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A B S T R A C T   

Hydrodynamic cavitation is a promising technique for water disinfection. In the present paper, the disinfection 
characteristics of an advanced hydrodynamic cavitation reactor (ARHCR) in pilot scale were studied. The effects 
of various flow rates (1.4–2.6 m3/h) and rotational speeds (2600–4200 rpm) on the removal of Escherichia coli 
(E. coli) were revealed and analyzed. The variation regularities of the log reduction and reaction rate constant at 
various cavitation numbers were established. A disinfection rate of 100% was achieved in only 4 min for 15 L of 
simulated effluent under 4200 rpm and 1.4 m3/h, with energy efficiency at 0.0499 kWh/L. A comprehensive 
comparison with previously introduced HCRs demonstrates the superior performance of the presented ARHCR 
system. The morphological changes in E. coli were studied by scanning electron microscopy. The results indicate 
that the ARHCR can lead to serious cleavage and surface damages to E. coli, which cannot be obtained by 
conventional HCRs. Finally, a possible damage mechanism of the ARHCR, including both the hydrodynamical 
and sonochemical effects, was proposed. The findings of the present study can provide strong support to the 
fundamental understanding and applications of ARHCRs for water disinfection.   

1. Introduction 

Water scarcity has been a serious worldwide problem, driven by a 
combination of population growth, industrialization, environmental 
pollution, and inappropriate use and reutilization [1,2]. Nowadays, over 
two billion people are suffering from high water stress worldwide [3]. In 
accordance with the data from the Ministry of Environmental Protection 
of China, over 280 million Chinese are facing the potential safety issue of 
drinking water. Therefore, it is becoming increasingly important to 
recycle wastewater (WW) and assure the quality of drinking water 
sources [4]. Within the WW treatment process, disinfection is a 

necessary step to eliminate pathogenic microorganisms that are 
responsible for waterborne diseases. 

To overcome the shortcomings of conventional chemical and phys
ical methods, researchers recently proposed several new technologies, 
such as UV-LEDs [5], copper-silver ionization [6], electrochemistry [7], 
photocatalysis [8], solar [9], nanocomposite [10], and cavitation [11]. 
Cavitation has been widely considered as a promising, environmental- 
friendly disinfection technique [12]. Cavitation phenomenon is a rapid 
phase transition process, including bubble formation, growth, and 
collapse, in liquid in a considerably short period [13]. The huge energy 
release, in the form of mechanical, thermal, and chemical effects, during 
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bubble collapse is highly destructive to microorganisms. Moreover, as a 
result of the created extreme conditions, cavitation can be effectively 
combined with various physical and chemical means, e.g., oxidants 
[14], UV [15], and plasma [16]. 

Acoustic cavitation (AC) is a highly effective tool to inactivate mi
croorganisms in small scales [17], however, scaling it up for industrial 
applications can result in unrealistic operational and equipment costs 
[18]. On the contrary, hydrodynamic cavitation (HC), with the similar 
mechanism with AC, has been widely considered as an alternative 
technology to AC for large scales, as the advantages of good scalability, 
simple design, and low price [19]. Because HC phenomenon is induced 
by hydrodynamic cavitation reactors (HCRs), thus, HCR performance 
determines the disinfection effectiveness and cost [20]. In the past, 
various types of HCRs have been utilized to inactivate bacteria, yeasts, 
cyanobacteria, microalgae, and viruses, as demonstrated in Fig. 1 and 
Supplementary Table S1. In accordance with cavitation generation 
mechanism, HCR can be classified as non-rotational (based on 
constriction effect) and rotational (based on shear effect). Non- 
rotational HCRs (such as orifices or Venturis) and simple rotational 
HCRs are widely studied in various applications, as their high 
commercialization, simple design, and ease of operation. Recently, few 
advanced rotational HCRs (ARHCRs) with rotor-stator assembly have 
shown superior performance in disinfection [21], as well as organic 
degradation [22], food processing [23], delignification [24], waste- 
activated sludge (WAS) treatment [25], refining of cellulose pulp [26], 
and biodiesel synthesis [27], etc., compared with that of conventional 
HCRs. 

