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Abstract
Phosphorus and nitrogen are the main nutrients in agricultural and municipal sludges. 
They runoff easily to waterways especially when sludges are used as fertilizers. The 
main goal of this study was to create a slow-release sludge-based recycled fertilizer that 
is stable and easy to handle and spread. The production of recycled fertilizer contained 
four steps: 1) adjusting and decreasing the pH of the sludge to prevent ammonium 
evaporating as ammonia, 2) drying the sludge to a suitable moisture content to enable 
granulation and pelleting, 3) granulating or pelleting the sludge with some additives to 
improve the quality of the fertilizer, 4) drying the produced fertilizers at room 
temperature. Additives in the granulation or pelleting process were biocarbon, calcium 
hydroxide or ammoniumsulfate. Elemental analysis and leaching tests of mixed 
recycled fertilizer product provided information about the mechanical strength and the 
total and soluble nutrient contents. 
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1. INTRODUCTION
Phosphorus and nitrogen are the main nutrients in sludges from e.g municipal 

wastewater treatment plants and agricultural sources, and they runoff easily to 
waterways especially when sludges are used as fertilizers. In optimum case, these 
nutrients are used as a raw material to slow-release fertilizers. There is a growing 
interest to the production of recycled fertilizers from industrial by-products and nutrient 
containing sludges or wastewaters. Especially since the European Union´s fertilizer 
directive is currently under revision and the use of bio-based and recycled fertilizers 
will be encouraged in the revised directive. [1] In Finland alone, the economical 
potential of nutrient circulation is estimated to be annually 0.5 billion € [2]. 

In this study, nutrient-rich sludge from biogasification process was used as a raw 
material for the recycled fertilizer. Unprocessed sludge from biogasification is not 
optimal fertilizer because nutrient balances are not optimal and water content of the 
sludge is high and therefore transportation is economically feasible only on very short 
distances [3]. In this research granulation and pelleting of sludge from biogasification 
plant with different additives to prepare mixed recycled fertilizer was studied. The first 
step in the recycled fertilizer production is to adjust the pH of the sludge to prevent 
ammonium evaporation as ammonia that occur in alkaline conditions (pKa 9.2). In pH 
value 9, half of ammonium is as ammonia and nitrogen loss may exist, and this factor 
reduce the effect of fertilization. [4] In the second step, the sludge was dried to a 
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suitable moisture content to enable granulation or pelleting. Drying temperature was 
chosen as low as possible to achieve low energy consumption but high enough to 
achieve drying in relatively short time. In the third step, granulation or pelleting, the aim 
was to make a fertilizer product with as little as possible additives and energy as 
possible. There were some expectations for the produced fertilizers: pH of the granules 
should be around 6, granule should be stable (i.e. hard enough and not moldy), and good 
structure (i.e. easy to handle and spread). 

2. MATERIALS AND METHODS

2.1 Biogasification plant sludge characteristics
The raw material for recycled fertilizer product was sludge from biogasification 

plant located in Northern Ostrobothnia, Finland. The pH was measured by taking 2.50 
gram of the sample and stirred with 25 mL deionized water for 10 minutes (L/S ratio 
10). The moisture content was measured by drying 1 gram of the sample for 24 hours at 
105 ˚C. The pH was adjusted before drying by using formic acid (<90 %), sulphuric 
acid (95-97 %) and phosphoric acid (85 %). Sludge was dried at 70 ˚C until a suitable 
moisture content for recycled fertilizer production was found. 

2.2 Granulation and pelleting of sludge
First step in the granulation process was to mix dried sludge and additives. The 

function of different additives were to be binding agent, neutralizer or drying agent. 
Used binding agents were starch, lignin, lignosulfonate, fly ash, carboxymethyl 
cellulose, and tested drying agents were straw or sawdust. Used neutralizers were fly 
ash, dolomite or Ca(OH)2, and those were used to increase pH to suitable level before 
granulation or pelleting.   

