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HYGIENIZATION OF SURPLUS ACTIVATED SLUDGE  
BY DRY ICE 

HIGIENIZACJA OSADU NADMIERNEGO SUCHYM LODEM 

Abstract:  The presence of pathogenic microorganisms in sewage sludge is one of the crucial factors affecting 
their use in agriculture and in nature. An appropriate method of sludge hygienization can contribute to the 
reduction of the presence of pathogenic microbes in the sludge or to their complete elimination. This study 
presents the possibility of using dry ice in the hygienization of surplus activated sludge. The scope of survey 
covered microbiological as well as physiochemical analyses of the sludge. The microbiological analyses 
conducted show the hygienization effect of dry ice on surplus activated sludge such as the reduction of the total 
number of bacteria as well as of pathogenic bacteria. In the case of sludge to dry ice 1:1 voluminal ratio, the total 
number of bacteria has been reduced by 76%, the number of Salmonella sp. rods by 90%, and Clostridium 
perfringens by 85%. The results of physiochemical analyses confirmed the destructive effect that dry ice has over 
microorganisms. The disintegration of microbes by means of dry ice contributed to the increase of supernatant 
liquid turbidity and to the release of organic matter. For the sludge to dry ice 1:1 voluminal ratio, an increase in 
turbidity of supernatant liquid by 320 mg SiO2 dm–3 has been proven, as well as an increase in the value of CODCr 
by 549 mg O2 dm–3, which indicates the release of organic matter into the liquid phase. 
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Introduction 

A primary objective of sludges treatment is their stabilizing. Stabilized sludges have  
a favourable chemical composition, excellent soil-forming properties and generally return 
water well. However, the conditioning processed being used do not provide a product that is 
completely safe in terms of sanitary matters due to the fact that they are occupied by 
bacteria, viruses, parasitic worms, fungi, protozoa and other microorganisms. They include 
both pathogenic microorganisms, dangerous to human, and saprophytic ones, neutral from 
the sanitary point of view. The presence of pathogenic organisms in sewage sludges is 
therefore a sanitary hazard for the environment.  

The assessment of a sanitary condition of sludges is based on the indirect conclusion on 
the content of pathogenic bacteria and eggs of intestinal parasites and is based on 
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determining so called sanitary indicator. Until recently, the species being a sanitary 
indicator among bacteria was a lactose-positive rods Escherichia coli. Currently, under the 
Regulation of the Minister of the Environment [1], a new bacteria indicator Salmonella sp. 
is being used in sanitary assessment. Salmonella sp. is a relatively anaerobic rods, 
commonly present in sewage, sewage sludges and contaminated water. The time of its 
survival in the environment is approximately 3 months [2]. The role of Salmonella sp. rods 
in the pathogenesis of human infections has increased significantly in recent years [3]. 
A minimum infectious dose for this pathogen is from 10 to 1010 of cells [2]. Salmonella sp. 
is, among others, the cause of 86% of gastroenteritis met [3], typhoids, multi-organ 
infections and sepsis [4, 5]. The effect of its toxic actions results from the release of 
lipopolysaccharide endotoxin [6].  

Clostridium perfringens are spore-forming rods, present in sewage, sewage sludges, 
soil contaminated with faeces and the gastrointestinal tract of humans and animals. It is 
a strictly anaerobic bacteria, able to survive in the environment for a long period of time due 
to the ability of creating conditions of unfavourable endospores. It may cause wound 
infections or nosocomial infections and food poisoning as a result of consuming food or 
water contaminated with spores that are resistant to temperature and disinfection [2, 4, 7]. 

The risk of infecting the environment with pathogens originating from sewage sludges 
requires seeking new methods to improve their sanitary status. Some of the methods used in 
sewage biotechnology are used for sewage sludges disintegration: thermal energy [8, 9], 
enzymes [10, 11], ozonation [12, 13], acidification [14], alkalization [15], the use of high 
pressure [16-18], mechanical grinding [19], ultrasounds [20-24], hydrodynamic cavitation 
[25-27], microwave radiation [27-31]. 

