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a b s t r a c t
The studies on alternative disinfection applications have been performed to protect public health 
from waterborne disasters, have recently accelerated to attain more effective inactivation of resis-
tant microorganisms present in water. Usage of ultrasound (US) and silver ion (Ag+) are foremost 
applications among newly developed disinfection alternatives in water treatment even if these 
applications have some disadvantages. In this presented work, the hybrid application of US and 
Ag+ ion was performed in the continuous flow ultrasonic reactor for the disinfection of Klebsiella 
pneumoniae aiming to eliminate disadvantages of these two techniques for the first time in the lit-
erature. In this study K. pneumoniae (1 × 104 CFU/mL) was disinfected using three different ultra-
sonic reactors, which were operated with three frequencies (22, 36, and 833 kW) at continuous flow 
condition (5, 15, and 25 mL/min) applying different power (36, 51, 67, and 95 W). The disinfec-
tion findings were performed using three silver ion concentrations (0.1, 0.01, and 0.005 mM Ag+) 
whose concentrations were limited with regard to water and health regulations of silver ion. 
For the K. pneumoniae, 4 log inactivation was observed in USR22 with 22 kHz frequencies, 95 W 
power, and 0.005 mM Ag+ at 10 min retention time. The US + Ag+ provided greater microbial inacti-
vation yield in smaller disinfection time than single applications of Ag+ and reduces the Ag+ amount 
used to inactivate the same bacterial concentration.
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1. Introduction

Metal ions can be used to control microorganisms for 
various purposes, such as water disinfection, antibacte-
rial product development, and nanomaterial with high 
bactericidal efficiency. Copper, silver, titanium, and cobalt 
ions have been widely used for microbial protection as 
an alternative disinfection technology. Metal ions affect 
various microorganisms when they are applied with water 
even if they have a concentration lower than 1 ppm because 
of their oligodynamic effect [1]. This effect is described at 
microbiology literature to be high microbial inactivation 

efficiency via using metal ions like in silver ion with low 
concentration to solve well-known problems associated 
with disinfection by-products of conventional chemical 
disinfection methods with enhanced synergistic disinfec-
tion activity combination with other disinfection methods 
[2,3]. When fungi or bacteria absorb silver ions with 105–107 
number of atoms, silver ion inactivate fungi, or bacteria 
depending on the colony number in the water [4,5]. Silver 
ion inactivation mechanism is described as DNA dam-
ages resulting from cellular ingestion of silver by a bacte-
ria cell wall and binding to proteins resulting in enzyme 
inactivation and to lipids, interfering with membranes [6].
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Abad et al. [7] investigated the inactivation effect of 
copper (Cu) and silver (Ag) for various viruses in water 
including a low level of free chlorine, and they attained 
4-log reduction using 0.5 mg/L Cu and 1.0 mg/L Ag but 
the inactivation was reported as limited because of aggre-
gation of viruses. Bao et al. [8] examined the Escherichia 
coli and Staphylococcus aureus inactivation using nanocom-
posite material including silver nanoparticles (AgNPs) 
and graphene oxide (GO) for the purpose of ceramic 
membranes development for water filtration [8]. Another 
study was taken place to support the improvement of the 
biofouling resistance of ultrafiltration membranes with 
silver [9]. Zhang and Zhang [10] investigated the effect 
of various metal oxides, such as TiO2, NiO, and ZnO on 
chlorine disinfection and solar disinfection of MS2 bacte-
riophage of E. coli. They found that metal oxide NPs could 
lead to complex implications on microbial inactivation in 
the water disinfection processes thanks to their adsorption 
affinity on microbial cells. Particularly, the studies were 
performed for ceramic filtration membranes improved 
by silver NPs (providing 4% Ag release from the filter) in 
order for disinfection of the water with different quality 
[11,12]. The most of studies were aimed to reduce the silver 
release to the water body. Metal oxide NPs and Ag NPs 
were used for hybrid photoelectrocatalysis providing fast 
disinfection and high Ag NPs stability on the surface of the 
electrode [13]. The released silver concentration to water 
was recovered in the study made by De la Rosa-Gomez 
et al. [14] with sodium-modified clinoptilolite column 
(ZSNa) after disinfection of E. coli in the silver-modified 
clinoptilolite–column (ZSAg) with continuous operations. 
Furthermore, organic pollutant was removed in the poly-
urethanes filter media doped with Cu and Ag NPs in 
addition to bacterial inactivation [15]. Though researchers 
were focused the high technology thin film improved by 
TiO2 and Ag NPs used for antibacterial product for the 
new resistant bacteria against the common antibiotics [16], 
some of them were examined the effect of the Ag NPs on 
granular activated carbon adsorption (GAC) as listed the 
often-preferred advanced treatment [17].