An Eirich EL1 granulator was used for the preparation of recycled fertilizer. The 
rotation direction of the mixing blade is anticlockwise with a speed of 1200 rpm. The 
rotating pan was inclined at 30 degrees to increase the granulation effect. In addition to 
granulator, lab-scale pelleting process including a pelleting cup and a vice was used. 
After granulation or pelleting step, granules were dried at room temperature for 28 days 
or more to a moisture content < 3 %.  

2.3 Analysis of granules
Characteristics of granules were analysed by measuring pH and testing solubility 

with both water extraction and by sequential leaching. Water extraction was carried out 
by adding 25 mL of deionized water to 1 gram of granules without stirring. After 
granules had been in water solution for 24 hours, soluble nutrients (NH4

+, PO4
3- and 

NO3
-) were measured by using NH4-selective electrode or IC, respectively. Sequential 

leaching provide a more accurate assessment of the potential bioavailability of the 
nutrients in different conditions as presented in Table 1. Filtrates were analysed by 
AAS.
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Table 1. Method for sequential leaching procedure

Step Fraction Reagent Procedure
1 Water soluble 1 g of sample +

40 mL distilled H2O
(pH = 4.00)

Shaking at room temperature for 16h;
centrifuging 3000 rpm for 20 min;
washing with distilled water;
centrifuging 3000 rpm for 20 min.

2 Exchangeable 
and acid 
soluble

40 mL 0.11 M 
CH3COOH

Shaking at room temperature for 16h;
centrifuging and washing as in step 1.

3 Easily reduced 40 mL 0.5 M 
NH2OH – HCl

Shaking at room temperature for 16h;
centrifuging and washing as in step 1.

4 Oxidizable 2 x 10 mL 8.8 M 
H2O2 (pH = 2 – 3)
50 mL 1,0 M 
CH3COONH4 (pH = 
2.0 ± 0.1)

Digesting with 10 mL 8.8 M H2O2 for 
1h at room temperature;
digesting for 1 h at 85 ± 2°C;
adding 10 mL solution 8.8 M H2O2 + 
1h digesting at 85°C ± 2°C; 
reducing volume and extraction with 
1,0 M CH3COONH4;
shaking at room temperature for 16h;
centrifuging and washing as in step 1.

3. RESULTS AND DISCUSSION 
The production of recycled fertilizer from biogasification plant sludge contained 

four steps:
1) adjusting and decreasing the pH of the sludge with three acid to avoid nitrogen loss
2) drying the sludge to a suitable moisture content to enable granulation and pelleting
3) increase pH value before granulating or pelleting the sludge with additives 
4) drying the produced fertilizers at room temperature.

3.1 Sludge characteristics
Moisture content of sludge was 85.2 % so the dry matter content was only 14.8 %. 

Therefore, additives that increase dry matter content were used in the experiments. pH 
of the sludge was 8.7, which means that pH needs to decrease around 5-6 pH units 
before drying to prevent ammonia loss. The influence of three different acids to 
decrease pH were tested: formic acid, sulfuric acid and phosphoric acid. As shown in 
Figure 1, sulfuric acid is the most effective acid to adjust pH because the lower amount 
is enough to adjust the pH compared with other acids. In practice, the combination of 
sulfuric acid and sludge is too reactive causing oxidation of the sludge and safety 
challenges. Therefore, phosphoric acid is better choice and in addition, it increases the 
amount of phosphate in the sludge. Theoretically, 34.38 gram of phosphoric acid will be 
added to 1000 gram of sludge to decrease pH value from 8.7 to 3. This means 20.41 mL 
phosphoric acid addition.
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Figure 1. Influence of different acids on adjusting pH of sludge.

3.2 Granulation and pelleting process
The biogasification plant sludge contain some pieces of wood or straw, which made 

it difficult to prepare big granules with granulator. Lignosulfonate was suitable binding 
agent to create hard and stable granules but the particle size distribution and granule 
form were not acceptable (Figure 2). In the other hand, laboratory-scale pelletizer was 
used, and hard and stable pellets were created. 

Figure 2. Example of biogasification sludge-based granules prepared in Eirich EL1 granulator.

