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ABSTRACT 

This paper reflects on issues associated with use of digestate as a product of the anaerobic 

process in biogas plant and possibilities of its use. Study is focused on acquisition of basic 

knowledge of physico-mechanical properties of granulated digestate and water sorption process 

in different external conditions. To achieve the aims of this study, different experimental 

methods were used. To investigate physical properties was digestate in briquette form analyzed 

in laboratory. Then three types of experiments were applied, which roughly correspond to the 

objectives of study. Granulated digestate was exposed to water sorption in non-limited, partially 

limited and completely limited conditions. By these experiments were observed changes in 

measured values. All measured values were compared to values of briquettes of different 

materials. The most important result of this study is detection of significant sorption potential of 

digestate briquettes, in comparison to other used materials. Briquette can absorb dependently on 

external conditions up to 5 multiple of water of its initial mass in relevantly short time (165 

minutes). In soil conditions briquette adsorbs water from its rounding and has always higher 

moisture than soil, by 30-40%. Compressed digestate demonstrated ability to absorb water and 

possibility of decomposition in the soil, which can be utilized in agriculture.  

Key words: dehydrated digestate, briquettes from digestate, mechanical properties of digestate, 

biogas plants, sorption of water by biomass briquettes 

 

  



AUTORSKÝ REFERÁT 

Tato práce reflektuje na problematiku spojenou s využitím digestátu jako produktu anaerobního 

procesu v bioplynové stanici a možnostmi jeho použití. Studie je zaměřena na získání základního 

povědomí o fyzikálně-mechanických vlastnostech granulovaného digestátu a procesu sorpce 

vody digestátem v různých podmínkách. Pro dosáhnutí cíle práce, byly použity různé 

experimentální metody. Pro zjištění fyzikálních vlastností byl digestát ve formě briket 

analyzován v laboratoři. Byly použity tři druhy experimentů, které zhruba odpovídají třem 

dílčím cílům této práce. Granulovaný digestát byl vystaven sorpci vody v nelimitujících, 

částečně limitujících a zcela limitujících podmínkách. Těmito experimenty byly pozorovány 

změny sledovaných veličin. Všechny naměřené hodnoty byly porovnány s hodnotami briket  

z jiných materiálů. Nejdůležitějším výsledkem studie bylo zjištění, že brikety digestátu mají 

výrazný sorpční potenciál v porovnání s ostatními použitými materiály. Briketa může 

absorbovat, v závislosti na vnějších podmínkách, až 5 násobek vody své původní hmotnosti  

v poměrně krátké době (165 minut). V půdních podmínkách briketa adsorbuje vodu ze svého 

okolí a má vždy vyšší vlhkost než okolní půda, zhruba o 30 až 40%. Komprimovaný digestát 

prokázal schopnosti velmi dobře sorbovat vodu a v půdě se rozpadat, čehož je možné využít  

v zemědělství.  

Klíčová slova: dehydrovaný digestát, brikety digestátu, mechanické vlastnosti digestátu, 

bioplynové stanice, sorpce vody briketami z biomasy 
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1. PREFACE 

Digestate is beside to the biogas next product of the anaerobic digestion process in biogas plant. 

It is traditionally used for agricultural purposes, especially as liquid fertilizer. Though the 

digestate contains important nutrients and is a valuable mineral and organic fertilizer, it is liquid 

product which has to be utilized immediately or it has to be transported, stored or disposed. 

Transport and spreading costs can exceed the value of the fertilizer it same, so there are efforts to 

use this product by another way.  

Very interesting became a possibility to dry separated solid part of digestate and compress it to 

the form of briquettes or pellets. By this way has raised new possibilities of its utilization, like to 

use it as animal bedding or as a solid fuel. Because these ways are relatively new, the properties 

of granulated digestate has not been properly described yet.   

This thesis is focused on this problematic, especially to describe the physico-mechanical 

properties of digestate briquettes in related to unknown page of its sorption properties. Three 

targets have been stated namely: to increase awareness of basic, mainly mechanical, properties of 

the compressed digestate; to determine by laboratory experiments sorption potential of the 

digestate briquettes, in comparison with a different material; and last is based on gained 

properties and measured values changes in digestate briquettes properties depended on water 

uptake.  

To describe its properties was used basic laboratory analyses and experiments. Three types of 

experiments were investigated; granulated digestate was exposed to sorption in non-limited, 

partially limited and completely limited conditions. By these methods were observed changes in 

gravimetric values. All measured values were compared to values of briquettes of different 

materials.  

Along with the acquired knowledge of digestate in the form of briquette, may be better to 

propose other use of digestate such as organic fertilizer or as a means to modify the physical 

properties of the soil. The economic performance and profitability of innovative digestate 

briquettes using will not be taken into consideration. 

 

  



2. INTRODUCTION 

1.1 Anaerobic digestion (AD) 

1.1.1  Basic information on AD 

1.1.1.1 History and current situation 

The technology for anaerobic digestion was known for centuries before Christ, in the time of 

Assyrians and Persians rule (Bond, et al., 2011), (Kumar, 2012). This knowledge is one of the 

oldest skills, but it became popular in 19
th

 century as renewable technology in time of faster 

growth of livestock industries, because with increase of animal waste, disposal requirements also 

have increased. At the beginning AD was used just for treatment of sludge, while developing 

countries such as China was innovating skills and used the digestion to energy production and 

sanitation purposes. Under the pressure of energy prices rising, AD stations were diversified to 

large scales. In Europe the anaerobic digestion market was developed because of higher energy 

prices and strict environmental regulations (Monnet, 2003). Because AD technology has been 

well studied, now is successfully used in both large even small scales, mainly for energy 

production then for treatment of different kinds of wastes as sewage, agricultural, industrial and 

municipal degradable biomass (Gong, et al., 2010), (Bond, et al., 2011). The European area 

counts up around thousands of biogas plants and is leader in the world, with 91%. Main 

European countries AD operators are Germany (35%), Denmark (16%) Austria (8%), Sweden 

and Switzerland (Chaudhary, 2008) and (Seadi, et al., 2008) - over 600 simple farm-scale 

reactors run in Europe (Monnet, 2003). Europe or USA (2%) is not the only big biogas operator; 

also other parts of the world, developing countries, are using this technology, e.g. Asian 

countries (7%) China with app. 18 million household stations in 2006 or India with 5 million 

small-scale BP and Vietnam as well, these technologies are very simple but useful (Seadi, et al., 

2008).  

1.1.1.2 AD process 

Method of whole digestion process can be split into four stages: pre-treatment, digestion itself, 

gas upgrading and digestate post-treatment, see Figure 1.  First point, pre-treatment, is influenced 

by feedstock composition. Some substrates going into the digestion process have to be mixed 

and another have to be sorted and slashed, such as MSW. As a result digestate levels increase in 

the reactor. Many types of digesters are known with different parameters. Process of digestion is 

dependent on solid content, than we distinguish wet or dry digestion. Produced biogas has to be 



upgraded, because of impurities in 

the gas can damage engines or 

boilers. Also hydrogen sulphide, 

water vapour and carbon dioxide, if 

the gas is going to be used as natural 

gas or fuel, have to be removed.  

 A more improved method of AD is 

Co-digestion; a type of anaerobic 

digestion where two different 

categories of biomasses are mixed. 

Examples of such mixtures are; 

animal manures and slurries from 

slaughterhouse wastes with other 

organic matter like glycerin, energy 

crops or silage. The benefits of these mixtures include; improved biogas yield per m3 of reactor, 

the dilution of potential toxic compounds, easier handling of slurries when mixed with fluid 

manure, more efficient results of digestion. Finally Co-digestion can improve the NPK ratio of a 

by-product and favor synergistic growth of microorganisms (Monnet, 2003), (Alburquerque, et 

al., 2012).  

 The whole practice of AD is for carbon 

dioxide (CO2) to be a neutral energy creator 

in a nutrient closed cycle with the possibility 

of pathogen inactivation, and weed seed and 

germ elimination (Deublein, et al., 2008), 

(Seadi, et al., 2008), see Figure 2. This 

process commonly takes place in natural 

conditions where contributes to an annual 

increase of methane level in the atmosphere 

by 590-800 million tons (Bond, et al., 2011). 

The essence of digestion is the microbial 

decomposition of organic matter in anaerobic 

conditions;  
Figure 2: CO2 and nutrients closed cycle (Seadi, et al., 

2008) 

   Figure 1: Upgrading digestate stages  (Monnet, 2003) 



it means AD is catabolic process with absence of free molecular oxygen O2 (Seadi, 2001);   

(Gerardi, 2003).  Due to the metabolism of various groups of microorganisms, a mixture of gas is 

released and the residual substrate rests the digestate (Seadi, 2001).  

1.1.1.3 Biogas 

Methane (CH4) is the main part of biogas, energetically usable (flammable with >45% of CH4) 

by-product of anaerobic digestion (Deublein, et al., 2008); (Seadi, 2001). Biogas components 

(see Tab.) are variable according plant and substrate use. These factors are regularly controlled 

(Deublein, et al., 2008). Biogas from AD is mainly composed from methane and carbon dioxide, 

then smaller quantity of hydrogen sulphide is contained and ammonia as well. Next components 

are present in trace amounts, it is hydrogen, nitrogen, and carbon monoxide, saturated or 

halogenated carbohydrates and oxygen. Gas is also saturated with water vapor, which is 

important to be removed, because of problems in gas nozzles. With water remove the large 

proportion of hydrogen sulphide is also detached and it is preferable because of formation 

sulphurous acids with corrosive effects (Monnet, 2003). Damaging effects like decreasing of 

calorific value, imperfect combustion and/or damage of the engine, can be caused by other 

impurities like dust particles and siloxanes etc. (Deublein, et al., 2008).  

Table 1: Composition of biogas (Seadi, 2008) 

Compound Chemical symbol Content (Vol.-%) 

Methane CH4 50-75 

Carbon dioxide CO2 25-45 

Water vapor H2O 2 (20°C) -7 (40°C) 

Oxygen O2 <2 

Nitrogen N2 <2 

Ammonia NH3 <1 

Hydrogen H2 <1 

Hydrogen sulphide H2S <1 
 

 

Artificial biogas is different from the natural gas (see Tab.1), but has comparable composition 

with landfill biogas. The composition of the biogas is varying according digested waste 

composition. Calorific value of natural gas is 36.14 MJ/m
3
 and of biogas 21.48 MJ/m

3
 (Monnet, 

2003). 



 

Table 2: Comparison of composition CH4 containing gases (Kumar, 2012);  (Monnet, 2003) 

    Component    Natural gas (%)    Biogas (%)  Landfill gas (%)  

CH4   85-91   50-80  45-58  

CO2   0.89   20-45  32-45  

C2H6   2.85   -  -  

C3H8   0.37    -  -  

C4H10   0.14   -  -  

N2   14.32   0-2  0-3  

O2   <0.5   -  -  

H2S   <0.5   0-1.5  10-200 ppm  

NH3   -   0-0.45  -  

VOC   -   -  0.25-0.50  

H2   -   -  Trace  

CO   -   -  Trace  
 

 

Biogas utilization is similar to natural gas utilization with the same quality standards. Examples 

of biogas use: heating boilers used in the plant or for industrial purposes, combined heat and 

power units CHP, fuel for vehicles or fuel cell which generates power in electricity form by 

combining fuel and oxygen in electrochemical reaction (Monnet, 2003). For proper and safe 

biogas exploitation there are some technologies for its upgrading. For enhance energy of the 

biogas there are four techniques for CO2 remove: water scrubbing, polyethylene glycol sieves 

and membrane separation. As was mentioned to avoid corrosion hydrogen sulphide has to be 

remove as well, the most widespread techniques are: air/oxygen dosing to digester gas, iron 

chloride dosing to digested slurry, activated carbon, water scrubbing, NaOH scrubbing and/or 

iron oxide. Desulphurization can be managed also by micro-organisms from the family 

Thiobacillus with addition of oxygen. Hydrocarbons causing corrosion can be filtered by use of 

pressurized tube exchanger with activated carbon filter; all molecules of gas are going through 

the filter thus large are absorbed. By the absorption on a liquid medium siloxanes are removed 

(Monnet, 2003).  



