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ABSTRACT

In this Qork; two main areas of silicate chemistry have been
considered and theée‘ére'"Fundamental studies of the sodium'metasilicéte
'hydrates and their solutions” (PART I) é&d 5The>u$e of sodium meta-
silicate in the synthesis.of zeolite X" (PART II).

In part one, the therﬁal properties of thevhydratesbof sodium
‘metasilicate cpntaining 9, 8, 6 and 5 moles of water per mole of
metasilicate and the thermodynamics governing the solid state equilibria
between them were investigated by vapodr pressure ahd differential -
‘Scaﬁning Caiorimetry (d.s.c.) fechniques fegpectively. In addition,
the solutions of sodium metasilicéte in wafer were inyesfigatedvbyv__
viscosity, densityaﬁdﬁSopiestio vépour pfessure ééchhiqueé and the
results compared with aﬁueous sodiuﬁ carbonate. Part one is concjuded
by a study of sOmé relévant éodium silicate, carbonate and.aiuminate
systems using Foﬁrier Tfansform huﬁlear maghetié resénapce specfroscopy
ohsérving 2933, 13C and 27A1 nuCIei. 

Pért two describeé an investigétion.of the usé of sodium
metasilicate in lafge scale synthesis of zeolite'x; an aluminosilicate
of wide industrial appliéation;' Tﬁis wo?K was prompted by the discovery
cf "active” silicéte, the use cf which greatly facilitates preparafion'
-of essentially pure zeolite X on an industriél scale; Ef%orf in this
area was direcfed towafds identifying the réasdn(s).for "activity” |
of pérticular samples of siiicate, and development of methods for.
preparction of "active” material not prgviously disclosed in the patent

\

literature.
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"INTRODUCTION

0.1 THE SCLUBLE SILICATES

Silicates are compounds which contain a metal or quaternary
ammonium cation with a siliqoh oxide species as anion. When the cation
is an alkali metal or quaternary ammonium ion, the silicates'are often
soluble in water,.unlike insoluble mineral silicates containing heavy
mcfal cations..AThe most common soluble silicatés are thoée of sodium
and potassium which arelexploited'commercially, although large scale
production of thé lithium and quaternary ammonium comﬁounds has recently
become'viable.l The composition of alkali metal silicates can be varied
widely and is commonly expressed as the mo1af rafio of. Silica to. metal
- oxide i.e. Si0,/M20 (= rJ). Combounds Qith rétios greatér than 3.75 are,
Howeyer,‘relatively insoluble. ,The properties ofwé solution of a particular .
soluble siiicate depend on r and on the concentration. Tﬁe metasilicetes
are one.df the most important classes of solqble silicéte, and are defined
by r = 1. Thus, the’empiriCal formula for sodium metasiliqate may be
vexpressed as NaySilOj, although, as will be demonstrated later, this’in no
'Way iﬁpliesﬁthe existence of the 810327 ion. The sodium silicates have
been pfebared commercially for over 1DD years1 by fhe fusion of saﬁd with
sodium cérbonate or with sodium suiphate and carﬁon a? 130000 in large,

open-hearth furnaces, to produce a water-soluble glass.

6.2 PROPERTIES AND APPLICATIONS GF SOLUBLE SILICATES

The sodium silicates have been widely studied over many years and
'-mahy uses have been reported.2'3’”'5 Their main applications are as

detergents, adhesives, and as raw materials in industrial processes.
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Sodium silicates, such as sodium metasilicate form solufions which-
é;é more alkaline than those of sodium éarbonéte,_sodium orthophosphate,
tetraso&ium pyrophosphate and sodium tripolyphosphate although less
alkaline than those of sodium hydroxide.® In addition, the sblutions of
the sodium silicates exhibit a buffer capacity which is more éhan twice
as great as that of most ofﬁer alkalies, particularly the phosphates.
These two properties are the main reasoﬁs why sddiuﬁ silicates are widely
used in detergent and'cleaningAmixtureglalong with phosphates, soéps or
synthetic surfactants, bleaching‘agents and optical brighteners. 1In
additioﬁ to the maintenance éf a stable; high pH, they contfibute to the
overall cleaning action by saponification of animal aﬁd vegetable oils
and fats, deflocculation and suspension of solid dirt particles, and by
~ the removal from‘solution of free C52+ and Mg2+ ions thrcugh fermation
of soluble and iﬁsoluble complexes i.e. "buildingff The presence OF'
silicate in a‘Forﬁulation is-of extra édvantage in poner processing, since
it facilitates preparation of crisp, dry; granules. e

Aqueous solufions of éoluble siiicates.in wﬁich r is greater than
4.5 are generally called waterglasses. The sodium silicate watérglasses
are mostly.tacky, and this adhesive néfﬁre increaseélas fhé water content
is reduced;. These materials are easily dehydrated bﬁt; in contrast,.the'
;ehydration is very much slower. Consequently, solutions of sodium
s%licate, particularly those with a high éiDz/NaZOvratio, are used exten-
siVely as adhesives in the menufacture of materials such as plywood,
corrugated paper, wood-chip btoard and laminated metal foils. Sodium
silicates are also used as bonding agents in many ceramic and refractory
. applications because of heat stability and resistance to‘chemical.deg}ad-
ation. o

An important use of soluble silicatss-is as a raw matefial in the

formation of silica gels and scls and in the synthesis of the crystalline



_aluminqsiiicate materials called zeolites. The addition 6? ény acidic
méterial-to a silicate solutidn fesuits in précipitétion of silica ana,
under appropriate conditions, sols. or gels»may be prepared. The siiica
gels which are widely used as desiccénts ére'prepafed as above, wasned
thoroughly to remove all ionic speciés and oven dried. Zeolites are
materials with pores of specific size and.shépe and, consequently, are
o% great importance as absorbents and catalysts, especially in petro-_'
“chemical appliéatiqns; Many zgolites,_some of which are structurally
related to haturally occurring minerals have been prepared by the hydro-

thermal reaction of silicate and aluminate soluticns.

0.3 SCOPE OF THIS WORK

The work Wthh is descrlbed here divides naturally into two detS
Some fundamental studies of the sodium meta31llcatexhydrates and their
‘solutions are described in part I. The use of sodium metasilicate;in thé
"1qrge scale synthesis of zeolite X,va syntﬁetic anaiogue of fhe'natural
minerai, faujas;te; is discuséed in part II.

Parts Iand II are largély self-contained entities although reference
from oné to the other does occur and is denoted by I or Ii used as a pre-

fix to the section, table or figure number.  For example, table I.2.1

appearing in part II, refers to table 2.1 in part I.



CHAPTER 1

INTRODUCTION

1.1 THE HYDRATES OF SODIUM METASILICATE

There have beern many invesfigations7¥8»9:1°a11 of the system NajO.
Si05.xH,0 and these have shown4tﬁe existence of five crystalline sodium
metasilicates which are the hydrates céntaining 9, 8, 6 and 5 molecules
of water in addition to the anhydrous matérial. - The hydrates are
relatiVely labile'and few studies have been made of their propérties.

ﬁany_of,the/miheral silicates have been investigated by technigues
which inclﬁde.x—ray diffraction, Raman spectroscopy12 ahd analysis of

.trimethylsilyl derivatives.13»1“;15 Their structures are paéed on tetra-
hedral Si0, units which can share two, thrée‘or all ?our corners to form,
for exémple, the fibrous amphiboies or pyroxenes, ;heet—like micas 6r
framework siiicates respectively.}® An example of the last case are the
zeolites, some ofIWhich are discussed in baft I1. -

Anhydrous sodium metasilicate has been showdyto.have_infinité Chains‘

" of silicate units (81032_]n'f as in the amphiboles. The crystal structures
of the'hydrates which contain 8, 6 and 5 water molecules per metasilicate
group have been determined by.X-rayis»l9 and neufroa diffraction?? and
the main conclusion is that all of these hydrates contain discrete silicate

.sbecies in distinct contrast to the.highly polymerised structure of the
anhydrous material. These studies show the‘abseﬁce of Si—D—Si bonding‘and
the detecfion of Si-0 bonds of:different lengths is related to the hydrogen
bonding between silicate species. The diffraction studies suggest thét
the [(HO), Si0,]2 7 species exists in the metasilicate hydrate 'lattice,
particularly'in the nonahydrate, but subsequent studies using wide—band

nuclear magnetic rescnance do not cenfirm this.2! 1In conclusion, it Szems



likely that many'of the hydrogen atoms are partially disordered withir
the latticé. The crystal structure of the octahydrate has only recently
been detérmined22 aﬁd is shown to contain>discrete silicate species
like the other metasilicate hydrates. |

Some thermal and thermodynamic proberties of the hydrated meta-
_silicatés have{been measured orAestimated by McCready and these are
summarised by J G Vai-l.z3 Few other investigations of the hydrates héve

been carried out.2%

1.2 AQUEOUS SOLUTIONS OF SODIUM SILICATES

The identification‘of‘the species which'exist in the aqueous
solutioﬁ of a sodiuﬁ silicéte has been, for many years, é main aim of
 w0rkers in this areé. The difficulties which have been:encountered in
these studies Have arisen mainly because of the undoubtad existence of
én equilibrium distribution of speéies in such systems and because df
the inherent instability of‘many siiicate_;olutions. vThis resu]télinv
the formation of colloidal silicate aggregatés, as has been discﬁssed by
i Naumén and Debye.25 Silicate solutions are also susceptible to contamination
by atmogpheric carbon dioxide, which promotes the formation of colloidel
particles of silica, and is the reaéon wihy most sclutions cof commercial
silicates are cioudy. Filters which are capable of removing these colloidalA
particles have only recently beccme available, and, since a. large number
of those studies which. have been'published used commercial material, it
' seems likely-that hany of the results obtained are not completely applic-
able to the pure system. |

One of the pionéers of what has been termed "silicate science” was.

R W Harman, who investigated several propértiesze‘31 of the solutions

of sodium cilicate, such as‘conductivity%6:27 hydrolysis,28 and deprescion
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of freezing point.2% Harman concluded that hydroly51528 was of great
importance in dilute solution and that aggregatién incfeased with
concentration, especially if materials with r > 2 were used. Light
scattering and viscesity measurements of carefully filtered solutions
were made by Nauman and Debye25 who found no evidence of particles with
molecular weights greater than 400. They concluded that the measured
viscésities'cogld be adeduately explain;d by a éystem which contained
small species with an average size of four silicate units. Somevlater
work32.showed that the turbidity of solutions o% sodium silicate stored
in sealed containers increased very‘slowly over several months,'and.that,
- in many cases, thié was accompanied by a small pH increase. 'Thié effect
was found to be more prevalent with:dilute soiutions.with r > 1.0, and
was attributéd'to a verylslow‘polymerisation‘of‘small’éilicate species.
Conductivity33 and visoosity3“ stuaigs were;carrieé-out by Ukihashi who
concluded that the siiicate species present in agqueous soliution weré
spherical ana not highly ﬁolymerised, in general agréemenf with Nduman
and Debye.25a32 Iler3-5 made cryoscopic measurements wﬁich confirﬁed the
proppsals'of Nauman and DBebye aﬁd subséqhently, in a review,® proposed = - -
that §ilicate solution species coﬁld be considered to be based on a silicon
-étom octahedrally coordinated by six oxygen atems. The use of Raman
spectroscopy,36’37 however, pfoduced eviﬁencé which was inconsistent with
his.pfoposal ana several‘stuaies suggested that the monomeric Silicate
species .was a silicate atom coordinatgd by four oxygens, possibly
((OH), Si0,)2-. Lagerstrtm38 and Ingri3? studied thé equilibria of silicate
ions in snlutions which contained NaCl10, and NaCl respectively. Both '
‘workers coﬁcluded that their resﬁlfs'were consistent with the existence of
the mononuclear speciés Si(OH)y, SiO(OH)3~ and Si0,(0H),2” and a three-
or faur- membered polynuclear species. Both of fhese publications include

extensive reviews of contemporary ideas. Later work by 0'Connor,*0% who



investigated thé reaction rates of polysilicic acids with molykdic
acid, suggested thét the dilution of a silicate solution resulted in a
rapid quilibration of species, indicative of-depolymerigation, anc
that the molecular wéights of the speciés inQolved.were compatible with
those proposed byvNauman énd Debye.25'32 A new approach was used by
Leﬁtzl3 who preparedvthe trimethylsilyl derivatives of silicate solution
. species as well as of mineral silicates. 'The resultant mixtures of
Qerivatives.were'analysed by gas-liquid chrematography and, in the case .
of the solufions of sodium silicate,vvérying amounts of-monoher,:dimer,
trimgr; cyclic tetramer and unidentified polysilicafe were detecfed.
Results showed that the Qield of discrete silicate ions from 1M solutions
- of éodium_silicate décreased with an increase.in r whefeas.the proportion
of pdlysilicéte derivatives increased. Recently, Grant and Masson'l:
measured the viscosities of aqueous solutions?of sodium silicate {(r = 3.4)
‘and‘coﬁclgded that the résults were dombatible with the pfesence of -
silicaté polyions of low average molecular weight as suggested bleaﬁmanA
Aand Debye.25i32, They also reported that the results'obtained_by Lentz!3
had_beenzconfirmed by Sharma (unpublished) and suggested tHat the low
yield§ of monomeric silicate species detected in soluﬁions of lafge r
could be the result of side reactions in the trimethylsilylatibn resction.
"The broad conclusiﬁns deScribed in this introducticn are strongly
suﬁported:by.a recent Raman study of the agueous silicate system carriec
out by.f.:reund.l*2 He observed that the spectrum obtained is independent
of the history of the solufion and interp;ets the resonances in terms of

‘the species Si0,(0H),2  and Si03(0H)3™.

1.3 THE AIM OF THIS WORK

As has been described. csoluticns of sodium silicates énd solid sodium



hetasilicate hydfates are of world wide industrial importance and
have been the objeét of many investigations. However, several aspects
of their chemistry have been iﬁadequately covered.

bne aim of this work is to elucidate the relati&e stabilities
of the varioqs'solid sodium metasilicate phases. ééatures studied
include the heats of fusion, investigatéd by differential scanning
calorimetry (d.s.c.), and the therﬁodynamic pfoperties, deri&ed from
measurement of the equilibrium vapour pressures of hydrate mixtures.

This work is described-in chapters 3 and 4 respéctively.

A second aim of this work is to clarify the true nature of carefully
filtered solutions of purified sodium silicate, comparing them with‘
solutions of sqdiuh carboﬁate, which contain éimple monomeric anions.
Méasurements were made of the viscosity, density and vapour pressure
at 25°C, and fhe results are discussed in chapfer§'5 and 6. In addition,
investigations of the solutions_of<sodium silicate, sodium carbonate
and sodium‘aluminate were made by nuclear-magnetic resonance specfroscopy

using a probe capable of observing the 2931, 13c and 27A1 nucléi, and

this work is described in chapter 7.



CHAPTER 2

PREPARATION AND ANALYSIS OF SODIUM METASILICATE AND ITS
HYDRATES., -

2.1 INTRODUCTION

The preparation of pure, crystalline; samplés of sodium mété-
silicate and the hydrates which-contain 8, 8, 6 and 5 mo}ecules of water
per metasilicate group has been considered in several publications.7'1;:18
The most convenient method fo prepare a pure sample of.sodiuﬁ metasilicate
is by crystallisation of the nonahydrate from a dilute aqueous solution
at room temperature; In fﬁis study, a purified nonahydrafe was used as
a raw material in the preparation of most of the o?ﬁer metasilicate phases

which were required.

2.2 MATERIALS AND APPARATUS

2.2.1 MATERIALS

The only samples of sodiumAmetasilicate which were readily aVailable
‘were commercial grade ﬁentahydrate Na,Si03.5H,0 which is supplied by B.D.H.
L£d. and by Joseph Cfosfield and Sons Ltd. who also manufacture commercial
grade anhydrous material called "Metso”. Alternatively, metasilicates .
were prepared from pure siiica powder type KS300 supplied by AKZO Ltd.,

 Analar sodium hydroxice and distilled water.
2.2.2 APPARATUS

Pyrex glassware was used in aill crystéllisations since it was con-
sidered that any impurities inCurredAby etching of the vessei surface would

be less serious than possible ccntaminants from stainless steel apparatus.
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Etching was, in feality, only observed with boiling conceﬁtrated
sodium metasilicate solution, an observation in agreementAwith_previous‘
reports.32 Silicate éolufions were filtered,_undér reduced pressure,
through a 350 cm3 Gelman filter fgnnel No 4374, which was fitted with
-"Metricel” filter_discs with pdre sizes C.2 and 0.8 um. Hot, concentrated
-solutions‘of sodium metasilicate make the Filter discs wrinkle, with a
resultant loss of efficieﬁcy, Eut they are otherwise resistant to attack
by the solutions used. The filtration of sodium meta;ilicate hydrate
nystals from the cryStallising solution was carried out in the ‘absence
of carbon dioxidef using a specially consfructed-filtratidn system. The
bésislof the apparatus was a 1D.cm.sintered funnel thch was fitted to a
one litre suction flask. The sides of the filter which.were extended by
15 cm to give increased capacity, terminéted_in a410 cm flange joint.

The filter was sealed by a flange 1lid fitted with a 12 cm soda lime tower.

2,35 CRYSTALLISATION OF Naz$i0,xH,0 (x=0, 5, 6, 8, 9)”

2.3.1 INTRODUCTION

In principle, the sodium metasilicaﬁe hydrates may be prepared'by
fwo different methods : by crystallisation from a diluté aqueous solution
of sodium metasilicate, or by the crystallisation of a melt of an appropriate
composition, NéZSiO3,xH20. The former technique can be used to prepare
purified material, singe impurities are éoncentrated in the mdther ligquor.
The lafter method prodUces material of the saﬁe purity as the parentAmelt,
.siﬁce all impurities a&re included in the solid which is obfained.. As
- discussed earlier, pure nonahydrate may be obtained by.crystallisation of
a dilute agueous sclution and, in this work, very pure samples of the othef
hydrates and the anhydrous metasilicate were prepared from it. In

specified cases where absolute accuracy in the ratio of Si0, to Nas0 was



11
‘not necessary, essentially pure samples of the nonahydrate and penta-
hydrate were easily prepared by the crystallisation Qf a melt containing

stoichiometric quantities of pure silica, sodium hydroxide and water.

2.3.2. CRYSTALLISATION - EXPERIMENTAL DETAILS ~

Sodium'metasilicate nonahydrate Was prépared by recrystallisafion'
from a supersafurated aqueous metasilicate golution, containing stoi-
chioﬁetric amounts of pure silica and sodium hydroxide of commercial
érade pentahydrate, ‘cooled to room temperature and seeded with a few
ndnahydrafe crystals. The cryétals_were-filtered in the absence of'carbon
dioxide and dried over the pentahydrate until they contéined exaptly
‘nine ﬁoleéules of water per metasilicate grbuﬁ. The normal techniqué Was
to prepare a hot saturated solution of sodium metésilicate»which.was
clarified by repeated ultrafiltration throqéh é 200 nm fiiter before it
was cooled and seeded. When crystallisation was nearly complete, sufficient
distilled water was mixed into the system to prevent the formatioﬁidf a

. . y
solid mass of damp nonahydrate so that an’easily fiitered slurry‘of pdre
material was obtained. This method combines rapid-crystallisation with
-high efficiency of purificat&on. An alternative method.for ciarification
.of the parent soluticn is the addition of appfoximately 5% by weight af
sodium hydroxide?® hut this was only used in early. work since it increases
the possibility of the occlusion of sqdium hydroxide in the crystals |
formed. The damp ncnahydrate crystéls were dried over thé metésilicate
pentahydrate, an arrangement which was found to be effective although
rather slow. Conventional drying methodé such aé the use of silica gel
or pumping on the sample were investigated but were foundlto cause excessive
dehydration of the very labile ncnahydrate. Details of nonahydfates used

in subsequent studies are given in table 2.1.

Sodium metasilicate octahydrate is difficult to prepare and, in this



TABLE 2.1 DETAILS OF SOME SODIUM METASILICATE NONAHYDRATES USED 1IN

THIS WORK .
Batch Name Details of Preparation
H5 Recrystallised three times from an agueous solution

of technical'NaZSiO35H20 (B.D.H. Ltd.] to which 5%
by weight NaOH was added. Crystals filtered under .
‘nitrogen -and stored, damp, in a sealed polythené

5ottie.

- HB Similar to H5 but crystals dried to approximately

nonahydrate composition over pentahydrate.in vacuo.

H7 : ~Recrystallised three times from an aqueous solution
: of Na,SiO3, prepared from pure'silica bowder,‘pure‘
sodium hydroxide and distilled water. Each time,{
before cfystallisation the solution was filteredAat
least twice through a 0.8 um filter. No additional
sodium hydroxide was used for Qlarificafion; Crystals
filtered under nitrogen and dried to nonahydrate

composition over the pentahydrate in vacuc.

H8 As for H7, ékcept recrystallised four times before
crystals were filtered off in the modified sinter
funnel to reduce the possibility of contamination
by atmospheric carbon dioxide - see text. Crystals
carefully dried to nonahydrate composition over the

pentahydrate in vacuo.
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- work, was never breﬁared free from other metasilicate hydrates.

Sodium metasilicate hexahydrate was prepared by isothermal crystal-
liéation at 52°C of an aqueous solution which contained 47% by weight
of purified sodium metasilicate,_seeded with a small émount‘of hexé—'
hydrate.

Sodium metasilicate ﬁéntahydrate was prepared frcm its melt which
was made by careful evaporation of a pure nonahydrate melt. fThe'crystal-
lisation was induced at room temperature by the addition of approximately
20%'by weightlof pentahydra{e‘seed to thg melt, o

Anhydrous sodium metasilicate was obtained by careful evaporation
qf a puré solution of sodium metasilicate at around 100°C.

In all éases, the purified materials were stored at‘room temperéture

in carefully sealed glass or polyethylene bottles.

2.4 ANALYSIS OF THE SOLID SODIUM METASILICATE HYDRATES AND

_THEIR SOLUTIONS . . 7

Injthis,WOrK, two types oflanalysis were used to determine the water
 content of solids or solutions and to identify the relati&e amounts of the
different brystalline phases bresent in a sample of silicate. Analyses
for Na,0 0r SiO2 were not carried out since it was qssumed that the_hse of
carefully purified sédium metasilicate nonahidrate or materials derived

from it, was sufficient to guarantee an adequate accuracy in r.

2.4.1. DETERMINATICON OF WATER CONTENT BY WEIGHT LOSS ON IGNITION AT 1000°C

Thordughiy'cleaﬁ 6 cm3 plaﬁinum crucibles with lids were ovén driéd
and equilibrated at room temperature and humidity before use. The sample
to be ahalysed was carefblly blaced in a weighed, covered crucible, which
‘was then reweighed. It was discovered that the inaccuracy due to loss of

material through intumescence of silicate solutions when heated"3 could be
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completely avoidéd if the filled crucible was preheated at approximately
95°C for a few hours. This technigue was Qsed %or the analysis of the
solid hydrates and silicate solutions. - The final stage of the. dehydration
was achieved by placing the covered crucible in a furnace at approximately
1000°§ for about 5 hours, after which it was removed and allowed to cool
over fresh Pz05 in a sealed desiccator. When cool, (v 45 minutes) the
crucible, cover and residhe, wére weighed and, by cbmbination of the
three weighingé,-the proportion of water (% wt.) was calculated.- The high
temberature ignition was repeated until satisfactory agreement was
obtained betweeh’successive final weighingé. (+ O.UZ%J;' All aﬁalyses were
carried out in duplicate and agreement Eetween pairs was generally better
-than 0.02%. 1In order to_hinimise wéighihg errors, large samples compatible
‘with reasonable economy of matérials énd‘tﬁe possibilityiof spillage weré
Qsed and it was found that anaiyses'were.reproducible to better than

+ 0,05%. )

2.4.2. IDENTIFICATION OF CRYSTALLINE PHASES PRESENT

The abilify to identify the solid components of a mixfure which
contained sﬁdium metasilicate or its reaction products was érucial to
-much éf fhé work. The best Knan technique is that of anélysis by powder ’
X;réy diffraction (X.r.d.) which was used throﬁghodt. It was lafer
discovergd that differential scanning calorimetry {d.s.c.) is a very useful
complemeqt to X;r.d., particularly in the analysis of sodium metasilicate
hydrates, as is described in chapter 3.

All powder X;r.d. traces were obteined with a Phillips vertical
difFractometer type PW1051 using CuKa radiation and operating at 1° per
ﬁinute-with a receiver slit of 0.2. The aluminium sample holders which
are normally used wére badly corroded by the sodium metasilicate hydrates,

-

especially if damp samples were used, and suitable replacements were
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manufacturad froﬁ thin perspex sheet. The finelyhground samplé was
.placed in the sample holder and compacted slightly to reduce the surface.
area which was expnsed to the atmosphere. Several ways of covefing
the sample with "sellotépe" or celluloid film were investigated but-the
resultanf reduction in intensity of the diffractedlbeam outweighed any
‘obvious advantages. it was concluded that if the sample was prepared
as described and examined immediately at a'reaéonable.scan speed, the
adverée effects of contact with the atmosﬁhere such as dehydratién and
formation of carbonates were minimal. .Althbﬂgh most samples which were
examined by X.r.d.‘were dry, crystalline solids, satisfaﬁfory aAalyses
were also cbtained for viscous élurries such as some of the.activation
mixtures described in'part II. The components of the sample were identified
by comparison of the trace.obtaiaed, with traces obtained undef similar
Conditions from standard samples,'and by reference to pubiished data.18,43
The epproximate composition of mixtures (% mol) was- obtained by compariscn

of the intensities of strong peaks in both sample. and standard tréces.
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CHAPTER 3

THERMAL PROPERTIES OF SODIUM METASILICATE HYDRATES

3.1 INTRODUCTION

All of the sodium metasilicate hydrates are known to melt below
75°C,9 but, apart from some estimations by McCready,23 there have been
few studies of their thermal propertieszQ énd no direct measurement of
their heats of fusion. 1In this study, values for their heat capacitites
at 25°C and their/heats of fusion were obtained by differential scanning
caléfimetry (d.s.c.}. It was-discdvered that this technique is a very
valuable complement to thé use of powder X-réy diffractionl(x.r.d.] in
the anelysis of mixtures of scdium metasiliéate hydrates. AlthoUgh
differential thermal analysis (d.t.a.) has been used to investigafe
hydrated éodium polysilicates,”“ the application of d.t.a. or d.spc. to

the metasilicate hydrates has not been reported.

3.1. 1. SDNE.BASIC PRINCIPLES OF D.S.C. AND D.T.A.

_Both d.s.c. and d.t.a. empiqy the .same basic procedﬁre. Smail
quantitieé of a sample and a reference material are placed in an cven where
their temperatures are monitored by thepmocouples. Wheﬁ the oven temp—
erafure is raised steadily,. the tempersatures of the sample differs from
thaf of the reference by an amount which depends on the difference between
their heat capacities and on the heating rate. In both techniques, thié
.temperature difference AT or its heat equivalent AQ is plotted as the
ordinate on an X-Y recorder and the ovén temperature T or the time f is
plotted as the abscissa. Thus thé temperature lag which results‘from the

difference in heat capacities of the sample and reference is detected as
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é deflection from the chart baseline. In a similar manner, any phase
transition such as fusion, undergone by the sample is alsoc observed.
(The reference must be carefully chosen sd as not to undergo_any phase
transitions in the temperature range concerned). During.a phase
transition,lfhe sample temperature remains constant despite the fact
that the femperature of the oven and of the reference continﬁes to rise.
When all of the sample has undergone the phase change, the sampla
temperature rises rapidly toward that of the oven. Thus phase changes
normally show up as unsymmetrical peaks on fhe recorder chart.

In d.s.c., the deflection from the baseline and the peak area may

be quantitatively related to heat capacity and to heat of transition
respectively, provided the machine is calibrated-with suitable standarg

materials.

3.2 EXPERIMENTAL DETAILS

3.2.1. MATERIALS

Pure samples_of the sodium metasilicate hydrates which centained
8, 6 and 5 moles of watér per mole metésilicate were prepared as detailed
“in chapter 2. The oétahydrate was never obtained free fram other hydrates.
Technical grade pentahydrate {B.D.H.'Ltd] was used  for comparisoh, and
ité thermal behaviour was not observed to'differ significantly from that
of the pure pentahydrate. All of the materials were carefully analysed
by powder X-réy.diffraction and‘by weight loss on ignition at 1000°C as

described in chapter 2.

3.2.2. APPARATUS AND PROCEDURE

Measurements were made with a Du Pont Instruments Ltd. 990 Thermal
Analyser used with a Cell Base Module II and Oifferential Scanning

- Calorimeter (d.s.c.) cell. Small metal pans 6.5 mm in diameter with lids
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were Supplied as containers for the sémple and réference materials and
it was'found that, in this work, an empty pan with 1lid was adequate &s
reference. The oveﬁ base is a constantan disc with two circular raised
area; ontﬁ wﬁich'sample and reference pans are placed. in all cases,
the machine Qaé switched on at least 30 minutes before use to permit
adequate thermal eqqilibration.

The - temperature scéle was caiibrated with Ca(NOj3), 4H20,-stearid
acid, naphthalene and benzoic acid, and in all cases the onset of fusion
(obtained by extrgpolation of the leading edge of‘the endothermic peaks)

°c

agreed with'the melting points reported in the iiterature to within + 1.5
as shown in table 3.1. As described in section 3.1.1., the baseliné
deflectibn (AY) is relatéd to the differeﬁce in héat capacity between the
sample and reférénce material. in this work,vthe true -baseline was
obtained by running through fhe temperature range\féquired with empty pans
.oﬁ-bbth sample and reference positibns. Heat capacities wereAthen obtained
by placing the sample in its pén but leaving the referénce pan emﬁty. Thus

AY is reiated to the heat capacity of the sample Cp and, with the machine

used in this work, the relatiqnship is

Cp = B0.E.AQs.AY | S (3.1)
' “Hp.m :

Whére E is a machine calibration coefficient, AQs is the Y-range setting,
Hp is the oven heating rate and m is the sémple mass. Similarly, when
-AQ is plotted against a time base iﬁstead of against oven iemperature as
in heat capacity measuréments, cne can obtain quantitative measurements
of a phase transition, for example fhe enthalpy of fusion, since AH is
related to the area under the endothermic peak, A. With the méchine in

question, this relationship is

Ak = 60.A.B.AQs.E (3.2)
m




TABLE 3.1 TEMPERATURE CALIBRATION®

-Ma;9r1a1 T/ Tf/°c | Tf/DC ATf/OC ]
indicated ccrrected " literature (corr-1it)
.Ca(ND3]24H20b 43.2 ‘ 43.2 43.0 . +0.2 -
Stearic Acid® 68.0 67.0 68.0 . -1.0
Naphthalene® 82.5 - 81.0 80.2 +0.8
Benzoic Acid®  126.2 0 123.2 122.2 +1.0

a‘Tf indicated measured from the intersection of the extrapolated
leading edge of.the endotherm with the base line. T_F corrected

. obtained from Tf indicated by application of the appropriate thermo-
couple correction [Chromel Alumel) shown in machine manual. Heating
rate = IOOC per minute; samples contained in éopper pans With crimped
on lids. ' | .

b.B.D.H. Ltd. °© B.D.H. Ltd. "Specially purified”, dried over P,0s,
Tf literature determined froh. hot—stage M. Pt. apparatus. ,

Pure sample, source unknown. € Specially.pﬁrified by sublimation.

b

TABLE 3.2 THERMAL CALIBRATION - MACHINE E VALUESaf

. o 0
Material Tf/ C _ ~1Esapphirec Ematerial AE
literature : . {Sapph-mat)
Ice : 4] 0.7915 , '0.796 -0.0045
Stearic Acid 68 . 0.812 0.8045 +0.0075

Indium 157 0.886 0.892 . +0:004

a Heating rate 10%¢ per minute; Crimped pans used, Cu (Ice) Al {Stearic
Acid, Indium) - see text. b See text for explanétion of E. € Urits

of £ : Cal min ! in’!
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where B is the fime base and AQs, £ and m are aé defined for eﬁﬁation
- (3.1). |

The calibration coefficienf was found tc be temperature debendént
and was convehiently detérmined in the temperature range of interest,
by measurement cof the baseline deflection obtainednwith a carefully.
‘weighed samplé of synthetic sapphire {A1203)“5, a material of well defined
épecific heat. Substitution of valués in equation (3.1) gave E asAa
fﬁnction of temperature. E may also be determined from equation (3.2),
‘by measurement of the area o% the peak produced on fusion of a>sémpie of
Aa_material with a well defined heat of fusion. It was found thét E values
aetermined from the fﬁsion of ice,'stearic acid and indium, agreed with
thosé obtained by use of synthetic sapphire in a heat caﬁécity mode to
within 1% as ‘shown &n table 3.2.

During all quantitafive heat of fusion measgrements, the peak was
carefully cut out from the chart, after assessment of the baseline position,
éhd Qeighed. The area of the peak was then calculated using the'ﬁeight’
Of'a 10 in? piece taken from tﬁe same sheet of chart paper tb reduce the
possibility of error thfough inconsistent paper density; The use of a
planiméter.was investigatéd‘but the uncertainty in the area measured‘was

no less then that incurred by the use of the method described (+ 2%).

3.2.3. | EXPERIMENTAL PROBLEMS

The molten sodium metasilicate'ﬁydrates were found to react -with
the aluminium pans normally used with the d.s.c. cell. The result was
that reprodﬁcible peak areas could no£ be onhtained. Identical pans and
lids made from coppef were found to be satisfactorily inert and were used
‘for all measurements which involved silicates.' Setisfactory celibraticn
of the temperature scale can be obtained with either type of pan. Rep-

roducible thermal calibration however, could not be obtained for either

i



18

indium or stearic acid in copper pans. These combihations produced
very inconsistent results and, on'examination o% the used pans, alloy
formation and‘corrosion'were observedvresbectively.:

All materials were finely ground before use to ensure good'thérmal
contact between the sample and the pan. - It was:fouhd that failure to
do this resulted in very erratic pen movement and an unsteady baseline.
Samples were weighed onva Stanton 5-figure micro—balance% and associated
erfors‘wére_minimised,by the use of large samples_coﬁpatible with good
_ thermél contact and éffectivevpan éealing.

Accurate eqthalpy and heat capacity measurements éf the siiicate
hydrates can only be obtained -when the’sample pans are.tightiy sealéd to
prevent the 1055 of water,.but good qualitative analyses can Ee made with
samples iﬁ pans with crimped-oh lid;. Copper pansAwere only aveileble
in the crimped~1id‘désign, which, if used normallyf‘are'ineffective in
prbviding adequaée water retention for quantitative thermal measurements
fo be made. AHowever,'it was found thet these pans and lids qould{be
sealed sufficiently well for this worklby judicious use of the encap-
sulation press, paff No 900733—901; Best results wzre obtained by squgezing
the filled pan with 1id between the upper die of the hermetic sealing set
énd a flat steel surface held on top of fhe lo@er die mounting. The
effect of this was to fold inwards thé sides of'pan and 1lid as shown in
figure‘3.i so that the encapsulated sample had a completely flat base, a

necessary requirement in quantitative work.

FIG. 3.1 METHOD USED FOR SAMPLE ENCAPSULATIDN-

=

|e2sde| ]!mo,o&»;,J,i T _'> = TN

LLLLLL LS LA

narmal use - ‘ modified pan use
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For quantitative heat measurements, water loss was kept below
0.1% of the sample weight; this is ﬁarticularly difficult to'achieve

with  the pentahydrate, which has a relatively high melting point.

3.3 RESULTS AND DISCUSSION .

3.3.1., THERMODYNAMIC PROPERTIES

The experimental results and fheir estimated errors are given in
table 3.3, along with the values of othef workers., The melting points of
.thé three iower hydrates agreé within experimental error with the lif—
erature values, whilst that of the nonahydrate is slightly hiéher.

The enthalpies of fusion given in table 3.3 are in each.case the
mean of at least 4 observations with,.in the case of the nonahydrate,
hexahydrate and pentahydrate, each of at'leést 2 independent samples. The
value obtained for the nonahydrate lies‘betweeavtﬁe indirect value of
Lange and Von Stackelbergzu and the estimated value of McCréadyzsj whilst
that of the pentéhydrate is higher than both earlier vaiues.23n2“ The
heat of fuéion~of the hexahydrate has not been reportéd previously and
lies between those of the penta- and nonahydrates, though'cioser to the
péntahydrate value, as might Be expected.

