
MASTER'S THESIS

Assessment of Granulated Fertilizers from
Waste Materials

Carles Belmonte Zamora

Master of Science
Environmental Engineering

Luleå University of Technology
Department of Civil, Environmental and Natural Resources Engineering



 

 

 

 

MASTER THESIS 2011 

Assessment of granulated fertilizers from waste materials 

 

 

 

 

Carles Belmonte Zamora 

carlesbz@gmail.com 

 

 

 

 

 

 

 

Department of Civil, Environmental and Natural resources engineering 
Division of Geosciences and Environmental Engineering, Waste Science and Technology 

Luleå University of Technology 
97187 Luleå 

www.ltu.se/sbn 



 

  2  
Assessment of granulated fertilizers from waste materials 

 
 

Abstract 

 

Waste residues generation increases year after year and how to treat these waste materials is 

often a problem.  In this study it will be studied two waste materials: fly ashes and sewage 

sludge. 

Nowadays Northern Sweden is exporting some of their fly ashes to Norway (to Langøya Island) 

but in a short period of time Norway will not accept these wastes anymore because of the 

rehabilitation plan of the island. Other alternatives for this waste material are use them to land 

filling, but it is not an attractive alternative given that it is costly and consumes landfill space. 

On the other hand, the sewage sludge is another waste material from the waste water 

treatment that nowadays is used to obtain biogas, compost soil, heat, electricity, etc. 

Both materials, fly-ash and sewage sludge, have the common properties of containing 

nutrients such as P, N, S, Ca, etc. Therefore, these waste materials are attractive substitutes for 

synthetic fertilizers in forestry and agriculture.  

Nevertheless, the use of these materials is often limited due to the presence of potentially 

toxic elements and substances. Moreover, spreading of loose ashes and dried sludge can lead 

to rapid wash out of nutrients as well as cause difficulties of spreading itself (e.g. due to the 

dusting). It is therefore necessary to assess and modify properties (e.g. through the 

granulation) of these and similar waste materials in order to take advantage of their beneficial 

properties.  

This study focuses on assessing fly ash and sludge collected in Northern Sweden as potential 

fertilizers. The effects of mixing these two materials with a binder (peat or gypsum) on soil 

chemical properties were evaluated. The obtained results are used to identify the key 

mechanisms responsible for nutrients leaching and determine properties that need to be 

modified in order to have a higher-value material. 
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Abbreviations 

 

ANC  Acid neutralization capacity 

DR   Dry matter content ratio 

EC   Electrical conductivity 

FA   Fly ash 

ICP-OES  Inductively coupled plasma optical emission spectroscopy 

L   Leachant 

MC   Moisture content 

MSWI   Municipal solid waste incineration 

Sdev   Standard deviation 

TS   Total solids 
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1. INTRODUCTION 

 

 1.1 Introduction to the soil 

 

It is well known that plants need an appropriate soil composition to be able to grow and 

reproduce. A soil with deficiency of nutrients will affect the plant growth. As a preventive 

measure, samples of soil are often analyzed for nutrients such as nitrogen (N), phosphorous 

(P), potassium (K), calcium (Ca), etc. in order to adjust the nutrient content in the soil if 

necessary (Curtis and Childs, 2010). 

 

The acidity of the soil is measured in units of pH. The pH can vary between 0 and 14 and, as it 

is shown in Figure 1, not all the values of pH are suitable for plant developing. Concretely, a pH 

value between 5 and 8 is the ideal pH range for the plants growth. If a soil is over or under 

these ranges plants will have difficulties to germinate or grow.  

The pH of the soil is not a constant value since it is influenced by factors such as weathering, 

acid rain and agricultural practices, and  moreover the value fluctuate through the year.  

 

 

Figure 1. Plant growth and pH (NSW Agriculture Leaflet 2) 

Some plants grow well over a wide pH range, while others are very sensitive to small variations 

in acidity or alkalinity.  
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 1.2 Plant nutrients 

 

The nutrients for the plants can be separated in two main groups. On the one hand there are 

the macronutrients (N, P, K ,Ca, Mg and S) which are highly required by plants.  On the other 

hands there are the micronutrients (B, Cl, Cu, Fe, Mn, Na, Zn, Mo, Ni) that they are required by 

plants but in a small amount. (Barak, 1999) 

 

The role of each nutrient is different and therefore not all the nutrients affect the plant in the 

same way. Below there is a brief explanation of the role of the main macronutrients 

(Fertilizers, 2011):  

 

- Nitrogen: the main carrier of proteins, hormones, chlorophyll, vitamins and enzymes 

for the plants. It has a direct effect on leaf growth. 

 

- Phosphorus: plants need this nutrient to carry out the photosynthesis and flowering. 

This nutrient has a direct effect to the growth and metabolism of the plant. 

 

- Potassium: it has role in controlling both water absorption and loss. Increase the 

resistance of the plant and improves the color of the flowers.  

 

 1.3 Fertilizers 

 

A fertilizer is any material that has the capacity to supply one or more nutrients that plants 

need for their growth when is applied to the soil. A fertilizer can be organic or inorganic with 

natural or synthetic origin and designed to be resistant and efficient to the helping of the 

plants (Mtambanengwe et al., 2007). 

A fertilizer can be considered complete or incomplete depending on what kind of nutrients it 

contains. For instance, a fertilizer that contains the main macronutrients (N, P, K) is a complete 

fertilizer while if some of this nutrients is missing the fertilizer is denominated like incomplete 

(Havy et al., 2009). 
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In any bag of commercially available fertilizer it is provided a sequence of three numbers (N-P-

K) that refers to the content in percentage of nitrogen, phosphor and potassium, respectively 

(Fig.2). 

