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Background. Distillery spent wash is the main waste of the alcohol industry. This is highly concentrated 
wastewater, which is characterized by high chemical oxygen demand (COD) values – up to 60–120 g O2/dm3 – 

and low pH values – up to 3.7. It makes its processing a complicated task. One of the methods of its utiliza-

tion is anaerobic fermentation with the production of biogas. Inert carriers for microorganism immobilization 
or granulation are used to intensify the process of anaerobic treatment and increase sludge concentration. 
Due to the high concentration of anaerobic microorganisms in granules, compared to the number of micro-
organisms in free-floating active sludge, the process of methanogenesis is more intensive with a high yield of 
biogas and a decrease in COD. 
Objective. To determine the possible centres of anaerobic sludge granulation in highly concentrated waste of 
alcohol production to increase biogas output in the process of waste treatment.  
Methods. Activated carbon, modified carbon on which surface calcium ions were precipitated, FeCl3, silica 
gel based sorbent, talc based sorbent were used to form pellets as the centres of microorganism accumula-
tion.  
Results. Pellets have not been formed with the use of activated carbon; modified carbon with calcium ions; 
silica gel based sorbent and ferrum compounds. Pellets of activated sludge were received with the use of talc 
based sorbent – formation of initial biofilm on a carrier was observed on the third day of fermentation and 
then it was growing in pellets. 
Conclusions. It was demonstrated that for highly concentrated waste effluents of a distillery (grain distillery 
spent wash), which after co-fermentation with poultry manure contain volatile fatty acids in concentration 
800–2000 mg/dm3, it is needed to use sorbents to receive microorganism pellets as a centre of granulation. 
Sorbents must contain donors and proton acceptors. It was established that the use of granular activated 
sludge for the distillery waste purification improves the efficiency of COD and Biochemical Oxygen Demand 
removal by 15–17%, increases biogas output by 26 ± 2% and biogas methane content by 8 ± 1%. 
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Introduction 

Grain distillery spent wash (GDSW) as a 

highly concentrated wastewater is characterized by 
the high values of COD – up to 60–120 g of 

O2/dm3 and low pH values – up to 3.7. It influ-

ences a choice of methods and technological solu-

tions of waste treatment. One of the methods of 

waste utilization used is an anaerobic fermentation 

with receiving of biogas [1]. Based on the fact that 

the hydrogen value influences on methane produc-

tion by its producers and the optimal pH value for 

the methanogenesis process makes up 6.8–8.0 [2], 

the technology assumes a minor content of spent 

wash (2–3%) in the fermenter. It has an effect on 

the process cost effectiveness and a target product 

output [3].  

The proposed two-stage technology [4] allows 

for adjusting the pH value in the first reactor due 

to introduction of poultry manure with the concur-

rent obtaining of biogas and its output increase. 

The process is characterized by the balance of nu-

trition components of microbial association and ra-

tional correlation С:N:P. Biogas is also produced 

from dissolved high- and low-molecular com-

pounds during the subsequent anaerobic stage of 

the advanced waste treatment. But the process rate 

and the waste purification level depend, first of all, 

on the concentration of free-floating microorgan-

isms, which varies in reactors of different type 

from 2 to 4 g/dm3 [2].  

Inert carriers for microorganism immobiliza-

tion or granulation are used to increase sludge 

concentration. This results in the increase of pro-

cess rate for substance destruction, the decrease of 

hydraulic period for waste retention in the reactor 

and its volume that lowers operating costs with no 

loss in quality of waste purification [5], [6].  
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The high load on the granular sludge is 

achieved through the improvement of sedimenta-

tion properties. It guarantees its presence in the re-

actor zone and makes impossible to wash out 

sludge with the upward water flow. The high spe-

cific activity of methanogenic bacteria (2 kg of 

COD/kg of dry organic substance per day, upon 

the load of 50 kg COD/m3) is also conditioned by 

interspecific transfer of hydrogen between the pel-

leted colonies of acetogenic bacteria and hy-

drogenotrophic methanogenic archaea and their 

protection with pellet matrix from negative impacts 

resulting in the raised destruction rate of organic 

substances and their transformation into a desired 
product – biogas [6], [7].  

