Adsorption (2006) 12:259-266
DOI 10.1007/s10450-006-0502-z

Gas sorption kinetics by differential closed-loop recycle
method: Effect of heat of adsorption

Shivaji Sircar

Received: 1 December 2005 / Revised: 18 September 2006 / Accepted: 25 September 2006

(© Springer Science 4+ Business Media, LLC 2006

Abstract An analytical mathematical model is used to
investigate the influence of minute adsorbent temper-
ature changes on the kinetics of sorption of a gaseous
adsorbate from mixture with a carrier gas using a differ-
ential closed loop recycle method. Isothermal operation
may not be achieved even when a very high gas circu-
lation rate is used. Very small changes in the adsorbent
temperature during the process can cause substantial
departure from isothermal uptake behavior. It is shown
that the kinetic process can be assumed to be isothermal
only for trace adsorbate concentrations. A criterion for
validity of isothermal data analysis is proposed.

Keywords Ad(de)sorption - Kinetics - Equilibrium -
Non-isothermal - Closed-loop recycle

Introduction

Conventional batch methods for measurement of
gas ad(de)sorption kinetics like the gravimetric, the
volumetric, and the frequency response techniques
generally require non-isothermal models for data
analysis. This is because the heat of ad(de)sorption can
not be removed (supplied) from (to) the adsorbent fast
enough to maintain the system isothermal during the
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ad(de)sorption process unless the kinetics of sorption
is extremely slow. Differential adsorption tests, where
the changes in the adsorbate loading and the temper-
ature in the sorbent are deliberately kept very small,
have been designed and practiced to simplify the non-
isothermal model analysis. This allows linearization of
the changes in the equilibrium amount adsorbed due
to changes in the gas phase adsorbate concentration
and adsorbent temperature as well as decoupling
of the effects of these two variables. Consequently,
analytical solutions of non-isothermal ad(de)sorption
kinetic models using different sorption mechanisms
can be obtained to facilitate data analysis. Examples
include (i) differential constant pressure gravimetric
tests for a pure adsorbate involving mass transfer by
Fickian Diffusion models (neglecting or including
the thermal resistance within the adsorbent particle)
(Ruthven, 1984; Haul and Stremming, 1984) or Linear
Driving Force (LDF) models (neglecting or including
the thermal resistance within the adsorbent particle)
(Sircar, 1983; Sircar and Kumar, 1984), (ii) differential
constant pressure gravimetric tests for binary adsor-
bates with mass transfer by LDF model (Sircar, 1994),
and (iii) differential frequency response test for a
pure adsorbate using a bi-porous adsorbent (combined
micropore and macropore diffusion) (Sun et al., 1994)
or an adsorbent with combined micropore and surface
barrier resistances (Sun and Meunier, 1993).

The closed-loop recycle method of measuring sorp-
tion equilibria and kinetics facilitates removal or sup-
ply of heat from or to the adsorbent mass inside the
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test apparatus by re-circulating the entire gas phase in
the system over the adsorbent. The gas stream continu-
ously enters the adsorption vessel at the temperature of
the thermostated system (7,), and it leaves the vessel
at a slightly higher or lower temperature. It is cooled
down or heated up to temperature T, before it re-enters
the vessel.

The experimental protocol for the differential
closed- loop recycle method consists of (i) equilibrat-
ing a small themostated mass of an adsorbent with a
mixture of an adsorbate gas (mole fraction = y°) and
a carrier gas (single or multi-component) at pressure
P, (atm)and temperature T, (K), (ii) slightly changing
the gas phase adsorbate composition (mole fraction =
y%) at time ¢t = 0, and (iii) circulating the gas at P,
and T, over the adsorbent until a new equilibrium state
for the adsorbate (mole fraction = y°°) is reached. A
uniform gas phase adsorbate composition [y(¢) at time
t] in the entire system as well as a uniform adsorbent
temperature [7 (¢) at time ¢] in the adsorbent vessel can
be maintained by using a high recirculation rate (very
small residence time in the adsorber) and reducing the
gas mixing time. The equilibrium amount adsorbed at
P,, T, and y* and the sorption kinetics during the pro-
cess can be evaluated by measuring the transient gas
phase composition [y(#)] in the system. Adsorption or
desorption kinetics can be studied by selecting a value
of y* > y®or y¥ < y°, respectively.

