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ABSTRACT 

Thc adsorption of  nitro,ecn, water x~apour, methanol  and c-yclohexanc ~-apours 
on the synthelic sodium mordenil¢ and its transit ion metal exchanged forms were 
studied in order  to elucidate the microstructural characteristics o f  these samples. 
The  results obtained indicate that the major  part o f  the total pore ~ 's tcm, mainly the 
intrac~'stal l ine pore ~ t e m .  is i n a c c e ~ b l c  to various adsorbatcs to x~ariable extents 
depending on their molecular sizJe_ Cyclohcxanc adsorbalc  x i ~  found !o measure 
only  the external (intcr-o3"stallinc) pore s3"stcm. 

I.'~'TRODUCrlO.~ 

T l ~  knowl,:de¢: o f  the sorptivc properti,:~ o f  the s,,anthetic sodium mordenitc 
and  its transit ion metal exchanged forms arc o f  prime importance in clucidating their 
microstructura! charadcr is t ies  which arc related to their acti~.ityar:.d to their selecti , i ty 
in catalytic reactions. 

The  intra- and in tcrcr~ta l l inc  sorption o f  a great number  o f  representative 
molecules using different tochniqucs wcrc reported in the literature ' - s .  These 
studies su~,'~t~ ~ a framework o f  natural  mordcnitc probably consisting o fg -mcml~red  
fines milh diamcicr  4.2 .~. but Ihc proposed c ry~a l  slruclurc o f  mordcnilc  as ~ v c n  by 
Meier "~ indicates rings o f  -,-7 A in diameter,  and that  the stacking faults are not  the 
cause o f  their molocular sicxx: c h a r a d c r L  

In Ih~  inveslLeation, the adsorpt ion isotherms o f  nitro_con. ,~-alcr. methanol .  
-',nd cyclohcxanc vapours  on  the diffcrcnt mordcnite samples were studied in order  to 
investigate the influence o f  the geometry and character  o f  the canal pore system o f  
t h c ~  samples on  the adsorpt ion o f  these molecules o f  various SiT e~ and polarities_ 

" Pr~on!  a d d r ~ :  ~ Scienoe Dqx~rlmoml. Fae~lly o f  P d r o l o n n  and Mining Enginoering, Suez 
Canal U n i ~ J y . .  Suez, F . ~ -  
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IEX'IMEI~ME2~rAL 

Th~ apparatus used for determining the adsorption isotherms, o f  nitrosen at 
fiquid n i ~  tanperature t-as a conventional volumetric one '°_ The mordcnit¢ 
samples w~re pre-outg~.~s©d at  a Iwcssurc as lot" as 10-s mm Hg in the temperature 
range 100-480~C. The samples were kept for a period o f  3 h at the desired temperature 
i ~ o r  to  any adsorption run. 

The adsorption o f  ~ t o r  ~.~,pour at 35~C ~as measured u~n~ a convcntiona! 
gravimett4c apparatus containing a number o f  silica sprin~ adsorption balances o f  
M c l ~ n - B a k r  type t t 

The adsorption isotherms o f  methanol and cyclohexane vapours at 35"C t~ere 
determined by means o f  a conventional volumetric apparatus similar in type to that 
described by Rn-nuk and Salem sz_ F~ch adsorbent t~as thoroughly o u t o ~ e d  in situ 
at  480"C for a period o f  3 h at a pressure as low as !0-  ~ mm Hg before carrying out 
the expe~menC 

materials used in this in~esti~ation are the synthetic sodium mordenite and 
its transition metal (Cr z ' .  M n - " ,  C o - " ,  Ni z ' ,  and Cu z*) exchanged forms. Detailed 
information resarding the method o f  preparation and thc p r o ~  chcmical formulae 
o f  all investigated samples arc ~ b c d  in an carlicr publication ~ ~'. 