Ag+ ion has practiced with simultaneous water treatment 
methods, in particular, photocatalytic applications to 
reduce total silver amount released into the water with 
the aim of avoiding environmental risks and health- 
related problems of its usages. Zhao et al. [18] achieved the 
5-log strong bacterial inactivation of E. coli with Ag NPs 
(1 mg/mL) in parallel with the extensive and insistent 
release of Ag ion inside the bacterial cell with transloca-
tion effect of nano-sized feature of Ag NPs combined with 
UVA. With the same goal, Agnihotri et al. [19] immobi-
lized the Ag NPs on the amine-functionalized silica sur-
face (≈35% Ag w/w) to enhance the bacterial killing and 
obtain multiple reusage. Sharma et al. [20] improved 
disinfection efficiency of filter media produced alumina 
by immobilized metallic Ag ion providing an effective 
reduction of E. coli within 10–15 s disinfection time thanks 
to the bactericidal and bacteriostatic effect of Ag ion in 
addition to adsorption onto filter media [20]. In the appli-
cation studied hydroxyapatite/TiO2 nano-composites 
enclosed by silver halides used for photocatalytic disinfec-
tion, 7-log E. coli reduction was achieved with 12–24 mg 

nanocomposites in less than 30 min disinfection period 
[21]. In order to attain adequate bacterial inactivation with 
a combination of the different type of UV, Hoang et al. 
[22] reported that the impregnation–derived Ag (21 nm) 
and gel–derived Ag–TiO2–SiO2 (9 nm) nanomaterials was 
safely used for drinking water disinfection under both 
UVC application and dark conditions via their synergistic 
effects. Hybrid photocatalytic applications of Ag ion (1% 
Ag doped nanoparticles) were also investigated for differ-
ent bacteria, such as Pseudomonas aeruginosa and Bacillus 
subtilis [23]. These studies were performed to cover the 
disadvantages of UV in turbid waters and to attain high 
disinfection performance for different microorganisms.

Recent disinfection studies using metal ions have 
proven that silver ion has a notable microbial effect among 
various cells, which applies to new bacteria species resistant 
to antibiotics [3]. Ag ion has also a lower cytotoxic effect on 
mammalian cells than that of other metal ions [24,25], and 
Ag ion inactivates various microorganism species, such as 
bacteria varying from human enteric viruses [1], coliforms 
to Gram (+) and Gram (–) [2–17], and yeasts [26,27]. Alonso 
et al. [28] investigated the bactericidal activity of silver 
(Ag) and cobalt (Co) NPs produced with 0.1 M Co(NO3) 
and 0.001 M AgNO3 against E. coli, Klebsiella pneumonia, 
Enterobacter aerogenes, S. aureus with an initial concentration 
105 CFU/mL, they reported that Ag/Co NPs were effective 
for these bacteria with a 5-log reduction when they were 
applied to polymer fiber contain 0.006 mg Ag [28]. Apart 
from hybrid metal nanocomposites, Ag ion was exam-
ined in polyethersulfone (PES) membranes (including 2% 
w/w Ag), which were used for ultrafiltration due to high 
mechanical and chemical resistance, in a study performed 
by Basri et al. [29] for E. coli inhibition, and they found that 
the release Ag concentration was equal to 0.015 ppm from 
PES membrane doped with 2% Ag. Barani et al. [30] were 
reported that the minimum inhibition concentration (MIC) 
was 25 µL and minimum bactericidal concentration (MBC) 
was 40 µL for E. coli when Ag NPs used in phospholip-
ids membrane [30]. In addition to antimicrobial materials 
produced with micro-sized and nano-sized Ag requir-
ing advanced technology were chosen by the researchers 
because of lower Ag ion release which was reported about 
1%–2% percentage of total Ag amount used in these prod-
ucts via their stabile surfaces. Researchers indicated that 
these products maintain their antimicrobial activity for a 
long period of time. Products also can be used repeatedly 
and economically with decreasing environmental risks 
[1–17,24–30]. In summary, Ag ions have been widely used 
in the literature as an alternative disinfection technology for 
microbial protection, even though their concentrations used 
for water disinfection are limited in terms of public health.

Ultrasound (US) that inactivates microorganisms using 
the energy created by the collapse of cavitation is known 
as the newly developed water disinfection process includ-
ing hybrid and consecutive applications in literature. 
Joyce et al. [31] established the ultrasonic disinfection for 
B. subtilis using low-frequency US (20 and 38 kHz) and 
high-frequency US (512 ang 850 kHz) to determine the 
effect of frequency, applied power, and disinfection time, 
and they found that a remarkable enhancement in inac-
tivation for Bacillus species was observed with increasing 
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exposure time and intensity using low-frequency US, while 
a meaningful increase in bacteria count indicating the frag-
mentation of colonies were obtained using high-frequency 
US [31]. In other studies, the low-frequency US disinfec-
tion was performed for Legionella pneumophila and its host 
Acanthamoeba castellanii using 36 kHz, and the researchers 
stated that 1.3 log bacterial inactivation was observed thanks 
to powerful mechanical bacterial cell decomposition effect 
of low- frequency US, and suggested that low-frequency US 
could be more effective when the amoebae and associated 
intracellular Legionella was not inactivated with chlorina-
tion [32]. It was stated that enhancing high bacterial inac-
tivation efficiency requires high power density, and so, the 
investigations on ultrasonic hybrid and consecutive appli-
cations accelerate the improvement of their economically 
usage.

