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Abstract

Improper use of fertilizers and less scientificiagitural practices
caused deterioration of the soil cover on the eadhace. Excessive
farming without adequate replenishment of soil citaicomponents has
adversely affected the agricultural productivitysofils. Sulphur deficiency
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Supplying elemental sulphur as a fertilizer is gmoto be a solution for this

P.O. Suresh problem. The elemental sulphur gets oxidised byrohial activity to a
form that can be assimilated by the plants, pravides in the form of

Email: posuresh@gmail.com sufficiently small sized particles. Submicron tonoasized elemental

sulphur particles embedded with other fertilizessekpected to improve
crop vyield considerably. A procedure to prepareedilizer containing
nanoparticles of elemental sulphur is introduced ftinis paper.
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1. Introduction and hence an increase in the production of

With the current rate of population growth, the monoammonium phosphate (MAP) in comparison to
world population is expected to hit 9.1 billion B§50, ~ diammonium phosphate (DAP) is predicted (Blair,
which necessitates an increase in agricultura009). The advantage of MAP over DAP is that the
production by ~70 % (Jaggad al., 2010). However, former can be made using raw materials with less
the considerable imbalance between soil erosion anBurity. Similar to P, deficiency of S in soil hagen
soil production limits the availability of agricuital ~ affecting crop production. Owing to the practices o
lands (Montgomery, 2007; Sureshal., 2013; 2014a). Sulphur (S) free fuels and reduction of emissiamir
Urbanization and industrialization also limits the biofuels, the availability of S as oxides in gaseérm
availability of agricultural lands (Kaarstad, 1997;in the atmosphere has been reduced. Agricultural
Baruah and Dutta, 2009). Agronomic research in théPractices without S-containing fertilizers have sed
last few decades is hence concentrated in incrgdsen ~ €xcessive consumption of S from soil, creating edne
crop yield (Jamakt al., 2010 and references therein). Of sulphur supplementation (WO 2014/009326 Al).
Application of chemical fertilizers has largely petl ~ Sulphur supply to agricultural soil is generallyngoby
improving the yield in countries like China and ilmd ~ @pplying sulphate fertilizers (e. g. ammonium
being the largest consumers of fertilizers in therlde ~ sulphate). The advantage of sulphate is that pleants
Currently India consumes more than 25 million Tohs directly assimilate it, as it is soluble in watelowever,
fertilizers. In terms of nitrogen (N), phosphor@® énd  the high solubility makes the sulphates easily
potassium (K) the consumption is about 15 %, 19 9deachable, reducing its longevity in the soil. An
and 14 % of the global consumption, respectivehgé) alternative method is to apply elemental sulphuthe
and Patel, 2012). The deficiency in P has seriously0il which then will get oxidised to plant-assinbile
affected the agricultural productivity in the Demging ~ Sulphate form by microbial activity. The oxidatiof
World. The scarcity of high grade phosphate reserveelemental sulphur also depends on field conditidews
constrains the availability of P as a fertilizeoguct, temperature, moisture, pH etc. (Chapman, 1989keSin
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elemental sulphur is insoluble in water, it will be Massilimov et al. (2008) describes the
available for the plants for a longer period of éim precipitation of elemental sulphur particles ofesizl
when compared to sulphates. Blair (2009) comparegim or less when a solution of polysulphide of dlal
the loss of S from soil, when applied as elementabr alkaline earth metal is diluted up to 50 tim€key
sulphur and as gypsum to see the complete loss of gsave demonstrated precipitation of sub-micron sized
from gypsum in a year against the loss of only %60 particles using solutions of polysulphide of Na,Bg,
of the elemental S. Ca and Sr. Instead of a large volume dilution itémitl
Considerable numbers of patents have beemf mineral or organic acid (HCI, HNOHCOOH etc.)
obtained by industrial and academic organization oralso causes precipitation of elemental sulphur.
preparation of elemental sulphur containing femtits  Polysulphide of K can be prepared as described in
(e.g. U.S. Pat. No. 2013/0167604 Al; U.S. Pat.NoMassilimov et al. (2008). To a boiling solution of
2012/0128981; U.S. Pat.No. 2012/0128981 Al; WOKOH, pulverized elemental sulphur can be added as
2001087803 Al; U.S. Pat.No. 5571303; U.S. Pat.Noslurry in water to produce potassium polysulphiae,
3333939; U.S. Pat.No. 5653782). Generally, elementgper the following reaction:
sulphur in the form of prills or cakes is milled haix

with other fertilizers or molten sulphur is usedctoat 8 S + 6 KOH =2 KS; + K;S,05 + 3 HO
other fertilizers. However, the uniform distributi@and
subsequent absorption of sulphur will be adversely On acidification, two S atoms will be released