IP.IES~LTS A,'~'ID D ~  

A ~ t i O ~  of nitrogt'n 
Surface p r o I x ~ S  o f  thc~c morCh:mtc samples .~"re dc~crmincd using 

n i t r ~  8as as an a ~ t e .  The a~o rp t i on  isotherms of  nitrogen at liquid nitrogen 
tempegalm'~ (--  195_8"C) on the various mordenite sar.~ples pr~-outgas.~d at different 
t c m p e r a t u ~  were determined (cf. Fig- l)- 

All the adsorption isotherms obtaincd wexe found to Ix:long. to type I o f  
Ehrunauer's da~f i ca f ion  ~ o: they are initially v e ~  steep and exhibit plateaus covering 
almost the. whole raffle o f  the equilibrium relati~e vapour pr,~sure of  the adsorbate_ 

From thcs: adsorption isotherms the monolaycr cqui~aknt walucs could ix: 
cakulatcd by appl~ng the Dubinin-Radushkc~ich equation t~ -  ~ t. which is based on 
tiN: lPolani potential theory o f  adsorption_ Figure 2 is a representative case for the 
Dubinin-Ra. d u ~ ~  plots. 

The m o n o ! a ~ r  equhralent ~ l u c s  obtained by the DR method ~ e  found to 
agm~ within ~ 4 ~  with the results obtained by app!ying the C~-not analytical 
rn~P_.od 17. The latter provides a direct standard method o f  detocting the monolaycr 
point on the isotherm. 

The mono!ayer equiwalents as ~ ' ! !  as the pore volumes for the ~ r i o u s  mordenite 
samples obtained from nitrogen adsorption at  -- 195.8"C, prc-outgassc'd at diffcx~t 
temperatures, are given in Table I. From this Table son~ interesting characteristics 
were drawn and could be summt4med as f o l l o t~  

(i) The m o n o l a ~ r  e q u ~ t  values sho~c l  a sharp increase with the pre-out- 
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T A B L E  I 

T I ~  5KL~OI,.A~II I:I~'liYALL"¢I$ A,.'~D T I ~  TOTAL KIOF.. X1X.I,D, I I$  FOR !ltF. ~'AltUlL~ ~411RD[~%11T. ~r-~_'u_H.L~ 
~ I ~ S ~ C I I ,  AT VAIR _ll0f~ ~ ' [ I ~ L S  (~'C) (F I I I ~  N ~  AI~OaIPTX~) 

1L%T,t-M 1O-..~_ 1 2 . ~  2,5.0K ~ 26.2fi ~ 0-07~ 0-140 0-16! 0-176 0- IT0 
C r ~ t - - M  ,0.3-3 13.4"? : ~ 1 3  30-15 30-1.5 0.0~,~. 0.0SS 0-183 0-179 O~-2.,.~ 
l lk ln lNa-M 0.41 19.46 ~...%~ ~S..SI ~ - ~  0013  0-150 0.13t6 0.173 0.1"i0 
C o ~ - - M  I -0~  I ~  ~ 3 5  24~'t9 3 0 - t 5  o o t 3  o - t  t 2  o - t ~ g  o_ i¢~  
N t 1 N ~ M  , 0 ~  25_10~1 ~ _~r7.,119 ~ l g l  0 -032  0-161 0-162  0 .169  0 .1~6  
C u ' L ~ - , . M  0 . 4 4  ~ ]HULLS 3 0 - 1 5  3 0 _ ! 5  0 .0~ .7  0 _ i T O  0 - 1 9 7  0-..~03 0 - 1 ~  

0 . 2 ~  

gassing te~pe~tut~e up  to 300~C. and t h ~  ~ s  follo~,~l by a gradual  i nc rca~  until 
the l a n ~  ~g00--l~eC (c~ F i ~  3)- This  could be attnbutc~d to  the succ~__ ~ removal o f  
physically ~hen ~ y  5ound water  mol~ulc~  from tbe mordcnit¢ structure. 