The entropies of fusidn, which were calculated from the AHg values
(ASg = AHp/T), increase with the water content of the salt and the entfopy
of fusion per mole cf waéer (table 3;3) is almosf constant. It is thus
easy to estimate a“vglue for the entropy of fusion of the octahydrate
-vand hence obtain an‘approximate value fer its heat of fusion. These‘
estimates, which are the only available values for the octahydratg, are
' shown‘in table 3.3. The mean value of the entropy of fusion per mule of
water based on the results for the 9-, 6- and 5- hydrates (20.3 + 0.5 3

mol~! K™1) is only slightly less than fhé entropy of fusion of ice (22.0



TABLE 3.3 THERMAL PROPERTIES OF SODIUM METASILICATE HYDRATES NapSi03xH,0

Hydrate Te/0C . AHg/kd mol”l AS¢/3 mo11 K71 (8S¢/x)/3 mo171 K71 102C,/3 mo1”! K7}

(Solid, 25°C)

9 49.8 + 1.5 59;6 + 2.5 184.5 20.48 ' 5.3 £ 0.5

47,82 67.60 . o ' | 4.758
55.4°8 |
8 43.5°% 1.5 53.1F © 164.8 20.6°
. 48,49 |
. | N } .
6 63.2 * 1.5 42.0 £ 2.5 148 20082 . 3.3%0.3
62.9° ' | ' | | | ) 3.538
5 73.0 £ 1.5 37.3 £ 3.5 107.5 S 21.52 - 3.1£0.3
72.28 't 30,79 . _ _ - 3.158
' ‘ 31.5° |
0 10885 ¢ 52.0° - 38.2° ‘ 1.11%0.05
1.138
1.12¢

.~ %Ref. 9. PRef. 46. C Ref. 47. - 9 Ref. a43.

e Ref. 24. obtained indirectly from heats of solution. ¥ Estimated, see text. BRef. 43. estimates based on Kopp's law.
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J mo1"1 K71y “® and is consistent with the fact that the metasilicate
hydrate lattices are strongly hydrogen4bonded. This behaviour is similar
to that observed for many other inbrganic'hydrates, several of which
havg entropies of fusion per mole of water within 4 J mol™l K™! of the
pure water value. The fact that the solutions cf sodium metasilicate
contain significant amounts of polymeric'silicates“9 duéé.not appear
to have a marked effept o the entropies of fusion of the hydrates.

Within expefimental error, the heat capacit?es-obtained at 25°C
for the solid hydrates agree with those estimated by McCready;z? Those
of.the melts were found to be approxihately twice as large as those of
-the solidé, but bebause of problems, particularly in sample encapsulation,.

it was impossible to obtain more accurate values.®0

3.3.2. ANALYTICAL APPLICATIONS

During this work if was found that d.s.c. provides an excellent
method for the qualitative.analysis‘of sodium metasilicate hydrafés'and
fhat, in many cases, it is much quicker, réquires a much smaller sample,
and is at least as senéitive as the powder X-ray diffragtion methods
which are normally used. Typical curves obtained with prepared mixtures
" are shown in figure 3:2 along with the operating conditions. This method
is partiéulérly suitablg for the detection ofysmall quanfities of the
‘higherAhydrates present as impurities in lower hydrates, a situation which
isnoften encountered during preparation of these materials. As shown in
figure 3.2, trace A, 1% {in moles) of the nohéhydrate in>pentahydrate is
eesily detected by d.s.c. whereas experimént shdwed that this was difficult
by powder X.r.d. However, it was found that mixfures which were pre-
dominantly high hydrates with small émounfs of low hydrafes were difficult
fo analyse by d.s.c., since the predominant high hydrate_melted first and

the low hvdrate impurity (higher M. Pt) then tended to dissolve rather



- FIG 3.2 TYPICAL d.s.c. CURVES OBTAINED FOR MIXTURES
: ' a;b

OF SODIUM METASTLICATE’HYDRATES..-m

R ]

30 50~ 70 90
‘ ' : T7°C

_ ﬂéiPowdered sampicsl(1-4 m.g.) ih‘Cu:pans with erimped on Cu lids.

- . Heating rate : 10°C min~! (A-D), 5°C min-l (E);‘fv_

. .b Approximate molar compositions : (A) 1% 9, 99% 5; IB) 20% 9,
80% 6; (C) 25% 6, 75% 5; (D) 35% 5, 65% 6; (E) 5% 6, 85% 9
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than melt. An example of this is shown in figure 3.2, tréce E. It
ghould be noticed that although this méthod is applicable to a wide
range of mixtures, the cctehydrate and nonahydrate are indistihguishable,
and the anhyd;ous metaéilicate is complétely undetectable. Although
d.t.a. was not used iﬁ'this inVestigation, it seems likely that its
performance would be sihilar. |

In conclusion, it is evident that d.s.c./d.t.a. is a very USefQI
pomplemeht to powder X.r.d. when used in the enalysis of mixtures which

contain the hydrated sodium metasilicates.

..
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"CHAPTER 4

VAPOUR PRESSURES AHD THERMODYNAMIC PROPERTIES OF THE
SODIUM METASILICATE HYDRATES.

4,1 INTRODUCTION ‘ K .

Estimated values fof the free energies énd entha1pies of
formation»and enfrépies of sodium metasilicéte hydrates at 298.2 K
have been given for the four well established hydratengl8 by Ncpreédy,23>
but the basis on which these estimates were made is unqgrtaiﬁ and théfe
are few exﬁérimeﬁtal results availabie for'comparison;21+ Since the
pfoperties of anhydrous sodium metasilicate aré well established, 7,31
accurate'vapour pressureé of sodium metasilicaté hydrate mixturés Qould

give the thermodynamic pfoperties’pf the hydrates.” In this work a studyA

was made of the equilibria :
v

NaZSiO3 (c) +'5H20 (g) - (4.1)

A

NapSiOsz 5H,0 (c)

v

Nazsi03 BH20 (c) Na28i03 5H20 (c) + Hzo (g) ' (4.2)
N3,Si03 9H,0 (c) T NapSils BHy0 (c) + 3H,0 (g)  (4.3)
NapSi03 9H,0 (c) 7 NapSiOz 5H,0 (c) + 4H.0 (g)  (4.4)

Na,SiOz 8H,0 (c) 2 NapSiOs SHp0 (c) + 3H,0 (g)  (4.5)

by direct vapour pressure measurements over the temperature range 290

‘to 308 K. The technique uséd was similar to that employed in studies of

equilibria between sodium carbonate hydrates.52

1,2 EXPERIMENTAL DETAILS

4.2.1. MATERIALS

Samples of sodium metasilicate which cdntained g9, 6, £ and D0 molecules

of water per metasilicate'group were prepared from pure sodium metasilicate
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as described in’chapter 2. The octahydiate was only obtained in
combination with the pentahydrate. Care'was taken to-avoid contemination
of the metasilicates by atmospheric carben dioxide during'and after
préparation. . All of the individual hydrates and‘hydrate mixtures were
assayed by powder X-ray diffraction (X.r.d.) at the beginning of the

. work., Because of the nature of the experiment, if'is not necessary

to use samples which contain exactly stoichiometric amounts of water,

provided X.r.d. detects the desired crystalline phases and, in most

cases, the hydrates used were slightly damp.

4.2.2. APPARATUS AND PROCEDURE

Vapour pressures were measured with U-tube mefoury manometers
‘made from "Veridia" precision bore glass tubing of 20 mm intérnal diameter.
One sidé df the manometer waé sealed and the other was joined to a 25 cm3
bulb which was half filled with an intimate mixtu;e of two of the salts..

4

4.2.2.1. Tensimeter - Preparation and Filling

The unfilled apparatus consisted of a manometer ‘and bulb with a _
long filling-tube which could be attached to a vacuum line by means of
~an adaptef as shown in figure 4.1. Before use, the épparatus was thoroughly
cleaned with Analar Concehtrated nitric acid, washed with distilled water
and'ern dried. When cold, the bulb was filled with- clean mercury, and
the appafatus waé evacuated to remove air dissolved in the mercury by
attéchment to a vacuum line. The rémoQal of dissolvéd air was enhanced
if thé apbaratus was sealed,uﬁder vacuum, removed from the line and the
4mef¢dry'Was sQilled around the bulb. The procedure was repeated until
no bubbles were appérent iﬁ the mercury when the apparatus was evacuated
to a pressure of less than 10 3 Torr by means of. rotary and mercury-

diffusion pumps. The apparatus was sealed, removed from the vacuum line,



Fig.41 Diagram showing (A)an empty tensimeter
with adapter and (B) the original sealing system

which jefaked. connected to pumping system

by vacuum tap and Bi19 cone

o ‘
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and the mercury was carefully poured from the bulb into the manometer.
The atmosphere was then slowly admitted to the bﬁlb'by'careful control
of the adaptef tep. If more than a very tiny bubble was detectable at
the top of the sealed arm of the manometer, the complete evacuation
ana filling seqﬁence was repeatéd.

The bulb was hélf filled witH a finely ground mixture of the.desifed
"salts after any mercury which remained had been removed by suction. A
specially designed funnel with a loné, narrow-diameter steﬁ was used to
prevent any metasilicate particles from contaminating. the mefcury surface
or'from sticking on the sides of the filling4tube. The filled épparatus
was attached to the vacuum line and carefully~evacuateq after the salt
6ixture had been frozen by a liquid-nitrogen bath. When the system had.
besnlcompletely evécuated, the pumps were isolated from the iine and the
" salt mixture was carefully warmed up to room temquature'after removal -
of,tﬁé_nitrogen bath. The migtﬁre was exposed to the pumps for a few
.seconds, frozen down again and the system was once more pompietelj evac-
uated.: This sequence of freezing and pumping stages was repeated twice
to ensure that no residual air had been trapﬁed in the sémple by the use
of'liquid nitrqgen. Finally, the frozen salt mixture was ailowed to
'Qarh up's;qwly while exposed to the pumps and, by qareful use of a glass-
blowiﬁg tbrqh; the fiiling-tube of the appératus was seaied off; The
séaiéd éppafatué;'or'tenéimeter, was drawn away from the line and the
sealed end of tﬁeifilling-tube was annealed in a ccol flame. When cold,
the tensiﬁeter was placed vertically in a Townson and Mercer Lid. E270
water thermosta% which kept the temﬁerature constant to within'i 0.01°C.
Temperatqres were measured with a calibrated mzrcury in glass thermometer
and are accurate to % 0.02°c. '

Initial experiments emplcyed a tensimeter which was identical to

that described here except that the filling-tube was sealed by a Rotaflo
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tap, type TF 5/18, asishown in figufe 4,1. fhis-veréion was easier to
fill than that which was actually used.in this wérk, and was easily
cleaﬁed out and réused. Unfortunately, it was not watertight, and,
over a few months at 25°C,'mostvsamples picked up water with the result
that equilibrium pressures were seldom observed. The apparatus used

in this work was found to be completely watertight over periods up to

two years.

4,2.2.2.. Measurement of Vapour Pressures

The pressure insideAthe tensimeter was determined by measurement

‘of the vertiﬁal distaqce between the two menisci of the manometer with
a Erecision'Tool and Instrument Co. Ltd. cathetometer whicﬁ could be
read to + 0.01 mm at each position. The cathetometer was mountedlso that
the graduated column_was‘éxactly vertical b& aajustment of the base screws
until the column could be rotated through 5800 without any appreciable
~movement of the spirit level in the viewing telescope. In opefat?pn, it
was ?ound fhat:the neceésary vertical movemént of the telescope mounting.
up or down the column often produced a sma;l but signifidant deviation in
tﬁé'teleécoﬁe'1§9él.A<As é‘result, the telescope waslcarefuliy levelled
before'each reéding was taken. The errors associated with small changes
in the telescape attitude are_minimised by having the cathetometer positioned
as.oiose‘as possibie to the subject and, in this work, by the use of &
- close-up lens for the telescope, it was possible to operate 60 cm from the
experimentf

" It is much easier to focus on the mercjry to glass contact line thaﬁ
dn the true meniscﬁs, but it became apparent tnat pressures meaéured in
this way were unréproducible, and this was attributed to two factors. One.
was fﬁat the gfofile of the meniscus on the sealed side of-the-manometer

was ggnerally shallower than that which was exposed to the water vapour.
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and the other wés the slight tendency shown. py the mercury to stick to
the glass. Consequently, all pressures were determined by observatioﬁ
of the true menisci and, at equilibrium, the value for a particular
tensimeter was reproducible to better than + 0.05 mm. It was found
thatvobservation'of the meniscus was made easier, with an associated
improvement in accuracy, if the tensimeter was illuminated from the
rear so that the observed side of the meniscus was dark, in contrast to
the brignt background. To reduce the tendency of the mercury to stick
to the glass, the tensimeter was.tilted and repositioned from time to

time.

- e
v .

4.2.2.3. Experimental Observations

The metasilicate mixtures Na;SiO39H,0 + NapSiO36H,0 (S9 + SB),
Na25i036HéD'+ Nap,S5i035H,0 (S6 + S5}, énd N528i035H20 % Na28i03 (S5 + SG)
were~pfepared in duplicate from independent sampléé of the ﬁure materials;
| Singlé preparations of the mixtures Na,SiO38H,0 + NéZSiO35H20 [SQ,? S5)
and NaySiG39H,0 ;.NaZSiO3 (S8 + 50) were aiso investigated. The eight
tensimeters were piaced in the thermostat béth and held.vertically by a
sheet of expanded polystyrene in which slots had been cut to accept tHe.
'bases'qf the manometers. Close-up and general views of the experiment
are shown in plates 4.1 and 4.2. All of the mixtures were allowed to
equilibrate in the sealed tensimeters at 25°C for a minimumlof two months,
during which the pressures were measured daily. In aIl-Cases, relatively ‘
steady values were reached within e few days. Subsequently, the équilib;ium
bressures were measured in turn at 300, 50, 200, 170,'350 and 25°C
alloWing approximatély-two weeks.-at éach temberature. The 25°C pressures,
wefe_then measured at intervals over a further‘18 months after which the
apparatus was dismantled and the mixtures were analysed by powder X.r.a.
and differential scénning calorimetry {(d.s.c.) as discussed in chapters

2 and 3 respectively.



PLATE 4.1 CLOSE-UP VIEW OF TENSIMETERS

PLATE 4.2 GENERAL VIEW OF APPARATUS SHOWING THE ARRANGEMENT USED FOR

X

MEASUREMENT OF PRESSURE

w
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4,3 -RESULTS -
By the end df the initial two montis ecuilibration at 2508, the
. vapour pressures of the mix:iures (S9,+ S6), (S8 + S5) and (S8 + 55)
were cbmpletely steady and those of thé;(SS 4'50] and (S8 + SO0) mixtures
were changing by less than 0.2 Torr_pér month. Twenty months later, at .
" the end of measurements, the 25°C vapcur-pressufes of the [59 + 56,
(S6 + S5) énd (S8 + 55) were in exact agreement with. the original values
whereas those of the’(SS +.SD) mixtures had decreased by 0.38 Torr ana
that of thé (S8 + S0} mixfﬁre had increased by 0.19 Terr but appeared to
be coﬁstanf. Analysis of the final mixtures confirmed the original
compositiohs in all cases except that of the {S9 + S0) mixture which was
found to coﬁtain S8 and S5. No crystalline SO could be'deteéted and it
‘appears that, in this case, the systematic drift in vapour pressure arose
from the conversion of Sd'to S5. The failure of the (S5 + S0) mixture to
reach equilibrium in the %irst few months is not readily explained;‘ It.
could, as found with-anhydrousﬂsddium carbonate,®2 be due fo the Ehysical
state of the anhydfous sodium metasilicate. It seems, however, more
likély.to.have arisen from slow equilibration between thé two solids,
relatgd:to the fact that S0,!7 unlike the metasilicafe hydrr:xtes,'m'19 is
extensively polymerised and does not contain discrete silicate ions. The
overall downward trend of preséures for the (S5 + S0) mixtures is consistent
witﬁ the use of'slightly damp S5 since the e*cess water would giVe rise to
higher‘initial pressures than would be achieved at equilibrium.
The observed vapour pressures are given togéther with eétimated
errors in table 4.1. 1In the case of tha (S5 + S0) and (S8 + S5) mixtures,
the values given at temperatures'other than 298.07 K are beliéved to be

systematically high by about 0.36 Torr and low by about 0.18 Torr respectively.



TABLE 4.1 VAPOUR PRESSURES OF SODIUM METASILICATE .

HYDRATE MIXTURES, P/TORR®

“T/K - 289.84° 293.07" 258.07 303.04° 4 308.09°
Mixture
S5+S0 3.59 4.50 6.53 + 0.08° 9.17 12.85
' 6.17 + 0.08°’9
S6+S5 5.96 7.44 10.68 + 0.04° . 15.11 21.14
Sg9+S6 7.13 8.86 12.71 + 0.10° - 18.06 25.77
55+55° 6,53 8.17 " 11.73 * o.20f 16.77 24.06

11.92 + 0.209°F -

S8+S5 6.73 8.45 12.22 + 0.20‘c 17.45 24.71

® Torr = [101;325/760] kPa. b Errors in vépour pressures are
uﬁlikely to exbeed twice those given for 298.07 K. € Estimate
qf-error based on differences bethén dupliéates. d Final
equilibrium value, see text. ° Originally (SB;SU], see text.

f Error estimated by analogy with those for dther mixtures.
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4,4 DISCUSSION

The only vapour pressures with which those given in table 4.1
may be cdmpared are theAestimates of McCready23 wﬁdse values for
(SG + S5), (S5 + SB].and (S6 +-SS) [lO,vll,'ls Torr) are onli iﬁ fair
agreement (6.2, 10.7, 12.7 Torr). The.vapouf pressure of the octa-

hydrate Pg,g was not measured directly in this work but, by means of the
relationship, |
.'P28/6 = P3g,5/Pgss5 _ ,(4.6]'
a value of 13.07 Torr in‘poor agreement with Mctfeady's estimaté (9 Torr)
is obtained. Thé internal consistency ofithekpressures sho@n in table
- 4.1 may be partially confirmed by caioulation of the vapour pressure of
thg S9 + S5 mixture from those of the S99 + SB6 and S6 + S5 mixtures with
the equation,
‘qu/s.'= é39/6'P6/5 ) . (4.7)

The calculated value (12.17 + 0.06 Torr) at 298.07 K is within experimgntal
error 6? the final equilibrium value (11.82 % 0.20 Torr) given in table
4.1 but not with that (11.73 * 0.20 Torr) observed afte£ equilibration
”for only‘two months. | |

| Standard mclai Gibbs. free eﬁefgy charges for.reactions ((4.1] - (4.5))
were célculated from the meaéured equilibrium vapour pressures sthn in

table 4.1 by use of the relationship

© a0
AG™ -

1l

-RT1n Kp (4.8)

-nRT1n Peq (4.9)

where Kp is the equilibrium constant, R is the gas constant (= 8.31434),
T is the temperature in degrees Kelvin, Peq is the equilibrium vapour
pressure in atmospheres i.e. (P/Torr)/760 and n is the number of water

molecules involved in the equilibrium expression. Values of AH® and AS®



30

for the reactioné((4.1]—[4.5))were obtained by a least-squares routine

which involved fitting values of 1ln Kp and T to the equation,
R1nkp = (-aH°/T) + as° (4.10)

The values of AGO, AH0 and ASO which were obtained are shown, along with
their standard errors in table 4.2. - In all cases, the deviations of,

the experimental results froh equation (4.10) are not sufficient to
"Jjustify consideration of the variation of AH® and AS° with temperature.

For reactions'([4.21 - (4.5)) the errors in AH® and 48° from all sources

are unlikely to exceed twice those obtained from the curve-fitting pro-
cedure‘anq given in table 4.2. This is also likely to be trﬁe for reaction.
(4.1) since the known uncertainty in the "two month value" of AG° (0.71

kJ mol 1) cbrresponds to an error in AHO and AS° much less thén those.
given in table 4.2. Best fit values ?or thélconstants o and B in the

equation,
1n (Peq/760) = B - (a/T) (4.11)

are aléo givén in table 4.2 together with the average deviétion, Sps,
between the observed and cslculated vapour pressures.

Values of AH® and 4s° for reactions ﬁ4.1]—[4.5D have not been
breviﬁusly reported. The values per mole of water are almost constant
and approximately the éame as'those observed for tﬁe sublimation of ice.
A fﬁrther check on the experimental results is given by the agfeement
between the valués of AH° anc 2s® observed for reaction (4.4) and those
calculated from the values obtained for“reactions (4.2) and (4.3) 'shown

. .
in table 4.2.

Also given in table 4.2 are calculated values fer the (S9 + S8) and

(S8 + SB) equi;ibria which were not studied in this work. These values

were obtained from reactions (4.4) and (4.5), and (4;2] and (4.5)

respectively. Combinations of the equaticns also give the following values



TABLE 4.2 THERMODYNAMIC PARAMETERS AT 298. 15 K. FOR SODIUM

METASILICATE HYDRATE EQUILIBRIA

Reaction 86°/k3 mo1"l  aH%/kI mol"l  As®/3 mo1Tl K71 1072a/k° B §p/Torr
(4.1) S5 %S0 + 5H, 0 58.6 + 0.2 260.6 * 1.6 ' 677 * 62.66.+ 0.38 16.27 + 0.13 0.02
(4.2) SB #S5 + H,0 10.6 + 0.1 51.8 £ 0.3 '138vi 62.28 £ 0.38 '18.83 + 0.13 0.C3
(4.3) S9 2S6 + 3H,0 30.4 + 0.1 157.4 + 1.9 426 * 63.10 + 0.75 17.08 + 0.25 0.13
(4.4) S8 2S5 + 4H,0 41.1 + 0.2 212.7 * 2.4 - 575 % 63.96 + 0.74 17.30 * 0.25 0.12
41.0 = 0.2 209.2 t 2.2 564 * S |
(4.5) S8 %S5 + 3H,0 30.7 + 0.2 159.5 t 1.1 432 + 63.94 t 0.42 17.33 = 0.14 0.05
| S ZS8 + H,0 10.4 + 0.3 53.2 + 2.6 143 ¢
S8 ¥S6 + 2H,0 '20.1'+ 0.2 107.7 £ 1.1 | 294 +
@ Calculéted values, see text.
b

o & B from

equation (4.11)

1n (Peq/760) = B - (a/T)
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for disproportiohation of hydrates

358 -+ S6 + 259 - AG° 2 -0.7 kJ mol 1}
456 > 355 + S9 : AG° = +1.4 kJ mol !
[¢]

6S5 - 556 + SO S AG = +6.6 kJ mol !

from which it may be seen that only S8 is thermodynamically uﬁstable
under experimental conditions.

- For comparison wité the values in taeble 4.2, AH® for reactions
(4.1) and (4.4) may be galculated from*thé enthalpies of solution of
Langg and Von Stackelberg,zu and the enthalpy éf vapourization of water

, _. us8 -
at 288.15 K (44.02 kJ mol 1y, These values are 284.5 and 212.7 kJ mol 1

respective;y. The valuevfor reaction (4.4) is in excellené‘agreement
with this work, while that for reaction (4.1) is not. A possible.
explanation is that their 24 anhydrous silifatebcontained some amorphous
material. e

Values of the standard Gibbs free energies and enthalpies of Fﬁrmatidn
and the standard entropies at 296.15 K of fhe'sodium metasilicate hydrates
calculated from the results in table 4.2 are given in table '4.3. The
standard enthalpies of Formatibn are in good agreement with the estimates
of MCCready,23_but the standard Gibbs free energies of formation and the
standard entfopies are not. MéCready estimated the increase in entropy

per watef molecule to be 42 J K 1 mol_l.whereas the experimental value is

approximately 50 J K ! mo1l 1,



" TABLE 4.3 FREE ENERGY -AND ENTHALPY OF FORMATICN AND

ENTROPY OF SODIUM METASILICATES AT 298.2 K°

' o -1 ' -1 -1 -
Hydrate  AG_/KJ mol BH2/KI mol s°/3 mo1” " K}
SO ~1467 + 5 ~ -1561 % 4P 113.8 + 1.3°
~1432° -1526° ~ 113.8%
S5  -2670 + 5 -3031 + 7 381 + 12
2642 30219 322.2¢
-3006°
S6 -2909 + 5 -3325 + 8 431+ 14
' -2879% © -3318° 364,07
S8 - -3387 %5 -3816 * 10 515 + 20 Y
' -3361° -39119 447,79
s9 © . -3628 % 5 -4207 + 12 571 + 27
-3595° ' -4205% 489.59
-4158°

v

® Calculated from the results in Table 4.2 using KH?[HZO,g,ZQB.IS K) =
_ , . -1 .
-241.8 kJ mol AG?(HZD,g.298.15 K) = =228.6 kJ mol , S°(H,0,g,

-1

298.15 K) = 188.7 J mol~1 K and the values for anhydrous sodium

. metasilicate given in the table; all taken from reference 47.. "
Reference 47. € Reference 51. d'Estimated by McCready, reterence
23. ® Calculated from heats of solution (reference 24) using

,AH?(NaZSiU3,s,298.15 K) = -1561 kJ mol ' and AHZ(Hp0,1,298.15 K) =

-285.8 kJ mol L.
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CHAPTER 5

VISCOSITIES AHD DENSITIES OF AQUEOUS SOLUTIONS OF
SODIUM METASILICATE AND SODIUM CARBONATE AT 25°C

5.1 INTRODUCTION

The wviscosities and densities of aqueous ;olufions can be
analysed theoretically to.give a vaiuable insight.into the structure
of the hydrated solute and the nature of the solute-solvent infer—'
actions. fo do this with densities, it is necessary to calculaté
apparent molal volumes, ¢y, and, by extrapolation, obtéin the value at (.

, are usually

infinite dilution, ¢3‘.53 Relative viscosities, LI

fitted to the Jones-Dole eqﬁation (secticn 5.3.4)-in its simple or
extended form to obtain values of»fhe viscosity B-cdefficient Bn. This
parameter is specific to the soiute?solvént system in question ahd its
vélue may be interpreted in>term5’0f'the volume and the structure making
or breaking properties of the ions conbernéd.s“-ssA The ¢3, and Bn
values obtained for a given electrolyteAsblution depend on cqntributioné
from'all the component ions.

in this study, densities and viscosities were measured at ZSOC
for aqueous solutions of sodium metasilicate and 6f:sodiuh carbonatp over
the‘cbncentration range 0.01 - 1.7 mol dm~3. The densities of sodium
cérb@nate solu£ions have beeh measured by several worker55§'57 bLt
_ viscosities have not been reported. There have been several studies of
the viscosities ofyaqueous sodium silicate éolution525-3“x“1 but few have
dealt with the metasilicate?9-3% and, of these, none has been of sufficient
‘,aﬁcuracy to warrant theoretical interpretation. The densities of aqueousA

sodium metasilicate have not been reported.
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5.2 EXPERIMENTAL DETAILS

5.2.1. MATERIALS

Sodium metasilicate was purified by repeated recrysfallisation
of the nonahydrate from aqueous solution in the absence of carbon
dioxide as described in 6hapter 2. Because it is difficdlt’to prepare
material which contains exactly,hine moles of water to'one mole of
metasilicate, damp matefial ca;led H5 was used. For comparison one
méasuremént was also médé on a solution prepared from pure, dry, nona-
hydrate, batch H8. Details of these materials are given in table 2.1.

Two_sourceé of anhydrous sodium carbonate were used; Analar
{B.D.H. Ltd.]iand Suprapur (Merck Ltd.). In both cases the mgterial was
‘carefully dried at 120°C overnight ahd then stored in vacuo over phos-
phofus pentoxide.

All soluticns were prepared with water frgsﬁiy distilled From all

glass apparatus. . L . ‘ »
5.2.2 EQUIPMENT

Density measurements were made with a pyknometer.o% the single
capillary>type which had a volume of 33.433 cm3, Tﬁe bapillary was
graduated in 0.01 cm? infervals and could be read to * 0.002 cm3

Viscosities were measured with an Ubbelohde suspended-level Qis-
cometer in which the capillary ends had been flared in ordef to reduce
the Rinetic energy correction.®® Flow times were measuréd with a Venner
stop-watch type A40 which coulid be read to + 0.02s. The flow time fer
water, ty, at 25°C was 918.20 + 0.10s.

All measurements were made at 25.00 *+ 0.02°C in a Townson and.
Mercer Ltd. water thermostat bath, type E270 Series III. Most solutions

were prepared in Xlon 100 cm3 polypropylene volumetric flasks to minimise
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etching effects,'but results were indistinguishable from those obtained
from solutionsAprepared in conventional glass flasks, over the- times |
and temperatures involved.

A filling'and emptying system which provided a conveniehf method
for handliﬁg the solutions during density and viscosity determinations

was developed'and is shown.in figure 5.1.°
5.2.3 PROCEDURE

5.2.3.1 Solution Preparation

All solutions apart from those of sodium carbonate with m > 1.0

3 were prepared by dilution: of concenfrated stdck solutions_which

mol dm
vwere stored -in the abseﬁce of carbon dioxide in tightly sealed polythene
bottles. The compositidn of the me£asilicaﬁe st;ck solution was deter-

mined by ignition at 1000°C as described in chapter 2 and freguent checks

were made over the pefiod.the solutiog was in use. This technique'cannot
bé‘applied in fhe éasé‘of sodium carbonétehstock.solution since less of
carbon dioxide occurs ét temperatures in‘exéess of ZOOOC and these sol-
ufions were prepared by weight from carefully dried anhydrous material;
All stock soiutions were carefully-filtered through a 0.8um Gelman filter;
in‘thécase~bf the metasilicateé, this was carried out priorvto deter@in-

: atiﬁﬁ qf the composition. -

All éxperimental solutions were prepared by weight in dry 100'§m3
volumetric flasks uéing>2 cm3 disposable plastic syringes to transfer
thé'desired amount of standardised stock solution. It was crucial fhat
the flasks used were clean and had been allowed td cool to constant
weight; a méjor disadvantage of the polypropyiene flasks was that they

took longer to reach constant weight on removal from the drying oven at

'12000 (up-to five hours at ZOOC]. The quantity of carbonate stock
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sﬁlution wﬁich éould be prepared by WQight Qas'restricted by the
maximum capacity (200 g} of the Stanton Unimatic balance. Since the
minimum volume Qith which a concurrent détermination of deﬁsity and
viscosity céald be made was 100 ¢m3, experimental carbonate cbncéntrations
in excess of 1.0 mol dm”3 wefe»prepared directly from solid electrolyte.
In all caées, the experimental solutions were held at éSOC.(bath
'temperature] for at least 15 hours before measuremenﬁs were made. All
weights used for calculation of solution bomposition were corrected to

the in vacuoc values by use of the equation,

Wtiac. corr. - wt o (1.0/(1.0 - d air/dy.)) (5.1)

where the density of air at 25°C, d air, = 0.0012g cm ° and the density
of the matefial being weighed, dy, was taken as 0.997046 g cm 3 for
pure water, 1.5 for solid electrolyte or stock soluticn, and 1.1 for

experimental solutions.
A

Calibration of the pyknometer.

The pyknometer was cleaned in cold, concentrated ﬂitric acid (AR)
énd thén thoroughly washed witﬁ distilled water. It was then carefully
filled with distilled water to a level aprroximately 1 bm up the cap-
il;ary using the apparatus shown in figure-5.1. Care was taken to
ensure that no air bubbles were trapped and that the outside was dry.before

- the pyknometeb and contents were weighed. The filled'pyknometer was

* fixed vertically in the thermostat bath for approximately 30 minutes to

allow thermal equilibration, and the liquid level in the capillary was
then measured. After removal from the bath, the apparatus was emptied,
dried in the oven, and allowed to come to constant weight at room temp-

ératqre before it was weighed. From the weights of the pykncmeter when



36

empty and when full, the weight of water contained was calculated
and corrected for buoyancy as in equation (5.1). The volume of the
pyknometer bulb was calculated using the density of water at 25°¢

(0.987046 g cm 3)and the reading from the capillary.
Measurement. of Solution Densities.

In order to reducé the occurrence of trapped air bubbles, the
pyknometer Was_kept fuli of water when not in use. Then, the normal
proqedure was to riﬁse Fhe pyknometer with appréximafely 10 cm3 of
the experimental solution prior to filling. The technique was exactly
as for thg calibration except that density instead of volumé was the
~unknown. The pyknometer wasvweighed full and then allowed to reach
thermal equilibrium'béfore the level in the cepillary was recorded;

The calibrations of volume and dry weight were checked at suitable

-

intervals.

5.2.3.3. Viscosity Measurements

; . . - ' o/

Calibration of the Viscometer.

THe visbometer'waé fhoroughly cleaned with cold, cbnqentrated,
rnitric acid (AR), rinsed with distilled water, and placed in the bath
'Qith the mountiﬁg adjusted so that the capillary was held vertical. It
was filled with approximately 50 cm® of distilied water which was filtered
through'a porosity 3 glass éinter by means of the apparatu; shown in
figure 5.1. The- liguid was pumped through the capillary tc the upper
reservoir by means of a hand-bulb and the time taken for the liquid
meniscus to flow from the upper to the lower mark was measured with a
stop-watch. This "flow time” was redetermined several times with the
séme.sample of watef until twb values which agreed to within 0.1 s-

(v iv0.01%] were obtained. Throughout the subsequent series of experiments,
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the flow time for water, t,, afforded a quick check on the state of
cleanliness of the capillary.

Measurement of Solution Viscosities.

Solution flow times, t, were measured in a manner gimilar to tg4
and normal brocedure was to rinse the viécometer thoroughly with
solution befbre it was filled with the actual test soclution. 1In order
fo reduce the volumgs of solution required-for determination of the
density and viscosity of a given solutibn. densitiés were measured
before viscosities and the solution from the pyknometer was‘ﬁsed to
rinse the viscometer. ‘With solutions of low concentration, flow times.
were réproduoible to within10.1 s, as for pure water. At the higher
concentrations (> 1.0 mol dm~ 3}, flow times wefe significantly longer
(up to 2700 s for Na,Si03 1.7 m) and an acceptable agreeﬁenf (+ 0.ﬁ4%)

was in some cases * 0.2 s. ‘ : e~

5.2.4 THE EFFECTS OF ETCHING ON GLASS APPARATUS. ,

At_theAcommencement of this work, it was anticipated that etéhing
of gléss surfaces by carbonate or.cilicate solutions would be an import-
_ant-source of errof. Aparp From.the obvious conseqdences of efching, cn
Afhe calibration of pyknometer and viscometer, there was also the poss-
ibility of contamination of solﬁtions with broducté of the'etching
‘process. In reality, it was found that, at 250C, the errors incﬁrred
Qere small provided precautions were taken to reduce the glass-solution
contact time to a minimum; in all cases, both pyknometér and viscometer
were rinsed carefully with distilled water after gach day's experiments.
The flow time for water, tg, was approximately 1.5 s shorter (in 800 s)

at the finish of all measurements than at the start, but the actual

o,

“uncertainty in tg used in calculations, was kept to better than % 0.01%
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by frequent recélibration. The pyknometer was recalibrated for weight
and volume several times throughout this work and the results obtained
on completion of the work agreed with the initial calibrations to well

within experimental error.

5.3 RESULTS

5.3.1. INTRODUCTION

As described in section 5.2, concurrent determinations of density
and viscosity were made for each experimental solution, énd, where the
pyknometer and viscometer were reliably calibrated, this-normally
involved measureaent of three paréﬁeters; the weighﬁ bf the filled
pyknometer, the equilibrium readihg on the hyknometer Capillary and the
flow time of the solution in the viscomete?. All calculations were
carried out with-the assistance of a computer.

Inltﬁis work, one of the main reasons for meésurement of solution
aensities was to permit calculation of thé(apparent molal volume.of the

solute, ¢y, -which is defined by the expréssion,
oy = (V- ng V) /ng : (5.2)
where V is the total volume of the solution which contains ng moles

- of solute and ng moles of solvent with Vo, the molar volume of pure

solvent. ° An alternative expression for ¢,, is
¢y = [(m. F w + 1000) /d - (1000 /dg)] /m (5.3)

where m is the solution molality’ (moles solute per kg solvent), Fw is
the formula weight cf the solute and d and d, are the densities (g.cm™3)

of the solution and of pure water respectively.

Since water was used as solvent throughout this work, the subscript g

will be assumed to refer to pure water iness it is stated otherwise.



39

The relative viscosity of a solution with respect to pure water

at the same temperature, nre), is defined by the relationship;

Nrel = t.d [5.4]

tg-d

where t and ty are the flow times of the solution and of pure water,

(o}

densities d and dO respectively. The experimentally obtained values
of d, ¢,, and of “fel for solutions of Na,CO3 and Nay,Si0j3 of molality

m, are given in tables 5.1 and 5.2 respectively.
5.3.2. ERRORS

By consideration of the errors in the calibration and in experimental
measurement, it is eetimated that all densities'quotee are accurate to
befter than.t O.ULS%._ As shown in equation [5.4], the relative Qiecosity
is depeneent on the flow times and densitiee of both the'solutionrand
of pure water. It was found that ali flow times were reproducible to
within * 0.01% and this leads to an estimated error in npgy of #* 0.035%.

As described in section 5.2; solutions of eoeium carbonate -ere
in‘all cases derived from carefully dried, pure material and it is
eetimated that the maximum error in their molalities is + U.QDS%. In
contrast, solutions of soeium metasilicate were, in most cases, prepared
'feom-damp nonahydrate and analysed by weight loss on ignition at 1005°¢
; see chapter 2. By consideration of tﬁe spread iﬁ molality calculated
by.this method for duplicate samples cof sclutions, it is estimated that
the error in m »Ne28i03 may be as mech as i 0.2%. Differentiaticn of
equation (5.3) with respect to m and e gives an_expression of the total

uncertainty in apparent molal vclume,

0y, = Fw/ (d.m) -{ m. Fw + 1000 - 1000 )/mz ém

d- do ) :

+ - (in. Fw + 1000). &d/ (m.d?) ,' (5.5)



TABLE 5.1 MOLALITY, DENSITY, APPARENT MOLAL VOLUME AND RELATIVE

VISCOSITY OF Na,CO; IN WATER AT.25°C. °
m d/gem™3 ¢V/Ch3m01—l Nrel Comment
0.0167 0.999 2.699 1.009 stock soln 1P
0.0398 1.001 -0.976  1.022 nooow
0.0821 1.0086 . -2.234 1.044 nooow
0.1244 1.010 . -1.841 1.066 nooom
0.2041 ~  1.019 -1.156 1.110 noow
0.3825 1.037 . 0.492 1.217 wooow o
0.1575 1.014 -1.117 1.084 stock soln 2°
0.4695 1.046 1.484 1,272 nooww
0.7815 1.078 3.855  1.505 oo
0.4332 1.042 1.297 1.247 individual soln °
0.7327 1.072  3.608 1.464 T .
1.0800 1.104 5,880 1.779 noom .
11,2724 1.122 6.918 ©1.990 " o
1.4699 1.139 7.952 - 2.236 woom

~ 1.7053 1.159 9.056 2.574 v "

Results before correction for effects of hydrolysis - see text.
b Experimental solutions prepared by diluticn of concentrated stock
solutions (Merck "Suprapur” grade Na,CO3 indistilled water).

