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Abstract. A new apparatus for the measurement of equilibria and dynamics for gas-phase adsorption systems is
utilized to examine the adsorption of carbon dioxide on BPL activated carbon. The apparatus has a flow-through
configuration. For dynamics, with constant inlet flow, pressure within the adsorbent-containing section is varied
sinusoidally, and the time-dependent outlet flow rate is measured to determine an amplitude ratio and phase lag.
Studies are made of temperature effects and particle size effects. Results are compared with several mathematical
models. Frequency response data show that the BPL system follows surface (or micropore) diffusion kinetics. The
rate of adsorption for the activated carbon is found to be only weakly dependent on the bulk particle size.
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Introduction

The characterization of adsorption dynamics is nec-
essary in order to design many systems accurately.
The two most common ways of obtaining adsorption
properties are through gravimetric uptake and volumet-
ric measurements. Both of these techniques have their
limitations for measuring dynamics. They both require
step changes in the concentration of the sample which
are generally large. Allowance for heat effects can be
complex.

Frequency response is a perturbation method in
which some property of a system is varied periodically
about an equilibrium state. The responses of system
variables to the variation are used to characterize the
system. By perturbing the system about an equilibrium
state, the potential for experimental error during the
initial contact stage in the step change methods is re-
duced (Grzegorczyk and Carta, 1997). It is possible in
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many instances to discriminate between various mass
transfer mechanisms by examining the response over a
large frequency spectrum (Jordi and Do, 1993). In ad-
dition, frequency response methods allow for the deter-
mination of system characteristics over much smaller
changes in the system conditions than are typically used
for the step change methods.

The most common method of studying adsorp-
tion dynamics by frequency response is periodically
varying the system volume by a small amount, typ-
ically 1 to 2% of the total volume, and observing
changes in the pressure within a closed system. This
technique was first used by Polinski and Naphtali
(1963). Yasuda and Yamamoto (1985) claimed to have
shown the existence of two separate types of adsorbed
species with differing mobilities in their study of light
hydrocarbons on zeolite SA. Van-Den-Begin et al.
(1989) provide a comparison of results obtained for
the diffusivity of ethane on silicalite as determined
by frequency response, a step-change sorption uptake
method, and by nuclear magnetic resonance (NMR).
They found that the self-diffusion coefficients mea-
sured by two NMR techniques were approximately
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150 times larger than the diffusion coefficients obtained
from frequency response and step change methods.
Onyestyak and Rees (1999) have used the frequency
response method to study the mobilities of various ad-
sorbates on different commercial adsorbents, leading
to dynamical characterization of adsorbents in terms
of rate mechanism.

Jordi and Do (1993) made an in-depth analysis of
various mass transfer mechanisms in bidisperse adsor-
bents, and provided guidelines for their applicability
to various frequency response systems. The study was
then extended to non-isothermal systems including the
influence of heat release on adsorption capacity and
diffusion rates (Jordi and Do, 1994). Yasuda (1994)
and Biilow and Micke (1995) have published exten-
sive review articles which emphasize the behavior of
batch systems. The monographs of Kirger and Ruthven
(1992) and Do (1998) also provide excellent coverage.

Sunetal. (1993a) showed that in batch systems small
perturbations in the system cannot eliminate tempera-
ture effects if they are present in a system. This is due
to the fact that although the loading changes caused by
the released heat of sorption are reduced, as the pertur-
bations are decreased in magnitude, they scale at the
same rate as the overall change in the loading of the
system. Sun et al. (1993b) also showed that if heat ef-
fects are involved, the out-of-phase components of the
frequency response may exhibit a bimodal response.
They re-analyzed the data of Yasuda and Yamamoto
(1985) and determined that heat effects were the cause
of the bimodal response seen in the zeolite studies. In
addition, they found that when both macroporous and
microporous resistances were present, the macropore
resistance acts like a surface barrier.

Bourdin et al. (1996) and Grenier et al. (1999) added
measurement of the temperature response to the pres-
sure response within a batch system to simultaneously
determine heat and mass transfer resistances. They did
so through the use of infrared measurement of the sam-
ple temperature. They found that the thermal relaxation
of the gas was fast enough that one could assume that
the gas phase temperature was constant and that heat
transfer from the particle to the gas was the controlling
heat transfer resistance.

While batch systems are in the majority, other tech-
niques have been explored as well. Boniface and
Ruthven (1985) varied the inlet concentration to a chro-
matographic column sinusoidally in an effort to deter-
mine axial diffusion coefficients, diffusivities within
zeolites, and adsorption equilibrium data. Li et al.

(1989) utilized a flow system and infrared spectroscopy
to determine sticking coefficients for the chemisorp-
tion of carbon monoxide on a platinum catalyst.
Grzegorczyk and Carta (1997) modulated the temper-
ature of a liquid phase adsorption system to study the
mass transfer of amino acids adsorbed on polymeric
adsorbents.

Park et al. (1998a and 1998b) described an apparatus
where the mass flow into the system is varied and the
pressure response is measured. The system operates as
either a semi-batch adsorber or a continuous flow ad-
sorber. For continuous flow operation, a valve is used
to allow a constant volumetric flow rate to exit the sys-
tem. They described both a single bed system and a two
bed system where the flow fed to the two beds is 7 out
of phase and the differential pressure between the two
beds is measured. Petkovska and Do (1998, 2000) ex-
panded the analysis of this system to include nonlinear
frequency response for isothermal systems. They found
that using second order frequency response functions
made it possible to more readily distinguish identity of
the rate controlling mechanism. Simulated experimen-
tal data were used to demonstrate the analysis. Prasetyo
and Do (1998) published data using a similar appara-
tus to the batch system described by Park et al. (1998a)
using a constant molar flow rate at low pressures to
measure the adsorption of methane and carbon dioxide
on activated carbon.

Studies have shown that while it is often a good ap-
proximation, the linear driving force coefficient, when
used to model surface diffusion, may change with the
cycling time of a system. Nakao and Suzuki (1983)
studied the effects of cycle frequency on the intraparti-
cle distribution of adsorbate. They demonstrated that
increasing the cycling frequency raised the effective
linear driving force coefficient. Alpay and Scott (1991)
used penetration theory to show that for very short cy-
cle times the linear driving force was proportional to
the square root of the the frequency. Carta (1992) pro-
vided another theoretical treatment of particle diffusiv-
ity allowing the prediction of the linear driving force
coefficient over a wide range of frequencies.

