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l. Zinc Compounds

A" ne*- cr-in{iept for siow-releasing micronutrient compounds is proposed, based <ln the shori-ch
polyphosphate framework. The development of a zinc fertilizer, the first of such compounds
iil;lii.h:i|., ,.Lt,ilr.f:iLEtrttlir+"intl1t111_e' t!i11t aint: lrlmifilirEi*r* [r,lyrirpriz.*' in er,vr,rn] ]inear.etages" 'l
tr!'r* P,'UDP;taiEt grg' itl 8€$#r4$' Pxlre{:ceiy water soluble and hygroscgpic; moreover, those riithlo,sc'ltrbilitT contairi n hi[h"prtiriirtion of 

'unavailable 
Znz+. lniiiattv, ir;;;; possib]e to obtair'i*c poll'phosphate hauiirg ir* *ut"i sr.lubility rii,i rrigt nutrient availa5ility. solubility rhi'groscopicit-r' were attributed to free acid grorip; ;; ;h;-p"lyphosphate ;h;"; neutralizatior

these groups indeed removed t,hese undesira6le 
"i,u.u"t"ri.iics. The fertilizers formulated havesverage chain length of 2.35, contain some crystalline phases, have low water solubility, a;dalmost completelv soluble in dilute HCl, citratu, ai"tf,ytunet.iami"ep""iuu""tute, etc.1 pl

experiments indicate that the zinc polyphosphate is either equivalent tl o1. Uettur than ZnSC

1. Introduction

ln view of the aiarming environmental hazards and low
util.ization efficiency' associated with the use of soluble
saits as fertilizers. the major emphasis in fertilizer research,
at present, is on the development of new materials which
have low water solubility and consequently are not readily
rernoved from the soil by leaching. Suctrslou,-release ir
c ontr o lled - r el e as e fr.rrmi-,iations must, however, fulfill the
basic requiremen[ ihat i.ire nutrient ions in them be
available for plants in spite of their sparingly soluble
charecter. Mosl of the sparingty solubli inoiganic salts
flier f6'r ihis t€*son al,;,ne, ris:t'$ui[elrle for iree &c slow"
relesti€ fertllizer*, 'l'he tlrree main ea{.egortes of *iorv-
release formulatione include (i) organic-based compounds
such as the urea-forrnal<lehydes-and resin chelaies, (ii)
rneurbrane-t:oated com pounds, and (iii) phosphate gtas.es

! flT) Tq pehphosphares (Roberts, 1 9?b; Sauch"Ui i964,
196?, 1969; Silverberg et al., 1g?2; Volfkovich, L}TZ)'.

$69"e! they possess suitable properties, the major
drawback of most of these formulatio.rr, i, th.i, .ost which
makes them uneconomical for uge, except for high-value
L'rops.

Phosphate glass frits are being used to some extent as
slow-releasing sources of micronuirient ions (Roberts, 1g?8,

19_i5: _19J1) Such giass_es are usually produced by fusing
NI{4H2PO4 or NaHzPOn with the oiides of the microl
nutrient ions at temperstures between g00 and 1400 oC
and then rapidly quenching the rnelt. However, the
Cra*ba.ck to large-scale utilization of such products is the
highll' corrosive reacti** r**ditions which necessitat€ the
use of expensive i:raterials for furnace const,rusi.ron theretrv .

ir:creasing the cosr of produt.:i,. 'This diliieril.ry ma.y be
:,turg:]f l: bl,[rf oil rrr i rrE ! i ; i its,,.,]taii r i fist*r, tlrrF,,r!,.n-tu* uriii"t,
iF,q$i16 mucn io*er operattilg rsmp€rpiures-taround bbdoC) and do not inv'olve .or.o.i""-*Iit. poly_ anduetaphosphates r:f rhe macronutrients like Ki 

", NIH.;
are well-kno*n and have been intensively studied (Flem-
ing, 1969; Huffman and Newman ,1g70;Sauche,lli;'1g6i).
l\{icronutrients may sometimes O e include,, in suc'h
compositions br. adding the appropriate iur,, p.i,x i.ireacrion iRar. Igi j. \'ollirrir.ich, lg;2). I_lowever, nrost
: u( h. pre)pQSe d r'() r'ir L)()ri.ri s are esse. t ially nracrr,nlr trient
ier'.ilizers *.hich contair) a small p.r,pu.iion of micronu_
trierlt ir)ns. Aprrrt lrritn this. the nrajor disatlvarrt"g* uf
the micronutrient- irtcororlrst ed mptr,-rrh,-o^h aro- i. +L ^: -

very slow rate of dissolution and ct_insequent poor av
ability of the micronutrient ions to planfs.

- 
In spite of the existing limitations of the phosph

glasses and the metaphosphate compounds, slow-releai
micronutrient fertilizers based on the polyphosphr
appear to be the most promising from both the econo
and the chemical points of view. The ability of phosph,
acid to form a linear polymeric chain (Van Wazer, fg
provides a convenient long-chain backbone on which
heavy metal cations can be complexed. Moreover,
may visualize the formation of compounds of varS
solubility by controlling the chain bngih of the phosp[
polynrer, There fore, in principle, it is possible to syntie
l'ertilizers having any desired solubility characterir
9j.n.:rd]{, .9lubility decreases with increasing chain ler('I'hilo, 1962). Solubilization is also aided [y hydrol
cleavage of P-O-P bondri (Ohashi, l 964). l"utf,u"rni
feature of the polyphosphate-based fertilizer is that .

concept is not only applicable to the all the macro- ,

micronutrient cations (Ca2+, N4gz+, NHI+, Znz+,Cu2+,F
etc.) but also the two important micronutrient anir
viz., B3+ and Mo6+, can also be included in it. Thi
becauee during the polymerization of phosphate the bo:
as-well as molybdate ions can copolymerize forn
p-olyborophosphates and polymolybdophosphatea (t
Wazer, 1966). Thus, by utiiizing a singte technic
fertilizers of almost any of the micionutrient ions car
prepared. This concept admits a great deal of flexibil
troth in the composition of the product and in the solubi
and availability of the nutrient ion.

ll:pitu of this apparently simple approach, todal
satisfflctory slow-releasing nricronutrient fertilizere
available for widespread use. 'l.he phosphate-based c
pounds, whir:h have the distinct advantage of low_cost
rnsl*rislr,,linve yei kr make ar:-v significant impact. .)

ls malnly because only two categories of polyphosph,
are presently available, viz., the phosphaie sium fiitthe rnetaphosphates, both of whict, truve tt Jir limitati
as mentioned earlier. 