Individual solutions prepared from AR Ne,CO3 (B.D.H. itd.) and

‘distilled water.



TABLE 5.2 MDLALiTY, DENSITY, APPARENT MOLAL VOLUME AND RELATIVE

VISCOSITY OF Na,Si0; IN WATER AT 25°C °

m’ d/gcm—a ¢V/Cm3m01- 1 nrel . Comment
0.007 0.998 19,363 ) 1.005 stock soln 1 b
0.015 0.999 -1.064 1.010 " "- "
0.022 1.000 -5.812 1.014 ” n "
0.029 1.001 -8.519 1.018 " " "
0.036 1.002 -10.527 1.024 ” » ”
0.044 1.003 -10.859 1.029 " " "
0.051 1.004 ) -11.852 1.033 » ”» "
0.067 ~1.006 -12.426 1.043 " " "
0.058 1.005 -11.274 1.037 " "o
0.075 1.007 -11.792 1.048 ) " "
0.075 1,007 —11_817 1'048 » » "
c.081 ©1.008 ~11.060 1.052 " ” "
0.087 1.009 -11.249 1.0586 n " "
0.148 1.017 -10.788 1.097 " " "

" 0.225 1.027 -9.,907 1.151 ) " " "
0.300 1.036 : -8.890 1,209 “n " "
0.379 1.046 -8.446 1.273 - » " "
0.420 1.052 _ -7.693 1.309 ” o ow )
-0.606 1.075 ‘-5.810 1.487 " ” " b._-
0.125 ~1.014 ~-11.124 1.081 stock soln 2
0.261 1.031 © -9.302 1.179 " " "
0.379 1.046 -7.917 1.273 " " "
0.516 1.063 -6.578 . 1.397 ” " "
0.645 1.079 -5.518 1.529 ", " "
0.671 1.083 -5.320 - 1.558 ” " "
6.787 1.097 ) -4,324 1.6S6 " " n
0.897 1.110 -3.508 1.842 " " "
1.121 1.136 -1.968 - 2.188 » " " b
0.191 1.022 ~10.447 1.126 stock soln 3
0.750 1.082 -4 .,653 1.6849 A » " "

- 1.308 1.157 -0.786 2,550 " "o
1.505 1.180 0.298 3.009 " ? "
1.7086 1.202 .1.434  3.584 o
0.256 1.030 -7.404 1.171 using H8 nona

Results not corrected for effects of hydrolysis - see text.
Experimental solutions,prepared by dilution of concentrated stock
solutions {damp Na,Si039H,0, batch H5 and distilled water).

Individual solution prepared from pure, dry.nonahydrate'— see text.
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where the first fefm givesvthe error in ¢,, arising from an error in
molality &m, and the second term, the error arising %rom arn error in
dénsity, §d. Examination of equation (5.5) shows that the major

contribution to the overall error in‘¢V is the erfor in aensity'and

‘thus, when m is small, the equation may be approximated by,
A ¢y ~ - (1000/m) &d (5.6)

-«In the case of Na,COj, calculated values of A ¢, from equation (5.6)
range from 3.1 cm?’vmol”1 at 0.05m to 0.15 cm3 mol”! at 1.0m. Because
of fhe much larger uncertainty in the molalities of the sodium meta-
silicate ;oldtions, it is incorrect to use thié simplified equation
and calculationwith equation [5.5) shows that errors in ¢y are 3.27

and 0.37'Cm3 mol~}! at 0.05 and 1.0m respectively.

5.3.3 DLDENSITY MEASUREMENTS

Experimental density measurements were curve fitted by a general
least-squares procedure and it was found that best agreement betwéen

observed and calculated values was obfaingd using the equation,
d = d_+ Am + Bm? + Cm3 (5.7)

where 'd, is the density of water at 25°C, and m is the solution molality.
The values of A, B and C obtained were, for Na,CO3, 0.1085, -0.9924 x 10 2
and 0.1246 x 1072 (o = 0.5 x 107'%em” 3.and, for Na,SiD;, 0.1338, -0.01028

and 0+13 x 1072 (0.= 0.83 x 10 “gcm~3). «

5.3.3.1 Correction_for_Effects_of Hydrolysis

In agueous solutions of sodium carbonate, hydrolysis occurs, resulting

in formation of bicarbonate ion as in the equation,

CO,4 + Hy0 ——=—= HCO3 + OH
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and the hydrolysis constant Ky has been estimated5? to be 2.148 x 10°%.

| %

Calculation shows that the extent of hydrolysis; o (= = ), increases
s

with reducticn in solute concentration and at 0.015m, approximately

D

11% of the total carbonate content is hydrolysed compared Qith only
1.4% at 1.0m. Thus it is necessary to apply a correction to the
observéd appargnt molal volumes to allow for the difference between
Cng-, HCO3— and OH -ions and also for the fact that one molecule of
solvent is involved in the hydrolysis reaction.

As shown in equation (5.2), the apparent molal volumé of a solute
in a solution'of volume V which contains ﬁs moles solute and no'moles

/
solvent is given by

oy = (V- ng Vg)/ng (5.2)

where Qo is the molar volume of the solvent. The volume of the solution,

V, may be expressed as the sum of contributions from solvent and all

constituent ions and, if hydrolysis occurs according to equation (5;8],
. 7

this becomes

+

<
!

= vHy0 + VHCO3- + VOH + vC03%2~ + vNa

n
~
3J

|
X
—
<

+ x¢ HCO3  + .x¢,0H + (ng - x)$,L03° + 2n ¢ Na"

HThus,.by equation (5.2), the apparent molal volume may be expressed as,

. - ’ - 2 -
$NaaCO3 ooy = “xVg  + x $HCO3" + X ¢OH + (ng - x)¢,C03

1] . n i

n s ] 's

S

+ 2ng ¢ Na'

Ng

i ‘ o i : DU \
= -aVy, * a¢ HCO3 - + a$ 0H + (1 - a)¢ ,CO; + 2¢ Na -

and, since 2 ¢VNa+ may be expressed as 2(1 - a]c{)'VNa+ + 2a¢VNa+,
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¢ Naz CO3( oy = (1 - alNapCO3 + a[¢, NaHCO3 + ¢ NaOH - Vo]

¢yNapC03 + a[¢NaHCO; + ¢ NaOH - ¢ NapCOz - V]
Thus,

¢VNa2CO3‘ = ¢VN62CD3(ODS] = a[¢VNaHLO3 * ¢ NaOH - ¢ NapCO3 - Vo] | (5.9)
Using the notation adopted for the concentrations in equation
(5.8), the hydrolysis constant may-be expressed, neglecting activity

coefficients as,

Ky = _ x2 | - (5.10)
ng -~ X ' '
N KHnS Kpyx
. - 2 : _
. . 0 X + KHx KHnS
- KH + /KHZ + 4KHnS] /2 (5.11)

Since x cannot be negative, the value of x and thus the extent of’
hydrolysis, o, may be obtained by taking the positive root of eguation
(5.11) after substituting for the concentration of solute, ng and for

! -y - 59
Ky (=.2.l48 x 107% for NapCO3 ).

By the use of equation (5.10) with some recently reported values

for the apparent molal volumes at infinite dilution of some relevant

. o- 0 0
species;®0 ¢ 'NaHCO3 = 23.45, ¢. NaOH = -5.20 and ¢ NapCO3
= -6.13 (all in cm3 mol-1), experimental ¢,, values for Na,CJ3 were
corrected for the effects of hydrolysis;
¢ NapC0z = ¢vN52CD3[gbé] - o (23.45 + (-5.20) - (-6.13) - 18.1) "
- ¢VNa2c05(0bS] -« (6.28) (5.12)

The effect of this correction on the oy results measured for NapCOj3 is
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small and amounts to - 0.445 at 0.04m and -0.07 at 1.7m (A¢,, in cm3 mol71).
In the case of sodium metasilicate, the effects of hydrolysis
~ are much more significant as discussed in chapter 6. The equation

thought to describe the major process is very similar to that for

carbonate systems and is

: 2 ‘ - -
(HO), Si0," + H,0 (HO)3 SiD  + HO (5.13)

for which Ky, is reported to be 0.02512,61 0.063,62 0.10233,39

0.199.62 1n principle,Aan analysis similar to that described for the .
solutions of sodium carbonaie can be carried out but, in préctice,
difficulties arise since values for ¢3 NalHO) 3 Si0 have not been reported..
Therefore, all that can be done is'to estimate the correction in oy

by use of the appropriate value of KH and the ¢3- values used for the
sodium carbonate_system. In this analysis; KH was taken as 0.10233.°%°

The effect on ¢9 is large and amounts to reductidﬁs-in ¢, of -4.9 at

./

0.4m and -1.4 at 1.7m (all A¢,, in cm3 mol™l).

Apparent molal volumes as obtained from equation (5.3), ere

.related to'solute molarity, ¢, by the expression;.

©
<
n
-
<
+
wn
0
N

+ jc : ©(5.14)

where ¢3 is the apparent melal volume at infinite dilution, j is an
empirical constant and S is altheoretical constant which depends on the
temperature and on the physical properties of the soclvent. In this
work, S for water was taken to be 9.708 mol—%'-cm3 dm—g. Thus ¢3 may

be obtainad by plotting [¢V - Sc%)‘agéinst c fcllowed by extrapolation
to zero concentration as shown in figures 5.2 and 5.3 for Nay,CO3 and

Na,Si03 respectively. To avoid confusion, only the values obtained
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after correction for hydrolysis are shown in figure 5.2 (Na,C03).
By use of a least-squares- computer program which weighted experimental

2

points in proportion to c4, values of ¢3 and j, together with their

standard errors were obtained. These values are:
¢3 Na,CO3 = -5.77 + 0.09, j = 1.336 £ 0.06

However, in view of the estimated experimental errors which are shown
in figure 5.2, a more realistic statement of the results is considered

to be:
NayCO3 = =-5.8 # 0.3 cm3 mol™!, j = 1.34 % 0.15

The results for sodium metasilicate before and after correction
for hydrolysis are shown in figure 5.3. The correction applied is
large perticulerly at low concentrations and the slight negative

distortion seen in the curve fhrough the corrected points suggests that

the correction applied is excessive. 0One of the less satisfactory
aspects of this work became apparent when one of the. stock selut;pns of
sodium metasilicate,lhrepared from damp eeeahydra#e, batch H5, wae

used in isopiestic measurements as deseribed in chapter ‘6. The results
obtained suggested that material H5 contained a small amount of sodium
fhydrokide contaminant as a consequence of the techniques used during
crystallisation. Consequently, some“ef the carefuily purified, dry
nonahydrate, batch H8, which was used threugheut the isepiestic measurements,
was used to prepare one solution for use in viscosity and density -
experiments. As shown in figure 5.3, the fesult ebtainee lies sigeificantly
abtove the curve through the other results aithough just on the limit of
estimated experimental error. Unfortunately, the relativeiy large

quantity of the pure, dry material required to repeat this experiment

was not available. Thus it seems likely that the apparent molal volumes
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obtained with batch H5 could be low by approximately 1.5 cm3 mo1~1
and this is reflecfed in the large errof-given below for ¢3 NaZSiO3;
Because of the uncertainty associated with the hydrolysis correctionr, -
values of ¢3 and j were estimated from the graph (Fig 5.3). These

values are ;
o0 NapSi03 = -17 # L.5cmd mol™l,  j = 2.5% 0.3

5.3.4 VISCOSITY MEASUREMENTS

The standard equation relating relative viscosity to soclute

concentration, c, is the Jones-Dole equation,55

1

Ney = 1% Anc® + Bnc  (5.15)

where An and Bn are constants specific for the given solute - solvent
system. This equation, however, is only applicable to concentrations
below 0.1 mol dm 3 and is normally extended to higher concentrations

by the addition of a further term, to give,

l M . . A .
Mgl = i + Anc® + Bnc + ,DnCZ ' (5.18)

1

Thus, by plotting (nre -1 - Ancil/c against ¢, one may obtain Bn as

1
the intercept and Dn as the>slope.

- In the analysis of the results obtained in this work, An was

_ calculated for sodium carbonate in water as described by Harned and Gwen,®3
: ' 2 2
An = B* 2z, v+ A3z, - 4
- so(]zy]+]z2 32 ISPV AT A2
(5.17)

’

|Z,127 - |21|Ag

[¢]

0,3 .0122 07, 3
(A7) + (A7 + 27| %1|+;A2| €2|}'

where B* depends on the visccsity and dielectric constant of the solvent



and, for water at ZSOC, B* = 60.65; A? and Ag are the-limiting molar
ionic conductances of the ioﬁs. It is impossible to calculate An

for solutions -of sodium metasilicate since accurate'conductiVity
measurements of these systems héve nﬁt been reported'énd,Aconsequently

results for both soclutes were. examined using the An- value (0.01733

Ni=

: - 1
dm_g'mol } calculated for NapsCO3. The plots of (nre -1 - Ac®)/c

1
against c are shown for solutions of Nazcog and Na,SiC3 in figures

5.4 and 5.5 respectively and it is apparent that the resulté deviaté
from the linear relationship expected particularly at concentratibhsAin

excess of 0.89m and 0.7m faspectively.

to molarity

In order to obtain an equation which related'nrel

- over the concentration range investigated, an additional term in c?3

was added to the extended Jones-Dole equation (5.16) to give,

r - , ' = o
Ny =1 *+Ac +Bc+Dc?+Ec3 (5.18)

where all parameters includiﬁg A Qere allowgd to vary. The value% of
these paremeters which fitted the experimeﬁtal results best were,.for-
Na,CO5, 0.006265, 0.5011, 0.1125, 0.0878 (0 = 6.2 x 10'“) and fer

Na,Si03, -0.02386, 0.7172, 0.0261, 0.2698 (¢ = 2.7 x 1073). . It should
'.be nqted that these ére pufely_fitting hérameters and no real significance
should be aftributedrto them. Table 5.3 shbws values of d and nrel
calculated for NayCO3 and Na28103 at rounded concentrations by use of
eduations (5.7) and-(5.18) respectively. ‘

Since no viscosity étﬁdiés of the solutionquf sodium bicarbonate ’
or of Na(HO)3Si0 have been reported, it is‘impossible to éo;réét the
viscosity resulte for hydrolysis effectsAand.experimental results wefe
analysed on;the assumption that hydrolysis haq a negligible effect except

at very lcw concentrations. Consequently it was difficult to obtain Bn

. from the experimental resul*s shown in figures 5.4 and 5.5 by computation,

[N



TABLE 5.3 DENSITY AND RELATIVE VISCOSITY OF SOLUTIONS OF Na,CO3

AND Na,Si0s IN WATER AT. 25°C.

Molality . Densitya/gbh'3 Molarity Relative Viscosityb
N62C03 N828103C . ’ N82CU3 N823103C

1.008 1.010

0.1 0.1 1.053 1.065
0.2 ©1.018 1.023 0.2 1.108 1.136
0.3 1.023 1.036 0.3 1.166 1.212
0.4 1.038 1.049 0.4 1.228 1.2393
0.5 1.043 1.062 0.5 1.284 1.382
0.6 1.059 1.074 0.6 1.365 1.480
0.7 1.069 1.086 0.7 1.441 1.587
0.8 1.078 "1.088 0.8 1.523 1.707
0.9 1.088 1.110 0.9 1.612 "1.841
1.0 1.097 - 1.122 1.0 . 1.708 . 1.989
1.1 1.106 1.134 1.1 1.811 2.155
1.2 1.115 . 1.145 1.2 1.922 2.338
1.3 1.124 1.156 1.3 ~.2.042 2.542
1.4 1.133 1.168 1.4 2.170 2.767
1.5 1.142 : 1.178 1.5 2.309 . 3.016
1.6 1.150 . 1.190 1.6 2.457 3.289
1.7 1.158 .1.201 1.7 2.817 : 3.588
l.8 1.167 1.212 1.8 2.787 3.817
1.8 1.176 1.223 1.9 2.968 4,275
2.0 1.184 1.234 2.0 3.154 - 4,664

9 Densities calculated from the equation, d = dg *+ Am + Bm? -+ Cm®
where d_ = 0.997046 gcm 3 and A, B, C are, for Na,CO;, 0.1085,
- 0.9924 x 1072, 0.1244 x 1072 and, for Na,SiOz, 0.1338, - 0.1028 x 107!

and 0.13 x 10-2 respectively.

b Relative viscosities calculated from the eguation,

1
n =1 + Ac? + Bc + Dc? + Ec3 where A, B, D and E are, for Na,COj3,

rel

.0.6265 x 1072, 0.5011, 0.1125, 0.0878 and, for NapSiO3, -0.2386 x 1071,

'0.7172, 0.0261 and 0(.2692 respectively.

‘C Na,Si0sz values based on results from batch H5 nonahydrate only - see text.
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and instead the intercept was obtained graphically, as shown, by drawing

the inflection to the two curves. The main error in the function

3

-1 - Aci)/c comes from the error in nre

(n and ‘may be estimated

rel 1

approximately, from the relationship,

AF = 6nigy. ' (5.19)

C

from which it is apparent that for a % error'in-nrel of + 0.035%, the
éctual uncertainty in the Functién is_approximately 0.001 at 1M and

0.18 at 0.02M." Thus the values of Bn with their estimated errors are,

for Na,CO3, 0.46 * 0.03 dm3 mol~! and, for Na,Si03, 0.56 * 0.03 dm3 mol™!.
An élternative method for estimating the difference between‘fhe Bn vélues
is shown in figure 5.6 where values of nrel/c and d for NaéCDg and

Na,Si03 are compared. This figure demonstrates clearly that, for equimolar

solutions, the density and relative .viscosity are always significantly

greater for solutions of Na,SiOj than for Na,CO3. As expected, the

/

difference in density is linear with concentration, whereas the values of

[Anrel]/c fall on a curve}and_intersect the y;gxis at 0.125 + 0.015.
Consideration of equétion (5.16) shows that the‘intercept-obtained from
this plét is in fact ABntNa28i03 - NaZCDgl.which is in good agreement
with the values obtained by the normal procedure. (ABn = (0.56 - 0.46)
+ 0.08). '
As.shown in figdre 5.5, the viscosity result'obtained for the

solution of nonahydrate batch H8 lies close to the other results and in

view of this, the error estimated in Bn Na,S5ifl3 is considered adequate.
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5.4 DISCUSSION

The main results are summarised in .table 5.4.

= | TABLE 5.4
Substance ¢3 /cm3mo1-1 " Bn/dm3 mol-1!
» ' a . . e
Na,CO3 5.8 + 0.3, -6.13 0.46 + 0.03, 0.522
.- . | |

c0,” (aq)® -3.4 + 0.3, -3.7%, -4.3°

NapSils -17 + 1.5, +1.1 ¢.1.5° 0.56 + 0.03

5i0,2 (aq)?  -14.6 + 1.5, +3.4 * 1.5°

b calculated taking ¢3 Na® = -1.21

@ perron et. al. ref. Bd
€ Millero ref. .53 d Calculated assuming one molecule of water

incorporated chemically in the anion - see text. © Estimated - see text.

* 5.41 DENSITY MEASUREMENTS

.Thé,value of @3‘ calculated for(sbdium carbonéfe (-5.8) lies
within experimental error of‘the value (-6.13) repérted recently by
Perron and Desnoyers60 anﬁ is close to the mean of.Four other reportssu
(¢3.Na2803 = -6.04 + 1.3 cm3 mol™!). No values ﬁave béen reported for
¢3 Na,Silj. The apparent mojal volumes of the silicate and carborate

ions at infinite dilution may be calculated using the conventional ’

2- .
¢3 for Na® 53 (-1.21 cm3 mol~1) and gives ¢8 Cd3° = -3.4 * 0.3 and
2= -
¢° Sio = -14.6 + 1.5 cm3 mol !. Consideration of published results
v 3 _

: 2
for other dinegative ions®3 showed that the value for 5i03 was
significantly more negative than that of any compérable icn and suggested

that an error had been made in the celculation. It _became apparent that
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the analysis used had faken no account of the Qell established
evidence36,37,42 yhich suggests that the predominant silicate species
in alkaline solution is not 81032-‘but is [HO)ZSiDé —, formed by‘

incorporation of one mclecule of water per silicate group. This can

be allowed for by use of equetion (5.2) as follows; -

¢, = (V - nVg)/ng (5.23

where the solution volume, V, is unaffected by the type of silicate

ion postulated. .IF it is assumed that each mole of 81032 species
incorporates one mole of water, then the actual number of moles. of
solvent left is (ng - ngl. Thus the values of ¢3 calculated assuming

the existence of Si03% ; ¢3 Si0327, or (HO0),Si0,27 ; ¢3 (H0),S1032",

di?fer as follows,

n
—~—

1
—

=

¢, (HD),Si0,27 - ¢V'51032‘ o~ Ns) \'/o‘ - (-no\_lol]/nS (5.20)

SVo/nS = V

[
3

(s}

By the use-pf the molar volume of pure water (QO = 18.1 cm3 ﬁol_lﬁ,

¢3 may be obtained for Na, (HO),S5i0p (+1.1 # 1.5 cm3 mol™ 1) and for the
silicate ion, ¢3 = +3.4 + 1.5 cm® mol”!, which is compafable with

¢S HPO,?. (= +7.7 cm® mol™!). The similarity of these values is
éignificant and supports strongly the gvidence from cther work that the
species 51032_ does not exist in aqueous solution. The fact’ that ¢3
[HD)ZSiOZZ_ is small and near zero is in accord with a piqture'of'
aqueous silicate.systems in which the ion does not possess a strong
hydration shell as such, but is actually structurally integrated within

the solvent through extensive hydrogen bonding.

5.42 VISCOSITY MEASUREMENTS

Values of Bn for solutions onsodium'carbonate or of sodium meta- .

silicate have not been reported previously. However, by use of published
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values®* for KC1' (-0.014), NaCl (0.079) and K,CO3 (0.336), BnNa,COj
may be estimated (0.338 + 2(0.078 - (-0.014))) to be 0.522 thch is
in %air agreeﬁent with the value (0.46 * 0.03]‘0btained in this
investigation. |

In-thé case of sodium metasilicate it is impossible even to
estimaté a value fbr Bn from other results since no éuitable data has
hitherto been publishéd.‘ The value of Bn obtained in this study is
greater than all other publishéd results for simple sodium salts'including
the value for sodium carbonate. The most reliable estimate cf tﬁe'
difference between BnNa,Si03 and BnNa,CO; is likely to be that obtained
from figure 5.6 (0.125 + 0.015 dm3 mol~1).

For spherical particles which are large in relaticen to éolvent
particles, the Einstein equation gives a relationship bétwéeh effectivé

hydrodynamic volume V_ and the B - coefficient which may be expressed as, '

h
2.5V, = Bn -~ (5.21)
: 7
The difference between ¢3 of Nay;Silj and NaZCD3_is 6.8 £ 1.8
cm3 mol~! and, if this is considered approximately equal to the difference
in effective hydrodynamic volume of the two solutes,.then equation
15.215‘gives the difference in Bﬁ as G.017 in comparision with the
observed difference of 0.125 + 0.015. Thus solufions of sodium ﬁeta—
silicate are more viscous than would be expected from their -volumes
aione. It seems likely that this may 58 aftributed in part to the-
_presence of small amounts of polysilicate species evenAin dilute mefa—
silicate solutions. However, the fact that the viscosities of aqﬁeops
Na,Si03 and Na,C03 are nevertheless of comparable magnitude tends to
support the evidence cf other workers (eg Naumann and Deby825:32) that

the polysilicate species present in metasilicate solutions have a low

average molecular weight, dorresponding to 3 or 4 (SiO3]lunits.'



CHAPTER 6

VAPOUR PRESSURES OF SODIUM METASILICATE AND SODIUM
CARBONATE SOLUTIONS AT 25°C.

6.1 INTRODUCTION ‘

There are two basic ways in which the chemical thentials 0?
- the components of an eléctrolyte solution may be determined. One
- may either measure the solvent activity and, by application of thé
Gibbs-Duhem eqﬁation (see 6.3.4), Dbtain'the solute activity or
vice vérsa. In general. solvent éctivity may be méasured by. vapour
pressure and freeZing/boiling point methods, whereas soiute activity
is comﬁonly détermihed by solubility and by‘E.M.F. ﬁeasurements.

In fhe work which is. described here, the solvent activity has
been obtained by measurement of solution vapour pressures by'aﬁ indifect,

. -

comparative technique, known as the "isopiestic method”.®% This
differs from direct vapour pressure methods in that it ipvolves no
manometric measurement,lié less temperature sensitive'ana consequently
is, at least in theory, capable of greater precision. The iscpiestic
method relies upon the ﬁrinciple that if two or more solutions of non
volatile solutes are placed in a blosed system{ thea solvent will distil
from one‘solution to another until the vapour pressures of all the
solutions are equal‘i.e.gare isopiestic. By careful determination of
the equilibrium solution compositions, sets of concentrations of different
solutes in the same solvernt which have the same veapour pressﬁré, i.e.
the same solvent activity, may be‘ubtained. However, in order that these;

data may be used to give information about the actual solvent activities

and, indirectly, the solute activities, it is necessary'tﬁat solvent




activities be known as a function of concentration for at least one
of the solutes used - the‘reference electrolyte. Consideration of a
simple exaﬁple will show the main requirements of an apparatus designed
to make isopiestic measurements.

-Imagine two solutions A and B, both at the same temperature T,

A»> PB. Provided that

with different vapour pressures such that P
vapour can pass from one solufion to the other, solvent will distil
from A to B until the vapour pressures of the t@o solutions are equal.
The transfer df'solvent results in an increése in thé'concéntration
of solution A, and a dilution of éolutioﬁ B with associated -changes in
the ;olution temperatures sﬁch thatATA < TB] It is well established tHat
a reduction in temherature produces a reduption in the vapour bressure
of a solution and vice versa. Thus,PA is reduced not only by the loss
of.solvent and resultant increase in concentration but also by the‘
reductio& in temperature. The reverse'apblies to Pé ana, as a reshit,
o

it is possible to attain a false equilibrium situation unless steps
are taken to ensure efficient thermal equilibration between solutions.

Many diffefent approaches have been trieq in isopiestic work®5,66
and the attainment of good thermal contact between solutions hasAbeén one
of the main aims. Haterials'of high thermal cenductivity have been used
for the dishes containing the solutions as well as for the intercannecting
medium which, in most cases, has been a relatively large mass of metal
acting as a heat sink or thermal buffer. Rapid equilibration isvenhanced
if the system containing the solutioné is evacuated to a pressure of
the same magnitude as water Qapour pressure since this permits solvent
melecules to pass more freely between solutions. Agitation minimises

thermal and concentration gradients within the solutions, and many

complicated mechanisms®’ have been used for this. Several workers®® have



attempted to develop'aéparatus capabie of cove;ing the equilibrated
solutions -before they are removed from the closedvsystem for measuremerit.
The object of this is to minimise the effect of air currents on the
soclution compositions and it is in this area that the apbaratus described
here has its main advantages.

In this work, measurements were made of the vapour pressures of
~solutions of sodiuﬁ chloride, sodium metasilicate and sodium carbonate
in water at 25°¢ by the isopiestiq method. Aqueous sodium chloride
has been widely studieé and acted as the reference electrolyte in these
measurements. Solutions of sodium metasilicate and sodium'carbonate

have not previously been investigated by the isopiestic technique.

©.2 EXPERIMENTAL

6.2.1 MATERIALS

The sodium chléride and anhydrous sodium carbonate wére Merck -
Suprapur grade. Both compounds.were dried by heating to iZDOC DJérnight
aﬁd were subsequently stofed in vacuoc over ?resh phosphorus pentachloride.
Sodium métasilicate was purified as the nonahydfate by répeated
recrysfallisation from aquéous solution-in the absence of carbon dioxide..
It was carefully dried over sodium metasilicate pentahydrate uﬁtil it
cbntainéd nine moles of water per mole of metasilicate and was stored in
a sealed bottle. Full details of the purification and analysis of
soaium metasilicate are given in chapter 2. Na)Si03.9H,0 batch H8 (see
table é;i) was used throughout as a source of pure sodiuh metasilicate
‘ and analysis by ignition at 1000°C gave the % H,0 by weight as 58.97~i
0.03% (pure nonahydrate = 57.049%). All solutions were prepared with

water freshly distilled from glass apparatus.
6.2.2 EQUIPMENT

A general view uf the experimental arrangement is shown in plate



54

6.1. Each isopiestic apparétus consisted o% a metal block in which
eight circular recesses were machined. .The experimental solutions
were contained in covered metal dishes made froﬁ 0.2 mm sheet, which
fitted cldsely into the recesses in the block as shown in plate 6.2.‘
The block and. dishes were placed in a 6", type 4, Jencons "Dry-Seal”
desiccator which had been modified to allow a 1lid carriér‘to be operated
from outside of the apparatus. The lid carrier was a perspex disc
with recesses to hold the lids; attached to a stainless steel rod which
passed through a Quickfit screw-fhread joint type SQ18 in the desiccator
top. Approximateldimensions of thé apparatﬁs are given in figure 6.1.

Blocks made from duraluminium, stainless steel aﬁd gold-plated
copper were all found to give satisfactory equilibration but only stainless
steel and copper were used in the work since duraluminium was easily |
_corroded. Dishes pressed from stainless steel shget were used with the
steel blocks.and gold—plafed silver dishes [Johnsog and Matthey Ltd.)
were used with fhe copper ones. Loose-fitting iids of stainlesé gteel
and of Teflon were used with the stainless steel and silver dishes
réspectivély. Dﬁring early measurements, the stainless steel dishes were
badly corroded by the soluticns o? sodium chloride ih particular, a
fendency thought to be attributable to the aﬁnealing stage in their
manufacture since fhe unworked steel sheet was not'corroded. However,
it was found that oxidaﬁion of the disﬁ and lid surfaces by refluxing'
in concentrated nitric acid for a few deys rendered them as inert as
the original material. The toggl capacity of a dish was 9 cm3 but,
in practice, it was found that ghe use of 4.5 cmgnsolutién was the safe
maximum if spillage was to be avoidéd. |

The complete apparatus coﬁld be evacqated by connection to a pumping

system. The pump was an Edwérds'"Speedivac" type 2520D two-stage model,



PLATE 6.2 THE ISOPIESTIC EXPERIMENT - STAINLESS STEEL BLOCK W

DISHES AND LIDS




Fig. 6.1 The isopiestic apparatus.
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and the rate of'pumping Qas reduced to an acceptable level by the use
of a 13 cm length of 1 mm internal diameter glass tubing as.the
connecting link between the apparétUS'and the pumping system. During
the experiment, the apparatus was located on a submerged teak turn-
table which rotated at an angle of 5° from the horizontal, 15 times
per minute, in a.thermostatted water bath as shown in pléfe 6.1. The
turntable was driven by a shaft which passed through the base of the
water bath from an electric motor fitted with a reduction gear. In
Practice, it was found to be very difficult to devise a reliable system
of éeals ana bearings for the point where the turntable shaft entered
the water bath. Although this problem was overcome by minor-ﬁodification'.
of the design described by Malllinson{66 a subsequent mechanism ihvolving
a submerged rocking tablé is felt to be muCh superior. Two waﬁer baths
were uéed and their tempgratufes were kept at ZSF;'0.03°C in one case
by a conventional contactvthermoheter'- relay system and in the other
‘by a Fimonitor Temperature control (Fisons Ltd.). Both devices operated
satisfactorily; Each bath was'equipped with a mechanical stirrer(but‘
it was found that the movement of the tufntables‘and desiccators prdvided
suffipient agitation of the Sath wafer.

Disposable plastic 2 cm3 syringes were used for handling small.

volumes of solution and distilled water.
6.2.3 PROCEBURE

" All dishes and lids were thoroughly washed in distilled water and
were then dried in an oven at 120°C except for the Teflon lids which
were dried with Kleenex MedicaIIWipes. The lids and dishes were allowed
to equilibrate at room temperature and humidity for at least one day
before use.r In most experiments, two dishes contained sodium chloride

solution which acted as the reference eiectrolyte, three contained



'sodiuh metasilicate solutioh and three sodium carbonate solution.
After the desired concentration range had been decided, calculation
gave the concentrations of the three electrolytes which would be
appréximately isopilestic.

. The solutions wére prepared by one or other of two methods which
differed in that either solid material or stock solution along with
distilled water could be used. In either case, the dish and 1lid were
~ipitially weighed empty. The amount of material required to give
approximately 2 cm3 of a solution of desired ¢oncentratior was then
added to the dish, by syringe in the case of stock ;blution, and the
dish, 1lid and contents were weighed.v This procedure was repeated for all
eight dishes which were then placed, carefully,-in the recesses in
the block. Freshly boilea, distilled water was then added by‘syringe
to each dish to abtain the desired eleétrolyte ccncentrations; The use
of warm, freshly-boilea water promotéd rapid dissqlution of solid electrolyte
and, becausé it wasvrelatively free of dissolved air, it avoided éhattering
which sometimes dccups on evacuation of the apparatus. Stock solutions
were used initially to ﬁrepare solutions with concéntrations less than
1.0 mqi dm™3 since, in theée cases, the weights of solid material required
£o prepare the desired volume (2 cm3)were so small that the weighing
error was excessive {> % 0.15%). However, it was shown that this techhique
-is,voverall, suberior to the use of solid material and could well have
been applied to all the solutions prepared in this work. HBecause of
the uncertainty in the water content of the sodium metasilicate nona-
hydrate used, the composition of sodium métasilicate stock solutions was
determired from the weights of solvent énd of solid material and checked
by analysis of the solution‘by ignition at 1000°C as described in

Chapter 2.
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The block,-compieie with dishes, solution;, lids and lid carrier,
was then located in the desiccator base and, Qhen the retaining nut
(A) had beén removed, the desiccator top was placed in position.
(Apparatus coﬁponentsiare labelled in figure 8;1]. The épparatus
was connected to the pumping system through joint (C) and, with tap
(D) closed, the pump.was switched on. The lids were raised by means
of the 1id - carrier rod and joint (B) was then secured. When the
pumping system -had been evacuated, as shown on a manometer, tap (D)
was opened and a downward force was applied to the desiccator top
until the apparatus had sealed. EQacuation was continued until the
pressure measuréd when the system Was isolated from the pump waé éround
2 cm Hg.- Tap'(D) was then closed and fhe apparatus was detached from
the pumping systém. Connection (C) which was fhén exposed, was sealed
with a small rubber bung to prevent'Water entering the tap body and
the apparatus was Tirmly located 06 one of thé tu;ﬁtables in the thermo-
stat bath. | I | y

When the equilibration was thought tolbe'complete,_the apparatus
was removed from the bath and the lids were lowered onto- their dishes
By slackening joint_(B] slightly and lowering the 1id-carrier‘rod.
Excesé water was sucked from the ”o"-riég joinfvand aif was iet slowly
into the apparatus by opening tap (D) with a tightiy twisted paper
tissue in place of the bung in C. The desiccator top was removed,
nut (A) was replaced and the complete block assembly was lifted out of the
desiccator base. All.eight pots with lidé and solutions were successively
removed from the block with speciallyAdesigned. plastic coverad tongs,
weighed and replaced in tihe block. This was carried out as quickly
as ﬁossible and often, all weighings were completed within 3 minutes.

The isopiestic concentrations of the different solutes were calculated
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'by combination of the equilibrium weighing with the two previous
meésurements. The complete slock was then repléced in the desiccator
base and nut {(A) was removed. By use of a plastic syringe, a small
amount of fresnly boiled water was placed in the bottom of the
desiccator base and, after the desiccator top had been replaceq, the
evacuation and equiliibration steps were carried out as before. This
_successive dilution technique worked very weli and, with‘it, up to
eight isopiestic eguations were obtained for each experiment.A It
wasAfound that a suitable amount of water to add eabﬁ time was.lo% of
the totel water in the apparatus. The time taken to reach equiiibrium
depends on the igverse of the solute concentration and on the éxtent to
which concentrations differ from the equilibrium values. In this work,
a satisfactory interval between measurementg'was found to Qe one week for
concentrations greater than 1.0 molal and increasing to one month for

concentrations around 0.1 molal.

6.3 RESULTS

6.3.1 INTRCDUCTION

-The water activity of any aqueocus solution is related to the.
fugacities of the solution and of pure water but sirce, in most cases,
the vapour pressures are low, fugacity may be considered equal to

presspre and the relationship becomes

a, = P/Py - (6.1)

where P and P, are the vapour pressures of the solution and of pure
water respectively. The water activity is related to a'spaciallfunction,

‘the molal osmotic coefficient of the sclution, ¢, by the relationship;

¢ = ~(1/vmi Myulln a (6.2)

W
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where v is the number of moles of ions formed when one mole of solute
is dissclved, m is the solution molality i.e. méles of solute per kg
pure solvent, and Mw is the kg formula weight of the solvent which,
for water = 0.018015. |

when a numbef of solutions attain isopiestié équilibrium, the
water activity in each solution is the same and thus, considering
sclutions of two different solutes, A and B, the equilibrium may be

expressed as follows, by use of equation (6.2),

-(¢AvAmAMW) . --[¢BvBmBMw)

from which it is apparent that,

¢AvAmA = ¢BvBmB' : (6.3)

The isopiestic ratio R is defined by

R = (v mB) / (v mA] (6743-

B A

/

where solute B is the reference electrolyte and equation (6.3) thus

becomes

¢A = R.q)re~F (6.5)

This équation is the basis 6f the isopiestic technique since, provided
the reference substance has well .defined propertieé within the
concentration range and at the temperature required, ¢ may be calculated
for any other electrolyte by measurement of the concentrations of
experimental and refefence materials which are in isopiestic equilibrium.
It is obvious that solutions of mdre than one experimental solute may

be in equilibrium with the same reference solution concurrantly.

