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Abstract
We used a green sol–gel synthesis method to fabricate a novel nanoporous copper aluminosilicate (CAS) material. Nanoporous
CAS was characterized using X-ray powder diffraction (XRD), field emission transmission and scanning electron microscopies
(FE-TEM/FE-SEM), Fourier transform infrared (FTIR) spectroscopy, and optical analyses. The CAS was also evaluated for use
as a promising disinfectant for the inactivation of waterborne pathogens. The antimicrobial action and minimum inhibitory
concentration (MIC) of this CAS disinfectant were determined against eight microorganisms (Escherichia coli, Salmonella
enterica, Pseudomonas aeruginosa, Listeria monocytogenes, Staphylococcus aureus, Enterococcus faecalis, Candida albicans,
and Aspergillus niger). An antimicrobial susceptibility testing of CAS was measured. Results of disc diffusion method pointed
out that the diameters of the zone using well diffusion were wider than disc diffusion methods, and the findings also showed that
the MIC of the CAS disinfectant against E. coli, S. enterica, and P. aeruginosa was 100 mg/L within 20 min of contact time.
Meanwhile, the MIC of the CAS disinfectant was 100 mg/L within 40 min of contact time for the other strains. The efficacy of
antimicrobial action (100%) reached within 20 to 40 min against all tested microbes. Herein, the antimicrobial susceptibility
testing of CAS disinfectant showed no toxicity for human and bacterial cells. It can be concluded that nanoporous CAS is a
promising, economically, and worthy weapon for water disinfection.
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Introduction

Water is a vital issue for life on Earth and is a precious re-
source for human civilization (WHO 2012). The contamina-
tion of water resources with waterborne pathogens has gar-
nered great attention and it is leading to the deterioration of
water quality worldwide (Pandey et al. 2014). The discharges
of raw and poorly treated sewage directly into surface water

such as ponds, lakes, and rivers and indirectly to ground water
through percolation are also considerable sources of fecal con-
tamination containing many kinds of enteric pathogenic mi-
crobes. These wastes also contain large concentrations of
some enteric bacterial species, including E. coli, Salmonella
spp., Vibrio spp., and Shigella spp., that can cause illnesses in
humans, such as severe fever, cholera, and diarrhea, particu-
larly in developing countries (Pandey et al. 2014).
Furthermore, the presence of these pathogenic microbes is a
serious concern for nearly all types of surrounding aquatic
environments, making it essential to understand their effects
(United States Environmental Protection Agency 2017).
Similarly, many outbreaks, particularly in low-income coun-
tries, could occur due to the contamination of drinking water
by diverse types of pathogenic microbes, including bacteria,
viruses, and protozoa. These pathogens can infect millions of
inhabitants, such as infants, pregnant women, and people with
a low immunity level (Craun et al. 2006; Fenwick 2006). In
addition, intestinal cases related to drinking water are not re-
ported carefully, even in advanced nations, because of
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inaccuracies in the observations and in studies of infectious
diseases (Ford 1999; Hellard et al. 2001). In the USA (with
roughly 300 million people), 12–19 million gastric cases re-
lated to contaminated drinking water have been reported an-
nually (Reynolds et al. 2008). Likewise, the World Health
Organization (WHO) revealed that water-related diseases
have resulted in the death of 3.4 million people (mainly chil-
dren) each year (World Health Organization; UN-Water
2014). In addition, the United Nations Children’s Fund
(UNICEF) stated that 4000 children die daily as a conse-
quence of untreated and polluted water (UNICEF 2014).

Contaminated water can be purified using classical disin-
fectants. Among these disinfectants, chlorine is a potent oxi-
dant that can effectively eradicate waterborne pathogens.
Chlorine is the most frequently used disinfectant for water
treatment and has an extensive spectrum of antimicrobial ac-
tion; however, carcinogenic and hazardous by-products such
as haloacetic acids (HAAs) and trihalomethanes (THMs) can
be produced when chlorine reacts with organic materials
(Simões et al. 2010; Sedlak and Von Gunten 2011; Jamil
et al. 2015). These carcinogenic compounds show severe tox-
icity to humans and can cause potential public health problems
(Zazouli and Kalankesh 2017). Although solar radiation, UV
disinfectants, and photocatalytic oxidation have been used for
the inactivation and destruction of pathogenic microbes, these
disinfectants have some limitations, including high energy
intensity, inconvenience, and high costs (Hisatomi et al.
2014; Trojanowicz et al. 2018).

Currently, nanoscale particles have been recognized as a
novel and promising approach to solve much more difficult
problems due to their outstanding bactericidal effects.
Numerous investigations have also carefully studied these
nanoparticles (NPs) with metal and/or metal oxides for their
antimicrobial action against many types of pathogenic micro-
organisms (Khezerlou et al. 2018). Magnetic thiourea-
formaldehyde polymer (MTUF) nanoparticles have a good
ability to remove Gram-negative and Gram-positive bacteria
and Candida albican from water samples (Elwakeel et al.
2018).

In recent decades, the development of inorganic porous
nanomaterials has progressed rapidly because these materials
can be formed in two phases: crystalline and amorphous. The
formation of an open structure with a high surface area
strengthens the abilities of nanoporous materials in various
applications, such as catalysis, ion exchange, optoelectronics,
adsorbents, energy storage materials, environmental engineer-
ing materials, and advanced nanotechnology. Many novel
nano-sized materials with preferred structures, morphologies,
and properties have been developed. The different inorganic
nanoporous materials include natural zeolites, silica-based po-
rous or microporous materials, different oxides (GeO2,
AlPO4, etc.), and even organic-inorganic hybrid materials
(Guo et al. 2013; El Nahrawy et al. 2016; Bian et al. 2018).