Nevertheless, few researchers have focused on disinfection by 
ARHCRs [21,28-32]. To the best of our knowledge, no researcher has 
investigated the disinfection effectiveness of ARHCRs under a wide 
range of operating conditions (i.e., flow rate and rotational speed) in the 
past. No work has established the relationship between the cavitation 
number and effectiveness. Moreover, the damage mechanism of 
ARHCRs has never been involved. The above issues have been greatly 
hindering the theoretical development of ARHCRs, as well as the 
commercialization progress of HC disinfection technology. 

To this end, the present work investigated the disinfection charac
teristics of a representative, pilot-scale ARHCR which was studied in our 
previous studies [33-35]. The effects of various flow rates and rotational 
speeds on removing Escherichia coli (E. coli) in simulated effluents were 
evaluated with explanations of possible mechanisms. Then, a compre
hensive comparison between the ARHCR and other previous HCRs was 
conducted with the emphasis on disinfection rate, treatment rate, and 
energy efficiency. Finally, the possible damage mechanism was pro
posed in accordance with the scanning electron microscopy (SEM) 
results. 

2. Materials and methods 

2.1. Experiment setup 

The 22-kW-class ARHCR consists of a front cover, a side cover, a rear 
cover, and a rotor, as demonstrated in Fig. 2. To artificially generate 
cavitation bubbles, numerous cavitation generation units (CGUs) were 
processed on the rotor surfaces and the inner surfaces of the covers. 
Fig. 3 illustrates a schematic of an open-loop ARHCR experiment system 
with a treatment capacity of 100 L. By uncertainty analysis, the standard 
uncertainties of the obtained quantities (e.g., temperature, flow rate, 
pressure, shaft power (Pt), heat generation rate (HGR, Ḣ), and thermal 
efficiency (TE, ηt)) in the present study only accounted for less than 0.5% 
of the maximum values, this indicates that the measured and calculated 
quantities are reliable, as presented in Supplementary Table S2. Spe
cifics of the ARHCR structure, experimental setups, and definitions of 
HGR and TE can be found in our previous work [33]. 

2.2. Experimental procedure 

To investigate the disinfection characteristics, the effects of two 
important operational variables, namely, rotational speed (2600, 3000, 
3400, 3800, and 4200 rpm) and flow rate (1.4, 2.0, and 2.6 m3/h) were 
evaluated. In total, 15 cases were conducted, as shown in Supplementary 
Table S3. In each case, 15 L of distilled water, which contained E. coli 
with an initial concentration of ~ 106 CFU/ml, was repeatedly treated 
by the ARHCR for 10 min. The initial temperature for each case was set 
as 27–29 ◦C. During each case, 100 ml samples were collected at 0, 2, 4, 
6, 8, and 10 min. The tank, inlet, and outlet water temperatures, outlet 
flow rate, and shaft power were recorded with a data acquisition fre
quency of 1.2 time/s. The detailed information on microorganism and 
corresponding analytical methods can be found in our previous study 
[33]. 

2.3. Microorganisms morphology 

To confirm the destruction effect of the ARHCR, the morphological 
changes of E. coli cells before and after treatment at a rotational speed of 
3800 rpm and a flow rate of 2.0 m3/h were observed by a scanning 
electron microscope (SU-8010, Hitachi, Japan). The samples were 
washed three times with 0.1 M phosphate buffer (pH 7.0) for 15 min, 
fixed with 1% osmic acid solution for 2 h, and then washed three times 
with 0.1 M phosphate buffer (pH 7.0) for 15 min. Samples were dehy
drated via successive passages through 30, 50, 70, 80, 90, 95, and 100% 
ethanol (15 min per step). 