As a result of disintegration the disruption of cell envelopes takes place (cytoplasmic 
membrane and/or cell wall), which causes the destruction of microorganisms and thus 
the release of the organic substrate and intracellular enzymes into the environment [31]. On 
this basis, the concept of the use of dry ice to hygienization of surplus activated sludge was 
revealed. 

Dry ice is a carbon dioxide in the solid state which is formed by expansion of liquid 
carbon dioxide under normal conditions (temperature of 273 K (–0.15°C), pressure of 
1013.25 hPa). The dry ice sublimes at –78.5°C and a pressure of 1013.25 hPa. Its heat of 
sublimation is 573 kJ, which means that it is approximately 3.3 times more effective coolant 
than water ice (with the same volume). Its specific gravity comprises in the range from  
1.2 to 1.6 kg/dm3, and its hardness on the Mohs scale is 2, which corresponds to the 
hardness of gypsum. It is anhydrous, non-flammable, non-toxic and has no smell or  
taste [32]. 

It is widely used as a coolant in laboratories, industrial cold rooms, alone or as 
a constituent of cooling mixtures, and prevents the growth of fungi and bacteria; therefore it 
is used for transportation of perishable food products. In temperature baths, dry ice is 
usually used in the form of cooling mixture, consisting of crushed dry ice and organic 
solvent of a low freezing point (> –80°C), for example, acetone or ethanol [33]. Today it is 
also used for industrial cleaning. 

The aim of the study was to demonstrate the destructive effect of dry ice on 
the structure of surplus activated sludge, shown by the release of organic matter, changes in 
turbidity of supernatant liquor and hygienization. 
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Material and methods 

The experimental material was surplus activated sludge from sewage treatment plants, 
using advanced biological wastewater treatment processes, involving the simultaneous 
removal of organic compounds and nitrogen and phosphorus. The sewage treatment plant 
was designed for the flow of 120 000 m3 d–1. At the moment, the amount of draining off 
sewage is approximately 90 000 m3 d–1, the wastewater retention time is about 14 days and 
the concentration of the active sludge in the bioreactor is about 4500 mg dm– 3. 

Hygienization/disintegration of sludge by dry ice 

Hygienization/disintegration by freezing/thawing a sample of 1 dm3 of surplus 
activated sludge was executed with dry ice. For hygienization/disintegration of surplus 
activated sludge the following volume ratios of the surplus sludge to dry ice were used,  
ie 1 : 0.25; 1 : 0.5; 1 : 0.75; 1 : 1. 

The time in which samples stay in the frozen state depends on the applied volume of 
the dry ice: 
• for the volume ratio of sludge to dry ice 1 : 0.25, 1.5 hours, 
• for the volume ratio of sludge to dry ice 1 : 0.5, 2 hours, 
• for the volume ratio of sludge to dry ice 1 : 0.75, 3 hours, 
• for the volume ratio of sludge to dry ice 1 : 1, 4.5 hours. 

Microbiological analysis 

The samples of surplus sludge for microbiological analysis were collected into 
sterilized hermetically sealed glass containers with a volume of 250 cm3. The material was 
delivered to the laboratory within 15 to 30 minutes from its collection. 

The analyses in surplus sludge were performed before and after the hygienization 
process by dry ice in terms presence bacteria of Salmonella and Clostridium perfringens. 
The determinations of microorganisms were made in accordance with Project Routes  
(2011-2014), Novel processing routes for effective sewage sludge management procedure. 
Innovative system solutions for municipal sludge treatment and management. Grant 
agreement n°265156 [34]. The studies related also to the total number of bacteria contained 
in the surplus sludge before and after the destruction of the dry ice.  

As the culture media, the following were used: Nutrient Agar, Buffered Peptone Water 
supplemented Novobiocin, Rappaport-Vassiliadis Medium, Hektoen Enteric, SMS Agar, 
SPS Agar. In order to verify the taxonomic classification of Salmonella sp. the API 20E 
biochemical test and the MUCAP test were used. 

