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Structure and acid-basic properties of the surface of titanium oxides 
modified by phosphorus and aluminum and prepared by the alkoxo method 

1. Structural organization of modified titanate systems 
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An alko~r inethod for the prcp;iralion of smgle-phz,sc titanium oxides modified by 
pllosphoru,: and ;lltlnlJrltlill is propo:-,cd and tile mccl'lamsm of oxide lbrill;itioll is investigated 
SH'tlCttll:ll sltidiev, showed lhai 111,2 size:, o f  the ~.]tldlgl%c microcr$.slallitc grain,~ ~llld mcsoporcs iu 
the ,,ystem:, arc chzil-aClc.'rJzl..'d b) ~1 unifbrln diXtlibtlli,!lll. I Ilc ilallll-g tip the n~c, dllT'ing ;.1..~Clll and 
the coi ld i l io i ls o f  Sylllllc~.is illt]tlcilcc.' the illl,,:ralonlic clJslanccs ;.ltid the dirneilsioll o1" c, ihc 
tclrclgOlld] Uilil cell COllSlalll o l  alKlla~,g. 
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aOsoi~lioll isolhcrri l ,  i,,icsopt)ro,,, microci3shii l i lcs. 

A m o n g  publ ica t ions  devoted  to the preparat ion o f  
new he t e rogeneous  catalysts of  the  ac id- -base  type. most  
n u m e r o u s  are those studies o f  ac id ic  catalytic systems 
represcntir tg complex metal oxides,  l - 3  Much l~wer works 
deal with  the deve lopment  of  basic  t lcterogenetms ca ta -  
lysts. 4 

A p romis ing  line of  research  into the synthesis of  
comp lex  metal  oxide systems is related to the use o f  
a lkoxo me thods  and ors: into precursors .  5 It was found  
that  s ing le -phase  complex  meta l  oxides,  which are e i t he r  

subs t i tu t ion  solid solut ions  or  mic rohc te rogcneous  h ighly  
dispersed c lus ter  compos i t i ons ,  are formed ra ther  readi ly  
in syuthe,-+cs based on o r g a n i c  der iva t ives  o f  t r a n s i t i o n  
metals.~ 7 

In this paper ,  we report  s t ructura l  l;zaturcs of  t i ta-  
n ium oxides modif ied with phosphorus  and a l u n l i n u m  
ions and  prepared  rising t e t r a (n -bu toxy ) t i t an ium,  e th r io l  
phosph i tc  (4 - e thy l -2 ,6 .7 - t r i oxa - t  -phosphabic .~clo[2.2.2i-  
oc tane ) ,  and the cry.stal hydra te  AICI 3 - 6H~O. v, h ich  arc 
used as precursors  fit a lkoxo syntheses .  
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These precursors  c o n t a i n  ions (P"'- aild AI3+). wh ich  
cxhibit  acidic and basic proper t ies  when in t roduced  in to  
chemical  c o m p o u n d s .  Th i s  modif ica t ion  is a imed  at 
cndowing  catalytic sys tems with acidic a n d / o r  basic  
propcrlies.  