It was shown [8] that the granulation rate and 

the characteristics of granular sludge depend on 

microorganism species composition and their ratio 

in pellets, substrate specificity, hydrophobicity, sur-

face charge, and capability for extracellular poly-

mers synthesis. 

Under real-life conditions, the granulation 

process might be disturbed due to different factors 

which result in a sludge washout from the reactor, 

pellet destruction, reduced biogas output and effi-

ciency of wastewater treatment. Therefore, the 

study of granulation process in a course of anaero-

bic treatment of highly concentrated wastewater 

with methane production is a relevant task.  

The work objective is to determine the possible 

centres of anaerobic sludge granulation in highly 

concentrated waste of alcohol production to in-

crease biogas output in the process of waste treat-

ment.  

The following tasks need to be solved to meet 

the objective: 

 to study formation of pellets of anaerobic 

sludge in distillery waste using the granulation cen-

tres of different nature; 

 to establish an impact of granular activated 

sludge on efficacy of methane production and 

wastewater treatment. 

Materials and methods 

Nowadays, there is no any accepted model or 

theory of pellets formation. Table 1 demonstrates 

the models which explain the current theories of 

pellets formation from microorganisms [6]–[10]. 

As is seen from Table 1, all the models based 

on physical granulation theory explain the for-

mation of granular sludge by the effect of physical 

factors which are intrinsic to the biomass fermen-

tation process with the biogas production and run 

in the reactor: liquid and gas flow rate, ageing of 

sludge and its excessive volume removal from the 

reactor, quantity and qualitative composition of 

suspended solids in initial sludge, etc.  

The models, which describe granulation from 

the view point of physiological peculiarities of mi-

croorganism species and strains (e.g., Methano-
bacterium AZ strain, Methanothrix bacteria) as 

well as their interaction, are attributed to micro-

biological [6]. 

Within the frames of thermodynamic theory, 

there are four granulation stages defined: transport 

of microorganism cells of activated sludge to the 

surface of inert material or other cells; initial re-

versible adsorption of substrate by means of physi-

cal and chemical interaction; irreversible attach-

ment of cells to substrate with microbial appendag-

es or exopolymers; cell propagation and pellet de-

velopment. The microorganism granulation mech-

anisms are also explained proceeding from thermo-

dynamic conditions of the grain growing processes 

influenced by many factors such as: hydrophobicity 

and electrophoretic mobility, proton translocation 

on the surface of bacterial membranes which stim-

ulate its activation. 

The use of granular sludge is expected at Stage 

2 of GDSW treatment [4]. That’s why liquid frac-

tion formed after sedimentation and release of sol-

ids, fermented (within 20 days) mixture of GDSW, 

poultry manure and industrial wastes of a distillery 

at the ratio of 1:1.7:0.06, relatively, on a dry organic 

substance (DOS), served as a standardized test solu-

tion [4]. The phase separation was carried out using 

centrifugation (centrifuge CLK-1) for 15 min at the 

velocity of 3000 rpm. Characteristic water values at 

entry to reactor 2 are given in Table 2. 

The following has been used for granulation 

in capacity of the centres of microorganism accu-

mulation: 

 activated carbon, grade 207ЕА "Ecofilter" 

(Kyiv, Ukraine), with surface area 950–1100 m2/g 
and bulk density 0.48–0.52 g/cm3, grain size – 

4.75–2.00 mm;  

 modified carbon to which surface calcium 

ions were precipitated. Precipitation was carried 

out by means of keeping activated carbon in calci-

um chloride solution with concentration 0.05%; 

 FeCl3 which is often used for granulation in 

methane tanks during the treatment of waste efflu-

ents of breweries, yeast plants, sugar beets, and po-

tatoes processing plants. Since hydrolysed FeCl3 is 

produced in the form of oxo- and hydroxy-

compounds, their aggregation serves as a primer 

for granulation; 
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Table 1: Theories and models of the anaerobic sludge granulation process [6]–[10]

Group Model Model idea 

Physical and 
chemical 
theories 

Model of inert cores 
Anaerobic bacteria, which result in formation of initial biofilms, in 
particular, embryonic granules, are attached to inert micro particles by 
means of surfaces structures 

