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Abstract: Disintegration by dry ice has a positive effect on the degree and rate of surplus activated sludge

anaerobic digestion. By applying thermal disintegration the lysis of cells occurs in minutes instead of days.

The intracellular and extracellular components are set free and are immediately available for biological

degradation which leads to an improvement of the subsequent anaerobic process. Thermal disintegration by

dry ice of the surplus activated sludge results in organic matter and a polymer transfer from the solid phase to

the liquid. During the disintegration process, soluble chemical oxygen demand (SCOD) value and proteins

concentration increase about 583 mg/dm3 and 265 mg/dm3, respectively. At the same time the concentration

of carbohydrates increase about 53 mg/dm3. In addition the degree of thermal disintegration changed from

13 % for the volume ratio of dry ice to surplus activated sludge 0.25:1 to 49 % for the volume ratio of dry ice

to sludge 1:1.

The addition of thermal disintegrated sludge (30 %SASDI of volume) to the digestion process leads to

increased biogas production about 49 %.
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Introduction

The aim of wastewater treatment is to mineralise organic matter and enhance nutrient

removal. Anaerobic digestion is a common method for surplus activated sludge

stabilization resulting in the reduction of sludge volatile matter and the production of

biogas. Anaerobic degradation of biomass is considered to follow a sequence of four

phases: hydrolysis, acidogenesis, acetogenesis and methanogenesis. The slow degrada-

tion rate of surplus activated sludge in the anaerobic digestion process is due to the
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rate-limiting step of sludge hydrolysis. Therefore, the disintegration pretreatment of

a surplus activated sludge process using physics (thermal) [1, 2], chemical (using eg
acids) [3], mechanical (ball mill, ultrasonic) [4–6], oxidation (ozone and hydrogen

peroxide) [7, 8], or biological (using enzymes) [9–11] and thermal (heat treatment,

freezing/thawing) [12–14] treatment processes, can improve the subsequent anaerobic

digestion. Although the methods are different, the aim of all of them is partial or

complete bacterial cell rupture, ie destruction of the cell wall and release of organic

substances present inside the cells to the liquid phase. Thermal disintegration by dry ice

has a positive effect on the degree and rate of sludge anaerobic digestion.

The freeze/thaw frequently found in nature, which leads to changes in soil. This

process is used in the municipal wastewater treatment for dewatering of sewage sludge.

Sludge dewatering by freezing is done by separating the solid and liquid fractions

during the formation of ice crystals. It was also found that the refrigeration mechanism

is conducive to converting the form of flocs in a more compact, dense [15].

Freezing/thawing using by dry ice is an effective technique for dewatering, sewage

sludge and its attention was already 1990 by Vesilind and Martel [16]. Dry ice

transforms the structure of flocs into larger agglomerates and reducing water-related

because the process of freeze/thaw by dry ice is becoming more and more popular

[17–21].

Basic mechanisms of freeze/thaw sludge used as a method of conditioning of sludge

prior to anaerobic stabilization are increasing interest due to the reduction of pathogenic

bacteria, reduce sediment and increase the biomass production of biogas [22, 23].

Dry ice is a completely natural product. It is produced in the form of granules for

compressing gaseous carbon dioxide to liquid form, removing the heat generated by

compression, and then rapid expansion. This expansion and rapid evaporation of carbon

dioxide gas remaining fluid which cooled to the melting point and freezing in the CO2

“snow”, which takes the form of beads or prills. The dry ice sublimes at –78.5 oC 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 kg/dm3 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. It is intended as

a catering, refrigeration, to clean all types of machines and laboratories to slow

exothermic reactions [24, 25].

The new concept described in this paper is based on the combined process of surplus

activated sludge disintegration by dry ice prior to anaerobic digestion. Thermal

disintegration by dry ice can activate the biological hydrolysis process and therefore

significantly increase the biogas production in anaerobic stabilization.

Materials and methods

Experimental material was surplus activated sludge taken from the municipal

wastewater treatment plant in the south of Poland, working according to the Enhanced

Biological Nutrient Removal (EBNR). The plant was designed for a flow of 120 000
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m3/d. At present the amount of treated wastewater is about 90 000 m3/d. Solid retention

time (SRT) is about 14 days and concentration of mixed liquid suspended solids

(MLSS) 4.3–4.7 g/dm3.

