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Summary.

The decomposition temperature of schorl was found to be 880 + 10°C using X-ray and optical
methods. The main crystailine product in decomposed schorl and dravite was found to be a boron containing
mullite, the composition of this phase was found to become closer to that of mullite (3A|203.28i02) as the
decomposition temperature was increased. The size of these possibly slightly.orientated needle Shaped micro-
crystals was approximately 25 IO/A by 3¢ 2}4 by 3 a:z_,,,. The main.decompostion products obitained in reducing
conditions, in addition to the boron containing mullite, wera harcynite (FeO.AI203) at low temperatures and
oL — iron at higher temperatures. The decomposition temper;tute:: of schorl in the presence of activated charcoal
was found to be at least 60°C lower than that for air decomposed schorl. This decrease was thought to be asso-
ciated with the formﬁ;ion of hercynite by a low temperature reaction between schorl and activated charcoal.

The boric oxide and iron oxide in air decomposed schorl were both extracted by dilute acid. The
rate of extraction was found to increase as the original schorl decomposition temperature was increased. The
activation energy for the extraction of boric oxide as a function of the schorl decomposition temperature was
found_"io be equal to 192+ 0.4 keal/mole. Tﬁis increase in the rate of extraction of boric oxide was suggested
to be associated with the separation and growth of micro-regions of a boron rich phase within the silica-iron oxide
amorphous matrix. The activation energy for the extraction of boric oxide as a function of the leaching tempera-
ture was found to be equal to 7.9'9 £ 0.19 keal/mole, whilst the activation energy for the extraction of iron oxide
from air decomposed schorl was found to be equal to 7.13 + 1.06 kcal/mole. .The similarity between these values
and that of 6.8 kcal/mole for the activation';nergy ofacid lea;:hing of phase-separated borosilicate glass (138),
was thought to provide further ir;giré-ct evidence for the suggestion that the amorphous phase in decomposed
schorl contains phase sabaratagf__'n{icro-regions. The rate of extraction of both boric oxide and iron from schorl
decomposed in reducing conditions was found to be considerably faster than from air decomposed schorl. This
increased extractability was th-t-)ught to be connac't:ed with the presence of micro-crystals of iron in the decomposed
reduced schorl.

The boric oxiﬁa present in both schorl and dravite was found to be extractable if water vapour was
passed over the decomposed minerals at temperatures above 1000°C. The activation energy for the extraction
of boric oxide by pyrohydrolysis from decomposed schosi was found 1o be equal to 85 + 8 kcal/mole, whilst
the activation energy for the extraction of boric oxide by pyrohydrolysis from both decomposed dravite and
“pyrex’’ gl;'ss was found to be equal to 22 £1 kcal/mole. The higher value was thought to be due to the incorp-
oration of Fe2+ ionglinto the amorphous silica lattice in decomposed schorl. This process was suggested to lead to

an in_t:rease in the energy barrier towards the diffusion of water vapour through the silica-iron oxide amorphous

matrix to the boron rich reaction surface.
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INTRODUCTION




CHAPTER |
Applied Boron Chemistry.

A large portion of this thesis will be concarned with the boron content.in tourmaline. It was therefore
thought useful to describe the chemistry of boron with special reference to its occurrence and extraction,

{1) Occurrence of Boron in nature.

Boron occurs as a traca element in most soils (1} and it is an essential constituent in a number of silicate
minerals (2). It is present in sea water to the extent of about 4.6 parts per million (3) and is estimated to
constitute approximately 0.001% of the earth’s crust {4). Large‘deposits of eommercially valuable boron
minerals are found in only a few localities and these are primarily in areas of former intense volcanic activity.

{2} Geochemistry of Boron minerals.

The brief account given balow of the formation of boron minerals was mainly taken from books edited by
Samsonov {5) and by Adams (6). ) |
Dus to the overall low concentration of boron in the fused magma only a véry small proportion would be
- precipitated during the early stages of the magma tooling. The major proportion is probably concentrated in the

Vl;;sidual fusions, from which it can be crystallised as tourmaline in the pegmatitas. However, a cons‘iderable
quanﬁty of boron still remains in solution and is only crystallisad during the latar hydrothermal cooling when
tm.x;maline, axinite and datolite are formed. The remainder gives rise to the boron containing hot springs.

Most of the deposits of commercial interest may be traced back to former hot springs. These mineral
containing waters ara narmally lost in the sea. However, in certain localities this removal may not occur dt;e to
the topography and the arid nature of the area. This situation occurred on a large scale during paeriods of inten-
sive volcanic activity in Tertiary and Quaternary times. B

The boron mineral deposited in greatest quantity was probably the double salt ulexite A(NaCaBsogBHzo)
{7). Howeve.r, ina _few localities where the waters &lso contained appre;:iabie amounts of carbonate ions, and

"were hence Iackiﬁg in a sufficient calcium i;m concentration to form ulexite, only sodium borate (borax) was
formed on subsequent evaporation, as at Seatles Lake (8) in California.

Some of the primary ulexite deposits were elevated during later geologic ages and were thus exposed to .
the weathering and leaching action of surface waters. This gradually removed much of the sodium borate (10)
leaving a residue of iha fess soluble calcium borate mineral, colemanits ((2828601 1'5H20). However, in a few
Jocalities it would seem that the resulting sodium borate leachings were caught, in turn, in ?ther surface depres-
sions to form secondary deposits qf borax, which are relatively frea of all other soluble substances.

In some instances, this secondary borax may have accumulated, layer upon layer, to considerable depths
on shallov;l lake bottoms before ultimately being buried by afluvial _rﬁaterial from surrounding elevations. It

has been suggested that the Kramer deposits in California have been formed by this process (7), however other

theories have been advanced by Gale {i1).




{3) Boron Minerals.

- At the present time about one hundred boron containing minerals are known.IF;c;m the ¢hemicdl paint g
of view the principal boron minerals are sa_lts of ortho- and meta- boric acid, the iso- and heteropolyacids,
borosilicic and aluminoborosilicic acid, se_é Table. |

The sodium borates ke;'nite and borax have by far the greatest industrial significance. Other borate ores
of industrial importance include colemanite, boracite, ludwigite and kotoite.

{4) Boron raw materials and their proeessing.

(4 1) Princigal Sources in Western World.

The main suppliers of the western worlds boron requirements are the United States (6), Turkey (12)
and Argentina (13). The major portion of the United States output is supplied from the following two sources
in the Mojave Desert, Galifornia. .

(4 1. ‘l) Kramer deposits.

Thls sodium borata deposit is about one mile wide by. tour, miles long, with an ore body varymg from
Ve,ighty to over one hundred and fifty feet in thickness {11). The ore body contains borax and kernite con-’
taminated with clay shales and is covered by gravel beds, etc. In an area about twice as large as the borate beds
colemanite and ulexite are found.
The borate deposits were worked by underground methods, but recently open pit mining has been developed
] (14, 18) The shale content of these ores |s a clay like material wl'uch tends to soften, swell and become
. peptlsed in contact. with fresh water. These collmdal suspensions are difficult to settle or even to filter. Ina
" typical crystallisation process the crushed ore is leached with heated mother liquor from a previous cycle
. .
without serious dispersal of tha clay. The resulting hot concentrated borax solution may then be settled free of
_most of the insoluble residue and clarified by pressure filtrati-nn prior to cooling for the crystallisation of a
crop of refined bdrax.
I‘ {4.1.2) . Searles lake deposits.

ECXN

" This deposit covers an area of between thirty and forty square miles and extends to a depth of fifty to

one hundred and fifty feet (6). Many of the layers in the deposit are quite porous, the interstices being filled-

with a saturated brine, containing borax, halite (KCl), trona '-'r‘--‘-“""‘

=)} and sodium sulphate.

This brine is pumped from wells drilled into t_he lake bed. The extraction of borax from this solution
has proved a difficult problem}however, a process has been worked out involving the Carbonation of the brine
foP ‘the recovery of poth borax and soda ash without evaporation {15). This process has be?n in operation from
the nineteen twenties until recently when a process ‘based on “‘Solvent Extraction’” was e"\.l-olved {16,17).

a.2) DepomsmtheUSSR o .,

The Iargest deposits ln the Inder lake regions of Kazakhstan contain aschame hydroboracite, colemanite

and uléxite, whilst the smaller deposits in the Caucasus_contaln datolite (5).

. Both types of ores are decompased using hot sulphuric acid, the boric acid extracted is then fractionally




TABLE 1

'Sbi'ﬁei Boron Minerals .. (8,6).
Name of Chemical
Occurrence
Mineral Formula
(1) Fluoroborates
Ferrucite NaBF, Mt. Vesuvius
(2} Boric acid
Sassolite H,805 Tuscany, California
(3 Salts of Boric Acid and
Isopolyboric acids
Kotoite N93(803)2 Korea, Hungary
 Ludwigite (MgF32+)Fe3+(BO3|2 Hungary
Kernite N3284074H20 California
Borax N32340710H20 Tibet, S. America
Ulexite NaCaBsoq‘.BHZO California, S. America
Colemanite CazBGOH-.SHzO Asia Minor, California ~~ g
{4) Double Saits of Boric &
Polyboric acids
-Boracite l’MgsB.l 4026.M9C|'32‘: Germany
Sulphoborite MggH 4(803)4(__504)2.7H 20 Germany
{5) Salts of Complex
Heteropolyboric acids
Datolite 2Ca0.8,0,.25i0,H,0 “USS.R.
Axinite HCaz(Fe.Mn)A1288i4016 U.S.S.R.
' Tourmaline Na(Fa.Mn.Mg)3A1GB3Si6027(0H)4 Widespread
(6} Borates with Complex Compositions
Bulsite (Fe.Mg)12FeSnBGOZ7(OH)4

Melanocerite

Na,Cayg(U-Lal32rgB3Si3057F 12




crystallised after removing the insoluble material {19).

(4.3)  Extraction of boron from Ludwigite and Tourmaline.

(4.3.1.) Ludwigite.

This mineral is an iron magnasil.;m borate (MgFe2+)2Fe3+805 and is found in Hungary and Rumania

. amongst many other localities.

Attempts have been made by Banateanu et. al. (20) to extract the boron content from this mineral.
et \ . . '
Because of the high magnesium:conteit acid.leschipgwasinot attemptéd. The:most succassful technique!discoveréd .

was the calcination off-'tl'_lé 'nlineral at 80000 in the presence of sodium carbonata, followed by hot water leaching of

B .

the sodium borate formed during the calcination process. Under optimum conditions 99% was extractable when
the calcination was carried out in a reducing atmosphere, whilst 95% was extracted when téacted in an oxidising
atmosphere and only 88-90% when in a static nitrogen atmosphere.
(4.3.2) Tourmaline.
_JApparently the rﬁain attempts to extract boron from “fourmaline were made by the Japanese during the
nineteen forties (21,22,23,24). -
For example,Kamiko (22) cal¢cined a mixture of tourmaline and sodium carbonate at 780-8500 C.for'30

minutes. The 3odium borate formed was extracted using hot water. The borate solution formed was then

“neutralised by bubbling in carbon dioxide. The first crop of borax was obtainad on cooling this solution and the

- remainder by fractional crystallisation. Under optimum conditions Kamika {22) fd}xﬁd that 85 per cent of the

total boron could be extracted. Similar tachniques have been used by other Japaness workers, some however,
using en acid as the leaching agent (23, 24). - -

Recently Matsaberidze et. al. (25) have investigated the feasibility of extracting the boron present in
tourmaline by acid leaching of the mineral that has been calcined, without the addition of a flux, at temperatures
close to 100000. Under optimum conditions it was found that 100% of Itha boron was extractable, if the mineral

had been_previously heated at 9500C for 1 hour.




.CHAPTER 2
Tourmaline.

(1 General Introduction.

Tourmaline is characteristically a mineral of granites, granite pegmatites, and pneumatolytic veins. Italso
occurs in some metasomatic and metamorphic rocks and as a detrital mineral in sediments. The name appears to be
Cingalesa in origin, The main compositional varieties of this mineral are the magnesium tourmalines or dravites,
the iron tourmalines often known as schorls, and the atkali tourmalines or elbaites which are usually rich in
lithjum.

{2) Composition of various Tourmalines.

The basic formula of tourmaline has until recently been uncertain. Penfield and Foote (26) proposed the
formula H9A13(B(0H))28i4019 with the hydrogen replaceable by metal ions, whilst other formulae have been
proposed by Kunitz {27} and by Machatschki {28}). Asummary of the early views has been given by Ward {29)..

Recently structural determinations by Donnay et. al. (30). and by 1to {31} make it reasonably certain that the
formula is NaR3A16338i6027(0H)4. The sodium may be partially replaced by potassium, lithium or caleium.

The unknown “R* can be iron, manganese, magnesium or aluminit_:m plus lithium depending on the saries. A

summary of some analyses of various tourmalines is given in Table 2 (32).

TABLE 2
Composition of Some Tourmalines (32). _".
Compositions';f Some Tourmalinas
Onxide Schorls B Dravites Elbaites
% oxide % oxide- % oxide % oxide % oxide % oxide
No.7 No. 3 No. 2 No.S5 No. 1. No. 6
Si0, 35.20 33.50 36.52 36.70 37.89 36.36
Tio, 0.51 0.25 0.17 1.38 0.04 tr.
B,04 18.82 8.31 10.32 9.50 10.28 10.30
Al,04 28.49 31.80 33 30.97 43.85 40.48
Cry04 - - - 0.03 - -
Fe203 0.79 - - - 1.73 - -
FeO 11.55 1380 0.30 _ 294 0.11 3.64
MnQ 0.07 - 3.75 0.57 - 0.11 1.05
MgO 5.63 2.00 . 11.25 8.83 - 0.09
Ca0 275 0.45 0.42 1.63 0.07 0.67
Na,0 212 2.65 234 2.49 ' 2.43 2.20
K,0 0.13 0.15 0.57 0.21 - 0.44
Li,0 0.08 - - - 1.66 1.27
F 0.08 - 0.12 - 0.10 0.10
 Hy0" 3.52 3.30 3.76 3.49 3.47 364

. B




Recently tourmalines have been found naturally that have unusual compositions. Mason et. al. (33}
found a sample having a compaosition close to NaFe‘;‘:+ AI683$i5027(0H,F)4 with the iron present in the ferric
state instead of the usual ferrous. The cell dimensions were found to be unusual and observed to lie outside the
usual solid solution series, see Figure 1. Several other properties, including the density and refractive index, were
also found to be different from that usually obtained. Another unusual tourmaline has been described by
Frondel. et. al. {34) having a formula intermediate between NaMg3Feg+ B3Si6027 (OH,F)4 and dravite .
NaMg3A|GB3Si6027(0H.F)4. Tourmalines from several localities in the South West of England have been
analysed by Power (35) with a view to elucidating the geochemical history of the mineral. It was found for
example that “hydrothermal”’ tou rmaline contains a higher Mg,Ca,Sr,Ni,Cr,V Sc, and Sn content than tourmaline
formed during the earlier cooling of the magma.

(3) Crystallography and Structure.

The unit cell dimensions were first determined by Kulaszewski (36} and Machatschki (28) and later
confirmed by Buerger {37) who also established the space group as rhombohedral R3m

The unit cell dimensions of the various forms of tourmaline have been determined by a number of
investigators, a summary of their results is given in Table 3.

Epprecht (38) has determined the accurate cell dimensions of tourmalines of known composition
and found that two series could be distinguished, one between elbaite and schorl and the other between schorl and
dravite, see Figure 1. |

TABLE 3

Cell Dimensions of Various Tourmalines.

Variety of Tourmaline

Call Dra;citas Schorls Elbaites Uvite Ref.
Dimensions Naf!MgFe)éAlGB3 Na(FeMn)3AlcB3 NalLiAl)3AlgB CaMg,AlgB4

R. Sig07(0HFly | Sighp7(OH.Fl, | SigOy7(OH.Flg |SigO27(0H)4
a 15.94-15.98 15.93-16.03 15.84-15.93 - 32
c 7.19-7.23 7.12-.7.19 7.10-7.13 - 32

Cell dimensions of tourmaline
with “end member’’ compaosition

NaMggAlgB;Sig | NaFe3AlgBy NalizAlgB;  |CaMaAisBs’
0,700M:E), | 5ig0y710HFly | Sig07(0HFly Sig0,70H,
a 15.942 16.032 15.842 15.83 38,43
¢ - 7.223 7.142 7.009 719 - 38,43




FIGURE 1.

Tourmaline axial ratios and cell dimensiona

( akter EPPrecht { 32)).
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Tt;e crystal structure has been determ%ne& by three groups of workers.

Hamburger and Buerger (39) used an almost colourless magnesium tourmaline and an iron tourmaline,
theair proposed structure was latfer refined by Donnay and Buerger {30) assuming the formula to be NaR3A|6
B3Sig057(0H),. Betov; and Belova (40,41} determined the structure of a dravite assuming the formula unit
NaR983Si6(0.OH)30, whilst Ito and Satanaga (42,31} determined.the structure of elbaite assuming the formula
(Na.Ca) (LiAl}3 AlgIOH),(BO3)3Sig0 5.

Donnay and Buerger {30) found that the magnesiu'm jons are surrounded octahedrally by oxygen and
hydroxyl ions; tha threé octahedra surround the three fold axis at the origin and each shares an edge- wnth each of
its two equivalent neighbours. The magnesium ions and the surroundmg ions thus constitute a small trigonal fragmermt
of a brucite Mg(()H)2 type layer. *

The six silicon atoms are each surrounded tetrahedrally by four oxygen atoms, each of the six tetrahedra
sharing two of its oxygens with the néighbou'ring tetrahedra to form a six membered ring of composition
Si6018,wnh the oxygen tetrahedra all pointing in the same direction.

The a|um1mum boron and sodium atoms remaining serve in different ways to bond tngether the central
core. The boron atoms were considered to be surrounded by three oxygen atoms in a threefold co-ordination, see
" however Lowenstein (44).

“ to and Sadanaya {31,42) considered the SigOqg ring to have hexagonal symmetry rather than ditrigonal
as proposéd by Don]‘nay and Buerger {30). This mode of pa;:king around the ring was found to be simi[ar to that
realised in amphiboles and micas (42).

The structure deterr‘fii_ppd by Belov an'd Belova (40,41) is similar to that obtained by Donnay {30}, but
with some differences in the exact atomic positions. -

Kurylenko (45} using crystallographlc date obtained during the previously discussed crystal structure
daterminations, has arranged the cations and anions according to the;homologous points of the space group R3m,
see Table 4.

This tabfe shows that the various varieties of tourmaline are formed by Qbstitﬁtiohal-chqnges oocu'r‘ti_ngl':ig

“the sodium i';traﬁéﬂrons and magnesium octéhedra whilst the boroaluminosilicate rings remain the same. - ,'

More recently Buerger et. al. (46) re-determined the structure using very accurate data. The structure
obtained basicnlly confirmed that obtained by Donnay et. al. (30) and Ito (31,42) except that the Si0,
tetrahedra pointed in” ; the opposite direction. Attempts to refine the structure proposed by Belov and Belova
(40,41) were unsuccessful and it was concluded that their structure was incorrect.

The absolute orientation of the structure has been determined by Donnav and Barton {47} and recently
confirmed by Barton {48). In th_ese-two separate investigations the orl_entatlon of the Si0, tetrahedra was found
to be the same as that orginally proposed by Donnay et. al. (30), but reversed ina Iatfer investigation by Buerger
ot. al. (46). Barton {48) has also datarmiﬁad the strructure of the ferric ilion tourmaline, nan_'led Buergerite.
Although the structure was very similar to that found for dravite (30) some of the fertic ions were found to replacé

the octahedral aluminium in the 18(¢) homologous position, see Tahl-e 4.
7




TABLE 4

Distribution of lons in particular Lattice positions in Crystal Structure
of Tourmaline (45).

) } Homologous Paints
Variety of T Refer-
Tourmaline 3.{a) 9(b) 18(c}) ence
» . ~ 3‘ 3+ - ‘Z
Dravite 2Na*%(OHY 9{OH) Mg *? 9803  18A177185i03 30
3
2 F
Dravite 3Na' 3(0H) o(0H) oMg™> | 9803 18A13*1851057 @ - |
> Co |
wK*
Rubelite 2Li* 3(0H) atoHreA13? 9803 18a13*185i0572 3
(thhlun.\ s .
tourmaline) 1Na _ )
3- —
Schorl 2Na* 2F 9{OH) 7Fe?* 980 18A13*1g5i0,2 30
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(4) Synthasis .

Fror;del at. al. {49) vuJere able to recrystallise tiny prisms:'o'f. tourmaline by hydrothermal tréatment at
4000-50006 of a glass formed by melting natural tourmaline, Michei-Levy {50} was able to grow a rare type of
tourmaline whan a shale was heated with potassium borate solution at 4000C and 450 bars pressure. Michel-Levy
{51) subsequently investigated the growth of tourmaline crystals when mixtures of silica, alumina, borax, iron,
magnesia, etc. are heated with water in an autoclave at varying tamper-atures and pressures.

Smith (52) synthesised tourmaline from its component o:_tjges in water at 4000-5000C and found that
its stability ﬁ.el‘d in _concentrated solutions is wholly in the weakly nlkz;li-r'\e range. Frondel et. al. (53) have
synthesised iron tourmaline, by the reaction of a solution of NaCl and H3803 1:on coarse fragments of minerals,
the latter cc_mtributing the Si, Al and Fa required. Most of the common rock forming minerals were investigated, using
temperatures and pressures ranging from 350°C and 2000 bars 10 5500C and 700 bars.

| In general Frondel et. al. {53) found that tourmaline was not formed if the added minerals contributed
alkalies to the solution.

Taylor et, al. (54) have synthesised not only the usual varieties of tourmaline but new phases in which
the X and Y positions of tourmaline X1Y3A16835i%027(0H)4 are partly occupied by Na, K, Ca and Mg and
V, Cr, Ni, Cu and Zn respactively. ’

(5§) Optical and Physical Properties.

Kunitz (27) has demonstrated the direct relationship between the chemical composition and certain
physical properties of tourmaline. -
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Quensel (55} and Stivko (56) have plotted the refractive indices and specific gravity against the weight
percentage of ferrous oxide and of (F92++Fe3+ +Mn2+) respectively and showed that there is a direct relation-
ship between the iron content and the refactive index and specific gravity, see Figure 2.

The colour of tourmaline is extremely variable but in general terms it can be related to the composition
in so far as the iron tourmalines are black, while the elbaites tend to be light shades of blue, green or pink and the
dravites vary from brown to yellow and almost colouriass {32).

Bradley et. al. {(57) compared the absorption curves of pink and green tourmaline with thosa obtained
tor metal ions in solution and found that the pink colouration was probably due to manganese ions whilst the
green was due to ferrous ions.

Wilkins et. al.(58) have studied the origin of the colour in tourmaline and the colour changes which
occur when the mineral is heated. In this work the absorption spectra were obtained in the range 3000 to
200009\ using polarised radiation paraliel and perpendicular to the c— axisin the crystal. The data comﬁined
to show that the colour is generally due to the amount of F02+ . Fe:*'+ and an+ jons present and to electronicrﬁ
transitions within each ion. With small to moderate concentrations of transition metal ions the colours are clear '
pink, green and blues according to the F32+I(Fe2+l-+ Fe3t+Mn27) ratio in the specimen. When the crystals were
heated at sbout 800°C for at least 15 hours, the intensity of the absorption peaks and the position of the abso-rp-
tion edges both altered. "Thase changes were correlated with the evolution of hydrogen when the farrous ions '
are oxidised by hydroxyl ions; this type of oxidation has also been observed when al_'nphibolas. (55) are heated.

The optical absorption spectra of schorl, buergerite and a chromium beari-né tourmali;'le have recently
been studied by Manning (60). The spectrum of the chromium bearing tourmaline indicated that the Cr3+ jons
are Iocat_ed in “loose sites”, possibly octahedral onas in the spiral chain. The buergerite spectrum showed bands

’

due to Fez+ions in the near infra-red and red, but most features were swamped by charge-transfer bands, When

this spectrum was compared to that for schorl, it was conctuded that the Fe3+ions were located in the AI3+

‘o

sites in the spiral chain in schor!, but mainly in the “brucite type unit” in buergerite.

{6} Decomposition.

The decomposition has been studied by a number of workers using various techniques. .

One of the first being Machatschki (61) who used X-ray powder techniques combined with waeight ‘
loss measurements. The major proportion of the weight loss occurred between 81000 and 9.00°C, this was
associated with the dehydration of the mineral and when combined with X-ray experiments the decomposition
temperature was found to be 850 + 10°C. The X-ray powder photographs obtained of the decomposed mineral

were found to be too complex to be analysed.

The decomposition has been studied using several techniques by Kurytenko {62, 63, 64). One of the
mosi useful techniques was Differential Thermal Analysis. Kuryltenko (62) has.examined most varieties of '

tourmalina.using:this techniqué 3hd observedithe presence of severdl charabteristic gndothermic processes. The -

first ones were ‘associated with the:loss of.wster:iz -. ...
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FIGURE 2.

Opt\cn\ Propevt'\zs(SS) and Densilies (56)
o‘ tourmalines in relalioa to the number
of ( Ft v Fedt+ Nnu) ions Fre.sent.

N
c <2004
o
- ]
o ~—
£ Y yso]
z z
A
Jd m
L
¥+ el 00;
- )
o
o
L »
— ':n'
d o-s0-
= D0
6 c 1
2 aq
o'o T L T T T - f ' g T v
Y 163 165 o-os 0-030
Regructiua index. Bira&rinsance.
9
c
o
f- 2-00 -
-~
+ -
.
dC .
L Iiso]
++ :'
b @
L
f “¥1-00-
o
Lo,
b Y
a
“E"_go-So-
o ¢ .
Z o
o‘o v .l
3:00 320 3-30




and the final one with the departure of boric oxide, see Table 5. Kurylenk.o {62) has also determined the approx-

imate fusion temperature of various types of tourmaline by microscopic examination of the heated crystals, see

Table 6.
_TABLE 5
Differential Thermal Analysis of Various Tourmalines {62}, seem o ok omm
Variety of Tourmaline Endothermic Peak observed at i
and locality. temperature given oc, ]
Dehydration of Tourmaline Departure
_ of B03
Schorl {Switzerland) 144 430 770 965
Schorl (Brazil) 145 480 770 960
Schorl {Madagascar) 144 460 770 950
Altered Schorl (Madagascar) 230 450 - 965
Elbaite {Elba) 145 - - 970
Dravite (Bohemia) 240 - - 975
Rubeltite (U.S.A.) 315 - - 945
TABLE 6
Fusion Temperature of Various Tourmalines (62).
Variety of Tourmaline Colour Changes Fusion
Temp.
Original Final 1 %¢.
Schorl {Brazil) Black Brown-Black 1150
Schorl (Switzerland} Black Brown-Black 1150
Elbaite (Messa Grande) Colourless Opaque White 1350
Eibaite {U.S.A.) Pale Pink Opaque White 1350
Dravite {(Bohemia) 1400

K-uryle.nko (64)- h.as examined in detail the differential thermal analysis curve obtained for dravite.
The first derivative of this curve was drawn and a small maximum at 470°C and a minimum at 68006 were observed.
The first inflexion was associated with the foss of 16% ~|attice water’ and the second with the loss of 33%.
Between 680°C and 960°C the remaining 67% was lost. |

Between 660-680°C Kurylenko (63,64) found that one third of the."lattice water” {or 4(OH)")
was lost and that somaﬂémorphous silica was formed. The silicate rings are therefo;e partially destroyed during
- SR [ SO . oo
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this dehydration process. It was found previously that the decomposition temperature of tourmaline was above
850°C (61.62), therefore the low temperature dehydration does not affect the overall crystal lattice. Kurylenko

(45) has discussed this partial breakdown of the lattice in relation to the structure determined by Belov and Belova
(40,41). The crystal lattice was found to basically consist of two stage six membered rings of tetrahedrons with
silicon atoms in the upper stage and aluminium and boron atoms in the lower. Kurylenko (45) suggested that only
the upper ring is affected during the low temperature dehydration process, see Tabte 7. This was supported by the
examination of a long eprsure X-ray oscillation photograph of a partially dehydrated tourmaline crystal. This
photograph consisted of two sets of layer lines; with one of low intensity interposed between the usual layer lines due
to tourmaline. The cell dimension calculated for the “crystal” producing the layer lines of low inten;ity was

14.2 R ; almost double the c—cell dimension of unheated tourmaline. This result is consistent with the th-eory

expressed by Kurylenko (45) that only one half of the two stage rings is affected by the low temperature dehydration

process.
TABLE 7
Unstable Iattict.a formed by the low temper,éture partial dehydration
of Dravite (45).
Temperature ) Homologous Paints
°c. 3(a) 9(b) 18(c)

20 h 3Na*3(OH)’ 9(OH)" 9 Mg?* 9803 18A13* 185107

680 3(OH)f OH'/

Residue 3Na* BIOH) amg?* 9803 18A13" 1851042

By the use of X-ray powder photography Kurytenko (63) found that the following products were formed
when dravite is completely decomposed:-

(1) Sio, (3) Enstatite (MgSiOg)

(2) AI,04 (4}  Jeremeyevite (AIBO4)

Korzhinskii (65) found that there was a sharp increase in refractive index and birefringence when
various tourmalines were heated in the temperature range 600-800°C, Korzhinskii {(65) also found that the main
products formed on complete decomposition of schorl were mullite (3A|203.25i02) and maghemite { ¥ -Fe203).

'Oﬁ'é_iﬁﬁesti'r‘\grﬁethod of deéomB};iqg tourmaliné has been used by Tsu-Min-Fuh (66) and consistsot
heating the mineral in the presence of water in an autoclave. This technique known as *"Hydrothermal Breakdown”
has been used to decompose a number of minerals. It was found that at temperatures between 800°C and 900°C
a spinel and cordierite were formed. Assuming that dravite was decomposed the following scheme can be drawn to
illustrate the breakdown:-

2 Na Mg, AlgBg Sig O34 Hy

spinel cordierite
A1-




CHAPTER 3

Boron — Oxygen Chemistry.

