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volume ratio defined on page 02 
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INTRODUCTION 

The purpose of this study was restricted to the design, 

construction, and testing of an apparatus for measuring ad¬ 

sorption from binary gaseous mixtures on solid adsorbents. 

This apparatus has been designed specifically to mea¬ 

sure the adsorption of: a) xenon from binary mixtures with 

krypton, oxygen, and nitrogen, and b) krypton from binary 

mixtures with oxygen and nitrogen, for a study of the ef¬ 

fect of radioactive decay in adsorbed nuclear reactor fis¬ 

sion gases. The apparatus is also to be used to measure 

the selective adsorption of hydrocarbons from methane on 

various adsorbents at low pressures. A long range study of 

various means of extrapolating this information to higher 

pressures will be undertaken. 

The apparatus can be used for. the measurement of single 

and binary adsorption isotherms at temperatures of 0 to 

100 °C, with pressure varying from 0 to 760 mm Hg (abso¬ 

lute). 
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LITERATURE SURVEY 

Since the initial observations of Scheele in 1773 and 

Fontana in 1777 concerning the adsorption of gases by char¬ 

coal, so many investigations and attempts to evolve a theo¬ 

retical basis for the phenomena have been conducted, that 

complete volumes (8, 9) were required to list the most im¬ 

portant works. However, an exhaustive survey of the liter¬ 

ature revealed that surprisingly few references were direct¬ 

ly concerned with the study of adsorption from mixed gases. 

This bibliography of binary gaseous adsorption is presented 

in Appendix G. 

The first investigations of adsorption from binary mix¬ 

tures were largely qualitative* They were quantitative only 

when measuring the total volume adsorbed, or the combined 

rate of adsorption. (4» 12, 14, 19) 

Richardson and V/oodhouse (27), in 1923, were among 

the first to Obtain the concentration of each component in 

the adsorbed material, but it was only an estimation at best. 

Several investigators measured adsorption from vapors 

in equilibrium with a binary liquid* Tryhorn and Wyatt (33) 

determined the weight adsorbed, and the concentration of the 

remaining liquid by a refractive index analysis. Rowley and 

Innes (15» 16, 28) found the concentration of the vapor in 

equilibrium with the adsorbent by determining the dew point 

of the vapor* 
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Markham and Benton (24) and Arnold (1) used a 

technique of adsorbing from a known gaseous composition, 

isolating the adsorbent volume, and then pumping off the 

equilibrium gas phase* The adsorbed gas was next pumped 

off the adsorbent and transferred into a burette, where the 

volume was determined; A sample of the gas was then analyzed 

for composition* 

A very popular type of technique was used by several 

investigators (3* 7, 10, 20, 21, 22, 34)* A known number of 

moles was added to the adsorption cell* After the equili¬ 

brium pressure had been determined, the gas phase was ana¬ 

lyzed for composition. 

The most recent technique of investigating binary ad-, 

sorption of gaseous mixtures was a combination of gravi¬ 

metric and volumetric methods* (5, 11, 26) A sensitive 

spring was used to determine the weight of the adsorbate. 

The number of moles adsorbed was calculated from the differ¬ 

ence in the number of moles charged to the adsorption cell 

and the number of moles that remained in the. equilibrium 

gas phase* 
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EXPERIMENTAL APPARATUS 

A thorough search of the literature revealed no appara¬ 

tus suitable for the adsorption of minute amounts from bi¬ 

nary gaseous mixtures;. The errors associated with the 

calculations for the number of moles adsorbed were of the 

same order of magnitude as the total moles adsorbed in the 

proposed binary systems;. 

This apparatus was designed for the determination of 

the average molecular weight of the adsorbate by a combina¬ 

tion of gravimetric and volumetric techniques: 

1) the weight of adsorbate measured by an elongation 

of a quartz spring, and 

2) the pressure drop due to adsorption measured by a 

differential pressure cell; 

The use of a quartz spring to determine the weight 

adsorbed is a standard technique which was first employed 

in 1926 by McBain and Bakr; (25) A suitable volumetric 

technique was devised which compared the adsorption cell 

* 
to a blank cell charged with an "equal" number of moles; 

The pressure drop; corresponding to the number of moles 

adsorbed, was read directly between the blank and the ad¬ 

sorption Cell; 

The blank cell technique was more accurate than previous 

volumetric techniques because the number of moles adsorbed 

* See page Bl for description of charging volumes. 
See page il for procedure of charging the cells.; 
See page c/ for corrections because of actual differences 

in the moles charged. 



was calculated directly from experimental data. Previous 

calculations for the number of moles adsorbed consisted of 

taking the difference between the number of moles charged 

to the cell and the number of moles remaining in the equi- 
qas 

librium „ phase. 

Additional accuracy was gained because -the errors re¬ 

sulting from the quantity of gas adsorbed on the glass, 

metal, and stopcock grease in the adsorption cell were can¬ 

celled by a similar* quantity of gas adsorbed in the blank 

cell. 