It was estimated by scientists and experts, that only a small fraction of biogas production 

potential is used nowadays, there exist possibility to increase actual production considerably. 

(Seadi, et al., 2008) 

1.1.2 Principles of AD 

 

The biomass used for fermentation contains carbohydrates, proteins, lipids and other organic 

compounds and before using this material as feedstock to the AD, nutritional values of these 

components have to be taken into consideration to be appropriate for gas formation. (Deublein, 

et al., 2008) Chemically bonded energy is locked in biogas; its formation results from a four 

level continuous break down of the initial material. As previously mentioned different groups of 

micro-organisms are main actors in this process, decomposing the product of the previous level 

(Seadi, et al., 2008). 

AD four phases are: hydrolysis, acidogenesis, acetogenesis and methanogenesis, see Fig. 3 

(Chaudhary, 2008). All levels are parallel in time even in space of digesting reactor. Total speed 

of whole process is given by the slowest reaction of the chain, e.g. in decomposition process of 

crop compounds containing cellulose, hemi-cellulose and lignin, influencing level is hydrolysis 

(Seadi, et al., 2008). And if the first phase is inhibited, the substrate for next phases is limited 

and the production of methane 

will decrease. It is the same 

with other phases of AD, with 

unwanted results like 

accumulation of acids, losing 

of alkalinity and pH decrease 

thus methane production 

decrease (Gerardi, 2003). 

Individual phases are 

described in detail below: 

Hydrolysis: hypothetically the 

first stage of digestion where 

complex insoluble organic 

polymers are decomposed.   High weight complexes such as lipids, polysaccharides, proteins and 

nucleic acids are converted into smaller soluble molecules of glucose, glycerol, purines, and 

Figure 3: Anaerobic digestion process (Chaudhary, 2008) 



pyridines. Hydrolytic micro-organisms or facultative anaerobes and anaerobes are excreting 

hydrolytic enzymes, which are breaking simple unique bonds in soluble compounds (Gerardi, 

2003); (Appels, et al., 2008); (Seadi, et al., 2008). Term hydrolysis is composed from -lyses 

means splitting bonds and hydro- means with water (solubility).  

An example of cellulose digestion; it is allowed thanks hydrolytic bacteria Cellulomonas by 

enzyme cellulase, which can break bonds between unique mers of glucoses. Even though glucose 

is soluble in water, when present in cellulose, the polymer makes the unique bonds insoluble 

(Gerardi, 2003). Next enzymes essential for digestion are lipase splitting lipids bonds, already 

mentioned cellulase, cellobiase, xylanase and amylase splitting polysaccharides bonds and 

protein bonds splitting, protease. The products resulting from the hydrolysis stage are 

metabolized by the other microorganism involved and are decomposed further (Seadi, et al., 

2008).  

Acidogenesis: in this stage compounds made in the first step of digestion are converted by large 

diversity of acidogenic facultative anaerobes and anaerobes thru fermentative processes into 

methanogenic substrates. Simple sugars, amino acids and fatty acids are converted into carbon 

dioxide (CO2), hydrogen (H2), alcohols (-OH), volatile fatty acids (VFO), some organic-nitrogen 

and organic-sulfur compounds and the most important acetate (Gerardi, 2003); (Seadi, et al., 

2008).  

Acetogenesis: during the acetogenesis process all products which cannot be directly converted 

into methane by methane-forming bacteria are converted into methanogenic substrates such as; 

acetate, formate, methanol, and methylamine (Seadi, et al., 2008). Compounds like acetate, 

formate, methanol, and methylamine, it means organic acids, some alcohols and organic-nitrogen 

compound are used by methane-bacteria directly (Gerardi, 2003). Volatile fatty acids (butyrate, 

propionate) and alcohols like ethanol can be used indirectly, thru degradation into acetate, 

hydrogen and carbon dioxide by fermentative bacteria (Gerardi, 2003); (Seadi, et al., 2008). This 

conversion has to be controlled because of increasing hydrogen partial pressure, inhibiting the 

metabolism of acetogenic or acetate-forming bacteria (Appels, et al., 2008); (Seadi, et al., 2008).  

Methanogenesis: the last stage methanogenesis is parallel with acetogenesis stage; symbiosis of 

two groups of microorganisms is common. First group of Methanogenic bacteria is converting 

acetate (70%) and the second group uses hydrogen (H2) as an electron donor and carbon dioxide 

(CO2) as an acceptor (remaining 30%) to creation of methane and carbon dioxide (Appels, et al., 

2008); (Seadi, et al., 2008), shown below: 



 

(Acetoclastic methanogenesis)  Acetic acid   
                      
                   methane + carbon dioxide    

(Hydrogenotrophic methanogenesis)  Hydrogen + carbon dioxide   
                      
                   methane + water 

 

Methanogenesis is the slowest stages in the whole process of digestion. This biochemical 

reaction is influenced by operational parameters like feedstock composition, rate and volume, 

temperature in reactor, pH and others. Improper compliance and settings of these parameters can 

cause termination of methane production (Seadi, et al., 2008).  

1.1.3 Parameters of AD 

 

Durability of involved particular bacteria and the efficiency of whole technology are radically 

influenced by critical parameters that must be followed (Seadi, et al., 2008). We can divide 

parameters to operational and AD process parameters, which are: 

 

Temperature and Hydraulic Retention Time – temperature is important to physicochemical 

properties of substrate to be digested and for metabolism of bacteria and their growth rate 

(Appels, et al., 2008). There are three temperature range possibilities, under 25°C is 

psychrophilic temperature range, 25°C - 45°C is mesophilic and 45°C - 70°C is thermophilic 

digestion (Seadi, et al., 2008). The best possible temperature varies depending on feedstock 

composition and type of digestate reactor, but it should be maintained without larger fluctuations 

(Monnet, 2003). Thermophilic bacteria are more sensitive for temperature changes entail they 

need longer adaptation time for new temperature. Mesophilic bacteria are more tolerant in 

temperature changes. Fluctuations can be caused for example by: adding of new substrate that 

has different temperature than current one, insufficient insulation, inaccurate heating system or 

mixing, extreme outdoor temperatures or failure of power-trains (Seadi, et al., 2008). Heating 

can be ensured by external heating system or by internal heat exchangers by steam injection 

(Appels, et al., 2008). 

 

Temperature and the hydraulic retention time (HTR) guarantee a stabilized digestate (Seadi, 

2001); it is important to next digestate utilization. The relation between temperature and the HTR 

is shown in Table 3: 

 

 



Table 3: Anaerobic digestion temperature stages (Seadi, et al., 2008) 

Thermal stage Process temperatures Minimum retention time 

Psychrophilic < 20 °C 70 to 80 days 

Mesophilic 30 to 42 °C 30 to 40 days 

Thermophilic 43 to 55 °C 15 to 20 days 

 

Thermophilic temperature is preferred as an operational temperature, because is more efficient in 

terms of retention time, loading rate and gas creation (Monnet, 2003); (Seadi, et al., 2008). 

Advantages of thermophilic digestion are: e.g. pathogens destruction is more effective, growth 

rate of methanogenic bacteria is higher, retention time is shortened and thus makes digestion 

faster (faster chemical reactions) and more efficient, better degradation (higher solubility of 

OM), digestibility availability and utilization of substances etc. Of course there are some 

disadvantages like higher energy demand, higher risk of ammonia inhibition or larger imbalance 

(Seadi, et al., 2008).  

Hydraulic retention time (HRT) of the fluid biomass in the digester is time needed to reach the 

complete decomposition of organic matter. Measured in days correlates with digestion 

temperature and waste composition (Seadi, 2001); (Seadi, et al., 2008). Minimum retention time 

is min. time interval, measured in hours, for which any part of digested substrate will be inside a 

continuous reactor (Seadi, 2001). HRT shorter than 5 days is insufficient causing washout of 

methanogenic bacteria. In 5-8 days decomposition is still incomplete, especially of lipids. Stable 

digestion may occur after 8-10 days with increasing of VFA and breakdown of lipid bonds 

(Appels, et al., 2008). In relation to temperature, retention time for mesophilic digestion lasts of 

around 30 days and for thermophilic around 15 days (Monnet, 2003); (Seadi, et al., 2008).  

 

pH-value, VFA and ammonia: pH value expresses acidity vs. alkalinity rate of substrate. It is 

affecting growth of microorganisms and dissociation of ammonia, sulphide and/or organic acids 

in the substrate (Seadi, et al., 2008). Each group of microorganisms requires different pH range 

(Appels, et al., 2008). Methanogenic bacteria are extremely pH sensitive and experiences show 

that methane production is going in relatively narrow interval of 5.5-8.5. For most methanogens 

the optimum pH value is between 7.0 and 8.0 (Seadi, et al., 2008). Changes in pH value can 

cause inhibition of one of stages of AD and pH below 6.0 can even be toxic for methane-forming 

bacteria (Monnet, 2003). There are some controlling limits for pH value, e. g. presence of 



ammonia and VFA, then bicarbonate buffer system (70 mg CaCO3/l), where pH value is 

dependent on concentration of alkaline and acid components and partial CO2 pressure.  

VFA and their concentration in the substrate are important for stability of AD. Acetate, butyrate, 

propionate and lactate are formed during acidogenesis and their accumulation, causing AD 

instability, leads to a drop in pH. As well as VFA, free ammonia in digester can cause AD 

inhibition. All changes in ammonia concentration are connected with pH value and temperature. 

With increasing pH and temperature, fraction of free ammonia is also increased, leading to 

inhibition of AD and VFA concentrations (Appels, et al., 2008); (Seadi, et al., 2008).  

 

Solids content, nutrients, C:N ratio: ranges of solid content are LS – low solids with less than 

10% of Total solids (TS), MS – medium solids with 15-20% and HS – high solid with 22-40% of 

TS. According content of solid matter, AD process can be divided into wet or dry digestion 

(Monnet, 2003). The next important components for the proper function of digestion, mainly for 

growth and survival of microorganisms, are micronutrients – iron, nickel, selenium, cobalt, 

molybdenum or tungsten. Even macronutrients are essential for proper microbial functioning; 

important nutrients are carbon (C), nitrogen (N), sulphur (S) and phosphor (P) with optimal ratio 

of C:N:P:S is 600:15:5:1 (Seadi, et al., 2008). C:N ratio present relationship between C and N 

content in organic material and the optimal range is 20:1-30:1 (Monnet, 2003). But because N 

can be bounded in lignin structures, C:N ratio is just an indicator (Deublein, et al., 2008). To 

keep optimal C/N it is advised to mix wastes with different values see example in Table 4.  

(Monnet, 2003).   

