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I. CORKELATION OF ADSORBER PERFORMANCE 

The design and operation of a pilot-scale-moving bed adsorber to separate the various 
components of a gas mixture using activated carbon as  the preferential adsorbent are 
described. A binary system, methane- acetylene, and a ternary system, methane -carbon 
dioxide-acetylene, were studied. The performance of the unit was analyzed by means of the 
transfer-unit-height (H.T.U.) concept based on the observed changes in gas composition 
during tower operation. For both the binary and ternary systems the transfer-unit height 
was independent of feed-gas composition but was found to vary linearly with the ratio of 
feed gas to carbon flow. The over-all transfer-unit-height values based on either the gas 
or the adsorbed phase were observed to vary from 6.5 in. at 1.39 std. cu. ft./lb. carbon to 
36.9 in. at 4.81 std. cu. ft./lb. carbon. 

The separation of acetylene from 
dilute gas mixtures eontairiing methane 
and carbon dioxide, by selective adsorp- 
tion on activated carbon in a pilot-scale 
moving-bed adsorber has been investi- 
gated experimentally as part of a more 
extensive program having :is its objective 
the study of the production and recovery 
of various petrochemicals. Acetylene is 
of p a r t i d a r  interest because of its 
potential extensive use if i t  can be 
rccovercd cheaply and conveniently from 
dilute mixtures with other hydrocarbon 
gases such as those obtained by cracking 
natural gas. -4 recent survey (18) has 
indicated that  the use of a selective ad- 
sorption technique known commercially 
as hypersorption (4 and 25) is a n  econom- 
ically attractive method for the purifica- 
t.ion of wctylenc. Several general ad- 
vantages of this method of separation 
over other more convcntiond niethods in 
conimercial use such RS distillation, 
adsorption, or solvent extraction are 
(a) better selectivity, (b)  relatively high 
capacity for low-boiling matrrials, (c) use 
of moderate tcmpcmtures and pressures, 
and (d) ability to  rwovcr with greater 
efficiency certain constituents present in 
small amounts in gas mixtures. 

Chief industrial interest in gas adsorp- 
tion until rather rttcrntly 1:iy in processes 
t o  recover the last t.races of condcnsiblc 
gases from re1ativc:ly inert gases, as in 
the drying of gascs, recovery of volatile 
solvents, :ind rrmoval of odors and 
noxious gases from sir  (27 nnd 28). Tii 

the  past few ycars, however, interest in 
the separation of gases having similar 
relative adsorbabilities has increased 
greatly. I*:quilibrium data  for various 
binary and ternary hydrocarbon systems 
havc been published (24) ,  and equipment 
and proccsses for carrying out separations 
by selective adsorption in both fluidized 
and countercurrent moving adsorbent 
beds have been patented (6 and 16) and 
-~ 
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described in the literature (3 hnd 21). 
The  most successful of these processes 
has been the hypersorption process of the 
Union Oil Company (4  and 23) ,  under 
whose direction several large-wile ad- 
sorbers have been built. In  spitc of the 
intensive research now in progress, 
however, no design methods are generally 
available at the present time for deter- 
mining the height of :in adsorbrnt bed 
necessary to  produce a desired separation. 
The  present investigation, therefore, had 
as its chief objective the study of certain 
operating variables involved in the 
design of a moving-bed :tdsorber and the 
devdopment of methods for the analysis 
of the performinee of the pilot-plmt unit 
bnscd on the transfer-unit-height concept 
of Chilton and Colburn (10 and 11). 
Specifically, binary feed-gas mixtures of 
methane m d  acetylene, arid Inter ternary 
feeds consisting of methane, carbon 
dioxide, and acetylene, \%ere fractionated 
in a pilot moving-bed adsorber with the 
purpose of continuously separating and 
recovering tlic acetylene in higher con- 
centrations. 

Early work on this research program 
was carried on by 1Ioward Kehde (2L), 
who employed a siniple countercurrent 
adsorption system. Hinary gas niixtures 
of nicthanc- ethylene and eth? lene- 
propane were fed into the bottom of a 
I-in. 1.1). iron pipe down which mas 
flowing a stream of activated charcoal. 
The  change in vapor conccntrittion 
between the feed arid overhe:id was 
noted, and, by a mctliod similar to that  
used for absorption or stripping, the 
transfer unit height (H.T.U.) or height 
equivalent to  a theoretical stage 
(1I.IC.T.S.) could then be estim:tted. In 
the physical arrangement erriployed by 
Kehde the overhead stream hrcomcs 
enriched in the more volatile component 
while the adsorbatc on the carbon 
leaving the bottom of the tower is richer 
in  the heavier component. It is obvious, 
however, that  for such a system the 

maximum possible enrichment of the 
heavier component of the  fced mixture 
corresponds to  equilibrium with the 
feed gas. In  order to obtain high purities 
of the he:ivy component i t  is necessary 
to  employ a fractionation section below 
the feed point like that  normally used in 
other cascade operations such :is distilla- 
tion. Operation in this manner was the 
next logical extension of the  research 
program. The present invrstigation, 
therefore, was made on a tower containing 
both an adsorption (upper) and a strip- 
ping (lower) section, as shown in Figure 1, 
both binary and ternary gris systems 
being used, :is iricntionrd above. 

APPARATUS AND METHODS 

Thc cqiiipment used for c:irrying out 
these invcr;tig:itioiis is shown in Figures 1 to 
6. The adsoher c:oliimii proper WLS con- 
structed of standard 1-in.-dium. steel pipe 
and had a n  over-dl cflcctivc bcd length of 
approsimately 13 ft., measured from the 
overht::id g:is disengaging section, 0, to the 
carbon flow-control v:ilve, V .  (Sw Figure 1.) 
The total titlight of the entire :isscmbly in- 
cluding the two 65-g:il. 9tor:tge tlrurns, -4 
anti B ,  m:is 21 ft.. Ilecausc of height liniib- 
tions imposed 1)y the hborntory building, 
the bottom section of the t o w r  located be- 
tween the side protliictt g:is oiitlct, S, and 
the stripping has irilct., i’, \\-as in(-lined :it an 
angle of 46 deg. to thc vcsrticnl. No opwiting 
difficultics were cxp(:rictricv:tl I)ec::iuse of this 
roristriic:tiori, a s  tlic: angle of rcpox of granu- 
I:ir carl)on is approsim;itc:ly 38 (leg. 

