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The natural mineral resourages of the United States are the source
of our industrisl strength and as high grade ore reserves are depleted,
we sust be prepared through an improved technclogy to utilise progres-
sively lower grade raw materials. The United States was the only
active combatant in the second World ¥ar whose continental territory,
gities, and industrial planis were practically untouched by war. This
natlon not only paid dearly in blood and treasure; however, but has
drawn heavily on itz mineral resocurces in achieving final victorye.

As a result we now fsce the disturbing fact that the counitry's
reserves of high and medium grade metalliferous ores have Leen
reduced to & point where ocur self-sufficliency is sericusly threatened.
Ingtead of hawving exportable surpluses, we are actuslly improrting ores
thaet were formerly supplied abundantly from domestic sources.

Undoubtedly conditions are still very abnormal;, and mining develop-
ment has not kept pace with acitusl mining operationsj neverthelsss, ihe
fact remains that the demand for high grade ores of many metals is far
greater than cur present ability to produce them.}/

¥any deposita of marginal and submarginal ore exiet in the United
States which have not previoualy been utiliszed besauge of processing
difficulties and/or economic considerations. For example, the tuconites
of the Kesabi Range, the manganess nodules of the Dakotas, and the
greensands of the east coest asy be sur future source of iron, manzanese,

arnd potashe Before such raw materiale can be effectively sbeorbed in

i/ TWaggaman, %, He and Jee, E. Ao, Titanium and Zirconium, ¥etals of
Industrial Promises; Chem. and Enge. News, vol. 26, Wo. &, 1948,
Yo 37’?"‘383..



our industrial use pattern, however, great advancements in processing
methods must be nmade. HNot only will better eguipment, improved
materials of construection, and superior instrumenistion be reguired,
but also fundamental advances in the bagic theories underlying miner-—
alopical chemistry.

The silicates comprise the largest chemlcal group among minerals,
although in general, indusiry has avoided thelr use zs raw materials.
Potentially silicstes represent tremendous domestic reservee of vital
commodities such as chromium, lithium, potash, alumimumn, soda,
zirconium, to mention but a few examples. ne cbvious reason for their
r&strieted'use has been general refractoriness to chemiecal deceomposi-
tion. Advancements in equirment design and improvementz in materials
of construetion, however, have resulted in a revaluation of their
rossibilities, especially in the last decade.

An important barrier to the more extensive use of silicates by
alkaline decomposition has been the lose of soda or caustic ordinarily
enrloyed. This is particularly true when highly silicecus aluminifersus
minersls are treated, operating costs in general being a direct
funection of the silles content of the raw material, The alumimrm
industry, for example, importe millions of pounds of bauxite sanmually
from South American deposite although the very ground we walk uron
conteins substantial amounts of this metal. In an attempt to decrease
this dependence on imports, an especially critieal factor in time of
national emergency, the Jovernment constructed four demonstration secale
plants during the last war to treat domestic aluminum bearing silicates.
Although not eccnomically competitive with foreign raw materials, the

proceeses develcped indicated the feasibility of producing this
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egsential metal from natural silicates.

Similarly, the formation of unfiltersble silicic acid gele during
acid decomposition has longz been a primary barrier to comnercial
explolitation by this processing method. Separation of the gelatinous
or coclloidal hydrated silicic acid and metallic hydroxides ifrom the
leach solution represents the main difficulty.

¥arginal eopper, zinc, or vanadium ores, for example, may be
leaghed with acid resulting in the formation of large quantities of
silicic acid gel. Recovery of the metallic values from the leach liquor
by electrolysis or precipitation necessitates elimination of the gel
by filtration or sedimentation. The former alternative requirss
extremely large filtering arese at high capital expenme and the latter
exeesslve dilution with subsequent inereases in both thickener zrapacity
end finsl volume of filtrate for evaporation.

The investigation described in this report, dealing with the aecid
deeomrosition of silicates, was carried forward by the author through
the facilities of the Buresu of Yines aes part of that agenecy's broad war-
time program to develop processes for the extraction of stratezic metals
from domestically abundant raw materialse. As previously poilnted out,
the separation of silicic scid gel from leach goluticns is an important,
if not the most important barrier to the wider utilization of aeid
decomposition and this partiocular thesis is specifioslly soncerned with
the variocus factors influencing the separstions.

After an examination of the basic theory underlying all silicate
decomposition by acid and experimental studies on s typieal mineral
silicate, it was hoped that existing theory with regsrd to separation

techniques could be extended to other minsrals. The silicate
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mineral olivine was selected beczuse lerge domestic deposiis are present
in the mounitains of western North Carolina, and in the Pugst Sound
region of Washington. Estimated reserves of these deposits, averaging
45 = 49 percent magnesla and carrying ssall amounts of chrome and
nickel, are tremendous. The Horth Carolios deposit alune is reported
to contain 230 million tone of ore.g/ In both regions the mineral is
readily sccessible and can be mined economically; one large %ashington
deposit is located at Tidewater.

Although the sea represents a virtually inexhsustabls socurce of
magnesium and its compounds, olivine has an attractive potential value.
It conteins magnesium in an extremely high percentage (28 ~ 30 percent);
it contains chromite, nickel, and eilica, all of which are possible by-
products; it is free of caleium, 2 common contaminant of megnesium
minerals, and boron, a detrizental factor in electrolytic cell operaticng
and it is, of course, readily attacked by acids with excessive zsl

formations

&/ Hanter,CE., Forsterite Olivine Deposits of Horth Carolina and
Georgia: North Carolina Department of Conservation and ULevelop—
ment, Bulls. 41, 1941, 117 ppe-



CHAPTER I
HISTORICAL

8ilicon is second only to oxygen wiith regard to abundance in the
earth's crust and past investigstions have bullt up a tremendous back-
ground of knowledge concerning the element and its compounds, ILittle
generalization can be made soncerning the chemical and physiosl
characteristics of siliecates, however, and even after an exhaustive
analysls of the litsrature, the conclusion is inevitably reached that
imnediate progress in theilr utilization must be based primarily on the
progaic technique of trial and error.

A, Chemistry of Silicates.

The silicates are mineralogically grouped as oxygen salts by Dana,
and comprise the largest chemical group among minerals.3/ Their wide
range of composition frequently results in eampiﬁx compoundse X-ray
studies revealed that the fundamental structural unit of all silicates
hes a3 tetrahedral shape with four oxygen atoms surrounding each atom
of silicon and these 3154 groups may be linked together in variocus
ways to form indefinitely extended series. In the orthosilicates,
(R,810,) these Si0; groups are independent of the other elements present
a8 is the case with ordinary chemical compounds such as carbonates,
sulfates, ete. In other types of silicates, however, the $iﬂé groups

are linked together threugh the gharing of one or more atoms of oxygzen

3/ Dans, E. 5., A Textbook of ¥ineralogy, Revised by Ford, W. E.:
Yew York, John Wiley and 8Bcns, Ince, 1932, pp. 53Z2.



with neighboring groups. ¥hen two adiacent silicate groups have one
atem of oxygen in common, individual groups with such formulas as
8150y, 81309, 51,075, 8iglyg may occur, Further, the 3i0, groups may
form chains in which oxygen atoms of adjacent groups are held in
commone. Singls chalins of this type corresponding to composition Siaj
ogour in pyroxene. In amphlibole two such chains may be linked, giving
& oomposition represented by 3i4g11' Such chains on further linking
give rise to the micas represented by a silicon—oxygen sheet, with &
compositvion of 31285.\ Finally, linking of the silicon oxygen chains
may take place to give s three dimensional network. This 1s charac-
teristic of the different forms of silien such as quaritz, snd by
allowing a partial replacement of silicon by atoms such as aluminum
an extended acid network may be obtsined into whieh basic atome can
be introduced. The latter siructure may be considered characteristie
of the zmeoclites, where metallic atoms may be artifleally substituted
for each other and ithe water ocontent varied without disturbing the
fundamental structure. In these various silicon oxygen structures,
metallic atoms serve to bind the whole structure together. Wherever
isomorphous replagement occurs the number of oxygen atoms remains
censtant for each unit cell of the structure. WVsriations may invelve
the substitution of 81 by &1, of Al, Kg, and Fe by each other, etc.
bragg stated, "that & siljecate may be regarded as a structure having &
eonstant number of oxygen stoms in the unit, with & constant number of
places for metal and miliicon which can be filled by these elements in

varying proportions consistant with a balance between valencies.™ 4/

& Bragg, e L., The Structure of Silicates: Zeit. Krist., vol. 74,



Although Bragz postulsted his theory in 1330, reclassificstion of
silicates has lagged and the conventional classification employed by
Dana is st1ll almost universally utilized,

Silicateg are in part strictly anhydrous, although a grzat many
contain water of hydraticn or constlitution. 4 large number of siliocates
yield more or lessz of thelir water content en ignition, and in many cases
they are, therefore, regarded as basic or acid silicates. A line
between the hydrous end anhydrous silicates cannot be sharply drawn,
however, 28 many sreecies that yield water upon lgnition heve an in-
definite combination with hydrogen and oxygen.

The general mineralogioal slassifiestion of siliestes employsd by
Pana is degeribed in outline form below.5/

Anhydrous Silicates
a« Disilicates, Polysilicates.

Disilicates, B 81305 are considered salts of disilicic aeid,
8251295 with an oxygen ratio of silicon to bases of 4:1l.

Polysilioates, R251333, are salts of polyzilicic asid, Héaiaag'with
an oxygen ratio of 3i1l.
be Hetasilicates.

ketaeilicates, R 5i0,, are salts of metasilicic aecld, H,5104, and
have an oxygen retio of 2:l.
¢s Orthosilioates.

Orthosilicates, RpS10,, are salts of orthoesiliels acid, H, 8i0

L7774
and have an oxygen ration of 1l3l.

y m’ El S.’ Q?. citd, Pp‘ 534.'6349'



de Subsilicates.

Subsilicates have an oxygen ratio of less than 1:1 and their true
position is often in doub$; in most cases they are probably best
regarded as basic salts belonging to one of the other groups.

1t should be noted that the above classification is not strictly
applicable and there ere many speciesz which do not exactly conform
to any one of the groups named and often a true interpretation of
the composition is impossible, Alternate classification schemes
more recently developed and based completely on X-ray studies will

probably replasce the tire worn mineralogical system.

Hydrous Silicates

The silicates of this second major subdivision include the true
hydrous compounds with water of crystallization {zeolites); also
hydrous amorphous species (clays). Other species such as micas, talcs,
which yield water on ignition are no doubt siructually related to the
menbers of the preceding groups, orthosilicetes, etc.

a. Zeclite Divisione.

Zeolites in general have an.Alzoég Gaﬁ+§azc ratio of 1 and &
Al$3i 3 O ratio of 112, for example, anorthite Cal.A1504-28104.

Ve ¥ica Division.

All species embraced under this division have the characteristic
micaceous structure, that is they have highly perfect basial cleavage
and yield easily thin laminae, for example, common mica,
2H20.K2@.3A1203-631ﬂ2.
ce Serpentine and Tale Division.

Principally composed of magnesium silicates similar in structure



to some members of the previcus group, for exsmple, serpentine,
3&%@»25182.2320.
ds Kaolin Division.

Usually composed of hydrous, olay-like masses; either compact,
friable or brittle, for example ksolinite 3&20.A12Q3.2510 .

e. HNiscellaneous. ‘

Composed chiefly cof silicates of the heavy metals sugh as iron,
msngeanese; for example, chleropal, QEQO.FQEQB.ESiaz.

A classification scheme based on Bragg's ¥-ray analyses was pro=-
posed by Berman and will ultixately replece that described above as it
is a fundamental advance in mineralogical classifications§/

Starting with the basig relation that a silieon atom always occurs
at the center of four oxygen atoms arranged as & tetrahedron about it
the theory is systematically constructed. A universsl rule is that two
tetrahedra can only have one atom of oxyzen in common between them and
they c¢an be ghared at corners only, not sides or edges. Every oxygen
atom of every tetrahedron may, however, be shared with another
tetrahedra. If the tetrahedra are not combined with each other, the
composition of the siliocste is of the Siﬁé type; if all the corners
are shared with other tetrahedra, the compeoesition is that of the
different forms of silieca, S10,, Other relations yleld intermediate
typese.

This concept, and the classification of silicates arising from i,
is not simply another way of indiceiing a new group of silicic acids,

becsuse silicates cannot be regarded in this new theory, as acid radicals

&/ Berman, He, Constitution and Classification of the Hatural Silicates:
The Amer. Kinsralogist, vol. 22, 1937, ppe 342=408.
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with the metsllic elements., They must be considered ss framevorks of
silicon~oxygen tetrahedra indefinitely extended in the crystal. Acid
compeounds are made up of discrete radicals not Soined together like
gilica tetrazhedra.

Berman concludes that the foll-wing classification covers with
few exceptions the total field,

I 8ilics type hZzﬂ = 112

1]

IT Disilicate type 210 = 215

111 ‘Yetssilicate type

Chaing Z210 = 3.8
Z30 = 4110
Z30 = 133
Rings Z30 = n33n
I¥ Pyrosilicates Z30 = 217
¥V Orthosilicate Z30 = 134

d

Z indicates the silicon~like atoms which include alsz Al in part;
0 refers to oxygen—tyre atoms suech as OH and F.

Within each type the broadest division is families, the families
in turn are divided into groups, the groups into isomorphous series
and the series into species.

Biljcate minerals that are decomposable by mineral aclds sugh as
hydrochloric or nitric fall into two brosd categoriess (1) Those
mirerals whoee silica does not dissolve in &e¢id but is left behind
88 residual separated silica when the mineral undergoss decompozition
and (2) Those minerals that decumpose completely in scid to yield a
solution which is filtered with difficulty because of the silicie

acid gel formed. The distinction between these two groups formed the
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bagis of an early classification ccheme of minerals.?/ In very large
excessees of asid the second group dissclves completely to yield a
solution which sets to a firm silicic agid gel.

i% should be noted that the majority of sllicate minerals are
unattacked or only slightly attacked by acid and are not included in
the above groupinge

An interesting clue to the prhysical diffsrence between the residual
silica of the {irst group and the silielc acid zel of the second group
ie given by Brunauver. The former when dried has a surface area of
about 80 square meters per gram while the latter has about 600 squars
meters per gram.g/

Murate has made extensive tests on the mineralis of group 2 and
correlated the gelatinizing behavior of silicates with inlernal
structure.9/

Oming to the relatively large sige of the oxygen atoms vonded to
the gilicon atoms, these silicon~oxygen structures dominaie the internal
struocture of silicats minerale and largely determine their physieal and
chemiocal properties. Alusminum, as previously pointed out, freely
substitutes for silieon, giving structures made up not only of S40

b

tetrahedra but SiBL and AIGA tetrahedra linked together. Uther bases

such as calcium, magnesium, sodium and pobassium are distributed

7/ EBrush, G. Je. and Penfield, S. L., Yanual of Determinative ¥ineralogy:
New York, John ¥iley and Sons, Inc., 1898, 312 pp.

g/ Brunauer, S., The Absorption of Bases and Vapors: Princeton Univ.
Press, 1943, vol. 1, p. 298.

Y Murata, K. J., Internal Structure of Silieate kinerals that
Gelatinize with Aclds The Amer, ¥ineralogist, vole 28, 1343,
Fie 5f4$“‘5&20
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veriously and nentralize the sxcess negailive charges of the sillecon
and aluminum oxygen structures.lQ/

¥hen silicste minerals that gelatinize sre classified according
to thelr silicon oxypen structures, it beeomes Immediately arrarent
that they may be listed as followss

1, Orthosillicates.

Z2s Pyrosilicstesn.

3, Possibly rine siructures with three giliecon atoms,

Le Tossibly ring structures with gix silicon ztoms.

5« Sheet struoctures that contain considerable ferric iron
subgtitotion for silieon.

6. Three dimensional structures that contain sufficient aluminum
subatitutione for silicon to give an aluminux do silicon ratlc of at
least two alumimum abtoms 4o three silicon aﬁems.

The gelatinization of eorthosiliocates 1is no? surprising in view of
the extensive literature on this phenomens. 11/ The gelatinization of
pyrosilicates establishes the faet thst z silioon-oxygen unit containe
ing two pilicon atoms also will form & silicic acid gzel. #Hurata
conclusively demconstrates that all eloments exclusive %o the silicon
oxygen framewcrk, like potassium, calelium, mzgnesium, zirconium, and
fluorine, have negligible influence in determining whether s mineral
gelatinizes or separates inscluble silicon. This assumptien is Justi-
fied by the fact that no correlation is apparent beiween these elements

and sillicate behavior towsrd ascids. On the other hand, elements like

10/ wurata, X. J., The Significance of Internsl Structure in Jelatiniming
Silicste Minerals: Geological Survey Bull. 950, 1946, pp. 25-33.

1i/ Carman, P. C., Constitution of Collocidal Silica: Faraday Soc. Trang.,



aluminum and iron, which ocour within the silicoon—-oxygen framework ss
scbstitutes for silicon directly affect ihe behavier of these Irame-
works under acid attacks.lz/

This conelusion is most important. In general we are primarily
interested in the recovery of the elements outaside the silicon~
oxyzen fremework and 1f it can be successfully demonstrated thet &
partioular silieste can be treated for economic recovery of its
metallic value there is an excellent chance the results can be
extrapolated to the entire seecnnd group, le8. gzelatinizing silicstes.

Based on the work of Pursta, we can, therefore, summerize that
silicate minerals that dissolve in the usual mineral acids fall inte
two groucs based on internal atomic structurs.

le Those minerals containing silicate radissls of low molseular
waizht, namely orthosilicates, pyrosilicates and possibly ring
structures of three and six silicon stoms.

2. Those minerals of larger contimious silicon-oxygen {rameworks
that will disintegrate into units of low melocular weizht under secid
attacke This group eontaine disilienies, sheel siructures, and three
dimensional structures that contain aluminus in the ratio of two
aluminum atoms to three silicon atoms.

¥inerals that give insoluble silica instead of gelatinizing are
charscterigsed by silicon-oxygzen structures of large dimensicns that do
not disintegrate intc small ur-its under acid attack. These structures
chains, &

double ahains, 21,0

are Si0, 2"% sheets not eontaining large

3 L
amounts of ferric iron replacing silicon, and three-dimensicnal frame-

12/ ¥urats, E. J., The Significance of Internal S%ruscture in Gelatinizing
8ilicate Finerals: Geclogiocal Survey Bull. 950, 1946, pe 28,



works having an saluminum content lese than the ratic of two aluminum

atoms %o three gilicon atoms.
Bs Theories of Silicate Gelations

With our present knowledge concerning zels and their general
behavior any system resuliing from the acid decomposition of & silicate
containing, in addition to silieic acid, dissolved salis and metallic
hydroxides, is necessarily a complex mixture, This complexity does not
prohibit, however, the establishment of certain basic characteristics
of silicic acid gels.

An excellent summary has been prepared by Hurd and the following
data and discussion are largely taken from his results.l3/ By definition
a silicic acid gel is & semi-solid elastic mass which resulis when &
"cel" sets. Frequently this term is erronesusly applied to colloidal
siliocie acid which for the purpose of this discussion will be defined
28 a fluid mixture eontalning hydrated silica. Silica gel designates
the harder, partially dehydrated product.

8ilicic acid gels will result from almost any solution containing,
ag 2 pol, over 2 percent silica and the time of set will be & function
of concentration of silice, temperature, pH and concentration of salis.
The viscosity of any flvid of such a system iz & direet function of the
sxtent of gelation.

When initially formed, siliocic acid seems to be composed of

molecules of low molecular weight which, at first, will pass with

13/ Hurd, C. B., Theories for the Hechanism of the Setting of Siliciec
Aoid Gelsi Chem. Reviews, vol. 22, 1938, pp. 403~422,
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electrolytes through membranes; however, with lapee of sufficisnt time
no silicic zcid will pass. 14/

It is extrexely difficult to remove last iraces of electrolytes by
washing and the pH of the silicic acid asymptotiocally approaches 7.15/
341%cic acid is charged positive in aeid solution and negative in
alkaline solution.)6/ 7This may be due to adsorption of lons or ito
amphoteric lonization of the slliclie 2cid which can leave the silicon
in either a negative or nositive ion,

One of the most striking properties of a sol of hydrated silica
is its great insensitivity toward ions which ordinarily cause coamula-
tion of colleids. Data avallable demonstrate conclusively the
inmensitivity of colloidsl silicic acid toward electrolytes.}?7/

Three different theoriss of the atrugtore of gilicic acid gels
exist.

2. The enulsion theory assumes that the gel consists of a liguid—
liguid system with an emulscid structure.}8/ This theory is not well

supported.

14/ Mylius, F. and Oroschmff, E., (8tudies on Soclutions of Siliocis
Acid}: Ber. 39' 19'%, PPhe 116‘125?6

15/ Kargin, V. A. and Babinovitoh, A. J., Some Electro-—chemicel
Properties of Collcidal Silieca: Faraday Soc. Trans., wvol. 31,
1935, ppe 284~297.

16/ losenbeck, 0., (Electro-chemical Properties of Silicie Acid Sols):
Kel%ié.*ﬁaiheﬁ;e, vols 16, 1922, Pre 27"45.

17/ laskin, E., (The Electrolytic Coagulation of Colloids)s Kolloid-
Zeite, vole 45, 1928, ppe 129-136.

18/ Ostwold, ¥W., and Fischer, i He, An Introduction to Theoretical
and Applied Collecid Chemistry: New York, John ¥iley & Sone, Inc.,
19 22’ De 102‘



e The eellular theory nostulates that the liguld part of the gel
12 held in emall droplets in a cellunlar structure made up of the sclid
rhase.lqy/ This mechanism falle te explain synerssis or evasoration from
silicle acid gels.