 

Table 4: C/N ratio for different types of feedstock (Monnet, 2003) 

Feedstock C/N ratio 

Pig slurry 3-10 

Cow slurry 6-20 

Chicken slurry 3-10 

 

 

 

 

 

 



 

Operational parameters and division of digesters:  

Operational parameters vary in range of complexity from small scale cylindrical reactor without 

moving parts to fully large scale automated industrial facilities. Design includes vertical and 

horizontal orientations, batch or continuous flow, wet or dry technology, single step or multiple, 

etc. All parts are designed to optimize the process as much as possible, according to geographic 

location, types of feedstock available and others factors (Zaher, et al., 2007). Common digesters 

used mainly in small scale, in developing countries. Very frequently used are fixed dome digesters  

 

 

(Chinese type), floating cover digester (Indian type) or balloon or tube digester. (Bond, et al., 

2011), (Plöch, et al., 2006) 

All possible types of digestion are designed in Figure 5. Classification of anaerobic digestion by 

operational criteria. (Chaudhary, 2008) 

 

 

 

 

 

 

 

Figure 4: Anaerobic digesters, Chinese, Indian and PVC type (Bond, et al., 2011)  



Feedstock: 

Substrates used for anaerobic decomposing of material varies, the most common biomass 

materials suitable for AD are for example sewage sludge, organic farm wastes and municipal 

wastes, green/botanical wastes and organic industrial and commercial wastes. By mixing 

different types of feedstock, co-digestion can have an impact on environmental and economic 

aspects. (Chaudhary, 2008) 

Feedstock is basically divided to agricultural and non-agricultural waste. Examples of wastes 

used in anaerobic digestion: Agricultural waste and agricultural vegetation waste include 

different animal manures, residues after crop cultivation, including mushroom medium residues, 

gardening residues and animal bedding derived from biomaterial (straw, paper, hog fuel, wood 

chips, bark, shavings or sawdust). Next acceptable feedstock used is waste products from animal 

feeds, cooking oil and food residues from restaurants, milk organic by-products from biodiesel 

facilities, plant matter etc. Materials which are limited or not accessible to biogas fermentation 

are: bio-solids, fish wastes, hatchery wastes, pet food and residues, poultry wastes or red-meat, 

hazardous material, catering waste from international transport, mortalities that have died to 

infectious diseases, organic wastes with content of fuels, plastic components or organic waste 

with volatile organic compounds.  

To ensure quality biogas production, it is recommended to sample each applicable feedstock 

type, to analyze physical characteristics (moisture, ash content, pH, C/N and others), chemical 

characteristics (nutrient content) and mainly heavy metals content. (BC Ministry of 

Environment, 2010).  

Figure 5: Classification of AD (Chaudhary, 2008) 



1.1.4 Treatment 

 

Digestate as a result of the AD is sometimes not fully stabilized, so residual biodegradability and 

organic elements like ligno-cellulosic compounds can be presented. Residues of digestion should 

be subjected to an appropriate treatment, the post-treatment. It is because to ensure suitability to 

agricultural use, mainly safety. The adequate post-treatment method could be composting, since 

it can stabilize organic matter and reduce phyto-toxicity and even advance the humic potential 

(Teglia, et al., 2011). Main treatment operations are illustrated in Fig. 6, 7.  

Figure 7: Waste processing (Seadi, 2001) 

Figure 6: Treatment processes (Zaher, et al., 2007) 



1.1.5 Benefits and limitations 
 

Process of AD has both benefits and drawbacks. (Seadi, 2001) The main advantages of 

controlled anaerobic digestion are considered to be: low levels of emitting green house gases if 

the process is well-managed and the methane production is maximized (Monnet, 2003), AD is 

source of energy both electrical and thermal with a closed carbon cycle. Heat energy can be 

recovered from waste heat or produced by burning of biogas. Then biogas can be converted to 

the vehicle fuel, like a CNG or LNG (EPA, 2012). Because renewable resources are used as a 

feedstock, the demand for fossil fuels is decreased and by using the digestate as a fertilizer, 

industrial fertilizers utilization and manufacturing is inhibited. In comparison to untreated and 

unmanaged disposal to animal manures, AD as an integrated management system reduces the 

probability of soil and water pollution. By proper treatment, the prevalence of odors and weed 

seeds are depleted, thus need for herbicides and other weed control are less essential (Monnet, 

2003). Another example of how to utilize and profit from digestate production is to use it as an 

animal bedding, or use it like a solid fuel – to combust it (EPA, 2012). In financial point of view 

all AD by-product are converted to saleable products like biogas, soil amendment, fertilizer. This 

ensures economic viability of farm (Monnet, 2003).  

There are also some risks in AD utilization and some potential negative influence on the 

environment.  Biogas production is very variable and must be treated, before it can be used, 

which increases costs, in addition to the high capital and operational costs. In different countries 

this can create difficulties with local policies and interconnection challenges and in rural areas 

even capacity issues. Costs can be also influenced by distances between production of the 

feedstock, storage facilities and digester. These distances and the traffic movement should be 

minimized (EPA, 2012) and (Monnet, 2003). Even risks to human health can occur, like 

pathogenic content of the feedstock, which can be decreased by suitable plant design and 

feedstock handling. In most cases it has visual impact to surroundings. Even risk of fire and 

explosion is possible (Monnet, 2003).  

  



1.2 Digestate 
 

1.2.1 Organic matter and fertilizers 

1.2.1.1 Organic material and biomass 

According the definition biomass is organic, carbon based material, derived from both animal 

and plant living, or recently dead material (GTOS, 2009). Agriculture mainly uses residues from 

animal or crop production. These residues are rich for most major plant nutrients and organic 

matter. By recycling of biomass the nutrient value is given back into the soil fertility which can 

save on using industrial fertilizers (DEFRA, 2010). Organic residues are used for agricultural 

land in specified doses and in appropriate period of application (Teglia, et al., 2011). In 

prevalence agricultural organic wastes are on form of particularly solids manures. In the soil, 

these manures contribute to improvement of water holding capacity, drought resistance and 

structural stability and the biological activity (DEFRA, 2010). In current situation in Czech 

Republic lots of farmers are breaking the system that was functional from 17
th

 century. The 

system used proper planted crops, proper crop rotation by using clover crops and fertilized the 

soil with valuable organic manures – fertilizers. The essence is to supplying agricultural soil by 

both nutrients and organic matter. By the decrease of cattle farming, even the clover plants were 

excluded from crop rotation. The main characteristics of these plants are aeration of the soil 

thanks to a deeper root system, releasing nutrients like Ca, Mg or P from a deeper level in the 

soil. After plowing, the root system becomes a big source of material for the production of soil 

humus matter and the reclamation of the soil. The main benefit is the bonding of air nitrogen into 

the soil thanks to the bacteria Rhizobium sp. The next positive aspect is in the dense coverage of 

the soil, thus to lessen the effect of soil erosion agents. The benefit of using other organic 

fertilizers, like animal manure, in liquid form is inter alia giving considerable amount of water 

into the soil (Marešová, et al., 2012).  Because of the tendency to enrich the soil using mainly 

industrial fertilizers, there are trials using different organic materials, like the digestate and 

others (FAO, 2005).  

 

 

 



1.2.1.2 Decomposition of organic matter 

Fresh residues, according to its origin, consist of recently dead organisms, both micro- and 

macro-microorganisms, including insects, earthworms and others. In the soil all organic 

compounds undergo process of decomposition. It is the process of braking down and 

transformation of organic molecules into simpler organic and inorganic parts. With addition of 

decaying organic matter the biological activity and the carbon cycling process starts in the soil, 

see Fig 8. Quality of organic matter, with other factors, influences the speed of decomposition. 

The process of breaking down of organic 

carbon compounds makes the humus, 

which influences soil properties and 

nutrients balances. The more stable humus 

enables increase of stored water and C 

from the atmosphere. Humus remains in 

the soil relatively long time, because it is 

difficult for micro-organisms to use it as an 

energy source.  Other functions of humus 

are: it improves fertilizer efficiency, keeps 

longlife of nitrogen, improves nutrients uptake (particularly of P and Ca), stimulates of beneficial 

soil life, provides magnified nutrition for reduced disease, insect and frost impact and manage 

salinity – humates ‘buffer’ plants  from sodium excess (FAO, 2005).  

1.2.1.3 Soil moisture and water saturation  

With increasing precipitations levels of soil organic matter grows. Soil biological activity  

is dependent on both air and moisture. The optimal biota activity arises, when around 60% 

water- resulting in a filled pore space. However soil decaying microorganisms need oxygen as 

well and in case of overfilled pore space, poor aeration occurs and with it even reduction  

of mineralization, inactivation and/or death of organisms. Other processes became active, 

anaerobic, causing damages of roots and diseases (FAO, 2005).  

1.2.1.4 Human interventions that influence soil organic matter 

By human various activities the organic material level and biological activity in the soil can be 

decreased. The practice of reducing organic matter in the soil by human intervention can 

influence the equilibrium of soil organisms. For example repeating tillage or burning  

of vegetation decrease microenvironment. Thus it destroys the soil structure and it no longer 

contains the organisms required to decompose the organic compounds. Soil is easily damaged by 

Figure 8: Decomposition cycle (FAO, 2005) 



rain, wind and sun leading to rainwater runoff and 

soil erosion, thus removing food for organisms of 

the topsoil.  

 Here are some factors that decrease the soil 

organic material in an open cycle system: 

decrease in biomass production – means 

replacement of perennial vegetation, and mixed 

vegetation with monoculture of crops and 

pastures, high harvest index, use of bare fallow; 

decrease in organic matter supply - burning of 

natural vegetation and crop residues, overgrazing, 

Removal of crop residues; increased decomposition rates - tillage practices, drainage, fertilizer 

and pesticide use. Compare to aforementioned practices there are some that increase the organic 

matter in the soil, thus providing habitat and food for soil organisms, which help build soil 

structure and porosity, provide nutrients and improve water holding capacity of the soil. Ways to 

increase OM content are: use of cover crops, compost, and proper crop rotation, perennial forage 

crops, reduced or zero tillage and/or agroforestry system (FAO, 2005).   

1.2.1.5 Nutrient requirements of crops 

According relative impotence nutrients are divided to macro and micro, in addition to carbon, 

hydrogen and oxygen. Macronutrients are nitrogen (N), magnesium (Mg), phosphorus (P), 

calcium (Ca), potassium (K) and sulphur (S) and are required in relatively large amounts. 

Micronutrients, required in smaller amount, than macronutrients are: iron (Fe), copper (Cu), 

manganese (Mn), zinc (Zn), boron (B), molybdenum (Mo) and chlorine (Cl). Deficiency of any 

of macro- or micronutrient can limit growth of plant and thus decreases yield. There is essential 

to ensure an optimum supply of all nutrients. Crops achieve nutrients from several sources, like 

from mineralization of soil organic matter, deposition from the atmosphere, biological nitrogen 

fixation, weather of soil minerals, application of organic manures, application of manufactured 

fertilizers, other materials added to land e.g. soil conditioners. Nutrients presented in industrial 

fertilizers are expressed e.g. in oxide form: phosphate (P2O5), sulphur, magnesium and sodium 

(SO3, MgO and Na2O) and potassium as potash (K2O). Right utilization consists in adequate 

timing and applying correct amount of the fertilizer. Crop demand for nutrients is dependent on 

the growth season and phase of growth. The most crucial stage is during the development of 

leaves and root system, the early stage. Wrong timing can reduce crop quality and can cause 

Figure 9: Open cycle system (FAO, 2005) 



problems, like increase of foliar pathogens. Other elements contained in plants matter are cobalt 

(Co), nickel (Ni), selenium (Se), silicon (Si) and sodium (Na) are normally available in the soil 

for uptake by plant root system and are essential for animal nutrition. These, absorbed in 

different forms, have special functions within the plant and can cause different deficiency or 

even toxicity (DEFRA, 2010).  

1.2.1.6 Nutrients and fertilizing management 

Supply of all mentioned nutrients has to be met, but not exceeded. Requirement varies with 

species, yield potential and intended use. Nutrients are applied, in sufficient amount, in form of 

organic manures and inorganic fertilizers if it is needed. There exist recommendation plans for 

matching right nutrients to be use for fertilizing, using soil Index systems.  In all agricultural 

production nutrients are matched according crop needs, maximizing economic returns and 

minimizing nutrients losses (DEFRA, 2010).  