Recent researches have focused on the ultrasound com-
bined with other disinfection methods, such as chlorination, 
ultraviolet radiation (UV), ozone (O3), electrochemical (EC) 
disinfection, photocatalytic (PC) applications, and hydro-
gen peroxide (H2O2) to improve its inactivation efficiency 
for large scale water disinfection plants. Ayyildiz et al. [33] 
were used US (150 W/L–300 W/L) as a pre-treatment for 
chlorine dioxide disinfection to solve the high disinfectant 
dose requirement, and they choosed the US instead of UV 
or O3 because suspended particles were listed as important 
disadvantages of these systems. Loraine et al. [34] compared 
the disinfection performance of hydrodynamic cavitation 
(HC) near low frequency US and ultasonic cavitation on 
Gram (–) E. coli, Klebsiella pneumoniae, Pseudomonas syrin-
gae, and P. aeruginosa, and Gram (+) B. subtilis, they reported 
that disinfection efficiency of HC was changed from 2-log 
to 6-log depending bacteria, and the HC was 10–100 times 
more effective than ultasonic cavitation [34]. Gogate et al. 
[35] developed a hybrid reactor combined HC, O3, US, and 
EC methods to use in the wide range of water and wastewa-
ter treatment applications. They explained their theoretical 
claims for expected synergism of hybrid application with 
hydroxyl radical concentration produced in these methods. 
Similar to this study, Naddeo et al. [36] was used the hybrid 
water disinfection of US and UV as an alternative method 
to chlorination and to improve the efficiency covering dis-
advantages of UV for low transmittance wastewater. They 
indicated that total coliform and E. coli with 104 CFU/L con-
centration were disinfected reducing fouling formation on 
UV lamps. In addition, Gogate [37] reviewed the US dis-
infection, the operating parameters of US, reactor design 
of US, and hybrid applications of US detailly. Mason et al. 
[38] performed synergistic application of chlorine (1 ppm) 
and US (38 kHz, 0.6 W/cm2 power density) in a continuous 
system, and they stated that ultrasound could require to be 
combined with another disinfection treatment, such as chlo-
rine, O3, or UV for the effective bacterial inactivation using 
single-pass treatments almost certainly [38]. In parallel with 
this work, Phull et al. [39] examined the combined chlorine 
(70 mg/L) and US (20, 38, and 40 kHZ applying 5 W/cm2 
power density) disinfection to reduce the amount of chlorine 
required for effective inactivation of bacteria resulting lower 
by- product risks [39]. Besides, the photo-Fenton (1 ppm Fe+2, 
10 ppm H2O2, and 800–1,200 W/m2 light intensity) improved 
with US (40 kHz, 20 W) disinfection was performed by 

Giannakis et al. [40] to enhance the E. coli inactivation of 
photo-Fenton for incessant effect due to direct physical 
damage of US, chemical inactivation effect of US, direct 
DNA damage of UV, and hydroxyl radical accelerated with 
photo-Fenton mechanisms [40]. Joyce et al. [41] observed 
the synergistic effect of US (40 kHz, 0.05 W/cm3), and EC 
(100 and 150 mA) disinfection providing the K. pneumonia 
suspensions mixing, the mechanical effect of US on bacterial 
cells, and the electrode surface cleaning with ultrasound.

In these entire hybrid studies summarized above, US 
and Ag ion were combined with other disinfection meth-
ods to overcome their listed disadvantages. This paper has 
focused on the water disinfection using US and Ag ion to 
promote ultrasonic inactivation efficiency and decrease Ag 
amount required for effective bacterial removal by using 
their environmentally and economically hybrid applications 
for the first time in the literature. In this study, K. pneumo-
niae was disinfected using three different ultrasonic reactors, 
which were operated with three frequencies at contin-
uous flow conditions and three Ag ions concentrations. 
This study has stated that hybrid application US and Ag 
ion was a successful, effective, healthy, and advantageous 
water disinfection method.

2. Methods

Three different ultrasonic reactors were designed for 
determining the disinfection efficiencies of ultrasound 
(US) and silver ion (Ag+) along with the hybrid applica-
tion (US + Ag+) of these two systems. The experimental 
details were explained in microbiological studies, ultra-
sonic disinfection studies, silver ion disinfection, and hybrid 
disinfection sections.

