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Abstract

The adsorptive characteristics of zirconium oxide have been investi-

gated by studying the adsorption of nitrogen, argon, and water. Surface

properties were found to depend primarily on the amount of irreversibly

adsorbed water retained by the sample. Water was found to irreversibly

adsorb on zirconium oxide in amounts far in excess of that required for a

classical chemisorbed monolayer. Weight loss for the sample between 25 and

500 , in vacuum, was equivalent to 2.3 monolayers of chemisorbed water.

Replacement of this water by adsorption from the vapor phase at 25 became

prohibitively slow after the irreversible adsorption of about 1.5 monolayers

of water. In contrast to this, it was relatively easy to obtain reversible

water vapor isotherms at 300 and 400 . All three adsorbates showed that this

sample of zirconium oxide has a pore system spanning the micro to macro size

range. Irreversible adsorption of water causes a 20 percent decrease in the

specific surface area as measured by nitrogen and argon. This reduction is

real and occurs through the filling of micropores by irreversibly adsorbed

water. Specific surface areas calculated from the water data suffer from the

specificity of the interaction of water with the oxide surface and do not

provide a true measure of the geometric area.
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Introduction

The surface properties of zirconium oxide, even though it is an important

refractory and catalytic material, have received scant attention in the

literature. Studies involving the adsorption of gases have been limited to

3,4) the work of de Boer and his associates3'4 on the relationship of the porosity

of zirconium oxide to its method of preparation. Furthermore these studies

were limited to a single adsorbate, nitrogen. The present study was designed

to use nitrogen, argon, and water as adsorbates.

Recently we published a study of the heat of immersion of zirconium oxide

(5) in water.5 A useful (and necessary for a complete understanding) supplement

to the calorimetric work is a determination of V\e adsorptive properties of

zirconium oxide. Of particular interest is the ability of an outgassed

zirconium oxide surface to chemisorb water (form surface hydroxyl groups) and

subsequently retain irreversibly adsorbed molecular water. Additional informa-

tion such as porosity and the blocking action of irreversibly adsorbed water

can be obtained from adsorption studies using nitrogen and argon as adsorbates.

Since such information is not available for zirconium oxide the present study

should add to the general understanding of the oxide-water interface.

Experimental

All of the data were taken with a gravimetric adsorption system utilizing

(6) a vacuum microbalance.6 A slight modification of the apparatur permitted

pressures below 30 torr to be measured with a commercially available capaci-

(7) tance manometer.7 The capacitance manometer, in conjunction with a recorder-

controller and a thermoelectric cooler, was also used to control the temper-

ature of a water reservoir in order to maintain a constant pressure of water



vapor.8 Water vapor pressure could be maintained constant to ± 0.005

torr at any selected pressure in the range of 0.05 to 30 torr. Details

of the experimental techniques have appeared in publications dealing

with adsorption on thorium oxide.9 The sample vas always outgassed for a

minimum of 16 hr (overnight) prior to an adsorption experiment.

The adsorbent was a nuclear grade (Hf<0.001$) zirconium oxide purchased

from A. D. Mackay. Spectrochemical analysis10 showed that the major impurity

was Ca (0.02 wt <$). The average crystallite size, as determined by x-ray

line broadening, was 210A. The x-ray data also indicated that the sample was

primarily the metastable tetragonal phase. Two separate aliquots (200 tag each)

of the sample were used in the present study. The aliquots gave identical

results as evidenced by the reproducibility (0.3$) of the nitrogen specific

surface areas for identical outgassing conditions.

Results and Discussion

The isotherms for the adsorption of nitrogen and argon on this sample

of zirconium oxide after outgassing at 500 are shown in Figures 1 and 2,

respectively. The porous nature of this sample is evident by the capillary

condensation hysteresis loop closing at a relative pressure of about 0.5

for both adsorbates. It is obvious that these hysteresis loops do not fit

any of the five simple classifications given by de Boer.11 Most probably, a

complex variety of pore shapes and sizes are responsible for the hysteresis

loops shown in Figures 1 and 2. A minimum of 7 days was required to obtain

the data for a nitrogen or argon isotherm. This is a further indication

of the porous nature of this satsple. Attainment of equilibrium was particu-

larly slow at low (sub-ssonolayer) aod high (in tha hysteresis loop) relative

pressures.



(12) The data in Figures 1 and 2 were subjected to a normal BET analysis12

to obtain an estimate of the specific surface area. The nitrogen data gave

23.7 mz/g (based on 16.2%2/molecule) for the specific surface area with a

corresponding "C" constant of 145. Corresponding values from the argon

data were 23.9 raa/g and 135. This excellent agreement between the nitrogen

and argon data should be tempered by the fact that we have followed our usual

(13) procedure13 in calculating specific surface areas from argon adsorption data.