 

Figure 2. Commercial available fertilizer and N-P-K content. 

In the Table 1 it is shown an example of commonly used fertilizers with their respective 

codification. 

Table 1. Example of common fertilizers (adapted from Havy et.al. 2009). 

 

It is interesting to note that from the mixture or two or more incomplete fertilizers, it is 

possible to achieve a complete one.  

 

1.4 Acid rainwater 

 

Natural rain with no polluting compounds has on average a slightly acid pH value around 5.6. 

The reason is the equilibrium between the rain water with the carbon dioxide contented in the 

atmosphere which means that a certain amount of carbonic acid is dissolved in water. Apart 

from the natural acidification, it has been found that human activities play an important role in 
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releasing certain amounts of additional acid compounds (mainly sulphuric and nitric acid) to 

the atmosphere. These compounds in contact with the rainwater cause the formation of acid 

rain, with a pH below 5, which contributes to the acidification of soil (Wahlström et al., 2009). 

 

1.5 Sewage sludge mixed with fly ash (FA). 

 

Sewage sludge is a semisolid material produced during the wastewater treatment. Sewage 

sludge is a carrier of nutrients such as nitrogen or phosphorus required by plants. Apart from 

the nutrients, sewage sludge also contains organic waste materials, some pollutants, 

pathogenic bacteria, viruses, etc. and that is why it is necessary to keep controlled of such 

potential elements when sewage sludge is applied to the soil (Pescod, 1992). 

It is possible to reduce the pathogens content in the sludge before using this material on the 

land. As a consequence of reducing the pathogens in the sludge, potential risks to plants and 

environment are avoided. Some methods like biological digestion, lime stabilization or heat 

treatment are used to sanitize sludges. In the case of lime stabilization, a lot of research has 

been done and has been found an effective reduction of pathogens. Also research has been 

done about the stabilization of the sewage sludge by the addition of FA and lime and their 

combination.  The addition of lime and FA to the sewage sludge showed that it is an alternative 

to achieve the sludge stabilization, while the organic fraction of total solids increased from 

30% to 50% (Samaras et al., 2007). Moreover, authors concluded that the addition of FA 

without addition of lime is enough to stabilize the sludge due to the high CaO content in 

alkaline FA. The study also demonstrated the effectiveness of adding low amounts of FA in 

order to reduce pathogens.  

In a another study was determined that mixtures of FA and wastewater sludge in ratios 1:1, 1:3 

and 1:9 are not hazardous and can be disposed in landfill and can be used directly as a soil 

conditioner. The basic pH of fly ash (around 13) is the main reason to explain the effectiveness 

in reducing the microorganisms in the wastewater sludge. Moreover the ratio 1:1 of FA and 

sludge was found as the most effective in reducing pathogens (Wang and Viraraghavan, 1998) 
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1.6 Granulation 

 

In granulation of fertilizers rich in nitrogen, phosphorus and potassium, the binder viscosity has 

an effect on the granulation. Therefore the higher viscosity of the binder is, the higher 

agglomeration level of the granules is obtained (Walker et al., 2001). There are several 

granulation techniques such as granulation with a pipe reactor system or drum granulation 

with ammonization drum granulation. The selection of the granulation method can vary 

depending on the basis of the raw material, the flexibility of process, economic factors, etc. 

(EFMA, 2000). 

Two common types of agglomerates are used: granulation in briquettes and granulation in 

rolled pellets. The shape of the granules when granulating in briquettes depends on roller 

indentations (e.g. pillow shaped) while when granulating in rolled pellet the achieved shape is 

spherical (Mattenberger et al., 2010). 

 

1.7 Volatilization of ammonia in fertilizers. 

 

The ammonia volatilization occurs following the next equation: 

NH4
+ + OH-  NH3 (gas) + H2O (eq.1) 

 

This volatilization of ammonia take place in ammonium based fertilizers and consequently the 

fertilizer lose N which is a main nutrient of the fertilizer. (MABA/MGEA 2006). 

 

There are many factors (e.g. soil temperature, soil pH) that affect the ammonia volatilization. 

Therefore, the volatilization of ammonia is higher with increasing the temperature and the pH 

of the soil.  Contrary, it decreases with increasing soil moisture (Shearman, 1972). 

In a research about the effects of fly ash incorporation on some nutrients in wastewater 

sludges (Fatma et.al. 2007), it was found that when sewage sludge is at its natural pH between 

6 and 8 the nitrogen is trapped in the material. However, when this pH exceeds 8, nitrogen is 

converted to ammonia which is released to the air as a gas. Mixing sludge with alkaline 

materials such as fly ash and/or gypsum can cause the pH increase above 8. 
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2. GOALS 

 

The aim of this study is finding the recipe and method to make fertilizer granules from the 

mixtures of waste materials such as fly ash and sludge combined with some binder materials 

such as peat or gypsum in different proportions.  

Once the right mixture is determined and materials are granulated, leaching tests and acid 

neutralization capacity (ANC) is performed to identify the differences in element leaching 

behavior in individual materials as well as in their mixtures. The obtained results will be used 

to understand the role of the different materials used to prepare the mixtures and compare 

the leaching capacity of nutrients of the granules. 
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3. MATERIALS AND METHODS 

 

 3.1 General Approach 

 

This study consisted of 32 experiments that were carried out in order to evaluate granulated 

fertilizers from waste materials (see Appendix).  

Based on the results of this experimentation, several mixtures with a pH value around 8 were 

compared with other similar mixtures to check out the consequences of changing the kind of 

peat and fly ash used.  

