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Abstract 
 
The sewage sludge (SS) is a valuable substrate rich in organic matter, macro- and microelements, its 
fertilizing ability is comparable with manure. However, adverse sanitary and hygienic indicators make 
it impossible to use the SS as a fertilizer directly without a proper treatment. The anaerobic digestion 
differs from other methods of SS treatment by the fact that it allows to get a valuable source of energy 
in the form of biogas along with the stabilization of the organic matter. The effectiveness of the 
anaerobic digestion of the SS is rather low because microbial cells are highly resistant to the 
degradation. Therefore, it is necessary to search for the new methods of the destruction of the floc 
structure and living cells of SS micro- and macroorganisms. In this work a new approach of the 
mechanical treatment of the SS was tested in the vortex layer apparatus (VLA) using the energy of the 
rotating electromagnetic fields of high intensity. The treatment in VLA during two minutes resulted in 
the total destruction of the protozoa bigger than 20 μm. Technological modes used enabled the effective 
destruction of the structure of activated sludge flocs. However, the death of the free-flowing and 
aggregated microorganisms of SS was insignificant. This suggests the need for the selection of more 
efficient processing mode by changing frequency of the magnetic field, the ratio of the working bodies 
to the chamber volume and geometrical parameters of the working bodies in VLA. 
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1. Introduction 
 

A considerable amount of the sewage sludge (SS) is being formed during the 
operation of the biological wastewater treatment plants. The sewage sludge is a valuable 
substrate rich in organic matter, macro- and microelements. Its fertilizing ability is 
comparable with manure. Therefore, one of the promising ways of the sewage sludge 
disposal is using it as a fertilizer in rural and municipal facilities and for the reclamation of 
disturbed land and landfills. However, it is impossible to use it as a fertilizer without a proper 
pretreatment and stabilization due to the adverse sanitary and hygienic indicators of the 
sludge. 

The sludge treatment is one of the most technologically complex and expensive parts 
of the treatment plants. There are several ways of the decontamination and stabilization of 
the sewage sludge, including thermal, chemical and biological. The thermal treatment of the 
SS at 52-56 °С during 5 min kills many protozoa and pathogenic bacteria, viruses die during 
the treatment at 62-74 °С and exposure time up to 30 min. However, the thermal treatment is 
accompanied by high fuel costs and the need to clean the exhaust gases. The chemical 
method is effective for the disinfection and stabilization of both liquid and dewatered SS. 
The residual content of reagents, such as lime, ammonia, thiazone, formaldehyde and urea, in 
sludge prevents the reactivation of the pathogenic microorganisms and rotting of the SS. 
However, this method also requires relatively large expenditures for the purchase of this 
reagent (Aksenov et al., 2002). 

The biological stabilization, such as composting and anaerobic digestion is also 
widely adopted to reduce biosolids. The mature compost is odorless, does not rot and is a 
good fertilizer. On the other hand, the composting process requires large areas, construction 
of the special places with waterproof coating and usage of the additional filling material 
(household wastes, mature compost, peat, sawdust, etc.). The anaerobic digestion produces 
well stabilized biosolids and generates bioenergy such as methane containing gas. 
Unfortunately, the wastewater sludge, particularly excess biomass also known as waste 
activated sludge (WAS), is difficult to digest due to rate-limiting cell lysis (Pavlostathis and 
Gossett, 1986). From a morphological point of view, the activated sludge consists of free and 
flocculated microorganisms, protozoa and some other higher macroorganisms. The 
development of the reliable, effective and relatively low-budget methods for the pretreatment 
of the sludge aimed to destroy the floc structure and living cells of the macro- and 
microorganisms of the sewage sludge is an actual task currently and there are a lot of 
research works dedicated to the problem (Panyshin et al., 2008; Zhen et al., 2017). 

In this work we used a new approach of the pretreatment of SS in the vortex layer 
apparatus (VLA), which uses energy of the rotating electromagnetic fields with the high 
intensity. VLA can be considered as one of the most promising and effective mechanical 
pretreatment methods, which has, compared to vibro- and ball mills, several times higher 
specific power, and 3-5 times higher energy efficiency due to the absence of friction units 
(Nagornov et al., 2010). VLA is a pipe or a bulb placed instead of the rotor in the stator of an 
induction motor. The electromagnetic field is created by the stator windings and intensively 
and chaotically moving ferromagnetic particles, which change the direction of their 
movement with the frequency equal to the current frequency, and targets the initial mixture 
in the container. VLA got its name due to a vortex layer, which evolves in those areas, where 
electromagnetic fields occur. All possible mechanical effects on mill feed material exist in 
this layer: impact, abrasion, cavitation, even electrolysis in the case if there is water in the 
system (Gil et al., 2015). Despite of the fact that various VLA are used in industry for a long 
time, the possibility of their usage for the treatment and stabilization of the SS is relative new 
and not well studied. 
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The main objective of this research was to estimate the effect of the SS treatment in 

VLA on the viability of the microorganisms and protozoa, on the stability and further storage 
of the SS and evaluation of the viability of the single (free-flowing) microorganisms 
depending on the treatment time. 