¢« The {ibrillar theory appears to have maxiéum support; ib
rostulates both a eontinuous solld arnd continuous liquid phass; with
the solid forming a fibrous sirustures conteining the liquid in ths
pores.28/ It is further nostulated shat the interlaced fibrillar or
brush heap structure consists of very large polysilicic acid molecules.
To prepare theme large moleosles we asgume that (1) silicon hydroxide
is formed as the firet step of the nrogess (2) this hydroxide is
arrhoteric giving either hydrogen or hydroxyl lonse. It ls well estab-
lished that particles of hydrated silica sre nositive in strongly azeid

solutions and negative in neutral and basic solutions.2l/

¥
OH 4 817 (OH)y €--S1(0H), -->5i07(0H), 4 gt
{(scid soclutilons) {basic solutiocnse)

{3) Condensation between positive and negative ions of the above type
ocgours amxl the tise of set is a funotion of the frequeney sf ecllisicn
which is in turn a function of temperature, concentration, and pi,.
Minimum set should ocour when there are approximately equal numbers of
acidic and baaic ions, which wwld te the game near pH = 7. Jondensa~

tion probably proceeds as followss

19/ Buchner, E. He, Vyricyl Aleohol Jellies: Rev. Trav. Chim., vol. 42,
1923, ppe 787=78%.

3@/ !éar:i, Co ffw, loce eite
21/ losenbesk, J., lcc. cite
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{4) The water remains combined, or sbsorbed in the structure,

Ce Previous ¥ethods of Decomposition.

As previcusly outlined in the introduction, the separation of
s8ilicic acid gel and leach solutions resulting from ihe aolid decom~
pesition of siliocatesis one of the prirary barrlers to thls method of
attacke. HNumerous patentes and litersture references are available
which suppeosedly improve the filtration characteristics of such slurriss
and, in general, they fall into four broad groups.

The firet and largest group eonsists of variocus technigues whereby
the effective acid congentration is maintained at & high value, thus
minimizing pel formation through dehydrating action snd the maintenance
of low water-silice ratios. Koehler 23/ and Heuston 23/, for example,

advocated the use of gaseous hydrogen chloride to decscmpose gilicates.

22/ Eoehler, ¥., Process for the Reduction of Tres: U.S. Patent £24,663,
June 26, 1906.

Housten, Ee Co, and Bankin, He Bey, Ulivine as & Scurce of Hagnesium
Chlorides Am. Inst. Kin. and Yet. Enge., Teche Pubs 1484, ¥ine
Technol., 1942, 4 ppe
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The latter statexs:

A convenient method of trestment which rrevents the
formation of gelatinous siliciec acld consists in treating
erushed dry olivine with sufficient coneentrated agueocus
e¢id to wet the perticles or passing snhydrous hydrogen
chloride through moiet olivine, Under thess conditions,
the resction is rapid and considersble hest is evolved,
whiich serves the dcuble purrnose of promoting the comrlete
consumption of the acid and alsc the dehydration of the
aixture.

After an extensive pilict plant campaign by the Tenneusee Valley
Authority and the University of Georgis, this method was abandoned
beesuse of prohibitive mechaniesl difficulties and exceselive coste
Subsequent work by Houston followed the procedure which will be
developed by this suthor although he failed to ctilize the stage
digestion technique.24/

Also in this group may be included ihe work of Chalmers, who
used & rather ingenious capillariiy process whereby sulfuric aeid
slowly rises through & bed of silicate and the exothermieity of the
reastion together with the constant rate of agid consumption prevents
gel formation.25/ G(oldschmidt evaporates extract slurries obtained
by conventional digestion to dryness, thus dehydrating the sel present
and on subsequent lesching minimizes gelationof the silies.z26/

Jourdan suspends the silicate in a cage having a perforated bottom and

open: top and encloses the entire mass in & cylinder provided with a

24/ Houston, E. C., Yagnesium anufacture from Olivine: Amer. Inst,
¥in. and Het. Eﬁ@.’o, Teche Pub. 1828, ¥et. Tﬁchﬁelc, 1‘91‘:&5, 14 Flhe

25/ Chalwere, He B., Kethod of Producing Vagnesium Compounds:
UsS. Patent 2,402,370, June 18, 1946.

26/ Axtieselmkabet De norske Saltverker av Bergen, (Magnesium Sulfate
from Rocks): Norwegian Patent 36,449, Jan. 2, 1923.



lower well of zqueous acide By heating colls a wet saturated acid wapor
iz obtained which attscke the mineral silicate and the resuliing soluble
salts drip inbc the chambar below.27/ FPesacock and Butt employ large
excesses of ore to accentuste the effect of temperature on gel formation.
e/, 29/ Hoxham avolds the use of dilute solutions by crystallizing,
from strong scid, complex alums with regyeling of the acid liquor.3Q/

The primary difficiltiies of all of the proeedures outlined above
res.ilt from mechanical complexity ard the lack of ssatisfaclory aaterials
of construotion. Hetal and metal salts obtained from silicates are in
general of low wvalue, and i1t is not fessible to usge hish cost tatch
operztiong in gag tight antosleves or similar resction vessels. ¥Faor
this reason none of these rrocedures have ever achieved industrial
utilization.

The ssocnd group adwocates the use of diluition to permit settling
or thickening of the extract slurries after cempletion of the decom~
position cyele. tHouston saployed this technigue in the second Tennessee
Valley Authority pllot plant at Wilson Dem. This procedure resquirss
largs thickeners and decantation tanks beecause of the low congsentration

of salts in the fipal leach liquor.3l/ In addition the evaporation

21/ Jourdan, F., Process for the Treatment of Silicates with Asids in
Order to (ctain Their Soluble Saliss U.S. Petent 1,376,564,
dete 9, 1934.

28/ Peaacock, S., Proeessing Producing Megnesium Compounds: U.Se
Patent 1,205,653, dove 21, 1916,

23/ Butt, Ce Ae, and Hallmen, A, D., Process for Vanufacturing Iron Free
izgnesium Sulfate from Certain ¥inerals: U.S, Patent 2,375,749, 1945.

30/ ¥oxham, A. J., Process for Tresting Siliceous Minsrals: V.5, Patent
1,748,9€9, Varch 4, 1330.
31 /Fouston, E. C., loc. cit.



requirements are grossly increased if 1t is necessary to recover the
metallic salts ag solids or ocncentrated liguors. It is possible that
such dilutien aids in flecculating eolloidal silicic acid.

The third group wnlch might be considered a sub—grour of the
second advocates the use of very dilute acid with the prevention of
temperature rise. Dilution as in the secnd croup »lays an imrortant
part but is not the primary consideration. BPBrandenbergz utilized 2N hydro-
chloric acid and recycled through & series of layers of ore in such a
fashion that the ratlo of solid to solution was approxisately 4 to 1.32/
The same worker states that sulfurcus acld is the preferable leaching
agent, and its use prevents the formation of excessive gelation.33/
Archibald and Hubler conducted extensive research on the acid dscom~
position of New Caledonia silicates by percolation leaching of coarse
ore with 4~15 percent hydroshloric acid.34/ Blanc advocated passing
extract slurry through a bed of previously leached residue to selso-
tively absorb colloidal silica.3%/ Jordis reports the greater the

dilution the finer and more floceculent are pregipitates of silicie
acid obtained from water zlass solutions.36/ As with the second

32/ Brandenberg, He Ro, Process for Recovering Magnesium Saltse:
UsSe Patent 2,384,009, September 4, 1245.

33/ Brandenberg, H. R., Kethod of Produeing @ ‘agnesium Sulfate:
UeSe Patent 2,384,010, June 8, 1943.

34/ Archibald, F. R., and Hubler, ¥. G., Private Comaunication:
Ogtober 29’ 1946

35/ Blang, A., ¥ethod for the Removal of Colloidal Silics from ¥ixed
Solutions Cbiained During the Treatument of Silicates with Acids:
UeSe Patent 1,851,033, Larch 27, 1932,

36/ Jordis, E., (8iliciec Acids or Colloidal Silica)s Zeit. Anorg.
Ghem., vole 44, 1905, ppe. 200-208.



group the primary obsitecles to industriasl expleltation are the
excessive costs of evaporation to produce sclid or concentrated
liquors and the accompenying increased capltel cost for equipment.

The fourth and last group is congerned with various neutraliza-
tion schemes to ismprove the filtration rate. Stevens et al, olaim
gramlar silicg can be produced from a gelatinous phase suspended in
a metal bearing solution by subjecting the slurry to a4 teuperature of
52 to 65° C. in the presence of an excess of basge such as magnesia in
order %o neutralize all free acid.37/ Deinbolt claimed similar
results by using magnesium earbonate in large excess as the neuira—
lizer %o precipitate iron, nickel, and chromium hydroxides in
oxidiged form &t sbout 70° C. He concludes the effect is due to the
precipitated hydroxides.38/ This technique was utilized %o some
extent by the author and the bshavior of silicic acid gels in
solutions of various pH's was thoroughly investigated.

Titration ourves show that silicic aeid is an acidosel, The
first addition of 2lkali quickiy neutralizes the hydrogen ion of the
colloidal acid and causes & coagulation of the silicic acid particles.
kFarther addition of alkall peptizes the aclid and produces a highly
hydrated form.39/ Others report that strong acid msy produce coagula=~

tion of collcidal silica but in zeneral weaker agids stabilize the

37/ Stevens, R. K., Horris, Ge. C., and Watson, ¥. N., Removal of
8ilieca from iWetal-Bearing Seolutions: U.S. Patent 1,843,006,
January 26, 1932

38 /Aktiegelskabet De norske Saltverker av Bergen, (Treatment of
Magnesium Sulfate): Norwegisn Patent 36,429, Jzn. 2, 1923.

239/ Treadwell, . D. and Konig, V., Colloidal Silicic Acids Helv.
Chime Act&., Vﬁlo‘ 16, 1@33, TPe 468—4780



solution.40/ Weiser and Ray report that neutral or slightly acid
mixtures coagulate most rapidly and with increasing concentration
of acid the rate falls off then increases rapidly once more, possibly
due to the dehydrating action éf the acid.4l/ 42/ Davis summarizes
as follows: ®On inereasing the concentration of acid one finds four
types of systems, stable alkaline negative silica sols, rapidly
setting sols, stable acid positive silica sols and gels in concentrated
acid systems."{3/ Somewhat in contrast to the data of Weiser and Ray,
Fleming reports that the velocity of gelation of silica gel is a
minimwe near the neutral point and becomes progressively greater in
regions of high acidity or alkalinity and that other influences do not
alter the characteristic shape of the curve.44/ Cole obserwed that
gramular silica may be obtained on precipitation from alkeli silicates
by the use of buffer salts such as NH,Cl or NH NO;- 45/

Although many of the referencesz clited apply to the general case
of stabilized sol vs. gel, it is spparent that coagulation of colloidal
silicic acid is dependent upon the pH of the environmment and neutral or
8lightly acid solutions at high temperature have a maximum coagulation

velocity.

40/ Krestinskajo, V. N., and Natanson, N. E., The Action of Hydrochlorie
Acid on Colloidal Silicic Acid: U«ReS.S., Acta Physiochim., vol.
7’ 1937, pp. 915-9%0

4l/ Weiser, He B., Inorganic Colloid Chemisiry: New York, John Wiley
and Sens, Inc., vol. II, 1935, pp. 193-228.

42/ Bay, R. C. and Genguly, P. B., The Optimum Conditions for the Formation
of Silica Gels from Alkali Silicate Solutions: Jour. Phys. Chem.,
vol. 34, 1930, pp. 352-358.

43/ Davis, H. L. and Hay, K. D., Study of Setting Tizes of Silica Gels
with various Acids: J. Am. Chem. Soc., wvol. €1, 1939, pp. 1020-1023.

44/ Fleming, W., {On the Coagulation of Colleidal Silicic Acid): Zeit,
Phys. Chem., vol. 41, 1902, pp. 427-457.

45/ Cole, E. K. and Fvans, N. L., Hanufacture of Precipitated Silicate:
Brit. Patent 561,750, June 2, 1944.



CHAPTER I1
STATEVENT AND ANALYSIS OF PROBIEY

A. Statement of the Problem.

The basic obstacle to the successful industrial utilization of
many acid resctive silicates has been emphasimed; in short it is the
inherent difficulty in separating gelatinous solids from resulting
leach solutions.

There are numerous methode utiiised by the industry for the
separation of solids and liquids although in general they usually
fall into three broad groups: filtration, eentrifugation and sedi-
mentation. Equipment from all three groups had been utilized by
previous workers with limited degrees of success and it appeared that
the problem was logically one of changing the character of the gelatinous
solids rather than devising new equipment and/or separation methods.

In generel when the filtration properties of a slurry are improved
one also finds Iimprovement in centrifugation or sedimentation. Although
frequently considered a simple eperation, in reality filtration is one
of the more difficult unit operations of chemical encineering., As any
material will vary in its filterability with changing conditions, snd
as pragtically all materials differ under the same ¢onditions, the
complexity of filtration ag a subject and the difficulty of applying

any workable principles or formula is spparent.46/

46/ Dickey, G. D. and Bryden, Ce L., Theory and Practice of Filtration:
New York, Reinhold Publishing Corperation, 1946, 9. 30.



B. Analysis of the Problen.

As pointed out by Genters
Presgure produceg filtrate flow simultaneously with

solid packing into the CBKGe« o« « o o ¢ + o & = ¢ = ¢ ¢ &

In reality the wvarious factors of these eguations in scne

way measure the physical properties of the solids inveolved.

If we undersisnd these propseriies, we can maintain sludge

and filter ceonditions which influence economic optimal

yields providing the filter itseli is properly ccustructed,

installed and operated. 47/

He then lists ten general faoctors to be considered in any filtra-
tion operation.

l. Effective filier area.

2« Filtration pressure,

3. S0lid - liquid ratie in slurry or sludge.

4e Rate of derosition of selide.

5. Resistance of filter cloth %0 liquid flow,

€. Time by which rate factors are measured.

7« Coefficient of viscoslity of filtrate of sludge.

8. Temperature.

9. Nature of solids (density, partiele size, compressibility).

10. Resistence of filter ceke to liguid flow.

It is obvious that an increase in filter area will increase the
overall rate of solid ~ liquid separation but this results in prohibitive
equipment coste. In fact the large filter area reguired per volume of
slurry handled prevented to & large degree previous exploitation of
numerous silicates. Preliminary tests indicated rates as low as 1-2

gals/sq.Ttehire are obtained which are not considered economical when

47/ Genter, A. L., Principles and Factors Influsneing Vacuum Filtratiem
of Sludges Sewage Vorks Journzl, vol, 13, noe £, 1941, pp. 1164~
1204e
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handling large tonnmages of liquid.

Rates of filtration are dependent on the magnitude of the applled
pressure slthough this dependence is noi always & direct relstione. ¥With
compressible sludges as are frequently encountered in tha decomposition
of silicates a polnt is reached beyond whigh increszses in pressure
actually result in & decrease in rate. Deyond thies critical point the
added driving force of ircressed pressure is more than offsel by the
increaged resistance to liquid flow of the compressible cakee48/ Obvi-
ously, filter pressure for compressible sludges must be maintained at a
value below the critisel reint and aeximum practical pressures have
negligible effect on the rate of filtration for the products of silicate
decomposition.

In making separation studles there are obviously two metlods of
exrreseing the rate of filtration: (a) in units of filtrate per unit
of tize or (b) in units of s0lld per unit of time. The solid in this
case ig principally silicic acid gel and to express adequately the rale
by method {b), the use of dry sclid weight ie necessary dus to the
variable hydration of the zel. Therefore, asm the product of priancipal
value iz ocontained in the liquor and am the solid is of variable
aomposition (s) is the preferatle method of rate expression. 1t should
be noted, however, that decreasing the sclid-liguid ratio will result in

an increase in the volumetric rate, possibly without any increise in the

48/ Badger, %, L. and VeCabe, ¥, I., Flements of Chemical Enginesrings
New York, Yeclraw-Hill Book Co., Inc., 1936, ppe. 470 - 502.



gravimetrie rste. Dilution of the descomposition alxture was eaployed
by other investigators with the previously degoribed diffioulties,
(Reference 24) and varistion of the solid=licuid ratio was net aon-
sidered further.

The rate of deposition of solids is especially imporiant in the
gersration of gelastinous =olids of colleoidal sige. In g:enerai the
filter fabris is rarely the trus filtering medium. The averaze partiele
of rrecinitete or erystal is usually much finer than the opening between
¢lcth fibers znd the real filtering mediuw ig the layer of sclid first
dernosited on the clothe If the initiel pressure iz high this first
layer is uwsually compacted into the pores of the cloth resuliing in a
low rate of filtrzticon taroughout the oycle. ¥hile low initisl
pressares may result in 8 cloudy discharge mi the bszinning of the
eycle, tne effect iz more than oifset by the xore rapid oversll filtraw
tion rate and sonsequently higher cavfcitye49/ Preecat filters heve a
soat of porous filter 2id anplied to the drum surfsce bafore initial
8511d derosition %o prevent sueh clovging and the seraper tlade renoves
on sach revolntion a smell laver of the filter 2id in addition to the
go1id deposited., The thickness of the cske and therefore ites resistance
to liguid penetration varies with the rate of depogition of solids.
Feither of these variasbleshave any a;preciable aiffect on the {iltration
charsecteristics of the relatinous slurries from silicaie decompositions.

Resiztance of filter cloth is usvally of samall significance as

indicsted in the preceding paragraph and utilization of this fagtor to

49/ Badger, ¥. L. and ¥eCabe, ¥s L., loce. cite
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acnieve increased rates of filtration offered no promise.

The sixth factor, time by which rate factors are measured, is of
only academic interest to this partieuler problem 28 long as 211 rates
are measured under similar conditions and compared ultimetely to ine
dustriaslly acceptable values.

The only practicsal methods for lowering tnhe visecosity of filiratea
encountered in this investigstion sre incressed temperaturss and
dilution of the decomposiiion slurry. The disagvaniages of the latter
were previcusly discussed. Viscosity usually varies szs an inverss
function of temperature and the maximum attaimable temperaiure is there-~
Iore desirable wxder atmospheric conditions; this value is limited
only by the boiling poini of the liquld whieh, wherever praectical, is
indicated. Higher temperatures are reached only in sutoclaves which
usually represent high cost batch operations with erpensive eguipment
of special designe

The first eight facicrs theoretically cepable of affecting filtra~
tion rates were elininabted without further conslderation leaving only
the nature of the sclids and the resistance of the filter czke to liquid
flow for evaluation. These twc variables mey well be jolintly considered
as they are obviously interdependent.

Thus, the prcblem, =3 previcusly suggested, narrows to & conside s~
ticn of those factors affecting the physicsl structure sf the gelatinous
sclids and the basic considerations may be outlined as follows:

First, in any investigmiion of & chemical reaction in a liquid
system there are, in general, three wariables to consider: tire,
temperature and conocentration. By fixiag sny pair of variables desired

data vsually can be obitained as a funetion of the third. A thorough
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analysis of silicate decomposition with regard to these three variables
was necessary to detemmine their effect on the nature of the solids
subsequently obtained.

Second, consideration must be given to artificial methods, for
example, filter aids. Hon~compresesible porous solids such as diaspore,
when added to diffienlty filtering slurries, frequently effect marked
improvement in rates. The porsibllity of similar results with the
system under considerstion may not be overlocked.

Third, it was noted during evaluation of previcus investizations
that improvement in rete was achieved by neutralization of the resction
mixture and such conclusions must be thoroughly evalusted.

Fourth, as physical state may vary from discrele crystals to highly
hydrcus gele by manipulation of external conditions, l.e. barium sulfate,
s study of all faclors affecting the gelation of siliecie acid is in-
dicated. Ideally therse ig desired a method of increasing the density
of the fibrillar structure of the sllicic acid to a point where its
capacity for water absorption is minimized.

There are considerations in regard to gelstion other than those of
time, temperature and concentration cutlined sbowve altheough in the last
anklysis each may be considered an extension of one of these fundamental
variables. For example, a routine experiment in chemical microscopy is
the erystalliization of salts with and without the addition of small
quantities of starch or agare. In the first case there is obtained on
cooling large well formed crystals while in the second bheir resulis a
mush of finely divided solide It is well known that nucleation and
orystal growth are competing progcessgesy at low supersaturation both

are extremely low bul the latter predominates., It is &lso kuown that
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the former predominates with inereaszing suversaturation and with restriected
movement of the rrecipitated or crystallized phese. ¥hile this phenomens
is not baged on zelation phenomena it is reported by Sszper that coagu-~
lation and crystallization are analogous processes and the denaturation
of albumin attaineg a maximum veloclity at a certain mirimum concentration
of acide The resction ls believed to be of the third order involving
antosatalysis.50/

The author was psrticularly impressed in making the literature
review ol gelation theory by the similarity bLetween this phenomena and
that of polymerisation in organic chemistiry. Consider for exsmple, the
polyecondensation of adipic acld and heramethylene diamine. One pair of

molecules reasths

HOC(CH, ) (CO0H 4 HN(CH, )N, > HOOG(CH,),,CO-NH(CH, ) (NH, + H 0

The molecule produced has & carboxyl group at one end and an amino
group at the other; the former can react with another hexamethylense
diamine molecule and the latter with another adipic acid molecule. Two
of these chains can also react together to condense cut a molecule of
water. The stepwise condensation continues untll the reagenis are
consumed resuliing in the familiar nylen. High molecular welghts can
be reaghed and no unique molegular weight can be assigned.

Tne discovery of the siliocnes represents another class of pely-
condensation products, linking silicon and carbon polymerization
chenistry. Trimethyl chlorcsilane on hydrolysis ylelds hexamethjyl

disiloxan® as the corresponding silicol is incapable of existence.

30/ Szper, J. and Uzdanska S., Velocity of Coazulation of Colloldss
Roceinkl Cheme., vole 14, 1934, ppe 579~589.
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2(6H3}3 sicl—aé('ﬁﬁj)asioilé(fmj)?’ 51051(553)3 + H,0-

When dimethiyl dichlorosilane 1s hydrolyzed; & long chain molecule is
tuilt up by & repstition of the above type reaction, in which the
repeating unit is the Ebﬁi(CHs)éa EY0Upe.