Fig. 1. Various HCRs utilized in the previous HC disinfection and cell disrup
tion studies in the past 30 years (sector area stands for the proportion). Fig. 2. Schematic diagram of the ARHCR.  
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3. Results and discussion 

3.1. Effect of operational conditions 

The thermal performance of the ARHCR, which is considered as an 
intuitive factor characterizing cavitation intensity [36], was evaluated 
combining with the disinfection results in the present study. Table 1 
shows the variations in the thermal and disinfection characteristics and 
energy consumption of the ARHCR at various rotational speeds and flow 
rates. In the case of 4200 rpm and 2.6 m3/h, because the water started to 
boil during the treatment and cannot be pumped to the ARHCR, there
fore, the corresponding disinfection result is not included. In addition, 
since water temperature gradually increased from 27 to 29 ◦C during the 
treatment, the final temperature, Tfinal, in Table 1 indicates the water 
temperature at 10 min. The detailed concentration and water temper
ature variations in each case can be found in Supplementary Table S4. 

3.1.1. Effect of rotational speed 
For the thermal characteristics of the ARHCR, taking the case of 1.4 

m3/h as an example, an increase in the rotational speed from 2600 to 
4200 rpm caused the increase in the HGR from 3.49 to 11.22 MJ/h, 
while the TE almost remained the same (from 78.94% to 78.99%), as 

shown in Table 1. Our previous studies showed the same variation trend, 
for example, Sun, et al. [36] reported that increasing the rotational 
speed of an ARHCR from 2700 to 3600 rpm led to approximately two 
times HGR for each pump pressure. Fig. 4 presents the variations in the 
E. coli concentration at various rotational speeds (from 2600 to 4200 
rpm) and the same flow rate (1.4 m3/h). The effect of rotational speed on 
disinfection was significant. Even though only 96.39% of E. coli was 
eliminated in 10 min at 2600 rpm (corresponding to 1.44 log CFU/mL 
reduction), once the rotational speed was increased greater than 2600 
rpm, 100% elimination rates were easily achieved in 10 min. In the case 
of 4200 rpm, the treatment time was reduced to even 4 min. On the 
whole, an increase in the rotational speed from 2600 to 4200 rpm 
increased the reaction rate constant from 5.48 × 10− 3 to 63.03 × 10− 3/ 
s. This trend was also confirmed by Milly, et al. [30], who found that 
when the rotational speed of the ARHCR was increased from 3000 to 
3600 rpm, the log reduction of Bacillus coagulans spores in tomato juice 
was significantly enhanced from 0.88 ± 0.10 to 3.10 ± 0.21 for the same 
exit temperature. In addition, the benefit of high rotational speeds was 
also confirmed in other applications, e.g., wastewater treatment 
[15,22,37,38], delignification [24], WAS treatment [39,40], refining of 
cellulose pulp [26], removal of cyanobacteria [28], and biodiesel pro
duction [41]. 

In accordance with our previous work regarding computational fluid 
dynamics (CFD) [34], the rotational speed basically determines the 
cavitation intensity of ARHCRs. This is because high rotational speeds 
cause large separation regions on the downstream side of the CGUs and 
strong vortexes inside the CGUs, which can result in large sheet cavi
tation and vortex cavitation regions. Moreover, because cavitation is 
compulsorily generated and crushed by the periodic interaction between 
the static and moving CGUs, higher rotational speeds also result in 
higher generation and collapse frequencies. Because of the above two 
reasons, ARHCRs operating at high rotational speeds can achieve satis
factory treatment effectiveness. 

On the other hand, as the pressure and friction resistances of the 
fluids and the friction loss of the transmission system rapidly increase 
with increasing rotational speed, higher required electrical inputs of the 
motor are accompanied. For instance, the required shaft power was 
increased from 4.42 to 14.21 kW by raising the rotational speed from 
2600 to 4200 rpm at 1.4 m3/h. Therefore, to maximize the disinfection 
effectiveness and economic efficiency, it is vital to specify a proper 
rotational speed. For example, for the same treatment time (10 min) and 
flow rate (1.4 m3/h), the disinfection rates at 3000 and 3400 rpm were 
the same (100%), however, the energy consumptions were 1.028 and 
1.388 kWh, respectively. In addition, cavitation and impurities can 

Fig. 3. Schematic diagram of the ARHCR experimental setup. (PID represents 
proportional integral differential, ARHCR represents advanced rotational hy
drodynamic cavitation reactor, and IPC represents industrial personal com
puter). 1, 15-ball valves; 2-jet pump; 3-PID control valve; 4, 13-electromagnetic 
flowmeters; 5, 12-temperature sensors; 6, 11-pressure sensors; 7-ARHCR and 
electrical motor; 8-control cabinet and frequency transformer; 9-power meter; 
10-IPC and 485 hub; 14-T-port valve. 

