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ABSTRACT: A theoretical framework is proposed to describe the temper-
ature-dependent adsorption kinetics and their interpretation of measured
uptake curves of four types of adsorbate, namely, methane and halogenated
refrigerants (R134a, R410a, and R507a) onto a pitch-based activated carbon,
Maxsorb III. The model requires only two measurable data from the ex-
periments, that is, the adsorbent temperature and system pressure during the
adsorption dynamics. We have demonstrated that the temperature dependency
adsorption has significant influence on the intrapellet diffusion coefficients of
the linear driving force (LDF) model. A modified LDF model is proposed in
this paper, and it is validated using the uptake behavior of these adsorbates;
good agreement is found between the proposed kinetics model and the
experimental uptake. The parameters postulated in the model are consistent
and reproducible and agree well with a priori estimates. The model provides a
useful theoretical basis for the analysis of rapid sorption processes for which the isothermal approximation is no longer valid.

■ INTRODUCTION
In adsorption systems, the equilibrium adsorption capacity of
an adsorbent−adsorbate pair takes a relatively long time period
to reach an equilibrium state. For practical consideration, tem-
perature transients owing to the isosteric heat of adsorption
during an adsorption uptake are equally important for the
estimation of sorption capacity, particularly in designing cyclic
processes. The existing adsorption kinetics models found in the
literature, worked well with equilibrium conditions, but they are
inaccurate in predicting the vapor uptake associated with rapid
temperature transients of adsorption or desorption processes.
Therefore, it is necessary to develop a theoretical kinetic model
as well as to have such models verified with adsorption kinetics
experiments.
Since the 1950s, the linear driving force (LDF) model has

been proposed by Glueckauf,1 Gullieminot et al.,2 and Lathan
and Burgess.3 A useful mathematical framework for the
LDF was further deliberated by Sircar and Hufton4 and Li and
Yang5 where the equilibrium adsorption concentration profile
was maintained in activated carbon with a gas-phase adsorbate.
Fletcher et al.6,7 conducted experiments on the adsorption
kinetics of n-octane, n-nonane, methanol, and benzene on type
BAX 950 activated carbon, and they correlated the LDF model
to their kinetic data. Similar kinetics experiments for hydro-
carbon onto activated carbon and silica gel had been performed
by Malek and Farooq,8 whereas Scholl et al.9 conducted kinetics
experiments for water vapor, n-hexane, cyclohexane, and tetra-
chloroethylene on single pellets of activated carbon. In recent
years, El-Sharkawy et al.10 and Saha et al.11 also reported the

adsorption kinetics of ethanol on activated carbon fiber using
the LDF model. Reid and Thomas12,13 studied the adsorption
of gases on molecular sieves carbon (MSC), and they reported
that the adsorption kinetics followed a similar trend described
by LDF. Harding et al.14 found that the LDF model can be used
to represent accurately the adsorption of water vapor by acti-
vated carbon in a pollutant separation process. These studies
employed adsorption processes such as breakthrough behavior,
air separation, moving bed systems, pressure swing adsorption,
and thermal swing adsorption refrigeration utilizing activated
carbon. The point to note is that these experiments were based
on the assumption of isothermal adsorption, that is, almost no
temperature changes to the adsorbent during the adsorption
process. The assumption is valid because the sorption samples
used were small and the heat released rate is relatively low com-
pared with the heat transfer rate. Although the adsorbate
concentration was adjusted at each step change, the difference
in adsorbate concentration before and after the initial and equi-
librium states was usually negligible, minimizing the temper-
ature excursion. However, some studies have noted a significant
discrepancy in diffusivities of adsorbent−adsorbate pairs even
though they were at similar isotherms,15−17 and these have been
attributed to temperature effects.
For a rapid diffusing system, the sorption kinetics is influenced

by the thermal excursion effects, as reported by Eagan et al.,18
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Doelle and Riekert,19 Ilavsky ́ et al.,20 and Voloshchuk et al.21−23
They have investigated the behavior of zeolite systems. The
nonisothermal adsorption kinetics of n-butane on extruded
cylindrical activated carbon and dichloromethane on activated
carbon were also investigated by Fiani et al.24 and Meunier
et al.,25 respectively. Most studies reported a rapid temperature
rise, and the uptake curves showed significant deviation from
the predictions of isothermal systems.
Despite the available nonisothermal models for adsorbate dif-

fusivity of adsorbent−adsorbate pairs26−37 covering many refri-
gerants and hydrocarbons, they were merely based on semi-
empirical models. The detailed approaches, such the Fickian
diffusion models, involved mainly the mass-transfer mechanism
which tended to be complicated and time-consuming when the
thermal effects were incorporated into the adsorbate diffusivity.
The motivation of the present paper is to develop a thermo-
dynamic framework to account for both pressure and tem-
perature excursions during rapid uptake or off-take of adsorbate
from the porous adsorbents.

