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Effect of sulphur added to phosphate rock on solubility and phytoavailability 
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For ground phosphate rock (GPR) to be applied as phosphorus fertilizer, the availability of phosphorus to plants 
needs to be improved. One possible way to achieve this is by adding sulphur, which will accelerate decomposition of 
phosphate in soil owing to the activation of microbiological processes. This study involved granulation of fertilizers 
composed of phosphate and sulphur mixed at 38:1 and 10:1 ratios and two analogous fertilizer variants but with 
added molasses as a source of organic carbon for sulphur bacteria. A small-scale industrial installation for produc-
tion of multi-component fertilizers was used to make granular fertilizer by the compaction method. The granular 
fertilizers were then tested in an agricultural experiment. The fertilizer in which the phosphate to sulphur ratio 
was 10:1 produced better effects. Addition of molasses to the fertilizers did not improve their fertilizing capacity.  
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INTRODUCTION

 Production of concentrated phosphate fertilizers known 
as superphosphates entails technological processes in 
which the raw material such as phosphate rock (PR) 
undergoes very expensive chemical processing. Economic 
considerations alongside environment protection requ-
irements encourage us to look for less expensive and 
waste-free technologies for manufacture of phosphate 
fertilizers, which ensure an adequate quantity and quality 
food production output. More attention is now attached 
to possible agricultural use of ground phosphate rock 
(GPR) without any or with little chemical processing1–5. 
However, it needs to be remembered that natural pho-
sphate rock is much less effective than superphosphate, 
in which  phosphorus appears as easily soluble compo-
unds. When developing new fertilizer manufacturing 
technologies based on the use of phosphate rock, it is 
important to raise the content of readily soluble forms 
of phosphorus. This can be achieved, for example, thro-
ugh an addition of sulphur to GPR6–10. Phosphate rock 
and sulphur fertilizer (PRSF) with an adequate ground 
phosphate rock to sulphur ratio (GPR:S) is metabolized 
in soil owing to activation of microbiological processes. 
Soil-borne sulphur bacteria oxidize sulphur to sulphuric 
acid, which reacts with molecules of phosphate rock, ge-
nerating soluble mono- and di-calcium phosphates. The 
factors affecting the effectiveness of such fertilizers are: 
the quality of phosphate rock, the degree of its milling, 
ratio of GPR: S, and the type of crops and soil. The 
presumption is that the increase of sulphur will increase 
their agronomic effectiveness.

Most of the studies concerning the effectiveness of 
PRSF were carried out in much warmer and wetter 
climatic zone than the 

temperature which prevails in Poland. These studies 
have shown that PRSF can be as effi cient as superpho-
sphate when the ratio of GPR: S oscillates between 1: 1 
and 5: 1, and at increasing the degree of crushing rock 
phosphate, it may be increased to 7: 16.

However,  it should be taken into account that along 
with the phosphorus, sulphur is also introduced into 
the soil, which in addition to reaction with molecules 
of phosphate rock, has an acidifying effect on the soil. 
Therefore, the quantity of added sulphur should be 
minimized so as not to cause an additional acidifi cation 
of the soil7.

Another way of increasing phosphate rock solubility 
is by composting it with organic matter. Products of the 
metabolism of microorganisms which decompose organic 
matter break down phosphate, releasing plant available 
phosphate compounds. A ratio of four parts of organic 
waste material to one part of phosphate rock seems to 
be an effective combination. The addition of molasses 
as a source of carbon for sulphur bacteria enhanced P 
solubility by a few percent11.

The aim of our study was to compare the fertilizing 
effi ciency of several variants of PRSF with different 
ratio of phosphate rock to sulphur with the addition 
of molasses or without its participation. Another goal 
has been to select the best pelletization technology for 
such fertilizer. 

MATERIAL AND METHODS

Laboratory tests  
Several variants of PRSF were made from phosphate 

rock originating from Morocco and obtained from Phos-
phate Fertilizer Production Plant in Gdańsk and ground 
sulphur produced by the Siarkopol Chemical Plant.