 Good nutrient management is important for good yields and for a healthy environment. By using 

fertilizers on farm, human is somehow influencing the environment; the main issues are 

contamination of surface and ground water, impacting to the quality of the air, contributing to 

GHG emissions, soil quality etc.  Good management of fertilizers use is surely very essential for 

both profitability of farm and its environment impact. Optimizing the nutrient uptake ensures the 

minimal excess to the soil and subsequent lost in emission or other forms. Using of mineral 

fertilizers with organic wastes like slurries, manures, digestate and others helps to close the 

‘nutrient gap’ (DEFRA, 2010). The fertilizer industry is highly efficient and the world 

consumption during the years 1960 – 2000 has increased; in case of nitrogen fertilizers by 80% 

(Fig. 10), it has the potential to be utilized to a greater extent. Because animal manure nutrients 

have a low efficiency level, nitrogen can leak into groundwater or the atmosphere, industrial 

Figure 10: Fertilizers world consumption (Fixen, et al., 2002) 



fertilizer could be used to reduce losses and allow agriculture to utilize manure management 

better (Fixen, et al., 2002). Production of industrial N fertilizers is very energy-consuming, app. 

1.2% of world primary energy. The essential compound of nitrogen fertilizer is ammonia, which 

production is based on natural gas, unfortunately gasification of coal and heavy oil can occur. 

The new aim of producing industrial fertilizers is to lessen the environmental impact and 

decrease fossil energy use by using anaerobic digestion and production of N fertilizers from 

biogas instead of natural gas. By replacing natural gas with biogas in N fertilizer production, 

agricultures dependency on fossil fuels will be decreased. Another positive aspect is, that 

production will contribute to AD digestate creation, used as a fertilizer (Ahlgren, et al., 2010).   

1.2.2 Characterization of digestate and Properties 

Digestate is produced by biodegradable process of anaerobic digestion, consisting of a mix of 

microbial biomass and undigested material. Volume of produced digestate is approximately the 

same as the entering volume of feedstock to AD, but the mass is reduced by app. 15% 

(Frischmann, 2012).  

In present time the digestate is used more frequently, it is not surprising when a common biogas 

plat of 500kW power efficiency produce more than 10,000 tons of digestate per year some has to 

be disposed (Kratzeisen, et al., 2010). To assure a suitable and reliable way to manage and 

recycle these AD residues relevant characteristics of digestates organic matter composition have 

to be designed. Only a limited amount of data describing different types of digestates is 

available, concerning the evaluation of digestates stability (Teglia, et al., 2011).  

1.2.3 Digestate fertilizer 

Digestate has been used as a fertilizer because of organically bound basic nutrients that are 

mineralized (NPK) and are easily available for plants (Seadi, et al., 2008). Typical values of 

nutrients are N: 2.3 – 4.2 kg/tonne, P: 0.2 - 1.5 kg/tonne and K: 1.3 - 5.2 kg/tonne; but actual 

nutrients content is variable according the type of digested feedstock (Frischmann, 2012).  

During the digestion mainly carbons, hydrogen and oxygen is consumed and the rest essential 

plant nutrients remains in the digestate substrate. In comparison to others organic manures, 

digestate has higher availability of these nutrients, e.g. 25% more accessible NH4-N and higher 

pH value (Monnet, 2003). However a large part of nitrogen can be converted, during the 

digestion, into ammonium and thus lead to phyto-toxic material or emissions (Teglia, et al., 

2011). Digestate has lower C:N ratio, that means it has better short-term N- fertilizing effect, and  

is more homogenous than raw slurry and has an improved N-P balance (Seadi, et al., 2008). 



There are some differences between statuses of digestate as a fertilizer; most of them are 

considering digestate as an organic fertilizer, but there is as well an idea, that use of term 

‘organic’ is inaccurate. Kužel et al., 2010 is describing digestate just as light mineral fertilizer, if 

is in solid form, which is the most useful as an amendment medium for alteration of heavy clay 

soils. (Kužel, et al., 2010) But the agricultural use is mainly dependent on the digestate quality. 

There is a tendency to dewater the digestate, meaning that the matter of digestate is separated 

into fiber and liquor (Monnet, 2003).  

1.2.3.1.1 Forms  

There are two forms in which digestate can exist, according of the nature of feedstock and 

digestion technology; it means the liquid and solid form. Liquid digestate is mostly directly 

spread onto the soil (Teglia, et al., 2011). In form of liquid, digestate contains typically 10% of 

dry matter (Kratzeisen, et al., 2010). Spreading onto the soil, of course, shall be the subject of 

specific limitations and legislature regulations see chapter Legislative aspects. I case of AD with 

separation facility, solid/liquid part is divided to produce different by-products for different 

utilization. The liquid fraction can be used as a fertilizer after treatment procedure or undergo 

ammonia stripping. The solid fraction is mostly used for amendment of soil conditions or for 

other purposes. The solid form has the big advantage, the possibility to be economically handled 

and transported, and can prevent the risk of groundwater pollution. After the treatment of 

digestate residue (centrifugation, pressing and drying) the final solid fragment is possible to use 

as amendment of soil.  

1.2.3.1.1.1 Liquid form characterization 

In comparison to other organic fertilizers, liquid digestate has these properties: total nitrogen 

content of 0.2 – 1% in dry matter, higher pH (7-8), lower content of carbon and dry matter in 

scale of 2-13%. In case of 0.5% N content in matter and the dose of 1ton of the digestate 5kg of 

nitrogen per hectare is applied into the soil. To use digestate as a fertilizer it is necessary to use 

only stable digestates produced by proper treatment practice. The most essential factor that has to 

be controlled is high content of organically bounded nitrogen. It is important to pay attention to 

initial C:N ratio of the feedstock (Mendelova zemědělská a lesnická univerzita v Brně, 2008).  

1.2.3.1.1.2 Solid form characterization 

To characterize amendment, fertilizing and innocuousness properties there are values of main 

indicators, like organic matter content, dry matter, C and N, P, K and other substances content, 



humic substances and impurities contents according existing standards or standards for similar 

materials.  

Organic matter content – organic matter content varies according type of the feedstock. 

According Teglia et al., 2011 collected data from literature, organic matter content in digestate 

varies from 40-85% of DM see Table 5. Organic matter as well as dry matter is important to 

determine amendment properties. According European standards on organic amendment 

properties the minimal organic matter content is 20% of DM for digested material. It shows that 

all digested materials can be considered as soil amendments materials, but each European 

country has own legislation, so mentioned values are only informative.  

 

Table 5: Organic matter of different wastes (Teglia, et al., 2011) 

Inputted waste                                                                                                         OM(% DM) 

Dairy manure + biowaste    69–76   

Organic fraction of MSW + pig slurry   68–71   

Pig slurry + milk serum + cow slurry + maize silage + rice residues   70 

Pig slurry + blood industry residues + maize silage     67–74 

Primary sludge          55   

Organic fraction of MSW         55 

Mixture of primary sludge + organic fraction of MSW     58 

Pharmaceutical industrial sludge        70   

Cattle manure          86 

Mixture of primary sludge + organic fraction of MSW     70 

Food wastes +landscape wastes        39–43   

Energetic crops +cow slurry+ agro-industrial    

waste + organic fraction of MSW     

                             

75 

 

Nutrients content – content of carbon and nitrogen is very important mainly balance between 

organic and inorganic forms. C and N are improving biological properties of the soil. Total 

organic C content in investigated digestates is 400g/kg DM and N content is variable in scale of 

50 - 150g/kg DM. Majority form of nitrogen presented in digestate samples is N-HN3, always 

presented in value 50% and more of total nitrogen (Table 6). (Teglia, et al., 2011) 

    

 



Table 6: Nitrogen content in different digestates (Teglia, et al., 2011) 

Nature of input wastes   TOC(g/kgDM) TKN(g/kgDM) N-orga 

(g/kgDM) 

N-NH3 

(%TKN) 

Dairy manure + biowaste   – 50–60 19–27 52–62 

Energetic crops + cow slurry + agro-

industrial waste + organic fraction 

of MSW 

404 65 32 51 

Organic fraction of MSW + pig 

slurry  

378–397 135–151 48–53 63–68 

Pig slurry + milk serum + cow 

slurry + maize silage +  rice residues 

367–383 83–103 38–41 54–61 

Pig slurry + blood industry residues 

+ maize silage  

387–421 85–92 31–34 61–67 

 

French standards for fertilizing properties of organic matter determine that total N, K2O and P2O5 

must have minimum content in fresh matter 3% and total higher than 7%. German regulations 

order that nutrient content in DM must be higher than 0.5% N, 0.3% P and 0.5% K2O.  

1.2.3.1.2 Legislative aspects – for use as a fertilizer 

The current situation for a rising number of biogas plants, is the quantity of produced biogas 

digestate, requires legislative establishments, for the protection of air conditions, management of 

fertilizers and others. According Czech legislature definition, digestate is: the residue remaining 

in digester tank after anaerobic digestion process where the biogas is produced (Mendelova 

zemědělská a lesnická univerzita v Brně, 2008). Worldwide there exist many regulations 

applying on anaerobic digestion divider according waste used as substrate, type of facilities and 

finally use of by-products. The digestate is subject of waste management facility, that has to be 

licensed and if substrate is form animal waste, it has to be treated under the specific conditions 

(Monnet, 2003).   

Germany regulations are so called the principles of good execution of fertilizing. No liquid 

manure or raw material is allowed to be spread to soil in season of November 15
th

 to January 

15
th

; this is the same in other countries. It is because of possible leakage of nitrogen rich liquid 

from the soil surface, which is not permeable because of frost. Next regulation covers digestate 

utilizing is no more than 210 kg/ha.a total N is allowed to be spread on pasture, no more than 

170 kg/ha.a on land used agriculturally (Deublein, et al., 2008). Recycling of organic wastes 

demands regulations to control proper use of these materials. For digestate use are these 

regulations different, respecting some elaborating limits. If digested material will not comply 

standards, it cannot be used in the soil (Makádi, et al., 2012).  



pH and C/N ratio – data shows that digestate common value is ranged between 6.7 and 8.5. C/N 

ratio has been measured in scale of 7, for digestion residues from energetic crops, cow slurry, 

agro-industrial waste and organic fraction of MSW, to 25 for food and green wastes. C/N ratio is 

changeable and in most literature is lower (<20).  

 

 

 

 

 

 

 

 

1.2.4 Quality management 

Quality is assessed in 3 aspects according to Monnet, 2003: biological, chemical and physical. 

Chemical quality is identified by the presence of heavy metals and others inorganic 

contaminants, persistent organic contaminants (herbicides, pesticides or antibiotics) and 

nutrients. There can be even others hazardous matters like pathogens, seeds or TSE 

(transmissible spongiform encephalopathy). And other impurities, physical, like plastic and 

rubber, metal, glass and ceramics, sand, stones and cellulosic matter, that is decreasing digestate 

Figure 11: Nitrogen standards in different countries  (Lukehurst, et al., 2010) 

Figure 12: pH, PS and TS (Gómez, et al., 2005) 



quality and represents the risk of its utilizing (Monnet, 2003). The digestate contains all material, 

which was not decomposed and converted to biogas, consequently even contaminants that were 

present in feedstock remains in the digestate. It follows, well prepared feedstock will produce a 

good quality digestate and vice versa. Even if the quality of digestate is quite high and digestate 

is used for agricultural purposes, whole or separated, the value for the producer is relatively low. 