■ THEORY

Isothermal Adsorption Kinetics. The LDF model is a
simple and yet widely used kinetic equation for adsorbent−
adsorbate uptake in an isothermal condition. The intrapellet
diffusion behavior is accounted for by the overall mass diffusion
coefficient (ksav), and the rate of uptake is proportional to the
difference between the equilibrium uptake, q*, and the instan-
taneous uptake, q(t), as follows,

̅ = * −
dq
dt

k a q q t[ ( )]s v (1)

It is also noted that ksav is also a function of adsorbate con-
centration. This correlation is valid for isothermal adsorption,
where the temperature change of the adsorbent is neglected
during the adsorption process when the concentration differ-
ence between the initial and the equilibrium adsorption is small
and the heat transfer rate is negligible. For rapid diffusing
systems, the sorption kinetics may be appreciably influenced by
the thermal effects.
Nonisothermal Adsorption Kinetics. The significance of

thermal effects in the zeolite systems and adsorption kinetics
of n-butane on extruded cylindrical activated carbon has been
demonstrated experimentally,18,19,24 and the uptake curves
showed significant deviation from that of isothermal systems.
The adsorbate diffusivities of solid adsorbents from noniso-
thermal uptake data were measured in a gravimetric or in a
volumetric apparatus16,26−28,31−36 and the thermal effects, and
the effect of pressure onto the adsorption rate was reported by
He et al.37

With these, the present study was therefore undertaken to
provide a comprehensive theoretical framework for the investi-
gation of thermal and pressure effects in adsorption measure-
ments. A modified linear-driving-force (mLDF) model based
on the adsorbent temperature and system concentration is
developed to interpret experimental adsorption uptake curves.
Furthermore, the sudden change of adsorbate concentration
during the initial stage of adsorption processes is also incorpo-
rated into the kinetics model.
From mathematics, the total derivative of the instantaneous

uptake can be expressed from the partial contributions of

pressure and temperature using the chain rule as represented
by eq 2.
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The first term on the right-hand side is the partial derivative
of the instantaneous uptake with respect to system pressure at
constant temperature. The second term shows the partial
derivative of instantaneous uptake with respect to tempera-
ture at constant pressure. The details of the partial deriva-
tives are presented in the following equations, by which the
effects of adsorbent temperature and system pressure are inte-
grated. The
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P* and T* in eqs 3 and 4 represent the equilibrium pressure
and temperature, respectively. Similarly P(t) and T(t) represent
the instantaneous process pressures and adsorbent temper-
atures when adsorption takes place. ksav and β are the effec-
tive mass transfer coefficient corresponded to the process
equilibrium pressures and temperatures, respectively, that is,
ksav(P*), β(T*). Both ksav and β are measured in s−1. The
second term on the right-hand side of eq 3 represents the unit-
step function for the system pressures profile, which enable the
prediction of the system pressures during adsorption. The
corresponding second term on the right-hand side in eq 4
represents the adsorbent temperature profile, which enable the
estimation of the system temperature.
Substituting eqs 3 and 4 into eq 2 results in:

̅ = α * −
dq
dt

P T q q t( , ) [ ( )]
(5)

Figure 1. Scanning electron micrograph (SEM) of Maxsorb III
activated carbon at 3700 magnification.
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where α is the overall effective mass transfer coefficient and is
presented below as

α = + − −
*

+ β − *⎧⎨⎩
⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟
⎤
⎦⎥
⎫⎬⎭

⎧⎨⎩
⎫⎬⎭k a

P t
P

T
T t

1 1 exp
3 ( )
2

1
( )s v

(6)

The effective mass transfer coefficient, ksav, can be expressed
as the function of the surface diffusion as given by eq 7 as,1

=k a
F D

R
s v

o s

p
2

(7)

where Fo is a constant, Ds is the surface diffusion (m2·s−1), and
Rp is the particle radius (m).
The relation between the surface diffusion and adsorption

temperature can be given by the Arrhenius form as

= −⎜ ⎟
⎛
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E
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where E is the activation energy of the adsorbate (J·kg−1). Dso is
a pre-exponential constant that varies with the equilibrium
pressure. By applying eq 8 into eq 7, the effective mass transfer
coefficient, ksav can be expressed as
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where
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is a function of equilibrium pressure, P*.
The correlations for ksav and β are present in eqs 10 and 11,

respectively, as
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Table 1. Porous Characteristics of Maxsorb III

BET surface
areas

micropore
volume

average pore
diameter

skeletal
density

adsorbent m2·g−1 cm3·g−1 nm g·cm−3

Maxsorb III 3150 1.7 2 2.2

Figure 2. Schematic of the volumetric adsorption kinetics experi-
mental apparatus.