Figure 1 shows a schematic drawing of a closed-loop
recycle apparatus which was used for measuring equi-
librium and kinetics of adsorption of Freon-12 at infi-
nite dilution (Golden and Sircar, 1994). The key parts
include (i) an adsorbent chamber, (ii) a gas circulating
pump, (iii) a main gas circulation loop, (iv) a by-pass
loop and (v) an online continuous gas analyzer. The
entire apparatus is enclosed in a constant temperature
air bath at T,. The by-pass loop is used to change the
gas phase adsorbate concentration of the main loop at
the start of each experiment. A continuous gas analyzer
(mass spectroscope) was used to monitor the gas phase
Freon concentration with time. A detailed description
of the experimental protocol can be found elsewhere
(Golden and Sircar, 1994).

The purpose of this work is to develop an analyti-
cal mathematical model of the differential closed-loop
recycle experiment for evaluating the influence of ad-
sorption heat on sorption kinetics. A specific objective
is to establish a criterion under which isothermal anal-
ysis of the kinetic data can be justified.
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Fig. 1 Schematic drawing of a closed-loop recycle apparatus

Mathematical model

It is assumed that the adsorbent chamber is a cylinder
(Internal diameter = D, cm; Length = L, cm; Inter-
nal cross sectional area = A = wD?/4, cm?) which is
packed with w gms of the adsorbent particles (radius =
R p,cm, bulk density = py,, g/cc, void fraction = ¢). The
void volumes (cc) of the packed adsorbent chamber,
the main loop, and the by-pass loop are, respectively,
V4, Vi, and Vp. The specific equilibrium adsorbate
loadings (moles/g) at P,, T, and adsorbate gas mole
fractions of y°, y* are, respectively, n° and n*°. The
specific equilibrium adsorbate loading (moles/g) corre-
sponding to the gas phase at y(¢), P, and T (¢) is n*(¢).
A mass balance for the adsorbate in the closed system
yields:

N(@) = [ay(®) + n()] = N° = [ay’ + n°] = N
= [ay™ +n*] (D

where N(¢), N°, and N* are, respectively, the total
specific amounts (moles/g) of the adsorbate gas in the
system at time 7, at the start of the experiment (¢ = 0),
and at equilibrium (¢t —00). Equation (1) shows that
these parameters are equal and constants during the test.
The variable o [= P,V JwRT,] is the total specific
amount (moles/gm) of gas in volume VS(=Vai+Vuy),
which is the combined void volume of the main loop
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and the adsorbent chamber. n(¢) is the specific amount
(moles/gm) of the adsorbate gas adsorbed at time ¢. R
is the gas constant.

Equilibrium amount adsorbed

It follows from Eq. (1) that the specific equilibrium
capacity (n*°) of the adsorbate at P,, T,, and y* is
simply given by:

n® = a(y* —y*) +n° (2)

The entire adsorption isotherm for the adsorbate gas
[n® = f(P,, T, , y*™)] from a given composition of
the carrier gas can be generated by repeating the ex-
periments (constant P, and T,) starting with a clean
adsorbent (n°, y° = 0) and progressively increasing
the values of y* at the start of the experiments. Adsorp-
tion reversibility can also be checked by carrying out
desorption experiments.

Non-isothermal ad(de)sorption kinetics

It also follows from Eq. (1) that the rate of
ad(de)sorption of the adsorbate and the specific amount
adsorbed [n(?)] at time ¢ are given by:

d
Z(zt) = —ay(t); [n(t) —n’l=—aly(®) —y*1 ()

For a differential test, the specific equilibrium capac-
ity [n*(¢)] of the adsorbate gas at P,, T (t), and y(t) is
given by (isotherm linearization and thermodynamics)
(Sircar, 1983):

[n*(t) — n°] = aP,[y(t) — y°1 + b6,
a:|:8n*:| ;b:|:8n*] @
ap 1r aT |,

_ aP,y’q°
B RT}

where p (=Py) is the partial pressure of the adsor-
bate gas, and 6(¢) [= {T (+) - T, }] is the change in the
adsorbent temperature at time ¢. 7' (¢) is the adsorbent
temperature at time 7. The value of 6(¢) is very small
for a differential test. The variables a (>0) and b (<0)

are, respectively, the partial pressure and temperature
coefficients of the adsorbate equilibrium isotherm eval-
uated at the initial equilibrium conditions (P,, T ,, and
y°) of the test. ¢° (cal/mole) is the isosteric heat of
adsorption of the adsorbate gas at n° and T ,,.