The apparatus may be divided into four functional 

groups: adsorption system, differential pressure cell, 

temperature control, and degassing system. A brief des¬ 

cription of each group is given below; the details are 

discussed in appendix B. The physical arrangement of the 

apparatus is shown in Figure 1. 

Adsorption System 

The adsorption system (Figure 2) consisted of two 

cells of similar volumes; one for adsorption (A), the 

other for a blank (B). The platinum bucket (PB), which 

contained the adsorbent sample, was suspended on a quartz 

spring (S) in the adsorption cell. The differential pres¬ 

sure cell (DP) was connected to both the adsorption and 

blank cells. The mercury manometer (EM) was sealed to the 

adsorption cell to determine equilibrium pressures. One 

side of the manometer was open to the rough vacuum (?), 

while the other side was adjusted to a reference mark by a 

leveling bulb (LB). 
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B 

FIGURE 3 DP CELL 
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The pipettes (AP and BP) were sealed into the system 

to provide volumes for charging gas to the cells. The mer¬ 

cury levels in each pipette were controlled by the pressure 

in the mercury reservoirs (MR). The gas reservoir (R) was 

sealed into the manifold (M) which connected the manifold 

manometer (MM), pipettes, cells, and reservoir to the high 

vacuum system (HV). The binary mixtures (BM) were charged 

to the reservoir through one side of the three-way stopcock. 

Differential Pressure Cell 

The DP cell (Figure 3) indicated directly the differ¬ 

ence in pressure between the blank and adsorption cells. A 

net displacement of the bellows system, caused by the pres¬ 

sure difference, was converted into an electrical signal by 

a linear variable differential transformer (see Appendix B). 

The measured voltage, minus the null voltage, was a linear 

function of the pressure difference. 

The bellows system, consisting of two "identical” bel¬ 

lows in opposition, was temperature compensated. Since each 

bellows had the same coefficient of expansion with tempera¬ 

ture, the net displacement with a given pressure difference 

was independent of the temperature in the bath. The effect 

of adsorption on the metal in the bellows was cancelled, 

since both the adsorption cell and the blank cell contained 

one of the "identical” bellows. 

Temperature Control 

The DP cell and the entire adsorption system, except 

for the two manometers, were enclosed in an air bath with 

temperature control to + 0.1 °C. 
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Degassing System 

A vacuum system capable of producing a high .vacuum of 

10-5 JJJJJJ gg and a degassing heater capable of temperatures up 

to 400 °C were used to degas the adsorbent sample. 
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EXPERIMENTAL PROCEDURE 

The quartz Bpring and platinum bucket were hooked to 

the cap of the adsorption cell and then lowered into the 

cell. The bucket contained a weighed amount (approximately 

0.10 grams) of adsorbent in equilibrium with the atmosphere. 

The weight of an adsorbent sample in a vacuum was calculated 

by observing the loss of weight on degassing. 

Degassing the Adsorbent 

The adsorbent was degassed by opening the adsorption 

cell to the vacuum system and lowering the degassing heater 

into place* After degassing for four hours at 400 °C and at 

10 mm Hg, the heater was turned off, and the adsorbent was 

allowed to return to the temperature of the bath. 

Charging the Binary Mixture to Reservoir 

The gas reservoir was also opened to the vacuum sys¬ 

tem early in the degassing procedure, and the mercury level 

was raised to the neck of the volume. A binary mixture was 

then charged to the reservoir through the three-way stopcock 

by lowering the mercury level. 

Charging the Pipettes 

After the adsorbent had returned to the temperature 

of the bath (noted by an equilibrium position of the spring) 

the adsorption and blank cells were closed off from the rest 

of the system. The stopcock on the manifold was also closed 

to isolate the adsorption system. Next, the three-way stop¬ 

cock on the reservoir was cracked long enough to allow a 

small amount of gas to enter the manifold and pipettes.. 
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The mercury levels in the pipettes were placed on the bottom 

reference marks* 

Charging; the Cells 

The pipettes were shut off from the manifold and were 

opened to the cells. The mercury levels in the pipettes 

were raised simultaneously to eliminate large pressure dif¬ 

ferences across the DP cell* The mercury levels were placed 

on the top reference marks, and the leg of the equilibrium 

manometer was adjusted to the reference mark. 

Recording the Data 

The data for the first point on the isotherm were ob¬ 

tained by observing the cathetometer reading, adsorption 

cell pressure, DP cell voltage, and bath temperature, un¬ 

til equilibrium was obtained. The cathetometer reading and 

null voltage, corresponding to zero adsorption, were re¬ 

corded prior to the charging of the cells. 

Subsequent Data Points 

The subsequent data points were determined by charg¬ 

ing additional gas from the reservoir to the pipettes, and 

then transferring the gas to the corresponding cells. Data 

was taken for each point until equilibrium had been obtained. 

In this manner, data for an entire isotherm was obtained be¬ 

fore it was necessary to degas the adsorbent. 
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EXPERIMENTAL RESULTS 

Test of Apparatus 

The best way to test the basic design and the many 

calibrations of an apparatus of this type is to determine 

an isotherm of a pure component following the binary pro¬ 

cedure* If the calculated molecular weight of the adsorb¬ 

ate is equal to the molecular weight of pure gas, the 

apparatus is ready for binary mixtures. 

