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Zeolite and clay minerals can be used to remove lead, a toxic heavy element,

from waste water. The clay minerals also play an important role in the lead

distribution in the contaminated soils through the ion exchange processes.

Chabazite, vermiculite, montmorillonite, hectorite, and kaolinite were used to

examjne the mechanism of lead exchange into zeoiite and clay minerals. The

minerals were characterized by XRD, XRF, AAS, electron microprobe, and wet

chemical analyses, and their lead content measured by a gravimetric method. The

maximum lead contents, gained through the ion exchange from 0.01 M aqueous

Pb(NO3)2 soiution, were ZJVo for Na-chabazite, L6Vo f.or vermiculite, 9Vo for

montmorillonite and hectorite, and 0.4% for kaolinite. The ion exchange reached

equilibrium within 24 hours in chabazite and vermiculite, but in less than 5 minutes

in montmorillonite and hectorite. Na-cbabazite took up more lead than natural

Ca(Na)-chabazite, which had about '/Vo maxtmum lead content, whereas no such

difference was observed in the clay minerals with respect to different cation forms

of the minerals. Calcite impurities associated with clay minerals can very effectively

remove lead from the aqueous solution by the precþitation of cerussite (PbCO3).

'nSi, '741, 
23Na, 7Lí, and,2ÚPb magic angle spinning (MAS) NMR and zNa

double angle rotation (DOR) NMR, as well as variable temperature MAS NMR

were used to study the ion exchange mechanism. The fast chemical exchange of Na+

cations at room temperature in Na-chabarite was slowed below -50 oC. The

exchangeable cations in chabazite and vermiculite were found to be close to the SiOo

and AlOo tetrahedra, while those in the other clay minerals were more distant. Two

sites for exchangeable cations were observed in hectodte. The behaviour of the

exchangeable cations in the interlayer is similar in all clay minerals studied.
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CHAPTER 1. LEAD OCCURRENCES, USES, AND TOXICITY

1. 1. Introduction

Lead is a metal with a long history of use despite its toxicity which was

recognized very early in history. In spite of the potential hazardous effects which it may

cause, lead still finds an extensive application in the modern society, including gasoline

additives and batteries for automobile industry, as well as paints and insecticides

(Winship, 1989). Therefore, it is necessary to control the amount of lead released into

the environment.

The objective of this study is to use natural zællte and clay minerals to remove

lead from the aqueous solution, and to examine the mechanism of the ion exchange

process. Natural clays and zeolites are cheap and readily available minerals which should

be considered in the lead removal processes. The behaviour of lead during the ion

exchange processes in the zeolite and clay minerals is not well understood. This imposes

difficulties in improving the efhciency of le¿d removal by these ion exchangers, and

ultimately their use in environmental control. In addition, clay minerals are major

components of soil and sediments. The elemental distribution of Pb in these materials is

governed by ion exchange processes (Maes & Cremers, 1985). Therefore, understanding

the ion exchange mechanism is critical in the cleanup of the lead contaminated soil and



modern sediments.

1.2 Natural Occurrence of Lead in the Earth's Surface

Lead, Pb, is the most metallic member of group IV elements in the Periodic

Table, with the atomic number of 82. It has four naturally occurring isotopes: 208Pb

(51.55 %),20óPb Q6.26%),2mnb 120.8 To), and2uPb (I.37%), and 10 unstable isotopes.

Lead is a trace element in the Earth's crust, but ranks 27th among the elements in

concentration in sea water, with 3 metric tons per cubic kilometre (Considine and

Considine, 1984).

The average content of lead in the earth's crust is 16 ppm (de Treville, 1964).

Felsic rocks have higher lead content than the mafic rocks, with a content ratio of

approximately 20:8 by weight. Galena (PbS), the most abundant lead mineral, is used to

produce lead. Other common lead minerals are cenrssite (PbCOr) and anglesite (PbSO4).

The element can also occur in bournonite (PbCuSbSr), crocoite (PbCrO), wulfenite

(PbMoOo), pyromorphite (Pb5Cl(PO)r), and vanadinite (Pb5Cl(VO3)3).

The average lead content in uncontaminated soil is 16 ppm (Stubbs, 1972), and

the atmospheric concentration is 0.0005-0.0006 pglm3 (Patterson, 1965). An estimate for

the lead concentration in drinking water is approximately 0.0005 ppm (Patterson,

1965).The sources of lead for uncontaminated soil can be the weathering of crustal rocks

and atmospheric precipitation. Atmospheric lead comes from silicate dust from soils,

volcanic ashes and smoke, as well as forest fires.

2



1.3 The Use of Lead

I-ead has been used through out civilization (Waldron and Stöfen, 1974). The

Egyptians made human and animal figures, amulets, sinkers (for fishing nets), rings,

dishes, trays and other ornaments from metallic lead (Waldron and Stöfen, 1974) which

was also used as a core for bronze statuettes and bronze weights. Lead compounds were

used extensively for eye paints (Partington, 1935).

In the Mediterranean cultures (Waldron and Stöfen, 1974),lead was frequently

used in construction as binding and fastening materials. It was widely used in ship

building, as sheets to protect the bottom of ships against worms, and as components for

anchors. The Mediterranean cultures also used lead as sinkers for fishing nets. In

writing, lead was used both as a stylus and as a slate on which letters could be easily

scratched. In social life, lead was used to make tickets, visiting cards, trade marks, and

coins.

In the Roman Empire, lead use reached its first apex. The maximum consumption

of lead was 4 kglcitizenlyear @atterson, 1965), a figure approaching the rate of

consumption in the USA, in the 1970s, of 6kglcitizenlyem (Waldron and Stöfen, 1974).

Most of the lead was used for water pipes which were made of lead sheet banded around

a core and soldered (Waldron and Stöfen, 1974). Lead was used extensively in cooking,

as an inner lining of bronze pots which otherwise gave a bitter taste to food. Lead

compounds were added to food and wine because of the sweetening quality of some lead

1.3.1. Historic Uses



compounds, such as lead acetates (Pb(CrI{3Or)r'HÐ). These practices caused severe

contamination of food and drinks, and it has been suggested that the fail of the Roman

Empire is largely due to the widespread lead poisoning (Gilfillan, 1965).

Following the fall of the Roman Empire, the use of lead declined, but the practice

of sweetening wine with lead and its salts became more widespread (Waldron and Stöfen,

1974). Lead contamination of wine continued till the recent times.

The battery industry now consumes about half of the total lead produced, of about

1.3 x 105 T (Irwin, 1985). A lead storage battery consists of a negative plate of porous

lead, a positive plate of lead peroxide, and an electrolyte of sulphuric acid solution. The

chemical reactions may be represented as (Parker, 1983):
discharge

PbOz+zH2SO4+Pb + 2PbSO4+2HrO
charge

Another major portion of lead goes to the production of gasoline additives, the

antiknock agents of tetraethyllead and tetramethyllead. When these compounds are added

into gasoline, the compression ratio can be increased and the engine runs more

efficiently. Introduced in the late 1920's, these additives were used everywhere around

the world, and are still in use in most of the countries in Europe, Asia and Australia.

The production of tetraethyllead is through the reaction of ethyl chloride with an alloy

of sodium and lead @arker, 1983):

4PbNa + 4C rIJrCl -' (C2H5)aPb * 4NaCl + 3Pb

Lead is also used in paints and coatings. In fact, basic lead carbonate,

1,.3.2. Present day Uses



Pb3(CO3)2(OH)2, was the only white pigment used in paint for over 2,000 years, until the

iate 1940's, when titanium oxide was introduced @artington, 1973). Lead paints were

widely used on interior and exterior walls, on furniture, and on toys. Today red lead

(lead oxide) and lead chromate are still used in the paint industry, for corrosion

protection of bridges and other exterior steel structures (Cloghesy, 1985) and in traffic

markings. Lead phosphate is a wetting or dispersing agent to heþ make a smooth and

uniform product in the water-based paints.

Lead is also passed to human through solders. Foods, beer and carbonate

beverages used to be canned with lead-soldered side seams. Metal containers, which are

not for food or drinks are still soldered with lead (Grant, 1985). Lead solders made

connections in plumbing and automobile radiators, and lead-tin alloy is important for

connections in electrical circuitry.

Lead is used in the plastics industry as a stablizer, and in glass industry to make

optical and flint glasses, or photographic and other special lenses. Lead can be found in

colour TV tubes, in gamma radiation shielding glasses and in mirror manufacture. There

is lead in bronze and brass, in Pb-As-Mo-Sn cable and Pb-Sb cable coatings, in type

metal (Pb-Sb-Sn), in shots and weights, in ceramics (lead silicates), in lubricating oils

(organolead), in clutch and brake linings (lead oxides), in insecticides, and even in

medicine and cosmetics flilinship, 1989).

I.4I-ead Contamination of the Environment



Contamination is inevitable due to the extensive use of lead. Industrial activities

account for the present day elevated level of lead in the atmosphere. The sources include

gasoline and oil contamination, waste incineration, coal combustion, lead production,

industrial application of lead, metal production, wood combustion, ild cement

manufacture (Nriagü, 1986). Among these, gasoline production and combustion, lead and

other metal production, and coal combustion are the most prominent sources.

Lead in the air can be absorbed by the vegetables grown alongside highways,

which may contain two to three times the lead content of the vegetables grown well away

from traffic (Wijin et al., 1983).

Soil is a major sink for atmospheric lead. Contamination from lead industry, coal

ash, paint, sewage sludge, mining and smelting, as well as fallout from airborne gasoline

lead have led to general soil pollution @lwood, 1986). In urban areas in the

industrialized countries, soil lead content is high (Elwood, 1986), especially in those

around lead smelters or mining sites, which can have up to 3% lead (Nriagü, 1986).

Widespread and frequent use of lead-containing paint is one of the cause of

elevated house hold lead levels which ranges from 600 to 922 ppm in the U.S.A. (Lin-

Fu, i982). High lead levels occur most frequently in old properties and in less privileged

areas such as "down-town" urban areas, where water supply is not free of lead plumbing

(Pocock et al., 1983). The first few litres of tap water are usually high in lead, which

can reach 0.11 ppm (Karalekas et al., 1983).

Apart from air and water, it is determined that the major human exposure to lead

is in the diet (Sherlock, et al., 1983). Vegetables adsorb lead from water during cooking,

6



and the amount adsorbed from soft water is greater than from hard water (Little et a1.,

1981). Alcoholic drinks can contain lead (Grandjean et al., 1981). Young children ingest

lead from licking their hands after playing in dirt (Gallacher et a1., 1984).

1.5 The Toxicity of Lead

Most lead compounds are toxic. The fatal dose of absorbed lead is estimated at

500 mg (Winship, 1989). Low dose lead exposure, through inhalation, ingestion, or skin

absorption, will cause chronic poisoning (Waldron and Stöfen, L974; Hotz, 1986;

Winship, 1989).

Perhaps the issue which draws the most public attention are the effects of lead on

mental development of young children. In the 1960's, there were frequent findings of

raised blood lead concentration in children with mental handicaps or severe behavioural

disorders (Bicknell et al., 1968). Most of these showed no clinical signs of exposure of

lead poisoning. Later studies revealed a significant relationship between blood lead level

and IQ in children aged between 6-9 years (Fulton et a1., 1987). The blood lead level of

infants can be high if the mother has elevated blood lead level (Singh et al. , 1978). These

infants can have delayed cognitive skills such as imitation tasks (Jenkins and Mellins,

1957).

Lead poisoning affects human reproduction. Both organic and inorganic lead

compounds can cause abortions (Oliver, L9LL),low sperm counts @arlow and Sullivan,

1982), and endocrine and reproductive dysfunction (Cullen et al, L984). Deformities of

7



fetus have been caused by lead poisoning in some animal species (Gilani, 1973). One

similar human deformity occurred when the pregnant mother consumed Pb contaminated

whisþ (Palmisano et al., 1969).

There is evidence that smelter and battery workers may have higher expectations

of developing lung and digestive tract cancer (Cooper, 1976). Smelter workers have

developed carcinoma similar in appearance to lead induced tumours in animals (Cooper,

1976).