In the Laboratory of the Institute of Inorganic Tech-
nology and Mineral Fertilizers, at Wroclaw University of 
Technology, certifi ed by ILAC-MRA and Polish Centre 
of Accreditation (certifi cate No. AB 696), grain-size 
distribution of both raw materials was assessed by pass-
ing a specifi c amount of each material through a set of 
sieves with the mass of each mesh fraction weighed after-
wards12, 13. The results are presented in Table 1. Ground 
sulphur was characterized by the grain size that enabled 
its proper mixing with the GPR. The plus mesh fraction 
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of sulphur on a 0.045 mm mesh size made up 1.65% of 
the total amount. In addition, chemical composition of 
phosphate rock was also determined (Table 2). Analyses 
of particular forms of phosphorus found in the GPR 
were performed according to the procedures specifi ed 
in the Regulation (EC) No 2003/2003 of the European 
Parliament and of the Council of 13 October 2003 relat-
ing to fertilizers14. The following analyses were made on 
GPR: extraction of phosphorus compounds soluble in 
mineral acids (total phosphorus), soluble in 2% formic 
acid, soluble in 2% citric acid, soluble in 2% neutral 
ammonium citrate and soluble in water. Determination 
of the extracted phosphorus was carried out after pre-
cipitation in an acid medium in the form of quinoline 
phosphomolybdate.

Analysis of the elements in phosphate rock was made 
by ICP optical spectrophotometry after mineralization of 
samples in aqua regia and in a microwave oven at 1200oC 
according to procedure no. LA3b-012 (Al, As, Ni, Pb, Cd), 
LA3b-013 (Ca, Mg) and LA3b-014(B, Cr, Cu, Fe, Mn, 
Mo, Zn). Analysis of the content of Hg was completed 
by atomic absorption spectrometry with  amalgamation 
technique according to procedure no. LA3b-012. In the 
prepared PRSF, the concentration of particular elements 
was determined with the same methods as applied to 
the raw materials. Grain-size distribution and mechani-
cal resistance of fertilizer granules were examined in 
an ERWEKA apparatus. The results were obtained by 
submitting 25 randomly chosen granules of each fertil-
izer variant to measurements. 

weigh module, mixing unit, granulator and dryer. The 
experiments on the granulation of the tested fertilizer 
variants were run in two granulators: a pelleting press 
manufactured by Amandus Kahl GmbH type 38–780 
and a laboratory roll press type 210/50 made by Sahut-
-Conveur. The weight ratio GPR:S for the production 
of fertilizers was set as 38:1 and 10:1. Selection of both 
ingredients in the fertilizers started with choosing the 
amount of phosphorus to be applied in fi eld production. 
The ratio of rock phosphate to sulphur of 10: 1 was 
determined on the basis of previously conducted own 
research15, 16, 17. However, due to the specifi city of the 
Polish soil, most of which are acidifi ed, it was decided 
to also test a mixture of 38: 1 with a much reduced 
share of sulphur.

It was assumed that molasses would be added as 
a source of carbon for sulphur bacteria and bentonite 
as the material facilitating the  granulation of fertilizers.

Agricultural tests 
The aim of the agricultural tests was to determine 

the phytoavailability of phosphorus from the prepared 
PRSF according to the yields of crops and content of 
phosphorus in harvested plants. A pot experiment on oat 
and a micro-plot experiment on maize were set up at 
the Experimental Station of the Institute of Soil Science 
and Plant Cultivation in Jelcz-Laskowice near Wroclaw. 
The experiments were designed according to complete 
randomization with 4 replications. The yield-stimulating 
effect of 4 variants of PRSF (F1, F1m, F2, F2m) was 
compared with that produced by triple superphosphate 
(TSP) and ground phosphate rock (GPR) relative to the 
control without phosphate or sulphur (0) and a treatment 
enriched with sulphur alone. 

Oat was grown on slightly acid soil (pH = 5.7) with 
a very low content of organic carbon (Corg = 0.80%). 
Maize was cultivated on neutral soil (pH = 6.7), relatively 
abundant in organic carbon (Corg = 3.19%). Both soils 
contained little phosphorus (24 and 32 mg P2O5 ∙ kg–1). 
The tested fertilizers were introduced to soil in a rate 
of 1 g P/pot (9 kg of soil) under oat and 3.5 g P/plot 
(0.5 m2) under maize. The dose of phosphorus, which 
is usually applied under test plants in pot experiments, 
was doubled due to the expected weaker solubility of 
the tested fertilizers compared to the superphosphate. 
A single dose of P could turn out to be too small to 
ensure an optimum supply of plants in this component. 
In the microplot experiment, the recommended dose of 
phosphorus per hectare was calculated into euros on the 
area of 0.5 m2 ,and also doubled.

