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The caking during storage of superphosphates and
conpound fertilizers made from it has been known as a highly
undesirable phenomenon since the beginning of our industry.

As B. Raistrick (1) said in the introduction to his excellent
paper on "Good Quality Granular Tertilisers", we too expected
that the introduction of granulation would not only improve

the handling and efficiency of our fortilimers, but would

also elininate complctely the unfortunate hardening during
storage. This hope has, on the whole, not been confirmed even
though a certain improverent of the storage properties has been
achievead,

In the mcantime, we have becoue o accustoned to the
fact that zremulated products cake aleo that we regard it alnost
a8 natural that curing should be done in o heap for months
before despatch, that the heaps should be broken down with heavy
nachinery and sonetimes cven with explosives, that the hard lumnps
obtained should be crushed, the granules be again classified, and
lagtly the fines formed by crushing should be vegranulated. This
being s0, we should try to dmagine what would happen if there
were actually no caking: we should not require any curing and could
bag and despatch the matcrial inmediately after nanufacture if
necessary. We should store our fertilizers not in heaps but in
siloa from which they could be despatched without curing, without
crushing, without scrcening and -last not least - without the
losges which all these processes involva. Everyone can work out
for themselves how their despateh coets would bhe reduced by this!
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In view of the importance which the ceking provlem has
for our industry it can be assumed that probably everyone present
at this Meeting has dealt with it more 0r less thoroughly. If
we have decided to take part in the discussion of this important
problew, it is not becavse we believed that we had acquired new
knowledge or had even achieved special practical results in
this field. We have rather to confess that we are 21till far
removed from a satisfactory solution. We hope, however, to come
perhaps nearer to this targzet if we initiste a detailed
discusgion of the »roblem in our circle. We shall, therefore,
examine critically the wore recont literature and then report
our own observations and results.

CAUSES OF CAKIN(}_

There 1s probably agrcemernt that the development of
crystal bridgez bLelween The individual granules hag to be
regarded as the cause of cakin:. from microscopic and X-ray
examinations W.A. Mitehell (2) came to the conelusion that in
the caze of NPK fertilizers these crystal bridges consist of
amnonium chloride wirich is formed by reaction of KC1 with
(NH4)2804.  He thought fhat the NH4Cl sublines during drying
and accunmulates st the surface of the granules increasingly so
a8 the drying temperature is incresged, Under the influcnce of
moisture growth ol the NH4CL crystals continues during storage
until bridge foriwtion Lotwesn +the Ppartieles occurs.- This
view, which by the way is shared alss wy olher authors, is
certainly not guite correcs. Jecause nany NPK fertilizers are
wade without any drying, by nixing superphosphate with
potagsium and nitrozon galss, smtioniating the mizxture during
granulating and cooling the sranules in rotary drums. Although
no sublivation occurs in thesgc caged, the products often harden
during storage ko an even greater oxtent than dried products.
Another objection to the ITHACY theory is that other completely
chlorine-frec compound fertilizers cake Just ags strongly,’
€.8. Amsupks 8xlxl4, which is made with potassium sulphate, or
the potash-lrec imsun 11x 1x0, eteo.

Turbest and Moirthur (3) pointed out that the degree
of ecaking is connecled, arenz othor things, cespeclially with the
IfﬁNO3 content of the amnoniating solubion. This azZrees with
Our own experience in go far &3 wo alzo gencrally find that those
NPK fertilivers cake mous which wore nade with & naximunm of
anmonisating sclutiom. At the same tinc, it is generally kmown
that our compound fertilisers uvsed t- harden in agtore like
concrata even viefore any fgnicniating was usad,

in » very inteoresting paper Silverberz, ILehr and
Hoffweister (4) eramined nicroscopically the mechanism of
caking and its provenbion, Thay came bto the same conclusion as
Mitehell that crystal devosits on the surface of the granules
are responelvle for caltineg, but they mention several salts other
thar NH4Cl1, e.z. ENOy, I 7 T T e o0 CzTIIg}g.NH‘ﬁr'cl.‘ Very
beautifvl microphotographr Show how these salts surround the
gramules llke o prickly coating. Thc formation of the crystal
filme is ascribed Lo Aiffusion and efflorescence effects which
are assisted by a higher nolsture content and curing.