Selection pressure theory  
A washout of dispersed sludge and a selection of heavy sludge take 
place depending on the rates of hydraulic load and biogas production 

The growth of colonized 
suspended particles 

Pellets are formed by means of growing of small fraction biofilm (mi-
croorganism colonization) that was produced due to friction, or flown 
into a reactor with waste water 

Microbiologic/ 
ecologic 
theories 

Consolidation of micro-
floccules of microorgan-
isms of Methanothrix 
genus 

Methanothrix filament serves as a matrix for cocci and coli. First, mi-
cro-floccules are formed and then they are consolidated in pellets due 
to surface properties and morphology of Methanothrix bacteria 

Capetown's model 

Granulation takes place by means of Methanobacterium AZ, which un-
der the conditions of high partial pressure of Н2, unlimited source of 
nitrogen in the form of ammonium, limited quantity of cysteine and in 
neutral media, releases extracellular polypeptide that binds Methano-
bacterium AZ and other bacteria in pellets 

Spaghetti model 
Pellets are formed by microorganisms of Methanothrix genus. In the 
beginning, they resemble the spaghetti swirls formed by the Metha-
nothrix long filaments 

Model of many layers 

Methanothrix grouping is the centres of granulation. The layer-by-layer 
growth of pellets is performed with a spatial separation of various 
trophic groups of microorganisms: Н2-producing acetogenic bacteria 
and Н2-consuming bacteria 

Syntrophic micro colony 
model 

Micro colonies, by means of syntrophic relations, may lead to the 
creation of consortiums and subsequent formation of pellets, because 
consortiums are characterized by stable conditions, co-evolution, and 
protection against the effects of microorganism media participating in 
the given consortium 

Model of three types of 
pellets which split volatile 
fatty acids (VFA) 

Methanothrix, Methanosarcina bacteria participate in the granulation 
process and they form 3 types of pellets which split VFA: 
1 – compact spherical pellets comprising mainly of rod-like bacteria 

which resemble Methanothrix soehngenii in short chains or separate 
cells; 
2 – spherical pellets comprising mainly of poorly twisted filamentous 

bacteria which are attached to inert particles. Predominating bacteria 
resemble Methanothrix soehngenii; 
3 – compact spherical pellets comprising mainly of bacteria of Meta-

phosarcina type 

Model of 
Methanothrix bundles 

Pellets are formed from the aggregates of Methanothrix and other bac-
teria. By means of filaments, Methanothrix forms specific bundles sepa-
rated by an external matrix. When bundle sizes get larger, the external 
matrix is deactivated, and the centre of pellets is formed. This centre is 
made of compact filaments of Methanothrix 

Model of anaerobic 
granulation 
of defined species  

Pellet formation is based on the capability of bacterial species to pro-
duce dense aggregates in an anaerobic reactor and/or ensure surface 
binding for other bacteria, which are unable to form aggregates and 
pellets. It is believed that methanogenic microbes are a key species for 
granulation. In particular, the species such as Methanothrix, Methano-
brevibacter, and Methanosarcina 

Thermo-
dynamic 
theories 

Surface tension model 

Bacteria receive the maximum possible free adhesion energy under the 
low or high liquid surface tension. Pellets formed under the low liquid 
surface tension values and which contain acytogenes around methano-
genic association contribute to more stable characteristics of the pro-
cess, because they are less sensitive to gas bubble adhesion and subse-
quent washout 
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Four-stage model 

4 stages of granulation: 
1. Cells transfer to the surface of uncolonized inert material or other 
cells. 
2. Initial reversible adsorption by means of physical and chemical 
force on substrate. 
3. Irreversible adhesion of cells to substrate with the use of microbial 
appendages and/or polymers. 
4. Cell propagation and pellet development 

Proton translocation – 
dehydration model 

The (molecular) mechanism of sediment granulation is based on pro-
ton translocation activity on the surfaces of bacterial membranes. Ac-
cording to theory, the sludge granulation process takes four stages: 
1. Dehydration of bacterial surfaces; 
2. Formation of embryonic pellets; 
3. Pellet maturation; 
4. Post-maturation 

