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ASSTRACI" 

In the prcs£~t study. Yarious transition mcta! cationic forms o f  mordcnites were 
prepared. The  results o f  chemical and thermosra , imet r ic  analysis could be used to 
derive the chemical formulae o f  these mordcnitcs. The indication gained from 
t h c r m o ~ v i m c t r i c  studies both in vacuo and in air is that the hitch vacuum procedure 
causes a partial collapse in thc mordcnitc  structure and this effect is connected with 
the de~.jee o f  re~'ersibility o f  water loss and x,~ater rc-uplakc by the various mordenite  
~amplcs. 

The  scannin~ electron micrc~$raphs sho,~ 'd that the exchan~,Aq~able cations do  
not  affect the mieroet3,stals o f  these mordenites but their cffct't is mainly rc~ricicd to 
thc intracrystalline r ~ j o n s  and the amorphous  character o f  thc microct3"stallitcs. 

I.%'TRODUCTIO.~ 

Mordcni le  is or~ o f  the z~olite family which has a high silica to alumina mole 
ratio and sho,~,~ a o~rc~t Ihermal stability after dchydral ion as ,,-ell as acid resistance I. 
Crystal structure studies-'- ~. as oblaincd from X-ray and electro.1 diffraction exami- 
nations, showed that the mordcnlte  is orthorhombie with pre,~iling space group 
Cmcm. T h e  unit cell o f  sodium mordenite  has the dimensions a -- 18.13:/) -- 20.49: 
c -- 7_52 A and the chemical formula is Na~A!~Si.toO,~6 - 24H~O. Its molecular sieve 
property is attributed to a system o f  l a r ~  elliptical channels parallel to I:001 ] ha , ing  
a free diameter  o f  6.95 A, and bc-in~ interconnected by smaller channels parallel to 
I:010:] o f  ~ $  A free diameter.  Some o f  the cations in mordcnite  are thought  to be 
located in these channels. 

Despite the sufficient intensity o f  research work devoted to zeolites, s-urprisin~y 
•-cry l i t t le is directed to the mordcnite type zeolite regarding the essential structure 
and physico-chemica! characteristics that determine the basic c~n ts  in their appli- 
cabi l i ty as adsorbents as ~ : I I  as clTcctive and selective catalysts in many reactions. 

* Pn~ml ~drc~." ~ ~ I:)qxarln~nl, Fa~mhy of Pctrolo~m and Mining En~0~'ring. 
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In recent ~ z r s .  scannin~ electron microscopy (SEM) ha~ bo:n extensively used. 
The  simpl~ .~zmpl¢ preparat ion techniques to_octhcr with thc lar~c depth o f  focus 
makes it  a v c r y  tLscful tOO! for the stud)" o f  the morpholoeical  characteristics o f  x-arious 
solids. 

The  object o f  the present investigation is to s tudy the dehydrat ion and rchydra- 
t ion o f  synthetic sodium mordcnit¢ and  their tr:m-~ition n~ ta l  cationic form~ Corre- 
lating the d i f f ~  in thcr,nal bchavio~w to thc diffcrcnccs in chemical composit ion 
and  thc condit ions under  which the dchydrat ion~rchydrat ion p r ~  takc place is 
o f  prime importance.  Also it is aimed to throw some !i~hl on  the morphological  and 
microstructural characteristics o f  the synth~'.tic sodium mordcnitc t c ~ t h c r  with its 
transit ion n~.~tl cationic forms. 

E~PtRIMI~N.~r~L 

T i c  st~rtin~ matcrlal used in t h ~  ini~csti~ztion ~-~L~ the ~x-ntl~ti¢ sodium mor- 

dcnitc Na_,(~XIO,),($iO_,)t. - 7H,,O. Five t rar~ition metal ~;-alionic forms (Cr - ' ' ,  
If, I n " * .  Co "~. Ni  -'~. and C g : * )  ,,'~re prepared from th~ ori~n:t l  .~dium mordenite 
b y  cation e..xchan~ proo~,~,~. The cxchan~ocabl¢ cation content ~zs dctcrmincd by 
anal~'zin~ for t l~  cations in their aqucou~ solulion~ I~l'orc and after Ihc ~xchan~c 
~ ' ~ .  T ] ~  r~u l l s  ofchcmical anal)~i_~ as we!! a~ th~ propo~'d chcmica! formulae 
for all o f  the d,=hx'drated sampl,~ --,re ~ivcn in TabE !_ 