The Awerican oapers quotcd give ths inpression that
caxing can ocour only whan sccondary crystallizatiors develop
on tho surface of the zranules. In aur own cxamninations of
caked granules we regret o have to admit that wo could not
discover wuch of crystal films, althouzh we should have boen
pleased to illustrate the present paper with a few nice
nicrophstographs. - An argument asainst the "erystal film
theory" 48 th: generally inown Taet that all pure salts cake
With time when stored in a heap - vou need only think of
your stores of muriate of potash, sulphate of ammonia or amnonium
hitrate, - To cluecidate the caking problenm we found it
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necessary to consider a 1itile wmore closely the causes of the
formation of crystal bridges.

1.)

2.)

3.)

The ultimate reason for ithe caking of pure salts is, in
our view, a thermodynanmic one. Ag Tine crystals have
higher cnergles than coarse crystals, they alwa/d tend

to beoous coarser. In the case of salts with a high
vapour pressurc, 2.5, the ammonium salts, crystal growth
¢can occur via the zas phase even at drying temperatures.
in general, however, the woisture film of the ecryatals
will be the medium for the growth process: as many salte have
2 higher golubility with increasing tempersture, and algo
28 the rate of crystallization likewlse increases with
temperature, cryztal zrowth is accelerated by higher
tenperatures, Adjacent cryetals in a guitable position
can vhen crystallize together as they grow, and the
probability of this will be 21l the sreater, the nore
densely the crystals are packed: hence the pnogitive effect
of pressure on caking which we would speeislly euphasize
here. This consideration of purc salts indicates that
the threc osrincipal factors are: nolsture, Tcuperature and
Dreassurs.

In the casc of pure salts, crystal growth which is
controllcd purely energetically i important, but

frequently allotropic wmodifications also occur. The
numerous conversion polintzs of amoniun nitrate at

125.29, 84,20, 32.29 and -18° and of scdium sulphate at
2500, 2170, 2109 and 147° are well known.,  If these salts
are made at & high tomperature with cooling in a heap

during storage, hardening is generally particularly severe
when crystal transformation oceurs. Moisture also acta as
& catalyst in these tranzformations. It ls a well-known
faet that godium sulphate which iz made in the sulphate-
hydrochleoric acid nrocess at approx. 500°, remains loose and
powdery ior waeks during cooling in store, but when it 1s
despatched, it gencrally sets to rock-like masses, - under
the catalytic influence of atmespheric moisturc during
loading, Thio exanple shewe that, in principle, all
cryatalliization processcs which occour during storage produce
hardening.

In our industry we have 1o reckon with various crystallization
processes wWilch may produce hardening during storags:

If granules are put into storc warm,with an elevated moisture
content, the salts dissolved in the liguid phase will later
crystallize out ag the heap coosls, the mest readily =oluble
salts being the Iast to do so. As the drying of zranules
proceeds Lrom the surface to the interior, a molsture
gradicnt fron the intcrior to the surfasce exists immediately
after the drying procegs ig completed. With slow cooling

of the heap, thercfore, liquid will diffuse from the

interior of the grunules o the surfaces, Dinece in NPE
compounds, which Mave becen studicd most NH4C1 is the most
readily soluble =alt, it will precipita%e by diffusion
preferentinlly at the surface of the granules., This process
lg evidently the¢ basis of the “erystal film theory".

Conditions, however, are quite diff.runt when crystallizations
during storage procced with absorption of water of
crystallization, Por instance, when superphosphate cakes,
the hydration of the caleium sulphate ig of major inportance,
a3 we sghall discusgs later in detwil. Iinally, particularly
noour indusiry, one of the chief factors is that compound
fertilizers are wde largely by mixing various saltg. As

the individual compornents sre used in a fairly coarse form
(auperphosphateé), as mixing is JZernerslly lese than
complete, and lastly asg zeveral reagents, such ag the
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caleium sulphate anhydride of the superphosphate, are less
reactive, the reactions between the components, in spite of
gramulation, are not yet completed when the granules are
deposited on the heap, It is obvigus that precisely those
chemical reactions which continue in the zneap must produce
caking,