The central nervous system is also affected by lead poisoning. I-ow dose chronic

poisoning can cause visual disturbance and auditory defects, while more rapid and intense

lead adsorption will result in clumsiness, confusion, or even loss of memory (Crutcher,

1963). Young children, especially those betweæ.n 12 and 48 months of age are most

severely affected @yers, 1959). 25Vo ofthe survivors of acute poisoning have permanent

neurological damges, with brain damage usually occurring on reexposure (Byers and

Lord, 1943). The peripheral nerve conduction velocity my be slowed when blood lead

level is raised to over 3 ppm in adults (Schwartz et a1., 1988). This was observed with

workers in lead industries where lead level was considered safe and when there was no

obvious tissue damage or other noticeable clinic effects (Boey and Jeyaratnam, 1988).

Renal failure was frequently observed among industrially exposed workers and

long term drinkers of lead contaminated whisþ (Lillis etal., 1968). Intense short term

poisoning will produce renal tubular damage, especially among young children (Goyer

et al., 1972). The gastrointestinal effects of lead poisoning are epigastric pains,

indigestion, nausea, and constipation (Klaussen, 1980).



2.1,. Ion Exchange Theory of a Mineral Exchanger

CHAPTER 2. LITERATURE REVIEW

In a system containing two exchanging cations A and B, the ion exchange

process can be expressed as (Breck, 1974):

z oafli + z P?êi * z 
^a]åi 

* z #?Å;

where Zo and Zu are the charges of the exchangeable cations A and B, and the

subscripts - and , denote the mineral ion exchanger and the solution respectively.

The equivalent fractions, taking the sum of those of A and B as L, of the

exchanging cations A in the solution and in the mineral can be given as:

a _ zA(M) s"^s zA(M) 
"+zu(Mu) "

where M is the mole concentration (mole/l), and

Byvarying the initial concentration A' in a system, while maintaining the total

initial concentration Ar, * Bsr as well as the solution temperature constant, a series

of points (A,A-) can be obtained. A plot of A. as a function of A- gives an ion

9

^ _ zA(Mì 
n
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exchange isotherm. The shape of the isotherm gives information on the relative ease

of a cation entering the mineral (Fig. 2.1). When the isotherm lies below the

diagonal (curve 3), the mineral shows a preference for the entering cation A,

whereas, when the isotherm lies above the diagonal (curve 2), cation A is less

preferred than cation B. When the isotherm has a sigmoidal shape (curve 1), the

selectivity of the mineral changes during the ion exchange process. Curve 1 shows

that when the equivalent fraction of cation A in the mineral approaches 0.4, the

preference of the mineral shifts from A to B. That is to say that greater ion exchange

potential, e.g. greater concentration of A" has to be built up before further exchange

of cation B by cation A.

The cation exchange capacity (CEC) is expressed in milli-equivalent of the

exchangeable cations per hundred grams of the mineral (meq/100g). A large CEC

indicates a strong ion exchange capacity.

2.2 Chemistry of Lead

As the electronic configuration of a lead atom is

Ls2zszzp63s23p63dro4s24p64d'04f'o5s25pu5dt06s,6p,,

two valence states, lead (II) and lead (IV), are expected (Considine and Considine,

Le84):

Pb*Pb2*+2e-

Pb2* + 2H2O -' PbOz + 4H+ + 2e'

10
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Fip. 2.1 rvpes of isotherms showing differences in the cation
selectivity of an ion exchanger (modified frõm Townsend, 19g4)



Pb(IÐ is relatively stable, formed by the loss of the 6pz electrons. Pb(IV) is of much

more covalent character, exhibiting sp3 hybridization.Lead(Il) forms compounds with

most of the common anions (Table 2.1).

Table 2.1-. Principle lead(II) compounds

compounde

Acetate

Arsenate

Azide

Borate

Carbonate

Chromates

Nitratee

Oxide

Oxalate

Phosphate

sulphates

Sulphide

formula

Pb ( C2H3O2) 2.H2O

Pbr ( AsOo ),

PbN6

Pb ( BO2) 2

PbC03

PbCrOo

Pb (NO3) 2

PbO

PbC2O4

Pb3 ( PO4) 2

Pb(SO4)2

Pbs

solubility
(9 / l-oo mI)

44.30

very slightly soluble

o.023

insoluble

0.0001r.

o. ooooosS

37.65

o. oo23

0.00016

o.000014

o. oo42 s

0.000086

More than five hundred organometallic compounds of lead have been

reported, in most of which lead is tetravalent and is covalently bonded (Considine

and Considine, 1984). Eight and four coordination states exist for lead(Il) and

lead(IV) respectively (ShannorL, L976), and these are listed with the coffesponding

ionic radii inTable 2.2.
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Table 2.2. Effective ionic radii of lead 1Â¡ (from Shannon, L976)

Coord. # :L

Pb+2 0. gg

pb*o 0.6s 0.73

The hydrolysis of inorganic lead compounds dominates the migration of lead

in aqueous solution. There are eight species of hydrated lead, including the

uncomplexed Pb2*, which exist under widely varying conditions of pH and Pb2*

concentration (Baes and Mesme4 1976). The hydrolysis products can be represented

as: [Pbo(OH)n1{zn-cr+, where the (p,q) terms take the value of (L,0), (1,1), (1,2), (1,3),

(2,1), (3,4), (4,4), (6,8). The dominant hydrolysed product in a solution, at constant

temperature, is determined by the total Pb(II) concentration and the solution pH

(Fig.2.2). When the Pb(II) concentration is high (Fig. 2.2.a), the dominant species

at pH 5 - 7 are Pb2* and Pba(OH)oo*; when the Pb(II) concentration is low (Fig.

2.2.b), only Pb2+ is dominant at the same pH range, with smalt amount of Pb(OH)+.

Regardless of the Pb(II) concentration, when the solution is acidic, there is only one

dominant species, Pb2+ (Sytva et al., 1980; Saether, et al., 1988). As the solution

becomes more basic, species with greater q:p ratio, eg. Pb6(OH)s4*, Pb3(OH)a2*, and

Pb(OH)3-, become dominant.

vr

1. 19

o.'175

VII VTTT

1.23 1.29

o.94

IX X XI XII
1.35 1.40 1.4s r.49

2.3. Lead exchange into zeolite and clay minerals

2.3.L. Chabazite

T3
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Fig. 2.2 Hydrolysis of Pb(II) of different concentration and under

varying pH. (From Baes & Mesmer, 1974)

20

pH



The first attempt of using natural chabazite to remove lead from the aqueous

solution was reported in L955 (Barrer and Sammon, 1955). Chabazite was heated in

a lead nitrate solution at 95 "C. A considerable exchange of. C** -* Pb2* occurred

in the chabazite. Further e4periments with Na saturated chabazite (Barrer et al,

1969) determined the 2Na* - Pb2* exchange isotherm (Fig.2.3), which shows the

strong preference of Pb over Na in chabazite. An abrupt selectivity change happens

at about Pb7 = 0.8 - 0.9 (Pbz is the equivalent fraction of Pb in chabazite). It is

difficult to exchange the last 0.2 equivalent fraction of Na* for Pb2* in chabazite. The

2Na+ -* Pb2* exchange reaches equilibrium after 7 days of exchange. Pb was believed

to be exchanged as the divalent ion Pb2+, not as PbOH+ (Barrer et al., 1969).

Zamzow and the co-workers (1990) discovered that lead uptake is influenced by the

initial cation form of the chabazite sample in the order Na*, NHo* > K* > C**

) Mg'*, and that the chabazite sample did not decompose with a pH lower than2.

The maximum uptake of lead from aqueous solutions containing2xL0a and

1x 10r M Pb2* are about 32 meq/t}0g for montmorillonite, and about 6 meq/100g

for kaolinite (Srivastava et al., 1989). The amount of lead taken up by the minerals

decreases with the initial concentration of lead of the solution. In acidic solution (pH

2-4) pH influences the lead uptake of the two minerals differentty, with

montmodllonite taking up more lead at higher pH, and kaolinite at lower pH.

Increasing the solution temperature decreases the Pb uptake in both minerals.

2.3.2. Montmorillonite & Kaolinite
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2.4. Crystal Chemistry of the Zeolite and Clay Minerals

Chabazite is a hydrated tectosilicate consisting of double six membered ring

of the Si(Al)O4 tetrahedra which are packed in an ABCABC sequence and linked by

four membered rings (Fig.2.Ð. Rhombohedral symmetry with space group R3M is

widely accepted although there is evidence of lower triclinic symmetry (Smith et al.,

1964, Mazzi &, Gall| L983) due to the local ordering of AI and Si in the tetrahedral

sites.

Three exchangeable cation sites were resolved (Calligaris et al., 1982) along

the [111] diagonal at x : y = z = 0.204 [CSl], x = y = z = 0.407 [CS2], x = y = z

= 0 [CS3] (Fig.2.Ð. They are all six coordinated but with different anions (Fig.2.5).

CSL coordinates to 3 framework oxygen (CS1-O(4) = 2.685 ^Ä.) and three water

molecules (CS1-O(7) = 2.82 Å). CS2 coordinates to water molecules only (CS2 -

O(5) = 2.88 Ä, CSz - O(7) = 2.28 

^), 
while CS3 to the framework oxygens only

(CS3-O(4) = 3.069 A¡, but at considerably greater distance than that for CS1. Unit

cell dimensions have little variation with differing exchangeable cations, with a =

9.35 - 9.50 4., and cv = 94.05' - 95.32" (Table 2.3).

2.4.1,. Chabazite

Vermiculite is a 2:L hydrated phyllosilicate with each layer of the crystal

strucfure having two tetrahedral sheets, and one octahedral sheet (Fig. 2.6). The

2.4.2 Vermiculite
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Fig.2.6 Crysta1 structure
Smyth & Bish, 1988)

O Exchanqeable Cation

model of the 2;l clay minerals (From
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Table 2.3 Unit CeII Dimension of Different Cation Forms of Chabazite

Chabazite Forms

hydrated

hydrated

hydrated

hydrated

hydrated

hydrated

hydrated

hydrated

hydrated

Ca

Ca

Ca, Na

Na

Na

Ag

Ba

CarSrrNarK

Cu

a(Ä)

9 .45

9.43

9.3s

9.40

9. 50

9 .4s

9 .47

9 .42t

9 .4TL

a ( degree )

octahedral cations are mostly Mg'* with a small amount (0.L6 out of 3 mole fraction)

94.47

94 .45

94.62

94.r

94. Os

94.30

94. 0s

94.20

9s.32

of Al3*. They are coordinated to hydroxyl anions, OH-, of the octahedral sheet, and

the apical oxygens of the tetrahedral sheet. Cations in the tetrahedra are Si and 41.

Each Si(Al)O4 tetrahedron shares three apical oxygens with neighbouring tetrahedra

to form a 6-membered ring. Al3* instead of Sia* results in an excessive negative

charge. As each unit cell has L.L8 tetrahedral AI, there is a negative charge of 1.18

in the tetrahedral sheet, which is compensated by the positive charge generated by

413* in the octahedral sheet and by the interlayer cations which compensate for the

remaining 1.02 excessive charge.

The space group derived is Q,f c, with a = 5.349,b = 9.255, c = 28.89 Ä, and

ß = 97"07 ' (Shirozu &.BaiIey, L966). Partial tetrahedral cation (Si and A1) ordering

Reference

Smith, :.962

Barrer & Sammon, 1955

Nowacki, et, al., 1958

Smith, L962

Barrer & Sammon, L955

Smith e,b'al., 1963

Smith Ê!_ù_, 1963

Calligaris et al., L982

Pluth g.1þ!_, L977
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is indicated by the difference in the average T-O bond lengths (T,-O = '1,.673.{, t -O

= I.641' Á.), and by the difference in the temperature factors for these cations (B =

1.03 for Tt and 0.83 for Tr) when similar scattering factors are assumed for both. T,

site is occupied by Al and T, by Si. The exchangeable cations are between equivalent

Tt sites in the tetrahedral sheets above and below. There are stacking disorder in

between the individual layers along both x and y axes (Fig.2.7).

