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A B S T R A C T

ZnO nanoparticles have been effectively used in water disinfection from two common types of gram-positive
(Enterococcus faecium) and gram–negative (Proteus mirabilis) bacteria under simulated solar radiations by in-
activation. Complete mineralization of organic contents that leach out of inactivated bacteria has also been
achieved leaving no soluble organic matter in water. Bacterial inactivation and complete mineralization have
been confirmed by plate counting, high performance liquid chromatography and total organic content mea-
surement. Effects of different reaction parameters (pH, temperature, bacterial concentration, reaction time and
ZnO catalyst loading) have all been studied. Control experiments with Cut-off filters confirm the role of the UV
tail in solar simulated light in the photocatalytic process. The results highlight the feasibility of using ZnO
photocatalyst in complete disinfection of water from both hazardous Enterococcus and Proteus mirabilis bacteria,
leaving no organic matters after degradation.

1. Introduction

Water pollution with hazardous chemicals and microorganisms is
known (Gleick, 1993; Gleick and Palaniappan, 2010; Islam and Tanaka,
2004; Pandey et al., 2014; Vadde et al., 2018). Different water pur-
ification methods are known, such as peroxidation, ozonolysis chlor-
ination and filtration. Despite their effectiveness, such methods have
shortcomings (Yoo, 2018). Some are costly and non-accessible to needy
societies. Filtration needs filter regeneration. Chlorination may yield
hazardous chlorinated hydrocarbons (Benson et al., 2017). Low cost,
safe and sustainable purifications, based on direct-solar light, are being
heavily assessed (Hilal et al., 2007; Markowska-Szczupak et al., 2018;
Zyoud et al., 2016; Zyoud et al., 2011; Zyoud et al., 2010). Photo-
catalysis using TiO2, combined with H2O2 by UV irradiation, has been
described for inactivation of different bacteria (Lanao et al., 2010) and
(Lanao et al., 2012). Another report described using TiO2 and UV-A
irradiation in water disinfection by bacterial inactivation (Gumy et al.,
2006).

Bacterial inactivation by ZnO nanoparticles is known. ZnO particles
inactivate bacteria by rupturing their surfaces, in the dark (Sirelkhatim
et al., 2015) and under UV irradiation (Markowska-Szczupak et al.,

2018; Zyoud et al., 2017b). In literature (Keane et al., 2014; Loeb et al.,
2017) attention is paid to bacterial inactivation, without describing
what happens thereafter (Zyoud et al., 2016; Zyoud et al., 2017b).

After bacterial cell-wall rupturing, the organic contents leach into
water. With heavy pollution, the resulting organic contaminants may
exceed the limit of total organic content in water (0.05mg/L) (Drinking
water Quality Standards, 2003). Such issue is still not targeted
(Dědková et al., 2014).

Recently we showed that ZnO nanoparticles photocatalyze complete
mineralization of gram-negative bacteria (E. coli), and their organic
content, using UV tail (∼5%) of solar radiations (Zyoud et al., 2016;
Zyoud et al., 2017b). Such recent studies are restricted to Gram-nega-
tive bacteria with thin cell walls only and cannot be generalized for
other types.

This study involves two types of pathogenic bacteria, Gram-negative
(represented by Proteus mirabilis) and Gram-positive (represented by
Enterococci faecium). Both bacteria are hazardous and both are widely
spread in natural waters (Devriese et al., 1993; Gonzalez and Infections,
2015; Hoge et al., 1991; Jacobsen and Shirtliff, 2011). A major differ-
ence between the two bacteria is the cell wall composition and thick-
ness. Gram-positive bacteria have cell-walls with thicker peptidoglycan
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layers. The major questions to answer here are: Is ZnO catalyzed pho-
todegradation an effective method to disinfect water from both types of
bacteria, despite their cell wall differences? Will ZnO completely pho-
tomineralize both types of bacteria leaving no organic matters in the
treated water? Is solar simulated light effective in mineralization of the
bacteria under natural working conditions? Is the photocatalytic pro-
cess (using the UV tail in solar light) technically feasible for safe water
disinfection from bacteria? These questions will be answered here for
the first time.

The ZnO nanoparticles are intentionally chosen, as low-cost non-
hazardous material. Zinc is described in human food supplements (Ninh
et al., 1996) and plant fertilizers (Cakmak and Kutman, 2018). ZnO
nanoparticles are semiconductors having band-gap ∼3.2 eV (Lachheb
et al., 2002; Sakthivel et al., 2003) with high absorptivity in the UV tail
at ∼387 nm. They are excited to produce OH% radicals, believed to be
responsible for photodegrading aqueous organics (Gupta and Bahadur,
2018; Ong et al., 2018). The ability of ZnO nanoparticles to catalyze
inactivation and complete mineralization of Gram-negative and Gram-
positive bacteria, using simulated solar light under ambient conditions,
is examined here. Effects of different parameters are also described.

2. Materials and methods

2.1. Chemicals

Common materials were all purchased from Frutarom Aldrich-
Sigma (analytical grade). Clinically isolated Gram negative Proteus
mirabilis was obtained from microbiological laboratories of ANU.
Commercial Gram positive Enterococcus faecium (ATCC 700221) was
used. Both bacteria were cultured on proper media onto Petri-dishes for
use.