- 
It appears that if a third typ'

: polyphosphate could be.synthesized which woutd et,greater solubility (and plant nutridint availability) t
.themetaphosphates bulat the same time would avoid
very high temperatures,as required fbr producing pl
phate frits, a cornparatively inexpensive slow_rejear
micronutrient fertilizer may be cleveloped. perhaps
main.re.ason why this has not yet been J_roscible is du



have observed, in prelirnitrary trials, that il'the solrrbility
of a metal polyphosphate is attempted to be increased bv
decreasing the chain length, the sample becomes hygro' '

scopic and a large fraction of it becomes water soluble. If
the amount of the water-soluble polyphosphates is de.
creased by increasing the degree of polymerization, then
the amountof the nonavailable nutrient fraction increases.
This observation may be ascribed to the fact that in any
polyphoaphate compound there is a very wide distribution
of chain lengths; consequently, there ie also a very wide
variation in the properties. Thus, in any such polyphos-
phate, a certain proportion of the componente would be
short chain and water soluble whereas another portion of
it would be long chain, water insoluble, nonexchangeable
and aleo unavailable to plants. Both these properties are
deleterious to the ideal fertilizer. It is not possible to obtain
compounds in which the goluble polyphosphate fractions
are not present and, at the same time, to limit the sizo of
the long-chain-length fractione so that the micronutrients
remain in an available form. This problem is particularly
acute with the transition metal polyphosphates for which
there is a very marked change in properties with even
small variatione in chain length. Another problem of a
m<lro practical nature is that most of the polyphosphatos,
except the very long chain metaphosphates, are extremoly
hygroecopic. Such hygroscopic compounds will not be
acceptable aa fertilizere. It is probably for this reason
alone that almoet every attempt so far has been to
syntheeize long-chain me^uaphosphates rather than short-
chain polyphosphates. Such compounds, consequently,
contain unavailable nutrient forms and are not completely
satisfactory fertilizing agents.

Investigations were undertaken by us in an attempt to
develop effective slow-releasing micronutrient fertilizers
based on the alternative short-chain polyphosphate con-
cept propoaed above. The work involved, first, formulating
a suitable compound. Here, the problem was kr synthesize
compounds in which the nutrient ions will remain available
but will have low water solubility and will be dry and
nonhygroscopic. After the synthesis routes were estab-
Iished, the compounds were characterized and assessed
by studying their chemical and crystal nature, solubility
in various media, and plant-growth responses. This article
presents a report of the first of a geries of such micro-
nutrient fertilizers which have been developed. A slow-
releasing zinc fertilizer is described here under three
subsections which include (i) kinetics of polymerization
of zinc phosphates and studies on Bome properties of the
products with a view to assessing the suitability of the
varioue compounds as potential fertilizers; (ii) formulation
of the fertilizer compound, after modification of the chosen
polyphosphate, to minimize its undesirable characteristics;
and (iii;t.1',"racterization and assesement of its fertilizing
potential.

2. Methodology

The materials used for kinetic studies were ZnO (R May
& Baker) and HoPOr (AR BDH). !n all experiments, the
acid wae diluted to a concentration of abour 46.4a/n PzOs.
The exact strength of acid used was determined by pH-
metric titration (Van Wazer et al., 1954); standardization
wae done at S-day intervals (Varadachari, 1992).

All reactions were carried out in a platinum crucible. In
the preweighed crucible, 0.5 g of. ZnO was taken and
moisterred with 0.4 m[, of water; water is necessary to
avoid the vigorous reaction and spattering losses which

Intl. F)ng. (lhi-'m. [tes., Voi ]ll'l No. h, llJ93 lZl9

recorded at each atage. 'l'he t:rtrt:tltlt'was then ;tlaced rr:

a muffle furnace maintained at I lr0 o(' r *t).5 o(' r and heated
for 30 min. 'Ihis was done in <;rder to remove mosr of the
excess water which causes spattering at higher t€mper-
atures. The crucible was kept in a desiccator (over fused
CaClz), and the furnace temperature was increased to 300

'C (+1 oC), 350 oC (*1 oC), or 400 oC (*1.5'C). After
the furnace temperature stabilized, the crucible was placed
in it and heated for the required period of time. It was
then cooled in a desiccator (over PzO;) and weighed. The
contents of the crucible were finally washed, filtered, and
made to volume. The residue on the filter paper was dried
and stored [details in Varadachari, (1992)].

From the known weight and concentration of HsPOr
solution initially taken, the actual amount of HsPOr
(excluding all the water) was calculated; this quantit-v is
henceforth designated as IHrPOr]. The weight Ioss of the
reaction system per gram of IHlPOr] was then calcutated
from the initial weight of ZnO + tHBPOrl minus the finai
weight after heating. The range of error in these values
is about *.0.1Vo. The ratio R of the reacted product (ZnO
+ HgO)/PzO5 mole ratio, which is an index of the degree
of polymerization, was also similarly determined. The
compositi<ln of the polyphosphate residue consiets en''-dl;-
of ZnO, HzO, and PrOo; since total weight = weig^,-. of
(ZnO + HzO f PzOs) and since weights of ZnO and PrOs
are known quantities (amounls initially added). the weight
of HzO in the residue can be easily determined. Conse.
quently, the value of R can be deduced. It may be noted
that the HzO evaluated here is only the structu.ral
component of the acid polyphosphates such as in HrPzO;
(PzOs.2HzO) or Zn(HzPOr)z (ZnO'PzO5'2H?O).

The solutions obtained after washing the reaction
products with water were analyzed for Zn2+ and PiZnz+
was determined (Rush and Yoe, 1954) by the zincon
method (*0.005 ppm). For the analysis of P (+0.02 ppm),
the samples were first depolymerized io the orthophos-
phate by heating in 0.1 N HCI at 100 oC for 96 h; the P
in eolution was then determined as the chlorostannous
reduced molybdophosphate blue complex in HCI medium
(Jackson, 19?3). Analysis of the insoluble portion of the
reaction residue was done by dissolution in 5 N HCI prior
to Znz+ determination as the zincon oomplex; P was

determined as stated above after fusing of the r'-:due
with NaOH and dissolution in HCI solution.

The reaction products were also subjected to the
following qualitative solubility tests, viz., solubility in 0.1

and 1.0 N HCI,0.33 M citric acid (GR SM), and 0.02 M
ethylenediaminetetraacetate (EDTA) (AR BDH). If the
saraple dissolved in an excess of tbe reagent within 20 min
(without heating), it was taken to be soluble; if a feq
particles remained even after 60 min, it was termed slou,l-r
soluble; if no significant dissolution was observable ever
after 60 min, then it was tcrmed insoluble.

Number-average chain length (n') was determined b1

dissolving the sqmple in 0.1 N HCl, adding &[Fe(CN)e]
(GR SM) (25 mg for 5 mg of Znz+), to complex Zn2+. a,Dc

then titrating with NaOH, first witht"iut and then with thr
addition of AgNOs (AR BDH) (Van Wazer et al,, 19"54)

Chemical analysis of the fertilizer compounds for Zn:'
and P was done as described earlier for the insolubl
residual products of reaction, In addition, Ca2+ wa
determined by atomic absorption spectrometry in th
solution obtained by dissolving the sample in 1.0 N HCI
NHa+ was determined after distillatiorr of the sample n'itl
NaOH and absorption in H:SOr (Black, 1965).

r , h rl
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.itx)t)-it\)-cni-iresolution (*S cnr t) using pellets contain-
ing KBr as matrix. X-ray diffraction (XRD) was recorded
on a Philips P\Y 11.10 X-ray diffractometer using Ni-
filtered Cu Ka radietion"Bt a scanning speed of 1o 2Olmin
r precision in 28" *0. 1 

o 
) .

Solubilitv of tire fertilizer compolrnds in the following
leagents was nored, viz., in 0,1 N HCl, 0.39 M citric acid
iClR E. \{erck). 1.0 N ammonium citrate (pH g.S), 0.00b
I1 diethylenetriaminepenraacetate lDTpAl (AR Ferak-
Berlin), 0.5 N ammonium oxalate (AR BDH) (pH g.b),
nld a mixture of 0.5 N ammonium acetate (AR IDpL) and
tr.02 NI EDTA (AR BDH) (pH a.6b). These reagents are
popularll'used for extracting and evaluating available
iorils of micronutrients from soils (Black, 1g6B; Cox and
l(amprath, 1972). To 0.1 g of the fertilizers 20 mL of the
reagent was added and agitated for 2 h. The solution was
then filtered, washed, and made to volume. Soluble Zn2+
wa-s determined bv atomic absorption spectrometry (AAS)
n'ith a precision of *tl.0l ppm Zn. Herethe zincon method
described earlier was not used because citrate and oxalate
* ere observed to cause interference in color development.