affected by the larger grain sizes, non-uniformtioga  from the KS; molecule. The released S will form a
thickness and non-uniform size distribution of the precipitate of particles of size ~1 um. These phasi
‘other fertilizer on which sulphur is coated. The can then be separated from the solution by fitirati
oxidation rate of elemental sulphur largely depeods The monoammonium phosphate has a pH of 4.5
particle size distribution (Het al., 2002). Significant in a saturated solution and it can be used to dileer
increase in the rate of oxidation of sulphur fexdit is  elemental S from §S;. Stoichiometrically calculated
noted with decrease in particle size and increase iamount of KOH solution is brought to boiling on a
applied amount (Hwet al., 2002), which shows the hotplate, to which pulverized sulphur slurry is edd
need of micronising elemental sulphur for fertitize slowly to produce KS; solution of cherry colour. The
applications. Also, Massilimogt al. (2012) observed a solution is then left boiling for ~30 minutes for
hindrance in plant growth caused by coarser (finecompletion of the reaction; after which it is alleavto
ground) particles of elemental sulphur. They stddie cool down to room temperature. The density of the
the effect of application of submicron to nano-dize solution is ~1.2 g/cth To this solution, the anionic
particles and reported up to 125% enhancementint pl surfactant sodium lauryl sulphate is added. Thil wi
growth, when applied with a proper wetting agent fo keep the elemental sulphur particle from
sulphur. Their results re-iterate the need of sub-<conglomeration, when precipitated. When the satutio
micronizing elemental sulphur to use it as a fizgil. of MAP in water, which has a pH of ~4.4, is added
Here we discuss the influence of addition of drop by drop to the }S; solution with continuous
elemental sulphur to the soil. A new method to ethb stirring, elemental sulphur submicron particles are
sub-micron to nano sized elemental sulphur onprecipitated. Release of some amount @& Hilso is
monoammonium  phosphate  or  di-ammoniumnoted at this stage.
phosphate to produce S-MAP (sulphur embedded The solution containing dispersed micronized
MAP) and S-DAP (sulphur embedded DAP) is elemental sulphur and MAP is then dried at~70 °C
introduced in detail. As an additional benefit, temperature so as to obtain sulphur embedded MAP in
potassium is also included in the fertilizer pradtw the form of a soft cake. This cake is then crusteed
get an NPKS combination of fertilizer. The benefits powder form. The final product contains potassitsn a
and agricultural advantages of the soil obtainedhgy  well, which is an essential plant nutrient. Henbe t

addition of nanosulphur particles are discussed. final product of this process is essentially an NPK
combination.
2. Materials and M ethods The pH of the saturated solution of DAP is close

Pure elemental su|phur is used in theto neutral (pH "'65) Addition of the DAP solutiom
experiments reported here. Commercially availablethe K-S; solution also causes precipitation of elemental
mono ammonium phosphate (MAP) and diammoniumsulphur. On drying this solution, sulphur embedded
phosphate (DAP) fertilizers are procured from GSFCDAP containing potassium is obtained.

Limited, Vadodara. All other chemicals used ard.&f The procedure has been repeated to test the
Grade. De-ionized Milli-Pore water is used for wie  reproducibility. Standard analytical procedures ewer
experiments and analysis. employed to analyze the products. Kjeldahl metheod i
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used to determin¢he nitroge content, where as the
P,Os content is determined usingcolorimetric
technique using a spectrophotome Replicate
analyses showed <B4t variability for both thes
methods. Elemental sulphur concentration
determined by separating it out by filtration amert
weighing. Flame photometric technique is applied
estimaton of the concentration of potassi. In house
standard solutions of K are used for calibrationtof
instrument.Thiosulphate concentrations estimated
by iodometric titratiorwhich reproduced the results
replication within 1.7 %.

3. Results and Discussion
The concentration of nitrogein the S-MAP is
~6.5%, where as that 0§®; is ~39.5%. Concentratic

of potassium varies between 10 and 15%.
concentration of sulphur in elemental form is ~%d
that in the form of thiosulphate varibetween 3.3 and
5.5%. The concentration of nitrogen in the prods-
DAP is 30.9% with a concentration oflemental
sulphur of 11%. Thenalytical results are shown in
Table 1.A recovery of ~68% of elemental sulphur
precipitatedparticles is bserved during the process
(Fig 1).

Size of the elemental sulphur particles has |
estimated using a microscope. Individual partices
of the size <5 um (Fig 2). The UV absorption by
particles infer a peak at 280 nm wavelength (Fig
indicating their nanometre size range (Chaudlet al.,
2009).
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Fig 1: The amount of submicron sized elemental sulphudyced vs. the amount of elemental sulphur
used as a raw material. The linear curve fittedvsha recovery of ~68 % of sulphur in the submidiam.