Salmonella sp. - principle of the method 

This is a method recovery of sub-lethaly Salmonella sp. In this method detection of 
Salmonella sp. is undertaken in main five steps: 
• pre-enrichment of bacteria in primary selective medium (Buffered Peptone Water 

Medium), 
• enrichment in secondary selective medium which inhibits the growth of 

microorganisms but promotes that of salmonellae (selective enrichment), (Buffered 
Peptone Water Medium supplemented Novobiocin), 
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• inoculation in selective medium to presumptively confirm the presence of Salmonella 
sp. (Rappaport-Vassiliadis Medium, SMS Agar), 

• culture on a second selective medium to definitely confirm the presence of Salmonella 
sp. (Hektoen Enteric Agar), 

• confirmation of the presumptive Salmonella sp. with a biochemical assay (API 20E, 
MUCAP test). 

Clostridium perfringens - principle of the method 

A thermal shock at 80°C for 10 minutes is performed to the samples in order to 
removal all the accompanying microbiota and the vegetative forms of C. perfringens. Then, 
the sample is added into an empty tube and SPS agar is poured. Tubes are incubated 
anaerobically at (44±1)°C for (24±1) h. The presence of spores C. perfringens is indicated 
by black colonies resulting from the precipitation of the sulphide produced  
by C. perfringens with the ferric citrate of the medium. 

Total number of bacteria 

The number of bacteria (cfu) in 1 g of the surplus sludge before and after hygienization 
by dry ice, presented graphically, was the arithmetic average of the three test series. 

Physicochemical analysis 

In the surplus sludge samples, before and after the process of disintegration by dry ice, 
the turbidity of supernatant liquor and CODCr value, expressing the release of organic 
matter, were determined. The physicochemical analyses were performed based on 
the methodology contained in the Standard Methods for Examination of Water and 
Wastewater, 19th Edition [35]. 

The presented here investigations were performed in 10 stages, arithmetic average and 
standard deviation was counts. Standard deviation was determination according to estimator 
of highest credibility in STATISTICA 6.0. 

Results and discussion 

Large amounts of sludge are produced in biological wastewater treatment plants. Since 
the sludge is highly contaminated, it has to undergo proper stabilization before it is disposed 
or utilized in an environmentally safe way. The paper presents a potential application of 
disintegration by freezing/thawing for sewage sludge (mainly surplus activated sludge) and 
sanitary condition enhancement. 

The dry ice used caused the destruction of microorganisms, and thus contributed to 
a partial hygienization of surplus sludge, which is confirmed by the results of 
the microbiological analyzes (Figs. 1-3). In the surplus activated sludge not subjected to 
hygienization by dry ice, the total number of bacteria was 16 790 610 cfu gd.w.

–1 (Fig. 1) and 
for the sludge subject to hygienization the number was reduced: 
• for the volume ratio of sludge to dry ice 1 : 0.25, by 8 576 238 cfu gd.w.

–1 (Fig. 1), 
• for the volume ratio of sludge to dry ice 1 : 0.5, by 10 489 285 cfu gd.w.

–1 (Fig. 1),  
• for the volume ratio of sludge to dry ice 1 : 0.75, by 11 739 829 cfu gd.w.

–1 (Fig. 1), 
• for the volume ratio of sludge to dry ice 1 : 1, by 12 684 266 cfu gd.w.

–1 (Fig. 1). 
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Fig. 1. The total number of bacteria (cfu) per 1 g of the surplus sludge depending on the volume ratio of 

sludge to dry ice 

Sewage sludge commonly contains high amounts of human pathogenic bacteria 
excreted in feces and urine. The enteric pathogenic bacterial constituents include 
Salmonella spp., Listeria spp., Escherichia coli (enterotoxigenic and enteropathogenic 
variants), Campylobacter spp., Clostridium spp. and Yersinia spp. 

