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GRAVIMETRIC ADSORPTION STUDY OF HYDROGEN AND 
CARBON MONOXIDE ON A SUPPORTED RUTHENIUM CATALYST 

Wayne A. Bollinger and Alexis T. Bell 

Lawrence Berkeley Labbratory 
University of California 

Berkeley, California 

ABSTRACT 

The adsorption'kinetics and equilibrium uptake of hydrogen and 

carbon monoxide have been measured gravimetrically for a 4 wt% 

ruthenium/silica catalyst. These measurements were performed over 

a temperature range of 20 0 to 250 0 C. The results were used to 

evaluate the catalyst-adsorbate interactions. Hydrogen adsorption 

was also used to determine the metal surface area and crystallite size. 

The adsorption isotherms of hydrogen were used to determine the 

heat of adsorption for hydrogen on ruthenium. A low heat of adsorption 

indicating a weak interaction of hydrogen with the metal surface was 

found for surface coverages greater than half a monolayer. The 

adsorption isotherms were found to be composed of two portions, 

reversible and irreversible hydrogen. Reversible hydrogen could be 

des orbed by evacuation of the catalyst at the adsorption temperature, 

while irreversible hydrogen could not be des orbed under these same 

conditions. The rate of hydrogen adsorption was found to follow the 

Elovich equation. Thermal desorption spectra revealed that at least 

two forms of hydrogen exist on the ruthenium surface. 

The carbon monoxide adsorption isotherm could also.be divided 
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into reversibly and irreversibly adsorbed components. The heats of 

adsorption for carbon monoxide obtained indicate a strong binding 

of the adsorbate to the ruthenium surface. Comparison of carbon 

monoxide and hydrogen isotherms indicates that the catalyst surface is 

permanently altered by carbon monoxide adsorption. 
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I. INTRODUCTION AND REVIEW OF THE LITERATURE 

A. Introduction 

The demand for pipeline gas continues to grow in excess of the 

rate at which new reserves of natural gas can be discovered. To meet 

this disparity between supply and demand (see Figure 1) it will be 

necessary to find new sources of gas. A method long recognized for 

its potential is the production of synthetic natural gas (SNG) by coal 

gasification. 

The manufacture of SNG requires several processing steps. as 

outlined in Figure 2. Coal is first gasified to produce a mixture 

containing CO, H2 , CO2 , CH4~ and H20. The ratio of H2/CO is then 

adjusted to a 3/1 mole ratio by the water gas shift reac;:tion. The 

shifted gas is now purified to obtain a low-BTU fuel (150-400 BTU/ft
3

) 

composed of hydrogen and carbon monoxide. SNG which has a heating 

3 value of 900-1000 BTU/ft can be produced by passing the low-BTU gas 

over a methanation catalyst. Methanation constitutes a very important 

part of a SNG facility. 

The conversion of carbon monoxide and hydrogen to methane occurs 

by the reaction, 

Catalysts used for the reaction are group VIII metals (1-4). Ranking 

of the catalysts according to their activity leads to the following 

sequence: Ru» Fe, Ni, Co > Rh, Pt, Pd, and other VIII metals (1,2,4). 

Because of their high activity Ru, Fe, Ni, and Co are considered as 
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possible industrial catalysts (1). 

Of the metals suitable as catalysts for methanation, ruthenium 

stands out for several reasons. As indicated, ruthenium has a much 

greater activity so that smaller quanities of the catalyst can be used. 

For example, a catalyst containing 0.5% ruthenium would be comparable 

to a catalyst containing 48% nickel (5). Second, ruthenium has a long 

catalytic life. The activity of a ruthenium catalyst has been shown to 

remain unchanged over a period of six months (1). A thi.rd advantage is 

that with ruthenium methane can be produced at moderate temperatures 

("" 250 0 C) and pressures, ,while other catalysts require more extreme 

operating conditions. 

Since the catalyzed conversion of carbon monoxide and hydrogen to 

methane involves the adsorption of both gases onto the catalyst surface, 

it is desirable to know as much as possible concerning the nature of 

these catalyst-adsorbate interactions. The objectives of the present 

work were to study the kinetics and equilibria for carbon monoxide 

and hydrogen adsorption on ruthenium and to obtain information concern

ing the strength with which these adsorbates are bound to the surface. 

A gravimetric method was used for each of the investigations in order 

to obtain a direct measure of the amount of gas adsorbed on the catalyst 

surface. 

B. Literature Review 

Studies of hydrogen and carbon monoxide adsorption on ruthenium 

have been conducted almost exclusively within the last ten years. Much 

of this work has been devoted to exploring the use of hydrogen 
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(6-9,11,28) and carbon monoxide (4,6,7,10,12,28) chemisorption as a 

means for determing the surface area and dispersion of supported 

ruthenium catalysts. A listing of these studies and the experimental 

methods used are given in Table 1. 

The feasibility of using hydrogen adsorption to measure ruthenium 

surface area was established by Dalla Betta (7). In that work particle 

sizes determined by electron microscopy were compared with those ob-

tained from adsorption measurements and were found to be in good 

agreement. As a result the stoichiometry of adsorption can be repre-

sen ted by 

where Ru is a surface ruthenium atom. s 

(2) 

The stoichiometry for carbon monoxide was studied by Kobayashi 

and Shirasaki (12). Their results were inconclusive but an adsorption 

of more than one carbon monoxide atom per ruthenium was indicated. 

Adsorption could be represented by 

Ru + nCO + Ru -(CO) 
s s n 

(3) 

where n ~ 4. A recent study by Dalla Betta (28) indicates the 

stoichiometry of carbon monoxide adsorption depends on the metal 

particle size. The value of n appears to increase with decreasing 

particle size. 

The kinetics of hydrogen and carbon monoxide adsorption were 

investigated by Low and Taylor (14,25). They found that hydrogen 

adsorption obeys the Elovich equation. It was also found that the rate 



Table 1. Summary of Hydrogen and Carbon Monoxide Adsorption Studies 

Study 

McKee (4) 

Sinfelt & Yates (6) 

Dalla Betta (7, Z8) 

Ghoneim et al (8) 

Kubicka (9) 

Buyanova et al (10) 

K. Taylor (11) 

Kobayashi & Shirasaki (IZ) 

.. " 

Experimental Method 

volumetric'with mass spectrometer 

volumetric 

volumetric, desorption 

volumetric and flow system 

volumetric 

chromatographic and volumetric 

volumetric 

volumetric 

Adsorption of 

CO, HZ/CO mixture 

HZ' CO 

HZ' CO 

HZ 

HZ 

CO 

HZ 

CO 

.... , 
.' 

I 
0"1 
I 



. ~. 

0 0 , Q iJl . ~ :., 0 t) l) 7 9 

-7-

of adsorption for hydrogen is enhanced by a pretreatment of the 

ruthenium surface with carbon monoxide . 

Very little has been published concerning the heats of adsorption. 

A heat of adsorption for hydrogen on ruthenium metal was reported by 

Stevenson (15) as 26 ± 2 kcal/mole. A value of 26 kcal/mole was given 

in a graph appearing in a paper by Vannice (2) for ruthenium supported 

on silica. No values for the heat of adsorption of carbon monoxide 

could be found in the literature. 

Information regarding the structure of ad.sorbed carbon monoxide 

has been obtained by infrared spectroscopy. Guerra (29) studied the 

adsorption of carbon monoxide using infrared spectroscopy. The CO was 

detected at 2010-1990 cm- 1 for silica-supported ruthenium. It was also 

determined that this band is not affected by different treatments with 

O2 , NH
3

, or H2S. Guerra and Schulman (13) observed bands at 2010-1990 

and 1910-1870 cm-1 which result from Ru-CO and Ru2-CO surface species, 

respectively. Other observed bands are attributed to surface heteroge-

neity. They also postulate the existanceof Ru-(CO)2 and Ru-(CO)3 

species. Lynds (31) has studied the infrared spectrum of carbon monox-

\ 

ide on alumina and silica supported ruthenium catalysts. Two adsorption 

-1 
bands were observed at 2125 and 2060 cm for Ru/AI

2
0

3 
and 2151 and 

-1 
2083 cm for Ru/Si02 • A recent study by Dalla Betta (28) indicates 

that there are three stretching frequencies for carbon monoxide on 

Ru/AI203 within the 2000 - 2200 cm-1 region. These bands are located 

at 2039, 2080, and 2142 em-I. The band at 2142 cm- 1 is easily removed 

by evacuation' and is the weakest of the bands. 
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II. EXPERIMENTAL SECTION 

A. Experimental Apparatus 

The experimental apparatus is illustrated schematically in Figure 

3. For discussion, the apparatus is divided into two parts - the gas 

handling system and the microbalance assembly. The apparatus is secured 

to a heavy steel frame which is bolted to the laboratory floor. The 

frame also serves to suppress vibrations from the room that might affect 

the balance's performance. 

