for a range of microbiological ap-
plications [5–7]. 

The presence of –OH groups on the activated surfaces has enhanced the incorporation of ZnO-NPs with both substrates like 
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activated carbon [8,9] or silica surfaces [10,11]. Due to amazing characteristics of AC that has recently increased such as its significant 
adsorption capacity, chemical stability and mechanical strength. Therefore, the AC has been used for removal of water pollutants due 
to its high specific surface area and its interior microporous structure. It has been positioned to be a superb organic contaminant nano- 
and microscale adsorbent [12]. The presence of adsorbed organic matters within the AC has enhanced the growth of microorganisms 
inside the activated carbon substrate and increased the microorganism contamination. This has limited its utility for water purification 
[13,14]. Activated carbon substrate, however, has also demonstrated antibacterial activities when it impregnated with nanometals or 
nanometal oxides [15–18]. The use of ZnO-NPs is due to it is inert, cheap, non-toxic and biocompatible. In this manner, there has been 
expanded intrigued in creating green and cost-effective union approaches for ZnO-NPs. ZnO-NPs as safe nanomaterials have been 
utilized for poison photodegradation and disinfection of microorganism [19]. Later ZnO-NPs altered enacted carbon have been utilized 
for water sanitization [8,20,21]. The antimicrobial properties of ZnO-NPs can be enhanced when it combined with AC substrate. This is 
primarily credited to the likely synergistic impact when it combined to AC. In our present research, we have used silica and m-silica for 
coating the ZnO-NPs/AC nanocomposite for the first time to improve the dispersibility of ZnO-NPs during the fabrication of 
ZnO/AC@SiO2@mSiO2 composite material. Even though at low level of zinc concentration of ZnO-NPs (20 %) content, these materials 
achieved a high reduction and very effective towards variety of microorganisms. The use of silica and CTAB was used to improve 
mechanical, dispersibility and thermal properties. 

In this research, the activated carbon modified ZnO-NPs nanocomposite (ZnO-NPs/AC) was first prepared by impregnated ZnO-NPs 
into activated carbon [21]. Four new nanocomposite materials ZnO-NPs/AC@SiO2, ZnO-NPs/AC@SiO2@mSiO2, ZnO-NPs@-
SiO2@mSiO2-Gly and its corresponding N-halamine glycinate mesoporous silica ZnO-NPs@SiO2@mSiO2-N-halamine-Gly nano-
composite material were prepared. The parent ZnO/AC nanocomposite was firstly coated with dense silica layer (ZnO-NPs/AC@SiO2) 
using Stöber method, followed by coating with mesoporous layer (ZnO-NPs/AC@SiO2@mSiO2). The free AC coated material 
ZnO-NPs@SiO2@mSiO2 was obtained by etching the AC through calcination of ZnO-NPs/AC@SiO2@mSiO2. The ZnO-NPs@-
SiO2@mSiO2-Gly was prepared by functionalization of ZnO-NPs@SiO2@mSiO2 with glycinate silane agent, The ZnO-NPs@-
SiO2@mSiO2-N-halamine-Gly was obtained by chlorination with sodium hypochlorite solution. Our aim of this work is the preparation 
of process of ZnO-NPs@SiO2@mSiO2-N-halamine-Gly through the following four steps including: (i) impregnating of ZnO-NPs (ii) 
silica coating (SiO2) via Stöber method, (iii) mesoporous silica coating (mSiO2) and (iv) functionalization with glycinate silane agent 
followed by chlorination with sodium hypochlorite solution (Fig. 1). The schematic description of preparation of different nano-
composite materials is given in Fig. 1. 

2. Materials and methods 

2.1. Materials 

The following starting chemicals were obtained from Merck without further purification, ethylchloroaectate (ClCH2COOEt), 99 %, 
tetraethyl orthosilicate (Si(OEt)4, 99 %, 3-aminopropyltrimethoxysilane ((MeO)3Si(CH2)3–NH2), 97 %, potassium iodide (KI), 99.5 %, 
sodium thiosulfate pentahydrate (Na2S2O3)5H2O, 99 %, and zinc acetate dihydrate (Zn(CH3COO)2)2H2O, 97.5 %. Dehydrated nutrient 
agar powder and nutrient broth powder were purchased from Difco. 

2.2. Preparation of 3-glycinatepropyltrimethoxysilane (Gly-S) 

The functionalized 3-glycinatepropyltrimethoxysilane (Gly-S) was prepared as previously reported [22]. The prepared function-
alized 3-ethylglycinepropyltrimethoxysilane (Gly-S) material was identified by FTIR spectra. 

Fig. 1. Schematic preparation description of silica-, mesoporous silica and their N-halamine glycinate functionalized coated ZnO-NPs/AC 
nanocomposite. 
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2.3. Preparation of ZnO-NPs/AC nanocomposite 

The ZnO-NPs/AC nanocomposite was prepared as previously reported [23]. The ZnO-NPs/AC nanocomposite was dried in vacuum 
oven at 100 ◦C for 24 h (Fig. 1). In this preparation and due to the use NaOH in presence of NaBH4, the Zn (CH3COO)2.H2O precursor is 
converted into ZnO-NPs/AC at mild temperature of 80 ◦C to avoid degradation of AC. The chemical structure of ZnO-NPs/AC 
nanocomposite was clearly identified using FTIR, TGA and XPS methods. 