Thermal disintegration

The disintegration of surplus activated sludge, the following ratios by volume of dry

ice to sludge, ie: 0.25:1; 0.5:1; 0.75:1; 1:1.

The chemical analysis

Soluble chemical oxygen demand (SCOD) and proteins value was determined for

samples before and after each time of disintegration according to Standard Methods
[26]. Carbohydrate concentration was determined according to Anthron methods [27].

The degree of disintegration

In order to obtain a quantitative measure of the effects of disintegration, Kunz and

Wagner [28] have proposed a coefficient which they called the degree of disintegration

(DD). Later this coefficient was modified by Müller [29]. In this paper the degree of

sludge disintegration was determined according to that given by Müller [30] as follows:

DD = [(SCOD1 – SCOD2) / (SCOD3 – SCOD2)] � 100 [%],

where: DD – the degree of disintegration;

SCOD1 – the SCOD of the liquid phase of the disintegrated sample;

SCOD2 – the SCOD of the original sample;

SCOD3 – the value after the chemical disintegration.

Chemical disintegration was done in this case by treating the sludge samples for 10

min at 90 °C after adding NaOH, 1 M, in a ratio of 1:2. Centrifugation in all cases was

done for 10 min at 30 000 g.

The fermentation experiments

The anaerobic digestion experiments were performed in six glass fermenters (3 dm3)

operated in parallel at a temperature of 35 ± 1°C. Residence time was 23 days. The

volume of producing biogas was determined by the liquid displacement method ever

each day. Different rates of raw and disintegrated surplus activated sludge were applied:

– Fermenter 1 was feed with surplus activated sludge (70 % volume of fermenter;

70 %SAS) and digested sludge (30 % volume of fermenter; 30 %DS),

– Fermenter 2 was feed with 50 %SAS and 30 %DS and with surplus activated

sludge after dry ice disintegration (20 % volume of fermenter; 20 %SASDI),

– Fermenter 3 was feed with 40 %SAS and 30 %DS and 30 %SASDI,
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– Fermenter 4 was feed with 30 %SAS and 30 %DS and 40 %SASDI,

– Fermenter 5 was feed with 20 %SAS and 30 %DS and 50 %SASDI,

– Fermenter 6 was feed with 30 %DS and 70 %SASDI.

The aim of carrying out the experiment of sludge digestion was to show the

possibilities to improve and accelerate the anaerobic process. The investigations

presented here were performed in 5 stages, and arithmetic average and standard

deviation were established. The standard deviation was determined according to the

estimator of the highest credibility in STATISTICA 6.0.

Results and discussions

Increase of volume of freezing water in the cytoplasm of microorganisms causes

them disruption by mechanical damage of the walls and cell membranes, osmotic shock

and destruction of cellular organelles. These mechanical damage is caused by the

formation of ice crystals in the environment surrounding of cells as well as in their

interior, which leads to changes in their properties (denaturation) [31, 32]. These

crystals cause damage and changes in properties of microbial cells, which leads to

release of intracellular substances into the environment.

The disintegration of surplus activated sludge by dry ice resulted in the release of

organic matter (expressed as SCOD). Disrupter of flocs and microbial cells of activated

sludge leads to the release of intracellular organic compounds to liquid phase. The value

of SCOD in supernatant liquid of surplus sludge 63 mg/dm3 (Fig. 1), while during the

dry ice disintegration process increase:

– for the volume ratio of dry ice to sludge 0.25:1, the value of SCOD was 210

mg/dm3 (Fig. 1),

– for the volume ratio of dry ice to sludge 0.5:1, the value of SCOD was 363 mg/dm3

(Fig. 1),
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Fig. 1. Changes of SCOD value in the sludge supernatant before and after the disintegration
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– for the volume ratio of dry ice to sludge 0.75:1, the value of SCOD was 445

mg/dm3 (Fig. 1),

– for the volume ratio of dry ice to sludge 1:1, the value of SCOD was 583 mg/dm3

(Fig. 1).