The chemistry of bo:or;-oxygen compounds has been extensively reviewed in a number of books
(5, 6, 67). Only certain aspects of the chemistry of boric oxide and boric acid will therefore be covered.

(1} Boric Oxide (8203).

Saveral forms of this oxide are k;'lown, thesse being the ordinary hexagonal form which is crystallised
at atmospheric pressure in the temperature range 200° - 250°C, a dense high temperature and pressure orthor-
hombic form crystallised at 600°C and 40,000 atmos, and finally the vitreous form having a range of densities
depending upon the thermal history of the sample (6}. Some of the basic physico-chemical properties of the oxide
are presented in Table 8.

The structure of the hexagonal modification has been determined by Strong (68), who found that this
form consists of a truly thres dlmenslonal network of planar BO4 tnangies. The structure of the onhorho.'mbic
modnﬂmtmn was determined by Previtt and Shannon (69). The structure of vitreous and liquid bonc oxide has
not however been completely settled. There are two main types of models proposed, namely the random
netw:rk model and the molecular model. The structure models for both the glass and liquid have been recently
reviewed by Krogh-Moe (70), with special reference to spectroscopic and diffraction data. Krogh-Moe (70)
thought that.a structure consisting of a random three-dimensional network of BO4 triangles with a com'parativaly
large fractton of six-membered boroxol rings was the one most consistent with the experimental data

The geometrical structure of boric oxide has been the subject of a number of investigations. The
technique used most frequently has been infra;red spectroscopy, either of the high temparature vapour (71,72)
or of species trapped in an inert gas matrix {(73).

Most of 1ﬁe recent investigations (71,73,74) have concluded that the structure is V-shaped (1) with
the apex angle uncertain, varying between 95° and 150° depending on the investigation, see below. This
structure is the presently accepted ona. Howaver maore recently Hanst and Early (72) measured the infra-red

_absorption spectrum of boric oxide vapour and concluded that some of the absorption bands previously allocated

to boric oxide are actually due to the presence of metaboric acid (HBO,).

N, S VAV
N/ A
(1) (11)

. If this is true then the original C?.v symmetry allocated
to the oxide and leading to the structure (1) is incorrect. The infra-red spectrum obtained, when combined with
electric deflaction experiments of molecular beams of boric oxide, leads to a trigonal bipyramidal structure {11}

~

having DSh symmetry. The geomemcal structure of boric oxide is therefore uncertam at present.
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TABLE 8

~ Some Physical Constants of Boric Oxide.

Vitreous Form Crystalline Forms:-
Hexagona! (H)
Orthorhombic (O)
Property ) Temp. Most Temp. Most
Reliable Reliable
°c. Doata Ref. °c. Data Ref.
Density of Liquid 900 1520 82.83
Density of Sblid 1,801 w0 2.56(H) 68
1.844 79 3.11(0) 69
Temperature of 325 to 76
softening 450
Malting Point 45042 80,81
Boiling Point 2250 78
Heat of fusion 6.27 6
" (kcal/molo). ; 6.72 8
Heat of vapour- 26(a) 104.2 78
isation
\ : :
- (ikeal/mote). 25(b) 84.0 78
25(a) 103.1 77
1230 93.3 77

Suffix: - a Calculated assuming C,, symmetry.

b Calculated assuming D:,.h syminet;y N

(2) Boric Acids.

Orthoboric acid is obtained from the fumaroles of Tuscanv as the mineral sassolite (H3803) and can

easily be prepared from borates by reaction with mineral acuds Somn of the more important physical constants of

orthoboric acid are listed in Table 9,

When orthoborlc BCIﬂ (H3803l is heatad sbove 100°C it loses a water moleculo and changas to
~metaboric acid (HBOZ! The existence of three polymorphlc forms of metaboruc acld was demonsﬂated bv

Kracek et. al. (75) in an investigation ot the water-baric acid system.

The structurs of orthoboric acid has been determined by Zachariasen (84, 88} who found that the unit -

cell was triclinic and contained four B(OH)a molecules. The erystal structure consists of layers of coplanar BO3 .

éroi.:p_s, which is consistent with the ready cleavage of the crystal into flakes.

13-,
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each individual layer is the same, but the layers are randomly displaced with respect to each other, indicating
that only Vander. Maals forces bind the layers together. The borate groups are linked together through the
oxygen atoms by hydrogen bending. I.r-was found that the hydrogen atoms involved did not tie on a straight line
between the oxygen atoms, but are stightly displaced towards the hydrogen atom of the paraliel hydrogen bond.

TABLE 9

Some Physical Constants of Boric acid.

Property Most Reliable Literature
X Data Reference
Density of orthoboric Acidgg fem.3). 1.48 84
General Thermodynamic functions of
boric acids 85
Solubility of boric acid in water
(g.H3BO3]1oog.H20). 26
0°c 2.77 '
10:_'_'-1’ 3.65
20 4.88
30 6.77
50 11.41
100 37.99

Dissociation constant in dilute
agueous so!u;ign. _
- 250 5,80 x 10710 87

The structure of each of the three polymorphs of metaboric acid have been dgtermined:-
(1) HBOZ(III)

The structure of this polymorph was determined by Tazaki .(230)‘.and found to have a sheet like structure

contai_ning 8303 rings, with the sheets being bonded together by Van der Waals forces.

(2) H302(||)

Zachariasen' (89, 90) found that the structure of this monoclinic form consisted of endless zigzag chains,

, of composition B3O4(0H) (OH,), directed along the b axis: with hydrogen bonds forming links between the chains of

different layers as well as between chains of the same layer, Two thirds of the boron atoms are trigonally bonded to

oxygen and one third are tetrahed rally bonded. The “water” oxygen of the asymmetric unit occupies an unshared

corner of the tetrahedron, whereas the hydroxyl oxygen occupies an unshared corner of a 803 triangle.

(3)  HBO,(I)

Because of the similarity of HBOZ(I) to crystalline boric oxide Hendricki{91) suggested,thatithe structure

‘consisted of eight (HBOzia groups bonded together in space through hydrogen bonds to give cubic symmetry. This
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was confirmed using X-ray methods by Parsons et. al.(92) who proposed that all the boron atoms were tetrahedrally
co-ordinated. The detailed structure has been determined by Zachariasen (90) who found that each boron atom
was bonded tetrahedrally to four oxygen atoms and each oxygen to two boron atoms; with strong hydrogen bonding

between the tetrahedra in the three dimensional network.




CHAPTER 4

Review of some Oxide Phase Systems.

Some oxige phase systems that were thought to be relevant to the mechanism of decomposition of

tourmaline will be reviewed.

(1} The B504 - §i0, System;-

This system has been investigated by several workers, but wide discrepancies have been obtained,
Bleininger and Teeter (93) have'presented cone fusion data but their results are only a crude approach to the phase
diagram. Morey et. al. {94), Morey (95) and Englert et. al. (96) found that the quenching method was incapable
of yielding direct results c;wi_ng :t_o‘the failure of the borosilicate glasses to crystallise. Inconsistencies have bgen
observed in relation to both the ‘sh‘ape and position of the liquidus curves obtained indirectly in the above
investigé‘tions.

Dimbteby et. al. (98) have claimed to have observed two immiscible liquids, embracing the tange from
30 to 80 per cent boric oxide. However, most invéstigato}s are of the opinion that the system is completely
miscible overl"the entire composition range (94, 99, 100). Zhdanov: (101) has, however, reported microhetero-
geneity in the borosilicate glasses oontaining.60,70 and 75% silica. Differences of opinion have also -arisen ~
as to the existence of intermediate compounds. For example, Jienckel {97) attributed breaks in the curves plottéd
for volume expansilim and freezing-in temperatures against composition to a co_mpou‘.mdl_lof apgroximate composition
38263.28i02; However, in the most recent study by Rockett and Foster (100) no t;;tidenca for the formation of a
definite Binary compound was obtained even after the most careful X-ray investigation. At the present time it
appears that most of the direct evidence would favour the view thgt no distinct crystalline phase with unique

optical properties or X.ray pattern is formed.

(2) The Na,0—B,0,-Si0, System:-

This ternary system has been investigated in detail by Morey (95) who found that several
binary compounds were formed and also one ternary compound of formula NaZO.Bzoa.ZSiOZ. Howaever, all of
the bina'}y compounds were limited to the N320-8203 and NaZO-SiOZ systems.

(3)  The A1,05 - SiO, System:-

The phase equilibrium relations and fields of compound formation for this system has been determined
by Aramaki and Roy.(102). The only binary compound obtained was mullite (3A l203.2Si02).

(4) The 3203 -Al 203 - Sioz System:-

A partial investigation of this system has been carried out by Dietzel and Scholze (103). Strong evidence
was obtained for substantial solid solution between the compounds 3A1203.28i02 and 9A'l_203.28203. Such
solid solution effects were substantiated t;y the work of Gelsdorf et. al. {104), Gielisse et. al. {1086) and by the
synthesis of a boron containing alurﬁino—silicate by Letort (105),

The X-ray résults obtained by Dietzel and Scholze (103) of this solid solution are of special interest.
The X-ray patterns obtained were found to be close to that of pure mullite (3A12031‘28i02). The most i.mportam
difference observed was the systematic shortening of the c- cell dimension which appeared to be dependen;;:)n sﬂhe
proportion of boric oxide present in the crystals. The othe;'two cell dimensions of the boron containing alumi;{;:-
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silicate were found to be the same as those for mullite itself.

(5

3203 - A|203 System:-

This system has been investigated by a number of workers, Two binary compounds have been found

to be formed, The compound 9AI203.23203 was identified by Bauman and Moore (107) and by Scholze (108)

who also reported the presence of the second compound 2A1203.8203. Similar results have been obtained by

Gielisse and Foster {109), who also found that the 1:1 aluminium borate (AI203.8203),found as the mineral

jeremejevite, coutd not be synthesised at normal pressures.

TABLE 10

Other Phase Systems of Interast.

Compourids formed and other

System Information. Reference

FeO-AI203-5i02 Complex;mullite erystalline phase close to 110
tourmaline composition,

Fe0-Al,04 Complex; spinel (FaO.AIZO:-’) phase present "
close to tourmaline composition.

Fe0-8203 Two binary compounds have been synthasised; 112,113
FeO.8203 and 2F90.BZO3.

FeO-SiOz No binary compound formation close to 114
tourmaline composition.

MgO-SiOz Complex; MgSiOa phase present close to 148
tourmaline compasition.

'«‘qgo.}.\]zba Complex; Spinel phase present close to 149

tourmaline composition.
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CHAPTER 5
Pyrohydrolysis.
is the reaction of a substance with steam at elevated temperatures.

(1) Pyrohydrolysis of Fluorides.

This method has been applied to the .quantitative determination of the fluoride ion (116,117, 118).
Pyrohydrolysis is capable of liberating hydrogen fluoride by passage of steam over a variety of sub-
stances, including the fluorides of Al, Zr, V and Na by utilising the favourable equilibrium constants and high
reaction rates at elevated temperatures (115). The general reaction is:-
MF + xH,0 —— M(OH), + xHF
‘ One of the earliest reported uses of this technique was by Warf et. al. {116) who found that the fluorides
could be separatedl into two fairly distinct groups:-

(1) The rapidly hydrolysable:-

This group included the fluorides of Al, Th, U, Zr and rare earths.

(2} “The slowly hydrolysable:-

This group includes‘ the .fluofidesof beryllium, the alkali metals and alkaline earth metals.
Warf et. al. (116) allso found that the addition of uranium oxide (U308) considerably accelerated the
hydrolysis; even of the more stable alkali fluorides.

This pyrohydrolysis technique has been used in a number of fluoride determinations, the main
variations being the accelerator and the material used for the tube furnace (117, 118).

Recently two separate investigations into the kinetics of the pyrohydrolysis have been reported.
"Myasnikov et. al.(119) have determined the rate of pyrohydrolysis of aluminium fluoride (Al Fq). The rate
equation obtained was of the form:-

h o W =KSpN.  exp (-E/RT)
H;0
Where:- (1) W = Rate of Pyrohydrolysis.
(2) K= A constant.
{3) S = Cross-sectional area of boat containing AlF 5.
(4) p = Partial pressure of water in steam-air mixture being passed.
(5) N=2/3.
{6) E = Activation energy of process; equals 89 keal/mole.

The rate of pyrohydrolysis of lithium and sodium hexafluorotitanates (M2TiFslzhavajbeen‘determined
by Mikhailov:et. al. (120). Using X-ray diffraction techniques Mikhailov et. al, (120) found that the reactions
proceded as follows:-

(1) M,TiFg + H,0 = M,TiOF, + 2ZHF

() M,TIOF, + H,0 =2MF +Ti0, +2HF

18- - )




The rate of pyrohydrolysis was found to follow the two rate equations given baloyv:-
{a) Obeyed by Li,TiFg. |
1— 3./ 1— oL = Kkt.Activation energy equals 13.7 keal/male
(b} Obeyed by NayTiFg.
< o2 = kt.Activation energy equals 6.1 keal/mole.
Where ok represents the pert.:entage of the fluorotitanate decomposed.

(2) Pyrohydrolysis Applied to Boron Chemistry.

(2.1)  Analytical.

Williams et. al. (121) have suggested that because of the volatility of boric oxide at glass melting
temperatures, coupled with the fact that boric acid is readily steam distilled, pyrohydrolysis might be useful
in separating boric oxide from borosilicate glasses.- Using a temperature of about 1350°C quantitative removal of
the boric oxide from several types of glasses was achieved, although difficulties were experienced when lead glasses
were investigated. The addition of various compou nds to the powdered gla.ss was found to accelerate the pyrohydrolysis.
The most effective accelerator was found.to be.aimixture.of uranium oxide and soditim metasilicate; the:mechafism by

' ‘v;hich these compouh'ds_ work is as yet unknown. Pyrohydrolysis has also been used by Wiederkedr and Goward (122)

to determine the amount of boron in certain alloys, ‘

(22)  Industrial. '

The industrial recovery of boric acid from certain borate ores using the pyrohydrolysis technique has
been investigated (123, 124, 125}.

Harman (123) found that boric acid could be recovered from horate ores when pyrolysed at 150 -1000°C.
Powdered colemanite containing 25% by weight of water was found, after charging into a furnace at 550°C, to
avolve white fumes which when condensed were found to contain a mixture of boric acid and boric oxide. Similar
results have been obtained by Mikhailov (124} and Mikﬁaildv and Vedernikova (125) when the datolite ores
present in the Soviet Union were investigated.

{2.3) Thermodynamics.,

The vapour equilibrium of the boric oxide — water system has been the subject of a nﬁmber of
investigations {126, 127, 128, 129}. )

The existence of gaseous hydroxidés of boron has been known for many years, For example,
Stackelberg et. al. (126} observed the sublimation of H3803 and determined the heat of formation of the gas.
Margrave and Damron {127) postulated that HBO2 gas was a significant speciés: in water vapour over boric oxide,
in the temperature range 500 .8009Cy from studies of log P(HZO) versus log P(boron species) curves.

In a more recent investigation Randell and Margrave (128) assumed that H3803(g), HBOz(g) and
(HBOZ)319) were the important species: from the reaction between water vapour and liquid boric oxide in the
thperamte-rar_rga'.‘l.O'Oé1i10ﬁ°C. The féllowing three equations can then be written:-

Bo05 n + H2',O lg) = 2H802(g)
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8203 (1) + H,0 (g} = H3BO3 (g)

38,03 (1) + 3H,0 (@) = 2(H802)3 (g)

At temperatures below 1000°C Randel and Margrave (128) found that the slopes of log
{total pressure)} versus log P (H20) curves were consistent with the assumption:-that H3BO3 gas is the predominant
species present. At temperatures above about 1000°C a different slppe was obtained which was consistent with
the assumption that the vapour contained a mixture of HBO, and {HBO,)5. The heat of formation (& Hy)
of these two species.was found to be equal to:- - |

& Hgok (HBO,) = 134.9 + 1 Rcal/mole

A& Hy 0 (HBOy)3) = 537.5 % 3 kcal/mole

Meschi et. al. (130) have studied this reaction using a Knudsen effusion cell combined with a mass
spectrometer. Water vapour was introduced into the Knudsen cell containing Béric oxide and the vapour effusing
from the cell was analysed by the spectrometer. The following species were found to be present in the effusing
vapour H,0, 8203, HBO,, H3BO3 and (HBOZ)3, the one present in the largest amount being HBO,. The data
pertaining to the trimer (H802)3 was extremely difficult to obtain accurately in the temperature range covered
of 1060 to 1450°K. The concentration of this trimer was found to be {ess than 1% of that of the monomer HBOz.
A summary of the results obtained is given in Table 11.

The most significant difference between the results obtained by Randeli et. al. (128} compared to
those of Meschi et. al. {130) is the proportion of the trimer present in the temperature range 1000 to 1273°K.
By the more indirect method Randell et. al. {128) stated that 50% of the total pressure was due to the trimer,
whilst Meschi et. al. {130) found that only 1% was due to the trimer. The results obtained in the latter investig-

ation are probably the most accurate.
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TABLE 1

Thermodynamic constants for the Heterogeneousfreaﬁtjoﬂ batwesn

Boric Oxide and Water Vapour (130).

Temp. | H,0" HBO," B,03+ Log K, | LogK,|(HBOp);" |H4805"
eqn. 1 eqn.2

1273 | 99x10° 5.52 x 10° 2131 | . [|2z7x10?

1357 451 x10% 1.08 x 107 3.69 X 108 2277 | 0714 |5.06x10?

1451 2.2 x 104 2.34x 107 2.75x 107 1803 | 0812 [1.77:x10° |1.15x10°

'B,03 (1) + Hy0 (g) = 2HBO, (ghi--{1)

- pl
Ky =P (HBOZ)

P (HyO )
D H (1) = 47.6 = 2 kealmole

8203 {g) + H,y0 (g} = 2HBO, {g} —{2)

- p2
K, = P2(HBO,)

P (By03) P(H,0)

O\ H, (2) = 2.1 & 2 Kcal/mole
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CHAPTER 6

The Structure of Glass .

The structure of glass has been considered from two different concepts. The earliest being the
“crystallite’”” theory by Lebedev {(131) and the other the “random network’’ theory by Zachariasen (132.).

Lebedev’s concept was that the structure can be considered as an accumulation of submicroscopic
formations of various silicates, the chemical nature of which is determined by the composition. These micro-
structural regions are separated by layers in which the degree of disorder increases with increasing distance from
the microerystalline region, These regions may be definite chemical compounds or solid solutionshowever,
either would probably have a considerably deformed crystal lattice.

According to the theory developed by Zachariasen {132} silicate glasses consist of a continuous negwork
with ions, atoms etc, at it junctions. However, in contrast to a regular crystallme network this network in glasses
is irregular. For example, the structure of quartz glass like the structure of crystalling quartz is bullt up of S|04 '
tetrahedrons. Whereas in a crystalline network every tetra-hedron is regularly orientated with respect to any
other tetrahedron, in the network of quartz glass some degree of regularity in the mutual orientation extends only
to the nearest tetrahedra. As the distance from a given tetrahedron increases the mutual regularity of orientation
diminishes, until complete randomisation occurs Ebetween distant tetrahedra.

The problems involved in determining experimentally.the structure of glass has been discussed
at length in two conferences held in the Soviet Union (133). Both the crystallite theory and the random network
theory were stated to explain the experimental results obtained. However, in the more recent of the two con-
ferences thé crystaliite theory was thought to explain most satisfactorily the recent experimental results, especially
when the mt-Jre complex glasses were considered.

Of special interest from the structural view point are thé sodium bo;osilicate glasses. These gl.;asses
" after annealing at 500 .560°C were found to form a porous glass when leached with acids. This leaching process
. was found to extract the sodium and boric oxides preferentially leaving a porous silica glass. During the annealing

treatment two processes were thought to occur {n33):-

(a) The first more rapid one which leads to a decrease in the size of the pores. This prqi:'ess is

pnl)bably due to a re-orientation of the chemical bonds.

(b} The second slow process is probably .1ha,growth of the sodium borate regions, by the

diffusional growth of -Iarge regions at the expense of the smaller ones.

These results together with many other physical chemicat properties of sodium bord;ulucate glasses
lead to the view that they consist of submucroscoplc heterogeneities within a silica framework (1'33) The
microscopic separation of the various phases of certain glasses has been observed experlmentallv using electron
microscopy. Skatulla et. al. {134) found that phase ;eparation occu.rs_ even in an optically clear glass and that
droplet sepa’rat‘ion is enh?nced by heat treatment. Recently the Scanning Electron Microscope has been used in
Lo T eee - e o022 - T T S e
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conjunction with the usual Electron Microscope to investigate the farmation and growth of these microheterogeneous

regions in borosilicate glasses (135, 136, 137). Makishima et. al. {135) have found that phase separation increased

with increase in the time a.nd temperature of the heat treatment and that these phass separated regions also became

more interconnected. These results have Been ‘confirmed in similar invéstigations by Haller et.all {(136) and by Cordelier (137)..
Kiyohisa et. al. {138} have determined the minimum time (t1-) required for complete phé_se separation

for various borosilicate glasses at a number of temperatures (TK). A linear relationship was found to be obeyed

between the minimum phase separation time: {t) and the reciprocal of the temperature (T°K); although t

values changed by up to 10 times with glass composition. A linear relationship was also found to be obeyed

between log t and the Nazo,'8203 ratio in the glass. This observation means that-the rate'of phase separation

increases as the proportion of’ﬁazo in the glass increases. The_gppar_éj;iag_ti_vat_ioq energy of th‘is_pha'_sé '

{ -

_s—efaration process was found to be equal to 62 kcalrlmqle.‘t
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CHAPTER 7

Heterogeneous Reactions.

The first two sections of this chapter will be concerned with general heterogeneous reactions, whilst
the third will deal specifically with the attack by liquids and gasés on glass.

(1} Liquid-Solid Reactions.

When a solid is attacked by a liquid the product may be either soluble or insoluble in the liquid.

if the product is insoluble the reaction will depend on the rate at which the reagent can pass through
the product layer. Systematic studies of this type of reaction do not appear to have been undertaken {139).

If the product is soluble then the rate of dissolution 1ic -found to be usually diffusion controlled
with an activation energy of about 5kcal/mol'e. The rate of dissolution (R) would then obey Ficks diffusion law
(140):-

R = Djsle,—c)
L

Where s and (cs-c) are the surface area and concentration terms respectively, with t being the reaction
time and D the diffusion constant.

This equation has been foqnd to be obeyed in the cases of the dissolution af sodium chtoride {141}
in water and of metals in acids (142).

Certain solid-liquid reactions have been found where the chemical reaction is the rate determining step.
The dissolution of calcium carbonate in dilute hydrochloric acid is an example of such a reaction (143). Palmer
et. al. (144) have found that the rate of dissolution of silica in hydrofluoric acid is also chemically controlled.

(2) Solid-Gas Reactions.

In general an heterogeneous surface reaction can usually be broken into the following elementary

steps (145}):-
(1) Diffusion of reactants to surface.
(2} Adsorption of reactants on surface.
(3) Chemical reaction on the surface.
{4} Desorption of products from surface.
(5) Diffusion of products from surface.

It is usually found that the rate controlling step is the chemical reaction at the surface, however, in
certain very rapid reactions diffusion has been found to be the rate controlling process. In this instance the
temperature (T) dependence of the reaction is proportional to T (145). -

If however, the reaction produces a solid on the surface the rate may be determined by transport
processes across the product layer (146). The rate laws governing such reactions may.be classified into four main
".tvpes {147):.

{a) Linear Rate.

Here the product does not provide an effective barriar to further chemical change and the rate will
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therefore be independent of the product layer thickness {150). The weight of product (W) formed is thus directly
proportional to the reaction time (t), see equation {1):-
W = kt e (1}

(b) Protective Film Formation,

Here the product forms a coherent, strongly adherent layer which prevents the reaction proceeding; at
higher temperaiures some mobility of one of the reactants may be possible and furthel; reacétion will ‘then occur,

(cl‘ Parabolic rate law.

This rate equation can,be represented in the form {2). This type of rate law has been found to be

obeyed in several gas-solid reactions (151).

W2 = kt ceee— (2)
{d) Other rate laws. >

Not all solid gas reactions obey one of the three types discussed prevf’réhs!y {164). The oxidation of

zirconium follows a cubic law (3), whilst the later stages of the oxidation of aluminium follows an inverse

logarithmic law (4).

w o= e (3)
1MW = kq—k, log (kg +1) —-——{4)
(3 Corrosion of Glass.

(3.1) Introduction,
Much of the work on the chemical attack of glass has had the practical purpose of determining the
durability of glass. This aspect has been reviewed by Beattie {152), Morey (153} and by Shand (154). Corrosion

may occur in ong or a combination of severa) ways, thus the glass may {155):-

(a) React with the carrasive agents to form new compounds on the surface.
(b) Be preferentially dissolved leaving a leached surface layer.
{c) Be totally dissolved by continuously expdsing frash glass.

{3.2)  Attack by water and steamf%.

Silica is almost insoluble in water except at temperatures above.250%C and thus the attack of.glass

by water only occurs due to the existence of soluble components such as alkalis.
Charles {156) has studied the effect of saturated and 90% saturated water vapour at temperatures
between 150 and 2502C on soda-lime glass. It was found that a sharply defined layer of decomposed material
" was formed on the glass; the depth of which was measured as a function of time at various temperatures. Charles (156)
suggestéd that tha'glass is corr'ode'd:Whe'r'ljtbrmin'al’soidium:ions‘.were'present at.thesurface. The disruption of the
silica network can then be represented by the following equations:-
| - + | + -
—8i —0 eeeeen Na +H20—*' —Si —-OH +Na  + OH

1 |
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| ! | |
—Sli -0 - Sli— +QH' —— —Sli —OH + —S‘i -0

! I
, —S8i —0" + H,0 —_— -s|i —0H + ,-OH’
|

The rate of attack was thought to be controiled by the diffusion of sodium ions through the corroded
layer. This was supported by the concardance in the activation energy of sodium ion diffusion of 19.4 keal/mole and
. the value of 20+ 4 I‘kcﬁl‘lmolefor the activation energylbf corrosion. Similar results have been obtained by Lyle
{157} and by Douglas et. al. {158), see Table 12. '

{3.3) Acid Attack.

Kuehne {159) found that the rate of leaching using M.H,50, of sodium borosilicate glasses approx-
irhataly followed the parabolic rate law.

- Jones and Homer {160) have studied the rate of dissolution of a number of glasses in acid and found
that the parabolic law was followed. Jone; and Homer {160) found that the activation energy for the dissolution
of most glasses was close to 17 kcal/mola, see Table 12.

Kiyohisa et. al. (138) have investigated the ac_id leaching of boric oxide and sodium oxide from phase
separated borosilicate glasses. The r'a.te of 0.5M. H2804 leaching of the 82031N320 phase was measured at
_ various temperatures. The rate of leaching was found to obeyed the usual parabolic rate equation (1):-

. (Thickness of leached layer} = e g— [ )

The A’;;:ti\.ralion energy of the leaching process was found to be equal to 6.8 kcal/mole. The.rate
controlling process was thought to arise from the slow diffusion of sz3lhla20 through the porous SiO2
membrane filled with the acid. | .

The activation energy found by Kiyohisa et. al. (138) for the Ieachlng process from a segregated glass
is less than half that found previously for leaching of normal glasses, see Table 12. A

(3.4) Alkali Attack.

Berger (161) found that the attack of powdered glass By alkali was linear provided the products of
the oorrosion were not allowed to accumulate in solution, however, the rate of attack was found to be approximately
parabohc if the products were not removed.

The activation energy for alkalu attack on most glasses has been found to be close to 18 keal/mole, see
Table 12. ‘

Geffckén and Berger (162) have studied th_é attack on glass by sodium carbonate solutions of different
coneen_-trations at 106°C. They found that if the furict-ion {1) was plotted a straight line could be obtained for
concentrations from 0.1M. to 2.0M. Na,CO4.

C/R = a +bg--~-memmeme (1)

Whefe C is_tha concentration of sadium carbonate, R is the rate of dissolution of glass andaand b
are constants. -

This type of equation resembles the hyperbolic equation developed by Langmuir for the fraction of
s -26-




TABLE 12

Activation Energy of dissolution of Varous glasses.

Glass; with Activation Energy of Dissolution of Glass

approximate {keal/mole). I

composition. Artack by Attack by Attack by
Water Vapour. Acid. Alkali.
Value Ref. |Value |Ref. Value Reference

aa

Soda-Lime Silica
75% Si02: 15% NaZO:
10% Ca0O + MgO.I 18.3 158 16.6 158

Borosilicate crown

20% Nay,0O + K50. 204 156 17.0 |160 17.0 163

Chemical ‘Pyrex”
80% Si02: 12% 3203 18.5 162

185 163
5% Na,0: 3% Al,04.

Glasses including:-
Barium crown:-

50% Si02: 4% 8203:
8% KZO: 7% 2Zn0O: 17.0]160. 15.3 163
31% BaO.

Flints:- 46% Si02;

' 9% Nay0 + Ky0;
45% PbO. 17.0 1160 17.8 163

Phase separated

borosilicate glass. 6.8 138

the surface covered by adsorbed gas in equilibrium with the gas at a given pressure.
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CHAPTER 8

Materials used and their Processing.

(1} Materials.
The various tourmalines used in this study were obtained from:-

{1.1) - Roche Rock, Nr. St. Austell, Cornwall (8/1).

The specimens removed consisted of large lumps of iron tourmaline gdntaining about 5% impurities, . .= _

(1.2) Unknown locality; probably Dartmoor (8/2).

This specimen of iron tourmatine in the form of a large lump contained about 5 per cent silica and was
supplied by Dr. A, B. Meggy.

{1.3) Lee Moot, E.C.L.P. China Clay Works, Nr. Plymouth (8/3).

This density separated iron tourmaline in the form of crystals about 1 to 3 mm. in size was kindly
supplied by Mr. P. Roberts of the Geology Department.

(1.4) Minas Gerais, Brazil (8/4).

This sample of magnesium tourmaline was bought from Parkinson and Co. Ltd. Doulting, Shepton
Mallet, Somerset.’