Carbon Flow 

Activated Co1rimbi:t I I h  c~i rboi i  (10- to 
28-mesli granules) w:is :illowed to flow by 
gravity from the top stor:ige rwwoir ,  A ,  
through tlict cwlurrin and into thv  saturated 
carbon storage drum, H ,  :it t.hc. I ~ s e  of the 
adsorbw. Thc  c:irt)on flow w i e  controlled 
accur;itvly by :I specially designed How con- 
troller, V ,  which is shown iri det:iil in Figure 
3. I t  corisisted essentially of :i rotating ele- 
ment ~norint~:tl 1)etmccn two st.atioriary 
guide jilntes and rvas (-onne(-t(:d to :I vari- 
ut)le-sl)c:ed t,rarismission. Lach revoliition of 
the disk wiised :t fixed (1u:intit.y of carbon 
to be transported through thc: valve?. Thus 
controlling the specd of rokition of the disk, 
caused wrying amounts of c:irt)ori to How 
tlown (.he column. 1’iiIs:itions i n  flow were 
observed to be negligible n ferv feet above 
the vdve :it ordin:iry operating speeds, and 
so How throiigh the column proper may be 
considcred uniform. In  order to further im- 
prove the flow charactmistirs and  to prevent 
bridging of  the carbon, a Syntrtsn vibrator 
was also mounted on the colunin. 
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Fig. 1. Schematic diagram of hypersorber. 

Gas Flow 
Feed gas, obtained from either high- 

pressure cylinders or brine-sealed atmos- 
pheric-pressure gas holders, was metered 
through rotameters, which were calibrated 
immediately prior to use with a wet-test 
meter and fed a t  substantially atmospheric 
pressure to the center of the column a t  the 
feed-gas engaging section, 3'. The gas flowed 
upward through the column, countereurrent 
to  the descending carbon, and was with- 
drawn either a t  the disengaging section, 0, 
to give the normal overhead gas product, or 
at section I ,  as the "intermediate" gas 
product. By contact with the carbon in this 
manner, the higher molecular weight con- 
stituents tended to be removed preferen- 
tially from the original feed-gas mixture by 
selective adsorption onto the surface of the 
activated carbon. Thus contact of a feed gas 
mixture consisting of methane and acety- 
lene resulted in the removal of a portion of 
the acetylene from the gas and an accumula- 
tion of acetylene on the carbon to  an extent 
depending on such factors as temperature, 
pressure, gas composition, flow rates, and 
carbon activity, as discussed elsewhere in 
this paper. The overhead gases, therefore, 
were enriched with respect to  methane by 
this net removal of acetylene from the origi- 
nal gas stream. 

The saturated carbon resulting from the 
above-mentioned gas contact continued to 
move down the column, and, if desired, it  
could be removed from the bottom of the 
tower without further treatment. The ad- 
sorbed gases, enriched in acetylene, could 
then be recovered by stripping the carbon 
in a separate vessel. The present apparatus, 
however, was designed to  carry out this 

recovery operation continuously as an inte- 
gral part of the over-all separation process, 
in order to  simulate conditions obtained in 
modern industrial hypersorbers. 

Although superheated steam is used in 
industrial hypersorbers as the stripping 
agent, i t  was not convenient to  pse this 
medium in the pilot adsorber, because of the 
difficulties which would be encountered by 
the condensation of water and the conse- 
quent wetting of the carbon a t  the operating 
temperatures and pressures employed. To 
achieve this purpose, therefore, a secondary 
feed of hydrocarbon gas was introduced a t  
section P in the tower to act as a stripping 
agent for the gases adsorbed on the carbon 
in tne upper sections of the column. This 
secondary feed had to be a gas which-was 
more strongly adsorbed by the carbon than 
the gases which were to  be recovered from 
the main feed gas, and it had to be capable 
of displacing these gases from the carbon 
under the conditions existing in the tower. 
Thus, in  the case under consideration, a 
secondary feed stream of propylene entering 
the tower at the gas-engaging section P 
displaced the acetylene-rich adsorbate from 
the carbon in the lower section of the column 
between points P and S. In  general, it  was 
observed that lower molecular-weight hy- 
drocarbons were so displaced by higher 
molecular-weight hydrocarbons; that is a 
C-3 hydrocarbon would displace a C-2 hy- 
drocarbon, or the latter a C-1 or hydrogen, 
and so forth. This tendency, however, was 
not true for all cases, for it was also observed 
than n-butane failed to  displace propylene, 
and hence it could not be used for this pur- 
pose when it was desired to recover the 
propylene. I t  is apparent that the adsorption 

\ 
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Fig. 2. Gas engaging or disengaging section. 

equilibria involved for specific systems and 
conditions must be carefully considered. 

Reflux 

As seen in Figure 1, the descending carbon 
with its adsorbate containing the heavier 
components of the main feed gas flowed 
past the feed point, F ,  and into the lower or 
enriching section of the adsorber, where i t  
came in contact with the stripping agent, 
propylene. The introduction of the stripping 
agent and the consequent displacement of 
the lighter components from the carbon, 
e.g., acetylene and methane, created a gas 
stream which originated in the area of dis- 
placement between tower sections P and S 
and moved up the column as a reflux stream. 