Only two isotherms were necessary to test the appa¬ 

ratus. The calculated molecular weights are listed in 

Table 1. 

Table 1 

NITROGEN ISOTHERM (28 °C) 

Columbia Grade G Charcoal, 8/14 Mesh 

Equil. Press. Wt. Ads. Moles Ads. Calc. r $ 

Run (mm Hg) (GmxlO^) x 106 Mol. Wt. Error 

I 22.24 5.33 1.875 28.4 +1.4 
I 72.50 13.81 4*954 27.9 -0.4 
I 141.29 25.75 9.246 27.8 -0.7 

II 19.61 4.65 1.677 27.7 -1.0 
II 58.50 11.89 4.278 27.7 -1.0 
II 100.24 18.67 6.272 29.8 +6.4 
II 147.53 26.99 9.539 28.3 +1.0 
II 185*79 33.65 11.988 28.1 +0.4 

Accuracy 

The average molecular weight calculated for the two runs 

was 27.98 with an average deviation of + 0.86$. The third data 

point of the second run was not averaged, since its deviation 

from the mean was more than 2.5 times the average deviation. (18) 
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Hitro^en Isotherm 

In the process of testing the apparatus# the isotherm 

for nitrogen at 28 °0 on Colombia Grade G charcoal was deter¬ 

mined* The weight-adsorbed data in Table I wore plotted in 

figure 4* 

The lootherm is typical of nitrogen on charcoal iso¬ 

therms found in the literature 9 The data of Homfray (14) 

also shows a linear portion with a break below 20 mm Hg* 
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CONCLUSIONS 

Accurate measurements of adsorption of binary gaseous 

mixtures on solid adsorbents can be determined on the exist¬ 

ing apparatus* 

: However, the accuracy could be improved by making info 

revisions to the apparatus: 

1) rebuilding the support of the DP cell (see Appen¬ 

dix B), and , 

2) adjusting the three volumes in the blank side to 

give closer agreement with the corresponding vol¬ 

umes in the adsorption side. 

The revision of the DP cell would reduce both the null shift 

and the shift in response with absolute pressure. The revi¬ 

sion of the volumes would decrease the magnitude of the cor¬ 

rection terms in the calculation for the number of moles 

adsorbed. 
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APPENDIX A 

Source of Equipment 

Quartz Springs and Fibers 

Platinum Foil 

Bellows (DP cell) 

Differential Transformer 

Diffusion Pump 

McLeod Gage 

Cathetometer 

Voltmeter 

Oscillator 

Voltage Regulator 

Worden Laboratories 
Houston, Texas 

A. P. Cary Co 
Houston, Texas 

Robert shaw-Fulton 
Fulton Sylphon Div. 
Knoxville, Term. 
Ref. Line No. 364 

Schaevitz Engineering 
Pennsauken, N. J. 
Type No. 100 MS-L 

Scientific Glass Blowing Co. 
Houston, Texas 

Scientific Glass Bidding Co. 
Houston, Texas 

Gaertner Mfg. Co. 
Chicago, 111, 
Cat. No, M930-342 

Ballantine Laboratories, Inc, 
Boonton, N. J. 
Model No, 320 

Hewlett Packard 
Palo Alto, Calif. 
Model 200 CD/CDR 

Sorensen & Co., Inc, 
South Norwalk, Conn. 
Model 1000s 
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APPENDIX B 

Details of Equipment 

Quartz Springs 

Three helical quartz springs (6 mm in diameter) were 

purchased with a hook on each end. The spring constant, 

0,761 mm/mg, was determined for only one spring. Very fine 

quartz fibers were obtained for making hooks and for handling 

the springs. 

The maximum load of the existing spring is limited to 

260 mg by the length of the adsorption cell. 

Adsorbent Bucket 

A platinum bucket was hung on the spring by a quartz fi¬ 

ber hook. Platinum was necessary because of the mercury va¬ 

por in the system. Dead soft foil (as used in dental work), 

0,0005 inches thick, was formed around a glass rod to give a 

bucket 21 mm x 6 mm diameter. The weight of the bucket was 

reduced from approximately 150 mg to 100 mg by submerging 

the bucket in hot aqua regia for 10 minutes. The reduction 

in bucket weight enabled the adsorbent weight to be increased 

without exceeding the maximum load of the spring. 

Cathetometer 

The vertical position of the spring was determined with 

a Gaertner cathetometer that could be read directly to 

one-thousandth of a millimeter. The telescope cross hair was 

sighted tangent to the curved portion of the quartz hook 

which supported the platinum bucket. A shielded light bulb 
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had to be placed behind the apparatus to obtain enough light 

for accurate readings. 

Spring Loading Guide 

A guide was constructed to help prevent the spring from 

touching the walls of the adsorption cell during loading. If 

the spring had touched, the resulting electrostatic forces 

would affect the elongation of the spring for several hours. 