~ ~ , ' i n z c t r i c  anal)sis ( T G A )  was carricd out usin~ silica sprin~ balanc~ 
o f  NlcBain-Bakr  t ) ' l ~ ;  IlK: ba!~nccs hax-in~ :~n~li,~',~ti,:s ran~.in~ I , c t ~ : n  3(X)-4~ 
mm , ' - t  at~d carrying ,,x-qry lio.~t buckcts containing thc samples. The  silica sprin~ 

TABLE I 

J; ~-~r pr~rg~r 

rut / l~  

rArmira/I" ,,,~,x 
qddard~to/.~ 

O~l~al  ~nlh¢li~ sodium mon/out¢ 
I N . M )  

Cltromitmz ~ m m  n ~ x ~ t c  
(C'r I,C.~-~Et 

~ ~  ~ u m  n~r~cnitc 
(MnNa-M] 

Col~lz sodTmm mtx-dcnitc 
(ColCa-M) 

Nicbd ~ ~ t c  
{NiN=-~n 

C'twpzr r ~ m m  ~ 
ICuNa-M) 

4_2 ~ 

~ 7  

0.7 

~i,,_ ,: ~%t,~, .,~IAlO:11:l~iO:),,,, 

Cu..,c.'~,~ ~ ..4 A iO:):¢rSiO:)l. 
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balances were enclosed in pyre_x ~ a s s  tubes attached to a ~-acutnm line. Heating was 
carried out by means o f  a small elcclrical tubular furnace., the temperature o f  which 
,,,~s regulated .so as to increa~  linearly with time at a rate o f  3.0-3.5 "C m i n -  !. The 
readings were taken with the aid o f a  calhetometer, reading to 0.01 mm.  

A I .~tz  - A M R  1000 (%Vc~! Germany)  scannin~ electron microscope ,,~as used 
in this investigation. In the prc~nt  study, the hydralcd mordcnite samples wcrc 
dried in a nitrogen atmosphere (free from CO..) at 60 "C for 24 h in order to remove 
the moisture.. Freshly fractured si~'cimens -.v_~rc placed in a vacuum c,caporalor with 
cathode rays and coaled with a thin layer o f  _-_old o f  about  300-400 ,/~ thickn_e~ 
The S p C C i ~ S  x,~l~ Ihen slorc~l in a d~;iccalor prior to SEM examination.  

X-ray diffraclion patterns were obtained by means o f  a philips X-ray diffraction 
unit using a ~ili¢on cr'~tal ~ an inlernal .;landard for thee d - spac in~  produced. 

R l ~ b ' t . ' l ~  A~ 'O UISCU~aO. '~  

Dchydraliuu in air 
The results o f  T G  in air on all invc~ l i~ led  r, omp!cs arc ~raphically represented 

in P-i~ I in terms o f  zhc pcrccma_~-c I o ~  at dilTcrcn! lcml~ratur~,  ba_~d on the dry 
weight. 

From thes~ rc~ulL% it was found tha~ as the tcmpcraturc r i s ~  the ,t~ter loss 
increases_ The  talc o f  dch)3Jration ~ccms t~ Ix: accelerated in the low temperature 
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Fig. I- Pcrccn~S~: lass for uhc ~r iou~ mordcnit¢ ,,-~ml'4Cs hc~lcd in air. 

Fi.~.. ~ P a c c n ~  loss for tlx: ,.'~rious mordcnit¢ s~mplcs hc~tcd in v~:uo. 
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ran_-e and then proceeds at a smaller rate in the high temperature range.. Al l  the 
samples v,-c~ found to Io9: about 19--30~ of  their zcolitic water upon heating at 
100~C. With increase in temperature, the o~-_inal ( N a - M )  to~cther with ( M n N a - M )  
and ( N i N a - M )  ~amFlc~ wc~rc found to lo.:,c I 0 0 ~  o f  their zcolizic water upon heating. 
at 4S0~C, a-hils[ the (CrNa-M) ,  (CuNa-M).  and (CoNa-M)  ~mplcs lose only 98, 
99 and 93~,.  respo."tively. 