(ii) "ghe ~ removal o f  i n t v a c ~ l l i n c  z~olitic water  from the pores 
goes p a r a ~  with i n c ~ a ~ n g  the  adsorpt ion capadty_ Ac~ord in~y  the temperature 
gange 400--4S0~C can be regarded as  the opt imum temperature gangc for act ivat ing 
t l ~  mordeni tc  c a t a l ~ .  A t  this  tempct-atur¢ rang~, a lmost  all the intvacrystalline 
zcol i t~  water  was remove~d_ 
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( i i i )  W h e n  the monolaycr  c q u i ~ l c n [  values ~ r e  corrected for  complctc 
dchydrat ion o f  the various samples  heated at  different temperatures,  the relationship 
s h o w n  in Fi~. 4 was  obtained:  from this Fig. it is clcar that by dryin~ at IO0~C thc 
cat ion-exchan~ed forms o f  mordcni tc  s h o w  a ccrtain dc~rcc o f  ina _c(~___~;bility o f  the 
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n i t ~  molecules towards the total pore sy,~cm, rcflccling thus cxtrcmc!y small 
monolaye: equivalent values. At intcxmcdiate o u t ~ - ~  .'ng tmpL- ro tu r~  the a ~ b i l i t y  
o f  n i ~  molecules towards the pore syslem increascs~ as a result o f  further de- 
hydration and opening o f  the porc system. Ho~:~cr,  out~t~ing  at a high tcmpcraturc 
le:uJs to a partL~l collapse in the s t r t~u re  o f  the submicroporc:; present Icading to a 
(kt=casc in the monolaycr cqui,~lcnts na:asured by nitro~-n molecules. The extent 
o f  collapse in the slruclurc is a p p r o ~ b l e  for Ih£ (Na-M)  sample and bcr_omc~ 
smaller in the cation-~__r_han,eed forms. The cation-cxchan~-d forms tend to ha~: the 
same charactc~i51ic va|ues ~ t e n  outgasscd at a temperature as high as 480"(:7. The 
two opposing ~ namely the de.hydr'Jtion, and the partial collapse o f  the 
narrower pores at high tcmperatu~x, lead to the appcaranc~ o f  the maxima s h o : n  in 
Fig.. 4. 

.4d~rption o f  wmer rapour 
The a,d.~orption isotherms o f  ~ t c r  wapour on the or i~nal  synthetic sodium 

monk-nile (Na-M).  and its lransition mctal r_xchan_,~d f o r n ~  (CrNa-M. CoNa-M.  
NiNa-M, and CuNa-M),  arc ~ l ~ n  in F i~  5- All these isotherms are of  the rectangular 
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F i  F 6- D u b i n i n - R a d u s h k ~ c h  p lms  o f  ~,",a[cr vapou r  adsmpl ie ,n  ~ the ~,~arious n~xdcn i~c  sampIc~ 

TABLE 2 

MO.'~OL,~'b'IEIZ E~q~'ALE~'I~ A.%'U THE TDTAL I'~qRE ~'I~Lt~'SU~ FOR THE S'~'I 'IIETIC ~ ~Z~.DE~'ITE 

ccfl~ n d . ~ g  nml~oal~p,e cc~g m l iA~  moIecuIe~rg 

N a - M  141.3 0 , !  14 37.96 164.5 0.133 414 ~.20 
C r N a - M  152_0 0,!4"/  48 .90  2 0 6 f i  0.16"/ 55-51 
C o ~ - M  169.8 0.13"/ 45-63 !89-2 0 - ! 5 3  50_S4 
N i N a - M  1"/3.8 0-14!  46_70 194-2 0 - 1 5 /  5 ~ ! 8  
C u ~ t - ~ ' ~ l  173.8 0-141 46 .70  2 !  I _5 0_171 56_$3 

shape and  belong to type ! o f  B runaue f s  classification l o The Dubinin-Radushke~ich  
mcthod-~t- 16 ,~-as applied [o esl imalc Ihc monolayer  cqui~-alents, which for lypica! I 
isolherm are close Io the sa lural ion values o f  Ihe isolherm~ The  Dubinin-Radushkeo 
r ich plot~ o f  water vapour  ad .~rpt ion  on  the various investigated samples are ~ v c n  
in R o_. 6. whilst the monola)~-r equivalent values as ~1:11 as the total pore volumes are 
given in Table  

From the results summarized in Table  7_. it is e~ident that  the monolayer  
equ ivaknts  estimated from ~-ater adsorption,  p.~.-o (moleculcs(.~.). arc hi~her than 
those determined using n i t r o ~ n :  V~': (molecule ,S) .  These differences are mainly 
at tr ibuted to the following factors. 

