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Abstract

_y_ogen. pevmsel_ective membranes were s,ym,_hesi,zed by chem_c_ va,l_tor

deposi¢ion of .Ti:O2or Si'O2' liayers w4_._n the pores of Vycor _hes _,_ed as s_ppor_s.

The reacti:on_ mechanism emdl ki,netics of _O2 or Si:O2 formation were investi_gated

i,_ terms of the heter_geneoms reactions between gaseous: TiCI_ or' S_C14w_th

hydroxyl' groups iin the so]._d'a_d between gaseous FI20 _ad c_onde groups in the

sol_d. The growth of the oxide I_ayers ca_ be characterized as a polymerization

procee_:n,g by _l_erna_mg reactions of the gaseou_ reactants with groups on t:he

sol:i:d su,_'ace. In, add_iltion, condensation reactions occur between s_urface chloride

groups amd nearby hydroxyl _groups or two neighboring hyd_xyl groups, that

con tribu_e to the overall mech_sm of the oxide I'ayer formation. For the case of

TiO2 deposi_tion, c_o_atien of the surface hydroxyl groups seems to be the ra':e-

l_im,i:t'mgstep in the growth of the, deposit liayer,

Ir_trod,=ction

H,y_gen permselec_ve membranes, s_esized by the chemica.t vapor

d:eposiltion of various oxide films were introduced in our recen, t paper [I]. The

mem, branes consist of a t_,m layer of SiO2, TiO_, A12Oa, or B2Os sapported on a

porous Vycor t_be. We have been m,terest ed _,n _he reaction mechanism and

td.netics of the form, ation of t,he omde deposi, t inside the porous Vycor s_bstrate,

which pllay a cruci_al: role in the location, geometry, and chemical structure of the



depositl_ayer.In the recen,t paper El]we have q_,a_tative'_y_,scussedthe gener_

fea_ _tres of the reaction mech,amiism imvollvi,n,g heterogeneous reactions between,

g_seo_s T_CI_an,d_s_r_aceby.oxyl groups am,d between gaseous H20 and

ch,l'o_,_egroups._ the so_d:

S_-OH (s), + _,C14 _g) = St, O-_Cl'a:(s) 1_+ I-ICI (g), (1)

Ti'-C1 _:s)+ H20 (g)' = T_-OH _s)+ HC_ (g) (2)

_'-OH (s)_+ _.-&H _s)_ = Ti-O-_ (:s) + H20 (,g)i (3)

_'OH (:S).'+Ti_'C1_(S): = _-O-Ti (S)_+ I'IC1 (g) (4)

The above reaction steps, (I)- ;4)constitu.te a polymerization mechan.ism w_th

fi_aI prodmct ._O2. A s:_m_l_avmech,_sm apples to the formation of SiO2 layers

from S_C1_4and H20. We have _her i_nvestigated the above reaction mechanism

experi_ment_y by isola.ti._g each s_ep and stm'dying the kinetics separately. In this

report we present some recent kinetic exponents on the above reactions.

Experimental

Membrane syn, thesis and permeation measurement were descri:bed i.n our

recent paper[I]. Membrane formation by both one- sided and opposing reactants

geometry was _nvestigated. The resu,_ting membranes were ct_,aracterized by SEM

and electron microprobe line scan analysis. Selected samples were examined by

TEM.

Kinetic measurements were conducted by a Dt_P.en_t 951 TGA system mterfaced

to,a mlicrocomputer.A sample of powdered Vycor glassapproximately20 mg and

1_.-200_m: p_cle size _ge was placed as a thin layer on a quartz pan inside

the qua.rtz housmg, and su.bjected to flowing reactant gases. The weight of the

sample was measared continuo_as'_y.

Be_bre each reaction sequence the Vycor sample was pretreated by heating m
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N2 _l'ow o_"lbO_200 cm3/m,'m _t 450°C 'er 6OO°C for 3-4 hours to stabiili, ze the rmmber

of s ,_u_,ace OH groups_ Tl_e sampte was then broug],_t to the reacti, on temperature

._'_dsu,bjectedtoatl,ow ofa 5% T_CI_-N2 (orI0% SiCI_4-N2) stres_ to m,easu_ethe

rateofthe ch_orin,ationreaction.The c_om,n,ationcon_ti,n,ued umt_lthe weigh,t

_eve,ledoff.Su,bseque_ttyhy_otysis was conductedon the same sampl'e_y

_ntred_'cin,g a stre,am of5% H20 -N2. Between thec_oriin,at_o_aad the hydrolysis

steps, a purge stream of 150-200 cm3/min N,2 conti,nued for 0.5 hour to remove aH

traces of gaseous reactants .amd produ'cts from the TGA. Tlae cyclic of chl_orination

and hy_o_ys_s w_th intermed_a_te: 1V2purge was repea_ed 2 or 3, times.

Resul_ts , amd discussion

Fi_,re 1 shows a TGA trace for two complete cycles of reaction of TIC14 and

H20 w_th a Vycor sample. Figure 2 shows a TGA trace of the analogous reactions

with SiCI,4 and H20. In both cases the cMorixtation is _ti_ly rapid but levels off

gradually. D_ng the p'_rge period after chi'otis, ation, the weight slowly

decreased. S_bsequent hydrolysis reacted _n weight decrease due to the

replacement of-C1 groups by -OH groups. The general feat_es of the second cycle

of the reactions are sim_ar to those of the first one.