Crystallized core 
formation model 

Granulation stages: 
1. Growth and generation of different bacterial species;  
2. Bacterial attachment or adhesion with the cells of suspended sub-
stances or other bacteria with the formation of matrix or the pellet 
core as a crystallization centre.  
3. Seizure or integration of bacteria, microcolony growth and, finally, 
formation of a spherical pellet 1–5 mm in diameter 

Other  

Cellular automation 
model 

Cellular automation model is defined as a spatial discrete-time sys-
tem in which the state of automation is defined by a set of rules act-
ing locally, but are applied across the system. This model is aimed at 
the reproduction of microbial structures under the conditions of lim-
ited substrate transfer. The substrate gradients created by local sub-
strate consumption allow bacteria placed on the "top" to have more 
accessible substrates compared to those placed at the bottom. There-
fore, the structure of microcolony or biofilm is related to the resource 
availability 

Cell-cell interconnection 
model 

Some bacteria by virtue of intercellular interactions form a biofilm, 
which under certain conditions, initiates granulation 

Cluster model 

The precise mechanism has not been defined yet, but it is known that 
the interconnection between substrate composition and/or concentra-
tion and kinetic properties of microorganisms plays a key role. There 
are several hypotheses available: 
1. Physical aspects associated with the space limitation for microor-
ganisms upon growing a biofilm. When divided, daughter cells occupy 
certain space and push away neighbouring cells. The clusters were re-
ceived at this process modelling; 
2. Under the conditions of substrate exhaustion in the deeper layers of 
biofilm or aggregate, microbes are divided actively into the upper areas 
only and form a new biomass. Therefore, the growth of biofilm or ag-
gregate becomes unidirectional, and the colonies are grown as the "fin-
gers" toward volume liquid; 
3. Anaerobes produce signalling molecules from cell-to-cell, which 
may stimulate formation of pores and channels. These signalling mol-
ecules or their structural analogues may also be presented in waste 
effluents 

General four-stage model 

1. Initiation of bacteria-bacteria contact or bacteria attachment to the 
cores by means of physical relocation; 
2. Support to stable multicellular contacts by means of initial attract-
ing forces; 
3. Maturation of cell aggregations by virtue of microbial forces; 
4. Formation of steady three-dimensional structure of microbial ag-
gregate by hydrodynamic displacement forces 

  

Table continuation 
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Table 2: Water parameters after GDSW and poultry co-
fermentation 

Indicator Value 

Chemical oxygen demand, COD, 
О2 mg/dm3 

2800 

Biological oxygen demand, BOD, 
О2 mg/dm3 

1500 

Suspended substances, SS, mg/dm3 2300 

Volatile fatty acids, VFA, mg/dm3 1230 

pH 7.58 

 silica gel based sorbent, grain size – 2-

3 mm (Institute of New Materials of Shandong 

Academy of Sciences, China) 

 talc based sorbent, grain size – 2-3 mm 

(Institute of New Materials of Shandong Academy 

of Sciences, China). 

Anaerobic sludge from a fermenter for receiv-

ing biogas from GDSW was used as inoculum in 

the Ecobiotechnology and Bioenergetics Depart-

ment of the National Technical University "Igor 

Sikorsky Kyiv Polytechnic Institute". The GDSW 

used was provided by Chervonoslobodskyi Distill-

ery, Kyiv Oblast. 

The granulation process with the use of differ-

ent centres of adsorption has been carried out in the 

laboratory shaking flask with heating at the tempera-

ture of 37 ± 2 С, stirring rate is 60 rpm. Cone 

flasks with the gas outlet system for removal of bio-

gas produced were used as reactors as well as they 

made impossible to penetrate the air to the reactor 

medium. 

The degree of anaerobic sludge granulation was 

evaluated using the microscope XSP-139TP (Ulab 

ТМ, China) with 20 zoom and the energy-

dispersive spectrometer (EDS) Oxford X-Max 50.  

Wastewater treatment using free-floating and 

granular activated sludge has been carried out under 

the anaerobic conditions in the mesophilic mode at 

the temperature of 40 ± 2 С in reactors with ca-
pacity of 1.5 dm3, fill factor – 0.8. The substrate 

was stirred using paddled impeller sat the rate of 

60 rpm. Each reactor was connected to the wet 

type gas receiver for biogas collection. 