Thus the necessary condition which reazents must satisfy in order
to give a polycondensstion product is that they contain two groups per
molecule which ¢an react o reject a smeller molecule, thus linking the
parent compounds by covalent bonds while still retaining active end
aroups. Further, linear polymersz, as far as their physical bulk
properties sre concerned, de not it completely into any one of the
tiree conventional catepgories of solld, liquid or gas, slthougzh they
nosgess certain similarities to all three.5)/

Contrasting the foregoing theory currently postulated for arganie
polymerization with the previously described theories of gelation, one
cannot fail but conclude that there exist gertain links beiween the
two theorieg. The author is certain that in this amslogy lies a fert le
field for fundamental research of resl signifiocance. This soncept was
used only %o & limited extent in solving the present problem although
the technique of seeding the reaction mixture is based primsrily on

sinilar operations in orgaic chemistry.

GCe Selection of a Particular Silicate.

Before undertaling experimental studies 1t was necessary 4o

seleot 2 particular silisate for initial works. The minerszl sllicate

51/ Fuose, R. H., The Physical Chemistry of Folymers: icer.
Sejentist, vol. 36, lo. 1, 1948, ppe 75-101.
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olivine had definite potentiality from both s national and economic
peint of view, and its possible value was discussed at some length
in the inmtroduction. Specifieally it possessed some or all of the
follrwing advantages over alternate choloess
I. Eoconomio
Ae Potential scurce of magnesium, chromium and niekel,
Be Very abundant.
Ce Easily mined.
De HNumeroug investigators had evaluated its use with
limited success.
E. Closely related structurselly and chemically with other
potentially walusble minerals.
Ils Chemical
A. Readily sattacked by mineral acids.
Be Forms excessive quantities of silicic acid gel on
deconmposition.
Ce Almost unfilterable slurries result under normal
decomposition.
De Mineralogically it is a member of the orthosilicates,
& very large group exhibiting without exception,
gelation on decomposition.
Olivine is typical of the orthosilicates described by Bermsr and
¥urate with the general formulas (xﬁg.y?e)z 810,, X and y are mole

4
fractions of Kgp8i0, ard EnQSiQé, respectively, so thet x $ ¥y = 1. As

the principal ve@lue of this mineral is for the manufacture of magnesium
chloride which in turn is used in Dow magnesium cells or to produce

magnesia, hydrochloric acid wos selected as the loglcal mineral acid
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for initial work. Olivine reacte with hydrochloric acid according to
the eqguation

(xﬁg.yﬁa)z Siﬁ& + 4 HC1-» 2xg €1, ¢ 2yFeCl, + H,0+510, & H,0.

The possibilities of olivine as a raw material have besn considered
by rumerous investigators both in this country and sbroad, although
processing difficulties have prevented appreciable commerclisl exploi-
tations 52 -« 72/ A small plant for producing magnesium sulfete was
_operated for some tims at %“sbster, HNorth Carolina and is belleved io
be the only domestio installation.

Difficulty is freguently encountered in the commereial exploitation
of techniques and proocessing metheds derived from small scele laboratory
tests. It was essential therefores that any hypothesis developed in the
laboratory on the engineering aspects of the study be demonstrsted in a
procsess pileot plant where conventional materials of construction and
industrial eguipment could be utilized.

An evaluation and extension of any generalised hypothesis nisht
then be made by actually decomposing & series of alternste gilicates.
Finally, the hypothesis if definitely proven counld be rostulated ss a

theory.

52/ Pawel, 3. %o, Olivines Potential Source of Magnesia: nin. and ¥#et.,
VOlQ 23, 19&2, ?9: 331"‘3.

53/ Hunter, B. Y¥., The Electrochemistry of the Dow iagnesium Frocess:
Trans. Electrocheme. Soc., wvol. 86, 1944, pp. 21-32.

54/ Brandenburg, H. R., Recovering basgnesium: U.S. Patent 2,210,892,
Adugnst 13, 1240.

55/ Brandenburg, He R., Serpentine ss a Source of kagnesia: ¥in. Jour.
(griﬁs)’ Wla 24,, %t’ 15’ 19@, Piia 2‘30

56/ Truman Co.::ittee, Report 10, part 17, 78th Congs., 2d Sess.,
Harch 13, 1344, pps 51-53.



57/ TerpugoVae, £+ Ve, Tiktina, A. H., Obtaining Haygvesis Alba and
#agnesia Uste from Serpentines U.S.5.B., Joure Chem. Ind.,
vole 15, Koe 9, 1938, Fle 9"11-

58/ Koehler, W., Recovery of Nickel from Oxide and Silicate Orses:
Electrocheme. and iet. Inde, vole &, 1908, pps. 145-147.

59/ Brown, C. e, ¥ethod of Obtaining ¥etallie Compounds frem Silicates:
UeSe Fatent 1,492,016, April 2‘;’ 192&-.

€0/ Jackson, louis L., Frocees of kxtracting Metals from Silicates:
UsSe Patent 1,305,969, June 3, 1919

61/ Feacock, E., Process of Decomposing Natural Silicatess; UsS, Patent
1,310,770, July 22, 1919.

62/ Peacodk, S, Process of Extracting Vagnesium Compounds from
agnesium Bearins Rocks: U,S5. Patent 1,250,216, Pec. 18, 1317.

€3/ Pencock, S., Process of Yaking ¥agnesivm Compounds from Silieate
¥ >
¥inerals: U.S. Patent 1,231,423, June 2¢, 1317.

64/ Aktieselskabet De norske Saltverker av Bergan, (Treatment of
Silicates containing Maznesium)s Norwegian Patent 37,109,
April 9, 1923.

65/ Wellor, Je %e, A Comprehensive Ireatise on Incrgenic and Theoretical
Chemistrys Iongmens Ureen % (o., New York, vol. &, 1735,
ppe 385 and 388.

66/ Ogenesyau, ¥. A., (Treatuent of Serpentine)s Russian Patent 52,891,
March 31, 1934.

&7/ Kagnesium Elektron Itd., ¥agneeium: British Patent 508,647,
July 4, 1939.

68/ Gire, G. and Fouquet, R., {(Extracting agnesium): French Patent
733,294, ksy 21, 1931. British Patent 382,897, Nove 3, 1732.

63/ Selik, V. Fs, (Chlorinstion of Serpentines): U.5.8.,R., Jour.
R;apl. Ch@mo, vole 12, 19‘39’ PLoe 1610~19.

70/ HacIntire, %¥. He, Prodocing Anhydrous Yagnesium Sulfates
UsS, Patent 2,298,493, October 13, 1942.

71/ G111, A. F., Thermal Decompesition of Certain Minerals and Salts:
Canadicn Jour. Reseerch, vol. 10, 1334, »pe. 703~712,

72/ Iloyd, B, R., Stoddard, C. XK., ¥attingly, K. L., Isidigh, E. 7.,
and Knickerbeoker, R. U,, Pilct Plant Production of Electro=-
lytic ¥agnesium from ¥agnesia: Am. Inst. Mine and ket. Zng.,
Tech. Pub. 1848, betals Technol., 1945, 25 pp.



CHAPTER IIX
EXPERIVENTAL RESULTS

In order to fully evaluate the potentiality of elivine as & source
of magnesium and valuable by-products it was necessary to determine the
optimum conditions of operation on a laboratory scale and subsequently
translate the findings tc & process pilot plante The resulis of these
tests then provided the basis of e hypothesis for the achievement of
improved filtration characteristics of slurries resuliing from the acid
decomposition of olivine znd alternate silicates. The lins of testing
outlined in Chapter I] was followed throughoutl.

Le Haw Laterials and Apparatus

in Table 1 are listed sll of the silicates tested itogether with
their source, general formuls and mineralcogical groupe Table 2 gives
their chemical analyses and Table 3 their screen ansilyses.

TARLE 1, = General [ta on S4ilicstes Tested

Common Name Sourcs Glassification
Olivine Spruce Pine, N.C. (¥g,Fe) 510 4 Orthosilicate
Serpentine Butte, lfontana Hg351,05°2H,0 Disilicate
Beryl Beryl ¥t., H. Heo 393£12515Q18 detasilicate
Kaolin - . Ala. Al 5L 4{:}19( OH) g Disilicate
Garnierite Riddle, Oregon Hz( Ni,g)si0 4 R0 Orthosilicate
Chlorite Sheridan, Wyoe ﬂgSAlzﬁiBQlo(dK)e Disilicate
Chryostile - , Va. (ug,Fe g1, 077 (OH)g elig0 Hetasilicate
Sedallte Banoroft, nie ﬁigﬁléﬁiéﬁzéaﬁlg Siliea type
Tale -, Ge Hg 381,01 (OH) 5 Disilicate
Wollastonite Esgex, N. Y. caSiDB Fetagilic ate

i ¥ 2 3 Trec. H .0 24 s T ¢
Heulandite Crawfordsvilie,reg. ngaAlguléolg.Bﬁzu Silieca type



TABIE 2. - Chemical Analyses of Silicates Tested

Comzon Mame LgQ 8i0; ¥Fel Qiﬂ Bﬁ& Al504 Ha,0 C1 Ignition
Olivine LTed  42.5 ?.5 9.35 - - - - 23
Serpentine 4240 46,3 544 025 - - - - - ©eG
Ewryl - 09.2 - - 12.8 18.0 - - - le2
Kaolin - 4906 - - - %.0 - - had 1301
Garnierite 23.0 39.5 &.3 3.8 - 8.0 - - - 19.5
Chlorite 32.6 30,1 5.2 ~ -  17.3 - - - 13.6
Gmy@)ﬁﬁl@ 402 42.3 3.0 - - 1.0 - - el
Sodalite - 38,1 2~ - - 31.5 - 25.2 ?.2 -
Tale 31e5 6145 17 - - 1.0 - Le8
¥Wollastonite 1.0 49,2 =~ = - - 2567 - - PN
Heulandite - £8.1 - - - 1G5 Tal = - 14&.0

TABIE 3, = Screen Anglyses of Silicates Tested

c n e  (-R0448) (—48465) .(.-_és% 100}  (~1004200) (=2004=325} (=325)
X * b . & b2

(M ivine 2.3 25.2 122 220 Z3a1 9
Serpentine 1.8 12.4 267 23.0 27.1 9.0
g&l"y}. 1.0 13 8 15 5 3561 302 {}Q&
Kaolin 248 2040 2100 2&04 2‘3-5 2505
Garnierite 3-5 18.0 30. 25;9 2005 fel
Chlorite A/

Chryostile A

Sodalite

Tale A/

Wollastonite af

Heulandite &/

A/ Ground to approximately 100 mesh {average).

Chemically pure hydrochlorie, nitric =2nd sulfurie acide for small-
scale tests were obtained from the J. T. Baker Chemical Company.

The digestion of wariocusg silicates in acid was carried out in a
one liter, three necked flask fitted with mercury seal and stirrer,
reflux condenser and thermometer. See Figure 1. Subseguent neutrali-
gation was carried out in &8 duplicate of the digestion vessel provided

with an sir bubbler for oxidatione



. Motor - I/12 HP

2. Variable-Speed Drive
3. Mercury Seal
4.Stirrer

5. One-liter flask
6. Reflux Condensor

7. Thermometer
8. Tirrel Burner

FIG. |.-DIGESTION APPARATUS.



Solid=liquid separation was effected with a Geineh Buchner funnel
under approximately 26 inches of vaeuum, a small S-inch basket
centrifuge operated at 600-200 times gravity, z:ud a conwventional

Oliver test leaf filter.

B. Ewzaluation of the Basic Varisbles.

As pointed out, in sny investigation of & chemical reaction there
are, in general, three variables tc considers t(ime, temperature, and
concentrations By fixing any pair of variables desired dsta can bs usu-
ally obtained as 3 function of the third.

The initial investigation coneisted of fixing tiwe and tempersture
gl varying congentration. ihe desired data 1nclwied magnesia recovear y,
residual acidity, hydrogen chloride loss, and filtration rate. To
expedite the work ii was arbitrarily stipulated that olivine particle
size would Ww fixed until ths major wvariables had been exzlored. A1l
axperiments were conducted at & constant agitation rate shown by test
to e abowe any rossible critical valus.

To facilitate the study, use was made of the triangular diagram
shown in Figure 2 of the systems: olivine - hydrogen chloride — water.
#ith this 28 a research tool, it was 8 relatively simnle matter to ruvle
out a considerable amount of rpessible experimental work en either
theoretical or empirical grounds. For Iinstance, as it was not contem-
plated that the reasction would be carried cut under pressure, the area
ACD gould he elimimated immediately. Compositions in this srea
corregpond bto sreater hydrogen chlorideswater raitios than are found for

hydrochlorie acid solutions stable under ordinary conditions.73/

73/ Hunter, F. L., Absorption of Hydrogen Chloride: Transe. Ame inste
Cheme Enge, vole 37, 1941, ppe 741-762.
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Practicel considerations dictsied the elimination of aresa ¥WED, as all
compositions in this triangle represent a stolichiometric excess of
hydrochloric acide. Were the digesticn to be carried cub in thig manner,
an excessive asount of neutralizer would be needed to eliminate
raetallic impurities and swcess acid,

Area ABF remginsd for eonsideration. 1;111 gompogitions along line
B¢ correspond %o hydrogen chloride—oliivine ratios ecuivalent to one
hmundred pergent decomposition of the ore. A series of expericents was
conducted to determine the effect of aquecus acid concentraition at
acid-olivine ratios cerrvesnvonding to points on tuis lines One hurdred-
gram. portions of olivine were added to the theoretically recuired
cuantity of hydrochloric aecid to react with the macnesia and iron
present. The mixture was heated to and smeintalned at boiling in the
previcusly described reaction wvessel for varying periods of time
after which the slurry was filtered hot on a &é—inch Bushner funnel and
. the repidue then washed with 500 ml. of water. The dats are summarised
in Table 4.

TABIE Lo =~ Effect of Time and Agueocus Acid Coneeniretion

HC1, Tive, Mgl Excess HC1 loss, Filtration
weight mirates  recovery, Aeidity, percent rate
percent ~pergent pergent :

£l 30 8.0 9e6 143 1047
20 30 80.6 cxal 3.3 3.9
10 30 553 2846 27 e -

30 60 7946 13.3 2343 4a'l
20 60 80.0 A13.3 23.3 3.3
25 &0 Ble7 ZO.Q G0 -

25 60 86.1 1846 ST <3
20 &0 83,8 21l.1 Ee2 e
20 60 86e5 20.1 YA 15
15 60 83.2 22.2 4o -



TABIE L. = Effect of Time and Aqueous Acid Concentration (Contd.)

HC1, Tinme, ¥gO Excess HC1 1lcss, Filtration
weight mimutes recevery, Acidity, vercent rate
pergent percent pergent

15 60 8440 21.9 3.9 1.0
30 15 7645 14.7 263 4eb
25 15 7544 20.8 14.1 -
20 15 T84 2441 €40 2e5
15 15 el 27 o& 3.0 0.6

The variocus table headin:s encountered in this and following
tables have besen standsrdized to facilitate comparisonge HCL, weight
peroent, refers to the aqueous acid concentration on a gravinetric
basis. sagnesia recovery refere to thal percent of the magnesis in
the olivine obtained as magnesium shloride in the leach solution and
washings. Excess acgidity provides an indiocation of the extent of
reaction as all of the hydrogen chloride which does not combine direetly
with the magnesia of the olivine must be subsequently elininated by
metathesise. In addition, ferrous and ferric chlorides are hydrolyzed
by regulation of pH and the hydrogen chloride released as well as free
hydrochloric acid must be neutralized to precipitate the iron hydroxides.
Excess acidity refers to the residual guantity of hydrogen chloride not
directly ip cosbination with magnesium and by definition is as follows:

Excesp Acidity = HC1l # FeClg 4 Fell, {In HC1 Equival@ﬂtﬁ}

HC1 + FeCl, 4 FeCl; 4 JgCl, (In HC1 Equi-
valents)

X 100

A deseription of this and other analytical methods will be found in
Apprendix A,

A large hydrogen chloride loss oocurred at ihe higher acid ocon-
centraticns. This was expected as hydrochleric acid sclutions stronger

than 20 percgent by weight volatilize more hydrogen chloride than can be
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absorbed in the evaporated water. In addiiion, the high salt con-
centration of the lsacgh solution increagses the hydrogen chloride
concentration in the gasecus phase.

Fifteen percent agueocus acid gave a product which filtered with
difficulty and ten percent gave an impermeable mass due to the large
quaantities of hydrated silicic acid gel formed.

It was evident that & reacticon tire of trirty minutes was
optimum for the ithree intervals tested. Fifteen minutes wag definitely
too short; sixty minutes rroduced 1little veristion frowm the thirty-
minute reaction time except at low z0id concentrations., The field of
invegtization wag further limited by the ellminstion of area ABE
corresponding te acid concentrations veleow fifteen percent for digestlions
at boilling temperatures. This was poassible due to the prohibitively low
filtration rates.‘

In an effort to reduce the excess acidiiy and to cover the field
of investigation further, digestions were run at attempted degom—
positions of 90, €0, and 70 percent of theoretlical by varying the
quantity of acid used. The acid concentration was varied from 30 to
15 percent with a resotion time of thirty minutes. These three series
corresnonded to lines BX, BY, BZ on the triangular coordinste diagram.
The data are given in Thble 5.

After these two series of initial tests were run several
conclusions were drawng

l. For boiling resction temperatures thirty minutes avppears to
be the optimum resction time.

2. Agueous acid eoncentrations velow fifteen percent give slurries

which are difficult to filter.,



3 Attempted decomposition below 80 percent does not arpear
warranted becauze the excess acidity is not substantially vreduced at
lower attempted decomposition.

4e The range cof opltimum digestion with respect to yileld of
magnesium chloride lies tetween €0 to 90 percent decomposition.

5« Increaged final acidity indicating the necessity of increased
digestion time is obtained st acid concentrations below 20 rercent.

6e Iarge hydrogen chloride losses sccour at agueous acid concen—
trationg sbove 25 percent,

Based on these conclusions, the fleld of investigation was limitel
to aquecus acid concentrations of 20 to 25 percent and attemphied
decompositions approximating 80 to 90 percent.

TABLE 5. = Effect of Aqueous Acid Concentration
90 percent gtoichoiometric HCL

HC1, BgDd Excecss HC1 loss, Filtration
welght recovery, Acidity, percent rate
pereent percgent

30 TheB 9.7 209 1.4
25 8843 1le4 Ge2 13
20 86.8 17«9 0.0 1.6
15 83.8 19.3 0.0 1.4
20 percent stolch: )
3{} 7361 11.2 2406 1.3
25 82.64/ 11,0 Ee7 1.1
20 83.74/ 11.0 1.3 0.9
15 ?806 léﬁté 205 1.0
O pergent 8 hiometrie MO
30 €22 10.5 20.6 1.3
25 EB.6 1.8 beb 07
20 70.24/ 11.7 4O 0.8
15 73.28/ 12.0 1.0 0.7

A/ These figures exceed the thneoretical decomposition value. This
was attributable to two factors. First, additiocial hydrochloric
acid above the stoichiometrie magnesgium oxide-hydrogen chiorids
ratio was added to react with the iron present. 3Second, there
was an sxperimental deviation of one to two percent in the
meagurement of the hydrochleric acid used and an additicnal
deviation of one to two percent in the final analyses.



A serles of experiments was tren conducted at attempted decom—
positions of olivine from €3 toc 93 percent of theoretical by varying
the quantity of scid used. Data are summarized in Table &.

TABLE 6, - Effect of Varying Attempted Decomposition

Attempled HC1, ¥go Exoens HC1 Filtration
decomposition, weight recovery, Acidity, loss, rate
~pergent = percent  _pergent  pergent percent

83 20 8l.C 13.1 1.7 1.6
85 20 8l.1 16.3 et 24
87 20 826 175 2e1 2e5
89 20 E2.8 18.5 1.5 <48
g2 20 83.1 i8.5 2.6 2e5
93 20 85.2 2led Oe7 Redy
83 25 The9 13.0 12.6 2el
85 25 Tiek 12.0 97 2.2
87 25 80.5 13.3 8.9 1.5
89 25 £1.0 1359 8.8 1.9
91 25 82,8 ek 97 26
93 28 2l.2 18.2 9e3 2.5

A significant loss of hydrogen chloride cccurred when 25 percent
agueous acid wag utilized. The lowest residusl acidities occurred at
attempted decompositions of 83-87 percent although the maimesia recovery
was fairly independent of tne acid-olivine ratio, wvarying between 81-85
percent with 20 percent hydrochloric acid.

Tentative conditions of operation were now establisned and additional
studies were made to substantiate them.

An experiment wais run to deteraine the variation in excess amcidity
as a function of tine using boiling twenty percent hydrochloric acid at
an 85 percent attempted decomposition. OSamples of the digestion slurry
were periodically analyzed and the results are tabulated in Table 7.

ixtending the time of reaction results in slightly decrcased finsl
acidities; however, this impairs the rate of subsequent filtratiene.

The field of reactant conecentration at boiling temreratures was
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thus surveyed from a preliminary standpoint and definite conditions
were established for subsequent tesis. The hydrogen chloride loss
from 25 percent aqueous acid eliminated this concentration from future

consideration.

TABIE 7. = Rate of Change of Excess Acidity With Time

Time, hours Excess Acidity, percent
0,00 55«0
08 43.0
17 27C
«25 15.8
33 14.8
b2 13.6
050 12. 4.
75 11.9
1.75 10.0
275 9.7

The preceding tests were all conducted at boiling temperatures as
it was felt that a faster rate of reaction would be obtained at this
rather than lower temperatures. This was substantiated by the following
data in Table & at a thirty-minute reaction period and an attempted

decomposition of 85 percent of theoretical.