 
2. Materials and methods 
 

The object of the research was the mixture of the primary and secondary sewage 
sludge (SS) from the municipal Lyuberetsky wastewater treatment plant (Moscow) and the 
waste activated sludge (WAS) from sequencing batch reactor (SBR) treating brewery 
wastewater (Nizhny Novgorod). SS and WAS had 3.0 and 0.6% total solids content, 
respectively. 
 
2.1. Ferromagnetic particles vortex layer apparatus (VLA) 

 
The research was conducted using two VLAs. Fig. 1 shows the appearance and 

diagram of the first VLA (VLA-1), which was used for SS treatment. The apparatus worked 
in a following way: SS was loaded into the influent tank (8); using a pump (7) the mixture 
was pumped through the working chamber (2) with a flow rate of 2 L/min. The rotating 
magnetic field created by the inductor (1) (electric motor stator) caused intense oscillatory 
and rotational movements of the ferromagnetic particles (abradable working unit) disposed in 
the working chamber. The frequency converter mounted in the control unit (6) allowed 
varying rotation frequency from 80 to 120 Hz. The air cooling fan (5) was used for the 
inductor cooling. The processed SS was discharged into the effluent tank (9) through pipe (4). 
Technical parameters of VLA-1 are represented in the Table 1. 

 

   
 

Fig. 1. General view (A) and schematic diagram (B) of ferromagnetic particles vortex layer apparatus 
(VLA): 1 –inductor; 2 –working chamber; 3 –steel needles; 4 –discharge pipe; 5 –air cooling fan; 6 -

control unit with frequency converter; 7 – peristaltic pump; 8 –influent tank; 9 –effluent tank 
 
The second VLA (VLA-2) had same operating principle as VLA-1, but worked in a 

batch (periodical) mode (Table 1) and was used for WAS treatment. Ferromagnetic particles 
and WAS sample was loaded into the receiving bulb. The bulb was hermetically closed, put 
into the working chamber, treated in the apparatus and then was unloaded from the chamber. 
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After the treatment, ferromagnetic objects were separated and the microscope observation of 
WAS was held. 

 
Table 1. Technical characteristics of VLA installations 

 

Name Measurement 
unit VLA-1 VLA-2 

Operation mode - continuous periodical 
Voltage V 380 180 

Volume of the chamber l 0.5 0.5 
Material of the chamber - polypropylene caprolon 
Mass of the steel needles g 100 250 
Diameter of the needles mm 2 1.6 
Length of the needles mm 20 15.8 

Frequency of the field rotation Hz 80, 120 65 
Flow rate L/min 2 - 

Hydraulic retention time (НRT) s 15 60, 120 
Power  kW 1.3 9.36 

 
2.2. Estimation of the viability of the protozoa in WAS and microorganisms (free-flowing and 
aggregated in flocs) in SS after treatment in VLA 

 
Aliquots of the SS before and after processing in VLA-1 for 37.5, 75, 150 and 300 s 

were seeded on agar plates containing nutrient medium LА (Broth, Miller), which had the 
following composition (g/l): autolyzed yeast– 10.0; peptone – 5.0; NaCl – 5.0; agar agar 3.0; 
pH 7.0. Seeded agar plates were incubated for 3 days at a temperature 280С, after that grown 
colony forming units (CFU) in corresponding dilutions were counted. 

Observing WAS samples before and after the treatment in VLA-2 was performed 
using the optical microscope Warszawa PZOSK 14 with 160x magnification. 

 
2.3. Estimation of the viability of the single (free-flowing) microorganisms in SS after the 
treatment in VLA 
 

The research was conducted using strain К12 Escherichia coli, which is the typical 
representative of the SS microflora. К12 culture of the beginning of stationary phase in a 
quantity of 3 ml (1% vol) was inoculated into the bulb containing 300 ml of the nutrient 
medium LB (Broth, Miller) with pH 7. The cultivation was performed using the rotation 
shaker (140 rpm) at the temperature of 28°С for one day. After that the obtained bacterial 
suspension was 50 times diluted and processed in VLA-1 with the magnetic field rotation 
frequency 80 and 120 Hz for 37.5, 75, 150 and 300 s. After three hours after processing in 
VLA-1 (time, needed for the transportation of the samples into the microbiological 
laboratory) bacterial suspension was seeded with serial dilutions on agar plates containing 
nutrient medium LB (Broth, Miller) and incubated at 28°С for three days. The viability was 
estimated by counting the number of grown colonies in corresponding dilutions. 