In this context there iz one further point which deserves
attorntion. The resctions boetween the nixture components
are exothermic urocessog, one cxsunle beinz the well known
reaction:

KCT + NH4NO3 = NH4C1 + ENOz - 3.1 keal,

Tt gives apyprox. 20 keal per kg of the stoichiometric nmixture,
& quaniity of heat which wpuld roaise the temperaturs of the
pure mixturs by anprox. 709. - In thc case of the usual NPK
Tertilizers several ctheor reactisns naturally occcur also, but
the aeat of re=etion should hav. an order of magnitude
roughly in this rogion, If the reactions occcur partly only
in the heap, heat of reaction will be liberated there also.
Tie obzervation that large heans 050l off only very slowly is
connected, thorciore, wol onrly with the impeded conduction

of heat, but alis with lhe subscguent cvolubtiosn of heat.

The particularly scverc hardening in large heaps is evidently
due not only to the higher static prezsurc, but according to
our ohservaticns, o2lal to the additional prossure incrceased
produced by heat cvolulion in she interior.

PREVENTION O CAXING

In his paper ssntioned carlicr B. Raistrick
recommcnds "thorough dryiug" as & sure neasure for preventing
the subsequent caking ~f forsilizere. Dhe uppsr molsture limit
which is regarded as c¢ritical for the storaszoe properties is
delined by the rclative humidity beiang as to 30% in
aquilibrivn with the givon fevlilizer. Tris me=nsg, a3 8 rule,
a molgture contunt of lose than 1%.

Wo have chocked this stat-onent in a seriecg of
laboratory cxperiments and in two syierinmcnts on a technical
geale, and have Tound that This drastic dryinz is obviously the
most cffective of 2ll weusurces avaeilable to us. We, too, found
that hardoning dozs not contiruously becunme less with
decrzasing molsture content, but shat there is a sharply
defined lower limlii wiich it is essontial to obaerve.

Howevoer cifeetive the measure recommended hy
Reistrick may be, it haz inpoetant disadvanlages: Drastic drying
increascs the lead on the drying plant with a resulting fall in
ouvput and incroased fuel congumption.

It is true that according to Raigstrielr, the initial
fail in output fron 6.5 to 4.5 tons per hour hag been made
good by improved granulatisn and wnore reguler loading of the
dryer, and it hag becn possible even to increase the sutput to
7.5 tong per hour, He zives a Dizurce of 45 ko coal per ton of
material to be dried as fuel consumption. As the dryer is the
bottlencek in our granuleting plant, it is not possible for us
To carry out morc intenslive drying in practice. To increase
output by increasing thoe zas exit temperature is also not
Teasible because our NPK fertilizers always contain nitrates
and are, thercfors, quite ftomperature-gensitive.
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Silverberg et al, (4) summarizo iheir experiments on
the prevention of caking as follows: "The data show that 1t
was possible o prevent or reduce caking of these fertiligers
by one or a comblination of the following tresinents prior to
bagging: rcducing weisture content, curing in = pile for 7 days,
and coating with a conditioning agent such as keolin clay or
kigselguhr."

They, 500, place drying first in order of importance.-
Their further roecommendaiion of curing for 7 days is certain %o
be very cffcetive hecnuse the reuclions can go to completion
during this period. From & nractical point of view, however,
this limited curing is nardly prachbicable because 1t would mean
that a week's production (1000 to 2000 tons) would have 0 be
handled 2 second time in store in view of the fact that despatch
never synchronizes with production. I the oaterial iz left
Lor any length of tioe, howover, the conditions are exactly the
game as usual: caking praoceeds, and lae knovn aifflliculties
oceour when the heip is broken down, - The thied recommendation
1a emating, and thils reguires to Do considercd in groater
detail,

Dilverborg ot al. used P.5% kieselruhyr and kaolin
clay &g powdorinn agoants. Thoey explain the zetion of the
eoating in thav the formotion of lhe erysial Tilms 1s not
prevented, bui e TUln cealns below the coating layer, and
wndividual crystals penetrnte only soldom whrousi tho layer of
the coating =zoert. Acocerding to thene authors, the effcet of
the conting ageny is Lhat the crystel file is digstributed more
unifernly over the granul. snd the growth of single large
crystalg which could form o bridge iz prevenboed. The nore
uniform distributicn of the cryotals on the surloce is oxplained
by the ecouating layer having a kind of nucleailion effoct,