TABIE 8. = Effegt of Teamperature

Twpmtm RC1l, wmeight MgO reoow::y, Excess Acidity, HC1 1-ss, Filtration
of reaction, °C percent percent percent perocent rate
114 30 84.0 946 143 10.7
112 25 80,2 18.2 6.0 6.7
106 20 80.6 22,0 3.3 3.9
106 15 7546 26.4 2.6 0.8
100 }0 78.3 }-2o9 8.4 -
100 25 76.1 20.3 Lol -
100 20 758 26e4 1.6 P |
100 15 T0e5 32.8 0.8 23
70 30 50.8 4BeY 3.2 18.6
70 25 YA YA 5241 248 1i.2
70 20 4le2 5047 20 a2
70 15 39.1 62.1 1.7 9.3



Conditions were then fixed at an acid-olivine ratio corresponding
to 85 percent attempted decomposition with 20 percent agueous acid and
a reaction time of thirty minutes at boiling temperature.

The rescgiion with olivine was believed to be primarily a surface
phenomsenon and should, therefore, be influenced by particle size. Three
grinds of materisl were prepared which were designated A; B, and C,

The screen analyses are given in Taeble 9, The preceding rreliminary

tests were made with materilal corresponding to "C" composition.

TABILE 9. = Screen Analyses of Olivine

Particle size, (mesh A B g
+20 Qe O 0.0 0«0
-20 § 48 33.8 13.8 2.3
-48 + 65 29.6 3C.1 25.5
-65 4 100 13.7 17.1 12.2
~100% 200 649 Ged 22.0
-2004 325 Gel l4.1 9.1
=325 €@ 3e5 8e9

A series of experiments was condugted at the establizhed optimum

to determine the effect of particle size; data are sumsarised in Table

10+
TABIE 10, - Effect of Particle Size
HgO recovery, Excess Acidity, Filtration
Perticle size percent perecent rate
A 7541 19.3 3.8
A T7e4 19.3 40
B 8l.0 19.7 5.9
B B2.0 19.2 77
c 85.0 13.8 243
c 8345 lbed 2.0
-100 + 200 (mesh) 8i¢é 11.3 2e5
~20G 4 225 (mesh) 8043 9e5 L1
~325 (mesh) {A) Qa2 Ouds

(A} - Cake could not be washed due to gelatinous sitructurse.

The smaller the particle size the greater was tiie extent and speed
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of the reaction, however, the smaller particle sizes resulted in slow
filtration rates. For example, with the sosrger grinds, A and B, the
£inagl slurries had bettar filtering eharacteristics but also excessive
residual acid. The finer grinds, «100 4 200, =200 & 325, =325, had
low rssidual acgidities but only 2t the expense of the filtrstion rates.

The rossibility that by increasing the reaction time of the
coarser olivine a comparable degree of rsaction mizht be cbiained was
gongidered and tested.s The final acidity was lowered by increased
time of reaction, althousgh a marked decrease of filtration rate occurred
which defeated the purpose of utilizing coarser material.

There is present in the olivine used in this work approxinsately 47
percent magvesia and 7.5 percent ferrous oxide corresponding o a
FeO/¥z0 ratio of 0.16. The same ratio was determined experimentally
in B85 filtrates obtained from the digestion atep. Under widely varying
corditions an average value of C.l55 was obtajined. It is &pparent that
iron is extracted in the same relative proportion &s magnesium which
ecould be predieted on the basgis of structure.

Digestion slurries obtained under the sstablished conditions of
operation previously described were weshed with water to determine the
guantity of wash necessary tec completely remove the retained mother
liguor. The firsi series of experiments wasz made under wvacuum on a
Buchner fumnel, with the wash waler divided inlo 350 al. increments;

500 to 750 ml, were used. The filirate and wash increments were collected
gnd analyzed for chloride ions. The apparent wash liquor retenticon was
then caloulated by drying the ceke for twentyefour hours at 110°C.

Parcent chleoride ion remainiﬁg in the dry cake waes determined by

analysis. A segond series of tests was made on assall baskey agenirifuge
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using similar operating technigue and both zroups of data collesded
are given in Tables 11 and 12.

TABIF 11, = Washling Data on Buchner Funnel

Yempersture, Total Tach¥mier w (1, dry Wash liquor
“c. Hash renove 99.9 washed caike, Fllitweation retention,

; vercent of © cercent rate  nparcent
slurry wash ml. i ¥ N il 2L g

100 25 500 FeE D403 243 -

100 25 500 G « 04 1.5 -

100 100 750 Fel 204 3.1 TEed

100 100 750 G0 «08 2058 T7a8

25 25 800G Gal 205 0.8 -

TABLE 1l2. - Washing bata on Centrifuge

Temperature, Total %wmsh %aterto CL, 4dry Yagh liguor
%, Wash yemowe 99, waghed cake, Filtration retention,
glurry wash mi, Ement of :C wpergent rate rersent
100 25 500 Be2 0004 2,8 5746
100 25 500 Teb 04 2.8 610
100 100 750 T8 202 be5 -
100 100 750 Bel Q7 4e9 -
25 25 500 5.0 «05 4o 8 -

Analysis showed it is possible to remove 99,9 percent of the residusl
chloride ion in the c2ke by eight milliliters of wash waler per gram of
dyy cake on the centrifuze and the same percentage removal can be
sffected on a Buchner furnel using nine milliliters cof water per gram
of dry cake. An approxicate rate of two zallons per sguare foot per
hour was obtained with the Buchner funnel and four gallons per sgquare
foot per hour on the gentrifuge. These rates are not sirietly
comparable as the centrifuge has an operating area of 25.5 square
inches wiile the Buchner funnel has only 1€ square inches and the
cake thickness, therefore, varles. 4 lower wash liquor retention was
cbtained on the cenirifuge, the centrifuge giving 55-60 percent and

the furmel 70-78 percent retentions (he cake cracked in the centrifuge
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but little or no channeling resulted as the ¢racking localized at the
surface of the cake.

Filtretion rates were determined for both the residusl moiher liquor
and the wagi: water; after initial establishmeni of the cake no difference
in rate was cbsexrved,

Ei&ple‘thnrmal meagurements were pade to provide an index of the
heat regquirements of the reaction by adding olivine asorresponding to
grind "C" to agusous 20 percent hydrochleric acid at werious temperatures
in & calorimeter. The scide~olivine ratio corresponded to 25 percent
ettempted decomposition. Time~tempersiure measurements were taken and
the data plotted in Figure 3. It can be sesn that the reaction is
highly exothermic and sufficient hest is liberated to maintain the
slurry at beiling throughout the digegtion period, With initial acid
temperatures of 75°C and sbove, the resction reached boiling tempsra—-
tore in 8 very few mimites. The experimental heat of reaction Caﬁags)
was found to be «42,300 calories. 1t was necessary to bese this value
on a series of determinations st 100°C and subsequently eorreet to the
lower temperature by ‘he usual thermechemical equation equating heats
of reaction and ACp. Several assumptions were necessarily msde in
caloulating aCp and this reprresents an spproximstion.

It is interesting to contrast this value with ths caleculated heat
of reagtion obtained from rernorted thermochemical data. The basic

reaction may be expressed as

(xigeyFe), 510, 4 4HC1(mq) = 2x¥gCly(aq) + 2yFeCl,(aq) $ H0(1) +

H,310,4(ppt),
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in which x and y are mole fractions of kg.5i0, and Fe S:LGM

respact;vely, in olivine, o that x 4 y = 1, This reaction

may be considered thermoonemically as the sum of the follow--
ing eix reactions;

(1) (Xﬁg»y?e)QSiQA - xig,810, + yFe 510, H ﬁzqé= 0

(2) xig,510, = 2040 $ x340, 3 Bygg® 15,120x
(3) yFeySi0, w 2yFen & yS10, 3 Hyge 11,300y
(&) 2wiig0 & &MC1 (s0) = 2x¥gClylaq) ¥ &M,N(1Y; Hygpe-T2,R00x
(5) 2yTed ¢ 4yiCliag) = W?eclg(aq) } 2rHL0(1);  Hogg= =54, 200y
(6) 5105 4 Hy0(1) = H,5104(ppt) 3 Hpggm 2,900

Therefore, for the desired reaction,

298 = 2,*'}(}('} - 57,700x - 42,900y

The heat of reaction (i) involves no assumption. Sahana aud
Toryeson found it to be zero within their limits of error of measure-
ment e 74/

The heat of reasstion {2) was measured by Torgeson aad Eua.h&.,m.w

The heat of reaction (3) was measursd by Troitszschl.7L/

The heat of reaction (4) was measured by Shomate and Huffman as

3298 =>35,800 ocal. per mole of x3z0, under conditions in which & small

amount of MgO was dissclved in a relatively large amount of 1.000

N « HCls77/ Their value was corrected to mateh approxiwetely the

74/ Sahams, Te (s and Torpeson, Ds R., Unpublished Report, Burssu of Hines.

75/ Torgesom, De R., and BSahama, Te G, & Hydrofluoric Acid Zolution
Colorimeter and the Determinetion of the Heats or Formgiion of
:&iggsit’) s MgS5104, and CﬂSiOB: Pending Publication, Jour. Am.
Cheme oGCe

7&/ Troitesoh, H., (Theeis on the Thermochanistry of Silicates):
Disserbaticn, (Braunscheweig), 1935.

7Y f’hcmam, Ce He, and Huffuen, e He., Heste of Formatlon of MgzO,
¥gll Eﬁg(} oH c:;_, #g0l.*2H,.0, ¥<Cl,4H,.0 and MGJ. “LH V; Jours
Am, am. S 00, vols 63 13&% 2162§



conditions by use of heat of dilution data for HC1 78/ and heat of
dilution data for ﬁgelz(aq}¢22/ This corrsction brings the heat value
ta.Aﬁggg =36, 400 oal, per mole of HgOe

The heats of reaction {5) and (&) were compiled from data given
by Bishowsky and Rossini.83/ It is not posasible, Lecause of incompleie
data to correct the heat c¢i reaction (5) to match sotual conditions.

Substituting the mole fraction waluss for Ly and Fe in the equali on

Aﬁzgg = 2,900 = 57,7700 x - 42,900 ¥y

A value of - 53,400 oalories ver g. mole is obtained,.
This represents a deviation of 4,100 calories from the experiuentally
determined wvalue of «=49,300. Considering the assumpiions made in the
foregoing development, especlally with rogard to the silica hydration,
the experizental error of * 3 percent in the &otual measurement, and
the assumption made in calculation of aCp, tris variation is not exgessive;
representing a deviation of less than 9 percent. In faci, it is probable
that the assumpbions wade in cale&latiag.aﬁzgg ard alp wers of a com—
pensating nature.

fumercug other tests were performed on the digestlon rezction but
their importance to this analysis is negligible. The experimentsl

resulbts on the besic variables of time, temperaturs and concentration

deserived in the body of this section are briefly summarized below:

72/ Selected Valnes of Chemical Thermodynamie Properiles: Hational
Bursau of Standards.

Bichowsky, F. He., and Rossini, ¥, D., Thermochemisiry of the
Chemical Substances: New York, Reinhold Publishing Corp., 193¢,
PPe 113-114.

80/ Bichowsky, FeH. and Rossini, F. De, ibid., pp. 23, 54, 89-30C.



le The hydrogen chloride luss increases rapldly when acid concen—
trations above 20 percent by weight are used. 1t varies from about 2.5
t0 3640 percent for an acid-concentration range of 15 %o 37 percent.
Although the loss using the azsotrople mixture was about 1.0 percent
higher than the minimum, the reaction produst using 15 percent acid was
practioally unfilterable.

Ze The maximum reagtion rate under the conditions examined occurs
at the boiling pointe Although it was possible %0 reduge hydrogen
chloride lozses by operating below this temperature, in no case was
the gain sdequate Lo compensate either for the necessary incrsase in
reaction time or the harmfnl effeot on the slurry filtration rate.

3. The optimum toital reaction period 2t boiling is arproximately
30 minutes. This pericd mey bve divided into a2 heating time for the
resction mess of 15 minutes and an equsel holding time.

hLe The lowest residual acidities are obtained using 83 to 87
percent of the stelchiometric hydrogen chloridesolivine ratic.

5 ¥nile it is trues that the reaction rate is a function of
surface, the use of olivine in particle-size ranges finer than (-48 4 100)
results in marked lowering of the filtration rate.

6e Hagnesium chloride loss in the filter cake from the digestion
reaction could be reduced to less thano.2 percent by using about 8
pounds of water pervgound of dry ocake,

7+ The digeatiag resction is highly exothermics Providing the
reaoting mess is initially heated above 70° to 75°C, the heat of
reaction, excluding losses, is more than sdequate to ralse the system

to the boiling point and maintain it for the 30=-minute reamclion period.



8. In filtration tests using a Buchner funnel %ith waocuum, an
average filtration rate of 2 gallons per square fool per hour was
obtained for digestions mede under optimuwe conditions. Using the
centrifuge, this rate doubled although conditions were not strictly
comparable.

9« The filtration rates descoribed above are not eonsidered
commercially practiczl and alternate methods of effecting higher

values must be considered.gl/

Ge Filter Alds
Non compressible sclids such as diasvore f{reguently improve the
filtering c¢harascteristics of many slurries. A serieg of teats was

mnade to test this poesibility and the data are described in Table 13,

TABLE 13. ~ Effect of Fillter Aids on Filtratiocnm

Filter aid added, Filtration
Ellter aid —2gight~percent —rate
None - 29
Celite 503 0e5 3e5
Celite 303 1.0 3.8
Celite 503 2.0 Sel
Celite 503 5.0 Be2
Celite 503 10.0 15.1
Celite 501 20 5.0
Kyflo 2«0 Aal;
Ksolin 2.0 1.9
Glivine B 5.0 3.1
Olivine C 540 3.2

As the cost of utilizing filter aids in quantities of more than
1 - 2 percent is prohibitive when producing relatively cheap inorganic

chemicals, these results were definitely discouraging and this line of

81/ Perry, J. H., Chemical Engineers Handbook, 2nd Ed.: New York,
¥oUraw Hill Book Company, 1941, 5. 1687,



2

attack was recessed in favor of more promising possibllities.
Da HNeutralization

The work of Stevens and Deinbolt indieated that gelstinous glurries
from the acid decomposition of silicates filtered better When neutralized
to a pH of about 7.82, 83/ Again the results were not promising although
some increase was noted by neutralizing the digestion slurry, before
filtering, with the stoichiometris quantity of magnesia as calculated

from the excess residual acidity.

TABIE l4e ~ Effect of Neulralization

Ban Hot peutralized HNeutralized
1 1.8 2.5
2 243 3.1
3 1.9 3.2
4 226 229
Average 2.2 3.1

Es Development of Ingrement Digestion

After evaluating all of the conventional itechniques for improving
the filtration charasteristiocs of the digestion slurry with discouraging
resultes, the fourth alternative, thet of attempiing to produce a more
dense siliocic aaid structure, wasz attempted,

As an extension of the work on neutralization, the olivine was
divided into two portions; ths first ocontelning the bulk of the charge

as relatively coarse material and the latier consisting of fines.

82/ Stevens, R, H., Norris, G. C., and Watson, W. N., loce cit.

83/ Aktieselskabet De norske Ssltverker av bergen, (Irsatment of
Magnesium Sulfate)s: Norwegian Patent 36,429, Jan. 2, 1323.



Eighty~five percent of the olivine charge corrssponding to coarse grind
B (see Table 9) was reacted with the total stoichiometric quantity of
20 percent hydrochloric scid for itwenty minutes. The remaining 15
percent was added in a smaller mesh size, €¢je, =100 or =200 mesh and
the final mixture digested for ten minutes to complete the usual over-
all digestion period of thirty minutes. This procedure presented to
the reaction mixture & lsrge fresh surface ares of olivine gt the lower
hydrochleoric acid congentrations and thus favored a more rapid resotion.
in addition,; the finer material had & shorter period of ecniact with
the solutiscn which, it wae thought, might minimige gel formstione The
data collected are given in Table 15.

TABIE 15« ~ Inererent Olivine Addition, £5-15 Inerements

¥gl recovery, Exceas Acgidity, HC1 loss, Filtration
percent percent pergent rals
83.4 140 0e7 Le5
8l.6 13.8 0.9 €Cal
82,1 15.0 1.0 8od
-82.8 A2.1 o2 Lab
Average B2e5 140 1.0 Cak

& significant inoreass in filtration rate of the slurry occourred
with the innovation of inerement addition. This series of tests was
the first reported observation of improvemsnt through the utilisation
of such a teahnique and intensive small scale tests were undertaken to
determine its significance.

As & consequence of results obtained during the exploratory work
on neutralisation and the studles by earlier workers, it was c-nsidered
that partial neutralization of the reacted slurry had worthwhile asnects

from both a process—cost standpoint because of the saving that might
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be made in the quanitiiy of recycled neutralizer and that of improved
filtration. iIn a series of experimenits in which the effesct of variation
in sige of incoremeni was studied, neutralization with the stolchiometric
quantity of magnesia determined from the excess acidity was carried on
by koilinzy for an additional 15 minutes beyond the previcusly established
reaotion period. The deaita are given in Yeble 16s Two series oi tests
were conducted, designated as 4 and B; mainly to test reproducinllity

of resulis.

TABLE 16. - Effect of Increment Ratio Variation

Grams olivine added at Filtration and Washing Rates -
3 ain i C min Series A Series B Di fferenge
100 18 a 2 2.9 ¥ 0.9
60 20 20 6.5 5.8 - 347
20 20 60 0.4 5 + 0.5
20 £0 20 RleR 20.0 - 142
30 60 10 1542 1446 - 0.6
20 70 10 22.7 Rhel + 1.7
15 75 10 15.2 12.2 - 3.0
20 80 o 17.1 19.1 4+ 2.0
25 75 0 18.1 19.3 ¥ 2.2
40 &0 ¢ Fe3 10.4 + 1.1
50 50 Q 5ed: Ce88 + 1.6

Attention is agzin directed to the marked inerease in filirsiion
rates.s Utilisetion of increment digestion coupled with nentralization
gave an almost 10-fold increase in rate on & volumetric basis. The
gcorrelation of rate with the magnitude of the first increment indicated
the possibllity of a seeding effeot such am that previcusly desoribed
in Chapter II. This grest improvement brought with it, however, an
attendant serious problem. Incrament addition of dry, rather finely
divided olivine to the boilinz reaction mass gave rise to c2king and

sxgessive foanming in the digestion vessels When the second increment



eonstituted a large percentage of the charge, which appeared optimum,
the wviclence of the resction was sometimes sufficient to eject ths vessel
eontents from the system through the reflux condenser. It was apprecisted
that such violence would impose consideragble difficulty in the design
and operation of a possible plant,

To test & propoged solution of the rroblem, the cherge of acid
(350 mi.) wag divided inte 250- and 170-ml. portions. The f{irst incre-
ment of ore was mixed with the 250-ml. of aecid, brought to the boiling
point, and held for the spesified perind. A%t the rroper time, the
segond olivine inorement was added to the reaction vessel as a cold
glurry in the remaining aeid snd tne reaction carried ito completione
To a large degree, the use of this progedure solved the caking and
foaming problems. A filtration-rate comparison of the itwo techniques
iz given in Table 17, and it is noted that a sacrifice in overall rate

must be made if this methed is utilized.

TABLE 17. - Comparicon of Filtration Rates

Geds 175

99 17.&

11,1 1841

11.9 19.1

~E2e2 2023

Average 109 185

The importange of siage addition must be emphasized, 0OFf the hundreds
of tests conducted on olivine to improve the filtration charsoteristics
of its acid slurrleg, this technique was the first to offer definite
promise. Hot only were substantial savings in capitel investmsnt indi~-

cated, but concomitant reduciiocns in labor and processing cosis were



imuediately apparenta

Fo Determination of Optimum Conditions for Increment Digestion

Az 3 consequence of the robential decrease in operating and
capital cosis that might result from use of the increment digestion
technique, 4t was considered worthwhils to define the optimum
aperating conditiong.

To deternzine the possible effect of variation in the smount cof
agid used in the slurry technique of olivine incremental addition,

a series of itests was run in which the incremental guantity of hydro-
ehlerie acid used for this purpose ranged from 25 to 200 ml. of &
total of 350 ml: twenty-five grams of colivine were added to a quantity
of hydrochloric acid ranging from 325 to 150 ml, and resachted for 10
minutes at the belling roints At the end of this peried, z enld slurry
made up of the remaining 75 srsme of olivine and acid was added to the
reagtion mixtures 4& the addition caused a deerease In temperature,
the zero time for the second inerement reaction was arbitrarily taken
st the instant the boiling peint was regained., The digestion was then
continued for 40 ninutes, after which neutralizatlion wasg carried out
in a standard mennsr, Data are given in Table 18.

It is evident from the data in Table 18 that there is little, if
any, detrimental effeot on filtration rate by uslng the avid-slurry
addition technique for the sesond olivine increment when not more than

15 pereent of the total acld is employed for ihis rurpose.



TABIE 18, - Variation of Exoees Acidity and Filter Rate with
Amount of HCl in Seecnd Increment

20 percent HC1 in Excess Aoidity, Filter rate
2d_lnorement, mle &/ percent (40 minntes) (neut, slurry)
25 10.0 15.3
Q& 1.
10.0 1549
1045 14 el
Average 10.0 15.0
50 843 129
Ba5 17.8
8.9 3 )
a3 21a3
Average 8.7 WO
75 Ged 124
100 1744
F40 16.8
2!6 A:Etl qg
Avarage 9.5 15,8
180 e 11.9
Ge8 -
—2e2 wibed
Awerage Fe3 13.1
150 10.0 1145
10.0 11le3
8-6 ! 15 #3
B2 el
Avsrage Feb 1249
200 119 55
Y ; 59
10.5 105
203 220
Aversge 1l.3 Bed

A/ Total acid = 350 ml,

It will be recallied fram Table 16 that filtration rates of 20.0C,

Rbeky 1921, mnd 13,3 gallons per square foot per hour were coblained at
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incremental addition ratios of 20:60:20, 20:70¢10, 20880, and 25:75,
respectively. Considering these results from the viewpoint of pro~
jected plant operation, it seemed that the relative simplicity of the
two~increment procedure would outweigh any filtration rate advaniage
of the three-stage teghnigque.