Table 1 
Thermal and disinfection performance of the ARHCR at various operational conditions.  

ω (rpm) Qin (m3/h) ḢḢ (MJ/h) Pt(kW) ηt(%) Pout(kPa) Tfinal(℃) Cinitial (CFU/ml) Cfinal (CFU/ml) Log 
reduction 

Reaction rate 
constant (×10-3/s) 

Energyconsumption 
(kWh) 

2600 1.4  3.49  4.42  78.94  17.86  45.1 6.43 ± 0.08 a 4.99 ± 0.09  1.44  5.48 0.737b 

2  3.63  4.50  80.57  36.85  48.8 7.20 ± 0.05 6.08 ± 0.09  1.12  4.30 0.750 
2.6  3.72  4.45  83.62  61.44  48.4 6.39 ± 0.09 6.03 ± 0.07  0.36  1.38 0.742 

3000 1.4  4.77  6.17  77.38  17.74  54.9 4.84 ± 0.21 0 (10 min, 54.9 ◦C)  4.84  17.88 1.028 
2  5.05  6.26  80.68  36.58  57.0 7.30 ± 0.01 5.97 ± 0.03  1.33  5.10 1.043 
2.6  5.14  6.22  82.64  61.86  60.5 6.50 ± 0.03 4.46 ± 0.08  2.04  7.83 1.037 

3400 1.4  6.56  8.33  78.79  17.93  70.8 6.64 ± 0.03 0 (10 min, 70.8 ◦C)  6.64  25.48 1.388 
2  6.87  8.55  80.34  36.51  66.7 6.54 ± 0.01 4.35 ± 0.05  2.19  8.40 1.425 
2.6  7.20  8.86  81.31  61.67  72.2 7.55 ± 0.01 4.62 ± 0.02  2.93  11.24 1.477 

3800 1.4  8.27  10.31  80.16  18.02  75.2 6.59 ± 0.03 0 (8 min, 65.9 ◦C)  6.59  31.61 1.375 
2  8.85  11.08  79.88  36.25  77.4 6.42 ± 0.12 0 (10 min, 77.4 ◦C)  6.42  24.63 1.847 
2.6  8.99  11.06  81.30  61.57  83.0 7.49 ± 0.01 4.97 ± 0.04  2.52  9.67 1.843 

4200 1.4  11.22  14.21  78.99  17.83  88.4 6.57 ± 0.04 0 (4 min, 53.3 ◦C)  6.57  63.03 0.748 
2  11.44  14.14  80.88  36.73  89.2 6.01 ± 0.03 0 (10 min, 89.2 ◦C)  6.01  23.06 2.357 
2.6  11.26  14.05  80.14  61.51  – – –  –  – –  

a The value is expressed as mean ± standard deviation (n = 3). 
b The value is calculated in terms of the shaft power and treatment duration. 
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cause serious erosion damage at high rotational speeds [42], which has 
to be considered in real applications. 