Dch)'dral ion in reato 
T i c  results o f  T G  in vacuo am shown in F ig  Z These results indicate that, 

similar to dehydration in air. the l~,-Jtcr loss increases as the temperature rises. Al l  the 
samples m~cr¢ found to lose 51-700~0 o f  t !~ ir  zcolitic ,valor upon healing at 100"C 
except the onginal ( N a - M )  sample which loses only 3 9 ~  o f  its ~valcr. By increasing 
tl~e tcmpcxatture to 4,~JD'C, i t  ~'as noticed that (CrNa-~l ) .  (CoNa-M),  and ( M n N a - M )  
samples I o~  I007~:. o f  their z¢oli[ic w-dtcr, whilst the od~nal  (Na-M) .  (CuNa-M).  
and ( N i N a - M )  samples lose $~  9S and 91 ~-;~. respectively. Fi~.urc 2 shows also that 
unlike all other samples, the (CrNa-M)  samp!c loses a very small fraction o f  its 
zcolitic xx~tcr in the tcmpcraturc range _--J~IO-300"C. 

From the rcsulls o f  thermo~-javimctric analysis both in air and in vacuo: some 
interesting observations ~,~rc dra~'n which could he summarized as f o l l o ~ .  

( i)  T I ~  water loss in vacuo is lar~cr than that in air especially in the low tem- 
perature ran_.-c (Lc. vacuum procedures acoc!cralc the dehydration, especially at low 
temperature)_ ~ o r c .  the difference between vacuum and air dehydrat ion i5 
appreciable only in thc low tCmlX:raturc range and dcc rca~  x~ith rise o f  temperature 
until Ihey both become almost the same at 480 :C for most  samples. 

( i i) In some particular cases, howevo-, the water loss in air exceeds that in 
x~cuo, and  tthis is seen to take plact~ in the high t empe~ tu rc  range ( ~ 0  'C)- The 
results shovm in IFi~ ! and  2 indicate clearly this effect for the original (Na-M) 
sample to~clb=r ~ i th ils Mn -''~ and N i - "  exchanged forms. This cffccl might bc 
a t l n b o l d  IO a partial collapse in the mordcnitc structure duc to the high vacuum 
procedure at high temperatures - -  a phenomenon which may Ix: tentatively explained 
as f o l l o ~ :  Jn the lower tempca~turc ~ n ~ . .  the cations o f  the mordcmte structure 
still rclain some o f  t l lcir ~atcr o f  hydration, and thus they arc frcc to migrate in the 
mordcnitc channels. ~hi lc at hi_-J~r temperatures, a hig,'~r d¢~cc o f  the dehydration 
~s all~incd, and the dehydrated cations rc~t sli!! in the channd ~-alls. and in so doin~ 
they block sorrm o f  the pockets which arc located at right an-Jcs to the main 
channels. This might hinder thc rcmm-a! o f  some o f  the ~o lh i c  ~'atcr molecules 
~hich arc hx:atcd mithin lhcsc pockets. 

( i i i )  The molccolar formu!ac for the ~ r ious  hydrated mordcnite samples 
in~e=~li~atcd could I>c d<~dvol from the results o f  T G A  to-~<~lh,~r ~ t h  that  oblaincd 
from chemical aria _lysis_ ~ formulae ~crc  found Zo be 

(a) ( N a - M )  : Naz(AIO.).(SiO~)jo 7.1 H .O  

(b) ( C r N a - M )  : Cro.39Na,_z~(AIO.)._.($iOz)jo 7.05 HzO 
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TABLE 2 

I&'A'IrI[R ~ ~ ~ P A R I E D  ~ ,T ! ' i l  ~&'ATER RIE-UPTAKIE | [  LLO~&'I-%:~ "I[ItlE DI[ | t~ ' IDRATIO.~ i .~ VACI., 'O A.%'n I .~ A I R  

.~ample L o ~  or  ( :p~ak¢ 

4 5 0  ° C i~ r e c u o  

in ruc~ ( ~'o. o f  
(No. of raol~rnA-~:~; 
n~!ct"ulc~:g ) f :. I~'P ~ ) 

Loss u~ 4S0 ~C ~ t a k e  in 
in air (~'o. air ( ~X'o. o f  
o f  molrrulrs/g) nmlr~,les:g) 
(:.. I~:~ ) (>: io=U 

