CHAPTER II
THEORY

- 2.1 Introduction to Zeoli

ts, zeolites are one of the

s\,ar%]hne aluminosilicates of

Among the industri
most useful cata]ysfs.
“alkaline and alkalin tals. Thay possess many desirable ijon-
exchange, molecular v § rties, which make them

valuable mineral co tes have been used for

zeolite, from the Greek ing stone”, alludes to the

salts. Breck [5] -
ese were ﬂ‘obab]y the first ion-

found to be responsmw and tha
exchange experi ZE\Ie e%‘ were the first to
determine thatﬁ:ﬁ Tﬂﬂ% ﬁﬂﬁvﬁi organic molecules
and rejected 1arge molecules. This enoménon was desefibed by Mcbain
1w 8 WA Sl 71 14 NETRE

As knowledge of the properties of zeolites ‘increased, it became.
apparent that they could be utilized for industrial processes. Zeolites,
however, were considered to be mineralogical curiosities that filled
vugs and fracturevs.in igneous rocks . The synthesis of. zeolite was

reported as ear1vy as 1862, although Breck [8] noted that the early work

was not substantiated by X-ray diffraction and some of it is not
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reproducible. He credited Barrerwith the first synthesis of’ana1c1m¢—
type zeolites substantiated by X-ray diffraction in 1951. '
.Initially, zeolites were synthesized under temperatures and
- pressures thought to be résponsible for ‘the crystallization of zeolites
in basaltic rocks [8]. Breck reports that in 1959, Milton and coworkers

at Union Carbide Corp. develop new technique that allowed low-

temperature synthesis of_;‘ | ‘heir technique used extremely
reactive components ' @em and temperature of

crystallization more ' Lhose or rganic compounds. These
procedure was adapta cale proc tion of synthetic 2eolites

[8l.

By 1980’s, 40
over 100 zeolites ha
natural and synthetic
1980 . While synthetic zeglit Théve if;gju d extensively in commercial
applications, demand for n

-t P-P;"l:?"l A4

ngeqs.wh???wﬁ

tes has been 1imited . Their

primary usée® is in ic zeolites would be

uneconomical. Several uses, d/experimental, include

ammoniun-ion remova1£3£r‘aqua U -'Urani&ﬂ mine waste water, odor
contro] for chicken fafmiéng and cat Witter, and removal of heavy metal

ons trom nucr 1 1B S VLD Whd 1D

For the def1n1t1ons offzeolxtes,;;eo]1tes crystalline-
frameworla]w qa \&aim uwtq,}m&qla &lwork of 8i0,
tetrahedra, with all four oxygens shared by adjecant tetrahedra
Zeolites may be represented by the empirical formular
Mz/nO.Alzos.xSioz.szo. M is an alkali or a]ka]ine earth cation qf n
valence, x is a number between 2 and 10, and y is a number between 2 and
7. The principle cations are sodium, potaséium, magnesium, calcium,

strontium, and barium. The cations are loosely bound in the structure



Table 2.1 s\ of! @isgovery of 40 zeolites

- Stilbite ... ... f . - ....1890
Natrolite .. = i ... 1890
Chabazite . . .. .. 1 ] ErioniiE™ e a., . 1890
Harmotone SRR 1893
Analcime . ... . R GORNardNgS, . .. 1896
Laumont . 85 |[\D _— 1905
Thomsonite . P 8 el N, . SRR 1909
Scolecite . . . ... 1918
Heulandit€®". . & 4 & 1801 || Wiseite .\ 5. . o SR 1942
Gmelinite . . . 8 gaw. 1952
Mesolite . Y 4 - te wrise 1IBO
Gismond .y & ] L i 1957
Brewsterite . . &, . 4% . P RN ....... 1960
. Epistilbite . ¢ 1962
Phillipsite N = - |~ Mazzite AR .Y ... 1972
Levynite ..... . Y 4 -~ Ba AR TR ........ 1974
Herschelite . 40 . . & .. . site . b SRR 1975
Edingtonite ..... 4. ... 8 R R 1976
Faujasite ... .. 4 ¢ . ERE— 1976
Mordenite . ..... 7. . 1884 {|-Amicite=® . .. ... .. _ 1979
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and may be eXchanged,‘to vérying degrees, by each other. The framework
contains channels and interconnected voids occupied by cations and water

molecules. Most zeolites can be reversibly dehydrated.

b Zeolites are characterized by the following properties [8]:

1. High degree of hydration.

2% Low density and large void volume when dehydrated.

3.  Stability. of ructure of many zeolites when

dehydrated.
4. Cation exchal

5. Uniform mo { channels “in.dehydrated crystals.

structure, can selective according to their size

and/or shape . A1l zeolites e c o F sieves, but not all molecular

sieves are zeolitesa lay, alumina powder,

. and silica gels are = SF moTecuT _ hat ére not zeolites

-[8}.

2.2 Classificagigns of Zeolite,Structures

Mmﬂ $4 B RS I A Ao i, o

silicon exten ng in.a thre?-d1mensxgea1 framew K. The first

ot QA AR TR IRIGE e o

as para11e 6-rings was made by Smith [9]. Meier classified zeolites

into seven groups within each group, zeolites have a common subunit of
structure whichﬂis'a specific array of (A],Si)O4Atetrahedra. these
tetrahedra are thenigrouped together to form secondary building
unit(SBU's). There are eight SBU’s: the sing1e'4—riﬁg(S4R), the éing1e

SQrfng(SGR), the single &-ring(SER), the double 4-ring(D4R), the double
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6-ring(D6R), the natrolite unit(4-1), the mordenite unit(5-1), and the
‘stilbite uhit(4-4—1)(f.1'g.-2.1). These units are suff}ic*ient to describe a
zeolite framework although 3 and 9 rings should be added. This
classification into seven groups should be extend to nine groups with
the addition of -me1~anopho'lg1'te group based on the. aluminosilicate

~analogs of the gas hydrates and the lovdarite group based on 3,5 and 9

: yy@ﬁe’d on the basis of their
'Iw idealized cell contents -

rings.
The nine groups
framework structure are
and crystallographic dat:
Analcite ;
The frameworks : ‘f|;Lff: }\: ;w\:his group, analcite and
laumontite, can be d : \ g4
fig. 2.2

Natrolite Group

The chains (fig. of this group consist of

Tinked four 4-ring _um‘t different ways to link these

chains resulting “e—{:—;:;--'------—,-'---------E.‘ e, and thomsonite
frameworks(fig.2.4). mtwo dimensional 8—ri’ng
channel system. :

Mﬁwmﬂmwmm

The chalidzite group frameworks cons1sts of para'l'le1 6-rings.
The offrﬁ (ﬂtq n?m m W hoI 1gs. 2.4a -~
.4d. ThqulJng sequence 1nvmes smj Sngs@ E'Ifr C. double
6—r1‘ngs AA, BB or CC or a combination of both. The stackmg sequence of
the mémbers of the group are: . ‘
Cancrinite AB' Levynite AABCCABBC
Gmelinite  AABB Afghanite  ABABACAC

Chabazite AABBCC Losod ABAC



ing Units

)

T

Figure 2.2 Framework of (a) analcite (b) 1agmonite'
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> (b) Brewsterite

N
Q
“
-
[e)]

Plbod

L.

(c) zsM-

Ly

Figure 2.4 vOffretite and Erionite Framework (a) offretite

(b) c- projection of offretite (c) erionite (d) c-projection of

erionite
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Offretité AAB : Liottite ABABAC
Erionite ' - AABAAC TMA;E(AB) ABBACC
The framework of mazzite consists,oic columns of gms]*in-'ite cages
H-nkgd through 8-rings with alternate columns staggered by c/2 -(fig.

2.5). If cancrinite cages are connected through double 6-rings to form

columns and these columns are 1i rd throu'gh 6-rings to form 12-ring

&}ne the framework of Linde L

e based on 4-rings with

hree of the four such

A building block co g four 5-rings and two 4-rings is
common to the “framsWork ¥ membe fhis group.  If linked
J which when linked

together yie'ld brewger'ite. _ erse/ blocks through cémmon

vertices yield chains whish are constdtuents of heulandite and stibite.

This group of Sﬂ ug’lmg miw EJ’] ﬂ ‘j

Mordemte Group

e Wech @l mm HAIAYIRY o-rtnee «

~ common to 211 members of this group except bikitaite. In mordenite and

dachiardite they are linked to form complex chains which in turn are
linked in different ways ., Epi‘stﬂbite and ferrierite are lamellar
structures and they also contain the building block in fig. 2.7b. The

lamellae are normal to a in ferrierite and to b in epistilbite. The

projections along the main channels are shown in figs. 2.8a-e [10]. The

A

015759
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F'iguré 2.5 Framework™ef mazzi

gmelinite columns /

Figure 2.6 THreewfypes of 4-ring chains UUBE WBUD. and UDUU
Voo 10

Figure 2.7 Secondary Units in (a) heulandite (b) mordenite group



Figure 2.8 Framewor eft afig ‘adong m: hannels of (a) mordenite

(b) dachiardite (c) ferfiefite fﬁ@ly' 1 1Bi 3 (e) bikitaite

Figure 2.9 Pentasil framework with SSII sequence
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projection of bikitaite alkong b is essentially the same as the
projection of epistilbite along a and dachiardite along c. ZSM-5 and
ZSM-11 are better -describe‘d by the chain in Tig, 2.38..The
configurationa]_ Qm‘t in fh'is chain contains eight 5-rings. If these
chains are linked so that alternate pairs are related by a reflection, a
1ayer is formed which is the basic layer in the 2SM-5%and ZSM-11

structures.  If this 1ay<er&, V/Z} that a]ternate layers are

related by a reflection amework is formed . If the

layers are linked such t rn*e f '%re related by an 1nvers1on

e idg fhe ZSM-5 framewor sequence is varied, a

famﬂy of stvructures : ~and -11 as the end members.

This variation in stac Sequ as be n confirmed by Thomas and

electron microscopy.

Faujasite gﬁug

There are

ZK-5. Linda A s ‘E:rm : g sod iteﬂ:ages through double '4—
rings. The large cagqs in Linde A 1 1 be referred to as the A cage.

ke cagesﬂ u&l(’a %‘E}% @Wsﬁ '}ﬂﬁe framework of ZK-5

is formed . ﬂf they are 11@ked throu h double 8 r1ngs, the rho
structurq W%ﬁf@ﬂﬁoﬁ” Mew ’}’&)Wﬂﬂﬁ Et]tagona'l faces
~of the A ages in ZK-5 is analagous to the gmelinite cage and will be
referred to as the ZK-S cage. Columns of ZK-5 cages linked through
double 8—ringe when connected together form the merlinoite framework.
Feldspar and phillipsite are closely related to merlinoite formed by
sliding layers such that the double 8—r1‘n§s are broken up. Figure 10a

shows part of the framework of paulingite, the sequence of cages along
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the cubic axis A, ZK—S,,ZK-S, A each'connected to the other through
double 8-rings. No. one cage can be ponsidereq as the building block,
the combination .of cages is required.

- The faujasite»framework consists of sodalite cages linked

through double 6—rings. It 1ayers of these connected sodalite cages are

linked in an ABC sequence the  fra is that of fauJas1te with Fd3m

the result is a

If the stackingmsequence i to AB,

stacking sequences is depe :;gf number of . layers in the identity
period.  ZSM-3 [12] ith a=17.5 and c=129 A
indicating a nine lay

Sodalite cages | B-rings form the sodalite

framework .