This work describes a simple flow system where the
pressure of the system is the controlled variable and the
outlet flow rate of gas is the measured variable. A ma-
terial balance on the open system is used to determine
both frequency response and equilibrium characteris-
tics for the adsorption of a gas. Both isothermal and
non-isothermal linear driving force (LDF) and surface
(micropore) diffusion models have been developed.



In addition, a multiple resistance linear driving force
model has been developed as an example of a non-
homogeneous pore size model.

Experimental Apparatus

The experimental apparatus for the flow system is
shown in Fig. 1. It consists of a mass flow controller
(MKS type 1179), an adsorbent bed, a pressure con-
troller (MKS type 640A), and a mass flow meter (MKS
type 179). Gas enters the system through the mass flow
controller at a constant rate and passes through the
adsorbent bed, the pressure controller, and the mass
flow meter and then exits to vacuum. Valves and a
bypass line around the bed are present to allow the
use of the flow system for adsorption equilibrium mea-
surements. The bypass line helps to eliminate pres-
sure drops through the bed during frequency response
experiments.

Some system specifications and capacities are as fol-
lows. The flow rate through the mass flow controller is
adjustable from 0—10 sccm of N;. The mass flow me-
ter range is also 0—10 sccm N,. Two different pressure
controllers with pressure ranges of 0—1000 torr and 0—
100 psi can easily be interchanged through the use of
VCR fittings. The volume of the system between the
mass flow controller and the pressure controller is about
60 cm?, and the bed is capable of holding up to 9 g of
activated carbon.

System control and data acquisition are achieved
through the use of a National Instruments 6052E
data acquisition card installed in a Dell Dimension
XPS B1000r 1 GHz Pentium III computer running
National Instruments LabView software. This system

Mass Flow: Mass Flow:
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Source Pressure Vacuum
Controller
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Figure 1. Apparatus.
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has the ability to sample data up to 290 times per
second.

Adsorption Equilibrium

To measure adsorption equilibrium, the valves to the
bed are closed, isolating the bed from the system. Flow
of the adsorbate is allowed to enter the system, bypass-
ing the bed. The pressure controller is set to the desired
pressure point and the system is allowed to come to
initial steady values, at which time the mass flow in
is equal to the mass flow out. The valves to the bed
are then opened and the pressure and mass flow rate
out both decrease. Data are recorded until the pressure
and mass flow rate out are re-established at the initial
steady values. The difference in the mass flow rates into
and out of the bed is integrated over the length of the
run to determine the total mass flows in and out of the
bed. This is the amount of the component accumulated
within the system in both the adsorbed and gas phases.
The bed is then isolated again. A new pressure equi-
librium is established and the measurement technique
repeated.

The theory for adsorption equilibrium determination
is based on a simple material balance for an isothermal
system. If the gas is taken as ideal, for any given pres-
sure change AP, the change in amount adsorbed is
given by

VAP
RT

MyAn = / [Fin — Fou(t)]dT — (1)
0

where M), is the mass of the adsorbent, 7 is the amount
adsorbed, ¢ is the time required for the system to reach
equilibrium, F is the molar flow rate, and Vy is the
active volume of the system excluding the skeletal vol-
ume of the adsorbent. All heat effects can be neglected
because the initial and final temperatures are the same.

Prior to measurements, the adsorbent bed was
cleaned by heating the bed to 350 K and flowing helium
through the bed for 24 hours at 1 cm?/min (STP) while
applying a vacuum, maintaining total system pressure
at below 10 torr. Regeneration was verified by stopping
the helium flow and measuring the minimum pressure
reached.

When a non-adsorbable, inert component was nec-
essary for determining system parameters, helium
(99.999% purity) was used. We sought to measure any
adsorption of helium at room temperature, determining
it to be negligible.
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The isotherm for carbon dioxide (99.8% purity bone
dry grade) adsorbed on activated carbon was deter-
mined at 297 K over the range 1.2 kPa—482.6 kPa. The
bed was filled with 3.25 g of activated carbon (Calgon
BPL), which was regenerated as described above. (In
additional measurements, the weights of the samples
were determined by regenerating at 200°C for 12 hours
with helium flowing at 1 1/min, and then weighing.) The
low pressure limit of 1.2 kPa (9 torr) was determined by
the minimum nonzero flowrate through the mass flow
controller. The upper pressure was limited by the gas
cylinder pressure regulator.

The apparatus made it possible to obtain the data
quickly. Depending on the pressure change and the flow
rates of gas used, the time for the system to reestablish
stable flow was between 10 minutes and two hours,
with only the lowest pressure points, which required
the lowest flow rates, requiring more than 25 minutes
to stabilize. Figure 2 shows the isotherm plotted along
with the data of Reich et al. (1980). The isotherm found
for the COy/activated carbon system is easily repro-
ducible over the entire pressure range. Agreement with
the data of Reich et al. is good.

Very low frequency data also can be used to deter-
mine the slope of the isotherm at the pressure that is
being studied. The slopes of the isotherm at several dif-
ferent pressures can be used to construct an isotherm.

260 K, Reich

301.4 K, Reich

Loading (mol/kg)

| I 1 ! 1
0 100 200 300 400 500 600

Pressure (kPa)

Figure 2. Isotherm of CO,/activated carbon and the data of Reich
et al. (1980).

Adsorption Dynamics Theory

Frequency response data are obtained by setting the
flow rate of the gas through the system, the baseline
pressure, and the sinusoidal variation of pressure about
the baseline value. The mass flow rate out is recorded.
After initial transient effects have subsided, a periodic
pattern is reached. By comparing the response of an
adsorbable gas to that of an inert gas, the adsorption-
related effects can be determined for the system.