The treatment with elemental sulphur (S) was supplied 
with a sulphur rate equivalent to the amount of this 
element introduced to soil with the fertilizer F2. 

Oat and maize were harvested in the full ripeness 
stage. Samples of oat grain and samples of maize ear 
leaf were taken for determination of their content of 
phosphorus and sulphur. These analyses were performed 
in an accredited laboratory of the Institute of Soil Sci-
ence and Plant Cultivation, certifi ed by Polish Centre of 
Accreditation (certifi cate no. AB 339). Concentrations 
of phosphorus in the plant material were determined 
after wet digestion (concentrated H2SO4 + perhydrol) 
by the fl ow spectrophotometric method according to 

Table 1. Sieve analysis of phosphate rock used for making PRSF

Table 2. Chemical composition of phosphate rock used for 
making PRSF

Industrial tests
Tests on possible granulation of mixtures of phosphate 

and sulphur were run on a small-scale installation used 
for the manufacture of multi-component granular fer-
tilizers by compaction. The installation was located at 
the INCO Plant in Susz near Iława. It consisted of a 
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procedure no. PB 48.1 Edition I:2002. The content of 
sulphur was determined by ICP method following the 
mineralization with NaHCO3 according to procedure no. 
PB 110.2 Edition I:2010.

The results on yields and concentrations of phosphorus 
and sulphur underwent analysis of variance. Tukey’s test 
was applied to test the differences between the means. 
Statistical computations were aided by Statistica 6.0 PL 
software. 

RESULTS AND DISCUSSION

As a result of preliminary test of fertilizers pelletiza-
tion, optimal proportions of bentonite and mellasses 
were determined (Table 3). Being a source of organic 
carbon for sulphur bacteria, molasses also served as an 
adhesive substance. Pelletization of fertilizers on a roll 
press failed because the material subjected to pressing 
was excessively fragmented. A high amount of air arrested 
in the raw material while compacting was an obstacle 
to forming the granules with satisfactory mechanical 
resistance. The best results of granulation were achieved 
on a pelleting press at the moisture of the processed 
mixture equalled 13%, the applied pressure reaching 60 
bar and the granular fertilizer dried up at 90oC for 40 
minutes. The content of moisture after their drying was 
0.3%. Granules of fertilizers F1 and F2 varied in terms 
of mechanical properties such as grain-size distribution 
and mechanical resistance (Table 4). Fertilizers with 
a lower share of sulphur (F1, F1m) generally had a 
smaller diameter of granules and by several times higher 
resistance to crushing compared to F2 and F2m. The 
addition of molasses to granular compound fertilizers 
caused a reduction in the resistance of granules only 
in the case of F2. The mechanical resistance of F2m 
was by about 40% lower compared to F2. Regarding 
F2 fertilizers, a substantial decrease in the mechanical 
resistance of granules was observed, most probably due 
to a higher ratio of S and inclusion of molasses. These 
products were also much more elastic (easily deformable 

by application of an external force), which may have been 
interpreted by a ERWEKA apparatus as a destructive 
force. Generally, the tested fertilizers were characterized 
by satisfactory physical parameters.

The mechanical resistance of F1 fertilizer granules 
compared to typical resistance of different types of fer-
tilizers, including phosphorus ones, appears very good18. 

 The four variants of PRSF were only slightly different 
in the total content of nutrients (Table 5). The total 
phosphorus content in fertilizer granules ranged from 
10.10–11.50% P, and the content of sulphur was within 
2.5–8.5%. The fertilizers also contained 32–34% of cal-
cium. It has been found out that an addition of sulphur 
to phosphate did not cause any signifi cant changes in the 
content of phosphorus compounds soluble in the tested 
extractants. However, the amount of soluble forms of 
phosphorus released from fertilizers introduced to soil is 
always higher than that found in soils laboratory trials19.  