To date, silica-based materials have been extensively used
in scientific and industrial applications such as lenses, optics,
food packaging, electronic devices, and automobile parts, as
well as in many biotechnology applications (drug delivery,
bone composites, and dental composites), due to their cost-
effectiveness, excellent thermal stability, high chemical stabil-
ity, and environmental friendliness (Jin et al. 2014; Zhan et al.
2015; El Nahrawy et al. 2018).

The fabrication of silica-based materials modified with
different particles possessing controllable nanostructures
has become more attractive than the synthesis of solid phase
particles because of the new prospective applications and
their enhanced performance (Youssef et al. 2017; Wang
et al. 2018). Among the silica-based materials, copper alu-
minosilicate (CAS) has gained attention due to its
nanoporous structure, high specific surface area, and excel-
lent optical properties, making it potentially useful for dif-
ferent applications (De Velasco-Maldonado et al. 2018;
Alghamdi et al. 2018). Thus, the present study was conduct-
ed to (i) improve the facile sol–gel and green synthesis of
CAS NPs for optical applications and (ii) apply the synthe-
sized CAS NPs as a promising and economical disinfectant
for the eradication of waterborne pathogens during water and
wastewater treatment.

Experimental

Synthesis of nanoporous copper aluminosilicate using
a green acidic sol–gel method

Nanocrystalline copper aluminosilicate (CAS) (10 Cu2O3: 25
Al2O3: 65 SiO2) was synthesized by a modified sol–gel meth-
od. First, a silica-based material was prepared using the well-
established acidic sol–gel method at room temperature (i.e.,
26 ± 1 °C) (El Nahrawy and Ali 2014). The sol of the silica
systemwas composed of the precursor (tetraethyl orthosilicate
(C2H5O)4Si (TEOS, 99.999%, Sigma-Aldrich), which was
added to absolute ethanol (EtOH)/distilled water and a dilute
hydrochloric acid solution. The mixture was allowed to hy-
drolyze for 1 h under magnetic stirring to form a clear and
homogeneous silica sol as a base. In similar steps, the required
amounts of aluminum and copper nitrate were dissolved in
absolute ethanol/distilled water, and hydrochloric acid was
added as the catalyst under continuous magnetic stirring for
1 h. Silica sol was collected as a green transparent solution at
40 °C for another 2 h. The pH value of the solution was
regulated to 9 by adding ethylenediamine. Then, the produced
homogeneous sol of CAS was transferred into a glass contain-
er and kept for 1 week at 50 °C for gelation. Then, the wet
nanogel was dried for 48 h at 200 °C and before heat treatment
at 850 °C for 4 h.
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Characterization studies of the pure and doped
nanoporous CAS disinfectant

X-ray powder diffraction (XRD) patterns were obtained on a
Bruker D8 Advance diffractometer using CuKα radiation
(λ = 1.540 Å), operating at 40 kV and 40 mA. Scans were
performed with a detector step size of 0.0200B0over an angu-
lar range of 2θ starting from 10 to 80o. The surface morphol-
ogy of the as-prepared samples was investigated using field
emission scanning electron microscopy (FE-SEM) (JEM-
1230). Samples were coated with gold at 10 mA for 2 min
prior to SEM analysis. The chemistry of the prepared nano-
crystalline CAS was analyzed using Fourier transform infra-
red (FTIR) spectrometry (Nicolet Magma550 series II, Midac,
USA) at wavelengths ranging from 4000 to 400 cm−1 using
the disc method. The particle size and distribution of the
nanoporous sample were determined by high-resolution trans-
mission electron microscopy (HR-TEM) (JEM-2100, Jeol,
Japan). The surface morphology of the nanoporous sample
was characterized by FE-SEM (QUANTA-250, Japan).

Optical measurements

To check the optical benefits of nanoporous CAS, the absorp-
tion coefficient and refractive index were evaluated as a func-
tion of changes in wavelength. The optical direct transmit-
tance and reflectance were evaluated at a vertical light inci-
dence throughout the spectral limit of 190–2500 nm. The film
transmittance and reflectance spectra were captured via a
JASCO double beam spectrophotometer (model V-570 UV-
Vis-NIR). The measurements were established at ambient
temperature. The optical features were estimated from the ab-
solute amounts of total experimental transmittance Tmsd and
reflectance Rmsd subsequent to making modifications attribut-
able to the substrate absorbance and reflectance. The absolute
value of Tmsd was calculated as follows (Farag et al. 2012):

T ¼ Tmsd 1−Rquzð Þ ð1Þ

The absolute value of Rmsd was computed as follows:

R ¼ RmsdRAlum 1−Rquz
� �2 þ 1
h i

−T2Rquz ð2Þ

where Rquz and RAlum are the reflectances of the reference
quartz substrate and that of the reference aluminum mirror,
respectively.

Preparation of disinfectant

The stock solution nanoporous CAS disinfectant was prepared
by adding 1 g of disinfectant in 10 mL sterile distilled water.
Then, the prepared stock solution was filtered using a dispos-
able filter with a pore size of 0.22μm. Three different doses of

CAS disinfectant (25, 50, and 100 μL) were assessed against
potential microbial pathogens.