The values of BOD, COD, and SS were cal-

culated using the standard method [11], medium 

pH was measured using the ion meter I–160 MI 

(RF) [12]. 

Biogas composition was determined with the 

gas chromatograph LHM-8-MD (RF) [13] using 

the standard method, VFA liquid concentration 

was established with the liquid chromatograph 

HPLC Shimadzu (Kyoto, Japan) using the stand-

ard method [14]. 

Results  

Pellets have not been formed with the use of 

activated carbon, silica gel based sorbent and fer-

rum compounds that can be explained by specifics 

of GDSW composition and the microorganism as-

sociation properties. 

By using talc based sorbent as a granulation 

centre, the formation of initial biofilm on a carrier 

has been observed on the third day of fermentation 

and then it was grown in an activated sludge pellet. 

The obtained pellets are given in Fig. 1. 

 
a 

 
b 

Figure 1: Anaerobic sludge before granulation (a), pellets 
formed on talc based sorbent (b) 

Fig. 2 demonstrates the comparative charac-

teristic of biogas output and methane content in it 

with the use of granular and free-floating anaerobic 

sludge in water treatment at Stage 2 of the GDSW 
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processing. The ratio of inoculate and substrate on 

a DOS basis is 1:5, relatively. 

 
Figure 2: Biogas and methane output (V ) per day with the use 
of free-floating (blue colour) and granular (orange colour) an-
aerobic sludge 

The water treatment parameters at Stage 2 of 

distillery waste disposal per day with the initial 
COD content – 2800 mg/dm3 are given in Table 3. 

Table 3: Water purification degree at Stage 2 of GDSW pro-
cessing 

Indicator 

Indicator value 
with the use of 
free-floating an-
aerobic sludge 

Indicator value 
with the use of 
granular sludge 

COD, 
mg/dm3/removal 
efficiency, % 

780 ± 46.87/ 
72 ± 1.5 

310 ± 43.39/ 
89 ± 1.77 

BOD, 
mg/dm3/removal 
efficiency, % 

400 ± 36.06/ 
73 ± 2.12 

180 ± 17.39/ 
88 ± 1.5 

SS, 
mg/dm3/removal 
efficiency, % 

600 ± 44.91/ 
74 ± 2.12 

200 ± 29.75/ 
91 ± 1.4 

Discussion 

The choice of granulation centres is based on 

heterogeneity of their surfaces on which aggrega-

tion of suspended solids and microorganisms may 

have place. 

Not all microorganism species interact with 

the inert surface of activated carbon [15], [16]. The 

availability of high concentration of volatile fatty 

acids in water also hinders the aggregation of sub-

stances and microorganisms, because they prevent 

neutralization of particle charges and, correspond-

ingly, their aggregation as on carbon surface, so 

against each other. The presence of acids in solu-

tion explains the absence of granulation on other 

above mentioned sorbents. Silica gel pellets were 

destroyed in 7 days of being in wastewater, which 

confirms the studied medium aggressivity.  

The aggregation of hydroxyl compounds be-

tween themselves and the formation of adsorption 

centres do not take place with the use of ferrum 

compounds and the availability of acids. Hydroxyl 

compounds are transformed into soluble state by 

reaction: 

Fe(OH)2
+ + CH3COOH → 

→ 2 CH3COO + Fe3+ + 2H+. 

The carbon activation with calcium ions for 

the creation of activated carbon interaction centres 

with microorganisms did not demonstrate positive 

results. Perhaps, this is associated with the availa-

bility of competition between negatively charged 

surface of microorganisms and the anions of vola-

tile fatty acids for the attachment centres, which 

reduces or makes impossible the microorganism in-

teraction with activated carbon. 