2.4. Preparation of ZnO-NPs/AC@SiO2 nanocomposite 

The ZnO-NPs/AC@SiO2 nanocomposite was prepared through sol–gel process as previously reported [9,10]. The ZnO-N-
Ps/AC@SiO2 nanocomposite was filtered off, washed with deionized water and ethanol. The chemical structure of silica-coated 
ZnO-NPs/AC@SiO2 nanocomposite was clearly identified using FTIR, TGA and XPS methods. 

2.5. Preparation of ZnO-NPs/AC@SiO2@mSiO2 nanocomposite 

The mesoporous coated nanocomposite (ZnO-NPs/AC@SiO2@mSiO2) was prepared in a similar reported method [9,10] by sol-gel 
process in presence of TEOS and CTAB as cationic surfactant in an ethanolic solution in presence of ammonia solution. The ZnO-N-
Ps/AC@SiO2@mSiO2 product was filtered off, washed with water and ethanol, then dried at 100 ◦C for 12 h. The ZnO-NPs@-
SiO2@mSiO2 product was obtained through calcination of ZnO-NPs/AC@SiO2@mSiO2 at 600 ◦C for 4 h to remove AC (Fig. 1). The 
chemical structure of silica-coated ZnO-NPs/AC@SiO2 nanocomposite was clearly identified using FTIR, TGA and XPS methods. 

2.6. Preparation of ZnO-NPs@SiO2@mSiO2-Gly. Nanocomposites 

The glycinate functionalized ZnO-NPs@SiO2@mSiO2-Gly nanocomposite material was synthesized in a similar method as previ-
ously reported [9,10] by refluxing 0.10 g of ZnO@SiO2@mSiO2 with 3.5 mL of glycinate silane agent (Gly-S) in 20 mL ethanol for 48 h 
at 70 ◦C. The ZnO@SiO2@mSiO2-Gly composite material was isolated via centrifugation, washed with ethanol and dried in a vacuum 
at 80 ◦C for 4 h (Fig. 1). The corresponding N-halamine-glycinate functionalized nanocomposite ZnO-NPs@SiO2@mSiO2-Cl-Gly was 
formed by chlorination of ZnO-NPs@SiO2@mSiO2-Gly with sodium hypochlorite solution (Fig. 1). 

2.7. Methods 

Several methods were used for identification the structural properties for all prepared composite materials include: Fourier 
transform infrared spectroscopy (FTIR) for identification of the chemical structure of all materials. The thermal gravimetric analysis 
(TGA) provides valuable about the thermal stability of materials and the different weight ratios of all components. The structure 
texture properties of these materials were investigated by N2 adsorption-desorption isotherm using (BET) including the surface area 
and pore size and pore volume of all materials of concern. Scanning electron microscope (SEM) and transmission electron microscope 
(TEM) were used for determination of structural morphology of the composites and their elemental percentage composition. X-ray 
diffraction (XRD) was used to examine the crystal structure of the different nanocomposites and determination of their crystallite 
particle sizes. The x-ray photoelectron spectroscopy (XPS) provide valuable information about composition percentage of elements of 
different materials analysis were among the techniques used to analyze their structure. 

2.8. Antibacterial activity tests  

a) Disk diffusion assay 

The antimicrobial activity for the synthesized nanocomposites were tested against Escherichia coli ATCC 26922, Pseudomonas 
aeruginosa ATCC 27853, Bacillus stearothermophilus, and Staphylococcus aureus ATCC 12228 using the well diffusion method. Mueller 
Hinton Agar (MHA) medium was used. The standardized culture of test bacteria was first evenly spread onto the surface of Mueller- 
Hinton agar plates using sterile cotton swabs. Four wells (7 mm) were made in each plate with a sterile corkborer. Wells were filled 
with 50 μL nanocomposites at 10 mg/mL concentration. In the fourth well, 50 μL of sterile distilled water (as a negative control) was 
added to each assay plate. 400 μL of dimethyl sulfoxide (DMSO) (CH3)2SO was used as a solvent control. Levofloxacin disk (5 μg) was 
used as a positive control for Gram-negative bacteria. Amoxicillin disk (25 μg) was used as a positive control for Gram-positive 
bacteria. All the plates were then covered with lids and incubated at 37 ◦C for 24 h. The size of inhibition zones was measured, 
and the antimicrobial activity of the nanocomposites was expressed in terms of the average diameter of the inhibition zone in mm. The 
statistical analyses were used to calculate the needed statistical parameters: X : Averge, SD: standard deviation, SE: standard error.  

b) Microbroth dilution assay 

The MIC, which refers to the lowest concentration of the drug/chemical that inhibits the growth of the test bacteria, can be 
determined using serial dilution methods. This procedure establishes the antibacterial concentrations that prevent bacteria growth 

I.M. El Nahhal et al.                                                                                                                                                                                                  



Heliyon 10 (2024) e24343

4

effectively and indicates the dosage that should be effective. A standardized microbial inoculum (compared to 0.5 MacFarland 
turbidity standard) is added to the wells containing serial dilutions of the test compounds, and the bacteria growth is monitored as a 
change in turbidity. Four titer plates indicated for bacteria were used. 

For each 96 microtiters plate, wells 1–10 were used for nanocomposites that was serially diluted by two folds dilution using sterile 
nutrient broth, while wells 11 and 12 were used as negative and positive growth controls, respectively. A 25 μL of standardized test 
organism were added to each well. Plates were incubated for 24 h at 37 ◦C. The minimum inhibitory concentration (MIC) of the tested 
nanocomposite was calculated. 