Montmorillonite is also a2:Lhydrated phyllosilicate. It is di-octahedral, with

only two out of three octahedra in the unit cell filled with the octahedral cations Al3*

and Mg2*. No structural refinement is available because of the structural disorder

and distortion, as well as fine grain size (Güven, 1988). The space group of CZ/m

(Zvyagin & Pinsker, 1949) or C2 (Méring and Oberlin, I97I) is suggested from the

powder diffraction data and theoretical calculation.

The excessive negative charge originates from the di-valent cation, Mg2*, in

the octahedral sheet occupying the site for the tri-valent cations 413*. It is in this

aspect, together with a lower net negative charge, that montmorillonite differs from

vermiculite which has its excess negative charge developed in the tetrahedral sheet.

Two general sites for the exchangeable cations are possible (Nrigü, 1988). One of

them is between the 6-membered rings of the tetrahedral sheets in the adjacent

layers, with bonds to the oxygens in the two corresponding layers. The other site is

inside the 6-membered ring where the exchangeable cation bonds to only one

2.4.3. Montmorillonite
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montmorillonite tayer (Fig. 2.6).

Hectorite is the tri-octahedral analogue of montmorillonite. Alt three

octahedra in the unit cell are filled by Mgt* or Li*. The charge imbalance is again

in the octahedral sheet due to monovalent Li* in the place of the divalent Mg2*. The

exchangeable cations are assumed to be distributed into sites similar to those in

montmorillonite (Nrigü, 1988).

Hectorite is an even less understood species with respect to the crystal

structure. No structural refinement is available.

2.4.4 Hectorite

The symmetry of kaolinite is triclinic, with space group C1. A recent Rietveld

structural refinement (Bish and Von Dreele, 1988) determined the unit cell

parameters as:

a = 5.15560(10) Å; b = 8.94460(17) Ä; . = 7.40485(17) Ã,

a = 91.697(2)"; É: 104.862(2)";t = 89.823(2)".

Kaolinite is a di-octahedral 1:1 hydrated phyllosilicate (Fig. 2.8). A1 is

coordinated by six oxygens and hydroryls to form the octahedral layer, while Si is

coordinated by four o4ygens to form the tetrahedral sheet. There is a small amount

of exchangeable cations in between the layers, due to trace amounts of lowe¡ valent

cations either in the octahedral or the tetrahedral sheet, eg. Al'* or Fe3* in the place

2.4.5 Kaolinite
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Fig. 2.8 Crystal structure model of 1:1 clay minerals'

o Exchangeable cations

25



of tetrahedral Sia*; llg'* or Fe2* in the place of the octahedral Al3*

2.5 Solid State NMR Study of. Zeolite and Clay Minerals

Each element in the Periodic Table has at least one isotope whose nucleus

possesses a nuclear spin, i.e. with a nuclear spin number I > 0. Such a nucleus, when

placed in a magnetic field, will undergo a precession about the field direction. The

frequenry of the precession inHlz (I-armor precession frequency) is given by:

vs = 7BJ2T

in which Bo is the applied magnetic field and 7 the magnetogyric ratio which is a

different constant for each isotope. When electromagnetic energy in the form of radio

waves, with the same frequency as the precessing nucleus, is applied to the system, this

energy will be absorbed, and the nucleus resonates. Such resonance can be detected and

the precessing frequency of the nucleus measured.

For a certain nucleus, such as 2esi, the exact precession frequency in a given

magnetic field will differ slightly in response to the difference in the chemical

environment of the nucleus, i.e. bonding, coordination, etc. The nucleus is surrounded

by a cloud of electrons which are also charged particles. When placed in a magnetic field

Bo, currents are induced in the electron clouds, which give rise to a small, local magnetic

fteld which is always proportional to Bo, but opposite in direction. The nucleus is thus

said to be shielded from Bo. The acfual magnetic field B"o acting on the nucleus is:

2.5.L Principles of Nuclear Magnetic Resonance
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in which o, the chemical shielding tensor, is dependent on the chemical environment of

the nucleus. Information about the chemical environment of a nucleus can therefore be

gained from the resonant frequency, which can be expressed as

v": TBunl2t

: ?Bo(1 - o")l2r

For a given nucleus, the resonant frequencies z, of different chemical

environments differ by the order of Hz to ld Hz. Such differences are small compared

to the resonant frequency, which is in the order of lff Hz.lt is therefore convenient to

deal with the relative differences in between different chemical environments which are

expressed with respect to a reference (Becker, 1980):

ô:(z*-v,)1v,.106

in which ð is the chemical shift, and vs, vr are the resonant frequencies of the sample and

of the reference respectively. Chemical shift is given in parts per million (ppm) of the

magnetic field.

The relaxation time is the time for the nucleus to release the absorbed energy and

to return to its ground state. Nuclei like 2741, 23Na, and 7Li which have nuclear spin )

1/2 possess an efficient quadrupolar relaxation mechanism, and hence have a relatively

short relaxation time. Spin 1/2 nuclei like 2esi and 2ØPb have longer relaxation times.

The NMR technique has to repeat the process of excitation -' data acquisition -'

relaxation hundreds to thousands of times in order to obtain an acceptable signal to noise

ratio.

8"ft:Bo(1 -o)
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The relative ease of NMR observation va¡ies with the relative isotopic abundance

and the magnetic sensitivity of the nucleus. In this study, nAI and 23Na, which have

rc\% natural abundance, and 7Li at 92To abundance (Table 2.4) arc the most easily

observed nuclei. 2esi and 2mPb have low natural abundance and are difficult to observe.

Table 2.4 NMR parameters of the select,ed nuclei

Isotope

2es i
27at

zNa

7Li

?oipbt

NMR frequency*
(MHz)

tk¡ in 1L.74 T magnetic field
f: in 8.4 T magnetic field
#z relative to the sensitivity of tH at constant magneÈic field (From
Bovey, 1988)

99.320

L30.244

t32.2]-6

t94.262

74.752

Natural
abundance ( t )

4.7

L00

i_00

92.57

2I.LL

The chemical shielding tensor ø is orientation dependent. In the powder sample

of a crystalline solid, all orientations of the crystallites with respect to the applied

magnetic f,reld are possible. Each orientation will produce a resonance line with a slightly

different frequency. The resulting spectrum is a broad envelope of these peaks which

renders inteqpretation difficult. Chemical shift anisotropies, dipole-dipole interactions,

and quadrupolar interactions are main causes of line broadening.

2.5.2 Solid State NMR

Relative
sensitivity#

? . 85. 10-3

o.207

9 .27. rO'2

o.294

9. 13. l-O-3

Spin I

t/2
5/2

3/2

3/2

t/2
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three dimensional property of the shielding tensor o. To average this to an isotropic

quantity, the sample is mechanically rotated at speeds between 3 and 20 KÍIz. The

observed electronic shielding oo6, of the rotating sample is @ines et al., 1973):

o oæ=* o r"osinz}l j t3cos20-1 ) .Eooc os2Xn

l). Chemical shírt anisotropy

where 0 is the angle between the sample rotation axis and the magnetic freld direction Bo

(Fig.2.9), Xo the angles related to the orientation of the crystallite in the sample, and øo

the effective shielding components of the shielding tensor o of the crystallites. If 0 :

54.7", then cos20 : ll3, sin20 : 2/3, and the above equation reduces to:

0obs : oiso

Therefore, by spinning the sample at the angle 0 : 54.7" (the 'magic angle'), chemical

shift anisotropy can be averaged to an isotropic value. The relationship between the

isotropic shielding, d¡,o, âfld the isotropic chemical shift, ð,,o, is:

oi.o : -ôi.o

It can be informative to extract the parameters of the electronic shielding

anisotropy. The isotropic shielding tensor is related to the principle values t¡, o22, 633

by (Becker, 1980):

di.o : (ør, -F 6zz * orr)13

and the shielding anisotropy is defined as (Becker, 1980):

Chemical shift anisotropy originates from the
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2). Dipolar Interaction The spinning nuclei can be considered as small

magnetic dipoles. When the internuclear dist¿nce is sufficiently small (the distance of two

covalent bonded atoms), there willbe interaction between the dipoles. The interaction can

be visualized in a way that one spinning nucleus adds a small local magnetic field to the

static applied magnetic field Bo which is experienced by its neighbour. Such interaction

is of the form (Fukushima and Roeder, 1981):

(A/Rrj)(3cos2O - 1¡

in which A is a constant, Ru the distance between nuclei i and j, O the angle between the

internuclear vector &; -d the magnetic field Bo. When a powder sample is rotated

rapidly, the averaged internuclear vector \ betrveen any given pair of nuclei i and j will

coincide with the rotation axis (Fukushima and Roeder, 1981). By placing the rotation

axis at the magic angle O : 54.7", the term 3cos2O - 1 in the equation above vanishes,

and so does the dipolar interaction. Therefore the MAS technique can also eliminate the

11= 
azz-o tt
o^^-a.

JJ LSO

dipolar interaction in solids.

3 ). Quadrupolar Interaction

quadrupolar nuclei such as nAI 
1r:512) and "Na çI:312), have spheroidal nuclear

charge distributions and hence electric quadruple moments. Such nuclei interact with an

electric field gradient (EFG) which exists in a site with non-spherical symmetry in a

solid. Since both the nuclear charge distribution and the EFG are three dimensional, the

quadrupolar interaction is orientation dependent.

Nuclei with spin number I ) ll2, the
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There are 2I+ 1 energy levels for a spin I, eg. for I : 312, there are 4 energy

levels (Fig.2.10). In the absence of quadrupolar effects, i.e. when the EFG distribution

is spherical, the four energy levels are equally spaced (Fig. 2.104), and there is only one

transition frequency ze, the Larmor frequency. When a small quadrupolar interaction is

present, the energy levels will be shifted and three different transition frequencies are

possible (fi5. 2.108). In many cases, the differences between the three transition

frequencies are so great that NMR instrument can register only the central transition

which is the least affected one by the quadrupolar interaction.

The quadrupolar interaction causes broadening of the central peak and shifts it

from the isotropic chemical shift. Both the broadening and the shift are reduced when a

stronger applied magnetic field is used. Rotating the sample at the magic angle also helps

reduce the broadening but does not remove it.

2esi 2esi NMR Chemical shift in silicates and aluminosilicates is affected by the

number of SiOT bridges between the tetrahedra, and the number of Al atoms in the

second coordination sphere of the Si. 2esi chemical shift value becomes increasingly

negative (Fig.2.11) in the sequence of sorosilicates (Q) -'chain silicates (Qt) *

nesosilicates (Q') - phyllosilicates (C) - tectosilicates (q), corresponding to increasing

electronic shielding of 2esi.

An empirical relationship was discovered between 2eSi chemical shift and the

environments of Si atoms (Sherriff et al., 1991) which can beused to allocatepeaks to

2.5.3 Solid State NMR of the Zeolite and Clay Minerals
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Si sites when there are multiple sites in a structure.

It is difficult to use X-ray diffraction to distinguish between Si and Al because of

their similar scattering factors. NMR however is sensitive to whether the second nearest

neighbour is Si or Al. Si su¡rounded by Si atoms is most highly shielded. With each

substitution of Si by 41, there will be about 5 ppm shift in the direction of decreased

shielding @ig.2.12).

2eSi chemical shift data of selected zæIite and clay minerals are listed in Table

2.5.

Table 2.5 2esi chemical shift of the selected zeolite and clay minerale

Mineral

Chabazite 94.O

Vermiculite

Montmoril-
lonite

Kaolinite

si(3Al)

Chemical- shift (ppm)

si(2AI)

27A.l 27Al MAS NMR can be used to determine the coordination number of Al

(Fíg. 2.I3).27A1 isotropic chemical shifts are between +50 and *80 ppm when

tetrahedrally coordinated, between *30 and +40 ppm when S-coordinated , and between

-10 and +20 ppm when octahedrally coordinated.