Microorganisms used

The potential microbial strains used in this study were as fol-
lows: Escherichia coli ATCC 25922, Salmonella enteric
serovar typhimuriumATCC 14028, Pseudomonas aeruginosa
ATCC 10145, representing Gram-negative bacteria; Listeria
monocytogenes ATCC 25152, Staphylococcus aureus ATCC
43300, and Enterococcus faecalis ATCC 43845, representing
Gram-positive bacteria; Candida albicans, representing yeast;
and Aspergillus niger local strains, representing fungi.

Antimicrobial effect of nanoporous CAS
against microbial pathogens

Well and disc diffusion methods

The use of nanoporous CAS disinfectant agents against some
tested potentially pathogenic microorganisms was evaluated
using agar dilution methods (well and disc diffusion) (PA
2015).

Determination of minimum inhibitory concentrations

The minimum inhibitory concentrations (MICs) of the
nanoporous CAS disinfectant were examined against the men-
tioned potential microbial pathogens (Zhang et al. 2004). The
numbers of viable cells for tested potential pathogenic micro-
organisms after exposure to the disinfectant were counted
using the pour plate method. All experiments were performed
in triplicate and repeated at least twice on different days
(American Public Health Association et al. 2012).

Kinetic measurement of the bacterial growth curve

To assess the growth curve of the tested bacterial strains, the
absorbance (OD) of each bacterial culture containing the
nanoporous CAS disinfectant was measured using a spectro-
photometer (Cary 100 UV-Vis, Agilent, USA) at 600 nmwith-
in 24 h. Samples were taken in 30 min intervals (Jones 1973).

Toxicity assay

Toxicity tests of nanoporous CAS disinfectant agents were
performed using both a Microtox Analyzer 500 and cytotox-
icity methods on the Hep-2 cell line (Hao et al. 1995; Elith and
Leathwick 2009).
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Investigation of CAS disinfectant for water disinfection

Three different types of water (RawNile water, drinking water
inoculated with tested pathogens, and raw domestic wastewa-
ter) were disinfected with the effective dose of studied CAS
disinfectant agent. E.coli, S. enterica, P. aeruginosa L.
monocytogenes, S. aureus, E. faecalis, C. albicans, and
A. niger were determined in the tested water samples before
and after disinfectant treatment by plating onto rapid
HiColiform agar, Improved Salmonella agar, Hifluoro
Pseudomonas agar Hicrome Aureus agar, Hicrom Listeria se-
lective agar, Hicrome Enterococcus agar, Hicrome Candida
agar, and Fungal agar, respectively. All the used chromogenic
media were purchased from HiMedia Co., India (American
Public Health Association et al. 2012).

The effective dosage of CAS disinfectant was added onto
three flasks each one containing 50 mL of raw Nile water,
inoculated drinking water, and the influent wastewater sam-
ples for disinfection. The flasks were stirred at 250 rpm and
ambient temperature. The potential microbial pathogens were
enumerated within different time intervals as follows: 0, 15,
30, 45, 60, 120 min and after 24 h, and proper volume
(100 μL) from each flask were streaked onto the surface of
mentioned chromomeric agar medium. Then, all inoculated
plates were incubated at 37 °C for 24 h for bacterial growth
and at 30 °C for 48–72 h for fungal growth and suspected
colonies were enumerated using colony counter. All of the
experiments were repeated three times (Elwakeel et al. 2018).

Results and discussion

Phase purity (XRD)

The recorded XRD pattern after the calcination of the
nanoporous CAS sample at a low temperature of 850 °C is
shown in Fig. 1. The discernible peaks confirmed the

formation of nanoporous CAS, indicating the formation of
very fine crystallites. During the phase transformations, the
Cu:Al:Si nanogel-to nanopowder was simultaneously cross-
linked to form CAS at a low temperature of 200 °C, and the
lack of (OH) hydroxyls and EtOH caused more space to be
occupied between the forming monomers, which prevents the
reaction between hydroxyls and EtOH groups (Øye et al.
2006; El Nahrawy and Ali 2014).

Additionally, the synthesized nanopore structure of CAS
resembles the ordering and rearrangement of liquid-
crystalline phases where H2O and EtOH are replaced by the
copper-aluminum-silica framework during the densification
process. Therefore, calcination at 850 °C appeared to form
the dominant crystalline structure, with sharp diffraction peaks
attributed to the (Cu5.68Al12Si12O48) cubic nanoporous CAS
disinfectant. The calculated crystallite size for CAS NPs is
23 nm, which is estimated by Scherrer ’s formula
(El Nahrawy 2015).

HR-TEM and FE-SEM

To better understand the NP distribution and surface morphol-
ogy, the synthesized sample was characterized by HR-TEM
and FE-SEM, as shown in Fig. 2a, b. The TEM image of CAS
prepared through the acidic sol–gel process shows the synthe-
sized nanospheres, which were highly clustered and agglom-
erated, as indicated in the black region in the image in Fig. 2a.

