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Abstract: Environmental policies of the European Union aim to increase recycling and re-use of
waste-streams. One of the economically most profitable ways of re-using waste is to use it as a
fertilizer. In this study, recycled nitrogen fertilizers were manufactured from industrial side-streams
(sawdust, fly-ash, ammonium sulfate and lignosulfonate). A sequential extraction procedure was
applied to all the products tested in this paper to make sure that the environmental requirements
of a recycled fertilizer would be fulfilled. A mass fraction of up to 7.0% of nitrogen was achieved
with sawdust granule and 7.2% with fly-ash-sawdust granule, indicating that the granules would be
well suited to be used as nitrogen-containing fertilizers. Nitrogen release from sawdust granule was
more controlled than from commercial salpetre. Sawdust combined with fly-ash can hence give a
balanced nutrient mix when used together. Bioavailabilities and pseudo-total contents of harmful
elements (As, Cd, Cr, Cu, Ni, Pb, and Zn) were small in all granules and cause no harm in field or
forest fertilizer use.
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1. Introduction

The European Commission in its circular economy strategy is aiming to increase recycling and
re-use of products and waste materials [1]. This strategy is linked to the Waste Framework Directive of
the European Union [2] that includes 5-step waste hierarchy in which different options for dealing the
waste are described. In this hierarchy, the first goal is to prevent waste-streams. If this is not possible,
the next step down in the waste hierarchy is the preparation of waste for re-use, followed by recycling,
other recovery (e.g., energy recovery) and, finally, if none of the initial four steps are feasible, waste
should be disposed without harming the environment.

One of the economically most profitable ways of re-using waste is to use it as a fertilizer. This
way one can replace artificial fertilizers, which have a relatively high carbon footprint due to their
high-energy consumption in production phase, and still stay high on the 5-step waste hierarchy
described above [3]. As an example, it has been estimated that in Finland alone the economic value of
recycling nutrients is around 0.5 billion euros annually [4]. Besides the manure coming from animal
husbandry, the most valuable sources of nutrients in wastes are combustion ashes and side-streams of
facilities processing organic waste and sewage sludge [5,6].

At the moment, a large part of the wood and peat ashes produced in the forest industry and
power plants ends up at waste disposal sites, even though they could be re-used as fertilizers [5,7].
Wood fly-ash (FA), in particular, is rich in nutrients needed in plant nutrition. Of the major nutrients
needed in plant growth and function, only nitrogen (N) and sulphur (S) are not present in FA, as they
are released into the atmosphere during combustion [8]. In places that already have abundantly N in
the soil, like large areas in Central-Europe, due to high N-deposition or many peatlands, plain ash can
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work as a balanced fertilizer. For example, in peatlands, nitrogen levels are usually naturally high,
whereas phosphorous (P) and potassium (K) are the growth limiting nutrients. It has in fact been
shown that in peatland forests FA can outperform commercial PK fertilizers (phosphorous–potassium
fertilizers) in increasing tree growth, as well as in financial performance [9–11]. In mineral soil forests
and in most intensively cultivated agricultural fields, nitrogen is the growth limiting nutrient and
should hence be applied with ash to make a balanced fertilizer.

To avoid problems caused by dust, FA needs to be granulated before spreading. Granulation
is also a significantly more cost-effective alternative for ash recycling compared with unprocessed
FA [12]. Co-granulation of FA with some nitrogen containing material, such as sewage sludge, could
produce new fertilizer products to nitrogen poor soils [13]. Because sludges might also contain harmful
elements, such as many synthetic organic substances [14], there has been attempts to extract N from
sludges so that only the pure recycled nitrogen could be used as fertilizer. One method to separate
N from sludge is to extract N from biogas plant digestate by stripping ammonia by sulfuric acid to
form ammonium sulphate ((NH4)2SO4). However, ammonium evaporates easily as ammonia gas
at alkaline conditions and therefore it is not easy to merge ammonium with alkaline matrix such as
FA [15]. Here, we aim to test if we can modify FA so that amalgamation of ammonium sulphate is
possible, or amalgamate ammonium sulphate with some other recycled media that can be granulated.
This is the first study where such an attempt has been made.

