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Abstract

An experimental and theoretical study has been conducted on the adsorption kinetics of ethanol onto a pitch-based activated carbon
fiber (ACF) of type (A-20). Experiments have been carried out across assorted adsorption temperatures that are useful to the operation
of adsorption chillers. The kinetic curve for each isotherm is measured accurately using a thermal-gravimetric analyzer (TGA) from
which the diffusion time constant and consequently, the overall mass transfer coefficient could be evaluated. A novel concentration pro-
file, with an exponent parameter k, has been proposed in the theoretical model which accounts for the effect of meso- and micro-pore
structures within the ACF. The proposed concentration profile removes the restrictions between the overall mass transfer coefficient and
the diffusion time constant. Using the measured kinetics, the numerical value of k is evaluated, leading to a new form of the linear driving
force (LDF) model for cylindrical adsorbent that could capture the higher ethanol uptake in ACF and this LDF model has been vali-

dated experimentally.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Activated carbon fibers (ACFs) have many intrinsic
characteristics that are superior as compared with the pal-
letized or granular activated carbon, for example, the large
surface area, fast inter-particle adsorption kinetics, ease of
handling and manufacture into belts or foam components.
It could be used in applications such as gas separation, gas
storage and catalytic reactions [1-5]. In recent years, sev-
eral studies have been conducted to investigate the poten-
tial types of ACFs-refrigerant pairs in adsorption cooling
or heat pump applications [6-8]. The uptake behaviour
of ACF (A-20)/ethanol pair seems to be a promising for
cooling applications. Besides the high affinity for ethanol,
the salient features of ACF (A-20) are (i) a high surface
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area of about 1.95x 10°m?/kg, (ii) a pore volume of
10.28 x 10~* m*/kg and (iii) a suitable average pore diame-
ter of approximately 21.6 A [9,10].

For design purposes and improving the understanding
of adsorption chillers, it is essential to determine accurately
the kinetics of adsorbent-adsorbate (refrigerant) pair.
Design codes of chiller must be equipped with the correct
isotherms, isosteric heat of adsorption and the coefficients
for the uptake model. With these key data furnished for
the adsorbent-sorbate pair, only then the numerical mod-
eling of the processes of chiller operation can be computed
accurately with high level of degree of confidence [11]. Con-
ventionally, the computations time of the code could be
optimized using the well-known linear driving force
(LDF) correlation.

In the LDF method, the key parameter employed here is
the determination of the overall particle mass transfer coef-
ficient. Both the diffusion time constant and the overall
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Nomenclature

time dependent coefficient of Eq. (7)
time dependent coefficient of Eq. (7)
surface diffusion coefficient [m?/s]
constant used in Eq. (1)
constant used in Eq. (7)

a,  overall mass transfer coefficient [s ']
fiber length [m]
radial distance in the fiber [m]
fiber radius [m]

REEATIDS S

t time [s]

v elemental volume of fiber (2mtrL)[m?]

Vo volume of fiber (2nRL) [m’]

w average amount of adsorbate [kg/m® or
kgethanol/kgACF]

w equilibrium adsorption capacity [kg/m® or
kgethanol/kgACF]

DJ/R? diffusion time constant [s ']

w/W  fractional uptake [-]

mass transfer coefficient are estimated by tracking the
experimental vapour-uptake behaviour using the solution
of a diffusion equation where the particle mass transfer
coefficient (Ksa,) could be determined [12]. Should only
the surface diffusion parameter D; is used, there exist a con-
stant relationship between the overall mass transfer coeffi-
cient to the particle shape (e.g., described by the radius)
and local concentration profile within the adsorbent. Liaw
et al. [13] showed that a parabolic concentration of the
form, w(t,r) = ao(f) + ax(t)r* as prescribed within the
spherical particle, led to the well-known LDF model.
Recently, Li and Yang [14] also demonstrated the use of
the general profiles of the LDF model but modified with
an exponent index n on w(z,r), where n is an integer >2
and commented that the parabolic profile of Liaw et al.
[13] is one of the many possible local solutions. A recent
article of Sircar and Hufton [15] highlighted that as long
as the local concentration profile of the adsorbent is contin-
uous, a constant relationship exist between Kya, and the
diffusional time, Dy/R>, which is given by Eq. (1). This rela-
tion is originally derived by Glucckauf [16] where Fj is 15
for spherical shapes of adsorbents:

Fy = K5y
D,

()