1. Gas Handling System 

The gas handling system was used to introduce and remove gases 

from the balance chamber. The principal part of this system was an all 

g1ass manifold which could be evacuated through a diffusion pump. All 

of the valves on the manifold contained Teflon stems fitted with double 

o-rings. When evacuated, the pressure in the manifold was determined 

by an ionization gauge (Varian/Vacuum Division model NRC 563). A 

capacitance manometer (model 1014A with Barocel sensor 537P) was used 

-2 3 to measure pressures from 10 to 10 torr. 

The balance chamber and the manifold could be evacuated to about 

10-5 torr with a two-inch oil diffusion pump. A liquid nitrogen trap, 

located directly above the diffusion pump, isolated the pump from other 

parts of the apparatus and served 'to prevent contamination by diffusion 

pump oil. Bellows valves were used to isolate the diffusion pump and 

to allow roughing out of the manifold by a mechanical pump. Thermo-

couple gauges where used to measure the rough vacuum. 
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The gases used in this study were contained in high pressure 

cylinders. The purity of hydrogen and nitrogen was 99.999% and that 

of carbon monoxide was 99.99%. To further purify the hydrogen and 

carbon monoxide before introducing them into the manifold, each gas 

was passed through a cryogenic trap consisting of a stainless steel 

coil. A liquid nitrogen bath (-196°C) and a slush of n-pentane 

(-130°C) were used to purify hydrogen and carbon monoxide, respectively. 

2. Microbalance Assembly 

A Cahn Instrument E1ectroba1ance (model RG) was used to weigh the 

adsorbent. This instrument operates on the "null-balance" principle (16) 

as shown in Figure 4. Addition of weight to the sample side of the 

beam causes a momentary deflection of the beam. Movement of the flag 

attached to the beam changes the amount of light striking the phototube 

thereby producing a change in the phototube current. This current is 

amplified and applied to a coil attached to the beam. Since the coil 

is in a magnetic field a force is exerted to restore the beam to its 

position before deflection. As a result the beam is kept in a state of 

dynamic equilibrium. According to Ampere's law, the electromagnetic 

restoring force is exactly proportional to the applied current. This 

current, and the voltage which it develops across the coil, is an 

accurate measure of the weight change. The voltage across the coil 

is measured by subtracting a calibrated voltage from it and applying 

the excess to a recorder. The voltage is subtracted by using a 

potentiometer which reads directly in milligrams. The excess voltage 

.-

1 
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is attenuated so that various weight ranges can be displayed full-scale 

on the recorder. 

The sample is suspended via a hangdown wire connected to loop A 

of the balance beam and is enclosed within a hangdown tube. To minimize 

thermomolecular effects an identical hangdown tube was used on the tare 

side of the balance. A detailed drawing of the sample hangdown tube is 

shown in Figure 5. The tubes are made of glass with a middle section 

of Kovar. The Kovar section is provided to increase heat transfer and 

to eliminate thermal gradients between the sample and the heat source. 

The inside diameter of the hangdown tube is 16 mm. This diameter was 

selected to reduce aerodynamic forces on/the sample and consequently 

the background noise level. At 760 torr the noise level is 0.5 ~gm 

peak-to-peak and is less at lower pressures (16,18). 

The hangdown wires used in this study were made of 0.005 in. 

diameter Chromel-A wire obtained from Hoskins Manufacturing Company. 

Of the several types of wire tested this one was found to give the lowest 

noise level. A comparison of the peak-to-peak noise for Chromel-A and 

Nichrome (recommended by Cahn Instruments) hangdown wires is shown in 

Table 2. The Chromel-A produced a straighter, stiffer wire which was 

easier to handle than the Nichrome wire. The Chrome I-A wire was also 

much easier to straighten if bent accidently. 

The temperature of the sample and tare (for some e~periments) was 

maintained by furnaces placed around each hangdown tube. Variacs were 

uS,ed to regulate the voltage supplied to the furnaces. Each furnace 

had a 4-inch heating zone which was adequate for heating the samples to 

r 
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Table 2. Comparison of Background Noisp. for 
Nichrome and Chromel-A Hangdown Wires 

Peak-to-Peak Noise (~g) 

Sample weight (mg) .004" Nichrome . 005 "Chromel-A 

50 0.8 0.5 

70 1.4 

100 7.0 0.7 

200 1.0 

.-

I 
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greater than 300
0 

C. The temperature in the vicinity of the sample was 

measured by a Chromel-Alumel thermocouple located within \ in. of the 

sample pan. The output from the thermocouple was displayed on a digital 

millivoltmeter. 

B. Experimental Procedures 

1. Catalyst Preparation 

The catalyst was prepared by impregnating the support with a 

solution of ruthenium trichloride. To obtain a catalyst loading of 

4% Ru by weight, 1. 23 gm RuC1
3

· 3H20 (AHa Products) was dissolved in 

distilled water. The amount of water used was just enough to wet 12.0 gm 

of support. The support was Cab-O-Sil HS-5 (C.L. Cabot Corporation), 

a fine silica powder produced by flame hydrolysis of silicon tetrachlo-

ride. The silica was wetted with RuC1 3 solution and the gel which formed 

was dried in an air oven at about 90°C for one day. The dried catalyst 

was then ground with a mortar and pestle and screened to a sub-325 mesh 

size. 

The catalyst powder was reduced by exposing it to a flow of hydro

gen at 100 cm3/min. The temperature for the first hour was room 

temperature, increased to 300°C over the next two hours, held at 300 0 C 

for three hours, and then slowly reduced to room temperature over another 

two hours (32). After eight hours total of hydrogen reduction, the 

catalyst had turned a grayish black. The color change was easily 

detectable by placing samples of reduced and unreduced catalyst powder 

next to each other. The reduced catalyst turned black again after 
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being exposed to the atmosphere for a few days, indicating ruthenium 

oxide formation on the surface. 

The catalyst powder was pressed into a disk about 0.75 mm thick 

2 and then broken into small pieces with an area of about 0.5-2 mm • 

This form of the catalyst was used in all subsequent experiments. 

2. Catalyst Characterization 

Several independent experimental techniques, performed by other 

laboratories, were used to characterize the catalyst and the silica 

support. The results are summarized in Table 3. 

A semi-quantitative analysis was performed by American Spectro-

graphic Laboratories to identify the metals present in the catalyst and 

blank support. The results show that the catalyst contains 4% Ru by 

weight. The analysis also shows that there is a trace amount of plat-

inurn in the catalyst that does not appear in the support. The platinum 

appears to be a contaminant present in the RuC1 3 since there is no 

other possible source. In any event this amount of platinum is small 

and was neglected. All other metal concentrations were negligible. 

A quantitative determination of the ruthenium content was performed 

by the Analytical Chemistry Laboratory in the College of Chemistry. The 

procedure used was to weigh the catalyst, dissolve the silica in a 

mixture of hot sulfuric and hydrofluoric acid, and then reweigh the 

residual ruthenium after fuming the acid solution at 450° C. The ruthe-

nium loading was found to be about 4.0% by weight. 

A nitrogen BET surface area measurement and hydrogen chemisorption 

at 20°C were performed by Pacific Sorption Corporation. The surface 

. . 
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Table 3. Catalyst Characterization 

Semi-quantitative analysis (% by weight*): 

catalyst 

Ru 4. (as Metal) 

Pt 0.12 (as Metal) 

Cu < .001 

Ni < .001 

Al .025 

Ca .001 

Ti .001 

Mg < .001 

Fe 

Ag 

Ba .007 

B 

*reported as oxides of the elements unless indicated 

Nitrogen BET surface area: 
2 

280 m2/gm support 
310 m /gm catalyst 

Quantitative analysis: 4% Ru by weight 

Hydrogen Chemisorption: 149 ~moles H
2

/gm catalyst 

Electron microscopy: 

X-ray diffraction: 

metal particle size = 26 A 
(number average) 

metal particle size 95 A 

support 

" 

0.03 

.01 

.002 

.002 

.001 

.002 

< .005 

< .001 

< .01 
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area was found to be in agreement with the expected area of the support 

2 (325 ± 25 m /gm). The hydrogen chemisorption gave a value of 149 ~mo1es 

H
2

/gm of catalyst. These results will be compared with measurements 

performed in this study and will be discussed in detail later. 