The adsorption cell cap rested on a support which traveled 

vertically along an one-half inch rod. The support could be 

held in any position on the rod by tightening a thumb screw. 

Equilibrium Manometer 

The equilibrium manometer indicated the absolute pres¬ 

sure in the adsorption cell directly, since the reference 

side of the manometer was open to a vacuum. A constant*vol¬ 

ume in the adsorption cell was maintained by adjusting the 

mercury leg to the reference mark on the cell side of the 

monometer. 

Adsorption and Blank Pells 

The adsorption and blank cells were blown from 25 mm of 

17 mm diameter pyrex tubing. Each cap for the cells was 

blown from a male portion of a ground glass joint that had 

tubing on both sides of the ground glass. The smaller tub¬ 

ing of each joint was dram together to form a seal and* was 

shaped to form a hook for the spring. 

Pipettes 

The pipette volumes were obtained by cutting off the 

delivery tips of two 100 ml volumetric pyrex pipettes. One 
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pipette was sealed into the 8 mm tubing connecting the adsorp¬ 

tion cell to the manifold; the other was attached between the 

blank cell and the manifold. 

The physical arrangement of the pipettes and the mercury 

reservoirs limit the maximum pressure in the blank and ad¬ 

sorption cells to approximately 220 mm Hg. However, the max¬ 

imum pressure for adsorption can be extended up to atmospheric 

pressure by the addition of a low positive pressure manifold 

at the mercury reservoirs, 

Reservoir 

The gas reservoir, made from a pyrex glass volume of 

approximately 300 cc, was supported by a plaster of 

paris cast. The mercury level in the reservoir was controlled 

by a leveling bulb. The reservoir was interconnected to the 

manifold manometer, pipettes and cells, and to the high vac¬ 

uum system by a 10 mm diameter tubing manifold. 

DP Cell 

The design of the DP cell, similar to a sensitive elec¬ 

trical pressure gauge reported on by Sancier anc^Richeson (29)» 

consisted of three parts: the bellows system, the differen¬ 

tial transformer, and the support* 

The bellows system consisted of two •'identical'* bellows 

(B) in opposition. With ■unequal pressures in the bellows, 

the connecting rod (R) was displaced toward the low pressure 

side. 

Because of the mercury vapor in the system, the bellows 

were constructed of stainless steel. One end of the bellows 
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was designed with a cylindrical concavity (as shown in Figure 

3) to reduce the volume in the adsorption cell. The other 

end of the bellows was designed with a threaded portion be- 

tvreen the bellows and the copper tubing (T). The threaded 

portion was to be used in mounting the bellows to the end 

plates of the support. However, the bellows were delivered 

without the threaded portion; the copper tubing had been 

soldered directly to a flat end piece of the bellows. Since 

the actual mounting was not as satisfactory, the original 

design is shown in Figure 

A pin hole was found on the extremity of a convolution 

of one of the bellows. The leak was sealed for approximately 

thirty days with a drop of glyptol paint. 

The linear variable differential transformer (DT), de¬ 

tected the deflections of the connecting rod between the bel¬ 

lows. The secondary of the transformer consisted of two 

separate windings, wired to be 180° out of phase. When the 

transformer core (mounted on the connecting rod) was at the 

null position, the resulting voltage of each winding would 

cancel. The net secondary voltage would be zero, except for 

the unsymmetrical features in the transformer and the support. 

When the core was displaced from the null position, one of the 

secondary windings was coupled more with the primary than the 

other winding, thus a net voltage resulted. 

A variable oscillator provided the excitation for the 

primary of the transformer, and an AC voltmeter determined 

the net voltage of the secondary. All leads connected to 
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the transformer were shielded to reduce the null voltage * 

A voltage regulator had to he used for the power input to 

the oscillator and voltmeter to reduce the fluctuations of 

the house voltage# 

The sensitivities of the bellows and the transformer 

were selected to give a differential pressure range of 0 to 

88 mm Hg with a response of 20#4 mv/mm Hg. However, the 

mounted bellows were approximately one-third as sensitive as 

the literature indicated* In order to gain the necessary 

sensitivity of the DP cell, the excitation signal was in¬ 

creased from the recommended 2*0 kc at 6.3 v to 4.0 kc at 

8*0 v* Additional sensitivity was also gained by using a 

voltmeter of ten megohm internal resistance, instead of the 

designed 0.5 megohm. The resulting sensitivity of the DP 

cell was 14*3 mv/mm Hg with a range of 0 to 230 mm Hg. 

The design of the DP cell support was adequate, but 

left much to be desired. Two bad features were observed: a 

considerable null shift with time, and a shift in response 

with the absolute pressure in the bellows (see Figure 6)* 

These features are explained by one or a combination of the 

following: 

1) sensitivity of two bellows not equal, 

2) stress caused by the difference in pressure of the 

atmosphere and the low absolute pressure on the in¬ 

side, and 

3') stress caused by misalignment of the bellows. 

As a result of experience and from the advice of Mr. 