In this paper, the adsorption rates of ethanol uptake
onto the adsorbent ACF (A-20) for an assorted range of
temperature have been measured which corresponds to
useful temperatures expected of the operation of adsorp-
tion chillers, namely between 27 and 60 °C, respectively.
Using a thermal-gravimetric analyzer (TGA) unit, instan-
tanecous uptake measurements, as well as the adsorbent
temperatures, are accurately recorded at regular time inter-
val of 0.5s. The chamber pressure of adsorbent is main-
tained constant during the experiments by a vacuum
pump and a pressure-feedback modulating valve. Guided
by the experimental measurements, a new concentration
profile through the adsorbent is proposed in this paper
where the exponent of the function for w(z,r) has been
found to be greater than what has been reported conven-
tionally. The additional vapour-uptake, arising from the
effect of the meso-pores within the uniformly distributed

(1)

micro-pore structures of adsorbent material, can now be
described by a variable & in the local concentration profile
and this effect has been reported by Dubinin et al. [17].
However, they considered a statistical-moment method
for the concentration profile that entails an infinite series
solution for the kinetic curve.

2. Experiments

Fig. 1 shows a pictorial view of the experimental appa-
ratus which comprises the TGA (CAHN TG 2121) unit,
a water-heated evaporator, and a vacuum pump with the
modulating valve. To measure the adsorption temperature,
a thermocouple of type K is inserted into the reacting
chamber near the bottom of the adsorbent or sample pan
where both the adsorbent and the temperature sensor
would be exposed to the same heater. The system pressure
is controlled by the MKS pressure controller (type 651C)
and a MKS-Baratron pressure sensor (type 631A) records
the chamber pressure. The controller then operates the
modulating vacuum valve. A diaphragm type vacuum
pump is used to evacuate the system continuously, operat-
ing in concert with the pressure sensor and controller so as
to maintain a pre-set chamber pressure condition. Fine
porous meshes are mounted at the inlet and exit of the
adsorbent chamber which provide damping for any pres-
sure fluctuations arising from the modulating actions. Dur-
ing testing, the microbalance unit of the TGA is protected
from any reactive gas by introducing a small amount of
helium gas, which is injected from the top of the dome-
shaped cover. As the sorbate is a condensable vapour, con-
densation is prevented by raising the tube and chamber
wall temperatures, using an externally wrapped electric
tape-heater.

A series of experimental runs have been carried out at
different adsorption temperatures within a range from 27
to 60 °C. The evaporator, containing the liquid ethanol,
is kept at a constant temperature of 15 °C by an adjustable
temperature bath. Samples of ACF, typically about 71 mg
in weight, are inserted into the reactor chamber of the TGA
unit. Prior to each adsorption experiment, the sample is
first regenerated under vacuum conditions but adsorbent
is maintained at a temperature of 140 °C for several hours
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Fig. 1. Photograph of the experimental facility.

to ensure complete desorption. Gas extraction from the
reacting chamber is conducted from the top section where
it minimizes the mixing of ethanol and the helium gas. Sep-
aration of gases is also aided by the lower density of the
helium gas.

Adsorption experiments commence when the evapora-
tor (containing ethanol) valve is opened and ethanol
vapour flows slowly to the reacting chamber through a por-
ous plug. The system pressure is observed to increase from
an initial pressure of 15 mbar (the lowest possible chamber
pressure due to helium injection) to 30 mbar within a per-
iod of about 60 s and the chamber pressure remains con-
stant throughout the adsorption experiment. The mass of
adsorbed ethanol and the adsorbent temperatures are sam-
pled and recorded at 0.5s interval until the equilibrium
conditions is attained.

3. Mathematical model
3.1. Semi-infinite model

It has been reported that during the initial phase of
adsorption, surface diffusion coefficient follows the uptake

behaviour of a semi-infinite medium of any particle shape
and it is expressed by [12]:

w24 (D4
=7 o @

where 4 and V are the surface area and volume of the par-
ticles. Owing to the small pore diameters as compared to
the ACF diameter, typically two to three orders smaller,
the semi-infinite assumption is deemed justified. The diam-
eter of the ACF is measured to be around 13 um, as shown
in the scanning electron micrograph (SEM) of Fig. 2. Con-
sidering a fiber to have a length, L, and a radius R, Eq. (2)
can be customized as

w 4 (Dt 12
Sz (2 ()
W R\ =

where Dy/R? is the surface diffusion time constant. Thus, by
evaluating the ethanol uptake with time from the TGA, Eq.
(3) provides the methodology to evaluate the surface diffu-
sion coefficient accurately. This approach has been adopted

by many researchers [18-20] and reported to yield good
results for the diffusion time constant.



LI El-Sharkawy et al. | International Journal of Heat and Mass Transfer 49 (2006) 3104-3110 3107

Fig. 2. Scanning electron micrographs (SEM) photographs of ACF (A-20).