Experimental 

Modified titanium oxides (Table I) wcrc prepar',.'d by the 
: l lkoxo lllCthod, ill wllJc]l chcia l ion 0f  lit:lllJtllll : l ikoxidc ~ i th  
,ICt.'tyl;I,dCtOllC was uked to stabilize the ~,ol. For thi:, ptll~OC.c, Llll 
cquimolar amouilt of acctylacetonc ',vats added to :i 1.5 M ,goltl- 
IiOI1 tit" t i tanium tetra(n-bt i toxidc).  After ~tirring a.i th a nlagnctic 
q i i rcr ,  ai~Oll w;.ik bubbled througl~ lhc ~t>lution+ while solutions o f  
m~dit},iilg ct)nlpollcrl ls vr added  A 0.5 :!4 hellZelle sOllltiOil o|" 
clhr iol  phosphile (sail lplc 3i  or  a l). j  ~,1 cthanni soltiliOil o1" 
ahil l l i : l t l l l l  chloride (v, al l lple 4 j  col l la i l l i i ig  specil]cd :llllOtllllS o (  P 
ur AI (see Table II were Liked a,4 modify ing l'magctlls. The rcstllt ing 
sols x~,CFC stirred Ii~r 30 mill clnd St,l% atttlt..oi,is [ IOt t  w,ls ctddcd in 
such :i way lhai lhc arllOi.lllt o f  water n col1[aillcd ',t.a,> ~Ioichio--  
it~etric with icspecl to tj l: l i lJti in :.llkoxidc. Since the induct ion 
period o f  gel lot(nat(oi l  `'`"as retire th:in I nlonlh+ the gels ,acre 
Jstllalcd by cvapoi'alitHl o f  the .'-;otVCllD,. For ct}rllp;iflsoit, t i la l i l t l f l i  
oxide rice l'ronl irlodiQvillg aclditi,,es was ptcp:.lred I1} the Slllnc 
procedure (salnl)lc I )L i l ld  pht)sphorus-conlcl ining ti(anJuln oxide 
~,~:ls prr by :l ~Jlllilar procedure cxchtding iiic chciatitm ~tngc 
(\~llllDIC 7P). The gels wcrc dried in l':*cuo HI ')0 <;(..:: the oxides wcrc 
prepm'cd by slepwlse ai l l lCali i lg ill which the tenipcnl lurc in- 
ClC;iscd 1"ro111 I(]0 It) 54)0 ~ OVCF a period o(" 7 h 

X-P,a} dil ' l) 'aclioll Miit l ics weic carried el,l! Oll :1 D1+o11+3~41 
dil ' lFaclonlelcr us(ilk Cu-Ko, . - | i l lered r:ldialiOll. "['lle ) tR,-\YN 
tkita hallk. ~crsion I.,'~(). ,,,,as tl~.cd it) idcntii~' pha:~ms b~l'~2d oi l  
the i l l terplaitar sp;icillgs and thc relative intenkitick o f  13r;igg 
rcilc'ctions. The posi t ions o i  lit, ms dl: i i ; imterizi i lg the ICll 'agoilal 
or icn ia l io l i  oI+ lhc strum(tire (12001 and 1()fl411 were used to 
calci,ll;itc thc i,lilil ccll coitslail lS, q The Sallll)lcs wcrc ,,call(led 
with cl rate o f  t ) .5  (20) iltJn - I  The ,;Jzc o1 lhc ailalclSc 
IllieIocF)M:.lllilms (lhc Fcgioll of coh'..'rL'll(sCatlL'rhlg) aild the 
nl icrodiqort i(n~ valtic (E) wcru dcl,2rlnincd l'iOlll X-I':.ly lilac 
brtlcidcili l lg 9,10 let) ,-;cparalc lhc elfeels o i  dispersion ;.iild 
microdislort ions, the ca lcu lat io i ls  ~erc peFli~rlned using, two 
lines alld ihc l lomogrl l r l ts col lstrucled bel<.)rmhand, m l / ~ l  ::: 

0{~7/l~!) and #12/~2 ~ o4152/[3i), wi 'cre IS! aild !3- are lr i le physical 
line brtt;idcnings with d = 3.52 i l l ld 1.89 A, rcspcctivcly: m I :llld 
t l )  ;iFL' Ihc fract ions o f  ph)s ica l  broadening m:luscd by lhe 
dispcr,;ily of blocks :llld micFodistortion>, respectivcl.,. 

The [-XAFS spectra of lhc Ti-K edge Ihr all sanlplcs wcrc 
recorded at lhc EXAFS Slalioll tit lhc Siberian Syncluolron 

Table I. Crystal  lat t ice parameters,  crystal l i te sizes, and 
nticrodJstorl jons o f  s ingle-phase oxides iit the ;lllalLlSe strLlCtttrc 
determined by X-ray diffraction 

S) stcnl a c D* +:' 10 .-3.'< 

..\ (rcl. units) 

liO>,'C ( I )  3.78 .9.47 195 0.9 
IiO,IP (2) 3.77 935 82 3.4 

TiOz/P (3j 377 9.41 112 2.0 
l ' iO2 /a l  (4) 3.78 9.42 107 1.2 
T i e  2 (5) tanatase) II 3.78 9.51 -- -- 

" Average size of microcryktalliles. 
*~< Striuclurc microdistorfions lAd~d). 