2.2. Equipment

A LaboMed, Inc. spectrophotometer was used for bacterial suspen-
sion quantifications. A Shimadzu-UV-1601 spectrophotometer was used
for suspended ZnO nanoparticle spectral measurement. A Perkin-Elmer
S55 photoluminescence spectrometer was used to measure photo-
luminescence (PL) spectra for aqueous ZnO nanoparticle suspensions.
Scanning electronic micrographs (FE-SEM) were measured on Jeol-
Model-JSM-6700F microscope at ICMCB (Bordeaux). X-ray diffraction
(XRD) patterns were measured on a Philips XRD-XPERT-PRO dif-
fractometer with a Cu-Ka source (λ=1.5418 Å) at ICMCB (Bordeaux).

For high performance liquid chromatography (HPLC), a 1525-
Binary-Waters equipment, with dual absorbance (2998 photodiode
array detector at 250 nm), was used. A P/N7725i injection valve-filter
(20 µL loop) was used for soluble species. A 6x250 mm HPLC-symmetry
C18 column, 5 µm particles, was used. The mobile phase involved
aqueous H3PO4 (1%) and methanol (30:70). Room temperature elution
was performed at 1.0mL/min flow rate. Peak area was calculated using
a Breez integrator. A TELEDYNE-TEKMAR TOC FUSION equipment,
carbon detection range 2 ppb–10,000 ppm, at PTUK, was used for total
organic content (TOC) measurement. Each TOC value was measured
three times, and the average value was calculated together with the
standard deviation.

A tungsten-halogen solar simulator lamp was used in photo-
degradation experiments. Radiation intensity was measured and
maintained at (100000 Lux, 0.0146W/cm2, 5% UV tail) using a lux-
meter (Lx-102).

2.3. ZnO nanoparticle preparation

Preparation of ZnO nanoparticles was performed as described ear-
lier (Zyoud et al., 2018; Zyoud et al., 2017a; Zyoud et al., 2017b).
Aqueous ZnCl2 solution (250mL, 0.45M) was used in preparation.
NaOH (250mL, 0.90M) was placed inside a beaker and stirred at

∼55 °C. The ZnCl₂ solution was added drop-wise (∼40min). The
mixture was stirred for 2 h. Resulting white precipitate was taken,
rinsed with deionized water, air-dried and annealed at 450 °C for 1 h.

2.4. Bacterial culturing and quantification

Stock solutions of BaCl2·2H2O (1.175% w/v, 0.096 N) and H2SO4

(1.00% v/v, 0.36 N) were prepared for the McFarland solution
(0.50M). Aliquots of H2SO4 (9.95mL) and BaCl2 (0.05mL) solutions
were mixed together. Solution optical density was spectro-
photometrically measured (at λmax 625 nm) to be in the range
0.08–0.10. This is equivalent to that for bacterial concentration 1.5x108

cfu/mL. The McFarland solution was a reference to spectro-
photometrically quantify bacterial solutions of 1.5× 108 cfu/mL. NaCl
(normal saline 0.9%), NaOH (0.25M) and HCl (0.25M) solutions were
used for disinfection experiment pH solution control.

Microorganism inoculum preparation was made using a nutrient
broth. Nutrient broth media (28 g in 1.00 L) were prepared according to
manufacturer (Oxoid Co.) instructions.

Plate counting was used to count bacteria in a given mixture.
Bacterial solution (1.0 mL, 1.5× 108 cfu/mL) corresponding to stan-
dard McFarland was micro-pipetted and diluted in a series of saline
solutions (0.10 to 0.01 dilution factors). Aliquots (100 µL) of each di-
luted solution were cultured on two nutrient agar plates. The plates
were incubated at 37 °C (± 1) for 24 h, and average numbers of bac-
terial colonies in two plates were counted. All counts were made in
duplicates, and average count was taken. In case of inconsistent counts
(more than 5% difference) additional confirmation counts were made.
Counting was performed for bacterial measurement before and after
photodegradation experiments.

The average bacterial concentration (cfu/mL) was calculated as
shown in Eq. (1):

= × ×Bact conc(cfu/mL) number of counted colonies dil fact 10
(1)

where bact conc is bacterial concentration, dil fact is dilution factor.
Bacterial %loss was calculated as follows:

−

×

Bacterial conc . Bacterial conc
Bacterial conc

100%in fin

in

.

. (2)

where in and fin refer to initial and final respectively.

2.5. Photocatalytic experiments

Bacterial disinfection experiments were conducted in 100mL glass
beakers, magnetically stirred and thermostated in a water bath. To each
beaker was added 50mL of water pre-contaminated with known vo-
lume of 5× 105 cfu/mL bacteria with broth. In a typical photo-de-
gradation experiment: ZnO (0.1 g) was suspended in pre-contaminated
water (50mL water with bacteria). The stirred mixture was irradiated
from above for 30min at 30 ± 3 °C. Dark experiments were performed
using stirred ZnO (0.1 g) in pre-contaminated water (50mL with bac-
teria) in the dark. Control photodegradation experiments were per-
formed with no ZnO. Other control experiments were conducted in the
dark with no ZnO. The measured bacterial solution, together with the
broth inside, was used as value for initial bacterial counting and for
initial TCO measurement. Each measurement was repeated three times,
and the average value was calculated together with the standard de-
viation. Additional control experiments were conducted for broth so-
lutions with no bacteria, using ZnO and light.

3. Results and discussion

3.1. ZnO characterization

The ZnO nano particle catalyst was prepared as described above
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based on earlier reports. The powder was characterized only for con-
firmation. Solid electronic absorption spectrum, Fig. 1, for ZnO, mea-
sured for aqueous suspensions using water as base line, shows absorp-
tion peak at 373 nm, in congruence with earlier values (Zyoud et al.,
2017b). PL spectrum for suspended ZnO, Fig. 2, using excitation wa-
velength 325 nm, shows a peak at 385 nm in congruence with literature
(Raoufi, 2013; Talam and Karumuri, 2012; Zhao et al., 2016). Addi-
tional peaks observed at 423 nm and 487 nm are due to oxygen va-
cancies (Huang et al., 2001; Lopez-Romero, 2009) and surface defects
(Zhao et al., 2016). Based on Tauc method and on PL emission peak at
385 nm, the band gap for the ZnO particles is ∼3.23 eV. The results
confirm that the prepared white solid is ZnO, as compared to earlier
literature.