The rate of solubilization of Zn2+, from the feriilizers,
in water was also studied: 0.1 g of the compounds was
ralien and 10 mL of water was pipetted into each. The
solutions were agitated for 2 h each day and then allowed
to stand. After 2.1, ,{E. ?2, g6, and 120 h of contact time,
the solutions were filtered. washed, and made to volumej
Zn2+ in these solutions w&s determined as before, by the
zincon method.

PIant-gro*'th experiments were carried out in porcelain
pots. Soils (0-15 cm) were collected from (i) pusa, Bihar,
India. and (ii) iVlal, \!est Bengal,India. Both these soils
are reported to the responsive to Znz+ fertilization (Kanwar
ard Randhawa, 19?8). Characteristics of these soils are
as follows. (a) Pusa: OId alluvium; Haplaquept;pH g.?S;
organic carbon, 0.60% ; available Znz+-(0.00S-Nt bfp.ql,
0.79 ppm. (b) Mal: Terai (near Himalayan foothillsj
alluvium;_Haplaquept; pH 4.85; organic carbon, 1.46%';
available Znz+ (0.005 M DPTA),0.gg ppm. In each pot,
I kg of soil was weighed. The soils *ere ihen treated with
superphosphate (100 mg of P2O5/kg). Here, an excess of
superphosphate fertilizer was added so that the plant's
requirement of nutritional P would be completely met;
response to additional P in the insoluble polyphoiphate
fertiLizer would be of relatively little conrlquenc e. Zinc
was added as ZnSOT.TH2O as well as zinc calcium poly-
phosphate at the rates of 0,2.025,4.0S, g.10, 12.1b'ppm
Znh which are equivalent to 0, 5, 10, 20, and 30 kglfi" oiZnl0r, respectively. All fertilizers were mixed ,rIit, tt 

"soil4 day's prior to transplanting. paddy (IET aOga) wae
gror:: in a ntrsery bed and trarufhnted when the .*am!.
were 3 weeks old. Each pot contained one plant for tlie
Pusa soil and two plants for the Mal soil; the former was
gro\r'n &s a summer crop and the latter as a winter crop.
At each fertilizer level, four replicates were performed.
After harvesting, grains were separated from the straw
and then grain weight and straw weight were recorded
after drying at 60 oC. The straw *". 

"-ut 
into small chips

(with stainless atnel scissora) and analyzed for Znz+ after
digestion with triacid mixture (Jackstn, lg?A). In this
case again the zincon method was unsuitable because of
interference; hence analysis was done by AAS. Rus"fts oi
t hese experim en ts we re the reafter statistically analyzed.

3. Reeults and Discussion

S. l. Kinetics of Zinc Phosph-ate polymerization and
Ngture of thp Rpontin- Dr,^,l,.^+- E)^+^ ^.-----, r
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Figure l. Kinetics of dehydration in the system ZnO-HspOr (Zn:p
= l:2).
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Figuro 2. Kin'etics of dehydration in the syatem ZnG-HspOr (Zn;p
= 1:2.16).
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..Figure 3. Kinetica of dehydration in.the system ZnO-H3pOa (Zn:p
= 1:1.58).

= l:2, 1:2.16, and 1:1.b8, are shown in Figures 1-B at
reaction.tgmperatures of 800, 850, or 400 .e. In Figure
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(H:POr)z * Zn(POa)z +. 2HzO. The formation of the
metaphosphate Zn(POl)2, thus, involvea the elimination
of 2 mol of HzO for every mole of Zn(HzPO4)2.

Compounds which are less.polyr[erized (the pol5ap]ros:. , 
l

phates) are not completely condensed and hence IosL lesa '

water. For the cornpounds shown in Figurq 1,. thg, I
theoretically maximum possible water loss corresponding
to complete polymerization is 0.2?56 g/B of IHsPOrJ. Here,
none of the reaction products are completely dehydrated
indicating the formation of polyphosphate rather than
the metaphosphate. This is also evident from the fact
that none of the curves show plateau formation which
reveals the attainment of an equilibrium state.

An unusual aspect of these curves (Figures 1-ll) is the
apparentlack of similarity between nature of dehydration
kinetica (as seen from the curve shapes) at 800, 350, and
400 oC. Any reaction of a particular order n is normally
expected to have similar curve shapes at different tem-
peratures since the value of n which determines the nature
oi the curves (defined by the kinetic equation dc/d? =
kca) does not change with temperature. However, closer
inspection reveals interesting features which could explain
thisapparentabnormality. Thus,at300 oC, Figure 1 shows
two linear regions: one at the (127-155) x 10-s g/g of Ha-
POa and the other at the ( 160-169) x 10-B g region. At 3b0
oC (Figure l), only a single straightline is obtained covering
the region (158-182) x 10-3 g. By overlapping the data for
300 and 350 oC, it can be seen that whereas the region at
(l60-169) X 10-3 g (for the sample reacted at 300 oC) is
e straight line, this region is also a straight line for the
sample reacted n|,350 oC. Ot her regions, however, are lrot
c()mmon for both sarnlrles, and therefore, their natures
cannot be compared.

Studies with ZnO + H3POa mixtures containing different
proportions of Zn:P also reveal such behavior. Thus, in
Figure 2 {Zn:P = 1:2.16), the linear region at (22b-232) x
10-3 g for the sample reacted at 350 "C is also shown by
ths sample reacted at 400 oC; the other linear region at
Q42-262) x 1()3 g is similatly present in the sample reacted
at 400 oC. Figure 3 (Zn:P = 1:1.58) shows a single straight
Iine from 232 x 1f to 255 x 1f g. The interesting feature
here is that common linear regions can be observed not
only within samples containing the same Zn:P ratios but
also between samples having different Zn:P ratios. For
example, the region aL (225-232) x 10-e g which is linear
for the Zn:P = 1:2.16 sample reacted at 350 oC (Figure 2)
ia also linear for the Zn;P = 1:2 sample reacted at 400 .C
(Figure 1) and the Zn:P = 1:2.16 sample reacted at 400 oC

iFigure 2). Moreover, the linear region at (282-282'l x
1C)-0 g for the Zn:I> = 1:2.16 sample reacted at 3b0 "C (Figure
2) is also shown by samples atZn:P = 1:2 reacted at 400oC (Figure I) an well asZn:P = 1:1.58 at BliO "C (Figure
ll) and Zn:P = 1:2.16 at 400'C (F'igure 2). tn fact, the
break in the curve occurs in the same position, viz., at
232.5 x 1ft, g, in the first three samples mentioned above.

The implications of these observations are as follows:
The reaction of ZnO and H3POa, in which polymerization
occurs by the elimination of water, is kinetically a zero-
order proceSs as evidenced by the straight-line shapes of
the curves. However, breaks in these lines suggest that
pcilymerizaLion occrrrg in linear atages, each stage heing
characterized by the degree of weight loss (i.e., degree ol'
polymerization). Once a particular degree of polymeri-
zation is reached (i.e., polyphosphates of a particular
average chain length are formedy, then a quasi-equilibrium
stage resulls. After a pcr irrl <lItime, polymerization begins
once again at a rate dil'f'erent from the former one. This
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Figure d. I.)mpirical dehl.tlration curr.e f or rhe sr.srem ZnO-HrpOi.