So far as the surface of talc based sorbent par-

ticle, except the extended surface (of pores), con-

tains the oxygen and magnesium atoms, this allows 

for sedimentation of charged and uncharged parti-

cles. The pellets are grown due to the formation of 

layers which from the beginning contain nutrients in 

suspended particles, which precipitate on the pellet 

surface, and various microorganism species that are 

capable as to destruct particles, so to produce me-

thane. Moreover, in the process of granulation, oth-

er species, which are not adsorbed on sorbent, are 

attached to the pellets due to the formation of pol-

ymeric polysaccharidic or polypeptide matrix that 

can be produced by Methanobacterium and other 

species [16]. As described in literature sources [6], 

[9], [10], [17], methanogenic bacteria that form the 

bedded structures, Methanothrix soehngenii (Metha-
nosaeta concilii), Methanosarcina spp., Methanobrevi-
bacter, play a special role in the formation and 

functioning of anaerobic sludge pellets. 
The sorbent due to the availability of oxygen 

atoms on the surface and the bacterial cells with a 

negative charge of the surface leads to the for-

mation of hydration shell. The change of a pellet 

surface charge and its partial dehydration take 

place by means of proton transfer to the membrane 

surface upon substrate oxidation with acetogenic 

bacteria. The absence of hydration shell results in 

hydrophobic interaction between the cells and 

pellet compaction. The metabolite transport bet-

ween the cells facilitates this process also [18]–[20]. 
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A spherical pellet shape is produced under the ef-

fect of hydraulic force of rising biogas bubbles. The 

separation of microorganism species in a pellet is 

determined by the velocity of nutrients transport 

between them.  

Therefore, for wastewater with concentration 

of volatile fatty acids within 800–2000 mg/dm3, it 

is possible to use the granulation centres of 

sorbents, which contain proton donors and accep-

tors, to form the anaerobic sludge pellets.  

As is seen from Fig. 2, biogas output is higher 

by 26 ± 2%, if granular anaerobic sludge is used. 

At the same time, biogas methane content is in-

creased by 8 ± 1%. It means the granulation of 

anaerobic sludge provides the possibility to increase 

both biogas output and biogas methane content. 

As is seen from Table 3, the wastewater 

treatment process, with the use of granular activat-

ed sludge, is characterized by a higher removal ef-

ficiency of polluting substances. Recovery rate of 

organic substances is increased, and removal de-

gree reaches 89%, which is by 17% higher com-

pared to the use of free-floating sludge.  

Conclusions  

It was demonstrated that for highly concen-

trated waste effluents of the distillery (GDSW), 

which after co-fermentation with poultry manure 

contain volatile fatty acids in concentration 800-

2000 mg/dm3, it is necessary to use sorbents con-

taining both proton donors and acceptors to obtain 

microorganism pellets in capacity of granulation 

centres. Talc can serve as a basic substance for 

such sorbents. 

It was established that the use of granular acti-

vated sludge for the distillery wastewater treatment 

increases the removal efficiency of COD and BOD 

by 15–17%, increases biogas output by 26 ± 2% 
and biogas methane content – by 8 ± 1%.  

Further study of the abiotic factors influence 

(temperature, pH of the medium, availability of 

nutrients) on the formed active sludge granules in 

the conditions of our technological process.  

References  

[1] Mohana S, Acharya BK, Datta M. Distillery spent wash: Treatment technologies and potential applications. J Hazard Mater. 2009;163(1):12-
25. DOI: 10.1016/j.jhazmat.2008.06.079

[2] Henze M, Armoes P, La-Cour-Jansen J, Arvan E. Wastewater treatment. Biological and chemical processes: Educational publication. Moscow: 
Mir; 2006. 471 p. 

[3] Hutnan M, Hornak M, Bodik I, Hlavacka V. Anaerobic treatment of wheat stillage. Chem Biochem Eng Q. 2003;17(3):233-41. 
[4] Golub NB, Potapova MV. Technology for obtaining biogas from distillery spent wash. Vidnovluvana Energetika. 2018,1:88-95. 
[5] Kolesnikov VP, Vilson EV. Modern development of technological processes of wastewater treatment in combined facilities. Rostov-on-Don: 

Yuh; 2005. 212 p. 
[6] Hulshoff Pol LW, de Castro Lopes SI, Lettinga G, Lens PNL. Anaerobic sludge granulation. Water Res. 2004;38(6):1376-90. DOI: 

10.1016/j.watres.2003.12.002 
[7] Schmidt JE, Ahring BK. Granular sludge formation in upflow anaerobic sludge blanket (UASB) reactors. Biotechnol Bioeng. 1996;49(3):229-