In order to extract information from the system we
must generate mathematical models predicting the sys-
tem response. The pressure controller is sent the sinu-
soidal pressure variation. In order to ensure that the
actual pressure variation of the system is used, the
experimental pressure data are fit to

P = P, + Asin(wt) 2)
The experimental flow rate data are fit to the equation
Fouw=F,+ B Sin(('()t + ¢) (3

It should be noted that the flow rate variation for the
system is 77 /2 out of phase with the pressure variation if
there are no mass transfer effects in the system. When
the pressure is at a maximum or a minimum, the flow
rate should be passing through its midpoint. The ratio
B/ A is the amplitude ratio which can be plotted as a
function of cycling frequency w. ¢ is the phase angle
of the system. Theoretical curves for the values of the
linear driving force and surface diffusion models can
be fit to amplitude ratio data to determine the LDF
coefficient k or the surface (or micropore) diffusion
coefficient D to characterize the adsorbent/adsorbate
pair.

In modeling the frequency response of the system,
one must consider three influences on the response of
the system. First is the adsorption and desorption of the
adsorbate on the sorbent. Second is the accumulation
of the species in the gas phase. The third influence
is the effect of pressure drops along the system and
through the measurement apparatus. The portion of the
system where a flow restriction becomes a factor is
in the mass flow meter, located between the pressure
controller and the vacuum pump. The mass flow meter
contains a small diameter passage directing flow past
a thermal conductivity detector.

The system is modeled as consisting of two volumes
as shown in Fig. 1: first, the bed and all of the connec-
tions between the mass flow controller and the pressure
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Figure 3. Block diagram describing the system model. G;
describes the effects of the second volume. G, describes the
adsorbed phase effects.

controller, and second, the volume between the pres-
sure controller and the mass flow meter. The flow rate
out of the first volume becomes the input to the second
volume.

The block diagram used to describe the system is
shown in Fig. 3. G| and G, are the transfer functions
for the first and second volumes, respectively. G; de-
scribes the adsorbed phase effects, and [—(V|/RT)s]
is the transfer function for the gas phase response, as
shown below. G consists of the two parameters that
affect the adsorption equilibrium, pressure and temper-
ature, and their impact on the rate of adsorption. In the
isothermal models the temperature effect loop in G;; is
eliminated.

Five different models have been developed for the
system, isothermal and non-isothermal linear driving
force (or surface barrier) and surface (micropore) dif-
fusion models, and an isothermal linear driving force
model with two different pore sizes. These models
are developed below. All details including some or-
der of magnitude comparisons are contained in Sward
(2001).

Material Balances

Assuming the gas phase to be ideal and the bed to have a
constant loading throughout, a simple material balance
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can be written

dn V] dP

ViPdT
»— + — =
dt  RT dt RT? dt

- Fin - FpC(t) (4)

where V] is the volume of the entire pressure-controlled
portion of the system.

To simplify the material balance, one can examine
the relative sizes of the individual terms. The dn/dt
and d P /dt terms are of similar magnitude. However,
for the system of this work, the magnitude of the
dT/dt term is comparatively small. Therefore, even in
the non-isothermal models, we can neglect the dT /dt
term.

We can write the following deviation variables to
simplify the material balance:

n=n-—n, Q)
P'=P-P, ©6)
T =T_—T, )
F,.= Fpe — Fn (3)

Taking the material balance in Eq. (4), substituting
the deviation variables, taking the Laplace transform
and simplifying gives

M,G; P(s)s +

Vi pisys = _F 9
R POs=—Fps)  ©)

The transfer function for the first volume is

F . %
Gi(s) = I_j = —M,Gs — ﬁs (10)

Using s = jw we can write the adsorbed phase transfer
function Gj(s) in terms of its real and imaginary parts:

Gi(jo) = Re[Ga(jw)] + j Im[G(jw)] (1D

Equation (11) can then be substituted into Eq. (10) and
s = jo substituted to give the expression

Gi(jw) = oMpyIm[G;(jw)]

. . V;
—Jw{MbRe[Gn(an + R;

o

} 12)

The amplitude and phase angle response of G| can
then be determined from the real and imaginary
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parts:

1G1(jw)l

V. 2
= w\/<Mb Re[Gi(jw)] + ﬁ) + (M Im[ G (jw)])?

13)

. Vi
MpRe[Gr(jw)l + ——

— RT | (14)
M, Im[G(jo)]

$1(jw) =tan"" | —

A material balance on the second volume can be
written

V, dP,

RTIZFPC_FOU(O) (15)

Flow out of the second volume is modeled using
Fout = nP, where P, is the pressure between the pres-
sure controller and the mass flow meter, and the pres-
sure downstream of the mass flow meter is very small
(taken to be zero). The value of  was measured exper-
imentally and was slightly pressure dependent at low
system pressures. The transfer function for the second
volume is

Gy=tom_ L
= T T+ sV2/RT)
giving
, 1
|G2(jw)| = - 17
1+ (2
(nRT w)
6(jo) = tan~' | — 2 o (18)
2Jw) = nRT

Given the values of G and G, the overall transfer
function for the apparatus can be calculated:

F
Goverall = T‘;m = G1G2 =

>y

Fp

out
S 19
3 (19)

pc

1

The overall amplitude response of the system can be
obtained by multiplying Egs. (13) and (17). The phase
angle can be obtained by adding Eqgs. (14) and (18).

Energy Balance

Heat transfer within a packed bed is a complex issue,
with energy being transferred from a particle to the wall
through both the particles and the gas phase. Complex
models of heat transfer allow for a radial temperature
distribution with differing temperatures between the
particles and the fluid (Li and Finlayson, 1977; Suzuki,
1990). There are several ways that the heat transfer
model can be simplified. One simplification eliminates
the temperature difference between the particle and the
fluid and lumps together the heat transfer resistances
through the gas and through the particles into a single
parameter but maintains a radial temperature gradient
within the bed. In our model, we use a further simplifi-
cation in which we assume that the bed is at a uniform
temperature and the heat transfer resistance is between
the bed and the tubing wall. The heat transfer resis-
tance could also be modeled between the particle and
the fluid. Here the gas is assumed to be at the tem-
perature of the tubing wall with only the temperature
of the particle itself varying. This would result in a
mathematically identical model with different parame-
ter values. However, we will show experimentally that
aheat transfer resistance is more than just the resistance
between the particle and the fluid.