(characterized by the degree of poll'merization) is reache
whereupon a further change in the rate of polprerization
occurs. The nature of pol.v-merization of the zinc phos-
phates may, thus, be represented bf' the empirical curve
in Figure 4. An initial dehydration up to 155 x lN g is
followed by another of slower rate up to lStl x l[ts g; then
a sharp rise occurs which continues up to 232 x lCts g and
followed by a slower rate until poll'merizat ion is complete.
On inc:rease <lf the reaction t.enrperrrtrrres from 1100 to {(X't
oC, only t.he slopes of lhe lines rvill increasei apart frtur
this, other features of the curves, particularl.v the bound-
aries of the breakpoints, will remain unaitered even *-ith
changes in reaction conditions.

Table I gives values of R for the reaction products. fi.
which is an index of the degree of poi.r-merization, equals
3.0 for the unpolymerized orthophosphate and reaches a
limiting value of 1.0 for the infinite linear chain meta-
phosphates; values lower than 1.0 indicale cross.linked
ultraphosphates (Van Wazer, 1966). Here, it is seen that
R values are greatest at Zn:P = 1:2 ratios (i.e.. polymer-
ization is lowest) as compared to higher or iower Zn.-
ratios under identical heating conditions. At Zn:P = 1:2. t
the presence of free H3PO4 is probably responsible for
increasing condensation. [n samples deficient in H3POa
(Zn:P = 1:1.58), the initial amount of structural H:O is
itself less, and hence even if the same amount of water is
removed by reaction, the B value (ZnO + H2Oi P2Os) will
be lower than that of the Zn:P = 1:2 residue.

Amounts of water-soluble Zn2+ and P in the polyphos-
phate prodtrct^q obtained from the aforementioned kinetic
studies are shown in Table II. Products from Zn:P = 1:2
reaction mixtures at 300 and 350 oC contain a very high
proportion of water-soluble componenlq; onll' at d00 oC

after 50-min reaction do the samples become sparingll'
soluble. However, at all temperatures, solubilitl' trends
are irregular. This irregularity is probably due to the fact
thatthe polyphosphates hydrolyze rapidly, and therefore.
during the period of filtration and washing, some insoluble
compounds may be hydrolvzed to the soluble frrrms.
'fherefore, the solubility data reflect onll' an average
picture. They are, however, useful for assessing the overall
trend in the solubility characteristics. lt is also interesting
to note that even the highly poll'rnerized compounds, with
B values around 1.0, contain significant amounts of wnter-
solrrtrle comnonent-q {Tnhlps I nnd II) Thiq indicntpc r
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Table I. Kinoticr of Wator Locr in tha Ileactlon ZoO +
Er.POr aad Comeepouding l? Valuee

I

Tablo II. Wator Solubllity of RoactioD productr ol the
Rcaction ZnO + HfOr

Zn:P
r slolar ratio
oi react.ion
urixl ure )

wt loas (g/S
of HsPOr)

Zn:P
(molar ratio
of reaction
mirture)

time of Znz+ (%
reaction heating soluble)

t€mp (oC) (min) (w/w)

P tZ PlZn
eoluble) (molar rati
(w/w) of aolution

reaction
tel1rp r.oC)

time of
heating (min)

R
(MzO/Pzoo)

0.1267
0.1 388
0.1 556
0.1 594
0.1620
0.1659
0.1690
0.1581
0.1651
0. I 6?2
0, l72rl
0. I 786
0. r802
0.1807
0.r8&r
0.1884
0.1894
0.2333
0.2389
0.2446
0.2516
0.2244
0.2313
0.2296
0.2327
0.2328
0,2514
0.262'.7
0.2189
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although the average vajue is very high (low E), a smallproportion of short-chain compound's are also'present
which remain soluble.

. Compositions of the insoluble residueg (Table III) also
shor* -haphazard trends. This may te'attributed tohydrolysis as weli as simultanuo* iru.ipitation (of in_soluble. lolhq- or pyrophosphat€)'reac;ions that areurlavordable during residue recovery.

3.2. Formulation of the Fertilizer. Solubility char_acteristics ol th+: r'&rious polyphosphates are shown inT"!1:- ljl t! +q. be observedii,"t ilr" pilaucts obtained
ar 300 "C with Zn:p = l:2 are aU eoluile in 0.1 N and 1
N llf l *nri in D.il3 bt c1,16;,5 rr-i4- liirwevrri, *ii rl,o **aun'i*
6r. e I E *e B e ly h ysro*cop i" an,i oe,coii;lr.U ;iffi ffieHto t}le atmosphere for a few minutes. At gSO oC, thesamples ]emain soluble in these .."g."t" tiff 

" 
ft ,;;;;;2.12 (Table I) is reached; beyond til.;;;; the products

become much less soluble. I; f".t,;;Jil"ts withn values(1.4 are insoluble even in I N HCl. ifr* onfv rpp*..iadvantage with such compoundl ,tt"i"lj at 400 oC, is,
:}1,jl:i a 

1e,t g ss h i.groscop.i c,;; ;-;;;;;owdery thanruerrnore soluble products obtained at 300 or 3bO oC.

, !y rrn samples preBaled at Zn:p = 1:2.16 ratios, solubility
decreases further, This is to be expected, in view of th;i;hisher chain lengths (vide fi fi;;:,-C;ble I). The
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soluble than the Zn:p = 1:2 compounde. Both the Zn:l
= 1:2.16 and 1:1.59 compounds arb initially fairlv div, bu
after exposure to the atmosphere for a few liours, iticiines
appears ul9 lh" powdera ar9 no longer free flowinj. 

--

From this brief survey of the ch"aracteristics oi thpolyphosphates, it would eeem that nrme of them i
completely suitable for use as a fertilizer material. Mos
of the compounds are hygroscopic; those *t i.t, ,." *oi
dry are far too insoluble.- Eo*"ulr,.u"n ctmpounas rrhic.
are less sticky and fairly well polym"iiri,a containsignificant fraction of watlr-sol"ble i;t;. 

-i" 
"o*founain which the water soluble fraction is-reduced ti <tii,

the seilubility in 0.1 N HCI ie also very lo*; ,*t, ,o.po*A*Fe, &Irffefolrr, rtui[ sc{Epgt}le, O" ttre *tfrr. 
-hd;, 

;[p rod ucts o btained at 900; C ;ii n ii.i J {i 
"onrain 

} 80 9Znz+ in water-soluble forms; .or1*ur, it-uv .r, not onlu.llllF.o:copic.but also acidic, *ith;;L of around I
. At this stage, the problem appeared tobe ineurmouni

able. .Although investig"tioni oir-th; "ff; of decrea.Bin

f yitl:_1il"..".asing the amountof p wer, .uau .p*ii:*Ji
Lo oDeerve rl the oroblem_of hygroscopicity and watesolubility coutd be avoided, rr,;;;;;;;;.i *r" not suc

liilf-"!_Aooarentty the chain tengtl di.lriUution p"tt"r,
::.:":,1. potyphosphates is too wide to permit synthesior I compound low in water_eoluble forms aA- well atrnorroil-L.l^f^-*^ l-1L! .
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citric acid EmA

1:2.16

l.:1.58

39.06r
88.04 i

38.66
39.47

39.88
37.69
35.77
34.75
36.39
36.39
32.90
34.1 I
40.30
35.77
34.95
36.96

29.02
27.79
3?.31
46.64
42.76
36.34
39.40
33.92
34.05
4r.59
46.10
33.43
37.31
29.93
36.54
30.32
45.23
35.99
47.30
42.37
42.76
39.08

25.',I0

' 20,22
25.36
26.13

24.33
18.84
25.70
24.67
22.62
20,56
25.06
22.69
14.39
2t.07
34.44
27.45

28.37
28.19
19.35
22.26
24.29
25.83
23.46
27.55
28.48
19.75
21.34
27.96
31.25
39.89
39.98
21.10
17.83
6.84
?.53
6.18

20,56
21.90

. 1.39
l.t2
1.38
1.43

t.29
1.06
t.52
1.50
1.31
1.19
1.61
1.40
0.75
t.24
2.08
1.5?