Most of the 27Al chemical shift data was reported uncorrected for the quadrupolar

distortion. A list of such 27Al MAS NMR apparent chemical shift (peak position) data is

99 .4

84.6

si(1AI)

104.8

88.7

si(0Ar)

1l_0. o

92.9

93.7

91. 5

Reference

Lippmaa, L981

Thompson, 1984

Komarneni et
â1. , 1.986

Mägi et al. , t984

35



AI

0
ar0Si0¡t

U
AI

0a(qnr )

(,
o,

AI

0
arOSi0si

0
AI

Oat¡ntt

r---ì o 
a l¡ nr )

Af
0

nr0Si0s¡
0
Si

Oalznrt

AI
0

s¡0Si0sr
0
si

ça ¡.tat)

-BO -90 -100 -110

d(PPm )

Fig, 2.12 Ranges of 2esi chemical shift of Qa(mAl) units in
aluminosiiicates (from Engelhardt and Michel' 1987)

ð
si0Si0si

O
si

0a{ontl

-120



(¡)\

qn(nAt)
l

o3(3Si) q4(rsi)
rrrTrrmÂ rw777''T-'

At04

I tAt(oH)4i;"

BO

Fig. 2.13 IsotroPic chemical shift

.åäpt""¿s (from Engelhardt & Michei'

on(nAl): aluminates

o'ireti,qoi4Al) : aluminosilicates

Ãio,: Alo" PolYhedra

70

Al 05

60 50 40

d (ppm )

tAr(H2o)61:;"t

30 20

ranges of
r987)

0

selected aluminum



shown in Table 2.6.

Tab1e 2.6 27Al MAs NMR peak position at 11.74 T of the selected zeolite
and clay minerals

Mineral

Chabazite

Vermiculite

Montmoril-
lonitel

Ilontmoril-
lonite2

Montmoril-
lonite3

Tetrahedral Al- Octahedral- AI

Peak poeition (ppm)

s8.4

66.6

68.8

*Na Na* is the exchangeable cation in the zeolite and clay minerals. The study

of 23Na MAS NMR can help understand the exchangeable cation distribution and observe

directly the ion exchange process.

8.3

3.2

3.2

2.7

Reference

Under ambient condition of temperature and humidity, I-aperche et al. (1990)

observed a small quadrupolar coupling constant (Co) of about 0.46 h.4.IJz for the 23Na in

vermiculite. A Cq of 0.46 MHz will cause only 0.3 ppm shift of the peak position from

the isotropic chemical shift, within the experimental error (I-apperche et al., 1990).

Therefore 23Na MAS NMR peak position of vermiculite can be taken directly as the

isotropic chemical shift. Another parameter, the quadrupolar asymmetry constant, was

determined to be approaching 1. The corresponding line has a symmetrical shape.

207Pb Nl\ß Most of 2ØPb NMR studies have been on the organolead

Lippmaa et, aI., l-986

Woessner,1989
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compounds . zÚPb chemical shift values cover a range of about 16,000 ppm (Fig. 2.L4).

Coordination number (c.n.) of lead is a major factor affecting the chemical shift of zwPb,

as the electronic shielding of the lead nucleus increases with coordination. 2oPb chemical

shift is also influenced by the nature of the solvent (Harrison et al., 1983; Wrackmeyer,

1981; Lucchini and 'Wells, 1980), the type of the coordinating anions and the interbond

angles (Nizam et al., 1989).

Some static 2mPb NMR data of the powdered solid lead compounds (Piette and

Weaver, 1958; 'Weinberg, 1962) used a variety of refe¡ences. The isotropic chemical

shifts, along with the corresponding principle values of the shielding tensor of 2ÚPb, were

reported by Nolle (1977) on lead nitrate, carbonate, chromate, molybdenate, and

tungstate(Table 2.7). Recent work (Sherriff et al., in prep.) includes measured chemical

shifts and relaxation times of an assortment of lead minerals. Most minerals have

relaxation times between 4 and 16 s, with the exception of galena of 0.5 s. There are

some discrepancies between the chemical shifts obtained by different workers for certrain

compounds (Table 2.7). This could be due to the enormous chemical shift anisotropy

which makes the determination of isotropic chemical shift difficult, and the normally low

signal to noise ratio characteristic of many static solid state NMR experiments.
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Tabl-e 2.7 æ7Pb chemicat shifts of the select,ed solid Pb(II) inorganic
compounds

Compounds

PbC12

TlPbr3

Pb (NO3) 2

Pb ( so4)

PbCO2

PbCrOo

PbMoOo

PbWO4

Pbo (yellow)

Pbo ( red )

Pbs

PbzSb2O6 ( OH )

Pb3CI2O2

Pb2CO3C12

Pb5 (PO4) 3CI

Pb, (AsOo) rC1

Pb3O4

6 æ7Pb(ppm)

-tt7 4

+37t

-3480

-2 s00È880
-3575

-2779

-2360

-2449!40
-2078

-2071

+275O!4O
+377O

+38

+1680r40
+107 6

+400r40

+l.OOt40 ( site 1)
+L0Ot4O(site 2)
+300140(site 3)

-3550+60

-28001780(site 1)
-2000i760(sit,e 2)

-23301L500(site 1)
-150012100(site 2)

i-000tsO0O ( eite 1)
-s00t3000(site 2)

Piette & Weaver, 1958

Sharma fu.L, 1987

Piette & !ùeaverr1958

Sherriff fu.!_r_, (in prep. )
Piette & Weaver, 1958

NoIIe, l-977

NolIe, L977

Sherriff et al., (in prep. ¡
NoIIe, J-977

Nolle, I977

Sherriff et aI., (in prep. )
NoIIe, J-977

NoIle,1977

Sherrif f e,EaI._, (in prep. )
Vûeinberg, 1962

Sherriff É_e¿=, (in prep.)

Sherriff et al., (in prep.)

Sherriff e.bal._, (in prep. )

Sherriff e.1b'al., (in prep. )

Sherriff et al., (in prep.)

Sherriff et al., (in prep.)

Reference
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3.I. The Ion Exchange Experiment

CHAPTER 3. EXPERIMENTAL PROCEDT]RES

In the ion exchange experiment, in addition of being involved in the ion exchange

reactions, lead could also be adsorbed along with NOr- anions (Townsand, 1984). As

such adsorption is small, it is included in the discussion of the ion exchange study.

The ion exchange experiments were done in a 0.01 M Pb(NO3), solution at room

temperature. The pH of the Pb(NOr), solution, which was about 5, was not adjusted, to

prevent the addition of competing cations @reck, 1974), such as Na* and H+, by the

acid or base. The mineral:solution ratio was generally 0.25 g: 100 ml. After the mineral

was added into the solution, the mixture was stirred until the mineral had thoroughly dis-

aggregated. There was no further stirring until the solid phase was separated from the

solution. The solid phase was then washed with distilled waster, and air dried. X-ray

diffraction showed that there was no solid Pb(NQ), left in the lead exchanged minerals.

In the ion exchange experiment, adsorption by the glass surface (White and Yee,

1986) was minimizedby saturating the walls of the glass containers (flasks, funnels, etc.)

before use, by washing them with 0.01 M Pb(NO3)2 solution. The glassware was then

rinsed with distilled water to remove the residual Pb(NQ), solution.
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3.2 Materials

One zenlite, chabazite, and four clay minerals, vermiculite, hectorite,

montmorillonite, and kaolinite, were used as an ion exchanger (Table 3.1). Chabazite

was crushed, hand picked, and ground to less than 60 ¡rm. Powder X-ray diffraction

indicates a single chabazite phase, with a similar powder pattern to that of the chabazite

sample, from Wasson's Bluff, Nova Scotia, on the Powder Diffraction Data card 34-137.

The exchangeable cation of the unmodified sample is mostly C**.

As different cation forms of chabazite vary in lead uptake capacity, chabazite was

also transformed into Na-form by the ion exchange of 2Na+ -- Caz*. The chabazite

powder was put in the 0.1 M NaCl solution at room temperature. More than 90% of

Ca2+ could be replaced by Na+ by changing the NaCl solution once a day for about 30

days, with a solid:solution ratio of 10 g : 1000 ml. The same result was obtained by

placing the ion exchange system into an autoclave operating at about 23 psi and 106"C

for two days and with only 6 changes of the solution. Neither X-ray diffraction nor NMR

spectroscopy show differences between the samples developed by these two methods. The

CEC of chabazite is 349 meq/100 g (Barrer et al., 1969), ie. if chabazite is saturated

with Pb(II), there will be 207.19(349 x lt3l2) : 36.2 g lead in 100 g such chabazite.

The four clay species were ordered from the Clay Mineral Society (CMS), USA.

Vermiculite (CMS-VTx-1) is well crystallized and was hand picked. Because of the platy

nature of the mineral, it can only be ground to less than 0.1 mm, using a pestle and

mortrar. X-ray powder diffraction revealed that the hand-picked sample to be pure
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lable 3.1. The zeolite and clay minerals selected in the lead exchange experiment.

Minerals

Chabazite

Vermiculite

Montmorillonite

Hectorite

Kaolinit,e
ÞÞ

( Ca, Na ) * ( Si, AI ) uO,rnHrO

(Mg, Ca) x[ (Mg,Al ) 3 ( Si, Al ) 4or0(oH) 2 
j nH2o

( ca, Na) x[ (A1, Mg ) rSi4or0 (OH )2] nH2O

( Na, K)*[ (Mg, Li ) 35i4or0( OH, F ) 2 j nH2O

A12O3SiO2

Structural Formulae Sample I

CMS-VTx-1

CMS-STx-1

CMS-SHCa-1

CMS-Kca-1

Localities

Nova Scotia

Texas

California

Georgia



vermiculite. The CEC of vermiculite is 230 meq/I00g (Laperche et a1., 1990),

corresponding to a maximum lead content of 23.87o.

The hectorite sample is a composite powder, CMS-SHCa-L, which contains about

27 % calcite and traces of quartz (van Olphen & Fripiat, 1979). A combined mechanical

and chemical treatment was used to obtain pure hectorite. The powdered sample was

firstly mixed with distilled water to form a thick slurry, and left to precipitate the larger,

granular grains consisting mainly of calcite and quartz. Because the thickness of the

slurry, the smaller and platy grains of hectorite, which are less than 10 pm, stay

suspended regardless of how long the slurry was left. The suspended portion was then

poured into another beaker carefully in order to separate the precipitate from the

suspension which contained no quartz, but minor calcite.

A chemical treatment recommended by Moore and Reynolds (1989) was used to

remove the remaining calcite. 82 g sodium acetate, and 27 ml glacial acetic acid, were

added to 900 ml of the clay suspension. The system was stirred, ild the slurry pH

adjusted to 5 by the addition of sodium acetate or acetic acid. The volume of the slurry

was then increased to 1000 ml by adding more distilled water, and placed in a hot water

bath at approximately 90'C. It was stirred occasionally over a period of 24 hours to

ensure that the calcite was dissolved. The solid phase of pure hectorite was then

separated from the solution containing CH3COO-, Cl-, Na+, and Ca2* by centrifuging,

and was washed by distilled water. X-ray diffraction showed the resultant solid to be

pure hectorite, with a powder pattern similar to that given by Brindley (1980). The CEC

of hectorite is 56 meq/100g (Weiss et al., 1990), corresponding to a maximum lead
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content of 5.8%.

Kaolinite sample, CMS-KGa-1, contains pure kaolinite. The powder sample gave

an X-ray powder pattern identical to that of Brindley (1980) for the Georgia kaolinite.

The CEC of kaolinite is 1.9 meq/100g (van Olphen and Fripiat, 1979), corresponding

to a maximum lead content of 0.20%.

There is small amount of silica associated with montmorillonite sample, CMS-

STx-1. The silica phase is present even in the ( 2.5 ¡.tm separates of the powder sample.

Single grain electron microprobe analysis revealed high SiO2 content (see Chapter 4),

suggesting that the silica phase may be physically incorporated into the montmorillonite

grains, probably as surface coating or along the grain boundaries. This silica phase was

identified as low cristobalite which gives a characteristic reflection at d:4.05 ^Ä on the

powder pattern. The CEC of montmorillonite is 80 meq/100g, corresponding to a

maximum lead content of 8.3%.

