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ABSTRACT

A flow system was used to measure the physical adsoxrption
isotherms of two mixtures of nitrogen and nydrogen, two
nixtures of methane and hydrogen, and one mixture’of methane,
nitioqen, and hydrogen on a coconut shell charceoal. These
measurements vere made at 76°K and at pressures from 5 to 82
atin. Static systems were used to measure the pure component
isotherms of.nitrogen, hydreogen, and methane at the same
temperature and over the appropriate pressure ranges, Pre-
vidusly developed methods for predicting mixture adsorption
isotherms using only the pure component isotherms.were

arplied to the data and gave satisfactory results.

In addition to the adsorption isotherms, the concentration-

time or breakthrough curves of the mixtures were measured
over a fairly wide range of flow rates. Several technigues
for predicting the breakthrough curves using only the funda-

mental system pvarameters were applied to the data and gave

relatively satisfactory results.
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Background

The story of liguid hydrogen goes back to the year 1884,
when thé Polish scientist Wroblewski succeeded in producing
a fog of liguid hydrogen droplets. It was not until 1898,
however, that hydrogen was first produced as a visible
liquid. The credit for this achievement, as well as for
\any other firsts in the field of cryogenics, belongs to
the English scientist Sir James Dewar,

For 54 yeafs after Dewar's successful experiment, liguid
hydrogen remained a rare and expensive laboratory curiosity.
Then in 1952, with the establishmwent of the Cryogenic
. Engineering Laboratory of the National Bureau of Standards,
liquid hyﬂIOgen became available in commercial guantities.
With the increased use of liguid hydrogen by HASA for space
missions and the development of large liguid hydrogen bubble
chambers, the production of liguid hydrogen nushroomed until,
in 1964, there were 10 large plants capable of producing

341,000 1lbs per day of the liquid (l).*

#Litevature citations for this section begin on page 8.
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The future of the liguid hydrogen industry is somewhat
nebulous, since the long-term reguirements of NASA and the
Air Force, which are by far the largest consumers, have not
been clearly established. Recently, however, serious con-
sideration has been given to the use of 1iqﬁid hydrogen as
a fuel for supersonic aircraft (2), and should this come to
pass, the demand for the liquid would increase tremendously
since a single SST flight would use between 40,000 and

70,000 lbs of hydrogen.

Purification of Hydrogen

The production of liquid hydrogen may be divided roughly
into four steps:

1) production of the feed gas

.2) pﬁrification of the gas

3) precooling of the gas

4) liquefaction of the gas by expansion
Readers who are interested in the details of steps 1), 3),
and 4) should refer to the excellent book of Séott (1),
this thesis is concerned only with step 2), the purification
of the hydrogen gas. |

Those- unfamiliar with hydrogen liquefiers often ask two
questions: "Is it really necessary to remove the impurities

from the hydrogen feed gas?" and, "If some purification is



necessary, what level of impurity can be tolerated?" The
answers to these questions become clear after a brief study
of Tables I and II, which show the composition of some

typical feed gases and the solubility of some impurities in

both liquid and gaseous hydrogen. The temperature and
pressure values in Table II are approximately those before
and after a Joule-Thomson expansion value,

The data of Table II show that the impurities found in a
hydrogen gas stream are, for all practical purposes, insol-
uble in either liquid or gaseous hydrogen at 20. 4%, Using
these considerations, Malkov (7) sets the maximum allowable
impurity level in liquefaction grade hydrogen gas at 0,1 to
1.0 ppm; Baker and Paul (4) are a bit more liberal and allow
1.0 ppm.

Hydrogen feed gases will vary considerably from plant to
plant and thus purification mnethods are tailor-made to fit
the particular types and concentrations of impuriiias
encountered. For example, at the Air Products Inc. liquefier
in Palm Beach County, Fla. (8), purifiéation is carried out
by two adsorption purifiers in series, one at 105% using
charcoal as the adsorbent and one at 809K using a silica gel
adsorbent, while the Linde Co. plant at Torrance, Calif. (9)
makes use‘of both methane and propane scrubbing columns to

remove the bulk of the impurities, followed by an adsorption
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Eable I

Typical Hydrogen Feed Gas Compositions

M. W. Kellog (3)

H, 85.2 mole %
CH, 8.5
C,H, 4.4
C,H, 1.8
C,H,, 0.1

Linde (4)
H2 95.6 mole %
N, 0.4
o{0) 1.7
CH 2.3

Takble II

Solubility of Nitxogen and Methane in Hydrogen

Solubility  Solubility

Temperature Pressure in liquid in gas
Material %k atm, ppm ppIil
CH, f 43 100 - 20
cH, 20. 4 1 no data  <2xl0” ¥
N, 43 60 - 1500
N, 20.4 1 ~0.01 (7) <5x107° *

*Calculated from data of (5) and (6) using Raoult's law.
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purifier to complete the purification. All of the diverse
purification systems presently used with hydrogen liguifiers
have one common feature, however: the use of a fixed bed
of adsorbent to remove the final trace guantities of the
impurities. These adsorption purifiers are usually operated
at or near liquid nitrogen temperature (77°K) at pressures
up to 100 atm., andAgenerally remove 50 to 1500 ppm of,

usually, nitrogen or methane.

Research Objectives

Despite the universal use of adsorptive purifiers there
are very few experimental data available for tﬁeir design.
The required design data are of two types: 1) meaéurements
of the amount of impurity adsorbed from the hydrogen gas
stream atfequilibrium, and 2) measurements of the rate at
which the impurity is removed from the flowing hydrogen gas
stream. The equilibrium measurements are, of course,
essential since they determine the minimum amount of adsorbent
that will be needed to purify a quantity of hydrogen gas
having a known concentration of impurity. The rate measurew
ments, while not as important as the equilibrium data, are
useful in predicting what percent of the adsorbent bed will

be unsaturated when the impurity begins to Ybreak through"
i Y g 21

the bed.
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The objective of this research, then, is to provide the
cryogenic engineer with some of the nceded design data and
to investigate the various nmethods presently available for
correlating these data. The experimental data are of two
types: 1) equilibrium measurements of the capacity of a
charcoal adsorbent for four binary gas mixtures and one
ternary gas mixture over a wide range of pressures, and
2) measurements of the concentration-time curve at the out-
let of the adsorption bed over a fairly wide range of flow
conditions for the above-mentioned mixtures.,

The treatment of the two types of data is, of course,
fundamentally different; consequentl? the equilibrium and
the rate measurements will be presented separately. The
equilibrium measurements are discussed and tabulated in
Part II,‘énd the rate neasurements, along with the mass
transfer coefficients derived from them, are presented in
Part III. The tabular values for the concentration-time

- curves are in the appendix.
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INTRODUCTION

Since the first physical adsorption measurements were
made by Scheelé in 1773, nuwerous researchers have measured
thousands of pure component isotherms on a wide variety of
materials; however, relatively few of these workers have
seen fit to measure both the pure component and the nixture
isotherms on the same sample of adsorbent. This lack of
mixture isotherm daté is very unfortunate, since it hinders
the development of technigques for predicting nmixture iso-
therms from.pure component isotherms, and it also limits the
usefulness of adsorption as an engineering separation process,

The most comprehensive measurements of pure component

and mixture isotherms have been made by Szepesy and Illes
(L, 2)* and Lewis, et, al (3) at room temperature; in the
cryogenic region the most significant data are those of
Tompkins and Young (4), Lindeboom (5), Damkohler (6), Bas-

madjian (7), Basmadjian and Cook (8), and Kidnay and Hiza (9).