Lio. all who are gencerned with the caking problen, we
t00 hava exaninzd o very wide variety °f costing wagents in the
Laboratory and on o wechoicsl scrle, 2nd there i3 no doubt that
this coating 18 an cffective oeagure. A good conting agent has
to meet The followinz gzecificotion: 1t must be fine and adhere
well to fThe wurfzcc of Uhe granules; sbove 31l, it nust not
react with the Toxtitioer, clhervise its elfecliveness will soon

be lost, For this reason chalk and gypoun whilch have been
varioualy recomnendcod are guiue ursuitanle. Kiczelguhr and

certalin vory finely sround clays have proved usceful also in our
casc, bult our cxporiranis Tn thio rewpect src not yel comnpleted,
On the whole, hrowever, our choervations show that coating is not
& panacca. The neticn iz, In particular, limited in time
unicag cenating i precedod by a good drying of the granules,

In the cvernt o0 o hi h ooisture contony the rewsdily soluble salts
diffuge throuzgh 1he powder layer, tac latter thus loging its
efTectivenssn., - The disadvantage »f coating is that it

reduces the nubricnt value »f the Lfortilizer, that it frequently
impaire the appeorance of the granuies (by discoloration) and -
last, but not leact - tlat zood coating agents are lairly
cxponaive,

oummerizling our exparicace of preventing the caking
2T granulated NPK rferfilizerz, wa can say that drying helps, that
curing helps, ‘that cocling helps and that cooting helpeg. The
unsatigfactory aspect of the wmattor ig that none of these measures
taken singly is adeguate and that, when ussd togetier, they are
gquite expensive, 80 exnonsive in faet thot we doubt whether our
existing ncthod of curing for several nonths and then crushing
and c¢lassifying is not morce economical.
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PREVINTION OF CAKING OF SUFEXDHOSITHATL

It is surprizing thot in 445 litersturc the caking
problen Jo consldered asinly in conneetion with salts ard malti-
nuwbtricnt fertilizors, whilst, oo far as we have besn able to
ascertain, therc is no montion of supcrphosphate. Unfortunately,
however, subgoguent hardening cccurs time and again precisely
with superphosphate,with highly undesirable results, and it is
regrettoble that hoere algs granulation has not nrovaed to he &
method of preventing caking.

It vould zeen likely thot subseguents cryetallizations
were responzsible for caking iv storage slso in the case of
guperphosphate, At the ISkh Meoting inm Hemburg a8 long aZ0 as
1937 we hal occasion Lo report on the s apossision of super-
phosphate (5) and particularly on Lhe stota of the caleoiun
gulphate contained in 14, 1% would bake %00 long to recapitulate
this paper in detail, but we are inscreoted =t the wmoment in the
statencnt that caleiwn sulpbate io srosent uainly as enhydrite
and that this arhydrite is converted only cxtrewely slowly and
only partially to lhe dihydwatloe., Norool suncrephosphate contains
aparox. 0% cololug sulphate unhydeide and usunlly oaly 1-2%
dihydrate. ILarger azounbs 2f Jihydrace, o.g,10-15% were found only
in samples nmuiy yoars old., T3 was noiiged, however, that
hycération procecded rweh wore capldly whol the superphosphate had
been neutralized. D5 van showa on aoleiws sulphate anhydride ‘
which had beoern loolssed frou supcrphosphote t4nt 1t beeanc hydratod
wore or less rapydly on contict with phosphoric oeid, bhe rate of
hydration deercaning o3 the corcorntratiom 7 dhe nhosphoric acid
Inereascd,

In later cxverinenl . carvied ous together with Q,B.
Jrgensen we tricd to fscoertaln ihe oriiical concenlration ot
which water poogcd from the phoophoric 2eid to the anhivdride,
Althoush these cxporinents woro everntually exteonded tn one yoar,