In meking eonfirmatory tests on the selected progedure ii was
necessary tw use a llght magnesia (basicity, 76 percent), supplied by
the J« Ts Baker Cos, as the stoek of previously used material was
exhaunsted, It is this 1light magnesis to which reference is zade when
“gtandard magnesia®™ is designated in the text heresfter. These experi-
ments were carried out under the conditione ocutlined in the previous

geation and the data are given in Tadble 19,

TABIE 1. - Definition of Optimum Increment Ratio

8.9 1245
8:6 15‘?
—ed, bl
8.9 {Aversge) 13.7 {(Average)
25375 9.1 15.5
Fel 1446
9.0 15.4
7Y A ~tdek
9.0 {Avarage) 14e7 (Average)
30170 9.1 l4e s
8.6 13.9
9.0 10.5%
—dt2 20e 5,
9.0 {(Average) 12.4 (Average)

In view of the spread in the filtration rate values shown for the
20180 and 30470 ratios, the 25:75 might be preferred on the basis of



U

consistency alones It was realized, however, that the smallness of the
operational scale might preclude the definition eof ths optimum within
the degree of precision sttempted. On this basis it was stipulated that
gither the 20:80 or 2517% eould s eonsidered as optima in view of the
data reporied,

It 4s possible that the difference of about 5 gallons per sqguare
foot per hour in the filtration rate for similar tests reported in
Tables 18 and 19 may be attributsble in part %o a wvarlation in physieal
or chemical properties of the magnesia uscﬁ in sach instance.

In the teste for determination of optimum particle-size ranye, the
technique of adding the seocnd olivine increment as a slurry was nob
followed, 1In each instance the acid and 20 percent of the total olivine
were added to the l~liter flask and bolled under reflux for 10 minutes
before the reamaining olivine was introduced., The reac¢tion was carried
on for &0 minutes after the second olivine poriion was added. The
gourse of the reaction was charted by acidity dsterminations made
every 5 minutes during the second-increment digzestion.

Before umse, a& quantity of olivine was separated into the following
size ranges, using Us Se Standard screensy ~& ¥ 205-20 & 403 -40 ¥ 70;
«70 4 1003 =100 ¢ 2003 and -200.

Analysis showed & varisition in ¥g0 content with the screen Iractions
ag phown in Table 20,

The minus 100 plus 200 "A® gnd minus 200 %A" curves of Figure 4
were made using these analyses of the olivine {racticnse.

To obtain a more nearly correct picture of the effect of particle
slze with elimination of the compesition variable, the minue 40-plus
70-mesh material, analyzing 49.3 percent kg0, was ground o minus



100-nesh, ¥inug 100~mesh plus D0=mesh and minus 200-mesh samples
were preparad Irom this materiale. The ¥B" curves in Fipure 4 were
obhained with these materisls. The kgl analysisz of these Ifractions
wag 474 pereent for the mimms 100 plus 200 and 47.1 perssnt for the
minus 200-mcsh fractione

TaBlLE 20. -~ Mgd Content of Seresened Fractions

~5 P R escsssvsnsessesssciee A5e5
‘29 * &ﬂ [ YRR EE RS ER SRR SRR NN Y 4808
~4ld 7) seeesnscessnssasseans 4LFe3
«70 $300 sevaconesssssessessos {91
’13@ 43@0otoaocova-ﬁacacnpooao 47-8

=200 POULEPERIVIBDOCEOISIRNTDE Lie"T7

The plotted average dets shown in Figure 4 confirm the previous
resultea that the rate of reaction is a direct function of clivine
surfage area.

To outline more exactly the optimum screen analyeis, a series of
teats was run using a 1:1 mixiture of the mimus 40- plus 70- and the
mincg 70« plus 100-mesh fractions blended in varieus propertions with
the minus 100~ plus 200~ and minus WO-mesh sizes of the composition
given in Table 20, In the tests the excess acidity was measured a%
the end of 30, 40, and €0 minutes digestion time for the secocnd
inerement. The data obtained are given in Table 21.

The siganificance of the date given in Table 21 is masked to scme
extent because of the use of the minus 200-mesh materisl st had an
wgd gontent of but L4.7 percents. As it was shown in Figure 4 that this
material attained itz eguilibrium aseidity withian 25 to 30 mimtes

{(4=200 curve), it is oconsidered permissible %o correct for the effect
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of the differsnce of sagnesia content on the actual regldual acidity
obtained with thie material present. HMHaking the proper caleulationg
it can be ghown that at 30 minutes, acidity of about 10.0 units would
be obtained for the 35=35«15=15 blend shown in Table 21, Actually
there would be but s small practicel difference in reactien rate among
the three blende containing mims 200-megh materisl, Any of thege or
othars intermediate in character ghould be considersd optimum for the
rrocess, as they can be readlly obisined in commer:ial praetice.

TARIE 21. - Effect cfi?artisle—sizs Ranse on Digestion Reaction

Bigestion & rbes
e 40 (0]
Ex Ac] neroen
50 =40 4 70
450 -70 4 100 13.4 10.G Ba5
40 L0 & 70
40 <70 & 100
10 «-100 $ 200
10 ~200 147 11.5 1040
35 -0 470
35 <70 ¥ 100
15 =100 & 200
15 200 VA 11.é 87
30 ~40 & 70
30 ~70 4 180
20 -100 4 200
20 200 162 1264  10.6
40 «40 & 70
40 -70 % 100
20 ~100 & 200 11.6 10.0 B8e4

To oircumscribe more clesely tﬁe effect of reazction time for each
increment, a series of tests was run using the optismum seid-slurry-
addition technique for the second inersment., All tests were made urder

identical conditicons with a 20180 clivine incrementsl ratics. The
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filtrstion rates sre given in Table 22,

TABIE 22. - Optimum Reaction Time for Incremental Digestion

2egond
5 20 7e8
5 30 Te5
5 40 Tk
5 50 76
7 & 12.5
7 50 11.5
9 30 12.1
9 40 12.0
9 50 11.0
10 20 15.6
10 30 15.5
10 40 13.9
10 50 12,0
11 30 15,0
11 40 1340
11 50 12.0

it is ép?amnt from the date in Table 22 thet the optimum digestion
times for the first and second increment have been demonsirated as 10
and 20 minutes, respeciively.

Heutralization of iteelf fails completely to account for the rate
phenomena observed with increment ar stage digestion. It is, however,
an important step in the productior of the overall phenomens as can be
geen from Table 23 wherein slurries cbtained by stage digestion were
neutralized with various amounts of magnesia leaving solutions of varying
residual acidity.

The marked difference in the physical characteristics of the resgidues



obtained by inorement and non increment dizestion is well illustrated by
Figure 5. The former technique wives a relatively dry, granular
gtrugture while the latter results in a gelatinous cake guite realstant
to fluid flows »easursment of residue volumes discloses that the non
ineremasnt residue is approximately 30 percent larger, attributabdble to

incressed hydration.

TABIE 23, - Effect of MNeutralization

dmse 30 added Initisl Excess Final Excess Filtration

Agidity, rergent Aoidity, mergent rate
¢ 20 3.0 20
G 113 113 1e2
1 97 T 0 l.6
1 849 77 2.0
2 10.3 £e9 Teds
2 10.1 7.0 93
3 9.0 605 12..9
3 Be7 543 1346
4 10,8 FAN 1643
4 846 Fe2 21e2
5 9.6 2.5 17.1
5 10.0 2.7 18.5

Gs Pillet Plant Testing

Diffioulty is freguenily encountered in the commercial exploitation
of technigues and proesasing methods daveloped from =zmall scale laboratory
tests. Burfase volume relationships, to give but a single example,
frequently result in completely different resultes. It was essential,
therefore, that the technigue of inerement or stage digestion be
demonstrated in a process vilot plant where comventionzl] materials of
construction and industrial equipment could be utilized. In addition,
operation of & pilot plant was necessary to obtsin informetion for the

design of a larger industrial unite.



Increment

Non Increment

FIG. 5.- COMPARISON RESIDUES



In order to test the varicus conclusions of the preceding labora-
tory study preparatory to construction of the pileot plani, a series of
complete runs was made from the initial digestion to the final nurifi-
cation. The initial charge of 20 gm, of olivine and 250 ml. of 20
percent acid was added to the reaction vessel cold, raised to boiling
and boiled for ten mimtes. The second increment containing &0 gm.
of olivine and 100 ml. of acid was then added as a cold slurry and
boiled for an additional 30 mimites. After digestion, the slurry was
neutralized with the theoretical quantity of magnesia, as determined
by the excess acidity, st beiling for 3 mimutes and filtered hotes The
cake was washed with 150 ml. of water which was combined with the
filtrate. The eambinéd filtrate and wash was neutralized with the
theoretical quantity of magnesia and aerated at 40° C. for ten mimmtes
before filtration. The data collected are summarigzed in Tables 24 - 25
and provided the basis for the flow sheet and material bhalance illusirated
in Figures 6 and 7. Operations enclosed by broken lines are not deemed
part of this thesis and are based on analogous indusirial operations.

The material balance was constructed on the following assumptionss

Temperature

{(a) Digestion-firsit neutralization — 109° C. (atmospheric
boiling point)

(b) Second neutralization - 409 C. with aeratione.

Time
(a) Digestion-first neutralizatvion

First-increment digestion - 10 mirutes

Second -increment digestion - 30 minutes to excess
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LOIivine —70mesh HCI Loss HClI 20% by weight

Ist Increment
Digestion

IOmin. at 109°C.

{
80 % __f 15 % 1

2nd Increment
Digestion

20 % 85%

30min. at 109°C.
Make -up
Acid
Y p
Ist Neutralization
3min.at 100°C.
°
Wash Water S
4_5#/# of Filtration g >
Q
Cake °O
o| s
Heat
Exchanger | -~
Evaporation to HCl
2nd Neutralization
approximately 5-10mi ' 40°G 100% Absorption
MgGClp - IOH,0 omin.at " [based
with geration on FeQO
Wash Filtration > N
Water
Y
K Calcination
,,___—J
| Flaker at 700-850°C. .
|
L - L . -

1G.6. MAGNESIA FROM OLIVINE- SCHEMATIC FLOW SHEET
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MAGNESIA

FROM OLIVINE AND

HYDROCHLORIC ACID

HCI, 20% by weight HCl LOSS Olivine
HCI 63.40 M3 O 12400
HCI 2138 4 Hp O 253.60 FeO 197.0
- hp0 85536 317.00 S1 02 11160
~ ioes2o0 MnO (1.4
Qther 736
2628.0
85 % First Increment 20% I
Digestion
PR— 1I0min. at 109°C.
Make ~up
Acid ' 15 % 80%
—— HCI 77.40 |
H2 O 168.60|
246 00] Second Increment
Digestion
1 30min. at 109°C. f
Digestion Slurry Neutralizotion ZS-;I:;'; Mzgu?srloul’i;zti:):'
MqClaz .
| pase 22599 FeClp 29.8 MgO 1302
HCI ¢ a9.6 First Free H2O 9207.3 MgClz 87.1
H2 0 8800.0 Neutralization zougd H2O 242?)0' :.g«z 43,;
] . i
R yeore 3min_ot_100°C. Fe 0 147 2 5653
. Residue 14335
l 13867.1
l Filtration
Cake hi
Filtrate Wash Water Unwashed Woshings
Mg Ciz 917.6 MgClz 899.3
Mgl 1839.4 7405.4 FeClp 9.9 FeCly 97
cholz GW'ZZ Bound H20 2400 H2 O 66850
2 ALA A R . H 3037.3
80493 Combined Filirote Free Hz0 7594.0
: Residue 1600.7 .
and Waoshings 58055
MgClp 2671.6
FeClz 28.8
Hg2 O 12207.2 L
v 14907.6 fe T -
woashed Coke
MgClg 183
Slurry FeClg 0.2 )
Second Neutralization Bound HzO 2400 > Discard
MgClz 26932 Free Ha0 3760.0
FeCl 2 Resi 1608.7
eClz o Second esidue .
H20 12202.7 Neutralization
Fe{OH)2 20.2 5min. ot 40°C.with
MgO 1.5 wosh Aeration
14917.8 MgO for Second
Water  j———— I Neutralization
97.2 . MgO 10.0
Water ) . FeO nit
3805 0 Filtration —>—l
— 1 .
Combined
Fiitrote and Wosh J Washed Cake
MgClz ol
MgClz 26931 Fecl nil
2 " b—| —— Discard
FeCl2 02 Ha 0 440
H2 O 12255.9 Residue 217
i 149492 65.8
| H20 . I
I 7610 | Evaporation x Floking Galcination [T >
| ' | M
b e e e - — - — ——— —
- MGcO PRODUCT
H Ci HCI 20610 MgO 999 9
! Ab t .
| sorption H0 45800 . FeO 0.1 .
66410 \ MnO (1.4)
J 1000.0

FIG.7.- MATERIALS

BAL ANCE.

7See section on
Product Qualtity



acidity of 10.4
First neutralization = 3 minutes to excess residual

acidity of 1.5

(b) Second neutralization — 5 mimutes to FeQ/MgO ratio
of 0.0002.
Congentration

{a) Olivine - 100 units

{v) Hydrochloric acid, 20 percent by weight - £5 percent
of the stoichiomelric requirement for reaecticn with
¥g0 and ¥el content of olivine.

{e) ¥gO for first nemtralization - 100 percent of theorstical
(acid-scluble ¥z basis) determined by the excess
resgidual acidity at end of digestion rezction. Hgd for
final purification = 100 percent of stcichiometirie
requirement based on Fe) content of solution.

(@) Olivine to be added in 20:80 and hydrochloric acid in
85115 increment ratios.

Particle Size
{a) Olivins used should be in the size raage
( -404 70) 40=30 percent
{ 704 100) 30-40 percent
(=1004¢ 200) 10-20 percent
(=200) 20~10 percent

() The #g0 used for neutralization should be minus 300-mesh.

Agitation durine digewtion - first neutralization
It was impossible to obtain significant daia for the effect

of this variable on the operational scale used in these tests.



FeO/Mgl weisht ravic in solution
At end of fiig@&%i{m senaveon 0015%

After first neutralizetion . 0150

After segond neutrsalization. 0002
Regoveries Percent
Hg0 and FeD from olivine (digestion = first-neutra-
lisation process) licte: xg0 is discarded in the
undegomprosed olivine of the residue. a3
Hydrochloric acid (digestion « first~neutrslization

process) 97

Solubles in reegldue (digestion - {irsi=neutralizstion

process ) 98
Solubles in residue (second-neutrslisation process) 98
Yagnesia for neutralizatien (total input basis) 854
Over-all maznesia from olivine 80%

¥other-ligquor retention of residue
(a) Digestion = firsteneutralization - 33 perceat of
golution produced on digestion
(b) Becond nevtralisation - arbitrarily the same, in
the weight ratlec of the two residuss.
Rash-mater requirements
(a) Digestion=first neutralization -~ 4~5 pounds ﬁzﬁ’} per
pound of residue dried at 800° C.
(v) Seacnd neutralizetion - arbitrarily the same.

Permissible ¥WeCl, congeniration of 20-vercent hydrochlc
25 to 30 grams per liter (for batch operation only).
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A pilot plant was designed on the foremoing laboratory data and
subsequently erected. Humerous batch operations were made and the
data obitained are summariged in the latter half of this section. Un~—
fortunately, it became necessary tc cease the investigation before any
continucus testing and as a resuli, it was not possible to cbtain
perforrance characteristics of equipment essentially continuous in
nature, The plant arrangement was not such thet batches conld be made
and stored prior to test rmns of the equipment, thus cnly oualitative
estimations of equipment performance were possible, Descripiion of

the pilot plant equipment follcws:

Olivine Storage: Oround clivine was stored in the steel hopper
ghown in Figure 8. Ore was dumped out the botitom into ore boxes and
these taken tc the scales, where the desired amounts were weighed,

Acid Storage: The acid storage tanks, Figure £, were cbtained
from ancther pilot plant project. They were 5 feet diameter by 5 feet
hign mwith a capacity of 700 zallonse Their construclion was of welded
steel, fitted with a steel cover. The first lining applied was
"Iastiglas,” a plastic covering applied by the Bishropic Products
Company, Cincinnati, Ohio, Although this rnaterial is unaffected by
208 HCYl, it has the disadvantage of being fragile, requiring extreme
care in handling the tanks in order to prevent chipping. The lastiglas
1ining proved inadeguate, either because of rough handling of the tanks
or the nature of the tank surfaces making the requisite bond of lining
to steel impossible to attain.

The lastiglae was subsequently removed by sand-blasting and the



Fig. 8 - Row Material Storag-e



tanks lined with Nukem Sealtex, an asphaltic type coating made by

Nukem Products Inc.,; Buffalc, New Yorke This was acidproof, but reguired
extreme care in iis application so as to prevent pin holes. As finally
used, the tanks held acid for several weeke; however, occesional bubbles
were noted in the acid, showing that ene or two pin holes were present.
These caused rapid deterioration of the lining.

Acdd heater: The acld heater, Figure 9, was a Karbate kettle made
from a eection of a Karbate absorbing tower, 33 inches diameter by 36
inches high, hoiding 110 gallons. The top and bottom sections were
Earbate also, the bottom being cemented to the shell, and ths top held
in place by bolting a flat ring %o the steel base on which the kettle
rested,

The kettle was heated by 60 pe.s.i. steam using 4 bayonet-type
tantalum heaters inserted through nozszles in the cover. The heaters
were 2 inches dilameter by 39 inches longs they were adapted for the
kettle with home-made graphite adaptors, lined with Karbate cement.
Karbate heaters 3 inches diameter by 36 inches long were also usedj
they had spproximately one~half the rate of heat transfer of the tantalum
heaters, but cost only one~twelfth as much. In & commereial installastion
the Karbate heaters would be preferred on an economic basis,

Agitation was provided by a 12-inch dismeter, 4-blade, 45° Haveg
turbine~type agitator, rotated at 230 ra.p.ue by a gear head motor.
Originally, & 1l2-inch 6~blade, 45° turbine~type agitator fabricated from
Hastelloy B was installed. The impeller, a casting, was scon suffiiciently
corroded so that agitation was poor, although the shaft was not
noticeably attacked,

A thermometer well and a reflux gondenser completed the accessories



Fig.9 — Acid Heater



of the ascid heater,

Using €0 pes.ie. steam snd the tanielum heaters, 100 gallons of
20 percent HCl could be heated from 20° to 105°C. in 30 mimutes.

Reactorgs The reactors, Figures 10 and 1i, were made of Haveg.
Lach had a capacity of 6 gallonse

Baoh resctor was connected to a reflux condenser and was equipped
with a thermometer well and eleotrieal level controls. Acid was pired
from the heater ic the reactors in l-inch Pyrex glass lines, the walve
&% the reactor veing a l-inch v%&na.mwﬁm gooks Illumination was pro-—
vided by & 25~wabtt bulb through & sight glass affixed to & l=ineh
noszle; & 7-inch sight glass permitted observation of the tank conteats
during reactions

The agltators were 4~blade, 457 Haveg turbines, either 12 inches
or 7 inches diameter, driven by gear head motors. The l2~inch diameter
impellers rotated at 230 re.p.m., the 7-inch impellers at 420 repeme
The tharmometer well and eleotrieal level controls served as vaffles.

The reflux condensers were l-inch Karbate

pipe immersed in a stesl shell using Flexlock comnestions. The cooling
water inlet was at the shell bottom, and the cverflow was {rom the tope
Each condenser had 24 feet of pipe, equivkleni %o 3.5 sg. {t. area.

The condensers were connected 4o the heater and the resotors by
Karbate pipe; the return was through & liquid seal. Spool pisces of
Pyrex pipe were inserted in the return line to allow cbservaiion of the

oes&omm&ww flow,.

The slurry mixing tank, Figure 10, was of
@mild sleel and welded construction. It was a oone~bottom tank, 20
incheg diameter by 15 inches high on the straight side. The cone was



Fig. 1 0 - Reactor For Digestion And First Neutrolizotion



Fig.ll—Reactor

For

Second Neutralization

80



7 inches highs The shell was lined with Tygon palnt, the cone with
Hukem Sesltex. No trouble was encountered with these linings.

VYacuum filter:s The vaouum filter, Figure 12, was 2 ccmbination
precoat or conventional, high or low submergence type. It was fabri-
cated Lfrom Honel metsls The 24 section drum was 3 faet in disseter
with & l=foot wide face, equipped with Yonel sereen as the {iltering
mediume

In addition to & dry vacuum pump and recelvers; a condenser was
supplied to eliminate any flashing of filtrate with —osmsible carry
over of acid wvapors to the filtrate pump.

Pregsure filter: The pressure filter, Figure 13, was the Sweetland
type, also made of donel. It had 11 leaves €~inches in diameter; &
were of lonel sereen, the remsinder being covered with canvas duck.

Bird centrifuge: The Bird centrifuge, Figure 14, was the standard
18-inch bowl size, made of #304 stainless steel, It rotated at 2000
rspes with filtrate discharge ﬁy a lsad diaphragm pump,

Pumpgs Acid waz pumped by a Pyrex pump, 3/4 by l-inch size,
rotating at 3600 r.p.ms The slurries were handled in pumps made of
Hagtelloy B, sise 1-1/2 inch by l-ineh, rotating at 1750 r.p.m. The
Hastelloy pumps were of both open and closed impeller types. FErosion
and corrosion on these pumps over a series of 250 rung wes insiznificant.

ectrica vel gontrols: The oontrcls were made by attaching
platinum contactes to bell wire through s glass seal, snd encasing the
wires in glass tubes, the whole assembly fitting in a l-inch Haveg pipe
in which 1/2«inch holes had been drilled. The system had 3 electrodes
giving 2 contacts;y the first gave a warning and the secocnd indicated

the desired level of zeoid in the rezctors,.



Fig. 12— Continuous Vacuum Filter



Fig.13 —Pressure

Filter
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Fig. 14—Continuous

Centrifuge
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Other than the Pyrex acld lines, all process
piping was l-inch Haveg ripe, OJaskets were of Korocseal #3117.