Falth and Anderson,ékgHﬁYF ; '-"v a cubic structure with

The re]at1ons"1p between hydrogen bonds Tinking oxygens in gas

hydrates (datﬂﬁ)ﬁﬂ%ﬂﬂﬁ(w Hdm? zeolites 1in weH

known. Hexagon ice 1s isostructural with B—tr1dym1te Appleman
found thaath‘ ﬂﬁﬂ? anJ WEI'T E]mth the 12A
cubic gas derate The mela m‘lomﬁ framework consis of interwoven
layers of 12 and 14-hedra (figs. 2.11'and 2.12)....1t .is & dense’
structure with only § and 6-ring openings. ZSM-39, a high siiica
synthetic.zeo11te; was found to be isostructural with fhe 17& cubic gas
hydrate. The ZSM-39 framework consists ef 12 and 16-hedra as shown 1in
fig. 2.11, with layers of face sharing 12-hedra afranged as . in fFig:

2.13. These layers are stacked in ABC sequence. The openings in the
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Figure 2.11 Poly SM=89wand Melanopholgite structure

(d) 16-hedron

ymAsRIR sy

n g1te framework
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framework are limited to 5 and 6—r1'hgs. Zeolite analogs of water
clathrate structures which typically consist of cages comprising of 5-

rings constitute a new family of fzeolites.

vLovdarite Group
Lovdarite , a unique beryllium zeoHté, has a framework

corner sharing 3-rings. It has a

two dimensional intersecting o) an em bounded by 9-rings (fig.
2.14). The 9-rings are , nown zeolite has a 9-ring
, Yelof the Be-0-Si linkage
indicates that the t trained.
For the oth ve been made to groub
together zeolites w nts in common. For

numerous synthetic z re still unknown, but

examples of grouping Vi " This table containé
instances of framework a oﬁ"- -. ariants of a siné]e topology,
i.e. isotypes (egs. all mem@gﬁggﬁ; :analcime group; heulandite and

T

‘clinoptilolite 1'm,h_)é "heulandite

te, stellerite and’

barrerite, also in : hey 1¥psite and harmotome 1in

the phillipsite gro I
group; and natr 1ﬁﬁc§9ﬁw§w1ﬂf$ tt‘s natrolite group).
Variants of a a'v pofogy! ari ‘a u tnf differing chemical

. gismondine and Na-P ;ELo in the phillipsite

compositions.  For examples ana]%ime has a®®ubic unit c811 of edge 13.72
A and un@ mnﬁﬁwnNimy1ua%mﬂqadﬂ and the H,0
q : ;
occupy different sub-lattices. Exchange of Na® by K+ gives leucite with
a tetragonal unit cell having a = 12.98 A and ¢ = 13.68 A. The crystals
are anhydrous and the K+ ions are in the sub-lattice occupied by H20 in
analcime. The topology of the analcime anion is however unchanged.
‘Another way in which variants of a given topology may arise is thrdugh‘

changes in Si/Al1 ratios in the framework.  This changes the cation
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Classification of some zeolites and some  porous

Table 2.8
tectosilicates
1. Analcine Group 7 Stilbite
’. : Stellerite

Analc1§e Barrerite
Wairakite
Leucite (felspathoid) ' 6. Laumontite Group
Rb-analcime (." )
P?lllete . W Laumontite
Viseite (aluminosil Yugawaralite
phosphate)

Kehoeite (aipmfu

5%

]

&ordeni te Group

—cni e
‘wri te

iardite

Chabazite Grom

Chabazite

Gmeliyite' ¥ite
Erlonlye sl o
Offretite |

Levynite
Mazzite (ze
Zeolite L

atwolite Crou

ingtoni te
anatrolite

Pentasil Group

. . %“""“"b_;" gilic.l]llt‘l
Ea“i?SItfi;r"*"‘"‘”‘ = £e' 251-11, Silicalite 11
Zeolite P :
Zeolite ZS=1=
Paulingite _
Zeolite A Ph1111p51te
Zeolite RHO

“"ﬂ“ﬂﬁ ’J 1 EWI‘?W Jiiel

eul*hte Gr Am1c1tc.
onite

| AR ‘iﬁu NI &

) - | .. .
111 site Group

-




dens1ty,‘which can also be altered by.exchanges such as oNat= Ca2+.

These two factors operate for the isotypes heulandite
-Ca4[A1éSi28072}24H20, (monoclinic, a = 17.72 A, b.2.17.90 R, c = 7.43 A,
B i 116°25') and clinoptilolite, Na6[A168130072]24H20, (monoclinic, a =
8 = 116922¢). When one cation is

” arge the distributions of the

s the water content under

17.64 A, b = 17.90 A, C = 7.40

replaced by another of differen

ions between sub-latticessmay ¢
f ——

ambient conditions. ..cause minor or significant

‘framework distortion ology. An example of the

variation of water 15 shown ‘In-Tig. 2. 15

for phillipsite [13]

Guest species oth ha 2an also result in variants of a

( “9oNaC1: .cubic with a = 8.87 A)

>,

given topology. Sodalite

and nosean (Nae[A1vf' 9.0 A) both have the

sodalite framework, ” nosean. In general,

tectosilicate framewigk rong ahd E}gid can undergo small
adjustments of brysta]Tngaphic signifii€ance.

The ma@{uﬂ%ﬁﬂ%mrﬁw Bhed Bdode sroups are not

variants of a given topology but posséshdifferent I.t,"po}og‘ies, with
structura‘;l m%aﬁnﬁmqug}mt&’a vao&led together.
Such c]asgifiéatfons are not without alternatives because on a basis of
the possession of structﬂraT sub-units in common certain zeolites could
équalTy well abpear in more than one group. Thus in sodalite placed in
the chabazite group 14-hedaral cavities exist which are aléo found 1in
some members.of the faujasite group (faujasite and»zeo]ite A). However
sodalite and cancrinite are struCtura11y related and cancrinife is well

placed in the chabazite group and so is sodalite. The classification cof



Wt es ationic forms of phillipsite

1 4

Figare 2.15 Water cor EEE

plotted against cation

qmmmmum'mmaa

Flgure 2 16 Dodecahedra (b), tetradecahedra (a) and hexadecahedra

(e) feound- in me}anoPholglte ((a)+(b)) and in dodecasil-3C or zeolite

- ZSM-39 ((b)+(e))
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zeolites into groups is thus somewhat arbitrary.

Zeolites can also be considered in tefms of the densities of
bonds Si-0-T (T = Al or Si) in the x, y and z directions.- .Cert_aw;n
network anions have bond densitjes comparabié in all directions (e.g.
groups 1, 2, 3, 4 and 9 of table 2.3); :others have bond densities

greater in two directions: than in the third (group 5); and others have

these densities greater in n than in the remaining two
("fibrous" zeolites of théw - i . Bond density differences
can influence therma] ity angwrigidity and the extent of
deformation when under fil n by '
of the Si/Al ratios a : ’ n an ‘-'7{ ation. In the fibrous |,

zeolites the dense-bon ré ¢r A\ nked.to 1ike chains by single

. through the six 4-ring f - “:g;‘ ‘sodalite cages by four Si-0-T

1nvo1ves single S1(}Eﬂbono 'éuﬂ}site each sodalite cage

is linked to four othgr such cages rough four.-of «1ts e1ght 6-ring

e o s0r S THING IVRIAR G 1 s

Rigidity and tﬁurma1 stab111ty‘ is found for such zeo]1tes as A and .

rovsne @ ORI T ) DI YRS sromer

1ntracryst5111ne porosity, and .smaller number of (A] + Si) atoms (and
hence of Si-0-T bonds) per unit volume. In zeolite A, faujasite,
natrolite and thomsonite these numbers are as follows:

Zeolite natrolite thomsonite zeolite A  faujasite

AT 81 1k g 12.9 12.7

‘3
per 1000 A
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Included in table 2.3 are examples of porous crystalline
silicas. These are melanophlogite, rare in Nature and only recently
synthesised , dodecasil-3C and s1‘1‘1"ca11‘tes I [14'] and I1
Me]énoph]ogite has the structure of clathrate hydrate type I, '1'n which
the pentagonal dodecahedra and tetradecahedra with twelve 5-ring and two -
6-ring faces of fig. 2'.16 D and a respectwe'ly are stacked to as to
ﬁhedra and six tetradecahedra per

&) In clathrasil-3C as, in

de he stacked with hexadecahedra .
4

‘"‘Eﬂo 111 all space (fig.

ra per cubic unit cell

f1l1l..all épace. There are two
cubic unit cell of 13.4 R_ |

its isotype ZSM-39 penta‘

having twelve 5-ring

2.17}3). There are 6
of edge 19.4 ;. I G, per void the
1imiting composition 2381‘02.20 and that of

clathrasil-3C would be #35404. 2G5 I ,. > darger voids contained a

.

clathrate hydrate

counterparts. All afe rich in 5- r1ng's and mndeed t.he clathrate,

mordenite, heul ﬁ %‘We e aH related in
this respect. ﬁdﬁg % 9% &rﬁ ﬁir :

si]l zeolit -5 an 11 and thef®’ respective end
members s§1ﬁ’1 éri]%m ﬁ}lng HJHO’]@H clathrasil-

3€- havmg relatively open continuous channels rather than semi-
isolated voids permeating their structures. A view of their frameworks
is shown in fig. 2.18a and b, and a formal representation of the three-

dimensional channel patterns in fig. 2.19c and a together with this

pattern for-an’intermediate structure,'ofgWhich many are possible (fig.



298

&

+3

o

g

i

£

a ~
§ 0
° £
e .
= . 5
N . / n/

= . lu’,ni ] =
A , WP T !
: WA

g U 5 a3

i ¥
m.f.\
[

ARRINTU NG Y

Figure 2.18 Frameworks of ZSM-5 (1.h.s.) and ZSM:

| -
a. L OX caned
!
b o
e .
- - -
b

Figure 2.17 Stack
and (b) dodecasil-3C



30
v

ARIANIUNRINYIA Y

¢

w -0l PYFRUNIY Pl oo
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£ 19b) These channels have minimum free dimensions from 5.1 to 5.6 R
by contrast with the largest windows in melanophlogite or dodecasil-3C
of 2.6 A at most.

Table 2.3, with the exception of kehoeite, refers only to silica
and a]uminosi]icetes. A1P04 can crystallise in forms isostructural with

quartz, tr1dym1te and cristobalite and in addition, using organic bases |

as templates, a number of o species have been made which

. " "4

include a structural “an and of erionite/offretite.

Analogues of .zeolites w ifﬂwhwlaces Al and Ge replaces

clude hmateria]s.

zeolite structure and pgbpgriie '.;'_ exchange, etc.). The
occurrence of zeolite ' Some minerals which

occur extensively afe 1 ~'most known commercial

research purposes, 1'5 ¥ mﬁ been required to work

with m1'ngram quant1t?'es

The naﬂ%ﬂﬂ%ﬂmwm G]ﬂ%d by Fleischer and

' McConnell. Thefé may be some question concermng a few m'inerals such as

herschemﬂﬂ aﬁlﬂﬁm Wﬂaﬂ;wg lT@ﬁHerite (as -

d1stinguisq:ed from stibite).  Because of property differences (chemical
composition, dehydratwn behavior, gas adsorption) we have chosen to
designate herschelite and stellerite as separate minerals.

Until recently, the nomenclature for zeolite minerals has been _
confused. Early identifi_cations were based‘on chemical composit'fon,

optical prope}‘ties, Amorpho]ogy, etc. With the advent of X—-ray



crystaﬂography, some zeoHte names have been d1scred1ted 32

2.3.1 Formation Processes and Geologic Qccurrence

Most zeolite occurrences in natural are assignable to six
types of geologic env1ronmehts or hydrological system's: [56] saline,
alkaline’ lakes, [6] sa]'lne,"a'lkal'lné soils and land surface,  sea-floor
sediments. percolating water in an open hydrologic system, t?]

hydrotherma] alteration, and burial d1agenesis or metamorph‘lsm. Iijima

| “*///nces; magmatic zeolites and
zeolites forming in impac
Ze'oHtes? Qpredmtation from pore

lists two additional geo]og ca

fluids as in magmatic . occurrences or by the:

LN s,
N e,

alteration of volcanic line silicate minerals .

The most common par lcanic glass, clays,
inont;morﬂ]onite, plagiogla nepheli ., biogenic silica, and quartz.
Un_der the proper conditi : ite, cies may replace another

species. Tempekature, ity of ionic species, and

. ... Figure zjo s", he modes of occurrence

of natura] zeolites and., the approx1mate depths at which these zones may

b Yo, ﬁumwmwmﬂi

He A in £fig.. 2. 50 is character1zed by nonana1c1m1c,

grdEs, Wﬁtﬁ A RHRTIN TR o

feldspar i A, B, C and D and by a1b1te with or w1thbut Taumontite in E

and F.