*Literature citaticns for this section begin on page 53,
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Three types of experimental data are presented in this
section of the thesis: 1) pure component adsorption iso-
thexrms of methane, nitrogen, and hydrogen, 2) binary
adsorption isotherms for methane«hydrbgen and nitrogen=-
hydrogen, and 3) a ternary adsorption isotherm for a
methane~nitrogen-hydrogen mixture. Methods for predicting
the binary and ternary adsorption isotherms using only the

pure component isotherms are also discussed,

12
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EQUIPMENT AND PROCEDURE

Mixture Adsorption

The principal features of the equipment for measuring
the mixture adsorption isotherms are shown in Figures 1 a)
and 1 b). Before each run, the adsorbent was reactivated
by heating to 200°C and Lluahxng with dry, oure helium gas
For a period of 12 to 18 hours. After reactivation, the
adsorbent was cooled to.76oK under an atmosphere of hydrogen.
Hydrogen gas: containing a known concentration of impurity was
then introduced intorthe system at the desired operating
pressure, cooled to liguid nitrogen temperature, and passed
through a packed bed of adsorbent, After exchanging heat
with the incoming stream, the purified gas was reduced in
pressure through a throttling valve and vented.

A snall sanple of the gas from the outlet of the
¥ v

.

adsorbent bed was passed through a thermal conductivity

4

detector (for nitrogen analysis) and a hydrogen flame

).J-

ionizat detector (for methane analysis) to provide a
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9y = p(2 94+ 223
(Bt)r_ (arz r ar) )

b) The diffusional behavior in the adsorbent can be
treated in a manner completely analogous to gas phase
mass transfer;vi.e. all of the resistancé to mass
transfer is assumed to reside in a "solid film" of
adsorbent and the driving force is assumed to be
linear. This leads to the equation

(%%)l = kg S(g-q;)

Because of its simplicity, the linear approximation is
~generally used, although some authors, notably Masarune and
Smith (24) and Hall, Eagleton, Acrivos, and Vermeulen (25)

have used Fick's law.
When writing an overall equation for both the gas phase
and the solid phase, the simplest form is that proposed by

Eagleton and Bliss (22):
g 3 = kgS(C—Ci) = kSS(q—qi) .

At the interface between the solid and gas phases, it is

assuned that equilibrium conditions exist; thus, C;

; and q;

are related by the adsorption isotherm. This rate equation

is, of course, completely analogous to the rate equation
' ' Y g q



used in gas absorption calculations (6).

Integrated Equations for the Breakthrough Curve

A wide variety of equations for the breakthrough curve
have been published; Klotz (4) nicely summarizes the work
prior to 1946, while references to more recent work can be
found in Vermeulen (23) and Hall, Eaéleton, Acrivos, and
Vermeulen (25). The diversity of results is principally due
to the different equations used for the adsorption isotherm
and the rate of adsorption., The difficulties encountered in
develoPing an integrated solution are best illustrated by a
few examples. |

Assuming that all the resistance to mass transfer is in
the gas film; and that the adsorbed material exerts no back

pressure (see illustration), the rate equation,
]

)
<

(%%)l = kgS(C—Ci), becomnes (3%)1 = kgSC for q<q, and
)
(3%)1 = Q for ¢ = qg -

k{ isotherm for no back pressure
9o
|
|
; |
2"qi=aCi' = (g‘e)ci
j ©
0 |
C C

o



When the rate equation is combined with the material balance

equation
®a P o2 2 2%
(31 t t ev ‘Tt 1 T v ‘ot )l

and integrated, the result is (4) (21):

p.k 8 c.t
C Bg 1 o)
T = @XP {-— et A (.... - ...,___..)_.1}.
Co € v do

If a slightly more complicated (and realistic) case is
considered, such as a linear adsorption isotherm through the
origin, with all resistance in the gas film, the rate

equation becowmes:

C.a
99y = k s(c-C;) = k_S(Cc- 22
(A = kgslemcy) = kgS(em 2

When this rate expression is combined with the material
balance equaﬁion and integrated, the result is a complex
relation in terms of Bessel functions (21) and is best
expressed in‘graphical form (4).

When non-linear isotherms are considered and allowance
- is made for the transfér resistance in the adsorbent particle,
the integrated expression becomes very complex or even
impossible to obtain unless further simplifying assumptions
are made. The one assumption that is widely used, and
which leads to considerable mathematical simplification, is
the constant-pattern assumption; that is, it is postulated

that the shape of the breakthrough curve (or length of the
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mass transfer zone) is independent of the bed length. This
assumption has been verified experimentally for a number of
‘cases (2)(22). The constant-pattern phenomena can be
explained in the following way. If an adsorption isotherm

is concave to the ordinate (the ordinaxry case), deVault (26)
has shpwn that the breakthrough curve tends to become
vertical (the so=-called self-sharpening tendency) as it moves
down the adsorbent bed. In most cases, this self-sharpening
tendency is just counterbalanced by axial diffusion, result-
ing in a constant~pattern case. It is relatively simple to
show (Appendix F) that under these circumstances, the con-
centrations of impurity in the gas phase and the adsorbed

phase are related by the simple expression

-
Co qO

Using this relation and the isotherm eguation, the rate
equation can be integrated directly. Hall, Eaglefon,
Acrives, and Vermeulen (25) have used this technique to
obtain numerical solutions for pore~diffusion énd solid-
diffusion mechanisms, where the adsorption equilibrium
follows the Langmuir isotherm., Their results are given in
~graphical form. Eagleton and Bliss (22) use the constant-
pattern assumption with a linear isotherm not passing
through the origin to obtain analytic solutions fér the
case where both gas-phase and solid-phase diffusion resist-

ances are important. A numerical or analytic solution for
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the general case, that is where the adsorption isotherm is

of any form and both gas phase and solid phase resistances
are considered has not yet been attained, and considering
the complexity of the problem it may be a long time in

coming.




EQUIPMENT AND PROCEDURE

The eguipment, adsorbent, and gas mixtures used in
determining the breakthrough curves are the same as those
described in Part II of the thesis. The experimental pro-
cedure was as follows. The adsorbent was reactivated by
heating to 200°c and flushing with dry, pure helium.gas for
12 to 18 hours. Féllowing reactivation, the adsof;tion
cell was pressurized to the desired operating pressure with
the gas nixture under study and cooled to liguid-nitrogen
temperature. The throttle valve was then opened, and the
flow rate adjusted to the desired value. The flow was
rneasured with a diaphragm type gas meter, whose accuracy
had been verified by running it in series with a calibrated
wet test meter, The gas pressure and temperature at‘the
meter were measured with a ileise bourdon tube gauge (0 to 125
cm Hg) and.a nercury-in-glass thermometer. A small quantity
of gas from the outlet of the adsorbent bed was monitored

with a hydrogen flame ionization detector for methane-hydrogen



mixtures or a thermal conductivity detector using thermis-
tors for nitrogen~hydrogen mixtures. For the teinary |
mixture of methane, nitrogeh, and hydrogen the small sample
gas stream was split; half of the sample went to the hydrogen
flame ionization detector for methane analysis, while the
other half went to a gas chromatograph where the methane and
nitrogen were separated on a 3-ft Molecular Sieve 5A column
and analyzed using the thermal conductivity detector. he
double methane analysis was made to improve the accuracy of
the results; the sensitivity of the hyarogen flame ionization
detector is one or two orders of magnitude better than that
of the thermal conductivity detector. After thevbreakthrough
curve had been measured, the flow through the bed was con-
tinued for about 30 minutes to insure complete saturation cf
the bed, éfter which the flow was stopped, the cell was
heated, and the desorbed gases were flushed out and analyzed

as described in Part II of the thesis.
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RESULTS

Binary Mixtures

The'measured breakthxough curves at 76°K are shown in
Figures 3 to 6 and are tabulated in Appendices A to D. The
sigmoidal shape exhibited by these curves is a characteristic
of all breakthrough curves, Individual points are shown for
the nitrogen curves, since the nitrogen analysis was made on
a gas chromatograph equipped with a thermal conductivity
detector,7énd consequently the analysis had to be done on a
sample by sample basis rather than continuously. The
methane concentrations, on the other hand, were measured

- continuously on a strip-chart recorder, and as a result ho
individual points arxe shown. The values tabulated in the
appendices for the methane-hydrogen breakthrough curves were

selected arbitrarily from the strip-chart recording,

Evaluation of Mass~Transfer Coefficients .