 

 
Fig. 2. The number of Salmonella sp. rods (cfu) per 1 g of the surplus sludge depending on the volume 

ratio of sludge to dry ice 
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Additionally, these organisms have a strong ability to persistently adapt to changes in 
the surrounding environment for survival and can be relatively resistant to commonly 
employed sludge stabilization techniques [36, 37]. The health risks related to these 
pathogens depends on the prior sludge treatments applied (pre-treatment processes), as well 
as their ability to maintain virulence properties during both storage and distribution on  
a field used for grazing or food harvesting purposes [38-41].  

The sludge hygienization is one of the objectives and benefits of the treatment by 
freezing/thawing. The dry ice had a destructive effect on bacteria indicator of sanitary 
assessment of sewage sludge. The number of rods Salmonella in 1 g of the surplus sludge 
not subject to hygienization by dry ice amounted to 1 515 170 cfu gd.w.

–1 (Fig. 2), while after 
the process hygienization, this number decreased:  
• for the volume ratio of sludge to dry ice 1 : 0.25, by 641 108 cfu gd.w.

–1 (Fig. 2), 
• for the volume ratio of sludge to dry ice 1 : 0.5, by 804 226 cfu gd.w.

–1 (Fig. 2), 
• for the volume ratio of sludge to dry ice 1 : 0.75, by 1 098 025 cfu gd.w.

–1 (Fig. 2), 
• for the volume ratio of sludge to dry ice 1 : 1, by 1 361 410 cfu gd.w.

–1 (Fig. 2). 
A potential indicator of the sanitary quality of sewage sludge, which is mentioned in the 

literature [42] is Clostridium perfringens. 
  

 

 
Fig. 3. The number of Clostridium perfringens rods (cfu) per 1 g of the surplus sludge depending on the 

volume ratio of sludge to dry ice  

There was a gradual elimination of the Clostridium perfringens bacteria caused by the 
growth of the volume ratio of the sludge to dry ice. The number of Clostridium perfringens 
rods in the sludge not subject to hygienization by dry ice amounted to 1 164 001 cfu gd.w.

–1 
(Fig. 3), while after the hygienization process, the number was reduced: 
• for the volume ratio of sludge to dry ice 1 : 0.25, by 270 728 cfu gd.w.

–1 (Fig. 3), 
• for the volume ratio of sludge to dry ice 1 : 0.5, by 533 890 cfu gd.w.

–1 (Fig. 3), 
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• for the volume ratio of sludge to dry ice 1 : 0.75, by 712 577 cfu gd.w.
–1 (Fig. 3), 

• for the volume ratio of sludge to dry ice 1 : 1, by 983 797 cfu gd.w.
–1 (Fig. 3).  

The efficiency of sludge hygienisation depended on for the volume ratio of sludge to 
dry ice. 

Mechanical damages of cells and osmotic shock were the cause of death of 
microorganisms during freezing. The mechanical damages were caused by the formation of 
ice crystals in the surrounding environment of cell and inside the cell. Extracellular crystals 
increasing in the freezing process were destroying cells of microorganisms present among 
them [43]. The formation of intracellular crystals damage caused biomembrans damage and 
change of their properties leading to leakage of intracellular substances into the 
environment. 

Several disintegration processes are developed: mechanical, thermal, chemical, 
biological. Although the methods are different in character, the aim of all of them is partial 
or complete bacteria cells disintegration, ie destruction and release of organic substances 
present inside cells to the liquid phase of the sludge. 
 

 
Fig. 4. The released organic matter (expressed as CODCr) and the turbidity of supernatant liquor before 

and after the process of disintegration by dry ice 

The results of physicochemical analyzes confirmed the destructive action of dry ice on 
microorganisms. Release of organic matter expressed as an increase in soluble CODCr value 
was considered as a tool for measurement of decay bacteria effects (Fig. 4). According to 
the methodology used, the process of disintegration by dry ice was carried out for the 
volume ratio of sludge to dry ice 1 : 0.25; 1 : 0.5; 1 : 0.75; 1 : 1. The disintegration of the 
surplus sludge by dry ice resulted in the release of organic matter expressed with CODCr 
value (Fig. 4). The greater the dose of the dry ice used for the destruction of the sludge, the 
higher the value of CODCr in the supernatant liquor (Fig. 4). The value of CODCr in the 
supernatant liquor of the surplus sludge not subject to disintegration by dry ice was  
85 mg O2 dm–3 (Fig. 4), while after the disintegration for the volume ratio of the surplus 
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sludge to dry ice 1 : 1, the value of CODCr increased to 634 mg O2 dm–3 (Fig. 4). It was over 
sevenfold increase of CODCr. Similar results using freezing method had Montusiewicz et al 
[44]. Destruction of the microbial cells by dry ice, as well as other methods of the 
disintegration, has a pronounced impact on released of organic matter to aqueous phase [9, 
23, 45-46]. 