The clustering of CAS nanoporous structures is concomi-
tant with the generation of a highly crystalline structure,
confirming the exclusive formation of CAS nanocrystallites.
Nanospherical and more dispersed fine nanoparticles are ob-
served in the image, and this might be attributed to the high
content of the H2O/ethanol mixture that accelerates the incor-
poration of copper and aluminum into silica precursors during
the hydrolysis mechanism. This behavior promotes the syn-
thesis of Si–O–Al–OH, Si–O–Cu– OH, Si–O–Al and the di-
rect synthesis of (Si–O–Si), which generates more

Fig. 1 XRD pattern of the
synthesized nanoporous CAS
disinfectant, calcined at 850 °C
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nanospheres and extra NPs during the sol–gel aging polycon-
densation process (Tripathi et al. 2006).

As shown in Fig. 2b, the surface of the structure contained
nanospheres of different sizes and exhibited a highly
nanoporous structure. This confirmed the existence of the
strong interaction and strong cross-linkage between the silica,
alumina, and copper NPs in the nanoporous CAS disinfectant.

FTIR spectrum

The FTIR spectrum of the nanoporous CAS calcined at
850 °C in the range of 4000–400 cm−1 is presented in
Fig. 3. The characteristic broad band at 3451 cm−1 was as-
cribed to hydroxyl groups (–OH) and the stretching vibration
of silanols (El Nahrawy et al. 2016; El Nahrawy and
AbouHammad 2016). These (–OH) groups mainly originate
from Si–O–OH, Al–O–OH, and Cu–O–OH vibrations in the
CAS networks (Hongquan et al. 2003). The distinct band at ~
1639 cm−1 corresponds to the (OH) bending vibration mode
of adsorbed OH groups (Kajihara 2013). The highest intensity

band at 1096 cm−1 was ascribed to the stretching mode of (Si–
O–Si), (Si–O–Al), and (Si–O–Cu), while the absorption band
at 971 cm−1 was attributed to the asymmetric stretching mode
of Si–O–Al, Si–O–Cu, and Si–O–OH (Kaur et al. 2018). The
characteristic bands in the lower wavenumber region of 971 to
469 cm−1 are ascribed to the vibration bands of Si−O−M
(M=Si, Al, and Cu) and the symmetric stretching (bond
rocking) of Si−O−Si (Kaur et al. 2016). The occurrences of
these bands at 1100–469 cm−1 suggest the generation of high-
ly crystalline CAS (Kaur et al. 2016).

Optical properties of nanoporous CAS

To identify their absorption coefficient and refractive index,
CAS NPs were examined using spectral transmittance and
reflectance experiments. The spectral allocation of the trans-
mittance and reflectance for the prepared nanoporous CAS is
displayed in Fig. 4a-d. The transmittance curve of the
nanoporous sample increases rapidly from 260 to 300 nm,
expressing a fundamental transmittance edge. The sample

Fig. 3 FTIR of the synthesized
CAS nanoporous, calcined at
850 °C

Fig. 2 a HR-TEM and b FE-SEM of the synthesized CAS nanoporous, calcined at 850 °C
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displays a second edge beyond the transmittance range of
360–580 nm, as shown in Fig. 4a. Over this range, the trans-
mittance intensity increases slightly with increasing wave-
length. The reflectance curve of the nanoporous CAS is al-
most unchanged with increasing wavelength. In general, at
wavelengths below 580 nm, the sample is absorbing light,
while at wavelengths over this value, the prepared sample is
transparent.

The optical absorption coefficient (α) of the nanoporous
CAS disinfectant explains the absorption operation in several
photon energy values, as shown in Fig. 4b. This approach is
employed to identify the characteristics of electronic integrand
transitions and to measure the optical band gap of non-
metallic materials. The transmittance and reflectance values
were utilized for the computation of the absorption coefficient
(α) employing the following formula:

α ¼ 1=tð Þ ln 1−Rð Þ2=2T
� �

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1−Rð Þ4
4T2

" #
þ R2

vuut
0
@

1
A ð3Þ

where t is the film thickness.
The absorption coefficient (α) for the nanoporous CAS is

shown in Fig. 4c. At the lower energy values below 3.8 eV, the
absorption coefficient is small. This value increases as the
optical energy increases, showing four highly intense absorp-
tion bands at 4.25, 5.13, 5.31, and 5.76 eV. The absorption
edge is employed to find the band gaps of the nanoporous
CAS with Tauc’s approach (Mansour et al. 2017a):

α ¼ p
hν

hν−Eg
� �b ð4Þ

where p is a variable determined by the transition possibility
and Eg is the optical band gap. In this formula, the exponent b
is considered to be equal to (1/2) for the direct allowed tran-
sition type and (3/2) for the direct forbidden values.
Furthermore, this value is considered to be (2) for the indirect
allowed transition type and 2/3 for the indirect forbidden type.
The optical band gap magnitude can be determined by the
perfect linear approximation in the (αhν)1/b against hν sketch
and its extrapolation to (αhν)1/s = 0. For the films under ex-
amination, the perfect fitting is found for b = 1/2, revealing

Fig. 4 aThe optical transmittance and reflectance. bThe absorption coefficient. cTauc’s plot. dThe refractive index for the CAS nanoporous, calcined at
850 °C
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that the transition is attributed to a direct allowed operation.
Tauc’s plot was employed for finding the optical band gap of
the nanoporous sample and is shown in Fig. 4c. The value of
the optical band gap for the nanoporous CAS is 3.93 eV.