3.3. Wet Chemical Analysis of the Lead Uptake

Gravimetric methods were used to determine the amount of lead taken up by the

minerals during the ion exchange experiment, as quick and dynamic monitoring of the

extent of lead uptake was required. In addition, gravimetric methods are economic and

efficient, and can be easily done in a chemistry laboratory.

In the ion exchange experiment, the solution originally contains only one type of

cation, Pb'*, and one type of anion, NOi. After certain period of time, the solution loses
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some of its Pb2*, and gains equivalent amount of Na+, C** , or Mg2* from the mineral.

When sodium sulphate is added into the solution, Pb2+ will react with the SOo2- anions

to precipitate PbSO4. The Pb concentration of the solution can be calculated from the

weight of the PbSO4 precipitate.

Table 3.2. Lead nitrate adsorption of the filter disc during filtration of
lead nitrate solution.

solution
concentration

(M)

0. L4

o.t2

o. 10

0. 08

0.06

o. o4

o.02

o. 01

o. oo8

o.006

o. 004

0. 002

filter disc weight (S)

before

o.3547

o. 3486

0. 3580

o. 3s63

0.3s9s

0.3585

o.3632

0.3680

0. 3s41

0.3545

o .3720

0. 3666

filtration
after

0.3700

o.3622

o. 3700

0.36s4

0. 3681

0.3665

o.3677

0.3683

0. 3s34

0.3543

o.372I

o .367 4

Pb(NO3)2
adsorbed (g)

The amount of lead taken up by the ion exchanger is determined indirectly, with

the assumption that lead removed from the solution is completely taken up by the mineral

ion exchanger. However, lead can also be adsorbed by the filter paper during the

separation of the lead exchanged minerals and the Pb(NQ)2 solution. To monitor such
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0.01s3

o.0136

0. 0120

0. 0091

0. 0086

o. 0080

o. oo4s

0.0003

-0.0007

-0. ooo2

0. 0001

0.0008



adsorption, 100 ml of Pb(NO3), solution with concentrations from 0.14 M to 0.002 M

(Table 3.2.) were passed through a weighed filter disc which were then dried in an oven

at 90 - 100'. The weight increase was taken as the amount of the adsorbed Pb(NQ)r.

When the Pb(NOr), concentration is not greater than 0.01 M (Table 3.2), the amount of

the adsorbed Pb(NOt), by the filter disc is within the error range of the weighing

procedure. The negative figures in the amount of Pb(NOr), adsorbed from the 0.008 and

0.006 M solution indicate that the precision of the weighing procedure is 0.001 g.

Table 3. 3. calibration of the gravimetric method using duplicate
experiments

set 1

Standard

set 2

0.01000

o.00796

0. 00584

o.00385

o.oo2r2

o. ooo878

0.01 000

o.oo794

o. oosSs

o.00386

o . 002 i.3

o. 000884

Pbz+ Concentration (M)

Measured

0.00992

0. 00788

o.oo574

0.00379

0. 00211

0.00082

0. 00989

0. 00788

o. oos77

0.00376

o.oo204

o. 00082

Difference

-0. ooo08

-0. ooooS

-0. 00010

-0.00006

-0. 00001

-0. ooo06

-0. 000LL

-0. 00006

-0. ooo08

-0. o00Lo

-0.00009

-0. 00006
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The filter disc adsorption from solutions with greater than 0.01 M Pb(NOr), is,

however, significant and increases with concentration. A linear relationship (R3 : 0.96)

was derived between the original solution lead concentration Pb.oh,i-(M) and the filter

disc adsorption of lead nitrate (Fig. 3.1). Expressing the adso¡ption as the concentration

decrease Pbro., (I\4) of the solution, there is a relationship of:

Pbro,. : 2.533 x 10-2 pb,oruü-(M) + 0.0001.

The gravimetric method was calibrated with duplicate sets of samples of varying

concentration from 0.01 M to 0.00878 M (Table 3.3). Duplicate measurements were

reproducible. A systematic error occurred, causing all measurements to be an average

of 0.00007 M lower than the true concentration. The overall random error spans a range

of 0.00010 M, with a standard deviation of 0.00003 M.

3.4. Electron Microprobe Analysis

The analyses were done on a CAMECA CAMEBAX SX-50 electron microprobe.

The standards used in the quantitative analysis were albite (SiKcv, NaKa), anorthite

(CaKa, AlKa), PbTe @bKa), olivine (MgKa), orthoclase (KKø), fayalite (FeKø),

spessartine (MnKø), and strontianite (SrKø). Data reduction was done using the 'PAP'

A þz) routine of Pouchou & Pichoir (1985).

Because the zeolite and clay minerals are very soft, care was needed to obtain

well polished surfaces of the grain mount. The grain mounts were prepared by drilling

10 shallow holes in plastic glass discs of 2.5 cm in diameter, filling the holes with epoxy
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resin mixed with the powder sample, and immediate curing without allowing the grains

to settle. Many grains on the polished surface, especially in the montmorillonite and

hectorite samples, were either too small (less than 5 pm) or with rough surfaces. To

obtain a sufficient number of suitable grains, usually not less than 2, the same mounts

were often repolished and reanalysed.

A qualitative energy dispersion scan was made to estimate the elements existing

in significant amount in the mineral. As short element list as possible for a given sample

was determined before the quantitative continual wave dispersion analysis. This is

necessary not only to save the instrumental time, but also to reduce the evaporation and

dispersion of the volatile and mobile ions, such as oII, F, and Na*, by prolonged

exposure to the high energy beam and extreme vacuum. Back scattered electron images

were also acquired to estimate the degree of uniform distribution of the elements in the

sample.

3.5. Other chemical analyses

The zeolite and clay minerals before lead exchange were sent for analysis at the

X-Ray Assay Laboratories (XRAL), a Division of SGS Supervision Services INC., Don

Mills, Ontario. The normal abundance elements (Si, 41, Ca, Na, K, Fe, Mn, Mg, p)

analyses were done with X-ray fluorescence (XRF), Li by atomic absorption, and F by

wet chemical analysis. The detection limit for these analyses were 0.01%, 1 ppm, and

0.01% respectively.
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3.6. Water Content Measurement

The water content of the zeolite and clay minerals were measured with the

Mitsubishi moisturemeter Model CA-06. The water is driven out of the sample by

heating in a furnace and reacts with iodine:

12 + SO2 + I{rO -2HI + SO3

One mole of iodine reacts with one mole of water. The iodine required in the titration

is generated electrolytically. By measuring the electricity consumed in the electrolysis,

the amount of iodine generated, and therefore the water released by the sample can be

calculated.

The precision of the moisturemeter is dependent on the amount of water given off

by the sample. For samples which can generate no less than 1 mg water, the

moisturemeter has a precision of *0.3%. Each sample measured here yielded 3 - 6 mg

water from about 30 mg of sample. Therefore, the precision of the water measurement

is better than +0.3 %. The furnace temperature was set at 900oC so that water, including

hydroxyls, could be driven out in less than 25 minutes of heating.

3.7. Powder X-ray Diffraction Analysis

Powder X-ray diffraction was used for the sample identification. A Phillips

Automated Powder Diffractometer System PV/1710 using CuKa radiation (À : 1.54178

Ä¡ wittr generator settings of 40 KV and 40 mA, and fast scan within the 20 range of

52



3 to 63" , was used.

Smear mounts were used in the preparation of the zeolTte samples. For the clay

minerals, a basal plane oriented smear sample was prepared by pipetting the suspended

fraction of the clay minerals in water onto a glass slide. The sample was dried at room

temperature and humidity. Portions of different grain sizes in the suspension can be

obtained by changing the settling times. If no settling time was allowed, all sizes were

present, whereas for the < 2.5 ¡rm portion ,3 to 4 hours was required to allow the larger

grains to settle. When randomly oriented sample were needed, the powder sample was

loaded into an aluminum sample holder with a glass insert to support the powder. The

sample surface was chopped gently with a blade to randomize ïhe crystallite orientation.

Chabazite and the non-clay impurities were identified using a computer automated

powder diffraction pattern search-match package. However, most clay minerals can not

be identified by this automated approach. Clay minerals differ from each other by

characteristic basal spacings. For a given clay species, the basal spacing varies according

to different cation forms and adsorbed molecules; e.g. the basal spacing of Mg,Ca-

vermiculite is 14.5 Ä, while that of the Na-vermiculite is 12.5 Å; and for the Na-

vermiculite, when the adsorbed molecules is water, the spacing is 12.5 Ä, but when the

molecule is ethylene glycol, it becomes 14.5 ,4. @rown and Brindley, 1980). The matter

gets more complicated when the sample prepared has different degrees of preferred

orientation. Therefore, for most clay mineral identifications the diffractograms were

compared visually with the published powder patterns of clay minerals, following the

schemes proposed by Moore and Reynolds (1990).
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3.8. Nuclear Magnetic Resonance Spectroscopy

The spectra were collected using a Bruker AMX-500 console with two magnets

of lI.7 T and 8.4 T at the Prairie Regional Nuclear Magnetic Resonance Facility,

winnipeg, Manitoba. A Doty high speed MAS probe, equiped with a variable

temperature unit, was used. The sample spinning speed can reach 14 KfIz, but the

routine operation speed is 8 to 10 KHz. A maximum sweep width of 125,000 Hz was

used initially, but once the required frequency range was found, the sweep width was

narrowed to improve the signal to noise ratio and to enhance resolution. The acquired

data was processed with the online package UXNMR, Version 9.1, using digital filtering

of exponential multiplication prior to Fourier Transform. tnSi, 2741, 23Na, and 1Li were

all run using the II.7 T magnet and 2ØPb using the 8.4 T magnet. A single pulse

program was used for data acquisition.

For2eSi,30o pulse, corresponding to apulselength of 2.5 to 3 ¡rs, was applied.

The probe ring down time, i.e. the time required between the end of the excitation pulse,

and the acquisition of signals from the probe, was 42.5 ¡rs. Data acquisition lasts about

0.28 s. The delay between pulses varies from L to 5 s, depending on the effectiveness

of the relaxation mechanism in the sample. The number of scans was 400. Al1 2esi

spectra were referenced to tetramethylsilane.

2741, 23Na, and 7Li are all quadrupolar nuclei. To ensure no intensity distortion

occur (Samoson and Lþmaa,, 1983), rlL2 pllse of 0.4 ¡rs, 0.4 ¡rs, and 0.5 ¡rs with

probe ring down times of 8.8¡rs, 8.8 ¡^cs, and 8.25 ps, were used for 2741, 23Na, and 7Li
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respectively. The delay between pulses was 0.1 s. 1000 to 6000 scans were recorded

depending on the concentration of the nuclei in the sample. 27Al and 23Na were referenced

to 1 M AlCl3 and 1 M NaCl solutions respectively, while 7Li spectra to LiBr.

For 2ÚPb, 30o pulse, of the length of 1.5 ¡.rs, together with the probe ring down

of 5 ¡rs and a delay between pulses of 1 s, was used. The spectra were referenced to

tetramethyllead.

The double angle rotation experiment was done using a Bruker DOR probe. The

spinning speed of the inner rotor reaches 5 KÍIz, and the outer rotor I KTIz. The applied

magnetic f,reld strength was 8.4 T. The pulse length was 1 ¡rs, and the delay between

pulses was 0.2 s.
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CHAPTER 4 RESULTS AND DISCUSSION

4.1. Characterization of the ion exchangers

The chemical analyses of the zenlite and clay minerals, as well as the calculated

unit formulae, ate listed in Table 4.1, 4.2, and 4.3. Chabazite unit formulae were

calculated to 12 oxygens, kaolinite to 7 oxygens, and the other clay minerals to 11

oxygens. The low total of 95.3% of hectorite was corrected by taking into account

additional F and Li. F takes the place of the equal equivalents of oxygen. SiO, content

of montmorillonite is high because the cristobalite phase is physically attached to the

montmorillonite grains even down to the size of < 0.25 y.m. Unit formulae for

montmorillonite sample were therefore not calculated.