Before waste can be reused as a fertilizer, it needs to fulfil quality levels as well as safety levels
set by legislation. European environmental legislation requires that pseudo-total concentrations (i.e.,
acid-leachable metals that are not part of silicate matrix), and/or water-soluble concentrations of the
harmful elements are studied from waste materials [7,16–19]. This, however, does not give reliable
information of the environmental risks associated with the utilization or disposal of wastes. From
the point of view of environment, it is not so important what the total concentration of e.g., heavy
metals in wastes and other residues is, but rather how easily the metals can be mobilized from the
inspected material into the environment. Water-soluble concentration is not a sufficient measure of the
environmental risks because the distilled or deionized water used in the tests does not represent normal
salt concentration or ionic strength of the soil solution [20]. Neither are these procedures sufficient to
assess the bioavailability of nutrients from fertilizers. Therefore, to be able to better evaluate effects of
different environmental conditions on bioavailability and mobility of different contaminants, sequential
extraction methods have been widely used with different environmental samples during the last few
decades [21–24]. In the sequential extraction procedure, different chemical reagents are applied to the
sample in a series and each successive treatment is more drastic than the previous one. A sequential
extraction procedure divides the total extractable metal concentration into fractions in order to assess
the bioavailability and the form in which the metals occur in the studied material [25].

In this study, we aimed to find out if, by manipulating FA pH, we can add ammonium sulphate
into FA to make a new type of nitrogen rich recycled fertilizer or if we can combine ammonium
sulphate to some other recycled material to make a balanced fertilizer for all purposes. To make sure
that our products would fulfill the environmental requirements of a recycled fertilizer, we applied a
sequential extraction procedure to all the products tested here.

2. Materials and Methods

2.1. Raw Materials and Granulation

The FA used in this study was from a 96-MW (Megawatt) thermal power plant situated in
Rovaniemi, Northern Finland. The power plant uses a circulating fluidized bed combustion technique.
The fuels used at the plant are wood and peat. The fuel ratios (dry mass) at the power plant were
approximately 50% wood (logging residue) and 50% peat. The sample was collected 14 May 2014
directly from ash silo. Commercial 350 g L−1 ammonium sulfate solution stripped from a biogasification
process (Envor, Finland), 850 g L−1 phosphoric acid (Sigma-Aldrich, St. louis, MO, United States) and
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lignosulfonate from a pulp and paper mill (Borregaard, Norway) was used in the granulation process.
Sawdust (SD) came from a sawmill situated in Northern Finland.

The compositions of the granules manufactured in this study are presented in Table 1. Granule
FA was a control sample that contained only FA and water. Previous study [15] indicated that if
ammonium sulphate is mixed with FA, the ammonium evaporates as ammonia gas due to the high pH
of FA, and therefore ammonium cannot be added directly to the FA granules. In this study, phosphoric
acid was used to: (i) control the pH of FA; (ii) to bring extra phosphorus to the granules; and (iii) to act
as a binding agent. Phosphorus acid dissolves silicon and aluminum from FA to form a geopolymer
framework [26], which keeps the granule in one piece. SD was used either alone or with FA as a matrix
to absorb ammonium. Lignosulfonate was used as a binding agent for SD-based granules.

Table 1. Composition and sample names of the granules. FA = fly ash; SD = sawdust; PA = phosphoric acid.

Sample Composition (Mass Fraction (%))

FA 60% fly ash; 40% water

FAPA 61.3% fly ash; 12.3% phosphoric acid; 26.4% ammonium sulphate solution

FASD 19.2% fly ash; 19.2% sawdust; 9.6% lignosulfonate; 3.8% phosphoric acid;
48.1% ammonium sulphate solution

SD 28.6% sawdust; 14.3% lignosulfonate; 57.1% ammonium sulphate solution

All granules were manufactured the same way: all dry matter was carefully agitated using a
ribbon blade agitator until a homogenous mixture was achieved. Solution was then slowly added,
while still agitating the mixture, until small aggregates started to form in the paste. Granules were
formed simply by rolling the paste in the hand until firm, spherical granules were achieved (diameter
approx. 20 mm). The granules were cured at room temperature (21 ± 2 ◦C) for at least 28 days.
pH-values of all manufactured granules was between 5–6 (liquid to solid ratio L S−1 = 10 L kg−1);
therefore, there were no ammonia losses.

2.2. Analysis Methods

Granules were crushed and sieved to a particle size smaller than 0.5 mm before analyses. Nitrogen
contents were analyzed using a Perkin Elmer 2400 series II CHNS-analyzer at the University of Oulu
(Waltham, MA, United States).