Standard carbonate free O.1M.NaOH was obtained from British Drug Houses Ltd. (8.D.H!)), Poole, |
Dorset. This was diluted to 0.05M.NaOH using freshly distilled water and kept in a plastic 5 litre tank with a
soda-lime trap. All the other chemicals used were obtained from B.D.H. Ltd. Poole, or from May and Baker Ltd.,
Dagenham.
(2) Processing. q

d The large lumps of iron tourmaline were roughly crushed in a “Denver’” jaw crusher and then ground in

a mechanical mitl to the required size pri-or to sieving. A list of mesh numbers with the corresponding hole size for each
of the sieves used is given in Table 13.

In some pyrohydrolysis experiments 1 cm.3 cubes were required. These cubes were cut from a
large lump of iron tourmaline {8/1} using a “Mottacutta” rock cutting machine manufactured by Cutrock

Engineering Ltd.

TABLE 13
Standard Sieve Sizes.

Mesh Hole Size "Mesh Hote Size Mesh Hole Size
Number (m.m.) Number | (m.m.} Number | {(m.m.}
3/16 7 4.76 14 1.20 52 0.300

5 335 16 . 1.00 100 0.150

8 2.06 18 0.850 200 0,075

12 1.40 22 0.710 300 - 0.053




CHAPTER 9

Survey of Instruments Used.

(1} Description of furnaces used.

{1.1) Oven furnaces:

The aoven typ;e furnace used was manufactured by Griffen and George Ltd. The heating chamber of
dimensions 10 x 8 x 28 cm. was made 6f a high grade brick with silicon carbide heating elements mounted
transversely in the roof. The temperature is controlled by an automatic electronic proportional control which
maintains the set temperature to within 59 up to a maximum of 1350°cC.

(1.2)  Tube furnace:-

This was also manufactured by Griffen and George Ltd. -The heating chamber of length 200 mm. was
heated with silicon carbide rods. The working temperature was meas;lred by a platinum alloy thermocouple and is
controlled by a variable transformer up to a maximum of 1450°C. The tubes used were made of recrystallised
alumina (A|203) of 25 mm.. internal diameter, with'a wall thickness of 3 mm. and 760 mm. in length.

{2) Cambridge pH meter. X .

A Cambridge Pye Master pH meter and millivoltmeter was used in the quantitative potentiometric
determinatiorj of boron. This meter consists of the usual lithium glass and calomellsaft‘;'rated KC1 reference
electrodes ct;nnected to an electronic amplifier.

To obtain a better stabilisation of the zero the instrumen.t was left switched on, ;Nith the_elect'rod_es
immer-sed in distilled water, even when not being used. At the beginning of each boron determination tlhe meter
was standardise_d using a pH 7.00 buffer solution.

(3) X-ray Equipment,

The X-ruy’ generator used was a Solus-Schall Ltd. high voltage generator fitted with a sealed Phillips-
Mullard X-ra\; tube. This tube was of the sealed type anq contained a copper target. The’output was always
maintained at 40 Kv, 15mA. when being used. The copper radiation was monochromatised using a nickel filter
to remove the K 8 component.

(3.1) Flat.plate transmission camera.

This Unicam camera was designed to take 82.5 x 108 mm. plate or film which was set perpendicular
to the incident axis of the X-raysat a distance of 30mm. from the specimen. The crystal being examined is first
carefully attached to a fine glass filament usiné Durofix glue. The filament is then stuck vertically into the small
'f',piece c;f plasterci.ne which is attached to the top of the camera’s éoniometer arcs. The specimen can then be
accu ratel\f aligned using the attached telescope, before being exposed to the X-rays..

This camera was used to study the changes in orientation that may OJGC.IYJ‘I_' during the decomposition
of single crystals of tourmaline. If these single crystals decompose to completely ran;lomlv orientated microcrystals
then the photdgraphs obtained will consist of conceﬁtric uniform circular haloes of the usual “powder photograph’

type (202). However, if the microcrystals have what is-termed'a “‘preferred orientation” with a definite crystal axis
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or crystal plane of each particle approximately parallel to a certain direction or plane, then the photograph will
not consist of uniform circular haloes (202).

{3.2) X-ray Diffractometer INT/B (Solus-Schall}.

The diffractometer used is based on a design by Berthold {166), with a focusing arrangement similar to
that described by Bragg and Brentano (167). This system enables large flat powder specimens to be used, thus
enabling easy specimen mounting with high sensitivity and good resolving power. The diameter of the measuring
circle is 500 mm. from front slit to counter slit.

The counting equipment consists of a proportional counter operating at 1950 v'olt.s, working in
conjunction with a chart recorder which can travel at 120, 300 or 600 mm. per hour; A 4.:hanne| analyser selects
pulses having an intensity between a certain lower and upper value depending on the channel ﬁosition, this analyser
was found to be useful in reducing the fluorescence caused by the iron present in the scht:.trl samples. A rate-
meter registers counts from 1 x 10 to 3 x 105 per sec. with. a linear response. The rotation of the specimen
and the counter tube can be in a clockwise or anti-clockwise direction by hand or b_y motor. When the |"notor is used
the three speeds available to accomplish the circular movement are 1/'.‘4, 1 or 2 degrees per minute.

The samples analysed are powdered and then mi')-tled with acetone and “‘Durofix’ into a thin paste
which could be poured onto a small glass microscope slide (2 x 2 cms.). When dry the slide was mounted vertically
and aligned with the axis of rotation of the counter on the central specimen holder by means of a jig.

The recordings of the diffracted radiation were used for:-

{a) Qualitatively analysing the specimens by use of Bragg’s equation {168):-
2d £ A/sin®
Where d is the interplanar spacing
O is the diffracted angle.
(b)rl-\neasurement of cell dimensions of crystalline species present in sample.
(c) Measurement of the ‘l_width ; of the lines obtained. These measurements could be used
to determine the crystallite size of the species present in a particular sample,

{3.2.1) X-ray Line Broadening.

The X-ray trace always consists of peaks which are broadened due to instrumental causes. In certain
instances the peaks may be further broadened due to:-

{3.2.1.1} Small crystallite size:-

If the crystallités in a specimen are less than about 10008 (0.1/4. ) appreciable intrinsic line broadening
will result. The mean crystallite si;la‘ (d) is related to the intrinsic broadening  ({ ) by the Scherrer equation
{(169):- ' )

’ D =3K
N cos 8

Where K is a constant
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A_is the X-ray wavelength
0 is diffracted angle of line being measured.

{3.2.1.2} Broadening due to lattice distortion.

o~

The mean strain {N) is related to the intrinsic broadening (3 ) by the equation (207):-
. N=f8 cot6
This'tvpe of broadening is due tovariations; in the dimensions of the unit cell (207).
Methods of se‘__)aratim the contributions due to each type of intrinsic broadening has been described
by Klug and Alexander {170} and by Warren and Averback (171).

(4) Polarising Microscope.

A Vickers Polarising microscope was used to examine the effect of heat on crystals of tourmaline. This
microscope was also used to determine the size of the crystallites formed when tourmaline decomposes. This was
achieved by eompa.ring the size of the crystallites with a standard graticule mounted in the eyepiece of the
‘microscope (172). The optical technique used is capable of determining particle size in the range 500/.:. to 0.39«4.. .

(5) Ditferential Thermal Analysis.

This technique was first devised by Roberts-Austen {173} and considerably simpl'iﬁed soon after by
Burgess (174). The method uses two thermo-couple junctions embedded in the test sample and the inert material.
These thermocouples are oonnet;ted in opposition so that any small differences in the t-emperatures of the two
junctions, when they a;a heat.ed together, can be measured using a sensitive recording voltmeter. These temperature
-+ differences can be attributed t(l) e:}othermic and endothermic processes oecurriggiin'.the:tesi sample. The ecﬁ.iipmertt .
usec{ in this work is based on a-’.&esign by Grimshaw et.‘al. (175). About 0.5 g. of the sample was packed alongside
the refarence material, alumina, in a ceramic block. The block was heated in an electric furnace (Griffin and George Ltd),
The temperature of the block and the temperature éifferential were recorded automatically over the temperature
range ot 100°C to 1100°C. _ .
This technique was used to determine the decon*l-pd'sition temperature of tourmaline and also to

investigate the nature of the material formed when tourmaline decomposes.
. . T




CHAPTER 10

Analysis,

(1) Determination of Boron. - . .

{1.1) Review.
The methods of analysis for boron have been reviewed in a number of books {176, 177, 178, 179}.
Colorimetric, gravimetric and titrimetric methods have been proposed, but their application to many materials
requires a difficult and frequently lengthy separating: procedure.

{1.1.1) The Separation of Interfering lons.,

The most general method invaives! the removal of boron by distillation as its methyl ester {178). How-
aver, incomplete voléfi»lj_sa'tribn can occur in the presence of aluminium, iron and silioon {175). The precipitation
of such elements as thiair hydrous oxides can result in pan of the boron being absorbed by the precipitate (175).
Probably thé most useful and certainly one of the most convenient methods of removing interfering ions is by the
use of IonlEichange resins. This technique was first used by Martin and Hayes (180}, who found that the cation
exchange resin used was capable of quantitatively removing interfering metal ions without lass of boron. Wolszon
et,‘al. {182) and Schutz (183) have used a mixed bed technique consisting of a strong cation exchange resin mixed
with a weak anion exchange resin. This system was found to be capable of removing all the cations and anions
apart from pgric, silicic and carbonic acids (184).

{1.1.2) duantitative Methods.

{1.1.2.1.) Gravimetric determinations.

ihé_sa methods are tending to become obsolete because titrimetric and other methods are so much

-. more rapid and invariably more precise {178).

. 1.1.2.2) Titrimetric determinations.

' ‘The basis of most titrimetric methods is that boric acid, a very‘wa_aj,f-: acid in itself, becomes a relatively
strong acid when complexed with certain polyhydroxy-compounds, such as invert sugar (180), glycerol (176)
or mannitol {181). The main variations of the titrimetric method are:-

{a) Normal titration.

Using indicators such as p-nitrophenol and phenolphthalein for detacti_néf_ihe end point1{185).

(b} .. lodine-Thiosulphate titration {186).
o .
The strang acidic properties of mannitol-boric acid are used to liberate iodine from an iodine-iodate

solution the boric acid can then be determined indirectly via the iodine assay (178).

{c Potentiometric titration,

This is probably the most convenient method of determining:boron titrimetrically and after removing
interfering ions the only further inconvenience is dissdrved carbon dioxide which is easily removed by gently
boiling the solution in a covered beaker. The main variation in experimentallprocedure cited in the literature is the

variation in the value of the pH t:.a'_k‘_'én as the equivalence point, see Table 14.
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TABLE 14

Potentiometric determination of boron.

Literature Value of pH Value of pH
Reference after Addition Taken as equivalence
of First Alkali Point after Addition
of Mannitol
Hollander M and Rieman W. (187) 6.30 6.30
Martin J. R. and Hayes J. R. (180) 6.90 6.90
Kramer H. (181) 7.00 7.00

{1.1.2.3) Colorimetric determinations.

-,

These methods are both inaccurate and extremely difficult to perform satisfactorily they are however
capr;lble of determining minute traces {< 10ug.) of boron. A number of dyes have been found that give charact-
eristic colorations with boric acid in the presence of concentrated sulphuric acid. One of the best is probably
1,1 dianthrimide (176,188}, but curcumin {189), carminic acid {190)and chromotrope 2B {191) have also been
used successfully.

(1.1.2.4) Miscellaneous methods.

One interesting method of determining boron has been described recently by Carlson and Paul {192).
This tecﬁnique utilises a liquid ion exchange membrane electrode, containin§ the boron specific resin Amberlite
XE-243. The active group present is N-methyiglucamine which complexes the boron when present as the
tetrafluoroborate ion. By the use of this potentiometric method which is sensitive only to the tetrafluoroborate
ion the need to separate interfering ions is alleviated.

Several instrumental techniques have been used to determine boron including Polarography (193,194}
and Atomic Absorption Spectrometry {195).

(1.2) Experimental Procedure.

The procedure used in the determination of boron closely followed that described by Kramer (181).
The exact method used, however, depended on the experiment being considered.

{1.2.1) Preparation of lon Exchange column.

A glass chromatograph tube 20mm. by 300mm. with a sealed in coarse porosity fritted disk was used
to contain the resin. To regulate the flow of liquid through the resin the tube was fitted with a rubber tube
extension and screw clip. The tube was filled with a slurry of the cation exchange resin “'Zeo-Karb 225 until

= a resin column about 200 mm. in length was formed. Before being used the resin was regenerated in the hydrogen

form with 100 mi. of 4AM.HCI and then washed with 50 ml. aliquots of water until the effluent gave a negative

test for chloride ions.
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(122) Use of lon Exchange column.

If the solution obtained contained interfering cations the boron containing solution was always passed
through the’ion exc.hange column before beginning the potentiometric titration.

To ensure that the solution was not too acidic for passing through the resin 4 M. NaOH was added
until a precipitate just formed, 4M.HCl was then added dropwise until the precipitate just redissolved. This
slightly acid solution was then passed through the ion exchange column followed by four 50 ml. portions of water.
The wash water being added when about®.1cm. of supernatant solution is above the resin. The rate of flow :
was adjusted until about 15 ml. of solution was passing per minute. The solution collected was covered with a
watch glass and then gently boiled for 5 minutes to remove carbon dioxide. The solution was then left to cool
to room temperature before beginning the titration.

(1.2.3) Potentiometric titration.

The pH meter’s electrodes and stirrer are introduced into the solution and if the solution is strongly
acidic M.NaOH was slowly run in until the pH is approximately six. 0.05 M.N2aOH was slowly run in until the pH
7.00 was obtained. About 10 g. of mannitol was then added and 0.05M.NaOH added until pH 7.00 was obtained.
.about 5 g. of triannitol was then added, if the pH fell more 0.05M 'NaOH was added, this procedure was repeated
until:the further addition of mannitol did not affect the pH. The total volume of 0.05M.NaOH required to raise
the pH to 7.00 after the addition of mannitol was recorded. ‘

1 mi. of 0.05M.NaOH =1.741 mg. of BO3.

(2} Quantitative Determination of lron.

{2.1} Review.
The methods of analysis for iron have been reviewed in a number of books (176,177, 178, 179, 196).

{2.1.1) Gravimetric methods.

The classical method involves precipitation using NH,OH followed by ignition and weighing as Fe,04
(177). The precipitation with organic reagents has been used; oxine and its derivatives being widely used (197).
All such methods are non specific for iron so lengthy separations are often required {177).

(2.1.2}), Titrimetric methods.

iron has been determined titrimetrically by a large number of methods based on redox (177),
precipitation (177) and chelation (177) reactions. Probably the most convenient involves the oxidation of ferrous
iron using K26r207, KMnO, or Ce(SOa)z, or the EDTA titration{177).

(2.1.3) Colorimetric methods.

Numerous reagents have been proposed including O-phenanthroline (198)5-phenylsalicylic acid (199),
potassium:ihiocyanate (200) and &upferron {177).

{2.2) Experimental Procedure.

The volumetric method used closely follows that described by Vogel (201).
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(2.2.1) Reduction of ferric ion.

A drop of the solution to be analysed was tested for the presence of ferric ions using acidified potassium
thiocyanate solution, if positive the ferric ions were reduced by the foltowing method. To the solution in a
conical flask was added 10 g. of granutated “‘analar’ zinc and then 10 mi. of concentrated sulphuric acid. The
reaction was accelerated by the addition of a few drops of copper sulphate solution. The flask was then stoppered
with a rubber bung carrying a bunsen vatve (201). This mixture was then left for at least 4 hours before testing
a drop of the solution for the presence of ferric ions. It was tound in al! the experiments undertaken that the
ferric ions were always completely reduced after this period of time. The solution was then filtered quantitativély
inte another conical flask.

{2.2.2) Titrimetric Analysis.

The solution obtained after the reduction was acidified by adding about 5 ml. of concentrated
sulphuric acid. About 5 ml. of syrupy phosphoric acid was then added, followed by two drops of the indicator
barium diphenylamine sulphate. This solution was then titrated against standard MI120.K2Cr207, until the first
permanent blue-violet coloration was obtained.

1 ml. of M/120.K,Cry04 = 2.792 mg. of Fe.

{3) Determination of boron and iron in Tourmaline.

About 1.0 g. of <300 mesh tourmaline was weighed out into a nickel crucible and then intimately
mixed with about 6 g. of sodium carbonate (176). The crucible was then covered and heated gently for 5 minutes
to remove moisture. The crucible was then strongly heated over a Meker burner for 30 minutes. When cool the
cn;cihle was placed in a 150 mi. beaker containing 50 ml. of water. To complete the dissolution 10 ml. of
concentrated hydrochloric acid was slowly poured down the side of the covered beaker. After dissolution the
solution was quantitatively filtered and then transferred to.a 250 mi. standard flask. 50 ml. of this solution was

used each time for the boron and iron determinations.




CHAPTER 11

Decomposition Experiments.

These experiments t;an be conveniently divided into four sections:-

{1} The first series of experiments were designed to determine the decomposition temperature of iron tourmaline.
The method used involved heating erystals of the density separated tourmaline (8/3) on a platinum lid for 1 hour
at 10°C intervals between 800°C and 900°C. =

The crystals were examined after the heat treatment by X-ray diffraction techniques and by the
polarising microscope.

(2} About 500 g. each time of the (8—100) mesh iron tourmaline (8/1) was heated in the oven furnace for 1
hour at 100°C intervals batween 900 and 1300°C and for 6 hours and 14 hours at 900°C. The material was

then crushed in the mechanical mill, two fractions being collected after sieving, one between (100-300) mesh and
the other smaller than 300 mesh.

The {100—=300)mesh fraction was used in the extraction experiments to be described later, whilst the
fine material was mainly used in an X-ray diffractometric investigation of the decomposed material.

(3.1) = Small quantities of the (100—300) mesh iron tourmaline (8/1) was placed in an alumina boat
and heated in the tube furnace at a number of temperatures between 800 and 1200°C in a steam of nitrqggn,
methane or ammonia. In another series of experiments (100-300) mesh tourmaline {8/1) was mixed with activated
charcoal in the weight ratio . of four to one. A small portion of this mixture was poured each time into an alumina
boat. This boat was'then introducéd inu; the-tube furnace in a stream of nitrogen and then left for specific pario@s
of time at various temperatures between: 800 and 1200°C. -

The decomposed material was th.en examined by X-ray techniques to investigate the variation in the
nature of the decomposition products with changing conditions.

(3.2} . A large quantity of the (8-100) mesh iron tourmaline (8;/2) was mixed with activated charcoal

in the weight .ratio.of four to one. About 150 g. was poured each time into a graphite crucible which after replacing
the graphite lid, was placed in the oven furnace for 1 hour at temperatures between 800 and 1300°C in intervals

of 100°C.

The material was then roughly crushed using the “jaw’ crusher and the remaining activated charcoal
was removed through a 300 mesh sieve. The material was then milled and two fractions were collected one bétween
{100-300} mesh and the other smaller than 306 mesh.

The {100-300) mesh fraction was used in'some liquid extraction studies, whilst the fine material was
examined by X-ray diffractometry.

{4) The powdered magnesium tourmaline (8/4) was decomposed in the oven furnace at 100°C temperature
intervals between 900 and 1300°C. The decomposed material was then finely crushed before being examined by

X-ray diffractometry.




CHAPTER 12

Liquid-Extraction Experiments.

(1) Apparatus.
In all the liquid extraction experiments the (100-300} mesh decomposed tourmaline was used. The
boiling acid experiments were carried out in pyrex round bottomed ftasks fitted with a condenser, In the acid
extraction studies carried out. at lower temperatures 150 ml. conical flasks, with stirrers, were used. The flasks
containing the appfopiiaté volume of acid were left immersed in the constant temperature bath for at least two
hours prior to adding the decomposed tourmaline.
In the boiling alkali and water experiments a 250 ml. silica round bottomed flask, fitted with a silica
condensear, was used.
(2} Analysis.

{2.1) Acid Extraction:-

At the end of the requisite extraction time the suspension was quickly filtered to stop further reaction.
After washing the filter paper etc. and cooling 10 room temperature the solution was made up to the mark in a 100
ml. standard flask,

The solution was then divided into two for the determination of the amount of boric oxide and iron
extracted, see Chapter 10.

{2.2) Alkali and Water Extraction:-

At the end of the requisite extraction time the suspension was quickly filtered and after washing the
filter paper et::. the solution was made just acid to methy! orange. The solution was then .boiled gently for 5
minutes to remove carbon dioxide. Since the iron is not extracted by these reagents and only a relatively small
quantity of silica is present in the solution the whole of the solution was used for the boron determination, see

Chapter 10. 1, 2,

(3} X-ray Diffraction,

In certain instances the powder remaining after the extraction process was examined by X-ray diff-

ractometry, see Chapter 9. 3.




CHAPTER 13

Pyrohydrolysis Experiments.

{1) Apparatus.

Tha tube furnace described in Chapter 9.1 was used for the pyrohydrolysis experiments.

In the final form this apparatus was fitted with a pre-heater. This was made by wrapping the alumina .
tube for a length of 300 mm, with double stranded 36 gauge nichrome wire. The wire was then covered with a layer
about 20 mm. thick of wet alumina cement. After leaving the cement to dry another length of double stranded
wire was wrapped round the cement. This wrapping was then covered with a layer of alumina cement about 40 mm.
thick. After leaving the cement to dry for a couple of days the two wrappings were connected in series and then
connected to a variac. Using this assembly the inside of the alumina tube could be maintained at 1050°C, see
Figure 3.

The source of steam was a small boiler designed to produce a constant given quantity of vapour flowing
through the furnace. To achieve this constant given flow of vapour the water was maintained at a given level using
a variable drip feed system, see Figure 4.

The vapour emerging from the furnace was condense&, after being cooled by flowing through a short
length of copper tubing, by a small condenser and then oollecteQ in weighed beakers.

{2) Procedure.

| The temperature of the inside of the alumina tube was measured with the water vapour flowing using
a platinum alloy thermocouple. It was found that when using temperatures above 1250°C that the surface was
cooled by between 5 and 10°C. This was taken into account by plotting the heating and cooling profiles of the
furnace when the steam is disconnected and then re-connected. In this way the optimum time could be assessed
between the introduction of the sample and re-connecting the steam supply. Using this method the error in the - .
actual temperature of the sample just after being introduced in relation to the equilibrium temperature with the
steam passing could be minimised.

The solution collected in the weighed beakers was analysed for boron after requisite time interyals, see
Chapter 10. Since the solutions did not contai;\ any interfering ions they were titrated directly without prior use

of the ion exchange column.
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CHAPTER 14

Analysis of Tourmaline,

(1} Qualitative Analysis.

Qualitative spectrographic analysis of the powdered schorl samples (8/1, 8/2, 8/3) was carried out
using a Hilgar Large Quartz Spectrometer in the wavelength range 2760 to 4720 A. The photographic plates
obtained were compared with a set of reference plates to ascertain the elements present in the schorl samples,

a summary of the results obtained is given in Table 15.

TABLE 15

Qualitative Analysis of Iron Tourmalines used.
Approximate . Sample Sample Sample
order of - (8/1) (8/2) (8/3)
abundance Roche Rock Dartmoor Lea Moor
Major Na, Si, Al, Fe Na, Si, Al, Fe Na, Si, Al, Fe
Minor Ca, K, Mg, Sn . Ca,K,Mg.Sn
Trace Ti, K Li, Ti Li, Ti.

(2) Quantitative Analysis.

The tourmalines {8/1) and (8/2) wera quantitatively analysed by the methods described in Chapter
10. Only boron and iron were determined as these were the only elements present that were studied in detail. The
results of these analyses are compared with quantitative spectrographic analysis of tourmalines in the S.W. of
England by Powaer (35) in Table 16.

The “Roche Rock™ tourmaline {8/1) was therefore found to have a composition close to that for the “‘end
member” of tha.schorl series. The composition of this iron tourmaline is therefore close to Na Fe3 AIGB3Si6031H4,

The two “Dartmoor” tourmalines (8/2 and (8/3) were found to contain a small amount of magnesium,
see Table 15, A comparison with the results obtained by Power (35) indicated that these tourmalines lie on the. .o

dravite-schérl.solid solution series with compositions close to NaFe,MgAlgB4Sic0q4H,.




Quantitative Analysis of {ron Tourmalines used.

TABLE 16

Efement Analysis of Roche Analysis of Dartmoor

and Oxide Rock schorl Tourmalines
Sample Analysis Sample Analysis by Power (35)
(8/1) Power (35) (8/2) No. 26/P No. T2

No. 54/ P

B,05 8.98 8.70

Fe 10.90 1.2 8.87 9,5 7.6

Mg 0.10 2.65 2.95

Mn 0.26 033 0.12

Na 1.35 1.39 1.14

Ca 0.12 0.48 0.49

Li - 38x102 | 3.0x1072

Ti 0.12 0.40 0.16

Sn 22x103 30x102 | 47x107?




CHAPTER 15

Decomposition of Tourmaline.

()] Decomposition in Air.

(1.1) Decomposition Temperature.

{1.1.1} Using Polarising Micrascope.

The effect of heat on the density separated tourmaline {8/3) was investigated using a polarising
microscope.

The original erystals were observed to be a brown-green colour in ordinary transmitted light. When
heated for 1 ho;Jr 8t temperatures between 750 and 840°C the crystals were observed to be deep red in transmitted
light; this colour change is probably due to the formation of a surface layer': of F9203. When these heated crystals
were examined under plane polarised light they were all found to be strongly pleochroic and uniaxially negative (204),
as are all naturally occurring tourmalines {32). |

After heating the crystals for 1 hour at 870 + 10°C it was found that most of the crystals were opaque
and the few that were thin enough to be examined in transmitted light appeared to be optically isotropic. One
interesting observation was that the more “‘perfect” crystals appeared to have a slightly higher decomposition
temperature.

{1.1.2] Using X-ray Ditfractometry.

In this investigation the {100-300) mesh schorl {8/2) was heated for 1 hour in steps of 10°C from 840
to 900°C. On examining the X-ray diffractometer traces of this thermally treated material it was found that
reflectionsdue to schorl were no longer present in the powder that had been heated for 1 hour at 830 = 10°C.

{1.1.3) Using Differential Thermal Analysis.

A Differential Thermal Analysis trace of the (100-300) mesh tourmaline {8/1) was obtaiﬁed using
alumina as the reference material and a heating rate of about 10°C/minute.

The curve obtained showed a steady drift of the base line starting at 220°C indicating the presence of
some stow exothermic process. This could be tha oxidation of the ferrous ions presant in the structure by OH’ ions
during the low temperature dehydration process (58], which was shown by Ku;'ylenl'(o {63) to begin at temperatures
close to ZODOC. :

A small endothermic peak was obtained at 9100C ar;d a much larger one with the peak at 970°C was
also observed. These peaks are very‘ ¢lose to the main endothermic process peak observed at 960°C by Kurylenko
{63) and théught to be associated with the volatilisation of boric oxide. However, these peaks are almost certainly
associated with the heat changes occurring during the breakdown of the crystal lattice of tourmaline.

{1.1.4} Conclusions.

The probable decomposition temperature of schorl as determined by optical and X-ray techniques is
880 + 10°C. This value is in reasonable agreement with a decomposition temperature of 850 + 10°C abtained:hy

Machatschki (61).
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Kurylenko (63) found that the decomposition temperature was 970°C, using Differential Thermal
Analysis, which does not appear to be consistent with the lower value of 880 = 10°C found in this investigation.
This may be due to the rate of :decomposition being extremely slow at 880°C and any heat changes involved in
the decomposition process may therefore be recorded only at higher temperatures, when the dynamic Differential
Thermal Analysis technique is used.

{(1.2) Size of Crystals present in decomposed tourmaline.

{1.2.1) Using Polarising Microscope.

~ Theonly sample of decomposed schorl (8/3) that was transparent enough to be examined by transmitted

light was one that had been heated for 1 hour at 1350°‘C.and then quenched in water.

When & thin sliver of this decomposed schorl was examined under the polarising microscope the bulk
of the material was found to be isotropic and pale green in colour. Embedded in this amorphous iron glass were
needle shaped anisotropic crystals.

The size of about fifty such microcrystals were determined by comparison with the standard graticules
mo‘untad in the microscope’s eyepiece, see Chapter 9. The mean size of these microcrystals, together with the
standard deviation, was found to be equal to | 256+ 10 4 by 3+ Z/u by 3¢ 2/u-

v {1.2.2} Using X-ray Diffractometry.

Because all the decomposed tourmaline samples were opaque, apart from the one described above, an
attempt was made to determine the mean crystallite size using X-ray diffractometry, see Chapter 9.3.

X-ray traces were obtained for the tourmaline samples decomposed at 100°C. intervals between 900
and 1300°C; ‘_N'hen compared with a reference trace obtained of {100-300} mesh powdered mullite no measurabte-
broad;hing could be observed for any of the decomposed samples. .

These results suggest that the mean crystallite size of the microcryssuds are larger than about 1/.; (158).‘
The X-ray diffraction pﬁotograph obtained of a nati;nary_"crystal" of decomposed schorl {8/3), using the flat-
plate camera, consisted of a concentric series of continuous diffracted rings with no traice of spotiness, see
Figure 5, This observation indicates that the mean size of the microcrystals is less than about 19&(203).

{1.2.3) Conclusions.

The combination of the X-ray results with those obtained usiﬁé optical microscopy lead to the
conclusion that the size of the microcrystals formed when tourmaline is decomposed, in the temperature range
) 900 to 1350°C, is always approximately the same and equal to 25 % 10/.; by 3% Z/L by 3 % 2/u. .

(1.3) Orientation of Crystals present in Decomposed Tourmaline.

Many layer type silicates such as magnesium chlorites (206) have been found to produca'driemated
decomposition products (205). 1t was therefore thought possible that tourmaline may similarly produce orientated

decomposition products because of its polar and highly orientated structure.

X-ray photographs of saveral of the single crystals of schorl (8/3) that had been previously heated
. - e AA2-
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in the temperature range of 800 to 900°C were obtained using the flat plate camera, see Chapter 9.3.