Radicitioll Center  ((sing an electron b la in  energy oF "~ OcV and 
all avcr;i~c CtlfFCllt Of SO I l ia  was tiscd ~lk tl~c s;Oillee el+ 
r:ldialion. Thc X- ray  ellCFg)' wa~, l l lo l l i lo red with a chanllcl mill 
S h l l  1) I l lOilt)chrt)l l l t l tor. l h e  harnlonic LiltCllti;ltiOll ve;i,, pcr- 
fornled b) usiltg a gold mirror, l hc  spectra wore rccnrdcd ill 
lhe lrallSllliSS, iOll illOdc tl'-;iilg two iOiliZLllioil chambcr,  f i l led 
with ;iiEOll. The samples were prepared d~, pel lets with lhimkness 
varied :o t)hlAlill :.1 0 .5 - - ( )~  ~,ICp at the ab';oi'ptiOil cd~-c. The 
o~citlation ct i l l lpt) l l r  Z(J/) ;V~lS isolated usJllg a StLiIldard pl(icc I 
dtllC. 11-13 The backgroullcl wa~, removed by exlr: lpOlal i l lg i]lc 
ere-edge region e l i te  tile EX,-\FS rcgion by V i k h ) r h l s  ptHyno- 
nli:lts. The ;.ib,~t)rpiioll speclia WCl'C SlllOolhed hv rllc.'allS el'cubic 
~plHles. The Ji l l ]eol ian pohl l  at the edgc o1" the absorpthm 
spcelrtlnl was tlscd a.~ lhe init ial pohi l  /-_~) o f  the EX.-',F.g 
spectrum. Thc r,idJal di.~tFibutioll o f  alomk (I~,DA) wa.~ calci,I- 
lalcd frnnl the spectra ill / , :Zik) by tisillg F'otlrier ailal)sJs in the 
-4.t1--12.1) A - I  t.ailk~ 2 o f  ;~.avc lltllllbcl",. The -;IFtimlUFal l)ar~ill'i - 
L'ICFN+ /.C., hl tc l 'a loi l l ic di'qailt:Cs alld coordh/a l ion  iltlfllbClS, wt.,lC 
detertllilled by ,;illmlatin7 ihc ~,pcctra i.iMilg the EXCUI4Vg] 
progr:lm Iz after prclhnhlary Fotlricr fillcring, rc,,c, iling to kno',vn 
N-ray dill'raclion data for bulk con'lpoi,nld,,. 

I>:tr:lll]etcFS of ll'lc poroi,i, ,;lrucltllC were dclelllliltcd lrolll 
nimsgcn vapor ab.solpliOl/ i>tqhcrms Lit 77 K. [-:.xpcrilllClllal 
adsorption isolhcrnls were nle:l~urcd tl~iilg ;i Yravinlat-431)3 
~itllt)illdled ~ici,,i inctric kCtLlp (Notch.  Ocrmal ly )  with a sensil iv- 
ity o f  I ~ig thr cl ~;;.llllplc o f  ill') It) I g :il 77 K. Thc specil ic Stlll]lCl2 
;ll't2;I 'r c;llctllalt.'d tlSillg lhe I fE ' I  illCllll.ld. 14 l'hc average pore 
sizes (radi i)  wcrc l'(;tiild t l l ldcl the d',>,tllilpliOI1 el  + a cyl indrical 
gc'Ollle[i) el" tilL' llOl'C,,. 

] 'he Int)l 'phol()gy elf (,xicte ~;)~.It.'lllS '~it> studied hv ll{ill~:llllg - 
sioil Cl~2ClloI1 n i ic roscopy tl,,ill~ cl Jct)l I()(JC t:lc~2tl+t)ll i l l icroscope 
ll.lr lllCigllil/c:lliolls nnlging ITom 5()ill)i) to 240t)0(i Pt)wdcr 
salltplc,, wcrc CaFeftlll),. l l ' i lur: l lcd in el:haF~ol m a .jaspcr t i ler(at: 
{he rcstlil i l l 7 sti<,pcilsit)il was prccipi 'atcd oi l lO a ta rbe l l  ';i,lpl}Ol't 
;iild placed ti l l  ;1 gr id I~.lr ;ill clCCll't)il-il'licrtikmt)py hltldy. 