Saline, Alkaline Lakes

Sa_'h’he, alkaline lake environments are associated with two

types of tectonic settings in arid and semiarid regions: block-faulted
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Figare 2.20 Patterns of lauthigenicbzeolites'and feldspars



terrains and trough valleys aesociated with continental rifting . These
settings establish a closed basin system and control the transport of
clastic material beyond the basin edges. Both areeessentiaf for
control11ng lake chem1stry [32 331 :

- The restr1cted lakes in which zeolites form are alkaline,

with pH va’lues of 9.5 . Anall¢ :ﬁ/chnoptﬂoﬁte, ph11]1ps1te,
erionite, chabazite, ands, ;;h‘ ‘ y form replacing volcanic -

Q]ay, montmorillonite,

hese deposits are zqned

glass, biogenic silice
p1agioc1ase; nebhe1ine' » :
laterally, as in fig. 2 A" repres hg ‘h"cbanginé chemistry of the
water as evaporation and (o tat , of . M ls.proceed.

n the various saline,

The

alkaline lakes indicats ‘ qi}‘ 4 \i olite diagenesis [15]:
1. Glass | ~zeolites
2. Alkalic, analcime

3. Analcime -

4. . Al --- :_ — ‘ K-feldspar

Some co iA' ’*},r‘: 1 parame ers during the glass to-
zeolite react1ons are the cation rat1os, silicon aluminum rat1os, and

the act1v1ty ofﬂruﬁefa wﬁsneﬁwﬁﬁnﬁ ﬂﬁ is controlled by

the salinity an@lpH [15]. These reactions can be rap1d with vitreous

tuffs a]ﬂ‘w ﬂtraﬁ'erg gw::r:g WEI'P'] ﬂ Ellcient Lake:

Tecopa, shqwn in the sa11ne, alkaline lake

environment.

saline, Alkaline Soils

Climate is-the controlling factor in the formation of
zeolites in'sa11ne, alkaline so11s These deposits form in arid and
semiarid regions where evaporat1on causes sodium carbonate-bicarbonate

~to concentrate in the.surface soils Rainwater percolating through the
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soils dissolves the sodium caroonateebicarbonate and increasesfin pH,
a]lowing it to alter glasseé and aIuminosijcates present in the soil

The water table is the probable 1imit‘of zeo1itic a1teration processes.
Zeolite deposits of this type can aporoach 18 m in thickness and contain
15% to 40% zeolites. Analcime is the most common zeolite forming in

these formations [15]; Minor amounts of ph1111ps1te, natrolite, and

chabazite also occur. Deposftﬁ‘ ture have been- observed in the

Olduvai Gorge, Tanzania an r : Africa and in the Western
United States .

Marine Sedi

e
;.,,x_#;:! AT,

are in ca]careous eﬁolmenté"iha'tb ays of Paleogene and

nant species here.

Analcime, chabazite Ijatio ; g@ﬁlinite, natrolite, and

thomsomte also may be present in the marine deposits .

‘ﬁ %8 ’}%H‘ﬂ ?dW!ﬁqcﬂr‘jy i breact'lon of

glasses with po water . Except for the silica cont nt, wh1ch ranges
o+ 0 AR AT AP prer
composit13h [15]. Phillipsite is associated with the low silica
concentrations (less than 20 ppm) typical of basaltic tephras, and
clinoptilolite is associated with the high silica concentrations (20-40
ppm) of siliceous tephras [15]. "Clinoptilolite occurring with
phillipsite probably forme when basaltic glass reacts with si]ica—rfch

pore waters .
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Boles and Wise suggest that -since marine clinoptilolite
occurs as euhedral crystals, their formation must have been from pore
water rether'than as a direct replacement of earlier phases. In spite.
of this, they think thaﬁ because phillipsite is found in the younger
sediments it is 1ikely that the clinoptilolite in the older sediments

replaced it and that time was an important factor.

including zeolites icilly a's’ }l'c tebhr& may contain an

upper zone of fresh gl ‘opal. The next bed can

contain up to 90% clingpt 011134“

iderlying zone may contain
.aiJ-" ”

analcime, potassium, fel A]ternation of the glass

{*(approximately 9.5) resulting

from hydrolysis [1

An-examp]? 0

tuffs of Koko Crater';l Hawai1 [15]. These tuffs consisi of 1.5 to 12 m

of fresh glassﬁm Wﬂﬂ ower zone consists
|

of 1.5 to 10 m &f palagonite tuffs with ph1111ps1te and chabasite. The

R AT <RI Y

Zeol1tes prec1p1tate in hydrothermal systems from alkaline

is the basanite vitric

to weakly acidic hot water . The assemblages observed are controlled by
temperature, host rock compos1t1on, host rock permeability, and
geothermal fluid composition } Clinoptilolite and mordenite occur. in

the shallowest and coolest zones. Analcime or heulandite and laumontite
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of_wairakité, the less hydrated fofms, occur ih the deeper and hotter
‘zones [32, 33]. Submarine hydrothermal activity may be responsible for
the formation of some zéo]ites in deep-sea sediments [16].

; - Examples of hydrothermal ;eolite deposits are found in
Yellowstone Park, WY{ wairakei, New Zealand; and Onikobi, Japan . At

the Onikobi site in Japan, there are four zones: a mordenite zone, a

Taumontite zone, a laumontite- . zone, and a wairakite zone .

Burial Dia

temperatures .- Two L € ‘ S;HL'”.recogn1zed, the alkali
zeolite reaction serie £e ¢ {‘A; | é’reaétion series . The

alkali seriés inciu ' . lite, mofdenite, and
‘anajcjme. The calci lolite, heulandite, and
laumonitite . Burial re typified by vertical
zonation . This mineraldgi {i-zonation fis related to increasing burial
depth . TIijima [16] recogﬁsiﬁ?”ff s/ 3s based on the m1nera1ogy of
marine sediments | -1~jpesis (fig 2.22)

Temperatue§ increase - Green Tuff region in Japan

U )

where temperatures were 41° to 49° & at the top of the zeolite sequence

and 120° to nﬁ:ﬂ ﬂd}aﬁ ?](ﬂﬁuwem ﬂ“? hydrated zeolites

occur at shalloWer depths The upper zones of burial diagenetic

sequenceaa m'nmﬁ ;pu ??J.EJE? ﬁsﬁystems he
major disfinction 1is the ua ange Z0 n the burial

diagenetic sequence, compared with the sharp contacts of the open system
_deposii i : :

VAn example of burial diagenet1c.deposits is the Green-Tuff

region of Japah [15]. In the Niigata oilfield, the upper zone is 0;8 to

1.9 km thick, containing fresh glass. The next zone, 1.6 to 2.5 km
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thick, contains mordenite and'c11nopt11o11te. This is followed by an
analcimic zone, 1 km thick, and an albitic zone, 0.7 km thick.
Analcimeis pseudomorph1c after mordenite and clinoptilolite.

Temperatures range from 41° to 124° c.
Magmati ystems

Zeolites crystai]ize during the late stages of formation of

basic igneous rocks, alth

globules. Crystaﬂ'lney nteract1on of fluids with
Nobule: ‘when water rich magma

magmatic rocks'[3].' They co as fine crystals 11n1ng vugs in

as interstitial grains and

the surrounding rock.
séparates,into two imm
The zeoli Hok n ‘E‘H gmatic conditions are
grouped by bulk compositi "~F?“V;: s rich zeolites occur in basic
Aluminum-poor

zeolites occur in 1gn u f he i ilicon. Several zeolites

l'{ \:lﬂ ¥

that occur in igenous rocks¢§ | clinoptilolite, heulandite,

and stilbite.

Vi e
-

Iijima Eﬂ] ~ep "cu‘ 1ng in the Nordlinger
Ries 1mpact crater in qpst Germany. n this occurrence, glass formed by

o e w1418 ] 48 WA s i

the deposits w%#e filled by ?na1c1me, c11nopt11o11te, er1onite,

harmownéimﬁﬂ‘&f"ﬁm mﬂ'n NYIR td

2.3.2 Exploration

Extensive exploration for natura1 zeolite depos1ts did not
begin until the 1950’s, when Union Carbide Corp., through its Linde
Division, initiated a search for minable quantities of natural zeolites
tpat_might compete with their synthetic zeolites [3]. In describing the
6nset'of this project. Mumpton [3] reports that m1nera10§ica1 and

mineral commodity consultants employed by Union Carbide did not believe
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»t.hat minable depo§1ts of zeolites would be found. Th.ey,‘ 1Tike most
researchers, be1feved that zeolites were mineralogical curiosities that |
'Fiﬂ’ed‘ vugs and fractures in igneous rocks. However, in the 5-yr
effort, over 3,000 samples were collected :and approximafe]y' 200 newv
‘zeolite occUrrences in yo]canoclast"ic sedimentary rocks were discovered.
As the '1'n'lt1a1 search was going on, a thorough literature

ver f sedimentary deposits. Coombs[3]
W] descr‘lbed the widespread

me, dite in buria] : metamorph'ic

search reveaTed earlier d1sco

at the University. of Ofag
occurrence . of 1aumont1te,
sequences of pyroclasti 1 try and dgmonstrated the
occurrence of sub ites 'in "nonigneous”
environments. Ames, A ibed large occurrences

of clinoptilolite a , ~This 1_\5§at1on prompted Union

Samples fron feposit were examined by standard

X-ray d1ffract1on and m1croseﬁ echnigues [3]. Mumpton reported that

i‘,r"

e =
"several fine—gramgﬁ homogeneous, lm amples from the Hector

were found to contain

deposit, representi "beds as thick

as much as 80-85% Jlmoptﬂo ite” and thaﬂ "the Hector samples

demonstrated ¢ ﬁ %Vw 11 eposits of natural
zeolites coukFTﬂ ﬁ%vgjﬁ ﬂﬁ]ﬂﬁiﬂes within the
4cont1nental Un'ited States. he also demmstrated that./the few reports
in the caPhibH sdebbared1 LRI INELNAL: cervses
sed1mentary rocks of vo]can'ic origin were not flukes, but that many more
such deposits were likely to be found in geo]ogicaHy s1n_nlar
environments throughout the ‘western  part of the country and probably

: throughout the world [3]."

Early in 1958, a sample described as . erionite from a
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million-short-ton, easily mined sedimentary deposit was submitted to

Lindé {3). Laboratory examination indicated that the sample contained
85% to 90% erionite and that its chemical, adsorpt1on, potical, and X-
ray diffraction properties closely matched those of Linde’s synthetic‘
analog, zeolite T. Later, the Kennedy'Minerals Co., discoverer of the
deposit, revealed that the déposit'was.1ocated in: a broéd-basin of .
lacustrine and fluviatile sediments about 2 miles west of Romé, OR.

- Here, the Owyhee River had cut t ylateau basalts to expose several

hundred feet of volcanogenie

. qg==:25 :
The Linde @'ioq!prw\ained active until 1961.
As it tapered off, S - o1 alIlwu_ﬂ"?!!!"'t:ed a modest exploratory
effort led by H.D. Columbia University,
‘described beds of noptf1o1tte, and an
unidentified zeolite i11ipsite) in altered

Cenozoic starta in Pi .*# ‘aDeffe: . peported that these same

'heir extremely fine-

e field geologist and

of these materials to

stratigrapher to 1im their laboratory studiil

o TR mﬁmmz,?i:z;z:;:e::
RSN ANARY e e

prominent: natura] zeolite deposits. Nearly 90% were discovered between

1957 and 1962.