Because of the legislative regulations about spreading nitrogen rich materials the digestate 

cannot be used locally. This is to avoid over application. Another challenge lies in the 

application season and suitable market. This results in transportation, storage, spreading and 

operational costs. Finally the digestate production can be more costly then profitable. For this 

reason, new techniques for digestate enhancement are invented. The goal is to increase the value 

of digestate, to make new market products, to decrease dependence no land application, to 

reduce operational costs and ensure more secure and suitable outlets for digestate products 

(Frischmann, 2012).  

Pre-Digestion Enhancement Techniques of digestate are divided to physical, thermal, chemical 

and biological, see Fig. 13. 

Figure 13: The digestate enhancement techniques (Frischmann, 2012) 



For example dewatering is separation of the solid and liquid part of digestate to achieve 

separated fiber content of 18% and more of dry solids and liquor part. After dewatering 80% of 

mass is removed into the liquid part. It is the first process of the digestate treatment. Digestate 

fiber is semi-solid, means easier to be stored (Frischmann, 2012).  

The biological treatment of digestate sets its agricultural quality, which can be defined by 3 

aspects:  

1. Organic amendment properties: useful for restoring the quality of degraded soil. 

Amendment material is material which improves the physical properties of soil, like 

water retention, permeability, infiltration, aeration and structure.  In general amendment 

material presents better environmental conditions for roots and for whole plant 

development.  

2. Fertilizing effect: presents providing of both macro- and micronutrients to the soil, 

improving soil fertility and production yield of crop cultivation.   

3. Innocuousness: related to issues of possible impact on environment or human and animal 

health (Teglia, et al., 2011).  

Digestates can be directly returned to the soil as amendment or fertilizer, but in case of its 

instability, they need to be post-treated to improve quality. Quality standards already exist for 

composts, but there are new investigations to determine those for digestate and its direct 

agricultural use (Teglia, et al., 2011).   

1.2.5 Other ways how to utilize digestate 

Typically the digestate is used to farmland; next possible utilization is to use it like animal 

bedding, means the separated part of digestate. Like a part of post-treatment procedure, is more 

frequently treated by aerobic process of composting (for use in horticultural applications). 

(Alexander, 2002)  In present time is digestate tested for utilization as a solid fuel (Kratzeisen, et 

al., 2010). Thanks to research there will be surely new and new possibilities of digestate 

utilization and disposal.  

1.3. Briquettes 

Even the topic of thesis is not concerned to solid biofuels; the following paragraph is dedicated 

more or less to characteristics and properties of briquettes and pellets designated for energetic 

purposes. The processing of digestate is similar or evens the same to that used for biomass with 

energetic value. There are many different materials used for its energetic value, like a plant 



biomass, wooden biomass mixtures and others. These materials are processed into the form by 

piecemeal, crushing, pressing, and other ways. Before determining the size of material particles, 

moisture is adapted. Size (granulometry) is changed by crushing, cutting and sorting; and the 

moisture is decreased by drying to final moisture content 15-20%. Before burning of biomass 

biofuel; its form is changed by briquetting or pelleting technology. . In comparison of these two 

forms, pellets have a number of advantages over briquetting. For example, pellets produce a 

stable, tough structure with a smooth surface; so it can be used automatically. In case of 

briquettes, its structure is crumbly and unstable, thus the mechanical application is excluded. In 

case of digestate agriculture use, there is not necessary to have all advantages of pellets, because 

it is supposed to be decomposed in the soil. Physical properties required for solid biofuels are 

specific weight, mechanical durability and the bulk density. Bulk density is defined as a mass of 

many particles of the material divided by the total volume and is gravimetric determined by free 

pouring of material into vessel of known proportions (VŠCHT, Ústav energetiky, 2012).  

1.4. Sorption 

1.4.1. Definition of sorption 

Sorption can be described as a mass transport of gasses or liquids into solid material; it describes 

the penetration into the bulk phase of absorbing solid (Fletcher, 2008). Relevant sorption can 

occur in two ways WATER-SOLID or AIR-SOLID (Volz, 2009) and (Marešová, et al., 2012). 

Sorption can be divided to absorption or adsorption (Fletcher, 2008). The process in which a 

contaminant that adheres to a solid is adsorbate and sorbing a solid is adsorbent (Piwoni, et al., 

1990). Adsorption is divided into physical and chemical categories. Physical adsorption, 

physisorption, is a dynamic process where molecules are held by dispersion forces or van der 

Waals forces. This sorption is dependent on the physical pattern of the adsorbent, like porosity; 

and occurs to varying extents for all adsorbates, increasing with decreased temperature and 

increased pressure. The process is always exothermic. Chemical adsorption, chemisorption, is 

less common and presents electrons transfer between phases with the formation of chemical 

bonds. The essence is a chemical reaction causing the adhesion of adsorbate molecules. 

Chemical bond regeneration is difficult and desorption (reversible process of adsorption), means 

that re-usage is impossible. This fact causes a yield of chemically different products against the 

initial one. 

 

 



Table 7: Characteristics Associated with Physical/Chemical Adsorption (Fletcher, 2008) 

 Physical Adsorption Chemical Adsorption 

Heat of Adsorption / kJmol-1 
20 - 40 

c.f. heats of liquefaction 
> 80 c.f. bulk-phase chemical 

reactions 

Rate of Adsorption 
(at 273K) 

Fast Slow 

Temperature Dependence of 
Uptake (with Increasing T) 

 
Decreases 

 
Increases 

 
Desorption 

Easy- by reduced pressure or 
increased temperature 

Difficult - high temperature 
required to break bonds 

Desorbed Species Adsorbate unchanged 
May be different to original 

adsorptive 

Specificity Non-specific Very Specific 

Monolayer Coverage 
Mono or multilayer 

condition dependent 
Monolayer 

 

1.4.2. Porosity 

Most materials are to some extent porous. Physical properties, e.g. density, strength, 

conductivity, of solids are dependent on pore structure and its control. Industrial world is largely 

using the porous materials like catalysts, industrial adsorbents, membranes and ceramics. Pores 

present passages (from the Greek word ‘’ - passage) between external and internal 

surfaces of solid. All materials possess pores are used to sorption purposes, such purification or 

separation. Surfaces of solid material are described as external and internal (Fletcher, 2008).  

An external rough surface is not porous, because it does not have irregularities deeper than it is 

wide. (Commission on colloid and surface chemistry, 1994). Sorption filling process can be 

described as 1) monolayer formation, 2) pore filling by co-operative effects, 3) completion of 

a – closed pores 

b, f  – blind pores 

c, d – open pores 

e – transport pores 

g – external surface 

 

 

F 

 

Figure 14: Pores  (Commission on colloid and surface chemistry, 1994) 



pore filling process (Fletcher, 2008). Mechanism of sorption includes chemical adsorption, 

multilayer adsorption, capillary and co-operative pores filling, phase transition, molecular 

ordering and heterogeneity of solid surface (Gruszkiewicz, et al., 2005). 

Pores can be classified in four terms: open (connected to external surface of solid – passing for 

adsorbate), closed – are influencing 

macroscopic properties like bulk density, 

mechanical strength, but are inactive in flow 

processes (internal void, is not connected to 

external surface), transport (is connecting 

different parts of external surface to internal) 

and blind (connected to transport ones, do not 

lead to external), see Fig 14. Pores can also be 

classified according to their shape and width 

and routes. In terms of shape, pores are 

cylindrical (e.g. in zeolites), ink-bottle, funnel or slit- shaped.  

An idealized system describes shapes as cylinders, prisms, cavities, windows, slits, spheres 

(Commission on colloid and surface chemistry, 1994). But real porous systems are much more 

complicated. They consist of a variety of complex shapes, connections and distributions and 

different sizes of pores within one material. According to accepted IUPAC classifications the 

guideline of pore widths is: 

o Micropores: < 2nm 

Ultramicropores: < 0.5 nm 

Micropores: 0.5-1.4 nm 

Supermicropores: 1.4-2.0 nm 

o Mesopores: 2-50 nm 

o Macropores: > 50 nm 

Micropores are results of imperfect stacking of molecules and packing arrangement of bulk 

matter, looking like series of interconnecting volume elements, but with each element different 

size and shape. Micropores are providing maximum adsorption potential. Sorption in this case is 

completely reversible.  

Figure 15: Pores shapes  (Kaneko, 1994) 



Mesopores contain defects in the solid structure and provide passages to ensure there  

is a transport system to micropores. They are filled in last stage of isotherm by multilayer 

formation. Determination of mesopores is via vapor adsorption.  

Macropores serve as transport pores allowing access to internal surface. Macroporosity can be 

observed by optical microscope and scanning electron microscopy. Usually the diameter of the 

pores is 1-2mm (Fletcher, 2008).  

1.2.5.1.1 Origins of pore structure  

Not everyone adsorbent contains all types of pores, and pores are formed in different ways. 

Every porosity structure is unique and pores are not uniformly shaped (Fletcher, 2008). Some 

porous powered materials, so called agglomerates, are consolidated by many others macroscopic 

bodies. Others are unconsolidated, so called aggregates are weakly packed particles. The 

particles themselves could be significantly porous or nonporous; they are surrounded by 

interparticle and internal voids.   

Porous material can be created by several ways and pores are the inherent features of crystalline 

structure, like Zeolites and clay minerals (Commission on colloid and surface chemistry, 1994).  

Zeolites are widely used adsorbents, known as aluminosilicates and are used in their artificial or 

natural form. The mechanism of water adsorption in zeolites is not clear, but it seems that water 

molecules are keeping a range of energies to variety locations (Gruszkiewicz, et al., 2005). Pores 

sizes in zeolites are usually less than 1 nm and so these adsorbents are used in drying processes 

of the air, CO2 purring from natural gases and others (Pechoušek, 2010).  

In general, the prediction of adsorption of any material is difficult, because of the lack of 

accurate characteristics of a pore system even for the most uniform sorbents (Gruszkiewicz, et 

al., 2005).   

1.2.5.1.2 Quantitative description 

Total pore volume of solids (Ѵp) is volume of pores, measured by defined method, which is 

stated. 

Pore size (or width) is distance between two opposite walls of the void – in micro-, meso- and 

macro- scale.  

Distribution of pores size is represented by derivates 
   

   
 or 

   

   
 as a function of rp – Ap wall area, 

Vp volume and rp radius of pores.  



Porosity (ε) is ratio of total pore volume to apparent volume of particle in both open and closed 

pores. (Commission on colloid and surface chemistry, 1994) 

For porosity measurements and determinations there are some methods how to investigate pore 

sizes and distribution, these methods are volumetric, gravimetric, calorimetric or spectroscopic. 

Sorption is recorded as graphically, known as isotherms (Pechoušek, 2010).  

1.2.5.1.3 Soil sorption 

In the case of agriculture, they utilize mainly the sorption system WATER-SOLID which means, 

the ability of the soil to attract ions and whole molecules of water or solutions into solid form of 

the soil (Richter, 2004). Water molecule has polar charge, and is very well arranged to the 

mineral surface; because of the negative charge on most of surface. Water in the soil is presented 

as adsorption water (hygroscopic), viscous water (capillary) and free water (ROADEX, 2011). 

These catch solutions with nutrient content and make a reservoir of nutrients during the 

vegetation season. Every soil has a different method of sorption of nutrients: mechanical, 

physical, chemical, physic-chemical and biological (Richter, 2004).  

  



3. OBJECTIVES 

Based on the knowledge of the process of digestion and its products, from the available literature 

sources were created objectives of this work. The aim is to describe the basic characteristics and 

results of mechanical and physical sorption of water produced from the biomass under different 

external conditions and thus get an idea of the potential use of compressed organic material.  

The factual content of the Diploma Thesis represents three sub-goals. 