Assuming the heat transfer coefficient to be indepen-
dent of temperature over the small range of variation,
an energy balance can be written

dT dn
[((ny+n.)Cp+ MpCy] o T Mb)»E

= Fiuhin — Fouhow — hAIT (1) = Tyar] ~ (20)
The heat capacity of the adsorbate is less than 4% of
the heat capacity of the solid phase. Heat stored within
the adsorbate can therefore be neglected and the (n ; +
nq)C), term can be discarded.

Since the frequency response method makes only
small perturbations to the system, the adsorption equi-
librium can be considered linear about the equilibrium
point, giving

n* = I’l*(Po, To) + K(P - Po) + KT(T - To) (21)

where n* is the amount adsorbed that is in equilibrium
at pressure P and temperature 7, and P, and T, are
the equilibrium pressure and temperature about which
the pressure is varied. K is the slope of the isotherm,
and K7 is the slope of the isobar. K and K are related
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on*
oT

P
;0T

B on*
P opP

(22)

n*

which together with the Clausius-Clapeyron-type
equation defining the isosteric heat of adsorption A
(taken to be negative) gives

P

We can linearize and simplify the energy balance to
allow solution by Laplace transforms. Thus, we have

izin = i:lref + Cp[Tu - Tref] (24)
Bout = Pret 4+ CpIT(t) — Tref] (25)

Substituting into Eq. (20) and linearizing about Fj, and
T, gives the linearized energy balance

dT dn
M,Ci— + Mph— = —aT 2
»Cs T + M, 7 aT(t) (26)

where « = Fj,Cp + hA. The Laplace transform of
Eq. (26) can be rearranged, giving the energy balance
transfer function

Mbks
=00 27)

G = -
7(s) M,Css +a

S|~

Linear Driving Force Models

Given Egs. (12) and (16), all that is needed is an ex-
pression for G to predict the behavior of the system.
The simplest form of kinetic model is the linear driv-
ing force (LDF) model (or surface barrier model), for
which the rate of adsorption is written

Cj{—,: =k(n* —n) (28)

Isothermal Single Pore Model. Assuming that the
system is isothermal, substituting the linearized
isotherm into the LDF model, and writing it in terms
of deviation variables gives

an _ kP — ) (29)
dr "
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taking the Laplace transform and solving for G; gives

_ Kk o)

(s) 7
Gﬁs = —=
P s+k

The substitution s = jw can be made and the transfer
function split into the real and imaginary parts:

2

Re[Gi(jw)] = m (3D
Kk
ImlGr(jo)] =~~~ (32)

The real and imaginary parts of G;(j®) can be substi-
tuted into Egs. (13) and (14) in order to calculate the
amplitude ratio and phase angle of the system.

Figure 4 shows the amplitude ratio component of the
frequency response for the isothermal linear driving
force model for several values of the mass transfer co-
efficient k. The amplitude ratio is divided by frequency
to eliminate the factor w in Eq. (13). This gives greater
meaning to the low frequency asymptotes. Values along
the k = 0/s curve show just gas phase effects. Along
this curve, no adsorption is taking place, and gas is only
entering and exiting the system in response to changes
in the pressure. The curve is flat at low frequencies and
equal to the value of V;/RT. At higher frequencies,
the effects of the restriction in the mass flow meter
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Figure 4. Sample amplitude ratio curves for isothermal linear
driving force model.
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attenuate the response. Along the k = oo curve, the
system is at equilibrium throughout the cycle. The dif-
ference between these two curves is equal to MK.
The modified curves are the equivalent of plotting the
ratio of the change in number of moles in the system
to the change in pressure. For the sake of brevity, this
ratio (see y-axis) will be referred to as amplitude ratio
throughout the remainder of the paper.

Isothermal Multiple Pore Model. We can allow for
the existence of different types of pores acting in par-
allel within the system. We simply assume that each
type of pore has a characteristic rate of adsorption. In
this simple model we assume that for each of the types
of pores the isotherm remains the same, just the ac-
cessibility of the pore to the adsorbate differs. This
assumption could be valid, for example if there is a
barrier at the entrance to the pores that restricts access
to the pores. This is the means by which many carbon
molecular sieves work. If there are i different sizes of
pores, then we have i different rates and 2i — 1 degrees
of freedom in describing the data.

In general, if k; is the rate of adsorption in the pore
of type i and x; is the fraction of the pores of type i,
then the linear driving force rate equation for an m pore
model can be written

dnotal S
— = iki(n* — 33
R ;:1 Xiki(n™ —n) (33)

This gives the transfer function

< Xk
Gi(s) =K (34)
; ki + §

which for a single pore model reduces to Eq. (30).

The transfer function can again be split into real and
imaginary parts and substituted into Eqs. (13) and 14
to determine the theoretical behavior of the system.
The expressions for the real and imaginary parts of the
transfer functions are

xik,;

Re[Ga(jo)l = K ) | ——15 (35)
iki
m(Ga(j)l = =K 30 === ()

Non-Isothermal Single Pore Model. The previous
two models are relatively easy to develop, as the pres-
sure of the system is the only variable which influences

the equilibrium loading of the adsorbent. Once the con-
dition of isothermality is eliminated, the models are
more complex. An increase in pressure results in an in-
creased loading. This increase in loading liberates the
heat of adsorption which raises the temperature of the
adsorbent, reducing its equilibrium loading.

Taking the linearized isotherm (Eq. (21)), substitut-
ing it into Eq. (28), putting it into deviation variable
form, and taking the Laplace transform gives

iis = k[KP + KT — 1] 37)

Inserting Eq. (27) into Eq. (37) and solving for the the
transfer function G (s) results in

Kk
KrkM,\
54 KrkMys
M,Css +a

Ga(s) = (38)

The substitution s = jw can be made and Eq. (38) can
be split into the real and imaginary parts giving

Re[Gi(jw)]
Kk*[a + M}C,0*(Cy + K11)]
T (ak — MCy0?)? + 0?(kM,Cy + o + KrkMy2)?
(39)

Im[G;(jw)]

. —Kka)(M,%Cfa)2 +a?+ aKTkaA)

T (ak — MpCya0?)? 4+ 02(kM,Cy + o + KrkMy))?
(40)