2.1. Microbiological studies

Gram (–) K. pneumoniae bacteria were used to perform 
disinfection experiments with ultrasound (US), silver ion 
(Ag+), and hybrid application (US + Ag+) for water treatment. 
The working solution with the total volume of 100 mL was 
prepared with 1 × 104 CFU/mL initial bacteria concentra-
tion of K. pneumoniae for disinfection application of ultra-
sound, silver ion, and their hybrid systems. Disinfection 
studies were performed in Hereous KSP-18 class II ster-
ile cabinet in order to prevent external microbiological 
contaminations (Thermo Scientific, Massachusetts, USA) 
in experiment conditions and all equipment have been 
sterilized within the Nuve 40 autoclave (Nüve, Ankara, 
Turkey) for a period of 20 min at 121°C.

Firstly, the samples were collected from three disinfec-
tion processes at specified retention time were diluted and 
afterwards these samples were inoculated plate count agar 
media (PCA, Merck, Darmstadt, Germany), which is the 
general media to count of bacteria cultivated. After inocu-
lation of the samples, the plates were incubated at 37°C in 
Innova-42 shaker series incubator with 18–24 h [42,43]. Lastly 
incubation, the colonies growing in the surface of plate were 
counted to calculate average bacterial concentration of each 
sample. The inactivation yields of three systems were deter-
mined with Eq. (1) accounting to percent and Eq. (2) account-
ing to logarithmic term stated by Karel [43].
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where E (log) is the bacterial inactivation efficiency (%), 
C0 is the average concentration of K. pneumonia at time 0 
(CFU/mL), Ct is the average concentration of K. pneumonia 
at time t (CFU/mL).

Three independent experiments were performed and 
the average results were given to illustrate the disinfection 
efficiency of US, Ag+, and US + Ag+ treatments. The anal-
ysis of variance (ANOVA) using one-way test in groups 
and using two-way test between groups were examined 
to statistical significance of microbiological studies.

2.2. Disinfection studies with ultrasound

Ultrasonic disinfection studies were performed in three 
different continuous flow reactors with 50 mL volume. 
The first reactor, USR22, the second reactor, USR36, and the 
third reactor, USR833, have ultrasonic frequencies with 22, 
36, and 833 kHz, respectively, given in Fig. 1. The RF power 
amplifier (electronics – innovation with 1140LA model 
number) and the single channel arbitrary function genera-
tor (Tektronix AFG3021 B), (Tektronix, Berkshie, UK) were 
used for ultrasonic disinfection studies.

The temperature of working solution was set at room 
temperature during ultrasonic disinfection process with 
cooling water passed through the outer wall of the reac-
tor using a water bath (PolyScience, Illinois, USA) in 
order to prevent temperature effect resulting from ultra-
sonic cavitation on bacterial disinfection. In this study, 
K. pneumoniae was disinfected using three different ultra-
sonic reactors, which were operated with three frequencies 
(22, 36, and 833 kHz) at continuous flow condition (5, 15, 
and 25 mL/min) applying different power (36, 51, 67, and 
95 W). The optimization of system parameters, which are 
applied power, flow rate, and hydraulic retention time with 
bacterial inactivation ratio were determined in a continuous 
flow ultrasonic reactor in USR 22. USR36 and USR 833 were 

operated with optimum conditions determined in USR22. 
During disinfection period the samples were collected 
from ultrasonic process, and then the disinfection efficien-
cies of USR22, USR36, and USR833 were determined using 
bacterial inactivation ratio calculated by Eqs. (1) and (2).

2.3. Disinfection studies with silver ion

The disinfection studies performed with using silver 
ion whose concentrations were limited with regard to water 
and health regulations of silver ion, the effect of silver ion 
concentration on disinfection process was researched with 
0.1, 0.01, and 0.005 mM Ag+ concentration. Their stock 
solutions with 0.5, 1 mM, and 10 mM Ag+ concentration 
were freshly prepared in PP volumetric flasks which are 
autoclavable at 121°C by using AgNO3, which is chosen 
as a source of Ag+ due to its maximum solubility in water 
among other silver salts. The determined concentrations of 
Ag+ were adjusted by transferring 1 mL volumes from suit-
able fresh stock solutions to the working solution. Doing so, 
the effects of three concentration of Ag+ on disinfection of 
K. pneumoniae were researched during disinfection period.

In the disinfection process with silver ion, the working 
solution in the PP beaker was mixed with a magnetic stir-
rer with a view to having the bacteria contact with silver 
ions. During 10 min disinfection period the samples were 
collected from silver disinfection process with time inter-
vals determined as 1 min. The disinfection efficiencies of 
0.1, 0.01, and 0.005 mM Ag+ concentrations were deter-
mined by using bacterial inactivation ratio calculated by 
Eqs. (1) and (2).