The photographs obtained were either due to a slightly altered single crystal of tourmaline or of
a completely decomposed “crystal’” which showed the typical circular diffracted rings of a polycrystalline material,
see Figure 5. No interméediate state was observed in this investigation between tourmaline itself and the completely
decomposed polycrystalline material; although Kurylenko (45) has found some evidence for the existence of a
partially decomposed tourmaline lattice, see Chapter 2.6.

The flat plate transmission photographs of the decomposed tourmaline *‘crystals” consisted of a
oom‘:entric sat of circular rings of unequal thickness throughout their circumference. It was observed that the
ditfracted rings were always sharpest in the direction of the origirial a-axis in the ¢rystal and became more diffuse.)
as the angle from this axis increased. Similar photographs have been obtained by Hull {199) for slightly orientated
polycrystalline aluminium wire. It would therafore appear that the needle shaped microcrystals are partially
orientated, with the needles pointing on average in a certain specific direction, relative to the ori.ginal crystal
axes in‘fourmaline.

. It was ef_oynd in the last section (1.2} that the thickness of these microcrystals is approximately
3z 2., which is (-mly slightly above the upper limit of significant X-ray line broadening. The diffuse nature of
the diffracted rings in the direction of the original ¢ - axis could therefore be due to the needle shaped micro-
crystals pointingon average away from this axis, see Figure 5. It this assumption is true then thera is probably
some relatibﬁnship between the original crystal structure qj tourmaline and the orientation of the microcrystals
formed during the daoompos’igion procaess.

(1.4) Nature of De;aomposed tourmaline.

{1.4.1) Crystalline products formed.

The finely crushed schorl {8/1) and dravite (8/4) that had been decomposed for 1 hour in 100°C
intervals between 900 and 1300°C, see Chapter 11, was carefully examined by X-ray diffractometry using Cu
{K__) radiation. The calculated interplanar spacings for each of the samples is presented in tabulated form in
Tables 17 and 18.

In view of the complex composition of tourmaiine it was thoughildesirable2 to study some simpler
oxide systams in order to elucidate the exact nature of the decomposition products. Therefore the effect of heat
on certain oxides and rele_vant oxide mixturas was investigated. In these control experiments & temperature of
1100°C and a reaction time of 4 hours were used, as it was thought that these conditions would be representative
of the tharmal conditions used to investigate the decomposition of tourmaline.

Kaolinite (AI203.2Si02.2H20) was one of the binary systems studied, because this mineral contains
the same molar ratio of Al,04 to SiO, as tourmaline. A mixture of boric oxide and kaolinite was made up, in
the same molar ratio as these oxides exist in tourmaline, to investigate the effects of boric oxide on the decomp-
osition of kaolinite. Alumina and alumina mixed with the requisite proportion of boric oxide were also investigated.

After the heat treatment each of these referance samples was crushed and then examined using the X-ray
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diffractometer described in Chapter 9.3.2. The calculated interplanar spacings for each of the samples are presented
in tabulated form in Table 19.

The system 8203 - SiO2 was not investigated as earlier work found that binary compound formation
did not occur {100}. For a similar reason the system NaZO - 8203 — $i0, was not inve;.:tigated as Morey (95) -
found no evidence for compound formation in the composition range close to that in tourmaline. In the ternary
system FeO —SiO, — Al,04 investigated in slightly reducing conditions by Schairer and Yajii (110), mullite was
the only compound that crystallised in.the composition range close to that in tourmaline.

The interplanar spacings obtained in this investigation for the thermally treated Al203 - 8263
mixture are consistent with those obtained by Scholze (108} for the compound 9AI203.28203. The X-ray
spacings due to 9AI203.28203 are compared with those from mullite (3AI203.2Si02) in Figure 6. The overall
pattern for each is very similar indicating that the complete substitution of the silicon atoms in the mullite lattice
by boron atoms only slightly affects the overall crystal structure (103). However, there are a few significant
differences between the two patterns that can be used for identification purposes.

The interplanar spacings obtained of decomposed kaolinite, the thermally treated kaolinite — boric
oxide mixture and decomposed schorl (8/1) are compared with those given the literature for mullite in Figure 6.
The overall pattern obtained from decomposed schorl (8/1) indicates that the main decomposition productiis
a mullite like crystalline phase. The presence of any free Il\l_203 or 9A|203.28203 would be easily identified
using the spacings of 2.084; & and 1.603 £ for AI203 or the 4.38 R spacing for 9AI203.28203. The absence
of such reflections indicates that all the A|203 present in schorl is used during the decomposition process in the

formation of the mullite like phase.

B
=

Onty the low intensity spacing of 2.92 R is then unaccounted for in the deoomposedlsc'horl (8/1},
although the spacing at 3.64 R is also in doubt, see Table 20, The 2.92 R spacing was compared witﬁ that listed
in the ASTM index (212) and of the compounds scanned the only probable one with the same spacing was

% -Fe203: the other two main reflections listed for ¥ —Feza':;"are also found to be present in decomposed
schorl:- ° '
g —Fep03(212) (dR). 294(50) 251 {100}  2.08 {30)

Decomposed Schorl {d &). 2.92(20)  2.50 (50) 2.08 (20}

The X-ray diffraction results indicate that decomposed schorl contains a mullite like phase and a small
quantity of X —FeZO:; as the only crystalline phases. This confirms the results obtained by Korzhinkii (65)
in a similar investigation.

The spacings obtained for decomposed dravite (8/4) are compared with those for mullite and decomposed
schorl (8/1) in Figure 6. The overall pattern due to decomposed dravite (8/43_ indicates that the only crystalline
product is a mullite like phase. However, when tourmaline decompaoses with complete removal of the free
atumina to the mullite like phase a considerable proportion of “free" silica remains:-

Na,0. (X0)g 6A|203.3BZO3.1ZSi02.4H20 — 2(3AI2%25i02) + 4H,0 +Na20.38203.88i02.
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TABLE 17

X-ray Diffractometry of material formed when

when Schorl Decomposed in Air.

Decomposition of Tourmaline from Roche Rock (8/1).

200°C 1000°C 1100°C 1200°C 1300°C
for 1 hour. for 1 hour. for 1 hour. for 1 hour, for 1 hour.
1 d d d d d
1 Spacing || Spacing]| Spacing (I Spacing; | Spacing
2 532 |2 532 |3 532 |5 534 |3 5.36
1 364 |1 364 |1 3.64 -
6 ‘338 |6 338 |6 338 |6 336 |6 3.37
6 334 |4 334 |5 335 |6 333 |6 3.34
2 2992 |1 2.932 3 2.941
1 2:823 |1 2.823 |1 2832 |1 2841 |1 2.850
3 2667 |5 2675 |7 2.683 |10 2.675 | 6 2.699
7 2.494 |10 2501 |10 2501 (8 2.495 | 10 2521
e 2410 |1 2416 |1 2442 |1 2.429
1 2253 |1 2258 |2 2258 |2 2.269 {3 2.275
-3 2170 |a 2170 |5 2.180 |6 2,190 |5 2.195
2 2107 |3 2.107 |3 2.107 |2 2107 |2 2.106
2 2079 |2 2079 |1 2.079 |1 2.079
1 1.819 (3 1822 |4’ 1819 | 2 1.836
1 1675 (2 1679 |4 1.682 1.682 |2 1.693
1 1.601 |1 1,598 3 1.603
1 1581 |2 1683 |1 1.586
1 1.508 |3 1508 |3 1.506 |2 1515 {3 1.521
2 1,464 |3 1467 |2 1.469 |1 1471 |3 147
] 1.442 |2 1.445 |1 1.445 |1 1.431
1 1.413 |2 1.417 1 1.423
1. 13711 |3 1.369 |1 1.395
1 1.322 |1. 1.322
1 1.300
1. 1.266
2 1,247 |2 1.251
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(Cont, of Table No. 17).

Key:=

l is the relative intensity of reflections.

d (R ) is calculated using the Bragg Equation {168).

45




TABLE 18

X-ray Diffractometry of material

formed when Dravite Decomposed.

Decomposition of Tourmaline from Brazi! (8/4)

900% 1000° C 1100°C 1200 1300°C
for 1 hour for 1 hour for 1 hour for 1 hour for 1 hour
d spacing d spacingy, d spacing d spacing d spacing
I . I R |1 - I A | R

9 5.32 10 532 9 . B.36 8 5.38 ) 5.38
10 3.37 9 3.37 10 3.38 10 3.39 10 3.39
2 2816 1 2823 1 2.823 1 2.832 3 2.841
7 2.675 5 2.675 5 2.667 5 2.683 7 2.691
5 2.488 3 2488 q 2.501 4 2501 4 2518
2 2.252 2 2,258 1 2.258 1 2.264 1 2.269
5 2.165 5 2170 4 2175 4 2170 5 2.185
4 2.097 2 2116 3 : 211 2 21 2 2116

1 1.717
1 1.682 1 1.682 1 1.678 1 1.682 1 1.687

1 1576 1 1.576 1 1.681 1 1.586
4 1.503 4 1.506 4 1.506 3 1.508 4 1.510

' 1 1.447
1. 1.41 1 1.415 1 1.417 1 1.419
1 1.254 1 1.254
Key:- | .is the relative intensity of reflections
d calculated using Bragg equation {168).
s




TABLE 19

X-ray Diffractometry of Some Thermally

Treated Model Phase Systems.

Oxides heated for 4 hours at 1100°C.

Kaolinite Kaolinite Alumina Al,04
+8,04 {Al,04) + By04
-d (R) d (R) d(R) d(R)
1 spacing | . spacing | spacing | spacing
1 5.32 10 5.32 10 5.40
8 4.38
2 3.77
4 3.50
10 3.37 10 3.35 7. 3.38
1 2.876 1 2.806
4 2.723
3 2675 4 2.675 7 2.691
| .9 2.556
3 2515 3 2.488 4 2508
3 2.379 1 2.432
1 2.280 1 2.248 1 2.258 2 2.258
_ 10 2.185 3 2.165 4 2.175
1 2,092 2 2.102
10 2.084
6 1.901
10 1.603
2 1.581 1 1583 1 1.688
5 1.515 2 1.510 3 1.510
3 1.433 1 1.447 1 1.447
6 1.402
7 1.385
7 1.371




TABLE 20

Comparison of Interplanar Spacings of Mullite with those

obtained from Decomposed Schort.

Tourmaline (8/1})

1 hour at 1000°C

Muilite (3Al203.25i02)

reference (205)

Tourmaline {8/1)

1 hour at 1000°C

Mullite {3A1,03.25i0,)

reference (205)

1 df I df SR 1 | dR ! dR hkl
2 5.32 7 5.37 110 7 1.698 n
1 3.64 2 3.76 200 7 1.693 420
6 3.30 9 3.418 120 8 1.596 041
4 3.3 10 3.383 210 6 1573 401
2 2.922 9 1522 3n
1 2.823 7 2878 001 6 1.459 421
5 2.675 8 2.686 220 8 1.439 002
10 2.501 9 2538 m Etc.

1 2.410 6 2414 130
1 2.258 8 © 2.289 201 Note: The reflections present inzlssczaposed
4 2.170 9 2.201 121 in decomposed tourmaline after d,,
2 2.079 8 2115 230 = 1.819 & were not included as they
4 2.103 320 could not be matched exactly with
5 1.886 400 particular Mullite reflections,
1 1.819 7 1.839 n
Etc. 3 1.7% 330
6 1.709 240
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If X = Mg then
3Mgo +85i0, — 3(Mg0.Si0,) +5Si0,
This free silica could react with the magnesia producing, for example enstatite (MgO.5iO,) (1491, as the
decomposition scheme written above would indicate. Kurylenko {63) has in fact observed the presence of enstatite
in decomposed dravite. The difference between the results obtained in these experiments as compared to those
obtained by Kurylenko {63), may be due to a difference in the rate of cooling the decomposed dravite or to a
difference in the sensitivity of the X-ray equipment.

{1.4.2.) Cell Dimensions of “Mullite’’ Phase in Decomposed Tourmatine.

The interplanar spacings of decomposed kaolinite were found to be similar to those for mullite,
whilst the spacings for the thermally treated kaolinite-boric oxide mixture, although similar in overall pattern,
were closer to those for decomposed tourmaline, see Figure 6. It was therefore thought probable that these
differences could be due to the substitution of boric oxide for silica or alur;-lina in the mullite like phase in
decomposed tourmaline and in the thermally treated kaolinite-boric oxide mixture.

. The cell dimensions of all the multite like phases formed were calculated to establish whether or not
_ the incorporation of boric oxide affected a particular call parameter; orall, and it the decompasitidntempérature
d;anged the pracise compaosition of this p'hasa.

Before the cell dimensions can be da;iculated each reflection must be indexed. An attempt was made
to da.tarmine the indices for the various reflections produced by the mullite like phase in decomposed schorl,
by constructing a s‘in2 e nidifference table as described by Henry et. al. (207). This technique involves
the construction of a sinze difference table and can be used with increasing difficulty for the cubic, tetragonal,
hexagonal and orthorhombic systems raspectively. For the mast-ganeral of the.systems the sin29 eqlation {3)
required, is obtained by combining’the Bragg e'q.uétion (1) with the expression (2} relating the:interplanar. spacings

fd"“;ﬂ ‘to"the cell dimensions for the o_;tﬁorhombic system (207):-

2050 © = AN e, a)
12 =n2, (& + 1%, ... (2)
dhxt 4 b c i
\ 2 .2 2,2
5in © ht AZ p? 4 No kS AA
4a? ap? ac? J
4in2@ . =AnZ +Bk? + o L (3)

The three constants in equation (3) have to be evaluated before the reflections can be indexed and the
cell dimensions caleulated. The technique described by Henry et. al. {207} for sol'\‘:ing this equation involves
platting the differences in the sin2 &) hki values of the tow angle reflections and then trying to discern if any
value or multiple of that value occurs particularly frequently.

The results obtained using this technique are shown in tabulated form in Table.21. However, no

*
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particularly frequent values could be discerned which were of use, the technique was therefore abandoned. The

low angte reflections in the decomposed materials were therefore assumed to have the same index as that of the

corresponding reftection in mullite, see Table 20.

TABLE 21

Difference in Sin2 G
Schorl Decomposed for 1 hour at 1000°C.

hkl values for Reflections from

- . '§in2 Ditferences
0208
0518 | 310
0529 | 321 n
0745 | 527 217 207
0826 | 618 308 297 90
1017 | 809 499 488 19 101
1176.| 968 658 647 440 350 249
1256 | 1047 737 726 519 429 328 79
1331 [ 1123 813 802 595 505 404 155 76
1367 [ 1159 849 838 631 541 440 1N 112 36
1786 960 859 610 531 455 419
2083 910 831 755 719 300
2306 a75 939 520 220
2370 614 314 96
810 510 296

The (001), (201) and (121) reflections were used for calculating the three cell dimensions. The first two

reflections were chosen because they had the simplest indices required for the calculation of thea and ¢ cell

dimensions and were therefore not subject to the same cumulative errors that would occur if more complex

reflections were chosen: The strong {121} reflection was chosen because it was easily measured and also because

this measurement was subject to a slightly smaller error than the lower angle reflections (207).

to the cell dimensions for the orthorhombic system {207):—

The cell dimensions were calculated using equation (1) which relates the interplanar spacings (th)
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1 =h§+:x? £12 )
2 : 2 2

dhii a b

This equation (1) reduces to the three following when the (001), {201) and (121) reflections are used for cal-

culating the cell dimensions:-

1 = 1_.: 1 = 4 + 1. -

2 2 2 2 '
d001 ¢ d3917 @ c?
_1.2 = 12 + 4.2 + 12
d a b c

Using these three equations the cell dimensions of the mullite like phase in schor! (8/1) that had been

heated for 1 hour at 1200°C were calculated as follows:-

1, = 1
d 2 c 2
113}
L., = 1
.y 2
2.841 c

c =284 R.

Substituting for ¢ in (201) reflection:-

= +
1, 4, l::z
d 201 8 2.841
.4.2 = 1r, - 1,
3 2.2692 2.8412
S, a = 7538 R,

Substituting for a and ¢ in (121) reflection:-

Lo L Ay

d 321 75382 b 2:8412

L7 L Lk

b 21852 75382 28412
. b = 7.670 8.

The cell dimensions of the muilita like phases in the thermally treated kaolinite-boric oxide mixture,
decomposed kaolinite and decomposed tourmaline are comparet; wi't_li those given in the literature for mullite
(3AI203.28i02) (205) in Table 22.

Each reflection on the diffractometer traces could be measulred to within about 0.05°, which corresponds
to 8n arror in the interplanar spacing for the {001) reflection of approximately 0.01 R. The c-coll dimension
can therefore be datermihed to within 0.01 R, howaver, the other cell dimensions could not be determined with
this degree of accuracy due to.cumulative errors. The calculation of these errors was not undertaken because the
simple technique used to cal;:ulate the cell dimensions did not warrant the effort that \._\'lqyld have to be spent on

devising a useful statistical treatment of the results.
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TABLE 22

Comparison of Cell Dimensions of Mullite like Phase

in Thermal Treated Tourmaline and certain Model Phase

Systems with those of Mullite (3A1203.28i02).

Roche Rock Schorl (8/1)

Cell Dimensions

Temperature a (R “ b (R) c(R)
1 hr. at 900°C 7.48 7.64 2.82 + 0,01
1 hr. at 1000°C 753 7.60 2.82+0.01
1 hr. at 1100°C 753 7.64 2.83 £ 0i01
1 hr. at 1200% 7.54 7.67 2.84 + 0.01
1 hr. at 1300°C 7.56 7.77 2.85 £ 0.0
Multite (205) 7.537 7.671 2.878

} Dravite from Brazil (8/4)
1 hr. at 900°C 753 7.59 2.81+0.01
1 hr. at 1000°C 753 7.60 2.82 4 0.01
1 hr. at 1100°C 753 7.65 2.82 + 0.0
1 hr. at"1200°C 7.52 7.63 2.83+0.01
1 hr. 2t 1300°C 7.51 7.67 2.84 + 0.01
Mullite (205) - 7537 7.671 2.878
Kaolinite 4 hrs.
at 11000 7.54 7.64 2.86 = 0.01
Kaolinite - Boric
oxide mixture 4
hrs. at 11000C 7.52 7.62 2.81 2 0.01
2(A1,03.25i0,.2H,0) - 2A1,0,.48i0, +4 H;0
Kaolinite metakaolim

2A1,03.38i0, +Si0,

spinel like phase

f

2A1,04.28i0, + Si0,

mullite like phase

'

2A1,04.4/35i0,5 + 2/35i0,

mullite
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The a and ¢ cell dimensions of decomposed kaolinite are to within experimental error the same as
those for mullite, however, the b- cell dimension appears to be slightly shorter. This result is in agreement with
the mechanism proposed by Brindley and Nakakira {208) for the decomposition of kaolinite. Their proposed
mechanism is shown schematically at the-bottom of the previous page. Therefore the thermal treatment of

kaolinite at 1100°C for.4 hours produces a slightly distorted mullite like crystalline phase, .- |

When the cell dimensions of the thermally treated kaolinite-boric oxidé mixture are considered, the
major differeni:e between these and those for decomposed kaolinite or mullite is the ¢-cell dimension. Since the
only difference between the two kaolinite experiments was the addition of boric oxide to one, the ditference in the
c-cell dimension is probably due o the incorporation of boric oxide into t_he mullite phase. Similarly the c-celi
dimension of the mullite like phase in decomposed tourmaliné is shorter than the same parameter in either
decomposed kaolinite or r_nullite (3AI203.28i02), indicating that the mullite fike phase contains boron. The
degree of shortening, how.eveg, decreases as the decomposition temperature increases.

The ionic radius of B3+ is smaller than Si4+ or AI3+, see Table 23. The subsitution for either ion by
boron would probably lead to a contraction in one or more of tl_\e cell parameters. This theoretical argument lends
further support to the pre_\{ious X-ray evidence which indiéted that the shortening of the c-cell parameter in the
decomposed kaolinite-boric oxide mixture and in decomposed tourmaline is due to the incorporation of boron

into the mullite like phase.

- Tabie_Zi
tonic Radii (ref. 209),
lonic Radii (&)
a3t 0.23 FeZ* 0.74
si¥t | o4z Fodt 0.64
At 051 mgZ* 0.67

Dietzel and Scholze {103) have observed a similar contraction in the c-cell dimension o‘f' the mullite
like microcrystals formed during the thermal treatment of ternary mixtures of Al,04. B5O4 and SiO,,. The
X-ray diffraction part-erns of these crystals of -known composit}on were presented in graphical form. :The actual
variation in the angle of the (001) reflection was therefore directly measured from their paper using'}:n ruler. The
interplanar ‘spadings.calculated from these measurements together-with the composition of the mutlite like-crystals
are given in Table 24, ‘

The results ob{ained by Dietze! and Scholze (103) indicate that the main substitutional process is
boron for silicon in the mullite lattice.

The a-cell ‘dimension in decomposed schorl (B/1) and dravite (8/4) is always similar to that for the

same parameter in mullite, see Table 22, However, the b-cell dimension is shorter in most of the decomposed
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tourmaline samples; indicating that the same slightly distorted mullite fattice is formed as was observed in decom-
posed kaolinite. This shortening of the b - cell parameter was found to decrease as the decomposition temperature
increased.
- At the higher decomposition temperatures all the cell dimensions were closer to those of mullite,
except for the b-c.:ell dimension in the schorl (8/1) sample that had been heated for 1 hour at 1300°C. The
longer b-cell dimension found for the mullite like phase in this sample may be due to the incorporation of the .,
larger F32+ or Fe3+ ion into the lattice, see Table 23.
TABLE 24
X-ray diffraction and Analysis results obtained by Scholze
and Dietzel (103) for the microcrystals formed in the

Ternary AI203 - 8203 - Si02 System.

Composition {Weight per cent).
(001)
Sample " By0g Al,04 sio, reflection cl
Mullite R 718 28.2 . 15.49 2.878
No.3 45 72.7 25.6 "15.60 2.86
No.13 55 738 21.3 15.65 2.85
No. 23 8.0 765 16.3 15.70 2.84

{1.4.3) Composition of '‘Mullite’” Phase.

The approximate composition of the boron containing mullite in decomposed tourmaline was
caleulated by comparing the c-cell dimensions found in these experiments with those obtained by Scholze and
Dietzel {103) for crystals of known composition, see Table 24. Their results are presented in a useful graphical
form in Figures 7 and 8, The two curves drawn show the variation in the c-cell dimension and the silica content
with increasing boric oxide st-Jbstitution.

The curve showing the variation of the c-cell dimension with  increase in bF"ic oxide substitution
was axtrapolated to cover the greater variation in the ¢-cell dimension that has been ob.served in the present
invastigation, see Figure 7.

An approximate estimate of the amount of boric oxide present in the mullite like phase in decomposed
tourmaline can then be made. by assuming that Vegard's law {209) holds throughout the extrapolated portion
of the curve. Where Vegard's law states that the lattice parameters vary linearly with the concentration of solute
added to the solid solution {210), however, see Pines (211). This estimation also assumes that the slight differ-
ence in the b-cell dimension of the mullite like phase in d;eomposed tourmaline compared to that in mullite
itself does not affect significantly the variation in the c-cell dimension with boron content.

The amount of silica present in the mullite like phase in decomposed tourmaline was found by
extrapolating the curve drawn, from the results obtained by Sholze and Dietzel (103), of the variation in the

proportion of silica present with boric oxide content, to cover the percentage of boric oxide found in the mullite
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like phase in decomposed tourmaline, see Figure 8. The percentage of aluminapresent was obtained by difference
from 100%.
The approximate compositions of the boron containing mullite like phases in decomposed tourmaline
are given in Table 25.
TABLE 25
Approximate Composition of Mullite like Phase in Decomposed

tourmaline as a Function of the Decomposition Temperature.

Approximate Composition {wt.%)

Sample 8203 _ AI203 SiOz
(a) Schorl {8/1)

1 hr. at 900°C 12 76 12

1 hr. at 1000°C 12 76 12
<. 1hr.at 1100°C 10 75 15

1 hr. at 1200°C 8 75 17

1 hr. at 1300°C 6 73 2

(b) Dravite (8/4)

1 hr. at 900°C 14 78 8
1 hr. at 1000°C 12, | 76 12
1 hr. at 1100°C _1é- ' 76 12
1 hr. at 1200°C _ 10 75 15
1 br. at 1300°C 8 75 17

{c) Kaolinite-Boric oxide
4 hrs. at 1100°C . 14 78 8

The proportion of boron present in the mullite like phase in decomposed tourmaline decreases with
increase in decomposition temperature. This is probably due to the faster rate at which tou.rmaline decomposes
with increase in temperature. The interaction time between the boron and silicon atoms would then be consider-
ably reduced, thereby leading to a decrease in the degree substitution. Because only one of the cell dimensions
changes significantly tha substitution probably only occurs tor silicon atoms which are in specific lattice sites.

In general the composition of the mullite like phase in decomposed tourmaline therefore becomes
closer to that of mullite (3A|203.28i02) as the decomposition temperature increases. The exact composition
is probably directly related to the rate of decomposition and also to the microscopic mechanism by which the
crystal structure disintegrates.

{1.4.4) The Amorphous Phase.

The Differential Thermal Analysis {{DTA\) equipment described in Chapter 9.5 was used to investigate
56- '
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the nature of the amorphous phase present in decomposed schorl (8/1). It was thought that by the use of this
technique, that it would be possible to detect the presence of such compounds as free boric oxide or one of the
sodium borates, by the presence of endothermic peaks in the DTA curve at temperatures corresponding to their
individual melting points.

No significant endothermic or exothermic peaks were observed in any of the DTA curves of decomposed
schorl{8/1). These results indicate that no discrete phase existson a macroscopic scale within the amorphous
phase.

When the simpler thermally treated kaolinite-boric oxide mixture. was#imilarly examined it was found
impossible to obtain reproducible “DTA" curves with the equipment used. This technique will therefore not

bé.discussed! further: the nature of the amorphous phase in decomposed schorl {8/1) will, however, be discussed again

in Chapters 16 and 17.

(2) Decomposition in Reducing Conditions.

Banateanu et.al. (20) found that when ludwigite ((MgFe2+) 2Fe3+BQ'5)was decomposed by sodium
carbonate in a reducing atmosphere the boric oxide present in the product formed was more readily extractable
than wr;en decomposed in air, see Chapter 1.4.3. It was therefore thought probable that the product formed when
tourmaline was thermally decomposed in reducing conditions would be similarly more extractable. The extraction
experiments will be described in Chapter 16.2, whilst this section will be concerned with an X-ray diffractiometric
investigation of the decomposed reduced material.

{2.1)  Thermal Decomposition in atmosphere of Methane.

The apparatus used was similar to that drawn in Figure 3 except that the boiler etc. were removed
and replaced by a methane cylinder and flowmeter. The excess methane was Ieaa to an open window through a
rubber tube connected to the exit of the tube furnace.

The methane supply was connected to the tube furnace and then adjusted until about 20cc./min. of
gas was flowing through the furnace. After flushing for about 20 minutes a small alumina boat containing 2g.
of the (100-300)mesh schorl (8/1) was pushed into the tube furnace. The:sample was left for 1 hour in the
furnace at 1000°C and then pushed to a coglpart of the alumina tube and faft to cool in the stream of methane.
The sintered material was wiped free of surface charcoal and then crushed before an X-ray diffractometer trace
was obtained, see Table 26.

{2.1.1.) Crystalline species formed.

The interplanar spacings of the material formed when schorl (8/1) is heated for 1 hour at 100000
in a stream of methane are listed in Table 26, together with the probable crystalline species producing each
reflection.

Most of the reflections are consistent with the assumption that a mullite like phase is one of the
crystalline species formed. However, three new reflections are present which were not observed in air decomposed
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schorl, see Table 17. These spacings were compared with those listed in the ASTM index (212) and of the com-
pounds etc. scanned the only probable one with the same spacings was o{ —iron:-
ol —iron (212) 2.03 {100} 1.17 (30)  1.14 (20}

dpy expral. 2.02 (100} 1.17 (30)  1.14(20).

The X-ray diffractometer trace is consistent with the assumption that ef{—iron 2nd a mullite like phase
are the only crystalline species formed when schorl (8/1} is decomposed in a reducing atmosphere.

A similar experiment using ammonia as the reducing gas will not be discussed because the same
interplanar spacings ware obtained as those given in Table 26.

TABLE 26
Interplanar Spacings from material formed when Schorl

Decomposed at 1000°C for 1 hour in an atmosphere of Methane.

Relative d(hkl) “ Relative d(hkl)

Intensity 2 Species Intensity R Species
a 5.36 M 2 1.510 ™
10 | 334 M 1 1.449 M
1 . 2823 M 1 1.427 M
2 2.67% M .2 1.371 M
1 . 2.508 M 1 1.327 'lM
1 2.258 M 1 . 1.306 . M
3 : 2,180 M 1 1.251 M
1 2.102 M 3 1.167 Fe
10 ;2024 Fe 1 1.138 Fe
2 1.815 '

1 1.679 M Key:M_ ‘“Mullite”

1 1.583 M Fe of—iron.

The cell dimensions of the mullite like phase were calculated using the method described in Chapter
15.1.4.2 and compared in Tab[e 27 with those of the boron containing mullite formed when schosl is decomposed at
1000°C in air. The cell dimensions of the two mullite tike phases are therefore the same to within the probable
experimental error. The reduction of the iron oxide during the decomposition-reducing process does not therefore
affect the formation of the boron containing mullite phase.

{2.2)  Thermal Decomposition in the presence of activated charcoal,

{2.2.1) Using tube furnace.

In these experiments the {100-300) mesh schorl {8/2} was mixed with activated charcoal in the weight

ratio of four to one. About 2g. of this mixture was poured each time into a small alumina boat. The apparatus
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TABLE 27

Comparison of Cell Dimensions of Mullite like Phase formed

when Schorl is decomposed in different conditions.

