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Abstract

~’hin ice films formed by deposition from the vapc)r phase in a fast flow-tube

reactor have been used to simulate polar stratospheric cloud surfaces in order to obtain

laboratory data on uptake and heterogeneous reaction rates, 1 invironmcntal  scanning

electron microscopy is used to obtain particle sizes and shapes, ancl to investigate

1)]01 phology  of the ices prepared on borosilicatc  substrates. Surface areas arc determined

fi oni l~l~rl’ (I]runaucr,  IImmctt, and ‘J’cllcr)  analysis of gas adsorption isotherms. ‘1’hc

[csults for ices prepared at 196 K or 77 K arc consistent with previous data obtained by

using thicker ice films prepared in a separate apparatus, ‘1’hc uptake of 1 ICI in ice films

lmcpared at 196 K using the same flow-tube reactor is also measured to be approximately

1 x 10’4 molcculcs/cn12  when a partial pressure of }10 about 5 x 10“7 ~’orr is used.

* Author to whom the corrcsponclcnce  should be addrcssc(i.

(~]licrosofl  word-ice] .doc; 8/6/96)



lnfroduction

‘J’hc loss of ozone  in the Antarctic stratosphere is WCII known to be initiated by

hctcrogcncous  reactions occurring cm the suf-face of icc clouds that form when

tcmpcralurcs clrop ciu[ing the winter [ 1 ,2], in the laborat  my the icc clouds have been

simulatcci  by concicnsing the vapors onto cold substrates, for example, borosilicatc  glasses

and silicon. ‘1’hc resulting icc films have been used to obtain IICI uptake parameters [3-5

] and reaction probabilities for the following reactions [6-11]

CK]NC)z  -1 1120-> IIN03 i I1OC1 (1)

CIONOZ -I ] ICl -> IIN03 -1 (:12 (2)

IIOC1 + }Icl -> C]* + ll~o (3)

N20~+ IIZO ->2 ]IN03 (4)

NzO~ + lIC1 - } CINOz + IIN03 (5)

In order to usc these probabi]it ics in atmospheric models, wc need to know the area of the

film sulfacc  that actually participates in the reaction. lt is important 10 know not only the

total surface area but also the film morphology in or(icr to dctcrminc  where and how the

surface is situated and, thus, what fraction of surface is available for uptake or reaction.

‘1’otal surface area mcasurcmcnts  have been reported [12] for nonuniform ice films

prepared in a separate apparatus with thicknesses 120- s40 pm. Preliminary results on

the morphology of ice films investigated by cnvironnlcntal  ‘scanning electron microscopy

(lX}iM) }~as been pub]ishcd.[  13] in this article wc report in-si/u  mcasurcmcnts  of icc

surface area and HCl uptake. Also, a detailed study ofthc morphology oficc films using

1 E3?M and a micromanipulator  is discussed.

lhpwimcntal  Mcthocls

A4@h@y  Ahsmww})ts

‘1’hc morphology of ice films was investigated by using ESI!M, A schematic of the

apparatus is shown in F’igurc  1. ICC films were formed by passing a mixture of I lZO vapor

and nitrogen over polished borosilicatc,  silicon or ah}minum plates which were cooled to

about 77-190 K. Total pressure was about 2.0 Torr with 1120 vapor partial pressures near

0.04 Tort. I’hc silicon plate was cxtrcmcly smooth; surface irregularities such as cracks or

pits were smaller than 0.1 pm, the highest resolution at which the microsoi>c  was

operated, } lowcvcr,  the surfaces of the aluminum and borosilicatc  plates were found to

have hairline cracks an(i/or  tnachining  tool marks. As discussed below, the smoothness of

these i)latcs afl’ccts  the mori~hoiogy of icc films. A micromaniimiator  was used to remove



some of the large ice granules situat cd at the top of the icc film so that the internal packing

st ruct urc of these films could be obscrvccl.