Figure 3. Percentage and the rate of moisture removal as a function of time.

Figure 4. Ratios of final mass and initial mass of the Maxsorb III
activated carbon sample at different regeneration temperatures.
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In logarithmic form, eq 11 may be written as
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where A1, A2, B1, and B2 are the constant coefficients which can
be regressed from the experimental adsorption kinetics data.

If the effects of pressure and temperature are insignificant, eq
5 is reduced to the original LDF model.
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Figure 5. Charging cell () and adsorbent (- - -) temperature versus time during adsorption kinetics process for (a) Maxsorb III-R134a at P* = 3.1
bar, T* = 5 °C, (b) Maxsorb III-R410a at P* = 6.3 bar, T* = 15 °C, (c) Maxsorb III-R507a at P* = 6.1 bar, T* = 5 °C, and (d) Maxsorb III-CH4 at
P* = 9.1 bar, T* = 5 °C.

Figure 6. Charging cell () and adsorption cell (- - -) pressure versus
time during adsorption kinetics process for Maxsorb III-R134a at P* =
3.1 bar, T* = 5 °C.

Figure 7. Adsorption cell temperature during the kinetics process for
Maxsorb III-R134a at P* = 3.1 bar, T* = 5 °C.
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Figure 8. Deviation of uptake capacity between kinetics test with and
without temperature offset for ◊, R134a; ○, R410A; △, R507a and □,
methane at temperatures range from (5 to 45) °C.

Figure 9. Experimental () and predicted (- - -) adsorption uptake for Maxsorb III-R134a versus time at various pressures under adsorption
temperature of (a) 5 °C, (b) 15 °C, (c) 30 °C, (d) 45 °C, and (e) 60 °C.

Figure 10. Average regression errors between nonisothermal kinetics
model and experimental uptake for ◊, R134a; ○, R410A; △, R507a
and □, methane with activated carbon Maxsorb III.
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Figure 11. Experimental () and predicted (- - -) adsorption uptake for Maxsorb III-R410a versus time at various pressures and adsorption
temperature of (a) 5 °C, (b) 15 °C, (c) 30 °C, and (d) 45 °C.

Figure 12. Experimental () and predicted (- - -) adsorption uptake for Maxsorb III-R507a versus time at various pressures and adsorption
temperature of (a) 5 °C, (b) 15 °C, (c) 30 °C, and (d) 45 °C.
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To determine the instantaneous uptake for a particular
adsorbent−adsorbate pair, eq 5 can be rearranged as

̅
* −

= α
dq

q q t
dt

( ) (13)

By integrating both sides of eq 13

∫ ∫̅
* −

= α
dq

q q t
dt

( )

Figure 13. Experimental () and predicted (- - -) adsorption uptake for Maxsorb III-methane versus time at various pressures and adsorption
temperature of (a) 5 °C, (b) 15 °C, (c) 30 °C, and (d) 45 °C.

Figure 14. Pressure-dependent pre-exponential constant D*so plotted against the pressure ratio, P*/Pcri (i.e., eq 11), for ◊, R134a; ○, R410A; △,
R507a, and □, methane with activated carbon Maxsorb III.

Table 2. Coefficients of the Pre-exponential Function, D*so,
and Temperature Dependence Mass Transfer Coefficient, β

adsorbent Maxsorb III

adsorbate R134a R410a R507a CH4

Pcri/kPa 4059.28 4902.6 3792.1 4599.2
Tcri/K 374.21 344.74 343.77 190.65
A1 0.0859 0.153 0.0356 −0.242
A2 0.0566 0.0329 0.0165 0.074
B1 9.14 8.99 7.45 5.25
B2 −8.3 −8.54 −7.25 −8.85
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Figure 15. Pressure dependent effective mass transfer coefficient, ksav, plotted against pressure ratio, P*/Pcri (i.e., eq 10), for (a) R134a, (b) R410a,
(c) R507a, and (d) methane with activated carbon Maxsorb III at adsorption temperature of ○, 5 °C; △, 15 °C; □, 30 °C; ◊, 45 °C, and +, 60 °C.