The method of eperation of the pilet plant finelly used was the
sutoome of nomerous experiments with different techniques. The original
degign had tantalum heaters in each reactor tc¢ bring the acid-olivine
charge to temperature; the heaters scen became coated with a dense
siliece scale reducing the heat transfer rate, It wae then decided to
heat the acid cutside the reactors, resulting in the acld heater being
sssembled and used. Similar changes were made in wvarious other phasges
of the plant operaitions The final procedure was am follows:

Aeid was heated to 105-1087 C, in the heater and pumped to the
reactor, The {irst olivine increment was added through the charging
neszle and the agitator started. Five mimites after reaching the
maximun temperature, the sseond inerement zlurry was pumped from the
glurry tank into the reactor. This was usually done in 5 minutes, as
more rapid addition results in foaming out the condenser vent.

The digestion slurry was reagted for the desired time after which
samrles for excess acidity were obtained, ¥From this, the desired XMgd
was computed which was slurrisd with watar or ﬁgﬁlz solution and added
to the digestion slurrye. Samples were taiken as desired.

The partially neutralized masgz was then either centrifuged or
filtered. The filtrate was analysed for Fel, and the smount of ugl
needed for a given volume of liguor caloulated from this anslysis. The
#g0 was again slurried and added to the liquor, and the nass was reacted
and aerated, This final sliurry was filtered ithrough the Sweetland
filter, using filter aid to precocatl the leaves. The finsl water-white

liguor was sampled and analyzed.



The pilet plant dizestions used 57 lb. olivine and 25 gal, HCl per
batchy this was 300 times the laboratory scale.

The equipment described was used for batchwise operation.
Additional sguipment purchssed for continuous opsration but never used

ingluded two beli feeders, two disc feeders and four rotometers.

(1) Plant Progedure

As preliminary esperiments showed that internsl heating »f the
selid=ore slurry resulted in rapid fouling of the heat transfer surfsces
with a dense silica soale, the acid was brought to apprexinately 1058° G,
in the heater, Figure 3. The reactors were rreheated with live stean
to prevent excessive cocling of the acid when it was finally transferred
from the acid heater.

For an attempied 85-percent degomposition of the olivine, 2l.4
gallons of 20-percent HC1, measured &% 105Y C., were pumped from the
heaser into the reactors The firsi ore lnorement; 1l pounds, was then
sdded through the charging nozzle, the gover fasiened, the agitator
staried and the msss reacted for the desired time. When ths acid in
the reagior was above 95° Cey, the heat of the reaction was sufficient
to maintain the reqguired temperature,

¥ive zallons of cold, 20-percent acld were slurried with 46 pounds
of olivine in the slurry tank, Pigure 10, z2nd zdded to the resotor as
the second incremenit. Alter this had been added, samples were taken,
usually at five-minute intérvale, until the toital reaction time was €0
to 90 minutes.

(2) Particie Size
The first pileot—plant digestions were run uvsing minus 200-mesh

olivine, ¥%hile no troubls in the first lnerement was encountered, it



was ursuitable for the second increment. Jf the second inerement in
slurry was added too rapidly, reaction wae so fast that the condenser
flooded and material surged out the vente In attempiing to reduce the
rate of ihe second increment addition, it was fourd that in a very stort
tire the components reacted in the slurry tank forming a stiff paste
which conld not be pumped. The operating conditlens were sc critical
that vee of such fine ore was inmpractiesl and a new batch of ore was

ball-milled to the screen anslyvsis given in Table 26,

TABIE 26, - Screan Analysis of Olivine

e ze t, perge
70 § 100 10
~100 + 200 50
-200 4 300 25
=300 32
100

Using this materisl, the second increment could be added in four
or five minmbtes without untoward sureging and no trouble wasg exverienced
in the slurry tank. The reaction was slower than with the minus 200-mesh
olivine, sc that some runs were made using the fine material in the first
increment, the coarser ore in the secund.
(3) Time of Addition of Second Increment

In the laboratory, the first inerement was reacted for 10 minutes at
108° Cs In the pileot plant using the filtration rate =g the criterion,
it mas found that the preferred time was five minutes after the {irst
increment had atisined its maximum temperature,”1® C, Usually, the
maximum temperature during the first increment reacstion was 104-106° C.
This proecedure gave a filtration rate of 20 gal./hr./sq. ts, compared



%o & maximum of 11 gal./hr./sq.ft., obiained by adding the second
increment at a fixed time after the Initiation of the reaction. The
results are in excellent agresment with the ratss obi&ined with small
gesle testing. HNou inorement digestion in the pillot plant gave a
relatively unfilterabls mass,.
{4) Aeid~Ore Ratic

The first variable investigested was the ratio of acid to olivine,
Rune were made in the ranse of 80 ~ 95,4 percent of the stolahiometrically
reguired acid (caloulated on the bagis of the ugl and Fe? content of the
olivine)., Data given in Table 27 indiecale that ths actual ¥z0 yisld
deviabtes from the theoretical by an increasing amount as the attempted

percent decomposition inareases,

TABLE 27+ - Detemination of Optimum Acids Ore Hatioc

Attempted Recovery, percent Ti.e Lo
decoaposition, of original material Excess reach
percent total ““Mg_g;;xgag,__,__- Filtration Acidity, equil.,
roquired acid Kgd rate peroent min.

80 80.7 798 176 <0
8le2 81.3 T7e1 11,0 10.3 20
85 8346 80.9 16e2 i 30
86.2 83.6 82.2 14.0 10.1 30
B89.2 85.0 83.8 18.6 12,0 30
90 87«2 B4.2 17.2 — a0
91.2 8744 88.1 15,0 143 30
93.6 86.7 87.8 18.9 15.9 &0
95.4 £7.9 82.5 18.8 173 40

4/ Time is given to the nearest five mimutes when for this pericd

A gE£A22 - {}n

At

The optimum scid-ore ratio was determined by an econonmic appraisal.

A1l digestion slurries were assumed to be nsutralized by the same pro~
cedure, and the afficiency of g0 utilisation in the neutralizing
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reaction was taken as consitant. A comparison of equipment and kgl

costs showed that the cost per 1be of Lgd was essentially constant in
the range of 25 to 89 percent atteapted deccmposition. Inazsmuch as

@il greliminary laboratory work had been done with & ratio of 85 persent,
it was deemed desirabls ito continue this in the pilet plant sc that
laboratory and pilot plant work could be more readily comparede.

{(5) Increment Proportions

Iatoratery work had indicated the use of 20 percent of the olivine
in the first increment and B0 percent in the second. Several ineremental
s;lits were shecked in the rilot plant, the results confirming the
laboratory Iirdings. TFiltration rates were employed as the critericn,
no signifiecant difference teing detacted in the gD yields. The
1030 oclivine split was 3nopersble ag the first increment could not
maintain the desired temperature, while the second increment then
had an apprecisble induction period before reacting. When it did
resct, the mass could not be contained in the reactlon vessel,
rosuliing in eonsiderable logs through the vent.

The data from pilote-plent runs are given in Tsble 28,

The improvement in filtration rate was very marked as the first
increment was lowered from 40 to 20 percent, the data veing quite
consistents From the standpoint of rapid filtering smsterial, the
20=-80 incremental split i1# much to be preferred to the others,

The check series, the 30«70 srlit with mime 200-mesh ore in
the firast increment, showed plainly that the use of finely divided

org lowered the filtretion rates. This had been anticipated from
| rrevious laboratory work.

Az there was no difference in yielda or residusl acidities, the
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higher filtration rates polated to the uwse of mimus 70-mesh material
in both increments.

TERTE 28, - BEffect of Yariation in Increment Patio A/

N Increment Tegnvery, percent of Filtration Excess
Run Sos Ratio original material in fate Acidity,
olivine : rercent

¥go, percent Fed, percent

ingrement minus 70-zegh olivine

172 30- 70 835 80.8 5e5 10.0
176 8542 85,1 T o0 11,2
Aversge 84e3 83.0 O3 1046

184 Boeid ita5
188 840 776 8¢5 10.5

é.varag;e 3100 72000 Te & 1le2
177 S0 TQ 8365 Ble7 1241 1245
s B2.0 791 1249 1l.4
179 86.8 E4e"7 12.2 10.9

Average 8441 81.8 1244 11.6
181 20= &0 8046 7560 prig A4 11,3
189 80.6 7643 19.5 1l.1

&?erage 81'5 75 irf 19*& 12.0

&/ Attempted decomposition -~ 85.2 peroent

(6) Reaction Rate

The reaction rate in the pilot plant for 80-percent aitempted
decompositinn was checked by residual acidity determinations. These
excess acliity values becans sssentiazlly constant 30 minutes after the

sacord increment had been added to the reactor. Figure 15 shows the
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Fig. 15 Rate of Reaction

Filtration Rote: 21.7 gal./sq. ft.hr.



covrsge of Lthe resction during o rune The lower curve represents excess
acid ity and tue upper, temperalure, Loin s a runcbion of time. The
fundexsental kinetios of the degomposition will Le subsequently treated
in detail,

(7) Acid losses

Ideally, the only source of HCL loss is through the condsnser vent.
An absorption trein was connected to tie vent, snd any HCl given off
collected and analyzed. Over several pilot plant runs, the aversge was
1 gme HCL per run, & negligible amounte
(8) Optional Procedures

Turing the c¢rurse of the riloteplani experimenis, it was observed
that the reflux was heavy afier the secornd increment had been added and
ceaced an appreciable period of time before the reaction had reached
eguilibrium.

It was postulated that if the condensate were colleched in an out~
gide oontainer instead of being refluxed, the reaction time might te
shortened, If the mpjority of the resctlon took place in the first few
minotes after the second increment had bveen added, only a small increase
in ¥g0d yield could be obtesined with the eveporated and refluxed HC1 in
the additional resction time. The exocess aeidiiy versus %ice curves
show thet the rate of change of scidity with time is high initially,
but decreases repidly and approaches zerc. Also, any water vaporised
would lower the amount of subsegrant evaporations,

Pllot-plant runs were made to check the former possibility. The
condensate averaged 3.5 to 4.0 percent of the HCY utilized and flow
cesgad 20 minutes after mddition of the second increments Five and five

tenths parcent of the water added with the acid was contained in the
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condensate and gl recovsry approximated L2 percent,

From tcis, it would seem desirable, on a commercial socale, to
elizirmte the reflux couidensers, passing Vhe wpors from the reagtors
iute the Hl-absorplion systen alcng with the gases produced by the
ealcination of &g@lz.éﬁzo. This would reduge capital expenditure by
the difference in the aost of the condensers and the slight coet of
enlarging the HOl abaorbers to handle the gxtrn load, This reduotion
in capikal cost, coupled with the reduction in processing time, makes
this scheme attraciive for an industirial installation.

The preceding pilct plant tests clearly substantiated the results
of ihe laboratory developueni and Il was congluded that the basie

technique of increment or stage addition had definite industriel value.



CHAPTER IV
STATECENT AND ANALYSIS OF THE THEORY

The foregoing results in both the laboratory and pillot plant
demonstrated beyond question the wvalidiiy of the phencwmena of in-
creased filtration rates with increment digestion. Remaining was the
problem of develcping & logleal hypothesis of explanation and extending
the technique to other sllicates,

A+ Hypotheses of Explemation

Based upon the general theory of gelatiion previocusly discussed
{Chapter I), three po#sible hypothesees for the phesnomena of increased
filtration rate with stape digestion may be giveni

(1) Solution properties such as dissolved salis, acidity, or
water content eculd be the principal factor.

(2) Solid properties such as elegirical charge, degree of hydra-
tion, or nucleation could be the principal factor.

(3) The increased rate might result from a combination (1)
and (2)a

Experinental regults =and the data of previous investigations clearly
indicated that solution properties are a factor of considerable importance.
The influence of acld concentration and/or small water-soclid ratios was
discussed (Chapter 1) for the data of esrlier workers and the author's
results are given in Tables 4 and 5. In short, higher scid cocnecentra-
tions give improved filtration characteristics with & concomitant
inerease in structural density of the gels This effect per se, however,
cannot acoount for the phenomena of incressed rate with increament

digestion as the over-all scid conscentration is identioml with that for
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wiieh prohivitively slow Jiltration reves are usually obtained. Similar
ressoning wilmineles sny possible efifest attributable tu variation of
i liguideselid ratio.

In connection with their work on gaseous degamposilion of olivine,
Jouston end Rankin state, "It is our hypothesis that the formation of
gelatincus sillcic meid is avolded by the dehydrating actlon of magnesium
ghloride, which takes up water %o form a serles of hydrates and leaves
the silicic acid in a granular ccndition.® 84/ To evaluate %nis hyoo-
thesis, a series of digestions was performed in whick %, 10, 20, and

37 perceat By weight of magnesium chloride was added ic the raw acld.

L

Ore an

i

acid rere nixed in conventional fashion and reacted at bollimge.
The only observable effect was excesslve loss &n hydrogen chloride
because of its increased vaApur pressure,

Subsequent digestions were carried ovt in a sisilsr fasnion with
excess guantities of &ll of the varicus reactauts and rroducts added

one at a tire to the raw seid,.

TABLE 29, - Effect of kxcess Reaciants

Velght, grams Filtration Rate
10 1.2
10 0.7
10 1.0
10 1.0
10 1.6
10 2.0

W Ehus&on, Es G', loce cit,



Yo fil4raticn improvement to nny measurable extent was obiained
and when thils series was ropeated using incremenit or staze addlition,
the final filtration rate was substantially loweraed. This ellect vwas
~arsicuiarly narked when =2 gnesiom chloride was addéé %0 the mixiture.
™e conclusion was reached that the effagt of salt concentration is not
an important factor in the Improvement of rate through stage addition.

The first hypothealis was further lnvalidated in the following
manner: A digestion of olivine in sqgueous hydrochloric acld was cerried
ont using the standard Jirst stape additlon of 20 grang of olivinetin
258 mle of 20 peroent acid; hut after the initial reaciion time of %en
mimtes, the siliclic acid rosuliing wes filtered off. The filtrate
was identical in every respect to the environment inte which the segond
increxent of olivine 1s usuaslly added except of course for the absence
of the sclid rhase. Uelng thie filtrate, cdigestion of the second 80
gran incranent wes carried out, resulting in prohiblitively low rates
of 1e9, 2.3, and 2,0 gal./sqe.fts, hour even though tweniy percent less
residaal soiid'was present. This sonclusion could be reszched from
previous data tut the foregoing results sare perhaps more direct experi-
mental svidence.

The third possibility involving a combination of solution and
solid properties was invalidated by sizilar experimeniation., Siliede
agid gel fermed by digestion of the first increment was separated from
the filtrate as in the preceding case. This freshly prscipitated solid
was washed ans repulped five to eight hours with water until no
chloride ion was present in the washings as shown by silver niitrate
tests. It was assumed at this point that for all praetieal purposes,

the gilica gel was {ree of elecirolytes. The solid was then washed
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with 20 percent hydrochloric acid for twe hours to replace as nearly

ag possible 31l absorbed and adsorbed water. This sclid was subseqguently
added to a normal digestion of olivine snd acid in which the total

charge of ore was added directly to the acid. Filtration rates of

1543, 224 and 1043 gal./sqgeft., hour were obtained indicating that

the inoreased rate is 2 funetion of the residuasl solid or silicie ae¢id
alone.

Thiz experiment, while substantiating the above sonclusion, did
aot gompletely eliminate the possibility of a solution-solid effect at
the time of initial mixing, previous conditioning of the gel, nor the
posgsibility of adsorbed; non~removable lons. It will be subseguentily
shown, however, thal increased rates can be obiained with mineral acids
other than hydrochloric asid and for a wvariely of silicstes, widely
differing in strusture and chemical composition. These latter resulis
slininated from consideration the effegt of particular iens, specific
water-solid ratios, etce., characteristic of the clivime~hydroechlorie
acid syster and further minimized the posaibility ef any dual role by
the sollde-liquid system in accounting for the phenomena. It was there—
fore concluded that the rrimary faetor responeible for incoreased
filtration rates with increment digestion was the residual solid and/or

silicic acoid of the first ineresent.

Be Experizental Basis of the Theory

The particular menner in which the solid effected the increased
rate remained to be determined. It was known that less hydration of
the silicie acid resulted from stage addition as can be seen from the

contrasting miorophotographs in Figure 5, and the data in Table 30 wherein
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relative filtrate volumes from stage and normal digesgtions are contrasted,
The sane total wlume of sclution was employed during each series.

TABLE 30. -~ Relative Flltrate Volune

Stape additions,

230 182

250 178

240 170

235 170

225 165

245 160

-230 25

Aversze 234 169

It should be noted that the increase in filtrate volume excesds 38
perceent. This relatively large incrsase with stage addition definitely
proves that the g6l produced by this technique is less hydroue than that
ordinarily obtainedi, probably represeniing the fundemental reason for
increased rates, In addition to the obvious advantages with regard %o
filtration of the final slurry this degrease in volume of regidual solid
ninimizes wagh water requirements.

To eliminate possible effects of unreacted ore in the silics gel
and the eflfects of gel conditioning by the solution enviromment during
its formation, a “synthetic™ gel was produced, Baker'!s analywed sodiun
silicate contzining nine moieeulaa of water was treated with a large
excess of twenty percent hydrochleric acid to rroduce a yel whose histery
sould in ac way be related te the inpurities such ag iron, nickel,
manganese, chromium, present in olivine. The addition of this zel to
a normal digestion of olivine and 20id gave rates of 8.8, 10,3, and
1142 g2le/eqeft., hour. Although these are not as high 58 those obtained

®ith multistege digestion, they represent more than a five-fold increase



in the average rate obteined with riormal digestion,

The foregoing experiment is of areat signifieance. It shows that
the phenomena i2 not dependent upon silieie acid gel owtained from
olivine nor is it & function of any particular solution conditionding
during the gel formation.

Befcre avolving a hypothesis which ie believed Lo vest describe
the obgerved phenomens, a survey of certsin faots, many of =hlch hawve
been already discussed, will be useful.

(1) The wolume of filter cake is decreased by abouil 50 veroent
vhen inorement digestion is employed.

(2) The wolume of filtrate isz inoreased by about 40 nereent when
ingcrement digestion is employed.

(3) #ieroseopic examination of the filter cakes by the two pro=-
gadures discloses the inerement residus to be much drier and anparently
nore grenulars

(4) Use of large excesses of 20 percent hydrochloric acid as exists
i the environment of the first inorement causes prohibitively low rates.

(5) Use of weaker concentrations of hydrochloric acid causes
geletion.

(6} S8tronger concentrations of hydrochloric acid sive increased
filtration rates.

(7) The increased rate with muitistage digestion is avparently e
function of the solid rhase alone, i.e. the silicic acid gel produced
from the first inerement of ore,

(8) The increased rate with multistage digestion is not a
funation of solution properties of the reaction slurry.

{9) *"Bynthetic® gels produged from silicate salts also give



ingreaged filtration rates.

{10) ZX-ray studies show no difference in structure between
regidue obtained by nultistage and normal digestion.

(11) The final reaction slurry ocbteined by any procedure must be
neutralized to obtain the maximum increased rate.

{12) M ltistage digestions yleld slurries which possess good
filtration characteristics ever at low temperatures which is in direct

gcontrast to slurries obitained from conventiocnal decomposition techniques.

U« Statement of the Theory

Based upon the above facts, the follcwing theory wam develcped:
The first inoremsnt of ore added tc the strong acid reacis to form a
gelatinous finely divided silicie a&id zel which rapidly adsorbs hydrogen
ions from the large excess of sold rresent; thie agrees with the results
of losenbeck. 85/ Partigles of the much larger second increment added
to an overall acid concentration whieh, under ordinary conditicns, would
produce axcessive gelation, are immediately coated with very finely
divided gel of the first increment. Adsorbed hydrogen ions on the
surface of the initial gel are in preferred state for reaction, however,
and their effective concentration le therefore much higher than indicated
by the overall aeid concentration. OBurface phenomens of this type,
especially catalytic reactions, are not unoommon and the increased
temperature at the phase boundry of gel and olivine minimizses hydratim
of the silicie acid colleid produced. The general conclusion is sub-

stantiated by the fact that higher oconcentrations of acid, reaeting at

85/ losenbeck, O., lcce oit.
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higher temperatures, prodice less highly hydrated residues (Tsbles 4
and 5).

Silicic acid gel formed by this resction is then in an ideal con-
dition for aggregating and condensing with the gel of the first incrsment
which results in minimum entrainment and absorpiion of water.
Ageregatized silicie acld and free collold present in the slurry after
digestion, however, are in & highly charged condition which vrevents
complete flooculation and ismmediate filliration fails to achieve
maximum rates. After neuitraliszation the charge on the particles is
removed permitting condensation of the oolloid and giving & relatively

asoarse, quickly filtering, slightly hydrated residue.
De Amalysis of the Theory

The auther hes nostulated that the reaction betmeen olivine or any
alternate velatinizing silicate in the presence of silicie acid gel is
essentially cetalytic in neture and & brief consideration of the funda-
mental bases of such mechanisms is in order.

In the rmajority of positive catalytic reactions, the catalyst
cruses chemical reactions to take place 2t an enerygy level lower than
that &% which they would occur without the oatalyet. Miny c¢olloidsl
substances are recognized for their gcatalytice effsct on chemical
reagtions, ®.ge, collolidal aluminum silicates, hydrous alumimm, hydrous
iron oxide, and as postulated for this reaction, silicic acid zel.gh/

it may be considered probable that any chemical conpound can sot

8/ lohse, H, %,, Catslytic Chemistrys New York, Chemical Publishing
000, Inen’ 196,5, P P
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catalytically under one particular smet of condiliong or another, Con=-
sequently a discussion of the subject requires definition and limitation.
Catalytically active substances can be divided intc two broad groups:

ls Well defined chermical compounds which react according to well
defined catalytlc reaction schemes, their special sction mostly being
the formetion of a lablle intermedisry sompound. This Lyre is commonly
encountered in homogeneous catalysis, exsuples veing the halcgens,
zclds, tases and salis.