The pseudo-total element concentrations were characterized by aqua regia digestion according
to standard ISO 11466 [27] and analyzed with the inductively coupled plasma optical emission
spectrometry (ICP-OES) technique at an accredited laboratory. The 4-step sequential extraction
procedure (Table 2) used in this study is based on the Community Bureau of Reference (BCR)
procedure [28]. Stages 2 to 4 follow the BCR procedure, but the first stage involves extraction with
deionized water acidified to pH 4 with HNO3 [29]. The purpose of the first stage is to simulate the
effect of acidic rainwater—present day rain—on the solubility of the metals. This 4-step sequential
leaching procedure has been used successfully with samples including bottom ash and FA [29–32].
The eluates from each step were separated from the residue by centrifuging for 20 min (RCF = 3000)
and analyzed using the ICP-OES technique at an accredited laboratory. Duplicate samples from each
batch were analyzed, and the averages were calculated. However, the F4 result for FA granule is based
on a single measurement due to errors made in the leaching stage.

The moisture contents of the FA and the FA granules were measured according to standard
SFS-EN 12880 [33] by drying the samples in a hot air oven for 24 h at 105 ± 2 ◦C. The dried samples
were placed in cooling desiccators and weighed. However, the samples were not dried prior the
sequential leaching procedure, since heat can affect the leaching of elements [34]. Instead, the moisture
contents were taken into account as the leaching results were calculated. The moisture mass fractions
of the samples were: 1.6% for FA; 5.2% for FAPA; 5.7% for FASD; and 4.2% for SD.
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Table 2. 4-step sequential leaching procedure [28,29]. Mass of the sample was 1 gram at the first stage.

Step Fraction Extractant Experimental Conditions

F1 Water-soluble 40 cm3 H2O at pH 4 (with HNO3) 16 h at 22 ± 5 ◦C, constant shaking

F2 Exchangeable and
acid soluble 40 cm3 HOAc 0.11 mol L−1 16 h at 22 ± 5 ◦C, constant shaking

F3 Reducible 40 cm3 NH2OH·HCl 0.5 mol L−1

at pH 1.5 (with HNO3)
16 h at 22 ± 5 ◦C, constant shaking

F4 Oxidizable

10 cm3 H2O2 300 g L−1
1 h at 22 ± 5 ◦C, occasional manual
shaking, then 1 h 85 ± 2 ◦C. Reduce

the volume to less than 3 cm3

10 cm3 H2O2 300 g L−1 1 h at 85 ± 2 ◦C

50 cm3 NH4OAc 1 mol L−1

at pH 2 (with HNO3)
16 h at 22 ± 5 ◦C

The fractions of the 4-step sequential extraction are the water-soluble fraction; exchangeable
and acid-soluble fraction; reducible fraction; and oxidizable fraction [21]. In theory, the first fraction
should contain water-soluble ions. This fraction is the most mobile, and it contains potentially the
most readily available metal and metalloid species. The second fraction should contain metals bonded
electrostatically, metals bonded with weak covalent bonds, or metals bonded to carbonates. The third
fraction should contain metals bonded to Mn and Fe oxides, and the fourth fraction metals bonded to
organic matter or to different sulfides and oxides. In the present study, the first two fractions (F1 and F2)
are referred to as easily bioavailable fractions. The total bioavailability refers to the sum of the fractions
(F1–F4) [21,28,35].

2.3. Leaching Trial

Leaching rate of ammonium sulphate absorbed to the SD was studied in an ad hoc laboratory
experiment. In the experiment, nine plastic funnels (diameter 20 cm) were positioned in a sturdy
support to keep the funnels in place. Each funnel was filled with inert quartz sand in nylon back
so that a few centimeters of the top of the funnel remained free (Figure A1 in Appendix A). Each
of the funnels was randomized to receive one of the following three treatments: (i) sample SD (i.e.,
ammonium sulphate absorbed to SD and lignosulphonate), (ii) commercial nitrogen fertilizer (salpetre,
i.e., ammonium nitrate) and (iii) control (plain quartz sand). Each of the three treatments was replicated
three times. Both treatments (i) and (ii) had the same amount of nitrogen (the level corresponds to
120 kg of N per hectare in practical forest fertilization). Each funnel was watered with 1.58 litres of
milliQ water (pH 5.6, i.e., equal to clean rain water) five times. Between each watering, there was
at least one day, so that the fertilizers had time to dry between the waterings. The water leaching
through the funnels was collected in glass sample bottles positioned below the funnels (Figure A1
in Appendix A). Each watering was collected separately so that from each funnel there was in total
five water samples. Water samples were then filtered and analysed for total nitrogen (ammonium +

nitrate + nitrite mg L−1). The data were statistically analysed by linear mixed model analysis. In the
model (completely randomized design), the treatment (fertilizers) and the watering time were fixed
factors and the funnel was a random factor. The five water samples collected from each funnel are not
independent samples but repeated measures from the same subject hence first-order autoregressive
(AR1) covariance structure was used for the watering time factor. The data was log-transformed
before the analysis. The data analysis was performed using IBM SPSS Statistics ver. 25 (Armonk, NY,
United States).
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3. Results and Discussion