The microbiological destruction of the structure of flock by dry ice contributed to the 
increase in turbidity of the liquid phase of the sludge, mainly due to the release of 
intracellular and extracellular substance of polymers (Fig. 4). In the surplus sludge not 
subject to disintegration by dry ice, the turbidity of supernatant liquor was 60 mg SiO2 dm–3 
(Fig. 4), and after the process of destruction, for the volume ratio to dry ice 1: 1, was 
increased by 320 mg SiO2 dm–3 (Fig. 4). 

The obtained microbiological results, allow to conclude that hygienization by dry ice 
may become a new and favourable method of improving sewage sludges hygienization 
processes. 

Conclusions 

1. The destruction of the surplus sludge by dry ice carried out, helped to reduce the total 
number of bacteria and pathogenic bacteria, and thus the partial hygienization of the 
surplus sludge. The total number of bacteria in 1 g of the volume ratio of the sludge to 
dry ice 1 : 1 was reduced by 76%, the number of Salmonella sp. rods decreased by 
90%, while the number of Clostridium perfringens rods decreased by 85%. 

2. The disintegration of the surplus activated sludge by dry ice resulted in the release of 
organic matter into the liquid phase and the increase in turbidity of supernatant  
liquor. CODCr value increased by 549 mg O2 dm–3, and the turbidity of liquid  
by 320 mg SiO2 dm–3. 
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HIGIENIZACJA OSADU NADMIERNEGO SUCHYM LODEM 

Zakład Mikrobiologii i Biotechnologii Środowiskowej 
Instytut Ochrony i Inżynierii Środowiska 

Akademia Techniczno-Humanistyczna w Bielsku-Białej 

Abstrakt: Obecność mikroorganizmów chorobotwórczych w osadach ściekowych jest jednym z decydujących 
czynników wpływających na rolnicze i przyrodnicze ich wykorzystanie. Odpowiedni sposób higienizacji osadów 
może przyczynić się do ograniczenia występowania w nich bakterii patogennych lub całkowitej ich eliminacji. 
Praca przedstawia możliwość zastosowania suchego lodu do higienizacji osadu nadmiernego. Zakres badań 
obejmował analizy mikrobiologiczne i fizykochemiczne osadu. Przeprowadzone analizy mikrobiologiczne 
wykazały higienizujące działanie suchego lodu na osad nadmierny poprzez redukcję ogólnej liczby bakterii  
i bakterii patogennych. Dla stosunku objętościowego osadu do suchego lodu 1 : 1 ogólna liczba bakterii uległa 
zmniejszeniu o 76%, redukcja liczby pałeczek Salmonella sp. o 90%, natomiast liczba laseczek Clostridium 
perfringens obniżyła się o 85%. Potwierdzeniem niszczącego działania suchego lodu na mikroorganizmy były 
wyniki analiz fizykochemicznych. Dezintegracja drobnoustrojów suchym lodem przyczyniła się do wzrostu 
mętności cieczy nadosadowej i uwolnienia materii organicznej. Dla stosunku objętościowego osadu do suchego 
lodu 1 : 1 stwierdzono wzrost mętności cieczy nadosadowej o 320 mg SiO2/dm3 oraz wzrost wartości ChZTCr  
o 549 mg O2/dm3 wyrażającej uwolnienie materii organicznej do fazy płynnej. 

Słowa kluczowe: osad nadmierny, suchy lód, Salmonella sp., Clostridium perfringens 