3.2. Linear driving force model

The local time dependent concentration of a sorbate
within a cylindrical ACF having a uniform micro-pores
structure could be described by the transient diffusion
equation of the form given below [21]:

ow 120 ow
v (rDs a) @

where Dy is the surface diffusion coefficient and r is the
radius of the ACF. Defining the volume-average sorbate
. _ 1 R . .
concentration as w = - fo wdv, and on substitution of
the parameters of a fiber volume, the elemental volume
and differentiating it with respect to time, the volume aver-
age uptake of sorbate at any given time can be expressed as

ow_2 ("o,
o R, ot

The simple mathematical arrangement of Eqgs. (4) and (5)
provides the time-varying relation between volume-average

sorbate uptake to the local concentration profile of the
ACF, i.e.,

ow 2 [R/10d ow
a—z?/o (?5(”%))*‘”

or, simply when integrated gives
ow 2D [6w]
r=R

dr (5)

(6)

The crucial step here is to assume a local distribution of
sorbate through the cylinder. Classically, a quadratic func-
tion for the local distribution is used, i.e., w = ay + a»’,
where the micro-pores are assumed to be uniformly distrib-
uted within the adsorbent, as shown in the lower quadrant
of Fig. 3. However, as noted in the SEM Fig. 4, it is be-
lieved that there exist both meso- and micro-pores struc-
tures within the ACFs. To accommodate for the higher

o R |or

wit)= vi j: w (r,t)dv

Vapor Phase

Uniform micro-pores

Adsorbent phase

Fig. 3. Local concentration profiles for uniformly distributed micro-pores
and meso-pores structures in ACF.

L@8nm
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Fig. 4. SEM photographs of ACF (A-20) at higher magnification showing
the dimples of meso-pores on the surface of ACF.

sorbate uptake, it is proposed that the local distribution
function is assumed to have a form given as follows:

w=ay + ayr** (7)

where the parameter k accounts for the presence of meso-
and micro-pores within the adsorbent, ay and a, are both
function of time, r*™* is any continues function within
the fiber domain, satisfying the boundary conditions:
w= W atr=R, and & = 0 at r = 0. Substituting the local
concentration profile, i.e., Eq. (7) the average uptake can
be written by

R
W= (ap + ax*™*)rdr or
e (®)
. A2 otk
WEat T
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Table 1
Coefficients of LDF approximation equation

Adsorbent particle LDF equation LDF equation constant

shape constant without k with k&

One-dimensional 3 3+k
slab

Cylinder 8 8+ 2k

Sphere 15 15+ 3k

At equilibrium, the local concentration profile approaches
the value at outer radius (R), W=ay+ a>R*™, Thus, the
subtraction of W — w gives a,R*™* (3%). From the local con-
centration distribution equation, one can also derive the
concentration gradient at the ACF surface, i.e.,
(2),_r = (2+ k)axR"™*, which can now be inserted into
W —w to give the following:

rewinle). 0

Using Egs. (6) and (9), they can be re-arranged to give
ow (8 +2k)D
oa R
which is similar in form to the conventional solution except
that the parameter k is preserved and hence, the volume-
average sorbate uptake could be enhanced due to the pres-
ence of meso- and micro-pores. It is highlighted that the
same procedure could be applied to other adsorbent config-
urations such as the slab and sphere, and the results of the
mathematical integration are listed in Table 1. Note that
the solution for spherical adsorbent has the factor (15 +
3k), that is quite similar to the conventional value of 15 only
which is commonly used. However, this conventional value
is obtained from quadratic concentration profile.

(W —w) (10)

4. Results and discussion

Fig. 5 shows the instantaneous ethanol uptake onto the
ACF (A-20) for 7 sets of isotherms by the TGA and the

0.7
0.6 -
05 -
Adsorption temperature [°C]
= 0.4 —h— 27
3 —A— 28
= —e— 315
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—— 35
—e— 40
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Time [s]

Fig. 5. Ethanol uptake on ACF (A-20) with time at assorted adsorption
temperatures.

data are recorded at 0.5 s interval. At low temperature of
27 °C, the equilibrium uptake is achieved at 67% by mass
within 2800s. Similar asymptotic behaviour is also
observed for isotherms 28 and 31.5 °C. As expected, the
equilibrium ethanol uptake decreases with increasing tem-
peratures. The TGA data, recorded at short time interval,
makes it possible to estimate the experimental adsorption
rate accurately throughout the transient. As it can be
seen from the measured data, the slope of each iso-
therm increases with decreasing temperature. Thus, the

1 |-
0.8
06 Adsorption temperature = 27°C
= Experimental
= Semi-infinite model
04
0.2
0 )4 1 1 1 1 1
0 10 20 30 40 50 60
a Square root of time [s%-9]
1 |-
08 -
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E
Adsorption temperature = 35°C
04 - /\  Experimental
Semi-infinite model
0.2
0 n 1 n 1 n 1 n
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b Square root of time [s9]
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0.8
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z
= Adsorption temperature = 60°C
0.4 /\  Experimental
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Fig. 6. Plots of fractional uptake versus /¢ using the semi-infinite model.
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adsorption rate (2%) is expected to increase with the
decreasing adsorption temperature.