46. DOI: 10.1002/(SICI)1097-0290(19960205)49:3<229::AID-BIT1>3.0.CO;2-M 
[8] Lim SJ, Kim TH. Applicability and trends of anaerobic granular sludge treatment processes. Biomass Bioenergy. 2014;60:189-202. DOI: 

10.1016/j.biombioe.2013.11.011 
[9] McHugh Sh, O'Reilly C, Mahony Th, Colleran E, O'Flaherty V. Anaerobic granular sludge bioreactor technology. Rev Environ Sci 

Biotechnol. 2003;2(2-4):225-45. DOI: 10.1023/B:RESB.0000040465.45300.97 
[10] Liu Yu, Xu HL, Yang ShF, Tay JH. Mechanisms and models for anaerobic granulation in upflow anaerobic sludge blanket reactor. Water Res. 

2003;37(3):661-73. DOI: 1016/S0043-1354(02)00351-2 
[11] Lurye YuYu. Analytical chemistry of industrial wastewater. Moscow: Khimiia; 1984. 448 p. 
[12] Laboratory ionomer I-160 MI. Manual. St. Petersburg: OOO "Measuring equipment"; 2007. 70 p. 
[13] Chromatograph laboratory LXM-8MD: Technical description, instruction manual. Moscow: Experimental plant "Chromatograph"; 1992. 50 p. 
[14] Shimadzu High-Performance Liquid Chromatograph. Shimadzu corporation; 2010. 45 p. 
[15] Ahn YH. Physicochemical and microbial aspects of anaerobic granular pellets. J Environ Sci Health. 2000;35(9):17-35. DOI: 

10.1080/10934520009377059 
[16] Sam-Soon PALNS, Loewenthal RE, Dold PL, Marais GvR. Hypothesis for pelletisation in the upflow anaerobic sludge bed reactor. Water SA. 

1987;13(2):69-80. 
[17] Habeeb SA, Abdul Latiff AAB, Daud ZB, Ahmad ZB. A review on granules initiation and development inside UASB Reactor and the main 

factors affecting granules formation process. Int J Energy Environ. 2011;2(2):311-20. 



182                                                                                                              Innov Biosyst Bioeng, 2018, vol. 2, no. 3 

  

[18] Van Loosdrecht MCM, Zehnder AJB. Energetics of bacterial adhesion. Experientia. 1990;46(8):817-22. DOI: 10.1007/BF01935531 
[19] Thaveesri J, Daffonchio D, Liessens B, Vandermeren P, Verstraete W. Granulation and sludge bed stability in upflow anaerobic sludge bed re-

actors in relation to surface thermodynamics. Appl Environ Microbiol. 1995;61(10):3681-6. 
[20] Tay JH, Xu HL, Teo KC. Molecular mechanism of granulation. I: H+ translocation-dehydration theory. J Environ Eng. 2000;126(5):403-10. 

DOI: 10.1061/(ASCE)0733-9372(2000)126:5(403) 