The first of the goals was to increase awareness of basic, mainly mechanical, properties of the 

compressed digestate both information from secondary sources, and laboratory analysis  

of samples collected from two biogas plants in Czech Republic. These properties are important 

for assessing the suitability of digestion products, after subsequent mechanical treatment,  

as appropriate fertilizer in the form of briquettes. There is also the possibility to consider using 

additional materials, such as dolomite limestone or zeolite, and thus improving the current 

fertilizing properties and distribution of nutrients to the environs. Alternatively, offers the 

possibility of use in heavy soils to improve the physical structure of the soil. Properties  

of digestate briquettes will be compared with other materials. 

Another objective is to determine by laboratory experiments sorption potential of the digestate 

briquettes, again in comparison with a different material. Knowledge of sorption is important 

because of the possibility of changing mechanical properties of briquettes after incorporation 

into the soil. At present, the digestate is used traditionally in the form of liquid fertilizer,  

in the form, which leaving the biogas plant and in order to achieve negligible losses of nitrogen 

is immediately incorporated into the soil. However, the liquid form must be stored in special 

conditions, which compressed form does not require.  

Based on gained properties and measured values it is better to understand the mechanism  

of water uptake by briquettes under different conditions, and it is actually the third sub-objective, 

which is the most important part of the overall objectives of Diploma Thesis - changes in 

digestate briquettes properties depended on water uptake. Along with the acquired knowledge  

of digestate in the form of briquette, may be better to propose other use of digestate such  

as organic fertilizer or as a means to modify the physical properties of the soil. In this study,  

the economic performance and profitability of innovative digestate briquettes using will not be 

taken into consideration. However, it could be further explored in future research on use 

biologically degradable materials such as digestate, the final substrate after the process  

of anaerobic digestion. 



This research is entirely focused exclusively on the mechanical properties and sorption  

of granulated organic waste, which has not yet been observed. 

  



4. MATERIALS AND METHODS 

1.3 Used material characteristics 

During the experiment, following materials were used: pure digestate, hemp, sorghum, spruce 

bark and various mixtures of materials like sorghum- spruce bark, sorghum-shavings, then 

digestate mixtures with additives such as dolomite limestone and zeolite. The most important 

material for the experiment is digestate in form of briquettes. Other materials have been used 

mainly due to compare their properties with the digestate and they were the most available 

within the laboratory. 

Used digestate derives from two different commercial biogas plants, collected in autumn of the 

year 2012, ZEPOS a.s. Radovesice (D1), Czech Republic and agricultural cooperative Krásná 

Hora nad Vltavou, the farm Petrovice (D2), Czech Republic. The composition of the feedstock 

used in process of digestion within biogas plant (sample D1) is: 60% corn silage, 10% of pig 

slurry and 30% manure. Feedstock for sample D2 is - 20% corn silage, 20% grass silage and 

60% beef manure from the farm. Both biogas plants are large-scale, with an output of 800 kW, 

using technology of company FARMTEC a.s. 

Sample D1 was separated, before analysis, by a sieve to liquid and solid form. The separated 

solid part was re-dried in the laboratory at 100% of dry content. 

Sample D2 was already in the solid form, partially dehydrated with 78-80% moisture content. 

Both samples were analyzed in the laboratory of Czech University of Life Sciences Prague 

(CULS). The analysis results are presented in table form in the first chapter of Results. 

Briquetting process - treatment of raw material 

Before pressing procedure, all materials are, except the digestate which solid particles go through 

the eye of sieves, pulverized by a hammer crusher to lower parts with diameter of 8 mm. All of 

these materials have undergone a process of granulation using a piston press with a diameter of 

62 mm, which is available at Technical Faculty of CULS. 

Storing of all materials, before and after processing, was carried out at ambient room 

temperature. Before the material is compressed, it must be dried. Drying is then carried out, 

under ambient conditions, and then by a dryer at temperatures up to 95 ° C. The final moisture 

content of the material is equal to value of 14-15%. Further material can be compacted and 

granulated (briquetted) into the final shape of a cylinder with dimensions: diameter D = 6.2 cm, 



and different lengths (L). Briquettes have laboratory humidity 8-10%, and are prepared to test 

their mechanical properties. To make briquettes held fixed shape, they go through a series of 

tests, one of which is testing of an abrasion. The percentage of crumble briquette material is 

measured, directly dependent on time and the repeating of the test. Abrasion is measured by the 

crumble drum into which are inserted a pre-weighed samples - let the crumbling for 5 min, the 

difference in weight after the finishing the crumbling defines the cohesion of briquettes. 

Experiment methods 

Physical (mechanical) properties  

To describe the physical and mechanical properties of digestate, samples were analyzed in the 

laboratory of CULS - and values obtained were tabulated. 

• Relate to the determination of the following quantities is given their the percentage of the 

ash, nitrogen, fats, fibers, organic matter, Nitrogen Free Extracts (NFE) and gross 

calorific value (the amount of heat released by the complete combustion of fuel in a 

pressure vessel in the calorimeter, in environment of compressed oxygen at a temperature 

of 25 ° C - ČSN ISO 1928) 

Other physical and mechanical properties of briquettes digestate were measured or calculated, 

and these are: 

• Density: using the formula for the calculation of density (Eq. 2) and measured values of 

mass and volume (Eq. 1), density is calculated. Values of densities of all material 

briquettes samples are tabulated and compared.  

 

 

  
   

 
                       

  
 

 
                           

 

 

 Figure 16: Weighing briquettes 



• Bulk density (BD): into a container of known 

proportions is poured uncompressed digestate 

and aligned simultaneously to the line with the 

container. Then its weight is gravimetrically 

determined and form measurements of the 

weight, container size, thus computed volume, 

the bulk density (Eq. 3) of uncompressed 

digestate is calculated. 

   
 

 
                            

• Moisture content - is measured using a standard laboratory hygrometer or calculated from 

the gravimetric method. 

Monitoring of water uptake briquettes in the laboratory 

Sorption experiment was carried out in the laboratories of CULS, room № C63, in the period 

November-April 2012/2013. An experiment is composed of three parts. 

Sorption without limiting environment  

Equipment: briquettes made of various materials. In 

this part of experiment were used these materials: 

pure digestate, hemp, sorghum, spruce bark and 

mixtures of materials like sorghum-pine bark, 

sorghum-shavings, then digestate mixtures with 

additives such as dolomite limestone and zeolite. 

Other tools are wire baskets with proportions app. 

10x11cm, Figure 18, tray into which water is poured, 

and serves as a source of moisture. Stopwatches used for sorption time measuring. Laboratory 

scales, a common meter or calipers and prepared tables for data noting. 

Practice: water is poured into the tray with app. 1 cm level. Before putting briquette sample into 

the water, the initial values are measured; diameter, length and mass (D, L, M). Sample for better 

handling is put into the water in a wire basket; allowed for three minutes, briquette sorbs water 

by its base. After three minutes, sample is removed from water and measured again. 

Measurement of D and L is always repeated five times. These five values at the end make a 

Figure 17: Bulk density measuring 

Figure 18: Equipment 



geometric mean (Eq. 4). Time of manipulation within measurement is 3 minutes, thus total 

period time is 6 minutes. This procedure is repeated until the samples are saturated with water. 

The point of saturation was conducted to change of increase in mass is less than 5%.  All 

measured values are recorded in prepared tables for easier processing of data. The resulting 

graphs describing advancing sorption are listed in the Results chapter. Used calculations are - the 

geometric mean for repeated measurement of diameter and length, for data processing was used 

text editor MS Excel, statistical functions in it GEOMEAN, see equation below: 

                                 

 

   

 

 
 
 

               

Sorption in partially limited environment - limited diameter 

The second part of experiment was carried out in laboratory conditions. 

Equipment: compared briquettes of digestate (n=3) and hemp (n=3) of similar mass, to compare 

possible differences in sorption. Furthermore, two polyvinyl-chloride (PVC) tubes were used, 

with proportions: 

D1 x L1 = 7.7 cm x 17.7 cm  

M1 = 342 g  

D2 x L2 = 7.7 cm x 17.50 cm 

M2 = 341 g 

 

Furthermore equipment needed: tray for water, meter, scales, and stopwatches to measure the 

time of sorption. 

Practice: first, initial values of briquette must be measured; length, mass and diameter – 

repeating of one value measurement by seven times, which is calculated as the geometric mean. 

Briquette sample is placed into the PVC tube, simulating the limited environment, in diameter 

level. The set briquette-tube is immersed into the water (about 2 cm level) and allowed adsorb 

water for 15 minutes. After 15 minutes, set is removed from the water and measured; the length 

of briquette is dedicated reading the Equation 5. Diameter is not measured because it restricted 

Figure 19: PVC tubes  



diameter tube, with the final value of 7.7 cm. Mass is measured in consideration of the PVC 

tube, net mass of briquette is given by reducing the tube mass. After measurement of all the 

required values, the procedure is repeated with the exception of the duration, periods are 30 

minutes, 1 hour, 2 hours and 4 hours. The total time of the experiment takes app. 8 hours. All 

values are reported to the table graphically designed,  

presented in the Results chapter. 

                                               

 

 

 

 

 

 

 

 

Sorption in completely limited environment - simulation of soil conditions  

The third part of the experiment was carried out again in the laboratories of the CULS. The 

entire experiment took place on 3rd - 11th April 2013; the number of measured days was 5-6. 

Equipment: two wooden boxes with parameters of 26 cm x 56.4 cm x 26 cm, plastic foil, fine 

white sand, soil, humidity meter. Compared material is digestate and hemp briquettes. 

Procedure: to the bottom of wooden box plastic foil is laid, like protection against getting wet the 

wooden material. Then pour to the middle row of white sand. On the sand the row of briquettes 

is longitudinally align; see Fig 23. Briquettes are packed with a soft absorbent paper for better 

water uptake and backfilled with white sand, for better recognition of enlarging mass. 

 

 

Figure 21: PVC tube complex with briquette 
Figure 20: Measuring the length 



 

 

 

 

 

 

 

 

Figure 22: Wooden box with briquette, moisture measuring 

Figure 23: Wooden boxes and moisture observation, soil conditions 

Figure 24: Increase in proportions 



Briquettes are gradually covered by soil, about 25-30 cm. Soil is then watered sufficiently. In 

next days, gradually the layers of the soil are sliced along with briquettes. The humidity is 

measured by humidity meter inside briquette (wbriquette) and external environment (wsoil), increase 

in briquettes diameter is measured as well. Changes are photo-documented. The values were 

recorded for subsequent evaluation and graphical processing - specified in the Results chapter.  

1.4 Mathematical calculations 

Used calculation for expression of total sorption of different materials: 

 

V                   

  – Median 

V – Volume  

M – Mass 

t0 – initial time 

tn – final time        

Determination of the maximum relative error of measurement –   [%]: 

Maximum relative error of the measurement result is in the range from 2% to nearly 12%, 

depending on whether the corresponding value is measured directly or calculated from other 

measured quantities. Furthermore, the example of calculation errors of density documents the 

process and the resulting error. 

For example, the average values of the measured briquette samples of different materials are: 

D = 65 mm – diameter measured with an accuracy of 2 mm 

L = 52 mm – length measured with an accuracy of 3 mm 

M= 150 g – mass measured with an accuracy of 0.2 g 

Calculations for density and volume: 

  
   

 
                       

  
 

 
                           



V – Volume  

D – Diameter 

L – Length 

M – Mass 

ρ - Density 

The equation for calculating the measurement error: see for example the address below: 

http://fyzika.upol.cz/cs/system/files/download/vujtek/texty/pext2-nejistoty.pdf 

             

   
  

 
 

           

Calculation of the relative error: 

    
 

  
             

    
 

  
                

                                  

   
   

   
        

                                   

This is the resulting maximum relative error in the determination of density. Under specified 

conditions. This does not mean that such an error will be calculated for each density value. 