(i) The  smaller size o f  water molecules in comparison with nitrogen allows a 
sinoJe pore to accommodate  a lareer number  o f  the former molecules. 
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[Oonh ( i i ) ~  polaniz~l mordenitc surface facilitates the adsorpt ion of  stronoJy 
m o ~ _  te~_ such as  water  ra ther  than of lx~ .k ly  polar  mo l~u l e s  such as nitro,,3~ 
qoa~npolc character is invoh-cd). 

a'- In addition, the values ol ' the monolaye.r equivalent obtained from ,,~t~r v~p~ur 
osog]ptson on zac various calmwcxchan~cd forms arc highcr than that o f  the on., 

exchan~ed mordemtc. This ~ the specific interaction bctx~,~en thc water  molecules 
and the exchan.~ed catt'on_~ Such interaction includes the contribution o f  p o l a ~  
mordc.'titc surt 'acc, as affcctcd by the ~cchan~--cd cation, tox,~rds the polar  ~ a t c r  
molecules. 

On  the o ther  hand.  the total  pore volumes ~ u r e d  3v ~'~ter V ' ~  
lower than those measured by nitro~oen. V~: (mlf~)! • This is t, (mL~), are 

p - presumably due to the 
adsorption Ix:in s mainly rc:stdctcd to a monomok:cular hyc r  on thc ¢l!ipdcal chann©l 
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T A B L E  3 

lr~E MOe~M~Zlt I~qlVALE.'~"I~ A.'C~ " l i l le lrUI'AL ! 'OIE ~,-ol_L~ lO l t  TI lE ~'~'THt~C .~]DIU-M ~ t D ~ z £  
A..'%'1) IT~ 11t..~"~i~1[0~ MIETAL CATID.%2C~ IFOE-MS tizo_~ Ml~gll~.~t~L ~It35ORFlrloN AT 35  "C 

¢rfg mille molecul¢,~{~ c r~  ml~  molcrxdes{£ 
( z I0~)  ( × I0=') 

I~L1-M 83.18 0.1~0 ~.~35 I I 1.36 0-201 _'29.92 
CrN .~M 8"LI0 0.157 23-40 IgOr.92 0-341 50-76 
M n ~ t - M  10230 0-185 27A9 19224 0-347 51.65 
C o ~ - M  93.33 0-!68 25.0~$ 150-14 0~71 40-34 
~I~L~-M 96-61 0-174 25-96 123-55 0 ~-~23 33-20 
C u N a - M  93.33 0-168 25-0S !24_10 0--~--~4 33.35 

walls, accordingly b l g ~  adsorbate  molecules  a5 nilro~-en will occupy  a larger fraction 
of  the channel pore volume than the smaller ~ t e r  moleoJles- 

Adrorplion of melhanol 
The adsorption isotherms o f  mcthanol vapour on the various samples investi- 

gated arc shoi~Tt in F i ~  7. All  the i$olhcxms arc o f  type I o f  Brunaucr's  classification z o 
T h e  D u b i n i n - R a d u s h k ~ i c h  plol$ o f  m c l h a n o l  adsorpt ion are s h o w n  in Fig. S. The  
monolayer  e q u i v a k n t  values  and  total pore v o l u n u ~  are given in Table  3. 
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re;ulL~ summarized in Table 3 indicate that for various inv(:sfi~tc-d samples. 
the monola~er equivalent ~ l u e s  measured using methanol as an adsorbale, V ~ ' ~ "  
( m ~ l c ~ g ) ,  arc  l o ~ r  th~n thos~ mcasun:d by both  ~l~ttcr and  n / t r o ~ .  On the 
other hand. it is intcxcstin8 to report that the ~ l u c s  o f  the total porevo!umcs measured 
by methanol g ~ t ~ l  (ml/~) for the various mordenitc samples are found to Ix: hi~ohcr 
than thos~ measured by both tt~tcr and ni t ro~n.  ,A.~ain this result c o n f i m  the 
conclusion that  a sin~-.k: pore can a~ommoda tc  a lar ....or number o f s m a l k r  a d ~ r b a t c  
molecuk~ 