Н.Б. Голуб, М.В. Потапова 

ТЕХНОЛОГІЧНЕ РІШЕННЯ ПІДВИЩЕННЯ ВИХОДУ БІОГАЗУ ПРИ ФЕРМЕНТАЦІЇ 

ЗЕРНОВОЇ ПІСЛЯСПИРТОВОЇ БАРДИ  

Проблематика. Основним відходом спиртової промисловості є післяспиртова барда. Вона є висококонцентрованою стічною 
водою та характеризується високими значеннями хімічного споживання кисню (ХСК) – до 60–120 г О2/дм3 – і низькими значен-
нями рН – до 3,7, що робить її переробку непростим завданням. Одним із використовуваних методів її утилізації є анаеробне 
бродіння з одержанням біогазу. Для інтенсифікації процесу анаеробного очищення сьогодні використовують методи підвищення 
концентрації мулу, а саме – інертні носії для іммобілізації мікроорганізмів або грануляцію. За рахунок вищої концентрації ана-
еробних мікроорганізмів у гранулах, порівняно з кількістю мікроорганізмів у вільноплаваючому активному мулі, процес метано-
генезу відбувається більш інтенсивно з вищим виходом біогазу та зниженням ХСК. 
Мета. Визначення можливих центрів грануляції анаеробного мулу у висококонцентрованих стоках спиртового виробництва для 
підвищення продукування біогазу в процесі їх очищення.  
Методика реалізації. Для формування гранул як центри акумуляції мікроорганізмів використовували: активоване вугілля, мо-
дифіковане вугілля, на поверхню якого осаджено іони кальцію, FeCl3, сорбент на основі силікагелю, сорбент на основі тальку. 
Результати. За використання активованого вугілля; модифікованого вугілля з йонами кальцію; сорбенту на основі силікагелю 
та сполук феруму не відбувалось утворення гранул. Гранули активного мулу були одержані за використання сорбенту на основі 
тальку – на третю добу ферментації спостерігали утворення початкової біоплівки на носії, яка потім розросталась у гранули. 
Висновки. Показано, що для висококонцентрованих стічних вод спиртзаводу (післяспиртова барда), які після коферментації з 
пташиним послідом містять леткі жирні кислоти у концентраціях 800–2000 мг/дм3, для отримання гранул мікроорганізмів як цен-
три грануляції необхідно використовувати сорбенти, що містять у своєму складі як донори, так і акцептори протонів. Встановле-
но, що використання гранульованого активного мулу для очищення стоків спиртзаводу збільшує ефективність видалення хіміч-
ного та біохімічного споживання кисню на 15–17 %, підвищує вихід біогазу на 26 ± 2 %, вміст метану в біогазі – на 8 ± 1 %. 

Ключові слова: грануляція; біогаз; післяспиртова барда; ферментація; метан. 
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ТЕХНОЛОГИЧЕСКОЕ РЕШЕНИЕ ПОВЫШЕНИЯ ВЫХОДА БИОГАЗА ПРИ ФЕРМЕНТАЦИИ 

ЗЕРНОВОЙ ПОСЛЕСПИРТОВОЙ БАРДЫ 

Проблематика. Основным отходом спиртовой промышленности является послеспиртовая барда. Это высококонцентрированная 
сточная вода, которая характеризуется высокими значениями химического потребления кислорода (ХПК) – до 60–120 г О2/дм3 – и 
низкими значениями рН – до 3,7, что делает ее переработку непростой задачей. Одним из методов ее утилизации является 
анаэробное брожение с получением биогаза. Для интенсификации процесса анаэробной очистки сегодня используют методы 
повышения концентрации ила, а именно – инертные носители для иммобилизации микроорганизмов или грануляцию. За счет 
высокой концентрации анаэробных микроорганизмов в гранулах, по сравнению с количеством микроорганизмов в свободно-
плавающем активном иле, процесс метаногенеза проходит более интенсивно с высоким выходом биогаза и снижением ХПК. 
Цель. Определение возможных центров грануляции анаэробного ила в высококонцентрированных стоках спиртового произ-
водства для повышения выработки биогаза в процессе их очистки. 
Методика реализации. Для формирования гранул как центры аккумуляции микроорганизмов использовали: активированный 
уголь; модифицированный уголь, на поверхность которого осаждены ионы кальция; FeCl3; сорбент на основе силикагеля; сор-
бент на основе талька. 
Результаты. При использовании активированного угля; модифицированного угля с ионами кальция; сорбента на основе сили-
кагеля и соединений железа образования гранул не наблюдалось. Гранулы активного ила были получены при использовании 
сорбента на основе талька – на третьи сутки ферментации наблюдали образование начальной биопленки на носителе, которая 
затем разрасталась в гранулы. 
Выводы. Показано, что для высококонцентрированных сточных вод спиртзавода (послеспиртовая барда), которые после ко-
ферментации с птичьим пометом содержат летучие жирные кислоты в концентрациях 800–2000 мг/дм3, для получения гранул 
микроорганизмов как центры грануляции необходимо использовать сорбенты, содержащие в своем составе как доноры, так и 
акцепторы протонов. Установлено, что использование гранулированного активного ила для очистки стоков спиртзавода увели-
чивает эффективность удаления химического и биохимического потребления кислорода на 15–17 %, повышает выход биогаза 
на 26 ± 2 %, содержание метана в биогазе – на 8 ± 1 %. 

Ключевые слова: грануляция; биогаз; послеспиртовая барда; ферментация; метан. 
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