/

~The 1ist of 34 zeolite minerals in table 2.5 is based on

difining broperties such as structure and composition. The minerals are

w
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7 .
listed in alphabetical order for convenience; also included are the

structural group, extent of occurrence, and year of discovery.
3 i »

2.3.3 Physical Properties

i

_ Pure zeolites are colorless; some mineral specimens may be
colored becuase of the presence of finely divided oxides of iron or

similar impurities [8]. Synthetic zeolites .may‘ be colored due to the

ition metal ions such as co?t by
;&)s range generally between 2
murse, change the density
‘--'m structure, that is, the

ich in barium may have

introduction of certain types of

ion exchange. The densities
and 2.3 g/cc. The exchang
which primarily depen
openness and void volum
Higher densities of the'refract'ive indices
vary between 1.47 of 0 to about 0.015.
Optical and physical minerals are summarized

in tables 2.6 (aée) have been selected as

t is difficult to assign a

représentative propertie

to a certain species because

particular X-ray powder d1f,ﬁ§§vg'§‘«,mffﬂw

variations do occun t of variation in the

exchange cation com ineral includes x-ray

powder data which ha ed sources including the

Powder Diffra F e fints S i : 91 invididual x-ray
reflections aﬂysﬂnmﬂﬁimy ﬂzme instances the
intensitie 1" n ;O ;1' ‘ )Ti v e ms, m, W, VW
and vvw,%ﬁs’lagnaim ﬁﬁ, s ﬁglﬂuazjong, medium,
weak, very weak and very very‘weak. :

For .the identification of zéo]‘ltes wh'ich occur as fine-
‘grained crystals in sedimentary rocks, x-ray diffraction is the primary
tool. Routine diffractometer analysis 1is genera'lly sufficient for.

identification of zeolites which occur in rock in concentrations of more



Table 2.6a Tsjales of mineral zeolites data - Analcime

(.3

Structure Group: . 1 0
Typical Unit Cell Contents: Nayg [(AlO2)16(Si02)s2] - 16 H,0

Variations: i/Al = 1.8-2.8; H,0/Al;,05 = 2-2.6
Occurrence: and sedimentary rocks; Iceland, Nova
: Ak Jersey, Wyoming, Arizona, Utah,
s < :' ilorn ¢ . 3
System: — ~ _Gubi 3 - :
Habit: f“ cosi dra, Tadiating aggregates
Twinning: . . imel -
Cleavage:/ - |[001] poor ‘
Density: . 2.29
Hardness: ' ' \ '
1 Ty .493; birefringence,

45

hkl d(A) hk! .d(A) |
2002 6.87 842 1.498 20
211 5.61 761 1.480 20
220 4.86 : dd 50 664 1.463 10
321  3.67 . © 40 754 1.447 10
400 ; 932, 1.415 40
332 ! 763
222 1 20 651 i & 941, 1.386 <10
431 ‘ il L R
521 860 1.372 10
440 1011 1.359 40
1031 1.308 10°
871 - 1.285 20
1033 1.263 20
963 1.220




46

Table 2.6b Tables of miheral zeolites bdat,a — Chsbazite

Structure Group: 4
Other Designation: Acadialite, Haydenite, Phacolite, Glottalite
Typical Unit Cell Contents:, Ca, [(AlO;)4(Si02)s] <13 H,0
- Variations: d K; Ca> Na, K; Si/Al = 1.6-3; Si/Al =3.2-3.8
' in sedimentary mineral
va Scotia, Colorado; sedimentary in

Occurrence:
e , Arizona, California, Nevada
Trigonala=9.42 «=94°28'

: 3.78,¢c=15.06
' "“\ w«‘* e

v-» "."
q\.\ ’3‘*, :

? -4 ‘-lSOw—l480-150

“‘ .. 16 = 0.002:0.005
46-1.47 in sedlmentary chabaznte-

hk! 1 hk! d(A) |
101 501 2.358 2
110 S ) : 413 2310 3
102 j : 330 2.300 4
201~ #s5s e 49t 2035 Hdj/ 502 2.277 1
003 | 421 2233 1
202 457 306 2.123 .3
211 "7 4 g 6 107 2119 2
348 205  2.690 333 2.090 6
: 300 397 410 2605 504 2.016 k.
217° 1941 1

520 1.911

505 1.871 ¢ &

’Q“mﬂﬂﬂ‘im SJWYJV]EH& d
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Table 2.6¢ Tables of mineral zeolites dé.f.a - Clinoptilolite

. Structure Group
Typical Unit Cell Contefits
Variations: —

<24 H,0 7
4.25-5.25; in sedimentary_
4.1-5.6

Occurrence: entary occurrences in
System: /.89 c=15.85

Habit:

Cleavage:

Density: \ ; :

Optical Properties: =1.479,v=1479
Reference: ~ ' :
X-Ray Powder Data .

nk o dA) 1 ChkI d(A). I
020 892 100 222 3168 . 14
00?_ 7.97 . 3 3.119 15
101  6.78 3.07 -8
031 5.61 2.974 80
112 5.15 2.793 15
130 4.65 2793 .+ 15
103 4.35 - 2.728 33

132. 3.964 -

ﬂ'lJEl’JVIEWIﬁWEI’]ﬂ‘i
’QWW&Nﬂ‘iﬁUﬂmﬂﬂmﬁﬂ




Table 2.6d Tables of minersal zeﬁilites data - Ferrierite

48

Structure Grodp: 6
Typical Unit Cell Contents:

22 [(Al02)s5(Si02)305] 18 H20
Variations: : $

Nevada ferrierite
sgura ferrierite

Occurrence: Columbia, Vicenza, Italy;

; : ] : ia; sedimentary in Nevada.
System: . - GHIbIE;d="19.16 b=14.13 c=749 .
Habit: : ; : %
Cleavage:
Density :
Hardness: \
Optical Pro 484, a, K ferrierite;

478,6 = 1479, 7 = 1.482;
2Vy =50
‘Reference:

hk!  d(A) I
110 11.33 350, 2.58 30
200 9.61 042,
020, 17.00 701
101 : 2.49 20
011 6.6 : : 2.43 20
310 5. O T T, o 237 40
121 4987 2.32 10
301, 4.80- 2.26 10
400 m 2.11 20
130 4.58 10 2.04 20

g 530 2.97 2,007 < 30
¢ 620, 290 1.94. 300

ﬂw@‘l’lﬂﬂﬁwmn‘j =

321, 3.99

RN TN INGAY



Tsble 2.8e Tables of minerel zeolites data - Faujasite

Structure Group: - H! bf/ ! : : o
Typical Unit Cell Co “:' a12LaoMNigs 5 9 59(Si02)133] <235 H,O
Variations: S Si/ Aly= 2 .1-24878186 some K :

* Occurrence: Kaiserstuhl, Germany; reported in Oahu, Hawaii
System; a=24.6] . .
Habit: ' O¢tahedral R D
Cleavage: N

Density:
Hardness: ,
- Optical Propertigs:
Reference:

+ X-Ray Powder D

hk/  d(A) hk/ d(A) I
‘111 14.418 751 . 2.860° . .22
220 8.784 555 :
311 7.487 840 2.767 -5
222 7173 911, 2.719 3
331  5.695 =540 -3, 6 753 v, b

422 5.06 T 664 - 2.641 - 7
333, 47720 sy D931 2,600 “ .4
511 \ "7 Y ) 10,2,22.382 5
440 438774 666

620 3915 Jj & : . ik . 880 2.189 3

AUEINENTNYINg
C ARIANNTANMINYAY
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than 10%. In order to identify zeolites which are present in less than.
~ this amoqnt, some method of concentration is necessary. Although
specia} optical data may be réasonab]y sufficient to identify a larQer v
zeolite crYsta1 of the igneous zéo11tes, it generally is a supplement to
- the modern k-ray method. The réfractive index, for example, has been
used for distinguishing clinoptilolite from heu]andité. V

Various other meth 1 e been suggested for identifying
n | ;7 ing the zeolite with its

zeolites. One is base

exchangeable cations wit iap a _whose cation is excluded
by the zeolite due7 The fs“r"'ﬂ\hi*;-;‘s tetrabutylammonium
ch]oride. The zeoli A i | to exchange with silver using

silver nitrate. Th ite is tréated with a

solution of a]ky]am_ alkylammonium ion is
excluded, the silver tation of the insoluble

silver chloride. In thi At hy ‘D?«%‘ f .the zeolite cation occurs

and the solution become ' _; ne. The presence of a zeolite is

~ detected by an increase in QH' .abt 6 to >9."-w1th 6ther Tikely ion

i‘,r" ¥ o g

""“‘.-ll' \.. B
exchangeing mmeralg‘.lsuch as c'lays. _m
since the large org :

. Synthetii

The sy zf f LT ed by St. Clgir
Deville in 1862 ﬁ'u izﬁﬁj] ﬂ Elflfio ssium sﬂicate- and
sodium al ss tubd at 170°C.4Deville profiiced the zeolite
1evyn1te’£ﬁﬁa \iﬂﬁmumrlth El Elcf analcime.

However, data are not available to substantiate these and other

s between 6.5 and 7.5

hydrolysis.
F ‘ 3

Zeo11tes

experiments, and much of the early work cannot be dup]icated in the
laboratory.  The first-substantiated synthes@is of zeolites was not
perforMed until the 1940’s when x-ray diffraction was used to identify

phases. Prior to this time, light microscopy was used for phasé
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1dent1ficatidn, and the'f{ne~gra1ned nature of synthesized zeolites made
identification difficult. %

Early attembts 2eo1ite.synthesis sought to duplicate the
conditions under which zeolites were through to crystallize in basa11t1c\
rocks. In 1959, R.M. Milton and. associates at Unioh- Carbide Corp.

- suggested a new approach, which allowed the synthesis of zeo]ités at Tow

y. reactive ingredients in a closed

 temperatures. Their method usec

system ‘at Tow temperature e bo111ng point of water.

This made the large-sc }". ‘ ctt‘n ic zeolites feasible [5].
5 & 06 S 0 eoHtes :

; v o Ny .

( 1k1‘j:::\\;-11tes is given in table

cating information and data

|

tallization

A.summa y
2.7. This list is presg

concerning any of thé€ s

2.4.2 Meg

Breck report . .genenal conditions used in zeolite
Ao | X
synthesis:
y A materials such as freshly

coprecipitated ge1§vs'

i = ) : ' .
2% Re1:r ely h i 37 the form of an alkali
_ ' pr |

metal hydroxide or other strong base.

BN VT
oo o YIS Sw)IH g U1 el

The following are simultaneous react1ons that occur during
the synthesis process : :

Precipitation of a gel phase,

Dissolution of the gel,

Nucleation of zeolite(s),
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Table 2.7 Alphabetical list of éYnthetic zeolites

This table is an attempt to sort out the more than 90 species of

synthetic zeolites. The zeolites are arranged in alphabetical order
either by the letter which indicates the structure type or in some
cases by the name of the relzted mineral where that has been em-
ployed in the literature. : dehydration necessary to determine adsorp*

The framework structure-type is given in column 2 if known. i
The cations shown in column 3 indicate the system from which
the zeoliie crystallizes. For example, zeolite A is synthesiz

the two cations—Na™* and TMA *—is cuscussed in Section E. The
column labeled “‘Framework™ shcws the range in Si/Al ratio—wﬁen
.xep'oned-and other framework atoms such 23 P, Ge, Ga. Column §
indicates whether or not the zeolite is structurally »:tat;le toward the
: ion properties. The pore
€ 2nd pore volumes in columns 6 and 7 arc dete: mined from ad-
measurements. For added convenience the table containing
der data is given in column 8. Other desiznations for the

g / “Shown in coluinn 9 and pertinent literature references in-

Structure

Pore Pore x.},, 'y

Size Vol Date “Other

Zeolite Type (A) feclg)  Table Des.
A. A 4 .0.30 4.27
N-A A 43 0.30 - 4.28
PAl A 4 0.27 © 4,29
a A 43 0.30 430
Li-A Unknown 2.6 0.15 4.31
Analcime Analcime 2.6 0.10 -
B Gismondine 2.6 024 - 474 P
Na-B Anzlcime 2.6 - = :
g - " . Unknown ~6+ 0.20 -
Bikitaite Bikitaite o = T
PB2 Gismondine = e 4.32
P-C? Analcime = o 4.33
Clinoptilelite Clinoptilolite = - " 4.34
D Chabazite 4 0.26 4.35
Ca-D Wairakite T 0.11 . 4.36
NH4-D Analcime ‘ = o b
Na-D Mordenite Stable— o 4 0.13 4.37
Rb-D z - - -
Sr-b - Ferriznite ; -1 355 0.13 4.38
E Unknowr. Nz . nsxabﬂ 2.8 0.21 439~
Ca-E Analcime 6 Si-Al . = . = = - 440 :
K-E Analcime K . 2 Si/Al=2 .- = = 4.41
TMA-E € Erionite Na TMA. Si/Al~3 @/ Stabic - - 442
B Unknown ‘ al 6 0.16 4.43
K-F Unknown | /Al " | table | .6 0.13 4,92 z
Sr-F Gmelinite .“ T i-Al V table 3.8 022 4.44
Ferrierite Ferrierite Na, Ca S"M i - 'Y — 445
G abzi : SYAL=115.- ;.1 ﬂaﬂ _ = Ei».zs 4.46
w  ARNANNIWAVIINYRY. .
Sr-G Chigbazite . Sr T SiAl Stable - 0.28 4.48
BaG L : Ba Si/Al= 1.5 - Stable 3 0.15 4.49
Gismondine Gismondine TMA SifAl= 1.5 & = - - =
H Unknown K Si/Al=1 © Unstable 26 . 022 4.50 I
Li-H ‘Unknown Li - Sif/Al=4 Stable 2.6 0.16 © 4,51
Heulandite Hceulandite Ca - : - ; - - 4.52 .
HS Sodalite .~ Na Si/Al=1 L et ’ <26 - 4.53 G, Zh
Ca-l Thompsonite ~ Ca Si-Al - : = - 4.54
K-l (se~ H)
Sl Anzlcime Sr Si-Al : - - - 4.55
] Unknown K Si/Al=1-1.15 Stuble 2.8 0.08 4.56
Ba-i Unknown : Ba Si/Al=4 ol = 0.10 4.57