The mathematical treatment of the breakthrough curve to

evaluate mass~transfer coefficients 1is a subject that has
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received cénsiderable attention, but as discussed earlier,
the problem is so complex that no general solution has yet
been attained., Most of the methods that have been developed
assume that all of the transfer resistance lies in either
the gas phase or the adsorbed phase, or are rather limited
in the type of adsbrption isotherm they can treat. Of the
various methods that allow for transfer resistances in both
phases, the method of Eagleton and Bliss (21) (22) is prob-
ably the best from an engineering point of view, since it
treats gas adsorption in é manner completely analogous to
gas absorption and does not require curve matching or
numerical integration in order to evaluate the coefficienﬁs.
Eagleton and Bliss begin with the following assumptions:
1) The iﬁlet concentration and flow rate are constant,
2) No radial concentration or pressure gradients are
present,
3) The adsorption process is isothermal,
4) No axial diffusion occurs in the bed.
5) The length of the mass transfer zone remains constant
as it moves through the adsorbent bed.
6) Only the trace component (nitrogen or methane) is
adsorbed,
7) Thé rate equation is
k_S

( gg) ——t’
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A linear driving force is used for diffusion into the
pores, rather than Fick's second law, in order to
simplify the mathematics. Glueckauf (27) hés shown
that this linear equation is entirely satisfactory
in most cases.

8) The adsorption isotherm can be approximated by two

straight lines, as shown below.

- Ci
i ~78 (E~)+ a, for g;>a

With these assumptions, they develop the following egquations

for the breakthrough curve.

for C<Cd
c CokyS kg SX o cq

In vv0- = + =————— t =~ - 2 4+ (==)+ 1In(= (1)
Co _ Pdq v Cd Co
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for C>Cd
In(1-C/C ) = ~ {Cd/co_ } {CokgSt o 55E 2+ 22
o 1-Cg/Cy Pd, v Cq
+ In{l-cy/c .} (2)
Cd is the gas-phase concentration at the point of dis-

continuity in the isotherm, i.e. when g; = ¢, and is

obtained from the eguation

o
C 20 ettt ———— (3)
a .
; 9o
c.~ 7
o
where
-k S
- _ 9
r = - . (4)
kSS )

Since the derivation of these equations can be found only in
Eagleton's thesis (21), a concise derivation is included in
Appendix G. The subscript , has been dropped from the
equations for simplicity, because in all cases C refers to
the concentration of impurity in the gas phase. Eqguations
(1) and (2) differ slightly from those presented by Eagleton
and Bliss, in that hold-up in the bed, an insignificant
term, is dropped from (1) and (2), The above eqguations for
the breakfhrough curve are asymptotic at both C/CO = 0 and
C/CO = 1,0, but for practical calculations this has no |

significance.

97
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The mass~-transfer coefficients are obtained from the
experimental data in thé following manner. The ﬁalue for
kgs is obtained from eguation (1) by plotting 1n C/C,
versus t and determining the slope at low values of C/Cqe
Cq is then obtained from equation (2) by plotting 1n(1-C/C,)
versus t and determining the slope at values of'C/Co>Cd/Co.
The values for r and kg8 can then be obtained from equations
(3) and (4). The values for kg and kg determined in this
manner are shown in table I, élong withAvalues for the other
principal experimental variables. In all cases the value
of kg is much greater than the corresponding kS~Value,
indicating that diffusion in the pores of the adéorbent is
the rate—controlliﬁg mechanism,

In order to compare the kg values of this research
with fhose'of other investigétors, it is necessary to con-
vert the data to jd values, where

k
= 34
G (

ig L)

pDAB

98

A comparison of jy values from various sources with those

of this investigation is presented in Figure 7. With the
exception of a few points, the jy values from this research
are in excellent agreement with the general curve of

DeAcetis and Thodos. This agreement is actually quite
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surprising in view of the large number of assumptions, séme
of them known to be incorrect, that had'to be made in order
to extract the kg values from the breakthrough curves.

There are two other comments worth making about Figure 7}

1) the other j; values shown in the graph were not selected
arbitrarily or in.order to make the results of this research
appear better than they are, but are jy values from the data
selected by DeAcetis and Thodos in deriving their general
curve, ahd 2) the correlation of DeAcetis and Thodos is for
spherical particles, whereas the charcoal used-in this
research has an irregular shape. The effect of the irregular
shape is accounted for in the Dp term of the Reynold's number,
since Dp is defined as the diameter of a sphere having the
same external surface area as the irregularly shaped particle,
The Dp value, as well as the value for egternal surface area
per cu ft were obtained from the table of Hougen and Watson
(28) relating Dp, surface area per cu ft, and mesh size for
‘silica gel. The use of a table developed for silica gel

with charcoal particles should introduce little or no error,
since the two adsorbents have about £he same shape. The
external surface area per cu ft was converted to sq ft per

1b through the usé of the measured bulk density for the
charcoal samplé of 31.8 lb per cu ft. Some authors,

notably Gamson (10) and Gupta and Thodos (9), make further

modifications to the jd versus Reynolds number correla-

tion when applying it to irregularly shaped particles,
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but these modifications appear unnecessary, at least for the
results of this research, |

Unfortunately, the values of ks (Table I) cannot be
directly compared with the values of other investigators,
_since there is no general correlation for kg as theré is for
kg; Several statements can be made regarding the kg values,
ﬁowever. First, the value of k_ is independent of the mass
flow rate and the total pressure. The lack of dependence on
pressure indicates that the diffusion mechanism in the
adsorbent is either surface migration or Xnudsen diffusion,
or a combination of these, rather than bulk (or molecular)
diffusion. Second, although the data show considerable
scatter, it is obvious that kg is a function of CQ. The
large experimental scatter in kg values is also apparent in
the data éf Eagleton and Bliss (22) as well as that of
Nutter and Burnet (29), and is principally due to the fact
that the value of kg depends on the ratio of the slope of
the 1n(l-C/C,) versus t curve to that of the ln C/CO versus
t curve. Since, in many instances, these curves are not too
lineaxr, it is often very difficult to detefmine the best
value of the slopes. As a matter of fact, the data of
‘Bagleton and Bliss exhibit so much scatter that it is

impossible to determine if there is a concentration depen-

dence of ks. when the kg values of Nutter and Burnet, for a

102
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water vapor-air-synthetic zeolite system, are examined how-
ever, it becones apparent that over a very wide range of
inlet concentrations, ks is a linear function of CO. Thus
it seems reasonable to assume that a linear relation will
also correlate the k, values for the methane-hydrogen and
nitrogen-hydrogen systems. The Kg values for various inlet
concentrations can then be estimated using an average kg

value for the two inlet concentrations of Table I.