 
2.4. Estimation of the influence of VLA on the viability of the microorganisms in SS during 
storage 

 
To estimate the influence of VLA-1 on the viability of microorganisms, the SS was 

seeded on agar plates containing nutrient medium LА (Broth, Miller) as described in 3.2, 
after storage for 1 and 6 day at 5°С and 24°С (room temperature). 
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3. Results and discussion 

 
3.1.  The viability of the protozoa in WAS and microorganisms (free-flowing and aggregated 
in flocs) in SS after treatment in VLA 

 
In those areas of the tube of the VLA, where electromagnetic fields appear, the vortex 

layer is created, where all possible mechanical effects on mill feed material are realized: 
impact, abrasion, cavitation, electrolysis in the case if there is water in the system (Gil et al., 
2015; http://apparat-nn.ru/). Due to such a complex stimulation of the processed object, it was 
interesting to study the impact of the processing time in VLA on the viability of the 
microorganisms and the protozoa in the sewage sludge. 

In this research it was expected to observe the decrease in number of the colony-
forming units (CFU) in SS after the treatment in VLA-1, however the opposite was observed 
(Fig. 2, 3). CFU number increased 1.7-3.7 times depending on the time of the processing in 
VLA-1. In general, CFU number correlated with the processing time. The longer the 
treatment lasted, the higher was the number of the colonies grown. 

 

 
 

Fig. 2. Appearance of the colonies grown after seeding of the SS samples, treated in VLA-1, 
on the nutrient medium LA (Broth, Miller) (numbers on the Petri dish represent dilution rate in 50, 500, 

5000, 5·104, 5·105, 5·106 times): a-control (without treatment in VLA); b, c, d and e - processing in 
VLA for 37.5, 150 and 300 s (80 Hz), respectively. 
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These observations could be possibly explained by the structure of SS, which, in 
addition to the primary sludge, also included the secondary sewage sludge (or WAS, which 
is the same). WAS is a complex biocenosis of the organisms, where cells usually are mainly 
located in the so-called matrix, i.e. in a medium of soluble or slightly soluble extracellular 
polymeric compounds, particularly polysaccharides and proteins (Kozlov et al., 2012). The 
structural unit of the activated sludge is floccule, in whose matrix microorganisms are 
situated. After seeding on agar plates, undivided cells, existing in the floccules, grow on the 
plate visually in the form of one large colony, that excludes the possibility of counting the 
number of all cells in WAS which are capable of growing on this medium. Probably flocs are 
divided in the VLA mechanically, thus possibly part of the living cells die. However, as one 
floccule is divided into many fragments, greater number of colonies can grow. This makes 
the treatment in VLA similar to the ultrasonic treatment. In the research of L.M. Vasilyak it 
was shown, that the effect of small doses of ultrasound has a result opposite to the 
disinfection, such a treatment stimulates the growth of microorganisms in water It is noted 
that the treatment of drinking water with ultrasound at a frequency of 22 or 35 kHz for 15 s 
did not affect the total microbial count (TMС) in any way, however, with an increase in the 
exposure time to 30 seconds, the TMC increased by more than 10 times (Vasilyak, 2010). 

 

 
Fig. 3. Number of CFU in SS samples, processed in VLA-1 

 
The effect of processing in VLA-2 on the viability of the protozoa was investigated 

using waste activated sludge (WAS) from the SBR treating brewery wastewater. WAS had 
well formed flocs and diverse fauna, including rotifer species Callidina vorax, suctorians 
Acineta flava, colorless flagellates Bodo sp., as well as the big chaetopods worms Polychaeta. 

Microscoping of WAS samples after 60 s treatment showed that flocks were crushed 
heavily, large living protozoa having size >100 µm were not found. On Fig. 4 damaged dead 
rotifer with chopped off upper part can be seen. Live moving flagellates of less than 20 µm 
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in size were detected. Moving protozoa with the size less than 20 µm were not detected after 
the treatment for 120s. 

 

 
 

Fig. 4. Microphotograph of WAS samples before and after the treatment in VLA-2. Optical microscope 
Warszawa PZOSK 14, 160x magnification: a – control (untreated): b and c – treatment in VLA for 60s 

and 120s, respectively 
 

3.2. Estimation of single (free-flowing) cells viability in SS after the treatment in VLA 
 

Fig. 5 shows the effect of the VLA-1 treatment duration on the viability of К12 
Escherichia coli cells, which were used in this research for modelling single (free-flowing) 
microorganisms existing in SS. In addition to the usual E. coli, enteropathogenic E. coli, 
causing colienteritis in children and dysenteria-like diseases of adults, belong to the genus 
Escherichia, therefore the experimental results could be up to a certain point extended to the 
effect of VLA on the bacterial pathogenicity of sewage sludge.  