4.2. Lead Exchange into Zeolite and Clay Minerals

Pb content of Na-chabazite was up to 27% when equilibrated with the 0.01 M

Pb(NO3)2 solution, whereas that of unmodified Ca(lr{a)-chabazite was on|y about 7%

(Table 4.4). There is a rapid lead content increase in Na-chabazite during the first 15
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Table 4.1 chemical analyses from XRÃL of the ion exchangere

Weight percent

sio2 52.6
A12O3 16.8
CaO 7.74
MgO 0.16
Na2O 0.62
KzO 0. 86
Fe2O3 0. 04
MnO O.O2
TiOz <O.OO1
PzOs <0. 02
HzO 2O.5
Sum 100.1
Li
F
Total LOO.1

Unit formulae

s3 .0
r7.t
o. 78
o. 04
9.27
<0.01
<0. 01
<0. 03
<0. 001
o.o2
t9.7
100. 3

100. 3

4.35
1. 65

o. o7

1.48

35.3
14.3
0. 19
27.8
0. 09
<0. 01
0. o8
0. 03
o.248
o.o2
21.8
100. 0

100. o

2.28
1. r.8
0. 16
o.02
2.A4
o .47
o. o1

Si
A1( rv)
At (vr )
Ca
Mg (vI )
Mg(ex).
Na
K
Fe
LT
F
OH

61. 6
t3.7
1.43
3.09
o .42
0.03
0. 61
0. 03
0. 183
0. 04
l_9.1
r.00. 3

100.3

4.36
t.64

0. 69

o.o2
o. Lo
0.09

1.

4z

6:

5s.3
0. s3
0.45
24.6
2.rt
0. L4
o. 10
o.02
<0. 00L
o. o3
I2
95. 3
0.48
4. 53
97 .9

3.98
o.02
0. 02
0.03
2 .64

o.29
0. 01

0.30
r.o2
0.98

Mg2+ as exchangeable cations
Ca (Na) -chabazite
Na-chabazite
VermicuLite
MonÈmorillonite
Hectorite
Kaolinite

44 .6
39 .4
<0. 01
o. o7
o. 06
<0.0L
0. 07
o.o2
1. 61
o. 07
14. 5
Loo. 5

100. s

t.96

2.O4

hours of ion exchange (Fig. a.1), with equilibrium reached in about 20 hours.

There is very little difference in lead uptake capacity between l6Vo of Mg-

vermiculite, which is the natural form, and lTVo of Na-vermiculite. There is an initial

rapid lead uptâke during the first 5 hours of ion exchange (Fig. 4.1), with a gradual

2 .00 2.OO

57



29

28

27

26

25

2+

23

22

21

20

19

18

17
't6

15

14

13

12

11

10

I

ts

IJ,

o
L
(l)

c
L
q)

.c

s
o

.P
Ê
o

.P
c
o
()

-o
ú_

ul
co

lon exchonge length (trours)

Fig. 4.I I-ead uptake rate of chabazite and vermiculite in
0.01 M Pb(NOJ2 solution
r : Vermiculite
a: Na-chabazite

80 100 120 1 40 160



Table 4.2 Electron microprobe analyses of the
measured by the Mitrubishi moisturmeter)

Weight percent

sio2
A1203
CaO
Mgo
Na2o
rÞo
Fe2O3
MnO
PbO
SrO
Hzo
TotaI

Unit formula

Si
AI ( rv)
AI (vr )
Ca
M9(vr )
Mg(ex)
Na
K
Fe
Pb
Sr
OH

52.r
t7 .6
8. O1
0.00
o.t7
1. 50
0. 03
o.02
o.47
0. s4
2J..O
10r..4

4.3
7.7 t
0. 71

0.03
0. 16

0. o1
o. o3

39.6
t4.s
o.t2
28.2
0.01
0. 0s
o.2t
0. o0
0.01
o. oo
20.8
103. 5

2.96
1. 04
o.24
o. o1
2.7 6
0. 38

0.01
0. o1

2.OO

ion exchangers (with Hro

s9. 5
1s .9
r.47
3. 68
o. o9
o.t2
0. 68
0.00
0.01
0. o6
1s.4
96.9

Mg(ex) : Exchangeable Mg2+ cat,ions
L: Ca(Na)-chabazite
2: Vermiculite
3: Montmorillonite
4: Kaolinite

46.1
39.4
0. oo
0. oo
0. oo
0. o4
0. 16
0. 01
0.0s
0.03
t4.o
99 .6

1. 99
2.OO

increase in lead content until equilibrium being reached by about 20 hours.

The amount of lead taken up by hectorite and montmorillonite within a few

minutes of ion exchange did not increase signifrcantly over periods up to 120 hours (Fig.

4.2, Table 4.4).

The maximum lead content of kaolinite was only 0.4%.
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Table 4.3 Electron microprobe analyses
after lead exchange (with HrO measured by
F by wet chemical analysis)

Weight percent

sio2
AI2O3
CaO
Mgo
Naro
rqo
Fe2o3
MnO
PbO
SrO
Hzo
Sum
Li
F
Total

Unit formulae

si
Ar ( rv)
A1(vr )
Ca
M9(vI )
Mg(ex)*
Na
K
Fe
Pb
Sr
Li
F
OH

s2.o
L7.A
6.96
0. 11
0. 23
1. 66
<.0L
<.01
s. 55
0. 55
t9.2
103. s

103. s

4.28
I.72

0. 61

0.01
0.03
0. 17

o.t2
0. 14

of the zeolite and
the moisturemeter,

39. 5
t4.9
0. 02
<.0L
o. 66
<. o1
<. 01
<. 01
29.7
0.00
l_5. 7
100. 7

L00. 7

4. 15
L. 84

o.o2

0. 13

o. 84

32.4
13.3
<o. oL
23.L
<0.01
0.08
o.20
0. 04
17. 3
<0.01
14.3
100.7

100. 7

2.79
t.2t
0. 14

2.86
o.t2

0.01
o. o1
0.40

2.OO

clay minerals
Li by AAS, and

63.1
10. 7
o.t2
2.03
0. o1
0. o7
o.24
0.01
7.8L
0.01
t2.2
96. 3

96. 3

49 .5
0. l_6
0.04
22.2
o. 002
0.038
0. 069
o.014
7 .27
0.008
tL.7
91.0
0.43
4.06
94.3

200
0. o1
o.005

2.67

2.

4z
5:
6z

Mg2+ ae exchangeable catione
Ca(Na)-chabazite
Na-chabazite
Vermiculite
Montmorillonite
Hectorite
Kaolinite

46.2
39.7
<0.01
<0. 01
o.02
0. 01
o. 08
<0. 01
o.1.2
<0.01
t4.2
100. 5

100. s

1. 99

2.OO

0. 16

0. 30
1. 1s
0. 8s 2.OO

6t



Table 4.4. Lead

Na-chabazite

Ca(Na) -chabazite

Mg-vermicul-ite

Na-vermiculite

ca(Na) -
montmorillonite

Na-
montmorilloniÈe

Na-hectorit,e

Na(Ca)-hectoriÈe

Ca-kaolinite

Na-kaolinite

uptake rate of the zeorite and clay minerars in o.01 M pb(No3)2 solution

o\
l.J

Length of ion exchange (hoursl / pb contenÈ (pbt) of the minerars

9:o9/.L.6.2, o.2s/79.3, o.s/t9.6, o.7s/20.6 L/2L.o, 2/22.7, 4.s/24.9, 7.5/2s.a,
1:2.s.126.3, t6/26.2, 20/26.5' 24/26.3, 48/2s.a, 72/28.2, g6/2a'.7, t2o¡zt'.s,144/26.s, t68/27.L

2A/3.7, 48/3.4, 69/4.2, 93/4.6t trg/6.9, 281,/5.3

9.,t2/9.9, O.2/9.9, O.9/tO.s, I/9.5, 2/7L.8, 4.s/74.2, 8/t4.O, tt.s/74.216/Ls.t, 20/l.6.4, 24/L6.O, LLg/ts.4

s.s/L7.1.

o.08/9.I, O.25/8.7, O.s/9.3, L.s/9.4, 3/8.3, L23/s.3

s /8.4

0.08/9.8, O.t2/8.4, O.3s/L0.0,
78/9.9, 23/9.4, t24/9.2

100/e. 0

tt6 lo.4
s. s/0.3

t/8.6, 2/7.6, 4f12.3, 8/9.2, 11.5/8.O,



4.3. Reaction of Calcite with Iæad Nitrate Solution

The hectorite sample, CMS-SHCa-L, contained calcite, with grain size ranging

from 0.1 mm to < 10 ¡,rm. The calcite reacted with Pb2+ in the solution to form cerussite

(PbCO3). A further experiment with pure calcite of grain size between 60 and 10 ¡.rm,

at the mole ratio of Pb2*:CaCO3 of 1:4, showed that all Pb2* in 100 ml 0.01 M lead

nitrate solution reacts with the calcite in less than 30 minutes at room temperature.

There was no measurable grain size changes, and hence, no increase in the volume of

the solid phase, after the formation of cerussite.

One of the most common methods for the removal of lead from waste water is

based on precipitation of Pb(oH)t (Patterson, 1975; Maruyama et al., L975; Nilsson,

1971). This generates large volume of sludge because of the very fine grain size and the

hydrated nature of the precþitates. Another commonly used treatment is the precipitation

of PbS which requires the removal of the excess 52- from the treated solution Qvlazzocco,

1917).

In aqueous carbonate solution, lead can also form hydrocerussite

lPb3(OH)2(COr)rl, plumbonacrite [Pbr0O(OH)6(CO3)e], and litharge (PbO). Figure 4.3

shows the solid/solution equilibrium surface in the lead carbonate system at25'C (Taylor

and Lopata, 1983). Total lead activity (the effective concentration), pPb,, and total

carbonate activity, pC,, are plotted as the negative logarithms of the actual activities. In

the carbonate activity range of pQ : 0 to 3, corresponding to the actual total activity of

1 to 0.001 M, the most favourable solution pH range for precipitating lead as cerussite
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is from 5 to 7. The cerussite phase predominates in the acidic solution even at a total

carbonate activity down to pC, : 6, or 0.000001 M. The total lead activity will be as

low as pPb, : 6, or 0.000001 M, if the total carbonate activity is 1 M and the solution

acidity is about pH6.

4.4. Solid State NMR Study

The four peaks at -92, -98, -103, and -109 ppm in the 2esi MAS NMR spectrum

of natural chabazite (Table 4.5, Fig. 4.4) correspond to Si(3Al), Si(2Al), Si(lAl), and

Si(04Ð of Si in the tetrahedral site. The full width at half maximum (FWHM) of the

peaks range from 230 to 320 Hz (Table 4.5). There are the same number of the peaks

for Na-chabazite and the peak positions do not differ signifrcantþ from those for the

natural chabazite. However the FWHM of all peaks are smaller for Na-chabazite,

especially at Si(0Al). After lead exchange, all four peak positions for both Ca(Na)-

chabazite and Na-chabazite shifted I to 2 ppm to more negative values (Table 4.5, Fig.

4.5).

There are three overlapping peaks in the spectrum of vermiculite at -84.4, -88.8,

and -92.4 ppm (Fig. 4.4, Table 4.5), corresponding to Si(2Al), si(lAl), and Si(OAl).

After lead exchange, all three peaks shifted 1 ppm to more negative values (Table 4.5,

Fig. 4.6).