All or part of this ascending gas stream 
could be removed as a side product a t  the 
gas disengaging section S. If all this gas was 
removed a t  S ,  then a condition analogous 
to  a state of no reflux existed in the section 
of the tower between S and F ,  and the lower 
section of the column between points P and 
S acted only as a carbon-stripping section. 
If only a part of the desorbed gas was re- 
moved as a side stream at section S,  by 
regulating the outlet valve, then the re- 
mainder of the gas continued to ascend 
between sections S and F as reflux. Because 
this reflux contained the desorbed heavier 
components of the main feed gas, it  tended 
to  displace the less strongly adsorbed com- 
ponents from the descending carbon, thus 
giving a side-product gas richer in the heav- 
ier components. Such a desorption process 
is analogous to that used in a continuous 
reboiled absorption unit, in which the rich 
solvent is completely stripped of absorbed 
components, a portion of the desorbed 
stream being returned to  the system as 
reflux while the remainder is taken off as a 
bottoms product. 

If none of the gas was removed as a side 
product at section S,  corresponding to a 
type of total reflux, the total feed input was 
eventually recovered at the overhead gas 
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Fig. 3. Carbon flow control valve. 

outlet, 0, and the adsorber behaved simi- 
larly to a fixed bed which became progres- 
sively saturated and finally reached a state 
of equilibrium with the feed gas such that 
no net change in gas composition occurred 
as i t  passed through the bed. Under these 
conditions continuous separation was not 
possible. To achieve maximum over-all 
separation of a particular gas mixture, 
therefore, there must be an optimum 
amount of reflux. 

Temperature Control 

The adsorption of propylene by activated 
carbon occurred in a narrow band, which 
moved up the tower from point P .  Accom- 
panying this adsorption wave was a sharp 
temperature rise owing to the release of 
energy upon adsorption. This rise formed 
the basis for the control of the propylene 
flow to the tower. Thus, when the propylene 
band reached the control thermocouple, the 
temperature effect was transmitted to 
TRC-3, a Brown temperature-recorder con- 
troller of the proportional plus reset type, 
which actuated a diaphragm valve on the 
propylene-supply line. This valve was then 
throttled sufficiently until the ascending 
propylene-adsorption band was transported 
down below the control thermocouple by the 
descending flow of carbon. As soon as the 
temperature at this point fell below the set 
point, the controller TRC-3 acted to increase 
the propylene flow, thus maintaining the 
system in proper balance without contami- 
nating the side-product stream with propy- 
lene. 

Similarly another Brown temperature- 
recorder controller, TRC-2, actuated by the 
temperature rise produced by the ascending 
reflux stream in the tower section between 
points S and F ,  operated a second dia- 
phragm valve on the side-product outlet 
line, limiting the flow of side product from 
the system and thus regulating the level of 
reflux as described above. Control of the 
reflux level in this fashion, however, was not 
entirely satisfactory, as the relatively small 
amounts of available gas tended to produce 
a cyclic disturbance which prevented true 
steady state operation of the tower in some 
cases. In  most runs, therefore, very little 

reflux was used, because best over-all sta- 
bility was obtained under these conditions. 

The column was drilled and tapped a t  
strategic points for installation of %-in.- 
diam. pencil-type iron-constantan thermo- 
couples, fitted with compression-type 
sleeves, for measurement of bed tempera- 
tures. The thermocouples were connected to 
a twelve-point Brown potentiometer or to 
the temperature-recorder controllers. 

The gas-engaging and -disengaging sec- 
tions were identical and, as shown in Figure 
2, were constructed by welding together two 
standard 4-in.-steel welding caps. A 1-in.- 
diam. pipe nipple was welded into the top 
half of each section as shown, thus providing 
a gas space from which a carbon-free gas 
stream could be removed or into which a 
feed-gas stream could be introduced via a 
%-in. O.D. tubing connection. The bottom 
of each unit was fitted with a close nipple 
and a standard Y connection, to which was 
attached a plug valve to  permit withdrawal 
of a carbon sample just below the section. 

The saturated carbon was removed peri- 
odically from the storage drum (B, Figure l)  
and sent to a batch steam stripper illus- 
trated in Figure 4. Saturated or slightly 
superheated steam was admitted to the bot- 
tom of this vessel and allowed to pass up- 
ward through the carbon charge until all 
the adsorbed gases were removed. The 
steaming was then discontinued, and hot, 
dry air was admitted. When the carbon was 
dry, it  was drained from the bottom of the 
unit and recharged to the carbon-feed- 
storage reservoir (A, Figure I) of the ad- 
sorber to complete the cycle. Industrially 
the carbon is stripped continuously and re- 
turned via a gas lift to the top of the hyper- 
sorber, a portion of the carbon recycle being 
sent to  a high-temperature reactivator to  
remove very strongly adsorbed or polymeriz- 
able materials which tend to reduce the 
activity of the carbon. This type of reacti- 
vation was unnecessary in the present in- 
vestigation because high-purity reagent 
gases were used. 

Materials 

The gases used in this investigation were 
all of high purity (approximately 99%) and 

TO STRIPPED 
D R A I N  D R Y  C b R B O N  

O U T  

Fig. 4. Carbon regenerator. 

were obtained from the Matheson Company 
in standard high-pressure cylinders. Acety- 
lene was bubbled through water and then 
passed through a calcium chloride drying 
chamber before entering the system. The 
gases were metered through calibrated ro- 
tameters a t  5 lb./sq. in. gauge and sent to 
the tower feed line, which entered a t  section 
(F, Figure I). The overhead- and side- 
product gases, which were withdrawn from 
the column a t  sections 0 and S respectively, 
were passed through rotameters or through 
wet-test meters to be measured before being 
vented to the atmosphere. 

The carbon used for this investigation 
was Columbia grade HA activated cocoanut- 
shell charcoal, supplied by Carbide and 
Carbon Chemicals Corporation in the form 
of 10- to  28-mesh granules. The carbon 
activity was determined by a standard 
n-butane-adsorption technique. 