Results and Discussion 

A c c o r d i n g  to  X - r a y  d i l T rac t i on  da ta ,  til l m o d i f i e d  
oxides are s i n g l e - p h a s e  s )s len l s  `'~iih Cillatasc SIFUCIUFC 

(SCC Tab le  I) .  "Flit: na tu re  o f  the m o d i ~ , i n g  ad l i i t i v c  

hll]t iCllCeS SLibStal l t ia l ly  the ( p a r a t l l c l o r  o f  the Ict ragi ,n la l  

lattice and microdistortion,, ,  related to stresses in tim 
c.:iyst a I st filet LIFe. 

The rest.ills of  thermi,)gravimetric analy-ds and [;C 
N M R  ,,>tl.ldy s h o w e d  that nonmod i f i ed  titaFiJtlm oxide. 
which was also p repared  bv c:lkoxo synthes is  followed h~ 
ca lc ina t ion  o f  tllc ael tit 500 ~C. COlltaills reside:it el- 
cmuntar?  c a r b o n  (1 .5- -1 .8  % (w/w)) .  In this c o n n e c -  
t ion, the s ing l e -phase  tilanh.inl oxide can be regarded as 
a system modi f i ed  with carbon .  

A c c o r d i n g  to  X- ray  l ] u o r e s c c n c o  ana lys i s  da ta ,  
samples 2 a n d  3 con t a ined  1.2% (w/v,)  phosphorus ,  
whereas sample  4 was found to con t a in  2.8% (w/w) 
a luminum and  no more  than  0.32% (w/w)  ch lor ine .  This  
ind ica tes  tha t  l hc  g rea t e r  par t  o f  c l l l o r i n e  i n t r o -  
duced t o g e t h e r  w i t h  the i n i t i a l  a l u m i n u m  c h l o r i d e  
(10.7% (w!w))  was removed dLlrirlg evapora t i on  of  the 
solvent and s u b s e q u e n t  thermal t rea tment  of  the gel. 

The values o f  mic rod i s to r f ion  of  the ana tasc  lattice 
(Fig. I) are inversely p ropor t iona l  to the  d imens ion  of  
lattice cons t -mt  c of  the t i t an iun l  oxide  c o n t a i n i n g  
3 reel.% modi fy ing  agents.  The  in te rcept  of  tile plot of  
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Ihis d e p e n d e n c e  wi th  the abscissa axis provides,  a c c o r d -  
ing to publ ished da ta ,  is the lattice cons tan t  c | 'or the 
s inglc-cwstal  n o n n l o d i t i c d  anatase. 

Taking i i l to accoul~t {he kt lowi l  iol l  radii In for  p5+, 
P~' ,  AI ~+. and C ':l, equal  it) 0.35, 0.44, 0.51. and 0.77 A. 
respecti,,cly, one can  assume that the l inear d e p e n d e n c e  
shown in Fig. I ind ica tes  that the atoms of  the modifying 
agents arc inserted in to  the anatase lattice along the [0101 
plane, the depth  o f  intrusion of the modif ier  into the 
slrticlurc seems tO illcreasc with decrease ill tile toil 
radius. In addi t ion,  it can  bc assumed that ,  depend ing  on 
the synthesis cond i t ions ,  the phosphorus  atom,,, occur  in 
different o \ i d a t i o n  s ta tes  :rod influence the lattice mic ro -  
distortion. The greates t  microdislor t ions arc caused most  
likely by the presence  of  ps , ,  whose ion rr.ldiils is 0.35 A. 