The refractive index is significant for the electronic and
opto-electronic properties, wherein the refractive index plays
an important role in many devices. The refractive index value
of the nanoporous CAS is determined with the following for-
mula (Mansour et al. 2017b):

n ¼ 1þ Rð Þ= 1−Rð Þð Þ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4R= 1−Rð Þ2

� �
−k2

r
ð5Þ

where k is the absorption index of the prepared nanoporous
CAS that is estimated by utilizing the common formula,

k ¼ αλ=4π ð6Þ

The dispersion spectrum of the refractive index for CAS
NPs is presented in Fig. 4d. As noted in the figure, the refrac-
tive index is approximately constant with increasing wave-
length values and takes values between 1.7 and 1.9.

Antimicrobial activity of the synthesized nanoporous
CAS disinfectant

Disc and well diffusion methods

The effects of public health and water-related outbreaks of
diseases could be caused by the dangerous propagation of
pathogenic microorganisms, these pathogens have an extreme
resistant against antimicrobial materials (Köck et al. 2010). In
past centuries, copper oxide is considering a good preserved
of water, food, and therapeutic applications (Dollwet and
Sorenson 1985; Karpanen et al. 2012), and CuO is broadly
used for water management or for water delivery to con-
sumers. Accordingly, the death and illness, caused by patho-
gens, are currently constrained in industrialized regions. CuO
also has excellent biocidal properties with respect to bacteria,
viruses, and fungi. Likewise, the small amounts of copper
(adequate, efficient, and safe amounts) could be used to elim-
inate the growth of problematic microbes and realize bacteri-
cidal activity (Vincent et al. 2016).

According to Kim et al. (2006a), copper NPs (Cu NPs)
deposited on the surface of spherical silica NPs result in a
hybrid structure of the Cu-SiO2 nanocomposite. SiO2 NPs
served as a substrate for the continuous deposition of copper.
Nanoporous silica doped with copper nanocrystallites
displayed antibacterial properties and had bactericidal effects
on many pathogenic bacterial species (Singh et al. 2010).
Therefore, the nanoporous CAS was synthesized via a green
method to eradicate pathogenic microbes and to use as a dis-
infectant in drinking water and wastewater treatment.

The data presented in Fig. 5 display the diameter of the
clear zones (mm) of the CAS disinfectant against the tested
microbial strains using both disc diffusion and well diffusion
methods. The nanoporous CAS disinfectant shows that the
diameter of the clear zone ranged between 6 and 11 mm using
the disc diffusion method and between 8 and 13 mm using the
well diffusion method for all tested species. Essentially, the
diameter of the clear zone differed among species, and the
highest clear zone diameter was 11 and 13 for S. enterica
using the disc diffusion and well diffusion methods, respec-
tively, whereas the lowest diameter was 6 and 8 mm for
A. niger, respectively.

In this study, the obtained results indicated that the diame-
ter of the clear zone using the disc diffusion method is
narrower than that using the well diffusion method.
Moreover, the experimental results revealed that the tested
Gram-negative bacterial species were more sensitive than
Gram-positive species to CAS NPs. This result is due to the
presence of copper (Cu) in the synthesized nanoporous struc-
ture, which can be used as a vigorous antimicrobial agent
against problematic microbes that remain alive for just a few
minutes on copper surfaces (Vincent et al. 2016). The obtained
results were similar to the results of Kim et al. (2007), who
assessed the bactericidal activities of nanoporous silicate by
the disc diffusion assay against different types of pathogenic
microbes, such as S. aureus, P. aeruginosa, E. coli, C.
albicans, and A. niger. Additionally, sol–gel silica NPs doped
with Cu are considered substitute antimicrobial agents for the
currently used bactericidal agents; these nanoporous particles
have various oxidation patterns of Cu. The dispersion of silica
NPs in an aqueous solution is easy because of its hydrophilic
properties, which increase the antimicrobial aspects of Cu.
Likewise, the efficacy of the antimicrobial activity of a
mixed-valence Cu system increases more accurate with Cu
(0) and Cu (I) than with Cu (II) compounds (Young and

Fig. 5 Diameter of inhibition zones (mm) of nanoporous CAS disinfec-
tant against tested microbial strains using both disc diffusion and well
diffusion methods
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Santra 2014). In addition, Kim et al. (2006a) examined the
antibacterial activity of nanoporous copper silicate (Cu-
SiO2) and verified that Cu-SiO2 is a remarkable antibacterial
agent. Many investigations have stated that the antimicrobial
action of copper silicate resulted from its penetration of the
dual layers of the membrane and the periplasmic space of
Gram-negative and Gram-positive bacteria (Rice 2007;
Kunz and Brook 2010).

The MICs of the nanoporous CAS disinfectant

To assess the antimicrobial action of the nanoporous CAS
disinfectant, the MIC values of the studied disinfectant
against the tested potential pathogenic microorganisms
were determined at four different time intervals (5, 10,
20, 40 min). The initial counts of each tested pathogen
are reported in Table 1. As shown in Fig. 6, the obtained
results of the nanoporous CAS disinfectant with a short
contact time (5 and 10 min) indicated a slight eradication
effect against the tested pathogenic microbial strains. In
contrast, the reduction percentage was increased with in-
creasing contact time, which means that there is a positive
relationship between the efficacy of the CAS disinfectant
and the contact time. The influence of contact time on the
reduction percentage achieved by the CAS disinfectant
towards the tested microbes was unexpected; however,
the reduction percentage significantly improved for all
tested strains. The experimental results indicated that the
MIC value of the nanoporous CAS disinfectant for the
tested Gram-negative bacteria (E. coli, S. enteric and
P. aeruginosa) was 100 mg/L within 20 min of contact
time. In the case of Gram-positive bacteria (S. aureus, L.
monocytogenes, and E. faecalis) and fungi (C. albicans
and A. niger), these microbes persist for extensive time
intervals up to 40 min. Accordingly, the MIC value of the
CAS disinfectant was 100 mg/L within 40 min of contact
time. These results are in agreement with those of Reyes-
Jara et al. (2016) who revealed that Cu NPs had extreme

antibacterial effects against E. coli and S. aureus.
Likewise, the bactericidal properties of the metal NPs
were examined against two Gram-negative (E. coli and
S. typhimurium) and two Gram-positive (S. aureus and
L. monocytogenes) bacteria. The antibacterial assay
showed that these NPs displayed remarkable bacterial
suppression (Gaballah et al. 2019).