Scanning electron microscope photographs of the catalyst were 

taken on a Philips 301 electron microscope ata magnification of 

450,000. A typical micrograph is given in Figure 6. The results 

indicate a homogeneous distribution of ruthenium crystallites throughout 

the catalyst. The distribution (shown in Figure 7) of crystallite sizes 

ranged from 4-97 A. Crystallite sizes from 4 - 9 A were extremely 

difficult to detect and could only be seen on the fringe areas of the 

catalyst. A number average size of 26 A was determined by measuring 

the sizes of about 200 particles appearing in three micrographs. 

An x-ray diffraction pattern of the catalyst was also obtained. 

Based upon the width of the diffraction peak, a ruthenium particle size 

of 95 A was estimated. Very few particles of this size were observed 

with the electron microscope so that this measurement was discarded as 

being in error. An x-ray diffraction pattern of the support did not 

show any peaks. 

3. Preliminary Procedures and Catalyst Pretreatment 

Prior to initiating adsorption studies the balance electronics 

were calibrated (see Appendix A), the catalyst was pretreated, and the 

catalyst buoyancy corrections determined. These procedures were 

performed in the order listed. 

,.-
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XBB 765 - 4235 

Figure 6. Electron Micrograph of the Catalyst 
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After the catalyst was placed in the sample pan, the balance 

. -4 
chamber was evacuated to 10 torr for about half an hour. Nitrogen 

(- 350 torr) was added to the balance and removed after a few minutes. 

This step was repeated two or three times to remove any residual air 

that may have been in the balance chamber. The catalyst was then heated 

. -5 
to 300

0 C while under vacuum (10 torr) for 16-20 hours. Heating for 

this length of time proved to be sufficient for the catalyst to be 

completely degassed and to achieve a constant weight. The weight loss 

during this step was 5% of the original catalyst weight. This weight 

loss is attributed primarily to the desorption of water vapor adsorbed 

by the silica support. 

After the evacuation, the catalyst was reduced to remove the oxide 

layer present on the ruthenium surface (see catalyst preparation). 

Reduction was carried out in 350 torr of hydrogen at 300
0 C for 30 

minutes. This step was repeated until the catalyst had been reduced in 

hydrogen for a total time of at least 4 hours. This procedure was used 

so that fresh hydrogen would be in contact with the catalyst. During 

the reduction, the weight of the catalyst was monitored and after 2~ 

hours the weight remained constant. At this point the catalyst was 

considered to be completely reduced. The catalyst was then evacuated 

for another 16-20 hours. 

4. Buoyancy Calibration and Blank Runs 

Blank runs were performed using the silica support to account for 

buoyancy forces, thermomo1ecu1ar forces, and adsorption of gas on the 
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support. These blanks were used to correct the data obtained during 

adsorption runs. 

A buoyancy force (19,20) can result if the ratio of the samp1e-

side volume to its absolute temperature (V IT ) is different from that 
s s 

of the tare-side volume to its absolute temperature (Vt/T t ). The 

buoyancy force (6W in grams) is given by 

(4) 

where M is the molecular weight of adsorbate, R is the gas constant, 

and P is pressure in torr. Notice that for constant values of T and s 

T
t

, 6w is a linear function of P. 

Thermomo1ecu1ar forces (21,22) are caused by gas molecules in the 

heated zone imparting more momentum to the balance wire than other gas 

molecules hitting the wire. This results in a net upward force on the 

sample or an apparent weight loss. The observed effect is a negative 

deviation from the linear buoyancy curve at pressures between 50 and 

-3 10 torr. The amount of deviation depends on the exact set up of the 

balance. For a particular set up the thermomo1ecu1ar forces are con-

stant and reproducible for a given pressure and temperature. 

A series of weight measurements were performed over a pressure 

range of 2 - 200 torr and at the temperatures of interest for subsequent 

runs. These measurements were done using N
2

, H
2

, and CO with the 

silica support and N2 with the catalyst. Figure 8 gives a hydrogen 

buoyancy curve and a comparison of carbon monoxide and nitrogen 

buoyancy curves. Since nitrogen and carbon monoxide have the same 

molecular weight the curves. should be identical if no adsorption occurs. 
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Some carbon monoxide adsorption was apparent at 50°C. It was also 

noted that the nitrogen curves for the support and the catalyst were 

in excellent agreement. All of the curves exhibit a linear portion due 

to buoyancy above 50 torr and a curved portion due to thermomolecular 

forces at lower pressures. The difference between the sample and tare 

volume was calculated from the slope of the linear portion of the 

buoyancy curve by using equation (4). The values obtained from nitrogen 

and hydrogen buoyancy curves at different temperatures did not agree. 

It was concluded that this lack of agreement was due to the assymmetry 

of the balance which adds another term to equation (4). 

5. BET Surface Area Measurements 

The procedure used to determine the BET surface area was the same 

for the silica support and the ruthenium catalyst. Starting with a 

sample heated to 300 ° C in vacuum, 38 torr of helium was added to the 

balance and the furnaces removed. The temperature was allowed to cool 

to less than 100°C before a liquid nitrogen bath was placed around the 

sample in order to minimize the thermal shock on the balance tube. 

Once the liquid nitrogen bath was in place the catalyst sample reached 

a constant temperature of -195.8°C in about ten minutes. The weight 

of the catalyst was then recorded and the helium evacuated. The first 

dose of nitrogen was then quickly added and the weight change measured. 

A constant weight reading was achieved in 30-40 minutes. Additional 

doses of nitrogen were added and their weight changes recorded. The 

pressure range used was from 0.05-0.25 of saturation pressure. 
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Buoyancy measurements were done but neglected since they were three 

orders of magnitude smaller than the weight being adsorbed. 

6. H2 Adsorption and Kinetic Runs 

Before each run using hydrogen, the catalyst sample was heated to 

300°C under vacuum for at least 12 hours in order to remove any adsorbed 

hydrogen from the previous run. Every run was done with the same 

catalyst sample. While at 300 ° C , 40 torr of nitrogen was added to the 

balance and the temperature cooled to the desired temperature. The 

cooling of the catalyst was done in nitrogen so that possible outgassing 

of the balance parts would not contaminate the catalyst. After a con-

stant temperature was achieved, the weight was recorded. This weight 

reading was used as the weight of the catalyst at zero coverage. It 

was experimentally easier to use this weight reading than to wait for 

a constant weight reading in vacuum. The nitrogen was evacuated and 

the first dose of hydrogen added. After a constant weight was achieved, 

indicating no more adsorption was taking place (approximately one hour), 

additional doses of hydrogen were added and the weight gains recorded. 

For hydrogen the initial rate of adsorption is slow, so that 

buoyancy corrections could be made directly from the recorder trace. 

The rapid increase in weight, as illustrated in Figure 9, is caused by 

buoyancy and has a value that corresponds to the value obtained on the 

silica support in blank runs. Therefore, for hydrogen the adsorption 

weight gain was read directly from the recorder. 

Studies of the kinetics of hydrogen adsorption were performed 
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using the same procedure that was used for studying adsorption, except 

that the first and only dose of adsorbate was added at the desired 

pressure of the run. 

7. CO Adsorption Run 

The procedure used for determining carbon monoxide adsorption was 

basically the same as that used for the studies of hydrogen adsorption. 

The removal of carbon monoxide adsorbed on the catalyst in a previous 

run was done by first heating the catalyst to 300°c under vacuum for 

4 hours, reducing in hydrogen (350 torr) at 300 ° C for one hour, and 

-5 then heating at 300° C under vacuum (10 torr) for 12 hours. 

The weight of the adsorbed carbon monoxide could not be taken 

directly from the recorder trace because the initial rate of adsorption 

was quite rapid. In this case the buoyancy correction had to be 

subtracted by. hand from the recorded weight changes. 

8. Reversible Adsorption Runs 

To investigate the extent of easily reversible adsorption, the 

following procedure was used. After completing an adsorption run at a 

-5 given temperature, the balance was evacuated to 10 torr for 30.min. 

when H2 was used and for 60 min. when CO was used; these times having 

been established as sufficient to produce a nearly constant sample 

weight. Evacuation was performed at the same temperature as that at 

which adsorption had occurred. The adsorption of gas was then repeated. 