6.3.2 CALCULATIDN OF RESULTS

In this work, all weights of solute and solvent (water) were

corrected for buoyancy to the in vacuo values by use of the equation,
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: = .0/(1.0 - d__ .
Wtogrr wt(1 0/(1.0 dair/dxl)_ . (6.8)

where dair was taken as 0.0012 gem™3 and<dx was taken és 2.0 for
solid e}ectrolyte and d; was taken és 0.957046 for pure water.
Solutions of pure sodium chloride were uéed as the reference
electrolyte and, in all éases, the molality used for calculation of
¢ was the mean of the molalities of two dﬁplicate solutions. The

ref

equation used for calculation of ¢re was as described by Hamer and

.F
wu’69

brep = 172.302585 ||z, 2z | A [(1-B*m) - 4.50517 log.
(B*)%m . '

1 ; 1 e ’
(1+B*m*} - 1/(1+B*m*) | -Bm/2 - 2 Cm?> - 3 Dm3| (6.7)
' 4

3

where, for NaCl, Z, Z_ - 1.0, A = U.SiDE, B* = 1.4495; B = 0.020442,
C = 0.57927 x 1072, D = -0.2886 % 1073, Measurements were made of the
isopiestic concentrations of sodium chloride, sodium metasilicate and
sodiﬁm carbonate in water at 25°C from saturation point to 0.1 molél

o
sodium metasilicate. The isopiestic ratios cf Na251d3 and of NazCD3A
with respect to Fhe reference substahce, NaCl, are shown in figure’é.Z.
 The-0sm0tic coefficient was computed for each experimental solution by
use of equations (6.5) and [8;7] aﬁd.the water activity in each'set'of
solutions was calculated from equation (6.2) using~q>ref from gquation
. (6.7). These results are given in table 6.1. Solutions of sodium
metasilicate and sodium carbenate were prepared in duplicate in experiments
S2 toAI.P.B and in triplicate in experimgnts I.P.S fo I.P.14 inclusive.‘

The values quoted for-molality and osmotic coefficient are in all cases

the mean of the results obtained from repeat solutions.

6.3.3. SOLUBILITY OF SODIUM METASILICATE IN WATER AT 250C>

The solubility of pure sodium metasilicate in water at 25 + 0.03°C

was determined using pure nonahydrate batch H8 as shown in table S.1.
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TABLE 6.1 WATER ACTIVITY, OSMOTIC COEFFICIENT AND MOLALITY OF

SOME ISOPIESTIC SOLUTIONS.

a,b.

Experiment -

. "™acl  ™a,C0; ™NapSins ®Na,CO, ®NapSi0; Sw
S2 2.0785 1.8415 0.7456 0.92867
2.0784 1.8428 0.7450 0.92868
2.0609 1.8264 0.7447  0.9293Z
1.8210 1.6828 0.7453  0.393446
I.P.5 1.5822 1.3590 0.7463  0.94666
‘ 1.3627 0.7443 -
1.5880 1.3656 0.7456  0.94645
1.3688 0.7439
1.5338 1.3149 0.7459  0.94837
1.3177 0.7442
1.4872- 1.2710 0.7464  0.95002
, 1.2738 0.7447 .
1.4247 1.2111 0.7481 0.85221
1.2135 0.7466
1.3688 1.1522 - 0.7534 0.95417-
1.15886 0.7492
1.3150 1.1067 0.7500 0.95B0%
: 1.1089 0.7515 :
1.2688 1.0630 0.7533 0.95764
1.0642 0.7525
1.2265 1.0221 0.7558° 0.95911
1.0237 0.7546
I.P.B 1.8787 1.8054 1.7427 0.6802 0.7437 0.93235
1.7446 _ 0.7429 '
1.8658 1.7909 1.6347 0.6781 0.7429 . 0.93647
1.6264 , 0.7421 '
1.7397 1.6651 1.5174 0.8754 0.7411 0.94103
1.5183 0.7407
1.6650 1.5833 1.4464 0.6746 0.7411 0.94372
, 1.4468 0.7408
1.5985 1.5207 1.3834 0.6744  0.7413 0.94808
1.3835 0.7411
01.5274 1.4479 1.3164 0.6743 0.7418  0.94860
1.3159 G.7419
1.4677 1.3849  .1.2613 0.6754 0.7416 0.95070
1.2583 0.7433
1.4085 1.3240 1.2038 0.6757 0.7434 0.95278
©1.2025 0.7442
I.P.7 1.2689 1.1803 1.0594 0.6785 0.7553 0.95764
1.0615 0.7545



TABLE 6.1 CONTINUED

Exgﬁ;ggi”t ™aCl  MNapC0; ™Wap$i0; *Nayc0; ®Naysiog
1.P.7 ‘
(continued) 1.1846 1.0935 0.9834 0.6711 0.7573  0.96055
0.9846 0.7564
1.1018 1.0107 0.9079  0.6829 0.7602 0.96333
0.9084 0.7597
1.0319 0.8371 0.8405 0.6877 0.7665 0.96577°
: : 0.8414 0.7653 .
0.9471 G.8525 0.7640 0.6920 0.7722 0.56862
/ ' 0.7648 0.7713
I1.P.8 0.7208 0.6217 0.5522 0.7142 0.8034 0.97623
’ 0.5592 : 0.7940
0.6569 0.5626 0.5050 0.7184  .0.8045 0.37838
0.5065 0.7981
1.p.g" 0.8585 0.7673 0.6778 0.6940 0.7857 0.97163
‘0.7868 0.6955 0.6161  0.6999 '0.7903  0.97403
" 0.7254 0.B355 0.5631  0.7052 0.7955 0.97608
0.6772 0.5875 0.5257 0.7109 0.7945 0.97768
0.5805 0.5048 0.4500 0.7200 0.8078 0.98055
I.P.10 1.3061 1.2178 1.1016 0.6781 0.7496  0.95635
: '1.2038  1.1127 1.0083 0.6807 0.7511  0.85983
1.1121 1.0191 0.9247 0.6838 0.7536 0.96303
1.0282 0.8330 0.8543 0.6881 0.7516  0.96530
0.8873 (.7917 6.7233  0.6960 0.7618 0.97066
I.P.12 0.3487 0.2848 0.2362 0.7513 0.9055 0.98851
0.3095 0.2503 0.2043 0.7591 0.9301 0.98979
0.2891 0.2325 0.1889 0.7635 0.9395  0.99045
0.2712 0.2163 0.1772 0.7693 0.9404 0.99104
0.2538 0.2018 0.1647 0.7729 0.9481 0.99161
I.P.128 .0.4980 0.4165 0.3576 0.7344 0.8552  0.98361
0.4574 0.3796 0.3252 0.7396 0.8634 0.98494
0.4227 0.3481 0.2980 0.7450 0.8703 '0.98608
-0.3932 0.3216 0.2757 0.7501 0.8750  0.88705
0.3651 0.2967 0.2540 0.7550 0.8818 0.S58797
0.3324 0.2678 0.2333 - 0.7617 0.8742  0.98304
0.3133  0.2514 0.2190 0.7650 0.8779  ©.98966
I.F.14 0.1850 0.1520 0.1206 0.7906 0.9963 0.99353
: 0.1877 0.1459 0.1148 0.7926 1.0075 0.99377



TABLE B.1 CONTINUED

EXPEIMENt MyaCl  MNapCD; ™apSi0; NapCO; PNapSi0s
I.P.14 |
(continued) 0.1742 0.1348  G.1057 0.7967  1.0166 0.99421
0.1623 0.1250  0.0981 0.8018  1.0208  0.99460
0.1571 0.1207  0.0952 0.8037  1.0192 .0.99477
0.1498 0.1152  0.0923 0.8036  1.0030  O0.99501

In experiments S2 to I.P.8 inclusive, sclutions were prepared
from individually WBighed-amnunts>of solid electrolyte. Stock
solutions were used during preparation of experiménts I.P.9 to’

IIP.14.inclusive_— see text.

b PufifiedeéZSiO39H20 batch H8 was used for all measurements on
sodium metasilicate. Nonahydrate prepared indepéndently, batch
H7 was élso-used in expefiments I.P.5, B, 7 and 8, and results
obtained by use of this material are shown as tﬁe second of the
two'values shown.

c

Two stock solutions wefe prepared from Na,;Si03.9H,0, batch -H8.
Solution 1 was used to prepare experiments I.P.8, 10 and 12

solution 2 was used for experiments I.P.12B and I.P.14.
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The method emﬁloyed was to blace two ovaersaturated and two under-
saturated solﬁtions of NazSios in the isopiestic apparatus. The
initial»water‘activity in the former is less than in the latter With

the result that solvent distils from the undersaturated solution until
:saturation composition is réached. At saturation, the water activity

is the same in the previcusly undersatﬁrated solution as in the over-
saturated solution with the result that distillation ceases. Initially,
three weeks were allowed for equilibration before the solutions were
measured. The apparatus was replaced in the bath,apd measqred again one
month later. It was found that the concentration of the undersaturated
solution changed by only 0.06% over this period as shown in the first
two measurements in table 6.1. Thus, ‘the sdlubility df sodium metasilicate

at 2508 in water is estimated to be 1.843 % 0.004 molal.

6.3.4 CALCULATION OF SOLUTE ACTIVITY COEFFICIENTS

Solute aétiVity is related to solvent activity by the Gibbs-Duhem
. ./

equation,

d lna; = xj3dln a; (6.8)
: %> .

where ‘a;, and a; are the activities of solute and solvent fespectively

and xp and x; are the respective mole fractions. As described by

Lietzke and Stoughton,’? suﬁstitution of a semi-empirical equation for
the variation of activity coefficient with concentration into the
Gibbs-Duhem relationship followed by integration, gives rise to aﬁ
equetion for the osmetic coefficient containing the same parameters as

in the original activity coefficient equation. Thus activity coefficient
data may be used to calculate osmotic coefficients and vice versa. In
this work, the experimentally obtained osmotic coefficients for solutions

of sodium metasilicate and for sodium carbonate were fitted to the
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equation;

' 1 1 1
¢ = 1-Alz,z_| . |[(1+BI®) = 2In (1+BI*) - (1+BI%) !

B31 : , : ‘ (6.9)
+ 231+ 2,12+ 7418

by a least squares procedure and values of mean solute activity

coefficient y * were obtained from the corresponding expression,

1 1
In vy + =-Alz z_[I*/(1 + BI*) + 2 )T + 3 7,12 + 4 7,13 (6.10)
2 3

In both eqpafions (6.9) éﬁd [8.10]; I is the ionic strength of the solution
(I = %Zicizizl ana A is the Debye-Huckel constant which was taken to be
1.17616. When fitting experimental ¢ data, A was kept fixed and parameters
B, Zi, Zp and Z3 were variable. It was found that the relatively low
maximum concentrations involved in this work (< 1.9m) made the use of
the cubic term in equations (6.9) and (6.10) unneééssary and, as a o
result, all fitting and subsequent caloulation of Yy * was carried ,out
ysing parameters A, B, Z; and Z, only.. | |

The accuracy of activity coefficieﬁts ﬁaloulated in this manner
is largely dependent on the spread of experimental ¢ values since the
'ﬁncerfainty in the paraméters of the ¢ ; m relationship (equation (6.8))

will be reflected in the uncertainty in v #* calculafed'from equation (6.10).

6.3.5 REPRODUCIBILITY AND ESTIMATED ERRORS

No significant difference was observed between results obtained
from stainless steel or gold-pleted silver dishes whether using Teflon
or stainless steel lids. As discussed in section 6.2.3, the weighing
errors incurred during preparation of éxperimental solutions by direct
weighing of solid electrolyte into the sample dishes became unacceptable

for solutions < 1 molal and consequently, the more dilute solutions
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investigafed were prepared by use of concentrated étock.solutions -
see footnotes @ and C, table 6.1. The agreement between equilibrium
molalities of duplicate solutions was better at high sqlute molalities
than at low molalities as summarised in tablé 6.2 and. ranged from -
* 0.02% at 1.5m to * 0.3% at 0.1 molal. The accuracy of the isopiestic
molélities calculated depends, however, not only on the égreement between
duplicates but on the reliability of the composition of the source
.material used whether solid electrolyte or stock sclution. In the case
of sodium chloride and sodium carbenate, material of high purity was
vréadily availablg and, by the use of stock solutions for preparation
of the lower concentrations, the overall reliability of the isopiestic
molalities measured is estimated to be better than twice the difference
Eetween daplicates ie £ 0.1% at 1.0m. Hewever, in the case of sodium.
metasilicate, pure material of accurate composition is difficult to
prepare and to analyse as is discussed in Chapfer 2. It is estimated
that tﬁe water content of the nonahydrate used in all experiments, batch
H8, was accurate to better than # 0.1% ﬁverall. This introduces an
additional error in the molalities of Na,Si03 and amounts to * 0.2% at
saturation but decreases to + 0.07% at cne molal. However, as with the
'other solutions investigated, general experimental error isla function
of tﬁé inverse of concentration. An estimationlof the maximum effect
of these efrors on molality, isopiestic ratio and osmctic coefficient
is given in table 6.2.

The water activities shown in tableAS.l are dependent only on
the reliebility of the reference data and are estimated to be éccurate
to better than 0.08% overall. |

As shown in table 6.1, the results obtained from two independently

prepared samples of pure Na,SiO3 9H,0, batches H7 and H8 eagree within -
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TABLE 6.2 ESTIMATES OF THE RELIABILITY OF OBSERVED ISOPIESTIC

MOLALITIES AND DERIVED PARAMETERS /%+

Agreement between

duplicate solutions. 0.02 0.05 : 0.3

Error in true

concentration . - 0.02,% 0.2° 0.05,% 0.07°  0.3,% 0.68"

Total errcr in.

isopiestic molality. 0.04, 0.22 0.1, 0.12 0.6, 0.98

Uncertainty in R(dR) 0.08, 0.26 0.2, 0.22 1.2, 1.58
Y o )

Uncertainty in ¢

(= ¢.dR) . _ 0.00084, 0.00182 0.0016, 0.0016 0.0086, 0.015

® NaCl and Na2C03;i b Na,Si03;  Note that the estimated uncertainty

)

in ¢ is not a8 % error.

the estimated error inherent in these measurements. However, it should
be noted that the systematically higher molalities obtained for solutions
'49? H7 canﬁot be explained by a small difference in water content of

fhe materials éince H7 was observed tohbe, if anything, slightly drier
than HB8. 'As detailed in table 2.1, the preparation of H& invblved
extremely‘careful purification under CO, - free conditions and it is
possible that a very low level of confaminant was present in the H7

which was used.



6.4 DISCuUSSION

6.4.1 SODIUM CARBONATE

oY

As sthn in table 6.3 and in Figﬁre 6.3, theAexperimentally
Obseryed osmotic coefficierts for solutions of sodium carbonate lie
~ 0on a smooth curve when ¢ is plotted against molality, m. Using the
values of B,_Zl and Z; from a least-squares fitting of the results
to equation (6.9), values_of ¢,y £ and of a, weré calculateq at rounded
concentrations and are shown in table 6.4. The variation of soluté
activity coefficient with molaiity is'shown-in figure 6.4. Since
this work was cé;ried out, osmotic coefficients and .activity coefficienfs
for aqueous solutions of sodium;carbqngte at 25°C obtained by isopiestic
methods have been reported by Khvorostin et. al.?l and these are shown
for compgrison in figures 6.3 and 6.4 along with the activity coefficients
_ of C. E. Taylor72 obtained by E.M.F. measurements,

Comparisdn of the osmotic coefficients obtained in this work with
fhose of Khvorostin?! shows that agreement within the cohcentfati&n .
range 0.1 to 2 molal is édod apart from in’the fegion of 0.5 m where
- @ maximum difference of about 2% occurs. Assuming an uﬁcertainty in -
the results of Khvorostin?! similar to that estimatéd in those described
here, bo£h sets of values agree within experimental error. The activity
coefficienté_of Khvorostin’! agree with those obtained in the present |
wofk to within 4% over the concentration range investigated and
although those of Taylor’? agree well at concentrations up to 0.6m,
they diverge at higher concentrations. "It is pbssible that the ETM.F.

rtechnique employed by Tay10r72 may be responsible for this effect.

6.4.2 SODIUM METASILICATE

The osmotic coefficients obtained for sodium metasilicate are



“TABLE 6.3 OSMOTIC COEFFICIENTS.(EXPERIMENTAL AND OBTAINED BY

LEAST~SQUARES CURVE FIT) AND ACTIVITY COEFFICIENTS FOR Na,CO03

IN WATER AT 25°C

.

m ¢ bor.” vs”
1.9054 0.6802 0.6864 0.1891
1.9053 0.6802 0.6864 0.1891
1.7510 0.6781 0.6805 0.1917
'1.7908 0.6781 0.6805 0.1917
1.665G 0.6754 0.6759 0.1854
1.6652 .0.6753 0.6759 0.1954
1.5891 0.6745 0.6740 0.1980°
1.5889 0.6746 0.6740 0.1980
1.5205 0.6745 0.6729 0.2006
1.5212 0.6742 0.6729 0.20086
1.4478 0.6743 - ' 0.6724 0.2038
1.4481 0.6742 G.6724 0.2038
1.3829 0.6764 0.6724 0.2060
"1.3870 0.6744 0.6724 0.2067
1.3238 0.6760 0.6729 . 0.2100
1.3248 0.6755 0.6729 - 0.2099
1.2175 0.6782 0.6748 0.2162
1.2180 0.6780 '0.6748 0.2161
1.2178 0.6781 0.6748 0.2162
1.1807 0.6783 0.6758 0.2186
'1.1800 0.6787 0.6758 0.2186
1.1123 0.6810 0.6781 0.2233
1.1129 0.68086 0.6780 . 0.2233
'1.11289 0.6806 0.6780 0.2233
1.0939 0.6808 0.6788 0.2247
1.0930 0.6813 0.6788 0.2247
1.0234 0.6805 0.6819 0.2302
1.0168 0.6849 0.6822 0.2308
1.0197 0.6841 0.6821 0.2306
1.0137 0.6835 0.6820 0.2305
1.0181 0.6839 0.6821 0.2306
1.0111 0.6826 0.6825 0.2313
1.0103 0.6831 ' 0.6825 0.2313
0.9375 0.6875 0.6864 0.2378
0.9368 0.6880 0.6865 0.2378
0.9329 0.6882 0.6867 0.2382
0.9333 0.6879 0.5867 0.2382
0.92328 0.6883 0.6367 0.2362
0.8528 0.6918 0.6919 0.2402
0.8522 0.6923 0.6919 0.2463
0.7916 0.6961 C.6964 0.2530
0.7918 0.6959 C.6363 0.2530
0.7917 0.6960 0.6964

0.2530



TABLE 6.3 CONTINUED

0.2324

m ¢ ¢C.F.a vs”
0.7675 0.6939 0.6983 0.2559
0.7676 0.6938 0.6983 0.2559
0.7653 0.6944 0.6983 . 0.2560
0.6957 0.6998 " 0.7044 0.2651
0.6957 0.6998 0.7044 - 0.2651
0.6853 0.7003 0.7004 6.2652
0.6354 0.7050 0.7101 0.2738
0.6354 0.7050 0.7101 0.2738
0.6349 0.7056 0.7102 0.2739
0.6213 0.7146 0.7115 0.2760
0.6221 0.7137 0.7115 0.2759
0.5874 0.7111 0.7151 0.2815
0.5875 0.7109 0.7151 0.2814
0.5876 -0.7108 0.7150 0.2814
0.5625 0.7186 0.7178 0.2857
0.5628 0.7182 0.7177 0.2856
0.5050 0.7198 0.7244 0.2964
0.5049 0.7200 0.7244 0.2954
0.5047 0.7202 0.7245 0.2964
0.4164 0.7345 0.7359 0.3158
0.4163 0.7347 0.7359 0.3159
0.4166 0.7341 0.7359 0.3158
0.3797 0.7393 0.7412 0.3253
0.3794 0.7400 0.7412 .. 0.3253
0.3797 0.7393 0.7412 . 0.3253
0.3478 0.7456 0.7461 © 0.3343
G.3480 0.7451 0.7461 0.3342
0.3485 0.7441 0.7460 0.3341
‘0.3216 0.7500 G.7504 0.3424
0.3214 0.7506 0.7504 0.3425
0.3218 0.74896. 0.7503 0.3423
0.2967 0.7547 0.7547 0.3508
0.2963 0.7558 0.7547 0.3509
0.2969 0.7544 0.7546 0.3508
6.2850 0.7505 0.7568 " 0.3550
0.2845 0.7520 G.7569 0.3552
.0.2682° 0.7604 0.7599 0.3614
0.2674 0.7629 0.7601 0.3617
0.2678 G.7616 0.7600 0.3616
0.2509 0.7664 0.7633 0.3685
G.2515 0.7645 0.7632 0.36862
0.25186 0.7642 0.7632 0.3681
0.2503 0.7588 0.7634 0.3687

- 0.2501 0.7594 0.7635 0.3688
 0.2526 0.7632 0.7671 0.3765
0.7638 0.7671

.3766



TABLE 6.3 CONTINUED

" with B

g

0.32586 x 102

1.4412 7, = -0.064739 and Z, =

m ¢ beok. ve®
0.21863 0.7700 - 0.7707 0.3842
0.2167 0.7686 - 0.7706 0.3840
0.2019 0.7723 0.7740 0.33916
0.20186 0.7735 0.7741 0.3918
0.1531 0.7848 0.7870 0.4216
0.1516 0.7926 0.7875 0.4227
0.1512 0.7944 0.7876 0.4229
0.1462 0.7909 0.7891 - 0.4266
0.1458 0.7930 0.7893 0.4269
0.1457 0.73839 0.78393 0.4270
0.13489 0.7965 0.7928 0.4355
0.1348 0.7967 6.7828 0.4355
0.1348 0.7969 0.7928 0.4355
0.1253 0.8017 0.7963 0.44389
0.1250 . 0.8015 0.7663 0.4438
0.1248 0.8021 0.7863 0.4439
0.1207 0.8038 0.7979 0.4477
0.1207 0.8034 0.7978 0.4477
0.1207 0.8038 0.7979 0.4477
-0.1153 0.8032 0.73989 0.4528
0.1153 0.8029 0.7989 0.4528
0.1151 0.8047 0.8000 0.4530
a:b

Calculated using equations (6.8) and (6.9) reépectively.



CO_at 25°C.

~ Fig.6.3 Osmotic coefficient versus molality of No.2 3
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TABLE 6.4 OSMOTIC COEFFICIENT, ACTIVITY COEFFICIENT AND WATER

ACTIVITY CALCULATED® AT ROUNDED CONCENTRATIONS COMPARED WITH

RESULTS OF OTHER WORKERS :- SODIUM CARBONATE IN WATER AT ZSOC.
m’ é ¢ Other Y* y+ Other Workers 2,
‘ Workers

b ’ b c ‘
c.1 0.8063 0.825 0.4686 0.469 0.466 0,.99565
0.2 ‘0.7745 0.789 0. 3926 0.405 0.394 0.991i66
0.3 0.7541 0.770 0.3497 0.364 0. 356 0.98785
0.4 0.7382 0.754 0.3199 0.334 0.332 0.88417
0.5 0.7250 0.740 0.2974 0.312 0.313 0.98060
0.6 0.7137 0.726 0.2784 0.283 0.301 0.87712
0.7 0.7040 0.714 0.2645 0.277 -0.230 G.97372
0.8 0.6957 0.705 0.2520 0.264 0.281 0.97037
0.9 0.6887 0.698 0.2414 0.253 0.272 0.96706
1.0 0.6830 - - 0.691 0.2322 0.243 0.264 0.96376
1.1 0.6785 . 0.2242 . 0.96047
1.2 0.6753 0.681 0.2173 0.228 0.250 - 0.85715%
1.3 0.6732 £0.2113 : - 0.85380 -
1.4 0.6724 0.675 0.2060 0.215 0.238 "0.85040
1.5 0.6727 0.2015 ] 0.94638%
1.6 0.6742 "0.673 0.1976 0.205 0.227 0.94337
1.7 0.6770 .0.1943 ‘ 0.9833870
1.8 0.6808 .0.676 d0.1915  0.198 0.93591
1.9 0.6861 - 0.1892 " 0.93198
2.0

0.6824 0.680 0.1874 O.i92 p 0.92789

Calculated from equations (6.8), (6.9) and (6.2). Parameters used
in equations (6.8) and (6.9) were B = 1.4412, Z; = -0.064739,

Z, = 0.0086931
b ref 71 (Khvorostin et. al.)

€ ref 72 (C. E. Taylor)
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shown in table 6.5 and are plotted against molalify in figure 6.5.

The initial impression is that the experimeptal points do not 1lie

on a smooth curve like those of sodium carbonate (figure £.3)

particularly at concentrations less than 0.75 m. The vaiues obtained

at low concentrations seem too large and, at O.i m, ¢ > 1.0, a

value whichi ohe'would expect to be attained only on eitrapolation of

values to infinite'dilution. In addition, the osmotic cge?ficients
obtained from successive measurements of the same set of golutions

(see section 6.2.3) fall increasingly below the experimental curve,

an effect particularly apparent with those solutioﬁs bf lower concentratien.
Attempts to fit these results to equation (6.9) wefe, as expected, -
unsuccessful. However, by disregarding those résults for'concehtrations

< 0.75 m, and some rather suspect values from experimént I.P.10, &

suitable agreement betwéen calculated and experimgntél values was

obtained as shown in fable 8{5 and figure 6.5. Values of gandy %
calculated at rounded molalities by use of B, Zl.and Zo from the -turve-

fit prbcedure are shown, along with values of the water activity, in

table 6.6. However, since the curve-fit procedure was based'only on
pointsvfrom concentfations 0.75 to 1.65 molal, the only use ofvvalueé
balculated out with this range is for comparison with the acfual
expefimental values as shown in figure 6.5.- Since the curve-fit is based
only on fhis relatively narrow range:of concentrations and on points

which show some spréad, the uncertainty associated with activity coefficients
balculated-?rom equation (6.13) is relatively large. By ccnsidefation

of all the possible fitted curves it is estimated that. within the range
0.75 to 1.85 m, the values of ¢ and y * calculated at rounded concéntrations
and shown in table 6.5 are accurate to better than * 0.3% and + 5%
respectively.

.The only activity coefficient data available for solutions of



TABLE 6.5 O0OSMOTIC COEFFICIENTS (EXPERIMENTAL AND OBTAINED BY A

LEAST-SQUARES CURVE FIT®) AND ACTIVITY COEFFICIENTS FOR Na,Si0
- 2 3

IN WATER AT 25°C.

Experiment m ¢ . _ b . Yib
C.F
Number
S2 1.8414 0.7457 0.7458 0.2614
1.8416 0.7455 0.7458 0.2614
1.8426 0.7451 0.7458 0.2614
1.8430 g0.7450 0.7459 0.2614
. 1.8265 0.7446 0.7455 0.2618
© 1.8262 0.7447 0.7455 0.2619
1.6821 0.74586 0.7425 0.2664
1.6834 0.7450 0.7425 0.2664
I.P.5 1.3626 0.7444 0.7428 '0.2815
1.3629 0.7442 0.7429 0.2814
1.3583 0.7462 0.7430 0.2817
1.3588 0.7464 0.7430 0.2817
1.3687 0.7440 0.7428 0.2811
1.3691 0.7438 0.7428 0.2811
1.3658 0.7456 0.7429 0.2813
1.3654 0.7458 '0.74289 0.2813
1.3174 0.7445 0.7438 0.2842
1.3182 0.7440 ~0.7438 0.2841
1.3148 0.74583 0.7439° 0.2843
1.3149 0.7459 0.7438 0.2843
1.2734 0.7450 0.7449 0.2869
1.2743 0.7445 0.7448 0.2869
1.2712 0.7463 0.7449 0.2871
1.2710 0.7484 0.7449 0.2871
'1.2131 0.7468 0.7466 0.2810.
1.2138 0.7463 0.7466 0.2908
1.2112 0.7480 0.7466 10.2811
1.2110 0.7481 0.7466 0.2911
1.1577 0.7496 0.7485 0.2950
1.1596 0.7486 0.7484 0.2949
1.1529 0.7528 0.7487 0.2954
1.1515 0.7538 0.7487 0.2955
1.1086 0.7503 0.7504 0.2988
1.1093 0.7498 0.7504 0.2988
" 1.106¢ 0.7514 0.7505 0.2989
1.1066 0.7517 0.7505 0.2990
1.0636 0.7529 0.7524 © 0.3025
1.0649 0.7520 0.7523 0.3024
.1.08632 0.7532 0.7524 0.3025
1.0630 0.7534 0.7524 0.3025
1.0235 0.7548 0.7543 0.3060
1.0240 0.7545 0.7542 ‘0.3058
1.0224 0.7556 0.7543 0.3081
1.0219 0.7560 0.7543 0.3061



TABLE 6.5 CONTINUED
Experiment m ¢ o - b 'yib_
LT
Number :

I.P.B 1.7443 0.7428 0.7436 0.2642
1.7444 0.7430 0.7436 0.2643
1.7429 0.7436 0.7435 0.2643
1.7425 0.7438 0.7435 0.2643
1.6364 0.7421 0.7418 0.2682
1.6364 0.7422 0.7419 0.2682

©1.6348 0.7429 0.7419 0.2683
= 1.6347 0.7428 0.7419 0.2683
1.5180 0.7408 0.7415 0.2733
1.5186 0.7405 0.7415 0.2733
1.5178 0.7410 0.7415 0.2733
1.5171 0.7412 0.7415 0.2734
1.44865 0.7410 0.7419 0.2769
1.4473 0.7406 0.7418 0.2768
1.448686 0.7410 0.7418 0.2789
1.4462 0.7412 0.7418 0.2768S
1.3830 0.7415 0.7426 0.2803
1.3839 0.7410 0.7426 0.2802
1.3838 0.7411 0.7426 0.2803
1.3832 0.7415 0.7426 O.280§
1.3150 0.7424 0.7439 0.2843
©1.3168 0.7415 0.7438 0.2842
1.3165 0.74186 0.7438 0.2842
1.3154 0.7422 0.7439 0.2643
1.2589 0.7442 0.7453 0.2880
1.2598 0.7425 0.7452 0.2878
1.2620 0.7412 0.7452 0.2877
1.2606 . 0.7420 0.7452 0.2878
1.2008 " 0.7453 0.7470 0.2919
1.2042 0.7432 0.7469 0.2916
1.2038 0.7434 0.7469 0.2917

I.P.7 1.0618 0.7543 0.7524 0.3026
1.0611 0.7548 0.7525 0.3027
1.0603 0.7553 0.7525 0.3028
1.0585 0.7586" 0.7526 0.3029
.9863 0.7550 0.7562 0.3083
0.9828 0.7577 0.7564 0.3097
0.2366 0.7548 0.7562 0.3083
0.9802° 0.7598 0.7565 0.3098
0.9194 0.7561 G.7605 G.3167
0.9065 0.7614 0.7607 0.3171
0.9112 0.7574 0.7604 0.3167
0.9046 0.7630 0.7608 0.3173
0.8433 0.7642 0.7647 0.3239
0.8385 0.7677 0.7650 0.3243
0.8443 0.7634 0.78647 0.3238
0.8374 '0.7686 0.7651 0q3246



TABLE 6.5 CONTINUED

Experiment m ¢ ¢ YE
. 'C.F.
Number
1.P.7
(Continued) 0.7666 0.7636 0.7701 0.3330
0.7632 - 0.7730 - 0.7703 0.3334
0.7675 0.7687 0.7700 0.3329
0.7605 0.7757 0.7705 J.3337
I.P.10 1.1023 0.7492 0.7507 0.2993
- ©1.1021 0.7492 0.7507 0.2993
, 1.1004 0.7504 - 0.7507 0.2995
1.0030 . 0.7507 0.7550 0.3073
1.0095 0.7503 0.7550 0.3072
1.00865 0.7525 0.7551 0.3075
0.9249 0.7536 0.75386 0.3153
0.9264 . 0.7523 0.7595 0.3151

0.9231 0.7550 ' 0.7597 - 0.3154

A satisfactory fit on m and ¢ to equation (6.8) cen only be
obtained with the results shown in columns 2 and 3. Reference
to table 6.1 will show that all results below 0.75 m and the

two lowest results frem experiment I.P.lO'have been omitted.

Calculated from equation (6.8) and (6.9) respectively using

B = 2.0328, Z; = -0.059307 and Z, = 0.0058365.
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Fig.6.5 Osmotic coefficient versus molality of Na,Si O, at 25°C;
curve calculated from data for m>0.75 only-see text,




TABLE 6.6 OSMOTIC COEFFICIENT, ACTIVITY COEFFICIENT AND WATER -

ACTIVITY FOR Na,Si0; IN WATER AT 25°¢,27P
m Lo} v+ aw
0.05 ‘ 0.8673 0.5902 0.99766
0.10 : 0.8487 0.5250 0.99542
0.15 0.8375 0.4872 6.99323 .
0. 20. . 0.8290 0. 4604 0.89108
0.25 _ 0.8217 0.4396 0.93896
0.30 0.8151 0.4225 0.98687
6.35 0.8091 0.4080 0.98481
0.40 " 0.8034 0.3953 " '0.98278
0.45 : .0.7981 . 0.3841 0.98078
0.50 0.7930 "~ 0.3740 - 0.97880
0.55 0.7882 0.3648 ' ‘ 0.97684
0.60 0.7836 : 0.3565 0.87491
0.65- 0.7793 0.3488 , 0.97300
0.70 0.7752 0.3417 0.97110
0.75 - 0.7713 ' 0.3351 ‘ 0.96922
0.80 ' 0.7678 0.3289 0.96735
-0.85 . 0.7643 0.3232 0.86550
. 0.90 0.7611 . . 0.3178 - '0.96366
.95 0.7582 0.3128 0.96182"7
.00 0.7555 0.3081 : 0.95999
.1 .0.7508 - 0.2995 0.95635
2 0.7470 S 0.2919 ~0.95271
.3 0.7442 : '~ 0.0285 " 0.94906
.4 0.7424 . 0.2794 ' - 0.94538
5 0.7415. 0.2742 0.94166
.6 0.7416 ' 0.2697 0.93788
.7 0.7428 0.2658 : 0.93404
.8 0.7449 0.2625 - 0.93010
.9 0.7480 0.2597 0.92607
.0

N e e e e e e O
. .

0.7521 0.2575 0.92192

@ Calculatcd from equations (6.8}, (6.9) and (6.2) respectively.
Parameters used in equations (6.8) and (5.9) were B = 2.0329,
Zy = -0.059307 and Z5 = 0.0058985.‘

Values for molalities < 0.75 m have no real significance - see text.
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Na,Si03 are.For'yNa; from work by Harman?3 and their reliability is
uncertain. Osmotic coefficients.for solutions of sodium metasilicate

have not previously been reported.

6.4.3 SOME ADDITIONAL OBSERVATIONS ON THE Na,SiO3 RESULTS

In some early work, the use of anhydrous sodium metasilicate as
a source of pure material of well defined water content was inveetigated
and compared with nonahydrate. This material was prepared frem pure
nonashydrate as described in chapter 2, oveﬁ dried and etored in vacuo
over P,05. In theory, at leést, the use of anhydroﬁs‘hetasilicate in
isopiestic measurements was expected to overcome the problems of
indefinite water conteﬁt assoeiated with the use of the nonahydrate.
As in those measurements detailed in table 6.1, each solution was
prepared in duplicate, at least, and it was observed. that although
concordance betWeen molalities of solutions prepared from the same
source Qf metasilicate was good, solutions prepared from nonahydrate were
always "in equilibrium with solutions of anhydrous material of lerr
- molality i.e. the osmotic coefficients of the latter solﬁtions were
greater. Some crude conductivity measurements were made of the equilibrium
eolutiens and it was ‘found tﬁat fhe solutionslprepared from anhydrous
material had significaﬁtiy higher conductivities than those of the
nonahydrate.

Buring the viscosity and density studies which.are described in
chapter 5; damp nonahydrate batch H5 was used for preparation of most
of the stock solutions of sodiuin inetasilicate which were empioyed. As
described earlier, experimental isopiestic solutions were prepared from
concentrated stock solutions for molalities < i.D and some initial

_ experiments were carried out using the stock solutions from the viscosity
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and density work. It'wés found that the osmotié coéfficients obtained
for solutions derived from nonahydrate H5 were very much higher than
those from H8 nonahydrate. As described in section 5.3.3,_differences
were also observed in the values of ¢V and En obtained for solutions
of these different sources of Na,Si03. As shown in table 2.1, nona-
hydrate'HS was crystallised from highly caustié solution to remove
coilo;dal material whereas H8 was clarified by ultrafiltration alone,
withoutvthe use of additionel sodihm hydroxide. A similar effect was
also observed in isopiestic meesurements using nonahydrate batch H6
which was prepared similarly to batch H5. It seems likely that the low
‘isopiestic molali£ies with consequently high osmotic coefficients
observed with solutions prepared from nonahydrates H5 and HE are sihply
the consequence of contamination with sodium hydroxide at low levels.
The similarity of the results obteired by use of anhydrous meta-
silicate toAthbse of H5 and HB nonahydrates tends‘¥o confirm the
exp}anation proposed for the laéter pair since it is known that the
dissolution of_anhydrous Na,Si0j is slow and often associated with
formation of silica pérticles. This requires an increase in the concentration
of hydroxyl ions'to achieve ion—cﬁargevbalance in the solution. The
magnifude of theleffec? which resultedvfrom the use of anhydrous meta-
silicate was significantly greater than that obserﬁed with H5 and H6
nonahydrates and is consistent with the existence D? a much smaller

concentration of hydroxyl ions in the solutions of the latter.