For a non-isothermal ad(de)sorption process, 6 is
equal to zero at the start of the experiment (¢ = 0),
then it increases (decreases), goes through a maximum
(minimum) value, and finally approaches zero when
the new equilibrium state is reached (— 00). Conse-
quently, it follows from Egs. (2) and (4) that:

(% — %) = aPo(y* — y°) = a(y* — y);

[n(t) = n°] = aly® — y(@)]; &)
_n@)—=n’ y' = y(@)
f(t)_noo_no_ys_yoo

where f(¢) is the fractional uptake of the adsorbate at
time t. It can be calculated by experimentally measuring
y', > and y(?).

The heat balance for the adsorbent mass at time ¢
may be written as:

do(t) . dn(t)
o MY
)\_I:AQCg—i—a”hi|_|: 0C, 4h ]
- wCy ~ LLCspy  DCspp |’
_|
(2]

where O is the molar flow rate (moles/cm?/sec) of the
circulating gas based on empty cross sectional area
(A) of the adsorbent chamber. C, (cal/mole/K) and
Cs (cal/gm/K) are, respectively, the specific heat ca-
pacities of the circulating gas and the solid adsorbent.
The variables a,, (= 7 DL, cm?) and & (cal/cm?/sec/K)
are, respectively, the external heat transfer area of the
cylindrical adsorbent chamber and the effective heat
transfer coefficient for heat loss from the adsorbent to
the air bath. The variable A (sec™!) is the effective heat
transfer coefficient for heat removal from the adsorbent
by convection and through the chamber wall. It was as-
sumed in writing Eq. (6) that the adsorbent and the gas
phases were in thermal equilibrium at all times.

It is assumed that the Linear Driving Force (LDF)
model describes the ad(de)sorption rate of the adsor-
bate gas. The model is mathematically simple and most
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frequently used in adsorptive process design (Sircar and
Hufton, 2000):

dn(t)
dt

= k[n*(t) — n()] (M

where k (sec™!) is the LDF mass transfer coefficient for
the adsorbate gas at aloading of n° and temperature 7T ,,.
Equations (6) and (7) can be combined to get

0 +[A+k(1+B8-b )]—de(t)
dt? p v dt

®)

aP,
+kA(1 4+ B)0(1)=0; B = |: . j|

Equation (8) can be integrated to obtain analytical ex-
pressions for fractional uptake, f(¢), of the adsorbate
gas and the adsorbent temperature, 6(¢), as functions
of time (¢) using the appropriate boundary conditions
[f(t—=0)=0, f(t—>00) =1, and O(t— 0, c0) = 0]:

() — 1
ri = o
B A+ I i
= AM{[ 1t —expen)
[0 - oo} ©
An° B
0(t) = 14 )f” ) { —— } [exp(rit) — exp(rat)]

(10)

The key variables of Egs. (9) and (10) are given by:

A=[r+k(1+B—-DbY)l; B =kr(1+B);
. ~A+ /AT 4B . —A—+AT—4B
lzfa ZZf

where r; and r, are the roots of the second order ordi-
nary differential Eq. (8).

The maximum (or minimum) value of 8(t) profile is
6,,. It occurs at t = t,,:

Q_I/IA(I’IO){ B }
" VA2 — 4B

@ Springer

L)

o t_ln(rz/”l)
ro—ry

zZ =

(1)

ry—rn

The variable A[= (”“n;ﬂ‘)) _ aPU()’;:—yO)] in Egs. (10)
and (11) represents the net fractional change in
the adsorbent loading of the adsorbate gas during
the differential test. The equilibrium adsorbate gas
mole fraction (y*°) at the end of the test is given
by:

w_ ¥ +YB

1+8 (12

Equation (12) can provide guide lines for selection of
y3 for a given set of y° and B values in order to obtain
a desirable value for y*°.

Equation (9) can be used to estimate the adsor-
bate mass transfer coefficient (k) from the experi-
mental uptake data, f(¢), by specifying the physical
dimensions of the adsorption system (D, L, w, Rp,
Py, & V4 and V), the experimental test condi-
tions [T,, P,, Q], and the physical and adsorptive
properties of the test system [Cg, Cy, kg, g, h,
n*(p,T), q°]. Equation (10) can then be used to cal-
culate the system temperature [0(¢z)] as function of
time.