All apparatuses used in the silver disinfection process 
have been cleaned with %10 nitric acid and rinsed in dis-
til water to remove silver ion absorbed on the surfaces of 
these apparatuses [44]. After disinfection, the water was 
centrifuged at 5,000 rpm for 5 min and the disinfected bac-
teria were separated from the water. The supernatant was 
analyzed with inductively coupled plasma mass spectrom-
etry (ICP-MS; Agilent 8800 ICP-QQQ, Hanover, Germany) 
to determine silver concentration in water. Also, the sub- 
bacterial suspension was analyzed with scanning electron 
microscopy (SEM, Hitachi TM3030Plus Benchtop, Tokyo, 
Japan) and energy dispersive X-ray spectrometry ((EDX, 
Oxford Instruments Swift ED3000, Oxon, UK). In the 
regrowth studies, the samples were taken from disinfected 
water with 0.1, 0.01, and 0.005 mM Ag+ concentration to 
ensure that these concentrations were adequate for a bac-
tericidal effect. The samples taken from disinfected water 

a  b  c  

Fig. 1. Ultrasonic reactors USR22 (a), USR36 (b), and USR833 (c).
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with 0.1, 0.01, and 0.005 mM Ag+ concentration during 
144 h were inoculated PCA media and incubated at 37°C in 
Innova-42 shaker series incubator with 18–24 h.

2.4. Disinfection studies with hybrid system

The hybrid system studies were carried out three 
ultrasonic reactors, which have 22, 36, and 833 kHz fre-
quencies with addition of 0.1, 0.01, and 0.005 mM Ag+. 
After disinfection period, the samples have collected from 
hybrid disinfection process according to flow rates and 
hydraulic retention time. The disinfection efficiencies of 
0.1, 0.01, and 0.005 mM Ag+ concentrations at three differ-
ent ultrasonic reactors have been determined with using 
bacterial inactivation ratio calculated by Eqs. (1) and (2).

3. Results and discussion

In this study, K. pneumoniae disinfection efficiencies were 
determined using US, Ag+, and their hybrid applications. 
The data of these experiments were summarized and dis-
gusted in results of disinfection studies with ultrasound, 
silver ion, and hybrid system.

3.1. Results of disinfection studies with ultrasound

The result of ultrasonic disinfection studies performed 
with 100 mL working solution, which has 1 × 104 CFU/mL 
average K. pneumoniae concentration in USR22 with differ-
ent power application in the continuous flow conditions is 
presented in Fig. 2.

The result of ultrasonic disinfection studies performed 
in USR22, USR36, and USR833 operated with 95 W pow-
ers in the continuous flow conditions is presented in Fig. 3 
to indicate ultrasonic frequency effect on disinfection.

The result of ultrasonic disinfection studies performed 
in USR22 with 95 W powers in the three different flow rates 
(A) and hydraulic retention time (B) is presented in Fig. 4 
to determine the contact time effect in continuous flow con-
dition. In this study, the bacterial inactivation efficiency 

occurred in ultrasonic disinfection studies was affected 
the applied power (R2 = 0.9952), the ultrasonic frequency 
(R2 = 0.8666) linearly. In parallel with previous studies in lit-
erature, the maximum bacterial inactivation efficiency was 
obtained in USR22 because its frequency is between high 
power ultrasound frequencies.

In ultrasonic disinfection, the bacterial inactivation can 
occur in three ways. The first way is the mechanical col-
lapse of the single bacterial cell by the local high pressure 
and temperature effect created by ultrasound. The second 
system is the mechanical dispersion of the bacteria colony 
and the creation of single bacteria cell for effective inacti-
vation. The last way is the sonochemical disinfection with 
hydrogen peroxide released by ultrasonic hydrolysis of 
water. Karel [42] reported that 28 kHz ultrasonic frequency 
was more effective than respectively 45 and 100 kHz for 
the disinfection of E. coli applying same power density 
(100 w/100 mL). Joyce et al. [31] investigated that ultra-
sonic disinfection performed 20 and 38 kHz frequencies 

Fig. 2. Ultrasonic disinfection efficiency of three ultrasonic 
reactors with different power application (USR22 operated with 
22 kHz frequency and 5 mL/min flow rate in the continuous 
flow conditions with 1 × 104 CFU/mL initial Klebsiella pneumoniae 
concentration) (f = 1.23 and fcritic = 4.07 using one-way ANOVA 
test in groups).

a   b  

Fig. 4. Ultrasonic bacterial inactivation ratio obtained with three 
flow rates (a) and three hydraulic retention time (b) (USR22 
operated with 95 W power and with 1 × 104 CFU/mL initial 
Klebsiella pneumoniae concentration) (f = 1.46 and fcritic = 5.14 
using one-way ANOVA test in groups).