Using the semi-infinite model and the experimental data,
the diffusion time constant, DS/R2 for each isotherm is cal-
culated. To verify the semi-infinite model for the determi-
nation of diffusion time constant, selected isotherms of
27, 35 and 60 °C are compared by plotting the fractional
uptake (w/W) versus the square root of time (), as shown
in Fig. 6. Each of these plots yields straight lines through
the origin and the goodness of fit is valid up to about
80% of the total fractional uptake where the slope of the
line yields the parameter %(%)0'5. Thus, this procedure
provides a simple method for the determination of diffu-
sion time constant, Dy/R> of an isotherm.

The relationship between the overall mass transfer coef-
ficient, K.a,, and Dy/R* is given by the LDF equation via
the constant Fj, i.e., K,a, = 1055' Adsorption rate is calcu-
lated with a finite difference technique using the data from
the experiments and the equilibrium uptake, W, is
measured separately at equilibrium conditions. By plotting
the dw/dt versus (W — w) at each adsorption temperature,
the overall mass transfer coefficient, K.a,, is then esti-
mated. Using the diffusion time constant, Dy/R? (estimated
by semi-infinite model), the numerical value of Fj is eval-
uated. For the measured data of seven isotherms, the
numerical value of Fj is determined to be about 11 which
implies that the value of k is 1.5 and it is valid for a tem-
perature range from 27 to 60 °C and adsorption time of
600 s, corresponding to ethanol uptake up to 80% of the
dry mass of adsorbent. It is noted that should the conven-
tional parabolic concentration profile is used, then it
would give a F, =28, implying a lower ethanol uptake
for the range of time and temperatures as the profile
assumes only uniform micro-pores. This highlights the
importance of the constant k in capturing the real concen-
tration profile where the effects of both meso- and micro-
pores are accounted for.

50

10 A Experimental
Model

30+
o, A
1=
X A
X 20 A
=

10 1 1 1 1

3 3.1 3.2 33 3.4
1000/T [K™]

Fig. 7. A comparison of the diffusion time constant for a range of
adsorption temperatures. The experimental uncertainty from TGA is
small and no error bar is shown.
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Fig. 8. A comparison of measured and predicted adsorption rates for all
isotherms.

Fig. 7 shows the variation of the diffusion time constant
with the adsorption temperatures. A good agreement is
found between the experimentally measured results and
theoretical predictions and they agree with the trend given
by the classical Arrhenius equation. A comparison between
measured and predicted adsorption rates are shown in
Fig. 8, where the measured adsorption rates are determined
by applying a finite difference calculation on the TGA data
whilst the predictions are obtained by the LDF equation. A
relatively good agreement for the adsorption rates is
observed and the maximum percentage error for the bulk
of data (from 7 isotherms) is found to be £10%.

5. Conclusions

The adsorption rate of ethanol onto ACF (A-20) has
been successfully measured using the TGA over a wide
range of adsorption temperatures, typically from 27 to
60 °C, which is useful for the processes of adsorption chill-
ers. It has been found that the semi-infinite model could
capture the diffusion time constant, Dy/R* accurately for
ethanol uptake up to 80% of the ACF’s dry mass.

The authors have proposed a novel local concentration
profile, w(t,r) = ao(t) + ax(1)r*™*, which is effective in
attributing the higher ethanol uptake due to the presence
of meso- and micro-pores within the ACFs. The value of
k in the local concentration profile has been independently
validated using the measured data and is found to be about
1.5 when Fy is 11 which is much higher than the conven-
tional value of 8. The value of k is also valid for the wide
range of adsorption temperatures.

By combining the values of k and Dy/R?, the linear driv-
ing force (LDF) model is now proposed to be of the form,
ie, &= W;#(W— w) which is valid for a cylindrical
adsorbent. The numerical values of k and Dy/R? are valid
over a wide range of adsorption temperatures as well as
the adsorbent surfaces with meso- and micro-pores. The
authors would like to infer similar LDF models for one-
dimensional slab and spherical shapes where the parenthe-
sis terms are (3 + k) and (15 + 3k), respectively.
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