Special case of isothermal system

For a truly isothermal ad(de)sorption process, where
{n*(t) —n°} = aP,{y(r) — y°}, Eqs. (3), (5) and (7)
can be combined and integrated to obtain:

n(t) — n°
f@ = i 1 — {exp[—k(1 + B)t1} (13)

Equation (13) shows that a plot of In[1 — f(¢)] against
¢t will be a straight line with a slope equal to [—k(1 +
B)]. The slope depends on the adsorbate mass trans-
fer coefficient (k), the adsorbate gas partial pressure
gradient of the equilibrium isotherm (a) at n° and T',, ,
the system pressure (P ,), the system temperature (T ,),
and the specific void volume of the closed-loop system
(VS/w).



Adsorption (2006) 12:259-266

Approximate isothermal uptake behavior

It can be shown that the variables of Eq. (9) simplify
to [A ~ {1+ k(1 + )L, [V(A® — 4B) ~ [A — k(1
+ B)1; 11 ~ —k(1 + B), 1> ~ —Al, and Eq. (9) ap-
proximately reduces to Eq. (13) under the following
condition:

_bw _ aPUyO(qo)2
1+8) CsR(T,)*[1 + B]

(14)

The criterion (14) is generally satisfied when the ad-
sorbate gas concentration is very low (y° << 1, trace
level, ppm). In other words, isothermal analysis of up-
take data from a differential closed-loop recycle sorp-
tion test may be justified only for sorption of adsorbate
gases in trace concentrations.

The previously mentioned publication on measure-
ment of adsorption equilibria and kinetics of Freon-12
at infinite dilution by a closed-loop recycle method
(Golden and Sircar, 1994) satisfied criterion (14). The
sorption uptake curves followed Eq. (13), indicating
that the sorption process was isothermal. It should be
mentioned here that the expression used for the isother-
mal uptake curve [Eq. (6) in Golden and Sircar (1994)]
has a different form but it is identical with Eq. (13)
above. Furthermore, the kinetic tests in Golden and
Sircar (1994) were conducted within the linear Henry’s
law region (@ = K, Henry’s law constant at T ,) of the
adsorption isotherm of Freon-12. Thus, a differential
change in adsorbate gas concentration was not neces-
sary for isotherm linearization since the process was
isothermal.

Non-isothermal sorption uptake by closed-loop
recycle method—a case study

Criterion (14) indicates that the sorption uptake by the
differential closed-loop recycle method can not be as-
sumed to be isothermal unless y° is very small. The
effect of the heat of adsorption on the fractional up-
take curve was examined by using Egs. (9) and (10)
for sorption of 5.0 mole % C;Hg from inert Helium
on 5 A zeolite at 323 K (T',) and a total gas pressure
of 1.0 atm (P,). The equilibrium adsorption isotherm
for C,Hg on the zeolite can be described by the Lang-
muir model (Ruthven and Loughlin, 1972; Sircar and
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Kumar, 1983):
mcP,y° B
f= o ie=c °/RT,);
W= o p ¢ = PG /RT,)
(15)
mc

[1+cP,y°)?

where n* (moles/g) is the equilibrium amount adsorbed
at temperature T, (K). P, (atm) is the total gas pressure
and y° is the gas phase mole fraction of the adsorbate.
m (moles/g) is the saturation adsorption capacity for
the adsorbate and ¢° (cal/mole) is the isosteric heat of
adsorption. ¢ (atm~!) is the Langmuirian gas-solid in-
teraction parameter, and ¢* (atm™') is a constant. The
variable a (moles/gm/atm) is the adsorbate partial pres-
sure (p = P,y,) gradient, [%]T, of the isotherm at T,.