The assuntpl ion that the modi f ier  atonls are inserted 
into (he all:.lu_ise s t ruc tu re  is coni] rmed by ,'in EXAFS 
',Iud.~ o f  the fine structure.  Figure 2 presents RDA cu~,cs 
for ih0 local cnv i ronmen l  of  t i tanium and Table 2 shows 
lhe a',.cragcd h l to ra tomic  distances ill the al)atasc lai t ice 
from ti le t i i an i l lm  side. For comparison, the same table 
contains the known 8 intcratomic distances lbr nonmod i i ]ed  
anatasc, h can bc seen that the a,~oraged T i - - O  bond 
length.,, and one l " i - - T i  in tcmtomic  disiance in (he sys- 
lelilS synthesized .arc close to liloso for nonmod i l i cd  ana-  
last. The siguil lcani incre:lsc l ie  0.12 .,~1 o f  the second  
Ti--Ti  in tc ra lomic  d i s tance  in the samples  meal)lied by 
phosl~.horus alld a l um inun l  impl ies that the modi l~ ' ing 
agt.'ilis arc i l l t rodt iced most l ikely ;.lloltg the 10t01 plal lc. 

Figure 3 p resen t s  tile exper imenta l  adsorp t ion  iso- 
therms oF ni{rogcll o n  the surlacc of  the t i tal late syMcM <. 
under  study, while Tab tc  2 lists the main  pa rame te r s  of  
the porous s t ructure .  It can bc seen that  T iO2 /C  has  a 
SlllalJ adsorpt ioi l  pore  volume at)(I cl low specific sur lhce.  
The in t roduc t ion  o f  rood)tiers into the s t ruc ture  resuhs  
in substantial  d e v e l o p m e n t  o1" the porous s t ruc ture ,  in 
which mcsopores  p r edom i na l e .  The cond i t ions  of  syn- 
Ihesis inl]uence thc  specific surface and  the vo lume  of  
porcs; t i le i i l t r oduc t i o i l  o [ a  chcla i i l lg  agell l  ;it the stage 
o f  synthesis o f  phosphorus-conia i i lhLg gel rost.ih ~, in all 
h]creasc in the speci f ic  St.lll'ace area al id the adso rp t ion  

~" II) ~ (r,.'l. unit~>) 

e 2  

3 

3 

4 

I I 

5 
0 

0.36 9.4(/ 9.44 9.4,<4 c/A 

Fig. !. Structure microdislortion~, (t) vs. lhc c collslall! tor the 
Iclra~onHI tlllit cell or" ailalze, c for samples I - -5 (see Table I). 

/ (rc l .  ulf i ls l  

/tv  " 

i "-1 

0 2.0 4.0 0.0 R/A 

Fill. 2. Ftlllctiolls of re)dial disliibtlliOll of atC, l)lh arotlnd the 
tlRIllitlill ;11o111 l(Jl" S;.llilplc>. "j' {,:#). 3 (/~), 4 (c). alld ! ( d l .  

vo lume o f  pores. The isotherms o f  phosphorus-conta in -  
i l ls syslcill% possessillg dif ferent specif ic stlr|;_lce areas ;Ire 
ident ical in shape. The adsorpt ion iso therm obtained for 
all :: lhllnii lt l l l l-COllt:_ii lt i i)g sy'.;ionl dil l 'crs marked ly  t'ro111 
those for the phosphor t l s -co l ) ta in i l l g  syslcl l ls whol l  
P/P~ > 0.45. Th i s  resl_lh suggests that  the clh.irllinunl- 
con ta in ing  sys tem has a wide-pore  s t ruc ture .  

Addit ional  in format ion  on the s t ructure  o f  pores can 
be obtained from the compar ison plot 17 in which the 
adsorpt ion i so therm lbr a sample under  s tudy is compared  
with the i so therm measured lbr a n o n p o r o u s  sample with 
a similar chemica l  nature.  Figure 4 shows the  comparat ive  
plot cons t ruc ted  using the p h o s p h o r u s - c o n t a i n i n g  syslcm 
3 as the sample  under  invcstigalion and  the  wider-pore 
a luminol i t ana te  oxide 4 as the reference. The  amounts  of  
the sorbatc adsorbed  on the reference and  test samples ai 
equal relative pressures ;ire laid off on tile abscissa and 