The amount of gas that was adsorbed was referred to as reversibly 
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chemisorbed. Note that the catalyst was not heated at elevated temper

atures between the initial adsorption run and the second adsorption run. 

9. Thermal Desorption Runs 

Studies of thermal desorption were conducted using the following 

procedure. The adsorbate (350 torr) was added to the balance with the 

sample at 300
0 

C and then the sample was allowed to cool to room 

temperature. Following these steps, the adsorbate was allowed to stay 

in contact with the catalyst sample for 12 hours to insure saturation 

coverage. The extended duration was particularly important for hydrogen 

since its adsorption proceeds slowly at room temperature (7). The 

adsorbate was then evacuated and the balance flushed several times with 

helium. Helium' (350 torr) was added to the balance and the temperature 

increased at a given rate. The temperature increase was achieved by 

changing the Variac setting. t~ile this procedure did not give a 

linear temperature change with time, it was adequate for qualitative 

measurements. Both the temperature and weight were monitored as a 

function of time. 

A blank run (no adsorbate on the ruthenium surface) of the catalyst 

was done using helium. The results of this run wer.e used to correct 

the data obtained during a desorption run. 
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III.· PRESENTATION AND DISCUSSION OF RESULTS 

A. Nitrogen Adsorption 

Nitrogen adsorption was used to measure the total surface area of 

the silica support and catalyst. Surface area was determined using a 

modified form of the Brunauer, Emmett, and Teller (BET) equation, 

P 
m(P -P) 

o 

(c-1) P 
m c P 

m 0 

+ 1 
m c 

m 

(5) 

where m is the mass of nitrogen adsorbed at pressure P, m is the m .. 

mass at monolayer coverage, P is the saturation vapor pressure of the 
o 

adsorbate, and c is a constant. Monolayer coverage was evaluated from 

the slope and intercept of a plot of P/m(P -P) versus pip • 
o 0 

A typical BET isotherm obtained for the catalyst is shown in 

~igure 10. Using a number of such isotherms the catalyst surface area 

2 
was determined to be 284 ± 6 m /gm. This value is in good agreement 

with independent nitrogen BET measurements (Table 4) and the value 

given by the Cabot Corporation, the manufacture of the silica support 

material. 

B. Hydrogen Adsorption 

1. Hydrogen Measurements at Equilibrium Conditions 

The amount of hydrogen adsorbed on the ruthenium catalyst at 

equilibrium can be illustrated by a series of isotherms. Isotherms at 
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50 ° , 150 ° , 200 ° , and 250 ° e are presented in Figure 11. Each curve 

had the same general shape. 

For pressures greater than 50 torr the 50 ° e isotherm shows a 

linear. increase in adsorbate weight with pressure. The remaining 

isotherms do not exhibit similar linear segments, at least not over 

the pressure range investigated. Observations of a linear increase in 

adsorbed hydrogen with pressure on ruthenium have been reported in two 

recent studies. Taylor (11) states that hydrogen ads0rption isotherms 

at 100 0 e are linear above ,200 torr. She also reports that isotherms 

at 23°e are linear, but does not indicate the pressure at which this 

behavior starts. Dalla Betta (7) reports that desorption isotherms at 

23°e are linear above 120 torr. The linear portion of the isotherm is 

presumed to be due to physical adsorption of hydrogen on the support 

(7,11,30). Failure to observe the linear increase at higher temperatures 

can be ascribed to either an absence of physisorption for pressures 

below 175 torr or to the simultaneous superposition of chemisorption 

and physisorption. 

An attempt was made to fit the hydrogen adsorption data to several 

different models (Le., Langmuir, Freundlich, and Temkin). Agood 

correlation was found between the data and the Langmuir equation for 

dissociative adsorption, 

(6) 

where m is the moles of adsorbed gas at a given hydrogen pressure a 

P,m is the mass at monolayer coverage, and K is a constant. Plots of m 
1 

'l/m versus l/P~ for the different temperatures are shown in Figure 12. 
a 
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These plots yield an average value of 210 ~moles/gmcatalyst as the 

amount of hydrogen adsorbed at monolayer coverage. Since the predicted 

value for monolayer coverage corresponds to a dispersion greater than 

100%, one can conclude that the fit of the data to the Langmuir model 

is only empirical and that the model does not give a physically mean-

ingful description of the adsorption process. 

To determine monolayer surface coverage the linear part of the 

isotherm was extrapolated to zero pressure. This technique has been 

used frequently and its applicability for hydrogen adsorption on 

supported ruthenium has been demonstrated by Dalla Betta (7) bycompar-

ison of adsorption data and electron microscopy data. Monolayer coverage 

was determined to be 83 ~moles H
2

/gm catalyst. 

The monolayer coverage by hydrogen can be used to predict the 

surface area, dispersion, and crystallite size of the ruthenium metal. 

Calculations (see Appendix B) show that the catalyst used in this study 

has a metal surface area of 153 m2 /gm of metal with an average particle 

size of 32 A. The dispersion (ratio of surface Ru/ total Ru) of the 

metal is 42%, assuming one hydrogen atom per surface ruthenium. A 

comparison of these characteristics with those for supported ruthenium 

catalyst'used in other studies is given ih Table 4. Despite differences 

in methods of catalyst preparation and characterization, the crystallite 

sizes are essentially the same. 

The metal particle size of the catalyst sample used in this study 

was also determined by several independent measurements. Table 5 

compares these measurements with the particle size determined by 
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Table 4. Comparison of Ru Catalyst Characteristics and H2 and CO 
Saturation Levels Reported by Various Investigators 

Study Catalyst H/Ru CO/Ru CO/Ru 
-- --- i:> 

Sinfelt & Yates (6) 5% Ru/Si02
a 

0.27 0.31 

Dalla Betta (7) 5% RU/Si02
a 

0.20 

5% Ru/AI203 0.29 

Dalla Betta (28) 5% Ru/AI20
3 

0.42
d 

0.94d 

Buyanova et a1 (10) 5% Ru/Si02 

5% Ru/AI20
3 

Kubicka (9) 

Kobayashi & 
Shirasaki (12) 

1% Ru/Si0
2 

1% Ru/Si02 

0.20 

0.36 

1.4 

This Study 4% RU/Si02
a 

0.42 0.14 

1.1 

2.3 

0.40 

0.33 

b 
Atom 2 
SA (A ) 

7.6 

8.17 

8.17 

8.17 

7~6 

7.6 

6.04 

6.13 

Particlec 

Size (A) 

42 

43 

30 

25 

33e 

31f 

35 

32 

c 
Meta~ Surface Area 

(m /gm Ru) 

121 

96
d 

,140
d 

168
d 

140e , 

150
f 

130 

153 

(a) Cab-O-Sil HS-5; (b) Surface area occupied per metal atom used in the study for the 
computation of particle size and metal surface area; (c) Calculated from hydrogen adsorption; 
(d) This author's calculation from values given in the study; (e) Calculated from oxygen 
adsorption; (f) Calculated from carbon monoxide adsorption. 
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Table 5. Comparison of Ru Characteristics Obtained by Independent Methods 

N2 BET 
2 

(m /gm catalyst) 

Metal surface area 
2 

(m /gm Ru) 

Crystallite size (A) 

number average 

surface area average 

volume average 

This Study 

284 

153 

32 

Independent Measurement 

280-310 

273
a 

EM !!.2 Adsorption x-ray 

26 

41 18
a 

57 95 

(a) calculated from hydrogen adsorption by Pacific Sorption 
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hydrogen adsorption. The crystallite size obtained agrees reasonably 

well with that obtained from the electron micrographs. However, none 

of the other measurements were in agreement with our results. The 

general lack of agreement between the independent measurements 

themselves should be noted. The hydrogen adsorption results obtained 

by Pacific Sorption are suspected of being in error, because of the 

possibility that the catalyst was not completely reduced. It has been 

noted previously that a metal oxide layer exists on the catalyst. If 

the oxide layer was not completely reduced, the hydrogen used in the 

adsorption measurement would react with the oxide. This would produce 

an additional loss of hydrogen. Since Pacific Sorption uses a static 

volumetric technique, this loss of hydrogen would appear to be additional 

uptake on the catalyst. A large amount of hydrogen adsorbed would yield 

a large metal surface area and small metal particle size. 