XRD pattern, measured for the solid powder here and in earlier
work (Zyoud et al., 2017a), as shown in Fig. 3, further confirms the
prepared ZnO. Characteristic reflections, (1 0 1), (1 0 0), (0 0 2), (1 0 2),
(1 1 0), (1 0 3) and (1 1 2), (Akhtar et al., 2012; Arefi and Rezaei-Zarchi,
2012), for ZnO are all observed. Average particle size calculated using
Scherrer's formula from the planes (1 0 0), (0 0 2), (1 0 1) and (1 0 2)
was 27.2 nm. The XRD pattern thus confirms nano-size nature of the
ZnO. The measured band gap ∼3.2 eV here resembles literature (Lin
et al., 2005; Mai et al., 2018).

The ZnO nano-size particles (27.2 nm based on XRD) exist inside
larger (∼200 nm) agglomerates, as observed by SEM, Fig. 4.

The characterization results confirm the nano-size nature of the
prepared ZnO particles.

3.2. Enterococcus disinfection

Exposure of Enterococcus aqueous bacterial suspensions to solar si-
mulated radiation, with ZnO nanoparticles, affects them. Under certain

conditions, complete bacterial loss is observed. The results are de-
scribed below.

Control experiments were conducted in the absence of catalyst, light
or both. Disinfection was conducted at 30 ± 3 °C and pH∼ 7.5 with
initial bacterial concentration ∼96000 cfu/mL. With no ZnO, only
23 ± 2% bacterial loss occurs after 30min irradiation, due to UV tail,
Table 1. With no ZnO, UV partly inactivates bacteria as described
earlier (Blatchley et al., 2001). With ZnO (0.1 g) catalyst, in the dark,
higher bacterial loss (51 ± 3%) occurs. This shows the ability of ZnO
to affect the bacteria in the dark, as reported earlier (Sirelkhatim et al.,
2015). When ZnO is used under light, complete bacterial loss is ob-
served. Control experimental results thus confirm the role of ZnO in
light-driven loss of aqueous Enterococcus. This shows the added value of
irradiation on the bacterial inactivation, where ZnO is a photocatalyst,
in congruence with literature (Keane et al., 2014). Effects of different
parameters on percent loss of the bacteria are described.

Fig. 1. Electronic absorption spectrum for ZnO nano-powder. Spectrum mea-
sured for aqueous suspension against water baseline.

Fig. 2. Emission spectrum measured for ZnO nanopowder as aqueous suspen-
sion.

Fig. 3. XRD pattern measured for ZnO powder.

Fig. 4. SEM micrograph measured for ZnO powder.

Table 1
Enterococci %loss after 30min under different photocatalytic conditions.

Experiment* Remaining bacterial (cfu/mL) Bacterial %loss

Dark/no Cat. 96,000 (± 5000) 00 (± 2)
Dark/Cat. 47,000 (± 3000) 51(± 3)
Light/no Cat 74,000 (± 3700) 23 (± 2)
Light/Cat. 300 (±15) 99 (± 7)

* With broth added. Experiments conducted with ZnO (0.1 g) at ∼30 °C and
pH 7.5. (Initial bacterial concentration 96,000 (± 5000) cfu/mL in 50mL).
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3.2.1. Effect of pH
Effect of pH on Enterococcus %loss has been studied. Three pH va-

lues (4.8, 7.5, and 9.6), spanning values for natural waters (Kulthanan
et al., 2013) were intentionally examined. Enterococci live in a broad pH
range 4.5–10 (Fisher and Phillips, 2009). Table 2 summarizes effect of
pH on Enterococci %loss under irradiation with ZnO.

Table 2 shows that after 30min, all bacteria are lost at all pH values.
The pH effect is observed in shorter exposure times only (5, 10 or
15min) where bacterial %loss is slightly lower at higher pH. This is due
to electrostatic interactions with the catalyst surface. Despite being
gram-positive, Enterococci have negatively charged surface membranes
(Roy, 2009). With a zero-point charge 8.3–9.0 (Khataee et al., 2016;
Raza et al., 2016) the ZnO surface becomes negatively charged at
higher pH. The Enterococci are thus repelled away from the negatively
charged surface. Similar behaviors are reported for ZnO interactions
with other species (Akyol et al., 2004). However, if given enough time
(30min) complete bacterial loss is achieved. The results show the ap-
plicability of using the described process at different natural pH con-
ditions.

3.2.2. Effect of temperature
Temperature effect on Enterococci %loss by photocatalysis has been

studied. Three different temperatures (25, 30 and 35 °C) were chosen
for practical purposes. Typically, natural waters have temperatures
lower than 35 °C and Enterococci are especially active at 37 °C (Yang
et al., 2018). Irradiation with ZnO catalyst is maintained for different
times (5, 10 and 15min). Table 3 summarizes the results. Within the
temperature range used, temperature shows no significant effect on
bacterial %loss. At all temperatures nearly complete bacterial loss is
observed in 30min. The 30 °C temperature is thus used hereinafter.