2.06
2.14
r.09
1.01
1.20
1.64
1.26
L.7l
r.77
1.00
1.00
1.77
1.17
2.8L
2.31
2.17
0.83
0.40
0.34
0.3r
1.01
1.18

s
s
s
S
s
s
SS
s
s
ss
ss
I
I
I

SS
S'-s

s
S
S
S
s
S
S
S

S
S
SS
I
I
SS
SS

SS
SS
SS

SS
SS

SS
SS
SS
I
I
I

s
s
S
S
S
s
S

S
c

S
S
s
SS
S
s
S
S
SS
SS
I
I
S
s
s
S
s
I
I
S
s
S

S
I.
I
I
s
s
s
S
SS
SS

s
S
s
S
S
S
S
S
S

S
S
I
I
S
S
SS

S

s
SS
SS
I
I

t0
20
30
40
50
70
90
i5
30
45
60
/o
90
10
20
30
40
50
60
80

100
45
60
't5
90

105
150
180

10
,o
30
40
45
50
60
30
45
60

90
105

lit50

400

350

400

350

S

s
S
SS
I
I
I
S

S

SS

$S
SS
SS

o Abbreviationa: S, eoluble; SS, slowly aoluble; I, ineoluble.

be to find out Bome o[her means of overcoming thesolubility problem.
Since mostof the zinc polyphosphates are notcompletely

*llflr:11!u_y"I. e,,p".iea to co"tui" ri"u acid groups.
r hrs r8 aupported by- the fact that the pH 

"f tnupolyphosphatee is usuauy <2. rt was con;Lcturea that thehigh. water solubitity-of these illypir;;;iates could beflue ro the presence of such free acid groirps on the chainand that redu-cing the free u"ia gioupioniu"t would alsoreduce eolubility. To test tt i. fryp.it.rii a sample wasprepared at 800 oC by heating foi OO min witfr a Zn:p =1 : 2; a small amount of water was added to form a suspension
and then it wae neutralized-witLCad6r ffi ff{ay 6. [";;;1until the pH increased to a.?. Th; ,;;i;;sion was rhendried in a vacuum desiccator 

"*i ir.!j'c"Crr. Whentested, the water solubility of this .o*prrra *u. oU."*"Jto decrease to about t% Zn2+ f.o; t[;;;iginal value of70Vo Zn2+ for the unneutralizea aampte. iir";;.;;;;
was also observed to retain itg llrlubilitv in O.f N ff Cf , O.iIM citric acid, and 0.02 M EDTA. M;.;;;";, it;;;;[;
p,onhygroecopic and powdery. In short,-it poseessed alltne propertres ot an idear slow-releasing feitirizer. Thiaexperiment confirmed the fact that free ,"iA g.orp. 

"iuresyronaible for both high water solubility ,ra f,vei[*rp_icity of the polyphospiiates.
Of all the polyphosphate residueg strrdied ontrr rLo

solubility in 0.1 N HCl, 0.gg M citric acid, and 0.02 ltt
P?Il (and thereby contain Znr. in .o-pietefy availabirorms). 'I akrng other ratios of Zn:p does not appear to beof any particular advantage. On the .ootr"ry, with anexcess of HrPOr (Zn:p > 2), more free acid gr;.;*ili
have to be neutralized, wheieas *itr, 

" 
J-ture deficientin HsPOr, there is a chance of u"r.r.t"a-Z"O;;-;il;:

Therefore, a reaction mlxture ."rt"l"irrg Zn:p = l:2.appears to be most suitsble.

--Jglles II and III show that the products obteinsd sg300*'C (Zn:P = l:2) are all extremeiy."futf" i" ;;;; ;;well as in 0.1 N HCt_f$ o.as M;llri.'""ta. H";;;;solubility in 0.02 M EDTA a..ru""".-U.lo* a n value of2.16 (Table I). In order to obtain 
" "orrrp"urra 

*ith hig;solubility in all these reagents, a residue with a R valueslightly higher than 2.16alp""r"a to Uu opti-r-. ft u-.,
a zinc polyphosphate with a'Zn:p ratio;f ili *d 

" 
B u"f r"

of 2.19 was chosen as the polypt,o.pt 
"1"l*" which would

be subse.quently modifi"a ty ,.,ili;iilti", to produce
the fertilizer. The number-ave."f. 

"f,"in'f."Ctl{ 
(;;i;i

this polyphosphate (as determineaiv titiimetrii anal,,sis)
is 2.35.

Small amounts of the proposed fertilizer were thenprepared. Mixturea of ZnO and HspOr (Zn:p = f ;Zl weie
reacted as described in section Z, ai 30O dC for 60 min; the
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Figure 5. Flow cha-rt for the production of zinc polyphoaphate
ferti I izer.

cooled to room temperature and made into a slurry with
yet€r. To this, i.02 g of CaCOr or 16.2 mL of 0.b N NHd-
oH (AR BDH) (per 1 g of Zno) was added, and the mixture
was stirred and allowed to stand for G h. It may be
mentioned that, in addition to CaCO3, NH4OH solution
may also be successfully used as the neutralizing agent.
Since neutrnlization reaction is slow, sufficient timi has
to be allowed for the reaction to complete. This entire
process has been depicted in the flow chart shown in Figure
5. Several such batches were prepared to obtain a sizable
quantity for further studies.

3.3. Characterization of the Fertilizer Compounds.
Chemicai composition (in percent) of the zinc calcium
pol;phosphate is ZnO. 26.99; PzOa, 44.98; CaO, 14. I b; HzO+
(structurai), 6.93; HzO- (adsorbed), 6.60. This corresponds
to t}'e formula Zn0.BHq.77Cao.rsPo.esoz.or. For the zinc
nmmonium polyphosphate, the chemical composition is
as folloys: ZnO. 29.5?; P2Os, 52.84; NHr+, 6.62; HrO+,
5.&*; H2G, 4. ? 0; its formula is Zra.36}Is.os(NHdo.c7Po.rnOr.rr.