 

  

http://fyzika.upol.cz/cs/system/files/download/vujtek/texty/pext2-nejistoty.pdf


5. RESULTS AND DISCUSSIONS 

5.1 Analysis of digestate briquettes 

5.1.1 Nutrient composition of digestate matter 

On basis of the digestate matter analysis, the tables of observed nutrient values were compiled. 

The values were related to 100% and 6.2% of dry matter (DM) content. The values are expressed 

as percentage, see Tables 8,9. The table consists of two different types of digestate: D1, where 

the composition of digested feedstock is maize silage (predominantly), and cow manure and pig 

slurry. The digestate D2 is composed from maize silage, grass silage and the most cow slurry. 

The abbreviations in the Tables 8,9, meaning: NFE – Nitrogen Free Extract, OM – Organic 

Matter, GCV – Gross Calorific Value. GCV is related to 8-10% moisture content of the 

briquettes.  

Table 8: Nutrient values of digestate in 100% DM, expressed in % 

 

Table 9: Nutrient values of digestate in 6.2% DM, expressed in % 

 

The liquid part of D1, the 100% DM digestate, contains 30% of ashes, 20% of useful nitrogen, 

and more than 60% of organic matter. These values are important to express mineral and organic 

significance of the organic matter, which is used in agriculture. The nutrients values of solid part, 

of D1, are not significantly different, compared to the liquid. Only the values of mineral nutrients 

are lower and values of fiber and organic matter content are higher. Differences are in range of 

5-15%. The GCV represents the heat available from the fuel, which is completely combusted, 

Sample Ash Nitrogen NFE Fats Fiber OM GCV [MJ/kg] 

D1 – lq. 30.65 19.98 40.23 1.47 7.66 69.35 17.32 

D1 – s. 25.10 14.23 36.92 0.94 22.80 74.90 17.52 

D2 – s. 17.12 13.08 38.23 0.38 31.18 82.88 18.55 

Sample Ash Nitrogen NFE Fats Fiber OM 

D1 – lq. 1.90 1.24 2.49 0.09 0.48 4.29 

D1 – s. 1.55 0.88 2.28 0.06 1.41 4.64 

D2 – s. 1.07 0.81 2.37 0.02 1.93 5.14 



expressed in MJ/kg (CHP Focus, 2013). The Gross Calorific Value of the D1 and D2 digestate is 

varying around 16-18MJ/kg. The D2 digestate is presented only in solid form (partially separated 

and dried to 75-80% DM). The nutrients values are not significantly different, varying in range 

of 1-9%. 

In 6.2% DM, the representation of nutrients is low, in comparison to high dry matter content. 

The main component of this liquid matter is organic material with 4-5%, then Nitrogen Free 

Extracts with 3%. Samples D1 and D2 are similar in nutrients composition. 

Result: 

The composition of nutrients in samples of digestate is dependent on anaerobic digestion 

feedstock character, represented by differences between two special samples of digestate. 

Representation of important nutrients is higher in the 100% of dry matter, in order of 30%.  

Discussion: 

In comparison of organic matter contents with other results of the research, we can compare 

similar or totally different materials, in connection to initial AD feedstock composition. 

Measured organic matter in research of Paavola, Rintala (2008), is varying by 69-76% DM, 

where the investigated AD feedstock was pig slurry. Another collective of authors collected the 

values of organic matter from different initial feedstock. Final measured values are 70% DM in 

case of use pig slurry, milk serum, cow slurry and rise residues. I case of use just cattle manure 

the value was 86%. In summary of all the materials used for anaerobic digestion the range of 

organic matter content is between 40-85% (Teglia, et al., 2011). Nitrogen content in this paper is 

around the 20% in 100% DM. In study of digestates (Alburquerque, et al., 2012), the author sets 

the nitrogen level in cattle manure, which has higher dry matter content, in com parison to 

digestate, with very low dry matter content. Higher value of nitrogen in matter has the cattle 

manure with difference of 2%. In (Teglia, et al., 2011) study the content of nitrogen measured 

for different materials was 5-15%. In this paper the N content is between 14-19%. Abubaker, et 

al. (2012) compared fertilizing properties by observing nitrogen and other nutrients values. In 

case of comparison of NPK fertilizer with pig slurry digestate, the solid NPK had definitely 

higher value of 30.3%, besides the digestate had only 0.53%.  

Calorific value of used samples of digestates in this study, is comparable with those used in 

Kratzeisen, et al., (2010) study, where used digestate was from maize silage, grass silage, 

potatoes and maize silage, sudan grass silage, poutry manure and corn mix. Investigated 

Calorific values were 17.3 MJ/kg and 16.4 MJ/kg, with 9% of moisture. Ash content was 18.3% 



and 14.6% within the 80-85% DM. In comparicon to another study, where the hemp was main 

material, the GCV was also 18 MJ/kg (Mankowski, et al., 2008).  

5.1.2 Physical and mechanical properties of digestate briquettes 

The first observed property of digestate briquettes is density. The density of digestate was 

compared with another material, for better imagination of its structure. All materials density is 

represented in Table 10. The average value of group of samples is expressed by statistical 

function, the geometric mean (Geomean), which is the most accurate for these measurements. 

Table 11 refers about digestate bulk density. Density is influenced by mass and volume changes.  

Table 10: Bulk density of digestate uncompressed 

 

Table 11: Comparison of densities of different materials, 

 

The density in the digestate used in this thesis varies around 814.06 kg/m
3
, the bulk density of 

non-briquette form is 6.6 times lower. The highest density within the Table has briquette of 

digestate mixed with crystalline structures, like dolomite lime or zeolite.  

Material    [kg/m
3
] Geomean [kg/m

3
] 

Digestate bulk density 123.42 123.42 

Material    [kg/m
3
] Geomean [kg/m

3
] 

Pure digestate briquette 640.97 – 945.52 814.06 

Digestate - CaCO3 mix. 

b. 

1,159.60 – 1,323.78 1,245.35 

Digestate - Zeolite mix. b. 1,049.91 – 1,116.82 1,082.84 

Miscanthus sinesis b. 726.95 – 816.03 783.25 

Sorghum-pure - 709.46 

Sorghum + pine chips - 885.16 

Hemp - 946.71 

Spruce bark - 1,034.21 



Discussion: 

Dissimilar materials have different densities according to processing of briquetting. Thus the 

density varies by the changes of physical structure of the material. The concentration of 

individual internal components is changing as well. Chemical structure is not changing. When 

we compare the digestate briquette density with water density in the same ambient conditions, 

the density of water is higher by 186 kg/m
3
, the water density is 1,000 kg/m

3 
(4°C, normal 

pressure), (VŠCHT, 2008).  

Zeolites have crystalline structures with high internal surface area characterized by a framework 

structure that encloses interconnected cavities (READE ADVANCED MATERIALS, 1997). 

Zeolites are very effective material, used for its excellent physical-chemical properties – high 

porosity and ion changes Zeolites have large internal surface area of up to 1000 m²/g and 

volumetric density of about 0.8 kg/dm³, (Maier-Laxhuber, 1991). By adding the zeolites into the 

soil, the soils properties will be changed. This material positively affects levels of trace and 

biogenic elements in the soil (BIOCLEAN, 2013). Density of the zeolite is given by its internal 

structure, the free internal space is smaller, and it will influence the sorption of water. The 

dolomite lime stone density is 250 kg/dm
3
. (Thomas, 2013) 

Initial moisture content is next observed value. The initial moisture of all used briquettes was 8-

10%, and is influenced by around conditions of laboratory. Briquettes used for agricultural 

purposes, not to fuel purposes, can be storage in internal ambient conditions as well in external 

conditions with protection against direct exposure to precipitations. In case of exposure to water 

contact, briquettes lost its compatibility and shape stability.  

   

Conclusion: 

Thanks to density, we can briefly describe the mechanical properties of different materials 

briquettes, and gain the image of possible sorption. Density is dependent on force of granulating 

and the composition of material used as substrate for granulation. With the change of density, the 

mechanical properties will change as well. 

5.2 Sorption processes 

For assessment of the sorption processes, the graphs with the dependency of measurable values 

(M-mass, D-diameter, and L-length) on time were created. For explaining the basic mechanical 

tendencies of sorption water to solids, were investigated three different experiments. In 

experiments were used different materials and different limitation conditions, the changes in time 



were transformed to the graphical form. The accuracy of measured data includes the maximal 

error around 10%. 

5.2.1 Sorption in non-limited conditions 

In this part of the experiment were measured values changed during the time period in laboratory 

conditions, without any limiting factor for the sorption. Water has advanced to the briquette via 

the base. The progress of the sorption is graphically described in Figure 25. Describing values 

are volume (Vsorp) of sorption expressed as the difference between the initial mass of briquette 

(Mt0) and the last measured mass (Mtn) of fully sorbed briquette, see equation A. Total volume of 

sorbed water is expressed. Saturation point of briquette is stated in this paper like change of 

volume is less than 1% in the time period.  

 

                             (A) 

 

Figure 25: Total volume of water sorbed by different type of material 

From the Figure 25, we can see the differences between volumes of each briquette according to 

used material, where the most saturated briquettes were those of digestate. The volume of 

saturated water in digestate briquettes was 542.5 cm3. The digestate had the smallest initial 

weight. The initial moisture of all material briquettes is the same, 8-10%. The last phase of the 

sorption is characterized by less adhesive forces of the briquette structure, pieces of matter are 

ripping caused by manipulation during the measurement.  
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Table 12: Initial mass of briquettes (average values of initial mass) 

 

Initial mass of briquettes are recorded in Table 5, value of mass is different, but by this way of 

investigations of the sorption, is not possible to determine, if the change of sorption character is 

dependent on the initial weight of the briquette.  

In Table 12 are counted values of last saturation time for all the materials (see Table in 

Annexes). Median represents the middle time value of all samples, when the saturation was 

ended. Modus is the most frequent time value. Minimum time of the end saturation is 21 minutes 

and maximum 165 minutes. In case of all 5 samples of digestate, the end saturation time value 

was in average 141 minutes. And the time ranged between 105
th

 – 165
th

 minute.  

Table 13: Saturation times 

Conclusion: 

The ability of sorption is given by mechanical and physical properties of each material. These 

properties are influenced by the type, size, and shape of elements inside the briquette. Each 

granulated material can be considered as unique sample, which is not homogeneous. From the 

figure the volume of water sorbed by each material is comparable. The digestate in this 

experiment has proved as the most sorption able medium. Digestates with additives (zeolites and 

the lime) have smaller volume of sorbed water. It can be explained theoretically as result of high 

density. The higher density, the smaller internal space, caused fine particles of crystalline 

structure.  

There is no other research concerned to description of the sorption properties and mechanisms of 

such kind of material, like the digestate. For determination of the sorption potential and its 

dependency on the initial mass of briquette is needed. The statistically confirmed results can be 

presented as the certified sorption principles. 

Digestate Spruce 

bark 

Sorghum D+Zeolite Hemp Sorg.+pine 

chips 

D+lime Sorg.+chips 

124.4 g 126.3 g 141.9 g 149.3 g 152.0 g 165.5 g 169.0 g 170.3 g 

Statistical function Median Modus Geomean max min 

Time [minutes] 105 105 88 165 21 



 

Figure 26: The time course of sorption for digestate, hemp and spruce bark 

The figure 2 records the timing and mass, thus volume, increasing with advancing sorption. 

Compared materials were digestate, hemp and spruce bark.  