Fig. 3. Bacterial inactivation ratio occurred in three ultrasonic 
reactors with different ultrasonic frequencies (USR22, USR36, 
and USR833 operated with 95 W power and 5 mL/min flow 
rate in the continuous flow conditions with 1 × 104 CFU/mL 
initial Klebsiella pneumoniae concentration) (f = 3.7 and fcritic = 5.14 
using one-way ANOVA test in groups).
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increased inactivation ratio of Bacillus species rather than 
512–850 kHz frequencies [31]. Gómez-López et al. [45] used 
high power ultrasound described as using low ultrasonic 
frequencies for E. coli disinfection and indicated that high 
power density provides high bacterial inactivation with 
simultaneous temperature effect. Joyce et al. [46] investi-
gated that 20 and 40 kHz ultrasonic frequencies are more 
effective for E. coli and K. pneumoniae than 580 kHz fre-
quency because high power ultrasound predominantly 
creates cell membrane disruption. Mechanical disinfec-
tion rather than sonochemical disinfection, as seen in the 
study performed by Mason et al. [47] was more effective in 
the same power application. In the ultrasonic disinfection 
process, bacterial inactivation was raised with increasing 
power. It is the major known disadvantage of ultrasonic 
disinfection stated in many studies that high energy con-
sumption is required to achieve high inactivation rate [48]. 
These summarized studies demonstrated that low-fre-
quency ultrasound applications, were more effective in 
microbial disinfection because of mechanical depletion of 
bacteria and separation of bacteria colonies.

The effectiveness of the third sonochemical disinfec-
tion mechanism was examined in the literature. Phull 
et al. [39] investigated the disinfection of E. coli (103 CFU/
mL) using four different ultrasonic frequency (20, 38, 40, 
and 800 kHz) and different intensity (5, 12, 15, and 20 W/
cm2) combined with chlorination. They reported that 
high-frequency US (800 kHz) was more effective than 
low-frequency US (20, 38, and 40 kHz) thanks to sonochem-
ical inactivation mechanisms. Their results showed that 
ultrasound could be used efficiently for water disinfec-
tion with several advantages. When the US was used with 
chlorine, it significantly reduced the number of bacteria 
in water samples, and use of ultrasound decreased the 
amount of chlorine required for disinfection [39]. Koda 
et al. [48] compared the power US (20 kHz) and high-fre-
quency US (500 kHz) to disinfect the E. coli (108 CFU/mL) 
and Streptococcus mutans (106 CFU/mL), and they indicated 
that the high-frequency US (500 kHz) was more effective 
than the power US (20 kHz). Inez and Thompson [49] used 
the power US (20 kHz) referring most effective frequency 
for E. coli (3–6 × 106 CFU/mL) disinfection using 0.46 W/cm3 
power density, they attained 4-log E. coli removal.

In addition to the studies summarized above, the import-
ant review papers comparing of ultrasonic disinfection 
studies performed under different conditions are also avail-
able in literature. For instance, Matafonova and Batoev [50] 
detailly reviewed the effectiveness of the low- frequency 
US disinfection and high-frequency US disinfection in 
their study in which sonophotochemical inactivation of 
pathogenic microorganisms was suggested as promising 
method to raising the inactivation efficiency and reduce 
energy consumption of US.

The inconsistencies in the literature indicated the 
requirement of more detailed analyses about the effect of 
ultrasonic frequency. In this study, the effect of ultrasonic 
frequency was examined with three different US frequen-
cies at the same power application, operating parameters, 
bacteria, and experimental conditions. Obviously, more 
than three data might be more useful to establish linearity 
between bacterial inactivation and ultrasonic frequency; 

however this article provided preliminary findings obtained 
from ultrasonic reactors designed at three different frequen-
cies operated in the same conditions. Thus, these limited 
data demonstrated the possible trend of the ultrasonic 
frequency on microbial inactivation.

The bacterial inactivation efficiency was affected the 
retention time (R2 = 0.9687) and flowrates (R² = 0.9643) lin-
early. In the reactors operated under continuous flow con-
dition, the residence time is determined by the flowrate 
and reactor volume. In the disinfection studies carried out 
by changing the flowrate, it was determined that the bac-
terial inactivation rate decreased linearly as the flowrate 
increased. Therefore, it was observed that the inactivation 
rate increased linearly as the residence time determined by 
using flow rate and reactor volume. As expected, the rise in 
residence time increased the exposure time of the bacteria to 
the ultrasound in the reactor and improved the inactivation 
rate. In addition, as the residence time increased, the colony 
of bacteria was mechanically dispersed and formed more 
single bacterial cells, resulting in a higher inactivation rate.

3.2. Results of disinfection studies with silver ion

The disinfection studies performed with using silver 
ion researched with 0.1, 0.01, and 0.005 mM Ag+ concentra-
tion. The result of silver ion disinfection studies is indicated 
in Fig. 5 and the results of the regrowth studies are shown 
in Fig. 6.