 

3.2 Materials 

3.2.1 Sewage sludge  

 

In this study, sewage sludge from Luleå municipality Uddebo wastewater treatment plant 

(Luleå SS) was used (Fig. 3). It is dewatered sewage sludge was used. It is a malleable sewage 

sludge and easy to use in the mixtures (Fig. 4). It has a pH value of 7.9 and a Moisture Content 

(MC) of 285,90%. 

 

3.2.2 Fly ash (FA) 

 
Three types of fly ashes were used throughout the study: 

- “Boden MSWI F”, a fly ash (FA) collected directly from the flow of boiler 17 where 

municipal solid wastes, production wastes like animal by-products, recycled wood 

               Figure 3. Luleå Uddebo Facility.      Figure 4. Luleå Sewage Sludge (Luleå SS) 
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chips, sleepers/creosote and hazardous wastes are burnt. No water was added to the 

ash. This FA was used only in the samples 1-8 (see Appendix). 

- “Boden MSWI”, FA from the city of Boden collected from a pile in the ash landfill. The 

age of the ash was unknown and it was mixed with water. The origin of this FA is boiler 

14 where municipal solid wastes, production wastes like animal by-products, recycled 

wood chips and sleepers/creosote are burnt. It has a pH value of 12.3 and a moisture 

content (MC) of 14,07%;  

- “Billerud bioash”, a fly ash from Kalsborg Billerud (only used in samples B, D, G). It is a 

dry FA obtained from wood incineration (bark from the tress) with a pH value of 12.8.   

 

3.2.3 Peats 

 

In the study two types of peat were used: 

- “Peat milled”, it is a commercially available peat with a pH value of 4.3 and a MC of 

20.30%. This peat is mainly used as soil fertilizer and was milled using a mixer. 

- “Peat residue”, obtained from a private company in Arjeplog (Sweden) with a pH value 

of 5.6 and a MC of 15.51%. It is a fine peat fraction that is not included into company’s 

products.  

 

3.2.4 Gypsum 

 

 The gypsum used in the mixtures originates from construction waste material, herewith called 

“Gypsum waste”. The gypsum used is gypsum board (Figures 5 and 6) that can be typically 

found in the walls of buildings. The pieces of gypsum boards were milled (Fig.7) and used as 

powder to prepare the mixtures. The pH value was 8.46 and the MC of 21.54%. 
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3.3 Experiments design 

 

3.3.1 Preparation of the selected mixtures 

 

An approximate amount of 1300 g of each of the seven selected mixtures were prepared 

(Table 2) under the same conditions (25 ºC). It was considered preferable to prepare an excess 

of material and ensure the sufficient amount of mixture for the next experimental steps.  

 

Table 2. Proportions of materials used to prepare the selected mixtures. Percentages in wet 

weight % (wwt %) 

 

 

It is worth mentioning  that mixtures B, D and G were prepared using the FA “Billerud bioash” 

instead of the FA “Boden MSWI” from Boden, which was used in the rest of the 

experimentation (see Appendix A). Therefore, this mixes that contains bioash were prepared 

for the first time in order to be studied and compared. 

 

After the preparation of the 7 samples, the mixtures were sieved to remove the compacted 

solid parts. The solid parts were mainly materials such sludge and ash. The mixtures were 

stored for one hour in closed boxes.  

 

Figure 5. Gypsum board Figure 7. Gypsum milled Figure 6. Gypsum board split in 
smaller pieces ready to be milled 
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3.3.2 Granulation of the selected samples 

 

The mixtures in Table 2 were submitted to granulation procedure. Following the method for 

the granulation (see Appendix), each mixture was granulated with its respective amount of 

water.  

The samples A, B, C, D and E were granulated with 30% of water (all of them contained 

approximately 50 wt% of sludge in their composition) (Fig.8).  

Samples F and G did not need the addition of water to granulate due to the high amount of 

sludge (65 wt% sludge). These samples were granulated manually (by hand). 

  

 

Figure 8. Granules from sample A 

The mass of the granulated materials was 1200 g. An amount of 100 g of each mixture was 

separated for future experiments. 

 

3.3.3 Drying of the granules  

 

The MC of the granulated material was nearly 100% as it is shown in Appendix (Table 19). Due 

to this high amount of water, granules were dried at 50 ºC during 48 h (Figures 9 and 10). The 

granules could not be heated over 50 ºC to prevent from losing nutrients (e.g. nitrogen 

converts to ammonia and volatilizes). 

Heating the granules was used both to remove the water and to increase the mechanical 

strength of the granules. By eliminating water, the granules become lighter and consequently 

the transport become cheaper. Moreover by reducing the content of water in the granules the 

possible chemical reactions that could modify the material properties slow down since the 

most of chemical reactions require water.  
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Figure 9. First five granulated samples in the oven at 50ºC                  Figure 10. Dried granules 

 

3.4 Methods 

 

3.4.1 TS test 

 

The procedure to determine Total Solids was performed according to the Swedish Standard SS 

02 81 13. 

3.4.2 Leaching Test 

 

A standard one-stage compliance batch leaching test (SS-EN 12457-4) at a liquid to solid ratio 

of 10 l/kg (L/S = 10) was applied to estimate leachable concentrations of chemicals both for 

raw materials (peats, fly ashes and sludge) and in the granulated mixtures. Material samples 

were mixed with deionized water to an L/S ratio of 10 and shaken for 24 h using a rotating 

device. The eluate was filtered through a 0.45 µm membrane filter using a vacuum filtration 

device and frozen prior to analysis. Electrical conductivity (EC) and pH, measured immediately 

after filtration, as well concentrations of the dissolved elements (mg kg-1 dry weight) in the 

eluates were compared to leaching limit values for the respective substances for waste 

acceptance at EU landfills, following the Landfill Directive (2003/33/EC). 