Table Z. Inlcratomic distances {R) determined by EXAFS '~pcc- 
lroscopy and tile niaill paF, lnletcrs of the porous SlrLicturc fBE | )  

System R / A  P a  ra  rile l',." rs 

Ti--O Ti--Fi ( T i - - l i ) "  S ~' V "~ ~ . . . . .  

l-iO?!C t l )  1.97 3.00 3.77 3.2 0.009 5.6 
-FiO2!l' (77 1.95 3.04 3.90 34 0.031 1 .,w,2 
Tie211' (3) 1.94 3.03 3.,'-;8 S3 0.081 1.9,5 
riO2/AI (4) 1.95 3 . 0 4  3 . 8 9  $8  0 . 1 5 0  4.1{1 
Tie  2 (5) 8 1.937. 3.03 3.78 . . . .  

1.963 

* Specific surlhcc area,/m 2 g l .  
** Pore voltime/clll ~ g-I. 
*** Pore s ize/ ) , .  
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a/mmol g_-I 

~ , 4  

3 

J �9 �9 2 
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o o 

I 

I 2 3 4 5 6 7 8 (1~, /1 ' , ) '10 

Fig. 3. NJlrogcn ad~,orption isotherm:, tor titanatr s~stcms I--,1: 
P,:P, b- the r~:knivc prcs~,urc of Ihr adsorbatc ~apor. 

ordinate axes. respectively. Similar plots were constructed 
to compare  sample 4 with the other  samples prepared. 

Tile lJncarily of tile initial section o f  the comparative 
plol indicates that. in this range of  coverages ,  adsorption 
on both samples lblto~,s tht; .~ame polymotccular  adsorp- 
lion fllcchaoisnl alld that the chemica l  Rature of tile 
:,efface o f  both samples is similar. The  deviation o1 the 
compara t ive  plot from a straight line at P,/P, >_ !).45 
points to a difference between the porotts structures. 

As shown prcviotmly, l? the presence of  a linear sec- 
iJOll oil the comparison plots in the region of  monolayer 
coverage (P/Ps  <- 0.45) allows one to construcl the 
.,,iandard adsorplion isotherm over the whole range of  
relative pressures by the senl iempir ical  nlelhod. [ 'he 
standard ( re fe rence)adsorp t ion  isotherm was constructed 
based on the adsorption isotherm for sample 4 in the 
region of  monolayer  coverage,  while the isotherm for 

( "3 ) " I 0 - I , ' n l  r n o l  ,_' " 

20 

15 

10 

i 2 3 4 b (a4)/mmo I ,,- I 

Fig. 4. Comparison pie! tbr adsorption of nitrogen on .,,afftplc 3 
i l  i()2/F') and tm sample 4 (TiO2/At). 

a tmmol  g t 

4 

I 2 

2 4 6 8 I0 n 
Fig. 5. Nim~.~cn ath, orpUo. Ca) on manatc s~,~,Icm~ Z--4 v~ 
llm-L~ht.'r o f  Iaycrh ~,~| .;ld~,orb,,:d 'w~t~]cc.ulk~, (:,'} 

polymolecutar  coverage was calculated tlsillg the BET 
equat ion,  whose parameters were determined from the 
ini t ia l  ~nmncmmlectdar) section of  the isothemL Com-  
parison of  ,he adsorption on systems 2--4 wi th the 
d lcorct ica l  isotherm provides the possibil i ty of elucidat- 
ing the dcpep.dcncc of lhc amoun t  adsorbed on the 
number  of  monomolccula r  layers n (Fig. 5/. 

Analysis of  the plots shown in Fig. 5 leads to several 
conclus ions .  

I. Phosphorus-conta in ing samples  Z and 3 arc char-  
actcr ized by equal Ix)re sizes (x-coord ina le  of  the break 
pt)iilts) and different specific surface areas (proportlon;.fl 
to the xlopc of  the initial sec t ion  of the compar ison  
plot): hence ,  the pore volumes  are different. 

2. Phosphorus-conta ining sample  3 and a luminum-  
conta in ing  sample 4 possess s imilar  specific surface areas 
but substantially dilfercnt pore sizes and volumes. 