We were unabvle G2 oblain any resuld orecisely with the anhydride
(similar cxporinonds wore made with ko “eni-hvdeate ) boeauge
equilibriun had #+til1 nod Seon renched. A5 the [ast ISTA Meeting
in Madrid - ripl. showing the oquilibriun bomween caleium sulphate
and phosphoric acid of differecnt oorcinaratios: - shown in the
discussion of cac paper, and o, roocodasod herswith,  The curves
indicate thal the Liniting eoncentrotion ot which tao dinydrate

i1s still etable occurs 2% norual hoenporoturco (below 209) between
45% and 50% Pa0c, ihe first corelusion which one nizht draw Trom ‘
thig in That the hydratiocn of ealeiun Gulphate in superphosphate
ran proceed withaut difliculty, beecasc al a free aecid content of
approx. 3% FoOs ard o noloture conlbont of 8-10% as iz in most

cascy nresent altcr 24 hours, bhe concerhratinn of prosphoric acid
in tho liguid phase  ig only spprox. 303570, The monoealeiun
plivaphate which lg dizgo'ved 1in vhe Liguid phase of the super-
phogphate [urshar roduces the Vaanur presdure of the salution ao
that this chifts the cquilibriuwa Purbticr $o Lhe sido of the
anhydride, WUaforturcetely, we do not know of any releovant
measurenintd,  Wo cerrisl owl onco also hvdeastion cEperinonts in
lhe presence of woncealeiu) phosphote dissolved in phosgphoric acid
and noticed that in thisg case avdration oatill neocecded very much
more slowly toan In the prescace of plhosmshoric acid only, Tt is
generally known thot phoeplorie ccoid tends to Form o supersaturatod
golution at higher concontzations. The faeos that digaolvad
monnealeiun phosplate produccs a Turther delay in the reasction can
be connceted, oo the one hand, with a subsiantisl incrcass in the
viscoalty of the liguid phase and, on the sthor hand, with a
noticcable raducticn in the solubility, and conscguently in the
rate of dissolution, of tha esleium sulvhate when caleium ions arc
present in the liguid phase.
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Summariziag theose duvestigoticns, 1t can be sgid that
the caleiw: gulohate anhydrids contained in the superphosphate
can certainly salke up waler from the agqueous nphase and thus be
convert 4 to the dLhydrth Thig eonversion dep.nds on the

temperaturs aud the oy eenfrwtloﬂ of the phosphoric acid in the
liquid phess; it ls sgharply retarded in the presence of
concantrated phosphoric scild mnd Qissoived nonocaleiun nnogphate
so that squilibrium cvidently occurs oaly after several years of
stoeraze.

Tr ord:r 1o crmiviae whome matbters weder pragtical
confditions, & largo-zcc o Leal wog padz dn our grrpulating nlant,
Pobble phosviate 799 was reocted in thoe forive-flandsert plant in
the usual oonner wiib 3150 seisnhuric ceid of 409 ¢ and dish-

grenulated wito oo wadinion of apnron. 1050 gond dnnwediately after
bLlﬂg cut out Trom toac dov,  Wo oune bthe Jdeying drun of the
grampulating plord 2w o oo ln: drn whan sroulat.ong super-
phogphats and thue achiicve o coulieg of the Zranvlos o 30"35
depending oun the cuteide caoperotuo . hie aroducod A eftaln
hardening apd deyizg oF Lhe gyaomlos a0 Lhab Sley can be

gercencd ard put oty ocuore 1n o4 clesn llod fora. fn the large-
scale cxnoeriuent Uhur Trosih graﬂuluﬂ Fipileby! onﬂn vorlting day were
ccated with 1705 hhuniave - EoXrom The Tiiter of the
crughing plon . anz . R JHJJﬁHLED =0 thal sach
heap of 220=-500 orn a7 2o oowilitar uos avoedloble for
Turther investiryuolons | 1351 o Lo ool unoeated
fertilicer, Th- =, ool tn roloiun sulphate dn
the heaps Wﬁ Follorad Fom oo opoohad of olxooortlo and the degree
of hardorning biorved ale Erer Bixowe 3 bong of cach waere
bagged in EP 2 T l=ftor cuacied in stacks

10 bago ol b,

Gl Bl owe wio Lol owarry oat the

dust and hhodie wlag Ohosskhato with the

v, shoald o oac cvoarouing subatances
) e v bt these

ERTE VR TS
coating wihlh nhoasphni
InJention wan. thoeose
a2, ¢.2. Lhaslin o kingall x
Fld(lllpL\'C,:i chiowld neuevallec The X snoalh o the surface sand honed
to obtain an sccolorated crystlltising cun ol esioium sulphate
dihydmate nd Yac surtooo. VhkiIo e wouie zaesclerate caking in
the heap, L0 vould wooverns tho subooae- st hercening in the bags
during suorals.