Prediction of Breakthrough Curvas

A number of curves were calculated using Eéuations (1) to
(4) té determine if these equations would satisfactorily rep-
resent the breakthrough curves. The values of kg ﬁsed ware
obtained from the correlation of DeAcetis and Thodos (Figure
7); the kg values used were obtained from Table I by averag-
ing the vélues for the inlet concentration being studied.
The values for the adsorption capacity, Qo wWere obtained
by material balance calculations on the experimental break-

through curves. The average deviation of the g, values

obtained in this manner from those obtained by direct measure-

ment (Part II) was 5.6 percent. The results of some of the calcu-

lations are shown in Figures 8 and 9. The predicted curves
shown are typical of the results obtained and demonstrate
that the breakthrough curves can be predicted fairly well.

It would, of course, be possible to obtain somewhat better
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agreement between the predicted and experimental curves if
the kg and ks values determined for each individual curve
were used, instead of k_ values obtained from a general cor-

g
relation and average ks values, but this procedure would
invalidate the comparison. Not all of the deviation of the
predicted curve from the experimental curve can be attributed
to the method of selecting the transfer qoefficients however,
since it is obvious that some of the assumptions (notably
number 8) used in developing the eguations are somewhat in
errox.

An empirical method of correlating breakthrough curves
was developed by Engel and Coull (30), who noted that the
breakthrough curve closely resembles the probability
integral or,érror curve, and thus proposed the eguation

Z

c,-C : 2
o) 2 ~Z -

o = 0.5 {1 + e e daz} (5)

; :
where Zz = (t-a)/b . (6)
C.- .
According to this eguation, if © ~ is plotted as a function
o

of time on normal probability paper, the points should lie
on a straight line. Figure 10 shows the results of such a
plot for two curves. The results shown are fairly typical,

although a number of the curves exhipnited a marked deviation
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from linearity. The empirical constants a and b can be

readily evaluated from the probability plot in the follow-

ing manner. Since the curve has an inflection point at
Co—C

= 0,50, the second derivative is zero at this point,
o

and consequently t = a. If t; is the value of time when
(1~c/C,) = 0.923 and t, is the value when (1-C/C,) = 0.077,
then it is easy to show that b = (tl - tz)/2. Values for
a and b were determined for all the binary runs, and are
tabulated in Table I and plotted as a function of the mass-
flow rate of the impurity in Figure 1l. With two exceptions,
all of the b values are very well correlated by a single
line. The correlation for a is not guite as good however,
since the points for 1450 ppm N, appear to be shiftéd sig-
nificantiy to the right. It is difficult to say whether
this shift is.due to a concentration dependence, is due to
somne pecuiiar behavior of nitrogen, or is the result of some
experimental error. For example, assuming a 10 pgrcent
error in the anélysis of the 1450 ppm N, sample would bring
the points into good agreement with the line shown in
Figure 11, However, all the gaé mixtures'were"analyze& with
care, and there is no reason to believe that they are
significantly in error. Engel and Coull (30) further deter-
mined thaF the constant a varies linearly with bed length,
while the constant b is independent of bed length,

Of the two methods, the one proposed by Eagleton and

Bliss is undoubtedly the best., The good theoretical foundation
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of this method allows the extrapolation of the transfer
coefficients to different operating conditions to be made
with confidence. The method of Engel and Coull correlates
the data Very well, but since the coefficients a and b are

empirical their extrapolation would be somewhat uncertain.

Ternary Mixtures

In many commercial adsorption units, more than one
impurity is removed from the gas being purified. For example,
one hydrogen liguefaction facility (31) uses silica gel
adsorbers to remove carbon monoxide, nitrogen, and argon;
and the Bureau of Mines (32) uses charccal adsorbers to
remove nitrogen, hydrogen and neon from helium. The simul-
taneous adsorption of two or more components is, of course,
very difficult to treat mathematically, snd as a result
there arevno techniques available for extracting mass trans-
fer coefficients from breakthrough curves for multicomponent
mixtures. As a matter of fact, experimental breakthrough
curves of this type have appeared in only two publications,
that of Vander Areﬁd and Chelton (33) and that of Needhamn,
Campbell, and McLeod (34), and in both cases the data are
limited to one Figure and no attempt at analysis is made.

The breakthrough curves for one ternary mixture of methane,

nitrogen, and hydrogen at different mass flow rates and 76°x
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are shéwn in Figures 12 to 17 and are tabulated in Appendix
E. Since methane is the more strongly adsorbed component,
it displaces the nitrogen, and as a result the nitrogen
breakthrough curve appears first and shows the character-

istic desorptlon curve above C/C = 1,0,

Evalﬁation of Mass~Transfer Coefficlients

As stated earlier, no mathematical models are available
for evaluating transfer coefficients from breakthrough
curves for ternary mixtures. However, if the assumption is
made that the nitrogen and methane are independently
adsorbed, then equations (1) to (4) can be used to evaluate
kg and kge. The assumption of independence is probably quite
good when applied to the gas phase, since the nitrogen and
methane are present in very small gquantities in the hydrogen,
but in thé adsorbed phase the assumption is obvioﬁsly a poor
one. In applying equations (1) to (4) values for the amount
adsorbed, q,, were obtained from material balance calcula-~
tions. In the nitrogen mass balance, only that part of the
curve betweén C/Co = 0 and C/Co = 1,0 was considered., Of
course, the adsorption capacity values from the nitrogen mass
balance do not agree with those from the adsorption iso-
therm for the ternary mixture, but in this case the mass

balance values are the correct ones to use. Since the

shape of the nitrogen breakthrough curve above C/Cqy = 0.8 is
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significantly chanéed by desorption, the kg values for
nitrogen cannot be determined; the kg vaiues for nitrogen
and the kg and kg values for methane are given in Table II.
In general, jd values calculated using the kg values of
Table II are in fairly good agreement with the correlation
of DeAcetis and Thodos (Figure 7). As expected, however,
the kg values fof methane in the ternary mixture differ
significantly from those evaluated previously for the binary
mixture, and reflect the fact that methane-nitrogen countexr-
diffusion is taking place in the pores of the adsorbent.
vSince the assumption of independent adsorption is very poor
when applied to the adsorbed phase, no significance can be
attached to the kg values of Table II, and they should be
regarded as empirical constants. The methane kg values for

the ternary mixture show no significant dependence on flow

rate or total system pressure.

Prediction of Breakthrough Curves

Equations (1) to (4) were used to predict the breakthrough
curves for two of the ternary runs, using the assumption
that the methane and the nitrogen are adsorbed independently.
The values of kg were taken from Figure 7, and the values of

kg were obtained from the average values for binary mixtures

(Table I), by assuming a linear concentration dependencé
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for ks' The major difficulty in making the calculation was

the selection of the values for o and q,, since there are
two possible choices: 1) use values from the adsorption
isotherm for the ternary mixture or, in the case of methane,
the mass balance, since the two agree to within 6.4 percent
on the average, and 2) assume that the adsorption capacities
for nitrogen and methane are independent and calculate
pseudo-binary isotherms for the mixture. For methane, the
values used were obtained from the mass balance, while for
nitrogen the values were obtained by calculating a pseudo-
binary isotherm. The results are shown in Figures 15 and 16.
The agreement between ﬁhe predicted and experimental curves
is reasonably good for methane, but very poor for nitrogen,
This result is not unexpected since the shape of the nitrogen
breakthrough curve is significantly changed by the presence
of the methane, but the reverse is not true. If a and gg
values from the adsorption isotherm for the ternaiy mixture
are used for nitrogen, the predicted nitrogen breakthrough
curve lies considerably to the left of the experimental
curve, The predicted and experimental nitrogen curves can
be brought into much better agreement if adsorption capacity
values obtained from the nitrogen mass balance are used,

but since these values cannot be predicted, this procedure

is of little value.
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Since the equation of Engel and Coull is empirical, it
can be applied to the breakthrough curves for the ternary
~gas mixture in the same way it is applied to curves for
the binary mixtures.