The sorption of the digestate has longer time in comparison to both hemp and bark material. The 

saturation of the digestate briquettes in average starts in time of 147
th

 minute, the slope of the 

graph started to be less than 1%. For hemp the saturation starts in 93
rd

 minute and for spruce bark 

in 87
th

 minute.  

 

Figure 27: diameter changes in advancing sorption 
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Figure 28: Length changes with advancing sorption 

Upper Figures are describing the increase of diameter and the length. The digestates diameter 

increased from initial value of 6.6 cm to 10.05 cm, the difference is 3.45 cm. The diameter of 

hemp has increased by 2.73 cm, from the value of 6.6 cm to 9.33 cm. And the diameter of spruce 

bark has increased by 2.46 cm, from initial diameter of 5.09 cm to 7.55cm.  

Next Figure is describing the differences in length. The initial length of digestate was  

4.76 cm, which rose to 12.20 cm. The difference is 7.44 cm. Hemp briquettes length has 

prolonged from 4.70 cm to 10.47 cm, by the difference of 5.77 cm. And the spruce bark has 

prolonged by 3.33 cm, from 6.00 cm to 9.33 cm. 

Conclusion: 

Sorption process has been recorded to the graph as a raising curve in case of all investigated 

materials. The growth of briquette varies according to material, from 3.33-7.44 cm in length and 

2.46-3.45 cm in diameter. So the average increase in proportions is 2.88 cm x 5.5 cm (DxL).  

Sorption is longer in case of digestate, difference in time of saturation between digestate and 

hemp with spruce bark is app. 1 hour. The time of saturation between spruce bark and hemp is 

only 6 minutes. During those 165 minutes the briquette can gain up to 5 multiple of its initial 

mass. At the spruce bark briquettes the mass raised two times, in time of 105 minutes. And in 

case of hemp, mass rose 3.8 times, in 105 minutes as well. 

The conclusion is that the digestate briquette exposure to sorption is increasing in all its 

proportions relatively quickly, in 165 minutes, in assuming permanent supply of water and non-

limited conditions. The sorption can be hypothetically explained by the non-limited conditions, 
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allowing the water to adsorb to internal space of the briquette. Sorption has resulted as an 

obvious and measurable change of proportions and shapes of briquettes. Mass, thus even density 

was influenced. With the change of basic physical properties, all properties of briquette are 

changed. The saturation varies according to materials used, characterized by density of material.  

These results are mainly useful to illustrate the tendency of the sorption and confirmation of this 

tendency is possible on the basis of next similar research. The comparison of these results to 

other author’s findings is missing because similar research has not been done.  

 

 

Figure 29: Comparison of sorption of pure digestate with additives  

 

Figure 30: Volume sorbed  

 

In comparison of two other materials, which are the mix of digestate with crystalline structure of 

zeolite and dolomite lime, we can observe how the sorption is influenced by internal structure of 
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the material. Zeolites are known as industrial sorbents able to absorb the water relatively in short 

time. According to Ramos et al. (2003) the maximal water adsorption capacity of spherical 

zeolite pellets with diameter of 4 mm, is 300g of adsorbate to 1kg of adsorbent. The sorption is 

different in the beginning phase between the zeolite mixture and pure digestate, but after an hour 

the sorption curve of pure digestate still quietly raise and the zeolite curve stabilizes.  

 In comparison to digestate the difference is relatively obvious from the graph. The saturation, 

with the curve increase less of 1%, occurs within the all three materials around the time of 135
th

 

minute. The time interval for mixture of digestate with dolomite lime is 105-135 minutes. Next 

two materials, the pure digestate and mixture with zeolites, sorb water up to 165
th

 minute. The 

volume of absorbed water is by 30-40 ml higher in digestate, comparatively to other two 

materials.  

Conclusion:  

Sorption is given by internal structure of the sorbent material which is with differently speed 

filled by water molecules. In this case, of non-limited conditions, digestate briquettes have 

sorbed more water than two other materials, in longer time of sorption.  

5.2.2 Partially limited sorption – in diameter 

The second part of the experiment is different from the first by using PVC tubes, into which is 

inserted a briquette, that is limited to the diameter growth of briquettes. This part of the 

experiment is monitored mainly by growth in length and mass change briquettes. Two materials 

compared - digestate and hemp. 

 



 

Figure 31: Mass change in time, digestate and hemp 
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Figure 32: length change in time 



 

At the beginning of sorption the digestate briquette weighed 142g, after the sorption within 8 

hours the mass has increased to value of 541g. In measurement of hemp the initial mass was 

142g as well and the final 515g, with the same time of sorption. The volume of sorbed water is 

399ml for digestate and 373ml for hemp. The average difference in volume between hemp and 

digestate samples is in range of 30ml.The highest curve elevation was recorded in time of first 15 

minutes, with the increase in mass of 70-80% in both cases. Then the slope of curve is 

decreasing to 45
th

 minute by: in case of digestate 25%, in case of hemp 10%. After 45
th

 minute 

the increases in curve slope are less than 4%. The saturation in digestate case occurs after 3 

hours of sorption. In case of hemp it would be a little bit longer time, but the measuring has been 

stopped, when the slope of curve had more than 2% elevation.  

Observed length has increased in average by 5.36cm at digestate and by 4.97cm at hemp 

briquette from initial to final value, sees the Figure 32. The highest prolonging has occurred after 

first 15 minutes of sorption, in both material cases (digestate – 3cm, hemp – 5cm).  

5.2.3 Sorption in completely limited environment - simulation of soil conditions 

The third part describes changes in moisture, volume and density of briquettes placed in the soil, 

thus in conditions limiting the space around line of briquettes and therefore its expansion. 

Advancing moisture of briquettes in comparison to soil moisture is recorded in relation to time in 

the following chart. 
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Figure 33: Comparison of mass increase excludes the time  



 

Figure 34: Moisture increase within the time, digestate and soil 

 

From the initial value of briquettes moisture of 8-10% has increased during 2 days to 20% at 

digestate and to 16% at hemp. After next two days the moisture increased to 56% at digestate 

and 36% at hemp, beside the moisture of the soil kept the level of 16-20%. The highest increase 

of sorption has been recorded in first 4 days at digestate and 8 days at hemp. The speed of 

sorption in this part of experiment is much lesser than in part of limited diameter, it is caused by 

limited water supply. The difference between the soil moisture and briquette moisture varies 

between 30%-40%. The decreasing tendencies in graph describe the ability of briquette 

desorption, the opposite and reversible process of sorption.  

Increasing of briquettes proportions cause the pressure on the surrounding soil and deforming it.  
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Figure 35: Density differentiation during the sorption 

 

Figure 36: Volume differentiation during the sorption 
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6. CONCLUSIONS AND RECOMMENDATIONS 

 

Studying of physico-mechanical properties of compressed digestate outlined the digestate good 

adsorptive properties, described by mass changes during the time of sorption, leading to 

increasing of its proportions and volume up to 5 times. The change in briquette volume leads to 

changes of mechanical properties and stability of briquette. Digestate briquettes compared to 

other material, like hemp or spruce bark showed that the composition of material influences the 

time of sorption and the stability of the briquette. Sorption is mainly influenced by the water 

supply, in cases of decreased access of water to briquette; the sorption lasted much longer, than 

in case of non-limited water supply. The digestate with mixture of additives, like zeolite, is 

easily compressed as well as pure digestate. By adding the additives, sorption was less caused by 

internal structure of crystalline material. The experiment of completely limited environment 

proved that digestate incorporated into the soil, has higher moisture than the surrounding soil. It 

means that digestate absorbs soil water from its environment and keep it in internal space, and 

soil maintains its moisture content in line by moving water molecules from further soil space. By 

the sorption of water the volume and the density is changed and there is assumption of complete 

decomposition in the soil with the prediction of two years.  

The addition of mineral fertilizers does not significantly affect the mechanical properties of the 

obtained briquettes. Thanks to rich nutrient composition, digestate is suitable material to 

compressing process (compression with a diameter Ø60 mm is suitable only for digestate with 

humidity below 14%) and utilization in agriculture as an amendment material.  

Obtained knowledge about sorption properties of digestate is one parts of the complex of 

properties, which could be used to its sustainable utilization in agriculture. Based on next 

research of this problematic these outlines should be confirmed. This study is not concerned to 

economical profitability and market sustainability of digestate processing and utilization in 

briquette form, thus I recommend to investigate even this part of the issue. Next research could 

be concerned to investigation of utilization the digestate briquettes in drier regions, based on 

third part of this study, when briquettes incorporated into the soil are keeping the moisture in its 

briquette structure.   
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Table q: Diameter limited conditions, mass and lenght increses, digestate and hemp 

 

Table r: Soil conditions, moisture measurement, digestate and hemp samples 

 

 

Dig m1 Dig m2 Dig m3 Hemp m1 Hemp m2 Hemp m3

0:00:00 148,00 155,00 127,00 142,8 143,00 142,00 143,00 142,7

0:15:00 461,00 382,00 401,00 413,3 439,00 434,00 447,00 440,0

0:45:00 541,00 529,00 474,00 513,8 483,00 477,00 478,00 479,3

1:45:00 561,00 541,00 489,00 529,4 503,00 489,00 499,00 497,0

3:45:00 566,00 549,00 499,00 537,2 513,00 498,00 509,00 506,6

7:45:00 571,00 554,00 501,00 541,2 521,00 508,00 516,00 515,0

Dig h1 Dig h2 Dig h3 Hemp h1 Hemp h2 Hemp h3

0:00:00 6,60 6,25 6,90 6,58 4,93 6,60 4,96 5,44

0:15:00 10,18 9,54 9,41 9,70 10,70 10,37 10,27 10,45

0:45:00 11,42 11,06 10,11 10,85 11,52 11,06 11,04 11,20

1:45:00 11,65 11,29 10,45 11,12 11,95 11,26 11,32 11,50

3:45:00 11,76 11,39 10,78 11,30 11,98 11,37 11,64 11,66

7:45:00 11,86 11,61 10,92 11,46 12,15 11,57 11,91 11,87

Geomean

n = 3 n= 3Time 

[hours] Geomean Geomean 

Time 

[hours]

n = 3

Geomean

n = 3 

w DigB1 w DigB2 w SoilD1 w SoilD2

0 6,00 6,00 6,00 - - - - - - -

2 12,59 29,02 19,11 1,48 0,6 495 0,6909 18,53 18,24 18,38

5 55,11 56,68 55,89 0,85 1,33 687 0,8316 17,4 18,22 17,81

6 45,79 48,31 47,03 0,46 0,59 620,5 0,7898 16,13 16,33 16,23

7 49,6 57,67 53,48 0,24 0,54 610 0,8799 15,82 15,55 15,68

8 59,06 57,26 58,15 0,68 0,48 698 0,8557 16,65 16,19 16,42

w KonB1 w KonB2 w SoilK1 w SoilK2

0 6,00 6,00 6,00 - - - - - - -

2 12,66 20,39 16,07 1,32 0,94 420 0,7828 17,78 17,77 17,77

4 22,4 58,4 36,17 1,7 1,22 576 0,7171 15,86 19,75 17,70

9 61,84 60,9 61,37 0,75 2,03 651 0,9669 17,69 17,31 17,50

11 60,12 61,88 60,99 2,04 1,35 703 0,8611 18,6 17,23 17,90

14 62,36 65,61 63,96 0,38 0,8 538 0,9926 19,21 15,22 17,10

15 66,3 51,2 58,26 1,03 1,16 680 0,9927 19,52 19,63 19,57

DensitySD1

SD2

GeomeanSD2

Time 

[days]

n = 2

Geomean Volume DensitySD1

n = 2

Geomean

n = 2 n = 2Time 

[days] Geomean Volume