N a - M  4-63 0.'/$ 5.65 5.39 
C r N a - M  5..54 IA~ :$-44 5_!8 
MnN;~-M 5.'F/ 0 -~ .  5-8g 5.61 
Co!~a- M 5-33 2-0"- 4.96 3.89 
Nil~a-Nl[ 6_'/'/ I - ~  6.71 S.gg 
Cu~a -M 5.95 ~4.'- 5 . ~  3_92 

(c) ( M n N a - M ) :  Mno.~Na~.33(AIG.) . (SiO.) ,o 7.54) H . O  

(d) ( C o N a - M )  : Coo.. ,Na~.~., fAIO.)2(SiO.),o 6.79 H . O  

(e) ( N i N a - M )  : N i o  ~Na~.~-.(AIO.,).(SiOz),o 7.22 H O 

( f )  ( C u N a - M )  : Cuo.o~Na~ .~o(AIO;):(SiO:)~_o 7.53 H . O  

| | "a l c r  I o ~  rs. wa l c r  u p l a k r ,  re r~ rMb i l i  O" re nMderalionLc 
As a g£'ncral remark, it x,'as noliccd l ~at thc ,,'alcr loss both in v-dcuo and ,n the 

presence o f  air  ~-as not regained rc~rsibl~ when the 5an;,~ sample ~as re-exposed to 
air  saturated with ,t~ater vapour. F_xpcrir~enls h a ~  shown thai the loss o f  ,~alcr 
dur ing heat treatment is ah~ys  ~jrcater th.-~n the ~watcr re-uptake, and lhc differences 
vary whelhcr  dehydrat ion wa.s carried out in vacuo or  in the presence o f  air. 

A typical ~ t  o f  dala arc shown in Table ~ The data ~i~crc obtained by hcating 
[hc various mordcnite  samples at 480 :C for 2 h, both in ~ c u o  and in thc presence 
o f  air, determining the water L,~% then exposing Ihe samples to air saturalcd vdth 
,A~atcr vapour,  leaving them until equilibrium, and  the rcuptake o f  ~,-ater was then 
determined. 

The  da la  clcarly show that the dehydrat ion in vacuo causes some irreversible 
change in the mordcnite  struclur~ ~x-hich impedes rchydration b_v i,~ater vapour. The 
impedance effect was much reduced ~x-hen heating was carried out in the presence o f  
sir. Healing in vacuo produced some collapse o f  the mordeni le  structure as already 
indicated. 

M o r p h a l ~  a n d  mi~ra~rruct~r~ 
The micro~aphs oblained f rom scanning e l~ t ron  microscope ( $ E M )  for the 

~ r i o u s  mordcnil~ samplc~s indicate some ~ntcrcst ing features which may Ix: presented 
as follows. 
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Ori~..inal sjrnll~lic ~sudium mord~nit¢ (Na-~ f  ) .  The micro~lruclure o f  Ihe 
(,~a-M) s~mpl¢ sho~tx~l Ih¢ lrap.-7_,~heJral cryslals (icositdrahedra) with indir,~ Isll 
and 24 fac~  as indicated from Fi~ 3(2)~ Ihcs~ c~rstals belong to lhe cubic system of  
!1~ whok~ s]~nmctHc~ clas~ ~ al;o aplx~aral o~horhombic prisms ~ i lh  basal 
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pinacoids to o..ctl~r with stacked orthorhombic bipyramid crystals and microct3-'stals 
xxith scmi-amorphom; character [d'. Fi~ 3(a) and (b)]_ 

Clwomi,  m .~odium mnrdrnit¢ (Cr~X~-, i l ) .  The microstructurc of this sample 
displa)-cd thc tvalw.z.ohcdral crystals with orthorhombic bipyramid crystals showin~ 

Fqr.- 4. SEM ~ p h s  for CrleC~-M- 
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5. 5EM miorog~pl~ for M©I~-M- 

an  o d ~ t t e d  morphology ax indicated from Fig. 4(a)_ The  stacked crystals ofsheet-l ik~ 
fonns  and, o[ thorhombic  primns bccom¢ more dominant  with an  intersecting mor- 
p h o l o ~  o~" m ~ l l i t e s  [cf. l=ig- 4(a) and (b)]. 