The isosteric heat of adsorption Qiso can be determined by applying 

the Clausius-Clapeyron equation, 

(7) 

The dependence of the isosteric heat on coverage can be easily evaluated 

by plotting 1n P versus l/T for a series of coverages (see Appendix B). 

A plot of the isosteric heat of adsorption as a function of hydrogen 
--, 

coverage is given in Figure 13. This plot indicates that hydrogen is 

weakly adsorbed at coverages greater than 45%. The heat of adsorption 

is only 5 kca1/mo1e at e =0.46 and decreases to a constant value of 

3 kca1/mo1e at e = 0.75. The only available data in the literature for 

the heat of adsorption of hydrogen are those given by Stevenson (15), 
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who reports a value of about 26 kcal/mole for ruthenium metal, and by 

Vannice (2), who graphically indicates a value of about 26 kcal/mole 

for silica-supported ruthenium. Neither author identifies the surface 

coverage to which the heat of adsorption corresponds. 

In addition to studying the total amount of hydrogen that is 

adsorbed, ,measurements were made of the strength with which the adsorbed 

hydrogen was bound to the catalyst surface. These experiments w~re 

carried out by placing a sample on which hydrogen had been adsorbed 

previously under vacuum at the temperature of adsorption and then deter-

mining the amount of hydrogen which could be readsorbed subsequently 

(see Chapter II for details of this procedure). The difference between 

the amounts of hydrogen adsorbed originally and that taken up upon 

readsorption is referred to as irreversibly adsorbed hydrogen. This 

component of the adsorbate can be desorbed only upon heating the catalyst 

to temperatures higher than that at which adsorption occurred. 

Isotherms of irreversibly adsorbed hydrogen are given in Figure 14. 

As expected the amount of irreversibly adsorbed hydrogen at a given 

pressure increases as the temperature decreases. All the isotherms 

appear to approach a constant value at higher pressures. The 50°C 

irreversible isotherm appears to be constant (at 165 torr) at a value 

of 72 ~moles/gm of catalyst. This value is only slightly smaller than 

the value of 83 ~moles/gm of catalyst obtained by extrapolating the 

total isotherm to zero pressure. Using the value from the irreversible 

isotherm, one calculates a metal particle size of 37A which is in 

good agreement with that determined by electron microscopy. Therefore, 

extrapolating the total isotherm obtained at 50° C to zero p,ressure 
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gives comparable results to the irreversible adsorption isotherm 

obtained at same temperature. A similar observation has been made 

by Freel (23) based on his work with platinum. In that study a flow 

system was used which could measure only the chemisorbed hydrogen 

taken up rapidly and irreversibly. Freel concluded that hydrogen uptakes 

at 25°C measured by this method were equivalent to those obtained from 

the zero pressure intercepts of total equilibrium isotherms. 

2. Hydrogen Adsorption Kinetics 

The rate of adsorption of hydrogen was studied as a function of 

both temperature and pressure. It was established that the kinetics 

of hydrogen adsorption on ruthenium was described by the Elovich 

equation, 

d8/dt = k exp [-(E + a8) /RT] o 
(8) 

where 8 (= m /m ) is the hydrogen surface coverage at time t, E is the 
a m 0 

activation energy at zero coverage, and k and a are constants depending 

on temperature and pressure (24,25). The data was fitted to the inte-

grated form of the Elovich equation, 

m RT 
m 

m = a a In(t + RT/ka) (9) 

Because RT/ka is small, the amount of adsorbed hydrogen could be plotted 

versus In(t) as shown in Figure 15 .. 

A value of a = 6.1 ± 0.7 kcal/mole was obtained from the slope of 

the lines in Figure 15. The value of a is independent of temperature 

but shows a slight dependence on pressure (see Appendix B). The 
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dependence on pressure is linear with a slope of -7.0 x 10-3 kcal/lllole 

torr. Similar "observations of decreasing values of ex. with increasing 

pressure have been reported previously (25-27). A comparison of the 

value of ex. calculated in this ,work to values in the literature could 

not be done because different forms of the Elovich equation were used. 

There are also substantial differences in the catalysts used in each 

study. 

A plot of the logarithm of the initial adsorption rate versus the 

inverse absolute temperature gave an activation energy of 0.5 - 1.0 

kcal/mole for EO. It ~hould be recalled that EO represents the activa-

tion energy for adsorption at zero coverage. 

The value of k should depend on both temperature and pressure (24, 

25). However, our measurements"were not sensitive enough to determine 

their dependencies. An average value of 0.2 lllin- 1 was obtained. 

Figure 16 shows a group of experiments that exhibited a break in 

the middle of the Elovich plots. These experiments were all performed 

within a few days after adjustments to the vacuum system had been made. 

A similar break in slope of the Elovich plot was also noticed by Low 

and Taylor (14) when they adsorbed hydrogen on ruthenium that had been 

pretreated with oxygen. They postulated that the break was due to a 

change-over inchelllisorption from one type of site to another. It seems 

plausible, in view of Low and Taylor's results, that the catalyst for 

the experiments shown in Figure 16 may have been altered by exposure 

to atmospheric oxygen. 
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3. Hydrogen Thermal Desorption Spectrum 

" Thermal desorption spectra recorded from room temperature to 

3S0°C are shown in Figure 17. It should be noted that spectra A and 

B were obtained for a surface ~aturated with hydrogen while spectrum C 

was recorded for a partially covered surface. Spectra A and B show a 

will defined peak near 100 ° C and a shoulder near 140 ° C • 
/ 

The low 

temperature. peak is absent in spectrum C, but the 140°C feature is well 

defined. A second well defined peak is observed near 310°C. Spectra 

A and C suggest that this may in fact be a superposition of two peaks. 

The presence of some very small peaks in the vicinity of 200 ° C is 

suggested by weak features in spectra Band C. 

The quality of the temperature ramp used in producing the desorption 

spectra was not good enough to obtain reproducible spectra nor to pin-

point the temperatures associated with various features. It is apparent, 

however, that there are at least two and perhaps as many as four or five 

forms of adsorbed hydrogen on the surface. A further investigation of 

the forms will be undertaken in the future using well defined linear 

temperature ramps. 

C. Carbon Monoxide Adsorption 

Isotherms of carbon monoxide adsorbed on ruthenium at 22° , SO°, 

IS0 ° , 200° , and 2S0° d ° FO 18 are presente 1n 19ure . The curves show a 

large increase in adsorbate weight at pressures up to about 30 torr and 

a slow linear weight gain at higher pressures. About 80- 90% of the 

amount adsorbed at 200 torr is adsorbed by 20 torr. The shape of the 
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isotherms in Figure 18 are identical to those reported by Buyanova 

et al (10) and by Kobayashi and Shirasaki (12). 

The total amount of carbon monoxide that could be adsorbed on the 

catalyst was determined by extrapolation of the linear portion of the 

SO°C isotherm to zero pressure. The amount adsorbed corresponds to a 

value of CO/Ru = 0.33 •. A comparison of this value with those from 
s 

other studies shows that it is considerably smaller, however the range 

of reported values is quite large. The magnitude of CO/Ru appears to 
s 

be very sensitive to the characteristics of the catalyst used. Dalla 

Betta (28) in a recent study found that the stoichiometry (CO/H) of 

carbon monoxide adsorption on alumina-supported ruthenium increases as 

the weight loading and particle size decreases. The explanation 

proposed is that with decreasing crystallite size a greater number of 

low coordination sites are formed which are capable of participating 

in multiple adsorption. Therefore, the surface can be covered by 

species such as Ru2-CO, Ru-CO, Ru-(CO)2' and Ru-(CO)3. 

An attempt was made to fit the adsorption data to several models. 

A reasonable fit was obtained using t~e Freundlich equation, 

m = kPl/n, (n> 1) 
a 

(10) 

where k and n are constants. A log-log plot of m versus pressure 
a 

shown in Figure 19 was used to determine the value of n. Values of n 

ranged from 13 to 17, indicating a weak pressure dependence of carbon 

monoxide adsorption. 

Heats of adsorption were obtained using equation (7). The 

calculations are shown in Appendix B. The heat of adsorption as a 

-. 
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function of coverage is shown in Figure 13. The heat of adsorption at 

60% coverage.is 34 kcal/mole.The heat of adsorption decreases with 

increasing coverage to 5 kcal/mole at 90% coverage. No heat of adsorp

tion for carbon monoxide has been found in the literature. 

The rate of adsorption for carbon monoxide was quite rapid. 