In the li~-_ht o f  the results dc~scribcd abol~., the Dubinin-Radushkc~ich mono- 
LltI:c'T ¢:qu~;llcnL% V" 0 (molc~'uk~:'~). measured by the various a ~ r l ) a t ¢  molccul¢~ 

in  the o rde r  V "-'°., > ~+~:. > V ~ : ~ : ;  whi ls t  the to ta l  pore vo !umc~ I ~  
(ml/~) incr~ .~  in tit,: or ,~r  ~,,_.o~, < ~+~: < r,.~,,~m,_ 
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TABLE 

11111[ ~d~.%:[M.~YI[I[ [4t~lb'l~l."AIJE~'ls A+'%'D "lrllllE T~TAJ+ Pt~EE ~*OLL'M[~ 11311 THE S~.'~,"TIlETIC .~DDtlb~,I ~K)RIO[.'~-II'II~ 

. ~ m ~  

I ~- Io=') (:~: IO:") 

C r ~ = X I  7.41 O-O~S 1.99 14_7"~_ 0-071 3-96 
~11n _~.ll- M ~ I 0-0.;~ ! _?S ?25-91 O_ I ~ 6_96 
C'o;."~l+~l G_61 0-1)3 "j I . ~  9 -12  0.044 2-45 
NiP ' ,~-M 7.P.:) 0.0.37 ~,?.+04 14-72 0-071 3 - %  
C u ~ -  ~I  .~,.0~ 0.01 $ O-Sl :;-7! 0.0.12 ~.T,,-I 

A ~ r p l i o n  o f  c)'~ohextm~ 
Thc rc~ul[s o f  thc adsorption mcasurcmcnts o f  c y ¢ l o h ~ n c  ~ p o u r  on the 

• ~dous  ~mplcs  in~sti~:~tcd arc ~ ;~n  in F;~--_ 9, whilst the Dubinin-Radushkev;ch 
plot~ are ~ l ~ n  in F i~  10. ~ Dubinin-Radushkc~ch mono la~ r  cqui~ralcnt ~ralucs. 
as xi~ll as the to[al porc volumc~ both arc c x p r c ~  in cc[~., and molcculcs/g arc 
~ n  in Tabl~ 4_ 

The ~csults ~ : n  in Table 4 indicate that t /~  monolay~ c q u i ~ n t  ~dlues as 
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well a.s thc total  pore volumes measured b y  c~ lohcxanc  arc appreciably lower than 
thos~ mcasurcd by the other thrc~ adsorbatcs, narndy,  , ,~atcr, n i t r o ~ - n  and methanol. 
A lso i t  ~ noticed that the monolay~r C~ClUivalcnt m.~gured by cyclohexane is the 
s a n ~  fo r  all  i n s t i g a t e d  samp!~  (I.S--~O :.< I0 : °  m o ! c c u l c s ~ )  cxccp t  th~  C u N a - M  
samplk: ~-hich ~ a c~x:lohcxanc "nonol~yCT cqu i~a lcn t  o fO.S  :~ I0  z°  m o l e c u l e s /  

E~id~'ntly. c~: to lvcxan¢ c a n  m e a s u r e  o n l y  live r n o n o ! a ) ~ r  cqu i ,=akn t s  a n d  t he  
por~  v o l u n ~  o f  l he  e.xlernal por~  s y s l e m  ( in l~rc~ ,Aai l ine  pores}  a n d  is l he r c fo r e  
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