Sampling Techniques 

Gas-sampling connections were installed 
on all gas lines leading to  and from the 
adsorber, thus making it possible to obtain 
gas samples simultaneously a t  the over- 
head-, intermediate-, feed-, and side-product 
locations. To obtain a gas sample, a 250-ml. 
gas-sample bulb, filled with a slightly acid 
saturated aqueous solution of sodium chlo- 
ride in which the gases used were essentially 
insoluble, was attached to the sample line 
through an upper stopcock, and the salt was 
allowed to drain slowly from the lower 
stopcock of the bulb. In this way a represen- 
tative gas sample was collected over a 
controlled period of time by displacement of 
the liquid. Although the samples could be 
stored indefinitely, they were usually ana- 
lyzed within 24 hr. or less by means of an 
Orsat apparatus. While a run was in progress 
provision was also made to sample the 
various gas streams directly for chemical 
analysis by an Orsat apparatus mounted on 
the control panel. In  this manner an in- 
stantaneous check on gas compositions 
could be obtained. 

Carbon was sampled a t  the overhead-, 
intermediste-, and side-product outlet 
points, as well as the main and secondary 
feed-gas inlet points by means of the carbon- 
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Fig. 5. Carbon activity-equilibrium apparatus. 

sampling valves attached to the gas engag- 
ing and discngnging sections. (See Figures I 
and 2.) The carbon samples were collected 
and stored in 26O-ml.-c:npacity screw-cap 
jars and then transferrrd to the small-scale 
carbon stripper shown in Figure 6 .  In this 
apparatus :I known weight of saturated 
carbon was stripped with steam, which was 
freshly generated from boiled, distilled 
water, the desorbed gases being collectcd 
over a saturated salt solution in a 5-gal. 
reservoir. The gases thus collected were 
forced by liquid displ:ic:r:merit into a stan- 
dard glass sampling bulb in a manner similar 
to that used to collect the primary gas 
samples from the moving-bed adsorber. 

The chemical analysis of feed and product 
gases from the column, :IS well as the gas 
desorbed from thc various carbon ~arpplcs, 
was carried out in an Orsat apparatus which 
was equipped with 11 ~)ressi~re-c:ompensated, 
high-precision measuring tube, with which 
i t  was possible to mcasurr gas volumes to 
0.01 ml. Mcrcnry was used as the confining 
liquid, and contact pipcttcts mtm: attwhed 
to the capillary manifold by spherical M I -  
and-socket points. The part.ic:iilnr combina- 
tioris of gases which wcrc used to study the 
perform:ince of thr moving-bed adsorher 
were such that it compl(:te analysis by 0rs:it 
tcctiniqne was feasible. A typicd coml)in:i- 
tion included meth~nc,  :icetylcne, propy- 
lene, and carbon dioxide, dorig with nitro- 
gen and oxygcn from iiir h k a g c .  In this 
case :I sample in the 0rs:it appar.itm wzts 
passed through the following solutioris: 
(a) 50y6 aqueous potassium hydroxide, to 
absorb carbon dioxidc; ( h )  alkaline potas- 
sium iodomcrcurate solution (18), to :it)sorb 

acetylene: ( c )  acid mercuric sulfate solution 
(I@, to absorb propylene; and (d )  alkaline 
potassium pyrogallate solution to absorb 
oxy~vn. As all oxygen and nitrogen origi- 
nated from the air, it W H Y  possible to calcu- 
late the nitrogen rontent from a knoaledgc 
of the oxygen present. The residual methtirie 
roritmt w w  then calculzitetl by difftwnce 
from 100 volume %. 

RESULTS AND DISCUSSION 

The transfer-unit-height concept of 
Chilton and Colburn (10 and 11) provides 
a convenient method of comparing the 
efficiency under different operating con- 
ditions of various types of mass transfer 
equipmrnt, as  it expresses the perform- 
ance quite simply in terms of a single 
number which has the dimension of 
length and s numerical magnitude which 
is a direct measure of the relative difficulty 
of efyecting a particular separation. It 
was decided, therefore, to  use this ap- 
proavh in the case of the moving-bed 
adsorber. Although the actual procedure 
adopted to  estimate the transfer-unit 
height differed somewhat for the case of 
the tinary system, methane-acetylene, 
as cornpared with the ternary system, 
metliane-carbon dioxide-acetylene, the 
calculntions in both cases were made from 
experimental sdsorber-operating data  
such as  those listed in Table 1 and the 
adsorption-equilibrium data  which were 
prcdirted by one of the two corre1:ition 
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Fig. 6. Carbon sample-stripping apparatus. 

methods developed during this investiga- 
tion and which will be described in Par t  
I1 of this article. The experimental deter- 
mination of adsorption-cquilibrium data  
in all ranges which were required mas 
considered beyond the scope of this in- 
vestigation. It would be highly desirable, 
however, for such determinations t o  be 
undertaken in future studies. 

Binary System 

Ry use of the apparatus and techniques 
described above, eleven adsorber runs 
were made at substantially atmospheric 
pressure and at temperatures between 
75" and 100" F. on binary feed mixtures 
of methane and acetylene which ranged 
in composition from 5 to  50 volume 
acetylene. Total gas throughputs were 
controlled from approximately 5 to 20 
std. cu. ft./hr., measured at 60" F. and 
1 atm., and carbon flow rates varied 
from 2 to  4 lb./hr., these limits being 
imposed by the construction and satis- 
factory operation of the test equipment. 
More emphasis was placed on feed mix- 
tures dilute in acetylene, viz.: 5 to 15 
volume %, as these concentrlttions would 
be the ones most likely t o  be encountered 
in thc commrrcial production of acetylene 
by pyrolysis or partial oxidation of 
hydrocarbons. It has been pointed out 
(18) tha t  in cases of this type the use of 
hypersorption tb increase t h r  acetylene 
concentrations in the furnace effluents 
possesses economic advantages over other 
methods of enrichment. Typical adsorber 
data  obtained for the binary system are 
listed in Table 1. By suitable control of 
the gas and carbon flow rates i t  mas 
found possible in exploratory runs t o  
reduce the overhead loss of acetylene to  
zero and at the same time to  increase its 
concentration in the side product to  as 
high as 96 volume o/F acetylene, starting 
with 30y0 acetylene in the feed. For 
arialyticiil purposes in the prcsent study 
it was desirable to  obtain reasonable 
Concentration changes and t o  avoid those 
operating conditions which reduced the 
concentration of one component to  zero 
in  either of the product streanis. For this 
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reason the concentration changes were 
proportionately much greater in certain 
cases than in others. The optimum flow 
rates and concentrations to be used in 
commercial practice would be determined 
by appropriate economic balances. ’ 