Approximately 65% of the total amount of hydrogen is adsorbed within 

the first three minutes, while the remaining 35% required 60 minutes to 

be adsorbed. The rapid adsorption is due to the strong binding energy 

of CO on ruthenium. This results in very little desorption of the 

initially adsorbed carbon monoxide, so that the net adsorption rate is 

fast. The remaining amount of carbon monoxide is much slower because 

of the decrease in heat of adsorption at higher coverages and an 

increase in the desorption rate. 

The amount of irreversibly adsorbed carbon monoxide is shown in 

Figure 20. As expected, there is a decrease in the amount of irrevers

ibly adsorbed carbon monoxide with increasing temperature. A comparison 

of our observations with those previOtisly published can be made. At 

150°C 42% of the total coverage is in the form of irreversibly adsorbed 

carbon monoxide. For the same temperature, Kobayashi and Shirasaki (12) 

have reported a value of 85% and McKee (4) reports a value of 50%. 

A thermal desorption spectrum of carbon monoxide (Figure 21) 

exhibits a nearly constant loss rate with some small peaks. These 

peaks may in fact be due to the nonlinear temperature ramp. For example, 

the peaks at 80° and 190°C correspond to increases in the heating rate 

and the dips at 120° and 232°C correspond to decreases in the heating 

rate. An increase (or decrease) in the heating rate will itself cause 

an increase (or decrease) in the desorption rate. Therefore, an attempt 
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to discriminate between the different forms of adsorbed carbon monoxide 

was not feasible. An interpretation for such a spectrum is that carbon 

monoxide adsorbs in many forms leading to a continuum of heats of 

adsorption. A similar thermal desorption spectrum and explanation has 

been reported by Cvetanovic and Amenomiya (33) for carbon monoxide on 

platinum supported on Cab-O-Si1. 

A limited number of experiments were performed to determine the 

effects of carbon monoxide adsorption on subsequent hydrogen adsorption. 

Following the recording of carbon monoxide isotherms at 150°, 200° , 

250°C, a hydrogen isotherm was obtained at 250°C. This isotherm 

closely reproduced that obtained before the catalyst had been contacted 

with carbon monoxide. The balance of the experiments with carbon 

monoxide were then completed and again a hydrogen isotherm was obtained, 

this time at 50°C. The new isotherm indicated a 16% decrease in the 

uptake of hydrogen at monolayer coverage as is shown in Figure 22. 

Prolonged hydrogen reduction did not increase the hydrogen adsorption 

capacity. Oxidation for 48 hours at 50°C followed by hydrogen reduction 

also failed to increase the extrapolated value for monolayer coverage, 

but did serve to enhance the amount of hydrogen :taken up at higher 

pressures. 

The loss in hydrogen adsorptio~capa~ity following_exposure of the 

catalyst to carbon monoxide may be associated with either an incomplete 

desorption of strongly bound carbon monoxide or with the formation 

carbon via a disproportionation of adsorbed carbon monoxide. Evidence 

supporting such an interpretation can be found in the literature. 
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Low and Taylor (14) reported that they could not acheive consistent 

measurements of the total amount of carbon monoxide adsorbed on a 

ruthenium catalyst, in as much as the amount adsorbed decreased with 

succeeding experiments on the same catalyst. They attributed this 

decrease to progressive poisoning of the surface. Hydrogen adsorption 

experiments performed on ruthenium previously exposed to carbon monoxide 

indicated that the surface had been permanently altered. Kobayashi and 

Shirasaki (12) noticed a decrease of 67% in the amount of carbon mon-

oxide adsorbed on a silica-supported ruthenium catalyst from the first 

run to the second. Hydrogen reduction at 300°C for two hours was 

performed between the two runs. While both of these studies conclude 

that a portion of the adsorbed carbon monoxide can not be desorbed, even 

at temperatures up to 300°C, a study my McKee (4) reports that complete 

removal of the chemisorbed carbon monoxide could be acheived by hydrogen 

reduction at IS0°C for five hours followed by evacuation at IS0°Cfor 

16 hours. With this procedure the initial carbon monoxide adsorption 

isotherm could be reproduced. 
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IV. CONCLUSION 

Hydrogen adsorption was used to obtain the characteristics of a 

silica-supported ruthenium catalyst. Monolayer coverage of hydrogen on 

the catalyst was determined to be 83 llmoles/gm of catalyst. From this 

2 
value the surface area of the metal was calculated to be 153 m /gmRu, 

which corresponds to an average particle size of 32 A and a metal 

dispersion (Ru /Ru) of 42%. The particle size determined this way was 
s 

in good agreement with values obtained from electron micrographs. 

Hydrogen adsorption isotherms were found to fit the Langmui,r model, 

however it was shown that this model did not give a physically meaning-

ful description of the adsorption process. The adsorption isotherms 

are composed of two portions, corresponding to reversible and 

irreversible adsorption. The reversibly adsorbed hydrogen could be 

desorbed by evacuation at the adsorption temperature. Irreversibly 

adsorbed hydrogen required higher temperatures to desorb. 

The heat of adsorption as a function of hydrogen surface coverage 

was determined by applying the Clausius-Clapeyron equation to the 

hydrogen isotherms. The heat of adsorption was found to be 5kcal/mole 

at e = 0.46 and to decrease with coverage. These results suggest that 

hydrogen is weakly bound at coverages greater than half a monolayer. 

Thermal desorption spectra of hydrogen showed that at least two and 

possibly as many as five forms of adsorbed hydrogen may exist. 

The rate of hydrogen adsorption was measured and could be described 

by an Elovich equation. The change in activation energy with coverage 
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was determined to be 6 kcal/mole from zero to full hydrogen coverage. 

The change in "activation energy with coverage was also found to be 

slightly dependent on the hydrogen pressure. 

Carbon monoxide adsorption isotherms were also measured to determine 

information about the catalyst-adsorbate interaction. The amount of 

carbon monoxide adsorbed at monolayer coverage corresponded to a CO 

molecule per surface ruthenium ratio of 0.33. The heat of adsorption 

as a function of carbon monoxide coverage was also determined to be 

34.5 kcal at e .59 and decreasing with coverage. This indicates a 

strong binding of carbon monoxide with the catalyst at coverages less 

than 60%. 

The carbon monoxide adsorption isotherms were also found to be 

composed of both reversible and irreversible carbon monoxide. A 

comparison of hydrogen adsorption isotherms performed before and after 

completion of carbon monoxide isotherms indicated that some of the 

irreversibly adsorbed carbon monoxide could not be desorbed, even under 

vacuum at 300°C. 
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VI. APPENDIX A - BALANCE CALIBRATION 

The balance electronics were calibrated by using the set up 

procedure outlined in the instrument manual section 1.7 (16). This 

procedure was used because it allowed the balance to be operated on any 

mass range desired, so that weight changes of a few micrograms (hydrogen 

adsorption) could be measured as easily as weight changes on the order 

of milligrams (nitrogen adsorption) without recalibration. 

The calibration was done by placing an accurately known weight of 

200 mg (class M weight) on the sample side. This weight was then tared 

out to within 20 l1gm by placing weights on the tare side and by' adjusting 

the coarse zero. The balance was then adjusted so that the same reading 

was obtained on all of the mass ranges. The mass dial, which indicates 

the fractional part of the mass range being measured, was then calibrated 

with an accurate 10 mg (class M) weight. The balance was then ready for 

operation and the catalyst was placed in the sample pan. 
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APPENDIX B - SAMPLE CALCULATIONS 

1. Metal particle size, surface area, and dispersion 

Using the results of hydrogen chemisorption and assuming one 

hydrogen atom ad,sorbs per surface ruthenium atom and a surface area per 

ruthenium atom of 6.13 A2 (9): 

-6 Surface area = 83 x 10 moles H2/gm catalyst 

x 6.13 x 10-20 m2/Ru atom 

23 
x 6.02' x 10 molec H

2
/mole x 2 H atoms/molec 

x 1/(0.04 gm Ru loading/gm catalyst) 

. 2/ 153 m gm Ru 

The dispersion is obtained from the ratio of surface Ru atoms to total 

Ru atoms: 

Dispersion 83 x 10-6 moles H2/gm catalyst 

x 1/(0.04 gm Ru/gm catalyst) 

x 101.07 gmRu/mole x 2 H/H2 x 1 RUs/H 

0.42 Ru /Ru 
s 

Assuming either a cubic or spherical form of crystals, the crystallite 

size can be calculated by the relation, 

D = 6/Sp 

where p is the density of the metal and S is the surface area; 

Crystallite size = 6 x 10
10 

A/m x 1/(153 m2/gm Ru) 

x 1/(12.2 x 10
6 

gm Ru/m3 

32 A 
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2. Isoteric Heat of Adsorption ofH2 and co 

The Clausius - Clapeyron equation, eq. 7, has been applied to the 

equilibrium pressure data at various coverages. The data for hydrogen 

and carbon monoxide are presented below; Carbon monoxide: 

P (torr) at T t C) eq 

~a(pm6le/gm) e 22 50 150 200 250 Q (kcal/mol) 

30 0.59 6 200 34.5 

38 .75 10 104 18.6 

42 .82 2 50 190 9.5 

46.5 .91 15 15 137 5.0 

Hydrogen: P (torr) at T tC) eq . 