Montmorillonite, hectorite, and kaolinite give only one peak each at -93.5, -95.3,

4.4.1. 2esi
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lable 4.5. 2esi Mi\s NMR data of the zeolite and clay minerals (:-L.i4 T magnetic field)

Before Pb exchange

Ca(Na) -chabazite

Na-chabazite

Vermiculite

Montmorillonite

Hectorite

Kaolinite

After Pb exchange

Ca (Na ) -chabazite

Na-chabazite

Vermiculite

Montmorillonite

Hectorite

Kaolinite

o\o\

si(3Ar)

-92 .4 / 35O

-93.O /zLO

6 æsi (ppm) / FvrHM (Hz)

si (2Ar, )

-e8.2 / 32O

-e8.8/300

-84.4

si ( 1Ar, )

-es.o /22o

-e4.4 /2sO

-103. 6 /3OO

-104. 3 /24O

-88.8

si(0Ar)

-10O.3/260

-10o. o/24o

-85.2

-l_oe. o /23o

-109.6/t6o

-92.4

-93 .5 / 4OO

-es .3 / 34O

-eL.3 / 25O

-10s.8/28O

-105. 4 /24O

-89. O

-111. O /260

-r_11.0/160

-93.2

-93.7 / 39O

-95.4 / 3L0

-9L.3 / 2sO
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and -91.3 ppm respectively (Fig. a.a). There is no change either in peak positions or

widths (Table 4.5) after lead exchange.

4.4.2 n/^l

A1 in chabazite gives a symmetrical peak at +59.9 ppm (Fig. 4.7). The peak

position does not shift significantly after Ca(Na)-chabazite is converted into Na-chabazite,

Table 4.6 nAL MAs NMR data of the zeolite and clay minerals (1L.7 T
magnetic field)

Before Pb exchange

Ca(Na)-chabazite

Na-chabazite

Vermiculite

Montmorillonite

Hectorite

Kaolinite

After Pb exchange

ca (Na) -chabazite

Na-chabazite

Vermiculite

Montmorillonite

Hectorit,e

Kaolinite

27AI peak position (ppm) / FVÍHM (Hz)

Tetrahedral Al

+s9 .9 / 6sO

+59.O /s1O

+66.A / 1560

+s 6/ L300

+s8.8 / 2O8O

Octahedral A1

but the peak width decreased from 650 Hz to 570 Hz (Table 4.6). After lead exchange,

+s6.6 /7 60

+56.9 /780

+66. O/1sOO

+5 6/ 1300

+s9 .o /2o2o

+3 /2600

+2 .4 / Is6O

+3 .4 / IO4O

+3 /2600

+2.3 /t56O

+3 .2 / IO4O
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Fig, 4.1 27Al MAS NMR of Na-chabazite before and after

lead exchange (11.74 T magnetic f,reld)

before Pb exchange



of both Ca(Na)-chabazite and Na-chabazite, the 27Al peak shifted 2 to 3 ppm to a more

negative values, and the peak width increased by about 200 Hz (Table 4.6, Fig. 4.7).

Most of A1 in vermiculite is in the tetrahedral site (Fig. 4.8). There is a slight

shift of the peak in the Pb exchanged vermiculite from 66.8 ppm to 66.0 ppm (Fig. a.8).

The narrow peak overlapped with the octahedral peak is likely the spinning side band of

the satellite transition.

Most of the Al in montmorillonite is in octahedral coordination (Fig. 4.9). The

peak due to octahedral27Al at 2.3 ppm is asymmetrical. Neither the peak position nor

width changed after lead exchange (Table 4.6, Fig 4.9).

A1 in hectorite is mostly in tetrahedral site (Fig. a.10). The peak positions and

width of both the tetrahedral and octahedral peaks did not change after lead exchange

(Fig. a.10).

27Al spectrum of kaolinite is a single symmetric octahedral peak at +3.2 ppm

@ig. a.11). There is no change in peak position or width after lead exchange (Table 4.6

and Fig. 4.ll).

there is only one 23Na peak at about -6 pprn in the spectra of both Na- and

Ca(Na)-chabazlte (Table 4.7, Fig 4.12).23Na spectra of lead exchanged chabazite also

show only one peak identical in position and shape to that before lead exchange.

Only one symmetrical peak at -8.6 ppm was observed in the 23Na spectrum of

vermiculite (Fig. a.13). The intensity of this peak decreased after lead exchange. A

4.4.3. 23Na
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Fig, 4.12 23Na MAS NMR of Na-chabazite before and after
lead exchange (in 11.74 T magnetic field)
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Fig, 4.13. 23Na MAS NMR of Na-vermiculite befo¡e and after lead

exchange (11.74 T magnetic field)



TabLe 4.7. æNa MAs NMR data of the exchangeable cation Na+ in the zeolite
and clay minerale (11.74 T magnetic field)

Ca ( Na ) -chabaz ite

Na-chabazite

Vermiculite

Montmorillonite

Hectorite

Kaolinite

broader and weaker peak shows on the spectrum of the lead exchanged sample at about

+8 ppm. It was tentatively assigned to the non-crystallographic sites at the mineral grain

boundaries.

There are two overlapping peaks in the 23Na spectra of hectorite at -8.4 ar;rd -I9.4

ppm (Table 4.7; Fig. 4.14). These peaks could represent two different chemical

environments, or be the result of the quadrupolar splitting of a single peak. Under magic

angle spinning condition, the theoretical line shape of the centre band of the central

transition can include two singularities (Samoson et al., L982). They will show as peak

splitting when the EFG asymmetry factor 4q is considerably less than 1 and when the line

broadening factors, such as magnetic inhomogeneity and paramagnetic impurities, as well

as dipolar and chemical shift interactions, are minimized. A single peak will occur when

4q aPproaches 1.

When splitting occurs, the positions of the singularities do not move from the
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Fig. 4.14 23Na MAS NMR of hectorite before and after lead
exchange (in 11 ,74 T magnet)



calculated positions even if the peaks are broadened (Samoson et a1., 1982). The

frequencies of the two singularities, co"1 and cor2, taking the position of the isotropic

chemical shift as the zero point, can be expressed in Hz as:

and

@pt=-, å -*n" *fin'nl ,,
Lor - - a.
'7

Under MAS conditions, the relative quadrupolar shift of the centre of gravity of

the centre band, oqs(m), of a single quantum (m,m-l) transition, in ppm, is (Lippmaa,

1986):

-3d=-
32

,"r=-i (t+qn)2a

when O rqoti ,

when ]rrn t,

Ír (211) hJ 2v"

n2t'e

For the 23Na central transition, with both z, and Co in MHz, the quadrupolar shift,

relative to the isotropic chemical shift q.o in Hz, can be written as:

o r"(m) =

L2t (t+t) -t+n(m-l) -sl

,Åo,)'lt (z+1¡ -em(m-L) -3r ( r.*,

where ø"o is the centre of gravity of the central transition line.

If the two peaks of hectorite are due to the splitting caused by the quadrupolar

interaction, then

û)pr : C8.4 - or")'I32.3,
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Substituting these parameters into the corresponding equations above, the quadrupolar

parameters were calculated to be qa : 0.706, Ce : 4.45 ¡4¡lz.

An NMR line shape modelling computer program (Power et al. 1990) was used

to simulate the quadrupolar line shape from these parameters. As the simulated spectrum

was different from the observed (Fig. 4.15), it was concluded that the two observed

peaks are not the result of the quadrupolar interaction, but are due to two different Na

sites within hectorite.

The larger peak at -8.4 ppm is due to the less shielded environment and is

tentatively assigned to the interlayer site of the exchangeable cations. The intensity of this

peak diminished considerably after lead adsorption (Fig. a.14), suggesting that lead has

occupied the site. The other peak at -I9.4 ppm has a relatively high proportion of

residual intensity after lead adsorption. This suggests that lead cations have difficulty in

entering this site. The site is tentatively assigned to the one within the 6-membered ring

in the tetrahedral sheet. The broad and weak peak at *8 ppm was also observed for the

lead exchanged hectorite.

The 23Na MAS NMR spectrum of montmorillonite before lead exchange (Fig.

4.16) resembles that of hectorite in peak position, width and shape. The intensity of the

peak at -10.7 ppm, representing the interlayer site, decreased after lead exchange, but

in this case, the one representing the site in the 6-membered ring also decreased

considerably (Fig. 4.16).

o)yz: çI9.4 - di,J.132.3,

des : ç1t.2 - 4,o)' 132.3.
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before Pb exchange

Fig. a. 16 23Na MAS NMR of montmoriltonite before and after
lead exchange (LL.74 T magnetis field)



The 23Na spectra of kaolinite has a relatively narrow peak at -6.3 ppm overlapped

with a broad peak at about *8 ppm (Fig. 4.17). The peak at -6.3 ppm disappeared after

lead exchange, while the broad peak remained unchanged.

7ti MAS NMR spectra of hectorite samples showed one symmetrical peak at -2.2

ppm. There was no change in peak position, width, and peak shape after lead exchange

@ig. a.18).

4.4.4. 7Li

A2çr7Pb MAS NMR spectrum of cerussite (Fig. a.19) gave an isotropic chemical

shift of -2619 ppm. The principle values of the shielding tensor obtained by the graphical

method of Herzfeld and Berger (1980), from the relative side band intensities, are on :

-2300, o2z : -2500, o33 : -3000 ppm.

No 2oPb MAS NMR spectra were obüained for the lead exchanged zeolite and

clay minerals. Several reasons may be possible for not receiving 2ÚPb MAS NMR signals

from these minerals. Firstly, the already huge chemical shift anisotropies of 2úPb

increases with magnetic field, and spread the spectrum out over the whole spectral width

at high field. Secondly, T, relaxation may be too short so that the signals decayed before

it can be collected. Finally, there was also a large 2uPb background signal from the

probe which would overwhelm any weak 2úPb peak.

4.4.5. zttpb
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CHAPTER 5. THE ION EXCHANGE MECHANISM

IN THE ZE,OLITE AND CLAY MINERALS

5.1. Chabazite

In chabazite, both the 2esi and nAI MAS NMR peak positions shift in the

direction of increased electronic shielding when there is lead exchanged into the mineral

(Table 5.1). As Si and Al are both tetrahedral cations in chabazite, this change in NMR

peak position indicates a local chemical environment change at the tetrahedral site.

The 2esi chemical shift of silicates and aluminosilicates can be calculated, from

the crystal structure, using the relationship found by Sherriff, Grundy and Hartman

(1991). This relationship was used to evaluate the relative importance of the three

different exchangeable cation sites and of their occupancy by different cations, in

influencing the 2esi chemical shift. The chabazite structure model was based on that of

Calligaris and co-workers (1982), and was built using the Chem-X crystal structure

Modelling Package (developed and distributed by Chemical Design Ltd, Oxford,

England).

It was discovered that among the three sites, only site 1 (Fig. 2.4), which has

direct bonds to the framework oxygens, can make the 2esi chemical shift more negative,

when it is occupied by lead instead of Na or Ca. This corresponds to the peak position
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Table 5.1. zesi and 27Al MAs NMR peak positions and peak widt,hs (L1.? T magnetic field)

zesi peak position

si(3A1)

si(2Ar)

si(1Al)

si(0A1)

\o
O

Ca(Na) -chabazit.e

Before Lead Exchange

(ppm) / peak

-e2.4 / 3sO

-98.2 / 32O

-103.6/3OO

-1O9. O/23O

27at peak position (ppm) / peak width (Hz)

+s9.9/660 +59.O/s?O

width (Hz)

-e3.o /2ro
-e8. 8/300

-104.3/300

-1O9.6/t6O

Na-chabazite Ca (Na ) -chabazite

After Lead Exchange

-95.O /22O

-10o.3/260

-10s.8/28O

-110. O/260

Na-chabazite

+s6.6/760

-e4 .4 / 25O

-100. O/24O

-10s.4/24O

-111. OIL6O

+56.9 / 780



shift towards the increasing electronic shielding direction seen in the experimental results.

The difference between the chemical environments of site 1 and slte2 and 3 Qig.2.4),

is that site t has shortest bonds to the framework oxygens, and hence stronger influence

on the chemical environment of the framework cation Si and 41. Site 2 is in the middle

of the chabazite cavity, and is coordinated only by water molecules. Site 3 is coordinated

to the framework oxygens, but has an exchangeable cation - oxygen bond distance of

3.07 Ä, compared to that of the site 1 of 2.68 

^ 
Gable 5.2). The increased electronic

shielding of the tetrahedral site in the lead exchanged sample therefore indicates the

occupancy of lead in site 1.