,Wfice A reo A4cm(rcmc]]t.v

A U-shaped fast-flow reactor (I;igurc  2) was used tc) measure sul-face areas of icc

films deposited from water vapo[- in a helium carrier using a sliding injector. ‘1’hc I cactm

was made of borosilicate  tubing  40 cm in length and 2.50 cm inside diameter. “1’hc

injector, also made of borosilicatc  tubing, was 100 cm in length and 1.25 cm outside

diameter; it was heated by passing a large flow of nitrogen gas tlmugh an outside jacket

in oidcr to prevent ice conctcnsation  inside the injector. ‘1’hc ice film was prepared by

moving the injector from the bottom to the top of the flow tube. “1’empcrature  was

measured by using a pair ofthcrmocouplcs  attached to the wall. In this study either a

solid C02 plLJs methanol slurry or liquid nitrogen was used as a refrigerant. };Iow rates of

water vapor in helium were controlled by using a stainless steel needle valve and read on a

1 ]astings mass flowmetcr.  ~’hc mass of ice deposited in the flow reactor was calculated

fion~ the flow rate and the duration of deposition. ‘J’hc thickness, h, oficc films ranged

fi om 1.04 to 47.4 pm and was calculated from the mass, M; the underlying geometric area

of the flow tube, Agcom; and Ihc bulk density, ~b = 0.63 g/cn13;  h = M / (~b Agcom). [12

1
Surface areas were measured by using the IImnaucr, l;nmctt, and ‘J’cllcr  (1111”1’)

method to analyze adsorption isotherms obtained at a temperature of 77 K.[ 14] The U-

tubc was submerged in liquid nitrogen and isotherms were dctcrmincd  volumetrically by

expanding from a calibrated volume of 519.6 cn~3 maintained at room temperature. “l’he

adsorj>tive  gas used in these experiments was Kr. The saturation pressure (Po) of Kr was

measured to bc 1.70 ‘1’err, which agrees exactly  with the literature vahlc for the vapor

pressure of the solid at 77 K, [ 15] A value of 20.2 A2 was used as the average area

occupied by Kr atoms on the surface [ 16,17]. l’hc pressure measurements were corrected

for thermal transpiration bctwccn  the cold adsorption CCII and the room tcmprcaturc

section ofthc  apparatus. Non-ideal gas corrections were negligible. ‘1’he surface area

measurements were corrcctcd for the surface area of the blank cell, which was determined

in a separate experiment. “1’hc error of these mcasurcmcnts  was estimated to be about ~

100 cn12.

~~<:]  bjmkc hfLZLWUt?lW)l/.f

‘1’hc uptake of 1 lCI in water ice was investigated in the same flow-tube rcaclor

interfaced with a differentially pumped quadruple mass spcctromctcr.  1 ICI-1 IC mixtures

were prepared by mixing I ICl (Mathcson  semiconductor-purity, 99.995°/0) and 1 le

(Mathcson-pur’ity,  99.9999%) in a glass manifold which was previously cvacuatcd  to ICSS
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than 1 O“G ~’of-r. lIIow rates of the mixtule  were monitored by a 1 lastings  mass flowmctcr

At first Ihc J ICI-I IC mixture was aclmittcd  to the flow reactor through an inlet Iocatcd  at

the downstream end; this bypassed the ice film and allowed the vacuum lines to be

cm(iiticmcd  with IICI. At the start ofa typical uptake n~casurcnwnt,  the flow was

mtircctcd  throuSh  another  inlet at the upstream cnd of the icc film.

Rcsulis  and l)iscussion

ikfolp}lolo~y A4miw[l”etm?111.v

‘1’k morphology of ice films ctcpositcct  cm a borosilicatc  plate at 190 K is shown in

l~igure 3. in the top-view panel a lllicror~~at~i~~lllator  was used to remove a large icc

granu]c in order to make the underlying structure clearly discernible. in the side-view

pane] the thickness of ice film can bc measured; again, the layered packing is evident,

A silicon plate was also examined by the BSEM; no cracks, scratches, or pits wet-c

discernible. Water ice deposited on this plate exhibited ncady  perfect hexagonally shaped

crystals which were surrounded by much smaller crystals (d < 1 pm), ‘1’his is in contrast to

the data obtained for the ice films deposited on a borc)silicate plate as shown in l~igure 3.

We have also pcl-fornml  some cxpcrimcnts  by depositing ice films on bomsilicatc

or silicon plates at 93 K. IIy using a resolution of about O. 1 ~inl,  wc find that the films are

comprised of very small amorphous particles (not crystalline). Moreover, as discussed in a

previous arlicle [12] microporcs  maybe present inside the particles at this tcmpcraturc.

S’wfaix Area A4caswcnmtlts

1. lccfihns deposited at 77 K.