Figure 16. Temperature-dependent effective mass transfer coefficient, β, plotted against temperature ratio, T*/T (i.e., eq 13), for (a) ◊, R134a; (b)
○, R410A; (c) △, R507a, and (d) □, methane with activated carbon Maxsorb III.
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− * − = α +q q t tln[ ( )] constant

with initial condition t = 0 and q(t) = 0, one can get

= − *qconstant ln( )

which implies that

* −
*

= −α
q q t

q
t

( )
exp( )

(14)

Rearranging eq 14, the instantaneous uptake may be expressed
as

= * − −αq t q t( ) [1 exp( )] (15)

The instantaneous uptake (eq 15) can be employed to
predict the experimental adsorption kinetics curves.

■ EXPERIMENTAL SECTION
The understanding of the transport mechanism of the adsorbent−
adsorbate system is crucial in designing the thermally driven sorp-
tion system. Extensive studies regarding the adsorbate diffusivity in
solid adsorbents using the gravimetric or volumetric apparatus
have been conducted previously.16,18,19,24,26−28,31−35,37 Although
the indirect volumetric measurement method is likely to be less
accurate, Belmabkhout et al. have shown that the average deviation
between these methods is only about 3 %.38 Hence, the volumetric
method (constant-volume−variable-pressure, CVVP apparatus) is
used to conduct the kinetics test. The present section reports on
the experimental adsorption kinetics data for activated carbon,
Maxsorb III with methane, R134a, R410a, and R507a for pressures
up to 1 MPa and temperatures from (5 to 45) °C.
Materials. Four types of adsorbate, namely, methane, R134a,

R410a, and R507a, are used in the kinetics experiment. The
Maxsorb III pitch-based activated carbon, which was supplied by
Kansai Coke and Chemicals Co. Ltd., Osaka, Japan, is highly
microporous and in powder form. The scanning electron
microscope (SEM) photograph of Maxsorb III is shown in
Figure 1 where the surface structure is observed to be flake-like
layers with porous volumes entrenched in between. The thermo-
physical properties were measured with Autosorb 1-MP machine
using N2 adsorption isotherms at −195.85 °C; the Brunauer−
Emmett−Teller (BET) surface area and the specific pore volume
are tabulated in Table 1.
Apparatus and Procedure. The experimental apparatus

consists mainly of a stainless steel (SS 304) adsorption cell
and a charging cell with internal volume of 50 ± 5 % mL and
1000 ± 5 % mL, respectively, at which the schematic for the
adsorption and charging chambers where the adsorption
process took place in situ are shown in Figure 2. The pneuma-
tically actuated pressure regulator was installed in between the
stainless steel adsorption and charging cells through 1/4 in.
nominal stainless steel tubing, and a set of compression fittings
to withstand pressure of greater than 2 MPa was used. An
electronic pressure controller (Emerson-Tescom ER3000) was
mounted over the pneumatic actuated regulator which is able to
control pressures ranges from subatmosphere to 20 000 psi
with flow coefficient up to 45. The resistance of gas flow through
the regulator was neglected. The ER3000 is a microcontroller-
based device that implements a digital PID (proportional/integral/
derivative) control algorithm to regulate process pressure.
Before the adsorbent samples were loaded into the adsorp-

tion cell, Maxsorb III was first weighted in the Computrac Max
5000 moisture analyzer, which has an accuracy of ± 0.1 mg.

The samples were then heated in situ at 155 °C for 2 h for
thorough degasification. The dry masses were recorded as
1000.0 mg. To obtain the optimal regeneration temperature,
the activated carbon samples was heated at different temper-
atures ranging from (110 to 300) °C, and the adsorbate
removal rates are recorded as a function of time. Figure 3
provides typical plots for the percentage of adsorbate removed
and the removal rate at temperatures (160 and 200) °C,
respectively, for the activated carbon sample type Maxsorb III.
In these plots, the “% moisture” of the vertical axis should be
considered as the percentage of moisture removal. It can be
seen that the percentage of moisture removal from the activated
carbon became steady after about 20 min of heating at
temperature 160 °C, whereas it is gradually increasing in case of
temperature at 200 °C. These observations confirm that there is
no significant moisture removal in the extended period of
heating at 160 °C. However, the gradual percentage moisture
increase in case of heating at 200 °C was not exactly due to the
moisture removal; rather it is because of the burn off of the
activated carbon sample.
Figure 4 shows the bar plot for the ratio of final mass and