Cell Dimensions {A
Sample 8 b c
Schorl—Methane; 1 hr. at 1000°C 7.53 7.66 2.82
Schorl—Air; 1 hr. at 1000°C 753 7.64 2.82

used for these reducing experiments is basically the same as that drawn in Figure3 except that a nitrogen cylinder
and flowmeter replaced the stream boiler. To flush out the furnace about 20 cc./min. of nitrogen was passed

for about 20 minutes before introducing the sample. At the end of the desired reaction time the boat was pushed
to a cool portion of the furnace and left to cool in the stream of nitrogen. The excess activated charcoal was : then
removed through a 300 mesh sieve before an X-ray diffractometer trace was obtained of the powder remaining. The
interplanar spacings of_‘t,!:l_/e,material formed by heating a mixture powdered schorl and activated charcoal for

various periods of time .at two different temperatures are given in Table 28.

Most of the intense reflections obtained from the material formed after heating the schorl-charcoal
mixture for 1 hour at 810°C are consistent with those for the mineral itsetf, however, further reﬂe!:tions are
presant, most of which are the same as those obtained for the mullite like phase in air decomposed schorl, see
Table 17. There are, however, two further reflections, one of which is more intense than any of the “mullite”
raflections, which have not been observed in a previous X-ray diffractometer trace: of decomposed tourmaline.

The nature of the crystalline' species preducing these reflections will be elucidated in section 2.2.1.1.

This low temperature experiment is therefore extremely interesting, because the addition of activated
charcoal appears to have considerably lowered the temperatu"r"é.at which the tourmaline lattice disintegrates. In
Chapter 15.1.1 the decomposition temperature of schorl in air was found to be 880 % 102C, whilst in this
reducing experiment new crystalline phases were formed after a reaction time of 1 hour at 81 0°C. The decom-
position temperature of schorl has therefore been lowered by at least 70°C by the presence of activated charcoal.

(2.2.1.1.) Crystalline products.

The interplanar spacings of the material formed after heating the schorl-charcoal mixture for 1 hour at
810°C are consistent with the presence of mainly unreacted schorl, a very small amount of 8 mullite like phase
plus a further unknown phase.

On heating the schorl-charcoal mixture for 4 hours at 810°C the reflections due to schorl disappear
and all the reflections apart from three are consistent with a mullite like phase. The three remaining spacings
were compared with those listed in the ASTM index {212} and of the oompo'unds scanned the only probable

one with the same spacings was heroynite (FeO.AI203):—
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TABLE 28
X-ray Diffractometry of material formed when Schorl-Activated

Charcoal mixtures are heated.

Schori-Charcoal Mixtures

“1 hr. 2t 810°C 4 hrs. at 810°C 1 hr. at 1000°C
1 ~df specias 1 ‘dR species { d R species
2 5.33 M 2 5.37 M 4 5.36 M
7 4.20 T
5 3.94 T
10 3.33 M+T 8 3.34 M 10 3.35 ]
1 2.877 ? 2 2.877 ?
1 2.841
1 2.860 m 2 2.662 4 2,683 M
6 - 2.578 T
2 2.642 M 3 2508 M
] 2.460 H 10 2446 H
1 2.275 M 3 2275 M
2 2.180 M 2 2.160 ™M q 2.180
1 2.114 ] 1 2.115 M 3 2.107 ™M
5 2.030 T 8 2.023 Fe
1 1.805 M 1 1.815 M 5 1.812 M
3 1.656 T
2 1564 H 2 1.563 H
2 1.439 H
2 1.324 M
2 1.165 Fe
2 1.138 Fe
KEY: M Boron containing mullite.
T Tourmaline {8/1}.
H Hercynite (FeO.AI203).
Fe oL —iron.




Hercynite {212) 2.45 (100) 1.56 {80) 1.45 {80)
Expt. 4 hrs. at 810°C 2.45 (100) 1.56 (20} 1.44 (20)
The probable presence of this compound in this complex system was supported by the work of Krause et. al. {213),
who found that hercynite was formed whena FeO — AI203 mixture was heated for 4 hours at 1100°C in a
reducing atmosphere.
The two réflections due to the unknown phase in the material formed after heating the schorl-charcoal
mixture for 1 hour at 810°C are also consistentwith the two most intense reflections fron:heﬂ:ynite, see Table 28.
All the interplanar spacings from the material formed by heating a mixture of schorl and activated
charcoal for 1 hour at 1000°C are consis‘teﬁt yvith the present of a mullite like phase and oL —iron as the only

crystalline phases.

(2.2.2) Using Oven Furnace.

In these experiments a large amount of the (8 — 100) mesh tourmaline (8/1) was mixed with activated
charcoal in the weight ratio. of four to one. About 100g. of this mixture was poured each time into a small
graphite crucible which was introduced, after replacing the lid, into the oven furnace and then left for 1 hour
at a number of temperatures between 1000 and 1300°C. The decomposed material was then roughly crushed in
a jaw crusher and the excess activated charcoal was then removed through a 300 mesh sieve, see Chaptef'-'.fil. The
decomposed schort {8/1} was then crushed and two fractions were collected, one between (100—300) mesh and
the other smaller tha.n 300 mesh.- X-ray diffractometer traces were obtained using thevﬁnely ground material.
The X-ray spacings obtained from the material formed at two reaction: temperatures are given in Table 29.

At a reaction temperature of 1000°C the spacings optained are consistent with the presence of a
mullite like phase, of —iron and hercynite. However, at the higher reaction temperature of 1200°C the reflec-
tions due to hercynite disappeared, whilst those due to = —iron became of greater relative importance. The amount

_of ol —iron formed therefore increases with reaction temperature. Since the amount of hercynite decreases with
temperature the rear.'li-on producing o —iton probably proceeds by gradually eliminating the hercynite phase.

The material formedvat the reaction temperature of 1000°C using (8-100) mesh schorl was found to
contain hercvnite,_whiﬁt the material formed at the same reaction temperature using (100-300) mesh schorl
does not, see Tables28 and 29. This apparent discrepancy is explained by th; slower rate at which the farger
granules are reduced by the activated charcoal, -

{2.2.3) Mechanism of Decomposition in Reducing Conditions.

The decomposition of schorl under reducing conditions probably proceeds by the following series
of reactions:-
(). in the presence of activated charcoal the schorl lattice was found to breakdown at temperatures
below the deoom;_m;ition_temperature of the mineral.in air. The initial decompasition reactit?n {1 )‘ must therefore
be between schorl and activated charcoal:-
N0, 6Fe0.5A1,05:38,05.12810,8H,0 +C —FeD.AIp0g v (1)

‘linitial reaction)
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TABLE 29

X-ay Ditfractometry of material formed when Schorl-Activated

Charcoal mixtures are heated.

{8-100) mesh Schorl {8/1) heated with Activated Charcoal

1 hour at 1000°C 1 hour at 1200°C
Intensity dhkl . Species Intensity Ao R Species
2 5.36 M 2 5.34 M
8 3.34 M 7 3.35 Mo
4 2.858 ?
a4 2.675 M 5 2.683 ™M
2 2.501 Y] 2 2.501
10 2.448 H
1 2.258 M 1 2.269 M
3 2.165 M 4 2.180 M
2 2.022 Fe 6 2.023 Fe
a4 1.809 M 4 2.819
2 1.675 M 2 1.682 M
5 1559 H
2 1503 M 3 1.509 M
2 1.433 H
5 1.366 Mm?
1 1.165 Fe
1 1.138 Fe
KEY:-

M. Boron containing mullite
H. Hercynite

fe ec --iron.
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{ii) A subsequent slower low temperature process, which has been initiated by reaction (1), leads
to the formation of a mullite like phase {2):-

Schorl partially decomposed

Mullite like phase (3AI20328i02) + FeO Al,0gq coeennes (2)

(iii) Higher temperature reactions (3,4} lead to the formation of = -iron and more of the “mullite”
phase. The o -iron.is praobably formed by the reduction of the FeQ in the hercynite (FeO.AIzoa) phase. This
assumption was supported by the observation that the hercynite phase gradually disappeared as the amount of
iron formed increased, see Table 28. Because free Al203 has not been observed in any gﬁple of decomposed

Decomposed Schorl + C —-o— Fe ..o, (3.1}

This reaction probably p;'oceeds via the following elementary process:-

FeD.Al,04 + C —> Fe + Aly03 e (3.2
schorl, the alumina produced in reaction {3.2) probably reacts with the amorphous silica, which has been
produced duringtfie decomposition pr_ocess_:lgil.?iﬁ_-ﬁ more of the mullite like phase:-

Schorl —e Decomposition products + SiOz

AI203 (from reaction 3.2} + Si0y —o= Mullite like phase ............ ().




CHAPTER 16

Liquid Extraction Studies.

{n Extraction from Schorl {8/2) Decomposed in Air.

in all the liquid extraction experiments described in this chapter (‘-I00-300) mesh decomposed
schorl (8/2) was used. This was obtained by crushing and sieving the (8-100) mesh air decomposed material, see
Chapter 11.

{1.1) Effect of Decomposition Temperature.

In this series of experiments 5.00g. of (100-300) mesh decomposed schbrl was boiled under reflux
conditions with 100 mi. of 0.5M.H 2804, see Chapter 12. This quantity of acid is considerably in excess of the
amount that would be used in salt formation if the leaching process ext.racted all the sodium oxide and iron oxide
from decomposed schorl. Therefore the acid concentration will remain almost constant throughout the leaching
process. Because the acid strength and the granule size were the same in all the leaching experiments, any difference
in the extractability with decomposition temperature, can probably be related to a change in some intrinsic
property of the decomposed schorl.

{1.1.1) Extraction of Boric Oxide.

The amount of boric oxide extracted was determined using the technique described in Chapter 10.
1.2. The percentage of boric oxide extracted, as a function of the leaching time, was determined for each of the
decomposed schorl samples and the results obtained are presented in graphical form on a log-log scale in Figure 9.
The rate of extra&ion was found to.approximately follow the parabolic rate law (1) which has been
shown to be obeyed for a number-of heterogeneous reactions including the acid leaching of glass, see Chapter 7.
(8,05 = kP30 .. ()
The value of the rate constant and the exponent were calculated from the log-log curves obtained for
each of the decomposed schgrl samples. The results obtai;led are presented in tabulated form in Tabie 30.
TABLE 30
- Experimental Rate Constants for the Extraction of Boric Oxide
- using boiling 0.5M.HZSO4 as a function of the original Schorl

Decompaosition Temperature.

Extraction of B,O5 from 5.00g. of (100-300) mesh decomposed
Schorl using 100ml. of boiling 0.5M.H,80,.

Rate law of form 132031 = kt" where (8503) is the percentage extracted after t hours.

Decomposition temperature (°C) k ' n

1 hr. at 900°C 3.20 0.39
1 hr. at 1000°C 6.51 0.41
1 hr. at 1100°C ' 10.3 0.40
1 hr, at 1200°C - 18.3 0.41
1 hr. at 1300°C 44.0 0.39.
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The parabolic type rate of extraction was found to be obeyed up to about 50% boric oxide extracted,
the rate was then found to decrease rapidly. This decrease in the rate is almost certairihattributable to the complete
depletion of the boric oxide present in a relatively extractable phase. The remaining boric oxide is therefore
probably present in a different type of matrix. This is almost certainly the micro-crystalline phase which has
been found to be a boron ‘containing miullite, sée Chapter 15.1.4.

The approximate parabolic rate of extraction of boric oxide was found to be obeyed to a slightly
higher percentage extraction for schorl that had been decomposed at 1300°C compared to schorl decomposed at
1200°c, see Figure 9. This observation is in qualitativé agreement with the X-ray diffraction results, which
indicated that the an}ount of boric oxide present in the crystalline phase decreased with increase in the decompo-
sition temperature, see Table 25.

The ml;ulmion of the approximate percentage of the total boric oxide which is present in the cry-
stalline phase was undertaken using :the composition d-ata given in Table 25 and by assuming that the alumina
is entirely bound up in the mullite like phase. This.-assumptiun is in agreement with the X-ray diffrac?ion results
described in Chapter 15.1.4.1. .

The percentage of alumina in schorl is always close to 30% (32). The proportion of the total boric
oxide which is present in the amorphous and crystalline phases can therefore be calculated using the results

"given in Table 25. The results obtained for schorl decomposed at 1200°C were calculated as follows:-
30% by wt. of AI203 in schorl ==75% by wt. of A|203 in “Mullite”’ like phase, see Table 25.
*. 1% by wt. of “Mullite” phase =(30/75)% by wt. of schorl ‘
", 8% by wt.of 8203 in‘Mullite” phase (see Table 25) = (30/75} x'8% by wt of schorl.

Therefore the 8% by wt, of boric exide in the “mullite’’ like phase; in decomposed schorl represents
(30/75) x 8%(equals 3.2%) of the totalﬁhﬁn tourmaline. i

The total percentage of boric oxide in schorl (8/2) is equal to 8.70%, see Table 16.

Therafore percentage of total B;04 in erystalline phase equals (3.2/8.7) x 100%.

Therefore percentage of total 8203 in amorphous phase equals (100—(3.2/8.7) x 100)%.

The percentage of boric oxide present in the two phases was calculated for all the decomposed schorl
18/2) samples The results obtained are presented in tabulated form in Table 31.

The maxlmum percentages of boric oxnde easily extractable from schorl decomposed at 1200°C
and 1300°C are compared in Table 31, with the derived X-ray results for the percentage of boric oxide present in
the amorpimus phase of schorl decomposed at 1200°C aﬁd 1 30006. The two results are in reasonable agreement
in view of the many assumptions and errors involved in deriving the X-ray results.

The X-ray diffractometer trace of decomposed schorl is compared in Table 32, with an X-ray trace
obtained of itha material remaining after acid leaching. The similarit\/ t;)‘::eﬂmeen the two traces indicates that.the
crystalline phase is not attacked to any significant degree by the Poiling dilute acid.:

The presem;ﬁﬁhigation into the acid leaching ofrbp_lj_ii: oxide from decomposed schorl does not appear
. 65 .




TABLE 31
Percantage of Boric Oxide present in the Amorphous and Crystalline

Phases as a function of the Schorl Decompostion Temperature.

Tourmaline heated Approximate percentage Parabolic
for 1 hour at:- of total 8,05. law valid
In crystalline In amorphous up to'(%).
phase. phase .
900°C 54 a5
1000°C 54 46
1100°C 46 54
1200°C 37 63 50
1300°C 28 72 60
TABLE 32

before and after Acid Leaching.

Comparison of X-ray Diffractometer traces of Decomposed Schorl

Schorl (8/2) heated for 1 hour at 1100°C.

Before leaching. After leaching Before After teaching
48 hl;l. with leaching. 48 hrs with
48% of B,03 48% of By04
extracted. extracted.

d & d & d R d &

5.32 5.36 1.822

3.36 3.36 1.682 1.682

293 ' 1.583 1.580

2.832 2.832 1.506 1.508

2.683 2.683 1.469

2,501 2.508 1.445 1.446

2.416 2.404 1.417 1.415

2,258 2.258 1.369 1.371

2.180 2178 1.251 1.251

2.107 2.107

2.079 2079




to be consistent with a recent similar investigation by Matsaberidze et. al. (25). In the Soviet investigation it

was found that 100% of the boric oxide was extractable, within a reasonable but unspeci-fied time, by acid leaching
of schorl decomposed at 950°C. Howaver, in the present investigation, using 0.5M.H2504 and {100-300) mesh
scharl, it would take over 1000 hours to extract all the boric oxide present in schorl decomposed at 950°¢, if

it is assumed that the approximate parabolic law of extraction is obeyed throughout, see Figure 9. The X-ray
results presented in Table 31 indicate, however, that the rate of leaching would markedly decrease when about

54% of the boric oxidae is extracted. The real time required to extract the whole of the boric oxide would therefore
be considerably greater than 1000 hours.

The difference between the two investigations in the time required to extract the whole of the boric
oxide present in alr;\ost certainly too large to be explained simply on the basis of a difference in particle size or
acid strength. It could possibly be accounted for by some difference in the original thermal treatment of the
mineral. For exampte, if the heated mineral was quickly cooled in water or a blast of air the formation and growth
of the crystalline and amorphous phases may be incomplete, thereby producing a- readily leachable material.

In view of the complexity of the system being investigated and incomplete information available
on the study carried out by Matsaberidze et. al. {25}, it would be inappropriate to discuss in any greater depth
the apparent disagreement between the results obtained.

(1.1.1.1) Mechanism of Extraction and Nature of Amorphous Phase.

The logarithmof the experir'hental' rate constants given b_y:Table 30 were plotted against the reciprocal
of the original schorl decomposition temperature in degrees absolute, see Figure 10. This plot is of the usual
Arrhenius fun_c‘tion {1), which relates the rate constant {k) to'the temperature (°K) via the activation energy (E) |
for the process:-

k=A exp {(—E/RT) ..c.ccccenirrnn {1)

A function of this type was found to be obeyed and a value for the activation energy of 19.21+ 0.4
kcal/mole was obtained, The rate constant found for the extraction process from schorl decompo;ed at 1300°C
was not included in the calculation of the activation energy, because this value did not lie on the same straight
line as the other four points. Because of the relative complexity of the function the error included was simply
obtained by drawing maximum and minimum slopes through. the.experimental points and then recalculating the
activation energy. |t must be remembered:‘ﬁbwever, that this activation energy is not exactly _of the same fype
as those usually obtained in  chemical kinetics, because all the leaching experiments were carried out at the same
temperature,

An equation (2) has been derived by Halvesy (214) which relates the diffusion (D) of species in a solid
ata temperatufe (TOK):—

D = D, exp (=E/RT) s {2)

This equation is of the same form as the Arrhenius equation (1) because diffusion can be regarded as a special

case of the more general reaction rate theories (227), Therefore diffusion in the solid state takes place via an
. -67-
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activated process with the activation energy (E) being the energy barrier between the initial-and final states.

The activation energy obtained in these expariments can therefore be probably related to a temperature
dependent diffusional process occurring in the amorphous phase of decomposed schorl.

This process is probably the diffusional growth of microheterogeneous regions within the amorphous
phase in decomposed schorl. These regions could be formed by the diffusion of borates; ions and sodium ions
through the silica-iron oxide amorphous matrix; such microscopic areas would contain mainly borate and sodium
ions.

Cordelier (137) and Makishima et. al. {135) have found that the size and the &egrea of interconnection
of these “sodium borate’’ regions in boros.;Iicate glassas, increased as the duration and temperature of the thermal
treatment was increased, These two processes would probably form a material in which the boron and sodium
oxides are more readily extractable as the temperature of thermal treatment is increased. The formation of the
sodium borate”’ regions would probably be governed: 'by some diffusion controlled process, However, the acti-
vation energy found in the present investigation of 19.2 £ 0.4 kcal /mola for the diffusion process, cannot be
directly related to the format_ion of these “‘sodium borate”” microregions, because Kiyohisa et. al., {138) have found

. that thé activation energy of phase separation in borosilicate glass is close to 62 kcal/mole.

The reason for the much lower value for the activation energy found in the present study eoui'd be
due to:—

(1) The incomplete formation of the three dimensio.nal lattice of the amorphous phase in decomposed
schorl. This could lead to a lower value for the activation energy of the diffusion process.

(2} The fact that the activation energy found in the present investigation is not directly related to
the formation of microheterogeneous regions within the amorphou‘s. _;hasa. This is unlikely because one of the
most important processes that oceur, when complex glasses are heat;d, is the formation of microheterogeneous regions
within the main silicate lattice, see Chapter 6.

(3) The presence of iron oxide in the amorphous matrix. This oxide may affect the energy barrier for

+ .
2 ions are

the diffusion of borate and sodium ions through the silica-iron oxide amorphous matrix. If the Fe
partially incorporated in thae silica lattice this could lead to a certain amount of distortion and disruption in the
structure. The overall effect of this would probably be a lowering of the enz;rgy barrier towards diffusion through
the silica-iron oxide matrix, . .

- The activation energy found in this investigation is, however, close to the activation energy of 19.4
keal/mole for the diffusion of sodium ions through a silicate glass {156). No similar correlation with the activation
energy of diffusion of borate ior_\s through a silicate glass could be made as this data did not appear to be avgiiaﬁle.

The diffusional growth of these microheterogeneous rlegions within the amorphous phase
of decomposed schacdlis shown schematically';elow:-
Na20.6F eO.3BZO3=6AI203.1 28i024H20 ’ i .
_ NaZO.GFe0.33203.6AI203.172/&02 +4H,0

Dehydrated schorl
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g

1 hour at 1200°C

O.GFe02.53203.7Si02 + 2(3AI203.0.58203 2.58i02)

Na2

Amorphous phase Crystalline phase
(Approximate composition {Approximate motar
obtained by difference}. composition calculated

I'_

from data given in Table 25).

¥ :

Growth of microheterogeneous regions.
Na5;0.2.568,05 + 6Fe0.7 Si02_
{Approximate cohposition of completely phase
separated regi'ons).

The rate equations obtained for the extraction of boric oxide from schorl (8/2) heated at 900°cC for
'

one, six and fourteen hours respectively are given below:-

.0
1 hour 8t 800 C.

_ 0.38
(8203.1 = 3.201-
6 hours at 800°C

- 0.39
13203) = 3.10t
14 I;ours at 900°C

(8,05) = 2701 040

The similarity in the three experimental rate constants indicates that the growth of the microheterogeneous

tegions within the amorphous phase is complete within one hour.

{1.1.2) Extraction of Iron.

The amount of iron extracted was determined using the method described in Chapter 10.2.2. The

percentage of iron extracted as a function of the leaching time was determined for each of the decomposed .

schorl sarhples and the results obtained are presented in graphical form on a log-log scale in Figure 11.

The rate of extraction.was caleulated from the log-log curves obtained for each of

the decomposed schorl samples. The rate equations obtained using boiling 0.5M.H2804 are given below:-

Schorl heated for:-

1 hour at 900°C,

Fe = 2.13 1049

1 bour at 1000°C.
) . .69-
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Fe = 4811048
-1 hr. at 1200°C
Fe = 6.20 ¢ 01
The results were treated in the same way as those obtained in the invastigation of the effect of the
decomposition temperature on the rate of extraction of boric oxide, see section 1.1.1.1, The activation energy
of the diffusion process was determined by taking each time two of the rate constants from the three given
above and then calculating the three possible values. The mean activation energy and the standard deviation were
determined and found to be equal to 10.9 + 2.0 keal/mole.
"The activati;n energy for the extraction of iron as a function of the schorl decomposi!ion is about

half .that for the extraction of boric oxide. This indicatas that the energy barrier towards the diffusion of Fe2+

ions
is lower than that for the diffusion of borate or sodium ions.

The directi> : association of the activation energy found in these extraction experiments with the
diffusion of Fez*_' ions through an amorphous matrix, does not appear to be consistent with the limited information
a\:ailable O;I the diffusion of ions through glass. For example, Borom (215} found that the activation energy
for the diffusion of Fezf/ions;'tﬁrough a\’ sodium disilicate glass was equal to 30 kcal/mole, whilst Charles (156}
found that the activation energy for the diffusion of sodium ions through aj’silicate glass was equal to 19.4
kcal/mole. In view of the complexity of the system and lack of relevant infc;rmation, the activation energy for
the extraction of iron as a function of the schorl decomposition temperature, cannot be direr;tly associated,
with certainty, to the activation ener‘éy for the diffusion of Fe2+ ions through the amorphous matrix. Howaever,
the increased extraction of iron with decompaosition temperature could be associated with diffusion in a more
remote way. The increased rate of extraction may, for example, be related to the increased degree of distortion_and

disruption of the silica lattice as more Fe2+ ions are incorporated into the structure.

{1.2) Effect of Leaching Temperature.

In this set of experiments the _(100-300) mesh decomposed schorl, which had been heated for 1 hour
at 1200°C, was used. The experiments carried out in the constant temperature bath were continuousky stirred
to simulate the vigorous mixing which occurred when boiling acid was used, see Chapter 12.1.
The rate of extraction of boric oxide and iron from 5.00g of (166-30(5) mesh material using 100
ml. of 0.5M.H2804 was determined at three different temperatures. The percentages axtracted as a function
_ of the leaching time are presented in tabulated form in Table 33 and in graphical form on a log-log scale in Figure
12. ‘The extraction process was found to closely follow the parabolic e.quation (1):- .

(% extiacted) =kt®® ... e (1)

{1.2.1) Extraction of Boric Oxide. . : .

The rate equations for the extraction of boric oxide at three different temperature were calculated

from the log-log curves shown in Figure 12. The three parabolic equations calculated are:-

(1) At100°C  (B,05) = 17.4 1.9:50
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(2) At639°C  (B,04) = 5.301.947
(3) At34.0°C  (B,04) = 1741099
The activation energy of the extraction process was determined by taking each time two of the rate
connants from the three given above and then calculating the three possnble valuea, The mean actwatlon energy
.and the standard dewanon were determined and found to be equal to 7. 99 + 0 19 keal/mole.
TABLE 33

Extraction of Boric Oxide and lron from Decomposed Schorl as a

Function of the Extraction Temperature.

{8-100) mesh Schorl (8/2) heated for 1 hr at 1200°C, crushed,
5.00 g. of (100-300) mesh material teached each time with 100 ml. of 0.5M.H,S0,.
Temperature at which extraction experimant was carried out
34.0°C 63.9°C 100°C
Percentage of species extracted. :
Extraction
time (hours). 8,05 Fe 8,03 Fe B,04 Fe
1 173 0.80 . 518 2.72 17.8 6.10
2 220 | 1.07 7.30 381 225 8.60
4 . 344 .M ' 10.3 5.21 365 12.3
5 382" 1.70 B
8 472 224 148 7.60 50.0 17.8
16 6.70 2.88 20.6 108 “ 284

(1.2.2) Extraction of Iron.

The rate equation for the extraction of iron were calculated from the log-log curves shown in"Figure 12..

The thres parabolic equations calculated were:-

o 052
1 At100°C {%Fe) = 6.14¢
(2 - At638°C (%Fe) = 2.72¢9-50 ,
{3) At 34.0°C (%Fe) = 0.78¢0-51

The activation energy for the extraction process was determined by taking each time two of the rate constants
from the three given above and thencalculating the three possible values. The mean activation energy and the
standard deviation were determined and found to be equal to 7.15 + 1.04 kcal/mole.

{{1.2.3) Conclusions.

The activation energy for the extractions of both boric oxide and iron were found to be the same to

witlhn the probable experimental error.

"Because the activation energy for the extractidr;. process is‘quite small it was thought that the reaction
7.




may be controlled by the diffusion of dissolved species from the granule surface into the bulk solution. The
dissolution of copper in an acidified potassium iodide — iodine solution is an example of such a reaction. Von—Name
and Edgar (216) found that the activation energy for the diisolution of copper was equal to 6.5 kcal/mole. How-
ever, it is unlikely that the extraction of boric oxide and iron from decomposed schor| is controlled by this type

of diffusion process, because the extraction process was found to follow a parabolic law instead of the linear rate
equation found by Von-Name and Edgar (216).

The parabolic law has been found to be usually obeyed by reactions which are controlled by the
diffusion of reactive species through a semi-porous solid to the continuously contracting reaction surface or by the
diffusion of products away from the reaction surface. If the radius of the reactive surface decreases linearly with
time then for a spherical surface the surface area will decrease as the inverse square. The quantity extracted will
therefore correspondingly decrease as the inverse square of the reaction time leading to the parabolic time dependent
law {1).

(% extracted) = ktg's .................. {1)

The extraction of boric oikide and iron is therefore probably controlled by the rate of diffusion
of active species to the reaction surface or of produ&s away from this.surface_. -

The activation energy for acid leaching of normal glasses has been found to be close to 20 kcal/mole,
see Table 12. However, Kiyohisa et. al, (138) have found that the activation energy for the acid leaching of boric
oxide and sodium oxide from phase separated glasses was equal to 6.8 kcal/mole. This valie is extremely close *
to the activation energy for the extraction of bath!) boric oxide and iron from decomposed schorl, which indicates
that the amorphous phase in decomposed schorl may also contain phase separated regions.

Kiyohisa et. al.{138) thought that the rate controlling process may a_rise from the diffusion of
32031N320 through the porous silica membrane filled with acid. However, it is more likely that the extraction
process is controlled by the diffusion of active species to the reaction surface or of products from this surface, or
by the rate of reaction at the reaction surface. The mechanism controlling the overall rate of extraction wfll be
discussed in greater detail in section 3 at the end of this.chapter.

{1.3)  Effect of Strength of Acid on the Rate of Extraction of Boric Oxide.

The extraction of boric oxide was investigated using sulphuric acid of varioﬁs concentrations in order
to elucidate in greater detail the mechanism by which the leaching process proceedsr.

In this investigation 5.00g. 6f the (100-300) mesh decomposed schorl, which has been heated for 1 hour
at 900°C, was used e"ach time. The percenta.ge of boric oxide extracted, using 100m! of boiling sulphuric acid
of known strength, was determined after a leaching period of 4 hours. The results obtained are presented in
graphical form in Figure 13.

The shape of this curve is reminiscent of the absorption curves of gases and liquids on solids (217). It
was therefore thought likely that the shape of the curve could be related to the relative amount of a__bsorption of the

active species onto the reaction surface.
’ -72-
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For the adsorption of gases on solids the Langmuir (217) adsorption equation (1) has been found to be

widely obayed:-

9=152—
1+Kp

Where € is the fraction of the surface covered by adsorbed gas at a pressure (p) and X is the
equilibrium constant of adsorption. . »

For the adsorption of solute molecules from a solution the pressure {p) can be replaced by the con-
centration of the solution {217}. This substitution produces the following adsorption equation (2):-

S =Ke. _____ (2)
1+Kc

The amount of solute adsorbed (m) will be directly proportional to the fracticn of the surface covered

by solute molecules { © ). The Langmuir equation can therefore bewritten: in the form (3}. given below:-
m=b8= .bKc. _ _ - - (3)
1+Ke

This equation was used in a slightly modified form (4) for plotting the percentage of boric oxide

extracted as a function of the sulphuric acid concentration:- .
< = J_ + Kc

m bK bK

The quantity of active species adsorbed (m) was taken, in the pre.;.ent investigation, to be directly
proportional to the percentage of boric oxide c{xtfacted, in the adsorption function {5) given below:-

s = 1 + Ko .9

al%B,05) 6K bK
Where a b are the two proportionality constants and K the equilibrium constant of adsorption.

This derived adsorption equation was used 10 plot the experimental results. Tll'ne adsorption curve
obtained is shown in graphical form in Figure 14.