3.2.3. Effect of catalyst loading
Effect of ZnO photocatalyst loading, on Enterococci %loss has been

studied, Table 4. The catalyst loadings used, 1.0–3.0 g/L, resemble
those (1.5 and 3.1mgmL−1) described for other bacteria S. aureus and
E. coli (Sirelkhatim et al., 2015; Xie et al., 2011). With higher catalyst
loading, higher bacterial %loss occurs in short time (5 or 10min). After
longer time (30min) nearly complete bacterial loss occurs for all
loadings. Future pilot-plant scale study, with lower catalyst relative
loadings, is thus recommended.

Effect of loading on catalyst relative efficiency, in terms of turnover
frequency (TOF) and quantum yield (QY) is studied. Supplementary

material S1 describes how the calculations are made. With higher cat-
alyst loading, the efficiency (TOF) decreases, Table 4. This is known in
photocatlytic reactions, due to screening of catalytic sites from radia-
tion with higher loading (Hilal et al., 2010). The values of QY are not
affected by catalyst loading because they are measured independent of
catalyst loading (S1). The lowering in TOF and QY values with time is
understandable, vide infra.

3.2.4. Effect of bacterial concentration
The effect of Enterococci has been studied using three different

concentrations (7800, 36,000 and 68000 cfu/mL) inside 50mL mix-
tures. These high concentrations were intentionally chosen here, as
they correspond to McFarland systems. Moreover, Enterococci may
occur naturally at high concentrations. For example, Enterococci were
observed in hospital sewage with concentrations of 104–106 cfu/100mL
(Anastasiou and Schmitt, 2011). Such values are normally lowered by
mixing with municipality sewage to 104–105 cfu/100mL. Table 5
shows bacterial %loss values observed for different Enterococcus con-
centrations. In 5min, higher %loss occurs for higher bacterial con-
centration. After 10min, the values become closer to one another. After
30min, complete bacterial loss occurs for different concentrations. The
results highlight the future prospects of using the photocatalytic system
described here for water disinfection. Complete bacterial loss, after
30min, indicates the process feasibility to inactivate bacteria at lower
concentrations that may remain after short times.

To study effect of Enterococci concentration on ZnO photocatalyst
relative efficiency, TOF and QY were calculated, while keeping other
parameters unchanged. Values for TOF and QY increase readily with
increased bacterial concentration, Table 5. With higher concentration,
more bacteria are exposed to oxidizing species resulting from light ir-
radiation. Entries 1 & 2 show that increasing bacterial concentration by
∼7 fold increases catalyst TOF and QY by ∼7.7. Similarly Entries 2 & 3
show that increasing bacterial concentration by ∼2 increases TOF and
QY by ∼2. The results suggest first-order reaction with respect to
bacterial concentration.

The Table shows that for same bacterial concentration, values of
TOF and QY decrease with time. This is due to bacterial concentration
lowering with time. This further confirms the effect of bacterial con-
centration on catalyst efficiency discussed above.

3.2.5. Enterococci complete mineralization
The results confirm the ability of the photocatalytic process to in-

activate the Enterococci. Inactivation involves bacterial killing by cell
wall rupturing (Baptista et al., 2018; Sarwar et al., 2016), vide Section
3.4. When the cell wall is ruptured, bacterial organic matters leach out
to aqueous solution. This increases the aqueous organic matters, and
adds to the organic content of the originally present broth soluble
compounds. Therefore, bacterial inactivation itself increases aqueous
soluble organics. In case of complete mineralization of the inactivated
bacteria (and organic materials) the organic matter concentration in
water is lowered.

Such assumptions are examined using HPLC analysis, with a filter-
tipped syringe to eliminate insoluble materials. The HPLC peak area
thus shows aqueous soluble organics only, Table 6.

Table 6, (entries 1–3) shows that soluble broth is photomineralized
with enough time. Entry (4) shows that with no ZnO in the dark and
zero bacterial loss within zero time, the soluble organic content has
relatively low peak area. With ZnO in the dark, after 30min, 51 ± 3%
bacterial loss occurs and the organic peak area is still relatively low,
Entry (5). This means that not much of the organic matter leaches from
the inactivated bacteria. Similarly Entry (6) shows low organic content
in water as only 23 ± 2% bacterial inactivation occurs.

Entry (7) shows that after 30 min under photocatalytic reaction
conditions, with complete bacterial loss, more aqueous organics leach
out to aqueous phase. The photodegradation process thus completely
inactivates the bacteria and pushes out their organic matter, with little

Table 2
Effect of pH on Enterococcus bacterial %loss.

pH Bacterial %loss with time

5min 10min 15min 30min

4.8 85 (± 4) 91(±5) 93 (± 5) 99 (± 5)
7.5 81(±4) 87 (± 4) 91(± 5) 99 (± 4)
9.6 77 (± 3) 83 (± 3) 88 (± 4) 99 (± 5)

Experiments conducted using Cat. (0.1 g) at ∼29 °C for different times.
(Bacterial concentration 96,000 (± 5000) cfu/mL inside 50mL).

Table 3
Effect of temperature on Enterococci %loss.

Temp (°C) Bacterial %Loss with time

5min 10min 15min 30min

25 51(± 3) 74 (± 4) 75 (± 5) 99 (± 4)
30 50 (± 4) 69 (± 4) 74 (± 4) 99 (± 5)
35 49 (± 3) 61 (± 3) 71 (± 4) 99 (± 6)

Experiments conducted using Cat. (0.1 g) and pH 7.5 for different times.
Bacterial initial concentration 36,000 (±2000) cfu/mL inside 50mL).
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mineralization. Entry (8) shows that in longer photodegradation time
(240min), the bacteria and their organic content, together with re-
mains of soluble broth, are completely mineralized.