The results shown in Table 1 revealed that the MIC
values for Gram-negative bacteria were lower than those
for the other tested microbes. In addition, the nanoporous
CAS disinfectant removed all tested problematic mi-
crobes. In addition, the highest CAS disinfectant dosage
(100 mg/L) should safely eradicate the studied microbial
strains, meaning that it prevents the reproduction of all
tested problematic pathogenic strains. As shown in Fig.
5 and Table 1, the reduction percentage reaches 100% for
all the tested microbial strains. In addition, whole inacti-
vation of microbial viable cells was achieved for all the
studied strains using 100 mg/L of the CAS disinfectant.
Table 1 reports the determined MIC values of the CAS
disinfectants for the test strains as well as the correspond-
ing reduction percentage.

Yoon et al. (2007) investigated the sensitivity of
B. subtilis and E. coli against Ag and Cu NPs. They
revealed that B. subtilis had the highest susceptibility to
Cu NPs, whereas the reaction of Ag NPs with E. coli
exhibited the lowest susceptibility. Furthermore, Usman
et al. (2013) who evaluated the microbicidal action of
chitosan NPs with Cu against many different types of
infectious microbes, including B. subtilis, P. aeruginosa,
methicillin-resistant S. aureus, S. choleraesuis, and
C. albicans, and found that these NPs were more efficient
in inactivating these microbes. Likewise, Ren et al. (Ren
et al. 2009a) investigated the antibacterial properties of
CuO NPs against S. aureus EMRSA-16 (epidemic
methicillin-resistant S. aureus), methicillin-resistant
S. aureus, E. coli, P. aeruginosa, and Proteus spp., as well
as CuO NPs combined with polymers, and they proposed

Table 1 The initial cell counts of tested microbial strains and estimated MIC values of nanoporous CAS disinfectant

Tested potential microbial strains Initial count (CFU/ml) Nanoporous CAS disinfectant

MIC Contact time Removal %

E. coli 3.7 × 106 100 mg/L 20 min 100

Salmonella enterica 4.5 × 106 100 mg/L 20 min 100

Pseudomonas aeruginosa 2.9 × 106 100 mg/L 20 min 100

Staphylococcus aureus 6.3 × 106 100 mg/L 40 min 100

Listeria monocytogenes 4.1 × 106 100 mg/L 40 min 100

Enterococcus faecalis 1.7 × 106 100 mg/L 40 min 100

Candida albicans 3.2 × 106 100 mg/L 40 min 100

Aspergillus niger 5.2 × 106 100 mg/L 40 min 100
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Fig. 6 Effect of three different doses of nanoporous CAS disinfectant on the inactivation of E. coli, S. enterica, P. aeruginosa, S. aureus, L.
monocytogenes, E. faecalis, C. albicans, and A. niger at four various time intervals at room temperature (i.e., 26 ± 1 °C)
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that the release of ions may be necessary for optimum
antimicrobial action. Ren et al. (2009b) established that
the MIC of CuO NPs in relation to P. aeruginosa is ~
5000 μg/mL. They also proposed that the release of cop-
per ions into the limited atmosphere was needed for sup-
pression of microbial activity and inhibition of bacterial
reproduction. In addition, El Hotaby et al. (2017) found
that the complete eradication of the Gram-positive bacte-
ria, Gram-negative bacteria, and fungi was accomplished
using an amount as low as 25 μg/mL of the prepared
nanocomposite because of its biocompatibility.

For the bactericidal assessment, the results confirmed
the antimicrobial action of the nanoporous CAS disin-
fectant against Gram-negative bacteria, Gram-positive
bacteria, and fungi because the Cu NPs of the Cu-
SiO2 nanocomposite were well formed on the surface
of the SiO2 NPs without aggregation of the Cu NPs,
and they had a large surface area. These results agree
with those of Bagchi et al. (2013), who indicated that
Cu NPs had a high constancy in the atmosphere and
remarkable microbiological activity against many bacte-
rial species, such as E. coli, S. aureus, P. aeruginosa,

Fig. 7 Growth rate of E. coli, S.
enterica, P. aeruginosa, S. aureus,
L. monocytogenes, E. faecalis, C.
albicans, and A. niger before and
after exposure to different doses
of nanoporous CAS disinfectant

Environ Sci Pollut Res (2019) 26:9508–9523 9517



and E. faecalis, resulting in a decrease in the bacterial
numbers of more than 90% within 12 h. In addition,
Mahapatra et al. (2008) assessed the bactericidal prop-
erties of CuO NPs against some Gram-negative bacterial
species, including S. paratyphi, P. aeruginosa,
Klebsiella apneumoniae, and Shigella strains. In accor-
dance with their results, these NPs had efficacious anti-
bacterial activity against these bacteria. The investiga-
tors also supposed that the NPs were highly capable
of penetrating into the outer layer of bacterial cells
and then destroying significant bacterial enzymes, caus-
ing serious issues that led to the death of the bacterial
cells. Moreover, Bogdanović et al. (2014) studied the
biocidal action of Cu NPs against some infectious mi-
crobes that are of concern for human health (E. coli,
S. aureus, and C. albicans). Based on their findings, it
was revealed that these Cu NPs displayed remarkable
biocidal activity against various types of infectious mi-
croorganisms (E. coli, S. aureus, and C. albicans).