Walter Ruska (Ruska Instrument Cb., Houston, Texas) a 
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support for the bellows and transformer was schematically 

designed to reduce the enumerated stressfi5( Figure 5). The 

entire cell would be enclosed to enable an external control 

of the pressure in the volume surrounding the bellows. The 

pressure in the volume should be slightly greater than the 

pressure in the high pressure side of the bellows to keep a 

connecting wire in tension. The cover would also shield the 

bellows from any unequal radiation effects. The tube mount 

of the bellow would insure vertical alignment. The wire 

connection between the bellows would eliminate any horizon¬ 

tal stress caused by a misaligned connecting rod. The null 

voltage could be reduced by use of a non-conducting wire. 

The design would retain similar volumes in the blank and ad¬ 

sorption cells. 

This design could be adapted for high pressures. The 

necessity of adjusting the pressure in the volume surround¬ 

ing the bellows could be eliminated by opening the high pres¬ 

sure bellows to a sealed volume, Thus, the high pressure 

side would include the entire volume of the DF cell except 

for the low pressure bellows, However, the surface areas 

and volumes of two sides would be unequal. 

Temperature Control 

A two cubic foot bath with double pane windows in the 

front and back, was insulated with two inches of Zerolite. 

Both the control and the auxilliary heaters, constructed of 

high resistance wire strung on asbestos supports, had power- 

stats in the circuit to adjust the time intervals of heating 
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and cooling. A Micro-Set Thermo-Regulator and an Electronic 

Relay control box were used to control the temperature to 

+ 0.1 °C* The blower, mounted in the end of the bath, was 

connected with rubber tubing to the shaft of the motor. Vi¬ 

brations were practically eliminated by mounting the motor on 

felt pads on the outside of the bath. 

The temperature can be varied from room temperature to 

approximately 100 °C. A cooling coil could be added to ex¬ 

tend the range to 0 °C. 

Vacuum System . , 

The vacuum system, capable of obtaining 10“^ mm Hg, was 

constructed for degassing the adsorbent, A mechanical fore 

pump (Cenco-Megavac) was coupled with a single-stage, mercury 

diffusion pump. The fore pump had to be mounted on a foam 

rubber mat to prevent vibrations in the DP cell. A mercury 

pump was selected in favor of an oil pump to avoid oil oxi¬ 

dation problems. The absolute pressure x*as determined by 

means of a McLeod gage. A cold trap tfas placed between the 

diffusion pump and the adsorption apparatus. However, the 

trap was unnecessary because of the mercury levels in the 

blank and the adsorption pipettes. 

Degassing Heater 

The degassing heater was designed to slide vertically 

along the adsorption cell. The heater was lowered into 

position for the degassing step, then raised out of the 

cathetometer line of sight for the remainder of the time. 
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The heater was constructed in two separate parts to 

enable its removal from the adsorption cell* The shell of 

the heater was fabricated from sheet aluminum* Uichrome 

wire was wrapped on pieces of asbestos card shaped to fit 

each half* Additional asbestos card was used for insulation. 
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FIGURE 5 IMPROVED DP CELL 
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APPENDIX C 

Equation for the Moles Adsorbed 

The nuinbex’ of moles charged to the blank and adsorption 

cells were not exactly equal. The pipettes were charged at 

the same temperature and pressure, but the volumes were not 

exactly equal. If the pipette volumes and the cell volumes 

were exactly equal, and if both dead volumes were equal to 

zero, the equation for the moles adsorbed would be simply: 

^ n = /RT. 

The following derivation for the necessary volume cor¬ 

rections applies only to ideal gases, since no variation 

from the ideal gas law has been considered. 

First Data Point (Adsorption and blank cells initially 
evacuated) 

After charging the pipettes, 

moles in ads pipette Hh dead vol 

moles in blk pipette + dead vol 

After charging the cells, 

Rj(,^A? 
+
VID) PP 

RT C VBP + V0D) Pp 

CO 

(a) 

moles in gas phase in ads cell + dead vol = +VAD) (?) 

moles in blk cell + dead vol • = RJ'CVQ + (^P)PB (4) 

Equation 1 minus equation 3 gives the moles adsorbed. 

AnRT
 - +v„a)p;-(\/A <t/At)pA' (s) 
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Since no adsorption takes place in the blank cell, equa¬ 

tion 2 equals equation 4* i/ ,/ 
n i VB + rBD / 
PP ” T, PB (t) 

By definition, 
^P'-Po-V 

of Pa -- Pa 4 *P' CV 
Substituting equations 6 and 7 in equation 5 and collect¬ 

ing terms, the following equation for the moles adsorbed is 

obtained: 

An'RT - [(-IX P. , lAe)]PA' + fa(ya , KjjAp; w 

Where 

and 

Wtp ■> PAD 

t l/gp 

*6 *■ 
Ptl * POD 

- a 

The term b is not constant, but varies slightly with 

the pressure difference across the bellows system (see 

Appendix E)» 

Second data point 

After charging the pipettes for the second time, 

moles added to ads pipette + dead vol 

=■ itt ( PAP -t rio ) Pp' - PAD PA 

moles added to blk pipette + dead vol 

' ~er (fop-t I'BD') P/‘- iPro Pa. 