As expected, increasing the silver ion concentration 
was accelerated the bacterial inactivation in Fig. 4. When 
a 0.005 mM silver ion concentration was used for disin-
fection, a 1.3-log disinfection efficiency was reached with 
a 2 min disinfection period. When used silver ion concen-
tration was 0.01 mM, a 2.4-log disinfection efficiency was 
achieved with a 2 min disinfection period. When silver ion 
concentration was increased to a 0.1 mM, the inactivation 
ratio of K. pneumoniae was obtained as 4-log with a 2 min 
disinfection period. Application of 10 min disinfection 
period, it was clearly stated that the 0.005 mM silver ion 
concentration was adequate for comprehensive inactivation.

The results of silver ion disinfection studies, chang-
ing silver ion concentration in water affects directly dis-
infection efficiency and disinfection period depends on 
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Fig. 5. Silver ion concentration effects on Klebsiella pneumoniae 
disinfection (f = 2.20 and fcritic = 6.94 using one-way ANOVA 
test in groups).
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the microorganisms and the size of silver. Yoon et al. [51] 
examined the sensitivity of E. coli and B. subtilis to silver and 
copper NPs. The results of the experimental studies were 
determined that B. subtilis showed more sensitivity than E. coli 
against both silver and copper nanoparticles comparing of the 
nanoparticle susceptibility constant (Z, mL/µg), and higher 
Z-value was indicated that bacteria were more sensitive to 
NPs. They reported that the Z-value was equal to 0.0734 mL/
µg for B. subtilis with 100 nm copper NPs while the Z-value 
was 0.0236 mL/µg for E. coli with 40 nm silver NPs [51].

When the silver ion concentration decreased from 0.1 
to 0.005 mM Ag+ concentration, the disinfection time was 
reached to 10 from 2 min for the 4-log bacterial inactivation 
ratio. The silver ion concentration required for microbio-
logical inactivation can be increased to accomplish rapid 
decontamination, but it must be considered the silver ion 
concentration in water allowed by water and health regula-
tion to escape its environmental health risks. No growth was 
observed on the petri dish even after 144 h in the regrowth 
experiments in Fig. 6. The samples taken from disinfected 
water with 0.1, 0.01, and 0.005 mM Ag+ concentration 
during 144 h showed that these silver ion concentrations 
were adequate for a bactericidal effect. When silver ions are 
sufficiently absorbed by the bacteria, the bacteria become 
inactivated as a result of cellular destruction. This shows 
that the concentrations of silver ions used in the disinfec-
tion experiments provide the MIC required for bacterial 
inactivation. It was stated that the MIC varied depending 
on the type of organism to be inhibited, the type of silver 
used, and the particle size of the silver when the disinfection 
studies carried out with silver, in the previous studies [52].

3.3. Disinfection studies with the hybrid system

As a result of hybrid application ultrasound and silver 
ion with the purpose of determining three ultrasonic reac-
tors, which have 22, 36, and 833 kHz frequencies with addi-
tion of 0.1, 0.01, and 0.005 mM Ag+ were stated in this part. 
The hybrid disinfection study performed in USR222 with 
adding 0.1, 0.01, and 0.005 mM Ag+ concentrations during 
5 min disinfection period is shown in Fig. 7.

When hybrid application including 0.01 mM Ag+ con-
centration, the same disinfection efficiency of single silver 
treatment with 0.1 mM Ag+ concentration after 3 min disin-
fection period. Furthermore, in the USR22 + 0.005 mM Ag+ 
hybrid disinfection provided 4 log disinfection efficiency of 
a single silver ion with 0.1 mM Ag+ concentration after 5 min 
disinfection period. This means that hybrid application can 
be successfully decreased 10–20 times whole silver quan-
tity released to the water-related with disinfection period 
and silver ion concentrations.

The hybrid application results of other ultrasonic reac-
tors (USR36 and USR 833) with the same conditions with 
USR22 after 5 min disinfection are shown in Fig. 8 and two-
way ANOVA test is given in Table 1. The SEM and EDX 
results of disinfected K. pneumoniae within the USR22 + 
0.005 mM Ag+ hybrid application are shown in Figs. 9 and 10.

The mechanical disruption effects of low-frequency 
US enhanced the disinfection efficiency by improving the 
chemical inactivation effect of silver synergistically. Like 
USR22, 4 log K. pneumoniae inactivation efficiency was 
achieved with ultrasound and silver ion hybrid applica-
tion in the USR36 and USR833 successfully. The efficiency 
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Fig. 6. Silver ion concentration effects on Klebsiella pneumoniae disinfection and regrowth control.
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of the hybrid application performed in USR22 was equal 
nearly USR36 and higher than USR833. Thus, high-power 
US effect on bacterial disinfection efficiency was stated in 
hybrid application ultrasound and silver ions with syn-
ergistically. These results point out that synergistic effect 
of US and Ag+ hybrid application was reduced silver ion 
concentration to attain same disinfection yield in water 
for the reason that US increase speed of inactivation of 
bacteria exposed to Ag+ via silver ion mass transfer from 
cell membrane [53]. In addition, the ultrasound separates 
the bacterial colonies, allowing the silver ion to reach all 
the bacteria in the colony. The mechanical disinfection 
effect of ultrasound combined with the chemical disinfec-
tion mechanism of the silver ion enabled all bacteria to be 
inactivated in such a way that no re-growth was observed.