This equation was found to b_e obeyed up to a concentration of about 0.5M.H2804. At higher
concentrations the‘%r?:ount.extractéd was found to become progressively llarger than that predicted by the adsorp-
tionof a monoiay(;r 'éi?activa species on the reaction surface. At such concentrations multi-layer absorption may
occur; this would lead to the extraE;ion procass proceeding at saveral reaction sites at the same time. The rate
of extraction would then be greater than that predicted by the der-ived adsorption function (5).

The adsorption functions {4) has also been found by Geffcken and Berger (162) to be obeyed in the
case of the alkali dissolution of a glass, see Chapter 7.3.4. 7

(1.4}  General Rate Equation.

1t was thought that the combination of the acid extraction studies into a single rate equation would

be useful in deducing the percentage of boric oxide extractable from air decomposed schorl for a general set of
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variables. The rate equation for the extraction of boric oxide from air decomposed schorl (8/2) was derived from

-

the following experimental resuits: - e

(i} The activation energy for the diffusion process was found to be equal to 19.2 £ 0.4 kcal/mole,

_see section 1.1.1.1.

(i) The activation energy of the extraction process was found to be equal to 7.99 + 0.4 keal/mole,
see section 1.2,1.

(iii) 7 The rate eguation found for the extraction of boric oxide from 5.00 g. of (100-300) mesh
schorl, which had been heated for 1 hour at 1100°C, equals

(% 3203) =10.3t _t_”_._. -- -1

The leaching agent required to derive this rate equation was 100ml. of 0. SM H,80,. see Table 30.

The total weight of n spherical granules of radius (r) and density (p) equals:-

M = 4343 np ____(2)
The tdal surface area (S) equals:-
S, = 41‘Yr2|n .,.____(3,

By eliminating n from equations(2) and (3) the total surface area {Sn) becomes equal to:-

Sn = M ____{4)
pr

The surface area per unit mass (S,) therefore equals:-

pr.

's, = 3 e (5)

The {100-300) mesh g[anufes of decomposed schorl, used in the eitrhction experiments, have a mean
radius of about 0.005 cm. Thae rate equation (1) can therefore be reduced to an expression which relates the

percentage of boric oxide extracted to a surface of unit area by dividing the rate constant by So:-

- 0.41
% 3203) = 19.3t
- so
041 -
S, 6ByOg) = 0052 p/3 T _(6)

Because the extraction process proceeds via a surface reaction the rate of extraction is directly
proportional to the surface area of the sample. Therefore the “specuilc" equation {6) can be generahsed to relate
the percentage' of boric oxide extracted with the leaching time for granules of any size by multiplyingaguetiom (6)

by the surface area per unit mass (S, ):-
041
%8,0; = 0052 pt S,
3
. 0.4
e %8203 = 0,0521 052t _______ (7) .
r

The rate constant in this equation {7) was obtained using a leaching temperature of .1_Q0°C and schorl

~*

which had been decomposed at 1100°C. This equation can be generalised to cover any leaching temperature

IS
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{ © 9K} and decomposition temperature (T°K) using the experimental activation energies given above. The
general rate equation for the extraction of boric oxiae using 0.5M.H2304 then becomes equal to:-
%B,05 = 0.05210-47 exp (192004 4001/2) (1/1373 - 1/T)]
X exp [((7980+ 190)/2) (1/373-1/ 8] Ir
This equation is valid only up to apploiimately S0 per cent boric oxide éxtracied because the
remainda_r is incorporated in the relatively inextractable crystalline phase.

{2) Extraction from Schort Decomposed in Reducing Conditions.

Banateanu et. al. (20) found that the boron present-in the mineral ludwigite (M9F02+) Fe\a+(BQ3)2 was

-~

i*piire' readily extractable, if the mineraliwas decomposed by sodium carbonate in reducing conditions, see Chapter
143,

. In the experiments to be described in this section 1.00g. of {100-300) mesh decomposed - reduced
schoyl (8/1) w-as used. _'[he particular sample-of decomposed schosl (8/1) used was the one that had been heated for
| ho'\ur at 1200°C in ﬂlte presence of activated charcoal, see Chapter 11.3.2.

(2n) Comparison of Extractability of Schorl decomposed in different conditions.

The rate of extraction of boric oxide and iron from decomposed-reduced schorl'using 20ml. of boiling
0.5M.H,S0, was determined using the technique described in Chapter 12, The results obtained are compared in
‘Table'34 with those:obtained using schorl decomposed at the same temperature in air.

The material forhed when schorl is decomposed in reducing conditions is considerably more leachable
than the material formed when schorl is decomposed in air. '['I:is ditferance is almost certainly attributable to
the existence of elemental iron in the decomposed-reduced ma.teria-u, see Chapterf_‘ls.z.

(2.2) Effect of Extraction Temperature.

The effect of the leaching temperature on the rate of extraction of boric oxide and iron was investigated
in an endeavour to elucidate in greater detail the nature of the amorphous phase in decomposed-reduced schorl.

_ The rate of axtraction of boric oxide and iron from 1.00g. of (100-300) mesh deccm:-)osed-reduced
schorl was determined at three different temperatures, using each time 20 ml. of 0.5M.H,50, as the leaching agant.
The resuits obtained are presented in tabulated form in Table 35.

The rate of extraction of iron was found to be nearly independent of both the extraction time and
temperature. This indicates that within the first hour all of the elemental iron present is extracted, whilst the
iron oxide remaining is thereafter only stowly leached out by the dilute acid. Blecause approximately 50% of the
iron is extracted within 1 hour at all the three leaching temperatures, the percentage of the original iron oxide
present which has been reduced to elemental iron is about 50%.

In contrast the rate of extrat:tion of boric oxide was found to be both strongly time and temperature

dependent, see Figure 15. The rate equations for the extraction process carried out at 31 6°C and 61.3°C were

tfound to be parabolic:-
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Comparison of Extraétability of Air Decomposed Schorl with that of

TABLE 34

Schorl Decomposed in Reducing Conditions.

In both sets of experiments the {100-300) mesh fraction
was used.
Extraction Schorl (8/2) 1 hour at 1200°C in Air; Schorl 1 hour at 1200°C in presence
time 5:009. material with 100m). boiling of activated charcoal; 1.00g. of
(hours). 0.5M.H,S0,4, see Figures 9 and 11. material with 20ml. of boiling
l 0.5M.H,50,.
Percentage of Species Extracted.
B504 Fe 8,04 Fe
|8
1 17.8 6.16 43.2 50.2
2 -22.6 8.58 49.2 l
a 36.6 12.3 ', 855 € . 55.2
8 50.6 17.8 “He0.0 587
TABLE 35
Extraction of Boric Oxide and Iron from Decomposed-Reduced
Schorl as a Function of the Leaching Temperature.
(8-100) mesh Schorl-ll\biiiated Charcoal heated for 1 hour at
1_200°C, crushed, 1.00g. of {100-300) mesh material;!aachéd
with 20ml. of 0.5M.H,50,.
Extraction Percentage boric oxide extracted. Percentage iron extracted.
time (hours), ‘
100°c _# 61.3% | 31.6% | 100°% | 61.3% | 31.6°%
0.5 306 ¥ IR EEES
1 43.2 10.0 2.33 50.2 57.2 45.9
2 49.2 13.2 3.25
4 55.5 18.9 4.74 55.2 '§8.6 56.1
é 60.0 27.4 6.90 58.7 62.0 62.0
16 - 38.7 9.81
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9.2610-51

n

. o ;

At 31.6°C (%B,05) 2.32¢050
In general the rate of extraction of boric oxlida at 100°C did not obey a simple power law. This is probably due
to the (apid deplation of the boric oxide present in the leachable amorph.ous phase, see section 1.1.1. However, the
first two experimental vatues fdid oboly the parabalic equation given below:-
_At100°C . (%B,05) = 432030

The nctivatiori*eﬁiargy for the extraction of boric oxide from the amorphous phase was determined, by
taking each time two of the rate constants from the three obtained and then calculating, from the total of three
possible, the mean activa’tion en;-srgy and the standard deviation. Using this technique the activation energ.y was
found to be equal to 9.70% 0.17 kéal/mole. .

This value is slightly higher than the ac‘li?‘a_t_llon aenergy for the extraction of boric oxide fl:orn air
decomposed schorl, see section 1.2.1. However, the difference is only 1.7 keal/mole which indicates that the
reduction of about half the iron oxide present does not significantly affect the diffusion process controlling the
extraction of boric oxide from the amorphous phase. The similarity between the two activation energies again
provides indirect evidence that the amorphous phase contains a “‘sodium borate’”” microphase dispersed in a silica-
iron oxide matrix. This is because the two activation energies would be expected to be similar if the boric oxide

was not bonded to any great extent to the iron oxide.

(2.3)  Extraction of Boric Oxide using various reagents.

To coméare the extraction ef;ficiency of various reagents 1.00g. of (100-300) mesh decomposed-
reduced sthorl was boiled for a given period of time with 20rr;l. of the reagent being investigated.- The results
obtained are given in tabulated fc;rm in Table 36.

The results obtained showed that the rate of boric oxide extraction is enhanced when the reagent used
is either strongly acidic or strongly alkaline. When alkalis are used_ the boric oxide extracted is contaminated with
dissolved alumina and when acids are used the main contaminaﬁt is fron. Therafore the boric oxide extracted by

aither type of reagent is contaminated and would require further firocessin:g before a pure product cauld be obtained.

{2.3.1). X-ray Diffractometry of Solid Remaining after Alkali Leaching.

When the material remaining after acid leaching was examined by X-ray diffractometry no new
crystalline product was found to be formed, see Table 32. However, when the material remainipgafter alkaline
extraction was similarly examined several new interplanar spacings were obt-ainad. To elucidate the nature of this
new crystalline phase the simpler aluminosilicate “miullite (3A1,032 Sidzl”: was boiled for 16 hours with M.NaOH.
The powder remaining was the[i 9xaminad by X.-r'ay diffractometry, see Chapter 9.3.2. The interplanar spacings
obtained from the material formed by the alkali leaching of mullite (3A|203.25i02) are compared in Table37.

. with thos-q.obtp[ned from the solid renmaining after the alkali.leaching of decomposed-reduced schorl. '

—r
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TABLE 36

LD
Extraction of Boric Oxide from (100-300) mesh Decomposed-
i Reduced Schorl using _\!arious Reagents.
Schorl decomposed for 1 hour at 1200°C in the presén'ce of Activated Charcoal;
1.00g. boiled with 20ml. of reagent.
Boiling time Reagent. Percentage
{hours). axtracted.
16 H,0 1.90
16 0.5M.Na,CO4 7.20
16 M.NaOH - 63.4
16 0.5M.H,50, 65.3
8 M.NaOH 52.5
8 " 0.5M.H,S0,4 60.2
TABLE 37
Interplanar spacings from Material formed'by the Alkali Leaching
of Mullite and Decomposed Schorl.
Spacings (R) of material remsining after boiling with M,NaOH
for 16 hours. ’
Schorl Mullite Xal Schorl Mullite Xal
] dR 1 dR species || | dR 1 df specias
2 70 1 7.0 S 2 2170 5 2.190 M
2 5.32 1 5.32 M 3 2,090 8 2.1 M!
1 4.97 1 4.94 S 5 2.030 Fe
5 4.10 3 4.05 s 3 1.815 3 1.829 M
3 3.34 10 3.38 M 3 1.668 4 1.6%0 M
10 | 3.17 4 3.14 S 1 1.581 2 1.588 M
6 2.858 M 2 1.506 10 1517 M
8 2.675 7 2675 M 2 1.413 5 1.435 M
2 2501 6 - 2535 M 1 1.268 3 1.268 M
4 2416 M " 3 1.260 M
kw:— 1 Relative Intensity; M Mullite; S New Crystalline spe;:ies.
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The sir[;i:larity of the naw spacings indicates that the new.crystalline phase formed is the same and
is almost eertain!y?é_';bdium aluminium silicate. This compound is probably formed by the attack of sodium
ions on the mullit'e ;.:rystals and was identified as a sodium aluminium silicate hydrate using the A.S.T.M. index
(212). A companson of the new interplanari spacings with those listed in th-e A.S.T.M. index {212) for
sodium alumlmum silicate hydrates is given in Table 38. All the silicates listed have a molar ratio of S|02 to
A|2g3ﬂconslderably higher than that in either mullite or ‘the boron containing mullite in decomposed schori.,
The main reactions leading to the formation of the hydrated silicate phase are therefore:-

(i) The removal of the Al 3¥ions by the following reaction:-

NaOH + AP ¥ S = . Sotuble sodium aluminate

(ii) Incorporation of Nat and OH’ ions into the disrupted mullite lattice.

The overall formation of one of the hydrated silicates listed in Table 38 is shown schematically

below:-
. 2NaOH + 6(3A120328|02) +H0 —- .
r " —— Nazo 2A1,0,. 128-02 \‘|2lz20 " ¥ 32A1,05 (Present as dissolved aluminate).
(A.S.T.M. index No.12-687)
» TABLE 38
Comparison of Interpla.na-l; Spacings of .the New Crystalline Phase
formed by the Alkali Leaching of Mullite or Decomposed Schorl -
) with those fisted in the'A.S.T.M. index for Sodium Aluminium Silicates.
/ _Iptgrplanar spacings (m;w_ith relative intensities
"in brackets. .
Schorl; 16 hrs. with boiling M.NaO_Jl-_I 7.0 (20) 4.97 (10) 4.10 (50) 3.17 (100}
Mullite; 16 hrs. with boiling M. NabH 7.0 (10) 4.94 (10) 4.05 (30) 3.14 {100)
Na20 Al203 58i0,.5.4H,0 (12-229) 6.85 (100) | 5.00 (100) 3.43(100)
Na4AIZS|06017 H,0 ~. (2-0577) '6.51 (70) 4.84 (70) 3.10 (100)
Na_ATzSiGOmGHZ‘,O___. - _"(12-687) _‘ 7 1a0(80p) | 57117 4.08 (100) 3.16 (100}

RN

oy schorl decomposed in air, ‘see Table 34 This is probably’related to- the faster rate at. which the. aqiattat:kﬂha S .

{2.4) Mechanism o'f the Exilaction Prﬁess.

The rate of acid legiching of boric okide from the reduced’ ‘decomposed schorl is faster than that from

micro-crystals of i iron present.in the reduced matenal .This procass would be expected to lead to a more-porous- .

material, thereby producing granules in which the bor:c oxlda presem would be more readily leachable, Howaver

the extraction of borlc oxlde does not,appaar to boe diractly relatable to the rate of extraction of iron, because the

activation energy for the extraction of boric oxide is equal to 9.70 & 0.17 keal/mole, whilst no significant variation
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in the rate of extraction of iron was found with increase in the leaching temperature.

{3) Probabls Mechanism of Heterogeneous Surface Reaction and General Discussion

of the Liguid Extraction Experiments.

The most important quantitative kinetic data obtained fror.ﬁ the liquid extraction studies are given below:-

v.. {i) The activation energy for- the extraction process from the amorphous phase in air decomposed
schori was found to be equal to:-

7.99 + 0.19 keal/mole for the extraction of B5O3

7.15 + 1.04 kcal/mole for the extraction of Fe.

2% (i) The activation ene'rgv fqr the extraction of boric oxide fro-m the 2morphous phase in decomposed-

reduced schorl was found to be equal to 9.70 £ 0.17 kcal/mole. _ |

‘... liii} The activation energy for the extraction process as a function of ghé schorl decor-n'position
temperature was found to be equal to:-

19.2 1 0.4 kcal/mole for the extraction of B,O4

10.9+20 kcallmc"yle -fér the extraction of Fe.

The variatic;n in the rate of extraction of boric oxide with .sc.horl decomposition temperature was
found to obey the exponehtial Arrhenius type function given below:-

Rate constant = A exp (-E/RT)
The increased rate of extraction with decomposi.tion temperature wa.s thought to be associated with the formation

‘and §r_ow_tﬁfc;f""‘s;d€;m borate’’ microphases within the silica-iron oxide amorphous matrix. “This diffusional growth,

”_; .'h

would be expected to obey an activated Arrhenius type function {214) and was monitored in this mvest:gatlon
by following the increase in the rate of extraction of boric oxide with increase in decomposition temperature. The
growth 6f such microheterogeneous regions within a sodiﬁm borosilicate glass has been inves‘ligated in detail by
Kwohlsa et.al. (138) who found that the activation energy of the phase separation process was equal to 6‘2 Co
kcallmole. The reason for the lower activation energy found in the present investigation may be due to:-

(1} The mco_mplete formatlon of 8 three dlmenswnai Iamce in the amorphous phase in deoomnosed
schorl. The looser nature of this type of lattice would probably lead to a lower value for the actwatlo_n energy
; _ 6f the diffusion process.

{2) _The presence of F82+ ions in the amor_;_wPP_tl_s_ p_h_a_s_t_a: _Ihaﬁ‘presanca‘_of__sy'ch‘ions may distort_
the amorphous silica lattice, thereby lowering the energy barrier of the diffusion process proc_lucing the phase
separated regions.

The exact reason for the lower value for the activation energy found in the present investigation is not,
however, known with certainty,

The increased extraction of_ iron with increase in decomposition temperature is possibly associated
with the increased degree of distortion and disruption of the silica lattice as more Fe?* ions are incorporated

into the lattice. The increase could, however, be due to the formation and growth of microscopic regions within the
-80-




silica matrix oontaihing mainly F32+ and 02' ions. In view of the lack of relevant information no di.aﬁnite con-
clusions could be raached on the exact reasons for the increased rate ofﬁ?ﬂbaching of iron with increase in
schorl decomposition temperature.
The activation energy for the teaching of normal glasses has been found to be close 20 kcal/mole,
see Table 12. However, Kiyohisa at. al. (138} have found that the activation energy for the extraction of boric
oxide and sodium oxide from & phase separated glass was equal to 6. 8 keal/mote. .-This value is close to the activatiorl
.' .5

anergy for the extractuon of boric oxide and i iron from decomposed schorl, mdlwtmg that the overall structure of

the two amorphous matenals are similar. These experiments therefore provide further malrect evidence that the

amorphous phase in deoomposed schorl contains microheterogeneous regions. -

The extraction process was found in geoeral to follow a parabolic law (1), indicating that the rate of -

ik
£

leaching is oontrolled by sorrne diffusion process:-

" Rate of extraction = k05 _ {1y
Kiyohisa et. al, {138} thought that the rate oontrollmg step was the d|ffus|on of: the Bzog—NaZO phase through, -
the posous silica membrane filled with acid. However, this was not thought to be the rate controlling process

'R -
in the extraction of either boric oxide or iron from decomposed schorl bewuse

(1} ___.The_rate of axtractnon of boric oxide was affected I;v t‘ha acidity and alkalinity of the leachinp ..
agent, see Table 36, If the diffusion of the 8203—N320 phase controlled the rate of extraction, then the acidity
or alkalinity of the leaching agent would not be expected to affect the leaching process. %

2y . lThe diffu_sion of the quu'i_d Iooohpihg agent would be expecte_d to be much more rapid that that
of the solid 8203—N320 phase. The Ie:i'ching agent will therefore diffuse to the reaction wrface'artd_dissolvio a
portmn of the surface before thé 82031N320 sofid phasa could dnffuse } B ST Tl

The overall rate of oxtractlon of boric oxide and iron from decomposed schorl i |s thereforo controfled
by one of the folowing procasses:-

1) - l_)iﬁusioo' of ac_t“i!o.spaoies to reaction surface_. Tho rate of extraction of boric orxids, asa '
function of the acid concentration, was found to follow a Langmuir type adsorption function up to 0.5M.H2804,
see saction 1.3. Therefore the extraction process at Iow acid strengths is directly controlled by the availability
of active species at the reaction surfaca This indicates that the overall rato is controlled by the diffusion of active '

w
species to the réaction surface. At higher acid concentrations the increase in the rate of extractlon is much smaller

than the iﬁ&%ﬁfh‘availnbiﬁw';:, of active species. “The overall rate of extraction is then probably controiled by
surface area considerations.

(2)  Heterogeneous chemical reaction at reaction surface. B_ecauso of the low al:tivotion energy foor_ttl
for the axtractior;process this was not thought to be the rate controlling process.At. higher acid concentrations
where the overall rate of extraction is much smeller than the increase in the availabjlity of active species, the extraction
process does appear to be controlle__d by the heterogeneous chemical rez_zction. Hoﬁ%ﬁer, this is not necessarily true
because even if the chemical reaction occurred_instontaneously only a certain number of active species could be -
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adsorbed as a monolayer on the reactive surface. Therefore at high acid concentrations the overall rate of extraction
appears to be limited by surface area considerations. The continuing slow increasa in the rate of extraction at higher
acid concentrations is probably ct::mroﬂed by the rate of multi-layer absorption of activa species on the reaction
surface of limited surface area.

- (3) Diffusign of dissolved species from reaction surface through granules to surfaca. If this process
was the rate comrollir!g step the rate of extrqction of t.:oric oxide would not have obeyed the derived Langmuir
adsorption isotherm, see section 1.3. Therefore in general this do.es not appear to be rate controlling process.

The overall extractlon process can therefore be broken into the following elementary steps:-

(1) Diffusion of active species to granule surface The active species are H* and 804 ions when
sulphuric acid is used and Nat and OH’ ions when sodium hydroxide is used.

{2) Absorption of active species on granule surface.

(3} Diffusion of active species through granule to reaction surface. This is probably the rate
controlling step. |

()] Activated bond breaking solidJiquid reactions at reaction surface, Ieading to the dissolution

TS R 2

(5) Diffusion of dissolved saits from reaction surface through granula to surface.
(6 Desorption of salts.
(7) Diffusion of dissolved salts away from granule surface.

The structure of the boron rich amorphots; phat@_gixen below, wa¥ thGught-trts” feprewantative of:the.:-

many possible considering the complexity of the system. The proportion

] e Na¥ OH ~ OH ‘
. — Si——=F Ho* 2 0\3 0 ) o 8 O'Ns* "~

of the total boric oxide which is present in the amorphous phase of schorl decomposed at 1100°C was found to

be 54%, see Table 31. Therefore the molar ratio of B,O3 to Nazo in the amorphous phase is 1.5 to 1.0, instead

of 3.0 to 1.0 in schori itself. This ratio was used, in the partial_ structure given above, as it was representative of

that in the amorphous phase of schorl decomposed between 900 and 1300°C. A Fe..‘.-{)—B bond was included in
the structure as it was thought that the boron rich mlicrophase may be connectad in some way to tt\_g‘fi_lica-iron
oxide lattice, however, this-bonding does not affect the proposed leaching mechanism. The bond:in'g,ooluld therefore
be Si...0—B instead of the one given.

The heterogeneous rqa&iéns leading to the extraction of boric oxide by acidic reagents probably

proceeds by the following series of e.le'mentary steps:- —
i —Fe.....0 ———B o B 0 o'Nat
! 0'/Na+ T O!H / (‘!H
% H30 (bond breaking reaction)
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produces

OH; + HO B O'Na
-OH OH

NaBOp +Hz0 v ("
-H . dissolved
0 —Fe.....0 ——— B—0—B—OH -

| /. 4

O'Na OH

S Hao:‘ﬁ {bond breaking reaction)

! ¢ produces

R
~——~B———0H; + HO B OH

o'Nat OH

| |
%» O'Nat

H30" (bond breaking reaction)

produces

—Si 0 — Fe OH; + - HO B OH

! /

+ O'Na*
NaBOy + H0 it (3)
dissolved
. When alkalis are used as leaching agents the extraction of boron oxide probably proceeds by the following

series of elementary steps:-
| .

— si 0 ——Fe..... 0—B-—0—B—0—B—0 Na*
| - - 3
O'Na OH OH
OH" (bond breaking reaction)
‘ produces
A~ Q—B—0—B—OH +70—B-=-ONs'
Y T
O'Na OH , ou‘
(bond breaking reaction) OH 1. l . NaBO, + Ho0 .o (1)
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e~ F8..0 — B—OH + 50— B— OH
('ﬁ'Na+ . . C’)H
lNa; o -—.d
NEBOy + HpO vt iiuismessnsmsnsrersne (2)

OH’(bond breaking reaction}

produces ! o h
-
—Sli o F—OH + 0O /B OH
v O'Nat .
NaBO2 + HZO ................. (3) '
4 - i .
The structure of the silica-iron oxide amorphous phase is pribabfy similer to that shown schematically = -
below:-7... ... | . ... — - e
| |
o] Fe 0 Si o] ?n -
Sl !
(o] (o]
- | i
0 ———Fe — 0 Fe —S.i —0—Fs — 0 — Sli—

The heterogeneous reactions laadling to the extraction of iron from this type of lattice can be envisaged

to proceed as foIIoWs:-

| t
—Si 0~ Fe 0 Si—
| ++ _ !

H” (bond breaking reaction)

) i produces
! ' ' S I

—8—0H + Fo'—o0— Si—

H* (bond breaking reaction)

produces .
| I
—Si— OH +  Fe?* % HO— si -
| ' .
50, (solubilisation)

*produces

FeSO, (dissotved).
Even if the degree of phase separation is much smaller than in the structures proposed previously, a
similar type of activated bond breaking process can be envisaged. The acid Ieachi'ng of botic oxide and iron from

a lattice in which the boric oxide is bonded to the silica-iron oxide matrix would probably.proceed by the following

saries of elementary steps:-
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| |
-8§i—0—Fe—0—B— 0— Si—

| / I
O'Na* )
|
—B—
H30+ (bond breaking reaction)
produces

| |
—§i-—0—Fe—O0—B—SOH  + H,0—Si—
1 / 27

O'Na* o]

I

P —B_
H* (bond breaking reaction)
produces +
—~Si : 0 Fe' + HO B OH
I ++ ./ +
. H” (bond breaking reaction) O'Na
N3B02 + H20
produces e (dissotved)

[
—Si OH +  Fe2*

' t
§02°  (solubilisation)

+

FeSO 4

{dissolved)

These “ion-molecule’” type haterogéneous reactions would be expected to be fast and to have low

activation enargies, indicating that the rate controlling process is not the heterogeneous reaction.



CHAPTER 17

Pyrohydrolysis Experiments.

(1) Introduction.

Previous investigations have shown that it is possible to extract the boric oxide present in certain glasses
and borate ores, by passing water vapour over the materials at high temperatures, see Chapter 5. It was therefore
thought probable that the baric oxide present in tourmaline could be similarly extracted. If successful this tech-
nique would have the distinct advantage over acid or alkali extraction methods because only boric oxide would be
removed by the water vapour'.

(2) Preliminary Experiments.

{n this section the first preliminary results obtained using the pyrohydrolysis method are described.
tn the first experiment the (100-300) mesh size fractio.n from schorl (8/1) decompased for 1 hour at 1300°C, was
used, sea‘Chapter 11.2. 1.000g. of this powder was poured into an alumina boat, which was then introduced
into the tube furnace prior to passing steam over the sample, see Chapter 13. The amount of boric oxide
extracted was determined as a function of the pyrohydrolysis time. The results obtained are presented iq tabulated

form in Table 38 and in graphical form on a log-log scale in Figure 16.
o If the extraction of boric oxide follows a simple power law of the type (1) then a straight line of slope (n)
is obtained when the percentage boric oxide extracted as a function of time is plotted directly on Iog-log graph
| (8,050 = k" s m

paper. The experimental curve abtained, however, is not a straight line but a curve with a tzontinuously decreasing
slope. This change in slopa indicates that the mechanism of extraction from a powdered material is quite complex.

Sintering of the powder is probably one of the most important processes which leads to the slowing
down of the rata of extraction. The importance of sintering was evident by the observation that the material
remaining in the boat at the end of the experiment was no longer a powder but a hard compacted solid. A

short discussion on sinté_ring of powders at elevated temperatures is given in Appendix 1.

{2.1} Importance of sintering.

The experiments described in this section were designed to investigate the effect of sintering on the
extraction process. _ . -

In the first e.ontrol experiment a know weight of {100-300) mesh schorl (8/1) was poured into a
mullite b;)at. This boat was then pushed into the centre of the tube furnace ;;;ior to reconnecting the steam
supply, see Chapter 13. The rate of extraction of boric oxide by passage of water vapour over the sample was
detarmined. The results obtained are: p;esented in tabulated form in Table 39. . -

in the next experlment the same weight of (100-300) mesh schorl (8/1) was poured into aimullite. boat
_havmg the same dlmenslons as the one used in the control experiment. The powder was then sintered in an oven

furnace at 1310°C for a period of 1 hour. The boat was then introduced into the tube furnace and the rate of

extraction of boric oxide was determined using;the same experimental conditions as those used in the control
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TABLE 38

First Preliminary Experimeant to test the feasibility of Extracting

Boric Oxide from Tourmaline by passing Water Vapour over the mineral.

{8-100)} mesh schorl {8/1) heated for 1 hr. at _1300°C,' sintered material

crushed and (100-300) mesh fraction used,

Weight of sample 1.000q.

Temperature of preheater 1050°C

Temperature of tube furnace 1260°C )
Weight of water passed over sample 1.31 + 0.08 g./min.

Time steam Titre of mg. of Per cent
passed M/20 B;04 of 8,04
(hours). NaOH extracted extracted
0.50 13.62 237 26.1
1.0 7.16 36.2 39.8
20 6.00° 46.6 51.2
4.1 8.82 58.4 64.2
6.0 4.52 69.7 76.7
8.0 2.40 74 81.4
11.0 2.29 78.0 85.8

JABLE 39

Effect of Sintering on the Rate of Pyrohydrolysis of Boric Oxide

Nt
AL

from Powdered Schorl.