_ IR spectra of t}re compounds are shown in Figure 6.
The two compounds reveal almost the same absJrption
behavior ercept in the region around 1400 cm-l. The ilHn+
ion ab-sorbs strongly around 1400 cm-l; NHaH2pOa has
twin absorptions at 1450 and 1400 cm-l whictr coalesce to
a single peak at 1450 cm-r for (NHr)zHPOa. However, the
latter shows an additional absorption at l?18 em-l
(Corbridge and Lowe, 1g54; Nyquiit and Kagel, 19?1).
The spectra recorded here (Figure 6) reveal broadening of
the absorptions in these regions; this could arise due" to
the presence of nmmonium polyphosphates in addition to
the orthophosphates. Stronger absoiptions at 8000 cm-l
for the nmmonium fertilizer may be attributed to NH
atretching in-addition to the OH stretching of H-bonded
water molecr-iles. Absorptions due to P-O ionic stretching
and deformation at 1180-1050 and b60 cm-r, respectivel!
(Corbridge and Lowe, 1954), are also evident in thespectra
of both compounds (Figure 6), The position of the p-O-p
absorption which is centered at 1100 cm-l indicates short-
ch$n uniti of the tripoly type rather than the longer chain
oolrr:ner"s: in tha lnt.tnr f urra nf nnmn^rr-,lo o,,^l. -x.^--r:^--
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Figuro 6. Infraretl absorption epectra of (a) zinc calcium poiy-
phosphate and (b) zinc ammonium polyphosphatc.

are usually centered at longer wavelengths of around 12b0
cm-l (Corbridge and Lowe, 1954). This conclusion is aleo
supported by the chain-length analysis data wherein a rt,
of 2.35 was obtained.

X-ray diffraction analysis (Table IV) of the samples
reveals some interesting features. Both c<impounds show
a broad diffraction band around 6 x ltr1 nm indicating
an amorphous phase and strong sharp lines suggesting
crystalline phases, too. The strongest diffraction is ai
(2.03-2.04) x 10-r nm. Numerous other bands are also
common to both compounds. These may, therefore, be
attributed to the basic zinc polyphosphate structure which
is the same for both. It may be mentioned that a cupric
polyphosphate fertilizer which was studied also showed
an identical strong peak at (2.03-2.04) x th1 nm together
with many other diffractions (unpublished; Ray, 1gg1)
which are common with those of the zinc salts. Here, such
lines which are common to the polyphosphates of both
zinc and copper have been tentatively assigned to the basic
polyphosphate skeletal structure (Table IV).

Apart from the crystalline polyphosphates, other crys-
talline compounds are also evident. In the zinc calciurn
polyphosphate, calcium pyrophosphate may be preeent,
whereas the corresponding ammonium form proba-bly also
contains the tripolyphoaphate (NH4){H2P4Ora, (NHr)z-
Zn(PeOz), and (NHr)ZnHs(PO4)z.H2O (JCPDS, 19?8). In
addition to these, there are other reflections which may
be due to smmonium polyphosphates and which are akb
shown by a cupric ammonium salt (unpublished; Ray,
1991 ).

Solubilization of the zinc fertilizers in wat€r over a period
of several days is shown in Table V. After the initial
solubilization of 7.25% and 7.b0.rt Znz+ from the calcium
and ammonium forms, respectively, further dissolution ie
practically negligible even after 120 h. It appeare that
low-molecular-weight fractions contribute t<, ttrt initial
solubility and subsequent hydrolytic dissolution is er-
tremely-slow. Hydrolysis is probably inhibited to a large
extent due to the cross-linking of chains by the divalent
cations, Zn2+ and Ca2+, which limits the accessibility of
H2O molecules to the P-O-P groups.

. [n dilute acids, viz., 0.1 N HCI and 0.BB M citric acid,
!ot! _f9r_tilizers sre completely solulle. Solubilization in
0.1 N HCI rnay occur by exchange of Znz+ ione on the
polymer chains with H+ ions from'solution. In 0.38 M
citric acid, however, complexation would be an additionai
factor ofZnz+ solubilization. In near neutral and alkaline
media, too, the fertilizers are high.ly soluble. Such excellent
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(-NlIr)rZn(PzOt)z; APp, ammonium polyphosphate; Apr,
tNH.l;f 

"p,g,s; 
CaPy, Car.aHPzOr2HzO; Pp, pliyphoaphate frame-

work; ZnCaPp, zinc calcium polyphoaphate; ZnO, zinc oride.

in the micronutrient fertilizers should be readily aEsim-
ilahle by plants. It may be mentioned that the ability of
a aoil to provide Znz+ for plant growth ie usually aeseased
by the amount that ie diseolved by HCI, EDTA, DTPA,
or citric acid (Cox and Kamprath, 19?2; Jackson, 19?3j
depending on the aoil conditions. Moreover, it has also
been observed that water-insoluble zinc fertiiizera which
readily dissolve in dilute HCI (Jackson, 1gT3) are all
auitable Bourcea of zinc for plants. The fertilizer com-
pounds may, thue, be judged to contain Zn2+ in ionic
binding sitee which are closely comparable to those present
in soile; more etrongly bound (and leas golubie) Znz* ions
ryoul$ be difficult for plants to assimilate. Consequently,
the zinc fertilizers closely simulat€ natura.l sourcei of zinc
in the aoil which have lowwatrr solubilitybut are available
lor plant uptake over the entire period of growth.

For a further aesesament of the fertilizing action of the
polyphosphates, plant-growth experiments were done.
Results of the triala carried out with two different types
of soils using the zinc calcium polyphoaphate aB well as
zinc sulfate (for a comparative assessment) are shown in
Table VI. Grain yields of plants grown on an alkaline soil

Ind. Eng. Chem. Res., Voi. 32. No. 6. 19gB tZ2S

grain output with the addition of zinc calcium polyphos-
phate fertilizer. By contrast, soils containing ZnSOa do
notshow any such trend probably because oflhe precip-
itation of insoluble zinc hydroxides, phosphatcs, etc. undlr
the highly q${.ine conditions which red-uce t}re quantity
of Zn2+ available. Statistical analysis of the data reveal
that increase in yield over the control due to the slow-
releasing zinc fertilizer is significant at the 5% level
(LSDo.o6) when the Zn2+ dosage is 4.05 and 12.18 ppm. It
is also noteworthy that, at three different levels-(Table
VI), there is a statistically sig"nificant increase in yield
with the zinc calcium polyphosphate-treated soils over
ZnSOa-treated soils.

Experiments with other acidic soil from Md, West
penqgl, also show good,response to the slow.releasing zinc
fertilizer. Thue, atZn2+ dosages of 8.10 and 12.15 ppm,
there is a significant increase (LSDo.oo) in yield over-the
control; ZnSor-treated soils also produce higher grain
yields than the control but the increase is significant at
only one level (8. 10 ppm Znz+ ). Y ields from ZnSOa-treated
and zinc calcium polyphosphate-treated eoils are statis-
tically similar at eimilar fertilizer levels.

On the whole, the results of these trials indicate that
the zinc calcium polyphoaphate is either as good as o.
better than ZnSOa ae a fertilizing compound foi zinc. The
possibility of the phosphorus content of the new fertilizer
itself causing an increase in yield was eliminated by adding
excess superphosphate to all the pots so that phosphorus
hunger would be subsided and response to more phos-
phorus itself would be poor. To further confirm the
fertilizing capabilities of zinc calcium polyphosphate, the
straw was analyzed for Zn2+ uptake (Table VII). The data
reveal a definite increase in Zn2+ content of the stran-s
with both types of fertilizers. Increase in the Znt*
concentrations is statistically significant at LSDp.s6 at thre€
levels with both ZnSOr and zinc 66lgirrm polyp-hmphate
treatments. The overall trend in the data ttable lfti
also suggests that Zn2+ contents are higher with the plants
grown in polyphosphate-treated soils tban with'tboee
grown in ZnSOa-treated soils. This difference is, however,
significant (LSDo.os) at only one fertilizer level (4.0i ppm
Zn2+ dosage).