2+ Contact mmsses, esuch 2§ are encountered in hesterogeneocus cat-
alytic resctions where the reacting and resuliing substances are in
different phases. As heterogeneous reactions %teke place on phase
bounderies, the term phase-boundary catalyst is frequently used. This
latter type, with which we are solely concerned, has nc completely
satisfagtory interpretaticn by theorye It a&rpears, that a labile
compound ¢f wery short existance is formed between unssturated surface
atoms and those of one or both of the reactants. The contact surface
may react with one reactant forming & labile compound which is reagtive
with the other reacteniy or both reactants may form s labile compound
with the contaet surfass, the adjacent surfage compounds rescting with
each other forming a compound of less affinity to the suriace.g/

In general it 1s sssumed that oatalytie reactions and possibly all
reactions, proceed by the formation of a oritical complex, which decommoses
inte the substances resulting from the reaction,

A$4B—>2—>C4D.

g7/ lohse, He We, Ibid, »o. 115,



The formation of this oritical complex is slcw and frequently
determines the velccity of the reactione. The formation of ¥ depends
upon the activities of A and B, and the reaction velocity is expressed
by

Ve th ap >g - 7,32
where 2, and z are the activities of A and B, fx is the activity
coefficient of X and £ is a sonstant. 88/ For the system at hand
it grrears that the formation of the hydrogen jon-silicie acid-
olivine cocmplex corresponds to the labile compound or coritieal complex.

Taylor conceives the catalyst suriace as consisting of unsaturated
atoms, more or less loosely held to the underlying lattice structure,
such peak atoms beling haphasardly distributed on the suriage and having
& varied number of free valances. Such peak atoms, with unsaturated
valance forces, are considered to be the seat of cstalytioc activity
of the surface, being termed active centers. Silica gel and ailiéic
acid colloids are known to exhiblt these cherscteristies. With such
salids the rigldity of surface atoms yprevents the formation of surface
tension effects, although the surface of ihe solid still tends to reduce
itself, this being accomplished by adsorption onto the surface of
molecules or stoms from the liquid phase w.:: which the solid surface
is in contact.89/ For the system at hand this is accomplished by the

adsorption of hydrogen ions.

88/ Bronsted, J. Ne, (Theory of Chemiczl Resction Veloeity): Zeit.
Phys. Chem., vole. 102, 1922, ppe. 169 - 207.

£9/ Burk, Re Es; Twelfth Report of the Committee on Catalysis,
Hational Research Councils HNew York, John Wiley & Sons, Inc.,
1940, ppe 41. (Section by He S« Taylor.)



The catalytic nature of the olivine~hydrochloric aecid reaction
will be subsequently substantiated by an examinstion of the reasgtion
¥inetics and a general discussion of the controlling varisbles is
indicated. As is comron with complex heterogeneocus systems of this
type, especially where catalysis is concerned, the resction does not
fit a particular order baged on collision mechanism. Fmpirically it
aan be deduced that the rate is a function of temperature, hydrogen
ion econcentration, surface area and the diffusion resistance of the
gelatinous film edhering to each pariiele of silicate, The oversll
rate is, however, a functlion primarily of the slowest veriasbls, which
in this case is the diffusion resistance of the gelatinous film which
serves 28 a barrier both to the transfer of hydrogen ion to the ocontact
surface and the removal of the producte of reaction,

There had been observed a certain critical agitation rate below
which the rate of reaction became a funetion of the stirring wveloecity.
Apparently with agitation characteristics above the oritisal, the mutual
affinity of the components of the contact surface prevente further
decrease in film thiokness by slurry abrasion, while bLelow this poing,
there is an increase in the linear thickness with an accompanying in-
creaps in resistange to ion diffusion.

There ls some indiecation that the diffusion rate of magnesium and
chloride ions from the surface is the controlling variadble, Very low
filtration rates were obtained with increment digestion when large
smournts of the salt were added to the resction slurry. This was also
accompanied by a decrease in the rate of resction,

It is possible to develop an equation for reactions of this type



baged on estgblished theory for the rate of dissolution of solid

crystals.9Q/

92 KA (C-2)
K is the dissolution sonstant and for the system under ocnsideration
is dependent upon the coefficient of diffusion (D) ef the resctanis and
products through the gel film and the thickness of the film (1). Ist
(A) be the area of the ecntaet surfses, (C) the saturation consentration
of the dissolved substances st the phase boundary snd (x) the concen-
tration in the liquid phase. Alsc to be ocnsidered are the mutual
affinity of contact surface and the resultants (h) and the .h.eat; of
formstion (H). Substituting in the above equation & general eguation

for the reaction would spproxixates

Cj*Z':Q— HA(C"X)

For a gilven temperature and glven agitation rate, %will ve constant and

as pointed ouil earlier in this section there was & certaln critical
azitation rate belw which the rate deersased, other conditions being
equal., This is in agreement with the above equation, for as agitation
is increased; a point isg reasched beyond which the affinity of the gel
for the particle surface exceeds the sbraslive action of the slurry.
There is encountered a%{ this point a problem which fregquently resulils

on analyzing analogoue systems for the rete of sclution of solid crystals

and the following arproach ie believed unique:

90/ Brunner, E. Y., (Resction Velceity in Heterogeneous Syetems)s Zeit.
Phys. Chem., vel. 47, 1904, p. 56.



As reaction prooeeds, the solid surface A varies and the above
equation therefore represents & zaximum rates This fact cen be in-
corporated as followsy

et ¢ = moles of olivine taken for test
¢ = density of partisles
D = original aversge diametsr of particle
assuning them to be spheres (surface of one

3

particle = w D* volume of one particle = I )

[
0 = molecular weight

V = wolime of liguid system

The nusber of pari;iclaﬁ charged N, is given by

N = g7

"-D3 me D3
The mase of one particle is ’I_—%i‘? « BHow, if at time €, VX

moles of olivine have reasted, the decreass in mass per psrticle is

given by

vV x m V x Tr,.-—--"——“'?p%:m

~ - 6 gm 6 g
the variable mass of one particle is then
7D e T_I_w n—?D [ \/x] (% \/X)
e 64 6 ?
Tne wvolume of the variable particle is
D> _\x
.é., 6@* (%.v;r) -’Z? (g- Y=

let d = variable diameter of ihe particle, so
> 3 Va
md® 1D%g-Vx) or d-D(27)
6 s 2sq - \/x) Ya
The variatle surfsce per particle is md?* nD i—-——-—

So that the total variable surface on which resction can ccour im ziven b
& ¥

A-radN: £33 mDM I ez (8 b ) (g™




aid

Loecordingly, the differential squation ray be expressed Ly

dx DM 2 (3)%( - \/x)ﬂ(fjiD )
hAs &t a given temperature and agitation rate,lz is constant, we can
unite

Va

dx-pH £ (33" @G- v* (€ - %)
it was nol possible to integrate the above eguation because of the
wnknown concentration of salts at the contact surface. Sixilar
equations may be integrated, howewer, in slightly different form for
the genersl problem of dissoiution of sclid arystals, where to the best
of the author's knowledge, no such correction for variation in rarticle
sise has been made. For such cases the concentration at the interface
gan be assumed equal to the saturation solubility walue of the salt and
the eguation thus becomes integrablse.

Gualitatively the resulits of actual kinetic measurements are in
agreement with the above equation. 4 series of digesiicns of olivine
and hydrochloric acld were carried cut for wricus periocds of time
follored by quenching in a large excess of water to minimize further
reagtion and the results are tabulated in Teble 31 and plotted in
Figure l6e. 1Iwo series are tabulated, the first corresponds to a con~
ventional digestion in which the total quantity of olivine is added
directly to the asid and the second corresponds te increment or stage
additions In order to obtain a continuous series of data, it was

necessary tc simulate inorement digestion by adding washed silica gel

to the normal reaction mixture, The validity of this method of operation

!\.

wag previously discussed.

Thers is a striking increase in the initial rate when conditions
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approximating inorement digestion are simulated. Therafore, 1t aprears
legieal to gssume that the reagtion is ocatalytic in nature az by
definition catalytic reactions are those wherein either an increase

or decrease in rate oscurs through the addition of a materisl which is
recovered unchanged 8t the conclusion of the reaction. The siliecie
acid gel initially formed 1s the catalytic substance whioh functions
through the adsorption of hydrogen ions,prabaﬁly on the peak atoms of

the pel surface with unsatisfied wvalance forces.

TABLE 31, - Hate of Reaction

Tine, Kon-Ineremsnt Con~ Increment Concen~
Hinute centration ¥gllsy; groms dration Eg@%a, gramas
Oeb 1.0 14.5
1 2.1 ZTeB
2 2563 bl
3 41.8 53,0
4 57.5 60.5
5 62,0 70.1
& 67.3 T4el
7 720 23.5
8 71.8 778
3 775 2040
10 80.0 82.5
1 8364 8462
20 8540 8640
25 85,6 86 .6
30 8740 873
35 a8.1 83.1
40 8842 £7.9
45 88.5 8842
50 8847 8.8
55 89.0 88.6
60 88.9 89.0

Althougn the partioular mechanism by which heterogeneous catalysis
ogcurs is still relatively unknown, some investigators fesl that the

gontaoct surface causes a diminustion of the required hsat of asgtivation



due to disruption of the rescting molecules by & strain aoction, which
is developed by attachment of neighboring atoms to two adjacent atcms
on the surfacge of the catalyst.91/ In contrast to the simpler case
involving diffusion of giseous reactants to metallic surfages, catalytie
contact between hydrogen lons and olivine particles is believed to
result only through actual costing of the rarticles whereby strain action
can develope. The hydrogen ion-silieis acid-olivine complex ie believed
%o eorrespond to the labiles cgompound postulated by the present theory.
Ghémical—physical astion on a catalytic contact surface is much
enhanced by the very large amourt of heat envolved during the shemieal
change on the surfece. In other words, the chemical reaction sphere,
on contact surfaces, is probsbly 2 zone of higher temperatures than the
surroundings.92/ This effect accounts at least in part for the lowering
of the hydration of the silicic seid collcid produced on reastion of
the seoeond increment. It has been established that inoreased tempera~
tures decreasse the extent of gel hydration, this conclusion extending
even into the range of autoclaving, and as indicated, temperaturees
greater than those of surroundi ngs are probably encountered at the contaetb
surfice. It must be emphasized that the usual heat of chemieal resction
starte and maintsins the overall reasction and it is the resimtance of
the diffusion barrier to heat transfer which peramits increased surface

temperatures,

w Burk Possible Mechanisms for the lowering of the Heai of
g iivitlan éf a Reaction by a Catelytic Surfages Jour. Phys,
Ghem!’ Yel' 30’ 19%, }‘O 11341

w I.ﬂh@fﬁ, He AEZ;“.’ QP Gitt, FPe 18 - 1‘9.
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An examination of Fizure 10 discloses that non-increment di zestions
have & relatively low initial rate of resetion which rapidly inoreases
after 2 few minutes, gradually arprosching the increment rate as a limit.
This is believed to be a direct result of the formaticon of szilicle acid
whish rrovides g catalytic reaction surface gimilar to that obiained by
the initial addition of gsl, There is sowe indicaiioan that the sdsorption
of hydrogen lons by the colledd and el is not inetantanecus, ithe result
of which would be to emphasize tne difference in velocity rate between
the two procedures of decowposiiion. The marner in which resction rates
for boih increment and non~increment decampositlons converge aiter
widely differing initial velceilles is atiribuitable o the gradual
incremse in silicie acid gel, present in the latter caese, to a gertain
required minimum coneentration. The gecond situation may be campared
0 the usual case of Autooatalysis where & reaclion product acis as a
catalysi, there being no catalyst present at the beginning of the
reaction. The slow initlal wveloeity encountered with non~increment
digestion may be thus interpreted as an industien period due to the
lack of suffieient intermediary silicle acid from the reaction to
initiate asutocatalysia.

At the conclusion of the reaction under normal progedures of
operation there remains an oxcess of beth olivine znd a swall asmount
of free aclid. Reversible comditions are therefore assumed, although
in this system the reverelibllity may be s function of the diffusien
barrier resistance, In ordinary reversible processes, a catalyst aots
in bringing about equilibriuve more rapidly than without a catalyst,
but the catalyst dces not change the squilibrium pointe. Consequently

the two epposing reacitions are sccelerated to the same extent by the



catalyst, which is possibly the case with the gystem at hand.93/ As
previously pointed out the convergence of the two velocity rates near
the equilibrium concentration is probaebly a function of the auto-
catalytic nature of the silicic acid produced.

As the reaction proceeds silicic acid collcid is constantly being
produced and subsequently removed from the surface of olivine particles
by slurry attritione This eollcid is in a preferred condition for
aggregating and condensing with gel of the first increment, from the
point of view of final filtration rate, as it is less hydrated than
that obtained under normal conditions.

The electrical charge on the colloid prevents immediate and eom~—
plete condensation to & relatively dense silicic acid structure,
howsver, and neutralization of the acid and acidic salis present in
the system is necessary ito achleve maximum filtration rates. The
maximum aggregation or condensation veloecity of silieie acid ecolloid
occurs near pH - 7 as at this point there are equal numbers of positive
and negative particles of colleoid which on impaset can condense through
the elimination of a moleeule of water. The reaction collision frequency
for a given quantity of colloid 1s obviously a maximum when there are
equivalent numbers of positive and negative particles. Formation of the
final, relatively dense fibrillar or brush heap structure of silicic
acid is believed to foll-w the previcusly described condensation mech-
anism.

The theory advanced in the preceding section is believed to be

93/ Bronsted, J. N., Physical Chemistry: Iondon, William Heineman
I:hd., 1937’ Pe 247



congistent with ihe macepted mechanism of zelation previously outlined
and observed experimental results; only one alternate hypothesis was
given serious consideration. At one stage of the study it had been the
tentative conelusion of the author that the preliminary increment,
reacted in a relatively fluid solution with freedom of movement, formed
miglel with which subsequently precipitated silicic acid of the second
increment could eondense before excessive hydration cccurred. A brief
analysis of this hypothesis is of value and some theoretical support is
available.

Nucleation and orystal growth for example are competing rrocesses;
at low supersaturation both sre extremely slew but the latter predominates.
It is also well known that the former predominates with increasing
supersaturation and with restricted movement of the pregipitated or
erystalliszed phase. While this ooncept was not baged on gelation
phencmens, it was reported that cocagnlation of celloids and orystalli-
sation are analogous processes, and the extrapolation does not appear
unreagonable {See Chapter II)s The example of BaS0, may be cited in
which its state varies from discrete crystale to a clear jielly simply
by changes in concentration. In short, this alternate hypothesis
postnlated simple nucleation as the proper mechanism wherein relatively
dense gelatinous silicic acid filaments build up on the residue of the
first increment.

Two fundamental experiments indicated this mechanisgm alone would
not adeguately explain the phenomena. On first sttempting to achieve
an ingreaged rate by utilizing filtered and washed silicic acid gel fvom
the first inecrement, negative resuliz were continually obitained., ¥hen

the filtered solid was washed with hydroechlorie acid prior to its use,
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however, the lnoreassed rate phenomena wag apgein irmediately apparent,

it was concluded that one of two possibilities existed. Either the gel
contained sufficient water toc effectively lower the overall aecid con-—
centration during the above initial sttempts; or the gel absorbed hydrozen
ions, chlorine ions, or both, which were essential to the rhenonmena of
increased rate.

By calculation, the amount of water in the gel wes eassily determined
and sufficient hydrochlorie acid was added, not %o the gel, but to the
reachkion mixture of gel and olivine to offset this effect. Iow rates
0f lef, 0.8, 1.8 gal./Bqeft., hour were obtained which aprarently
eliminates thie possibility. Thie resuldt may be explained in the light
of the present theory. It appears that the abscorptlion of hydrogen ions
on the collold,; &% leust in regard to operation for ocatalytic reaction,
is not instantaneous and there is an apprecisble lagz before the el can
initially function satalyticslly. Therefore, reaction in the presence
of thoroughly washed silica gel results in the usual film on the solid
particles which in this instance functions as a barrier to the diffusien
of hydrogen ions to the catalytie surface. Simple mixing of gel with
the reaction aixture should thus be avoided. A large number of resctions
start with induction periods, the rate of change of which may be quite
small, but at the end of the induction period, measurable reaction
occurs.Q4/

A mecond geriss of experluents was performed in which gzel of the

first increment was washed and dried at 130° C, for fwenty-four hours.

4/ Hinshelwooed, Cs N., The Kinetiocs ¢f Chemical Change in Oaseous
o Systems: Oxford, Clarenden Press, 1933, on. 299.



The gel deteriorsated, cf course, to a fine powder and additions of this
powder to normal reacgtion systems had no cbservable effect on {filtration
rate. This result iz not unpredicisble as the litersture describes
silica g6l as belng, in conmtrast to gelatin, of the non-elastic or rigid
type which is not reversible after dehydration.95/

An effort was made to obtain direct experimental evidence regarding
the charge on the ¢el, Numerous references previously cuoted established
the charge on sillclic acid 28 positive in strongly scid soluftions due to
adsorbed hydrogen ions. Considering the complexity of the system, how-
ever, it was desirable tc substantiate, if possible, this conelusion.
Using migration methods in solution no obszervable effect was rroduged
which i3 freguently the csage with relatinous systems of this tyne. 4
sample of thoroughly washed zel (8 houre of washing with rerulping) wes
then added to a careiully standardized solution of 0.01 N socdium
hydroxide. Therc was & definite change in the titre of the alkali
polution toward the 20id side suggesting that the gel was charged with
adsorbed hydrogen ions.

Apparently it ie possible to remove a sufficient number of surface
oriented lons by washing to render the surface unsuitable Tor catalytic
behavior ss thoroughly washed rel will not glive rise sither to increased
reaction velocity or filtration rate., This result wse previocusly
discuesed.

Heutralization was established as one requirement for the sttainment

of maximun filtration rates and this requirement is a direct consequence

95/ Olasstone, S., Textbook of Physiocal Chemistrys: ¥ew York, D. Van
Hostrand Coey InGe, 19#0, Pe 1233.



of the electrical oharge on uasses of aggregatised and condensed colloid.
Ne noticeable effect on filtration rate was produced, however, through
the addition of excess guantities of reactants and products to the
reaction mixture, Table 29, In this connection Werner states that
electrolytes have negligible effect on the coagulation of silicic acid
oolleid in scid wedia but have marked effect in glkaline soluiion.gé/
Variocus electrolytes containing multivalent cations and anicns were
added, however, tc digestions in whieh normmel and multistage digestion
was empleyed to determine if these additions would aifest the electrical
properties of the gel, a measuwse of whiah could be oblainsed Irom the
final filtration rate. Fotassinm ferricyanide, aluminua ohloride,
potassinz oxalate, potassiuwx sulfate, zinc chloride aad barium chloride
were tested, all with negative results.

An attempt wss made Yo demonstrate that the gel of the first
inerenegnt actually coatsz the particles of olivine of the second increment.
After normal reaction of the [irasi increment, ine second increment was
added and a sauple lmnvedistely taken for petrographic examinetion. The
hot material fogged the objective of the ricroscepe vuil by chilling
good observations could be made. The majority of particles of olivine
were covered by a film of gel and while the possibility of initial
raagtion on the fresh surfaces must bs admiitted, the resulis are sub-
stantiating.

“Synthetic" gel produced by reagiion of sodium siliaaie and
hydrochlorie aeid did not give rise %o the maximum fiitrstion rates

obtained with gel of the firsi ingrement decomposition. 7This result

96/ Werner, J. F., The Fffect of Various Ionogens on the Time Recuired
for the Jelation of Colloidal Silieic Acids Jour., Pharm. Assca.,
mlt 9’ 1933, Phe 561‘5Q8‘
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is undoubtedly doe bto the mcde 0f gel preparatione it is generally
sgread that the xwre physical adgorption of gases, vaper or liguids
ok ordlnary ecvntast surfakces suoh a8 silies gel is not suffigient
Inducement for ehexical asiivity. in order to become chemioally active
the eontact surfuce pust rossess thoee specific preoperties which are
salied the activity of the catalys?, such properties being a direst
funetion of the preparation technique.

in summarizging & brief discussion of the kinetie sguation will be
of value, As stated,

H V> el
g%;/ﬂ‘,"‘h 5"‘(5})’ g-Yx)¥*(C -x)

the velceity rate is a direct funotion of tempersture fork-«D«T. Ihis
is in agreenent with fact ag the reasction rate for bobh ineresent and
non~ingrement deocmpositions increasss with temperature. denerally
spesking, diffusion coefficients likewise increase with temperature and
the resistance of the eolloidal barrvier is thus reduced.

dgitation was alsc found Lo affect sdversely the rate of resction,
although only belos a certain critical minimum. From the eguaticn we
can me,ﬂ%ué— and decreasing rates of agitation result in inereasing
thicknenges of the diffusion barrier. Above the critical;, mutusl
affinity of the components of the oontaoet surfage exoeeds abrasive
action hy the slurry. The mutusl affinity bvetween the ascntaot sur face
ard the roesultants functions to decresse the oversl)l rate and this
wariable is included as 11 »

Sur face ares decrsases as the olivine reacts and oorrection terms

for thig sre ingiuded gs 5—-. (g \/x



As catalysis does not usually occur if the entire contact surface is
covered by resultant a certain correction facbor for the ares must be
introduced. Thisg 1 desipgnated g8 O( and it is amsumed th2t the fractlon
of the surface covered ig a constant independent of tokal srea,

Hest of reaction is important in catalytic resctions as it increases
the temperature of the contact surface, thus ailding diffusicn and in-
oregsing the overall wvelceitys, In the decgomposition of silicates with
acid it is of special importance in deecressing the extent of colloid
hydratiorie

At first glance the above eguation does not appear in zgreement
wlth the poor filtration characteristics of finer particle sizes of
olivins. (Tables 10, 21). lMore rapid reaotion results with finer
materlal (Figure 4) and if the proposed higher temperature at the
contact surface sctuslly exiets, less hydration should result. It
must be remembered, however, that the second phase of the proposed
nechanism is & condensation of colliodid to a relstively dense fibrillar
structure. ¥Fhen decomposition occurs at the high retes characteristie
of fine ore, siliclsc acid collold 1s produced at a proportionstely
inecreased rate., Such collold apparently cannot condense inte larger
molecules as fast ss it is formed and there results & mass of small
¢nlleoidal nuclel each unatle to condense with its neighbors probably
becasuse of the high surface energy possessed,

The larger polysilicic sold oondensation products are atill
csharged by lon adsorpticn and as characieristic of charged particles,
they tend %o oppose compulaiiones Relatively large amounts of water are
probably held in their fields of slectrieal influence whigh i released

upon neutralizatlion, and permits further asondensation. The {inal
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CHAPTER V

EXTENSIOH OF THE THEORY

Tremendous tonnages of numerous silicates exist in mature as
pointed out in the introduction. kany, however, are unreactive in
20 percent hydrochlorie acid and still others have no commercial
significances A group of ten additional silicates was seleasted, Table
32, which met or had possibiliily of meeting both of the foregoing

objections to some degree and which were ityplcal of the entire groupe.