3.1.2. Effect of flow rate 
Our previous study [32] indicates that the flow rate is a positive 

factor influencing the disinfection effectiveness of the ARHCR in batch 
mode: disinfection rates at 35.45% and 100% for E. coli were obtained at 
the flow rates of 8 and 11 L/min under the same duration (12 min) and 
rotational speed (3600 rpm), respectively. However, the result of the 
present work shows an opposite trend, as shown in Fig. 5 which in
dicates the variations in the E. coli concentration at various flow rates 
(from 1.4 to 2.6 m3/h) and the same rotational speed (3800 rpm). The 
ARHCR achieved log reductions of 6.59 (corresponding to a disinfection 
rate of 100%) and 6.42 (100%) in 8 min and 10 min at 1.4 and 2 m3/h, 
respectively. While when the flow rate was increased to 2.6 m3/h, the 
log reduction was reduced to 2.52 (99.70%) in 10 min. This trend is also 
confirmed by Šarc, et al. [21], who found that the log reduction for 
E. coli achieved by an ARHCR was increased from 0.24 to 3.3 by 
decreasing the flow rate from 1.8 to 0.2 L/min with 200 times less 
electrical consumption under the same rotational speed. This was 
attributed to the super-HC condition created by the considerably low 
flow rate. Moreover, we recently found that when the flow rate was 
reduced from 5.5 to 4.2 L/min at the same rotational speed (3600 rpm) 
and final treatment temperature (70 ℃) of the ARHCR in continuous 
mode, the log reduction for E. coli was enhanced from 2.20 ± 0.07 
(99.87%) to 5.76 ± 0.07 (100%). This trend can be explained as follows: 
when the same rotational speed is constant, the cavitation intensity 
produced by the ARHCR is “concentrated” at lower flow rates, leading to 
greater destruction effects, and vice versa. The detailed mechanism is 
needed to be further investigated by CFD. 

To visually present the effect of rotational speed and flow rate, Fig. 6 
presents the variations in the log reduction and reaction rate constant at 
various Cv (its definition can be found in Sun, et al. [33]). In general, Cv 
less than 1 indicates that fluid devices are operated under cavitation 
conditions [43]. The maximum Cv in the present study is 0.289, signi
fying the ARHCR was operated under severe cavitation conditions in all 
cases. Overall, the variation trends of the log reduction and reaction rate 
constant were considerably similar. A decrease in the Cv from 0.289 to 
0.087 contributed to the rapid increases in both the log reduction (from 
0.36 to 6.57) and reaction rate constant (from 1.38 × 10-3 to 63.03 × 10- 

3 /s). Operating the ARHCR at low cavitation numbers can significantly 

enhance the disinfection effectiveness. This variation trend is identical 
to that of disinfection by orifice plates, as summarized in Burzio, et al. 
[44]’s work, while the reaction rate constant of the ARHCR was 
considerably higher than that of orifices. 

3.1.3. Effect of final treatment temperature 
Temperature can affect various physical properties of water, e.g., 

vapor pressure, surface tension, viscosity, and dissolved gas content 
[45]. As a result, the formation, radius, and lifetime of the cavitation 
bubble and cavitation intensity can be changed at various temperatures. 
In addition, temperature also influences chemical reaction rates. 
Therefore, treatment temperature is important for HC treatment effec
tiveness, as confirmed in various applications, such as WAS treatment 
[46], degradation of organic matter [47], biodiesel production [48], and 
disinfection [49]. For the disinfection by ARHCRs in continuous mode, 
the final treatment temperature is a vital factor. For example, we found 
that log reductions for E. coli, Staphylococcus aureus, and Bacillus cereus 
were improved from 3.34 ± 0.01 to 5.73, 1.27 ± 0.08 to 5.53, and 1.89 

Fig. 4. Effect of rotational speed on the removal of E. coli at a flow rate of 1.4 
m3/h. 

Fig. 5. Effect of flow rate on the removal of E. coli at a rotational speed of 
3800 rpm. 

Fig. 6. Effect of cavitation number on the log reduction and reaction constant 
of the disinfection process. 
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± 0.16 to 2.99 ± 0.08, respectively, by increasing the final temperature 
from 60 to 70 ℃ [35]. This trend was also reported by Milly, et al. [30]. 

In our previous study [32], we supposed that E. coli can be 
completely eliminated no matter how long the treatment lasts if the 
temperature reaches a certain value when the ARHCR is operated in 
batch mode. Nevertheless, the results in the present study overturned 
this. For instance, 100% of E. coli was eliminated (corresponding to a log 
reduction of 4.84) at 3000 rpm and 1.4 m3/h with a final temperature at 
56.6 ℃. When the final temperature was increased to 83 ℃ at 3800 rpm 
and 2.6 m3/h, the ARHCR only achieved the disinfection rate at 99.70% 
(corresponding to a log reduction of 2.52) with the same duration. It can 
be concluded that the final temperature is not associated with the 
disinfection effectiveness of the ARHCR in batch mode for relatively 
small treatment capacity (15 L) and short treatment period (10 min). 
The effect of final temperature for pilot- or full-scale applications is 
needed to be further studied. Moreover, the thermal performance is not 
a universal index characterizing cavitation intensity induced by HCRs. 