Table 1 sum, mazdzes the reaction time and weight ch_ge for c_onnati, on,

purg'e, and laydzol, ysis at various reaction tem peratm'es. Various samples were

pretreated at _R'erent temperatures to study the effect of the _tial -OH

concentration on the su_ace. In gener_ the samples pretreated at _gher

temperature resu,tted _n lower total weight increase during the chlorination. This

verifies that the ch,lorimatiom step largely if not whol!ly involves the reaction

between TIC14 and sil_anol groups, -OH, to produce -O-TiC13 groups and gaseous

HC1. The total uptake of-T_Cl3 clearly depends upon the concentration of the

in£tial surface -OH groups w_ch is determined by the thermal pretreatment,

The we_gh, t decrease during the purge period c_t be interpreted as due to

!
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consecutivere_ctio_s,ofti__,am,i1_,mch,lfori,de groups _ready a,ttachedto the surface

wi:th n.ei_gh.,borin_gsu_ace -O,H grou, ps:

CI C_
\./

-O-TinCt3 . -O,H = O_-O + I-_C__g): _5)

C'.t.C_ T_"C11
\/ /I_\

-O-TJ-O- +-OH = O 0 O+ I-ICI _g) _6)
O' t %

which is consistent with our experimer_t_ obsercation that when the purge was

pro]_onged, the we_gt_t Ioss d_g the subsequent hydrolysis dechned. T_s

decl;_rre suggests the 1.1ossof s,_m_.acecl_l'oride gro_ps avail, able for hy_olysi_s dm_ing

the l_T2purge. It appears that the c_orimation reaction is rel,atively fast but does

not saturate _1 s,u_.ace -OH groups. When one of two nea_rby -OH groups reacts

according to: (1), _her reacti'on of gaseous T[CI4 with the neighboring unreacted

-OH group becomes very slow because of sterhc hinderance, competmg w_,th

reactions (5).and _6).

In order to con firm th'is interpretation, an experiment was carried out usin.g

Si(CH3)sC1 instead of SIC14. The reaction of Si(CH3)_C1 w_th Vycor surface can be

writtenas

-OH + Si(CH3)aC1 (g) = -O-Si(CH._)s + HC1 (g) (7>

whereupon there is no oppo._unity for subsequent reactions l_e (5) and (6). In this

experiment, chlorination was slower, the final ,weight gmn was much higher and

there was no weight chsnge duri,_g the purge period. Th_s result, shown in

Figure 3, c_early in_ca_es that weight _oss duri_g p_rge with SIC14 or TIC14

reaction is due to reactions (5> and (6) rather th_ any desorption of chemi sorbed

si hcon or titamum chlorides.
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The r_teofreactions_5)_and {6)depen4mon the concentrationof the surface

-OH groups a,_d,the _eady attachedchlori,c_egroups. This isclea,r_yshown in

T_5,_eI when 'wecompare two s_ples pretre_tedat _fferen,ttemperature. The

we'_gh,t decrease duHr_g the purge af.ter the first ch_o_nation is l_,',gher for the

sam, p_e_pretreated at the l'ower temperature.

Coa, cern_g the hyd.vo[ysis step, the decrease m weight is due to the

replacement of -CI groups with, -OH groups a_d to the condensation reactions of

_wo -OH groups into a siloxane, -O-, b_dge (3)_. The resutts from two cycles of

reaction, s Hsted m Tabl'e 1 ver_y the contz_buti, on of both reactions to the weight

_oss. While the weight i_crease for the second and third c_orination is less than

that for the f_rst, the weight decrease for the second a_,d third hy_Iys_s periods _s

•not much 1,ess and in: some cases is greater than that for the first one. This may be

expl_mned by t_ng into account the location and accessibility of the reactive

groups i,n the deposit _ayer. Dmr_r_g the first chlorination ali sHanoI groups are on

the s_face and hence are accessib{e to the bu/ky _C14 or SIC}4. In subsequent

chl:orinations the silanol groups at the top, or s_ace layer, are accessible but the

groups buried _n subsurface _ayers are increas',;ngly inaccessibI1e, With the area o_f

the top _ayer decreasing with the deposition of ad_tional _ayers, the n_ber of

-TiCks or -SiCI3 groups _ttached decreases. By comtrast, during the hydrolysis

period, the small water molec_e can penetrate and hydrolyze chlomde groups i:n

subsurface layers as well as in the top layer. Similarly, the condensation of si,lano[ _

groups cam occur with Httle obstruction throughout the deposit. The extent of both

of these reactions can _ncrease with _he number of deposit _ayers, al_.ho_,_;h this

in,crease is expected to taper off after the second or tbA'rd layers.

Conclusion

The mech_mism and kinetics of _O2 and SiO2 formation was investigated in

terms of altemating steps of heterogeneous reactions of TIC}4 and H20 on the

Vycor surface. In ad_tion to the chIohn, ati, on of surface hydroxyl groups and the



s_bseq_enthy_o_ys_s,ofattachedch,_or_egroups,the consecutivereactionsofthe

surfacec_o_,de groups _d: nearby hydroxylgroups contributetothe mechani,sm

of the. ohde l_ayer formation. The consec_tive reactions are rel_atively s,[ow, thus.

the n_ber of Si or Ti atoms attached m ea_:h ad_tion_al reaction cycle depends on

sever_: factors, s_ch as the co,nce_atration of initial -OH groups, the concentration

of TiC:_4{or SIC14). in, the gas phase, and the t!emperat_e. For _he case of _02

deposition, c_od_ation of the s_rface hydroxyl groups seems to be the rate-

iimitmg step _n the growth of the deposit _ayer. The kinetics of deposit growth

depend s.trongly on the _mtia/conce_tratio_ of -OH groups on the Vycor surface.
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Fign_re3.TGA traceofVycorsamplepretreatedat600°Cduring
5rstreactionwith5% Si(CH3)3CI-N2at600°Cand subsequent

purgewithN2 atthesame temperature.PointP indicatesthe
terminationofSi(CH3)3CIflowand beginningofpurgeperiod,
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