3. Results and discussion 

3.1. Preparation 

In this study, silica and mesoporous silica were used for coating the ZnO-NPs/AC nanocomposite. This would improve the ZnO- 
NPs/AC’s mechanical and thermal properties [24] and increase the surface functionality of the silica or m-silica with antibacterial 
groups more useful. In this fabrication procedure, CTAB was employed to create m-silica, which increases the system’s wettability and 
accessibility while also enhancing ZnO-NP dispersibility during the creation of the ZnO/AC@SiO2@mSiO2 nanocomposite [25]. The 
functionality of m-silica with N-halamine antibacterial groups on its surface is made possible by the presence of silanol groups, siloxane 
bridges hydroxyl groups on silica, or m-silica. In addition to providing ZnO-NPs with increased surface area, mesoporous silica also 
provides a method for functionalizing with N-halamine as an antibacterial. 

3.2. FT-IR spectra 

FT-IR spectra technique used to investigate the impregnation of ZnO-NPs onto the activated carbon(AC) and to examine its silica, 
mesoporous silica and functionalized glycinate coated materials: ZnO-NPs/AC@SiO2, ZnO-NPs/AC@SiO2@mSiO2 and ZnO- 
NPs@SiO2@mSiO2-Gly (Fig. 2A–E). The FTIR spectrum of activated carbon AC (A) exhibits an absorption band at 3440 cm− 1 due to 
the (O–H) stretching vibration of polymeric compounds groups. The peaks at 2924 and 2854 cm− 1 are assigned due to the methylene 
hydrocarbon (C–H) stretching vibrations. The peak at 1456 cm− 1 is assigned due to (C––C) stretching vibration of the activated carbon 
(AC). The bands observed at 1750 cm− 1 are probably due to carbonyl C––O whereas, the bands at 1000 cm− 1is due to C–O stretching 
vibration. All these FT-IR assignments are based on FTIR results previously reported for similar materials [8,23,26]. The increase of 
adsorption of AC tendency towards the ZnO-NPs is probably due to the presence of functional groups of the activated carbon surface 
[21]. 

The FTIR spectra of silica or mesoporous silica and functionalized coated materials: ZnO-NPs/AC@SiO2, ZnO-NPs/ 
AC@SiO2@mSiO2 and ZnO-NPs@SiO2@mSiO2-Gly (Fig. 2C-E) showed three regions of absorptions. The first region at 3500–3200 
cm− 1 is assigned due to ʋ(O–H) or ʋ(N–H) stretching vibrations. The second region is observed at 1640-1750 cm− 1, which is assigned 

Fig. 2. FTIR spectra of A) AC, B) ZnO-NPs/AC, C) ZnO-NPs/AC@SiO2,D) ZnO-NPs/AC@SiO2@mSiO2, E) ZnO-NPs@SiO2@mSiO2–Gly.  
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due to stretching vibration of ʋ(CO) at 1750 cm− 1 and at 1670 and 1640 cm− 1 due to bending vibrations of σ(N–H) and σ(OH) vi-
brations, respectively. The third region of absorptions showed peaks at 1095 cm− 1, 807 cm− 1, and 471 cm− 1 cm− 1are assigned due to 
symmetrical and asymmetrical ʋ(Si–O) vibrations [9,10,23,26]. The peak or shoulder at 967 cm− 1 is assign to the tensile vibration of 

Fig. 3. TGA of A) AC, B) ZnO/AC, C) ZnO/AC@SiO2, D) ZnO/AC@SiO2@mSiO2, E) ZnO@SiO2@mSiO2–Gly.  

Table:1 
weight ratio of ZnO/AC.  

Material ZnO/AC wt. ratio 

ZnO-NPs/AC 20/80 
ZnO-NPs/AC@SiO2 20/50 
ZnO-NPs/AC@SiO2@mSiO2 20/40 
ZnO-NPs/AC@SiO2@mSiO2-N-Gly 20/38  

Fig. 4. XPS survey spectrum for ZnO-NPs/AC material.  
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Si–OH [9,10,23,26]. The absence of peaks due to Zn–O vibrations is due to its low content of Zn–O and is probably obscured with the 
high intensity peaks of silica or AC. 