Complete Enterococci inactivation and mineralization is thus
achievable by photocatalysis under solar simulated light.

TOC results further confirm complete mineralization, Table 7. TOC
values show all organic content existing in the gross reaction mixture,
including insoluble organics.

Entries (1–2) show that when broth is treated alone under photo-
catalytic experimental conditions for 30min, it mineralizes almost
completely (99 ± 1%). Entries (3–5) show that the TOC value in the
gross reaction mixture is nearly unchanged without photocatalysis.
Overall organic content in reaction mixture remains constant before
and after bacterial inactivation.

Entry (6) shows that the TOC value is lowered in photocatalytic
reaction mixture after 30min irradiation. All bacteria are inactivated,
as described above, in 30min irradiation. However, TOC value is still
relatively high reaching ∼60% of original organic matter. Thus only
part of inactivated bacterial organics is completely mineralized, as the
measured TOC is due to non-mineralized organic matter and others.

Entry (7) shows that after enough irradiation time (240min), the
TOC value becomes lower with only 18 ppm left. More mineralization
of leaching organic matters occurs. The 18 ppm value is attributed to
remains of solid bacterial cell wall fragments. Enterococci are gram-
positive bacteria with relatively thick walls (Hancock et al., 2014). The
wall involves a peptidoglycan backbone and anionic polymers which
comprise ∼90% of the cell wall mass (Hancock et al., 2014) whereas
proteins comprise only 10% of cell wall mass. The peptidoglycan
backbone is well known (Kolenbrander and Ensign, 1968) for its rigid
framework, which resists photomineralization here. Ability of bacterial
walls to resist photomineralization was reported (Zyoud et al., 2017b).

3.3. Proteus mirabilis disinfection

Proteus mirabilis is a gram-negative bacterial series. Gram-negative
bacteria, including Proteus mirabilis, have plasma membranes and cell
walls including outer membranes, peptidoglycan layers and periplasms.
Compared to Enterococcus, Proteus mirabilis have thinner cell wall, with
much thinner peptidoglycan back bone (Beveridge, 1999). Photo-
degradation of hazardous Proteus Mirabilis is assessed here.

Control experiments have been conducted as shown in Table 8. In
the dark, ZnO causes Gram-negative bacterial inactivation as described
earlier. With no ZnO, irradiation shows no significant effect on the
bacteria. In the dark, 31 ± 2% loss is observed by the ZnO powder
within 30min. Compared to Enterococci (Table 1), sensitivity to ZnO is
lower for the Proteus mirabilis in the dark. The results are in congruence
with earlier studies, where Gram-negative bacteria (E. coli) are more
resistive than gram-positive bacteria (S. aureus) to ZnO (Emami-Karvani
and Chehrazi, 2011; Jain et al., 2013). Under irradiation with ZnO

Table 4
Effect of ZnO loading on its photocatalytic efficiency in Enterococci inactivation.

Mass Cat.
(g)

5 min 10min 15min 30min

%Loss TOF QY %Loss TOF QY %Loss TOF QY %Loss TOF QY

0.05 64 (±3) 12.5×10−18 10.4× 10−15 70 (± 4) 6.8× 10−18 5.7× 10−15 87 (± 5) 5.6× 10−18 4.8× 10−15 99 (±5) 3.2× 10−18 2.7× 10−15

0.10 71 (±4) 6.9× 10−18 11.6× 10−15 73 (± 4) 3.6× 10−18 6.0× 10−15 89 (± 5) 2.9× 10−18 4.9× 10−15 99 (±6) 1.6× 10−18 2.7× 10−15

0.15 83 (±5) 5.4× 10−18 13.7× 10−15 87 (± 5) 2.8× 10−18 7.1× 10−15 94 (± 6) 2.0× 10−18 5.2× 10−15 99 (±6) 1.1× 10−18 2.7× 10−15

Experiments conducted at 30 °C and pH 7.5 for different times. (Bacterial concentration 36,000 (± 2000) cfu/mL in 50mL).

Table 5
Effect of Enterococci initial concentration on ZnO catalyst efficiency.

Entry No. Init. Conc. cfu/mL 5min 10min 30min

%Loss TOF QY %Loss TOF QY %Loss TOF QY

1 7800 (± 400) 40 (±2) 0.84×10−18 0.5× 10−15 68 (± 3) 0.72× 10−18 0.45× 10−15 99 (± 5) 0.14× 10−18 0.22× 10−15

2 36,000 (± 2000) 67 (±4) 6.5× 10−18 4.1× 10−15 72 (± 4) 3.5×10−18 2.2×10−15 99 (± 4) 1.6×10−18 1.03× 10−15

3 68,000 (± 3500) 64 (±3) 1.2× 10−18 7.5× 10−15 71 (± 3) 6.5×10−18 4.2×10−15 99 (± 4) 3.03× 10−18 1.94× 10−15

Experiments conducted with different initial concentrations of bacteria in 50mL, using Cat. (0.1 g) at 30 °C and pH 7.5 for different irradiation times.

Table 6
Loss percentage and HPLC peak area of Enterococci disinfection.

Entry Number Experiment Reaction time Bacterial %loss Peak area (µV. sec.)

1 Cat./Broth only/Light 00 == 80,000 (± 4000)
2 Cat./Broth only/light 30min == 0 (±400)
4 Bacteria/No Cat./dark* 0 min 0.00 (± 2) 90,199 (± 4500)
5 Bacteria/Cat./dark* 30min 51.04 (± 3) 74,021 (± 3700)
6 Bacteria/Light/no Cat.* 30min 22.92 (± 2) 67,686 (± 3400)
7 Bacteria/Cat./light* 30min 99.7 (± 5) 220,528 (± 10000)
8 Bacteria/Cat./light* 240min 100 (±5) 0.00 (± 600)

* With broth added. Experiments conducted at 30 °C pH 7.5. Cat. loading (0.1 g). (Bacterial concentration 96,000 (±5000) cfu/mL in 50mL).