This procedure acknowledges that the physical state of adsorbed argon is not

(14,15) known with certainty,1* assigns an area of 16.6A 2 to an adsorbed argon atom,15

(IS) and assumes that the saturation pressure is that of supercooled liquid argon1**

rather than that of the bulk solid phase. It should be mentioned that the

isotherm in Figure 2 has been constructed using the measured saturation

pressure, i.e., that of bulk solid argon. If the isotherm were replotted

using the saturation pressure of supercooled liquid argon its form would more

closely resemble that of the nitrogen isotherm (Figure l) in accordance with

the agreement of the specific surface areas.

Figure 3 is an adsorption-desorption cycle for water vapor on this sample

at 25.0° after outgassing the sample at 500°. In agreement with the nitrogen

and argon data, the sample is porous to water vapor. Apart from this obvious

fact it is evident that the data in Figure 3 do not represent a thermodynamic

equilibrium state. During the adsorption-desorption cycle depicted in

Figure 3 (the dat& were obtained over a period of 3 weeks) the sample

irreversibly adsorbed 4.8 mg of water per gram of sample (this water could

not be removed by evacuation at 25°C). Several of the data points in Figure 3

represent 16 hrs or longer (weekend) at constant pressure and weight.

Obviously this system will not attain equilibrium by the simple technique of



exposing the sample to a constant pressure of water vapor for an extended

(17) period of time. Similar behavior has been observed for thorium oxide.17

One can estimate the water chemisorption capacity of this sample from

the nitrogen surface area and the average value for the area occupied by a

(18) surface hydroxyl group as given by Vissers.18 The estimated chemisorption

capacity is 5.7 JEg/g., which compares favorably with the 4.8 mg/g irreversibly

adsorbed during the adsorption-desorption cycle shown in Figure 3. However,

(19) from related infrared studies,19 it is known that considerable surface

hydroxyls remain on the surface of this sample after outgassing at 500°C.

In view of this fact, it is almost certain, that complete hydroxylation

occurred during the first water isotherm (Figure 3). In the initial out-

gassing of the sample the weight loss between 25 and 500 C was equivalent to

about 2.3 monolayers of chemisorbed water. After the initial isotherm

(Figure 3) several successive water isotherms were measured without intervening

outgassing at an elevated temperature. All of these isotherms were irreversible

with the extent of irreversibility (difference in the initial and final vacuum

weights) depending primarily on the length of time involved (number of data

points) in measuring the isotherm. After the weight equivalent of about 1.5

monolayers (above the 500 C vacuum weight) of chemisorbed water had been

irreversibly adsorbed the procedure of successive isotherms was abandoned

because of the prohibitively slow kinetics. The possibility existed that not

all of the initial weight loss between 25 and 500 C was due to irreversibly

adsorbed water. The most likely candidate is chemisorbed carbon dioxide from

the laboratory atmosphere. However, attempts to chemisorb carbon dioxide on

this sample (either water covered or outgassed at 500 C) were unsuccessful.



We are led to conclude that this sample of zirconium oxide can irreversibly

adsorb large (more than one monolayer) quantities of molecular water but

that the process suffers from agonizingly slow and complex kinetics from

the vapor phase.

A monolayer capacity estimated from the first water adsorption isotherm

o

after outgassing at 500 C would be seriously in error due to the large amount

of chemisorption involved. However, fairly reliable monolayer capacities

for water adsorption can be estimated from succeeding isotherms since the

extent of irreversibility is much smaller in these cases (differences in

initial and final vacuum weights for succeeding isotherms varied from about

0.05 to 0.2 mg/g depending on the time interval and maximum pressure

involved),, The resulting monolayer capacities are equivalent to specific

surface areas of about 14 to 15 m2/g based on 10.6A2 per adsorbed water

molecule.20 Nitrogen and argon adsorption data on the water covered zirconium

oxide surface gave specific surface areas of about 18 m2/g (18.6 m2/g for

nitrogen and 17.8 m2/g for argon). This difference emphasizes the specificity

involved in water adsorption on oxide surfaces and the accompanying uncertainty

in specific surface areas estimated from such data.

Water adsorption isotherms on the water covered zirconium oxide surface

gave unusually low BET C constants (20 to 25). The data in Figure 4 confirm

the low C constant. Data at each temperature have been normalized to the

number of layers, n, by use of water monolayer capacity. It should be

emphasized that the data in Figure 4 are not reversible and consist of

adsorption points only. However, the two sets of data are comparable as they

were collected in equivalent time intervals. Because of the irreversibility

a thermodynamie value for the net heat of adsorption cannot be derived from



Figure 4. However, it must be quite low as the two sets of data can "be

represented by a single curve. Also shown in Figure 4 are the standard

(21) water adsorption data of Brenauer21 corresponding to a C constant of 25.