For analysis of the binary system, a 
material balance was first made on the 
top section of the moving-bed adsorber, 
between points 0 and F in Figure 1, 
by use of the observed gas rates and 
compositions and the experimentally 
determined adsorbate on the carbon a t  
the overhead gas outlet to determine the 
amount and composition of the adsorbate 
on the carbon at the main feed inlet. This 
procedure was followed because it was a 
relatively simple matter to collect repre- 
sentative gas samples continuously while 
the adsorber was operating a t  steady 
state, but it was a much more difficult 
task to sample the carbon accurately. 
It was found impractical to attempt to 
collect carbon samples before or during 
gas sampling because of the serious 
disturbances to the tower equilibrium 
which occurred whenever a carbon valve 
was opened. The procedure finally 
adopted, therefore, was first to sample 

all the gas streams slowly and simul- 
taneously over a 15- to 20-min. interval 
of steady state operation without collect- 
ing any carbon. When the gas sampling 
was complete, carbon samples were 
withdrawn rapidly, starting a t  the top of 
the column, by opening in turn each plug 
valve to allow flow into a screw-cap 
bottle. Using this sampling technique, 
the authors concluded that all the gas 
samples were representative and that the 
carbon sample collected first ( i e ,  at the 
overhead gas outlet) was the most 
reliable. With the exception of the carbon 
sample withdrawn from the bottom of the 
column, where the disturbing effects of 
sampling were negligible, all other carbon 
samples were subject to greater error and 
were generally observed to give low total 
amounts of adsorbate when steam 
stripped as compared with those predicted 
and required by material-balance con- 
siderations. As the over-all material 
balances checked to within 5y0 in most 
cases, it was decided to calculate the 
amount and composition of the adsorbate 
at the main feed section, F ,  as mentioned 
above, in order to provide a consistent 
ba‘sis for the calculations. 

TABLE 1. TYPICAL EXPERIMENTAL-ADSORBER DATA** 
I-A I-B 

Binary system Ternary system 
Run 

Feed gas* 
Rate 

Methane 4.32 
Carbon dioxide . . . .  
Acetylene 1.85 
Total 6.17 

Methane 3.21 
Carbon dioxide . . . .  
Acetylene 0.34 
Total 3.55 

Methane 0.59 
Carbon dioxide . . . .  
Acetylene 1.32 
Total 1.91 

Methane 0.33 
Carbon dioxide . . . .  
Acetylene 0.27 
Total 0.60 

Methane 0.0 
Carbon dioxide . . . .  
Acetylene 0.10 
Propylene 2.52 
Total 2.62 

Overhead gas 

Side-cut gas 

Entering carbon 

Bottoms carbon 

Avg. temp., O F .  

Bed height, in. 
Noa 
H O G ,  in. 
NOA 
HOA,  in. 
Lb. carbon/hr. 
Std. cu. f t .  gas/lb. carbont 

1 

94 
48 
2.6 

18.4 
2.8 

18.4 
2.0 
2.57 

% 

70.0 

30.0 
. . . .  

90.4 

9.6 
. . . .  

30.9 

69.1 
. . . .  
55.2 

44.8 
. . . .  

0.0 

3.9  
96.1 
. . . .  

16 
Rate 

2.99 
2.39 
1.80 
7.18 

2.81 
1.91 
0.81 
5.53 

0.22 
0.45 
0.99 
1.66 

0.23 
0.01 
0.01 
0.25 

0.0 
0.02 
0.02 

0.043 
. . . .  

93 
26 

1.9 
13.7 
1.9 

13.7 
2 .2  
2.72 

% 

41.7 
33.3 
25.0 
. . . .  

51.0 
34.2 
14.8 
. . . .  

13.5 
27.0 
59.5 
. . . .  

92.0 
4.0 
4.0 

I . . .  

0.0 
50.0 
50.0 
. . . .  
. . . .  

*All gas and adsorbate rates are expressed a8 gram-moles per hour. Compositions are mole %. 
tStandard cubic feet of gas measured a t  60’F. and 1 atm. 
ZPropylene-free basis. * Complete tabular material has been deposited a8 document 4965 with the American Documentation 

Institute, Photoduplication Service. Library of Comgress, Washington 25, D. C., and may be obtained for 
1.25 for photoprints or 35-mm. microfilm. 

With the input and output quantities 
for each component over the adsorber 
section between points 0 and F (Figure 
1) known, the molal flow rates of the gas 
in this portion of the tower were assumed 
to change uniformly, a change which 
was equivalent to the assumption of a 
straight operating line when the data 
were plotted as mole fraction of acetylene 
in the gas phase vs. gram molcs of acety- 
lene per gram mole of carbon. Adsorption- 
equilibrium data for the methane-acety- 
lene binary were then calculated for gas 
compositions in the required ranges by 
Method I, binary adsorption equilibria, 
which was based on a modification of the 
Polanyi adsorption potential theory as 
described in Part I1 of this paper. The 
calculated equilibrium data were then 
plotted on the same diagram as the oper- 
ating data, and the number of over-all 
gas-phase and adsorbed-phase transfer 
units, HOG and Hod,  based on acetylene 
concentration changes between the main 
feed and the overhead gas outlet were 
evaluated graphically, by means of the 
“half-line” method of Baker ( 1 ) .  