Table 7
TOC values for Enterococci photocatalytic disinfection.

Entry No. Conditions TOC value (ppm)

1 Broth/Dark/no Cat. 15 (± 2)
2 Broth/Light/ZnO Cat (30min) 0.11(±0.03)
3 Bacteria/Dark/No Cat.* (30 min) 45 (± 5)
4 Bacteria/Light/ No Cat.* (30min) 42 (± 4)
5 Bacteria/Dark/Cat.* (30 min) 44 (± 4)
6 Bacteria/Light/Cat* (30min) 29 (± 3)
7 Bacteria/Light/Cat* (240min) 18 (± 2)

* With broth added. Experiments conducted in 50mL mixture at 30 °C and
pH 7.5. Cat. loading (0.1 g). (Bacterial concentration 96,000 (±5000) cfu/mL
in 50mL).
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complete bacterial loss is achieved after 30min. Photodegradation
(subject matter here) is thus feasible to inactivate Gram-negative bac-
teria, as the case with Gram-positive bacteria. Effects of different re-
action parameters on the photodegradation process are discussed
below.

3.3.1. Effect of pH
Effect of pH (4.3, 7.4, and 8.9) on Proteus mirabilis photocatalytic

inactivation has been studied over different time periods (5, 10 and
15min), Table 9. For acidic and neutral conditions there is no sig-
nificant difference in bacterial %loss, as observed for short times. At
higher pH (8.9) the %loss values are lowered. Negative cell wall
charges in Proteus mirabilis cell membrane (Czerwonka et al., 2016)
make them slightly retarded away from ZnO negative surface at higher
pH, as discussed for Enterococci. In 30min, complete Proteus mirabilis
loss occurs by photocatalysis at all pH values.

3.3.2. Effect of temperature
Effect of temperature on Proteus mirabilis has been studied. The

bacteria have high growth at temperatures ranging 23–25 °C
(Thompson, 2018). This study involves different temperatures 25, 30
and 35 °C, Table 10. Temperature does not affect photocatalytic process
for different exposure times. At all temperatures, complete loss of
Proteus mirabilis is observed. In this respect, Proteus mirabilis bacteria
resemble Enterococci discussed above, while the former bacteria are
more sensitive to photodegradation in shorter irradiation times.

With no significant difference between different temperatures, the
temperature of choice to study other parameters below is 30 °C. This is
intentionally made for better comparison with Enterococci described
above.

3.3.3. Effect of catalyst loading
Effect of ZnO catalyst loading, on Proteus mirabilis inactivation, has

been studied, Table 11. With increased catalyst loading, bacterial %loss
slightly increases, since more catalytic sites are available and used in
the reaction. After enough exposure time, complete bacterial loss is
achieved with different loadings. This shows the possibility of using
small catalyst loading to achieve complete disinfection, as described
above for Enterococci. Literature shows similar findings where increased
catalyst (Ag@TiO2) loading increased the photocatalysis rate in bac-
terial disinfection (Sreeja and Shetty, 2017).

TOF for ZnO, in Proteus mirabilis inactivation, has been studied,
Table 11. With increased catalyst loading, the TOF decreases in all re-
action times. Again, there is a need for pilot plant testing with lower
catalyst loading. Despite that, complete bacterial inactivation is still
achievable in 30min. Effect of catalyst loading on QY is not observed,
as QY values are calculated independent of catalyst amount.

3.3.4. Effect of bacterial concentration
Effect of Proteus mirabilis bacterial initial concentration, on the

photocatalytic inactivation, has been studied, Table 12. In short times,
bacterial %loss increases with higher initial concentration. After 30min
99% loss occurs in all cases.

As initial concentration increases the relative catalyst efficiency
increases. Entries 1–2 show that by ∼5 fold bacterial concentration
increase, TOF and QY values increase by ∼5 fold. When increasing
concentration by ∼1.4 fold, TOF and QY values increase by ∼1.4 fold
(Entries 2–3). Similar to Enterococci, the results again suggest a first-
order reaction with respect to the bacterial concentration under the
working conditions, particularly for short time (5 and 10min) mea-
surements. Complete inactivation of Proteus mirabilis shows the feasi-
bility of using phtocatalysis in future disinfection processes.

3.3.5. Proteus mirabilis complete mineralization
Complete photomineralization of inactivated Proteus mirabilis bac-

teria by ZnO is assessed. HPLC analysis of the aqueous phase, of the
reaction-mixture, is performed as described for Enterococci above,
Table 13, while excluding solid materials. Broth complete mineraliza-
tion is described in Section 3.2.5. Like Enterococci, soluble organic
concentration increase indicates bacterial inactivation by cell wall
rupturing.

Entry (1) confirms presence of soluble organics in water, due to
soluble broth and others. Entry (2) shows higher soluble organics
than Entry (1), which confirms bacterial inactivation and organic
leaching. Entry (3) shows partial inactivation of bacteria by photo-
catalysis.
Entry (4) shows remarkable increase in soluble organics in water.
Compared with Entry (2), this indicates higher photocatalytic pro-
cess efficiency to inactivate the bacteria within 30min, with more
organic material leaching.
Entry (5) shows no organics left in aqueous phase after 240min.
Like Enterococci, the inactivated Proteus mirabilis bacteria are com-
pletely mineralized together with their soluble organic content and
soluble broth.