6.4.4 AN INTERPRETATION OF THE FINAL RESULTS

- When a plot of isopiestic ratio, R, against concentration is
ektrapolated to infinite dilution, R should tend to 1.0 as m — 0. A

simpia explanation is as fcllows :-



By equation (6.4),

Ro= OigpMep) 7 vpemy)
for the isopiestic equilibrium between reference substance and solute,
A.  Consider a situation where Y particles of reference solute are

présent in one kg of solvent. For ideal solutions, isopiestic

equilibrium is defined by,

R = v Y\ /v, (Y' -1 (6.11)
.

thch, for real solutions, is only realised at infinite dilution.
Conéidefation oF-?igureB.Z shows that the curves of R versus molality
_for sodium carbonate and for sodium metasilicate are significantly
different, tﬁe latter lying at higher R for all solute concentfations.
Extrapélation'df the NézCos curve suggesté.ihat R does tend to 1.0 as
'm tends to zero in complete contrast to the Curve“?or Nap5i03 thch,
instead of convergihg on the Na,COj3 curve as expected,:actually d;verges

sharply at concentrations less than 0.75 m, attaining a value of

R=1.1atm 0.1. It is apparentvthat a possible reason for the’
.behaviouf‘of sodium metasilicate at the lower concentrations is that the

Valuetof v, used in equation (6.4) is incorrect and it was found that

A
theAexperimental points could be made tc lie on thélsmooth curve (dashed)

in figure 6.2, by use of values of v ranging from 3.0177 at C.8 m

A
“to 3,410_at 0.1 m. This is consistent with & steady change‘in the

number of ionic speéies formed per Na,Si0; groﬁp, as solute concentration
is reduéed; and the.most likely expianation of this is that extensive
hydrolysis takes piace. This odd behaviour of sodium metasilicate in

dilute solution is similar to the ancmalcusly high equivalent cenductances

observed by Harman2® who attributed his results to hydrolysis of silicate
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. species resulting in formation of hydroxyl ions which are well established
as species of extremely high equivalent conductivity. The suggestion
'that hydrolysis is fesponsible for the anomalous isopiestic results
obtained for Na,Si03 is further supported by the observed.ihcrease in

R and ¢ when materials containing hydroxidé contaminant were used, as
descriﬁed in 6.4.3. The possibility that this behaviour is the result

of a slow polymerisation of silicate species as proposed by Naumann

and Debye32 cannot be completely discounted, but, in face of the other
evidence, this seems unlisely especially since no visible increase in
turbidity was detected in any of the isopiestic solutions.

Several spectroscopic studies36,37,42 have provided evidenoe
consistent with the predominant si;icate species in alkaline solution
being (H0]23i022'. The hydfolysis of this ;pecies occurs in diluté
solutidn i

(H0)510,27 + Hy0 —= (HO)35i0  + OH’ (6.12)

/

and the equilibrium constant is reported by Ingri39 to be 1.023 k 10 1,

' Calculation of'the extent of hydrolysis of solutions of sodium metasilicate
shows.that, at 0.1 molal, the lowest 60ncentration inveétigated in

"~ ‘'this work, approximately E0% of the mcnomeric siliﬁate is bresent as
(HD)3SiO-, rising to approximately 8G% at 3 x lO—Bm. In'contrast, the
eqﬁilibrium constant for the hydrolysis of carbonate icn i;é, formation

of bicarbonete ion,

C032" + H,0 == HCG; + OH (6.13)

-, 59 - . _
is 2.148 x 10 *“, This value is significantly.smailer than that for

hydrolysis of [HD)zsiOZZ_ (equation 6.12) and explains why at the
concentrations investigated, the effects of hydrolysis in the carbonate

system were insignificant in comparison with those in soluticns of
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sodium metasilicéte. Thus it seems likely that the observed deviation
-in R for Na,Si03 at concentrations less than 0.75 m is the result of

increasing hydrolysis of (H0),Si0,2 to (HD)3Si0 as in eguation (€.12).

Since ¢ depends on R, it is not surprising that the curve of ¢
a8gainst molality for Na,Si0j3 diverges increasingly from the gxpeétad
curve at concentrations below 0.75 m although use of the cdrrected
values of v discuésed earlier gives values wHich.fall close to the
curve calculated from data for concentrations‘greater than 0.75 m.
Another effect shown in figure 6.5 is the tendency of succéssive resylts
from the low concentration Na;Si03 experiments to fall increasingly below
the éxperimental curve. As shown in figure 6.3, this effect was also
detected with the lowest concentration éolufions of Nap,CO03. A possible
‘interpretation of this is that eaéh'time the experiment was disturbed
for weighing of dish and contents, small amounts pf atmospheric carbon
dioxide dissolved in the alkaline solutions giviné rise té small amounts
‘of H3D+.whiCh effectively neutralised some of the hydroxide-ions'%hown
in equationsv(8.12)'and (6.13). The overall effect of‘contamination of
either cérbonate or silicate solutions with afmospheric éarbon dioxide
is repiacement of 20H ions with one CD3?_ ion énd would be expected to
eause é reduction ih osmotic coefficient of the contaminated solution
since ¢ NaOH’"* is, at all concentrations, significantly greater than
¢ Na,COj3. 71 ps discussed previously, the extent of hydrolysis is much
less in solutioné of Nasz3 than in those of NaySiO3 and explains why
‘the effects of contaminatioﬁ were only detected af very low concentrations
of Na,COj3.

Comparisbn of tables 6.4 and 6.6 at doncentrations where the
hydrolysis of [HOJZSiDZZ— is>less extensive shows tﬁat, within the range

0.8 <m < 1.6, ¢ Nap,Sib3 is greater than ¢ Na,CO3 by 0.071 * 0.003. The
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fact that ¢ Na23i03 is greater than ¢ Na,CO3 may be explaihed.qualitatively
by consideration of the predominant species preéent, 6032- aﬁd [HD)ZSiDZZ-.
The accepted structures of these species have, in the former case,
the oxygens arranged with a planar, trigonal relationship to the central
carbon and, in the latter caée, oxygens tetraﬁedraliy arranged around
the silicon atdm. Because of the three dimensional nature of the
silicate monomer and the fact that it contains more groups capable of
taking part in hydrogén bonding with the solvent water molecules, one
would expect water activites for solutions beraZSiD3 to be lower with
consequently larger values of R and of ¢. It has previously beéﬁ
suggested that the large positive deviation of R for Nap,SiOj at_ldw
concentrations can be interpreted simply in terms of an increase in
the value of v. However, it seéms likely thét a significant part of
the effect may be attributéd to the formation of hydroxyl ions sincé
it is well known that ¢NaOH is greater than 0.8 at alil Conéen?rations.

it has for ldng been suggested that the solutions of'sodiﬁm/
silicates contain hot only monomeric species but also a range of small
polymers and this has beéen confirmed by 2%si n.m.r. meaéurements as
descr;bed in chapter 7. .In these isopiestic measuremehts, it was
'expecfed that some obvious difference between silipate and carbonate
solutions would be detected which could be attributed to the presence
of'polyméric species in solutions of Silibate but not of carbonate. As
has been described in the preceding discussion, this evidence has not
been found. However, from the similarity of the trends observed in
the results for NapSi03 and Na,CO3 in regions where thé.formation of
(HD)3SiO— is relatively insignificant, it is possible to conclude that
the distribution of the species known to exist in a solution of sodium

metasilicate is not affected markedly by concentration. This view is
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supported by the observation described in chapter 7, that the
293i n.m.r. spectrum obtained from 0.35 m Na,Si03 is very similar
to that for a 1.35 m solution although overall peak intensities are

reduced. : .
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CHAPTER 7

NUCLEAR MAGNETIC RESONANCE SPECTRA OF AQUEOUS SOLUTIOHS
CF SODIUM METASILICATE AWD SODIUM ALUMINATE BY 258i AND
27A1>F.T.n.m.r.

/.1 INTRODUCTION

A good understanding of the species present in solutions of
sodium silicate is of importance to ﬁhe interpretaticn of the results
oﬁfained by the viscosity, density, and vapour-pfessure measurements
described in chapters 5 and 6. Several workers have attempted to
ideﬁtify these silicate species by spectroscopic techniques, particularly
>R=:-1man36:37»l'2 spebtroscopy, but information regarding the presence of
polysilicates has remained indefinite. Thereforefwihe appiication of.
2933 F.T.n.m.r.'spectrbscoﬁy to these systems is an obvious advancs.
As describéd in part II, zeolites are formed from systems which contain
both,soluble silicate and eluminate species and an investigation'of the
) aluminate system is thus of value alsc.

in the work described here, aqueous solutions of sodium silicate
and éodium aluminate of varying composition were exémined at approximately
28°C using 10 mm outsidé diameter glass sample tubes and a VériarnXL-lOU
spectrometer operating in the Fourier Transform (F.T.) mode. In addition,
an aluminosilicate gel was examined by 293i and 27A1 n.m.r. ana the
13c spectra of aqueoqs’sodium carbonate and bicarborate were oﬁtained.
All chemical shifts are defined as positive to high frequency {(lcw field)

of the standard resonance i.e. anti-cartesian on the XL-100 traces.

7.2 AGUEOUS SOLUTIONS OF SODIUM SilLICATE

7.2.1 EXPERIMENTAL DETATLS



4 75

Sodium metasilicate solutiong (r = Si0,/Nay0 = 1) were preparéd
from carefully recrystallised NaZSiD3.9HZD and those with r # 1 from
the aporopriate amounts of Analar sodium hydrogide and pure silica
powcer. In all cases, soluticons were made up with-distilled water
- to which was added D,0 (15%) -for use as an internal lock, and were
filtered through a 3.2 um filter. Care was taken to exclude.impurities
such as carbon dioxide which would -disturb the pH and possibly cause
formation of colloidal silica. The magnetically ac?ive isotope of

silicon, 29Si, has a nuclear spin guantum number I = 3 and is present

’

at 4.7% natural abundance. It is, however, a difficult nucleus to
observe and its ;elafive sensitivity is approximately one half that of
13c, Meaéurements were made at 19.9 MHz and the speétrum was recorded
by use of a block-averaging teéhnique in order.to improve the signal

to necise ratio. Typical conditions usedeére the accumulatioﬁ of

130 blocks each of 511 transients by pulsing to give a 90° tip angle

at a repetition rate of 0.8s. . , ,}_ v

7}2.2 RESULTS AND DISCUSSION

- Five groups of resonances were observed and these are shown in
4figure 7.1. All are td low frequency of the 293i vesonance of NBHSi
(T.M.S.) which was used as the standard and have been labslled M, E,
C, B ana Q. The chemical shifts.of the main resonances within these
gfoups arevlisted in table 7.1 élong with other experiméntal details.

This investigation showed that the relaxation of the silicate

épeqiés present in such systems is Vepy good with the result that many
of the saturation probiems commonly encountered with F.T.n.m.r. did not
arisé. Thefefore, although a quantitatiQe interpretation of the relative
peék areas would be unjustified, it is'possible to derive froﬁ them a

qualitative picture of the species favcured by different ratios of
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TABLE 7.1 DETAILS OF 29Si SPECTRA SHOWN IN FIGURE 7.1

Solution Details . Spectrum Observed ("6/p.p.m,)a
Number’ Compositionb Si0,/Na0 M E c B  q°
1  6Na,0.8i0, conc. 0.16  69.81
2 2Nay0.Si0, conc. 0.5 70.12 77.20
. . 78.12
79.81
3 Na,Si03 1.35M - 1.0 70:43 78.41 86.73 94.66

80.44 88.35

4 Na20.2.058i02.14H20 . 2.05 70.83 78.88 86;99 84.97
: waterglass type C1l00 80.87 88.839 95.86
see part II, 2.1

5  Nay0.2.85i0, conc. 2.8 . - 79.05 87.22 95.46

80.19
E  Nap0.3.8Si0, conc. 3.8 79.17 87.85 $6.47 106.41

8 AIl results obtained by 29si F.T.n.m.r. In all cases pulsing gave
a 90° tip angle except for solution 6 where a 45° tip angle was used.

A 0.8s repetition rate was empleyed throughout.

As descrited in the text, water confent_did not have a marked effect
on the spectrum cbserved and, in all cases highly concentrated solutions

were used.

c For ekplanation of groups M, E, C, B, Q, see text.
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.SiDZ to Na,0. Preliminary investigations with sodium metasilicate
solutions of differing concentrations showed thét the variation of
relative peék areas with concéntration is almost insignificant in
Compérison with the effect of changes in r. Consequently, all subsequent
measurements were made with concentrated solutions since this improves
the ;ignal to noise ratio of the observed spectra. The n.m.r. sample
tubes and parts of the instrument probe'were'made from silicate glass,'
and, consequently, a broad baseline hump was observed to low frequency
at - 110 p.p.m. in all 293 measurements. However, in most cases, this
was removed from the trace‘produced, by‘use 0% the baseline levélling
facility of the instrument. . ‘

As shown in figure 7.1, the spectrum obtained varieS'depending
_Onnthe ratio of 5i0p to Nay0, and this suggests that these systems |
Cpntain a range of silicafe'species, the exact distribution ﬁf which is
mainly a Funotiop of r. This is consistent with b;evious studies by
Raman Spéctroscoby 36'37;“2 in which it is'suggested that the bésic
unit'df these species is a silicon atom bonded tetrahedrally to four
oxygehs, éach of which-can, in turn, form a bond with another Si atom.
>The origins bf the various resoﬁances will be discussed in relation
fd thé‘spectrum of sodium metasilicate solution (r = 1), shown.in
figure'7;2;
| | The‘nafrow, high frequenéy peak (M} is the only one which remains
when r is reduced to 0.16 but is almost completely absent from solutions
with r > 3 and it is considered, therefore, to arise from-monomeric
siiicéte speciesf Similar observations of the variation of relative peak

areas with r show that peaks (E) belong to terminal Si atoms (i.e. those

linked via oxygen to one other silicon) and that peak E

d is most probably

that of the dimer whereas EC is the end group of larger polymers. It
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seems likely that the group oF'peaks (C) is due to chain silicons
(i.e. those linked by oxygens to two other silipons] and that the
small group (B) is due to branching silicons (i.e. those linked by
oxygens to three other Si atoms). The general patfern is‘similar to
that observed in the 31p n.m.r.,spectra of the polyphesphates?S,76
in which the resonance of the chainbgroup phosphorus lies lO‘p.p.m.
to low ?requeqcy of the end groups.

~

‘As shown in figure 7.1, increasing r results in increased proportions

of those reéonances assigned to chain and branéhing éilicons.relative to
those assigned to end‘groups. In solution 6, (r = 3.8), the resonance
assigned to branching siliéons (B) is very large and is accompanied by
a new low frequency resonance (Q) which is thought to arise from siiicéns:
bonded via oxygens to %our other Si atoms. The chemical shift of resonance
Q is -107 p.p.m., which is between that of silica (-113 p.p.m.) and that
of the_ceﬁtral atom of (Me3Si0), Si(-101 p.p.m.). This assignment is
also consistent with-the higﬁ viséositylandzreduced sdlubility of-these
high silica systems. During this investigation, there wa;ino indication
of coupling betweéﬁ 2931 nuclei and protons in bound hydroxyl groups, a
result which is consistent with a very ?apid exchange of protcns between
bulk watef and boqnd groups as has been suggested;77 This work, however,
is only the béginhing and a more extensive iﬂVestiéétion is necessary to
elucidate the fine structure which is apparent in these spectra.
$ubsequent to-this work, similar studies of silicate systems were
published by Marsmann’8 and by Engelhardt and co-workers.’® The general

conclusions of these workers are in agreement with those described here

and the chemical shifts of Engelhardt79 are almost identicail.

7.2.3 SOME RELATED STUDIES

An aluminosilicate gel of the type described in part II, experiments
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8.1 and 8.2, was examined by 29si n.m.r. and the resonances‘observed
were almost identical to those shown in figu;e };2 for sodium metasilicate
except that they were slightly broaaened, presumably by rapid'rélaxation
through interaction with the gel étructureﬁ This suggests that'such
systems contain species of low molecular weight which are able to move
relatively freely within the gel lattice. The gel was alsé examined
by 27A1 n.m.r. as described in sectioh 7.3.

Another inte;ésting observation ariéing, also, from the work
described in part II, was where the solution of an inactive sodium
metasilicate was;passed through an ion-exchange column (H+] in én attempt
to form Si[OH]u species! "29si n.m.r. ofvthe resultant clear solution
showed no detectable resonance at all. A possible interpretétion of
this is that no significant concentratién of diserete Si(0H), species
is forméd since polyﬁerisation to colloidal silicg proceeds rapidly;

This explanatien is compétible with the 29Si n.m.r. reéults since -
relaxation of such particles would be expected to be extremely rapid.
The reéultant solution was found to be completely inactive when used in
a zeclite X synthesis, behaviour which is compatible with the presence
of colldidal silica particles in the reactiorn mixture as discussed in
.part iI.

The 13C n.m.r. spectra of conceﬁtrated solutions of sodiumn carbonate
and sodium bicarbonate were obtained at 25.2 Hz using a 22.5° pulse
with a 0.66s delay. Solutions were prepared with distilled water to
which 20% D50 had been addedAfor use as an internal lock. 'The proton
decoupler was used and sharb resonances were obtained to high frequency
of the standard (T.M.S.) at 189:75 p.p.m. for sodium carbonate and at
162.08 p.p.m. for sodium'bicarbonate. This evidence justifies the use

of sodium carbonate solution as an example of a simple electrolyte system
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when interpreting results obtained for solutions of sodium metasilicate

which, as shown here, contain a range of solution species.

7.3 AQUEOUS SOLUTIONS OF SODIUM ALUMINATE

7.3.1 PREVIOUS WORK

As with the silicate systems, there have been several investigations
of thé solutions of>sodium aluminate and aluﬁinium salts. A review by
Glastonbury80 covers much of the early work. Some techniques which have
been applied more recently include potentiometryel, RamanAand infra-red
spectroscopy82:83 and 27A1 n.m.r. spectroscopy.8%,85,86 The existence
of two species is well established and these are the-octahédral ion |
Al[H20163t found in solutibns of low pH and the tetrahedral ion Al[OHJ;
found in alkéline solutionsg

Aluminium is a relatively coﬁvenient nucleus to observe since the
common isotope, 27A1, has a nuclear spin with quantum number I = g;.

Since T'is > §, the nucleus of 27Al has a quadrupole moment which ean'
interaét with unsymmetrical electric-field gradients, pepmitting very

- efficient nuclear relaxation with consequent n.m.r. iine broédening.“

Thus, sharp 27p1 resonances are generally only observed when the nucleus

is preserit in a symmetrical electrical field, and the width of resonances
can give useful information about shapes of species;ehies In most

27p1 stédies of thése systems, the resonance assigned to Al(HZU]63+ has
been taken as tﬁe standard. In solutions of high pH, Moolenaar and

' éé-workerée3 observed a sharp résonance to high frequency of the standard
at'6 = 80 p.p.m. which broadened with increased concentration as previously

.reported by Haraguchi and Fujiwarass. They, likewise, assigned the sharp

line to the tetrahedral species, Al(OH]q—, but interpreted the broadening
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as due to the formation of a dimeric species (HO)3A10A1 (OH)j

rather than to a straightforward viscosity effect. Later work by Akitt
and co-workers®® detected a broad peak in.soiutions of low pH, to
high frequency of the standard, at § = 3.3 p.p.m., and a sharp resonance
(6§ = 62.5 p.p.m;J which become apparént at sligﬁtly higher pH. These
peaks were attributed to a dimer, A12(0H)2(H20]84+, and to the central

: : +
aluminium of a polynuclear species A11304(OHJ24[H205127 respectively;

~

7.3.2. EXPERIMENTAL DETAILS

Conductivity and pH curves were obtained by the adaition of small
volumes of 5.0 mél dm 3 sodium hydroxide [AR)vto 100 cm3 of 0.25 mol dm™3
aluminium hitrate Solution (AR). The solution was_stirrea'magnetically
ané,.aftér each addition, time was allowed for the.pH - aﬁa conductivitQ -
meter readings to reach a steady value; fhe results are displayed in
figure 7.3 which demonstrates the large CHange in pH ffom 4 to 12 which
accompanies the formation and then the dissolution of the aluminium
hydroxide gel. 4Solutions corresponding to various regions of figﬁre 7.3
were brebared from sodium hydroxide and aluminium nitrate, with appropfiate
volumes.of 5M sodium nitrate solution added to ngp the ionic strength
gonstaﬁt, and then examined by 27A1 n.m..r.

Measuresments were mede at 14.9 MHz by use of the probe nérmally
used for observation of 13C spectra. 0,0 which was contained in a
concentric 5 mm tube acted as the lock. The lock frequency wés generateg

by the decoupler operated as described by Ellis and co-workefs.87

7.3.3 RESULTE AND DISCUSSION.

The results are shown in table 7.2. Resonances were detected in
three areas : (A}, (B) and (C) and in &1l ceses peak width at half height

was less than 7Hz. The differing results obtained from fresh and aged
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TABLE 7.2 THE EFFECT OF pH ON THE A13"(aq) ION - FOLLOWED BY 27A1 N.M.R.9

Solution Prepafation e Vqlumes/cm3 pH Chemical Shifts of Resonances Observed,
Number o _ G/D-D.m.b '
Al(NO3i3[D.25M) NaOH(5M) NaNO3(5M) When Fresh When used A - B C
a) Solutions aged for 2 days befare use . . ) .
1 10 0.2 1.55 3.6 3.52 0.080 (100}
2 10 0.5 1.25 3.95 3.75. 0.186 (100) 62.789 (5)
3 10 1.0 0.75 4.3 4.05 0.167 (100) 62.797 (80)
4 10 1.35 0.40 6.15 68.05 " No resonance observed : gel
5 10 1.5 0.25 9.8 -11.05 78.6 (95j
6 10 1.75

0 10.95 12.1 ‘ 79.659 (100)

b) Solutions used when fresh

7 10 1.0 0.75 - - 0.968 (100) 62.788 (15)

8 - 10 1.1 0.65 - - 0.072 (100) 62.781 (35)

g 10 1.2 0.55 - - 0.118 (100) 62.835 (70)

g¢ 10 . 1.2 5.55. - - 0.129 (47) 62.785 (100)
10 10 1.3 0.45 - - No resonance observed : gel

a Pulse width = 15us = 34O'tip angle; Pulse frequency = 0.8s; observing freguency = 14.8 MHz; temperature = 26°C

Chemical shifts measured relative to resonance of Al(HgD)ea+ (Groun A];lﬁhis positive to high frequency of the standard.
Machine always plots the largest peak at intensity = 100. Thus intensities shown in brackets give the relative heights
of peaks in the same sample only. : -
¢ pH not measured. d sclution 9 measured overnight



solut;ons is interpreted as due to incomplete mixing of solution
components followed by slaow equilibration. Resonance (A) has been
Observéd |3re\4/ious,ly8“’85'86 and is generally attributed to the octa-

+ s :
hedral species Al[H20J63 . All chemical shifts are given relative to
resonance (A) in accordanee with other workers. Two other resonances
were observed to high'frequehcy of resonance (A) at 62.78 + 0.05 p.p.m.
(B) and at 79.65 + 0.05 p.p.m. tC]. Resonance (C) was observed in
solutions of high pH (> 10} and corresponds to the resonance at 80 p.p.m.
reported by Haraguchi end Fujiwara8S and assigned by them to the
tetrahedral species Al(OHJq_ favoured by most workers.

DuringAthié investigation, some measurements were made of highly
concentrated, alkaline solutions and.it was observed that, aé the water
content was reduced, the chemical shift (C) increased and the peak
broadened considerably : In‘a solution of approylmate comp051t10n 1.3 NaZD
Al,03.8. 7bH20 the resonance was observed at 88.8 p.p.m. and the half
peak width was 2400 Hz. The sclution was very viscous and it is .possible
that the observéd peak broadening and up frequency change in & are the
result of the physical state of tﬁe sysfem. However, when the overall
water content is considered, it is apparent that many of the ions will
have arastically reduced solvation shells. Under these circumstances,
it is difficult to justify the existence of Al(OHJ;n and it seems
quite feasible that dehydration occurs in such systems to form the species
DAl(OHJZ—. This species was proposed by Moolenaar et. al.83 but
discounted i5 favour of the dimer [HUJ3A10A1[OH)32_ although tHey state
that monomeric, moncvalent species are favoured for interpretation of
other properties of these solutions. One would expect a species of the

form DAl[SHJz- to have an unsymmetrical electric field gradient around

the aluminium nuclets and this is compatible with the observed line
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broadening, although the high viscosity of the system could possibly
explain this on its own. In conclusion, it seemé possible that the
iobserved shift to high frequency‘of resonance (C) ét high concentrations,
with associated line broadening, may be attributed to formation of
a dehydration product of Al(OH]q-, possibly DAL(DH]Z-.

Resounance (B) corresponds to that at 62.5 p.p.m. reported by
Akitt et. al.86 who assigned this to the central aluminium of the

~ - 7+
polynuclear species Alj30,(0H),, (Hy0);5

;.An”aluminosiliéate.gel.ofjthe'type
described in part II, experiments 8.1 and 8.2 was examined by 27p1

n.m.r. and the only resonance observed was a peak at § = 84-85 ﬁ.p.mf
with a half-peak width = 700 Hz. It seems likelg that the broadening

of this peak is due to.interaction with'the gel structure and that the

. species responsible is similar to, if not the same as, that which causes
resonance (B). Overall, it seems unlikely that the polynuclear speéies
proposed by Akitt8® is responsible since, if this Qas so, one would .
expect to sée some evidence of simpler polymeric speciés even 'if pgeaks
were broadened by quadrupole relaxétion. Measurements were made using
spectral widths up to 10,000 Hz ahd no other resonances were detected.
From consideration of the pH and conductimetric evidence, and from the
;esults in table 7.2, it seems possible-that a species of general form
Al(Hzolq[OHJZ+ could be responsible. This étructu;e is compatible with
the observed sharp resonance since the exchange of protons in such

systems is very fast ;n relation to the n.m.r. procesé as shown by the
-absence b? protaon éoupling to 27A1 and would result in charge averaging
around the aluminium nucieus. If this species ié present, then one might
expect to detect the Al[HZO]g:dﬁzf species at lower pH and this wés not
-observed. however, this can be explained by:éssuming that the unipositive

ion is much more stable than the dispositive species. No resonance was

“observed at 3.3 p.p.m. as has been reported by Akitt et. al.86, who
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+

attributed this to the dimer Al,(0H)},(H,0)s . In conclusion, this
study has shown that the aluminate system is highly complex with many

unexplained features and should be investigated in more detail.
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COWCLUSION

The work described herein has confirmed previous report518
that the hydrates of sodium metasilicate which contain 5, 6, and
9 moles of water are easily preparéd in comperison with £he ocfa-
hydrafe. This is compatible with the ckservation thet the octahydrate
alone, is thermodynamically unstable with respect to disproportiocnation.
These studies have also confirﬁedls’lgvzo that the sodium metasilicate
hydrates contain discrete mcnomeric silicate species held in an extensive
hydrogen bonded matrix in distinct contrast to the highly bolymerised
anhydrous phase.17

vS6lutions of the sodium silicates have been shown to contain
a wide rahge of species, the distribution of which is largely dependent
on pH. At highrpH, the monomeric species (HO]2Si022— and (HO]3SiO_
become prevalent whereés a reduction in pH toward 9.5 results in

L

" extensive polymerisation. »No evidence has been foﬁhd for the species
81032— in solution. The underlying feeling from these gtudies is
that éolﬁtion species undergo interconversion easily and that
.equilibration of species following changes in pH, temperature, or
-water content, is rapid.

Undoubtedly, the ephemeral nature of silicate species in aqueous
solution is the main reason why attempts to obtain quantitative data

on these systems, have in the past proved frustrating, yet fascinating -

and still do.
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CHAPTER 1

INTRODUCTION

1.1 ZEOLITES AS MOLECULAR SIEVES

Zeolites areAcrystalline hydrated aluﬁinosilicate compounds
of group I and II elements: in particular sodihm, potassium, magnesium,
strontium, calcium and barium. The zeolites are framéwork alumino-
silicates and their structures are based on Si0, and Al0, tetrahedra
which are linked to each other three?dimensionaily by sharing all oxygens.
Their compositions may be represented; in terms of oxides, by the

empirical formula :-

My

Jn 0+ x Si05. Aly03. y HpO

The cation valency isAn and x is generally greater than or equal fo 2
since AlQ0, tetrahedra cannct Ee directly linked to one another. g

In most zeolités, the cations can be exchanged'and the water
removed by reversible processes, although in some cases étructural ohaﬁge
may reéult. Within the framework, there are channels énd voids, the
dimensions and extent of which depend on the zeoiite type. Thus, after
dehydration; a pérticular zeolite is able to‘adsorb molecules or ions
up to a particular cross-section and size and reject any which are
_larger.

In contrast, traditional adsorbents such as silica~gei and
activated alumina have very wide ranges of pore size. It ic the
uniformi&y or pore size and the resulting highly sélective.adsorptive

characteristics which have earned the zeolites the title "Molecular

Sieves”.88
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1.2 ZEOLITE SYNTHESIS - INTRODUCTION

Many zeolites are found as naturaily occurring minerals and
early workers attemptea to synthesise them in the laboratory by
simulation of the probable geoiogical circumstances under which they
had formed. This approacﬁ entailed reacting mixtures of qomposition

Acorresponding to the desired product at high temperature (>2000C]
énd pressure, and was generally unsucceséful.

However, the synthesis of zeolites A and x° by R M Milton8?
in 1958 showed that it was nossible to syntheéise zeolites as non-
equilibrium metastable phases from mixtures of reactive components at
much lower temperatures (< lSUOC). Since the zeolites thus formed
are metastable, the nature of the reactant, rate of nucleation and'
reactioﬁ time are important in controlling the product formed. The
great advantage, however, of this appréach is that the general mildness
of reactien conditions made large scéle synthesis a possibility.

o
Since ;959, Very many more zeblites have been prepared by such hydro-
thermal synthesis, and the.majority'oflthese are formed_as metastable

phases .90

1.3 POSSIBLE PRODUCTS OF THE Na,0-Si0,-A1,0,~H,0 SYSTEM

In this work those zeolite pheses which crystallise from the
NaZD;SiDZ—A1203—HZD éystem have been investigated and particular
éttention has been given to the factofs.which influence the formation
of zeolite X. Zeoii.e X,'like zeolite Y is a synthetic analogue of
the naturally oqcurring zeolite called Féujasite, a model of which
is sﬁown in plate l; The basic unit in thé aluminosilicate framework

is the truncated octahedron or B-cage in which an aluminium or silicon

a The structures of zeolites A and X ere described in section 1.3.
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atom lies at each apex. A representétion ofa B-cage is shown in
figure 1.1. The B-cages are joined tetrahedrally to‘one another by
oxygen bridges across.the six-unit rings. Thus the lirking unit
is a double six-unit ring or hexagonal prism containing fwelve
(§i,A1)04 tetrahedra. As shown in plate 1, the resulting framework
contains large cavities or "supercages”, each with a free diameter
of ~ 13 R, which are interconnected by channels formed by distorted
twelve—unit rings [(Si,A1)0],,, with a free diameter of ~ 8 R; In
contrast‘to fhe supercage, the free diameter of the B-cage ig around
6 R although thellargest entrance, the six unit ring is only ~ 2.2 R
in diameter.
Chemically, the difference Between zeolites X and Y is that X
~has 2 < x < 3 whereas Y has 3 < x < B where x is the holar ratic
Si0,/A1,03. In other words,.the zeolite X framewgrk contains more
aluminium than dcoes zeolite Y'and this is the reason for their differiﬁg‘

properties. -

These synthetic Faujasites are of great inaustrial imﬁortance
because of their extremely large par£s and cavities and their high
thermal stability. For example, zeolitg Y is stable in air up to 780°C.
fheir'main uses aré as adsorbents (the water adsorptibn capacity is
51% volume of the structure), ion-e%changers, and és catalysts in
petrochemicallprocesses where the high acidity of zeolite Y, in particular,
‘is of great value.

The other phases which readily crystallise from the samé system
are zeolites A, B and hydroxysodalite (HS). Zeolite A has S$i0,/A1,04
v 2 and is similar to zeolite X in that the basic structural unit is

the B-cage although the arrangement of the cages in the lattice is

different as shown in figure 1.1.‘ In zeolite A, the B-cages are linked



Fig.1.1 The relationship of the sodalite or. sg-cage
(A) to the structures of hydroxysodalite (B),

zeolite A (C) and faujasite(D).
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"by oxygen bridgés across four-unit windows rather fhan across six-unit
windows as in zeolite X. This different stacking .of B-cages produces |
a void or a-cage, analogous to the supercage in zeolite X although
smaller. The free aperture into the a-cage is in the order_of 4 R
and, as a result, zeolite A is widely used as a highly selective
desiccant and ion exchanger.

Hydroxysodalite (HS) hes Si0,/Al,03 = 2 and has a structire which
is again based on B-cages. The structure can be considered as built

- up from close packed B-cages, where the adjacent four-unit rings from
six heighbouring cages have jdined up toc form what is in effect an
interstitial B-cage. Because of this fusion of the cages, hydroxysodalite'
does pot have any useful voids or channels and the largest moleéule
which it can adsorb is water.

Zeolite B is formed with a variable Si0,/Al,03 ratio and has a
more dense structure than the other zeolites.discu;sed. The structure
of zeolite B differs froﬁ the other products of the system in that it
does not involve any B-cages and can be visualised as having crankshaft-
like chains built up from four-unit rings [(Si,A1)0], joined edge to
‘edge by oxygen bridges. Zeolite C is sometimes formed, but little is
.known-about its structure except that it is a highly metastablg phase
and transforms to zeolite B with time at room température. In addition,
zeolites S, 721 and others may also form but these phases have not been

considered here.

1.4 SYNTHESIS OF ZEOLITES IN THE Na,0-Si0,-A1,0,~H,0 FIELD

At the start of this work, a significant amount of empirical and
theoretical information on the formation of the zeolites was already

discussed?? and, since most of these zre metastable, a large part was
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on the subject of staﬁility and interconversioﬁ of phases.

Accerding to Goldsmith's "simplexity principle,”®! low temperature
crystallisation favours the more complex, more easily nucleated
zeclites, X.and Y, whereas zeolite B formation is favoured by an
increasé in temperéture. At the highér temperatures (> SDOC], it was
reported that the induction péridd for nucleation of zgolite B is
longer than for zeolite X, although crystallisation proceeds at a greater
rate once started.

There was experiméntal evidence3? which suggested that zeolite B
is.a semi-equilibrium phase; at least in comparison with zeolites X
and A. £ was réported that if, during the crystallisation of zeolites
X or A, the product is not removed but is le%t in contact with the
mother liquor, then increasing amounts would transform to zeclite B,
and complete conversion would occur within 3 days. In the iimit, all
of the zeolite B would itself tgansform to analci%é whibh is recogﬁised
to be the terminal product of any synthesis in this field. y

The discovery of "active silicates” in 1964 and theif application
to the cryétallisation of zeolites X and Y was a méjor breakthrougﬁ.93
Previous syntheses had been tedious and had}proved éxtremely diFFicuit
to scéle up to commercial production. In order to prépare a reasbnabiy
pure product; it was necessary to heat the appropriate reaction mixture
for seQeral hours without thermal or méchanical agitation. If the
reaction mixture was aged at room temperature without agitation before
it was heeted, an improved product éould be obtained. However, the
hacessity of non—agitéted conditions throughout proved impossible to
achieve on a commercial scale. As a result, large scale syntheses of

lzeolite X or Y usually produced material which contained significant

quantities of zeolite B.
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In contraét, a product of high purity could bé obtained quickly
from an agitated reaction without any ageing steps if an active
silicate was used as part of £he silicate componenﬁ of the reaction
mixture.®3 These reaction conditions were relatively easy to achieve

on a plant scale.

1.5 ACTIVE SILICATES - ASSESSMENT OF ACTIVITY

The active silicates as originaily defined were sodium metasilicate
hydrates-which were capable of yielding zeolite X of high purity after
three hours reaction time when used in a test reaction. In the test
reaction,é3 a mixture which contained sodium metasilicaté, sodium
hydroxide, sodium aluminate and water was heated with-agitation at 95°C
for three hours. The product was filtered, waéhed and dried before it
was analysed by powder X-ray diffraction (X.r.d.).. .If an inactive
sodium metasilicafe was used in the test reac£ion, the product,forﬁed
after three hours was substantially Composed of zeolite B, possiﬁiy
with some zeolite C. In order that metasilicates of differing activity
Cppld be assessed quantitatively, a technique was developed93 whereby
_fhe amount of éctive metaéilicate used in the test reaction was system-
atically reduced until the product formed in three.hours ceased to be
substantially pure zeslite X. This was achieved by dilution with inactive
sodium disilicate waterglass, and thé levels of water and sodium

hydroxide were adjusted ahpropriately to retain the test reaction

stoichiometry.