The Langmuir model parameters for adsorption of
C,Hg on 5 A zeolite were (Sircar and Kumar, 1983):
m=14x 1073 moles/g ; ¢* = 5.97 x 107% atm™! ;
q° = 8800 cal/mole. Thus, the value of the parameter
c at 323 K was 5.38 atm~'. The LDF mass transfer
coefficient for adsorption of C;Hg from helium on 5
A zeolite beads (Rp = 0.1505 cm, p, = 0.7 gms/cc,
Cs = 0.22 cal/g/K) at 323 K was: £ = 0.023 — 0.07
sec”!. It was estimated by analysis of a column break
through data (Ruthven and Loughlin, 1972) for adsorp-
tion of dilute C,Hg from helium using the LDF kinetic
mechanism (Sircar and Kumar, 1983). The properties
of the helium gas at 1.0 atm and 323 K were: C, = 5.0
cal/mole/K, viscosity p, = 5.19 x 1073 moles/cm/sec,
thermal conductivity kg = 3.77 x 10~ cal/sec/cm/K
(Vargaftik, 1975).

It was assumed that the adsorbent chamber was
cylindrical [L =3.0cm, D = 1.0 cm, w = 1.65 gms, ¢
= 0.72] and the combined void volume of the packed
adsorbent chamber and the main loop was 300 cc/g
(VS/w). The adsorbent was initially equilibrated with
5.0% C,Hg (y°) in helium at P, and T ,,. The gas phase
C,Hg mole fraction was then changed by 5.0% [={(y*
— y°)/y°} x 100] at the start of the experiment. The
heat loss through the walls of the adsorbent chamber
was assumed to be controlled by the internal surface of
the chamber. Thus, 4 could be calculated by the follow-
ing correlation by Leva (Ruthven, 1984; Leva, 1949):

[hD/kg] = 0.813[Re]0.19 exp{—12Rp/D};
Re = 2RpQ/ (16)
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Fig. 2 Model uptake curves by differential closed-loop recycle method

where Re is the particle Reynolds number for gas flow
through the adsorbent chamber.

The primary parameters of Eqgs. (9) and (10) were
estimated for this system to be: a = 4.66 x 1073
moles/g/atm, o = 1.13x 1072 moles/g, § = 0.412, ¥
=40 x 10* g - K/mole, A = 0.0279, and {—by/(1
+ B)} = +0.28. Thus criterion (14) was not satis-
fied. These parameters were used to generate the f(¢)
and 6(¢) profiles for circulating gas flow rates of 100
ce/sec [Q = 4.81 x 1073 moles/cm?/sec, Re = 28.7,
A = 0.0545 sec™'] and 33.3 cc/sec [Q = 1.60 x 1073
moles/cm?/sec, Re = 9.6, & = 0.0193 sec™'] in con-
junction with the LDF mass transfer coefficients (k) of
0.023, 0.07 and 0.20 sec ™.

Figures 2 and 3 show the results of the model calcu-
lations. The sorption uptake profiles are plotted as In [1
— f(#)] against ¢ in Fig. 2. The corresponding 6(¢) pro-
files are plotted in Fig. 3. The values of the parameters
(k and Re) are given in the figures.

The linear plots in Fig. 2 represent isothermal up-
takes [Eq. (13)] for different k values. The correspond-
ing non-linear uptake curves in Fig. 2 at different gas
flow rates are caused by non-isothermal adsorption de-
scribed by Fig. 3. The most interesting and impor-
tant point is that a very small change in the adsor-
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bent temperature (Maximum value: 6,, ~ 0.1—0.2 K)
can cause a significant departure from isothermal up-
take behavior for a system where the isosteric heat
of adsorption is moderately large. This is because of
the fact that the driving force for mass transfer of the
adsorbate gas at any time ¢ for a non-isothermal dif-
ferential test, [#*{T (¢)} — n(¢)], can be substantially
lower than that for the corresponding isothermal case,
[n*{T,} — n(t)], even when the adsorbent temperature
changes are small. It has been shown that the differ-
ence between non-isothermal and isothermal uptakes
for a constant pressure differential adsorption test can
be significant due to a very small change in the adsor-
bent temperature (Sircar, 1981). The same behavior is
encountered by all differential adsorption tests men-
tioned earlier (Ruthven, 1984; Haul and Stremming,
Sircar, 1983, 1984; Sircar and Kumar, 1984; Sun et al.,
1994; Sun and Meunier, 1993). Figure 2 also shows that
the non-isothermal effect is amplified when the mass
transfer coefficient is high, the gas circulation rate is
low, and the isosteric heat of adsorption is high (not
studied in this work), as expected.