3.3. Thermogravimetric analysis 

Thermogravimetric analysis (TGA) for AC, ZnO-NPs/AC, ZnO-NPs/AC@SiO2, ZnO-NPs/AC@SiO2@mSiO2 and ZnO- 
NPs@SiO2@mSiO2–Gly materials were examined at 20–750 ◦C (Fig. 3A–E). There was gradual weight loss for these samples as the 
temperature increases. The first step of weight loss occurs at <100 ◦C is probably due to loss of solvents e.g. water or ethanol from the 
nanocomposites. The second step of weight loss occurs at 100–350 ◦C, which is probably due to a gradual loss of carbon from the back 
bone of AC as well as loss of water from a dihydroxylation and condensation of silica-silanol groups, [8,10,11,23,27]. The third step 
occurs at > 350 ◦C is probably due to the decomposition of all carbon of AC as well as decomposition of the glycinate or N-halamine 
glycinate functional group attached to the m-silica [8–11]. At temperatures between 25 and 750 ◦C, the pristine AC material loses 
around 98 % of its total weight. The remaining 2 % residue (Fig. 3A) is likely contained residue of the AC material’s constituents. The 
TGA of ZnO-NPs/AC nanocomposite the weight loss drops from 100 % to 20 % (Fig. 3B) with weight ratio of ZnO/AC = 20/80. The 
TGA of ZnO-NPs/AC@SiO2 nanocomposite, the weight loss drops from 100 % to ca. 92 % due to loss of adsorbed H2O, the second step 
start at high temperature ca. 600 ◦C due loss of 42 % AC) (Fig. 3C) for ZnO-NPs/AC@SiO2 nanocomposite. This is probably due to 
presence of (ZnO + SiO2) (Fig. 3C) with weight ratio (ZnO + SiO2)/AC + H2O = 50/50. The presence of SiO2 showed a strong thermal 
stabilization of the system (Fig. 3). The weight loss of AC (%) for The TGA of ZnO-NPs/AC@SiO2@mSiO2 composite material (Fig. 3D) 
showed a drop from 100 % to 40 %. In the first stage at 100C, there is a loss of absorbed water of ca. 8 % adsorbed water. In the second 
stage from 100 to 550C, this is loss of (AC + H2O) of 32 %. Due to presence (ZnO-NPs + SiO2+mSiO2) (Fig, 3D) the weight ratio (ZnO 
+ SiO2+MSiO2)/(AC + Total H2O) = 60/40, where ca.10 % of the composite material is m-silica. The glycinate functional groups in 
the study were related with a modest increase in total weight reduction. 

A slight increase in total weight loss was associated with the glycinate functional groups in the functionalized material ZnO- 
NPs@SiO2@mSiO2-Gly (Fig. 3E). In preparation section: ZnO-NPs/AC@SiO2, ZnO-NPs/AC@SiO2@mSiO2 and ZnO-NPs/ 

Table 2 
XPS Elemental corelines and its percentages (%) compo-
sition of ZnO-NPs/AC.  

Element (coreline) Atomic (%) 

C1S (284eV) 82.33 
N1S (400eV) 0.83 
O1S (532eV) 14.52 
Zn2p3(1022eV) 2.32  

Fig. 5. Fitted C1s XPS core level spectrum of ZnO-NPs/AC material.  
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AC@SiO2@mSiO2-N-Gly, the percentage weight ratio of AC and ZnO were given in Table 1. The TGA analysis is based on similar 
reported results [10,11]. From the TGA results, the percentage weight ratio of ZnO/AC was calculated for these materials as given 
follow. 

The percentage wt. ratio decreases from the order from 0.25 to 0.4 for ZnO-NPs/AC@SiO2 and to 0.5 for ZnO-NPs/ 
AC@SiO2@mSiO2 and to 0.52 for ZnO-NPs/AC@SiO2@mSiO2-glycinate. 

3.4. XPS results 

The XPS survey spectrum of ZnO-NPs/AC is exhibited in Fig. 4. The survey spectrum showed peaks at 285, 400, 532 and 1022 eV 
corresponding to C1s, N1s, O1s and Zn2P, respectively [21,28]. The atomic percentages of all elements and their corresponding 
core-line binding energies (BE’s) are given in Table 2. The XPS survey spectrum of ZnO-NPs/AC (Fig. 4) showed the highest intensity 
peak of carbon centered at 285 eV of C1s core, due to the presence of activated carbon precursor. This is clearly confirmed from the 
SEM images (Fig. 8 (a&b). The survey spectrum of ZnO-NPs/AC reveals the presence of four O1s peaks, one is associated with zinc 
oxide ZnO-NPs at ca. 532 eV and three oxygen-containing functional states at 500–650 eV. These states were assigned for hydroxyls 

Fig. 6. Fitted O1s XPS core level spectrum of ZnO-NPs/AC material.  

Fig. 7. Fitted Zn2p XPS core level spectrum of ZnO-NPs/AC material.  

I.M. El Nahhal et al.                                                                                                                                                                                                  



Heliyon 10 (2024) e24343

8

(OH), ethers (C–O), carbonyls (C––O) and carboxylic acids (O–C––O) [21,24,29]. The doublet peaks at binding energy at 1020–1060 
eV are associated with the presence of Zn2P core [8]. The observed low energy peaks at 50–150 eV are probably corresponded to Zn 
LMM auger peaks [24,28]. 

The carbon C1s spectrum peak is fitted with presence of three signals centered at 284.99, 286.54 and 289.04 eV corresponding to 
three components of carbons: C–C/C–H, C–N/C–O and COOH/COOR (Fig. 5 showed) [21,28]. 

The oxygen O1s spectrum peak appearing at around 532 eV (Fig. 6) is fitted with presence of two components at 531.7 and 532.5 eV 
due to the O2− ion of Zn–O and OH species, respectively [21,28]. 

XPS of ZnO-NPs/AC nanocomposite confirmed the formation of ZnO-NPs, which are impregnated onto AC. Fig. 7 showed the core 
level scan spectrum of Zn2p. It showed a doublet of peaks centered at ~1022 ± 0.1 eV and ~1045 ± 0.1 eV corresponding to the two 
components Zn2p3/2 and Zn2p1/2, respectively. The energy gap between Zn 2p3/2 and Zn 2p1/2 has the same value of 23 eV as that 
reported in literature [8,21,28]. 