After charging the cells for the second time, 

CfJ 

(in) 

total moles charged to ads pipette + dead vol 

" * PpoX Pp * Pp') ~ PAP Pfi^ 
total moles charged to blk pipette + dead vol 

5 -krl<-S*p +PSPXPp-'i?P') -l/BD PzJ 

VO 

(I*) 
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moles in gas phase in ads cell + dead vol 
QV 

moles in bile cell + dead vol 
ZT Ctil + VBDJpa" (/4) 

Following the steps of the first data point, the 

equation for the moles adsorbed at the second data point 

is obtained: 

The additional terms in the equation are a result of 

gas remaining in the dead volumes when the cells are isola¬ 

ted from the pipettes, prior to the second charging of the 

pipettes. 

n^*1 Data Point 

The equation for the number of moles adsorbed at the 

n data point can be derived in a similar manner. 
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APPENDIX D 

Calibration Data 

Dead Volumes 

The weight of mercury drawn from each completely filled 

dead volume was determined on an analytical balance. The 

density of mercury at the room temperature, 26 °C, was 

15%53 gm/cc, 

Wt. of weighing bottle + Hg, gm 
Wt* of weighing bottle, gm 
Wt* of Hg from volume, gm 

Volume, cc 

Pipette Volumes 

The volume between the two reference marks of each 

557943 54*846 
16*896 16*421 
40*047 38*425. 

2,988 2.840 

pipette was determined by weighing the mercury withdrawn as 

the level was lowered from the top reference line to the 

bottom line. 

Table 2 

CALIBRATION OP, PIPETTES 

Bottle + Hg 

- (g?S?„   

181.7250 
179*5020 
174*9080 
183.4184 
171.8215 
176.9270 
164.4559 
153.2227 
76.3202 

Bottle 
(am) 

16.8956; 

16.3907 
16.4104 
16,8956 
16.3907 
16.4104 
16.8956 
16.3907 
16.4104 

Hg 

ImL 
164.8294 
163.1113 
158.4976 
166.5228 
155,4308 
160.5166 
147.5603 
136.8320 
59.9098 

Total 13132106 

Second Time 1313.1015 

Bottle + Hg 

 tel  
179.6621 
173.164^ 
176.4676 
177.1273 
171.2227 
170.2701 
154.3095 
150.2023 
113*5744 

BP 

Bottle 

,,..te L 
16.8956 
16.3907 
16.4104 
16.8956 
16.3907 
16.4104 
16.8956 
16.3907 
16.4104 

Hg 

lAl 
162.7665 
156.7457 
160,0572 
160.2317 
154.8320 
153.8597 
137.5039 
133*8116 
97.1640 

1316.9723 

1317.2138 
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The average weight of mercury drawn from the volume of 

the adsorption pipette is equal to 1313.1560 gm. 

The average weight from volume of blank pipette is equal 

to 1317.0930 gm. 

Change in Volume with Pressure Difference 

VJhen a pressure difference was applied across the DP 

cell, the volume of the adsorption and blank cells changed 

because of the deflection in the bellows system. One volume 

decreased while the other increased by the same amount, A 

deflection of 0.45 mm was determined with the cathetometer 

for a pressure difference of 40.8 mm Hg. 

The voltage output of the DP cell was observed at two 

or three pressure differences for each of five absolute pres¬ 

sures in the adsorption cell. Because of the shifting null 

voltage, a differential voltage (voltage reading minus the 

null reading) had to be calculated to give repeatable results* 

The null voltage was selected to be the initial voltage 

The effective area of the bellows is 1*23 in. 
2 

DP Cell 



reading, where = 0. The initial reading was used to 

calcula te A V for an entire calibration curve or an entire 

isotherm. 

Table £ 

M 0BKE CALIBRATION 

4*0 kc, 8.0 v* Input 

PA . 
PB A P V A V 

Hg) (mm Hg) (mv) Lm.L, 
0 0 0 5.4 0 
0 6.09 6.09 92.2 86,8 
0 17*52 17.52 253 248 
50,66 55*76 5,10 66.2 60,8 
50*66 57.81 7.15 94 88.6 
50*66 67.89 17.23 237 232 
50.66 73*03 22,37 310 305 
50.66 85*58 34*92 482 477 
97*42 V114.13 16*71 237 222 
97*42 121,81 24*39 334 ■ 327 
97*42 130*01 32*59 449 442 

153*33 175*89 22.56 294 289 
153*33 185.00 31.67 420 415 
153.33 189*05 35.72 478 473 
197.50 210*77 13.27 161 156 
197*50 229.01 . 31.51 415 408 
197*50 233*70 36.20 478 473 
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gable 4 

DP CALIBRATI OH - LOW END 

4*0 kc, 8.0 v• Input 

PA PB P V V 

(mm Hg) .(SBLisl ,(m ■%) (mv) 

0 0 0 16.6 0 
0 0,88 0.88 29.4 12.8 
0 3.93 3.93 70 53.4 
50.20 51.35 1.15 26.0 9.4 
50.20 55*12 4.92 78.4 61.8 
98.41 99.80 1.39 21 iO 10.5 
98.41 102.77 4.36 68.0 51.4 

160.50 164.11 3.61 80.0 33.6 
160.50 166.39 5.89 81.3 64.7 
160*50 167.86 7.36 103 86.4 
198.08 201.61 3.53 44.3 27.7 
198.08 203.31 5.23 68.8 52 
198.08 206.05 7.97 105.5 89 

The results of Table 4 are plotted in Figure 6. 