3.2.1 Solid content of the sludge
The effect of solid content of sludge to the granulation or pelleting process was 

studied. In the granulation process, the solid content between 27.5 % and 30.5 % was 
found to be optimum because it enables the production of hard and stable granules. Too 
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high solid content increased granulation time and created too small granules. In case of 
too low solid content and thus too wet sludge, granules stuck together. Drying of the 
sludge increase the energy consumption during production process. Another option is to 
use drying additives like straw or sawdust to obtain suitable solid content.

In the pellet production process, it was possible to create stable pellets with wider 
solid content distribution (Figure 3). In practice, pellets can be produced from sludge 
with solid content between 40 % and 90 %. Pellets produced from sludge with solid 
content lower than 40 % were less stable and less hard comparing with pellets with 
higher solid content. In larger scale it is not economical to dry the sludge until it is 
almost dry but on the other hand, the amount of dry matter in the produced pellets are 
much higher compared with pellets produced from more wet sludge.       

Figure 2. Example of biogasification sludge-based pellets 
prepared in laboratory-scale pelletizer.

3.2.2 Influence of neutralizers
Three neutralizers were tested to increase the pH of the sludge to a pH around 6 

after drying to specific dry matter content: fly ash, dolomite or Ca(OH)2 or combination 
of these three. All combinations contained fly ash due to the good nutrient content of 
ash. The influence of different neutralizers and their ability to increase pH and influence 
of combination of different neutralizers are presented in Table 2 and 3.

Table 2. Influence of one neutralizer to the pH of the fertilizer

Neutralizer Average ΔpH Average m% (neutralizer 
of 100 % dry matter)

Fly ash 2.15 18.4
Dolomite 1.56 37.1
Ca(OH)2 2.87 8.54

Table 3. Influence of combination of neutralizers on the pH of fertilizer

Neutralizer Average ΔpH Average m% (neutralizer 
of 100 % dry matter)

Dolomite: Fly ash (1:1) 1.36 16.5
Dolomite: Fly ash (3:1) 1.80 36.9
Ca(OH)2 : Fly ash (2:1) 3.29 14.9
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Also birch carbon was used from 3.5 m-% to 4.5 m-% and ammoniumsulfate from 
2.0 m-% to 2.9 m-% in each granule, but the influence of these additives to the pH value 
was negligible. Based on the results presented in Table 2, dolomite is not suitable 
neutralizer due to the low effect to the pH. Fly ash is industrial sidestream so due to the 
economical viewpoint, it may be the practical and economical neutralizer. Ca(OH)2 was 
the most effective neutralizer and it was used in further studies.

3.3 Solubility tests
Solubility of nutrients were studied using water extraction and four-step sequential 

leaching. 

3.3.1 Water extraction
At first, the stability of granules and pellets were tested by placing them on 

deionized water without stirring for 24 hours. The best option would be that the sample 
is semi-dissolved indicating that the fertilizer will not disappear immediately when it 
comes into contact with water but on the other hand, it is not too stable that it won´t 
dissolve in field. In addition, the dissolved amount of nutrients are important. The 
properties of the most stable pellets and granules are presented in Table 4. The results 
from solubility and stability tests of granules and pellets are presented in Table 5. 

Table 4. Properties of the pellets and granules used in solubility tests

Granule/pellet Adjusted 
pH

Solid 
content 

[%]

m-% 
dry 

matter

m-% 
carbon

m-% 
Ca(OH)2

m-% 
(NH4)2SO4

Granule 1 3.56 28.2 85.5 4.43 7.33 2.77
Granule 2 3.56 27.5 85.9 4.40 6.92 2.83
Pellet 1 3.86 32.2 85.5 5.33 6.47 2.66
Pellet 2 3.86 50.8 87.6 5.41 4.33 2.70
Pellet 3 3.88 82.4 87.4 5.35 4.55 2.67

Table 5. Results from solubility and stability tests

Granule/pellet pH Dissolving 
stage

NH4
+

[mg/L]
PO4

3- [mg/L] NO3
- [mg/L]