Measured TOC values confirm HPLC results, Table 14. TOC results
involve all soluble and insoluble organics of reaction mixture.

Entries (1–2) show broth photomineralization, as discussed for
Enterococci. Entries (3–5) show that TOC values remain unchanged after
reaction cessation. This resembles above findings where ZnO in-
activates Proteus mirabilis without photomineralizing them. Entry (6)
shows lower TOC after 30min, which means that some organics are
mineralized. After 240min, all organic matter is photomineralized
(Entry 7). The 2.5 ppm value is attributed to solid material remains such
as cell wall fragments. The value is lower than for Enterococci (Entry 7,
Table 7) as the Proteus mirabilis bacteria are Gram-negative, with much

Table 8
Values of Proteus mirabilis %loss under different conditions.

Experiment Remaining bacterial concentration (cfu/mL) %Loss (± 5%)

No Cat./Dark 94,000 (± 5000) 0 (±1)
Cat./dark 65,000 (± 3500) 31 (± 2)

Light/no Cat. 86,000 (± 4300) 9 (± 1.5)
Cat./light 200 (±10) 100 (± 7)

Experiments conducted at 30 °C and pH 7.5 in 30min. (Proteus mirabilis initial
concentration 94,000 (±5000) cfu/mL inside 50mL).

Table 9
Effect of pH on Proteus mirabilis %loss.

pH Bacterial %loss with time

5min 10min 15min 30min

4.3 92 (± 5) 94 (± 5) 97 (± 5) 99 (± 5)
7.4 86 (± 4) 95 (± 5) 97 (± 5) 99 (± 4)
8.9 77 (± 3) 82 (± 4) 83(± 4) 99 (± 5)

Experiments conducted using Cat. (0.1 g) at 30 °C for different times (bacterial
concentration 94,000 (±5000) cfu/mL in 50mL).

Table 10
Effect of temperature on Proteus mirabilis bacterial %loss.

Temp (°C) Bacterial %loss with time

5min 10min 15min 30min

25 93 (± 5) 96 (± 5) 98(± 5) 99 (± 5)
29 93 (± 4) 95 (± 4) 98 (± 5) 99 (± 5)
35 93 (± 5) 97 (± 5) 98(± 4) 99 (± 5)

Experiments conducted using Cat. (0.1 g) and pH 7.5 for different times
(Bacterial concentration 69,000 (± 3500) cfu/mL in 50mL).
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thinner insoluble peptidoglycan layer than Enterococci (Gram-positive).

3.4. Mode of action of ZnO nanoparticles

The ability of ZnO nanoparticles to inactivate different bacteria is
known, but the mechanism is debatable, especially in the dark. Many
reports suggest that ZnO nanoparticles themselves cause cell wall rup-
turing for bacterial inactivation (Adams et al., 2006; Brayner et al.,
2006; Li et al., 2011; Sirelkhatim et al., 2015; Zhang et al., 2007).
Others suggest that the Zn2+ ions, coming out from ZnO particles, are
responsible for inactivation (Li et al., 2011; Sirelkhatim et al., 2015;
Song et al., 2010), which is challenged by others (Sarwar et al., 2016).
Reports suggest that the Zn2+ ions are nutrients rather than inhibitors
for bacteria (Espitia et al., 2012). Kaolinite-supported ZnO were con-
firmed to have photocatalytic inactivation of different bacteria
(Dědková et al., 2015). ZnO nanoparticle role to inactivate bacteria in

the dark is beyond the scope of this work. The subject matter here is
photocatalytic bacterial inactivation followed by complete mineraliza-
tion.

Inactivation, of both bacteria, is more pronounced under radiation
than in the dark. This indicates photocatalysis by the ZnO themselves.
ZnO particles are semiconductors with band-gap ∼3.2 eV. Therefore,
radiations of 388 nm wavelengths or shorter may excite ZnO nano-
particles. This is confirmed by control experiments performed on dif-
ferent bacteria (Zyoud et al., 2016; Zyoud et al., 2017b). Cut-off filters
are used to block radiations with 400 nm and shorter wavelength
photons from photocatalytic mixtures. There is no effect for light, and
bacterial %loss resembles that observed for ZnO system in the dark.
Therefore, ZnO nanoparticle photocatalytic behavior is limited to UV.
Solar simulated light spectrum involves ∼5% as a UV tail, which is the
active radiation responsible for bacterial inactivating. Similar results
are known for light/H2O2 driven enterococci inactivation using TiO2,
where UV is strictly needed (Lanao et al., 2012).

Moreover, experiments with cu-off filters show no mineralization
for different bacteria or their organic content (Zyoud et al., 2016;
Zyoud et al., 2017b). This means that the UV tail is again responsible
for mineralization of bacterial organic matters.

Under UV, the photocatalytic bacterial disinfection is a multi-step
process:

1) Excitation of ZnO particles with UV tail photons. A photon (with
enough energy) creates an electron-hole pair. The electron, in the
conduction band, may reduce nearby aqueous species, while the
hole oxidizes others at the other end. These processes are well de-
scribed for TiO2 and ZnO nano particles in aqueous systems.
Different active species are produced such as H2O2, O2

− in addition
to the OH% radical. Details of such species are described earlier
(Alam et al., 2018; Lee et al., 2016; Yi et al., 2018) and need not be
described again. The radical is believed to oxidize different organics
in water.

2) Bacterial cell-wall rupturing by the excited ZnO nano particle itself
and/or other resulting active species in water. Bacterial organic
contents leach out into water (Baptista et al., 2018; Sarwar et al.,
2016) and become exposed to active species.