 

 
 

Fig.5. Number of colonies (cfu/mL) of E. coli К12 culture after treatment in VLA under different 
operating modes 
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The culture of the strain К12 E. Coli was treated using the magnetic field rotation 
frequency of 80 and 120 Hz to compare the influence of the increased intensity of the 
magnetic field and working bodies (steel needles) rotation. The results obtained show a slight 
(20-30%) decrease of the CFU after VLA-1 treatment. Though the death of the cells was 
more noticeable at the magnetic field rotation speed of 120 Hz. Hence, the treatment in VLA 
with used technological modes decreases the viability of the single (free-flowing) 
microorganisms in SS slightly. However it is mentioned that significant factors, that can have 
influence on the process of the decontamination in VLA are magnetic field, electrical 
discharges, ultrasonic waves generated by the magnetostriction of the needles, mechanical 
cavitation (Gil et al., 2015). Therefore, conducting new researches on the decontamination of 
the SS in VLA under such technological modes of the operation of the apparatus, which 
would ensure the occurrence of the above processes, is promising for obtaining interesting 
results on SS disinfection. 
 
3.3. Estimation of VLA treatment influence on the viability of the microorganisms (free-
flowing and in floccules) in SS during subsequent storage 
 

Table 2 presents the results of the determination of CFU number in SS samples after 
the treatment in VLA-1. SS samples were stored before seeding at 5 and 24°C for 1 and 6 
days. After the first day of the storage at 5°C CFU number increased slightly and after six 
days decreased to the initial value. At the same time, the ratio of total CFU number in treated 
samples to those in control (untreated sample) was the same. 

Increasing of the storage temperature up to 24оС resulted in increasing of the number 
of colonies grown in Petri dishes, which is probably due to more favorable conditions for the 
reproduction of sludge microorganisms compared to 5оС. 

With an increase in the storage temperature of the samples (24°C), the number of 
colonies grown on Petri dishes increased by an order of magnitude, which is probably due to 
more favorable conditions for microorganisms compared to 5°C. However, the ratio of the 
number of cells in treated SS to untreated sample was the same, as for 5°С. It should be 
mentioned that the diversity of microorganisms (was estimated by appearance of the 
colonies) after one day of the storage at a room temperature was a lot less, than the diversity 
of colonies obtained when seeded directly after processing in VLA-1. This indicates that 
increasing of CFU number occurred mainly due to several species that have r-growth 
strategy in this experiment. It should be pointed out that after six days of storage at a 
temperature of 24оС, the species diversity in the SS samples re-established, and a number 
decreased slightly, staying 2-3 times higher, than in the control sample. 

 
Table 2. The number of the viable colony forming units (CFU/ml) in SS samples treated in VLA-1  
and kept before seeding at 5 and 240С. In brackets is mentioned CFU compared with untreated SS  

(in percent) 
 
Treatment time 

in VLA, s 
Temperature and duration of the storage of SS samples before seeding 
3 h 

at 5оС 
1 day 
at 5оС 

6 days 
at 5оС 

1 day 
at 24оС 

6 days 
at 24оС 

0 (control) 1.3·106 (100%) 1.5·106 (100%) 1.2·106 (100%) 2.1·107 (100%) 1.4·107 (100%) 
37.5 2.2·106 (169%) 2.4·106 (160%) 2.2·106 (183%) 4.2·107 (200%) 3.0·107 (214%) 
75 2.7·106 (208%) 3.0·106 (200%) 2.6·106 (217%) 4.1·107 (195%) 2.8·107 (200%) 
150 3.3·106 (254%) 3.9·106 (260%) 3.2·106 (267%) 4.6·107 (219%) 3.4·107 (243%) 
300 4.8·106 (369%) 6.2·106 (413%) 5.1·106 (425%) 5.6·107 (267%) 4.2·107 (300%) 
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4. Conclusions 
 

In this research we estimated the influence of the treatment in vortex layer apparatus 
(VLA) on the viability of the microorganisms and protozoa in the sewage sludge. The short-
term treatment in VLA was effective for the destruction of protozoa in waste activates sludge. 

 However, the death of the free-flowing and aggregated microorganisms was 
insignificant, which suggests the need for further research using more efficient modes by 
changing the frequency of the magnetic field, ratios of the mass of working bodies to the 
volume of the chamber and geometrical parameters of the working bodies in VLA. 
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