3.4.3 Acid neutralization capacity (ANC) 

 

To determine the ANC, 1 g of material (raw materials and leached materials) was suspended in 

deionized water at an L/S ratio of 110 and titrated with 0.1 M HCl, while stirring. For these 

assays was used a TitroLab system (Radiometer Analytical S.A., Lyon, France) equipped with an 

ABU 901 autoburette and TIM900 titration manager with TimTalk9 ver. 2.1 software (LabSoft, 
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Radiometer Analytical S.A.), according to standard method SS-EN ISO 9963-1 (1996). One-step 

titration curves were obtained from natural pH of material to end-point pH3. Such a high L/S 

ratio of 110 was chosen in order to simulate the long-term behavior of the material when it 

contacts water. 

 

3.4.4 Analytical Methods 

 

A pH meter (Fig.11) and precision conductivity meter (Fig. 12) were used to measure pH and 

the electrical conductivity (EC) of both solid materials and their leachates. 

   Figure 11. pH meter (WTW pH340)             Figure 12. Conductivity meter (WTW InoLab Cond Level 1) 

 

Concentrations of elements (Al, As, Ba, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sr, 

Zn) in solid raw materials were analyzed by TurboQuant-Pellets method using Spectro Xepos 

XRF. Concentration of elements in leachates were analyzed by Inductively coupled plasma 

optical emission spectrometry (ICP-OES) both at LTU (Perkin Elmer Optima 2000V) and by the 

accredited laboratory ALS Scandinavia (Luleå, Sweden) using EPA modified methods for ICP-

OES.  Dissolved organic carbon (DOC) and total carbon (TC) contents were analyzed using a 

TOC-VCPH/CPN instrument (Shimadzu Corporation) according to European standard method 

EN 1484 for water analysis of TOC and DOC (CEN, 1997). Chloride (Cl-) and sulphate (SO4
2-) 

contents were determined spectrophotometrically (AACE Quaatro, Bran+Luebbe, Germany). 
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4. RESULTS 

 

The selection of the material mixtures was based on pH value close to 8. The mixtures having 

pH close to 8 were considered as suitable in terms of nitrogen retention and soil properties 

and were selected for the further investigations. 

 

4.1 Electrical Conductivity (EC) and pH of the selected mixtures 

 

The pH and EC of the seven selected mixtures are shown in Table 3. The measured values of 

the samples A, C, E and F are different from the values from the Table 15 in Appendix. The 

reason of this variation can be attributed to continuous changing of the materials and to some 

difference in the calibrating of the pH meter (room temperature, buffer solutions, etc.). 

 

Table 3. pH and EC measurements of the selected samples. 

 

 

Mixtures F and G had a higher pH value because they contained gypsum content instead of 

peat. Despite that, these samples were included into the study due to an interest of utilizing 

gypsum waste in fertilizers. 

The values of EC shows that sample F dissolve more salts in water (greater EC value) followed 

by samples E and A.  Contrary, the sample D is the one that dissolves fewer salts. 

 

4.2 Determination of the dry matter content ratio (DR) and the moisture content 

ratio (MC) of the granulated selected mixtures 

 

The water content of the dried granules was expected to be around 4-5%. This means that the 

total solids (TS) of the material would be about 95-96%. The obtained results are given in Table 

4. The measured TS values were only slightly lower than expected.  
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Table 4. TS test results of the selected granulated mixtures.  

 

 

4.3 Leaching Test 

 

4.3.1 EC and pH measurement of the eluates 

 

The pH and the EC of the eluates from both granulated samples and raw materials are shown 

in Table 5. 

 

Table 5. pH and EC of the eluates. 

 

 

The pH values of the eluate for the granulated materials are slightly alkaline (around 8). The 

granulated samples A, C and E had pH below 8. 

Both used peats, “Peat milled” and “Peat residue” are quite acidic (pH values 4.28 and 5.58 

respectively). In the case of raw solid materials, both eluates of ashes are strongly alkaline 

(11.70 and 12.77) because they contain a large amount of calcium. This element is mixed into 

the ashes to remove the acid gases such as NOx, SOx and hydrogen chloride. 
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4.3.2 Trace elements in granulated materials 

 

The concentration of the analyzed elements and compounds (mg kg-1 dry weight) in the 

leachates is summarized in Table 6 and compared to leaching limit values for materials 

acceptable at EU landfills for inert waste according to the Landfill Directive (2003/33/EC). 

Table 6. Leaching results from granulated samples and leaching limit values at L/S = 10 l/kg for 

material acceptable at landfills for inert waste (mg kg-1 fry weight). Highlighted in red are the 

element concentrations above the leaching limit values. 

  

 

 

From the results achieved for the granulated samples a comparison between leaching of 

elements was made between samples with same proportions but one different material. As it 

is shown in the Table 2 in Section 3.3.1, the granulated pairs of samples A and B, C and D, F and 

G have the same composition but prepared with different kind of fly ash. The samples A, C and 

F were prepared with “Boden MSWI” FA whilst samples B, D and G were prepared using 

“Billerud bioash”.    

- Different FA: 

According to the leaching results shown in Table 6, the concentrations of Cu, Mo and Zn in the 

leachate of sample C exceeded the limit values. In contrast, in the case of sample D only the 

concentrations of Mo and Ni exceeded the limit values.  Comparing both samples C and D, it 

can be noted that the leaching of Cu is 2 times lower in sample D, while the concentrations of 
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Mo has slightly increased and Ni doubled its value in this sample. Moreover, granules C 

leached 50 times more chlorides than granules D and one third more of sulfates. 