Tha Do lL mevbomial ">rrbn]«1wﬂ Tadoonuael s L 1d;a
dihydrate 1nuﬂu_duuLJ after mamuiactune.  Tals Coﬂtbﬂt inereascd
to 3-4% aftor 2-3 anvo.  This +ﬁgLP' Loamakanly duce To the fact
that durins tns reacsion v whe dkhe Zrxoohly vadoe superphosphate
iz gwent our of Ul A%a, Tl ldcczrul Pume s alao through the
region of ecxictore: of <he  cmi-o yu“*h, 20 that a sznall reetion
of ths PHlCi”ﬂ sulphede e peosipitosod za the o oeai-hydrate which
ia mweh wore randily hyd-oceble than the anbhroariie,  The further
talke-up of matcr i cryﬂtﬂ"”natﬁ“ﬂ o Lhe Fornation of caleoium
gulphate dihyd-atve shor »wrocow ed very s3lowiy.  Adler 34 wonthe
the dlhydfnub uﬂnlc1t a0 all thees eang sooured o only
12-13% ard no furthes ivorenze was o hacrved in Lhe subsequent
testo,  Witn Bufugal admpldu even Jlizhtly lowes velucs, @.8.
10-11% were fouad. This way have boen due Bo She fact Lhat the
lagt sarples wose tacer rathor frov She inner core »f fthe partly
broken down nonp witere farthor cooling had nrocecded mich more
glowly,

Wity rorard S harderving of She Leans, the natcrial
which nad beer consed with hasic olag phonphate ealicd more rapldly
at first, whilaot the uncoated matbornal after one month in store
had caked visibly lesu. Theose dlilercncen, hovaver, evenad out
over The period of storagse aznid were laiar ne longer ﬁb arvable.
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Material bagged after six weeks in store analysed for
dihydrate as follows: 5.3% uncoated, 5.9% with phosphate rock,
8.52% with basic slag phosphatc. The storage experincnt wasg
terninatcd after 8 months, when the dihydrate content of ‘the
bagged material had rissn to the values deternmined in the heap.
However, by [lecling the bags 1t was found that the matorial
had compactcd slizhtly only in the undernnst laysrs, and the
waterial broke up completely when the bags werce raised and
quite lightly duuped.

Summarizing this cxperiment, it can be said that there
is ouviously soue comnection hetween the hydration of the calcium
sulphate and the hardening., Cooling of the superphosphate before
putting it into store was found to be an elffective nethod of
bringing about the hydration of the caleiun sulphate. Coating
the granules with 1% neutralizing substances produced only a
8light acceleration.

On the subject »f the reason for the caking of super-
phosphate it can be stated that in principle the gsane phenomona
are prescnt in this cagsce ag in the case of the NPK fertilizers.
The position, however, is complicatcd considerably by the fact
that the crystallizetion processcdg cccur here very nuch more
slowly. It 1z possible that the process of superphosphate
nanufacture plays an iwvportant part in this. It is conceivable
that in the casc of a superphosphate which is put into store
with o higher free acid content and whilst still hot, hydration
beging very nuch latsr and procceds nore slowly than in our
large—-secalc eXpoeriuent, becauvsc according to our earlier
exXperience it docs not avpear to occur at all at thiz gtaze when
norc than 3-4% frec P05 is8 present. Under thesc conditions it
18 quite possible that in gpite of having becen stored for zeversl
wonths, the material will become hard again after delivery to the
cugtomar,

It is probable that coating agents can sti1l offect
inprovenents cven in the casce of superphorsphatc. Coating,
however, 185 a rclatively expensive ucthnd. We should, therefore,
in this case prefor to bring forward the hydratisn of the
calclwe sulphate "at honc" to such an cxtont that no substantial
herdening is later possible., If the gramules are cooled, a
curing of 6-8 weeks appears to be adocquata.
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