Surface Diffusion Model

A model utilizing surface diffusion (or micropore dif-
fusion) as the rate limiting step can be developed from
the linearized isotherm and the material balances above
and the equation for local adsorption rate. The rate law
and boundary conditions for a spherical domain for
diffusion are

on D9 ([ ,0n

m_Zo (2 41

ot  rlor (r a;») @1

n=n" a r=r, (42)
on/or =0 at r=0 43)

Note that a constant diffusion coefficient has been used,
which is easily justified for this linearized system. The
Laplace transform of the rate law given in Eq. (41) is a



modified spherical Bessel equation of the form

n=0 (44)

where

z=rs/D (45)

The solution is of the form

inh h
ﬁ:Clsm z+C2cos Z (46)
Z Z

Applying the boundary conditions gives

e RVADsinh(5TD)
T Snh(R5/D)  rfs/D

We can integrate over the radius R of the diffusion
domian to find the average loading

3n*  R\s/D R sinh(r/s/D) 2
redr

"R sinh(R/s/D) Jo r/s/D
(48)
substituting z = r+/s/D again gives
D1 3 RS/D
i=-——-——"F—— sinhz d 49
Ry snh(RV5TD) ), | cSnheds (49)
Given that

/ zsinhz dz = x coshx — sinh x (50)
0

we find

D1

e
[omifEe) ()

(51)

n=

Further simplification gives

_D1| [R? R?
2;[\/;ﬁcoth( 5\5)—1} (52)
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Isothermal Model. Assuming that the system is
isothermal, adsorption equilibrium is described by
n* = KP’ giving the transfer function

2 e ) - ]

(53)

"U|| =

Substituting s = jo and using /7 = (1 + j)/v/2
results in

Gi(jw) = — |:\/_ L+J coth

D V2
R21+J
(]

Noting that

h2x — isin?
coth(x + jy) = o ST (55
cosh2x — cos2y

and substituting results in

. 1[v ..sinhv — jsinv .
Gi(jo) = 6K — | (1 = j)——t—
ve| 2 coshv —cosv

(56)

R2
v = ,/20)5 (57)

Splitting this into the real and imaginary parts gives

where

1 sinhv — sinv
Re[Gsi(jw)] =3K——— (58)
v coshv — cosv
1 h i
Im[Gy(jw)] = —61(—2[375“1 vsny 1]
v

2 coshv — cosv
(59

When inserted into Eq. (13) and used to generate the
frequency response of the system, the isothermal sur-
face diffusion model gives the curves shown in Fig. 5.
The surface diffusion curves are flatter in shape than
those for the linear driving force model shown in Fig. 4.
The drop off in adsorption is more gradual as frequency
increases in comparison to the LDF model. This is due
to the fact that as the frequency rises, the effective depth
of the pore decreases (Suzuki, 1990).
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Figure 5. Sample amplitude ratio curves based for the isothermal
surface diffusion model.

Non-Isothermal Model. For a non-isothermal sur-
face diffusion model the linearized equilibrium condi-
tion n* = KP' + K7 T’ is applied. We again substitute
Eq. (27) giving

x = KrMyrs _
pf=KP— ——"" 7 (60)
M,Css +a

Substituting this into Eq. (52) results in

D1

KrMph
P32 2|kp— TMpAS  _
RZs

— 7
MCss +a

R? R2
X |:,/ B\/Ecoth (,/ 5\5) - 1:| 61)

Solving for G, we obtain

%% [\/gﬁcoth(\/%ﬁ) —1:|
D1 KrMpks
1435 M],Z;vh—l—a |:\/7\/Ecoth(\/7\/_) }

(62)

Gi(s)=

"U|3|

Substituting s = jw gives
Gi(jw)

D1 [/Emmwz/ﬁ) . 1}

D KrMy | [R R
1—|—3R2 MyCojo+ [ \/J_a)coth< \/]—w) }
(63)
Simplifying, we obtain
Gi(jw)
i 2 2
—3K%i [ %\/j_wcoth< %\/j_w> - 1} (MyCyjo + )
- . 3 D R2 N \/7r
(MpCsjow + ) + FKTMM 55} wcot jo
(64)
Substituting /7 = (1 4+ j)/+/2 and using Eq. (55)
gives
Gi(jw)

61(1 v(] ,)sinhv—jsinv
v2 |2 I coshv — cos v

D
(MpCsjo+oa)+3— KTMb?»[ a4+

+ j} (MpCyjw + a)

sinhv — jsinv |
coshv — cosv

(65)

Separating the numerator and denominator into real
and complex parts yields

Gi(jo)
6K {aV™ + M,C;0¥ ™} + j{M,Cs0 V™ — W)

T D 1. . D __
Ol—i—ﬁﬁ‘l’ +j Mbcsw‘i‘ﬁﬁ"p

(66)
where
B =3Kr My
and
voomn
(67)

v sinhv — sinv

2 coshv —cosv

Multiplying the numerator and denominator by the
complex conjugate of the denominator and solving for



the real and imaginary parts gives

Frequency Response Method 47

D _ D
{a\Il_—I-MbCSa)\I/’L}{a—i-ﬂﬁlIﬁ} + {M,Cs0 ¥ —a\IfJ“}{MbCSw—i-,Bﬁ\IJ }

Re[Ga(jo)l = —7 x

D . D

2

(68)

B D _ D .
{aW™ + M,C;¥ T} MhCSa)+,3ﬁ\IJ — (M,Cs0¥™ —a¥T}) ot-l—ﬂﬁ\ll

Im[G(jw)] = —? X

Phase Angle

While the figures and examples shown have dealt with
the amplitude ratio of the response, there is also infor-
mation about the behavior of the system in the phase
angle. Grzegorczyk and Carta (1997) showed that when
particle diffusion was controlling there was a smaller
phase angle shift than was present in a system with
surface barrier resistance.

Characterizing the lags that are introduced by the
apparatus due to forces other than adsorption is often
difficult. For the frequency response apparatus, an ad-
ditional phase lag is introduced by the orifice in the
mass flow meter and the second volume. There may
be other effects that are not apparent in the amplitude
ratio response that become noticeable in the phase lag,
such as the possible presence of a dead time. In or-
der to eliminate these influences we subtract the phase
angle of the inert gas at a given frequency from the
phase angle of the adsorbable component at that same
frequency.