~a().lmole/gm e 50 150 200 250 Q (kcal/mol) 

38 0.46 5 9 14 4.9 

48 .58 5 10 15 25 3.6 

62 .75 10 22 32 52 3.0 

83 1.0 24 52 77 114 3.0 

A plot of the equilibrium pressure versus liT yields a straight line 

with slope equal to -Q. IR. The plot for hydrogen is shown in 
1S0 

Figure 23. 

3. Calculation and Values of Elovich Parameter 

The Elovich parameter a from equation (8) was calculated from the 

slope of the plots of In(t) versus m. The slope is equal to aim RT. 
a m 

A sample calculation is given below for an adsorption run at 150°C; the 

slope was obtained from a least squares fit of the data: 
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slope x m RT = 0.194 (~gm/sample)-l 
m 

x 1/(2.389 sample·~mole/~grn· grn catalyst) 

-3 0 
x 83. ~mole/gm x 1.987 x 10 cal/mole· K 

= 5.66 kcal/mole 

All of the values of a that were obtained are presented below. 

For PH 120 torr, 
2 

Temperature (' G) a (kcal/mole) 

50 3.50 

100 5.99 

150 5.66 

200 7.50 

250 6.05 

For T = 2500 C, 

Pressure(torr) a (kcal/mole) 

10 7.46 

50 6.48 

100 6.07 

120 6.05 

200 5.37 

4. Reversibly Adsorbed Hydrogen and Carbon Monoxide 

The isotherms of reversibly adsorbed hydrogen and carbon monoxide 

are presented in Figures 24 and 25, respectively. These curves were 

subtracted from the total ad~orption isotherm to obtain the irreversibly 

adsorbed hydrogen (Figure 14) and carbon monoxide (Figure 20) isotherms. 
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APPENDIX C 

EXPERIMENTAL DATA 
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HYDROGEN ADSORPTION DATA 

P time /J.wt ma ma 
(torr) (min) * l.l!8l (l:!g/samEle) (l:!mol/gm) -. 

.500 c: 
5 50 20 20 48 

10 35 5 25 60 
25 55 11 36 86 
50 65 6 42 100 
80 40 4.5 46.5 111 

120 40 5 51.5 123 
165 55 7 58.5 140 

1500 c: 
5 55 16 16 38 

10 46 4 20 48 
20 55 5.5 25.5 61 
50 60 6.5 32 76 
80 48 9 41 98 

140 68 5 46 110 
175 62 3.5 . 49.5 118 

2000 c: 
5 57 12.5 12.5 30 . 

10 30 4 16.5 39 
23 55 7 23.5 56 
40 29 4.5 28 67 
80 36 7 35 84 

120 74 4 39 93 
175 38 6 45 108 

2500 c: 
5 45 10.5 10.5 25 

10 34 4.5 15 36 
20 40 3.5 18.5 44 
50 25 6.5 25 60 
80 30 6 31 74 

120 45 4 35 84 
175 50 4 39 93 

*Timenecessary to achieve equilibrium. 
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REVERSIBLY ADSORBED HYDROGEN DATA 

" 
P time i:J.wt ma ma 

(torr) (min) * iggl {];!g/samEle) (];!mol/gm) 

500 C 
10 28 15 15 36 
22 SO 3 18 43 
40 24 0.5 18.5 44 
91 22 0.5 19 45 

166 64 9.5 28.5 68 

1000 c: 
7 30 12.5 12.5 30 

15 20 2 14.5 35 
51 22 1.5 16 38 
80 30 1.5 17 .5 42 

120 50 3.5 21 50 
160 40 3 24 57 
200 40 4.5 28.5 68 

2000 c: 
5 15 12.5 12.5 30 

11 14 2.5 15 36 
31 15 2 17 40 
80 22 1.5 18.5 44 

140 21 2.5 21 50 
185 28 4 25 60 

2500 c: 
8 15 12.5 12.5 30 

22 18 5 17.5 42 
50 20 0 17 .5 42 

100 38 2 19.5 47 
145 25 1.5 21 50 
182 24 1 22.5 54 

*Time necessary to achieve equilibrium. 
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IRREVERSIBLY ADSORBED HYDROGEN 
'. 

The irreversibly adsorbed hydrogen is the difference between the 
total and reversible hydrogen data, presented below in ~grams/gm of 
catalyst. 

Temperature tC) 

P(torr) 50 150 200 250 

5 20 10 2 0 
10 26 14 5 2 
20 22 5 
23 16 
25 45 
40 25 
50 58 37 19 
80 68 52 41 31 

120 71 46 38 
140 58 
165 72 
175 59 50 40 
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tITDROGEN ADSORPTION KINETICS AT 120 TORR 

Weight Adsorbed (]Jg) at 500 C 
"., 

Time (min) . Run I Run II1( 

2 4.5 5.8 
5.75 9.8 10.2 
9.5 12.1 12.7 

13.25 l3.9 14.8 
17 16.0 16.5 
20.75 17.2 17.8 
24.5 17.8 19.0 
28.25 18.5 ---
32 19.4 20.4 
39.5 21.3 21.8 
47 22.5 23.0 
54.5 23.4 24.5 
62 24.1 25.5 
69.5 24.9 
77 25.6 . 26.9 
84.5 26.4 
92 26.7 27.6 
99.5 27.6 

107 28.3 
122 29.9 
137 31.5 
152 32.6 
182 35.7 
212 37.9 
242 41.7 
272 44.0 
302 45.9 

,.. 332 47.4 

*Add 1. 0 minute for correct value of time . 
~ 
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HYDROGEN ADSORPTION KINETICS AT 120 TORR 

Time 
(min) Weight Adsorbed (]Jg) at Given TemEerature tC) 

100 1'50 200 250 ,. 

1.5 4.7 3.8 5.4 5.8 
3.0 7.6 6.7 9.0 8.9 
4.5 9.3 8.7 11.8 11. 4 
6.0 10.8 10.9 13.5 13.7 
7.5 12.0 12.1 14.9 15.2 
9.0 12.8 13.4 16.0 16.2 

12 13.4 15.1 16.7 17.8 
15 14.6 16.4 17.3 19.2 
18 15.3 17.1 18.1 20.8 
21 15.8 18.0 18.4 21.6 
24 16.5 18.8. 18.7 22.4 
30 17.0 19.4 19.1 23.6 
36 17.8 20.0 19.5 24.5 
42 18.1 20.7 21.6 25.1 
48 18.8 21.3 22.4 25.9 
52 22.6 
54 19.9 22.2 26.4 
60 22.6 27.4 
61.5 20.9 
66 28.0 
67 22.8 
69 21.6 
72 23.6 28.5 
76.5 22.1 
78 28.9 
82 23.5 
84 22.5 24.3 
93 30.0 
96 25.3 

114 23.5 26.7 24.7 
.,., 
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HYDROGEN ADSORPTION .KINETICS AT 250
0 

C 
~ 

Time 
(min) Weight Adsorbed (~g) at Given Pressure (torr) 

10 50 100 200 

1.5 3.8 4.3 4.8 6.0 
3 7.0 7.8 8.7 9.4 
4.5 9.3 10.0 11.5 12.5 
6 10.7 11.4 12.7 15.0 
7.5 11.4 12.8 14.2 16.2 
9 11.9 14.5 15 .. 6 17.6 

12 12.1 16.9 16.9 18.9 
15 17.1 17.5 20.8 
18 12.4 17.5 18.1 21.9 
21 17 .8 
24 19.0 18.8 
30 13.0 19.5 19.1 
36 20.5 19.6 23.0 
50 23.5 
55 20.1 
60 14.5 21.5 
70 20.5 
80 24.0 
85 15.0 20.9 
90 23.0 