Table 5.2. Chemical bonding of the three cation gites of Èhe exchangeable
catione in chabazite (from Calligaris et al., 1982,

Site 1

Site 2

site 3

Cation-Odistance tÅl

2.68
2.82

2.88
2.28

3.O7

There are also differences in NMR peak width for the chabazite samples. The 2esi

peak width of Ca(Na)-chabazite decreased by about 70Hz after being converted in to Na-

chabazlte, while that of nl^l de*reased by 80 Hz (Table 5.1). The NMR peak width

reflects the chemical environment diversity at the nucleus observed, as the other line

broadening mechanisms, such as chemical shift anisotropy and dipolar interactions, are

effectively reduced under MAS condition. It has been experimentally observed (Mägi et

9T

Nat,ure of
the coordinating oxygens

framework oxygens
oxygens in water molecules

oxygens in water molecules
oxygens in water mol-ecules

framework oxygens



ïq : 0-9

Fig. 5.1. Computer simulation of n AIMAS NMR peak width and shape using the

computer program of Power and co-workers (1990)' Cq : 3'5 MfIz' 4q : 0' 1

to 0.9 with 0.2 increment. LB : 250 Hz, Bo : 1L'74 T '
92

4q : 0-3

-z -4 KHz

-15.3 -3O-7 ppm



a1., 1984) and calculated (Sherriff et al., 1987) that having either Na+ or Ca2+ as

adjacent cations will result in slightly different 2esi chemical shift values which can cause

overlapping peaks in disordered minerals such as scapolite (Sherriff et a1., 1987). As

there are both Ca2* and Na* in Ca(Na)-chabazite, the 2esi peak can be interpteted as an

envelope containing peals due to 2esi adjacent to Ca2+ and to Na*. In Na-chabazite, most

2esi is close to Na+ and therefore there are fewer overlapping peaks, and the 2esi peaks

ate narower.

After lead exchange, the peak width of 2esi does not change, but that of 27Al in

the lead exchanged Na-chabazite increased by about 200IJ2. Such broadening is unlikely

the indication of the chemical environment, of the tetrahedral cations Si and 41,

becoming more diverse, because the corresponding 2esi peak widths did not change. It

can not be either the result of preferential concentration of the residual Na+ cations neat

Al, causing overlapping Al(Na) and Al@b) peaks, because the 23Na spectrum did not

differ in peak position nor width from that before lead exchange (Table 4.7 , Fig. 4.I2).

One possible explanation could be the increasing quadrupolar interaction at271^I caused

by Pb2+ cations in the place of Na+. The MAS peak width of the quadrupolar nucleus

2741 is (from Samoson, 1982):

L v (Hz) = - i rt - n' " -f- 
Lu<e * rþdl

=**'fi".Jn.]t

in which only two factors, the asymmetry parameter q of the electric field gradient, and

the quadrupolar coupling constant Co, vary. 4 has little influence on peak width, but can
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significantly change the peak shape (Fie. 5.1). The uAl MAS NMR peak shape changes

very little in the Na-chabazite after lead exchange (Fig. 4. 7), therefore changes in 4

would be very small. The peak width is proportional to the square of the quadrupolar

coupling consüant Co, which is a measure of the size of the electronic field gradient.

I-ead exchanged into chabazite possibly increases the electronic field gradient of A1 in

the framework.

In Na-chabazite, all three exchangeable cation sites are available to Na+, but the

23Na MAS NMR spectrum shows only one peak (Frg. 4.12). Quadrupolar broadening of

the peaks may cause the three possible peaks to overlap. The double rotation (DOR)

NMR technique, which rotate the sample simultaneously around two axis, reduces both

quadrupolar broadening and chemical shift anisotropy * dipolar interactions (Wu et a7.,

1990), and often resolve peaks which overlap in MAS spectrum. The DOR NMR

spectrum of Na-chabazite (Fig. 5.2), however, still shows only one broad peak,

indicating that it is not just quadrupolar broadening which is causing these peaks to

overlap.

Another possible explanation is the fast exchange of the Na+ cations between the

three sites. For two sites with Av (ÍIz) difference in the NMR frequency, if the nuclei

in the two sites are exchanging at a rate greater than

K"* : r (Av) ' 2'1t2'

NMR spectroscopy will not be able to resolve the two peaks, and gives only one peak

at an average frequency between the two (Sanders and Hunter, 1989). The maximum

difference between the NMR frequencies of the two sites should be greater than or equal
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Fig. 5-2.23Na DOR NMR of Na-chabazite (8.4 T magnetic field)
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to the full width of the average peak (Fig. 5.3), depending on the cation exchange rate

(Sanders and Hunter, 1989). As the other line broadening factors, such as quadrupolar

interaction, chemical shift anisotropy, and dipolar interaction, were reduced by the DOR

technique, the peak width of the DOR NMR is probably due to the fast exchange of

nuclei between the three sites. The full width of the 2'Na DOR NMR peak of chabazite

is approximately 30 ppm, corresponding to an NMR frequency difference of 2.9 x 103

Hz. The maximum frequency difference between the three types of 23Na nuclei in the

three different sites is therefore greater than 30 ppm, or 2.9 x L03 IJz. Therefore, the

cation exchange rate in these sites should be greater than

IÇ*: rx2.9 x 103 Y2-rt2:6.4 x 103S-1.

The average peak position is the same for Na-chabazite and Ca(Na)-chabazite,

as well as for the lead exchanged samples, which suggests that Na+ is exchanging rapidly

between the same three sites regardless whether the dominant exchangeable cation is

Na+, Ca2+, or Pb2+. The other cations would have to exchange at a similar rate in order

to maintain the electrical charge balance.

Variable temperature MAS NMR can provide information on thermal dynamics.

Figure 5.4 and Table 5.3 show 23Na MAS NMR data of Na-chabazite in the temperature

range of *20 to -I20 oC. From +20 'C to -20 "C, there is a systematic shift of peak

position from about -6 to -9 ppm, and a decrease of peak width from 510 to 360 Hz.

Further cooling causes a dramatic increase in peak width from 360 Hz at -20 "C, to 1230

at -50 oC, and to 2370 at -100 "C. There is a suggestion of 3 peaks in the -80 'C

spectrum, but such trend did not continue with further cooling.
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Fig. 5.4. æNa variable temperature MAS NMR of Na-chabazite

(1I.74 T magnetic f,reld)
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Table 5.3. æNa variable
magnetic field)

Sample temperature ( "c)

temperature MAs NMR data of Na-chabazite (1I.74 T

20

T2

0

-20

-50

-80

-100

-L20

Peak poeition (ppm)

The systematic change in peak position of the spectra from *20 to -20 oC could

be the result of increasing quadrupolar interactions, or the preferential occupancy of Na+

cations in the more highly shielded sites. The former is unlikely because an increase in

quadrupolar interaction will also cause broadening of the peak, which is in contradiction

with the experimental results. The dramatic increase of peak width at -50 'C indicates

that the fast chemical exchange at room temperature of the Na+ cations in Na-chabazite

does not change above the temperature of -50 'C. The peak width continue to increase

from 1230 Hz at -50 oC, to 2260 Hz at -80 oC, indicating that Na+ cations are still

exchanging positions in this temperature range, although at a slower rate than at room

temperature. Further cooling had little effect on peak width, suggesting that chemical

exchange \ryas no longer a dominant factor in controlling peak width. Dipolar and

quadrupolar interactions, and chemical shift anisotropy may be causing broad peaks at

-6.3

-7 .5

-7.9

-8.8

-9

-2, -8, -L4

-9

-9

F!.IHM (Hz)

s10

460

410

360

1230

2260

2370

2340
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temperatures below -80 'C.

5.2. The Clay Minerals

As in chabazite, the 2esi and nAI peaks of vermiculite become increasingly

shielded after lead exchange. Therefore the exchangeable cation site in vermiculite is

close enough to the tetrahedral site to influence the electronic shielding of Si and 41,

through the coordinating oxygens.

There are no peak position or width changes on the 2esi and 2741 spectra of

montmorillonite, hectorite, and kaolinite after lead exchange. The exchangeable cation

site which lead can occupy is, therefore, like site 2 in chabazite, not directly bonded to

the coordinating oxygens of SiOo and AlOo tetrahedra. The occupancy of this site by lead

will not affect the electronic shielding of the tetrahedral cation Si and 41, and hence their

NMR frequencies.

Two peaks were observed in the 23Na MAS NMR spectrum of hectorite before

lead exchange, with the difference between the two peak positions being 11 ppm, or 1.4

x 103 Hz at a magnetic freld of 11,.7 T. Therefore the exchange rate of Na+ between

these two sites in hectorite will not be greater than

K*: rxI.4 x 103 x2'tt2:3.2 x 103S-1,

assuming that the quadrupolar broadening and shift is the same for both sites.

There are similarities among the 23Na MAS NMR spectra of the clay minerals.

Figure 5.5 shows the 23Na spectra of the clay minerals before lead exchange. A peak at
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Fig. 5.5. æNa MAS NMR spectra of the clay minerals before lead

exchange (1L.74 T magnetic field)
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Fig. 5.6. ãNa MAS NMR spectra of the clay minerals after lead

"*ãh*g" 
(solid lines) compared to that before lead exchange

(dotted lines)
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about -8 ppm, assigned to the interlayer site of the exchangeable cations in all four

species, disappears after lead exchange (Fig. 5.6). The clay minerals have similar

interlayer chemical environments which are available for cation-exchange by lead.

Unlike chabazite, the clay minerals, except hectorite, can exchange almost all of the Na+

cations in one single lead exchange experiment. Na+ cations left in most of the clay

minerals after lead exchange are not in crystallographic sites but are probably on surfaces

or along grain boundaries.

5.3. Conclusions

The maximum lead contents gained through the ion exchange in Na-chabaztte,

vermiculite, montmorillonite, hectorite, and kaolinite can be 27%, 16%, 9%, 9%, and

0.4% respectively, when the initial lead nitrate solution concentration is 0.01 M. The ion

exchange processes reached equilibrium within 24 hours of ion exchange for chabazite

and vermiculite. Those in montmorillonite and hectorite were much faster with

equilibrium being reached in less than 5 seconds.

Natural Ca(Na)-chabazite, which has the maximum lead content of 7%, is less

efficient than Na-chabazite in taking up lead from the solution. There is, however, no

such difference in the lead uptake capacities in the clay minerals with respect to different

cation forms. This might be explained by the flexible interlayer spacing in the clay

minerals, and hence less structure control over different types of exchangeable cations,

on the contrast to the rigid framework structure of chabazite which imposes stronger
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structure control over types of the exchangeable cations.

Calcite, which is often present in the clay minerals, precipiøtes lead as cerussite

from the aqueous solution. The cerussite precipitate has the same granular form as calcite

and the reaction causes no apparent volume increase.

2esi and 27Al MAS NMR data show that chabazite and vermiculite have structures

in which exchangeable cations are close to the oxygens of the SiOo and AlOo tetrahedra.

The other clay minerals do not display such close relationship.

23Na MAS and DOR NMR did not separate the 3 peaks for the 3 Na+ sites in Na-

chabazite, revealing the fast chemical exchange of Na* cations in these sites. Low

temperature MAS NMR showed that such fast chemical exchange slowed at sample

temperature below -50 'C.

There are at least two sites for the exchangeable cations in hectorite. The

corresponding peaks in the 23Na MAS NMR spectrum can be tentatively assigned to the

interlayer site and the site in the 6-membered ring in the tetrahedral sheet. Lead tends

to occupy the interlayer site rather than the 6-membered ring site.

The chemical environments of the interlayer site in the clay minerals are similar

in all the clay minerals studied. The exchangeable cation Na* in these sites disappeared

completely after lead exchange, and therefore lead is presumed to have occupied the site.

Further work can be focused on lead extraction from the zeolite and clay minerals

after lead exchange using the same experimental procedure. 2ØPb MAS NMR with larger

sample size and lower magnetic field may succeed in monitoring the behaviour of lead

during the ion exchange process. Synthetic clay minerals with controlled compositions
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may be used in conjunction with MAS NMR and X-ray diffraction to heþ understand the

structural details of these minerals, which are poorly understood but are important in the

ion exchange processes.
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