The constants a and b evaluated using Equation (5) are
listed in Table II and are shown in Figure 18. For nitrogen,
only that part of the curve below C/Cy = 1.0 was used to
evaluate the constants. The values of a are very well
correlated by a single line; however the b values for
nitrogen and methane are distinctly different., In Figure
12, the breakthrough curves computed using values from
Figure 18 are compared with the experimental curves with
excellent agreement, The Engel and Coull eguation is
cbviously Capable of representing the breakthrough curves
for ternary mixtures guite well, at least’to C/CO = 1.0;
however any extrapolation of the constants a and b to
operating conditions markedly different from those reported

‘here is somewhat uncertain, and thus the usefulness of the

equations is somewhat limited.

Degree of Purification

The hydrogen flame ionization detector used for the
methane analysis was quite sensitive; a change in the methane

concentration of between 0.2 and 0.3 ppm produced a

N
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neasurable change in the instrument reading. Thus, through
the continuous analysis of the effluent stream, it was

he

ct

possible to show that the methane concentration in
effluent before the appearance of the breakthrough curve

was less than 0.2 ppm. No such statement can be made regard-
ing nitrogen, since the thermistor detectors used for this
analysis did not have the required sensitivity. However,
Brilliantov and Fradkov (35) have shown that hydrogen

4

impurity levels below 2 x 107~ ppm can be obtained with

activated carbon at SOOK.
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SUMMARY

The breakthrough curves for four binary mixtures (two
nitrogen-hydrogen and two methane-hydrogen) and one ternary
mixture (nitrogen-methane~hydrogen) were measured on an
activated coconut shell charcoal at 76°K and over a wide
range of flow rates, The equations of Eagleton and Bliss
(22) were used to obtain gas-phase and adsorbed-phase mass-
transfer coefficients from the‘breakthrough curves, Com-
parison of the mass-transfer coefficients shows that in all
cases diffusion in the pores of the adsorbent is the rate
controlling step. The values for the gas-phase maéS—transfer
coefficient, when converted to j4 values, are in good agree-
ment with tﬁe general curve proposed by DeAcetis and Thodos
(8) . The breakthrough curves were also correlated using the
empirical method proposed by Engel and Coull (30), with
good results.

The résults show that it is possible to predict, with
reasonable accuracy, the breakthrough curves of the binafy

mixtures using the relations of Eagleton and Bliss. The

124




equation of Engel and Coull provides good representation

of the breakthrough curves for the ternafy mixture, but its
empirical nature limits its usefulneés.

The experimental data and the analysis presented here
are, of necessity, somewnat limited, but they should be of
value to engineers faced with the problem of designing

adsorptive purifiers,
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- NOTATIOH

empirical constant

empirical constant

fluid concentration, M/L3

. 3
concentration of component A, M/L
fluid concentration, moles/L3

molar concentration of component A, moles/L3

‘coefficient of resistance, (force)(t)/L3 or M/th

: . 3
‘surface concentration, moles/L

diffusion coefficient in a pore, L2/t

bulk diffusion coefficient for system A—B,'Lz/t
effective diffusivity, Lz/t

Knudsen diffusion coefficient, L2/t

effective particle diameter, L

surface diffusion coefficient, L2/t

activation energy, calories/mole

mass flow rate based on total bed cross-section,

M/tL?



M

i

molar flow rate based on total bed cross-section,

2

moles/tL
Boltzmann constant

mass transfer coefficient, L/t

méss transfer coefficient, moles/(t)(Lz)(pressure
unit)

"solid film" mass transfer coefficient,

(LZ)(moles adsorbate)

nol dsorbed) /(t
( es a bed) /(t) M adsorbent

mass transfer coefficient, M adsorbed/(t)(Lz)

(# impurity)
M gas

"so0lid £ilm" mass transfer coefficient,

)

M impurity

2
M adsorbed/(t) (L
dsorbed/ (t) (L7) ( H gas

axial distance, L

length of cylinder, L

mass of a single molecule, M

molar flux of component A with respect ﬁo stationary
coordinates, moles/th, based on total bed cross
section

partial pressure of component A, p, 2 y,P

total system pressure

amount adsorbed, moles adsorbate/Il adsorbent

amount adsorbed, ¥ adsorbate/M adsorbent

radial distance or pore radius, L



T 1172

v

wo<S

1%l

]

i

128

radius of cylinder, L

rate of adsorption of component A,

moles/ (t) (4 of adsorbent)

Reynolds number = DPG/u

surface area of the adsorbent for mass transfer,
L2/M

Schmidt number E}MQDAB

time

absolute temperéture

average interstitial velocity, L/t

averagé molecular velocity, L/t

mass flow rate, M/t

nole fraction of component A in the adsorbed phase

weight of the adsorbent, M

‘mole fraction of component A in the gas phase

vt - £'X

(t-a) /b

intercept value of g

slope of the linear adsorption isotherm
distance between adjacent sites on an adsorbent
surface, L

void fréction, L3(gas)/L3(column)

void fraction, M(gas)/M(solid)

lpB/ev
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= mean free path of a gas molecule, L
H = viscosity, M/Lt
0 = fluid density, M/L3
o = bulk density of adsorbent in the adsorption column,
(M of adsorbent) |
(L3 of column)
¢ = spreading pressure, (foxce) /L
Subscrints
e} = inlet conditions or in equilibrium.with inlet
conditions
i = interface
d = point of discontinuity in the isotherm
Superscripts
1 = é#ial direction
r = radial direction

Dimensions are given as mass (M), length (L), time (t), and

temperature (T)
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A. Concentration-time Curves for 770 ppm Methane in Hydrogen

Run No. 1 Run NoO. 2
G = 283 lb/hr-ft2 G = 154 lb/hr—ft2
Time From Start C/C, Time From Start C/Cq
of Flow, min of Flow, min
11 0.0023 12 .00008
14 ~ 0.0124 18 0.0003
17 0.0361 21 0.001
20 0.0879 36 0.024
23 0.174 . 39 0.040
26 . 0.288 42 0.065
29. 0.409 48 0.147
.32 0.531 : 54 0.268
35 0.625 57 0.344
38 0.698 ' 60 0.423
41 0.752 63 0.507
44 0.792 66 0.579
417 0.827 69 0.648
50 0.853 72 0.706
56 0.896 75 0.753
62 0.926 78 0.789 .
63 0.952 84 0.849
74 - 0.968 90 0.893
80 0.979 96 0.920
86 0.986 102 0.948
92 0.993 108 0.968
98 - 0.997 114 0.983
101 1,000 120 0.989
126 0.998
129 1.000
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Run No. 4 Run No. 5
G = 75 1b/hr-ft’ ¢ = 56 lb/hr-£t’
Time From Start c/Cq, Time From Start C/Co
- of Flow, min of Flow, min
51 0.00011 72 . 0.00007
. 57 0.00022 81 0.0001%
63 . 0.0004 90 0.00027
69 0.00092 99 0.00093
93 0.0099 1086 0.0016
99 » 0.0187 144 0.0214
105 0.0363 153 0.0496
111 0.0638 162 0.0947
117 0.105 171 0.163
123 0.160 180 0.254
129 0.230 189 0.378
135 0.313 198 0.517
141 0.415 - 207 0.641
147 0.523 216 0.761 -
153 0.629 225 0.877
"~ 159 0.722 234 0.927
165 ' 0.802 ‘ 243 0.951
171 0.856 252 0.975
177 . 0.913 261 0.988
183 ¢ 0.927 270 0.985
189 0.947 273 1.000
195 ‘ 0.964 .
201 0.975
207 0.987
213 0.992
219 0.997