~. l f l ~ { / 1 2 0 0 1 / D }  

16 - o 4  

14-  3 

12- 

11) - 

8 -  e 2  

6 -  

4 -  

2 - ,  I 

40 0 20 60 80 .~',,' 11- " -  I 

Fig. 6. Correlation of the ,,pccific sadace area iS) and geomet- 
ric factor of the fine structures le" 10"~{ 11200)/D}) of titanium 
oxides wilh analasc structure: [ is ihe Miller index. O is the 
average size e l  nficrocrystaltilcs. 
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Fig. 7. Micrograplb, of ahiminum-containiaLz ,,.,.slcm 4 wilh 
IllagililiC~ltiOllh of  I SO 0(}f) (a) alld 240 000 (h). 

3. The u n i l o r l n i l y  o f  the strt icturc o f  t i t : lnatc oxide>, is 
ind ica lcd b,,' c(~rrcl0,,,ion o f  the dai<l obtained by X - r a y  
d i l f rac t ion  anaiybis al ld adsorp l ion  rn0[lsllroll lelltS. The  
intensi ty  o f  Bragg ref lect ions is known 18 to bc p r o p o r -  
t iona l  to the vo lun lc  o f ' the  phase prcscl~t in the system. In 
this connect ion ,  the rat io o f  the inicnsit,, It) the b roaden -  
ing o f  the coherc l l l  scat ter ing region with a co r rec t i on  
appl ied lbr .,,tructurc m lc rod is t ro t ions  gives a lhc io r  o f  f ine 
structure adequate to the sudace gCOlTletry of' the sample.  

4. The geometr ica l  fac to r  o f  fine structure is p r o p o r -  
t iona l  to the specif ic surlhcc areas of  the oxides f ound  
f rom adsorpt ion measurcments  tFig. O). This result sug- 
gests that. in add i t ion  to a un i fo rm pore size d i s t r i bu t ion ,  
the t i lmla lc systcnls are also characterized by a re la t i ve ly  
uniform size distr ibut ion of  the microcrystalliics. 

Tllc data o f  h igh - r e so lu t i on  tnmsmiss ion  e l e c t r o n  
microscopy conf i rm this a s sumpt ion .  It can bc seen f rom 
the  micrographs  I Fig. 7) of  the a l u m i n i u m - c o n t a i i t i n g  
system with 15(}000 and  2 4 0 0 0 0  magnif ica t ions  tha t  
the  morphology  has a un i fo rm  structure with 100--150,2X 
microcD'stal l i tcs.  The  microcrysta l l i tes  are separa icd  by 

re la t i ve ly  u n i f o r m  cyl indr ica l  pores  wi th  a size o f  
20--30 ,,2k. Apart  from cylindrical  paros,  larger  slit-like 
pores with sizes of  1 1 5 - - 2 5 ) x ( 4 0 - - 5 0 )  .~ cau also be 
traced on the m ic rog raph .  Thcsc pores can be lb rmed as 
ext,211ded dis locat ions rosti l t i l tg f rom i l l c l t l s io i l  of hcl- 
croatonls  l i l le  / l ie 3114las0 surlhce. T i le  morpholog.,< o f  
phosphorus-co t ] ta i l ] inS s,,stenl,; is also ch4rac tc r i zed  h~< :L 
grain ~,trticture o f  the re |creeD, stall | los l 'ormirlg the walls 
o f  cy l indr ica l  pores. 

This work  was suppor lcd  by the Rtissiai ~, Fc)uiadation 
for Basic Research | Project No.  I),J- l)3-32407a). 