3.1. Contents and Leaching of Nutrients

The pseudo-total contents of nutrients Calcium (Ca), potassium (K), magnesium (Mg), phosphorus
(P), sulphur (S), and nitrogen (N) are presented in Table 3. The SD granule contained only very small
amounts of Ca, K, P or Mg, but the ammonium sulfate addition was clearly visible as high N and S
concentrations. A mass fraction of 7.0% and 7.2% of N was achieved with the SD and FASD granules.
The phosphoric acid functioned also well, since a mass fraction of 2.5% of N was measured in the FAPA
granule and the P content was increased 573% compared to the FA granule. The downside is that,
as more phosphorus is added, the potassium concentration is decreased (due to the dilution). Since
the content of K and P was quite low in the original FA, the granule does not completely fulfill the
Finnish limit values for K + P. The Ca content exceeded the minimum requirements of Finnish Fertilizer
Product Decree 24/2011 [30] for forest fertilizers. Finnish legislation does not recognize SD-based
fertilizers, but the closest classification is organic mineral fertilizers (a mixture of organic and mineral
nutrients). They must contain a mass fraction of at least 7% N + P + K, which is fulfilled here. C:N
ratios of the granules were 0.06 for FAPA; 4.29 for SD; and 3.37 for FASD.

Table 3. Pseudo-total contents of nutrients Ca, K, Mg, P, S, and total contents of N in the fertilizer
granules and the limit values of Finnish Fertilizer Product Decree 24/2011 for ash fertilizers used in
silviculture [19].

Granule Ca (g kg−1) K (g kg−1) P (g kg−1) Mg (g kg−1) S (g kg−1) N (mass fraction (%))

FA 83.9 8.05 9.97 14.7 7.89 0.0
FAPA 76.7 5.67 67.1 13.8 38.8 2.5
FASD 37.6 2.72 24.6 5.45 75.8 7.2

SD 0.82 0.58 0.07 0.70 113 7.0
Limit value ≥60 K + P ≥ 20

The total bioavailability (
∑

Fi) and the amounts of easily bioavailable (F1 + F2) the nutrients Ca, K,
Mg, P, and S are presented in Table 4. Sulphur was almost completely in easily bioavailable form in
all granules. The amount of easily soluble phosphorus was also high in granules FAPA (28.9 g·kg−1)
and FASD (11.1 g·kg−1) due to the PA addition. PA increased also the amount of easily bioavailable
Ca, K and Mg even though their pseudo-total concentration was smaller than in FA. Therefore, the
quick-acting fertilizer effect increases considerably after PA addition.

The leaching test shows that, from both the commercial fertilizer (salpetre) and the SD sample
((NH4)2SO4 in SD), nitrogen leached rapidly, but, in SD, nitrogen remained a bit longer before reaching
the zero concentration (Figure 1). This is seen also in the statistical analysis that shows that not only
treatment (fertilizer) and watering but also their interaction is statistically significant (sig. <0.05,
Table A1 in Appendix B). This result suggests that nitrogen absorbed to SD is more slowly released
than N in commercial salpetre. This was also observed when doing the watering: salpetre granules
dissolved more or less completely already during the first watering. The amount of water used in
the trial (5 × 1.58 litres = 7.9 litres) equals to the amount of summertime precipitation in Rovaniemi
where the leaching trial was carried out. Thus, the fact that commercial fertilizer dissolved this easily
suggests that, in forests, it can actually totally dissolve already during the first rain, whereas N in SD is
leached more evenly during the growing season.
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Table 4. Amounts of easily bioavailable fractions and total bioavailability of nutrients Ca, K, Mg, P,
and S; standard deviations are in parentheses.