225 1,000
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Run No. 11

G = 70 lb/hr-ft

2

Time From Start C/Co
of Flow, min
57 0.00009
69 0.0007
81 0.0055
90 0.011
99 0.016
108 0.038
114 0.060
120 0.096
126 0.144
132 0.196
138 0.290
144 0.386
150 C.494
156 0.601
162 0.696
168 0.775
174 0.836
180 0.882
186 0.914
192 0.938
201 0.967
210 0.985
222 1.000

136
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B. Concentration-time Curves for 352 ppm Methane in Hydrogen

Run No. 6

G = 305 1b/hr-ft2

" Time From Start

Run No. 7

G = 158 1lb/hr—-ft

2

C/CO
of Flow, min
14 0.0016
20 0.0020
26 0.0012
- 32 0.0037
38 0.0173
44 0.0444
50 0.0962
56 0.187
62 0.318
68 0.468
74 0.592
80 0.716
86 0.792
92 0.846
98 0.886
104 0.914
110 0.937
116 0.953
122 0.967
128 0.981
134 0.988
140 0.996
146 1.000

Time From Start C/CO
of Flow, min
51 10,0003
60 0.0013
69 0.0025
78 0.0086
87 0.016
96 0.038
105 0.074
114 0.136
120 0.194
123 0.226
132 0.346
135 0.393
141 0,488
144 0.535
150 0.630
159 0.743
168 0.829
177 0.885
186 0.924
195 0.951
204 0.971
213 0.986
222 0.992
231 1,000



Run No. 8

Run No. 9

G = 88 1b/hr-ft

2

o o RAAL, - i, i i

G = 201 1b/hr-ft?
Time From Start C/Cqo
of Flow, min
31 0.00008
- 40 0.00066
49 - 0.0023
58 0.006
67 0.016
76 0.036
85 0.086
91 0.137
97 0.209
103 0.304
109 0.415
115 0.534
121 0.646
127 0.741
133 0.811
139 0.8538
145 0.894
154 0.931
163 0.958
172 0.974
181 0.984
190 0.994
199 0.997
202 1.000

Time From Start C/CO
of Flow, mnin ‘
69 0.00009
96 0.0004
123 0.0014
138 0.0027
165 0.004
183 0.015
201 0.043
219 0.096
228 0.139
237 0.197
243 0.243
249 0.297
255 0.359
261 0.421
267 0.489
273 0.555
282 0.651
291 0.734
297 0.777
303 D.826
312 0.885
321 0.926
330 0.954
339 0.938
348 0.998
357 1.000



Run No. 10

G = 117 lb/hr-ft

2

Run No, 12

G = 135 1b/hr—ft?

Time From Start C/Co
of Flow, min
66 "0.0001
84 0.0007
102 0.0025
120 0.0099
138 0.026
147 0.047
156 0.079
165 0.127
174 0.195
180 0.258
186 0.328
192 0.408
198 0.494
204 0.582
210 0.664
216 0.735
222 0.796
228 0.846
234 0.885
240 0.914
249 0.945
258 0.963
267 0.975
276 0.987
285 0.996
294 1.000

Time From Start C/CO
of Flow, min
57 0.0002
66 0.0006
75 0.0013
87 0.006
99 0.008
108 0.0138
117 0.033
126 0.062
132 0.088
138 0.125
144 0.170
150 0.226
156 0.296
162 0.376
168 0.466
174 0.558
180 0.645
186 0.722
192 0.783
198 0.834
204 0.872
213 0.914
222 0.938
231 0.959
240 0.973
249 0.987
258 0.997
267 1.000
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C. Concentration-time Curves for

1450 ppm Nitrogen in Hydrogen

Run No. 13

G = 87 lb/hr-ft?

Time From Start

Run No. 14

G = 124 1b/hr-ft?

Time From Start

c/e

c/Cq,
of Flow, min

30 0.022
38 0.100
46 0.324
53 0.513
60 0,740
67 0.860
75 0.945
82 0.924
89 1.00

of Flow, min ©
17 0.011
21 0.094
25 0.220
28 0.380
32 0.547
35 0.682
38.5 0.778
41.5 0.850
45 0.884
48 0.921
51.5 0.959
55 0.975
59.5 0.992
62.5 '1.00
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Run No. 15 Run No. 16
G = 119 1b/hr-ft> G = 53 1lb/hr-ft
Time From Start C/CO Time From Start C/Cq
of Flow, min of Flow, min
15.5 0.0114 40.5 0.0081
19 0.0407 44 0.0155
22,5 0.0782 48 0.0333
- 25.5 0.192 51 0.0414
29 0.332 55 0.0673
32 0.477 58 0.109
35 0.569 62 0.167
. 38.5 0.755 65 0.251
42 0.821 72 0.451
45 0.883 75 0.561
48 0.932 78.5 0.661
51.5 0.958 82 0.753
55 0.983 85 0.787
58 1.09 88.5 0.843
92 0.881
95.5 0.916
99 0.927
102.5 0.947
106 0.955
109.5 0.966
113 0.978
116.5 0.981
120 0.992
123.5 0.984
127 0.986
130.5 0.997
134.5 1.00

141



Run No., 17 Run No, 18
G =179 lb/hr-—ft2 G = 37 lb/hr--ft2
Time From Start C/Co Time From Start C/C0
of Flow, min ' of Flow, min
24 0.0042 77 0.0047
27.5 0.0070 8l 0.0063
30 0.032 84.5 0.014
33.5 0.053 88.5 0.022
36.5 0.094 92 0.025
40 0.156 96.5 0.033
43 0.250 100.5 0.063
46.5 0.356 104 0.092
49.5 ) 0.483 107 0.138
53 0.602 - 110.5 0.189
56 0.711 114.5 0.267
- 59.5 0.765 118 0.358
63 0.824 121.5 0.436
66 0.861 125 0.533
69 0.898 129.5 0.646
72.5 0.924 133 0.696
76 0.941 136.5 0.774
79.5 ‘ 0.956 140 0.834
83 : 0.962 144 0.874
86 0.973 147.5 0.904
89.5 0.988 151 0.934
93 0.983 155 ‘ 0.952
96 0.994 160.5 0.957
99.5 0.994 163.5 0.970
105 0.988 1¢8.5 0.970
108 0.994 172 0.970
111.5 0.994 176 0.976
115 1.00 180 0.981
184 0.987
189.5 0.987
193.5 0.993
197 1.000
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- D. Concentration-time Curxves for 340 ppm Nitrogen in Hydrogen

Run No. 19

G = 188 lb/hr-ft2

Time From Start

c/c

of Flow, min ©
23.5 0.021
26.5 0.028
30 0.035
33 0.056
36.5 0.084
40 0.126
46.5 0.189
50 . 0.238
53 0.308
56.5 0.364
59.5 0.427
62.5 0.490
65.5 0.559
69 0.608
72 0.671
75 0.720
78.5 0.762
81.5 0.797
85,5 0.825
88.5 0.860
91.5 0.867
99 0.923
112 0.958
124.,5 0.978
134.5 0.993
138 1.000