{100-300) mesh Schorl (8/1)
-
Wt. of powder in each experiment was 0.5319.
Wt. of water passing in each expt. 3.2 + 0.1 g/min.
Temperature of tube furnace 1240°C. .
Time water Control Schorl (87T}
passed axptt 1 hr. at 1310°C.
{min). per cent per cent
B203 B203
5 136 - 4,92
10 236 9.01
20 371 14.4
PR .o
40 49.2 - 20.1
i, -
60 54.8 235
120 .. 616 © 203
s 260 65.5 35.8
300 665 38.4
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experiment. .The results obtained are presented in tabulatéd form in Table 39 and compared with those obtained
in the control experiment in Figure 17. ‘

These experiments were both carried out using the same experimental conditions and with the
same geometrical surface area of sample exposed to the water vapour. The reduced rate of extraction in the second
experiment can therefore probably be related to the decrease in the specific surface, due to the-powder-sintering when
heated at 1310°C prior to beginning the pyrohydrolysis experiment. Therefore sintering is an i»r_nportant factor

influencing the rate at which boric oxide can be extracted from powdered'tourmaline.

(2.2)  Optimum Particle Size.

Sintering has been found to be an important factor influencing the extraction process. It was therefore
thought useful to investigate the effect of particle size on the rate of extraction of baric oxide.

In these experiments three ranges of garticle size were used; namely (8-100) mesh, (100-300) mesh
- and less than 300 mesh respectively. In each experiment the same weight of powder was poured into similar
alumina boats, thereby standardising the external surface area of s—él;':ﬁpla exposed to the water vapour, -The results
obtained are presented in tabulated form in Table 40 and in graphical form on a loglog scale in Figure 18.

A comparison of the results obtained shows that in general the rate of extraction is faster the larger
the particle size. This surprising result can be probably explained by considering that the finer powder was sin-
tering much more rapidly than the coarser: material and that the corresponding decrease in surface area is faster
than the increased rate of pyrohydrol;.sia,from the originally finer powder. The overall effect would then be a

reduction in the amount of boric oxide extracted with decrease in particle size.

{2.3)  Attempted Determination of the Activation Energy of Pyrohydrolysis.

An attempt was made to determine the activation energy of pyrohydrolysis by determining the rate
of extraction of boric oxide from (100-300} mesh schorl at two reaction temperatures. tn both experiments the
same weight 6f powder was poured in two similar alumina boats. The pyrohydrolysis experirpents were carrieﬂ
out at 1240°C and 1300°C respectively, using the same rate of flow of water vapour,

The percentage of boric oxide extracted as a ft;nction of time in both experiments is shown in Figure :
19. The curves obtained are clearly of no value in‘clletermining the activation energy of the process as any value

calculated using the Arrhenius equation {1) would varying with the reaction time.

i}

k A exp E/RT) coorveeeneran (1)

{2.4) Conclusions.

The results obtained using powdered samples show that pyrohydrolysis can be used to axtract pure
boric oxide from tourmaline, although temperatures above at least 10009(: are required to obtain any
significant extraction. A systematic study of the extraction process using powdered tourmaline was not unders
taken duéto-the added complication of sintering of the powdef.

(3) Systematic Investigations.

(3.1 Introduction.
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TABLE 40
Effect of Particle Size on the Rate of Extraction of Boric

Oxide by Pyrohydrolysis.

Wt. of sample used in each experiment 1.142 g.
Wt. of water flowing 1.2 + 0.2 g/min. iy
Temperature of furnace 1230 = 10°C.
Time water - Percentage boric oxide extracted from schorl
passed (8/1) of size:- -
{minutes). {8-100) mesh ° - (100-300) mesh 300 mesh
5 875 136 '5.92
10 0T 19.20 . 239 8.3t
20 . 38.6 371 11.2
40 57.6 " 494 145
60 67.0 ' 54.6 . 16.7
100 75.0 60.0 . 20.6
160 80.0 : 63.8 26.1
. 240 . 840 66.3 285

"
Dhento ot~ DUé to'the difticulties axrjarian‘eed:wiﬂr,thwuso‘df:ponderbdztogrmali'ne'a great deal of effort wasi::
. expéended -in’!rving-.to:nvermma:_thé shﬁ;ering.‘of;the.po;ﬂdsred samples.
- The lr;etﬁod thought most likely to overcome this was by heating the schorl granules for a certain
period of time at a higher timperature than th‘at at which the pyfohydrolysis experiments are carried out.

The first experiment carried out using this technique involved heating ten separate lumps of (3/96-6)
mesh schorl (8/1). Each of these lumps was stuck. onto small alumina chips using “durofix” thasﬁve, to prevent
the lumps rolling around whilst being pushed into the tube furnace for the preheat treatment discussed abova.

The schorl Iu’mps were then sintered for 1 hour at 1390°C. The -ra"te of extraction of boric oxide was then
determined using a'pyrohydroiysis temperature of 1350°C. The results obtained are presented in tabulated form
in Table 41 and in graphical form on a log-log scale in Figure 20.
_ The curve obtained ooftsisted of two separate stri}ight lines both obeying a simpla powsr law of the
type:-
(B,05) = It"
A value of 0.71 for n was found to be valid up to 22 per cent boric oxide extracted when the process
was found_ to continue at a slower rate, a value for n of 0.50 was then found to be valid. The two rate equations
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calculated are given below:-

(1) Valid up to 22 per cent B,0 extracted.

- 60.71
{2) Valid above 22 per cent 8203 extracted up at least 45 per cent.
= 0.50

Although the mechanism of the extraction process is not apparently the same throughout the whole
range, at least the individual portions obey similar rate equations as those used in previous heterogeneous reaction
studies, see Chapter 7.

This investigation clearly shows that the prior heating of the sample at a temperature above that at which
the pyrohydrolysis experiment is carried out has reduced further sintering of the sample during the pyrohydrolysis
expariment'to a negligible amount.

(3.2) Activation Energy of Pyrohydrolysis from Schorl.

In view of the success of the technique described in the previous section it was thought probabte that
by using thic method that the activation energy for extraction of boric oxide from schorl {8/1) by pyrohydrolysis
could be determined. To determine the activati;rr energy it is necessary to also have the same effective surface
area of sample exposed to the water vapour at all the temperatures used. This was achieved in the first determin-
ation using approximately 1 cm.3 cubes of schorl (8/1) cut from a large lump of tourmaline using a rock cutting
machine, see Chapter 8.2. In a second determination (5-8)mesh schorl {8/1) lumps were used.

Another-possible variable that may influence the pyrohydrolysis extraction process is the change that
was shown to occur in the nature of the amorphous phase when tourmaline is heated at different temperatures.
This change was exhibite‘d by the greater extractability of the boric oxide present as the schorl decompaosition
temperature was increased, see Chapter 16.1.1. This change was thought to be due to the growth of micro-
regions of a *“sodium borate” phase within the amorphous silica-iron oxide matrir(. The prior heating of the
schorl at a temperature above those at which the pyrohydrolysis experiments are carried out, woutd probably
reduce any further growth of such regions during the pyrohydrolysis experiments to a negligible amount. The
activation energy calculated can therefore then be re‘lated to the actual energy barrier of the extraction process
and not complicated by other effects.

3

{3.2.1) Using 1 cm.” cubes.

The 1cm 3"cubes were each placed ona small werghed alumma chrp and heated for A-hour at 1300°C in

the oven furnace All of tha cubes were then werghed and palred up in such a way that the total weight of all the
palrs were equal to wrthm 0 25%.71t7 was thérefore thoughl py:bable that the "etfective surface area of aII "the palred
cubes are equal to within 1%.

In thase experlments every effort was mada to, standardlsa tha expenmental- condlllons in all the ex-

. v o e

perrments the same rate of flow of water vapour was used and at each temperature the coollng effect of the water
vapour was checked using a platlnuml13% rhodium- platmum thermocouple placed it the centio of the tuba turnace.

Only with the tube furnace temperature at 1 390°C was thera a srgmfluntly greatef-temperature’:™
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TABLE 41

Pyrohydrolysis of Powdered Schorl that has been Sintered prior

to passing the Water Vapour.

{3/16-5) mesh schorl lumps heated for 1 hr. at 1390°C.
' _.’I:"o:tal weight of 10 lumps 1.1561 g.
.-Temperature of tube furnace with water passing 1350°C.
Rate of flow of water 2.61 + 0.06 g/min.
Time water Per cent Time water Per cent
passed 8203 vapour passed 8203
(knins) extracted {mins.) extracted
5 1.84 150 23.1
10 3.49 180: 254
15 4,73 - 210. - 275
20 572 270 30.9
30 7.54 330 33.7
45 10.2 390 36.2
60 12.7 450 39.1
75 148 510 42.2
90 16.6 570 45.1
120 20.2

decrease than the approximate 5°C variation in the furnace temperature that occurred:throughout the day. There:-
tore when the experiment was carried out at this temperature only 1 minute was allowed between introducing the
two cubes and reconnecting the steam su_pply. Atl all the other temperatures used 2 minutes was allowed for the
cubes to attain the equilibrium furnace temperature prior to starting the pyrohydrolysis experiment by reconnecting
the steam supply.

The extraction of boric oxide as a function of the pyrohydralysis time at each of the five tehperatures
used is presented in graphical form on a log-log scale in Figure 21. At all the temperatures used the rate of
extraction was found to bhey a simple power law of the type {1):-

(%B505) = Kkt e (n

The value of the rate constant {k) and the exponent {n} were calculated from the curves drawn for each
of the experimental temperatures and presented in tabulated form in Table 82,

The rate of extraction of boric oxide at 1370°C was not consistent with the rate constants calculated
tor the extraction process at the other temperatures. The reason for this is not known with certainty but may be o
related to the observation that one of the cubes was found to have completely disintegrated when examined : :
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" TABLE 42
Extraction of Boric Oxide from 1 ¢:m.3 cubes of Schorl as a Function

of Pyrohydrolysis Temperature.

1 em?3 cubes of Schorl {8/1) heated for 1 hour at 1300°C.

Weight of two cubes 4.432g {to within 0.25%}.
Tube Rate of flow water 2,44 + 0.08 g/min.
furnace Pyrohydrolysis Rate constant ' Exnonent
temperatute temperature k n
°c) | (+5°C)
1390 1370 0.305 0.827
1300 1290 0.324 0.732
1270 1265 0.179 0.755
1215 1210 0.0759 0.697
1165 1165 0.0336 0.680

at the end of the experiment. Another interesting observation wa-s that the other, still intact cube, was found when
broken in halt to contain large void-s., reminiscent of the appearance of materials such as coke or lava formed at h
high temperatures in the presence of a gas.

The mean value of the exponent with the standard deviation was calculated using the values listed in
Table 42, apart from the one obtained at 1370°C, and found to be equal to 0.71 £ 0.03. The extraction of boric
oxide by pyrohydrolysis from 1 t:rm3 cubes of schorl was therefore found to obey the following power law (2):-

%B,0q) = k071 * 003 ' - |

_The acrivation energy of the extraction process was calculated using the Arrhenius equation (3k:-

k = A.exp (E/RT} i (3)

.‘i'he percantage of boric oxide extracted after 100 minutes in each axperintent was taken as the relative
rate constants in the determination of the activation energy instead of the constants calculated, see Table 42. This
was because there seemed to be an increase in the value of the exponent with increase in pyrohydrolysis temperature.
This mcrease .is. ! probably related to abnormally low percentaga extraction at short reaction times due to:the cubes.
.'not quite attam:ng ‘the equnltbnum,furnace,temperatu re at the hlgher temperatures wrthm the 2 minutes allowed
between introducing the cubes and reconnecting the steam supply. Therefore the percentage of boric oxide
extracted after a reaction time of 100 minutes was used, as it wasthoug_ht that after this period of time such errors
would be mininr%;t:‘-»iThe percentage of Mriwida extragted after 100 minutes at each of the pyrohydrolysis
tamperatures is'hsted in Table 43, ‘

A‘}\rrhemus plot of logqq (percentage 8203 extracted after 100 mms ) against the reciprocal of the
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TABLE 43
Percentage of Boric Oxide Extracted after 100 minutes from

1 t:rn.3 cubes of Schorl as a Function of the Pyrohydrolysis Temperature.

1 CI1'I.3 cubes schorl heated
for 1 hr. at 1300°C.

Pyrohydrolysis Per cent 3203
temperature (°C) extracted

after 100 mins.
1290 : 9.45
1265 ’ 5.85
1210 1.88
1165 0.77

pyrohydrolysis temperature {degrees absolutélis shown in Figure 22.

A value of 89 + 7 keal/mole for the activation energy was calculated from the slope obtained. The
error given was obtained by drawing maximum and minimum slopes through the experimental points and then
recalculating the activation energy from the slopes obtained.

{3.2.2) Using {5-8) mesh Schorl (8/1).

Because of the extremely high value found for the activation e;ergy in section (3.2.1), it was thought
desirable to redetermine the activation energy at lower by’rohydrolysis temperatures using schorl gral{ules of smaller
size.

In these and other experiments a new type of boat was used to contain the samples. Two such boats
were made approximately 10 cm. long and 2 cm. wide from a sheet of 2 high temperature Ni/Cr alloy. These
boats had the great advantage in that they were flat bottomed and could be used repeatedly, as the sintered schorl
granules were easily removed at the end of each experiment.

To prevent the granules rolling around, whilst the boats are pushed into the tube furnace, the surface of
each was covered with a thin film of “durofix’’ glue. The same known weight of (5-8) mesh schorl gr'anulel;iyval _
then carefully sprinkled over the surfaces in such a way that each granule was separate from the others, Beéaﬁse
the same weight and size distribution of schorl granules was sprinkled inio each boat the total etfective surface
area of each sample was the same. To complete the sintering of the small tourmaline crystals within the {5-8) mesh
granules each boat was introduced into the tube furnace and left for 10 minutes ;t 1350°C.

In these expariments a smaller rate of flow of water was used as compared to those used previously
and when combined with the lower experimental temperatures it was found possible to maintain the pyrohydrolysis
temperature to within + 3°C,

The rate of extraction of boric oxide at the two pyrohydrolysis temperatures is presented in tabulated
.93.
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form in Table 44 and in graphical form on a log-log scale in Figure 23. The two rate equations calculated from the
log-tog curves are included in Table 44,

The activation energy (E) for the pyrohydrolysis of boric oxide from schorl was calculated from the two
experimental rate constants given in Table 44 using the Arrhenius equation:-

"k = Aexp (E/T)

A value for the activation energy of 81 + 9 kcal/mole was obtained and the error included was

calculated on the assumption that the maximum temperature variation during each experiment was * 3°C.
TABLE 44

. Extraction of Boric Oxide from (5-8) mesh Schorl asa Func-tion of

Pyrohydrolysis Temperature.

(5-8) mesh schorl (8/1) granutes heaf_gd_ﬂfor 10 mins. at 1350°C.
Total weight 115?%5 Total weight 1,134 g.
Rate flow water Rate flow water
0.69 + 0.02 g/min. 0.89 + 0.05 g/min.
d Temperature Temperature
Time 1158 + 3°C. 1100 + 3°C.
water
vapour Percentage _ Percentage
~ passed. 8203 extraﬁ;ed, 3203 extracted.
__Lnﬂignesl. o : L :
10 - 10.8 3.15
20 i 145 | 4.69
0 ’ 183 _ 5.65
as 2.8 \ . e84
60 - 26.5 _ © 7.90
S0 317 | 10.0
120 36.1 | 1.2
. ;180 : _ 44.1 134
Rate Equations calculated:-
(1 1100°C (% By04) = 103750 "~
(2)  1158°C (%B,04) = 3.34:0%0

(3.3} Conclusions and possible mechanisms of Pyrohydrolysis.

The activation energy of pyrohydrolysis from__ﬁoil_;was found in two completely separate experiments

: !
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to be the same within the probable experimental error. The mean value calculated was 85 # 8 kcal/mole and this
was taken to ba the most probable value for the activation energy of pyrohydrolysis from schorl.

| The rate of extraction of boric oxide from the 1 t:m.3 cubes of decomposed schort was found to
follow the rate equation {1), whilst a parabolic rate equation (2) was found to be obeyed when (5-8) mesh.

(% B,05) = k7N, (1

decomposed schorl granules, were yls_ed,_'_';r . T T o, -

%B,09 = k030 .. 2) -

1t was thought that the larger value of the exponent found when the 1 cm. cubes ware used could
be related to the volatil_isation of some boric oxide from the surface layers during the heating period of 1 hour
at 1300°C. This process would be expected to lead to the initial percentages of boric oxide extracted being tower
than expected. To check this possibility several 1 cm.3 cubes of schorl were heated -at 1300°C f-or 1 hour to
determine the percentage loss in weight. The mean weight loss using six 1 cm.3 cubes was 3.67 = 0.01 per cent.
The tourmalme {8/1) used was found previously to have a composition close to Naj0. 6Fe0. 6A|203.3.8203.
125102.;"420, see Chap.ter 14. If the lattice water was completely volatuhsed then the theoretical weight loss
' would be 3.41 per cent.'. The weight toss from the 1 cm.a is 0.26 per cent greater than this. The difference may
_ be due to the volatilisation of boric oxide from the surface layers of the cubes.

If it is assumed that the 0.26 per cent'is entirely due to the volatilisation of boric o);ida then this loss
would represent approximately 3.5 per cent of the tota! boric ox.idﬂo: present in each cube. This figure may be
significant in view of the small percentages of boric oxide extracted from the 1 t:m.3 cubes, see Figure 21.

The basic extraction process therefore obeys a parabolic rate equation {2), indicating that the extrac-
tion of boric oxide is controlled by some diﬂusion-_process, see Chapter 7.

B0z = KO0 (2) B

_This diffusion |')'rocess controlling the rate: of react.ion coutd be either:-

{1} The diffusion of water vapour through the silica-iron oxide amorphous:: matrix to the con-
tinuously contracting boric oxide 'uontaining lea;'ction surface. Meschi et. al. (130-)' found that reaction (1) was the
main heterogeneous reaction beme‘gggggric oxide and water vapour between 800 and 120000.

B0, + HOG = " 2HBO, (g) oo (1)

(2) The diffusion of boric oxide through the granules to the surface leading to a homogeneous -'
gas phase reaction (2):- . -

8203 (g) 20 lg) = 2HBO, {g) e {2) _
tn a study of the hatevogeneous reaction between boric oxide and water vapour Meschi et. al. {130) found that . -.
this homogeneous reaction {2) became of greater relative lmportance as the reaction temperature increased, see
Table 11§-H||c;|enbrand et. al. (77) found that the heat of vapounsatnon of boric oxide was equal to 93 keal/mole.

The similarity between this and the activation energy of pyrohydrolysis from schorl would seem to support this
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type of mechanism. However, further pyrohydrolysis experiments using “pyrex” glass and dravite (8/4) did not
support this mechanism. These experiments are described in detail in the follow{ng two sections.”

(3.4) Activation Energy of Pyrohydrolysis from “pyrex” glass.

Because of the extremely high value obtained for the activation energy of pyrohydrolysis from dect-:mposad
schorl !t was thought necessary to determine the activation energy for extraction of boric oxide by pyrohydrolysis,
fron'_q a completely different boron containing system. The boresilicate glass with the brand name “pyrex’’ was
chosen mainly because of its availability. The composition of glass, given in Table 45, was taken fron_1 a
catalogue supplied by J. A. Jobling and Co. Ltd. : '

" Two short lengths, about 4 cm. long, were cut from a length of 6 mm, diameter “pyrex’’ rod. The
weighed pieces of rod were placed in two similar alumina boats of dlmenslons 5 cm. long and 1.4 cm, wade The
glass was then heated for 1 hour at 1200°C to minimise any changes occuriing, such as the growth of microhetero-
geneous regions within the glass during the pyrohydrolysis experiments, see Chapter 6. The rate of extraction
of boric oxide was then determined at two different temperatures using the technique described in Chapter 12.
The results‘obtained are presented in tabulated form in Table 46 and in a graphical form on a log-log scate in
Figure 24. - -

The rate equations calculated from the two curves obtained are:-

4} At 980°C
{mg. 8,05} =0. 02260975
(2) At1090°C

(mg. ByO) = O. 04691°-87%

The activation energy for the extraction of boric oxide from “pyrex’’ glass was found to be equal to
22 & 1 kcal/mole using the two rate constants given above. The error was calculated on the assumption that the
maximum variation in the experimental temperatures was» & 3‘:?(;_ This value for the activation energy is very
close t'o that of 20 % 4 kcal/mole, obtained by Charles {156}, for the activation energy of the attack by water
vapour on soda-lime glass. The similarity of the two valqes indicates that the extraction process from eithar glass
is controlled by a similar mechanism. .

{35} Activation energy of Pyrohydrolysis from Dravite.

The activation energy of pyrohydrolysis from the decomposed magnesium tourmaline, d?avite (8/4)
was determin-ed because of the basic similarity between the naiu're of decomposed iron and magnesium tourmalines.
The main decomposition product, in either, was found to be a l;oron containinﬁ mullite eml:gédded in a boron
containing amorphous métrix, see (:‘.ha:_pier 15:1 4. Itwas t'herefom ti‘lought that the determination of the acti-
vati_on energy of pyrohydrolysis from dravite would help in the elucidation of the mechanism by which the
extraction process proceeds.

The percentage of boric oxide present in dravite (8/4) was found to be- equal to 9.60% using the tech-

nique described in Chapter 10.1.2.
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In determination of the activation energy. (5-8) mesh dravite (8/4) granules were used: <The experi- .-

mental technique used_ was the same as that described in section 3.2.2, when a similar determination using

TABLE 4§
Compoasition of “’pyrex’’ Glass.
Oxide Porcent. | Oxide Péi'cent,
SiOz 80.6 A|203 2.2
B,0, 12.6 CaO 0.05
NaZO 4.2 F6203 0.04
TABLE 46

Extraction of Bor'ic Oxide from “‘pyrex’’ Glass as a Function of the

Pyrohydrotysis Temperétura.

Pyrex rods heated 1 hr. at 1200°C.

Temperature 980 = 3°c. Temperature 1090 + 3°C.
Rate flow Rate flow ‘
) water 1.03 glﬁnin. water 0.98 g/min.’

ZV"::hydrol\;sis rng 8203 ma. 8203

{minutes). extracted. extracted.

10 0.104 0.21:5

30 0.226 0.470

60 0.360 0.745

120 0.571 1.22

180 0.759 156

300 1.058 224 .

Wt. of vodg 3.86 g. in each expt.

Surface area of molten pyrex 7.0 cm2.

(5-8) mesh schort {8/1) granules was undertaken, . - s
The experimental results obtained using two pyrohydrolysis temperatures are presented in tabulated
form in Teble 47 and in graphical form on a log-log scate in Figure 25. The rate equations calculated from the

two log-log curves are also given in Table 47

The rate of extraction of baric oxide from dravite was found to follow the same rate equation (1) as
was established previously in the case of the extraction of boric oxide from (5-8) mesh schorl, see section 3.3.
%8B0 = k0
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The activation energy for the extraction of boric oxide from decomposed dravite {8/4) was found to
be equal to 22+ 1 i(.mllmcne using the two rate eqﬁations given in Table 47. The error included was calculated on
the assumption that the maximum variation in the experimental temperatures was % 3%.

TABLE 47
Extraction of Boric Oxide from Dravite as a Function of the

Pyrohydrolysis Temperature.

{5-8) mesh Dravite {8/4) heated for 30 mins. at 1225°C.
Wt. of samples 0.983 g- in each experiment.

Rate of flow water 1.00 * 0.05 g/min.

Temperature of experiment
1015 + 3°C 1160 + 3°C
+  Pyrohydrolysis Per cent 8203 Per cent 3203
Time {minutes). extracted. extracted, -
10 1.02 3.03
20 1.92 4173
30 2.63 . 594
60 3.64 8.48
90 4.22 10.2
120 4.72 .11.8
200 6.35 15.1

Rate equations calculated:-

(1) 1015°C (% B,05) = 0.444 1050

(20 1160°C (% B,05 = 104 101

(3.6) Activation Energy of Pyrohydrolysis fro;n Liquid Boric Oxide.

The activation energy of removal of boric oxide by pyrohydrolysis from liquid boric oxide was
determined to establish whether or not there is a significant energy'b:;rrier for the heterogeneous reaction {1):-

B,04 (1 + H,0 g = 2HBO, (@) e (1)

Approximately 0.5 g. of boric oxide was weighéd out each time into two similar.mullite boats of
cross-sectional area 4.1 £ 0.1 cm.2 The powder was then melted at 500°C prior to beginning the pyrohy-drolysis
experiments, The results obtained using two pyrohydrolysis temperatures are presented in graphical form on a
log-log scale in Figure 26. 7

The rate equations calculated from the curvesobtained are equal to:-
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{1 At 760°C.
(% By03) = 0.77 1t
{2) At 860°C
(%B,03) = 066t
The rate of éxtramion is therefore a linear function of the pyrohy@rolysis time (t mins.),as  would be expected

for a surface reaction (1) where the surface area does not change with reaction time.

By03 (114 H;0l9) o 5480, tg) e (1)

The activation energy for the extraction process was calculated using the two rate constants given
above, and found to equal to-3 6 kcal/mole. This surprising negative value would mean, if real, that the rate of
extraction is slower the higher the reaction temperature. I

This negative value can possibly be accounted for by the change with temperature of ane or more of the
transport properties of water vapour. One of the transport properties most likely to nffe’ct the heterogeneous

surface reaction is viscosity. The temperature coefficient of viscosity for most gases has been found to obey

Sutherlands equation {218), A derived form of this equation is given below:- '
M, /f, = TR X cgz) ............ ()

Where C is Sutherlands constant andrn and T the viscosity and temperature (°K) respectively. The value of C

for water vapour |s 650(218) Using equation (1) and this value for C the differential increase in viscosity ("J1 /"32.
between the tv:o>p‘yrohydrolysus temperatures was found to be equal to 1.09, Ifitis assumed that the thickness of
the boundary layer at the reaction surface mcreases linearly with viscosity and that the rate of volatilisation is
partially controlled by this boundary layer the’n-the rate constant at 860°C must be increased by the factor of 1 .09.

The new.rate constant at 860°C is now equal to 0.70 instead of 0.66.

The activation energy for the volatilisation process using this new_ i value for the rate constant at

8607C was found to have increased to +1.32 keal/mole. There is no direct evidence that the increase in viscosity

LS

with temperature has any,eﬂect on the volatilisation process, however, these calculationsdo at least produce a
value for the activation energy which is more realistic in that it is closer to zero or a small positive value;
The extraction of bom: oxlda from the borosilicate systems studied have activation enargles much greater
than that for the pril_"_nary heterogeneous reaction (1). The extraction of boric oxide from such :systems is therefore
8203 (” + Hzo (9’ = 2HB°2 (g) sneranana (1’

not controlled by the actual"re-action between the oxide and water vapour but by some other probably diffusional

_process.

(3.7} Effect of Particle Size.

To investigate the extraction process in greater detail the effect of particle size on the rate of
extraction was investigated In this series of experiments two different temperatures were used for the prior heat
treatment.

(3.7.1) _Prior heating for 1 hour at 1070°C.
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In this set of experiments three ranges of granule size of schorl (8/1) were used, these being (3/16' -8)
mesh, (12-16) mesh and (18-25) mesh respectively. A known weight of schorl {8/1) granules was each time care-
fully sprinklied on to the surface of a Ni/Cr alloy boat as described in section 3.2.2, prior to being heated at 1070°C
for 1 hour. The results of the three pyrohydrolysis experiments carried out at 1000°C are given in tabulated
form in Table 48. The calculated rate equation for‘each of the three samples used is also included in this table.

TABLE 48
Effect of Particle Size on the Rate of Extraction of Boric Oxide
from Schorl which had been heated for 1 hour at 1070°C before

beginning the Pyrohydrolysis Experiments.

¢

Schor! (8/1) granules heated 1 hr. at 1070°C.

Pyrohydrolysis experiments carried out at 1000 = 5°C. ' .
Pyrohydrolysis (3/16 - Dmesh (12-18) mesh '(18-25) mesh
time (minutes). i ngeri\?::e"er :'.‘:‘.213.3(‘):l :?‘r:‘ete[ mﬂa '?2?%22?’.’
Percentage boric oxide gxtracted.
10 ©o 3.2 - 3.89 4.25
20 ' 4.60 578 5.90
a5 ' 7.01 " g.69 g 9.00
60 _ 8.10 19,98 e 101,
100 103 128 138
180 13.6 16.8 17.4
300 17.1 21.2 ’ 216
Weight of . ' i '
sample. 0.9164. 0.830g. & 0.844 g.
":Fiate flow
water. 1.99 g/min. 2,03 g/min. 1.98 g/min.
Rate Equations:-
(r (3/16 - 5) mesh (% By04} = 1.04 (050
(2) (12-18) mesh %B,05 = 1271050
(3) (18.25) mosh (%B,05 = 135:0:%0 .

Ratio of surface areas per unit weight:-

.';:1 /4.02 1/1.20 1/0.725

o 1 1.66: 5.58
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Although the ratioi. between the geometrical surface areas per unit weight is equal to 1.00: 1.66:
5.58, the ratio in the rate constants is anly 1:1.22:1.30. |t would appear from these results that the rate of
extraction is almost independent of the size of the schorl. The probable explanation for this apparent independence
is given in the section 3.7.3.

(3.7.2) Prior heating for 10 minutes at 1350°C.

In this set of experiments (3/16 - 5) mesh, (5 - 8) mesh and (12 -16) mesh granules of schorl {8/1) were
used. A known weight of sample was each time carefully sprinkted onto the surface of a.Ni/Cr alloy boat as described
in section 3.2.2 and then heated for 10 m-inutes at 1350°C.t0 complete the sintering p:tocess. The results obtained
using a pyrohydrolysis temperature of 1100°C.are given in tabulated form in Table 49. The calculated rate equation

for - each of the three samples used is also included in this table.

TABLE 49
Effect of Particle Size on the Rate of Extraction of Boric Oxide from
Schorl which had been heated for 10 minutes at 1350°C before beginning

e the Pyrohydrolysis Experiments.

Schorl granules heated for 10 mins at 1350°C.

’ Pyrohydrolysis experiments carried out at 1100 = 5°C.