Freezing/thawing by dry ice of surplus activated sludge caused disruption of flocs

structure and resulted in a different degree of disintegration (DD). The effect of dry ice

(various volumes) on the sludge degree of disintegration was studied. The results of the

experiments are presented in Fig. 2.

Within the range of dry ice volume, between 0.25:1 to 1:1, the degree of

disintegration increased most rapidly. The achieved degree of sludge disintegration was

about 49 % (Fig. 2).

The effectiveness of the dry ice disintegration effect of these relations by volume of

sludge to dry ice were as follows:

– for the volume ratio of dry ice to sludge 0.25:1, DD was 13 % (Fig. 2),

– for the volume ratio of dry ice to sludge 0.5:1, DD was 26 % (Fig. 2),

– for the volume ratio of dry ice to sludge 0.75:1, DD was 36 % (Fig. 2),

– for the volume ratio of dry ice to sludge 1:1, DD was 49 % (Fig. 2).

The disintegration of raw sludge resulted in the release of proteins. The increase of

proteins concentration were associated with the destructive effects of dry ice in the

cells, which resulted in the release of organic matter into the liquid phase. The proteins

and carbohydrates concentration in untreated surplus activated sludge supernatant was

39 mg/dm3 and 15 mg/dm3, respectively. These concentrations increase with volume of

dry ice (Fig. 3).

Freezing/thawing disintegration by dry ice accelerates the biological degradation of

sludge. The cell liquid contains components, which upon being released, can be easily

assimilated. The released organic substances (expressed here, as SCOD) as a result of
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Fig. 2. Degree of surplus activated sludge disintegration by dry ice
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surplus activated sludge flocs disintegration, lead to a substantial increase of biogas

production in the subsequent anaerobic sludge digestion process (Fig. 4).

Significantly higher amounts of biogas were produced in the fermenters feed with

disintegrated activated sludge (20 %, 30 %, 40 %, 50 % or 70 % volume of fermenter).

The gas production during sludge digestion depends on volatile solids, degree of

disintegration (expressed as COD) and fermentation time.

Figure 4 shows the development of biogas production after 23 days of fermentation.

Comparing the results it can be concluded that in the case of sample with addition
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Fig. 3. Changes proteins and carbohydrates concentration before and after disintegration of dry ice
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Fig. 4. Changes of cumulative biogas production during anaerobic digestion

3500

3000

2500

2000

1500

1000

500

0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Time of fermentation [d]

C
u

m
u

la
ti
v
e

b
io

g
a

s
p

ro
d

u
c
ti
o

n
[m

g
/d

m
]

3

70 % SAS + 30 % DS

50 % SAS + 30 % DS + 20 % SASDI

40 % SAS + 30 % DS + 30 % SASDI

20 % SAS + 30 % DS + 50 % SASDI

30 % SAS + 30 % DS + 40 % SASDI

30 % DS + 70 % SASDI



disintegrated sludge in volume of 70 %, there was a smaller production of biogas (2 408

cm3/dm3) than in sample involving 40 % (2826 cm3/dm3) and 50 % (2890 cm3/dm3) of

volume of surplus activated sludge after thermal destruction. Low biogas production is

probably due to too high load of organic matter introduced into the digester. The

samples with 30 % of volume of disintegrated surplus activated sludge produced 3 124

cm3/dm3 of biogas, which gives a 49 % more of biogas in comparison to the blank

sample (70 % SAS + 30 % DS) (Fig. 4).

The organic matter transferred by dry ice treatment from the sludge solids into the

liquid phase was readily biodegradable. Surplus activated sludge consists mainly of

heterotrophic bacteria. The gradual break–up of the bacterial cell walls limits the

degradation process. By applying freezing/thawing disintegration the lysis of cells

occurs in minutes instead of days. The intracellular and extracellular components are set

free and are immediately available for biological degradation which leads to an

improvement of the subsequent anaerobic process. In Fig. 4, this is shown by comparing

the increase of biogas production in the anaerobic digestion, post thermal disintegration.