All the aforementioned results, thus, suggest that the
slow-releasing zinc calcium polyphosphate ii an effective
material for zinc fertilization. The Zn2+ in this compount
9an be taken up by plants as readily as from ZnSOr.
Previous chemical data also support this property.

4. Summary and Conclusion

The basic concept of this investigation was to develop
novel slow-releasing micronutrient fertilizer compound,s
based on-the polyphosphate fremework. polyphosphates
appeared to offer a distinct advantage ovei bthei sloo-
release formulations in view of their lori raw material cost.q.
From thechemical angle, too, the pollphosphates appeared
to be highly suitable in view of their versatile amenable
nature.

The two types of phosphate.based slow-release fertilizers
which have been recommended so far are the glass frits
and the long-chain metaphosphates. In this investigation,
it has been attempted to synthesise a third type of
compound which would overcome the major drawbacks of
the two earlier types of compounds. In ahort, these
compounds would contain nutrients in available forms
and would also be fairly easy to produce.

The first micronutrient fertilizer thus developed was
the zinc compound which has been described here. It was
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-ll*ble 1.. $olubilization of ldiuc Folyphouphate tr'ortilizera in Wator and Variouc lloagontr
(i) Kinet.ics of Solubility of Zinc Polvphosphate F'ertilizers in Water

7o Zn2+ soluble aft€r
l'r"rtili;,:e r 96h0h 24h 48h 72h r20 h

zinr caic: uur poili,il,.lsirhRte
,inc arn] !r]r-t'liunl 11, I I!1)l)Llspili1II 7.50

1.25
7.50

1.43 1.48
7.58

1.48 t.52
?.50

(ii) Solubility of.Zinc Polyphosphate Fertilizers in Varioue Reagents

Vo Znz+ eoluble in

tertiirzer
0.1N 0.33Mcitric
HCI acid

1.0 N
ammonium

citrate (pH 8.5)

0.5 N ammonium
acetale+0.02MEDTA

(pH a.65)

0.5 N
ammonirrm

oxalate (pH 8.5)

0.005 M
DTPA

litti: crrlciuu',
;rril phosphare
;inc a,:nmonium po11-phosphete

1(Xl.Cx)

100.00

100.00

100.00

91.20

9?.81

94.83

97.49

1o0.00

99.80

76.85

9i'.81

Table YL Average Grain and Straw Yielda of Paddv on Application of zinc sulfate and zinc calcium polyphosphate

av grain yield (g) at,Zn2+ dose (ppm) &v straw yield (g) aL Zn2+ dose (ppm)
treatment 0 2.025 4.05 8.10 12.1 lr

I'usa

51al "

2.025 4.0tt 8.10 12.15
ZnSCri 3.86 :\.'77 2.93 2.41 :1.59 4.83 4.s8 4 84

Zn.S0a 10.08 t0.3u l 1.2(; 12.3:i" I l.fJtJ 7.88 ri.09 tr.sr{zinc calciunr poll-phosphate 10,()8 I1.,19 I1.93 12.9U t2.42 ?.tiu 9. I I t| 91, u.60 9.6?o
'Srgnifrcarrt tncreaae in f ield over the control (LSDo061. b Significant increase in yietd over Znqgt (LSI)o.on)

4.67 4.86
l-r.6lj 1.r.39

ti.45 8.9it

Tcble YII. Uptake of Znr+ by paddy Straw on Application
of Zine Sulfate and Ziuc Calcium polyphoephate to puea
Soil

pounds having low water solubility but high 8olubility in
complexants. Another problem with the polyphosphates
was their extreme hygroscopicity.

. Subsequently, it was concluded that the presence of
f ree ru:id groups was responsible for high water solubilitv
and that ihis could be reduced srnif)h/ bv neutralizing the
acid grrrrirs, T'he desrred f'rrnulatirn r.i the zincferi)izt:r
sris; i !,ie3r,lr;iF, if i;vrlrr;rt rl liV r.iiiitri*iiri{ ,ili i,iJtiIrrilr,r rtrrlvpnospnak l)aae and then reac.[ing rt with a brise tike CiiCOs
or NH4OH. It was observed ttiat such a Jreatment alsoremoled the hygroscopicity and resulted i, a d.V anJpowdery product. The synthesis routes for these com-pounds are also very simple.

-The fertilizers (viz., the calcium ancl ammonium salts
:,f 

thu,rin:,polyp.hosphate) were then characterized by
charn-le.ngth-analysis, chemical (jomposition, solubility
properties, IR characteristics, XIID measurements, anaplant-growth experiments. The compounds are .il;_
chain polyphosphates w}rich-aresparinitv .ot"Ui. t" *t",b-ut slightly soluble in 0.1 N HCi, o.gd M citric i.ia, f .o
N ammonium citrate (pH 8.5),0.02 M EDTA, ana O.OOS

Y DTPA. IR spectra aleo suggest the presence of short_
chain polyphosphates. XRD anafysis shtws an Amorphous
phasewith a broad hump at6 X 10_r nm; crystalli"e pt;;
are also present. The strongest reflection is at (Z.OA'_Z.Oal
X 10-r nm which could be due to a polyphoaphate skeledl
si,ru.cture. ?he other crystailine phasls present include
_cj*Ipror?t1r-9, { NHA) zn Hs ( p 04} z.H;o, (NH.) ;t;_(PzOz)2, and (NH+)nHzP*Ora in tfre .a"i,r* form andsnifn{rfiiurn f$r-f,}s. frle$t gilry}rth erperiments,, catried ouowith two types of soih, Jrowed ,;;#;;li;is"tfil;
inmeases in yield due to the adJiuo";'il zinc carcium
u.olvphosphate fertilizer . Znz+ 

"u"G"t, of the etraw algoshowod significant uptak, uf tf,is--nutri"nt. Roaultsindicaterthat the zinc calcium pufvpn,rr-iiato ie either asgood as or even better thd Z;SCi.'u. u fertilizing
Compotrnd.

In conclusion, it may be stated that the concept of apolyphosphate-based compound ,ppu*. io u" wetf euit€Jfor slow-releasing fertilizlr for;;i;tio; riretrv, ihecompounds are not only insoluble in water but also containnUtfients in rcndilv owoilol,l- f^-*^ e..^L ^ :-, ,

t i(a'r in.: ;l

Zr'2| (:()nrent (mg/kg of paddy atraw)

-lzfi*.::9ryL__..iji;l: f .Gir p.lti 12.1F,

ZnSOI 6,1.;iE .itj.cij ;;l.bt, ll,r. i5" t6.00"
lrtrr'r'iriLilr.ri ... t.i,iq *u'ip.r jrr:,r', -q,rE, jrlig

ii':rl:tijieliircJl
o Signiiicant increasr over the control (LSD6*1. 6 Significantincrease over ZnSt)a (L_SD6.,6r.

possible to gain some understanding of the chemistry of
the prrxess which in turn would facil]itate alu.top..,.nt oiother micronutrient fertilizer compounds.
-- 

Jnitially, the kinerics o_f polymerization of ZnO * H3-
POa mixtures, at various Zn:p molar ratios and at varioris
t€mperatures, were studied; the structural water loss andjl value (M2O/P2O5 molar ratio) of the products were
evaluated. Results of this investigation g"u" interestin!
information on the nature of the polymer"ization p.o""r.l
It was concluded that polymerizaiion of zinc phosphates
isaeerc.order process which shows linear rates it at ch;ge
with the degree of polymerization. Such a 

"t ""g"oriifrom one rate constant to another is fairly.h*p, ;Jih;trreakpoint is constant regardless of iernperature of
reactiori aird, tu surre ext€ut. the ratio of reactanLs.