Given Eqgs. (14) and (18), the phase angle can be
calculated giving

¢ =1+ b (70)

The value of ¢, the effect of the second volume, is the
same for the inert and the adsorbing gases, therefore,
we have

¢dif - (¢l,ads + ¢2) - (¢l,inert + ¢2)
= ¢1,ads - ¢1,inerl (71)

D .1 D _
@+ BV A IMC+ fos ¥

2

(69)

For a non-adsorbing species we can write G; = 0.
Inserting this into Eq. (14) gives

Grmen = tan~" | =BT n ooy = -
, 5 :
(72)

The resulting expression for the phase angle difference
becomes

Mj Re[Gr(jo)] + —=
N RT T
baiy(jw) = tan My, Im[G;(jw)] "2

(73)

Figure 6 shows the response of the phase angle differ-
ence for the isothermal LDF model. At low frequencies
the system is at equilibrium and there is no phase differ-
ence between the adsorbable and the inert response. At
frequencies near the characteristic rate of adsorption, a
phase lag occurs between the adsorbable and the inert
systems. Then, as the frequency is increased further,
the amount of adsorption decreases and the system is
only showing the effects of filling and emptying the
gas volume. At this point, the cycling of the adsorbable
gas is fast enough to make the gas effectively inert and
the difference in the phase angles disappears. This cor-
responds with the region on the amplitude ratio plots
shown in Fig. 4 where the response curve approaches
the inert gas curve.

Figure 7 plots the phase angle differences for the
isothermal surface diffusion model. The surface dif-
fusion curves have higher minima and are broader in
shape than those for the linear driving force model.
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Figure 6. Phase angle differences for the isothermal LDF model
for various values of the rate constant k.
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Figure 7. Phase angle differences for the isothermal surface
diffusion model for various values of the rate constant D/R?.

Figure 8 shows how non-isothermality affects the
shape of the phase angle curves. When the rate of ad-
sorption is faster than the rate of heat dissipation the
phase angle plot becomes bimodal. The phase angle
change at lower frequencies occurs as the system tran-
sitions from isothermal to adiabatic operation. If the
rate of adsorption is sufficiently fast there is a range of
frequencies where the system is adiabatic but in equilib-
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Figure 8. Phase angle differences for the non-isothermal surface
diffusion model for various values of D/R2.

rium for mass exchange before the frequency becomes
high enough that adsorption kinetics begin to diminish
the response. Due to the heat effects on the equilib-
rium loadings, the maximum phase lags are smaller
than those for the isothermal model.

Adsorption Dynamics Experiments

In this work the system was cycled at rates from 1 x
10~ rad/s to 8 rad/s (cycle periods of 17.5 hours to
0.8 sec). The BPL activated carbon is 6 x 16 mesh
granular particles, approximately 3 mm in size.
Examples of measured data are shown in Fig. 9.
Figure 9(a) shows sample output for amplitude and
frequency of the pressure variations being 1.33 kPa
(1.0 torr) and 0.1 rad/s (approximately one minute per
cycle), respectively. This amplitude is only 0.5% of
the total pressure. The net flow is the flow out minus
the flow in. The plot of the flow rate into the system
shows that the mass flow controller is able to maintain
the flow rate into the system at a constant value despite
the changing system pressure. From the sample output,
one can see that the amplitude of the CO, response is
greater than that of the helium. The greater amplitude
exhibited by the CO, is due to the adsorption of the
gas on the carbon. Both the CO, and the helium curves
exhibit a small amount of phase lag. This phase lag is
due to the flow restriction within the mass flow meter.
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Figure 9. Example of frequency response curves at (a) 0.1 rad/s
and (b) 1.0 rad/s for CO,/BPL activated carbon.

If the flow restriction were not present, the net mass
flow rates of the gases would pass through the zero line
very near where the pressure curve reaches its max-
ima and minima. Figure 9(b) shows a second set of
curves with the same parameters except a frequency of
1.0 rad/s (approximately 6 seconds per cycle). At ten
times the frequency of the curves in Fig. 9(a), the effects
of mass transfer resistance on adsorption are apparent.
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While it is difficult to see that the areas under the two
curves are smaller (indicating less adsorption), the dif-
ference in phase lag is readily apparent. This difference
in phase lag is due to the mass transfer resistance of the
adsorbent.

One concern we had was whether there were any
intraparticle fluid dynamic effects during a pressure
change that would influence the rate data. Tests were
run with helium and both the activated carbon and 4 mm
solid glass spheres. The response of the system was the
same with both materials, so it was determined that flow
resistances did not play a major role in the system.

A second concern was the possible influence of
pressure drops across the bed attenuating the pressure
perturbation experienced by the bed. With the system
bypass removed, a second pressure meter was placed
upstream of the bed. The amplitude of the pressure
wave showed less than 3% attenuation at a frequency
of 3 rad/s. Considering that the bypass contributes to
decreasing the pressure drop through the bed and all
the experiments were conducted with the bypass open,
the attenuation of the pressure wave by the bed can be
considered negligible.

A final concern was that there were effects on the
frequency response caused by different volumes of gas
entering and exiting the bed. In other words, that be-
cause a greater volume of gas must enter and exit the
bed in the case of the adsorbing component, that this
would impact the frequency response. The amplitude
of the helium pressure wave was varied over a wide
range. There was no dependence of either value on the
size of the pressure wave when the system was cycled
at 0.5 rad/s with pressure amplitudes from 0.2 torr to
5.0 torr.

For the set of experiments, the bed was loaded with
5.37 g of BPL activated carbon. For each run, the sys-
tem response was measured with helium as the working
fluid. The system was then purged and the experiment
was repeated with CO,. The frequency response of the
system was measured from 0.001 rad/s to 8 rad/s at a
base pressure of 200 torr (26.7 kPa). The amplitude of
the pressure change was between 0.2 torr (0.027 kPa)
and 10 torr (1.33 kPa) depending on the frequency of
oscillation. Parameter values in Table 1 were used in
the determination of kinetic parameters.

In comparing experimental results with model pre-
dictions, it became quickly apparent that the single pore
isothermal LDF model and the isothermal surface dif-
fusion model could not describe the data for CO,/BPL
activated carbon adequately. However, the isothermal
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Table 1. Properties used in kinetic models for carbon dioxide/
activated carbon.