- Ca-) . Epistilbite Ca Si-Al : . = i 0.19 4.58




Table 2.7 Alphsbetical list of synthetic zeolites (cc'mtinued)‘

q

53,

3 Phosphate zeolite

Contains a sal, e.g., BaCl,, BaBr,
CTMA = n.t.ameth) lammomum )

TPA = tetrapropylammonium -
STEA = tettaclhylz:mmonium

Pore Pore X-rcy it
: Structure : Size Vol Data O:her
Zeolite Type Cations Framework Srability (A) (cclg) Table Des. |
Ba-K Unknown ; Ba Si-Al i = 0.08 4.59
L i K, Na Si/Al=2.6-3.5 Stable 8 0.20 4.60
Ca-L Harmotome Ca Si-Al = = = 4.61 !
P-L2 L K Si-Al-P Stable 6-7 014 4.62 |
Losod Losod Nz, GgHigN*  Si-Al Stable <26 0.8 4.63 |
M Unknown K Si/Al=1 Stable 26 0.10 - 4.64 !
Ba-M Harmotome Ba g g Si-Al - - 0.13 4.65 .
Sr-M Mordenite Sr Si-Al - = W 4.66
Mordenite Mordenite ¢ S Si ' Stable % v 4.67
Large Port Na Stable v 0.20 4.68
Na, Li i Stable ~4 i 4.69
' : ‘ " Stable o) e )
N Unknown . Si/ = Stable 2.6 0.16 4.70
Ba-N . Unknown . ifA Unstable - - 4.71
Natrolite Natrolite g : = - o
oc¢ Offretite 6 = =
Omega © Omega 9 0.20 4.72
Offretite © Offretite 6 0.15 4.73
P Gismondine s J 1A .5,Ge ruct. contr. 2.6 0.24 474 P
P, Gismondine S 2.6 0.22 4.75
N-P€ Gismondine - - — N-L,N-B
P-(C1) ® ZK-5 - - 4.76
Phillipsite Phillipsite = - e
Q Unknown 2.8 0.23. - 477
Q<Bn" ZK-S - - 4.78
Ca-Q Mordenite g = -
Sr-Q Yugawaralite - 0.12 4.79 7
R . Chabazite 3.5 026  4.80
P-R - Chabazite 35 0.19 4.81
Sr-R Heulandite - - 4.82
S Gmelinite : Stable 3.5 0.23 4.83 E,Na-§
T Offretite, Erionite Na, K 4 0.23 "4.84
Ba-T Unknown Ba,. =~ g 0.06. 4.85
Na-V Thomsonite ' = = = ;
w Phillipsite K- & = 2.8 0.22 4.86 K-M.K-H
p-w2 w e N 3.8 0.19 4.87
X Faujasite - 8 0.36 4.88 R
N-X € " Faujasite m Na TMA SWAl=1-1.5 8 0.36 4.89
Y Faujasite S)-’Al 1 5 3 Slable 8 0.34 4.90
NY€ Faujasit 8 0.34 491
z e Unk 2.6 0.14 . 492 KF.
zenb | - Like - -~ - ‘N0
Z-21 ‘J k Si Al- 1.9+ - 0.14 4.92
ZK-4 ¢ Na TMA Sl/Al =] 75 Stable 0.25 $.94
ZK-5 ﬁ i/ 0.27 4.95
9 G}ﬂ\"lﬁiﬁﬁu m‘i’}’) ?lzf_l'l SHE
ZK-20 nit < 4.97
ZK-21 : Na, TMA’ SifAl=]-2 Stable 3 0.25 4.9¢
ZK:22 - Na, TMA . Si/Al=2-35 Sizbie 4.3 0.25 -
ZSM-2 Unknm\n Li Si/Al1=1.65-2.0 Stable 6 829 499
ZSM-3 Faujasite Na, Li i Si/Al=1.0-3.0 Stable 8 0.30 4.100
- ZSM-4 © ‘Unknown Na, TMA Si/A1=3.0-7.5 . Swble 6+ 3.14 4.101
ZSM-5 dv Unknown Na, TPA Si/A1=2.5-50 Stable 61 7 840 4.102
ZSM-8°¢ Unknown Na, TEA Si/Al=2.5-50 Stzble 5 0.10 4.103
ZSM-10 Unknown K, CaHysNy >t Si/Al=2.5-3.5  Stable 6+ - 0.4 4.104
;i d



Continued efystaﬂization and crystal groweh of .the
zeo11teks), | : | |
Dissolution of the initial metastable phase(s),
Nucleation of a more “"stable” metast_able phase or phases,
Continued crysta111z-ation and c\rysta1 growth of the new

crysta]H_ne phase(s) while the i crysta'ls- are disso]-v"in,g,b

Dissolution ofiut phase(s), -

-~

NUc1eat'ion'

Cryta]"lizmﬂ"‘ al growthiof the final crystalline

phaees. '

When so 0. alumi \te andpolysilicate anions are
mixed to form.the hyv | , 'W_J minate, anjons and silicate anions
undoubtedly undergo a The gel structure thus
produced is amorphous h1gh s1mp1ex1ty The
composition and structur 1s controlled by the size
and structure of the po]ymecazjgg : |“ Since the s111cate may vary

.in chem1ca1 compo;iﬁlﬂn iué?fﬁi'<' i i fribution, different ‘

sﬂicate so]ut1on the gel structure.

“*-.

Therefore geTat‘ion :-f ro]s the nucleation of Me zeolite crystallites.

The crystal s ET i&'&t rown from gels generally
appear to suppﬂijd ﬁ‘%ﬂm ﬂ‘j several microns 1n‘
size, un often euhedfal. The high degree oiJsupersaturat1oﬁ
o o A DN bl S HLTUEAVNE asre ana
heterogeneous nucleation and the format1on of a large number of nuc]e1

» The size and charge of the hydrated cation species which
serves as.a.nuc1eation site for the poTyhedra] structural unit ailso
influences the nuc1eation process. The cation is known to have eh

effect on the silicate and probably on the aluminate species in

solution. (The more open zeolite structures appear to be crystallized
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from;ge]é which contain sodium as the alkali rather than potassium, the
Tatter 1gading to less open zeo1fté stfuctures in general). During the
crysta1lizatioh of the gel; the a]uminaté and silicate components must
undergo a rearrangement ih order to form the crystalline structure.
This occurs by depo]ymer1zation and solub11izat10n of the gel.

A schematic version the crysta1]1zat1on of an amorphous

aluminosilicate gel to a z\g,#/léen in fig. 2.23. The gel

structure, represented . is depolymerized by the

hydroxyl ions which p 31ubl ,' inousilicate speciés‘thaf may

regroup to* form the J te structure. In this
.Thé representation
8 ‘

tructure based upon the

version the'hydrate
presented is for the
truncated octahedron ugft ‘Similar scheme Gould be based on the use
of other secondary builddr ; ,mff ch' as »1 ouble 6-ring.

| Because of jth ;f,c e  reactions, time is an
important factor determinin: Z,J.:J tab _ :
Breck states "that@]m1ner";lize;“{ﬁ ted over long periods
d-a synthetic zeolite w “reTated structure but

of geological time ‘and"

which was synthesizeijrapidiy :-orator@]may exhibit differences

in properties due to %ha. ordering that may occur in the mﬁnera‘l as

opposed to the M%J Q’ 1[’] E.Jtng m&lf}ﬂ ﬁ"e shows. " Many V°f_

the synthetic zeo11tes that arefnot strucggra11y related to any natural

e By KA B8] VAL i e

may also explain why many natura1 zeolites do not have synthetic
counterparts despite the synthes1s of over 100 different zeolite types.

- 2.5. Methods of Synthes1s

The hydrothermal alteration and synthesi's of s111cates as
disclosed in 156 papers published from 1845 to 1937 has been rev1ewed in

an_extensive paper by Morey and Ingerson[8]. Those results encompass the
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" I

i

il . & ot
AUBINENINEINT

Figure 2.23 éUhamaticz repregentation qu the formation of zeolite
crystal erfﬁlr]ﬂ @ ﬂrﬁcﬁuggdﬁ‘e.] %1%&].\’0.‘@ EI center, is
- depolymeriZ%ed by OH" ions. Tetrshedra regroup sbout hydrated sodium ions

to form the basic polyhedral units
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last 100 years and concern the formation of synthetic ﬁypes of zeo]ités
(table 2.8). identification of the various products obtained'was bésed
upon chemical analysis or optics. Since in most instances the products
are very small in particle size, it has been generally conc]uded that
these results are very much in doubt. - For example, Baur reported the

synthesis of a potassium "faujas
y polycrystalline materials by
' tive identification of the

Several processet are Use 3 :ﬁ;-.‘a. eo]1tes as follows:

e" which was Tlater shown to be the
compound K2$1F6. Until id

‘méans of x-ray powder da

Magee andgB1: 1 SC s the, syn hesis of zeolite Y using

ime dure they report is as

silica ge]s'as a basig

follows: | |
1. Place 2 resin kettle.

2. Dissolve ,'ﬁ*, .4:j_a the water.

3 i f;ntaining 24 wt % A1203

57

add 5@ g of calcined silica.

20 wt % N320 and 5€

LR b Coo]EBo 100" .

5. Cold-age=at 100° F fors24 h with mild agitation.

o Flrtetsd %Q»&M‘i V4 Tana) ace for 24 pr wier

mild ag%tat1on

q WW@@H%MNW]’BWEI'}@ fthe sorids from

the mother 11quor.

: 8. Wash with hot water, and dry in forcéd—a1r oven at
250°F
This process y1e1ds 464 g of sodium-Y zeolite (Na20 A1203.53102 nH20)

he s111con—a1um1num ratio is 2. 5 in this process.

2.5.2 < ZK=5 5xnthes1 [8]
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‘Tsble 2.8 Selected summary of unsubstsntiated zeolite syntheses [8]

Date  Zeolite  H lydrothermal Method ‘ Inyestigator '
1862 - Levynite  Ksilicate + Na aluminate, 170°C St. Claire Deville '
1880 Analcime  Na silicatc $ AI;O3 glass, 180 C A. de Schulten

1882 ° Analcime uminate, 180 C A. de Schulten
1883 Analcime 036400 C C. Fricdel, E. Sarasin

1885 Analcime J. Lemberg
1887 Analcime J. Lemberg

Aralcime

Natrolite
Chabazite _

1890 Chabazite

Heulandi

Anali
Scolecitg
1894 Nat

1896 Thomsoni

2 1906 Analcig
> v Natolite
1911 K Faujasi
1916 Analcig
1918 Analcime
1927  Mordenit
Phillipsi
© 1929 . Natrolite
1936  Analcime

. Doelter

J. Thugutt
G. Friedel
.. Doelter
Doclter
E. Baur
. A. Stephenson

. J. Muller, J. Konigsberger
R.J. Leonard

E. Gruner
F. G. Straub

3Shown 1o be hicratite, K, n- Th Ik
) L e e

\Z

i
|
¥

ﬂ‘IJEI’J'VIEWIﬁWEI'm‘i
’QW’W&I\W]‘TG’U NW’TJWEH&! e
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The synthesis of zeolite ZK-5 from sodium aluminosilicate
gels was achieved using the dibasic nitrogenous cation.

CH3Nf<fff>+NCH3, abbreviated as CBH18N22+ This cation was
introduced in the form of 1, 4-dimethyl-1, 4-d1azonia¢yc1e {2.2.2)
octane si]icéte, which was first prepared‘from 1,4-diazabicyclo (2.2.2)
octane. The composition of the reaction mixtures for the synthesis of

ZK-5 have the following mole ratios:

$10,/A1,0, -1
Na,0/A1,04+Cq 6-19
1.5-2.3

 Na,0/A1,04 == | 6"
| H20/A12:¢ | ‘-""‘ 200-700
Alumina was added i sodium te solution, which was
then mixed with the at e ‘ e so]utioﬁ to form‘a
ge]at*ionqus amorphoA or a period Aof 9 days
resulted in the form analysis the chemical
.0-6.0510,. 6-10H,0
where R = C18H18H22 |
The x-ray powder data are no ke any mineeal) zeolite. Structural

| anaﬁysis confirmed {5 dﬁ« e.