Anaiysis of the water-soluble Zn and p in these proAucts
shcwed that all of them contained a very t igtr propoititn
of water-soluble r.^omprrnents. Only in the verv hiehlvpr;Iym6rir.a<l ,<ririig,ii.*rirt$ olq rhF ryiiii t iilirlf ir# iie;iffi.;s$*6td€ratrty. Orr (he ,{her hand, rhe ,rtiitiiinvTiifiil"
p,;lpphorrphates in dilute HCI {0.i;nd i.6S'u"a in various
conrplexanra (0.38 IU citric acid anO OOZ Mi:nTAt.h";;;
that whereas the small.chuio .o'nporia'.-iiitiaffi i;;;were soluble, with an increase to ct ain lenfi;'i#;;:pounds became_ rapidly insoluble pa;ilj;;l;.^;'th.
compiexanLr. Since solubility i,-, dilutb HCi and-iri
::ipl,..i*", T"rv. be .raken as an inJex of nutrientavilla Duty.the higher chain colr pounds obviously contai.,
a portion of Zn2+ in unavailabt,i fo.-..- thur,l*ing ;the very high dispersion in .t rin f.ngtirs in the zincpoll'phosphates. it was not possible ioffitl..i.e com-

0
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*f deeirable properties is very rarely observed in elow-
r*leaaing maieriale. This duai characteristic not only
reduces drainage losees but aleo eneuyes an ever-ready
lupply of nutriente at any atage of the growth of the plantr
Moreover, thia eupply ie not dependent on hydrolysis rates
and, therefore, will be much leee influenced by soil factors.
$econdly, from the commercial aspect, too, the polyphos-
phate formulation poeeess certain advantages, viz., cheap
raw materiale, technically aimple aynthesis routee, and
relatively low operating temperatures.

Literature Cited

Bleck, C" A. Methode o/ Soii Anslyrrs, Parr- ! and 2; Am. Soc.
Agron.: Madioon, WI, 1966; pp i09O-1100, l1?9-1237.

Corbridge, D. E. C,; Lowe, E. J. Infrared Spectra of some Inorganic
Phoephorun Compound*. J. Chpm. Soc. 196{, {93-602.

Crrr, F, R.; Kamprath, E. J. Micronutrient Soil Tsntn. ln Micron-
utriente in Agriculture; Mortvedt, J. J., Giordano, P. M., Lindeoy,
W. L., Eda.; Soil Sci. Sor, Am.: Madiaon, WI, 19?2; Chapter li.

Fleming, J. D. Polyphoaphal.es are revolutionizing fertilizera. Part
I. What polyphoephatea are. Farm Chem. 1969, 132,30-31.

Huffman, E. 0.; Newman, E. L. Polyphoaphetra are revotutionizing
fertilizere. 4. Behaviour and outlook. Fm. Chem.l970, ,33, 28-
32.

Jackson, M. L. Soi{ Chemical Analyaie; Prentice Hatl of India: New
Delhi, 19?3; pp 134-164, 212-285,398-408.

JCPDS .Powder Diffraction File; Joint Committee on Powder
Diffraltion Standarda: Philadolphia, PA, 1971; Card Noe. 9-??,
11-633, 12-30, 16-809, 2&84, 20-85, 2U1423, 2A-1429,26-1013.

Ka-nwar, J. S.l Randhawa, N. S. Mi*onutrient Research in Soih
and Plants in India; Int.lian Council of Agricultural Regearch:
New Delhi, 1978; pp 10?*146.

Nyquiat, R. A^; Kagel, R. O. Infrared Specira of Inorganic Com-
pounde; Academic: New Yorh, l9'/1; p i60.

Ohashi, S. Condenaed Phosphatea containing other Oro-acid Anione.
ln Iopics in Photpharus Chemlstry;Grayaon, lvl., Griffith, E. J.,
Ede.; Wile],: New Yorh, 1964; Vol. 1, Chapter V,

ind. Iing. Chem. Res., 1*:c,1. 3i, No. 6. lg.{r3

Ray. t,. F. Roron Phtxpharea. ['.s Parenr 3655.35;, 19;?
Ray, S. K. Novel Slow-relea.ring I\{icronutrrent Fenili:err: Formu,

lation, Syntheair and Applieabilitr , Ph.D. Dis.qertation, Llniversin.
of Calcutta, 1991:pp 8tr-81.

Robert^a, G. J, Prep&ration and Properties of the Glarsea in tbe Sr:um
FeO-IQO-P2Ot. Am. Ceram. Soc. 8uil. t9?i, 52, 983.

Rob€rtr, G. J, FeGX1O.P105 Glamer as c Sourcc of Micronutricnt
in Soil. Am. Ceram. Soc. 8ull, I975,54, l06Fl0?1.

Roberta, G. J. Micronutrient Containing Phcxphata Glasar ,\ol/.
Glaas Budget t97?, July 2l

Rush, R. M.; Yoc, J. H. Colorimerric f)ercrmination of Zinc and
Copper with 2"Carbcxv.2'-hvdrorv-5'-eulfoformazl.l-brnrene (Zil.
con). Anal. Chem. 195d,26, 1345-13{?

Sauchelli, Y. Fertilizer Nitrogen; Reinhold: Ner Yort, lg64; pp
139-168,24i-279.

Sauchelli, V. Chemistrv and Technolog: of Fertilizers; Reinhold:
New York, 196?; pp 1S-54,322-345.

Sauchelli, Y. Trace Elemenh in AXriculture; Van Nortrard-
Reinhold: New Yorli, 1969; pp 225-232.

Silvertxrt, J.; Young, R. D.; Hoffmeister, C. I'reparation of Fertilizers
Containing h{icronutrienta. ln .Micronutrrents in Agiculture,
Mortvedt, J. J., Giordano, P. tvl., Lindaav, $'. L., Eds.; Soil Sci.
Soc. Am.: Madieon, WI, 1972; Chapter iE.

Thilo, E. Condenaed Phorphates and Areeenat46. In ,4dr-onces in
Inorganic and Radiochernrstrl'; Emeleus, H. J., Sharpc A. G.,
Eda.; Academic: Ne* York. 1962; Vol. 4, Chapter l.

Van Wazer,J. R. Phoaphorur ond /rs Compounds;Interriencrr: N.-;

Van Wazer, J. R.; Griffith, E. J.; McCuUough., J, F. Aaaly,rris-;
Phosphorus Compounds. Anol. Chem. t95{, tr, 1?i5-1?59.

Varadachari, C. An lnvertfation on the Reaction of Pbmphoric Acid
with Mica stElevated Temperatures. Ind. Eng.Chem..Res. 1992,
3r,35?-364.

Volfkoyich, S. I. Pollmeric Fertilizere, ..I. A p pl. C he m. ( USSR) 1972.
45. 24?9-248i .

Receiced for recieu October 15, 1992
Reuised manuscript receit,ed Januar5' 26. 1993

Aeceoted Februarv 2. 1993

t.