Table 1:Details of raw materials used and composition of the final product obtained in theqess of preparin

sulphur containing fertiliz

Raw Materials (¢ Products
Experiment S
P,Os N K
Number S KOH MAP (%) (%) (%) ((e(lzgnental
1 4.4 8.5 33.1 402 6.9 10.0 8.0
2 100.C 154.7 583.8 40.6 6.7 15.2 9.5
3 50.C 774 2919 405 7.4 11.1 8.5
4 5.C 8.8 29.1 394 6.9 111 7.3
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Fig 2: Microscope images of the nanopatrticles of sulplepasated from the solution. The largest partiche:

marked with their sizes. The two images are frora $gparate experiments, showing the reproducilmfi
particle size.
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Fig 3: UV Absorption spetrum of the nanoparticles of sulphur. Methanalssd as wettg agent for recording
spectrum

Many field trials have been conducted to st  (2010) when monoammonium phosphate (MAP) mi
the effect of S in grain yield (e.g. Ludecke, 19¢ with granules of elemental sulphur was used
More than 10% increase in yield of tomato and fertilization, when compared with the applicatioh
after applying S Enhanced Fertilizers (SEF) hasnl only MAP. The new product developed by 1
noted by Shell Thiogro research. A 100% increas  procedure discussed here is expected to be supe!
the yield of clover has been reported by Fleet al.  performance, as it contains nanoparticles of el¢ah
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sulphur, instead of granules. In locations of highparticles. The application of nanoparticles of Shwi
potential of leaching, the sulphate fertilizers &er minimal environmental impact has been pointed by
completely removed in 2 weeks; whereas theKumar et al. (2011). Chaudhunet al. (2009) also
micronized elemental sulphur remained in the ffeld reported fungicidal activity of nanoparticles of\8hen
longer period (Flaveét al., 2010). They reported that the nanosulphur particles in the NPKS fertilizer is
the production of harvestable dry matter continf@d applied to the soil, the particles in the soil naay as a
longer period when micronized sulphur enhanced MARpesticide. The product developed by the new process
is used in place of only MAP. An enhanced utiliaati discussed here has potential of improving the soil
of P by plants is also reported when micronizeds S i quality for agriculture by enhancing nutrient alpgimn
present in the fertilizer. The interaction of N afdn by plants, and acting as an agent of protectiomfro
the fertilizers when applied to soil has been esitely  fungus. Rigorous field trials are to be conducted f
studied by Jamadt al. (2010) to report an increased N revealing further advantages and influences of the
uptake when applied with S. Reduced mineralizatibn product on soil quality and sustainability.

S from fertilizers in the soil when applied with s

been reported earlier by Kowalenko and Lowe (1975)4. Conclusion

The presence of nanoparticles of elemental sulphur A method to prepare plant nutrient combination
with N, P, and K in the new product developed iscontaining N, P, K and submicron sized S to be ased
expected to have advantages of improved utilization 3 fertilizer has been devised in the laboratoryti€las

all nutrients, hence increasing the agriculturaipati of elemental sulphur were precipitated by adding
Thiosulphate ions are known to act as a nitrifmati  selutions of MAP or DAP into potassium polysulphide
inhibitor and as a urease formation inhibitor ((EOS solution. On dry|ng and Crushing the product’ a
1984). The thiosulphate ions present in the currentertilizer containing uniformly distributed submaer (<
product will have the added advantages of incrgasing | ym) sized S particles is yielded. When considered
the availability of N. Presence of K and S in thewjith reported field studies using micronized eletaén
fertilizer is known to increase the uptake rateZof  sulphur containing fertilizers, the application thfe
micronutrient and increases the microbial oxidatdn pew product is expected to multiply crop yield. The
S in the soil (Malvi, 2011). The new product dey#ld  sylphur particles may also act as pesticide and
here containing submicron to nano sized particles ofungicide, as the particles are expected to have

elemental sulphur with N, P and K as plant nutsést  |ongevity in soil. Extensive field trials may pro
expected to have all the advantages discussed.so fa  petter results of the product as a fertilizer.

The interrelationship with soil organic carbon
content and elemental sulphur content in soil reenb
noted by Forsteret al. (2012). Soils in India have .
variable soil organic carbon content (Suresh, 2§ill4bG We are grateful lto Dra NH Mishra, Dr. D. H. d
The influence of soil organic carbon content onftte arg, Mr. B. N. Butala and the management an

of nanoparticles of elemental sulphur and other{/essa(;(:h fadwsory tg:omtr;.mee of thvFC Limited,
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cycling of carbon in soils. thanks to the editor and the reviewers for their
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