The agricultural experiment showed that plants fer-
tilized with GPR did not respond to the treatment 
by producing higher yields in comparison to control 
treatment without P. This fi nding demonstrates poor 
solubility of phosphorus compounds in GPR and worse 
availability of this element to plants. Lack of response 
of plants to P fertilization in the form of GPR has also 
been reported by other authors20. 

The effectiveness of the 4 tested PRSF variants depen-
ded on the mutual ratios of fertilizer components, but 
was also modifi ed by the soil conditions and species of 
the crop. On the slightly acid soil with a small content 
of organic carbon, a signifi cantly higher oat grain yield 
was achieved in response to the F2 fertilizer compared 
to the GPR and F1 treatments (Fig. 1). However, the 
F2 fertilizer did not stimulate higher yields than triple 
superphosphate. The fact that F2 had a more benefi cial 
effect on crop yields than GPR or F1 was confi rmed 
by a higher concentration of phosphorus found in oat 
grain from that treatment (Fig. 2). At the same time, 
there were no signifi cant differences in sulphur content 
between the treatments.

Table 5. Chemical composition of PRSF 

Table 4. Granulation of PRSF and mechanical properties of granules

Table 3. Composition of PRSF prepared for granulation (% mass)
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On neutral soil with a relatively high content of organic 
carbon, maize responded to F2 by producing a sig-
nifi cantly higher grain yield than on the GPR fertilized 
treatment (Fig. 3). It was also observed the insignifi cant 
tendency to produce higher yield at F1 treatment in 
comparison to the GPR. In contrast to slightly acid soil, 
the yield-stimulating infl uence of phosphate and sulphur 
fertilizers on neutral soil was not inferior to that gener-
ated by TSP. Despite the determined difference in maize 
yields (Fig. 3), the concentration of phosphorus in maize 
leaf was similar on all treatments (Fig. 4). However,  
important differences in the content of sulphur were ob-
served (Fig. 5). Fertilizers with molasses (F1m and F2m), 
as well as using only sulphur (S), caused an increase in 
the content of this component in the leaf compared to 
the other treatments. However, these contents did not 
exceed the value of 5 g . kg–1, which is the upper limit 
of the optimal range21.

Based on the yields of crops as well as the concen-
tration of phosphorus in plants, it has been found out 
that on either soil PRSF with molasses were not more 
effective than the fertilizers without molasses. 

Figure 2. Concentration of P in oat grain. The same letters 
stand for no signifi cant differences between treat-
ments by Tukey’s test (P<0.05)

Figure 3. Maize grain yield. The same letters stand for no 
signifi cant differences between treatments by Tukey’s 
test (P<0.05) 

Figure 4. Concentration of phosphorus in maize ear leaf. 
The same letters stand for no signifi cant differences 
between treatments by Tukey’s test (P<0.05)

Figure 5. Concentration of sulphur in maize ear leaf. The same 
letters stand for no signifi cant differences between 
treatments by Tukey’s test (P<0.05) 

Figure 1. Oat grain yield. The same letters stand for no sig-
nifi cant differences between treatments by Tukey’s 
test (P<0.05) 
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The positive effect of added elemental sulphur to GPR 
on release of plant accessible forms of phosphorus has 
also been demonstrated in another research15–17. Owing 
to PRSF, higher yields of crops were obtained than in 
the treatment enriched with GPR. The increase in yields 
depended on the amount of added sulphur, phosphate 
granulation, time elapsing from fertilizer application and 
crop species. The best results were attained when the 
phosphate rock to sulphur ratio was 14:1-10:1. A higher 
share of sulphur often caused negative effects on plants 
and the environment. 

CONCLUSIONS

Plant availability of phosphorus derived from ground 
phosphate rock was not satisfactory.

Sulphur added to phosphate rock in a ratio of 1:10 as 
well as granulation of both components improved the phy-
toavailability of phosphorus, thus ensuring better yields. 

Addition of molasses to PRSF did not improve their 
fertilization effectiveness. 

Granulation of a mixture of phosphate rock and sul-
phur by compaction is possible on a pelleting press but 
not on a roll press. 
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