3) Complete oxidation of the leaching out aqueous organic species if
given enough time. Such organic compounds are completely mi-
neralized in water just like other well-known organic compounds
reported earlier (Bhatia and Verma, 2017; Mohamed and Abu-Dief,
2018; Munshi et al., 2018). Chloramphenicol has been degraded in
water by the photo-phenton process using Fe2+ ions and H2O2 under

Table 11
Effect of catalyst loading on its photocatalytic efficiency in Proteus mirabilis bacterial disinfection.

Mass
Cat. (g)

5min 10min 15min 30min

%Loss TOF QY %Loss TOF QY %Loss TOF QY %Loss TOF QY

0.05 68 (± 3) 35×10−18 11× 10−15 84 (±4) 21.3×10−18 6.8×10−15 90 (± 4) 15.2× 10−18 4.8× 10−15 99 (±5) 8.4× 10−18 2.7× 10−15

0.10 76 (± 4) 19.3× 10−18 12.2× 10−15 85 (±4) 11×10−18 6.8×10−15 93 (± 5) 7.9× 10−18 5.0× 10−15 99 (±5) 4.2× 10−18 2.7× 10−15

0.15 75 (± 4) 12.7× 10−18 12.1× 10−15 87 (±5) 7.4× 10−18 7.0×10−15 93 (± 5) 5.3× 10−18 5.0× 10−15 99 (±5) 2.8× 10−18 2.7× 10−15

Experiments conducted at 30 °C and pH 7.5 for different irradiation times (bacterial initial concentration 94,000 (± 5000) cfu/mL in 50mL).

Table 12
Effect of Proteus mirabilis initial concentration on their inactivation.

Entry No. Init. cfu/mL 5min 10min 30min

%Loss TOF QY %Loss TOF QY %Loss TOF QY

1 15,000 (±750) 75 (± 3) 3.04×10−18 1.9×10−15 82 (± 4) 1.7×10−18 1.1×10−15 99 (± 5) 0.67×10−18 0.48× 10−15

2 96,000 (± 5000) 86 (± 4) 22.3×10−18 14.2× 10−15 95 (± 5) 12.3× 10−18 7.8×10−15 99 (± 5) 4.28×10−18 2.76× 10−15

3 130,000 (± 65000) 89 (± 4) 31.3×10−18 19.8× 10−15 96 (± 5) 16.9× 10−18 7.9×10−15 99 (± 5) 5.8× 10−17 3.73× 10−15

Experiments conducted using Cat. (0.1 g) at 30 °C and pH 7.5 for different times.

Table 13
HPLC results for soluble organics from Proteus mirabilis photomineralization.

Entry no. Experiment Reaction time Percentage of
loss

Peak area (µV.
sec.)

1 No Cat./dark 0min 0.00 (± 2) 33,765 (±1700)
2 Cat./dark 30min 30.85 (± 2) 42,690 (±2100)
3 Light/no cat. 30min 8.51 (± 0.5) 60,794 (±3000)
4 Cat./light 30min 99.79 (± 5) 140,402

(± 6500)
5 Cat./light 240min 100 (±5) 0.00 (± 650)

Experiments conducted at 30 °C and pH 7.5 with Cat. (0.1 g) using 94,000
(± 5000) cfu/mL in 50mL.

Table 14
TOC values for reaction mixture remaining after photodegradation of Proteus
mirabilis.

Entry No. Experiment TOC value (ppm)

1 Broth/Dark/no Cat. 15 (± 2)
2 Broth/Light/ZnO Cat (30min) 0.11 (±0.02)
3 Bacteria/Dark/No Cat.* 60 (± 6)
4 Bacteria/Light/ No Cat.* 55 (± 5)
5 Bacteria/Dark/Cat.* 58 (± 6)
6 Bacteria/Light/Cat* (30min) 22 (± 3)
7 Bacteria/Light/Cat* (240min) 2.5 (± 0.3)

* With broth added. Experiments conducted at 30 °C pH 7.5 and bacteria
(94000 (±5000) cfu/mL, 50mL). Cat. loading (0.1 g).
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light (Trovó et al., 2013).

Remaining stable solid species, such as peptidoglycan fragments,
resist photodegradation. Such species account for the TOC values re-
maining in reaction mixture after photocatalytic reaction cessation as
described above, where the Gram-positive bacteria with thicker walls
yield higher remaining TOC than Gram-positive bacteria.

With promising prospects of complete photomineralization, the re-
sults show the necessity for more study on photocatalytic processes to
disinfect water, focusing on complete mineralization of the resulting
organic contents. For better understanding, work is underway here to
assess photocatalytic process effectiveness on other Gram-positive and
Gram-negative bacteria. Photocatalyst recovery and reuse after reaction
cessation is considered by supporting ZnO on insoluble surfaces.
Kaolinite-supported ZnO particles inactivate different types of bacteria
through photocatalysis, which makes them worth to further study in
future complete photomineralization (Dědková et al., 2015). Stan-alone
study of the kinetics of the photocatalytic process is also targeted here.
Pilot-plant scale study on naturally polluted waters is worth to do.

4. Conclusion

ZnO nanoparticles partly inactivate Enterococcus faecium (Gram-
positive) and Proteus mirabilis (Gram-negative) bacteria in dark. Under
solar simulated UV radiation complete bacterial inactivation occurs in
30min. In 240min, complete bacterial and organic matter photo-
mineralization is achieved. Cell-wall fragments resist photo-
mineralization. ZnO photocatalyst functions under different experi-
mental conditions, making it useful for natural-water disinfection.
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