3.4.1. Scanning electron microscopy (SEM) 
The SEM images morphology and its energy dispersive X-ray microscopy (EDX) of blank AC and that of ZnO-NPs/AC nano-

composite are shown in Figs. 8 and 9. The SEM image of the blank AC shows rough surfaces with fused carbon layers (Fig. 8). EDX 

Fig. 8. SEM-image and EDX data of AC.  
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results showed high content of carbon (78.9 %), low content of oxygen (17.4 %) and traces of other elements (Fig. 8). The SEM-image 
of ZnO-NPs/AC nanocomposite after introduction of ZnO-NPs into AC exhibits more smooth surfaces (Fig. 9) [8,27,30,31]. The 
introduction of ZnO into activated carbon was evident from EDX analysis of ZnO-NPs/AC which showed the presence of 27.4 % for Zn 
and reduction of both C% from 78.9 % to 62.2 % and of O % from 17.4 % to 10.4 %. Similar results were also reached from the TGA 
analysis discussed in TGA section. SEM image of ZnO-NPs/AC nanocomposite showed that ZnO-NPs are well impregnated into the 
surface of activated carbon. There is some agglomeration of ZnO-NPs into the surface cavities of AC. This is probably due to its high 
polarity or electrostatic attraction between the ZnO-NPs and AC [8,28,31]. The morphology of ZnO-NPs is seen as bullets-like shape 
forming flower petals-shaped morphology or decorated the surface of AC (Fig. 9). 

The SEM-image of silica coated ZnO-NPs/AC@SiO2 nanocomposite material (Fig. 10) showed that the ZnO-NPs/AC composites are 
well coated by SiO2 of spherical particles, where the ZnO-NPs were well coated with silica and these nanoparticles could be seen 
underneath the coating SiO2 layers. The presence of silica (SiO2) coated layer was evident from the EDX results. It showed the presence 
of 16.79 % of silicon and a considerable decrease of zinc % and carbon % contents in comparison with that of ZnO-NPs/AC (Fig. 9). The 
silica coating with AC material is probably occurred due to condensation between the OH groups of zinc oxide with carboxylic acid or 
ester of AC. 

When a mesoporous silica (mSiO2) coating layer was added onto the silica (SiO2) coated layer for ZnO/AC@SiO2@mSiO2 nano-
composite. This is probably form by Vander Wall’s force or the cross-linking of siloxane networks. This was evident from SEM-image 

Fig. 9. SEM-image and EDX data of ZnO-NPs/AC.  

I.M. El Nahhal et al.                                                                                                                                                                                                  



Heliyon 10 (2024) e24343

10

(Fig. 11). The coating with m-silica was evident from EDX analysis, where silicon content has increased from 30 % to 50 % and the 
content of Zn has decreased 7.0 %–2.44 %. The increasing of carbon content for ZnO-NPs/AC@SiO2@mSiO2 is probably due presence 
of unhydrolyzed alkoxy (OR) groups. 

The SEM-image of ZnO-NPs@SiO2@mSiO2-Gly nanocomposite (Fig. 12) displays agglomerated stacks of silica spheres of nano-
composites due to physical electrostatic attraction after removal of activated carbon plates. After functionalization with glycinate 
silane agent (Gly-S). The surface coating of ZnO-NPs@SiO2@mSiO2 with glycinate silane agent was evident by of presence of carbon, 
amine nitrogen and high content of hydrogen (Fig. 12). 

3.5. TEM analysis 

Transmission electron microscopy (TEM) was conducted to investigate the morphology and microstructure of the AC, ZnO-NPs/AC 
nanocomposite and its coated silica-, mesoporous-silica and functionalized glycinate nanocomposite materials [10,11]. The typical 
TEM image of pristine AC given in Fig. 13a indicates that the activated carbon (AC) consists of grey color layers or sheets of carbons. 
The TEM-image of ZnO-NPs/AC nanocomposite (Fig. 13b) exhibits a disordered worm-like shape of mesoporous structure, where the 
ZnO-NPs are occupied the pores of AC as black particles. 

TEM-image of silica coated nanocomposite (ZnO-NPs/AC@SiO2) exhibits the agglomeration of silica (SiO2) nanospheres of 
different particle sizes coated onto the surface of AC(Fig. 14a). The TEM-image of mesoporous coated nanocomposite (ZnO-NPs/ 

Fig. 10. SEM-image and EDX data of ZnO-NPs/AC@SiO2.  
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AC@SiO2@mSiO2) showed that the silica nanosphers SiO2 are coated with a worm like mesoporous silica thin layers with presence of 
ZnO-NPS of 9–14 nm dispersed into the pores as dark nanoparticles (Fig. 14b). The TEM-image of ZnO-NPs@SiO2@mSiO2-Gly 
nanocomposite showed that the silica nanosphers SiO2 are coated with mesoporous silica and glycinate functional group (Fig. 15) 

3.6. BET analysis 

BET analysis of ZnO-NPs/AC, ZnO-NPs/AC@SiO2, ZnO-NPs/AC @SiO2@mSiO2, ZnO-NPs@SiO2@mSiO2-Gly nanocomposites 
were investigated by N2-sorption-desorption isotherm. The texture results of these materials including surface area, pore size and pore 
volume are analyzed for these materials and summarized in Table 3. The impregnation of ZnO-NPs onto the AC surface contributes to 
slight decrease the surface area from 810 m2/g to 772 m2/g (Table 3) [30,31]. After templating with ZnO-NPs/AC nanocomposite with 
silica spheres layer (SiO2), the surface area has significantly decreased to ca. 282 m2/g. This is probably due to formation of silica layers 
onto the ZnO-NPs/AC nanocomposite. The surface area was further decreased to ca. 139 m2/g upon coating with mesoporous layer 
(mSiO2) and to 15.0 m2/g after functionalization with glycinate silane (Table 3). 