1.6 ACTIVE SILICATES - INFORMATION AVAILABLE

Initially, the following information was all that was available.

Most of the details are described fully in the patent literatured3
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and only the bare facts are-given here.

Thelonly known way to distinguish active froﬁ inactive metasilicates
. was by carrying out the test reaction described previously. Chemical
~analysis and powder Xarud.‘investigationé showed no significant
difference between active and inactive samples of fhe same metasilicate
hydrate. Infra-red analysis showed small differences, and suggested
thaf active silicates might have stronger Si-0 bonds mﬁre characteristic
of solid silica than of silicates. An examination of a variety of
commercial sodium metasilicate hydrates héd shown that ncne of the
cohmercial nonahydrates tested was active and-that, of the pentahydrates,
some were‘active‘to varying degrees, and others were completely inactiVe.
Anhydrous sodium metasilicate was always found to be inactive.iiThere
was no apparent correlation between manufacturer and éctivity, and,
as a result, various methods had been devised to prepare active material.

All these methods involved the treathent ofuéodium silicate with
water, and active samples of composition Nap0.rSi0, 0.5 < r < 1.5
haﬁ been prepared, although useful levels of activity had only been
achieved with the‘metasilicates {r = 1). The first two'metho&S‘were
a) by crystallisation of a supercobled melt of the desired sodium
.silicate hydrate and b) by mixing solid sodium silicate with insufficient
water to dissclve it completely and inducing it to-recfystéllise as the
'desired hydrate. The temperature during each process was maintained
abovellsoc and below 150 below the melting poinf of the hydrate. In.
the third method, solid sodium silicate was hydrated by water vapour with
the temperature kept between 0°c and BOOC.

In the first and secong mefﬁods, it had been found necessary to
keep the temperatures of crystallisation and recrystallisation respectively -

within the range specified, and ideally as low as possible; eg 20°C
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for sodium metaéilicate pentahydrate (M.Pt = 73°C). It was reported
that the activity of the silicate decreases as the temperature of
crystallisation increases-and that, in the limit, active material can
be completely inactivated by being melted and then crystallised at
its melting point. The crystallisation of tha.sodium metasilicate
hydrates is very exothermic and, althoﬁgh the nécessary cooling can
be achieved in the laboratory, it was.found to be very difficult on a
commercial scale, and this limited the ébplication of thése two
methods.

In the first case, the sodium silicate melt could be prepared-
in any -manner and from any sources, althocugh the use of colloidal or
highly dispersed silica had been found to produce significantly-less
abtive material. The recommeﬁded method was to dis;olve the silicate -
in sufficient water to ensure complete solution'(@g 14 moles water
per mole metasilicate), boil the solution dewn to the required water
content and fo supercool it before erystallisation was induced, b§
seeding if neceséary. If was noted, however, that if the melt was
supercooled with a lower water content than was required.and was then
adjus?éd by the addition of water before it was cryétallised, the
;esulting material was especially active.

In the second recommended method,'an anhydrous silicate or silicate
hydrate was mixed wiﬁh insufficient water to achieve complete solution
and was allowed to recrystaliise as.any desired hydrate, Qithin the
teinperature limitations. A convenienﬁ techniquegu was to spray thé
required amount of water slowly onto pewdered anhydrous sodium metasilicate
while the mixture was being stirred thoroughly. The rate of water
:addition was adjusted so that the mixture never became too wet and

granulation of the fine powder was achieved. 1In a typical case 6 moles



water was added to 1 mole anhydrous sodium metasilicate. ‘Powder
X.r.d. of the product showed sodium Tetasilicéte nonahydrate with

a few percent anhydrous metasilicate, but the intensities suggested
that around fifty percent of the product was amorphous. ‘While the’
activity of the material was initially poor, a marked improvement
was noted after forty-eight hours at room temperature, although the
_X.r.d. analysis was unchanged. After a few months, thza activity
decreased and X.r.d. showed approximately 100% sodium metasilicate
hexahydrate. |

'The third method which was recommended was the hydeation ofT
Solid sodium silicate with water vapour in the temperature range
0 to BDO, 20 to 35°C being preferred. This was achieved Sy passing
air of controlled humidity and temperaturé.over or fhréugh a sample
of sblid sodium silicate Which was contained in aAstationary, moving
or fluid bed. Samples with a much wider rangé of activity were
prepared by this method, and a scale-up to a commerciel procéss was
thought to be possible. In one intereéting experiment, very active
amcrphous sodium metasilicate was produced from anhydroﬁs sodium meta-
silicate by hydration for 168 hours.

The original patent93 concluded that, in the case of the sodium
metasilicates, active forms of any hydrate, mixtufé ﬁf hydrateé or.
mixture of hydrate(s) with annydrous metasilicate could be prepared.
It was proposed that activity was a consequenée of an equilibrium whiﬁh
existed between "true" metasilicate ahd an acid orthdéilicate ana
that the activation methods were freezing the equilibrium on one side
or the other.

i.e. HO C'Na" N _ 0 Na
N + 4H,0 < 0 =Si + 5Hy0



94

Some additional information® was that inactive sodium meta-
silicate hydrates prepared by crystallisation, iﬁ pérticular penta-
hydrate, gained activity steadily if left at room temperature fér
several montﬁs. On the other hand, it had been noted that those
hydrates‘prepared by the second and third hydration methods generally
gain activity quickly, and then become less active on further ageing.
It was also disclosed that inactive material was normally obtained
when a metasilicate hydrate was crystallised from dilute aqueous solution
rether than from an aqueous melt as described earlier.

With regard to solution_preparétion, an.inactive solution'was
reportedgu to be the normgl result when active material was di;solved
in water at 90°C. In contrast, a solution of active'material could be
held at 90°C for 24 hours with loss of only:SU% of the activity,l
Provided the.solution had been prepared at less»thgn 4008.

. Finally; it was observed that activity was retained foAa large
extent in the mothef.liquor of the zeolite crystallisation mixturg and
that this céuld be fecyclgd up to five times with the addition of inactive
material each time and still produce good zeolite X.

'Latér work9§ showed that active silica could be prepared from a
éolution o7 an active éilicate‘by precipitation with an acid while
observing the same temperature limitations as had been defined for the
crystallisation methods. In connection with this work, it was found?%
that, if the silica was précipitated in stages, the majority'ﬁf the

. activity came down with the first portioh of the precipitate.

1.7 THE AIM OF THIS WORK

As described in the preceding sections, the discoVery of "active

silicates” was a tremendous step forward in the advancement nf zeolite



synthesis, espeéially on a commercial scale. At the outset of the
present work, methods for preparing "acfivé" material were well
established but the origins of "activity” and, in particular, the
physical and chemical differences between "active” and "inactive”
metasilicates were unknown. The only reliable way to test for
"activity” was to carry out a zeolite X synthasis. The aims of this
work were to establish the cause of "activity”, tﬁ devise new methods
for testing "activity” and to discover commercially viable methods

-for the preparation of "active” material.

§5



CHAPTER 2

EXPERIMENTAL DETAILS

2,1 MATERIALS

SOURCE

MATERIAL SUPPLIED

Joseph Crosfield Ltd.

/

B.D.H. Ltd.

I.C.T. Ltd.

I.C.I. Ltd. (Mond

division)

Akzo Ltd.
Kaiser Inc.
Baco.Ltd.

Koch-Light Ltd.

Technical grade Na,Si035H,0

Technical gréde Na,Si03 called "Metso”

Technical grade Na;SiO35H,0

"Analar” grade NaCH
Technical grade aluminium silicate, Al,(SiO3)g3

Ory sodium aluminate, 1.3Nay0.Al1,03
Dry sodium aluminate, 1.3Nay0.Al,03

Commercial sodium silicate waterglasses, |
type c100, Na,0.2.05510,.14.27H,0 and
type Q78, Nay0.3.39510,.23.9H5C

Pure silica, type KS300
Purified alumina trihydrate, Al;03.3H,0
Technical grade Al;03.3H,0

Pure anhydrous alumina, Al,03
Pinacyanol chloride (1,1°'-diethyl-2,2'

carbocyanine chloride).

g6
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As detailed in chapter I.2, two main routes were used in the
preparation of purer sodium metasilicate. Material of high purity
Qas obtained by the recrystallisation of the nphahydrate from a diluée
aqueous solution prepared from technical grade pentahydréte and
distilled water. The crystals were filtered in the abseﬁce of carbon
dioxide and dried over sodium metasilicate pentahydrate until the
material contained exactly 9 moles water per mole metasilicate.
However, in much of this work, accurate stoichiometry of the meta-
silicate was relatively unimportant, and an easier méthod was by seeding
a supercooled Honahydrate or pentahydrate melt prepared ffom pure
silica, pure sodium hydroxide and distilled water. In those cases where
a pure penfahydrate of accurate stoichiometry was required, nonahydrate
from the foémer method was boiled down to pentahydrate water content
and seeded as:in the lattef method. Pure anhydrogs sodium metasilicate:
was preﬁared by the evaporation to dryness at lOOOC of a pure sodium

metasilicete solution. -7

2.2 APPARATUS

2.2.1 _APPARATUS USED IN ZEOLITE SYNTHESIS

Reaction mixtures were prepared in a 600 cm?® stainless steel or

pyrex beaker and the resulting gel was homogenised by an electrically
driven 5 cm diameter stainlesg steel paddle. The mixture was placed

in a reactor which consisted of a 500 cm3 three necked, round bottomed

~ flask type FR500/3S/22P fitted with a reflux condenser.and agitated by

an electric stirrer with a teflon paddle. 7wo types of stirrer gland
were used in the reactor and both had disadvantages. Quickfit type ST4/z

which used a ball race as the bearing, tended to corrode and ultimately

1
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seize.. The type'supplied by Jencons was a simple'precision bore glass
 _051eeve within which the étirrer rod fitted. The bearing surfaces
werevlubricated with’vaseline, but- tended to wear, particularly when.
in contact with zeolite product.

The apparatus was partly immersed in a water thérmostat batn
which maintained the temperature at 95 + 2°C. Two types of bath
equipped with constant-level devices were used. These were a Grant
Instruments type SB3S with polypropylene spheres to reduce heat loss,
and a conventional type of round bath supplied by Towers and equipped
with a Jumo type GKT15 relay. |

A 15 cm Buchner filter funngl fitted with Whatman No 1. paper
was used for filtration and washing of the zeolite product. Powder
X.r.d. analysié of the product was carried out with two models of
Philips-vertiéal diffractometer.- The newer one (type 1050 } was
fitted with an automatic sample changer and operéted at a scan speed
of %O min~! with 0.2 receiver slit ana a 2 second time constant. 'The
other was a type lDSlwhich4was suitable for rbutine analyses. All

quantitative measurements were made on the newer machine.

.2.2.2. OTHER APPARATUS

A 350 cm3 Gelmén filter funnel No. 4371 fittéd‘witﬁ 0.2 or
0.8 pym (200, 800 nm) pore size Metricei discs was used for ultfa—
filtration of silicate solutions.

The visible spectra of solutions containing pinacyanocl chloride
were obtained with a Unicam SP8CO0 spectrophotometar fit£ed wifh a cell

holder thermostatted at 23 + 1°C.

2.3 PROCEDURE FOR ACTIVITY TESTING

In this work the syntiesis of zeolite X was adopted as a routine,
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quantitative method for measuremenf_of the activity of samples of
sodium metasilicate hydrates. The overall reacgion composition which,
was used for all activity testing was 5.15N320.48102.A1203.242H20,-
in which the molar component ratios agree wéll with those recommendéd93

(shown in brackets) :-
. $105/A1503 = 4(3.85), Nap0/Si0, = 1.29 (1.34), H,0/Nay0 = 47.0 (47.0).

In the reaction, the metesilicate on test only contributed 1/9 of the
fotal siliéa requirement, and the balance was supplied by an inactive
‘'sodium disilicate waterglass. Thus the molar ratio of‘active‘to
inactive silicate was 1:8.

The test reaction, hereafter referred to as the Standard Reaction,
was set up-in the following way. 11.9g pure sodium hydroxide was
dissolved in 11.9g distilled'water and 7.8gntechnical alumina trihydrate
was added. The mixture was boiled until a clear solution was obtained,
then cooled to room temperature, and the lost water was replacedi/ Sﬁdium
ﬁeﬁasilicate pentahydrate (4.7g) or the moiar equivalent amount of
anqther test metasilicate was.dissolved in 50g distilled water with the
“-,tempéféture kept below 35°¢, Sodium disiliéate.waterglass fype Cloo

- (28.4g) was adng to the metasilicate solution and mixed thoroughly.
‘This silicate solution was stirred rapidly with an‘eleétric mixer while
the previously prepared aluminéte solution was slowly'added to form a
" stiff gel? Distilled water (126.2g) and any remaining aluminate solution
were added and the mixture was stirred until a white homogeneous ltiid
was obéained. The mixture was placed ir the reactor and stiried under

°c for three hours. The resulting watery mixture was

reflux at S5
- removed from the reactor, filtered, and the white residue was washed

thoroughly with water.
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The residué Qés dried in an oven at 100 - IBOOC, cooled and
then ground finely. The product was left at room temperature and
humidity for at least one hour before it was examined by powder X.r.d.
The components of the‘prodUct'were idéntified by comparison of¥ the
frace obtained with published data.30:93 An estimate of the percentage
composition of the sample was normally obtained by comparison of the
intensities of predominant peaks in traces of the sample and of pure
standardé run under»identical machine conditions. For convenience,
~all results were classified on-the scale shown in appendix A. fypical
X.r.d. traces are shown in_figUre Z.i and observed data for the

commonly encountered zeolites is given in appendix B.

)
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101

CHAPTER 3

RESULTS

In an attempt to convey an impression of the'wey~in which the
conclusions evolved, experiments are presented in approximate
chronological order. Full détails of these experiments are given in
tables which may be fpund at the end of this chapter along witﬁ a
list of abbreviations uséd. Experiments have been ngmbered S0 Aas
to relate to a pgrticular table e.g. expt. 4.3 refers to the third
exberiment on table 4. A key which relates thesis andioriginal

experiment numbers is given in appendix E.

3:1 EARLY WORK

Much of the early effott was put into the detection of some
reprodﬁcible difference between active and inactive material othé; than
by the synthesis of zeolites.?3 An alternative approach was to attempt
to removevthe activity from active material by processeg which did not
.invoivé the higher temperatures whicﬁ previous work?3 had shown to
be detrimental.

The examination of active'and inactive éommercial sodium meta-
silicate pentahydratea by light microscope in the solidAstate anag on
fusion showed no significant difference between them. The Raman spectra

of .solutions of active and inactive pentahydrates were obtained using

a Cary 83 laser Raman spectrometer, but tha spectra were effectively

a Hereafter sodium metasilicate pentahydrate and nonahydrate will be
referred to as pentahydrate and nonahydrate respectively except where

this could be ambiguous.
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identical. Tt was observed that both active and inactive commercial
pentahydretes produced cloudy solutions in watef which could not be
clarified by oonvenfional grades of filter ﬁapér. When the solutions
were boiled, the colloidal material flocculated and settled out in
both cases and it seemed poséible‘that this was sigﬁificént since it
was Knowﬁ thatAactive soclutions could be inactivated by heating.?“
Therefore, attempts were made.to modify or remove the visiblé'
colloidal material at room temperatUre'tc determine whether it Had,
any connection with'activity or inaétivity. The details of thése and
éubsequent expefiments ére given in table 1. Centrifuging was
SQccessful in taking déwn the visible particles, but the standard
reaction showed novdifference between cloudy and clarified active
solutions. (1.1, 1.2). At that time, it was cbserved that the addition
of 5% wt. of soqium hydroxide would dissolve the yisible colloidal
matefial in the =oluticns obtainedA from commercial silicatés and it
was decidea to try this oﬁ active and inactive solutions before they
were -used in the standard reéction. This was achieved by redistributing
some sodium hydroxide from the aluminate component to the silicate
component»befofe they were mixed (see section 2.3), thereby keeping
.the overall reaction sfoichiometry unchanged. This experiment was
carried out using active commercial pentahydrate and inactive purified
nonahydrate, and the results showed that the actiQity was unaffected
by the extra sodium hydroxide used. (1.1, 1.3, 1.4, 1.5).
Another aspect of the use of sodium hydroxide in silicate soluticns
. was that & reddish-brown precipitate formed when solutions of commercial
. pentahydrate with added caustic were left at room temperatureyovernight.
Thié brecipitéte was identified as ferric hydroxide (Fe(0H)}3) and
raised the possibility that activity was a consequénce of iron or some

other impurity. -



Experimenfé to measure the equilibrium pressures of several
sodium metasilicate hydrate mixtures were carried out as described
in chapter I1.4. Two experiments were set up to observe the equilibrium
between commércial pehtahydraté and pure, inactive qonahydrate and
it was found that the equilibriﬁm pressure,wés the same whether active

or inactive pentahydrate was used.

3,2 THE USE OF DYES IN SILICATE SYSTEMS

Several workers have studied the visible absorption spectra of
96-99
dyes in silicate sclutions. Most of the work has been carried out with
commercial polysilicates, and the most. frequently used dye is pinacyancl

chloride; 1,1’-diethyl-2,2’'-carbocyanine chloride.
//’ \\\ . \\\

LCH - CH = CH-
AN ~ AN Z
|

Et

c1 -
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In this work, stock solutions of 0.5 mol dﬁ—3 suodium metasilicate
b-and 2 x 10 % mol dh_3 pinacyanollchloride‘were prepared, anc the
visible spectra of Solu£ions which contained varying concentrations of
dye and silicaté were obtained; The addition of sodiumhmetasilicate

to a solution of pinacyanol chloride redaced the visible absorbance and
it was observed that this effect was much more marked for active meta-
_éilicate than for inactive metasilicate. This is shown in ‘figure 3.1
‘where pdrtiuns of 0.5 mol dm 3 sodium metasilicate solution were added
successively to 10 cm3 of 2 x 1076 mol dm_%*pinacyaaol chloride.

After each addition of silicate, the solution was allowed to equilibrate
- for three minuteé before the spectrum was obtained. As shown in the

figure, the spectrum obtained after 0.2 cm3 of active metasilicate solution
: J



Fig.2.1 The visible absorption spectra of 2x10”6M
pinacyanol chloride in solutions of ‘sodium meta -
silicate hydrates. |
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had beeh added was effectively the same as was'obtained with
0.4 cm3 of inactive metasilicate solution giving totaliconcentrations
of siiicate = 0.01 and 0.02 mol dm 3 respectively. This suggested
that, other things being equal, sctive csolutions have a greater
dye‘remoQal power than inactive solutions and that an activity
test could be devised based on this observation. As a blind trial, -
this techﬁique was applied to five sodium metasilicates of unknown
activity by the measurement of the visible spectrum of a 2 x 107°
mol dm 3 dye solution which contained 0.01 mol dm™ 2 metasilicate
for each unkinown. Theispectra which were obtained are shown in
figure 3.1 (c] aéd the unknowns were assessed as follows :-
Active'b v a > ¢c > d > e Inactive-
These resﬁlts agreed well with activity te;ting carried out by the
standard reaction.

The peaks observed for pure'pinacyanol Chioride soldtion:at
16,300 cm~! and 18,000 cm~! are attributa;zi?imnomeric and dimeric
dye species respeétively, while that which appears as a shoulder at
around 19,000 cm~! is thought to be due to the triple icn, dimer Cl1 .
When silicate is present, well defined isosbestié points at 20,000
‘and 15,800 cm~! are observed indicating the existenee of. equilibria
involying silicate-dye Complexesf |

All of the pinacyanol chloride/silicate systems which were
‘invéstigated were unstable and eventually flocculated and faded comp1ete1y.
Consequently, several other‘dyes were investigated in an attempt to
find.one which was more stable ih silicate systems, yet enabled a
distincticn to be made between active and inactive solﬁtions; and the
results are shown in appendix C. 0Of those investigated, Bismarck Bréwn

" looked promising initially, but was found to fade in silicate solutions
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and was consequéntly discarded.

3.3 ULTRAFILTRATION EXPERIMENTS

Ultrafiltration.wés carried out using a Gelman filter eﬁuipped
with Metricel filter.discs which enabled particles larger~than'
0.2 um (200 nm) to be:removed'from silicate solutions. The effect
: Of_dltrafiltration on the pinacyanol chloride activity test was
investigated, and showed that the test was able to distinguigh
between active and inactive solutions, -even after they had been filtéredf
The visible absorbance of pinacyanol chloride in fiitered metagilicate
Solutions; was, however, greater than iﬁ unfiltered solutions,
regardless.of activity, and suggested that a significant amount of the
dye added to silicate solutions was adsorbing on colloidal material
larger than 200 nm. .It was decided that all silicate solutions shculd
be filtered thoroughly before the pinacyénol chloride test was applied
since, in an extreme case, an inactive solution with a large amoﬁ;t'
of colloidal materiél could apbeaf_the same as a colloid-free active
Solﬁtion. ‘The activity of metasilicate solutions as teéted by the
_standsrd reaction was found to be unaffected by filtraticn thrqugh a
200 hm pore filter, and confirmed the evidence.of the dyé test that
fhe species responsible for activity is smaller than 200 nm. (1.1,'
1.6, 1.?, 1.8, 1.9). Samples of filtered and unfiltered active.and
inactive solutions were ekaminea with an ultramicroscope and no
significant differences could be observed-between active and inective
solutions.

The conclusion drawn from these experiments was that the active

species is probably much smaller than 200 nm, and it seemed likely that

it is a very small particle of special size and structure, rather than



an ionic species'as had been suggested.®3 The possibility that a
particular silica particle is responsibls could not be discounted
despite the insensitivity of active solutions to added sodium
hydroxide (1.1, 1.3, 1.4, 1.5} which,'as hasvbeen shown previously,
is effective in dissolving cdlloidal silica.

Consequently, some experiments were carried out using ion
Qxchange resins, in aﬁ attempt to prepare some such silica species
in situ. Inactive sodium metasilicatle soluticns were shaken with
protonated resin until the =olution gave a satisfactory result with
the dye test (see fig. 3.1 (B)). The solution pH was not changed
significantly and showed that the response from the test was not a
pH effect. The solutions weré tested immediately by the standard
reaction and weré found to be completely inactive (1.10, 1.11). This
result appeared to eliminate the possibility thatég silica particle
could be respoﬁsible for activity.

Subsequeht work was based. on the idea that active material-)
probably contained some species which was ablebto be incorporated in
the growing zeolite lattice. The obvious candidate was a small.
aluminosilicate species 5? particular structﬁre, tﬁéreby able to
-bromote crystallisation in a particular direction. If fhis was the
case, then the guestion of the origin of the necessary aluﬁinium could
only be answered by assuming that it was present in a sufficient amoun
as an impurity. It had previously been ohserved that commercial penta
hydrate contéined iron impurity and, by the nature of thelindustrial
processes involved in its prepération. it was quite conceivable that

aluminium could also be present. Consequently expesriments were
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carried out to investigate activation by the supercocled crystallisation
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processa, and in particular, to see if it was effective when pure
metasilicate was used. The results and experimental details are

shown in table 2.

_3.4 "AN INVESTIGATION OF THE ACTIVATION PROCESS

It was observed that twd scdium metasilicate hydrates which
were previously inactive had incfeased in activity while left at room
temperature for several months (cf 2.1 and 1.8, 2.2 and 1.3). This |
behaviour had been reported ;:Jreviou.xsly,g‘+ but what is sigﬁificant
 here is that the nonahydrate had not increased in activity as much
as the péﬁtahydrate'had dohe. Was this because the nonahydrate had
been prepared from commercial material by recrystallisaticn and had
‘thereby ‘lost a significant part of an important impurity, or was it
. just because nonahydrates were inherently less active than pentahydrates?
The iatter poésibility was supported by the repqrtbin the original
patent93 that, of a number of commercial hetasilicate hydrates tééted
for'activity, none of the nonahydfates was active. The mildly active
nNonahydrate was boiled: down to pentahydrate composition'and used in
#he acfivation prccess. The pentahydrate which was produced‘waé found
fo be as active as the'parent ndnahydrate [2.3]; This_résult suggested
~that activity was not a function of the hydrate concerned, and this
was confirmed by experiments 2.4 and 2.5, in which egually active
pentahydrate ahd nonahydrate were prepared by the activaiion process

from the same inactive commerciel anhydrous metasilicate.

a The patented method of activation?3 by crystallisation of a super-
cooled sodium metasilicate hydrate melt at low tempefatures will hereafter

be referred to as "the activation process” except where this is ambiguous.
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In an effoft'to confirm the suspicion that there'was a correlation
between the level of impurity, possibly aiuminium, and the lafent
activity of metasilicéte hydrafes, some attempts af analysis for
aluminium were undertaken. Samples 0? very active pentahydrate and
of low activity nonahydrate as used in experiments 1.1 and 2.2
respectiveiy were aﬁalysed by X-ray Fluqrescence spectroscopy (X.r.f.),
but neither sample showed any detectable aluminium. Since the sensitivity
~of X.r.f. to aluminium is only in the order of percentage .levels,
wet analysis methods were used, and these showed that the very active
pentahydrate contained 460 p.p.m. aluminium compared with 80 p;p.m. in‘
the less active nonahydrate. This was a really important breakthrcugh,
and in subsequént experiments attempts were made to dope pure metasilicate
hydrates artificially with aluminium. |

‘Experiments 2.6 to'2.9 showed conclusivelylphg importance of
‘aluminium impu}ity to the effectiveness of the activation process.

When pure silica, pure sodium hydroxide and distilled water were Gsed

- for preparation of the metasilicate hydrate melt, the patented activaticn

proceés'was'tofally ineffectivé, and the metasilicate fofmed pro@uced anly
amdrph@us'méférial when it was used in the standard reaction. This

geéult was found to be unaffécted by the metasilicate hydrate formed and
the purifyAand activiiy of the seed used in the crystallisation (2.6,
2,9). On the other hand, where small amounts of hydrated alumina had

been diséolved in the metasilicate melt before it was crystallised,

vthén matérial was prépéred which was active when tested-withinlone day,
regardiess, aélbefore, of the hydratas or of the seed used (2.7,'2.8].

A series of nonahydrates accurately doped with varying levels

of sodium aluminate (sodium hydroxide plus alumina trihydrate) was
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prepéréd and the details are given in appendix D.' The doped nona—‘
hydrates were crystallised frﬁm supercooled melfé as in the activation
process and the results obtained when they were tested in the
standard rzaction after ageing at room temperature_%or one day, and two
months, are shown in figure 3.2. 'This shows that neither zéolite X |
nor zeolite'B is formed, and an amorphous product results when no
aluminium is present in the nonahydfate used; Figure 3.2 also demonstrates
the previously reported observation?* that impure metasilicate hydrates
increase in activity with time when left at room temﬁerature. A
rééssuring result of this work was the fact that the observed activities
of the hydrates S8 (1) and S5 (1) which were analysed for aluminium
corresponded well with thé pfoduCt/composition curve obtained for the
two.mpnth old samples (2.2, 1.1). The results for the two month old
nonahydrates showed that zeolite B formation.ténded to increase when
the levellof aluminium dbpe was reduced below 4 x.10‘3 of increased
above- 1.6 x 10-2 mole Al per mole silicatéi .

The conclusion from this investigation of the activation process
was that sodium metasilicate hydrates could only be activated by the
Supercooied crystallisation activation method?3 if they contained low
.levelé of a soluble aluminium impurity and that, in the case of the
nonahydrate, the optimum level is around 6 x 1973 ﬁole“aluminium per
moie silicate. Thus, the information®3 that the use of cclloidal or ‘
finely disbefsed silica in the preparation of active metasilicate‘hydrates
usually resulted in material of low activity, can be explained by the
fact that.such éilicas, by fheir mode oT production, are prcbably
reléti&ely pufe. These experiments demonstrated that a scdium meta-

silicate hydrate could be not only "active” or "inactive” but also
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Fig.3.2 Product from the standard reactlon using doped NC12SIO 9H20
detailed in appendix D and aged at 22 C.
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"non-active” i.e. have no directiqg effect at all on the zeolite
synthesis. For the pufpose of this work.the teras "active”,
"inactive” and "non-active" will be applied to silicaté materials
_which, when tested for activity in the standard reaction, give
rise to substantially pure zeolite X, zeoiite B or amorphous solid
respectively.

In subsequent work, attempts were made to discover some
alternative ways of introducing the aluminium which were not covered
by existing patents and; in particular, to sée if Crysfallisation is

8 necessary stage in an activation process.

3.5 LIQUID PHASE ACTIVATION EXPERIMENTS

Several attempts were made to activate impure liquid silicate
systems without the use of the activation process aﬁd the details are
shown in table 3. Inspection of experiments 3.1 to 3.10 will show
how unsqccessful this work was. In several experiments activatioﬁjwas
attempted by the introduction of sodium aluminate - (sodium hydroxide plus
. alumina tfihydrate) to pure sodium metasilicate hydrate melts which were
then aged at room'temperature without crystallisation (3.2, 3.7, 3.8,
3.9). Similar attempts were made using sodium disilicatelwaterglass
but these were equally unsuccessful (3.4, 3.5, 3:8, 3.10). The remaining
experiments attempted activation of an inéctive solution by the introduction
of aluminium metal (3.1), and activation of sodium aluminate solution
" by the addition of a small amount of sodium silicatei[sodium hydroxide
plu; silica) (3.3}. In an attempt to see if the addition of finely
powdered zeolite could promoie formation of the active species in doped

pentahydrate melts, experiments 3.11 and 3.12 were carried out. These

two experiments showed that the prcduct of the standard reaction was
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predominantly zeolite B regardless of whether the added material

was zeolite X or B.

2.6 SOME ADDITIONAL ACTIVATION EXPERIMENTS

Some additional miscellaneous experiments were carried out aﬁd
these are detailed in table 4.

A small amount of technical grade aluminium silicate (Al,(Si03)3)
was added to a pure sodium metasilicate solution befpre it was used
in the standard reaction (4.1). The product was minor zeolite C which
raised the possibility of some conheotion with the small aﬁounts of
zeolite C wﬁich were formed in thg aluminium doped nonehydrate experiments:
(figure 3.2). |

The failure of experimenfs 3.1 té 4.1 to produce any activation
of impure silicate systems confirmed the s;spicion.that,+he solid
state was somehow important in activation procedures. 1In experiment 4.2,
a doped nonahydrate melt wés prepared, crystallisation was inducedf
. and then water was added to produce a partly crystallised solution.
,Aftef-one day at room temperature, this was found to be mildly active
and proﬁuced minor zeolite X and zeolite € when it was used in the
standard reaction. When the partially crystallised soiutibn was tested
23 days later (4.3), the product was minor zeolite C wﬁich was in agreement
with pfevious reportsgu-that active solutions loose activity on standing.

In experiment 4.4 an active nonahydfate was dehydrated by evacuation
over P05 without heating, until nc more water could be removed. ‘The
comﬁositibn was then 1.9 moles Ho0 per-méle metasilicate, and X.r.d.
analysis showed it to be completely amorbhous. Whep used in the standard
.reaction, the metasilicate was found to be as active as before, and this

confirmed that the active species, once formed, can exist in an amorphous
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low water environment.
A pentahydrate was prepared by the.hydration of technical

- anhydrous sodium metasilicate over saturated potassium carbonate
dihydrate at 25°C for ten months. When the pentahydrate was used
in the standard reaction, it was found to be_inactive although it
was expected to be active (4.5}. It is paossible that the activity
had been destroyed during the long hydration and that, if the
material had been tested sarlier, it would have been found to be
active.

s

3.7 SOLID STATE ACTIVATION EXPERIMENTS

A careful analysis of previous work showed that the solid state
was involved in &1l those actitation¢ekperihents which had proved
successful. Consequently, some.solid.state activation:egperinents'
nere'carried'outvand the details arevshown in taole 5. jlinitial ekperlmsnts;
Ashowed that pure sodlum meta51llcate nonahydrate could he:activated' .‘ |
'to”a moderate extent by the addltan -of dry sodlumvalumlnate (5. 1 5.2,
,HS.Bl;‘ Intlmate mlxtures of flnely groundawonahydrate and alumlnate;
conta1n1ng alumlnlum in levels 51m11ar to the doped nonahydrate ;3,
'»experlments [append1x D) were preparedvand aopd in- sealed polythene
. bottles at‘25'C.' When the mlxtures were: used in the standard reactlon,;‘
" that whlch contalned the larger amount of alumlnlum formed a greater f—i

‘anount of zeollte'B»[S.l' 5.31,=a'trendvprev1ously,obServed‘with doped-
d_nonahydrate.experlments (flgure 3'2) |
| On. the assumptlon that this form of actlvatlon 1nvolved the
lnCOrporatlon of alumlnate spec;es 1nto,the'meta5111cate lattioe‘by'
a sblid-state-process, some nlxtures-were‘preoared'in nhich dry sodiuhv

aluminate wasvadded to a mixture of nonahydrate and anhydr0us sodium
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metasilicate (5:4, 5.5, 5.6). The ratios of aluminate to silicate
were similar to the previous experiments. and it was hoped that the
resulting hydrate interconversion hould increase the rate of
activation. The results of 5.4, 5.5 and 5.6 Qere disappointing,
possibly because the mixtures were too low in Weter overall. In the
subsequent experiment f5.71. nonahydrate and sodium aiuminate were
used as in (5.1) except thet the silicon to aluminium ratio of the
mixture was 2.4 which is similar to ohat required for growtn of
zeolite X at 95°C. This mixture was found to be active when used in
Athe standard reaction after it had-aged for thirteen days at 259C.

Experiment 5.7 was a most imoortant development in ehis work,
since it demonstrated for the first time, a route for the room temoerature
activation'of pure nohahydrate‘without resofting foAany previously patented
methods. 93 Ana1y51s of the actlvatlon mlxture by powder Y r.d.’
lafter 1t had aged for ten days showed only pentahydrate peaks w1th a
'very sllght trace of hydroxysodallte (HS). When the mixture.was/
. tested for aot1v1ty after- 51xty days, however, it was found to have
lost the~ma30r1ty‘of 1ts prev1ous act;v1ty,_a tendency; pfev1ously -
' obsefyed‘wheh'ectiQe‘meterielxwae le?t';nvdamp'oonditione;‘ Afterfl
beight mooths, fhe activationvmixtuoe'wasv?inally'enalysed by'X.r;d.
end showed nonahydrate and’ hydfoxysodal ite peaks only The 31mplest f
'explanatwon of fhese observatlons, whloh cre summarlsed in. table 10,
is:theo the.dry-alumioaterdissolved in theAwater whioh if obtained'by,
dehydrefion of'fhe'nohahydrate to oentahydfaﬁe-and:produced a siuory'
of mefasilioate pentehydrate crystals in‘a-soiution'ofveodium‘alumihetef
The aluminate thehftook paft;in e reaction with metasilioate to

produce’ some small Zeolite precursors capable of seeding‘orystallisatoh.
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Crystallisation éf hydroxysodalite began and contihued until most
of the aluminate had been used up. With.the aluminate thus removed
from solution, the pentahydrate was able to rehydrate to nonaﬁydrate
in‘the water Which was made available.

This work showed that a room temperature slurry of'sodium.
metasilicate hydrate crystals with sodium aluminate solution was
conducive to the formation of active species. In subsequent experiments,

~ attempts were made to reconstruct this situation and to see how it
could be improved. |

’

3.8 SOLID/LIQUID SLURRY ACTIVATION EXPERIMENTS

~Initial expériments used solid sodium metasiliéatebnﬁnahydrate
and are detqiled in table 6. The'siiibon tdlaluminium ratio, (Si:Al),
Qas 2.2 in all eXpefimentsAexcept for 6.4; ékperiﬁénts 8;1, 6.2,
6.3 -and 6.5 investigated- how the degree of activation qepended'oq/
watérAcontént_and the difection in which ﬁhe componénté Were_mixed i.e.
'solid métasiiiCate'added to aiuminaté ’ soiutiph or vice;yersé.v'lh
" experiment 6.6, solid:nbnahydrate aﬁd dry aluminéte were thofoughly
mixea befdre Water waé added, and in expériment 6.4, éblid pentahydrate
Awas mixed with.a solution of sédiuh hydrdxide énd.sddium aluminatg in
the same p;dportions as in the standafd reaction. ‘The-éﬁiy gxperiménté'
which éhbwed any significant‘activafibn éftér bng day ét room tembefature._
were thoée.with relatively low Watér-ccntent (6;1, 6;2) which werg ﬁnly
A-moderateiy ective although after.%our-dayé [BFZ]Ahac bécome very acfiVe.
Analyses of these mixtures by X.r.d. are'shownvin'tabie 10.. |

A similar series of experiments in which solid-sodium aldminate

" was used is shown in table 7. fThe first experiment was similar to 6.1,
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6.2 in that it used the same silicon to aluminium ratio (=2.2) and
a water level intermediatevbetween them (7.1). 1In this case, however,
solid aluminate was used and, whén the mixture Qas used in the standard
reaction after one day at room temperature, it was found to be active.
Subsequent tests after two and then seven days at 22.50C showed‘the
activity to héve diminished. The experiment was therefore repeated
and samples were tested after much shorter beriods at room temperature
{(7.5). This showed that the 7.1 type mixture was active after only
a few hours at 22.5°C. Thevexperimeht was repeated at BS.SOC and
at 60°C (7.6, 7.7 respectively), and this showed that by aging this
mixture at these elevated tgmperatures,vfhe time required to produce
active materiallwas reduced ﬁo 115 minu;es and 45 minutes respectively.