Run No. 20
G = 247 1b/hr-ft?
Time From Start c/¢C
of Flow, min ©
18 0.013
21.5 0.026
25 0.045
28.5 0.090
32 0.123
35.5 0.194
43 0.293
46 0.394
49 0.464
52 0.542
57 0.645
60 0.697
63 0.755
69.5 0.832
73 0.864
7¢ 0.884
79 0.903
82 0.916
85 0.929
88 0.942
91.5 . 0.948
95 0.955
98 0.961
101 0.980
108.5 0.987
118 0.993
130 1.000



Run No. 21

G = 172 1b/hr-ft>

Time Fromn Start c/C
of Flow, min - ©
39 0.007
42.5 0.015
45,5 0.023
48.5 0.030
57 0.083
60 0.114
63 0.159
66 0.182
72.5 0.273
75 0.326
79 0.401
82 0.470
85 0.523
88 0.583
90.5 0.644
93.5 0.689
96.5 0.742
99 0.780
102 0.810
105 0.848
108 0.871
112 0.901
114.5 0.909
118 0.932
121 0.947
124 0.954
127 0.962
133 0.977
139 0.985
145.5 0.992
151

1.000

Run No. 22

G = 127 lb/nr-ft?

Time From Start c/c
e " s . O
of Flow, mwin
78 0.022
81 0.037
84 0.066
88 0.088
91 0.103
94 0.125
97 0.147
100 | 0.191
109 0.294
112 0.338
115 0.390
118 0.456
121 0.493
124 0.544
127.5 0.618
131 " 0.6796
134.5 0.728
137.5 0.794
141 0.816
144 0.845
147.5 0.875
151 0.904
154,5 0.926
158 0.934
161 0.956
164.5 0.963
168 0.970
171.5 0.978
175 0.985
181 0.993
187 1,000

144



Run No. 23

G = 89 lb/hr-ft?

Time From Start C/Cq
of Flow, min

114 0.014

. 120 0.022
126 0.022
132 0.043
135 0.036
139 0.072
145 0.087
148 0.101
151 0.116
157 0.159
160 0.181
169 0.246
172 0.282
175 0.319
178 0.369
181 0.413
184 0.464
187 0.500
190 . 0.558
193 0.594
196 0.630
199 0.703
202.5 0.717
206 0.775
209 0.826
213 0.855
. 216 0.862
. 219.5 0.891
222.5 0.898
226 0.927
232 0.942
238.5 0.978
249 0.985
260 1.000

145
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E. Concentration-time Curves for 415 ppm Methane and 685 ppm
Nitrogen in Hydrogen
Run No., 24
G = 239 1lb/hr-ft?
- CHyg N,
Time From Start C/CO Time From Start C/Cq
- of Flow, min of Flow, min

18 0.001 8 0.016
22 0.002 13 0.062
26 0.005 18 0.332

29.5 0.009 22 0.616
.33 0.016 26 0.824
37 0.029 ‘ 29.5 0.984
42 0.059 33 1.062
47 0.111 37 1.153
52 0.183 42 1.166
56.5 0.287 47 1.192
61.5 0.389 52 1,185
66.5 0.503 56.5 1.198
71.5 0.604 61.5 1.153

76.5 : 0.677 66.5 1.120

82 . 0.719 71.5 1.140
87 0.761 76.5 1.068

92 0.797 82 1.120
} 97 ’ 0.832 87 1.133
102.5 0.874 92 1,062
107.5 0.910 97 1,153
112.5 0.946 102.5 1.114

‘ : 117.5 0.976 107.5 1.00

123 1.00 112.5 1.00

i 117.5 1.00
: 123 1.00




!
|
|
|

G =
CH4

Time From Start C/CO
of Flow, nin '

52 0.00038
67 0.006
73 0.006
79 0.006
85 0.011
91 0.019
97 0.032
103 0.057
109 0.050
115 0.138
121 0.190
127 0.254
133 0.330
139 0.415
145 0.495
151 0.563
157 0.638
163 0.694
169 0.746
175 0.786
181 0.825
- 187 0.854
193 0.886
199 0.912
205 0.939
211 0.955
217 0.980

223 1.00

Run No, 25

114 1b/hr-ft?

N 2
Time From Start C/Co
of Flow, min

32 0.039
39 0.091
43 0.209
46 0.340
50 0.523
54 0.725
57 0.895
61 1.033
65 1.137
69 1.150
73 1.189
77 1.248
81 1.242
85 1.229
89 1,216
32 1l.209
96 1,203
100 1.203
107.5 1.203
115 1.189
119 1.203
123 1.183
131 1.18¢
134.5 1.157
138 1.163
142 1.144
146 1.144
150 1.124
157 1.104
161l 1.098
172.5 1.072
180 1,072
185 1,059
191 1.033

197.5 1.00

203.5 1.00

211.5 1.00



Run No. 26

206 1b/hr-ft2

GQ =

CHy

Time From Start C/Co
of Flow, min

25 0.0004
31 0.0026
40 0.019
46 0.040
52 0.084
58 0.162
64 0.266
70 -0.397
76 0.523
82 0.614
88 0.675
94 0.729
100 0.806
106 0.888
115 0.942
124 0.964
145 1.000

N
Time From Start c/C
. o
of Flow, min

10 0.021
13.5 0.033
20 0.137
24 0.325
28 0.539
31.5 0.748
39 1.067
43 1.103
47.5 1.144
51 1.180
58.5 1.126
62.5 1.162
66 1.156
70 1,138
78.5 1.108
82 1.114
86 1,150
€9.5 1,114
93 1.114
97 1,073
101 1,037
104.5 1,019
108 1.025
114 1.001
121 l.001
127 0.995
135.5 0.995
142 1,007



Run No.,

|
|
|
!
|
]

G
Ch4

Time From Start C/CO

of Flow,
29 0.001
35 0.003
44 0.019
53 0.044
62 0.112
68 0.187
74 0.291
77 0.352
80 0.415
83 0.472
86 0.529
89 0.575
92 0.619
98 0.687
104 0.741
110 0.790
119 0.849
128 0.894
137 0.924
149 0.961
161 0.980
173 .1.000

181 lb/hr-ft?
Ny
Time From Start C/Cq
of Flow,

12.5 0.0067

16 0.020

19 0.027

28 0.160

31 0.340
34.5 0.567

38 0.767
41.5 0.940

45 1.033

49 1,127
52.5 1.140

56 l.221

60 1.174

64 1,134

94 1.100

104 1.067
114 1.054
127.5 1.014
149.5 1.000
167 0.987
172 1.014



|
|
|
|

G
< CH4
Time From Start C/Cq
of Flow, min

"~ 53 0.0007
56 0.0011

74 0.006

83 0.014

92 0.033
101 0.058
110 0.101
116 0.148
122 0.201
128 0.270
134 0.348
140 0.421
146 0.503
152 0.575
158 0.636
164 0.679
173 0.734
182 0.790
191 0.842
200 0.898
209 | 0.950
221 0.979
233 1.000

Run No.

28
123 lb/hr-ft2
Np
Time From Start C/Cq,
of Flow, min

33 0.031

40 0.085

43 0.173

47 0.323

50 0.515

54 0.750

58 0.869

61 1.054

65 1.146

69 1.223

72 1.261

76 1.284

80 1.284

84 1.292

92 1.292

96 1.315
100 1.330
104,5 1.307
108 1.307
116 1.277
120 1.284
123.5 1,253
127 1.238
131 1.238
134.5 1.219
138 1.215
145 1.169
154 1.138
192 1.046
198 1,015
210 0.984
227 1.000
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Run No.