My, =537g Cs = 1.088 J/(g K)
C, = 0.037 J/(mmol K) Fin = 6.0 cm?/min (STP)
V= 50.7 ml T, =298 K
K =2326x 1073 Kr = —1.1492 x 10~2 mmol/(g K)
mmol/(g Torr)
A = —23 J/mmol
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Figure 10.  Plot of amplitude ratio for the two-pore isothermal LDF
model for CO,/BPL activated carbon.

multiple pore model with two pores could describe the
data well, as shown in the amplitude ratio plotin Fig. 10.
The best fit was determined by least squares regression
of the log of the amplitude ratios. The figure also shows
the experimental and theoretical curves for the system
with helium. Two scales of rate behavior are shown for
CO,/BPL activated carbon in the figure, one at high
frequencies and one in the range of roughly 0.01 to
0.3 rad/s. The two-pore model, with two resistances,
could capture this behavior. However, the single pore
isothermal LDF model and the isothermal surface dif-
fusion model, each with a single resistance, could not.

Figure 11 shows the best fit for the non-isothermal
surface diffusion and LDF models. At low frequencies,
the system is very close to equilibrium; this is where it is
equal to the infinite mass transfer curve. While the data
breaks away from the equilibrium curve at a frequency
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Figure 11. Plot of amplitude ratio for the non-isothermal surface
diffusion and LDF models for CO,/BPL activated carbon.

of about 0.01 rad/s, the best fit isothermal curve does
not break away until a frequency of 1 rad/s, two decades
later. The isothermal LDF model does not appear to fit
the data well. Evidence for the non-isothermal model
is supported by the calculation that if the system were
completely adiabatic, the equilibrium amount adsorbed
would be reduced by 1/3 (Sward, 2001). As the fre-
quency increases the isothermal and non-isothermal
model predictions approach each other. Atlow frequen-
cies the times are long enough that any heat releases are
allowed to dissipate. At the other end of the spectrum,
as the frequency increases the loading changes become
smaller, while the heat capacity of the carbon remains
the same, effectively attenuating any temperature ef-
fects.

To verify that the deviations from the single pore
isothermal model were due to temperature effects, the
bed was packed with an equal volume mixture of car-
bon and stainless steel balls. The goal was to raise the
heat capacity of the bed in order to attenuate any heat ef-
fects. Figure 12 shows a portion of two response curves,
normalized for the amount of carbon in the bed. Over
the range @ = 0.01 rad/s to @ = 0.2 rad/s the curve for
the system with steel balls is clearly above the curve for
the bed with just carbon. This is the range where the de-
viation from the single pore isothermal model is most
evident. These results indicate that the non-isothermal
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Figure 12. Amplitude response curves for CO,/BPL activated
carbon system for the bed filled with equal volumes of carbon
and steel balls and carbon alone. Curves shown are straight lines
connecting data points.

models are more representative of the physical reality
of the system than a multiple pore model would be. In
addition, since the steel balls affect the response of the
system, heat transfer from the particle to the gas phase
is not the only heat transfer resistance at work in the
system.

The non-isothermal linear driving force model is not
a perfect fit of the data at all frequencies. At the higher
frequencies, the data would indicate a higher effective
LDF coefficient. This can be explained by the fact that
if surface diffusion within the particles is governing
the mass transfer, then as the frequency increases, the
apparent linear driving force coefficient increases. The
depth of penetration of the adsorbate swings within the
adsorbent micropores decreases with frequency. Atlow
frequencies, the adsorbate diffuses throughout the full
depth of the micropore; however, as the frequency of
the pressure variation increases, the resistance to diffu-
sion within the micropores limits adsorption and des-
orption to the outer portion (Suzuki, 1990). This makes
the effective depth of the micropore smaller, increas-
ing the apparent LDF constant. As was mentioned in
the section on theory, the surface diffusion curves have
a smaller slope than the linear driving force curves.
This is a manifestation of the effects described by
Suzuki.
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In Fig. 11 we can see the amplitude ratio plot for
the non-isothermal surface diffusion model fits the
data better than the LDF model. In the case of gran-
ular activated carbon, defining the appropriate radius
for the particle is difficult. The average radius of the
6 x 16 mesh carbon used is approximately 0.15 cm.
With this value for R, the diffusivity would be D =
4.75 x 1073 cm?/s.

This value is reasonable based on the apparent dif-
fusivity of 1.56 x 10~3 cm?/s reported by Prasetyo and
Do (1998) for CO, at 303 K on Ajax type 976 activated
carbon at very low loadings. In other work, Mugge et al.
(2001) have reported a surface diffusion coefficient for
carbon dioxide on Norit RB4 activated carbon of ap-
proximately 0.5 x 1073 cm?/s near room temperature;
however, their characterization of the pore network is
much different, with the resistance in mesopores and
macropores and with the resistance in micropores ne-
glected (similar to the theoretical single pore study of
Taqvi and LeVan (1996)). They compare their mea-
sured values for surface diffusion coefficient of car-
bon dioxide, methane, and ethane with those of several
other investigators for different adsorbates on different
carbons finding reasonable consistency.

There is a question as to what is the appropriate ra-
dius or length scale to use in determining the value
of D. The pellet is filled with macropores and microp-
orous domains. What needs to be determined is if the
real effective radius is the average depth of a micropore
in a microporous domain within the pellet, or is it the
radius of the particle itself. In their work, Prasetyo and
Do (1998) used similarly sized particles and used the
particle diameter to calculate the diffusivity.

In order to determine whether the particle diameter
impacts the rate of adsorption of carbon dioxide, parti-
cles from a sample of the activated carbon were reduced
in size by grinding. It is unlikely that the micropores
or microporous regions are of the same size scale as
the particles. If only the micropore resistance controls
the rate of adsorption, then there should be little or no
change in the value of D/R?. The new sample of car-
bon had an average particle radius of 0.5 mm or one
third the size of the 6 x 16 mesh used in the previous
experiment.