3.2. Performance evaluation 

In order to comprehensively evaluate the disinfection performance, 
the disinfection rate, treatment rate, and energy efficiency of the ARHCR 
were compared with those of the HCR reported in the previous works 
regarding eliminating E. coli, as presented in Table 2. The treatment rate 
(L/min) is the ratio of the treatment volume (L) to treatment time (min) 
and the energy efficiency (kWh/L) is the product of the power (kW) and 
treatment time (h) per unit test volume. 

Before 2010, the disinfection rate of conventional HCRs (such as 
Venturis or orifice plates) was relatively low, even they are combined 
with chemicals [50]. By continuous research and improvement, they are 
able to achieve satisfactory disinfection effects at a pilot scale. For 
instance, an orifice proposed by Dalfré Filho, et al. [54] obtained a 
disinfection rate at 100% with a treatment rate at 1.33 L/min and energy 
efficiency of 0.325 kWh/L, its performance is much higher than that of 
the early devices in the studies by Chand, et al. [50], Arrojo, et al. [51], 
and Mezule, et al. [52]. Recently, Prof. Ranade’s group focuses on 
disinfection by utilizing vortex diode [55]: they found that 98.8% of 
E. coli can be removed with a considerably low energy consumption of 
0.000525 kWh/L which is 618 times less than that of Dalfré Filho, et al. 
[54]’s device. Moreover, they also confirmed that cavitation behavior of 
the vortex diode can be enhanced by adding natural oils, e.g., eucalypts 
and clove oils with a small concentration of 0.1%, resulting in increased 
rates of disinfection (with the order of 2–4 folds) and shorter treatment 

duration [56]. However, it is difficult to completely remove pathogenic 
bacteria by the vortex diode. 

On the other hand, few disinfection studies regarding ARHCRs have 
been published recently. The performance of laboratory-scale ARHCRs 
is relatively limited. Although the obtained values of disinfection 
effectiveness are relatively high, however, the treatment rate and energy 
efficiency are close or even lower to those of conventional HCRs, as 
found in Šarc, et al. [21]’s and Cerecedo, et al. [31]’s works. When 
ARHCRs are enlarged to pilot scales, they show great advantages in 
performance [32]. Compared with the laboratory-scale device utilized 
by Cerecedo, et al. [31], the present ARHCR achieved 116 times greater 
treatment rate and 51 times more economic efficiency, based on 
obtaining a disinfection rate at 100%. Moreover, the treatment rate was 
increased by 1.8 times than that of the orifice presented by Dalfré Filho, 
et al. [54], with 5.5 times more energy efficiency. Therefore, ARHCRs 
have great potential for industrial-scale disinfection or other process 
intensification applications. 

In general, the performance of pilot-scale ARHCRs is far superior to 
that of conventional HCRs [38]. This is because that in ARHCRs the 
cavitation bubbles are compulsorily induced and destroyed by rotor 
motion and the rotational choke only occurs at a considerably high 
rotational speed, resulting in high cavitation generation efficiency [57]. 
While for conventional HCRs, choke cavitation can be easily formed by 
increasing the pressure difference between the upstream and down
stream sides. Except for disinfection, ARHCRs also show overwhelming 
advantages in various applications. Taking WAS treatment as an 
example, due to limited cavitation intensity, conventional HCRs 
exhibited low disintegration degrees (DDs) of 7.7 to 31%, with sub
stantial costs caused by high-power pumps [58-62]. Petkovšek, et al. 
[39] easily achieved a DD of approximately 57% by an ARHCR with only 
20 passes for 100 L. 

Nevertheless, because the comparison was based on the performance 
of previous HCRs with various operational conditions and structures in 
laboratory scale, more proper and comprehensive comparisons of 
effectiveness and cost (including equipment, operational, and mainte
nance costs) between conventional HCRs and ARHCRs at different scales 
are needed in future. 