Ternary System 

In  the calculation of the height of an 
over-all transfer unit for the ternary 
system, material balances were first 
obtained around the entire adsorption 
column and the section of the column 
under consideration. In  all the runs made 
on the ternary system, both adsorption 
and enriching runs, the top or adsorption 
section of the column was used, and so 
sectional material balances were always 
made from the top of the column to the 
feed-gas entry point. For the ternary 
work the overhead gas was all taken off a t  
gas-outlet point 1 in Figure 1 instead of 
point 0, as in the binary work. This was 
done to increase the head of carbon above 
the gas outlet, thus increasing the resist- 
ance to gas channeling into the reservoir, 
A .  The actual bed length for the ternary 
runs, therefore, was only 26 in., as com- 
pared with 48 in. for the binary runs. As 
stated earlier, carbon samples taken 
during tower operation through I-in. 
diam. plug valves served to upset the 
towef equilibrium. Therefore all material 
balances were based on changes in gas 
flow and composition. Thus, by analysis 
of the overhead- and feed-gas streams at 
steady state, the entering carbon com- 
position in the reservoir having been 
ascertained previously, it was possible to 
determinc by a material balance the 
composition and quantity of the ad- 
sorbate on the carbon passing point F.  

Since no experimental data were 
obtained on the variation of gas oom- 
position with distance up the column, i t  
was necessary to approximate this rela- 
tionship in order to plot the equilibrium 
curve and the operating line for the 
determination of the over-all transfer-unit 
height. In  the case of the binary system 
a straight-line relationship was observed 
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for the operating lines. This relationship 
was established for each run by making a 
series of internal material balances be- 
tween one end of the section (e.g., a t  the 
feed or overhead), where compositions 
were known, and several intermediate 
points by assuming that the quantities 
of gas and adsorbate flowing through the 
particular section varied uniformly over 
the section in question. For the ternary 
work it was decided that the use of the 
theoretical-stage method employed in 
multicomponent distillation calculations 
would be more suitable for the present 
purpose. With this method the assump- 
tion is that over each theoretical stage 
the adsorbate leaving is in equilibrium 
with the gas leaving the same stage. Thus, 
starting at the top of the tower the com- 
position and quantity of the adsorbate on 
the carbon leaving the first stage was 
computed by assuming it to be in 
equilibrium with the overhead gas. This 
calculation was made by use of the ad- 
sorption-equilibrium equations of Lewis 
et  al. (24) discussed later. Then, with the 
composition and quantity of the over- 
head gas, the entering carbon, and the 
carbon leaving the first stage known, the 
gas entering the first stage was obtained 
by a. material balance. This process was 
repeated from stage to stage down the 
tower until the feed-gas and adsorbate 
compositions were reached. The number 
of theoretical stages required to effect 
the change in gas composition from the 

feed to the overhead was thus obtained, 
and the height equivalent to a theoretical 
stage (H.E.T.S.) was then the height of 
the section divided by the number of 
theoretical stages. For calculation of the 
over-all transfer-unit height, however, the 
equilibrium and operating data obtained 
in the H.E.T.S. calculation was plotted 
as mole fraction in the vapor vs. milli- 
gram moles of adsorbate per gram of 
carbon, and the number of transfer units 
based on both the gas phase and the 
solid phase was evaluated either by 
graphical integration or by the “half-line” 
method of Baker (I), in the same manner 
as used in the case of the binary-system 
data. Actually the use of this method is 
based on the assumption that the effi- 
ciency of mass transfer of each component 
is the same, that is, that the approach 
to equilibrium is the same for each 
component. Such an assumption is 
usually made for calculating multicom- 
ponent distillation operations because of 
the complexity of any other approach. 
In  the present case this assumption 
appears justified by the fact that in 
most instances each of the components 
shows approximately the same approach 
to equilibrium on the feed carbon. In  a 
typical run, for instance, the approach 
to equilibrium a t  the feed for methane, 
carbon dioxide, and acetylene is 94.7, 
90.5 and 88.3% rdspectively. 

Eleven adsorber runs were made on the 
ternary system methane-carbon dioxide- 

Fig. 7. Fractionation of gas mixtures in a moving-bed adsorber. 
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acetylene. Six of the runs were designated 
as acetylene-enriching runs. As previously 
mentioned, it was the purpose of this 
research to study the performance of both 
the upper, or adsorption, section of the 
column and the lower, or enriching, 
section. Work on the binary system 
indicated that operation of the lower 
section of the column as originally 
planned, that is, stripping the descending 
carbon with propylene and dividing the 
desorbed gas between side-product gas 
and reflux, did not yield significant 
transfer-unit data for the section, because 
the quantity of desorbed gases was 
insufficient to provide both reasonable 
enrichment in the downflowing carbon 
and adequate samples. In  order to 
obtain more reliable data on enriching- 
section performance, therefore, the upper 
section of the tower (between points F 
and I ,  Figure 1) was used for the enriching 
runs. In  these enriching runs the carbon 
entering from the reservoir, A ,  was first 
pretreated with a relatively dilute mixture 
of the ternary gases in order to produce 
an adsorbate simulating that which 
would be present normally st the top of 
the enriching zone. This presaturated 
carbon then descended the tower counter- 
current to a feed gas the composition of 
which approximated that of the normal 
side-cut gas. By operating in this fashion, 
the enriching data were obtained over the 
same section of the tower as the adsorp- 
tion data, and thus the effect of any 
construction variables was eliminated and 
direct comparison of the two processes 
permitted. 

Three runs were made to study the 
effect of gas rate and composition on the 
height of an over-all transfer unit, without 
bottoms reflux. In  these runs essentially 
all the desorbed gas was removed as side 
product. I n  two other runs the ratios of 
reflux to side-product rate were 2/3 and 
1/1 respectively with the same feed gas. 
Under these conditions the percentage of 
acetylene in the side-product gas was 
increased from 42.7 to 55.2%. Another 
run was made to observe the effect of 
increase in the carbon flow rate on the 
height of an over-all transfer unit. I n  this 
run the carbon rate was increased to 3.2 
lb./hr. as compared with the 2.2 lb./hr. 
normally used for the ternary-system 
runs. As seen in Figure 8, no effect of 
increased carbon rate on the adsorbed- 
phase over-all transfer-unit height, HOA, is 
indicated when plotted vs. the gas-to- 
carbon-rate ratio. This result agrees wit& 
the data on the binary system in which 
the over-all transfer-unit height was 
found to be independent of the carbon 
rate in the range from 2.0 to 4.0 lb. of 
carbon/hr. 