A sample of 5.08 g of the new carbon was placed
in the bed and frequency response measurements were
made. The two sets of curves were substantially similar.
For the small particles, D/ R? was found to be 0.53 s~ 1.
This is 1.56 times the value for the larger particles of
D/R? = 0.34/s. If the values of D are assumed to be
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equal, this would indicate that the average radius of the
smaller particles is 20% smaller than the radius of the
larger particles. Actually, the particles are on average
67% smaller. If the particle diameter were determining
distance, for the smaller particles we would the approx-
imate diffusivity would be D/R? = 3.1/s. The actual
dependence of the diffusivity was D ~ R~%4. This in-
dicates that the main resistance is within the micropores
and not the macropores of the carbon and that the size
of the microporous domains is not entirely independent
of particle size for 6 x 16 mesh granules.

Phase Angle Data. Based on the amplitude ratio data,
the non-isothermal surface diffusion model is the best
fit for the CO,/BPL activated carbon data. In order to
verify this, we can plot the phase lag of the system and
compare the experimental data to the curves predicted
by the various models.

Figure 13 shows the phase angle data for the
CO,/BPL system along with the curves for the linear
driving force and surface diffusion models. The values
for k and D/R? used in the models were those that
were obtained by fitting the amplitude ratio data. The
phase lag data are much less uniform, especially at the
higher frequencies. While it follows the general shape
of the two curves, the data are scattered. Comparing the
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Figure 13. Phase lag of CO,/BPL activated carbon with the phase
angle predicted based on the fits of the LDF and surface diffusion
models to the amplitude ratio data.

shapes of the two curves, while the phase lag at high
frequencies is smaller than predicted by either model,
it is closer to that predicted by the surface diffusion
model. The scatter in the data is the result of the phase
lag caused by the second volume. At high frequencies,
the phase angle ¢,;; is obtained by subtracting two
numbers of similar magnitudes (see Eq. (71)).

Discussion

The frequency response apparatus described can be
compared with other techniques for studying adsorp-
tion kinetics. Frequency response techniques allow for
easy probing of different mass transfer resistances as
the frequency is changed. From the data we were able
to discern the heat transfer effects that impact the rate of
adsorption. Varying the frequency can also be used to
separate out the effects of multiple mass transfer resis-
tances. In addition, if a step-change approach were war-
ranted, the apparatus is capable of creating step changes
through the input of a low frequency square wave.

While the benefits mentioned above are common to
all frequency response techniques, this apparatus has
some positive attributes when compared with batch ad-
sorber frequency response methods. Because the sys-
tem is a flow system, heat transfer effects on adsorption
are reduced, with the flowing gas attenuating some of
the temperature change. Moreover, it should be easier
to adapt a flow system to multicomponent adsorption
studies; the exiting gas can be analyzed without con-
cern for the impact of the sampling on the contents of
the system. Also, with a flow system, any inert gas that
may not have been removed from the system initially
will be purged, unlike closed volumetric perturbation
systems.

However, there are areas where batch systems are
more capable than the current system. The current con-
figuration is capable of operating at up to approxi-
mately 1.25 Hz. Most batch system data are reported
up to approximately 10 Hz, and some are capable of
operating at much higher frequencies (Shen and Rees,
1994). This is a disadvantage that might be reduced
somewhat by changing the mass flow meter to reduce
the flow restriction and by shortening the length of the
tubing connecting the bed to the mass flow and pressure
controllers to reduce the overall system volume.

The apparatus described is somewhat similar to the
flow system described by Do and coworkers (Park et al.,
1998; Petkovska and Do, 1998), which modulates the
flow rate in and has a constant volumetric flow rate



out. For the system described in this paper, the baseline
pressure of the system can be set directly.

Conclusions

A simple apparatus for the investigation of both dy-
namic and equilibrium characteristics of gas-phase ad-
sorption systems has been described and demonstrated.
It is capable of measuring equilibrium data for rela-
tively fast adsorbing species at pressures of approxi-
mately 1.3 to 500 kPa or higher. It is also capable of
obtaining frequency response over a frequency range
of approximately five decades, with a maximum fre-
quency of approximately 1 Hz. The apparatus holds
promise as an easy to use system for the study of the
dynamic behavior of gas-phase adsorption systems. It
can be used for characterizing the adsorption of a va-
riety of systems. The shape of the frequency response
curves can be used to determine the controlling resis-
tance and provide insight into the behavior of the ad-
sorbent/adsorbate pair. Five different models of mass
transfer have been developed for use with the system.

In equilibrium studies, the apparatus provided read-
ily repeatable equilibrium data for the CO,/activated
carbon system. These values agreed well with the re-
sults obtained from the literature and the frequency
response experimental data.

The system also gave repeatable results for the dy-
namic behavior of the CO,/activated carbon system.
For frequency response work, the system was tested
to assure the linear behavior of the system to various
changes of the system parameters. The values obtained
for the rate parameters were reasonable given the liter-
ature values that were available. The activated carbon
system was shown to follow non-isothermal surface
diffusion kinetics (micropore diffusion). The magni-
tude of the uptake rate was found to vary with the
inverse of particle size to the 0.4 power.

Nomenclature

b

Amplitude of pressure change (kPa); area of bed
for heat transfer (cm?)

Amplitude of flow rate change (mmol/s)

Gas heat capacity (J/mol K)

Solid heat capacity (J/g K)

Effective diffusivity (cm?/s)

Flow rate (mmol/s)

Heat transfer coefficient (J/cm? K s )

aaw
SR
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Enthalpy (J/mol )
Linear driving force constant (1/s)
Slope of isotherm (mmol/g kPa)

7 Slope of isobar (mmol/g K)

» Mass of bed (g)
Adsorbed phase concentration (mmol/g)
Pressure (mm Hg, kPa)
Radius of spherical diffusion domain or
adsorbent particle (cm; gas constant)
Time (s)
Temperature (K)
Volume (cm?)
Weight fraction

e R

>~ Iz

=N

Greek Letters

Lumped heat transfer parameter (J/K s)
Heat of adsorption (J/mmol)

Orifice coefficient for mass flow meter
System phase lag (rad)

Adsorption phase lag (rad)

Frequency (rad/s)

gees >Q

Subscripts

Adsorbed-phase
Bed

Gas-phase
Equilibrium value
pc Pressure controller

S — =R
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