Pyrohydrolysis Percentage boric oxide extracted
time
. {minutes). (3/16 - 5) mesh (5 - 8) mesh {12 - 16) mesh
10 160 | 3.20 ) 5.31
20 2.32 458 7.50
"~ 45 KX 3 7.00 114
a0 5.08 9.80 16.4
150 6.40 12.7 215
250 8.36 16.2 27.0
Wt. of sample 2.001g. 1.1068 g. 0578 9.
Rate of flow
water (g/min.) 0.66 0.89 0.40
Mean diameter ' . .
of granules (mm?. 4.02 . 270 1.20
Rate equations:- Ratio of rate constants:-
(1) 316-5mesh  %B,05 = 05271930 1194311
(2} 5 - 8 mesh . %By03 = 1.02 ‘0’.50 " Ratio of surface areas per unit mass:-
3) 12 - 16 mesh %8203 . 1..69 t0.50 1/4.02:1/2.70:11.20 L i -
=21:2.25:335 0 meenn eeed
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The ratio of the surface areas of the three sets of granules used is equa! to 1:2.25:3.35, whilst the ratio
of the rate_ constants is 1:1.94:3.11. The rate of extraction is therefore to within éxperimental error directly
proportional to the effective surface area of the schorl granules. This result is in agreement with the suggestion
that the diffusion of reactive species to the contracting boron containing surface is the rate controlling step, see

“section 3.3

The experimental ratio."; are slightly lower than that theoretically expected by the relative increase

in surface area. This could be due tc; a small portion of the granule sintering to the alloy boat. The towering of
" the effective surface area would become of greater relative importance as the granule size decreases; thereby
teading to the slightly lower ratio.. found experimentally.

(3.7.3) Conclusions,

The apparent discrepanc_ylh'g}‘ﬁeen the results obtained using granules of schorl (8/1) that had been
reated for 1 hour at 10700C with those obtained using granules that had been heated for 10 minutes at 1350°C‘
can probably be explained as follows, . -

The granules of schorl {8/1} used although of differing geometric size are actually composed of
small crystals of schotl which adhere together forming the massive tourmaline rock from which the samples
were oblained, ' -

If the prior ﬁeating and pyrohydrolysis temperatures are low only slight sintering of these, now decompased
“crystals” withi_n‘,twhe granules may occur. Such granules would therefore be expected to be quite porous and the
rate of extrac!ionyvou‘Id then be controlled by the actual size of these “‘crystals’” and not by the external
geometrical surface hve;'. . ¢

This could be the possible explanation of the approximate independence in the rate of extraction with
granute size from the material that had been heated for 1 hour at 1070°C, see Table 48. At this temperature only
slight sintering of the decomposed “crystals” making up the granules has occurred, the effective surface area would
then be similar leading to approximately the same rate of extraction whatever granule size 'is used until this is
smaller than the “‘crystals’” which make up the compositt_a g_ranules.

This explanation is in agreement with the approximate Tammg:i: terﬁﬁ;e'ra_tﬁre for schort (8/1) of
1140 + 50°C, see Appendix 1. Below this temperature'the rate of sintering of the schorl granules woutd be
extremely slow. This explanation is also consistent with the higher temperature experiments where complete
sintering of the granules has occurred leading to the rate of extraction being directly proportional to the surface
area of the granules.

The size of the ” crystals” present in the compaosite granules can be calculated since the rate of
extraction from sintered granules of know}.\ éurface aréa has been determined, see Table 49, The rate equation
obtained using the {3/16 -5} mesh sintered granufes was used as this was thought the most accurate since only a
small proportion of the tota surface area was rendered ineffective due to sintering of the granules to the alloy hoat.

The rate equation was determined at a reaction temperature of 1100°C, the rate at 1000 C can, howevaer,
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be calculated by using the activation energy of B5 kcal/mole for the extraction process in combination with the
Arrhenius equation (1):-

log ky -logky = EQ -1 ... {1

R (T, Ty)

At 1100°C the rate equation was found to be equal to:-

(%B,05) = 0537190 (Table 29)

The derived rate equation for a reaction température of 1000°C was found to bé equal to:-. .-~
(% B,05) - = 0.0470-50 7 |

The rate equation obtained at 1000?;'(_:jdsing {18-25) mesh granules of schorl which been heated for
1 hour at 1070°C wasfound to be equal:- '

%8,05) = 1.081%50 (Table 48)

The two rate constants for a rgéction temperature of 1000°C were then compared to determine the

approximate size of the “’crystals” present within the schorl granules:-

Surface area per unit mass (2) = Rateconstant (2) ... (2)
Surface area per unit mass (1)} Rate constant {1)
Diameter {1} = 0.047
Diameter (2} 1.04
d] = 0.047
; 4.02 1.04
d; ‘= <018mm.

The “Erystals” within the granules are therefore approximately 0.18 mm. in diameter. This result is in
agreement with the visual obsarvation that the massive schorl (8/1} rock was mainly made yp of, crystals less than
0.5 mm. in diameter. -

.

{3.8)  Effect of rate of flow water. -

The effect of tha rate of flow of water vapour on the extraction process was studied using flow rates
varying from 1.13 g/min. to 508 g/min. In each of th; experiments the same weight of (3/16-5 ) mesh schorl
granules were carefully sprinkled over the surface of the Ni/Cr boat. The granules were then heated for 1 hour
at 1010°C before beginning the pyrohydrolysis experiments. The results obtained using three different flow rates
are presented in tabulated form in Table 5_0.

The rate of extraction of boric oxide is thereforé independent of tﬁe mass rate of flow of water vapour
over 1he'sample.f - -

This is not surprising in view .of the fact that the most concentrated solution obtained was only 0.428
mg. 8203 per 1 ml_. of water. Within the experimental conditions used the basic heterogeneous reaction (1)
is pseudo first order. The rate of reaction is thergfore'si'mply related to the concentration of boric oxide.

B,05() + H,0lg) = 2HBO (@) o (1)

The equilibrium concentration of metaboric acid (HBOZ) which could be obtained from this reaction at
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1000°C was calculated from the thermodynamic data obtained by Meschi et. al. (130), see Table 11.
TABLE 50

Effect of Mass Rate of flow of Water Vapour on Extraction of Boric Oxide.

(3/16 - 5 ) mesh Schorl {8/1) heated for 1 hr. at 1010°C. -
Wt. of sample used 1.643 g. in each experiment. '

Temperature used 1000 + 50¢C.

Percentage of Boric Oxide extracted.

Pyrohydrolysis Rate flow Rate flow Raia flov_v mg. of
time H,0 H,0 - H,0 8,0,
{minutes). - 1.13 g/min. 2.05 g/min.  5.08 g/min. extracted.
10 . 2.81 2.46 2.60 4.28

30 527 5.14 . 5.39 7.48

60 | .1.26 7.62 7.65 110

30 8.62 ‘ 9.56 9.49 - 136

180 TP 137 13.0 17.8

7

At 1000°C the equilibrium constant (Kpl was found to be equal to 1.86 x 10'3 for ;ha heterogeneous
reaction {1). The equilibrium constant (Kc) in tarms of molar concentration is related to the prassure equilibrium
% By03 (1) + % H,0(g) = HBOZ(g) e, {1
constant (Kp) by the equation (2), see referen;:e (219), where A n is the number of moles of products less that
of reactants in the stoichiometric equation for the reaction. In the heterogeneous reaction being considered
the vapour pressure of liquid boric oxide is extremely small end has therefore baen neglected in the determination .

of the equilibrium constant (Kp). The change in the number of:-moles( an) can, therefore be taken as baing equl_.

Ko = Ky e 2)
(RT) & "
K, = P(HBQ3 = 186x 103 (ref. 130)
PIH,0) #
10 %. ' cu s LAl oF e T Ll oL -

The equilibrium constant in terms of molar concentrations is therefore:-

K, = 1.86x103
(RT)*

In the experiments described in this thesis the water vapour pressure used was one atmosphere, the
molar concentration is therefore equal to {1/RT) moles per litre. The concentration of metaboric acid is therefore
equal to:-

= Y
n(HBO,} = K . x {n(H50))
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= 186 X 10'3 x 1 moles per litre.
(RTY% (RT)%

Thf_,- maximum boric acid concentration at 1000°C is therefore:-

*1.86 x 10°3 x (1/RT) moles HBO,, per (1/RT) moles H,0.

This molar concentration is equal to a weight concentration of 0.45 g. of HBOZ per 100 g. H20.

By using the data obtained by Meschi et. al. {130) for a reaction temperature of 1200‘.’C the weight
concentiation theoretically possible was found to have increased t0 7.3 g. HBO, per 100 g. H,0. The actual
equilib;ium concentration of boron containing species in the vapour phase is slightly higher than the above value
because the following reactions were found to begin to become me.asurable : at temperatures above about 1 100°C.

‘/18203 gy + % HZO {g) = H802 {g}

328,05 (1) + 3/2H,0 (g} = (HBO,lg (8]

The solubility of boric acid at 20°C is equal to 4.88 g. per 100 g. H,0 (86), therefore these equili-
brsum calculations indicate that at reaction temperatures close 10 1200°C it is theoretically possible to obtain a
saturated solution of boric acid, if the volatilised "boric oxide’ is condensed to room temperature. However, in
view of the gilute solutions obtained expetrimentally, due to the slow rate of extraction, a recycling process would
probably have 10 be evolved before an efficient extraction process could be achieved.

(3.9)  Effect of Adding Uranium Oxide {U;0g).

The addition of certain compounds to powdered borosilicate glasses has been found to accelerate
the extraction of boric oxide, For example, Williams et. al. {121) have found that the addition of uranium oxide
(U308) accelerated the rate _of volatitisation of boric oxide from silicate glasses, see Chapter 5.2.1: It was there-
fore thought possible that the addition of this oxide to powdered schorl (8/1} may similarly accelorated the
extraction process. -

The effect of addition was investigated by comparing the rates of extra_ction of boric oxide from powdered
schorl [B/1) and a powd;ered schorl (8/1) - uranium oxide mixture,

in the control exper_fment a known weight _?f less than 300 mesh schorl {8/1) was poured into a
mullite boat and then heated for 1 hour at 1200°C priof to beginning "t‘!ié:pyrohydrolysis experiment,

To study the effect of adding uranium oxide a mixture of this oxide and < 300 mesh schorl {8/1)
powder was made up in the weight ratio. of 1 to 2. This mixture was poured into a mullite boat having the same
dimensions as the one used in the control exfferiment. This mixture was then heated for 1 hour at 1200°C. to
complete any possible reaction between the i;mgvs__olfds prior to beginning the byrohydlolysis experiment.

The results obtained are presg_me'd i-n tﬁbulated form in Table'51 and in graphical form on a log-tog .
scale in Figure 27. The Mo rate equations calé;lﬁéted from the two log-log curves were found to be equal to:-

(h  Schorl (8/1) |

(%8,05) = 097950 .. ")

(2) Schorl (8/1) - U30g mixture.

(%B8,05) = 051090 (D)
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The addition of uranium oxide apparently reduces the rate of extrection of boric oxide , howaver, this
may not be necassarily true, becaus;a there could be a difference in the effective surface area of schorl axposed to
the water vapour in controt experiment as compared to that in the mixture experiment. No realistic catculation
of lhls dlfference could be undertaken because the size dlstnbutlon of the uranium oxide and the schorl granules

were unknown. However, even without such calculations thesa experiments clearly indicate that the addition
of uranium oxide does not significantly increase the rate of extraction of boric oxide from schorl.

TABLE 51

Effect of Adding Uranium Oxide on the Rate of Extraction of

Boric Oxide from Decomposed Schorl.

Samples heated for 1 hour at 1200°C prior to pyrohydrolysis experiments.
Pyrohydrolysis temperaturé 1025 + 500. '
Weight of schorl used in each experiment 1.500g. -
Rate of flow water 1,26 + 0.02 g/min. T
Pyrohydrolysis . Percentage B5O4 » Percentage’ 8.203
time (mins.’. ) . i extracted from extracted from
schorl. ‘ {schorl + U308D.
10 - 279 1.58
a0 | N 6.38 3.24
60 7.93 394
90 - - 9.50 ' ‘ 4.68
- '.120 105 " 537
240 , 148 - 7.86

{(3.10) Probable Mechanism of Heterogeneous Surface Reaction and General Discussion of -

Pyrohydrolysis Experimants.

The most import_ant quantitative kinati:q.:r-esults obtained in the present in'yettigation on the pyro-
hydrolysis of bonc oxlde are:- ) z .
' (1} The activation energy for tha pyrohydrolym of bonc oxide from decomposed schorl was
found to be equal to 85 = 8 kcal/mole: -
(2) Tne activation an.erjy for the pyronjdrolysis of boric oxide from decompqwd dravite was
found to be equal to 22 + 1 kcal/mole.
{3) The activation energy for the pyrohydrolysis of boric oxidé from__“pyrex _’glass was found to
- be equal to 22 + 1 kcal/mole. o
(&) The activation energy for the pyrohydrolysis of boric oxide from Ilqmd bortc ‘oxide was found

to be very small, probably less than 1 kcal/mote.
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The basic rate of extraction of boric oxide from decomposed tourmaline was found to obey a parabolic

rate equation (1). This type of time dependent process has been found to be followed by a number of
' (8,09 = k00 . (1)
heterogeneous reactions in which diffusion is the rate controlling process, see Chapter 7.

The activation energy of extraction of boric oxide from schorl was found tobe 85+ 8 keal/mole,
whilst the heat of vapourisation of boric oxide was found by Hildenbrand et. al. (77) to be equal t0 93 kcal/mole.
The similarity of these values would seem to indicate that the extraction process may be controlled by the
volatilisation of boric 6xide from the interior of the granules to the gas phase leading to the homogeneous gas
reaction (2). However, this type of volatilisation mechanism was not thought to be the basic rate controlling

B,O4(9) + H,0lg) = 2HBO,{gl .o (2)
process, because if the extraction process was controlled by such a mechanism the rate of removal of boric oxide
would obey a linear equation, instead of the parabolic type function (1) obtained experimentally, hecause the
number of molecules in the gas phase at any time would then be directly proportional to the vapour pressure of
boric oxide at that reaction temperature.

The only difference between composition of decomposed schor! and decomposed dravite is the
presence of iron in schorl. Therefore the increased value for the activation energy of pyrohydrolysis of boric
oxide from deoompose-d schorl must be due to the presence of iron oxide in the amorphous phase of the decomposed
mineral.

The similarity between the activation energy of extraction from “pyrex” and dravite would indicate
that the Mgz+ ions present in the decomposed mineral does not affect the basic structure of the amorphous silica
lattice.

The difference between the effect of F92+ and Mg2+ ions on the silica lattice in decomposed schorl
and dravite res'pectiveIQ may be associated with the large difference in the melting points of the two oxides. The
maelting points of which are given below together with their respective Tamman temperatures (half the melting

point in degrees absolute). Above this temperature it has been found that rapid migration of ions through solids can

i Melting Point (220) Tamman Temperature {221)
MgO 2800%C 1270°C
FeO 1420°C 580°C

take place, see Appendix 1.
The temperatures used for the heat treatment of the samples piior to beginning the pyrohydrolysis

experiments wera all either below or close to the Tamman temperature for MgO, but at least 700°C higher than
2+

[}

the Tamman temperature for F;C). Therefore considerable diffusion of Fe“” ions could occur during the heat
treatment time, leading to extensive incorporation of Fe2+ ions into the silicate lattice. However, when MgO is
considered only slight diffusion of Mgz+ ions would occur during the heat treatment time. The positions of these

ions are possibly controlled by the limitations imposed by the crystallographic structure of dravite in relation to the

microscopi¢ mechanism by which the lattice breaks down.
-107-



The structure of the amorphous matrix in decomposed schorl is thereﬁre p;pbab'lv close to that of
an "iron silicate’", whilst that in decomposed dravite is probably similar to s:ﬂi with the_Mg2+ ions filling the
vacancies in the lattice (222).

The exact naturé of the boron containing reaction surface is not known with certainty, but it
probabiy has a structure close to one of the following proposed models:-

n The reaction surface could be basically homogeneous in hature containing borate, Na+,

. .
M92+ or Fe2+ {not present in pyrex) ions bonded to an amorphous silicate lattice, forming a continuous but
irregular network. This type of model is similar to that proposed by 2achariasen (132} for the structure of glass.
The structure of this mode! would be the sameas that drawn in Chapter 16.3 for the acid leaching of a non:'ph_ase

separated amorphous system. The basic'two dimensional structure of the amorﬁhous phase in decomposed schorl

would, on this model, be similar to that drawn below:-

- Si - 0 - fFe — 0 - B - 0 "~ Si - o - B - O —Fe

O'Na* 0 0
I i
— Fe — Si —
. , |
{2) - The reaction surface could be built up of two phases, the main one being a silica-metal

oxide ambrphous matrix in which micro-regions of a “sodium borate’ phase are embedded. A model o';f this type
was proposed eatlier in this t-hesis to account for the varial:;ility in the rate of acid extraction of boric oxide with
schorl decomposition temperature, ses Chapter 16.1.1.1.1, This type of structural model was firn.proposed by
Lebedev (131) and expanded upon Hy later investigators, see Chapter 6. The structure of the boron rich phase

separated regions has been discussed in some detail in Chapter 16.3. The proposed structure of this boron rich

micro-phase in decomposed schorl is shown below:-

|
-8 - O-fe.O - 8 - 0O - B - 0 - B - o'Nat
{ : [/, / /
O'Na OH OH

The removal of boric oxide from the amorphous phase in decomposed schorl wdu_ld probably involve
the same two elementary steps which-;ve't- of the two structures is correct. These two steps are:-

1 Diffusion of water vapour through amorphous.phasg to boron containing reactian surface.

(2) Heterogeneous sur;aCe reaction involving a {B—0) bond breaking step.

The {(B—0) bond breaking st?b can be envisaged to proceed via the following elementary stops in the

case of the removal of boric oxide from liquid boric oxide:-

(1 Initial formation of hydrogen bond between boric oxide and water molecules.
(2} Formation of four-centred transition complex.
{3) Bond breaking step proceeding via rearrangement of bonds in complex.
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(4) formation of products.

These elementary steps leading to the formation of gaseous metaboric acid (HBOZ) are shown schematically below:-

H H
T~0—H H—O0~"

-8 -0-B-0-B -
| | !

0:--+H
- 0
— B ~
! H
H H
~ yd
—_— H (0]
i\ s
—exlo oY i
i | |
— B-'%.0
| ™~

3(—?—0H) + HO— B —OH

OH

¢

HBO, lg) + H,0 (g)

The activation energy for the removal of boric oxide from liquid boric oxide by pyrohydrolysis was found to be
very small. However, the activation energies for the pyrohydrolysis of boric oxi'de from the borosilicate systems
investigated are all greater than 20 kcal/mole. Therefore the main heterogeneous (B—b) bond breaking process
that must occur at the reaction surface before boric oxide ean be extracted from such sysiems does not appear 10
be the rate contralling step.

Thus even for a cormp'!et_ely homc_)geneous boron containing lattice the.basic bond breaking process will
atmost certainly be of the same type as that described for the extraction of boric oxide from liquid boric oxide.
A structure for this type of lattice in decomposed sc;horl was proposed earlier in this section, when the Zachariasen
{132) concept of the structure of glass was utilised. The extraction of boric oxide from this fully bonded boron’
co_ntaining surface can be envisaged to proceed as follows:- '

iy

j N
~Si—- 0 -Fe-0-B-0-S8-0-8-0- Fe—

| / ] |
O'Na* o} 0.

| |
\ ~Fe —Si—



- Fe

Zw— O —Gi—

—D

I

I
o

\ 5+
o—x ®
A
. ) 1+

ImJI\ﬁolml
I =
o - o
- O

llﬁllc

H,0

HBO, {g)
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The extraction of boric oxide from this fully bonded borosilicate system therefore proceeds via the
same type of bond breaking process as occurs in the extraction of boric oxide from liquid boric oxide. The
activation energies found for extraction process from the borosilicate systems studied are considerably greater
than for the extraction of boric oxide from liquid boric oxide. Therefore the rate controlling step for the pyro-
hydrolysis of boric oxide from the borosilicate systems investigated is not the heterogeneous surface reaction, but
most probably the diffusion of water vapour through the amorphous matrix to the boron containing surface.

The difference in the activation energy for the pyrohydrolysis of boric oxide from decomposed schorl,
compared to that for the pyrohydiolysis of boric oxide from either decomposed dravite or “pyrex” glass, must
therefore be due to the iron oxide in the amorphous phase affecting in some way the energy barrier of tha diffusion
process.

The relatively low Tamman temperature for iron oxide of 580°C indicated that extensive incorporation
of Fe2+ ions into the amorphous silica lattice would probably accur during the preheat treatmerﬁ of the schorl|
samples. This process would probably alter considerably the properties of the amorphous silica phase in decomposed
schorl compared to that in decomposed diavite or "hyrex" glass. This change apparently manifests itself in the .
increase in the activation energy for the diffusion of water vapour through the amorphous lattice.

Mos! of the ex'perimental evidence obtained in recent studies on the structure of complex glasses
(135-138) and the more indirect results obtained by acid leaching of decomposed schorl, support t]w view that
thermally treated borosilicate systems contain boron rich phase separated micro-regions. The extraction of boric
oxid‘zhy pyronydrolysis from such phase sepasated regions, having the same structure as the one proposed in
Chapter 16.3, would probably proceed by a similar type of {B—0) bond breaking process as was described in the

case of the extraction of boric oxide from liquid boric oxide:-

O'Na* OH OH
L. o \ C
-8 —-—0—Ffe.0-B-0-B-0-B—-0Ns
i .
H—O
\
$ H
OH OH
' |
WB—O—BQO-NB.'.
:‘/}r
H"\L

I -
- § _0O0-Fe...0O —B—0—B—OH + HO — B — ONa'

! i, ! i .
O'Na ’?‘ou OH %

# H,0 * H,0
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—si
|

. l produces

HO - B — OH + NaOH

OH
g
HBO, (@) + M0 .ive()
+produces
- 0-Fe....0 —B ~0OH + HO — B -OH
C’)'Na+ CIJH
H,0 é
HBO, (g) + Hy0 ..cocow (2)

producas
cf. reaction {1)

The process by which the extraction of boric oxide proceeds can therefore probably be broken into

the following elementary steps:-

(1) Diffusion of water vapour to granules surface.
(2) Adsorption of water vapour on surface.
(3) Diffusion of water vapour through the silica-metal oxide amorphous matrix to the boron

containing reaction surface.

(4) Heterogeneous surface reaction between water vapour and the boron rich reaction surface.
(5) Dii;fusion of mataboric acid (HBOzl gas through amorphous matrix to surface.
" (6) Desorption of metaboric acid.
7)) Diffusion of metaboric acid away from surface.
8) ;.Condensation of metaboric acid in the streal;n of water vapour leading to formation of

dilute solution of orthoboric acid:-  H,0 + HBO, = H3BO4.

(3.11) Calculation of General Rate Equation.

An approximate oversll rate equation can be derived by combining the activation energy found for the

extraction process with the pyrohydrolysis results listed in Table 49 using 17 lumps of (3/16 - 5 ) mesh Vsintered™”

schorl: The rate equation calculated from the results obtained using (3/16 - 5) mesh granules and a pyrohydrolysis

temperature of 1 100°C was fpund to be equal to:-

(%B8,05) = 0535 ... (1
The generalised rate equation for granules of any size can be deduced as follows:-
The weight (W} of n spherical granules of radius {r) and density (d) equals:-
w = 4/3 w3 nd.
The total surface area (S) of n such granules is equal to:-
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[7,]

n
F-9
3
-

~N
b

n
SooS, = 4 _cdwaw
a3 d
S.S, = 3w
rd

The surface area per unit weight (S ;) is therefore equal to:-

S = 3.

rd
The mean radius of the {3/16 - 5) mesh schorl granules is equat to 0.203 cm.
The rate equation (1) can therefore be reduced to the rate of extraction of boric oxide from a surface
of unit area by dividing by So as follows:-

(% B,O4) /unitarea: = 05340:50

S0

=053x0203d 1950 i (3)
3

Since the rate of extraction has been found to be proportional to the surfaca area of the schorl granules,
see section 3.7, this equation {3) can be used to calculate the rate of extraction of boric oxide from schorl granules
of any radius by multiplying by So:-

0.50

I

(%B,04} = 053x0.203xd 3t

3 rd

0.11 1050

o —

r

.. 1% By0g)

This equation can be generalised to calculate the rate of extraction of boric oxide from schorl at any
temperature by combining this equation with the activation energy for the pyrohydrolysis reaction as follows:-

(% By05) = 0.11t%9 exp [((85000 + 8000)/2)(1/1373 — 1/TN /r

Whera r is the mean radius of granules used.

T is the pyrohydrolysis temperature (degrees absolute).

The percentages of boric oxide extracted from schorl granules of various sizes at pyrohydrolysis
temperatures of 1100 and 1200°C are listed in Table 52.

Because of theltemperatures and sample sizes used.in the systematic pyrohydrolysis studies the maximum
percentage to which the process could be followed was approximétely 50 per cent, therefore no restriction was
put on the percentage boric oxide extractable in the generat rate equation given above. The maximum percentage
of boric oxide easily extractable by acid leaching was found to be about 50 - 70 per cent, see Chapter 16. The
sqbsequent fall off in the rate was thought to be due to the depletion of the boric q:(fda present in the amorphous

phase. A similarfall offin the rate of extraction using the pyrohydrolysis technigue will therefore almost certainly
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occur once the boric oxide present in the amorphous phase is removed.

TABLE 52
Theoretical Calculation of Percentage of Boric Oxide Extracted as a

Function of Particle Size, Time and Pyrohydrolysis Temperature.

Schorl granules Temperature 1100°C Temperature 1200°C
Reaction time (mins). Reaction time (mins).

Mesh Radius 1 10 0.1 1
Size. {em). % B,O04 % B,04 % B,y04 % By0,
5 0.168 0.67 2.1 1.8 1.8
16 0.050 2.2 7.0 5.7 18
52 0.015 75 24 20 62
100 0.0075 15 47 40 125

The results listed in Table 52 are therefore probably only valid up to approximately 50 - 70 per cent

boric oxide extracted. However, they do show that for the process to be reasonably efficient very small granutes

are required combined with a reaction temperature ot at least 1100°C. In this temperature range sintering of the

powder would occur especially if a large quantity was used. One technique that could possibly overcome this

tendency is Fluidisation (223, 224). Assuming that it is possible to fluidise powdered schorl at temperatures close

to 1100°C, this method, in conjunction with a recycling technique to increase the total reaction time would

seem to be the most fruitful large scale approach to evolving an efficient extraction process.
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CHAPTER 18

Suggestions for Further Work.

{1) - Basic Chemistry.

The structure of the amorphous phase (s} present in__gscomposed tourmaline could be elucidated by
the use of such techniques.as low angle X-ray diffraction (225, féG),{infra-red spectroscopy (133) and electron
microscopy {134), although this would be extremely difficult in vievy of the complexity of the system. Sensitive
Differential Thermal Analysis equipment may also be of use in detacting the minute variations in the structure of
the amorphous phase, that were postulated to occur as the tamperature.at which the mineral was decomposed is
raised.

The decomposition process could be investigated in greater detail by the use of a high temperature
X-ray camara. l-\_ny changes in the cell dimensions of the mineral with thermal treatment could then be easily
determined, and a detailed investigation into the decomposition process _eo.uld also be dndartak_en.

A more accurate determination of the Fell dimensions of the boron containing mullite microcrystals

- would be desirable. These parammeriﬁuld then be eompared with the accurate cell dimensions of boron con-
taining mullites of know composition. The comﬁositions of these microcrystals and the variation with decompo-
sition temperature could then be determined precisaly. |f the accurate relative intensities of the reflactions from
these boron'comai'lii'ﬁ'g mullité microcrystals were compared with those obtained from mullite (3A1,03.25i0,)
itself, it may be possible using a Fourier.summation (226) to determine the lattice positions occupied by the
boron atoms.

Further acid and alknli e.xtraction investigations would be useful in determining the rate of sodium
and aluminium extraction by acid and silicon by alkali as none of these elements were studied in the presant
investigation, A:;tudy of the effact of the'rate of cooling the thermally treated schorl on the rate of acid extrac-
tion of boric ox_ide and iron oxide hay be useful in correlating the results obtained in the presant investigation
on the acid leaching of decomposed schorl with those obtained by Matsaberidze et. al. (25).

(2) Industrial Chemistry.

An investigation-into the possibility of fluidising powdered tourmaline in an air-water vapour mixture
in the temperature range abo;fe 1600°C would seem worthwhile. However, the probable temperature at which
the rate of sintering begins to increase rapidly is approximately 1100°C, see Appendix 1. 1t would therefore
seem unlikely that the powder could be fluidised unless each grenule is coated by a thin layer of a porous high
malting material such ss alumina. This could ba undertaken by washing the powder in a dilute aluminium chloride
solution followed by a roasting at 1000°C. If this technique was successful a further investigation from o large

scale industrial point of view may be useful.
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APPENDICES



_Appendix 1.

Sintering,
. The introductory discussion of sintering which follows has bean mainly taken from books by Budnikov
and Gins}iing (227) and Gregg (228).

' The adhesion of particles of a solid to form aggregates at elevated temperatures is known as sintering.
The term is a broad one and difficult to define exactly, but it always involves a reduction in the specific surfacs
of the solid and a shrinkage in the overall dimensions of the compact, brought about by heating to temperatures
below the melting point of the sofid- Surface energy considerations alone show that small particles of solid will
atways have some tendency to agglomerate into larger units. .

The mechanism of sintering has been considered from two basic points of view. Tha first considers
the process on a macroscopic scale by relating the rate of sintering to the viscosity or plasticity of the solid {227,
228). The second approach considers the procass on a microscopic scale by relating the rate of sintering to the
surface and volume ditfusion of ions in the solid(227).

3 It has been found axperime':rit:ailql.y that the rate of sintering of many powdered metals, oxides and
nit;.ides, etc (228) increases rapidly within a narrow range of temperatures close to 0.5 T (TmoK is the melting.
point of the solid). This temperature is often known as the Tamman temperature {228). Howaever, in the case
of certain silicates this rapid increase in the rate of sintering does not occur until a temperature close to 0.9 Tm ok
is reached (227). .

Using high temperature Differential Thermal Analysis the melting point of schorl {8/1) has been found

to‘pe close to 1300 + 50°C (229). The rate of sintering of this silicate would therefore be expected to increase

. .é’ﬁiuly at temperatures close to 1140 + 50°C (0.9 Tm°Kl.