3.3. Disinfection mechanism 

To study the cavitation damage effect on E. coli, the difference in cell 
morphology before and after the ARHCR treatment at 3800 rpm and 1.4 
m3/h was observed by utilizing SEM, as shown in Fig. 7. Fig. 7 (a) and 

Table 2 
Comprehensive performance comparison of the previous HCRs for inactivating E. coli.  

Year Study Treatment 
method 

Disinfection 
rate (%) 

Test 
volume 
(L) 

Treatment 
time (min) 

Treatment rate 
(L/min) 

Electricity 
consumption 
(kWh) 

Energy 
efficiency 
(kWh/L) 

Conventional HCRs 
2007 Chand, et al. [50] Orifice + O3 72.88 4 180  0.022 15.3 a  3.825 
2008 Arrojo, et al. [51] Orifice 32.67 60 120  0.5 18 a  0.3 

Venturi 91.13 60 120  0.5 18 a  0.3 
2009 Mezule, et al. [52] Milling 

cutter 
75 2 3  0.67 0.098  0.049 

2012 Loraine, et al. [53] Venturi 99.999 1.8 120  0.015 0.935  0.519 
2015 Dalfré Filho, et al. [54] Orifice 100 40 30  1.33 12.99  0.325 
2018 Šarc, et al. [21] Venturi 75.4 4 120  0.033 2 a  0.5 
2019 Jain, et al. [55] Vortex diode 98.8 12 60  0.2 0.0063  0.000525 
2020 Burzio, et al. [44] Orifice 99.4 21 360  0.0583 3 a  0.143 
Novel HCRs 
2018 Šarc, et al. [21] ARHCR 99.95 2 150  0.013 0.7 a  0.35 
2018 Cerecedo, et al. [31] ARHCR 100 0.25 7.8  0.032 0.65  2.6 
2018 Sun, et al. [32] ARHCR 100 60 14  4.3 3.48  0.058 
Present study  ARHCR 100 15 4  3.75 0.748  0.0499  

a No information available on electricity consumption, but the required electric energy was calculated by the power rating. 
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(b) show the intact nature of rod-shaped E. coli with homogeneous and 
smooth surfaces before the treatment. After 10 min’ treatment, the cell 
morphology was significantly changed (Fig. 7 (c)): A large number of 
cells agglomerated and their surfaces became creased. Fig. 7 (d) gives a 
detailed demonstration of the damage induced by the ARHCR. Cell 
membranes of most E. coli were ruptured as evident from the hole for
mation on the surfaces, resulting in loss of cytoplasm and leakage of 
cytoplasmic content. Moreover, some cells were even cut off from the 
middle. 

In accordance with the above SEM results, it can be found that the 
damage behavior of the ARHCR was completely different from that of 
conventional HCRs. In general, Venturis and orifices can lead to severe 
surface damage to microorganisms, while the caused cell cleavage is 
considerably limited. This is discovered by Xie, et al. [63], who applied 
atomic force microscopy to qualitatively and quantitatively evaluate the 
morphological changes of E. coli induced by the viscous shear, collision, 
and HC (orifice) effects in water. They found that HC treatment signif
icantly increased the surface roughness of E. coli from 0.63 ± 0.021 to 
10.3 ± 2.11 nm (corresponding to the surface damage of 47 ± 3.65%), 
while the cell cleavage was limited: 2.01 ± 0.95%. In contrast, the shear 
and collision effects resulted in obvious cell cleavage of 20.65 ± 3.36% 
and 38.98 ± 4.16% and minor surface damages of 3.11 ± 1.24% and 
2.87 ± 1.10%, respectively, which were opposite to the HC effect. In the 
present work, the ARHCR led to both severe cleavage and surface 
damages to E. coli, as shown in Fig. 7 (c) and (d), which demonstrates 
that the viscous shear, collision, and HC effects can be simultaneously 
acted on microorganisms during the ARHCR treatment. 