Granule 1 5.89 Not dissolved 177 3142 8.812
Granule 2 6.13 Not dissolved 175 3211 1.501
Pellet 1 6.47 Semi dissolved 164 2080 3.234
Pellet 2 6.84 Semi dissolved 107 2166 0.581
Pellet 3 5.61 Semi dissolved 200 4544 10.63

Stable and hard pellets were semi-dissolved in the water. In comparison, the 
granules remained the same shape as in the beginning. This is probably because the 
mixture is pressed to form pellets while in the granulation the mixture is additionally 
mixed in the granulator. Stronger bonds are formed during granulation step comparing 
with pelleting. The highest amount of dissolved nutrients was in pellet 3 that was 
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prepared with solid content 82.4 %, 2.67 m-% ammoniumsulfate, 4.55 % biomass-based 
carbon, and 5.35 m-% Ca(OH)2.  

3.3.1 Sequential leaching
Sequential leaching procedure is presented more detail in the Table 1. Four-step 

leaching was performed for one pellet and two granules that were stable during also in 
water extraction and their receipt is presented in detail in the Table 6. In this extraction, 
the solubility of Ca, K and Mg in different conditions were studied and results are 
presented in the table 7. The first stage of sequential leaching reflect the acid rain 
(extraction with acidified water) and potassium and magnesium will mainly leach out in 
these conditions for pellet and both granules. This indicate that these nutrients may 
dissolve in fields giving the nutrients available to the plants. Calcium will mainly leach 
out in stage 2 and 3 (Exchangeable and acid soluble and easily reduced stage).

Table 6. Properties of the pellets and granules used in sequential leaching tests

Sample Adjusted 
pH

Solid 
content 

[%]

m-% dry 
matter

m-% 
carbon

m-% 
Ca(OH)2

m-% 
(NH4)2SO4

Granule 3 6.70 29.3 85.6 4.40 7.15 2.83
Granule 4 6.45 28.5 86.1 4.41 6.89 2.64
Pellet 4 - 38.8 87.6 4.42 5.62 2.41

Table 7. Ca, Mg and K solubility in different leaching conditions

Sample Ca [mg/kg] K [mg/kg] Mg [mg/kg]
Stage 1

Pellet 4 3.34 1278 390.5
Granule 3 4.27 1258 341.2
Granule 4 3.26 1298 379.8

Stage 2
Pellet 4 323.1 196.5 18.63

Granule 3 329.2 221.8 18.86
Granule 4 320.0 257.8 18.14

Stage 3
Pellet 4 211.0 13.91 17.13

Granule 3 283.5 17.74 16.91
Granule 4 231.7 14.90 16.83

Stage 4
Pellet 4 0.545 11.27 14.98

Granule 3 0 11.81 16.42
Granule 4 0 8.94 15.83
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4. CONCLUSIONS
To conclude presented work, sulfuric acid is the most economical option to 

decrease pH of the sludge before drying step but in practice, phosphoric acid is the most 
practical when taking into account also safety issues. The granulation of biogasification 
sludge was difficult because sludge contains small particles of wood and straw. 
Therefore, pelleting process is more suitable method when using biogasification sludge 
as a raw material to the recycled fertilizers. The optimum solid content for granules 
production is between 27.5 % and 30.5 % and for pelleting process the optimum solid 
content is between 40.0 % and 90.0 %. The influence of three neutralizers to increase 
pH after frying to the pH value 6 were studied: fly ash, dolomite and Ca(OH)2. Ca(OH)2

was the most suitable neutralizer because it increased pH effectively to a neutral value. 
Leaching tests showed that the pellets are semi-dissolved after 24 h water extraction and 
granules were not soluble. Nutrients were leached out in water extraction. Four-step 
sequential leaching showed that magnesium and potassium will mainly leach out during 
first step when acidified water was used as leachate. Therefore, stable granules from 
biogasification sludge was produced and the nutrients were dissolved during water 
extraction.    
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