In order to compare the results for ice films deposited at warmer temperatures, we

performed some cxpcrimcnts  at 77 K. A typical Bli’1’ plot ofthcsc cxpcrimcnts  is shown

in IJigure  4. ‘1’hc ice film was formed over a period of40 min by moving the injector from

the bottom to the top of onc arm of the U-shaped flow tube shown in Figure 2. ‘1’he tip of

the injector was about 0.5 cm above the liquid nitrogen level, which was raised as the

injector was moved upward. l’hc length ofthc flow reactor covered by ice was about 20

cm. ~’hc mass of icc was 63.9 mg and the thickness was 5.78 pm, l’hc 111; ’1’ plot is linear

over a relative pressure (P/Po) range, 0.05- 0.4; this is typical of many 111;1’  plots and

implies that nitrogen adsorption on these ice films is well behaved. “1’hc ratio ofthc  ice

surface area to the gcbmctric  area ofthc  underlying flow tube was calculated  to be 928

and the spcciftc surface area was dctcrmincd  to be 256.2 n12/g.

Wc also pcrfomcd a series of expel-imcnts by vat-ying  the mass from 19.7 to 119.1

mg (thickness = 1.78 to 10.8 Iim). ‘] ’he results arc summarized in Table 1. “1’hc  ratio of

the ice surface area to the geometric area, increases from 30S at a thicknms  of 1,78 LInl to
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an average of about 2500 at 10.8 um. ‘]’hc increase in this ratio with thickness was also

observed for ice films at 196 K (see below). ‘1’hc specific surface al-ca  was also calculated

anti  the results are shown in ‘1’able 1. The specific sur-face area is independent of the

thickness within experimental error; this diflirs from ice deposited at 196 K and suggests

that the morphology of ice films formed at the two temperatures may be significantly

difTcrcnt (SCC below). ‘1’hc specific surface area of thin ice films at 77 K reported in this

article is in excellent agreement with previous results (100-400 n12/g) for thicker films

[12,18-21].

2. lce.film  dcpo.vilca’ of 196 K.

In these experiments ice films were prepared similarly to those at 77 K,

l)cposition rates were varied from 1.9 to 6.4 n@nlin  and the flow tube was cooled to 196

K by submerging it in a dry ice/ methanol slush. Aflcr the deposition, the flow tube was

cooled to 77 K for the llET mcasurcmcnt  by imersing  it in liquid nitrogen. ‘1’he linearity

and intercept in the 111~’1’ plot imply that the adsorption isotherm is well behaved. Aflcr

subtracting the surface area of the glass wall (determined in a blank experiment), wc

obtain a value of 6.2 for the ratio of the ice surface area to the geometric area. ‘1’hc result

suggests that ice films prepared in this manner arc not smooth, non-porous solids and the

usc of the geometric area for the determination of the uptake cocflicicnts  or I-caction

probabilities in some previous sludies  is not valid.

A series of experiments were performed for ice mass ranging fiorn 10.3 to 524.6

ng (thickness = 1.04 to 47.4 }m). The results arc listed in Table 1 and plotted in Figure

5, “1’hc deposition rate was varied from 1.9 to 6.4 mghin.  “J’hc ratio of the ice surface area

to the geometric area was found to vary from 1.6 to 9.3. 3’J]c specific surface area (Sg)

was found to vary from 5.92 n)2/g for thinner ices to about 0.21 m2/g for thicker ices;

these values arc in good agreement with i~rcvious results (0.40 -10.8 n)2/g) obtained for

thicker ice film in a separate apparatus [ 12].

As seen in Figure  6, S9 decreases markedly as the mass (or thickness) increases,

especially below about SO mg. ‘l”his is in contrast to the results for ices deposited at 77 K

(see above). The average particle size, d, is inversely proj)or[ional to Sg: d = 6/(pt  Sg),

where pt is the true density ofthc  ice. ‘1’hc observed decrease in Sg suggests that the ice

particle size increases as the film becomes thicker and the total area does not increase

linearly with the mass. This incrcasc in granule size with thickness has been observed

previously by using llSliM to examine ice films forming near 200 K. [ 13]

Ii<,’/ Ljmke A4(w.wvmct)l.v

‘1’hc uptake of } lC1 in the ice films characterized above was measured at 196 K

‘1’hc total amount of 1 ICI adsoi-bcd  was obtained by integrating the 110 flow rates and



calibrated 110 signal  intensities over the observation time. ‘J’hc mass was varied from 11.3

to 496 mg (thickness = 1.04 to 44.8 Iun). ‘1’hc 1 KH partial pressure was hckl  at about 5 x

10-7 ‘1’orr in a total pl-cssurc of 0.47 ‘I’o]-l. ‘1’hc average flow velocity was 625 cm/s, ‘1’hc

rcsuhs arc shown in }iigurc 8, which displays the J ~~1 uptake as a fLlllCtiO1l of mass. ‘1’hc

average uptake was nlcasLmcd to bc about 1.0 x 1014 nlolcculcs/cn~2  for thicker icc films
(>] 00 mg). l’hc amount  of } lcl adsorbed on borosilicatc  substrates (Icss than 1 x 10’s

nmlcculcs/cn~2)  was found to bc much smaller than on icc films ; wc have corrcctcd for

this contribution.