TABIE 32 - 81l1icates Tested

gilicates
Nivine Scurce of magnesium, chromium and nickel
Serpentine Bmree of magnesium, chromium and nickel
Beryl Scurce of beryllium.
Kaoclin A Seurce of slumina, ceramics.
Garnierite (8iliceons
Nickel) Source of nickel and magnesium.
Chlorite -
Chryostile Hon~flamrable elegtrical and hest insulation.
Sedalite -
Tale High temperature insulation, cosmetiics,
filler.
Wollastonite ¥Filler, ceramic bodies, welding flux.
Heulandite -

A. Extension to Alternate S5ilicates

As the theory established for the olivine~hydrochloric ac¢id reastion
required for iis basic mechanism only silieic acid gel and hydrogen ions
it wag felt that all gelatinizing silicates should be benefited by the
technique of stage addition. This view was supported by the results of
tests using Yeynthetic® gel from reactions of sodium silicate and

hydrochloriec acides Aceording to the data of Furata it oould be therefore



predicted that olivine, serpentine, sodal ite and possibly wollastonite
would have better filtering characterisiics with stage addition than
garnjerite, kaolin, chlorite, chryostile, tale, and heulandite. 97, 98/

The former groupr is characteristic of those minerals of low
molscular weight such &8s orthosilicates and those of larger molecular
welght such as dislilicates that decompose on aecid attack, both of whiech
gelatinize on decompositions In conbrast the second group is composed
completely of non-gelatinizing minersls.

Using normal digestion techniques in which the minersl wze reacted
with B5 percent of the stoichiometric quantity of 20 rercent hydro-~
chloric acid, filtration rates given in the following tables were obteined
which are contrasted with those resulting from the appiication of
inerement or stage digestion. In several cases the reaction was
incomplete and prohibitive quantities of magnesia were required to
neutralize the resulting slurry. Because of difficulties with deteri~
oration of filter paper in high residual ascidities, & four-inch fritted

glass filler was sometines used.

TABLE 33. ~ Digestion of Serpentine

5‘,
§ PENFLETRY -
f s

97/ Murata, K. J., Internal Structure of Silicste Minerals that
Gelatini%e with Acidsy The Amer. Wineralegist, vol. 28, 1943,
Ehe 55—5 - 562‘

98/ ¥urata, K. J., The Significance of Internal Structure in UGelatinizing
S8ilicate Minerals: Geoclogical Survey Bue.. 950, 1946, ppe 25-33,
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Serpentine was caleined at 650 C. before digesticn to obtain a
comparable degree nf reactlion with hydroechloric acids The slurry was
filtered on the ée=inch Buchner fumnel and, although the rate with
normal digestion is superior to olivins, probably due to an insensitiza-
tion of the silica by calecimation, definite lmprovement in rate was

obtained with increment digﬁétiena

TABLE 34. - Digestion of Silicecus Hickel (Usrnierite)

Run
1l 543 10,0
2 6ok 96
3 S5e1 124
4 549 10.3
Average 5.8 106

The siliceous nickel ore was caleined at 600° ¢, before digestion
for the same reason 23 the sserpentins. Slurry was filtered on the
6~inoh Buchner furmel and sgein the initial rate was warkedly sursrior
to olivinsg under similar digsestion conditions. Definite improvesment
resulted, however, when increment or stage digestion was employed,

Beryl was osleined at 1500° Ge. followed by a quick water guench
to bresk the A1233.51Ga~580 structural link which is necessary to
achleve any appreciable solubility in acid, Unfortunately no definite
resction with 20 percent hydrochlorie acid resulted and only in sulfw ic
acld concentrations above 50 percent did any noticeable decamposition
ocoure 4ihere was no difference in rate between nommal and stage digestion,
but this is not unexpected considering the extremely low water-solid
ratic wnhich probably cbscured other effeois.

Sodalite was rescted under the ssme conditions as the serpentine



and gernlerite although without ealeination.

TABIE 35. - Digestion of Sodalite

Tody

Although improvemsent in filtration rate is not as marked as in the
preceding cases definite increases were observed, The remaining
gelatinizing silieate, wollastonite, was then tested in a similar fashion

and the dats are given in Table 36,

Hormal Filter Rate

508
643
5e7
60

i ———

5.8

Once again the marked improvement in rete characieristic of
gelatinizing silicetes wag obtained,

Pigestions of kaolin, chlorite, chryostile, talc and heulandite
were nexi carried out and the resnlte are summarized in Table 37, Twenty
percent hydrochleric acid eguivelent to 85 percent of the stoichiometris
requirenent was utilized.

Eeolin failed to react to any appreciasble extent with twenty parcent
hydroechlorie acid although the remsining four minerals gave relatively

complete reactions as measured from the excess rasidual scidity. it was



soncluded that no improwvezent in filtration characteristics is obtained

with minerals of this type.

TABIE 37. - Digestion of Non-Oelatinizing Silicates

Silicate Normal Filter Rate Stage or Inerement Filter Rate
Xaolin 10.1 8.2
Chlorite 16,2 16.8
Chryostile 5.0 be
Talc 150 S 12 oﬁ
Heulandite 11.9 }.3 «0

A definite correlation scan be made between those minerals which
gave lmproved filtration vaites with inorsment or stage addition and
those which did note. With the exgeption of garnierite all minerals
listed by durata as non-gelatinizing in acid were unaffected by the
application of increment digestion. In this ocmse {garnisrite) it is
possible that the inoreased rate can be atiributed to the presence of
gubstantial amounts of olivins which petrograchic analyesis showed to
ve rresent, It should Le exphasized that commercial hivh grade con-
centrates of esch mineral were utilized with no gpecizl mineralorical
separation.

0llvine, serpentine, soda’lite, wollsatonite and garnierite gave
improved filiration ratss with increment digestion and, witn the
exseption of wollastonilte which is a borderline case, thege sane
minerals are considered by lurata to be gelatinizers in minersl acids 9/
These conclusions are sumnarized in Table 38, In short, for gelation

to ogeur on decomposition of a2 mineral with aocld, its siliceous structure

3/ surste, K. Jo, Private Comsuniocation, January, 1948.



must be of such & nature as 4w break down into soluble units of small
moleoular weight eontaining not more than a certain saxinum maber of
gilicon atoms, %e can therefore conclude that the technique of increment
digestion has definite apolication to the general group of gelatinising
silicates.

it i3 extremsly interesting in this comneotion, %tc note in
addition the relationship between the structure of minersls containing
giliea and the danger of silicosis. The damaging power is largely
dependent on the 510 2 lattice and its partial poeseible replacement with
aluminae The gelatiniging and non-gelatinising grours desoribed by
¥urata corrslate very well with the "legs™ and "more" dangerous mineral

grouping by Hellmers. .0y

TABIE 38. - Gom?elatian of Filtration Characteristics

831 £e 4 er
0livine Yes Yes
Serpentine a3 les
Sodalite Yos Yes
Wollastonite Yas Yes (2)
Garnierite Yes Ko
* L o & & ¢ @ . » « @ - % & L ] L * ® # o 2 & * @ ® @ * ® @ -« * @& L ] ] L 3
Kaolin BRo He
Chlorite Ho Ho
Chryostile Ko No
Talc Ho o
Heulandite Ko He

Be Ixtension to Alternate Acids

The phenomena of improved filtration rates with stage or increment

digestion was subsequently extrapolated to mineral acids other than

100/ Hellmers, J. i, (The Variocus Forms of Silicic Acid and its Tinksge
in ¥ nerals)s Chem, Zentr,, vol. 47, 1944.



hydroculoric with coamplete agreement with ithe postulated theory. Losi
of the previously reporied and ifmuediate dets were baged upon hydro-
ghloric acid., In order to achieve any degree of gensralization of the
bagic rrogedure 1t was uecessary to evaluste alternate scids and for
tiis purpose nitric and suliuric acids were belisved indicative of the
entire groupe Compzrable sxtent of reaction could not be cbtalined
between olivine and 20 percunt congentrations of these nolds and it
wag necagsary bto utilize solutions eguivelent in hydregen ifon concen-
tration o 40 percent hydreshlorics +#With even higher concentrations

of these acgids, l.e., about 50 percent, the phenomena of inoresged rate
on increment digesilon disappesred, probably due to ihe low liguid-
golid ratio snd the higher teaperature of resaotion. Frevious
invesbigators found filtrstion rales markedly improved under such
eonditionse Hoonocmle cousiderations would probably digtate the
ubilization of these altarnste ueids in congentrabtions avove 40 porceent
but to demenstrate the general ubtility of stage addition a series was

ran at Lhe lower gcacentrution. Date are aummarized in Table 3%,

TABIE 3. - Effect of s ineral Aeid on Filter Rates

Although the percentage inerease in filtration rate wzeg not sz great
with nitrie end sulfuric as with hydrochloric acid, it is seen that in

all cages a definite 3mprovexent was obiained. The former two zave &
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twofold increase in compariscn with a threefold increase by the latter.
It has thus been Aemonstrated that the phenomena of improved

filtration rates with increment or stage digestion is applicable to

a variety of gelatinizing silicates and the resulte are reproducible

utilizing mineral scids other than hydroechloriecs Thess conelusions

further substantiste the theory developed in the preceding section and

greatly extend both the engineering and theoretical significance of the

development.



CHAPTER ¥X
SIGNIFICARCE OF THIS STUDY

The fundamental engineering significance of this developuent is
the establishment of a pgenersl method for treaiting gelaiinizing
gilicates which greatly vretuces past diffioculties in solid~liquid
separation. This rroblem had leng been a barrier o more axtensive
utilization of many silicztes and at least two commercial organizations
are now considering the utilisation of the authorts deccmposition
technique developed in connection with this study. One erganization
expacts to cunstrusct plant faeilities for treating about a hundred

tons of ore per day for recovery of msgnesium chloride as gell feed.

A. Theoretical Significance

It hes been shown that hydration of the residual silicic zcid el
resaining after decomposition of gelatinising eilicates can be con-
trolled to a considerable degree by the inovation of increment or sitage
digestion. Through this mechanism, which is belleved catalytic in
nature, the lncressed temperatures at the contact surfage between gel
and clivine minirive hydration of subsequently formed ¢olloid., The
inoreased initial rate of reaction in the presence of silicic acid
eolloid, the adverse effect of magnesium chloride on the reaction rate
and filiration characteristics, the charge on the gel, the use of
Bgynthetic" gels and fiﬁally, the extension of the phenomena %o alternate
mineral acids and silicates, widely differing in ammlysie and con-
atitution, are all direct experimental support for this theory.

The technique of improving the filtration rates of slurries from
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silicate decompositions is thus based on & catalytlic mechanism which is
of fundamental significance., ZRatablishment of the previously peostulated
theory provides an explanatlon for the observed experimental results
with olivine and permite a logical extension of the zhencmens to
alternate minerals snd acids,.

Silielic acid colloid thus produged is of a relatively low degree
of hydration and its pelymerizstion into larger polysilicic scid
molecules resulis in a relstively dense structure, Because of the
oharged condition of these latter é&rﬁi@lea and uncondensed colloid
it is necessary to neutralize the reaction mixture in order to ocbtiain
maximum improvement of the filtration characteristics.

The study supplies addiiional evidence to hurals's classification
of silicates, ag in no case did a2 gzelatinizing silicste fail %o give an
increased rate with increment digestion and in general 31l non-gelatin-
izing silicates exhibited converse behavior. Therefore, it is coneluded
that minerals which give insoluble silica in lieu of gelaiiniszing,
fe.e,, Siﬁ}3 chains, 81AQ11 double chains, 31295 sheet®s, will not be
affected by stage additione Conversely minerals of low molecular
weight, namely orthosilicates, pyrosilicates, ring structures of three
and &ix silicon atoms and those capable of disintegrating into unite
of low molecular weight on 2cld attack, will give more dense, less

hydrous gels with this technique.
Bsa Egonomic 8ignificance

A cost estimate prepared for the produsction of magnesis based on
the mineral silicate olivine is briefly sumuarised below. The cosia

given were obtained directly from ldentieal operations or from reported



dats for the pilot plants The values are on a ton-of-¥gd product per
day basis and tsken into account are: power, operating labor, super-
vision end overhead, maintemance, deprecistion, supplies, insurance,
and gocizl security. Plant lcecetion was not considered., All figures
have teen rounded off to the nearest tenth of a dollar.
Hest Reguirements
Digestion-first neutralizaiion - nene
Radiation lose and solution temperature oontrol - approximately
0.5 x 100 Batuus
Evaporstion to ¥gCl,+10H,0 = approximetely 5.0 x 10® Betou.
Caleinmtion to ¥gd and HC1 - approximstely 15.5 x 10 B.t.u.
Total heat requirsments 21.0 x 106 B.teu.

Cost at $0.38 per 10° B.twus $8.00

rat cost

Olivine mining, handling, storage, =nd reclaiming $3.40
Crushing end grinding 1.00
Digestion-first nentralizstion, including filtration 700
Fingl curifiecation, including filtration 1.00
Evaporation 2630
Calcination 300
HCY sbsorpiion 200
Total ¥g0 for neutralizatiocn at £80 per ton 11.30
Make-up HC1 at $20 per ton of 20° B 5400
Cooling water at $0.04 per ¥ gals 1.00
Fusl at $0.38 per 10° Boteus 8.00

Total cost per ton ¥gl per day 45,00

From the same sources mentioned above, it is esti-ated that the
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plant investment, including working capital, would be {50,000 o §60,000
per ton of ¥gO per day., At a probable selling price of at least {70 per
ton (¥g0 of the grade produced is quoted at £80 per ton), 4$he investment
can potentially be returned Iin less then 10 years. For the produetioca of
,&gﬁlg-(loz)ﬁgﬂ, it can be shown that similar potentialities exist.

Although the deteils of the preocess developed and pilot planted by
the Tennessee Valley Authority are not available for publication, two
outstarding adventages are jained through the utilization of inorauent
or stere addition.

Pirst, the svaporation cost of $800 utilizing stean at 20,38 per
1,000,000 BeTels, represents & savings of $6.,00 in this ivew alene.
Stoge s&ddition peraits the direct utiliszation of filtration equipment
without the dilution necesssry for countercurrent decantation. Savings
in heat represents over 13 percent of the totel operating cost.

Secuvnd, similsr savings in capital invesitment can be eifected.
Plant investment for the process proposed by the suthor will vary tetween
§50,000 to #50,000 per ton of ¥gd per day for plante producing over 100
tons of magnesia per day. Evaluating the inoreased evaporator sepacity
and additional building spage required, the cost would epproxiuate
$65,000 to §75,000 per ton of ¥gO per day for a plant utilising the basic
TaVehe procesa.

Although estvimates for other potentially imporitant silicates have

not been made it can be seen that similsr savings may be effected.



CHAPTER VII
CONCLUSIORS

1. 4 novel method for the trestment of peletinising sillcatea
was tested on a laboratory and pilot plsnt scale using olivine s the
rew meterial.

7o Addition of the oré charge in lntresants elfected approxi-
mately o tenfold increase in the {filtration rate.

3. This technique can be extended to other gelatinizing silicales
such as serpentine and sodalite with corresponding Lmproverment in
filtration rates.

Le 3imilar extrapolation can be made %o alternste minersl scids
such &s nitric and sulfuric.

5. It was demenstrated that the increased filtration rote with
gelatinizing silicates ie 2 function of the silicic acid el first
formed., It i= believed thst sdsorption enhancea the activity of the
(H}) don with rezard to the clivine and sut:zequent increments sre
reactad in & media of effectively inoreased acid comcentratione It
is possible that lower hydraticn of the sillcic acid celleid produced
results from an incressed temperature of the contect surface, It is
further suggested that this less hydrous collold is in & preferred
condition to agere;ate or polymerize to a fibrillar structure.

6. The resction is therefore essentially catalytic in nature
and some experimenial evidence for this hypothesis was developed.

Te The technigue of increment digestion permits substantial



lowering of operating and capital cosis for the processing of
gelatinizing siliecates.

8. Because of the high purity of the product and the competitive
operating costs indicated by this study, two commercial companies are
now evaluating the resulis. It is expected that a commercial plant
will be constructed in Idaho to treat olivine rejects frowm a chromite

beneficlation nill.



APPENDIX

The analytical methods used in this investigation were as follows:

Excess aciditys The sample for this detemmination was customarily
prepared by diluting one part of digestion or firsi neutralization slurry
with ten parts water. A portion of this material was then diluted and
treated with hydrogen peroxide in order to oxidize 211 iron to the
ferric state, and titrated with 0,05 N NaOH to a phenolphthalein end
points The end color waes discharged with one or two drops of ‘5-2230 4
and the total chlorides determined by the Volhard method.

¥g0: The magnesia content of leach solutions was determined by
the potentiometric method. 101/ The sample, containing preferably
about 400 mg. of ¥g0, was acidified slightly with HCl to insure solution
of all ¥gle The solution was made up bo 80 ml. with H,0, and = exoess
of about 1 ge CoF. CaGO3 added., This precipitated the weak bases such
as Fe, Al, Ti, etce., and adjusted the acidity to a pi of 7.0 to 7.5,
The mixture was boiled for four to six minntes to remove GO, and gomplste
the precipitation of the weak bases. Ninety ml. of 195«-proof CZHSDH were
now added, and the sample kept at boiling in a water bathe. The boiling
solution was titrated with HaOH (1 ml. = 10 mge ¥g0) to the point of
maximum chénge in potential. The potential was determined by a
Beckmann pH meter, using a calomel and a glass electrode, both internally
shielded and adapted for use at 90° C,

103}/ Boyle, ie Je, Costo, CeCe, and Haney, R. ke, Determination of
Magnesia in kagnesite and Dolomite —— A Potentiometric Methods
Inde Eng. Chem. 4nale kde, vols 16, Hos 5, 1944, pps 313-314.



In actusl practice, the end point of the titration was determinsd
by use of a standard Mgclz solution before and after a series of deter-
minations., This was considered as accurate as plotting points for each
determination, and saved time,

Determinations were made occasionally by the standard pyrophosphate
method or wvariations thereof.

FeO1 As no interfering elements were present in the ﬁgﬂlz leach
golutions in any quantity, the determinstion of large guantities of

Fe0, in excess of 1 g./1/ was made by the standard SnCl, - K Cro0 o

me thod,. 102, 103/

Snaller gquantities of FeQl were determined colorimetrically with
O-phenanthroline. 104, 105, 106/ A sample of lsach solution, containing
not more than 0.5 mg. Fed, but of sufficient volume to glve results with-
in the desired aecuracy, was pipetted into a 100 ml. volumetric flask.

If cloudy, it was cleared with a few drops of HCl. One ml. of 10%
hydroxylamine hydrochloride wag added to reduce the iron, after which

10 ml. of 0.1% O-phenanthroline and 10 ml, of buffer solution (30 g

102/ Furman, N. H., Scott's Standard ¥ethods of Chemical Analysiss
D. Van Nostirand Company, 1939, 1234 pages.

103/ Hillebrand, W. F., and Lundell, G. E. F., Applied Inorganic
Analysis: New York, John Wiley & Sons, 1929, p. 315.

104/ Fortune, W. B., and iellon, ke Ge, Determination of Iron with
O=-phenanthroline-—A Spectrophotometric Study: Ind. Eng. Chem.,
Anal. Ede, vol. 163 Ko 2, 1938, PPe 60‘6&.

105/ Bandemer, S. L., and Schaible, P. L., Determination of Iron——
A Study of the O-phenanthroline Kethod: Ind. Eng. Chem.,
Anale. Edc, vole 163 Noe. 5, 19“, PPe 31’7“'3190

106/ Sandell, E. B., Colorimetric Determination of Trases of Metals:
Interscience Publishers, Inc., New York, vol. I1I, 1944, 487 pp.
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amsonivm acetate plus 2 g. tartaric acid per 100 &le solution) were
sdded. The wolume wae made to 100 ml, with water, The persent trans-
mission was obtalned at 508 @ m using a Coleman photoelsciris
spectrophotoseter. The iron present in the ssmple wes rsad roa a
galivration aurve made by ueing standard samples prepsred from pure
iron wire.

%_Ea: Bi0g, present in sclution or as s colloid, was determined

by the grsvimetrie method using perchleric aocid aa the dehydrating

HiQs: BiO was determined using the common dinethylgloxine method,.)O9/
¥nQ: ¥n0 was determined coloriretrioally after oxidation of ¥n

te ¥nd, with Em‘. A speatrophotometer was used to eveluate the colare

gt 535 mu using the method of Hillard and Oreathouses 110, 111/

107/ ¥althell, Je H., and Bridger, Ge L., Fertilizer b; Fusicn of Mook
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Pergent basicity of neutralizing kgOs A O.5~1.0 sample of NgO
was boiled with excess 0.5 N 32506 until all solid material had
dissolved, or in case some acid insoluble residue was left, for one-
half hour. The excess H2304 was titrated with NaOH to pH 5.5=0C.5.

Percent basicity was the ratio (x100) of the dissolved Mgl to the

sample weight.