100 21.1 
110 --- 24.5 
114 24.0 
175 22.0 
210 15.0 25.0 
250 23.0 
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HYDROGEN . THERMAL DESORPTION DATA ~ 

Run 1 - Blank Run with Helium 

Time (min) Temp (' C) Weight (jJg)a 

0 25 0.3 
.J 1.5 50 1.2 

3 72 2. 1 
4.5 92 3.0 
6 lOS 3.9 
7.5 124 4.3 
9 144 4.3 

10.5 164 4.2 
12 ISS 4.1 
13.5 205 4.0 
15 223 3.9 
16.5 239 3.S 
IS 253 3.5 
19.5 267 2.S 
21 279 2.1 
22.5, 290 1.4 
23.5 297 1.1 

Run 2 

Time (min) Tempt C) Weight (jJg)a -Rate (jJg/min)b 

0 25 4S.7 
1.5 35 49.0 O. 
3 4S 49.5 O. 
4.5 62 50.0 O. 
6 77 50.2 0.l3 
7.5 92 50.0 0.l3 
9 107 49.7 0.20 

10.5 120 49.4 0.40 
12 l32 48.6 0.53 
13.5 147 47.5 0.73 
15 164 46.3 O.SO 
16.5 lS3 45.3 0.67 
18 201 44.2 0.73 
19.5 218 42.9 0.87 
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Run 2 - Continued 

-... Time (min) "Tempt C) Weight (pg) "';'Rate(pg/min) 

21 233 41.8 0.60 
., 22.5 246 40.7 0.27 

24 258 40.3 o. 
25.5 269 40.0 o. 
27 280 39.6 o. 
28.5 290 38.7 0.40 
30 299 37.1 0.87 
31.5 306 35.4 0.97 
33 314 33.6 1.03 
34.5 320 31.7 1.13 
36 326 29.8 1.13 
37.5 332 28.5 0.73 
39 337 27.5 0.55 
40.5 342 26.9 0.28 
42 346 26.1 0.50 
43.5 350 25.3 

/ Run 3 

0 18 82.4 
1 26 83.1 
2 39 83.7 o. 
3 55 84.1 0.74 
4 73 83.3 1.68 

'-.;J 
5 92 81.4 3.21 
6 III 78.8 3.49 
7 131 75.2 3.00 
8 149 72.3 3.00 
9 167 69.8 2.60 

10 184 67.2 2.10 
11 201 65.3 1.80 
12 215. 63.8 1.26 
13 228 62.5 0.77 
14 241 61.6 0.67 
15 253 60.1 0.94 
16 264 58.9 0.84 
17 274 57.8 1.04 
18 284 56.3 0.98 
19 293 54.9 1. 38 
20 301 52.9 1.61 
21 309 51.3 1.35 
22 316 49.7 1. 35 
23 322 47.9 1.55 
24 329 46.2 1. 39 
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Run 3 - Continued 

Time (min) Temp (C) Weight (].lg) -Rate (].lg/min) .; 

25 335 44.8 1. 39 
26 340 43.5 0.92 ,-
27 345 42.2 1.02 

Run 4 

0 16 65.4 
1.5 21 66.0 o. 
3 29 66.1 0.08 
4.5 38 66.3 0.07 
6 48 66.5 0.44 
7.5 58 65.6 1.04 
9 68 64.0 1.41 

10.5 78 62.0 1.60 
12 87 59.8 1.95 
13.5 95 56.7 2.00 
15 103 54.3 1. 73 
16.5 110 51.9 1.51 
18 117 49.9 1.30 
19.5 123 48.0 1.27 
21 129 46.1 1.13 
22.5 134 44.6 0.97 
24 140 43.2 0.97 
25.5 147 41.7 0.97 
27 154 40.3 0.87 
28.5 160 39.1 0.73 
30 166 38.1 0.67 
31.5 172 37.1 0.50 
33 178 36.6 0.40 
34.5 183 35.9 0.50 
36 188 35.1 0.53 
37.5 192 34.3 0.47 
39 196 33.7 0.47 
40.5 200 32.9 0.50 
42 204 32.2 0.50 
43.5 207 ' 31.4 0.43 
45 211 30.9 0.47 
46.5 217 30.0 0.54 . 
48 223 29.1 0.50 
49.5 229 28.2 0.40 
51 234 27.5 0.41 
52.5 239 26.9 0.37 
54 243 26.0 0.46 
55.5 248 25.2 0.50 
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Run 4 - Continued 

Time (min) . Temp (C) Weight (llg) -Rate (llg/min) 

57 254 24.1 0.50 
58.5 265 23.1 0.72 
60 275 21.2 0.96 
61.5 285 19.6 1.07 
63 294 17.3 1.29 
64.5 303 15.1 1.31 

/~ 66 310 12.8 1. 33 
67.5 317 10.3 1.20 
69 324 8.7 1.03 
70.5 329 6.8 1.04 
72 335 5.2 0.84 
73.5 340 3.9 0.66 
75 344 2.9 0.57 
76.5 348 1.9 0.47 
78 352 1.2 

(a) The weight reading indicated is only the part measured on the 
recorder. The actual weight is this weight plus a constant base 
weight (- 201.6 mg). Only the weight change was needed, and this 
value was convenient to use. 

(b) This rate has been corrected by using the blank run. 
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REVERSIBLY ADSORBED CARBON MONOXIDE DATA 

P time I:1wt rna rna 
(torr) (min) * ~ (llg/samEle) (llmol/gm) 

500 C: 
10 94 82 82 14.5 
50 99 13 95 16.8 

100 112 9 114 20.2 
200 174 12 126 22.3 

1500 C: 
5 56 124 124 21.9 

20 42 10 134 23.7 
50 45 7 141 25.0 

200 45 15 162 28.7 
2000 C: 

8 65 149 149 26.4 
20 42 6 155 27.4 
50 60 13 168 29.7 

100 56 7 175 31.0 
200 64 13 188 33.3 

250
0 

C: 
5 60 93 93 16.5 

20 44 24 117 20.7 
50 48 10 127 22.5 

100 50 14 141 25.0 
150 46 6 147 26.0 
200 60 10 157 27.8 

*Time necessary to achieve equilibrium 
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IRREVERSIBLY ADSORBED CARBON MONOXIDE 

The irreversibly adsorbed carbon monoxide is the difference 
between the total and reversible carbon monoxide data, presented below 
in ~grams/gm of catalyst. 

P(torr) 

2 
5 
6 
7 

10 
20 
50 

100 
150 
200 

50 

31 

31 

32 
32 

33 

Temperature (oC) 

150 

14 

16 
16 
17 
18 
19 
21 

200 

4 

5 
5 
7 
8 
9 

250 

1 

1 
2 ~ 
3 

·3 
2 
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CARBON.MONOXIDE THERMAL DESORPTION DATA 

Time (min) Tempt C) Weight (]lg x!t;) * -Rate (]lg/min) * 

, 0 23 66.5 0.4 . 
1 28 66.4 3.0 
2 35 65.0 5.5 
3 43 63.9 5.2 
4 51 62.4 6.8 
5 60 60.5 7.2 
6 69 58.8 7.4 
7 78 56.8 7.6 
8 86 55.0 7.6 
9 95 53.0 6.2 

10 104 51.9 6.0 
11 112 50.0 5.8 
12 120 49.0 4~2 

13 127 47.9 4.8 
14 135 46.6 5.2 
15 144 45.3 5.2 
16 155 44.0 ·6.2 
17 166 42.2 .. 7.2 
18 178 40.4 7.5 
19 190 38.5 8.3 
20 201 36.3 7.4 
21 212 34.8 6.9 
22 222 32.9 6.3 
23 232 30.9 5.8 
24 241 29.0 7.6 
25 249 26.9 7.8 
26 256 25.0 7.8 
27 264 22.9 7.8 
28 271 21.0 7.2 
29 277 19.1 6.8 
30 284 17 .5 6.6 
31 289 15.8 7.0 
32 295 14.0 6.0 
33 300 12.8 5.2 ". 34 306 11.4 6.4 
35 313 9.6 5.4 
36 320 8.7 4.0 
37 326 6.6 4.4 
38 332 5.5 3.4 
39 338 4.9 4.2 
40 344 3.4 4.8 
41 350 2.5 

*See footnotes following HZ Thermal Desorption Data. 
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.._--------LEGAL NOTICE------------, 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe privately 
owned rights. 
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