In Table 1, the results of ANOVA using two-way test, 
p-value was determined 0.396 within groups and p-value 
was calculated 5.9210–16 between groups. According to these 
results, there is no significant difference within groups 
because p-value was greater than 0.01. Also, US + Ag+ hybrid 
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Fig. 7. Hybrid disinfection study in USR22 (f = 2.42 and 
fcritic = 4.10 using one-way ANOVA test between groups).
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Fig. 8. Hybrid application silver ion in USR22, USR36, and 
USR833 after 5 min disinfection.

Fig. 9. SEM image of Klebsiella pneumoniae disinfected in USR22 
with silver ion after 5 min disinfection (20 kVA, 8.4 working 
distance, and 10,000× magnification).

Table 1
ANOVA results of US + Ag+ hybrid application

ANOVA: two way

Summary Number of groups Total Average Varian

Trial 1 7 101,080 14,440 1,456,901,325
Trial 2 7 96,026 13,718 1,314,853,446
Trial 3 7 106,134 15,162 1,606,233,711
Control 3 303,000 101,000 25,502,500
0.005 mM + USR22 3 15 5 0.0625
0.1 mM + USR22 3 0 0 0
0.005 mM + USR36 3 75 25 1.5625
0.1 mM + USR36 3 0 0 0
0.005 mM + USR833 3 150 50 6.25
0.1 mM + USR833 3 0 0 0

Sources of variation SS df MS F P-value fcritic

In groups 7,297,976 2 3,648,988 1.00184904 0.395942 3.885294
Between groups 26,224,223,850 6 4,370,703,975 1,200 5.92E-16 2.99612
Total 26,275,228,866 20
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disinfection applications provided consistent and repeatable 
results.

In the SEM image, the bacterial cells were seen in pale 
gray areas as with organic structure and bright coloured 
regions showed inorganic silver ions. Bacterial cells did 
not demonstrate clearly due to the simultaneous visualiza-
tion of the organic and inorganic structures and the need 
for 20 kVA for EDX result. As a result of the ICP-MS anal-
ysis with the 0–10 µg/L calibration range, DL: 0.045 µg/L 
detection limit, and R2 = 0.9997 linearity in the He collision 
mode, it was determined that the Ag content of supernatant 
was lower than the detection limit. When the SEM image 
in Fig. 9, EDX results in Fig. 10 were examined in addition 
to the ICP-MS results, it was determined that the almost 
silver ions applied to water were absorbed by the bacte-
ria. It was stated that the bacteria adsorbed the silver ion 
onto their cell membrane, bacterial inactivation occurs with 
disruption of cell. When silver ion concentration reaches 
to killing density onto their cell membrane, water was  
disinfected efficiently.

4. Conclusion

In this paper, the bacterial disinfection efficiency was 
obtained using US + Ag+. The highest K. pneumoniae inacti-
vation ratio was determined in USR22 with 22 kHz frequen-
cies, which indicates high power ultrasound. Disinfection of 
K. pneumoniae with ultrasound can be performed in a short 
contact time effectively. The US + Ag+ provides faster and 
more efficient bacterial inactivation than single applications 
of silver. US reduced the silver amount used to inactivate 
same bacterial concentration. As a result, this work points 
out that the hybrid application ultrasound is a successful 
water disinfection method using silver ion with lower con-
centration with the purpose of developing effective, healthy, 
and advantageous water treatment methods. The single 
treatment process both silver and ultrasound indicated that 

synergic effect was not only formed ultrasound. Increasing 
disinfection efficiency with higher silver concentration was 
expected result but hybrid disinfection studies were per-
formed to determine lowest silver concentration requiring 
bacterial inactivation with ultrasound.

For future work, disinfection efficiency of US and sil-
ver can be determined for other microorganism in separate, 
consequent, and hybrid application of these two methods. 
The effect of dissolved gas in water (like nitrogen and 
oxygen) and effect of anions and cations can be presented 
in water body must be clearly stated on US + Ag+ or US. 
The effect of bacterial concentration in water can be inves-
tigated on US, Ag+, or US + Ag+. The toxicity of US + Ag+ 
and Ag+ treatments can be compared with a quick bacte-
rial test. The disinfection efficiencies of US + Ag+ and Ag+ 
treatments might be investigated with large-scale studies of 
microbial inactivation while eliminating the disadvantages 
of these systems to use water treatment successfully.
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