In earlier work wc used a layer model to estimate the 110 surface density and

obtained a value of 2 x 1013 molcculcs/cm2 at 188 K and an 110 pressure of 2.1 x 10-7

Tolr. [8] As noted in our previous study the 11~1 uptake is a comp]cx  function of

tclnpcraturc,  110 partial prcssLlrcs,  and icc film thickness. in addition, icc surface areas

are very sensitive to the deposition tcn~peraturc.  Our previous investigation was

performed at temperatures of 1 S8 K and 193K, ‘1’hc variation of 3-8 K may rcsuh

significant diffcrcncc in sur-face areas. Qmsidcring the simplicity of the moclcl  Llscd, the

sensitivity to experimental parameters, and the combined cxpcrimcntal  crrols, the 11(;1

uptake reported here is in reasonably good ag[-ccmcnt  with the earlier estimate.
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‘l’able 1. Summary ofmcasurcmcnts  of ice surface areas at 77 K and 196 K

77 19.7
39.4
63.9
93.9
118.5
119.1

] $)6 18.7
41.2
66.5
92.4
100.2
103.0
204.8
211.0
328.8
379.2

210.0

10.3
30.6
33.1
130.0
132.0
199.3
260.4
268.2
360.5
400.0
443.1
524.6

2.0
2.0
1.6
2.4
2.4
2.4

1.9
1.9
2.0
2.1
2.0
2,1
2.0
2.1
2.0
2,5

3.5

6.4
6.4
6.4
6.4
6.4
6.4
6.4
6.4
6.4
6.4
6.4
6.4

1.78
3.56
5.78
8.49
10.7
10.8

1.69
3.73
6.01
8.35
9.06
931
18.5
19.1
29.7
34.3

19.0

1.04
3.09
3.35
11.8
11.9
18.0
23.5
24,2
32.6
36.2
44.8
47,4

6.9
12.7
17.4
24.1
48.9
40.0
av 2

0.028
0.021
0.043
0.051
0.089
0.113
0.043
0.064
0.109
0.084

0.067

0.061
0.040
0.066
0.108
0.073
0.108
0.142
0.102
0.163
0.085
0.129
0.129

&fllJ2/~ Rafio’)

350.2, 305
321.3 724
273.1 928
256.2 1300
411.7 2778
336.2 2269
324.8 f156.l

1.50
0.51
0,65
0.55
0.89
1.10
0.21
0.30
0.33
0.22

0.32

5.92
1.31
1.99
0.83
0.55
0.54
0.55
0.38
0.45
0.21
0.29
0.25

1.6
1.2
2.4
2,9
5.1
6.4
2.4
3.6
6.2
4.8

3.8

3.5
2.3
3.8
6.2
4.2
6.2
8.1
5.8
9.3
4.8
7.3
7.3

Notes:

a. calculated  from the sample mass, the geometric area and the bulk dmsity (0.63 g/cIn3)

measured near 200 K (1 2).

b Ratio of ice sLlrface  area/geometrical ea.



Vigurc  Captions

l:igurc  1, Schematic dia~ranl  of the cnvimnmcntal  scanning electlon  microscope

used to examine the morphology of icc films.

Figure  2. Schematic diagram of the cxpcrimcntal  apparatus used to measure ice

SUJ fiicc  areas.

IFigurc 3. Iilcctrcm micmgraphs of an 1 IZ() ice film fomcd by vapol- deposition

onto a borosilicatc  substrate.

l:igure 4. ‘1’ypical  data of the }11;’1’ adsorption isotherm for icc film formed by

vapor deposition at 77 K.

l~igurc 5. I“otal  ice surface areas vs. mass (thickness) for filJns deposited at 196 K.

Figure 6. Specific surface areas vs. mass (thickness) for films deposited at 196 K,

IJig,ure 7. Summary of 11~1 uptake measurements for ice films formed by vapor

deposition at 196 K,
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Ice Deposited at 196 K
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HCI Uptake
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