The difference between our data and the standard data is not large but may-

be significant and indicative of a micropore contribution.

In marked contrast to the complex and laboriously slow kinetics for

water adsorption at 25 C it was relatively easy to obbain reversible isotherms

at 300 and 400 C. This behavior is similar to that which we have observed

(22) for thorium oxide.22 The two reversible isotherms at 300 and 400 C are

shown in Figure 5. When the amount of adsorption is calculated using the

equilibrium vacuum weight at each temperature- as zero as was done in Figure 5,

the two sets of data can be represented by a single curve. However, it should

be emphasized that, on an absolute weight basis, the 300 C isotherm is 1.02

mg/g above the 400 C isotherm (this is also true of the equilibrium vacuum

weights at the two temperatures). Three adsorption-desorption cycles were

sufficient to obtain a reversible isotherm at 400 C while five cycles were

required at 300°C. On dropping the temperature to 200 C, however, the onset

of laboriously slow kinetics was observed together with an increase in the

reversible adsorption capacity. Because of this, efforts to obtain reversible

water adsorption isotherms at temperatures below 300 C were abandoned. Both

sets of data in Figure 5 appear to be approaching a limited adsorption of

about 1.35 mg/g. Either a volume limited or a site limited adsorption

mechanism could explain this observation. However, the difference in

irreversibly adsorbed water at these two temperatures is equivalent to about

0.2 of a monolayer of surface hydroxyl groups and this argues against a site

limited mechanism. Micropores could provide a volume limited mechanism and

this is the explanation which we prefer.
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The presence of irreversibly adsorbed water had a marked effect on

the subsequent adsorption of nitrogen and argon. Although the isotherms

will not be presented in this paper, the most noticeable effects were a

significant reduction in the amount adsorbed at all pressures and a rounding

of the knee of the isotherm. Irreversibly adsorbed water had little, if

any, effect on the hysteresis loops observed in isotherms for nitrogen

and argon. One would like some explanation for the effect of irreversibly

adsorbed water. An explanation can be obtained by comparing the nitrogen

adsorption data to data for nitrogen adsorption on a standard nonporous

reference material. This procedure is not without difficulty, particularly

in regard to the choice of the standard. Difficulties involved in the choice

(23,24) of a reference substance has been emphasized by, e.g., Sing23*2* and also

(25) our previous work with porous thorium oxide.25 Realizing the difficulties

involved, we have chosen nitrogen adsorption on uniform non-porous thorium

oxide13 as the standard for comparing the present data. Other standard

isotherms were tried but none gave comparison plots as satisfactory as those

shown in Figure 6. The statistical thickness of an adsorbed layer of

(26) nitrogen was assumed to be 3.54A.25 In reality, two reference isotherms were

used in the construction of Figure 6. Nitrogen adsorptions on zirconium

oxide outgassed at 500 and at 25 C were compared with the corresponding data

for non-porous thorium oxide outgassed at 100 and at 25 C, respectively.

The slope and intercept of the plot of the 500°C data are 5.1 and 1.9 mg/g,

respectively. Corresponding values for the 25 C data are 5.0 and 0.6 mg/g,

respectively. We interpret the slope as corresponding to unhindered adsorption

on open surface which, in view of the uncertainties, is the same for both sets



of data. The intercept is interpreted as corresponding to the micropore

contribution. On this basis, a large fraction (1.3 mg/g) of the micro-

pores is blocked by irreversibly adsorbed water (25 C data). Upward

deviations from the straight line are due to the onset of capillary conden-

sation in both cases. To make the comparison complete, the sum of the slope

and intercept should equal the BET monolayer capacity. The sums are 7.0

and 5.6 mg/g for the 500 and 25 C outgassings, respectively. Corresponding

BET monolayer capacities are 6.8 and 5.4 mg/g. Although the agreement is

not as good as we obtained in our study of porous thorium oxide,25 it is

adequate. Non-porous zirconium oxide would probably be a better standard

but such data are not available at the present time.

This study has reinforced our opinion that the adsorption of water on

an oxide surface is more complex than simple chemisorption to give a layer of

surface hydroxyl groups and subsequent reversible physical absorption. The

present system is probably more complex than the thorium oxide-water system

as we have shown that the surface energetics of zirconium oxide are dependent

on the crystal modification present.5 Del5.neation of the adsorptive

characteristics of the monoclinic and tetragonal forms of zirconium oxides

has not been achieved at the present time.
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