The antimicrobial activity of SiO2 is very large at the
nanoparticle size due to the expansion of the surface
area (Bogdanović et al. 2014). However, Bogdanović
et al. (2014) revealed that Si NPs could inhibit bacteria
that have a good ability to adhere to solid surfaces to
form biofilms. The mixture of Si NPs with other bacte-
ricidal NPs, such as Ag or Cu, has been extensively
considered. Likewise, Kim et al. (2006b)indicated that
the Cu/SiO2 nanocomposite was examined by disc dif-
fusion methods and had remarkable antibacterial
properties.

In conclusion, the results showed that the tested
nanoporous CAS nanocrystallites had vigorous antimicro-
bial properties against multiple problematic infectious mi-
crobial strains. These results are compatible with those of
Esteban-Cubillo et al. (2006) who confirmed that
nanoporous Cu NPs deposited on magnesium silicate are
potent bactericidal agents against S. aureus and E. coli
bacteria.

Growth rate of each tested microbial pathogen

Figure 7 shows the growth rate of each tested pathogen.
These problematic pathogens were individually subjected
to three doses of the nanoporous CAS disinfectant (25,
50, and 100 mg). The growth rates of all tested potential
microbial pathogenic strains decreased gradually after ex-
posure to all doses of the studied nanoporous CAS disin-
fectants. These results are in accordance with the results
of Maniprasad and Santra (2012) who examined the anti-
bacterial efficacy of nanocrystalline Cu-silica NPs against
E. coli and B. subtilis and obtained highly efficient bac-
tericidal activity with formidable bioavailability and a de-
creasing rate of bacterial proliferation.

Based on this hypothesis, the growth rate of microbial
pathogens could be prohibited by Cu NPs. Regarding the
nanoporous CAS mechanism of action, the interactions
between CuO NP and bacterial cell consider as a conse-
quence of conflicting electrical charges lead to a reduction
reaction in the bacterial cell wall, which affected the at-
tachment and bioactivity due to the electrostatic charges
(Raffi et al. 2010). In the case of Gram-negative bacteria,
the cell wall is mainly composed of lipopolysaccharides
and carboxylates, and sulfhydryl groups, which cause the
negative charge, play an essential role as membrane active
sites (Navarro et al. 2008). The destruction of double-
stranded DNA, the denaturation of protein, and the
change in the membrane integrity can be caused by the
interaction of these groups in the bacterial cell wall with
CuO NPs (Grass et al. 2011; Chaturvedi and Henderson
2014).

Toxicity results

The use of safe substitutes and effective disinfectants in
water is required for public health. The toxin concentra-
tions were measured in aqueous solutions of the
nanoporous CAS disinfectant and treated water using a

Table 2 The densities of microbial cells in three water samples before treatment with nanoporous CAS disinfectant

Tested pathogenic microbes Unit Type of water samples

Raw wastewater Raw Nile water Injected drinking water

E. coli CFU/ml 5.2 × 106 3.6 × 103 2.8 × 106

S. enterica CFU/ml 2.9 × 106 2.3 × 103 1.3 × 106

P. aeruginosa CFU/ml 1.7 × 106 4.3 × 103 4.2 × 106

S. aureus CFU/ml 8.4 × 105 5.7 × 102 3.1 × 106

L. monocytogenes CFU/ml 4.7 × 105 2.6 × 102 5.2 × 106

E. faecalis CFU/ml 3.1 × 105 1.5 × 103 4.7 × 106

C. albicans CFU/ml 2.9 × 106 3.7 × 103 3.6 × 106

A. niger CFU/ml 6.3 × 105 4.2 × 102 2.9 × 106
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Microtox Analyzer 500 Luminometer. The aqueous so-
lutions of the synthesized disinfectant were incubated
for 10 min and then exposed to heavy light for the
same amount of time as a control sample. The results
indicated that there was no variance between the test
and control samples. It is clear that the Vibrio fischeri
level in all samples was steady. The Microtox EC50

measurements of the CAS disinfectant were 450 mg/L
(> 100 mg/L), indicating that there is no toxicity of the
studied disinfectant, and this material could also be
safely used for water treatment. These results are in
agreement with the results of Flokstra et al. (2008). In
addition, the cytotoxicity assay of the nanoporous CAS

disinfectant showed that it was nontoxic against the
Hep-2 cell line. Clearly, copper is an effective agent
with fairly low toxicity to warm-blooded animals
(Elsaesser and Howard 2012). Ren et al. (2009a)
established that Cu NPs were safe and that they did
not have any toxicity effect on the HeLa cell line. The
toxicity and environmental fate of NPs are eventual
concerns for the selection of disinfectants for water pu-
rification. Apparently, the use of nanostructure materials
is superior when comparing with other approaches for
water purification, but the current awareness of ecolog-
ical protection and the transport and toxicity of NPs
must be considered (Gupta et al. 2018).