.Attempts'were made to activate sqdium disilicate waterglaés
“type C100 by the addition of dry sodium aluminate (7.2, 7.3) but
.success was only aéhieved when sufficient sodium_ﬁydro*ide had_begn
added to the waterglass to give it.metaéiliéate compositicn_[7.4]1 .A
4 bossiblé explahation'of;this is that the growth of tﬁé active sbecies
requireg mondmeric silicéte‘which,'as shown byVZQSi'n,m;r. (chapter I.7),
is préseﬁf in sighificant-bonceﬁtrations'in metasiiiéaﬁe bﬁt nofvin
.disilicéte-waterglass. | . |

- It was not clear which variablesiin the method of mixture

. pfepafatiod wefe impoffant,»and experiments were carfiéd out fo prepare
a 7.1 type mixture using'solid aluminaté or QOIid siiicate by mixing
silicate infq aluminate or vice versa (7.8, 7.8, 7.10, 7.115. All
mixtures weré aged for seventy minutes at 60°C before they were uéed
in the standard reaction. Results,shQWed that.tﬁe direction in whi;h

the silicate and aluminate components were mixed was unimportant and
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that activation Qas more rapid when solid dry sodium aluminate
 was used (7.8, 7.11 cf 7.9; 7.10);} The ebservation fromvprevious
work (table 6) that low watér levels were preferable for solid/
liquid slurry activation was confirmed at 60°C by experiments
7.8, 7.12 and 7.13.

The ratic of silicon to eluminium which was used in most of
these activation mixtures (Si:Al = 2.2]; was.a result of the original
success in this Fiéld (experiment 5.7), and some experiments were
carried out with alternative ratios (7.14, 7.15, 7.18]; ‘All used
solid sodium aluminate and fhe water content was as used in experiment
7.1, Samhles were tested in the standard.reaction after they héd aged
féf seventy minutes at 60°C ahd the mixthre which had Si:Al = é
was found to be especially active (7.15).

| In order to compare the.performance of the activation processes
diséovered in this work with patented fechniques, some mixtures 6f
"nueleation qentfes; were ﬁrebared.ge.'THe mixture was prepérea 69‘
:fhe addition of‘a sodium silicate solufion foré sddium aluminate |
solution with rapid stirring and formed a thin gél'withih §evé;al
hodré, Sampies'were used in the standérd reaction éftér'seventeen
hours at room tempefature and were found to be very active fB.l, 8.2).
 The cbmpoéitions of some activation mixtures and thé_produéts obfaiﬁed
when samplesvo? them were used in thé standard reaétioﬁ are shown in
table 9. Similarly, table 10 lists the’crystailine bhases detected by
X.r.d. in sbme activafion~mixtufes and re;ates this to the product

obtained when samples of. the mixtures were used in the standard reaction.

3.9 EXPERIMENTS WITH ACTIVATION MIXTURES - SUMMARY

The investigation of acfivation mixtures which constituted 3 large
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ﬁart of tﬁis work demonstrates thét the liquid_phase ageing of
aluminium doped silicate systems is very.inefficient in comparison with
solid-iiquid slurries, especially where dry sodium aluminate is used
in conjunction with sodium metasilicate solution. As had been
reported?®, the time required for activity to reach a useful level
was reduced. remarkably if the mixture was aged at temperatures greater
than 20°C and, in the case of experiment 7.15, a very active material
was produced in seventy minutes at 60°C which compares favourably
‘with patented hethods of precursor formation®® (8.1, 8.2).

| For.the éo%id—liquid slurry method, activation at room teﬁperature
.was-succeSSful for m}xtures whoselcompositions lie within the
foliowing,ranges although optimum ratios which are shown in brackefs

weré observed.
 Nay0/Si0, . 510,/A1,04 - Hp0/Nay0"

1.0 to 1.3 (1.1)  3tal12 (100 7 to 18 (15) )

3,10 THE USE OF PINACYANOL CHLORIDE IN THE STANDARD REACTION -

Earlier work (section 3.2] with pinacyanol chloride had shown
that the concentration of free dye in a silicate éolution was reduced
by silicate - dyé cohplex>forﬁaticn and by adsorption of dye on colloidel
matérial. -In addition it had been shown that active‘solutions:had a
greater dyé adsorption capacity thén had inactive éolutions even when"
- ¢olloidal material larger than 200 nm had been removed by gltrafiltration.
This suggested that the addition of pinacyanol chloride tb silicate
solutions before they were used in zeolite éyntheses could provide

some useful results. Some such experiments were carried out using both

active commercial pentahydrate and inactive commercial anhydrous metea-
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silicate and the'results are shown in table 11. In experiments
using active metasilicate (11.1 to 11.6 inclusive), the addition of
pinacyanol chlofide up to é silicate to dye molar ratio of 1.6 x 103
produced no detectable. effect on the product formed. On the cther

" hand, in reactions using inactive material, thé addition of pinacyanol
chloride in the molar ratio of 2 x iO“ (silicate : dye), suppressed

the formation of zeolite B completely (11.7, 11.8).

3.11 - SOME VARIATIONS OF THE STANDARD REACTION PROCEDURE

Variations of the stahdard‘pfocedure were investigated, and
the detailg are shown in table 12. A reaciion using very.active
commercial pentahydrate»was set up and samples df the product were taken
-at intervals over a-24 hour period (12.1).1 fhe.samplés wefe anaiysed
by X.r.d., andvthe results are shown in figure 3.3. lThis experiment

demqnsfratéd that the induction peried was short (1 - 1.5 hour), and
_ o _ »

.thaf crystaliisation-@as esﬁéntially compléte after 2.5 Hour wHen-an
activezéiiicatevwés useq;in'the standard réaction.' The start of conversion
_to zeolife“B»Was observea after 23 hours ét QSQC.

| iﬁ expefiment 2.2, a'étandard reaction mixture was prepared

using actiye metasilicate but the silicate and aluminate cbmpOnénts vETre
mixed in the réverse'order.i;e,-in-iZ.é, fhe'silicate sblution was
Aslowly added té the alUminate solution. The product was unchanged
from-that obfained from hofmal mixing.
| var experimént 12.5, the>standard feactioh mixture was prepared
qsing inactive anhydrous metasilicate as in 11.7 except that the |
aluminate solution was mixed into the silicete éolution véry'quibkly.
X.r.d. of the product showed that no zeélite B had formed, as would have

been expected from the materials used. .



Fig. 3.3 Standard reactlon using actlve pentahydrate product sampled
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ABBREVIATIONS
A aluminate (Na)
Al Aalumina
(1) trihydrate Al,03.3H,0 - Kaiser
(2) - Baco
(3) anhydrous alumina Al,0Cj - Koch-Light
(c) commercial material
crystn Ctystallisatioh
expt 'experiment
NaA dry sodium aluminate 1.3 Na,0.A1,04
- (1) ’ - B.D.H.
(2) , - I.C.I.
PC1 B} pinacyanol chloride - Koch-Light
rn reaction - o
S metasilicate (Na) v
SO anhydrous sodium metasilicate Na,SiOj3
(l] ) A - lllvl'etsouA
(2) - prepared from batch H5 purified nonahydrate
S5 sodium metasilicate pentahydrate Na,SiO35H,0
(1) Na,Si035H,0 - commercial, batch 5J43 - Crosfield -
(2) : : : 8X52 - Crosfield
- (3) - B.D.H.
SS9 . - sodium metasilicate nonahydrate NaéSiO39H20
(1) Na281039H20 - batch H4 (recrystallised)
(2). H5 [recryqtalllsed]
(P) after S, SO S5 or S9, denotes "pure” - prepared from
'st01ch10metrlc amounts of pure Si0, (KSSOO], ArNaQOH
and distilled water seeded with "pure” material where
appropriate. '
SWG sodium silicate waterglass o
(1) Na20.2.058102.14{27H20 : Type C100 - I.C.I.
(2) Naz0.3.395107.23.86H,0 : Type Q 79 - I.C.I.
Std standard procedure
Temp temperature
time :- ]
mth month
- d day
min minute
s second
a

Full details of all chemicals are given in section 2.1.



 TABLE 1 - 'EARLY ATTEMPTS TO IDENTIFY THE ACTIVE SPECIES

1.11

= 11.45

Expt Reaction Details Product
1.1 Std,. using S5 (1).° Very Major X
1.2 S soln prepared from S5 (1) as in.1.1 Very Major X
and centrifuged to take down colloidal '
material. Clear soln decanted and used.
1.3 Std, using S8 (1). Major B
1.4 S soln prepared from S8 (1) as in 1.3. Major B
5.9g NaOH (dissolved in 20g H,0 and
normally contained in A soln) was added
and stirred at < 40°C for 10 min.
1.5 Similar to 1.4 but used S5 (1). Very Major X
. Modified S stirred at 38°C for 90 min '
1.6 'S soln‘prepared from S5 (1) as in 1.1 Very Major X
' ' and filtered through 8.2 p filter. The
-resulting clear soln was used.
1.7 As in 1.6.but S soln filtered 4 times " Very Major X
. through 0.2 y filter. C :
1.8 Std using S5 (2) Major B
1.9 As 1.8 but S soln filtered through Major B
O 2 u filter
1.10 S soln prepared from SO (1) and dissolved Major C,
- . in 50g distilled Hy0. Shaken with 0.5 Minor B
.cm3 protonated ion exchange resin
(Amberlite IR 120(H)) and filtered through
0.2 um.. Checkeq by PCl test before use.
Repeat of 1.10, pH of resulting S soln . Major B

a’ L e
see- previous page for abbreviations.



TABLE 2 - EXPERIMENTS TO INVESTIGATE ACTIVATION BY CRYSTALLISATION
FROM SUPERCOOLED MELTS.
Expt . Metasilicate Details Product
H0 Seed Age of std rn

2.1 S5(2) 5 ? 8 mth Major X

2.2 'S9(1) purified by 9 - 7 mth  Minor X
recrystallisation from
S5(3)

2.3 .S8(1) boiled to 5H,0, 5 S9(1) 3d Minor X
supercoocled to 260C and : '
seeded. Temp kept <
30°c+

2.4 S0(1) diss and boiled 5 S0(1)  4d Med/Major X
to SH%D. Supercooled o
to 20°C and seeded, Temp ~
kept < 40°9C during crystn

2.5 'As 2.4 9 s0(l1) 6d ° Med/Major X ./

2.6 S5(P} From pure SiOZ, 5 S0(1) 5d - © Major Amofphous,
ArNaOH and distilled v sl tr X
H,0. Supercooled to !

© 209C and seeded.

2.7 - As 2.6 but with 1lg Al(2) 5 S0(1) few h Major Amorphous
/mole S added befor - 1d Major X,
supercocling ' sl tr B

2.8 As 2.7 9 S0(2) 1d. Major X,

sl tr B
2.9 As 2.8 without AL(2) g9 s0(2) 2d - Major Amcrphous




TABLE 3

EXPERIMENTS TO INVESTIGATE THE POSSIBILITY OF LIQUID

PHASE ACTIVATION.-

©.220C. H70 made up to 8H,0/mol S keeping

temp < 40°C. o

Expt ‘Reaction Details Product of
’ std rn
3.1 Al foil left in contact with soln of SO(2) v. minor B
(2.7g SO(2) in 52g H,0) for 20 h at 22°C.
Remains of foil removed and cloudy S soln
used.
3.2 S5(P) melt. doped by addition of 2.5g NaOH Major. Amorphous,
and 3g AL(2) per mole S. Cooled to 250C, v sl tr X
aged for 1 h and used without crystn.
3.3 A. soln doped by addition of 0.4g NaOH "Major Amorphous,
and 0.3g Si0, to the correct amount for v minor X
rn (11.8g NaOH, 11.8g H,0 + 7.8g AL(2).
Cooied to 189C, aged for 1 h and used.
Other rn components SG(1) and SWG(1).
3.4 38.4g SWG(1l) doped by the additionof Major B, -
: 0.1g AL(1) and 0.05g NaOH. Boiled, .tr X and C L
cooled to 20°C and aged 1 h before use.
(A1:Si = 7.19 x 10-3). Other rn
components SO0(2) and A. '
3.5 100g SWG(1) + 0.5g NaOH and 1g AL(1). Minor B,
' Boiled, Hy0 replaced, cooled to 18°C . trace X
and decanted soln used 1 h later.
(Al:Si) = 27.9 x 10-3
Other rn components SO(1) and A.
3.8 As in 3.5 but aged 7 d at room temp Minor C, X
‘ SS(P) used instead of SO(1).
3.7 S prepared by adding lg AL(1) and 0.5g Major C,
o NaOH per mole S9(2). Boiled to 1.95 Minor B,
H,0/mol S, cooled and left overnight at tr. X




TABLE 3 CONTINUED

3.11 and 3.12 were aged uncrystallised.

Expt Reaction Details Product of
' std rn

3.8 "~ S prepared by adding 1g AL(3) + 0.5g NaOH/ Medium B, C,
mole S to S5(P) melt.” Boiled and left sl tr X
overnight at room temp with 3.8 H,0/mole
S. Made up to 9H,0 in cocld.

3.9 Doped S5 melt prepared by adding 2g AL(1) Major C .
and lg NaOH to 1 mole S5(P) melt. Boiled,
cooled, H,0 made up and used after 4d at
room temp. (non-cryst).

" 3.10 Doped SWG(1) prepared by adding 3g NaOH: Major B
‘ .and 6g AL(1) to 1 mole SWG . Boiled, '

cooled, Hp0 replaced and aged 4 d at room
temp. Other rn components SO0(2) & A.

3.11 Doped S5 melt prepared by adding 1g AL(1)- Major B,
‘and 0.5g NaOH to -1 mole S8(1) and boiling. Minor C
Then 2g finely powdered product from
3.7 added (Major C, Min B, tr X). Aged
20 h at room temp. o

3.12 As 3.11 but with finely ground product of Major B,
2.7 added (Major X, sl tr B). Both .

sl tr- X




. TABLE 4 - SOME ADDITIONAL ACTIVATION EXPERIMENTS

Expt ' Reaction Details - : Product of
- std rn
4.1 S doped with Al,(Si03)3. i.e. 0.05g Minor C

Al,(Si03)3 (B.D.H.) added to pure S soln
(2.7g S0(2) in 52g H,0) and mlxed at
< 400C. Used w1th1n 1 h.
4.2 . SQ(P]'meltAdoped with lg AL(1)/mole S, Minor X,C
' supercooled to 20°C and seeded with small '

amount S9(P). When crystn well

~ established, H,0 added until partly’
.cryst soln resulted. DHZO determined by
ignition and used after filtrn through
0.8 p. 1d old.

‘4.3 Using. S 'soln as in 4.2, now 24 days old.  Minor C
4.4 3 used was S9(doped) which had been . - Major X

' dehydrated by pumping over P,0: without
heating until % H20,722% (S5 = 42.4%

" 'H,0)
4.5  S-used was S5 obtained from SO(1) by .. Major C, B,
' hydration over satd K2C03 2H,0 soln at sl tr X

325°c for 10 mth.




TABLE 5 - EXPERIMENTS TO INVESTIGATE THE POSSIBILITY OF SOLID

STATE ACTIVATION.

. and sealed in polythene bottle

at 250C - .
Si : Al = 2.4 60d

" Expt . .. Reaction Details Product of
. Preparation ' Age std rn
5.1 0.2g NaA(l) and 20g S9(P) . . -7d Medium X, C
ground intimately and aged in B
polythene bottle at 25°9C. 28d Medium X, C
~ Appropriate amount used in rn, ' (% X s1 > 7d)
‘(equiv to 2.4g AL and 1.2g :
NaOH/mole S) i.e. 31 x 1073 .
mol AL (mol Silicate)~!.
5.2 Using S9(P) as used in 5.1 prepn. - Major Amorphous,
: ) sl tr X
5.3 “As in 5.1 but using 0.4g  13d Major B,
NaA(1l) in 20g S9(P). Minor X
5.4 14.2g S9(P) + 3.1g SO(P) and 11d tr X, C, |
' - 0.2g NaA(l) intimately ground "Major Amorphous ,
and placed in sealed. polythene = : )
bottle at 25°C. Then appropriate
amount used in rn. o o
"Molar ratio S9 : SO = 2
(equiv to 2.3g AL and 1.15g NaQOH/
mole S).
5.5 Materials‘as in 5.4 except” ~ . ..:10 min MaJQrOAmorphous
' freshly mixed together. ' :
5.8 As in 5.4 but using 0.5g NaA(1l) 18d .tr X,
. s _ i , -Minor B,,C.
5.7 Similar to 5.1. 4.1g NaA(l). 13d Major X,
and 30.9g S8(P} grourd intimately Minor B

tr HS

traces X, HS




TABLE 6 EXPERIMENTS TO INVESTIGATE THE POSSIBILITY OF SOLID/

LIQUID ACTIVATION (1) USING SOLID SODIUM METASILICATE

Expt Composition Direction Temp of Age at Product: of
: of mixing ageing OC test stdrn
6.1 28.4g S9(P); S = A soln 25 1d Medium X
: 41g NaA(l) + : 4d Major X,
4.8g H,0 ' : "o . Minor B
Si:Al = 2.2 . : : 6d As at 4d
’ : . " 13d Major X,
y ‘ " ' _ trace HS
6.2 . 28.4g S9(P); S = A soln. Y . 1d - Medium X
4.1g NaA(l) + : 4d Very Major X
23.25g H,0 ) ~ 6d Very Major X
6.3 = 28.4g S9(P); A soln > S 22.5 ‘ 1d Major Amorphous,
4.1g NaA(2) o trace X :
+ 50g H,0 , o " :
6.4 23.7g S5(P); A soln »+ S 22.5 . 1d. Major Amorphous,
60g NaCH + . ‘ L - sl tr X ,
1 39.3g NaA(2) - - - )
+ B0g H,0

(In 6.4, mixture contained S, NaOH and AL in correct ratio
for test rn i.e. only SWG(1) and Hy0 needed to be. added)

6.5 . 28.4g S9(P); A soln + S 22.5 1d°  Major Amorphous,
. 4.1g NaA(2) ‘ ' tr X
~+ 35g H,0 : -

6.6 28.4g S9(P) Mixed dry 22.5 1d °~ Major Amorphous,

+ 4.1g NaA(2)] then 10 cm3 : . tr X, A
: ‘ H,0 added '




TABLE 7 EXPERIMENTS TO INVESTIGATE THE POSSIBILITY OF SOLID/

LIQUID ACTIVATION (2) USING SOLID SODIUM ALUMINATE

Temp of Age at Product of

21.2g S5(P)

Expt Composition Direction |
. of mixing Ageing ¢ test std rn
7.1 4.1g NaA(2); A > S soln 22.5 1d Major X
28.4g S9(P) " : 2d Medium X
+ 17g H,0 " 7d Medium X
(Si:Al = 2.2) !
7.2 0.9g NaA(2) A= S soln  22.5 ld  Major Amorphous
~ 38.4g SWG(1)
(T < 350C) (Used in test as normal SWG(1); S9(P) as
(Si:Al = 18) metasilicate)
7.3 2.5g NaA(2); A -+ S soln '22.5 ©oid ‘Major Amorphous,
 38.4g SWG(1) : o tr X
(T < 35°C) (Used as in 7.2) B
(Si:Al = 6.5)
7.4 4.1g NaA(2) = A>SSoln 225  1d  Medium X
21.6g SWG(1) ' 2d  Major/Med X
+ 20g H,0
+ 4.0g NaOH i.e. SWG(1) made up to metasilicate by addition
of NaCH. Overall ratios as in 7.1 and used as if normal
metasilicate. '
7.5 . .4.1g NaA(2); A > S soln  22.5 1.5 h  Medium/Min X
'28.4g S9(P) o - .
+ 17g HpO di.e. As 7.1 " 4 h . Major X
' : " 24 h Major X
. § .
7.6° 4.1g NaA(2); A > S soln  36.5 52 min' Medium X
.- 28.4g S9(P) " 115 min Majer X
+ 17g H,0 ‘
7.7  4.1g NaA(2); A > S soln 60 15 min Minor X
21.2g S5(P) 45 mirn Major X
+ 24.2g H,0 .
7.8 4.1g NaA(2); S soln > A 60 70 min Major X

+ 24.2g H,0 (Same overall composition as 7.1)




TABLE 7 CONTINUED

Producf of

NaA(2) (Si:Al

Expt Composition Direction Temp of Age at
of mixing &geing "C test std rn
7.9 21.2g S5(P); S~ A.soln 60 70 min Major X
4.1g NaA(2)
+ 24.2g H,0
7.10 21.2g S5(P); A soln > S 60 70 ﬁin Medium X
4.1g NaA(2) ’
+ 24.2g H,0
7.11 4.1g NaA(2); A + S soln- 60 70 min Major X
21.2g S5(P) : '
+ 24.2g H,0
7.12 4.1g NaA(2); .S soln~> A 60 60 min Major Amorphous,
: 21.2g S5(P) : ' sl tr X
+ 53.8g H,0
7.13 4.1g NaA(2); S soln > A 60 60 min";MajorAAmorphous,
: 21.2g S5(P3 o sl tr X : '
+ 100g H,0 : : .,
7.14 9.1g NeA(2); S soln + A 80 70 min Medium X,
. 28.4g S3(P) ' o Minor A,
~+ 17g Hp0 (Si:Al = 1) trace HS
7.15 - As 7.14 but S soln_+ A 60 70 min Very Major X
with 1.82g ' : '
NaA(2) (Si:Al = 5) _ . '
_ o §0 70 min  Medium X
7.16 As 7.14 but S soln > A
with 1.3g
7)




TABLE 8 - SOME OTHER ACTIVATION METHODS FdR COMPARISON

Expt Composition Direction Temp og Age at Product of
' ‘of mixing ageing C test std rn

'

8.3 Gel prepared as in—patent G.B. 1,318,157

(Grace)
26g AL(1)
+ 153g NaOH- S soln . '
+ 279g H20; > A soln 22 20 h Very Major X
150 cm3min”!
52g SWG(2) )
+ 310g H,0
- 8.2 As in 8.1 but S soln 22 17 h Very Major X

cooled after <+ A soln o
mixing to keep - Lo
temp < 35°C :




TABLE 9. -

MOLAR COMPOSITIONS OF SOME ACTIVATION MIXTURES AND

THE PRODUCTS WHEN USED IN THE STANDARD REACTION.

Expt Na,0 Si0, Al,03 Hy0 Ageing Product of
Temp °c Time std n
5.7 6.14 4.84 1 43.6 25 13d  Major X, Minor B.
trace HS :
6.1  5.75 4.45 1 51.5 25 ld  Medium X
6.2 5.75 4.45 1 97.6 25 1d  Medium X
7.1 5.75 4.45 1 82.1 22.5 ld  Major X
(same ratios for 7.5, .6, ..7, .8, .9, .10, .11)
'7.11  5.75 4.45 1 82.1 60 70 min Major X
7.12 5.75 4.45 1 115.4 60 60 min Major Amorphous,
: sl tr X
T W
7.14 3.3 2.0 1 37.0 60 70 min Medium X, Minor A,
' trace, HS
7.15 11.29 10.0 1 184.4 60 70 min Verv Major X.
7.16 '15.35 14.1 1 259 60 70 min  Medium X =
8.1 - 15.9 15.3 1 318 22 20 h - Very Major X
5.15 4.0 1 242 : std reaction mixture




TABLE 10 - 'RESIDUES DETECTED IN SOME ACTIVATION MIXTURES

X.r.d. Analysis

Expf Ageing Product of
Temp °c Time of activation mixture std
5.7 25 0 S9 and NaA
" 10d S5 + HS (v sl tr) :
" 13d Major X, Minor B,
_ _ trace Sodalite
" 20d S5 + HS (sl tr)
" ©  60d traces X, HS
" 8 mth S9 + HS (minor)
6.1 25 . 1d S8 - Medium X
", 4d S8 + HS (v sl tr) Major X, Minor B
" 6d. S8 + Sodalite (trace) Major X, Minor B
" 13d - . Major X, tr HS
6.2 25 l1d S8 Medium X
’ " . 4d , ) Very Major X
" 5d S8 + X (s1- trace) : _
ST 6d S9 + X (trace) Very Major X
Washed‘and dried residue®
oh /
7.1 22.5 1d Zeolite X 300 ﬁ Major X
; © Zeolite'A 200 A '
7.11 60 70 min (then left at room temp] Majer X
: 22 15 h Zeolite X 60 A :
HS 100 A
Zeolite A 200 R -
7.12 60 60 min Major_Amorphous,
: sl tr X )
22 15 h Major Amorphous
7.14 80 70 min Medium X, Minor A,
K oo N S S trace HS
60 20 h Major HS, sl tr A
8.1 22 20 h - : o Very Major X
2z 8d Zeolite X 40 - 50 A
a

The activation mixtures of experiments 5.7 to B.2 inclusive were
examined by X.r.d. as finely ground pastes. In the case of expariments
7.1 to 8.1 inclusive, the activation mixture was dispersed in water

and the insoluble residue was filtered and dried before X.r.d.
examination was carried uut.

Mean crystallite size was estimated by comparison of measurcd X.r.d.
peak. width at half height with < calibration curve for the machine
in question. Peak width increases as the mean particle size decreases.



TABLE 11 - EXPERIMENTS TO SHOW THE INFLUENCE OF PINACYANOL

CHLORIDE ON ACTIVE AND INACTIVE METASILICATES.

Expt = - . Reaction Details Product
11.1 Std using S5(1) Very Major X
11.2 ©As in .1 but with $5(1) Major X

dissolved in soln containing
6.67 x 1077 mol PCl keeping
temp. < 35°C. S soln then
used normally.

11.3 As in .2 but with , Major X
26.7 x 1077 mol PCl.
11.4  As in .2 but with ' Major X
133.5 x 10~7 mol PC1.
11.5 As in .2 but with Major X
‘ 477 x 10°7 mol PCl. : -
11.6 © As in .2 but with - Major X
S 1220 x 10-7 mol PC1. :
11.7  Std using SO(1) Medium B,
: trace X
.11.8 - Similar to .2 but using . A 100% Amorphous

SO(1) and 97.5 x 107 mol PC1 B Major_Amorphous{
(Sample A at 2 hrs, B at 3 hrs) trace X




TABLE 12 - AN INVESTIGATION OF THE STANDARD REACTION PROCEDURE

Expt Reaction Details Product

12.1 - Std using S5(1) A (A)  Very Major X
: - Sampled frequently over
24 h period - see FIG 3.3

sample (A) at 3 h.

12.2 . Using S5(1) but silicate Very Major X
component added slowly '
to A soln (Normally A-
soln mixed slowly into
silicate component). .

12.3 Using SO(1) as in 11.7 ' Major Amorphous-
S but adding the A soln to -
silicate component as
quickly as possible
(< 2 s for complete
addition).
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CHAPTER 4

DISCUSQION

fhere havevbeen several publications on the subject of
hydrothermal synthesis of zeslites and, in particular, on possible
mechanisms for the crystallisation processloo Although it has
not been possible to undertake detailed mechanistic studiés, it

is impossible to discuss activity and active silicates without

some consideration of the possible mechanisms of zeolite crystallisation.

4,1 MECHANISM OF ZEOLITE CRYSTALLISATION - INTRODUCTION

90,100,102
It is widely accepted that ‘the crystalllsatlcn of a zeollte from

the appropriate reaction mixture proceeds by a series of nucleation
steps which-invélve thé growfh of appropriaté seeds; until sufficient
" such séeds have been formed.for‘crystallisation to proceed at a *
,‘significanf rate. If, however, it is possible to provide the.reaction
miXtufe-with'édme appropriate seed precursoré then the-inductidn
_périod_bf the cfystallisatibn éould be reduced, and that the reaction
wodld have less critical initiél conditions, since the important
.'brimary‘nucleation.steps,wéuld not bé necessary. This is undoubtedly
the manner inIWHich the active silicates aﬁd the other'activationA
mixtures described in this thesis promote the crystallisatioh of
zeoliteé, particularly X, Y, A and HS from‘the Na,0-51i0;-A1,05-H,0
system. | )

It is thought that the distribution cf polymeric species which-
afe present dﬁring the initial stages of a zeolite synthesis has a

90,103,110
major influence on the product whlch will. be rormed It is clear
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that the relatioﬁship between the activity and inactivity of silicéte
materials in the present context is‘complex and finely balanced,

. but fundamentally dependent on aluminate which is present either
fortuitously or by design. This was demonstrated by the.fact that
the use of éluminate-free sodium metésilicate in- the standard reaction
alwéys resulted in a comﬁletely‘amorphous proauct i.e. non-active.

A likely e*planation ié that particulaf aluminosilicate species
or groups of épeciés which are of usé in the iﬁitial'stages of
-nucleafioh of the prombted zeélite are pfesent in the active material
as a resuit of its composition and the conditions of its preparétion
and storage. These desirable species are absent from inactive materials,
the'uée of'which invariébly results in the formation of the more
stable producf{ zeolite B. 'The situation which musf therefore be
explained is why the treatment of such silicate/aluminate syétems by
one;of the activaticn procedures described in this work of in the patent
literature®3 can produce material which has:fhe.ability to-bfomoﬁé |
the crystallisation of spécific metastable zeolite phases whereas. the
untrgated material cannot. It must'also be explained wh& aluminate-
ffee metasilicate gives rise to ambrphdué products in the standard

reaction.

1,2 PROPOSED STRUCTURE CF THE ACTIVE SPECIES

As described previousiy, active material has a directing effect
on the’crystallisation of several zeolite phases. Thus, a distinct
pbssibility is that such material contains some small building unit which
is common té all their structures. One such building unit-is thie

B-cage which, as described in section 1.3, is fundamentél to all of



121
the promoted structurgs but does not feature in the strupture of
zeolite B, the produc? invariably formed when inactive material is
used. It seemé reasonable, tnerefore, that the addition of material
which contains free B-cages to an appropriate reaction mixture wilil
enhance the rafe of nucleation of e product whose structure can
be constructed from them. |

As mentioned earlier, this work has -shown that inactive material,
- likewise, relies on low levels cf aluminate impurity for its ability to
promote the formation of zeolite B in the standard reaction. .In
ébntrast to the other promoted zeolites, all the available information
suggeéts fhat, in this case, no specific éluminosilicate species is
particularly important and that the nﬁcleation of zeolite B occurs in

the presence of aluminosilicate particles regardless of their structure.

4.3 PROPOSED MECHANISM OF FORMATION OF THE ACTIVE :SPECIES

4

Other work has shown thét a wide-range of polymerié-spécies
exists in aqueoﬁs solutions>of éodium siliéatel3 and thaﬁ pH,
concentration and temperature influenbe the actual distribution off
speéiés. This is discussed in chapter I;7. All thé'available evidence
fromAthis and other work suggests that a similar situatién exists in
systems which confain mobile aluminate énd siiicate ions, and that some
likely aluminosilicate species are single four - and six-unit rings
i.e. [(Al; éi]D]u’s. Under appropriate conditions, it is possible to
propose the growtﬁ of larger aluminosilicate species, and it is
undoubtedly thé distribution of these grdwth products which determines
the activity or inactivity of the resultant material.

A possible‘mechanism for the formatioﬁ of the B-cage, proposed
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to be the active.species, is that fings of four or six units as

déscriped above, cluster around a solvated sodium ion and link up

to each other by the concgensation polymeriseticn of hydroxyl groups.

The proposal that the hydrated sodium ion.acts as the template

for formation of the active species is supported by reportsgq that
activity in this sense has orly been observedAwith the sodium silicates.
In Coﬁditions where sufficient builaing units are present, one would
expect’growth to cohtinue, and this was observed in some of the
~activation mixtures which Weré studied, as shown in table 10. For
example; powder X.r.d. 0% the activation mixture of experiment 7.11
showed the'preéence of small crystallites of zeolites X, A and HS

only, all of which have structures based on thé B-cage. This work

éhowed £hat, in mixtures of acceptable éomposition, the formation df the
B-cége.and grpwth products based on it were the ﬁreferred.proqesses at
room temperature. Zeolite B crystellites were never'observed_in any of
the activation mixtures examined, in égréemeht with repbrts92 that
hucleation of zeolite B‘héoomes increasingly févoured at higher temperatures.
It was sﬁowﬁ-thaf the rate of activation could be inéreaéed mainly

by aging the system at higher tempefatufes or by inéreasing the
éoncentratién of alumihate, both'of which are compgtible with an enhanced
réte of B-cage formation. In many cases it was fOQnd that continued’

high growth conditioﬁs resulted in the formation of increésed levels

of B-cage growth.products with an associatea increase in-the inactivity
of the material. This is compatible w?th the formation of 1a£ger
aluminosilicate particles ‘which, as discuésed eafier, seem to enhance

the nucleation of'zeqlite B in the standard reaction. However, in the
iimit of time and under conditions where extensive growthAof the .alumino-

silicate species in fhe material could take place, it was found that



bbth inactivity énd activity diminished to insignificant levels

i.e. the material became non-active. This was exemplified by experiment
" 5.7, as shown in table 10 and suggests that the formation cf both

zeolite X and zeclite B in the standard réaction is fundamenteily

reliant on the provision of basic builaing'species, such as the

four-and six-unit rings, in the initial reaction mixture by the

sodium metasilicate Compqneht.

Thps it is proposed that both active'and inactive silicates
contain a range of aluminosilicate :species which can extend from
discrete aluminate and silicate ions through oligomers, cyclic species
such as fdur- and sik—unit riﬁgS'[(Al, Si]U]g)G and single B-cages .
to larger aggregétes such as small zeolite crystallites aﬁd amorﬁhous
aluminosilicate particles. The effect of such silicatés when used
in zeolite syntheses'of the type described in this(work; is dependent
ﬁafgelylon the distribution of the species presenf. Acfivity is faycured
by a-sighificant concentration of discrete‘B—pages, whereés inacfivity
is favoured bylthe.presence‘of-large aluminosilicate particles of any
strﬁcture and neither ef%ect is observed‘when the materiél is devoid of
simble:aluminosilicate species, possibly. Four; or éix—unit rings;_which
experiment suggests ére the Fﬁndamental growth units of the nucleation

process.

4.4 PROPOSED ROLE OF THE ACTIVE SPECIES IN ZEOLITE CRYSTALLISATIO®

A likely mechanism for the nucleation of zeolites X, Y and A
is that prefofmed B}cages come tcgether‘and are linked by oxygen bridges
between the atoms of appropriate rings, depending on the reéction conditions
and mixture composition. The nucleation of hydrbxysodalitelis favoured

by an increased level of sodiun ions in a zeolite X type of reaction
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mixture (e.g. séandard reac£ion). It is possib}e that this is
bec;use nydrated sodium ions act as templates for the growing HS
structure in a similar manner to fhat proposed for formation of
B-cages, except that the ion is now eclosed by the fbur—unit faces
of six separate B-cages rather than by single six- or four-unit
rings.

In all cases, it is possible that further growth could occur
by a continuation of these proposed nucleation mechanisms, but it
seems more likely that much of the subsequent'growfh takes place by
fofmétion of B-cage or of other buildiqg.units directly on tﬁe
growing sites of the crystallite.

Other possible structures of the active species are double
six- or fouf- unit rings, or larger aggregates of B-cages, but none
of these could, on its own, e*plain the versafilify of active material
in different syntheses. It is, however, quite poééible that the true
situéfion is not so simple as is_proposed'here, and that two or 65?8
"of the alﬁernatives'mehtioned operate concurrently.

As discussed'earlier, there is no evidence that aﬁy particulaf
aluminosilicate species, comparable with the B-qage,Ais uniqueiy
important in the nucleation of zéolite B; All the available results
suggest that nucleation could involve the formation of double alumino-
silicate chains by polymerisation of the four-unit rings prdposed
earlier, in a side to side manner. The fact that the formation of
zeolite B is favoured by increased reaction temperatdre and has a
longer induction period but faster growth than zeolite X suggests
that nucleation is kinetically hindered which is compafible with the

proposed mechanism. The observation that the formation of zeclite B



is favoured by an incrgase in the number and size of aluminosilicate
'particles in the reaction mixture, whetherlby growfh or by séedinggu,
can be ekplained by the fact that these particles probably provide
anchors froh which the double chains are able to grow.- In other

words, crystallisation is seeded in a conventional fashion. -

4.5 DISCUSSION OF SOME EXPERIMENTAL OBSERVATIONS IN

RELATION TO THE PROPOSED THEORIES

4.5.1 " ACTIVATION MIXTURES

This work has shown that the activatién of systems which contain
silicate and aluminate_species is most effective when somé solid or
'gel‘phase'is present, and this is epitomised by thé ihaﬁtivity of
uncrystallised meits of technical'sodiym mefasilicate in compérison
with the activify of the.same ﬁéterials afterlcryétal;isation._ It
seems iiKely that the reasons for.thié aré fhaf saturafed systems;
favour Crystalliéation; and that the-neceséqry polymérisation of
: aluminosilicéte‘species, which is requiréd in thé formation of the
éctive_species, céh:occqf more readily in fhe interphase fegion,_where'
the:hyqration‘of'the reacting species wéuld’be'exﬁected to be lesé
complete. The necessity of a supersaturated systém to the stability of
fﬁe_active species is confirméd-by the steady loss of activity which'
is‘obéefved when dilute aqueoﬁé solutioné of active materials are aged
,at'room témperature. This can be interpreted aé fhe hydrolyéis of

B-cages into simpler aluminosilicate ions.