Adsorption and Blank Volumes 

The adsorption and blank cell volumes were calibrated 

by the transfer of gas' from the known volume of each pi¬ 

pette to the corresponding cell volume. The spring, bucket, 

and adsorbent were not in the adsorption cell. The pressure 

of the charged pipettes was determined at the manifold man¬ 

ometer. 

Pp = 86*25 mm Hg 

?A = 103*69 mm Hg 

V = 27.1 mv 

P =s 2.59 (from Figure 2) 

PB = 106.28 
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*V IN MV 

FIGURE 6 DP CELL CALIBRATION 



Since the number of moles and the temperature were 

constant* 

(j/fl p -i l/fip) Tp - ■* I'/jp') P#. 

Solving for VA, and substituting known values, 

?A = 80.228 +^v 

•A v — 0.00872 x 2.59 - 0.21 

VA = 80,249 cc, 

Similarly, 

Q'PP A POD ) Pp (PB H+tr + l^D^j 
6H<ZI l//3 - "7/^4^¥Oc.c~. 

Spring Constant 

The spring constant was determined by observing the 

elongation of the spring with each of three calibration 

weights. 

Table J5 

SPRING- CALIBRATION 

T = 72.5 °F, PA = 0 

Weight 
,(mg)  

Cath. Rding. 
(mm) 

e 
(mm) 

Wt 
(mg)' 

E 
(mm/mg) 

107.5 99.098- mm 

163.0 56.758 42,340 55.5 0,763 
214.2 • 17.894 38.864 51.2 0,759 

The average K is equal to 0,761 mm/mg. 
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APPENDIX E 

Sample Calculations 

Volume of the Charcoal# Bucket, Hook# and Spring 

The volume of the charcoal was estimated as follows: 

density of packed charcoal = 0*55 gm/cc 
volume of 1*0 gm = 1/0.55 = 1.82 cc 
40voids (30) = .4 x 1.82 = 0.73 cc 
pore volume (30) = 0.60 cc 
volume of carbon = 0.49 cc 

and density of carbon = 1.0/0*49 = 2.04 gm/cc 
volume of 0,1035 gm charcoal 

= 0.1035/7.021 = 0.0507 cc 

The estimated density is in agreement with the handbook 

value of 1*8 to 2.1 gm/cc for amorphous carbon. 

The other volumes are: 

spring 0.0113 gm/2.65 gm/cc = 0;0043 cc 
hook 0.004' gm/2*65 gm/cc =0.0015 cc 
bucket 0.1205 gm/21.4 gm/cc = 0.0056 cc 

The total volume of the charcoal (carbon), spring, hook, 

and bucket is 0.0621 cc. 

Buoyancy Gorrection 

The buoyancy force for Ng at 28 °C was calculated from 

the weight of the displaced gas. One mole of Ng at S.T.P. is 

contained in 22.4 liters* At any pressure P (in mm Hg), the 

density of the Ng is: 

2? _ x_zzz *-£- 
7ef° 

For a volume of 0.0621 cc, the weight of the displaced 

gas is: 

j.ro *ttrc v P r o.exp'll - i*?. 
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V/eight of Charcoal in a Vacuum 

The true weight of the charcoal sample was found by 

determining the weight of the sample in equilibrium with the 

atmosphere, and observing the loss of weight on degassing. 

cathetometer reading after degassing = 32,692 

cathetometer reading before degassing = 30.935 

contraction of spring 1.757 mm 

buoyancy force of atm 

= 0.93 x 10~4 x 760 = 0.07 mg 

loss of wt on degassing 

- 1.76/.761 + .07 = 2.32 mg 

weight of sample in equilibrium with 

atmosphere (analytical balance) = 0.1033 

loss of weight = 0.0023 

weight of degassed sample 0,1010 

Since the system contained mercury vapor in equilibrium 

with its liquid at the temperature of the bath, the sample 

weight still included the weight of adsorbed mercury* 

Browning, et al. (6) reported 0*60 mg mercury vapor adsorbed 

per gram of activated charcoal at 28 °C* 

degassed sample weight = 0*1010 gm 

adsorbed mercury weight = 0*00006 gm 

true charcoal weight = 0*1009 gm 

Constants for Equation 0-16 

In the equation for the number of moles adsorbed, the 

"constant” b and the volume, Vg + Vgp, were not constant, but 



were a function of ^P. In appendix D, the volume change in 

and Yg was shown to he 0.00872 cc/mm Hg of differential 

pressure. In the following table the first two constants of 

equation C-16 are calculated as a function of 4P, 

From equation C-16, the following constants are defined: 
II - 1 
RT 

(b-a) (Vg + VBI)) 