Fig. 11. SEM and EDX data of ZnO-NPs/AC@SiO2@mSiO2.  
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3.7. X-ray diffraction (XRD) 

The XRD analysis for ZnO-NPs/AC, ZnO-NPs/AC@SiO2, ZnO-NPs/AC@SiO2@mSiO2 and ZnO-NPs@SiO2@mSiO2–Gly materials 
were examined, the XRD patterns are given in Fig. 16 (A-D). The XRD patterns of the tested samples matched well with that of pure ZnO 
[8,21,28,31,32]. The XRD patterns of these materials have showed that the all-characteristic peaks labeled of (*) are for wurtzite 
hexagonal ZnO NPs according to the JCPDS (36–1451) were indexed at 31.74◦, 34.39◦, 36.24◦, 47.58◦, 56.58◦, 62.87◦, 66.31◦, 67.89◦, 
69.07◦, 72.45◦ and 76.86◦ with no impurities [20,21]. It is obvious that these XRD characteristic peaks become slightly broader after 
coating with silica or mesoporous silica. This results of slight a decrease of particle size of ZnO-NPs in comparison with uncoated 
material ZnO-NPs/AC (Table 4). The broad two peaks labeled as ($) at 22◦ and 44◦ were assigned correspond to the AC substrate [8,21, 
28,32]. The absence of impurities peaks may indicate that the final material was a combination of ZnO and AC with high purity. The 
crystallite size of the crystals was calculated using Scherrer’s formula (1).  

D = 0.9λ / (β cos Ɵ)                                                                                                                                                                  (1) 

Where D is the diameter of the crystallites of the crystals, λ is the wavelength of the CuKα line (0.15406 nm), β is the full width at half 
maximum (FWHM) in radians, and Ɵ is the Bragg angle. The crystallite particle sizes of ZnO-NPs in the different materials are listed in 

Fig. 12. SEM and EDX data of ZnO-NPs@SiO2@mSiO2-Gly.  
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Fig. 13. TEM image of (a) pristine AC, (b) ZnO-NPs/AC nanocomposites.  

Fig. 14. TEM image of (a) ZnO-NPs/AC@SiO2, (b) ZnO-NPs/AC@mSiO2.  

Fig. 15. TEM image of ZnO-NPs@SiO2@mSiO2-Gly nanocomposite.  
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Table 4. There is slight decreasing from the parent ZnO/AC after coating with silica precursors. The crystallite particle sizes obtained 
from XRD analysis using Scherrer’s formula (Table 4) are closed to the data obtained from TEM analysis for ZnO-NPs/ 
AC@SiO2@mSiO2 nanocomposite (Fig. 14). 

3.8. Antibacterial activities of nanocomposites 

3.8.1. The well-diffusion method 
The well-diffusion method is a method typically used to evaluate the antimicrobial effects of variety of AC, ZnO-NPs/AC, ZnO-NPs/ 

AC@SiO2, ZnO-NPs@SiO2@mSiO2, ZnO-NPs@SiO2@mSiO2-N-halamine glycinate substances. The antimicrobial activity results using 

Table 3 
Texture and structure parameters of nanocomposites at 150 ◦C for 4 h.  

Material Pore size(A) SBET (m2/g) V(p)(cc/g) 

AC 
ZnO-NPs/AC 

– 
1.78 

800 
773 

– 
0.370 

ZnO-NPs/AC@SiO2 1.69 283 0.134 
ZnO-NPs/AC@SiO2@mSiO2 1.78 139 0.064 
ZnO-NPs@SiO2@mSiO2-Gly 2.65 15.0 0.006  

Fig. 16. XRD patterns of the (A) ZnO-NPs/AC, (B) ZnO-NPs/AC@SiO2, (C) ZnO-NPs/AC@SiO2@mSiO2, (D) ZnO-NPs@SiO2@mSiO2-Gly.  

Table 4 
Crystallize particle sizes of ZnO-NPs in the different materials.  

System Particle size(nm) 

ZnO-NPs/AC 17.46 
ZnO-NPs/AC@SiO2 12.87 
ZnO-NPs/AC@SiO2@mSiO2 12.80 
ZnO-NPs@SiO2@mSiO2-Gly 12.84  
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the well-diffusion method of the nanocomposites against two Gram-positive and two Gram-negative bacteria are depicted in Fig. 17 
and Table 5. All antibacterial zone inhibition plates are provided in the sublementary file. It is found that the pristine AC showed no 
antibacterial activities towards Gram-positive bacteria but it showed slight positive antibacteria activity for Gram-negative bacteria. 
The nanocomposites materials demonstrated different antibacterial activities against all four bacterial species with larger inhibition 
zones for the Gram-positive bacteria than that of the Gram-negative bacteria. In the case of Gram-positive bacteria, the highest 
antibacterial activity was for ZnO-NPs@SiO2@mSiO2-N-halamine-Gly followed by ZnO-NPs/AC and ZnO-NPs/AC@SiO2@mSiO2. This 
behavior is propably refers to two factors, the diffusion factor in case mesoporous silica (mSiO2) and the presence of antimicrobial 
agents: N-halamine functional group and ZnO-NPs. There is no antimicrobial activity in case of ZnO-NPs@SiO2 and ZnO- 
NPs@SiO2@mSiO2-Gly due to absence of mesoporous silica in the first material and absence of N-halamine functional in the second 
material. 