A calculation of energy consumption and cost shows that the disintegration by dry ice is

an economically viable process. The surplus gas can be used for power and heat

production. This energy yield can be used for the thermal disintegration of surplus

activated sludge. The reduced cost of the sludge disposal, enhanced fermentation rates

and acceleration of biogas production should lead to the practical use of disintegration

by dry ice as a new technology.

Conclusions

The experiments have clearly demonstrated that thermal disintegration is a suitable

method to destroy surplus activated sludge micro-organisms. In this study, the addition

of disintegrated by dry ice raw sludge was examined in order to improve the anaerobic

digestion process. The most important conclusions are:

– The disintegration by dry ice surplus activated sludge destroys the flocs structure of

sludge and ruptures the cells of the micro-organisms. As a result of sludge disintegra-

tion, organic matter is transferred from the sludge, solid phase into the liquid phase

(expressed as SCOD). SCOD increased from 63 mg/dm3 to 583 mg/dm3 in direct

proportion with the time needed for disintegration.

– With increasing doses of dry ice, the degree of disintegration and increased volume

ratio of the excess sludge to a dry ice 1:1 was 49 %.

– As a result of disintegration of surplus activated sludge dry ice, the destruction of

cell structures of microorganisms and thereby increasing the concentration of proteins.

In the settlement is not subjected to excessive disintegration of the dry ice, the

concentration of protein amounted to 39 mg/dm3, and the volume ratio of dry ice to

precipitate 1:1, protein concentration was 265 mg/dm3.

– An additional effect of the destructive action of dry ice on microorganisms

excessive sludge was released into the supernatant fluid concentrations of organic

matter expressed carbohydrates. With the increasing volume of dry ice to precipitate

obtained significantly increasing the concentration of carbohydrates. For the ratio of the
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volume of dry ice to precipitate 1:1 carbohydrate concentration increased by 38

mg/dm3.

– The thermal disintegration of surplus activated sludge leads to a higher degree of

degradation and higher biogas production. Addition of disintegrated sludge (30 %

volume of fermenter) to the anaerobic digestion stage resulted in increased biogas

production, about 49 %.
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DEZINTEGRACJA OSADU CZYNNEGO SUCHYM LODEM

W CELU INTENSYFIKACJI FERMENTACJI METANOWEJ

Zak³ad Mikrobiologii i Biotechnologii Œrodowiskowej, Instytut Ochrony i In¿ynierii Œrodowiska

Akademia Techniczno-Humanistyczna w Bielsku-Bia³ej

Abstrakt: Jednym z podstawowych problemów wystêpuj¹cych w uk³adach przeróbki osadów œciekowych

jest zwiêkszenie dostêpnoœci i podatnoœci substancji organicznych na biodegradacjê, co mo¿na osi¹gn¹æ

poprzez dezintegracjê osadu.

W pracy wykorzystano dezintegracjê osadu nadmiernego suchym lodem oraz okreœlono jej wp³yw na

uwalnianie materii organicznej i na efektywnoœæ fermentacji metanowej wyra¿onej produkcj¹ biogazu.

Zamra¿anie/rozmra¿anie osadu suchym lodem powodowa³o wzrost wartoœci uwolnionego (UChZTCr)

o 520 mg O2/dm3, a stopieñ dezintegracji (SD) wyniós³ 49 %. W wyniku destrukcji osadu przy pomocy

suchego lodu do cieczy nadosadowej zosta³y równie¿ uwolnione proteiny oraz wêglowodany, co œwiadczy³o

o skutecznoœci procesu. Stê¿enia tych parametrów wynios³y odpowiednio 265 mg/dm3 i 53 mg/dm3.

Poddanie fermentacji mieszanki: osadu zdezintegrowanego w objêtoœci 30 %, osadu niezdezintegro-

wanego w objêtoœci 40 % i 30 % osadu przefermentowanego, spowodowa³o wzrost wydajnoœci produkcji

biogazu o 49 %.

S³owa kluczowe: suchy lód, ChZTCr, proteiny, wêglowodany, fermentacja metanowa, biogaz
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