4.5.2 ACTIVITY OF COMMERCIAL 'SODIUM METASILICATES

"Aluminium_. is one of several impurities which are present in

commercial silicates as a result gf ‘the use of sand as a major raw
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material.' Thus,'the phenomena of activity and inactivity which
were originally observed in commerciél sodium metasilicate pentahydratesg3
were the consequences of a fortuitous accident - or was it intended?
Iﬁ the industrial prebarafion of sodium metasilicate hydrates; a melt
Of the desired composition is seeded with up to 20% wt of a metaéilicate_
hydrafe and then pdured ontoja cooled steel conveyer belt to crystallise.
" Consequently, the temperature of the crystallising material is not
cohtr&lled and, as confirmed by published déta93, this variation in
temperatqre is'undoubtedly responsible for the wide range of activities
which is obsérved in the hydrates produced; The actiQity of all the
impure sodium metasilicate hydrates which were studied?®3 was low
immediately after preparation, but improved td an optimum value after
a few days ét room temperature in the case of those which had been
cfystallised at tﬁe lower temperatures. On the other hand, thbse ?drmed
Aét higher temperatures, wefe inactive for sevefal moﬁths althougn they
'.aiso became active eventuaily. The most reasonable explanétion d% these
facts is that brystallisation at or near éhe melting point of the
hydrate is slow and, as a result, the aluminium impurity.is largely
excluqéd'from the silicafe lattice;‘ In.contraét,'those melts which are
crystallised at low temperatures, when suﬁercooled{ retain the impurity
within the silicate lattice'since'solidiFication of the melt is rapid.
© The impurity which is locked within the silicéte lattice is mﬁch more
accessible for use.in the formation df B-cages_or other spécies and
thus activation is more rapid.

Thé observation that commercial anhydrous sodium metasilicate is
iﬁvariably iﬁéctive Cén be explained by the.fact that the ehvironhént
of the aiuminate impurity is highly polymeric, with no‘discrete, mobile

silicate shecies, as 1s the case in the metasilicate hydrates. It
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seems unlikely that B-cages or other small aluminosilicate species

could form in such an environment. . -

4.5.3 THE DOPED SODIUM METASILICATE HYDRATES

The results from the doped nonahydrate experiments (figure 3.2)
éhowed»that those aged materials which contained aluminate up to an
aluminium to silicon molar ratio of 2 x 10-3 formed products in the
standard reactibn which contained significant amounts of zeolite B
whereas those which contained higher levels of aluminate produced
mainly zeolite X. 1In addition, those which had Al:Si molar ratios
of greater than i.2 x 1072, while still effective at producing
signi%icantly pure zeolite X, tended also to form small but incrgasing

’amounts of ieolite B as the aluminate coﬁtent Qas incfeased.

A likely explanation of these facts is that at the lower levels
of aluminium, there were insufficient aluminosiiiéate species present
to forﬁ significant numbers of active species, whereas at the higper
levels, ihcreasing numbefs of active épeciés aﬁd related growth products
were formed.A As tﬁe size and concentration of tﬁese growth products

" increased, the nucleation of zeolite B in.the standard reaction became

'increésingly significant.

4.5.4 THE PINACYANOL CHLORIDE ACTIVITY TEST

The pinacyanol chloride test for‘activiﬁy resulted fnom:the
-obgervation that thé visible.absorbance of 2 x 107% mol dm~3 dye in
0.01 mol dm™3 solutions of commercial sodium metasilicate pentahydrate
was less if the silicate was active than if it was iﬁactive, even after
the silicate soluticns had been filtered through a 200 nm pore'filter.
From this, it was deduced that the active maferial had a greater dye

adsorptive power than the inactive material.
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It was shown that pinacyanol chlerids has a strong affinity
for solid aluminesilicates, and, as proposed earlier, active materials
have, in general, higher levels of B-cage growth products such as
crystallites of zeolites A; X, and HS than do inactive materials.

These growth products ‘have structures 0? high surface area, and
,tﬁus solutions of active silicates nave a greater capacity. for dye
removalvthan do inactive solutions of the same concenfration.

As disgussed in section 4.3, an active material can, with extended'
grthh of the active species, become inactive(and eventually neither
active nor inactive i.e. "noﬁvactive" since no simple aluminosilicate
building épecies remain. - This situétion wés often encoun£ered with
those products which were activated by one of the hydration methods93,
prébably because the material was very inhomogeneous and, as such,
contained_regions where extended growth could occur.A The dye . test
was- found to benless effective in such materials than it had been with
the silicates prepared by the crystallisétiqn of supercooled melﬁg,

It seems likely that, as continued growth takes pléce, tHen overall
dye adsorptive capacity increases steadily aithough.in ;eality, activity

‘may be decreasing.

4.5.5 PINACYANOL CHLORIDE IN THE STANDARD REACTIUN

The use of pinacyanol chloride in the standard reaction shcwed that
the performance of the active silicates is unaffected, while the
fermation of zeolite B from inactive silicates is completely suppressed
in mosf cases. This is consistent with the observation thaf pinacyariol
chloride adsorbs strongly on all aluminosilicate particies and confirms
that nucleation of zeolite B is favoured'by the presence of aluminosilicate

particles  in the reaction mixture. It is likely that the surfaces of
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such particles ére blocked by adsorption of the pinacyanol chloride

and are thus made ineffective as nucleation sites for zeolite B.

The observation that the active species is unaffected by dve addition
is consistént with the proposal that discrete,B—cages, which one

would expect to be too small to adsorb pinacyanolAions, are responsible

for activity.

4,6 CONCLUSIONS

This work has demonstrated convincingly that the reason for the
activity which was originally observed in commercial sodium metasilicate
pentahydraées is that~these materisls contain discrete zeolite
nupleation precursors;‘probably B-cages, in éddition to other'aluminb-
silicate‘species. These form within the silicate lattice under suitaple
conditions as arresult bf an éluminate impurity. It has been shown that
acfive material can be prepared in various systems whicﬁ centain mobile
silicate and alumiﬁate specieé and that this is most’effective in-/
‘supersaturated conditions in the presence of.a solid or gel phase. It
seems likely that the effedt of active material on the cfysfallisation
of zeolites X, Y, A and HS from the NEZO;Sioz—A1203-HZD field is mainly
by the provision of advanced building Qnits to the reaction;mixﬁure'at an
early stage. Experiment has alsc shown that the nucleaticn of zeolite B
is favoured by the presence of alUminosilibate partiqles and that, in
most cases, this can be'suppressed by the addition of pinacyanoi chlofide
to the reaction mixture.

It is very likely that the nucieation of otﬁer, possibly new,
zeolites in different reactant fields éould be promoted in a similar

manner by the addition of small amounts of carefully grown building units
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to the reaction mixture.

A thorough investigation of the application of this concept

should be carried out.
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APPENDIX A CLASSIFICATION OF THE COMPGSITION OF ZEOLITE SAMPLES.

Sample peak height x 100 = Ra Classificationb
Standard peak height A ' of composition
' (with abbreviations)
85 < R < 100 Very Major (v Maj)
75 < R < g5 ' Major (Maj)
25 <R < 75 . Medium (Med) -
7 <R <25 ' Mincr (Min)
2.5 <R <7 ' trace (tr)
detectable < R < 2.5 ' slight trace (sl tr)
only detectable . ' Very slight trace (v sl tr)
4
a Some convenient peaks are :- Zeolite X 28 = 23.40
‘ Zeolite B 20 = 28.05°
Zeolite C 26 = 13.27°
Amorphous solid is assessed by the baseline height at 26 = 26-28°
b

In the tables of results, only the crystalline phases are mentioned
except where some special importance is attached to the presence

of amorphous material. For example; if the product is sﬁatedA

to be Minor X, then the balance of the sample is ambrphoUs

material i.e. Medium or Major Amorphous.



"APPENDIX B USEFUL POWDER X.R.D. DATAZ’P

Zeolite X Zeolite BS Hydroxysodalite [HSJC
20/° (1/I5)100 26/°"  (1/1g)100 ©20/°  (1/153100
6.2 100 12.45 65 14.1 - 77
10.1 31 17.7 . 38 20.0 8
11.8 24 21.7 21 24.5 100
15.53 44 © . 28.1 100 28.4 10
18.52 15 33.45 21 31.8 28
20.2 25 ' : o 34.95 42
21.15 3 o . 37.85 10
22.8 10 Zeolite .C°
23.4 . Bl o .

23.75 11~ - 28/° - (I/14)100
24.8 -3 - '
25.55 3 : 13.4 100
26.78 51 - 18.6 44
27.5 3 23.0 78
29.35 12 - 29.8 75
30.45 26 - : :
31.1 61 .. }
32.15 28 . .Zeolite A® . -
32.76 - 6 _ ST R
33.76 23 20/° © (I/Ig)100
- 34,35 10 ‘ : Y
35.3 4 C 7.4 96
36.8 2 10.3 71
37.55 13 12.65 46
.38,9 1 ©16.3 © - .45
40.2 .3 20.5 . 12
40.95 10 21.8 55
41.5 8 24.1 92 . -
42.8 6 26.2 © 27
43.6 3 $27.2 . 88
46.7 4 30.05 100
- 47.28 4 '
48.85 2
50.05 3

'All measurements were made with a vertical diffractometer using
' ‘ 0 : . .
Cu K, radiation (A = 1.5418 A). Interplanar (d) spacings can be
obtained from the eguation d = A/2 sin 6.
All samples .were equilibratedvat room témperature'and hUmidity for

at least one hour before examination.

Dniy the main peaks are listed



APPENDIX C SUMMARY OF RESULTS FROM THE VISIBLE SPECTRA OF SOME DYE-

’

SILICATE SYSTEMS.

Dye

. a
Observations

Crystal Violet
Malachiﬁé Green
ﬁethyl Violet
Nuclear Fast'. Rea
Methylene Blue
Methy1>0range
Fuchsin

Rhodamine 606

Toluidine Blue

Bismarck Brown

Colour fades very rapidly

»n

Does not discriminate active from'inactive

Active solutions paler than inactive but
peak very broad- o

Active solutions paler than inactive

a

" All soclutions contained 0.01 mol dm™3 sodium metasilicate and

were run four minutes after preparation.



APPENDIX C COMPOSITION AND'PREPARATiDN OF NONAHYDRATES ACCURATELY

DOPED WITH Al. TEST RESULTS ARE SHOWN IN FIGURE 3.2.

Nona No. ' Preparation Compositioﬁ
103 mol Al (mol Si)~!

D.1 A S(P). soln doped by addition of 1.28
0.1lg AL(1) and 0.05g NaOH per '
mole S. Dissolved by heating
and H,0 adjusted to SH,0 mol S-1.

Supercooled to 25°C and seeded
with a small amount SS(P). During
crystallisation temp kept < 30°C.

D.2 . As .1 with 0.15g AL(1) and 0.075g 1.82

. Ma0H . .

D.3 As .1 with 0.25¢ AL(1) and 0.125g" 3.2

: NaGOH : , ' Y,

D.4 ~ As .1 with 0.5g AL(1) and 0.25g 6.4
NaOH ) ,

D.5, As .1 with 1.0g AL(1) and 0.5g B 12.8
NaOH '

0.6 " As .1 with 3.0g AL(1) and 1.5g ' 35.5

.- NaGOH
“For comparison := S38(1) as in 2.2 V 0.85

. S5(1) as in 1.1 3.8

.




APPENDIX E KEY RELATING THESIS AND ORIGINAL EXPERIMENTAL NUMBER

Original

Thesis Original Thesis Original Thesis
Work Work ‘ Work
1.1 N 16° 5.1 5.18, 5.30 11.1 7.1
1.2 15 5.2 5.19 11.2 7.3
1.3 2.2 5.3 5.26 11.3 7.4
1.4 2.1 5.4 5.27 11.4 7.2
1.5 2.4 5.5 5.28 11.5 7.7
1.6 3.2 5.6 5.28 11.6 7.5
1.7 3.4 5.7 5.31, 5.32 11.7 7.11
1.8 3.5, ) 11.8 - 7.6
1.9. 3.6 Thesis Mixture Reaction 12.1 7.8
1.10 3.10 Code Code 12.2 7.8
-1.11 3.11 6.1 SAl 6.1, 6.3, 12.3 7.10
2.1 4.1 L 6.7, 6.12
2.2 4.3 6.2 SA2 6.2, 6.4,
2.3 4.5 6.8
2.4 4.5 6.3 SA3 6.9
2.5 4.7 - 6.4 SA4 6.10
2.6 _ 4.10 6.5 SAS5 6.128
2.7 4.8, 4.9 6.6 SAB 5.14
2.8 4.11 7.1 SA7 6.15, 6.18, ,
2.9 4.12A ) 6.24 ’
3.1 4.128B 7.2 SA8 6.16 :
3.2 4.15 7.3 SAS ~ B.17
$3.3 4.18 7.4 SA10 6.19, 6.24
"3.4 4.20 7.5 SAll 6.20, 6.21,
3.5 5.1 6.22
3.8 - 5.5 7.6 SA12 6.27, 6.28
" 3.7 ...5.2 7.7 SAl128 6.29, 6.30
3.8 5.4 7.8 ..SAl4 6.31
3.8 5.10 7.9 SA1l5 6.32
3.10 5.9 7.10 SA16 6.33"
3.11 5.3 7.11 SAl7 6.34
3.12 5.7 7.12 SA18 6.35
4.1 5.8 7.13 SA19 6.36
4.2 5.14 7.14 SA20- 6.37
4.3 .5.16 7.15 "SA21 6.38
4.4 5.17 7.18 SA22 6.39
4.5 5.15 8.1 GAl 6.26
8.2 GA2 6.25
a

In the original work all éxperiment and reaction codes were.

precedad by the letter N which has been omitted in this table
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ABSTRACT

The heats of fusion and heat capacities at 298.2K of Na,SiO;-5H,0,
Na,SiO; 6H,0 and Na,SiO;-9H,0 have ‘been measured by DSC. The enthalpies
and entropies of fusion increase with the water content of the hydrate and the entropy
of fusion per mole of water is almost constant. The appllcatlon of DSC/DTA. to the
analysrs of metasrllcate hydrate mixtures is discussedizo: 020 o e '

B e T L ' BRI

INTRODUCTION , A .

Sodium metasilicate forms hydrates with 5 6, 8 and 9 molecules of water per
metasilicate groupl 2 Their structures have been mvestrgated by X ray 6 and
neutron diffraction’ and it appears that almost all of the hydrogen atoms dre 1nvolved
in hydiogen bonds..All of the hydrates are known? to melt below 75°C but apart
from some estimations by McCready® there have been few studies of their thériil
properties®, and no “direct measurements of their heats of fusion. We now report
values for their heat capacities at 25°C and their heats of fusion obtained’ by DSC, and
we also discuss the use of DSC/ DTA for the analysns of their mixtures. Although DTA
has been used to investigate hydrated sodium polysilicates'® rts applrcatron to
metasilicate hydrates has not been prevrously reported.

" EXPERIMENTAL
Sodlum metasilicate nonahydrate was prepared by recrystalllsatron at .ToOm
temperature from an aqueous solution which contains 30% by weight of NaerO3 .
(ref. 2). The crystals were filtered in the absence of CO, and dried over Na,SiO;-
5H,0 to give a product with nine moles of water- per mole of silicate.. ...~ : _;
Preparation of the octahydrate by crystallisation from aqueous solution proved
to be extremely difficult (cf., ref. 3), and it.was never obtained completely free from
" other hydrates. . -~
The hexahydrate was prepared by 1sothermal crystalllsatlon at 52 °C from a45%
- by we1ght solutron of Na,SiOj; after the addmon of-a small quantrty of seed crystals.

s T TN .
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The pentahydrate was prepared by crystallisation of a pure supercooled melt
and required approximately 10% of a metasilicate hydrate as seed. Technical grade

material (BDH Ltd.) was also used for comparlson its thermal behaviour did not‘

differ significantly from that of the pure material. ""{Z ; "‘
All of the materials were carefully analysed by powder X -ray dlﬁ'racu‘c')n
weight loss on ignition at 1000°C. kt

Measurements were made with a DuPont Instruments Ltd. 990 therr‘n}:ﬁ‘

analyzer used with a cell base Module IT and differential scanning calorimeter (DSC)
cell. The temperature scale was calibrated with ice, Ca(NO;),-4H,0; stearic acid,
naphthalene benzoic acid and indium, and in all cases the onset of fusion (obtamed
by .extrapolation of the leading edge of the endotherms) agreed to within. +1. 5°C
with ‘the melting points reported in the literature. The energy calibration was based

on the heat -capacity of synthetic sapphire’! and confirmed to within +1% by the *

-.heats of fusion of ice, indium and stearic acid. }

" The sodium metasilicate hydrates were found to react with the alurmmum
" sample pans normally used with the DSC cell and it was therefore essential to use
copper pan bases and lids. Accurate enthalpy and heat capacity measurements could
only be obtained when the samples were tightly sealed to prevent the loss of water,
but good qualitative analyses could be made with samples in pans with crimped on
lids. For quantitative heat measurements water loss was kept below 0.1% of the
sample weight; this was partlcularly difficult to achleve with the pentahydrate which
has a relatlvely hlgh meltmg pomt

.RESULTS AND mscussmN

‘,T hermodynamtc properttes .

The experlmental restlts and their estimated errors are given in Table 1 along
with the values of other workers. The melting points of the three lower hydrates agree.
within experimental error vith the hterature values? whilst that of the nonahydrate
is slightly higher. :

" The enthalpies of fusion given in Table 1 are in each case the mean of at least 4
observations. The value obtained .for- the nonahydrate lies between the indirect
iexperimental value of Lange and Stackelberg® and the estimated value of McCready®,

-whilst that of the pentahydrate is higher than both earlier values®-°. The heat of fusion
of the hexahydrate has.not been previously reported. Our value lies between those of
the penta- and -nonahydrates, and as mlght be expected it is somewhat closer to the
pentahydrate value. -

The entropies of fusion calculated from our AH; values increase with the water

content of the salt and the entropy of fusion per mole of water (Table 1) is almost
constant: Ttis thus easy to estimate a value for the entropy of fusion of the octahydrate

and hence to‘obtain an approximate value for its heat of fusion. These estimates, which

are the only available values for the octahydrate, are shown in Table 1. The mean
value of the entropy of fusion per mole of water based on the results for the 9-, 6- and

-

-

.
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7°C,

) Fig. 1. Typical DSC curves -obtained for sodium metasilicate hydrate mixtures. Powdered samples
(1-4 mg) in Cu'pans-with crimped on Cu lids. Heating rate: 10°C min~* (A D);.5°C min~ "' (E).
Approximate molar compositions: (A) 1% 9, 99% 5, (B) 20% 9, 80% 6; (C) 25% 6, 75% 5;
(D) 35% 5, 65% 6; (E) 5% 6, 95% 9.

hydrate are indistinguishable. Quantitative measurements have not been made
although it is clear that provided the equipment is calibrated with known standards
exact analyses could be obtained more rapidly and easily than by other methods‘
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TABLE 1 .
THERMAL PROPERTIES OF SODIUM METASILICATE HYDRATES Na,5i05°xH,0

Hydrate,x T;(°C) AH; AS¢ (ASe/x) 10%¢C,
" (kJ mol—1) Jmol~*K~1Y) mol-*K-Y) mol-*K-1Y)
(solid, 25°C)

9 v 49.8+1.5 59.6+£2.5 184.5 20.48 ' : 53£0.5

47.8° 67.6% : . o 475 !
55.4° ‘
8 . 49515 S3If 164.81 20,61
48.4° : : '
6 63.24£1.5  42.0%2.5 124.9 20.82 3.3+0.3
. 62.9* 3.538
5 73.0+1.5 37.3£3.5 107.6 , 21.52 3.1+0.3
72.20 30.7¢ 3.158
31.5° '
0 1088 52.0° 38.2¢ : - 1.11+0.05
' : 1:13¢
1.12°

s Ref. 2. ® Ref. 12. ¢ JANAF Thermochemical Tables, 2nd ed., 1970. ¢ Ref. 8_,:’ Ref. 9, obtained
indirectly from heats of solution.  Estimated, see text. ¢ Ref. 8, estimates based on Kopp’s law.

5-hydrates (20.940.5 T mol~* K™ 1) is only slightly less than the éntropy of fusion of
water (22.0 J mol~! K~ )3, This behaviour is similar to that observed for other
inorganic hydrates ‘many of which have entropies of fusion per mole of water ‘within
+4'J mol~* K~ ! of the pure water value. The fact that sodium metasilicate eolutlons
contain substantial amounts of polymeric silicates'* does ot appear to have @
marked effect on the entropies of fusion of the hydrates. ' i

Within experimental error the heat capacities obtained at 25 °C for the solid
hydrates agree with those estimated by McCready®. Those of the Enelts were found to
be approximately twice as large as those of the solids, but because of the expenmental
difficulties it was impossible to obtain accurate values'? g e
Analytical applications

During this work it was found that DSC/DTA provides an excellent method for
the qualititive analysis of metasilicate hydrate mixtures and that in. most cases it is
much quicker, requires much smaller samples, and is at least as sensitive as the powder
X-ray diffraction methods which are usually used. Typical curves obtained with
prepared mixtures are shown in Fig. 1 and the operating conditions are given in.the
caption. The method is particularly suitable for the detectlon of small quantities of
higher hydrates present as impurities;in the lower hydrates thus for example 1% by
weight of the nonahydrate in the pentahydrate is deteeted much more easily than by.
X-ray diffraction. As can be seen from the figure the method is applicable to-a wide
range of mixtures. However, it should be noted that the octdhydrate and the nona-
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and seeded with a small quantity of nonahydrate crystals. The crystals were filtered
and dried over the pentahydrate until their composition was exactly that of the
nonahydrate.

Sodium metasilicate octahydrate (S8) is difficult to obtain pure.® It was prepared
by crystallization from a solution of pure metasilicate, but was contaminated with
pentahydrate. _ ‘

~Sodium metasilicate hexahydrate (S6) was prepared by isothermal crystallization
at 325 K from an aqueous solution which contained 47 per cent by mass of purified
sodium metasilicate, seeded with a small amount of hexahydrate.

Sodium metasilicate pentahydrate (S5) was prepared from its melt which was
made by careful evaporation of a nonahydrate melt. The crystallization was induced
at approximately 303 K by the addition of pure pentahydrate seed to the extent of -
20 per cent of the mass of the melt. ) '

Anhydrous sodium metasilicate (S0) was obtained by crystallization from an
aqueous metasilicate solution which was slowly evaporated at temperatures above
350K.. .

Care was taken to avoid contamination of the metasilicates by atmospheric carbon
dioxide during and after the preparation. All of the hydrates were assayed by powder
X-ray diffraction® before preparation of the mixtures. '

APPARATUS AND PROCEDURE"

Vapour pressures were measured with- U-tube mercury manometers made from
Veridia precision bore tubing of 20 mm internal diameter. One side of the manometer
was sealed and the other was joined to a 25 cm® bulb which was half-filled with an
intimate mixture of two of the salts. Before use the manometer and bulb were cleaned
with Analar nitric acid, washed with distilled water, and oven dried. The manometer
was then filled under vacuum with clean mercury and the salt mixture was placed i_h
the bulb and degassed by repeated freezing and pumping. The sealed apparatus was
mounted vertically in a Townson and Mercer Ltd. E270 water thermostat which kept
the temperature constant to within +0.01 K. Temperatures were measured with a
calibrated mercury-in-glass thermometer and are accurate to +0.02 K. The vertical
distances between the two menisci were observed with a Precision Tool and Instrument
Co. Ltd. cathetometer.~ - o ' .

‘The metasilicate mixtures Na,SiO;-9H,0+ Na,SiO;-6H,0 (S9+ S6), Na,SiO;-
6H,0+Na,SiO;-5SH,0 (S6+S5), and. Na,Si0;-5H,0+Na,SiO; (S5+8S0) were
prepared in duplicate from independent samples of the pure materials, and single
preparations of the ‘mixtures Na,SiO;-8H,0+ Na,SiO;-5H,0 (S8+S5) and
Na,Si0;-9H,0+Na,SiO; (S9+S0) were also investigated. All of these mixtures
were allowed to equilibrate in the sealed apparatus at 298.15 K for 60 d. The equi-
librium vapour pressures were then measured in turn at 303.15, 298.15, 293.15,
290.15, 308.15, and 298.15K allowing approximately 14 d at each temperature.
The vapour pressures ‘at 298.15 K were then observed after a further 480 d. The
apparatus was then dismantled and the mixtures were analysed by powder X-ray
diffraction and d.t.a.®
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3. Results

By the end of the initial 60 d equilibration at 298.15 K the vapour pressures of the
mixtures (894 S6), (S6+S5), and (S8+S5) were completely steady and those of the
(S54S0) and (S9+S0) mixtures were changing by less than 0.0007 Torr/d; 600 d
later the vapour pressures at 298.15 K of the (S9+S6), (S6+8S5), and (S8+S5)
mixtures were in exact agreement with the original values whereas those of the
(S5+ S0) mixtures had decreased by 0.36 Torr and that of the (S9+S0) mixtures had
increased by 0.19 Torr but appeared to be constant.i Analysis of the final mixtures
confirmed the original compositions in all cases except that of the (S9+ S0) mixture
which was found to contain S9 4 S5. No crystalline SO could be detected and it appears
that in this case the systematic drift in vapour pressure arose from the conversion
of SO to S5. Although the overall stoichiometry of the mixture corresponded to that
of a heptahydrate the presence of S6 could not be detected. The failure of the
(S5+ S0) mixture to reach equilibrium in the first few months is not readily explained.

TABLE 1. Vapour pressures of sodium metasilicate hydrate mixtures
[Torr = (101.325/760) kPa]

T/K 289.84 293.07 298.07 303.04 308.09

Mixture p/Torr

S54-S0 3.59¢ 4.50¢° 6.5340.08° 9.17¢ 12.85¢

6.174+0.08% ¢

S6+S5 5.96 7.44 10.684+0.04 ¢ 15.11 21.14

S9+S6 7.13 8.86 12.71+0.10¢ 18.06 25.77

S9+4S5¢ 6.53 8.17 11.734-0.20° 16.77 24.06
11.92+0.20¢- ¢

S84S5 6.73 8.45 12.224-0.20° 17.45 24.71

< Errors in vapour pressures are unlikely to exceed twice those given for 298.07 K.
® Estimate of error based on differences between duplicates.

¢ Final equilibrium value, see text.

¢ Originally (S9-+S0), see text.

¢ Error estimated by analogy with those for other mixtures.

It could, as was found with anhydrous sodium carbonate,’® be due to the physical
state of the anhydrous sodium metasilicate. It seems more likely, however, to have
arisen from slow equilibration between the two solids, related to the fact that SO,
unlike the hydrates, does not contain discrete silicate ions.(!%-13

The observed vapour pressures are given together with estimated errors in table 1.
In the case of the (S5+S0) and (S9+S5) mixtures the values given.at temperatures
other than 298.07 K are believed to be systematically high by about 0.36 Torr and
low by about 0.19 Torr respectively.

t Throughout this paper Torr = (101.325/760) kPa.
19*
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4. Discussion

The only vapour pressures with which those given in table 1 may be compared are
the estimates of McCready'® whose values for the S5, S6, and S9 hydrates at 298.2 K
(10, 11, and 16 Torr) are in fair agreement with ours (6.2, 10.7, and 12.7 Torr). The
vapour pressure of the octahydrate pg;s was not measured directly in our experiments,
but by means of the relation:

2 3

Psie = Ps/sfPs/s, (6)
a value of 13.07 Torr in poor agreement with McCready’s estimate (9 Torr) is obtained.
The internal consistency of our values may be partially confirmed by calculation of
the vapour pressure of the S9+S5 mixture from those of the S9+S6 and S6+S5
mixtures with the equation:

Pg/s = Pg/spsls- Q)
The calculated value (12.17 &+ 0.06) Torr at 298.15 K is within experimental error
of the final equilibrium value (11.92 + 0.20) Torr given in table 1 but-not- w1th that
(11.73 + 0.20) Torr observed after equilibration for only 60 d.
Equilibrium constants K for the reactions (1) to (5) calculated from the vapour
pressures in table 1 can be fitted to within their experimental error to the equatlon
In K =—AH°/RT+AS°|R, ®)
with temperature-independent values of AH® and AS®. The values of AH® and AS®
obtained by a least-squares procedure are given along with their standard errors in
table 2. For reactions (2), (3), (4), and (5) the errors in AH® and AS° from all sources
are unlikely to exceed twice those obtained from the curve-fitting procedure and given
in table 2. This is also likely to be true for reaction (1), since the known uncertainty
in the “60 d value” of AG® (0.71 kJ mol~?) corresponds to an error in AH® or AS°®
much less than those given in table 2. Best-fit values for the parameters « and f in

the equation, s
In(p/760 Torr) = p—a/T, (9)

are also given in table 2 together with the average deviation p between the observed

and calculated vapour pressures. .

Values of AH® and ASP° for reactions (1) to (5) have not been previously reported
The values divided by the stoichiometric number x of H,O are almost constant and
approximately the same as those observed for other hydrates and for the sublimation
of ice.!® A further check on the experimental results is given by the agreement
between the values of AH® and AS® observed for reaction (4) and those calculated
from the values obtained for reactions (2) and (3) shown in table 2.

. Also given in table 2 are calculated values for the (S9+ S8) and (S8 4 S6) equilibria
which we were not able to study. These were obtained from reactions (4) and (5),
and (2) and (5), respectively. Combinations of the equations also give the following
values for disproportionation of hydrates:

3S8 = S6+289; AG° =—0.7 kJ mol™!,
4S6 = 3S5+S9; AG° = +1.4kJ mol ™!,
6S5 = 586+S0; AG®° =+6.6 kI mol™?,
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TABLE 2. Standard thermodynamic functions at 298.15 K for sodium metasilicate hydrate equilibria
[Torr = (101.325/760) kPa]

Reacti AG° AH® AS°® 10-2¢ dp
caction © kImol-? kImol-* JK-'mol-? K B Torr

S5 = S0+5H0 59.640.2 260.64+1.6 6775 62.684-0.38 16.274+0.13  0.02

S6 = S5+H20 10.6+0.1 51.8+0.3 13841 62.284-0.39  16.63+£0.13  0.03

S9 = S6+3H.0 30.4+0.1 1574+19  426+£6  63.10+0.75 17.094:0.25  0.13

S9 = 85+4H,0 41.11+0.2 2127424 57548 63.96+0.74  17.30+£025 0.12
41.0+02° 2092422 56417

S8 = S5+3H.0 30.7+£0.2 159.54+1.1 43244  63.94+042  17.334+0.14  0.05

S9 = S8+H,0 104:+0.3¢° 532426 14339

S8 = S6+2H:0 20.1+0.2°  107.7+1.1 29414

@ Calculated values, see text.

from which it may be seen that only S8 is thermodynamically unstable under experi-
mental conditions.

For comparison with the values in table 2, values of AH® for reactions (1) and (4)
may be calculated from the enthalpies of solution of Lange and von Stackelberg,®
and the enthalpy of vaporization of water at 298.15 K (44.02 kJ mol~').('*) These
values are 284.5 and 212.7 kJ mol ~ ! respectively. The value for reaction (4) is in

TABLE 3. Standard Gibbs free energy and enthalpy of formation and entropy of sodium
metasilicates at 298.2 K ¢

Hydrate AG3/kImol-*  AHg/kJmol-* S°JK-1mol-?
SO —146745°% —1561+4° 113.84+1.3°
—1432°¢ —1526°¢ 113.8¢
S5 —26704-5 —3031+7 381112
—2642¢ —3021¢ 322.2¢
—3006°¢
S6 —29094-5 —332548 431+14
—2879¢ —3316¢ 364.0¢
S8 —3387+5 —3916+10 515420
—33614¢ —3911¢ 4774
S9 - —362645 —4207+12 5714127
—3598 ¢ —4205¢ 489.5¢
—4158¢

a Calculated from the results in table 2 using AH?(H:0, g, 298.15 K) = —241.8 kJ mol-?,
AG3(H.0, g, 298.15 K) = —228.6 kJ mol~*, S°(H0, g, 298.15 K) = 188.7 J K~* mol~? and the
values for anhydrous sodium metasilicate given in the table; all taken from reference 7.

b Reference 7.

¢ Reference 6.

4 Estimated by McCready, reference 4.

e Calculated from enthalpies of solution (reference 5) using AH¥(NaiSiOs, s, 298.15 K) =
—1561 kJ mol~* and AH(H0, 1, 298.15 K) = —285.8 kJ mol~2,
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excellent agreement with ours, while that for reaction (1) is not. A possible explanation
of this is that their® anhydrous silicate contained some amorphous material.

Values of the standard Gibbs free energies and enthalpies of formation and the
standard entropies at 298.15 K of the sodium metasilicate hydrates calculated from
the results in table 2 are given in table 3. The standard enthalpies of formation are in
good agreement with the estimates of McCready® but the standard Gibbs free
energies of formation and the standard entropies are not. McCready estimated the
molar increase in entropy per H,O to be 42 J K~ mol~! whereas the experimental
value is approximately 50 J K ~! mol~1.

One of us (N.A.M.) wishes to thank the S.R.C. and I.C.I. (Agricultural Division)
for a C.A.P.S. studentship.
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Investigation of Aqueous Sodium Metasilicate Solutions by ®Si N.m.r.
Spectroscopy

By RoBERT O. GouLp, BARRIE M. Lowe,* and NEeiL A. MacGILp )
(Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EHY 3] )
Summary The presence of a variety of polysilicates, MosT of the early work on aqueous sodium metasilicate

including branched chain species, in aqueous sodium (SiO,/Na,0 = r = 1) solutions! leads to the conclusion®
metasilicate solutions has been shown by ¥Si n.m.r. that the silicate species is entirely monomeric. However
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their Raman spectra show a band which has been attributed
to a polymeric species,® and trimethylsilation experiments¢
indicate that besides the monomer there are substantial
amounts of the dimer, linear trimer, cyclic tetramer, and
other unidentified polymers. We now report ®Si n.m.r.
spectra which provide new information about the nature
of the polymeric species in metasilicate solutions.

J

— %

1 )
-90 -100

p.pm.

FIGURE. ™Si F.T. n.m.r. spectrum at 199 MHz of 1-35 mol
dm-® Na,SiO, (r = 1) at 26° (66430 transients, =/2 pulse,
repetition rate 0-8s). For identification of resonances see text.
The relative peak areas are not proportional to Si concentrations.
s Position of resonance observed for solutions with high SiO,/
Na,O ratios, e.g. ¥ = 88 (see text), but not for metasilicate
(r = 1) splutions.

Measurements were made at 26° using 10 mm outside
diameter n.m.r. tubes and a Varian XL-100 spectrometer
operating in the Fourier Transform mode at 18-9 MHaz.
Sodium metasilicate solutions (r = 1) were prepared from
carefully recrystallised Na3SiO,0HO ‘and those with v # 1
from the appropriate amounts of Analar NaOH and pure
SiO, powder In all cases the solutions were made up with
distilled water to which was added D,O(16%,) for use as an

1]. G. Vail, ‘Soluble Silicates,’ Reinhold, New York, 1052.
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internal lock and were filtered through a 0-2pum filter.
Care was taken to prevent the ingress of impurities such as
CO, which would disturb the pH and possibly cause forma-
tion of colloidal silica. .

A typical sodium metasilicate solution spectrum is shown
in the Figure. The relative magnitudes of the peaks show a
small variation with concentration and it follows that these
solutions contain a variety of silicate species. The spectra
are consistent with previous work¢ which suggests that these
species are polysilicates in which each Si atom is bound
tetrahedrally to four oxygen atoms each of which can form
a bond with another Siatom. The narrow low field peak (M)
is the only one which remains when the SiO,/Na,O ratio r is
reduced to 0-16 but it is almost completely absent from
solutions with » > 3 and it is therefore considered to arise
from monomeric species. Similar observations of the
variation of relative peak areas with v show that peaks (E)
and (D) belong to end group Si atoms (s.e. those linked via
oxygen to one other silicon) and that peak (D) is most
probably that of the dimer; that the cluster of peaks (C) is
due to chain silicons (i.e. those linked by oxygens to two
other silicon atoms) and that the small group (B) is due to
branching silicons (i.e. those linked by oxygens to three
other Si atoms). The resonances all lie upfield of that for
Me,Si and the shifts of (M), (E), and (D) relative to Me,Si
are —70-4, —78-4, and —80-4 p.p.m. respectively. The
shifts of the three resonances in cluster (C) are —86-7,
—87:6, and —88:4 p.p.m. and that of the main peak in
cluster (B) is —94-4 p.p.m. The general pattern is similar
to that observed in the 3P n.m.r. spectra of polyphosphates®
in which the resonance of the chain group phosphorus lies
10 p.p.m. upfield of that of the end groups.

These observations show that ®Si n.m.r. provides a
powerful new method for the investigation of soluble
silicate solutions and suggest that its use to elucidate the
structures present in water glasses should prove worthwhile.
Preliminary measurements on a solution with ¢ = 3-8
suggest that the polymeric species in water glasses have
fewer end groups and more branching and chain silicons
than those found in solutions with lower SiO,/Na,O ratios.
Especially important is the detection of a broad peak (Q)
with a chemical shift of —107 p.p.m., which is believed to
be due to Si atoms linked to four others since its shift lies
between those® for silica (—113 p.p.m.) and the central atom
of (MegSiO)Si (—101 p.p.m.).

We are grateful to Professor E. A. V. Ebsworth for
suggesting the use of ¥Si n.m.r. for the investigation of
silicate solutions, to Dr. I. H. Sadler for helpful advice, and
Mr. A Boyd for technical assistance. One of us (N.A.M.)
thanks the S.R.C. and I.C.I. (Agricultural Division) for a
C.A.P.S. studentship.
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