In sample F, the leaching of Cr, Cd, Cu, Mo, Ni and Zn exceeded the limit values. In the case of 

sample G, the concentrations of Cu and Mo were above the limit values while the leaching of 

the other compounds remained below the limits. Even though the leaching of Cu and Mo were 

above the limits in both samples, in the case of sample G, the Cu and Mo concentration were 

15 times and 2 times lower than granules F, respectively. Moreover, the leachate of granules F 

contained 80 times higher concentration of chlorides and 30% more sulphates than the 

leachate of granules G.  

The leached concentrations of Cd, Cu, Mo, Ni and Zn in sample A exceeded the limit values. In 

sample B, all the leached concentrations were below the limit values excepting Ni which 

increased 50%. The concentration of leached sulfates in granules A was almost double the 

concentration from granules B and the leached chlorides were around 46 times higher in 

granules A than B. 

After performing the comparison between samples with different type of FA, it has been found 

that using “Billerud bioash” FA instead of “Boden MSWI” FA the leaching concentrations of the 

elements such as As, Ba, Cd, Cu, Mo, Pb and Zn decreased. The decrease was more significant 

for elements Cd and Zn.  

In case of using “Boden MSWI” FA the leached concentrations of chlorides from the granules 

are between 50 and 80 times higher than using bioash. This higher leaching of chlorides can be 

justified given that the leached concentrations of chlorides from both ashes (as raw materials 

without mixing) kept the same proportion. Moreover it is interesting to note that the total 

composition of Cl is 50 times greater for granules prepared using MSWI FA was three times 

greater than the granules prepared using bioash. Also the concentration of sulfates leached 

from granules are higher when MSWI FA were used, which can also be lined to the higher S 

content in the raw material MSWI FA. 

- Different peat: 

In the case of sample A, the leaching of Cd, Cu, Mo, Ni and Zn exceeded the limit values. In the 

case of sample C only the leaching of Cu and Mo were above the limit. The Cu leaching in 

sample C has decreased by 50% compared with granules A, while the Mo leaching in C sample 
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has increased by 50% compared with A.  The leached chlorides and sulphates kept practically 

constant. 

The leached concentrations of Mo in sample D were higher than in sample B whilst in both 

samples the concentration of Ni exceeded the limit. In the case of sample D the leached 

concentration of DOC was the half of sample B. The concentration of sulphates and chlorides 

remained relatively constant. 

Comparing samples with different type of peat it was seen that using “Peat residue” instead of 

“Peat milled” the leached concentration of Cu and Cd decreased while leached As, Ba, Ni, Pb 

did not follow the same behavior and remained quite constant. 

The difference in leached concentrations of sulphates and chlorides was not significant due to 

that both materials (peat milled and peat residue) contain similar concentrations of S and Cl.  

 

4.3.3 Nutrients contented in the granules. 

 

The leaching of 3 main macronutrients (N, P, K) from the seven granulated samples are 

compared in Figures 11, 12 and 13. 

 

Figure 11. Leaching of Nitrogen for the seven granulated samples. The error bars indicate standard deviation. 
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Figure 12. Leaching of Phosphorus (P) for the seven granulated samples. The error bars indicate standard deviation. 

 

 

Figure 13. Leaching of Potassium (K) for the seven granulated samples. The error bars indicate standard deviation. 

 

The amount of leached nutrients (N, P, K) vary greatly depending on the composition of the 

granulated materials. This means that proportions and materials used to prepare the selected 

samples had an important role in the leaching of nutrients from the granules.  

As shown in Figure 11, the N leached from the granulated sample E (1783.34 mg/kg dw) is 

greater than in the rest samples. Contrary, granulated sample D has the lowest concentration 

of N leached (640 mg/kg dw). 
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In the case of P (Fig. 12), the granulated samples A, D, E, F and G leached approximately the 

same amount of this element (between 12 and 15 mg/kg dw). The samples B and C leached 

the highest (18.40 mg/kg dw) and the lowest (8.27 mg/kg dw) amounts of P. 

In the Figure 13 can be noted that the granules of sample F leached the highest amount of K 

with a peak concentration of 24883 mg/kg dw. Both granulated samples B and D leached the 

lowest amount of K (around 2900 mg/kg dw). 

 

 

4.3.4 Effects of the FA in the leaching of nutrients 

 

A comparison between the leached concentration of nutrients and their total concentrations 

in the materials are summarized in Table 7.  The samples with exactly the same proportion of 

materials but different kinds of FA or peat used in the mixtures were included in this 

comparison.    

Table 7. Results of the leaching test of the granules A, B, C, D, F, G and total composition of 

nutrients N, P and K. 

 

 

Comparing mixtures A and B:  the leached concentration of nitrogen is 5% greater for sample A 

than B. However, the granules A leached 26% less of phosphorus than B, and 80% more of 

potassium. Checking the total composition of granules A and B it can be noted that granules A 

have a higher concentration of nitrogen while granules B have a higher concentration of 

phosphorus. During 24 h of leaching test, 75% of the total potassium contented in the granules 

A was leached whilst 22% was leached from the granules B.   

Boden MSWI, which was used in mixture A, had the total K content of 21300 mg/kg and 

Billerud bioash, used in mixture B, had the total K content of 45500 mg/kg. The reason for a 
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higher K content in granules A than in B is unclear.  One reason can be a mix up of the 

materials during the mixture preparation.  

 

Comparing mixtures C and D: the leached concentration of nitrogen is 33% higher for sample C 

than D. The P concentration leached by C was 76% lower whilst the K leached was 95% higher 

for C than for D. Attending to the total composition of the raw ashes, the MSWI FA (granules C) 

had a total concentration of potassium of 21300 mg/kg and Billerud bioash (granules D) had a 

total content of potassium of 45500 mg/kg. A further study is needed to understand the 

reason of a higher leaching of potassium from granules C than D. 