The low antibacterial activity of the Gram-negative bacteria is due to the complexity cell wall, which contains an outer membrane 
that serves as a barrier and makes it more difficult for antimicrobial drugs to enter while having a thinner peptidoglycan layer, may be 
the cause of this behavior [31–33]. With the exception of E. coli, the ZnO-NPs@SiO2@mSiO2-N-halamine-Gly nanocomposite material 
had the highest zones of inhibition. See suplementary file. The ZnO-NPs@SiO2@mSiO2-N-halamine-Gly nanocomposite has two 
antimicrobial centers (ZnO-NPs and -N-halamine-Gly) are likely to blame for this behavior. These nanocomposites are probably 
produce ROS, which results in cell damage [32]. That of course could caused of disrupt some bacterial cell essential functions and cause 
death. 

3.8.2. The minimal inhibitory concentration (MIC) 
The minimal inhibitory concentration (MIC) results of the powders: AC, ZnO-NPs/AC, ZnO-NPs/AC@SiO2, ZnO-NPs@SiO2@m-

SiO2, and ZnO-NPs@SiO2@mSiO2-N-halamine glycinate are displyed in Fig. 18 and Table 6. Serial diluted concentrations (2 g/mL, 4 
g/mL, 6 g/mL, 8 g/mL, and 10 g/mL) for control against 2 g-positive and 2 g-negative species. The results showed substantial MIC 
values lie between 3 and 10 g/mL. It showed that the MIC for Gram-positive S. aureus is lower than the MIC for Gram-negative 
P. aeruginosa. This is perhaps due to the ability of Gram-negative bacteria to create specific compounds that enhanced their resis-
tance to oxidative stress. Similar research results on Gram-positive and Gram-negative bacteria have already been reported previously 
[31,32,34]. The antibacterial action of ZnO-NPs is achieved by a variety of processes, one of which is the formation of reactive oxygen 
species (ROS) within the cell. The other one is that ZnO-NPs can cause cell death by the release of excess of Zn2+ ions which causes a 
change in cellular metabolism. All the following types of bacteria including: S. aureus, S. epidermidis, Streptococcus pyogenes, 

Fig. 17. Antibacterial activities of nanocomposites by agar well diffusion method.  
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Enterococcus faecalis, Bacillus subtilis, Escherichia coli, and Klebsiella pneumonia have been documented to be vulnerable to ZnO-NPs. 
Therefore, the ZnO-NPs material. very useful [31]. The microbiological results showed different MICs between gram-negative and 
gram-positive bacteria. The MICs were significantly lower for E. coli, resulting in susceptible profiles only for Pseudomonas strains. 
Nanoparticles have unique physicochemical properties that make these materials have novel antibacterial mechanisms of action. 
These nanomaterials have various effects on microbes, depending on their unique structure and size. The shape and particle size play 
an important effect on their antimicrobial activity e.g. rod-like ZnO-NPs exceed plate-like nanoparticles in antimicrobial activity. 
Nanoparticles are promising antimicrobials today due to their antibacterial and antiviral actions. They have showed more effective 
antibacterial to combat bacteria than traditional antibiotics [32,33]. 

Despite the fact that the MIC test provides a quantitative measurement of the antimicrobial agent’s efficacy, the well diffusion 
method offers a qualitative assessment. The two methods offer complete assessment of the antimicrobial activity of a particular agent 
against a specific microorganism [35]. The well-diffusion method is more sensitive to the diffusion rate of the antimicrobial agent. The 
diffusion rate is dependent more on the diffusion rate of the antimicrobial agent through agar. This is dependent on the agent’s 
physicochemical properties, such its solubility. The zone of inhibition is dependent on the diffusion rate is slow, even though the MIC of 
the agent is low [36]. Despite the fact that the MIC test is considered to be more accurate than the well diffusion method, the well 
diffusion method is more convenient and can be used to screen a larger number of antimicrobial agents [37]. 

3.8.3. Mechanism of antibacterial activity 
The release of generated of H2O2 from treatment of pollutant water with using one of the prepared nanocomposites as a chemical 

species that has effective for antibacterial action as previously reported of similar systems [38,39]. The relatively permeable cell 
membrane for H2O2 could be easily damaged the bacterial cell by the penetration of H2O2 released from ZnO-NPs species (Fig. 19). 
Xiaoling Xu et al. [40] have proposed that the presence of oxygen vacancies on the ZnO surface act as a key factor for the production of 
the H2O2. 

4. Conclusions 

A well design antibacterial nanocomposite material ZnO-NPs@SiO2@mSiO2-N-halamine-Gly was achieved. Zinc oxide nano-
particles (ZnO-NPs) were firstly impregnated into activated carbon (AC) to form ZnO-NPs/AC nanocomposite. Silica and mesoporous 
silica coated nanocomposite materials (ZnO-NPs/AC@SiO2, ZnO-NPs/AC@SiO2@mSiO2) were performed by coating the surface of 
ZnO/AC nanocomposite with silica (SiO2) and mesoporous silica (mSiO2) through sol-gel process. The N-halamine glycinate nano-
composite (ZnO-NPs@SiO2@mSiO2-N-halamine-Gly) was then prepared throughout functionalization of ZnO-NPs@SiO2@mSiO2 with 

Table 5 
Statistical Results of Zone inhibition of 2 g-positive and 2 g-negative bacterial strains.  