~la~anese sodium mordenite ( .MnNa-M ).  The  morphology and  micro~ntc ture  
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o f  this sample show the existence oftnM~_zohcdral crystals together ~ i t h  or thorhombic  
bipyramid crystals in Fi E _ 5{a). Radiat ing and s tacking bundles o f  sheet-like crystals 
appear also in the structure. There appeared also cubic and orthorhombic prisms 
stackcd and a~omegated together leading to a stacking and intersecting morpholo_oy 
(cr. Fig. 5). 

Fig. 6.. ~ miaol~aphs for ~ ~  



174 

Cobolt .rmlium nmr~'nile (CoNa--~.~l). The micros~ruclure of  Ibis sample 
cxhibil,~ll l r a ~ h c d r a l  c'o~lal.% slacked prisrr~ and microco~lallilcs. Long and 
szackal orlhorhombic prisms, rods and ~h~cl$ [o=~clhcr ,~ith microco-~all i i~ a/~ct 
appe=z~ in th~ strudur~ (c-f. F'i~ 6)_ 
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Nickel sodium mordcniw (NiHo-,41). The micr, ostructure o f  the ( N i N a - M )  
samplc di:~pla)~-d thc trapczohcdral crystals and the orthorhombic prisms x~th basal 
pinacoids as ~,-cll as oriented orthorhombic bioyrarnids_ There also appcaroci in the 
structure, a mixture o f  stacked orthorhombic bipyramids, orlhorhombic prisms and 
mic:'ocr~tallites as ~ell as parallel sheeL~ (cf. Fig. 7). 

Fig. IL SF.M ~ for CuNa-M. 
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Copprr sodim mordrnile (Cu~'a-~1l)- In Ihis sample the slacked shccls ;and the 
intcr[~incd orlhorhombic bi _IPY~mids makc thcir appcarancc to_octhcr with thc 
trapczobcdr~l c~la!s-~ T I~  ~ni-amorphous crystallitcs arc also prc~nt in I I~  
structure (cf. F i~  8). 

Evidcnlly thc 5EM micrographs oblaincd for lhc hydratcd ori~nal synthclic 
sodium mordcnile and iL~ calion-cxchangcd forms, display almost zhc ~amc morphol- 
ogy with r~s~0ct to the lar.~ main ~ k  but dilTcr in lhC m~crocrystals xxilhin and 
Ix~dc the ~ cr~s_taJs- The amorphous cha.,'actc'T of  zhcs~ mordcnite samples x"arics 
~xith the nature of  the cation u.~cd in Ihc cxcl~n.~cd ~zmplc~ Thcrcforc. zhcsc cazior~ 
cannot affect thc macrocr~Jal~ o f  mordcnitc but thor  ©ffccl. is only restricted to lhc 
microcr~lal!itcs and thc near-amorphous part o f  zl~ slruclurv.. 

From X-ray a n a l ~  of  lhc variou_~ moral(mile samplc~, i[ ~ bo~n found that 
the diffwction patterns o f  lhc cation-cxchan~--cd forms contain all the !incs appearing 
in t l~  diffraction I~zttcrn o f t l ~  o~i~nal sodium mordcnizc ~zmplc ~izh only onc basic 
diffcrcnc~ namdy,  zh~ ~ o f  amorphous characlc-r x~-hich i n c ~  in the prcsen~ 
of  t ~  , ~ r i o ~  transition metal catiorc~ p ~ n t  in l !~  structure_ The r~ul ls  of  X-ray 
show also that the prc~ncc o f  diffcrcn! cxchan.,~cablc calior~ doc~ no[ alTcc! the main 
cr~Aal slruclurc o f  mordcnilc since all the X-ray paucrr,~ obtaincd show the sarr~ 
• ~lues o f  d-spacings_ 

RI~-ERE~CI~ 

I P. B- Vcm~o and P. S- I.aml-e~. Adr. C'axul-. IS (196~ 259- 

4 A.I. VoSrJ. T¢.xl ~ ofPrm~irul l~,m~r ('~---'--~.. Lor,~,,.,-~. ~ !¢M,,~- 
$ J. ~V. ~,kBain and A. ~,I. B;lk~;, J. Am. Ck~m- .~m-.. 4~ (1926) 690- 