  

Comparing mixtures F and G: the leached concentration of nitrogen was 38% lower for sample 

F than G.  The phosphor concentration leached by F was 11.6% lower whilst the potassium 

leached was 186% higher for F than G. Attending to the total composition of the FA used in 

both granules, the total concentration of N is higher in MSWI FA and the total concentration of 

K is higher in Billerud bioash, so again is need further study to justify this inverse effect. 

 

4.3.5 Effects of the peat in the leaching of nutrients 

 

Similarly to the effect of the ash, the effects of using different types of peat on the leaching of 

nutrients were analyzed (Table 8). 

Table 8. Results of the leaching test of the granules A, C, B, D and total composition of 

nutrients N, P and K. 

 

Comparing mixtures A and C: the leached concentration of nitrogen, phosphorus and 

potassium of granules A and C are quite constant despite the types of peat used. Slightly more 

N leached from granules A despite having lower total N concentration than granules C. A 
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further study is needed to understand the reason of a higher leaching of K from granules A 

than C despite similar amount of total K in both peat materials.  

 

Comparing mixtures B and D: the leached concentration of phosphorus and potassium of 

granules B and D are quite constant despite the type of peat used. The leaching of N from 

granules B (peat milled) was nearly twice that from granules D, despite the similar amount of 

total N in both peat materials.  

 

4.4 Acid neutralization capacity (ANC) analysis 

 

4.4.1 Chemical stability of granulated materials and raw materials related to pH changes 

 

The buffer capacity towards acidification of raw materials and granules was studied by 

performing the acid neutralization capacity (ANC) test, which indicates how quickly changes in 

pH will occur in materials upon addition of acid. This is important, since changes in pH strongly 

influence the leaching behavior, mobility or immobilization of metals and other compounds. 

One step titrations were performed to obtain single ANC curves from the natural pH to the 

pH3 end-point for the raw materials (Fig. 14) and for the seven granulated samples (Fig. 15).  

Peat is an organic material that does not have mineral phases that can buffer pH changes. 

 

Figure 14. ANC for raw materials 
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The ANC curve obtained from “Billerud bioash” (Fig. 14) had two plateaus: one from pH 12.28 

to pH 10 and another from pH 6 to pH 4.  

The buffering capacity of fly ash in the range of the first plateau is controlled by Ca compounds 

like lime and portlandite. The pH of solution saturated with CaO (lime) and Ca(OH)2 

(portlandite) is around 12.4 (Lea and Hewlett, 1998) or 12.7 (Kenny and Oates, 2000). These 

phases buffer solution and prevent a sudden pH decrease.   

In the second plateau bicarbonate phases are responsible for the buffer capacity of the FA.  

 

The ANC curve obtained from “Boden MSWI” (Fig. 14) has not any plateau, and it is buffering 

from some mineral phase from pH 6 to pH 3. The evolution from the natural pH of 11.21 to pH 

6 is not buffered by any phase and pH decreases with an addition of approximately 5.42 ml of 

HCl 0.1M. From pH 6 to pH 4 had a plateau and the behavior showed by this FA is quite similar 

to “Billerud bioash” in terms of acid neutralization capacity.  

In the case of the ANC curves obtained from the samples “Luleå SS” and “Gypsum” (Fig. 14) did 

not have any clear plateau even though “Luleå SS” showed some buffering between pH 5 and 

pH 3.   

The amounts of acid consumed until certain pH values (e.g. 6) varied depending on the raw 

material analyzed. “Billerud bioash” consumed about 15.4 ml HCl to reach pH 6 whilst “Boden 

MSWI” consumed 5.19 ml of HCl. Both “Luleå SS” and “Gypsum” needed less than 0.25 ml to 

reach pH 6.  

 

 

Figure 15 ANC for the granulated samples 
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The Figure 15 shows that, for all the granules, the pH value is affected by addition of HCl. Is to 

say that in case of granules no mineral phases that try to buffer in order to keep the pH value 

constant are present, and that is the reason why the pH drops immediately after the addition 

of acid.   

The ANC curves of samples A and B (Fig. 15) show a very similar behavior in terms of the acid 

neutralization capacity.  

Similarly, the ANC curves for the granulated samples C, D, E and F (Fig. 15) are very similar with 

some minor deviations. For instance, for the four samples the addition of 2.5 ml of HCl 0.1M 

caused the drop of pH from neutral to pH 3.  

The ANC curve obtained for sample G shows that there might be some mineral phases that are 

buffering the pH change in the region between pH 5 to pH 4.  
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5. DISCUSSION 

 

5.1 Granules and pH 

 

As shown in the Figure 1 (Introduction), a soil pH of 5.2 to 8.0 provides optimum conditions for 

most agricultural plants.  During the study the attempt was made to prepare mixtures and 

granules with pH around 8 (slightly alkaline). At the contact with soil, air and water, the further 

drop in pH is expected, which would be favorable for plants.  

 

5.1.1 Granules in contact with air and water 

 

The fresh fly ash that was used in the granules has a pH value about 13. Calcium oxide present 

in the fresh ash reacts with water and carbon dioxide as follows: 

CaO + H2O  Ca(OH)      (eq. 2) 

Ca(OH) + CO2  CaCO3                    (eq. 3) 

Fly ash reacts with water (e.g. moisture or rain) and transforms from calcium oxide to calcium 

hydroxide (eq. 2). After this first reaction, the ash (known as Portland) reacts with the carbon 

oxide present in the air producing calcium carbonate (eq.3) and a pH drops immediately to 

values 7-9. This reaction is referred to as carbonation. The carbonated ash is called “aged ash”. 