Granule Ca (g kg−1) K (g kg−1) P (g kg−1) Mg (g kg−1) S (g kg−1)
FA

Easily bioavailable
(F1 + F2) 36.0 ± 0.9 0.87 ± 0.03 2.69 ± 0.07 0.110 ± 0.001 6.49 ± 0.22

Total bioavailability
(F1 + F2 + F3 + F4) 60.5 ± 0.2 3.12 ± 0.01 3.94 ± 0.01 5.24 ± 0.08 6.89 ± 0.22

FAPA
Easily bioavailable

(F1 + F2) 44.5 ± 0.1 1.58 ± 0.05 5.81 ± 0.1 28.9 ± 0.5 36.3 ± 0.7

Total bioavailability
(F1 + F2 + F3 + F4) 59.8 ± 0.2 3.40 ± 0.04 6.36 ± 0.01 44.3 ± 0.3 36.4 ± 0.7

FASD
Easily bioavailable

(F1 + F2) 29.5 ± 0.1 1.19 ± 0.01 2.82 ± 0.09 11.1 ± 0.1 79.7 ± 1.4

Total bioavailability
(F1 + F2 + F3 + F4) 34.8 ± 0.4 2.12 ± 0.07 3.46 ± 0.2 20.5 ± 0.1 80.1 ± 1.4

SD
Easily bioavailable

(F1 + F2) 0.71 ± 0.01 0.55 ± 0.01 0.59 ± 0.01 0.04 ± 0.01 136.6 ± 2.9

Total bioavailability
(F1 + F2 + F3 + F4) 0.72 ± 0.01 0.55 ± 0.01 0.59 ± 0.01 0.04 ± 0.01 136.8 ± 2.9
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Figure 1. Concentration of total nitrogen (NH4-N + NO2-N + NO3-N, mg L−1) in water collected on
five occasions below funnels on top of which salpetre or ammonium sulphate absorbed to sawdust
were positioned. Funnels with no fertilizers functioned as control treatment. The values are mean
(±1 SE) of three replicates (SE = Standard error).

3.2. Contents and Leaching of Harmful Elements

The pseudo-total contents of nutrients harmful elements arsenic (As), cadmium (Cd), chrome
(Cr), copper (Cu), nickel (Ni), lead (Pb), and zinc (Zn) are presented in Table 5. All harmful element
concentrations were well below the limit values of Finnish fertilizer decree for both forest and field
fertilizers and, especially in the SD granule, the concentrations were very low. One concern was that
the phosphoric acid would increase the solubility of harmful elements, but instead the solubilities
were smaller. This is most likely due to the formation of the geopolymer structure and the dilution
effect caused by phosphoric acid addition. However, industrial-grade phosphoric acid is typically
used in the fertilizer industry, which can contain more impurities than the analytical-grade acid used
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here. Therefore, the leaching of harmful elements can be somewhat larger than in this study, still, the
phosphoric acid itself does not increase the leaching of elements.

Table 5. Pseudo-total contents of harmful elements As, Cd, Cr, Cu, Ni, Pb, and Zn and the limit values
of Finnish Fertilizer Product Decree 24/2011 [19].

As
(mg kg−1)

Cd
(mg kg−1)

Cr
(mg kg−1)

Cu
(mg kg−1)

Ni
(mg kg−1)

Pb
(mg kg−1)

Zn
(mg kg−1)

FA 18 1.4 66 76 47 33 270
FAPA 17 1.8 52.2 64.6 44.2 22.3 217
FASD 7.2 0.67 21.2 34.9 16.5 8.7 95.4

SD <1.05 <0.07 1.2 0.71 46 <1.03 8.42
Limit value
Field/forest
fertilizers

25/40 2.5/25 300/300 600/700 100/150 100/150 1500/4500

Sequential extraction results of the harmful elements As, Cd, Cr, Cu, Ni, Pb, and Zn are presented
in Table 6. Due to problems in the sequential leaching procedure, the F4 fraction of FA granule is based
on a single measurement. For SD granule, the sequential extraction results were mainly below the
detection limits. However, Ni seemed to be in a highly soluble form. The source of Ni in SD granules
was most likely the lignosulfonate powder since a different batch of lignosulfonate was used for the
SD and FASD granules. In both FAPA and FASD, the amount of easily soluble harmful elements was
very small compared to the pseudo-total contents. In addition, the total bioavailabilities of Cr, Cu, Ni,
Pb and Zn were small. Therefore, the leaching of harmful elements would not cause environmental
risks in fertilizers use.

Table 6. Sequential extraction results of harmful elements As, Cd, Cr, Cu, Ni, Pb, and Zn. Standard
deviations are in parentheses.