References 

I.-k. Corma. M I Juan-t(aj;Idc!l. J. M. L, opcz-NiL'to. 
,.\ MartiHcz. and C. M',ulinez, ,ll~lJl. (dt~:l.. :|, 1994.3. 175 

2. A. E. K,Ipuqin, Usp. Ahim.. 1991, 60, 26,$5 IRurL Chem 
Hey. 1991. 61) (En'=.'l. Tr:msl.)l. 

3. A ('orrna. Chcnt. Rev., 1995, 95. 559 
4. \:. F. Shvct~. In~i~e:lorno-/~htmiche.~kaya nuuka dO'el pere- 

,hnykh teklmologii I CItenHcal L}~ineerlng .5"c:em'e Jbr Ad- 
vamed 7bchnolo,,,i('.q. Yr. [ rc l 'c i  Styx, it, Kazan', Ma~ 2(,--30. 
1997. Ed. V. A MakhhN. Kaz:uf. 19'97. p. t63. 

5. R. %,Vilmcrbcrg. M. A Prndcra. 4nd J A. Navio, L,m,,,,muic, 
1997, 13. 2375. 

6 "~u. V. Mak'qm,av. M V. I ' ,ndikm, t )  G. EIIcrt. and V. V. 
,M;it~ccv../. Cuml.wi.L 1994. 14,8, 119. 

? M. V Tsodikov. V. Ya. Kugcl. 12. V. S l iv in '& i i  G ",. 
I londarcnko. Yu V M:~k~,ilnll~. M. A . . . \ h ,  arcz. M C 
Hidalgo. and J. A. Na~i(L .,Ippl Catal. A: Gt, lwp'al. 2000. 
193. 237. 
|}. F. atmaul..~Irtti(litl[V ncorlaniche~kikh .wwdt'nt, tHi } Slruc- 
tu#'e u/ hlnr~'a#lit ('om/lou,l(L~ I. (i;tr, lukhlcorizdzH. NIo,,co'w, 
1950. p 45,'t (ill Ru,,sianL 

9. S. S Gorctik. L. N. Ra,,torgucv. and Yu. A. Skakov, 
Rent:.em):./w/lche.~'kii i eh'ktr:mooptiche~kii ana/iz IA-Ra3 l)i/- 
#'action und l~'h:ctroop:icul AtmO's'i q. Metallurgi~a. Mot, coy<. 
1970, p. N3: p. 145. 
J. L Hcbrard. P. Norticr. M Pijolab. and M. Sou,;lcllc. 
d...lm. Ceram..%c.. 199{), 73, 79. 
D. I Kochub,.'i. /;,'(AkS-Spcklro~kopO'a katalicatnrnv [L.\;,it'S 
Spectn)sco/Lv q] CataO'.~t.q. Nauka. Nuvosibir'-,k. 1992, 355 pp. 
N. IJJinstcd. J V. Campbell. S. J. ('hlrlllLil't. 411d P C. 
Stcphcnson. S/"RC l)are.~huo" Lahorar O" EVCURI'92 Pro- 
:,rum. 199 I. 
M. V. r,,odikov. O. V. Bukhicnko. O. G. t-~11c11. V. M. 
Shchcrbakov, and D. I. Kochubcy. Mawr.." ; 'c i . ,  1995. 
30. I087. 
S. J. Grcgg and K. S. W. Sing...4dwrbtion. ,~'mface .4tea. 
and Porosity. Academic Press, Londou. 1982. 
Join! Commi,cc  on Powder Diffraction Standards. I L)95. 
Card No. 21-1272. 
/norgotltc Chemislr)'. Principle.s and l:7emenls. Cnrqcll lufu- 
vcr,;ity. W. A. Benjamin. luc.. New York--Amsterdam. 1965 
R. Sh. Mikhail. S. I~.rtmaucr. and E. E. l'h.~dt~r. J. C.IIoid 
I,tterjhce Sci.. 1968. 26. 45; 26. 54. 
A. F. Bol'shakov. N. V \,'4rkiillOV, alid A. O. Dmitr icnko. 
Renlgen<~aZo~,3'i tltlaltz materialov ctektronntu "ekhnlkl I X-Rar 
l)~ffh*ction Analysis o! .1,1,'net/at jar E/ectronicsl, Izd-',o 
Saratov. Uni,,., Saralo~. 1990, IIQ pp (i l l  I~,us>iall). 

I0 

II. 

12. 

13. 

14. 

15 

II~. 

t7, 

Received March 3(1. 2000: 
m rev;.~edJbrm June 2.7. 2()00 