2.5.3 .

i a%" ’ agation off zeolite ZsM-5

22.9 grams ET Y]tf[n Wﬂwjﬁﬁn 100 m1 2.18 N
tetrapro ﬁ ﬁ f about 100°C.
There waamgg flri mnﬁj M‘j .0 wt percent

A1203 30.9 wt. percent_Nazo, 27.1 wt. percent H20) dissolved in 53.8 ml.

—S‘Synthe§i§ [4]

Hy0. The resultant mixture had the following composition: 0.382 mole

§i0, 0.0131 mole A1202, 0.0159 mole Na20, 0.118 mole [(CHZCHZCH2)4N]20

2
6.30 moles H20. The mixture was placed in a Pyrex lined autoclave and
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heated pat 150°C. for six days. The resultant solid product was cooled
to room témperature, removed, fﬂtéred, waéhed with 1 1liter H20 and
dried at 230°F. .VA portion of this product was subjected to Xx-ray
A analysis and identified as ZSM-5. A portion of‘the produét was céicined%
at 1000°F. in air for 16 hours.

2.5.4 2SM-11 Synthesis [17]

Different forms o V an be used as the silicon source
of this invention. The f s werz mixed together in a

blender in the followi

1. 88 g 0 \ D, (30 percent)
B 153 | h

3. 11 ra buts \-:\- ium ch'lor_ide‘
4, 250

B: 2.4

The mixture appeare colloidal suspension.
‘Crystallization was cond e -59 for 7 hours. |
2.5.5 ZSM-34_Syfmhesiss
ZSM-34 was prepared by mixing A sther the following
solutions: :

Cahstic A1um1‘na&

A T@ﬁl ‘JTI Wﬂﬂ‘ﬂ“ﬁ
AR mmmﬁﬂﬁwaﬂ

540 gramsH20 :
'B. Silica Solution
780 grams Colloidal silica sol.(30% 8102)
C. Choline Chloride

228 grams
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solu’eion C was added to solution A in a 2 Tliter autociave with-mixing
and then solution 3 was added, followed by a 15 minute continuous
mixing. The autoclave was then sealed and heated to and held et 300°F
for 8 days. The cohtents were stirred cont'inuous]y‘dur'ing the 8— days
cryst]]ization period. '

ontents were then coo'ied to room

/ arate the crystalline product

The autoclave and,
"l

temperature, filtered an

from the reaction mixtu

l\

2.5.6 Vane j Catalyst hesis [19]

Reagent ‘ oA procedures are shown in
table 2.9 and fig. | gh the procedures are
similar to conventi on of the ZSM-5, some
important improvement hile 1 ot procedures to prepare
- %ﬁw,ﬁ. m re was prepared by adding
Ji.t’gﬂfs-'ﬁ. . % .
60 ml of solution A-1 an mi-of solufioniB-1 into 208 ml of solution

C~1 whﬂe mamtam‘mg a pH.r 1- pom temperature and vigorohs1y

stirring w1th an  ylér r. e precipitate was separated from

r PR E 4 ‘ e t"t‘

solution by centrifdge. xture was milled for

totally one hour byl otordrive mortr, Yam'mo Nitto, UT-21. The
mi11in§ precip ﬁ ;T ant so]ufion were
m1'xed together@ﬁﬁlmﬁw %ﬂ ntﬁatmosphere in the’
autoclave ai heated from
room tem%ﬁﬁiﬁﬁﬁ% .’ilﬂﬁj‘llﬁy ’igﬁa%/mn,' and

then up to 210°C with a heating rate of 12°C/hr. The crysta1e produced
were washed with distilled water by using the centrifugaiAseparator
until no C1 ions were detected. The crystals were dried at 120%¢ for 8
‘hr, and then calcined in an air stream at 540°C for 3.5 h. The calcined

cry_sta'ls were ion-exchanged twice :“by 1 M-NH4N03 solution at 80°C for 1

hr. This was washed with distilled water, dried overnight at 100°%C and
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Table 2.9 Reagents for catalyst prepara_tion -

-

Solution for the gei preparation
preparation

Solution for the decant-solution

Solution A-1 Solution A-2

VClg \’

TPABr2 ' ) ; ’

NaC1 ‘ , W2.0- g &tilled Hy0

distilled Hy0 S - HpS04(97.0%)

conc. HpS04 ' ' G —

Solution B-1

water 'glassb

distilled Hy0

Solution C-1

TPABr

NaC1

NaOH

distilled Hy0
conc. HyS04(97.0%)

x g
1.5 g
60 ml
3.4 ml
69 g

. A5 ml
26.3 g
104 ml

aTetra-n-propy]a'mmonium Bromid
bComposed of 9.37 Na,0, :
XBased on charged.$1

AUEInENIngIng
ARIANTAUNNIING 1A Y

63
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then heated in air at 540°C for 3.5 hr. By this preparation mefhod, the
charged ratio of Si/V was véried from 40 to infinity by changir;g VC15 in
solution 'A-1 and A-2. The prepared crystallites was tableted and
crﬁshed to 7-15 mesh to provide the reaction. -

256 Physivca1 Characterization of Zeolites

The physical characterization of a inateria], such as a zeolite

begins in principle by visual i ction. :This inspectionﬂ can be

refined by the use of instr ,\ 'large small particles. Such

instruments may be: an o electron microscope, or a

raster scan electron .mater_ia.'ls may often by
1dent1f1ed by the sh may give informatioﬁ
concerning the prese Furthermore, from
the shape of the crysi8 . 1 " »size\ distribution conclusions may

even be drawn which r

—
iron which occurs in natural efjr‘g it
.-.-__, - {‘:" ,.

In most casg& the structure

zeolites may be obtadne

range from simple pomer patterns up to soph&wated ‘single crysta'l

methods which al . { ‘ unit cell and the
calculation of ﬁ rjaﬁﬂiL ﬁﬂﬁe’j flﬁ atoms.

x-ray methods may Be supplemented by neufron diffraction

conrnr) B WL 20 S TG TRE e
The neutron scattering experiments may also be used to study.

In addition to the diffraction methods spectroscopic'methods'are

used to study structure problems of zeolites. In this field of study

the IR-spectroscopy and recently the 2981’—NMR—spectroscopy has been

applied. Strictly speaking, the term"physica] characterization” is
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applied in zeolite cheﬁistry mostly in connection with the description
of spebia] strugtura1 eTehents, responsible for the properties neededrin
the various applications, e.g. the aéid OH-groups in caté1ysiss

With the IR-spectroscopy a large number of studies has been
carried out on fhe characterizétion of the strength'ahd the
access1bi11ty of the ac1d OH—groups [in d1fferent zeolites. The Lewis

sites have been characterized W'ﬁng the IR-spectra of comp'lexes'
' : ' tion of the IR—spectroscopy

transition metal ions. v t1on complexes may a]so be
studied by UV-, visib Transition metals which
are contained in zeolige :,i' “: are used as catalysts in
“various reactions w . d extensively by means
of Moessbauer-, ESR-,
hysical characterization”
_ o be sﬁmmarized, giving
information on the heat.aﬁEgEE%F?"i’-l- sorptioh and thus on the
interaction of moT -1-::-'.':::':;-_: -*:“'-——";"‘ polarity with special
' structurés of the wai s of zi i]he accessibility of the

cavities may be studied by diffusion ziasurement

¢ o
i -_t€ﬁﬂ?hﬁ;on of Zeolites by

: D1ffract10n Tecﬂp1ques'

QR AT N AN

describing a special zeolite structure, primarily used for patent

‘purposes, is the x-ray powder‘diffraction method. The reason for this
is that this technique ié_very simblé and that zeolites occur mainly as
small crysta1é where'sing]e—crysta] techniques cannot be applied. |

An extended bo]]ection of structures described in this way

can be found in the book of Breck [8].
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In practice, thve pattern obtained from Debye-Scherrer-, a
Guinier‘_‘—, or a diffractometer experiment are indexed and the spacings of
the obﬁafned (hk1) values are calculated from the ang]é of the
respective peak. ' '

The intensities of the individual x-ray deflections are

given in a relative scale using the abbreviations vs, s, ms, m, w, vw,

’,/‘ 'y "medium-strong”, "medium”,
"weak"”, "'very weak"”, and ry Th'is is preferentially done
when evaluating photow. iw diffractometer patterns

usually the most inten J § : and. the others are set

and vvw meaning "very stro

The unambiguos':@e&{jﬁ of a specific zeolite by such
m ory difficult, if the

structures of seve g';—-:-:———, n questior ' "Iy slight vafiat"ions
This has been very nrges ckDB] comparing the powder
diagrams of gismondine,‘-p 1111psite, P- eohte, and some others.

ﬂ%fﬂ%'ﬂ‘ﬂ%i%ﬂq FY§n wnteh nes: sons

importance in t 1dent1f1cat'iog of preparatwns in the ZSM-semes for

peeert <R RARNT 35U UAANYIAY

Figure 2.25 depicts the x-ray powder-diffractograms of the
two pentasils ZSM-5 and ZSM-8. The difference claimed by the patent
applications are connected 1n the group of reflections which are marked.
- In the ZSM-5 sample 'Fhis_ group consists of reflections which are not.
very well resolved, whereas for the ZSM—‘B this group is very well

reso1véd. A third member of this fam'i'ly shows a systematic extinction
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.. ‘n | i u | %
AUYINENINYINT
Figure 2.25 Q&Lay powder diagrams of ZSM:S5, ZSM-8, apd ZSM-11 sround the

o AR FIRT gu«gg]amqnmq agyst e

not observed for ZSM-5 and ZSM 11. The pattern of ZSM 11 has distinctly

- fewer lines than the others.
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of the h+k+1 = 2n+1 reflections and a merging of doublets into singlets
. which give rise to the interpretation that ZSM-11 has é.body—centred :
tetragonal and ZSM-5 an orthorhombic unit cell. - ; .

: The channel structures which have been determined by
Kokotailo et al. [12] are shown schematically in fig 2.26. Whether the
Z8M-5 and the ZSM-8 pattern actually belong to different structures is

%er pattern one can try and

: thne, particularily for

ensities obtained by the

not yet quite clear.

vGeneré]]y, 1spe
 ana1yze the.given sti-;-.-—i—,
syhthetic zeolites with [
: howder patterns may be sk f ckg r: by an over]apping of
reflections so that de 3 uctures, e.g. the exact
positibns of the cation ere are several methods
reported in the iiterA profiles and to avoid
'possible disadvantages. owder data is the (educed.

- secondary extinction whi ngle crystals, especially the

strong reflexes so tha der data may be -used as a

]

eﬁysta] structure single

supplement to '3-‘""':‘- $
fi
For an eXgct"®

crystals. of..at 1east‘20 50 um are necessary and single crystal

o U AMENTNYANY e
AR TR o

phase is 1@st and crystal structure determination is, in pr1nc1p1e, a
trial-and-error procedure, whereby the observed intensities are to be
matched to the intensities calculated from structural models. The
procedures necessary for a détaﬂed structure determ%nation are beyond
the scope of this article. A summary of the .quern methods of sﬁructure :

refinements by x-ray methods may be found in the book of LUGER.



Figure 2.27 Schematic drawing of the electron diffraction pattern of '
the h01 zones of erionite (left) and offretite (right)

e
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The problems.which occur especially in the éase of zeolite

have been summarized b‘y Fischer [23].
v One of these difficulties is given by the determination of
the exact space group symmetry.  This difficulty has its or‘igih mainly
in the scattermg factors of the Si- and Al- atoms which are very

» s1m1'|ar due to the similar e‘lectron density surroundmg these atoms.