Nanocomposite Zone of inhibition (mm) 
Trials number 

Statistical results 

1 2 3 X SD SE 

S. aureus       

AC 7.00 7.00 7.00 7.00 0.00 0.00 
ZnO-NPs/AC 15.00 14.80 15.20 15.00 0.20 0.12 
ZnO-NPs/AC@SiO2 7.00 7.00 7.00 7.00 0.00 0.00 
ZnO-NPs/AC @SiO2@ mSiO2 11.90 11.90 12.20 12.00 0.17 0.10 
ZnO-NPs@SiO2@mSiO2-Gly 7.00 7.00 7.00 7.00 0.00 0.00 
ZnO-NPs@SiO2@mSiO2-N-halamine glycinate 19.70 19.90 20.40 20.00 0.36 0.21 
B. stearothermophilus       
AC 7.00 7.00 7.00 7.00 0.00 0.00 
ZnO-NPs/AC 14.00 13.80 14.20 14.00 0.20 0.12 
ZnO-NPs/AC@SiO2 7.00 7.00 7.00 7.00 0.00 0.00 
ZnO-NPs/AC @SiO2@ mSiO2 13.90 13.90 14.20 14.00 0.17 0.10 
ZnO-NPs@SiO2@mSiO2-Gly 7.00 7.00 7.00 7.00 0.00 0.00 
ZnO-NPs@SiO2@mSiO2-N-halamine glycinate 28.80 29.00 29.20 29.00 0.20 0.12 
E. coli       
AC 9.90 10.10 10.00 10.00 0.10 0.06 
ZnO-NPs/AC 7.00 7.00 7.00 7.00 0.00 0.00 
ZnO-NPs/AC@SiO2 7.00 7.00 7.00 7.00 0.00 0.00 
ZnO-NPs/AC @SiO2@ mSiO2 7.00 7.00 7.00 7.00 0.00 0.00 
ZnO-NPs@SiO2@mSiO2-Gly 7.00 7.00 7.00 7.00 0.00 0.00 
ZnO-NPs@SiO2@mSiO2-N-halamine glycinate 13.00 12.70 13.30 13.00 0.30 0.17 
P. aeruginosa       
AC 11.90 12.10 12.00 12.00 0.10 0.06 
ZnO-NPs/AC 7.00 7.00 7.00 7.00 0.00 0.00 
ZnO-NPs/AC@SiO2 7.00 7.00 7.00 7.00 0.00 0.00 
ZnO-NPs/AC @SiO2@ mSiO2 7.00 7.00 7.00 7.00 0.00 0.00 
ZnO-NPs@SiO2@mSiO2-Gly 7.00 7.00 7.00 7.00 0.00 0.00 
ZnO-NPs@SiO2@mSiO2-N-halamine glycinate 13.00 12.70 13.30 13.00 0.30 0.17  
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glycinate silane (Gly-S) agent, then chlorinated with sodium hypochlorite (Fig. 1). 
XRD results revealed the presence of hexagonal structure of crystalline ZnO NPs into AC or its coated silica and mesoporous silica 

precursors. FTIR spectra showed interaction between the coating ZnO-NPs and AC substrate as well as its interaction with silica and 
mesoporous silica precursors. SEM, TEM images revealed that ZnO-NPs were well dispersed onto the mesoporous AC as well as silica 
and mesporous silica. There is a slight decrease in surface area of AC from 800 m2/g due to 772 m2/g after impregnation of AC with 
ZnO-PNs. The significant decrease in surface area from 772 m2/g to 283 m2/g and to 138 m2/g upon silica and m-silica coating, 
respectively. This is probably due to silica and mesoporous silica coating of ZnO/AC. The drop of surface area to 15 m2/g upon 
functionalization S-Gly is probably due to blocking of large pores and cavities of AC. 

These materials have clearly showed different antimicrobial activities against all four bacterial types (two Grame positive and two 
Grame negative) with higher antimicrobial against the two Grame positive bacteria than the two Grame negative ones. The N-hal-
amine-Gly nanocomposite reveals highest inhibition zone for all four bacterial types than that of other nanocomposite materials. 

Fig. 18. MIC titer plates.  

Table 6 
MIC values in (mg/mL) of nanocomposites powder.  

Nanocomposite Bacterial strain 

Gram Positive (+) Gram Negative (− ) 

S. aureus B. Stearothermophilus E. coli P. aeruginosa 

MIC (mg/ 
mL) 

Conc. (mg/ 
mL) 

MIC (mg/ 
mL) 

Conc. (mg/ 
mL) 

MIC (mg/ 
mL) 

Conc. (mg/ 
mL) 

MIC (mg/ 
mL) 

Conc. (mg/ 
mL) 

AC 4 1.6 4 1.6 4 1.6 4 1.6 
ZnO-NPs/AC 4 6.25 10 0.007 3 1 10 0.007 
ZnO-NPs/AC@SiO2, 2 2 7 0.062 3 1 10 0.007 
ZnO-NPs/AC@SiO2@mSiO2 3 12.5 4 6.25 9 0.015 10 0.007 
ZnO-NPs@SiO2@ mSiO2-Gly. 1 4 3 1 3 12.5 10 0.007 
ZnO-NPs@SiO2 @mSiO2-N- 

halamine-Gly 
4 0.0237 10 0.0003 1 0.38 4 0.0237  
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