As
(mg kg−1)

Cd
(mg kg−1)

Cr
(mg kg−1)

Cu
(mg kg−1)

Ni
(mg kg−1)

Pb
(mg kg−1)

Zn
(mg kg−1)

FA
F1 <1.2 <0.04 0.4 ± 0.1 <0.1 <0.1 <0.4 <0.1
F2 <1.2 0.41 ± 0.01 0.9 ± 0.1 2.9 ± 0.1 2.7 ± 0.1 0.9 ± 0.1 19 ± 1
F3 5.2 ± 0.1 0.33 ± 0.01 1.8 ± 0.1 7.3 ± 0.5 0.9 ± 0.1 9.0 ± 1 18 ± 1
F4 <1.5 <0.05 1.0 2.5 0.3 3.5 3.1

FAPA
F1 2.0 ± 0.1 0.04 ± 0.01 0.08 ± 0.01 7.1 ± 0.4 1.9 ± 0.1 <0.40 0.10 ± 0.01
F2 1.2 ± 0.1 0.21 ± 0.01 0.08 ± 0.01 1.3 ± 0.1 1.3 ± 0.1 <0.40 29 ± 0.9
F3 3.4 ± 0.1 0.15 ± 0.01 7.5 ± 0.1 5.3 ± 0.1 0.85 ± 0.01 5.5 ± 0.1 17 ± 1
F4 2.0 ± 0.1 0.06 ± 0.01 5.2 ± 0.9 5.8 ± 0.8 1.6 ± 0.5 3.3 ± 0.2 9.0 ± 2.6

FASD
F1 3.1 ± 0.1 0.04 ± 0.01 0.08 ± 0.01 0.08 ± 0.01 1.3 ± 0.1 <0.39 <0.1
F2 1.2 ± 0.1 0.27 ± 0.01 0.08 ± 0.01 1.2 ± 0.1 3.2 ± 0.1 <0.39 11 ± 1
F3 7.5 ± 0.1 0.74 ± 0.01 5.4 ± 0.1 12 ± 1 0.98 ± 0.01 2.6 ± 0.01 57 ± 1
F4 1.5 ± 0.1 0.05 ± 0.01 1.8 ± 0.1 0.77 ± 0.06 0.36 ± 0.06 1.8 ± 0.1 1.7 ± 0.1

SD
F1 <1.2 <0.04 0.83 ± 0.03 0.37 ± 0.08 40 ± 1 <0.39 7.9 ± 0.1
F2 <1.2 <0.04 <0.08 0.08 ± 0.01 2.4 ± 0.3 <0.39 0.56 ± 0.07
F3 <1.2 <0.04 <0.08 0.13 ± 0.02 0.71 ± 0.15 <0.39 0.16 ± 0.06
F4 <1.5 <0.05 <0.10 0.17 ± 0.01 <0.15 <0.49 0.16 ± 0.06

4. Conclusions

Recycled nitrogen fertilizers were manufactured from industrial side-streams (sawdust (SD),
fly-ash (FA), ammonium sulfate and lignosulfonate). Phosphoric acid (PA) was used to control the
pH and to add extra phosphorus to the granules. Bioavailability of nutrients and heavy metals from
recycled fertilizers was studied using leaching tests. A mass fraction of up to 7.0% of N was achieved
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with the SD granule and 7.2% with the FA-SD granule, indicating that the granules would be well suited
to be used as nitrogen-containing fertilizers. Nitrogen release from SD granule was more controlled
than from commercial salpetre, indicating that N is released from the SD granule more evenly during
the growing season than from commercial salpetre. P and K concentrations of FAPA granule (72.8 g
kg−1 K + P) and FASD granule (27.3 g kg−1 K + P) clearly exceeded the Finnish limit values for forest
fertilizers (limit value K + P ≥ 20 g kg−1). Sulphur was almost completely in easily bioavailable form
in all granules. The amount of easily soluble phosphorus was also high in granules FAPA (28.9 g·kg−1)
and FASD (11.1 g kg−1) due to the PA addition. SD combined with FA can hence give a balanced
nutrient mix when used together. Bioavailabilities and pseudo-total contents of harmful elements (As,
Cd, Cr, Cu, Ni, Pb, and Zn) were small in all granules and caused no harm in field or forest fertilizer
use. PA decreased the bioavailabilities of harmful elements due to the formation of the geopolymer
structure and the dilution effect caused by PA addition.
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