Therefore, the d1str1but1o toms in the alumo-silicate

framework seems to be rane a..._.__ and the space group appears

‘to have higher symmetry ER&f4s act a'l%e. If the refinement is
done using a space gM R e i ;
is. too symmetric, then '
For diffig
~diffraction is advantag
A further p at ing faults possible in the

various families of zeoli
. B !’; J . .‘
Figure 2.27 shoWs—=2 A

- =
i * ..rr -
- * s
+ = . 5
¥

drawing of the h01 zones of

erionite and offretite. een-. that every second row

of the 1-reflexes 'y— :'F‘ stem. In synthetic
samples called zeo]ﬁ,

indicating d1sorder in gthe 1ayers of sjxmembered rings from which both

structures can ﬂ %H’s}%’l BNIWBING

e 1oca11zat1on‘of catwns inside the av1ty systéms of

o RAFHERE SR APAE Y4 B mr

has been pﬂb11shed in this field up to now has been summarized with the.

el mo ¢ can be observed

most recent results in the at1as by Mortier [9]. Table 2.10 are shown
. X—-ray powder data for some synthet1c zeolites

2.6.2 The inspection of Crystal Size and Crystal Shape

[o]

L

A visual inspection of zeolite crystals and the inspection
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920, 297 € g6

850
930 2 88

3,010 2.69 .
952 2.61 6

Table 2.10a X-ray diffraction | Table 2.10b X-ray diffraction
data for zeolite ZSM-2 data for zeclite ZSM-3 -

hki d(a) 7 d(A) Vi ey A(4) 1
002 14.0 83 - 15.26 AR 4.49 5
200 13.8 76 106 . 1240 4.38 .- 51
210, 121 42 13.19 26 4.19 14
310 8.70 47 11:86 © . 4 4.16 6
321 134 37 9.21 2290 4.11 =13
004 7.07 875 44 L. 399 - 1
400 6.85 : 3 3.96 g
005 563 3 N

" 500, 5.48 32 3.85 14
430 s 7 3.78 19
510, 5.37 - o L 23
501, 3.52 1
431 3.47 10
440, 3.40 10
225 3.31 42
006, 3.22 16
530 3.18 17
600 3.02 60
602 2.98 11

. 335 2.92 31
425 2.87 © 10
631 285 8
107 2.80 9
227 273 11
642 2,70 11
535

650

652

C 218

733

. 653 +.3-48

308 |
718, B

555 $ _

527 3: 4]

75357 3.0 100

u ey INYINT
amaﬂﬂ‘m MIAINEAY
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usi'ng a wéak]y enlarging ‘instrument, such as ‘a magnifying glass is
important for geologists out in the field. 1In most cases, especially
when inspecting synthetic zeolites, a microscope is needed. A
microsc;ope is usually used as a first means of 1'dent1'f1‘cét_1'on by looking '
at the crystal 'shape of some specific zeclites. The shape' of the

crystals may sometimes be misleadirg because it depends on the

d information ‘on the crystal

/ﬂmzatwn m1croscope. A very

1croscope may be found in

- N\ed in a paper by Zhdanov

and Samulevich. The ; olle TV""*‘nﬁbout 20 of the largest

conditions of growth. Mor
classification may be ob ,

impressive example of -

the kinetic studies of a

crystals, out of a T tals, and observed their
further growth unde I ' increase of the crystal
size they obtained At the end of the
crystallization a repr product was taken and a

was obtained from microscopic

measurements Extrapo'latmg'.:t'h'fg ? : 'n’function with the growth

he kinetics of the

nucleation and the j‘l : :

ﬂtﬁ E]edﬁ ﬂ Ew' ?wm mrumentatibn i -

range of technifues is ava11ab1e giving 1nformat'ion concermng crystal

hab1t a ﬁsﬁr q jﬁgiﬁ a acEI\st'scs The
recent 111qera ure in this een summarized by Baird. The main

techniques used in zeolite research are connected to transmission

I]:f the'zeo'lite‘ can be.

obtained.

electron microscopy (TEM), whereby the technique y'ielding.most
1ﬁformat10n is connected with the use of the scanning electron
microscope (SEM) accompanied by a scanning micro-probe analysis. \

With ’the transmission electron technique magnification up
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to about 10° 'can_' be obtained corresponding to a point to point
resolution of about 3 ; Depending on the sample, this resolution can
‘be improvéd by using special imaging techniques known as bright- field,
dark field, or lattice imaging. In the scanning electron technique a
fine beam of electrons is scanned ovér the surface of the sample using &

system of deflection coils. The various signals produced .by the.

interaction of the electron, w : e surface, such as secondary

—rays can be used to form - an

image. Magnification an* ﬂ-ooo are available with a

resolution of sabout y‘ jetallic samples are usually covered

with a thin film of c

electrons, back scatter

conductivity to preve
pictures. Another e

The out : 'ronA'varies according to
the accelerating vo'lt E 0 kv) and the structural
characteristics of the he pértic’u'l'ar angle of the
incident beam with respect—-t.bf’,ﬁ}ﬁé‘ﬁ ffacesfeatures. The changes in the
secondary e]ectron“ ice! ""“‘""*‘" s exhibit therefore a
3-dimensional characte th ‘ »

The back—scattered e'Iectrons gwe.a signa'l varying with the

respective atoﬂcum Wﬁﬂﬁ wgzﬂrﬂe?th of the induced

characteristic t[-ray radiation w1th specia'l detectwes an elementary

ana1ys1sqm mpmﬁ ﬂmﬂ E]Ms technique
' is known as electron micro- e analysis

, v In principle, this scanning technique and the analysis of
the characteristic x-ray radiation cah also be applied in transmissions.
This method is usuaﬁy called “"Scanning Transmission Electron
Microscopy” or STEM. This method has the advantage of better resolution

as compared with the TEM, but has the disadvantage of difficult sample
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preparation.

The most powerful method in the investigation of 'zeolite
problems ‘is the scanning electron microscopy (SEM). This nethod has
above all the advantage of a simple preparation of the sampies and gives
- quick information on the shape and the distribution of the size of the
crysta]s and also of the presence of amorphous material.

or the use of the SEM in zeohts
%two examp]es of A- and X-type

h very similar composition,

In fig. 2.28
synthesis is given.
zeolites which weére

varying only in th s fallka ~ her excess of alkali leads

to a higher rate of foh and finally te, smaller particles. The A-
zeolite crystallize g Q{‘]‘ch are sometimes truncated
by octahedral plane der 2. condition of growth. The x-

zeolite crystallizes C __, Uels 41 e 2.28d shows the x-crystal

balls of agglomerated 1 ryst. i are typical for the P—type
e i : : .

zeolite which often occur‘sf&af rity during the crysta]hzatwn of
Hl_,a",’l“i t‘l . : .ﬁ’

faujasite-type zeﬁhtes espeé"ta'fly i/Al-ratios.

by inspecting a zeolite

sample with the agrobr 3 . thaﬂsh_ape of the crystal, the

type of zeolite, and me 1mpur1t1e which are present in the sample may

be 1dent‘lf1ﬂ.u8ij %ngeiw %};}:ﬁn@ of the crystal size

kinetic studwqgs are also posgible. Fur hermore, spe ial techmques ‘such

e LA RA ML ‘iﬁudﬁﬂ%’n?ﬂaﬁ"m% et luon o

single components in the samp]e. By using high-resolution TEM-

techniques structural details of the zeolite lattice may be resolved.’

2.6.3 The Infrared Spectroscopy and The Framework

Structure of Zeolites [9, 24]

Baside the diffraction methods the infrared spectroscopy

has gained some importance for the structural characterization of
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y

a. NaAlO, 0.8 Na,0 S10.47/40 00 % A zeolite
b. NaAlO O f Na,0 8102 200 H . [ zeolite
c 2 O, ) 100 H .$  zeolite
d. Naalo: 4.8 siof 1. 37 NaOH/SiO 150 HJO X zeolite
2 = 2 po e ;

' ; wifh 25 % of P
The P zeolithEan be seen in the picture dL.by the balls
marked by the arrow.

NaAlo, T is

Figure 2.287;Ra3ter séén microgfaphs.df A and X Zeolites from batches
with dlfferent alkallnlty cau51ng & different rate—of nucleation and

!',

dlfferent partléle size.!
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zéoh‘tes, especiaﬂy in situations where no unambiguous x-ray patterns
can be‘obtained. |
The most 1‘mportant. arguments for the appﬁcation of this
méthod are the straightforward sample preparation and an instrumentation
which is readily avilable in many laboratories. »
The object of this study waé to apply mid-infrared
rg] problems with the ultimate hope of

: ry& and readily available analytical

method, as a tool : acg’m'%ramework structure and perhaps to
detect the pre( ‘-_'Y'W

-frameworks.

spectroscopy to zeolite

using infrared, a

1ding units present. in zeolite

e spectrum was used (1300 'to_
200 cm'i siné “fundamental vibrations of the
framework (Si uld reflect the framework
structure. I -“-‘ ‘ ?‘ spectraT regions have been _
published for ma e 1 26011 . a few synthetic zeolites [48].

There is an extemSiyeiTiterature infrared spectra of silica,

e majority of, the 1'nfrarg1 transmission spectra were

obtained-dsi ‘i | | ‘w m a of at least 2 and often
more pr:@!ﬁﬂs Ylﬁmﬁe eﬁ obtained before the spectrum was
a s~be L ‘ iski ﬁt ite s ies. Spectra also
wﬂqﬁ:]na{nﬁsmmg i mﬂ:] a acverﬂ zeolites with
mineral oil mulls and pure zeolite self-supported wafers, to ‘establish
any matrix effect. Only minor spectral variations were obserVed among
thé several techniques and matrices. Except where othemise noted, the

spectra reported here are for hydrated zeolites in KBr or CsI wafers. A

typical wafer concentration was 0.5 mg of zeolite in 300 mg of KBr or -
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CsI, however, zeolite concentration sometimes was varied to obtain the
desired absorbance or to increase the sens1t1v1ty to weak bands.
Spectra were determined with a Perkin Elmer Mode] 621 double beam
grating spectrometer. Essent1a1]y identical spectra were obtained us1ng"
a Perkin Elmer Model 225 double beam grating spectrometer and a Beckman
Model IR-12 doub]e beam grating spectrometer as were obtained w1th the

\%‘ff A few spectra were measured for

zeo]1te powders in air at 350°cC.

i{:d running the spectrum as a

P-E 621 for zeolites A

dehydrated ze011tes
rapidly quenching
mineral oil mull reported for Ca- exchanged Y
zeolite using se carried out with a cell and

ibed by Angell and Schaffer
1

technique essenti
[49]. The spectr : "_:;1'j tterithan 5 cm | and the estimated

and instrument, but can

accuracy + 5 cm

a1 composition, x-ray, and °
adsorption puriggl b 20 1te£}ontents of greater than 90%
and contained no grystalline impurities detectable by x-ray powder

crrrrace ISIRIT) IS B RD Bt from he Horton

Co., and tﬁg experimental sample of Z -5 was prepqﬁed by K R. Muller at

= RFIAAATR BH1A BRI G o e,
Be]g1

In the thermal decomposition studies of A, X, Y, and L,

zeolites, powder samples of each zeolite were heated in ambient atr for:

16 hours at increasing temperatures to yield a series of thermal

decomposition products with successively lower residual zeolite x—fay

crystallinity. The heated powders were hydrated at room temperature and
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run as KBr waférs to obtain their infrared patterns.

"Infrared spectra were obtained on the synthetic zeolites A,
‘N-A, X, Y, B(P1), KZ-5, omega (fn .), S,R,G,D,T,L,W, synthetic analogues
of mordenite ("Zeo]bn"), and analcime (C), and for the related synthetic
‘felspathoid phases, hydroxy sodalite (HS) and hydroxy'cancrinite (HC).

The. IR spectra are shown in figs. 2.29-2.34 and spectral frequencies

listed in table 2.11. The d \1 of secondary building units (SBU)
and building blocks us ﬁiﬁ& prec1se as that of Meier and
there is some. m1nor structura] §1ass1f1cat1on
- The zeolites were chosepet fa ‘ ", ec rum of structura] types and

SBU and polyhedral bujddi ‘ 1f”g : _eworks as well as a range

' @*h with zeolite structure
has led us to prop e fifj‘ rtations and hypotheses.

Each zeolite species hés ja ;t - ad pattern. In addifion, there

pectra of zeolites with the

g——

are often general s1m1v-rt§§ am '
same structural type and«dn“%ﬁe{-‘*"";, ctural group. The infrared

\/appear to consist of 2

c]asses of vibratie E nal vibratfons of the

i r
| . e b4 Q
framework TO4 tetrjl;dron, the pr1mary building unit in all zeo11te

frameworks, ﬁwﬂthtﬂ ﬂ?w\ﬂ t‘i Flaﬁatwns in framework .

structure, and vibrations re]ated to external 11nkages between

tetrahaﬂamrq im”ﬁjQWﬁqﬁﬂre and to the
presence fof some SBU and bui ing polyhedra such as double rings

and the large pore poenings. No vibrations specific to AlO4 teltrahédra
or A1-0 bonds are assigned but rather vibrations of TO4 groups and T-0
bonds where the vibrational frequenc1es represent the average S1, Al
compos1t1on and bond character1st1cs of the central T cation. The

proposed 1nfrared_ass1gnments are presented in detail in table 2.12 and
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Figure 2.29 Inframéll #odfda of. zeolite® AN, and Y and hydroxy
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Cfn"
Figure 2.30 Infrared spectra of zeolites B(PL), e eand S ; right hand
portion of figure represents s higher zeolite cqncentrationvin the wafer

then in the left portion for figs. 2.30, 2.33, and 2.35
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Figure 2.34 Infrared spectra of zeolites A and N-A ; numbers 1n

parenthesis are Si/Al values
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illustrated with the infrared spectrum of zeolite Y in fig. 2.35 The
bands assigned to internal tetrahedral vibrations are shown in the
figures with a full line drawing and those to external 1linkage mpdes
with a broken line. :

Table 2.12 Zeolite Infrared Assignments, cm” !