Correlation of Data 

The data on the binary adsorption 
system, as well as the ternary adsorption 
and enriching systems, were correlated 
by plotting the over-all transfer-unit 
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Fig. 8. Transfer unit height correlation- 
I-adsorption of acetylene, methane, and 
carbon dioxide on Columbia-HA carbon in 
a moving bed adsorber; 0 = binary system: 
methane-acetylene-adsorption, 0 = ter- 
nary system: methane-arbon dioxide- 
acetylene-enriching, A = ternary system: 
methane-carbon dioxide-acetylene-ad- 

sorption. 

heights, Hoa and HOG, vs. the ratio of 
gas to carbon rate. Thus the over-all 
transfer unit height in inches, based on 
the adsorbed phase, H O A ,  .is plotted in 
Figure 8 as a function of the standard 
cubic feet of gas at 60" F. and 1 atm., G, 
divided by the carbon rate in pounds per 
hour, L. A straight-line relationship was 
observed for the three sets of data, which 
may be stated analytically as 

Figure 9 shows the corresponding rela- 
tionship obtained by plotting H O G ,  the 
over-all height of a transfer unit in 
inches based on the gas phase vs. G/L  in 
the same units as above, which is also 
expressed by the equation 

From the fact that in each case above a 
single straight line was obtained for the 
three independent sets of data on the two 
systems it may be concluded that the 
height of an over-all transfer unit is a 
linear function of the ratio of the gas to 
carbon rate and is independent of the 
feed-gas composition. 

It is also of interest to attempt to 
interpret the results of this investigation 
on the basis of the rate mechanisms 
involved in the adsorption process. As 
discussed earlier, the successive steps 
involved in the adsorption of a vapor 
from a gas mixture are as follows: (1) 
transfer of the vapor from the main gas 
stream to the external surface of the 
particle; (2 )  transfer of the component 
within the pores of the adsorbent. (such 
transfer taking place either by diffusion 

~ CU FTlHR GAS AT SO-. I ATY I I 
4 cu.fi.fnR. OAS AT eo-. I ATY L PWNOS PER HOUR Of CARBON L r~uum PER mom of MOW 

Fig. 9. Transfer unit height correlation- 
11-adsorption of acetylene, methane, and 
carbon dioxide on Columbia-HA carbon in 
a moving bed adsorber ; 0 = binary system: 
methane-acetylene-adsorption, 0 = ter- 
nary system: methane-carbon dioxide- 
acetylene-enriching, A = ternary system: 
methane-carbon dioxide-acetylene-ad- 

sorption. 

Fig. 10. Transfer unit height correlation- 
111-adsorption of acetylene, methane, and 
carbon dioxide on Columbia-HA carbon in 
a moving bed adsorber; 0 = binary system: 
methane-acetylene-adsorption, 0 = ter- 
nary system: methane-arbon dioxide- 
acetylene-enriching, A = ternary system: 
methane-carbon dioxide-acetylene-ad- 

sorption. 

in the gas phase in the pores or by 
adsorption a t  the mouth of the pores and 
diffusion of the adsorbed phase to the 
interior of the pore and both mechanisms 
probably occurring simultaneously, the 
greater the width of the pores the greater 

gas diffusion) ; and (3) physical adsorption 

If the replacement of one gas on the 

D,G' - > 350 
c1 

2/3 
kG' 

jM=c[-$] 

= l .Oll[T] DPG' 0.41  [-$I 
= -[-$I 

DVG' -Oe41 the percentages of transfer occurring by = 0.989[T] , (5) 

of the vapor on the adsorbent surface. 

the above mentioned three steps in 

Step (1) of the foregoing process, 

the surface of a particle, has been care- Values of s for various sized particles a t  
fully investigated by GamSOn, ~ h o d o s  a number of different void volumes are 

I and Howen (15) and by Wilke and presented by Wilke and Hougen (39). 
Hougen (36). They found that the mass By use of the foregoing equakions and 
transfer rate could be correlated as a other data (13 and 26) to  calculate 
function of the modified Reynolds num- values of H,. individual transfer-unit 

GM' SHG = - 
kG' carbon by a second gas is occurring, then -2/3 

reverse order must be considered for the 
desorbed gas. 

9 

2/3 

(6) 
1 

diffusion of vapors from a gas stream to 3 M  0 

ber, D,G'/p, with a transition occurring 
a t  DvG'/p = 350. The results were 
expressed in terms of the j factor or the 
height of a gas-film mass transfer unit, 
HG, as follows: 

-- DvG' < ,350 

(4) 

heights in the'order of 0.1 to 1.0 in. are 
obtained. Since the experimental over-all 
transfer-unit heights were found to be 
about 6.5 to 36.9 in., it is apparent that 
the external gas-film resistance is not the 
controlling resistance in the adsorption 
process. It should be further noted that 
according to the gas-film individual- 
transfer-unit equations (4) and (5), H G  
varies as G' raised to the exponent 0.41 to 
0.51. Were this the controlling resistance, 
the plot of over-all transfer-unit heights 
vs. the gas-carbon-rate ratio shown in 
Figures 8 and 9 would be expected to 
yield exponential curves rather than 
straight lines. 

Step (1) having been eliminated as the 
rate-controlling step, it  is apparent that 
either diffusion within the pores or 
physical a'dsorption must control. Al- 
though accurate direct measurement of 
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the rate of physical adsorption is very 
diacult to obtain, as is pointed out by 
Brunauer (8), because of the difficulty 
of eliminating pore resistance and thermal 
effects which accompany adsorption, it 
is generally assumed that this process 
occurs with extreme rapidity and that 
the resistance involved is negligible com- 
pared with the other diff usional resist- 
ances involved. Such an assumption 
appears reasonable also from the quantity 
of heat involved in physical adsorption 
as compared with the much slower 
chemisorption process. The heat of 
physical adsorption is equal to or only 
slightly greater than that involved in 
condensation, which is assumed to occur 
instantaneously, while the heat evolved 
in chemisorption is about ten times that 
for physical adsorption. Eliminating gas- 
phase diffusion and physical adsorption 
as rate-controlling steps, we are left with 
only internal pore diffusion as the pos- 
sible rate-determining step. 