II eg 
X
 1 

RT 
a (VB ♦ VBB) 

IV
 

li 

-1-1 
RT > 

7
BD ‘ VAD) 

k4 = 
1 

RT 
a VBD * 

Table 6 

CALCULATIONS OF kx AM) k2 

AP *v VA + VADYB + VBD 15 *~a , n7 ' 
(mm Hg) (cc) (cc) (cc) (cc/cc) (cc/cc) x 10 ^2 x 10 

0 0 83.175 81.280. 1.02331 0.02474 -1.071 43.208 
5 0.043683.131 81.324 1.022220.02365 -1.024 43.232 
10 0.0872 83.088 81.367 1.02115.0,02258 -0.978 43.255 

. Auxiliary calculations for the table are: 

a = VAP + VAD o 97.055 + 2.988 = 0.99857 
VBP + VBD 97.346 + 2.840 

VB + VBD 
ET = 82.06 x 760 x 301 = 1.878 x 107 

Both k^ and k2 are plotted as a function of A P in 

Figure 6. 

The calculations for k^ and k^ are: 

k^ = (0.99857 x 2.840) - 2.988 /1.878 x 107 = - 0.0809 x 10”7 

k4 = 0.99857 x 2.840/1,878 x 10
7 = 1.51 x 10~7 
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Kj XIO7 

43.26 
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■Riixperimental Data 

The data shown in Table 7 is the experimental data for 

the first run of a nitrogen isotherm at 28.0 °0,. 

Table 7 

EXPERIMENTAL DATA 

Cath* Rding. 

n (mm) 

91.. 340 
1 91.301 
2 91'. 240 
3 91.154 

Moles Adsorbed 

PA V * 

(mm Hg) (rav) (°C) 

0 13.6 28.0 
22,24 23.5 28,0 
72,30 46,1 28,0 
141.29 75.0 28,0 

The compressibility factor of nitrogen is 1,000 at 

28 °C for the pressure range of 0 to 200 mm Hg (13)» thus 

equation C-16 is valid. The pressure difference is obtained 

from Figure 6 and recorded in Table 8, The moles adsorbed 

are then calculated from equation C-16 by obtaining two of 

the constants from Figure 7. 

Table 8 

RECORDING THE PRESSURE DIFFERENCE 

1 
1 
2 
3 

V V P 
n (mv) (mv) (mm Hg> 

1 23,5 9,9 0.98 
2 46.1 32,5 2.90 
3 75,0 61,4 5,51 

Table £ 

CALCULATION OF MOLES ADSORBED 

K n-i * H’; j, 
z*? 
/ 

k.m1 -f/V 

22.24 
72.30 
141.29 

0.98 
2.90 
5.51 

 .--r 

22.24 
94.54 

0.98 
3.88 

-1.061 
-1.044 
-1.019 

42.213 
42.222 
42,234 
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Table 9 (Continued) 

£ k, kj f C /t-* * 
ka*p 

I -23.60 42.35 18.75 
2 -75.48 125.34 -1.80 1.48 49.54 
3 -143.97 238.22 -7.65 5.86 92.46 

Molecular Weight of Adsorbate 

The weight of the adsorbate is calculated in Table 10 

A correction for the buoyancy force is applied, but no cor¬ 

rection for the weight of mercury adsorbed is made, because 

the cathetometer reading at zero pressure also included the 

weight of mercury. The molecular weight is calculated in 

Table 11. 

Table 10 

CALCULATION OF WEIGHT ABSORBED 

Cath. Rdgs. e <M'/t, Buoy. Corr. 

n (mm) (mm) (mg) (mm HR) (mg) 

0 91.340 - 
1 91.301 0.034 0.0512 22.24 0.0021 
2 91.240 0,100 0.1314 72.30 0.0067 
3 91.*54 0.186 0.2444 141.29 0.0131 

Table 11 

Wt. Ads. 

_(saL- 

0.0533 
0.1381 
0.2575 

CALCULATION OF MOLECULAR WEIGHT 

Wt. Ads. 

n (gm x 10^) 

Moles Ads. 

x 107 

M 

(gm/mole) 

1 0.0533 18.75 
2 0,1381 49.54 
3 0.2575 92.46 

28.4 
27.9 
27.8 
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APPENDIX F 

Calculations for Binary Adsorption 

In order to completely define an equilibrium adsorption 

system^ it is necessary to determine the followings 

1) weight of adsorbent, 

2) temperature, 

3) pressure, 

4) weight of each component adsorbed, and 

5) composition of the gas phase* 

The temperature and pressure of the system are experi¬ 

mental data points* The technique of determining the weight 

of the degassed adsorbent is discussed in "Experimental Pro¬ 

cedure” and the calculations are shown in appendix E% 

The weight of each component adsorbed is determined from 

the calculated molecular weight. 

M n, M, * M. 

The composition of the equilibrium phase is calculated 

from the known composition of the original gas mixture, the 

number of moles of each component adsorbed, and the volume, 

pressure, and temperature of the adsorption cell. 
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