 

5.1.2 Granules in contact with acid rain 

 

The achieved granules in this study had a pH around 8. According to the Figure 1 

(Introduction), this pH value is on the limit for plant tolerance. Seeing as the acid rain has on 

average a pH of 5.0, it is expected that it will affect the pH of the spread granules. By this, pH 

of the material might drop to the values that are suitable for vegetation.   
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5.2 N-P-K values of the fertilizer 

 

In the Table 9 it is shown the total composition for the granules made for this study: 

Table 9. Results of the leaching test of the granules. 

 

 

After converting to percentages the results obtained in the Table 9 it is possible to estimate 

the values N-P-K of each one of the fertilizers prepared and state that all of them are complete 

fertilizers.  

Table 10. Content of nutrients for each granulated fertilizer. 

 

The leaching test is a rough test and therefore, it would be necessary to make field 

experiments with the granules in order to know how plants will behave and how much 

nutrients from the total will leach to the soil.  

5.3 Dissolution of the granules 

 

During the leaching test, material samples were mixed with deionized water to an L/S ratio of 

10 and shaken for 24 h using a rotating device. After this continuous rotation, the granules of 

most samples maintained their granulated shape instead of being dissolved into the water (Fig. 

16).  

This means that the granules have the capability of slowly releasing the nutrients for the 

plants. In other words, the plants would be able to utilize the nutrients when the fertilizer is 

applied to the soil before it is leached down the soil profile. 
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Figure 16. Granules of sample C after rotating for 24 h. 

Granules were put in water and 3 weeks later they still had almost the same shape and size. 

However, the water became gloomy as a consequence of the dissolution of some superficial 

amount of the granules.   
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6. CONCLUSIONS 

 

A methodology for making fertilizer granules from mixtures of waste materials as well as an 

experimental granulation method has been developed enabling preparation of granules from 

the mixtures of fly ash, sludge and binder in different proportions.  

From the results of the leaching test of the granules and by comparing the nutrients content 

and leached nutrients for each one of the seven granulated fertilizers, all of them can be 

considered as complete fertilizers based on their content of nitrogen, phosphorus and 

potassium.  

In the case of fertilizers made with peat instead of gypsum the content of nitrogen is higher 

and therefore granules A, B, C, D, E have sufficient N for plants to generate proteins, 

hormones, vitamins and enzymes. On the other hand, granulated fertilizers like F or G have a 

higher content of potassium which controls the water absorption and loss, the resistance of 

the plant and coloration of the flowers.  

Based on the ANC results can be conclude that the granules obtained in this study do not have 

any mineral phases that buffer pH changes. As a consequence to the pH decrease, the leaching 

of cations (Ni, Cu, Zn, Cd, Pb, Al, Fe, etc.) would increase, while the leaching of salts (Na, K, Cl, 

Br, etc.) in the granules would not be affected.  The leaching of anions (Mo, Cr(VI), As, Se, Sb) 

are expected to decrease. 

It was found that using “Billerud bioash” FA instead of “Boden MSWI” FA the leached 

concentrations of the elements such as As, Ba, Cd, Cu, Mo, Pb and Zn decreased, especially Cd 

and Zn. When using “Boden MSWI” FA, the leached chlorides from the granules exceed those 

from the granules with bioash between 50 and 80 times.  

In the case of using different kind of peats the differences achieved in the granules were not 

that significant. The peat was mainly used as a binder, and the real carriers of nutrients for the 

plants are the FA and the sludge. However, a higher amount of P leached by granules prepared 

with peat milled was noticed. 

It is necessary to go further in the study to understand the reason that justify more leaching of 

potassium from granules with Boden MSWI than Billerud ashes although Billerud bioash (raw 

material) has  three times more of potassium than Boden MSWI.  
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Finally, the slow dissolution of the granulated materials means that the achieved granules are 

good carriers of nutrients for the plants, and the plants will have enough time to obtain the 

elements they need from the soil. 
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7. OUTLOOK 

 

A future work on granulated fertilizers implies their application of a field scale in order to study 

plant development and environmental impacts.  

A larger variety of mixtures and application of other granulation methods would also be of 

interest for the future studies. Performing leaching test at other pH values (e.g. acidified 

conditions) would provide information on leaching behavior of nutrients and potentially toxic 

trace elements.  

Application of statistical analysis method would enable to more accurately analyzing the 

differences and similarities of the granules.  
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9.  APPENDIX: PREVIOUS EXPERIMENTATION 

 

This study started preparing several samples by mixing raw materials (fly ash, sludge, peat and 

gypsum) at different proportions. During one month, a total of 32 combinations were tested. 

This will be further explained along the following sections. 

9.1 TS of the different materials 

 

Before starting making mixtures with the different materials it was important to get 

knowledge about the materials. Following the procedure of the Swedish Standard SS 02 81 13 

the MC of each material was determined in the Table 11.
  

Table 11. Results of the TS test for the different used raw materials. 

 

9.2 Preparation of the first samples (Samples 1-8) 

 

The study began with the preparation of 8 samples with a proportion of 40% mass fly ash 

(Boden MSWI or Billerud bioash), 10% mass binder (peat milled or gypsum waste) and 50% 

mass sludge (Luleå SS). These mixtures were a starting point to find out the future recipe of 

the granulated to fertilizer. The initial samples were readjusted to match a desired pH of 8.  

In Table 13 the proportions and amounts of materials are described in detail. 