Such a small change in the adsorbent temperature
(Fig. 3) may be difficult to measure. It can be easily ig-
nored and the assumption of isothermal uptake can be
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Fig. 3 Adsorbent temperature changes during uptake process
made. However, that will lead to very misleading data netics of a single or multi-component trace adsorbates
interpretation. Two most common errors are (i) calcula- from mixtures with a single or multi-component carrier
tion of a smaller value for the mass transfer coefficient gas provided that the criterion of Eq. (14) is satisfied.
than actual (slower kinetics than actual), and (ii) as- That will permit simple and unambiguous analysis of
sumption of a more complex kinetic mechanism model isothermal uptake data by the test. Furthermore, if the
than LDF, such as multiple mass transfer resistances, measurements are carried out within the Henry’s law
to describe the uptake data. region of the adsorbate isotherm, the requirement of a

The study also shows that it may not be possible differential test can be relaxed because the isotherm is
to remove the heat of adsorption from the adsorbent already linear and the process is isothermal (for trace
as soon as it is produced even when a very high gas adsorbates).
flow rate (100 cc/sec, Re ~29) is used. This is particu-
larly true when the adsorbate mass transfer coefficient Nomenclature
is large (open triangles in Figs. 2, and 3a). The heat
removal from the adsorbent is primarily controlled by A empty cross-section area of adsorbent chamber,
convection. Thus, the gas flow rate has a pronounced variable of Egs. (9) and (10)
effect on the non-isothermal uptake curves (closed tri- aex  external heat transfer area of the adsorbent
angles and diamonds in Figs. 2, 3b and d) for a given cha*mber
value of k. The thermal effects become less pronounced a [%,]T defined by Eq. (4)
when the mass transfer coefficient is small and the gas B variable of Egs. (9) and (10)
flow rate is high (closed circles in Figs. 2 and 3c), but b2, = —[“’;;:ﬂ”] defined by Eq. (4)
true isothermal behavior can be assumed only when the c Langmiur gas-solid interaction
criterion (14) is satisfied. parameter, Eq. (15)

The closed-loop recycle method can be very con- ¢*  constant, Eq. (15)
venient for measurement of sorption equilibria and ki- C, specific heat capacity of gas phase
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Cy specific heat capacity of the adsorbent

D diameter of the adsorbent chamber

f(t) [[”'1(,_,’0):]'1’:]] = fractional uptake at time ¢

h effective heat transfer coefficient between
adsorbent chamber and outside bath

k effective adsorbate mass transfer coefficient

kg gas thermal conductivity

L length of the adsorbent chamber

N(t) total specific moles of adsorbate gas
(constant) in the system at time ¢

N° total specific moles of adsorbate gas in
the system at the start of experiment

N°°  total specific moles of adsorbate gas in
the system at the end of the experiment

n specific adsorbate loading in equilibrium

with gas phase at y°, P, and T,

specific adsorbate loading in equilibrium

with gas phase at y*°, P, and T,

n*(t) specific adsorbate loading in equilibrium
with gas phase at y(¢), P, and T(¢)

n(t)  specific amount of adsorbate adsorbed at
time ¢

P, total gas pressure (constant) in the system

p(t)  partial pressure of the adsorbate at
time t = P,y(t)

(0] molar flow rate of the circulating gas

© isosteric heat of adsorption of the adsorbate

gasatn®and T,

Rp  radius of the adsorbent particle

I roots of Eq. (8)

R gas constant

Re 2Rp O/, , Reynolds Number

T(t) system temperature at time ¢

T, system temperature at start and end of
experiment

Va void volume of adsorbent chamber

Vs void volume of by-pass loop

Vu  void volume of main loop

VS (Va+ Vi)

w  amount of adsorbent particles in the system

y(t) gas phase mole fraction of adsorbate at time ¢

y°  adsorbate mole fraction of saturating gas
before the start of the experiment

y*  adsorbate mole fraction of the gas at the end
of experiment

y*  gas phase adsorbate mole fraction at the start

of the experiment
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Greek symbols

a [P,VS/wRT,]
B [aP,/a] defined by Eq. (8)
A [(n™ —=n®)/n°] = [aPy(y> — y°)/n°]
& helium void fraction of packed adsorbent
column
O[T (1) — To]
pp adsorbent bulk density
¥ [g°/C,] defined by Eq. (6)
QCQ 4h
[ o T _DCspb] defined by Eq. (6)
Mg gas viscosity
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