The possible disinfection mechanism of the ARHCR can be divided 
into two categories: hydrodynamical and sonochemical, as demon
strated in Fig. 8. The hydrodynamical disinfection includes viscous shear 
and collision effects (Fig. 8 (a)). In the ARHCR, the fluid, which is driven 
by the rotor, flows into the CGUs and forms vortexes inside the CGUs. In 
addition, it also punches the downstream wall of the CGUs and generates 
separation regions. At high rotational speeds, both the dimension and 
intensity of the vortexes and separation regions are enormous, leading to 
considerably high local turbulent intensity and strong shear force. In 
addition, the fluid with high velocities (e.g., over 20 m/s at 3600 rpm 
[34]) can result in violent impacts on the CGU edges. Therefore, both the 

above effects can destroy E. coli by cleavage. Detailed information on the 
ARHCR flow field can be found in our previous work [34]. 

The sonochemical disinfection mechanism can be attributed to the 
synergy of mechanical, thermal, and chemical effects as cavitation 
bubbles collapse [4,12,57], as presented in Fig. 8 (b). The mechanical 
effect, which is induced by the violent shape change of the collapsing 
bubble, includes shock waves (with the average propagation velocity of 
2000 m/s [64] and pressure as high as 7150 GPa [65]), microjets (with 
the maximum speed over 150 m/s [66], corresponding to over 200 MPa 
of water-hammer pressure [67]), and high shear stress (3.5 kPa [68]). 
This can cause generalized membrane rupture and loss of cytoplasm and 
periplasm [31]. The temperature of the gas phase inside the collapsing 
bubbles can reach as high as 5000 K [69] in water, with the heating and 
cooling rates ~ 1010 K/s [70], leading to membrane injury, nutrient and 
ion losses, ribosome aggregation, rupture of DNA filaments, and protein 
coagulation, etc. [71]. Under the extreme high-pressure and tempera
ture conditions created by cavitation, highly reactive hydroxyl radicals 
(OH⋅) can be generated by the sonolysis of water molecules [72]. OH⋅ 
can cause radical chain reactions, generating various types of reactive 
oxygen species. They oxidize sulfhydryl groups and double bonds in 
proteins, lipids, and membrane surfaces and result in irreversible dam
age to microorganisms [73]. 

In summary, the hydrodynamical and sonochemical effects induced 
by the ARHCR are highly destructive to E. coli, which is needed to be 
further investigated and confirmed in future. 

4. Conclusion 

In the present study, the pilot-scale ARHCR was applied to water 
disinfection. The effects of operational conditions on disinfection 
effectiveness were revealed and analyzed. The performance was 
compared with that of previous HCRs. A new possible disinfection 
mechanism of the ARHCR was proposed. The main findings are as 
follows.  

• Increasing the rotational speed and decreasing the flow rate were 
beneficial to disinfection, while the final treatment temperature was 
not associated with the disinfection in batch mode. 

Fig. 7. Scanning electron micrographs of E. coli cells before ((a) 0 min (×10,000) and (b) 0 min (×40,000)) and after ((c) 10 min (×10,000) and (d) 10 min 
(×40,000)) the ARHCR treatment at 3800 rpm and 1.4 m3/h. 
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• Thermal performance was not a universal index characterizing 
cavitation intensity induced by HCRs.  

• A decrease in Cv contributed to the rapid increases in both the log 
reduction and reaction rate constant.  

• 100% disinfection rate of E. coli can be obtained at 4200 rpm and 1.4 
m3/h in 4 min for 15 L of simulated effluent, with energy efficiency 
of 0.0499 kWh/L. The time and cost efficiencies of the ARHCR were 
considerably greater than those of previous HCRs.  

• The ARHCR can cause serious cleavage and surface damages to 
E. coli. 

• The possible disinfection mechanism of the ARHCR includes hydro
dynamical and sonochemical effects, which cannot be obtained by 
conventional HCRs. 

The ARHCR can be utilized as a promising alternative or comple
mentary tool for water disinfection as well as other process in
tensifications. Further research on the disinfection mechanism, 
structural optimization, and scale up are needed in future. 
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[22] A. Kovačič, D. Škufca, M. Zupanc, J. Gostǐsa, B. Bizjan, N. Krǐstofelc, M.S. Dolenc, 
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