65 1b/hr-ft°

G
CHy
Time From Start C/CO
of Flow,
111 0.0003
129 0.0011
150 0.0024
180 0.011
210 0.041
225 0.078
234 0.112
240 0.139
249 0.189
255 0,224
261 0.268
267 0.314
273 0.364
279 0.416
285 0.474
291 0.523
303 0.634
309 0.687
315 0.745
321 0.786
330 0.836
345 0.903
360 0.976
375 1.000

N>
Time From Start C/Co
of Flow, min

55 0.012
67 0.043
8l 0140
85 0.232
88 0.342
92 0.488
95 0.640
99 0.775
103 0.915
107 1.031
111 1.104
115 1,159
119 1.190
123 1.214
127 1.220
139 1.232
151 1.238
163 1.250
175 1.269
189 1.287
201 1.305
209 1.263
226 1.244
236 1.232
246 1.220
261 1,202
273 1,177
284.,5 1.141
296.5 1.116
305 1.092
321 1.055
343 1.025

371

1,000
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F. Relation Between the impurity Concentration in the Gas

Phase and the Adsorbed Phase for the'Constant Pattern Case

Method of Schmelzer, et.al. (Schmelzer, E. R., Molstad, M. C.,

and lagerty, P. F., 1959, Selective Adsorption of Toluene
From n~lHeptane by Silica Gel: Chem. Eng. Progr., Symp. Ser,
No. 24, v. 55, p. 209-219).

If the mass transfer zone is constant and has been
established in the bed, all additional impurity that is
added to the adsorbent bed distributes itself, at the
equilibrium value, between the gas phase and the adsorbed
phase. Under these circumstances a mass balance on the

impurity  added to the bed gives:
eC v(nd)dt = p_(nr2)q. dl + (wr?)C edl
(e} o B o] ' e} *

(If the mass transfer zone is not constant this eqﬁation is
not correct, since some of the added impurity will be used
for increasing the length of the transfer zone, where con-
ditions are not at eguilibrium.)

In terms of the variables 9 = t-1/v and A Q‘lpB/ev, the
equation becomes

ar _ So
ab do
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The general mass balance equation is

oC

A g
() = = (5%

dA 0 BG_A
since Cp = £(6,1)

3C 3C
ac, By dgo + (LB ax
50, X g

52 ST S 8
20 CA SCA 6 20 A
thus
| [N (2%5) @ - (gfé
Ca R o

For a constant mass transfer zone, the partial differential

equation becomes a total differential eguation:

ar _ <a
doé = dg
thus
di Co dCA

Method of Michaels (Michaels, A, S., 1952, Simplified Method

of Interpreting Kinetic Data in Fixed-Bed Ion Exchange: Ind.

! and Eng. Chem., v. 44, no. 8, p. 1922-1930).
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The derivation of Michaels is simpler, but does not show
the relationship between the mass balance equation and the
final result. For mathematical purposes, assume that fresh
adsorbent is fed into the column counter-—current to the gas
flow and at a rate.sufficient to maintain the mass transfer

zone in a stationary position.

carrxier gas + 2

impurity

I carrier gas _
Co [ -
AL -

I

i

_spent adsorbent fresh adsorbent

|

it

~gas flow rate, FtB(STP)/hr

=
]

adsorbent flow rate, 1lb/hr

A steady state mass balance on the length Al gives:
QC; - QC, = Wg, - W,
If points 1 and 2 are the rear and front edges of the mass

transfer zone,
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If point 1 is any point in the transfer zone and point 2 is

the front edge,

cp=C,Cy=0

q]_:(ltqZ:O

’ thus
2._4g
W o
or
c o
Co qo



G. Derivation of the Eagleton and Bliss Foguations

The derivation given here is substantially that of
Eagleton (Eagleton, L. C., 1951, Drying of Air in Fixed
Beds: Ph.D. Thesis, Yale University, New Haven,Conn.,

The notation used is the same as that df Part ILI with
one exception: C is defined as 1lbs impurity/lb hydrogen.
This is equivalent to Cp/p in the notation of Part III,
The change in notation simplifies the derivation somewhat,
since it avoids carrying the term 1/p through many of the

equations.

1) Basic Egquation

The isotherm eguation is:
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The rate equation is:

d\- — 3 — - +
q = kgS(C-Cy) = KkgS(q;-q)

at
define

For the constant pattern case,

€ =9
CO do

(Appendix F)

2) Develop Equations for Cy and Cj

q; = BCi + o

at C = CO ’
-0

thus B = 9o
Co

Substitute into the isotherm eguation to eliminate B

q; = o +

also
C - a
CO qo
PR
X a;-g

Substitute (1)

q=d,

4o~
) ¢4
O

and (2)'into (3) and solve for

(1)

(2)

(3)

C.
i

157



c. = rCo
R (ol Y
rCq
when
q; = o Ci =0 and C = Cd
therefore
C - [0
d
o
Co

3) Develop Equation for C>Cy

A9y _ 1 e
(E%) = kgb(c c,)

Substitute

Y = vt ~’e'z

q = qu/Co
C(= d0 1) - o/x
Ci = ICO
q -
()= 1

into (4) and rearrange to obtain

a(c/c,) : k. SC
—— = (e ) (=L %) ay
(1-C/Cy) g me-xCy g v

Integrate from Cd to C and Y3 to Y to obtain

1t S0y - “amr) “52% (y-v,
/G, Gowieg Tqgv (Y

(4)

(5)



Using the relation

it can be shown that
Cd/co ; o
l-Cd/Co .qo—a—rCo

1-Co/C Cq/Cq kg SCq

0

l—C/Cg—} N {l~Cd/Co} IV

4) Develop Eguation for C<Cy

d
3% = kgg(c-ci) = ngc for C<Cd

substituting

C/C, = a/q,

into (7) and rearranging

Ca Yq
ac/c,  kgsC,
c/Cy T Tagv d¥
c Y
or
C./C k_SC
In{.¢ 2} = 8 °% (v, -y
C/CO qOV a

5) Develop Equation for Yg

When C = Cd’ Y = Yd’

(6)

(7)

(8)

and a mass balance on the adsorbent



bed gives:

total impurity added

total impurity that total impurity

from time ¥=0 to -~ has left the bed = adsorbed from
time ¥ = Y from ¥Y=0 to Y=Y Y=0 to ¥Y=Yj
d d d
Cd Co
COYd - Cdy = q0§ - (CO—C)dY (9)
0 Cq
since
da(c/c,) C./C ck S
o' _ d’/ "o } 2.9 ay
(1‘C/Co) l-Cd/CO qov .
1-Cc,/C q.v
- d’ ~o o
(Co Cc)day Cd/co} kgS d(C/CO) (10)

Now for C<Cd,

dt

q
(=2)C and Y

since q =
o
q.v
cay = (EzT<“gt§) Lo

dg =5k c-Cc.) = k_sC
— -gS( l) g

= vt - £'X, the equation becomes

Substitute (10) and (11) into (9).

Ca
dg v

(=—.)dac +

C Y, =
o'd S

-0

(11)
CO
_ 1~-C-/C v
4 X - a0y o4&
o— Cd/(,O kgS CO
C



Integrate and rearrange to obtain

94X | 9oV Co
Yy, = + — (2 - =) (12)
d CO kgSLO C4

6) Final equations

Substitute (12) inte (6) and (8) to obtain

1n{lncd/—(-:-9 _ {cd/co kgSCo kgSX . Co

l“C/Co l_cd/CO qov i v , Cd
cg/C kSC ko SX c
& o, 290 9=, ,_2
1n{c/'5;—} =" Ta v ¥t 2 -