Internal Tetrahedrﬁll External Linkages

Asym. stretc uble ring 650-500

Sym. stret opening  300-420
T-0 bend " 4204500 | Symustretch  750-820

stretch 1050-1150 sh

From the bands summ in tablé 2.12 " two most intense bands are
at 950-1250 cm | and @t 0~500'ci" . “These\are common for all zeolites.
The first is assigned an-a y) ‘;;.‘ tching mode and the second to

a bending mode of the T- Ofégﬁﬁ?_; - .; ds in the region of 650-720 cm
-rl“"__.. .--":-'; g

& symmetric st‘n':em, ) the TO,- tetrahedra.

pendent on the crystal

are assigned to

A11 other bands ~more qr Tle

structure. This czl be seen e following fig. 2.34 where samples

of the A strﬁﬁ gjbﬁdﬁe reﬁ?ﬂ ratios are compared.
: g wﬂq tlﬁase has been observed

for the as mmetr1c stretch band near 980 to 1100 clJ1 with increasing
rrace18 9HLAY 4 Yo lbrad Vvod, oo dt ool Bh from 715, 2.6
In the region of the external bands, a medium strong band
near 500-650 cﬁ"1 is present in all structures will doub]e rings as e.g.
zeolite A, the faujasites, chabasite, 9me1in1te» and the
offretite—erionjte system. Zeo]ftes without double rings show only weak

intensities in this region. Inconsistencies are observed with_the
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asyfnm. symmetric [ T-0
. strefch, stretch , ring , bend pore,

v Rl 650 500 420 300

cm™i

Figure 2;35 Assignments ‘ rared wave number regions
.-J

with a ‘spectrum of ‘ . ol%: internal tetrahedra,

structure insensitive _ 1 1linkages, structure
sensitive J =
k ihﬁ.
= .
Vent
e
B
13 Y
Methano! . ‘ re, VVVVN
1 Regenerator - S
. I T
: ) ¥
Water 5 ] L/ a2y : A=pane Condenser
. scrubber
Air + N, b = A
» -
4
Feed 3 y 1 Filter
preparation

| ——F;’I u E] ’J ﬂ 1 ﬂlf] lower)

_AE1an Il N

o Super&ater : Gasoline

f3 | N, '. ; - \\'ater

Figure 2.36 Fluidized-bed methhanol to gasoline proces
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structures of P and Omega, which contain no double rings.

For the band of double sixmembered rings an influence of
the Si/Al-ratio of the zeolite could be observed.

Further, distinct dependen_c-ies‘ of the lattice vibrations
on the cations in the zeolite could be established in the symmetric

: stretchi’ng region as well as 1in the bending vibrations of the TO4-4

; l/é// [9] were able to demonstrate
minds from the reciprocal. sum
_\Espectwe cation. From

investigations of " thid i ~.on the cation distribution

tetrahedra. ; e

Especia]]y
Tinear relationship

of the radii of

within the zeolit important application of

the lattice vibra n is the investigation of
nucleation méchan'i tion of zeolites. In the
paper of Flanigen ectra of growiné NaX 1'sA
demonstrated, showmg ypé:-' he faujasite from'the initial

gel to the well crystauﬁlzg!f-’s' pled. Especiaﬂy mentioned is a band

near 575 cm ' w go-1e xmembered rings.
T X
Furthermore, tw obs et al, [7] and Coudourier

et al. shall be méntwned using IR—spectroscopy for the identification

of small paﬂ u 01 j ray pattern but the

typical effegts oﬁhe catm[ acﬁﬂ ahese substances This

ctwva Wuﬁl ﬂﬁ?m E]md near 550 cm
ﬂﬁe quan :I a:

1 from qh1ch also an ana]ys1s Zzeolite could be
carried out.

2.7 Industrial Uses and Applications

According to Mumpton '[3], zeolites were first used 2,000 yéars
ago‘for building stones_.- The ion-exchange capability of zeolites was

first investigated about 100 years ago; the molecular sieving capabih’ty



87

for separating gases, 40 years ago; and the first commercial uses of
'synthetib zeolites, 30 years ago. Breck [3] reprdted that, in 25 years,
zeolites had achieved wor]dwide recognition as evidenced by the
appearance of about 1,000 publications a year, and the recognitidn of 40

natural zeolite minera]s‘and over 150 synthetic zeo]ites." St 40

1977, only 10% of the known natur ’ﬁhtes Had commercial applications

& were successfully marketed.
ura] zeolites is 1in bulk
mineral applications: 1ng and construct1on

industry, where prox on makes them cost

effective, and in th per industry, largely
resources. A modest
‘market for zeolite mineg : f» ‘AEJ. lecular sieve adsorbent
in acid gas drying in thg'n U?di—ga:tuj”' y in NH, removal in water
- production of oxygen and
nitrogen via adsorptive air '__'n

. -"'_' ' e :f

general, however, thzhr punstratiy«.ﬁl

[8]: _ e D
"“’::;::;a,umlaﬂ NINYAD3....
ARAAIN T ﬁ"iﬁﬁﬁ‘ﬁﬁ"fé’ﬁ”‘”

Bu1k separations

. especially in Japan. 1In

sieve applications

ummarized as follows

Nonregenerative process: Drying
Windows

Refrigerants
Cryosorption

Ion exchange:
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' removal

Regenerative process: NH4
| Metal separations, rémova] from waste
» water _ '
- Nonregenerative processes: Radioisotope removal and storage
Detergent builder

- Artificial kidney dialysate regene-

ation

/ ture—NH4 * removal '
: it feeding of nonprotein-

SHYCNPN)

fertillizers

- Hydrogenation anq;-
Hydrodealk

Methanat ‘.v £
Shabe-—séleﬂve reforming

HIBANENINeINT
I ARanNRIAN 8 Y

Carbon monoxide oxidation

R s ol - :

Ammonium removal from municipal wastewater

In early studies of the use of ion exchange for wastewaté(



89

5

ammonia éemqva]; a permhtite type exchanger and various organic resin
“ion exchéngers were found to have poor selectivity for amhonium jons .
resulting in unacceptably Tow ammoniﬁm 'loadings and low regeneration
efficiency, correspbnding high cdsts,\and prob]ems'of brine disposa]!
Thié situation was altered dramatically by a report by Ames [9]

which presented data showing the superior ammonium ion selectivity of

‘several zeolite ion exchangers \te . Clinoptilolite and Union
Carbide’s AW 400 were me-f“ lf bsequent pilot plant tests
using clinoptilolite w = ammons ova] greater than 95%.
Regeneration was accom i : g a ‘ alt solution which was
ef%ective1y reused a T RN r?h,ed from the regenerant
solution by air strippi i éxhal ,‘ ‘a mosphere. An improved
process (the ARRP on of the regenerant
~solution at elevated removal of the NH4 from
the_air by acid scrubbin ; _7 ing the éir to the stripper was
developed later.  All »f'f*i:’eh s were reviewed in detail
elsewhere. /3 » |

olecular ¢

The prime fu'j i jargents is to reduce the

activity of the "hardq?ss“ ions, Ca and Mg 5 IR the wash water by

cdmp1eXing.. Ei Eﬂﬁj ch:l ﬁﬂ? also provide this
Ca Mg

serv1ce by remoﬂdng from the solution and replac1ng them

.. Wﬁ]’&‘ﬂﬂﬂ“im W’”I“ZT PETRE o

the Na farm of the LINDE. zeolite in low or zero phosphate

and

" formulations are already being_so]d in sevgra] areas of the United

States, Europe, and elsewhere. This usé Has grown _rapidIy and now

consumes hundreds of millions of pouﬁdS'of zeolites annually worldwide.
This application hés been developed primarily by scientists at

Henkel 1in Germany and Procter and Gamble in the United States. The
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literature on this application, especially the patent _Hteraturé, is
voluminous and specialized. It will not be reviewed in .detaﬂ here.
Instead the discussion will be Hmjted to‘the related ion exchange
behavior of zeolites.

Conversion of Methanol over Ze‘oh'te‘ Catalysts

In view of the latest critical energy situation in the Western
ing conducted to reconsider the -
' materials to become important

s one among the products

world, extensive research

potentialities of other.
sources of fuels.
Methanol,

readily formed in ynthesis gas, by existing

technologies. It as a fuel in automotive
engines, or be ble
The formati

over classical NaX ze
of acidic zeolitic or n
W=

A novel process fqp‘]ta‘je j;, lightforward conversion of methanol

recently developed by

to gasoline over«}ku—s zeolite cata

Mobil 0i1 Co. [3} 9] ed to as "Methanol-to-

Gasoh‘n'e" (MTQG) prom

& ﬁ% ) process using its
ZSM-5. zeo]itﬂucﬂ ?Y]ﬁ?] ajﬂﬁand This plant has
a fixed-b ctor é{r conversion has
been d@lﬁ a\aﬂ%m ﬁ?gli ?Eg;j ﬂma] phase of
operatwn at a pilot plant at Wesseling, Federal Republic of Germany.
The raw gasbh’ne yield is 90% with an octane rating of 90.25. The
fluidized-bed process,‘ shown 1in fig. 2.'35 is reported to significantly

improve the MTG procesé and possibly permit feedstocks other than

methanol to be used.



g1

Radioactive Waste Storage

As discussed earlier, zeolites are emp]oyed in separations of
long-lived Cs and Sr radioisotopes. These radioisotopes can also be
retained on zeolites for long-term storage by ion exchange onto the,
zeolite, drying the zeolite to prevent excessive pressure after the
container is sealed, and sealing the containers by welding [9]. |

1i metal or alkaline earth oxides,

Since zeolites contai
alumina and silica (major £ many common glassos), heating
to temperatures suffigie “gEstlugt ion of the zeolite crystal

structure can conver
calcining agents cg ; '“A"*he'accomp11shed at lower

'temperatures. Le 4 L A\ line-earth elements from

7

aluminosilicate gl ., 107 g/cmz-day). The

glass combine to ma is idea or immobilizing radiocactive

wastes.

One process emp]nﬁgﬁg, atal oxide type cation exchanger
(Na Ti,0gH) to trap TSt anc ~'=l:-*~< ----------- pes' from liquid wastes from
fuel reprocessfng, . <528 ?v‘*“ 4Er to trap the 1340¢  and

137¢s. The ion exchangers are removed blended, dried and hot-press-

sintered to ﬁuﬁtﬂ; ﬂﬂ?ﬂﬂﬁrﬂ] ch rates. The process
nford imilar

has been test@gd at H radioactive Cs, Sr and Pu

e BN Y ﬂmwﬂﬂ h b e

glas

etal Removal, Recovery,and Separations[9]

- Many zeolites exhibit high selectivities for various heavy
metals and are under consideration for use in recovery of precious and
semi-precious metals and for removal of heavy metals from industrial and

‘metals processing waste waters.
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Becuase Qf-their availability (especially 1nlJapan), the

zeolites clinoptilolite and mordenite have been studied for heavy metals

(especially Cd, Cu, Pb, and Zn) removal from waste waters. vThe high

selectivities of several zeolite ion exchangers for Ag also suggests
their use for the recovery of s11ver from waste waters.

Separations and purifications of non-ferrous metals may é]so be

accomplished by zeolite ion axchange. For example, Breck reported the

: »DE Type A zeo]1te Many other

'separations of non- amets ﬁ possible. Separations of
-ofmp1ished, sugéesting‘that

both free and com ’ may be acce
i v‘hwi‘ ue new separat1ons and

zeolite ion exc o lale

purifications in ng: of inon-ferrous metals.

ﬂ‘HEl’J‘VIEm‘ﬁWEI']ﬂ‘i
’Q‘W’mﬂﬂ‘im NWI’W]EI’W&I El
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