Fig. 9 Disinfection of inoculated
drinking water by 100 mg/L of
nanoporous CAS disinfectant
with different time intervals

Fig. 8 Disinfection of raw Nile
water by 100 mg/L of nanoporous
CAS disinfectant with different
time intervals
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Usage of the synthesized CAS disinfectant in water
and wastewater purification

The broad spectrum of organic and inorganic pollutants in
water is considered one of the most hazardous problems
as a result of rapid advancement and population growth.
The destroying of the environment and occurring of prob-
lematic microbes caused by dangerous pollutants are
threat issues for researchers that have investigated to elim-
inate these pollutants from water (Sharma and Pant 2009).
Nanotechnology provides the opportunity for the effective
removal of pollutants and microbial contaminants.
Furthermore, NPs, nanocomposites and nanopowders
have been used for the removal of chemical and organic
constituents from water and wastewater (Tiwari et al.
2008).

Synthesized nanoporous CAS disinfectants have been
determined to be well-designed nanomaterials for the de-
activation of diverse kinds of problematic microorganisms
during water purification. Raw Nile water, inoculated
drinking water, and raw wastewater samples were used
to assess the effectiveness of the CAS disinfectant for
water and wastewater disinfection. Table 2 reports the
microbiological examination results of all tested water
samples for the determination of the initial counts of all
tested microbes in the studied water samples. The concen-
tration of the CAS disinfectant (100 mg/L) was used to
sanitize three different types of water (50 mL of raw Nile
water, 50 mL of inoculated drinking water, and 50 mL of
raw wastewater). The results of the treatment of raw wa-
ter, inoculated water, and raw wastewater samples using
the nanoporous CAS disinfectant as a function of time are
illustrated in Figs. 8, 9, and 10, respectively.

As shown in Fig. 8, the dosage of disinfectant (100 mg/L)
was suitable for the whole inactivation of E. coli,
P. aeruginosa, and S. enterica within 30 min, while
S. aureus, L. monocytogenes, C. albicans, and A. niger took
45 min to produce the same effect. In the case of the inoculat-
ed drinking water and raw wastewater samples, the results
illustrated graphically in Figs. 9 and 10 show that the
nanoporous CAS disinfectant (100 mg/L) was able to fully
remove all tested Gram-negative bacterial cells after 45 min,
while Gram-positive and fungal cells needed more time
(60 min) for complete eradication. These results are compati-
ble with results by Elwakeel et al. (2018), who discovered that
the studied Ag NPs could eradicate some infectious microbes
present in water and wastewater. The higher dosage of disin-
fectant (0.5 mg/mL) was used to purify surface and wastewa-
ter samples at different contact times.

The harmful effect on water quality might result in a severe
threat to the lifecycle due to the presence of pathogenic mi-
crobes. The synthesis and usage of promising methods for
preventing the contamination of water have become essential
subjects (Gupta et al. 2018). The synthesized novel amine-
functionalized magnetite Fe3O4–SiO2–NH2 NPs were used
to eradicate infectious microbial species (Zhan et al. 2014).
Likewise, the elimination efficiency percentage of Fe3O4–
SiO2–NH2 NPs to prohibit problematic pathogenic bacteria
reached 97.39. Furthermore, the modified magnetic iron oxide
NPs with antibacterial properties are much more efficient than
other NPs against bacteria (Jin et al. 2015). In addition, these
synthesized magnetic NPs not only potentially catch
B. subtilis, as an example of Gram-positive bacteria, and
E. coli, as an example of Gram-negative bacteria, from water
but also deactivate bacterial cells with extreme efficiency up to
99%within 60 min (Jin et al. 2015). Similarly, Dankovich and

Fig. 10 Disinfection of raw
domestic wastewater by 100 mg/
L of nanoporous CAS
disinfectant with different time
intervals
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Smith (2014) discovered that Cu NPs could be used as drink-
ing water purifiers. Cu NPs could decrease E. coli bacterial
cells by approximately log 8.8 CFU/mL.

Conclusion

Clustered nanoporous CAS is synthesized using the green
sol–gel method from the facile and excellently formed alumi-
num and copper sols, which are prepared and then mixed with
acidic silica sol. The transformation of the CAS sol viscosity
with the aging process and with drying at 200 °C suggests the
substantial formation of nanoclustered long-chain structures
during the sol–gel polymerization and densification processes.
The XRD results show that the synthesized sample is cubic
CAS. Both HR-TEM and FE-SEM reveal the formation of an
ordered CAS nanoporous material composed of NPs with
dense spherical shapes. The UV-Vis absorption spectra reveal
the high transparency of the nanoporous CAS, with a high
band gap energy (~ 3.93 eV) and a refractive index in the
range of 1.7–1.9. The MIC of the nanoporous CAS disinfec-
tant against E. coli, S. enterica, and P. aeruginosa is 100 mg/L
within 20 min of contact time, and the MIC of the CAS dis-
infectant is 100 mg/L within 40 min of contact time for the
other strains. The efficacy of antimicrobial action (100%) is
reached within 20 to 40 min against all pathogens. Herein, the
CAS disinfectant is safe for humans without any toxicity.
Nanoporous CAS disinfectants will provide a promising, af-
fordable, convenient, and effective approach to eradicate
problematic waterborne pathogens in water disinfection.
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