Table 12. Material proportions of the first 8 mixtures. Percentages in wet weight % (wwt %) 
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It can be noted that the Samples 1-4 and 5-8 (Table 12) are exactly the same. The performance 

of this duplicated experimentation can be justified because at the beginning of the study the 

idea was to dry the samples at different temperatures. Samples 1-4 should have been dried at 

50 ºC and samples 5-8 at 70 ºC in order to understand the behavior of some nutrients such as 

N and P under drying treatments. Finally this idea did not go further because with the increase 

of the temperature nitrogen volatizes to ammonia. It would mean losing nutrients in the 

fertilizer and therefore should be avoided (section 1.7).  

During the preparation of the samples a strong smell of ammonia was detected. This fact made 

corroborated that the effect of the temperature was not the only reason that affected in the 

transformation of N to ammonia, and the pH value plays an important role as well. 

Once the mixtures were prepared the next step was to evaluate the levels of pH and 

conductivity (Table 13). 

Table 13. Values of pH and EC for the first eight experiments 

 

The levels of pH obtained were rather basic giving an idea that these high pH values could 

justify the strong smell of ammonia in the samples. 

 

9.3 Preparation of the next samples (Samples 9-32) 

 

The aim of the next sequence of experiments was to prepare samples with pH values around 8 

to avoid loss of nitrogen to ammonia as seen before. To carry out this experimentation it was 

necessary to combine an adequate proportion of each material. Therefore the study continued 

with the preparation of 23 more samples (Table 14 and Table 15).   

The samples were prepared at a small scale (around 16 g for each sample) in order to save 

material and time.  
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Table 14. Proportions of material to prepare the 23 following mixtures. Percentages in wet 

weight % (wwt %) 

 

Table 15. Values of pH and EC tests for the first eight experiments 
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After studying these mixtures, it was experimentally proved that the amount of fly ash is 

directly proportional to the pH value in the samples. This result was an important achievement 

in the study given that some of the experiments reached the objective of pH around 8 and 

some of them (E and A) reached a pH level even lower.  

 

 9.4 Learning how to make granules with some chosen samples 

 

The procedure to achieve granules was still unknown after preparing the samples. Throughout 

carefully thinking and analyzing the use of laboratory equipment a valid method to obtain 

granules was found. 

The selected procedure was to use rapid-shake machine (Figures 17 and 18) with a double 

shaking dish on it. Between the two shaking dishes, a sieve with 0.5 cm2 holes was introduced. 

The purpose was to increase the crashing of the particles of mixture introduced in the dishes.  

The rapid shake machine worked under conditions of vibration of 60 unities and set time of 5 

minutes. 

 

The first intent of granulation consisted of samples E, C and F of 600 g each.  

The samples A and C were selected because their low pH values (7.79 and 8.01 respectively) 

and because of the different kind of peats (peat milled and peat residue) used in their 

preparation.  

                                       Figure 17.  Rapid shake machine                      Figure 18. Foreground from settings command of the machine (speed 60) 
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The sample F was selected due the interest in studying the granulation of a sample with 

gypsum waste as a binder instead of peat. 

It can be noted that sample F was selected instead of sample 16 due its higher content of fly 

ash, which is the main carrier of nutrients and therefore interesting for the fertilizer. 

The objective of the granulation was to made granules with a spherical shape and a size below 

1 cm. 

9.4.1 Granulating the sample E 

 

The sample weighted 613 g and was prepared according the proportions shown in the Table 

14. 

Vibration intensity and time of exposure to vibration were constant variables as mentioned in 

Section 9.4. The only free variable that conditioned the granulation procedure was the amount 

of water to be added to the mixture to be granulated. In the next table it has been summarized 

the different experiments done from 20 g sample of the mixture in different proportions of 

water (density of 1kg/l) until we arrived to the desired solution. The proportions of water were 

measured by an electronic scale. 

Once the water was added to the sample, the material was introduced on the bottom shaking 

dish (Fig. 17) and closed by the top shaking dish with the sieve between both dishes. The 

double shaking dish was inserted in the rapid shake machine. 
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Table 16. Procedure followed until find the recipe to granulate the sample E 
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It was impossible to granulate 100% of the content introduced in the rapid shake machine. In 

most of the cases, 85% of the content became granulated and the resting 15% (wet mud) was 

not granulated and was not used anymore.  

 

9.4.2 Granulating the sample C 

 

Similarly to the previous sample, sample C was also granulated according to the same 

procedure. Sample C had exactly the same composition of sample E except for the kind of peat 

used. The peat is sample C (Peat residue) is more compact and releases less dust when mixing. 

Sample C required the same amount of water as sample C. It is worth to mention that sample 

C granulated better than sample E.  

 

Table 17. Values Procedure followed until find the recipe to granulate the sample C 

 

 

9.4.3 Granulating the sample F 

 

Sample F was submitted to the same procedure as the previous samples. However, this sample 

behaved differently. The sample F contained higher amount of water due to 65% mass sludge 

content (MC of 286%). When attempting to granulate the sample, all the material introduced 

inside the rapid shake machine became mud independently of the settings of the machine.  

After obtaining the mud in the machine it was decided to make the granules by hand one by 

one. 
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Figure 19 (left) Mud obtained at trying to granulate sample F without any addition of water.  

Figure 20 (right) Handmade granules from the sample F 

 

9.5 Learning how to make a Leaching Test 

 

Before starting the leaching test, it was necessary to calculate the MC of the three selected 

samples E, C and F. The results showed that the mixtures contained a high amount of water, 

greater than 100%. Unexpectedly, the prepared amount of granules was not enough to 

continue with the experimentation.  

 

Table 18. TS and MC of the granules from samples E, C and F. 

 

At this point, the experimentation needed to be started again because of the requirement of 

more sample material. From this point on, the scope of study was increased and seven 

samples were compared as it is explained from Section 3.3. 

 

 

 