Other investigators have also reached 
the same conclusion. Foster and Daniels 
(14) concluded that for adsorption of 
nitrogen dioxide from air on silica gel 
the rate-determining step is the diffusion 
of the solute inside the particles. Eagleton 

and Bliss (13) also reported that diffusion 
inside the particles was controlling for 
the adsorption of water vapor on alumina. 

That the resistance to mass transfer 
through the gas phase is negligibly small 
as compared with the adsorbed phase is 
also demonstrated by use of the present 
data by plotting the over-all transfer-uhit 
height based on the gas phase, HOG, vs. 
mG/L, the ratio of gas to carbon rates 
multiplied by the average slope of the 
equilibrium curve as shown in Figure 10. 
This plot expresses the usual relationship 
between the over-all and individual mass 
transfer unit heights, which is given by 
the equation 

In the plot of HOG vs. mG/L the slope of 
the line is equivalent to the value of HA, 
and the y intercept is the value of Ha. 
Figure 10 shows HG to be essentially 
zero, thus pointing to the negligible 
resistance to diffusion in the gas film. 
Allowing for scatter in the experimental 
data, the average value of the individual 
transfer-unit height based on the adsorbed 
phase, HA,  is observed to be about 11 in. 

11. EQUILIBRIUM CONSIDERATIONS 
A method for estimating adsorption equilibria based on a modification of the Polanyi 

adsorption-potential theory was developed for use in the investigation described in Part I 
of this article. In addition, the recently published correlation method of Lewis, Gilliland, 
Chertow, and Cadogan, suitably modified for the present application, was successfully 
employed in the correlation and extrapolation of the ternary equilibrium data. 

The ability of certain highly porous 
solids such as activated charcoal, silica 
gel, and alumina to adsorb large volumes 
of gases has been recognized and used 
industrially for over one hundred and 
fifty years. A large amount of experi- 
mental work has been carried out on the 
equilibrium relations of various individual 
gases on different adsorbents, and many 
theoretical and empirical equations have 
been developed to describe these rela- 
tionships (8). Up to the past few years, 
however, very little work has been done 
on the equilibrium relations of binary 
or multicomponent gas mixtures that 
would be of interest to designers of a 
unit for the separation of gases by 
selective adsorption as described in 
Part I. 

In an analysis of the performance of 
the moving-bed adsorber in terms of the 
height of a transfer unit it is necessary 
that both equilibrium data on the systems 
involved and operating data on the actual 
apparatus be available. The experimental 
determination of all the equilibrium data 
required, though highly desirable, was 
considered outside the scope of the present 
investigation. Since a relatively large 
body of equilibrium data on similar 
adsorbate-adsorbent systems is reported 

in the literature (31), it was decided to 
develop methods for application of these 
data to the problem Accordingly, two 
methods for establishing adsorption equi- 
libria for multicomponent systems were 
developed for use with the experimental- 
adsorber data to determine the transfer- 
unit height. The correlations were checked 
a t  random against certain experimental 
equilibrium measurements as shown in 
Tables 2 and 3. 

METHOD I: BINARY-SYSTEM ADSORPTION 
EQUILIBRIA, MODIFIED POLANYI THEORY 

The Polanyi approach (29 and 30) 
was first chosen because of its relative 
simplicity. A complete description of the 
theory and its modifications for use in 
the present investigation is outside the 
scope of this paper, and the reader is 
referred to standard works such as 
Brunauer (8). A few brief comments, 
however, are introduced here in order to 
furnish a background for this method of 
estimation (20). 

With the combined effects of vertical 
and lateral interactions taken into 
account as well as those of other surface 
forces (2)  the,net effect ob which is to 
create a potential field similar to that 

CONCLUSIONS 

The performance of a pilot-scale 
moving-bed adsorber has been studied by 
means of a binary system of methane- 
acetylene, and a ternary system of 
methane-carbon dioxide-acetylene, with 
Columbia grade-HA activated carbon as 
the hdsorbent. The data were correlated 
by plotting the over-all transfer unit 
height values against the ratio of the 
gas-to-carbon rate. A straight-line rela- 
tionship was found to exist for both 
adsorption and enriching operations with 
over-all-transfer-unit-height values based 
either on the gas phase or the adsorbed 
phase ranging from 6.5 to 36.9 in., for 
ratios of gas-to-carbon rate of from 1.39 
to 4.84 cu. f t .  of gas (60 O F . ,  1 atm.)/lb. 
of carbon. The individual transfer-unit 
height for the gas phase, HG, wgs observed 
to be essentially zero, an indication that 
the resistance to mass transfer occurred 
mostly in the adsorbed phase. The 
individual transfer-unit height based on 
the adsorbed phase, HA,  was estimated 
from the experimental data to be approxi- 
mately 11 in. 

LEGEND 

0 = METHANE 
A = ETHANE 
A = ETHYLENE 
0 = ACETYLENE 
T = PROPANE 
v = PROPYLENE 
0 = N-BUTANE 

2 = CARBON SATURATION. PERCENT 
~ Y I X  

Fig. 11. Generalized adsorption potential 
curve for hydrocarboq gases. Adsorption on 

Columbia grade L carbon. 

of the atm'osphere surrounding the earth, 
the adsorption potential, e;, is defined as 

E ,  = ll' V d P  (8) 

where pz and p1 are the densities of the 
adsorbate at  point x in the external gas 
phase and at  point i near the adsorbent 
surface, V is the molar volume, and dP 
the change in pressure between points 
x and i. Other investigators (24 and 25) 
have put Equation (8) into the form 

~ 

(9) f o  ei = RT, In - f. 
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