initial mass of the Maxsorb III sample at different temperatures.
It can be seen that the ratios change sharply below 120 °C and
they are very close (indicated by red circle) for the tempera-
tures (140 to 180) °C. Again, the sharp changes in ratios
(indicated by blue circle) are observed for temperatures above
200 °C which indicates the possibility of burnout of the AC
sample at higher temperatures above 200 °C. Therefore, the
regeneration temperature is estimated at temperatures of (140
to 160) °C for the activated carbon samples.
In a typical application, the supply pressure was charged into

the ER3000 via a pulse-width modulated solenoid valve at the
inlet port, and the regulator dome was loaded. The ER3000
detected the pressure from a pressure transducer mounted
downstream in the process and compared the feedback signal
to the set pressure every 25 ms. If the feedback is lower than
the set point, the ER3000 will open its inlet valve, allowing pres-
sure to flow onto the dome of a pressure-reducing regulator. This
will open the main valve of the regulator, increasing the down-
stream pressure. The ER3000 will continue to increase pressure
on the dome of the regulator, that is, increasing the downstream
pressure until the feedback signal is equal to the set pressure and
vice versa.
Apart from this, two pressure transducers (Kyowa-PGS-

50KA) were installed at the charging and adsorption cells with
a full scale uncertainty of 0.1 % in measurement. The tem-
peratures of the adsorption and charging cells were recorded
using class-A Pt 100 Ω RTDs with an estimated uncertainty
of ± 0.15 °C. The adsorption cell RTD was in contact with the
activated carbon to enable direct temperature measurement. All
of the temperature and pressure readings were logged into the
Agilent data logger every 1 s to enable real time monitoring of
the adsorption uptake.
Prior to the kinetics experiment, the entire assembly was

evacuated for 24 h to a vacuum level of 0.5 mbar and degassed
at (140 to 160) °C. This temperature range was selected for the
optimum degassing of the adsorbent loaded in the adsorption
cell. In addition, helium was purged into the system intermit-
tently during regeneration to enhance the residue gas removal.
After evacuation, the adsorption cells were isolated from the

charging cell (with valves 3, 4, and 5 closed). The sample was
then cooled down to the required adsorption temperature, at
which both the adsorption and charging cells were immersed in
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a temperature-controlled water bath, which was connected to
the heating/refrigeration circulator (HAAKE F8-C35) to main-
tain the preset temperature within an accuracy of ± 0.01 °C.
When the system stabilized, the charging cell was pressurized

with the adsorbate from its source (with valves 4 and 5 closed).
After sufficient time for the system to stabilize, the electronic
controller was triggered to actuate the pressure regulator. The
adsorbate vapor was released into the adsorption cell keeping
the pressure constant at a preset value. The pressure and tem-
perature were recorded at 1 s intervals over the entire experi-
ment. A class-A Pt 100 Ω RTD was inserted into the adsorption
cell to measure the adsorbent temperature in situ. With this, the
adsorbent temperature increases during the adsorption process
can be captured. These two readings (system pressure and
adsorbent temperature) play the important role in determining
the amount of gas adsorbed by the adsorbent. The adsorption
process usually takes one hour to reach the equilibrium state.
After each adsorption process, the regulator (V5) was closed

to isolate the sorption cell with the charging cell. The adsorbent
in the sorption cell was then regenerated at (140 to 150) °C for
8 h, and helium was purged into the system to enhance the
removal of residual gas. The adsorption cell was then ready for
the next pressure reading. Measurements were made over
different quantities of adsorbate in the charging cell to cover a
pressure range below the saturation pressure for respective
adsorbent, up to 1 MPa. This precaution was necessary to avoid
the possibility of condensation of refrigerant in the capillary and
the associated errors in the estimation of adsorbate present in
the apparatus. The same procedures were repeated for four
types of adsorbate, namely, the methane, R134a, R410a, and
R507a at temperatures ranging from (5 to 45) °C.
Impact on Gaseous Compressibility. To understand the

gaseous transport mechanism in the pitch-based activated
carbon micropores and extract the transport parameters from
the experimental uptake results, it is necessary to quantify the
effect of temperature changes due to the sudden compression
(pressurization) of adsorbate into the sorption cylinder.
The effect was measured by conducting “blank runs” (without

any adsorbent in the test chamber) at respective conditions
similar to the actual experiments. The actual temperature effects
due to adsorption, that is, heat of adsorption can then be deter-
mined by offsetting the temperature increase during the “blank
runs” with the temperatures rise measured from the kinetics
experiments.

■ RESULTS AND DISCUSSION
In this work, the experimentally measured kinetics data for the
adsorption of methane, refrigerant R-134a, R-410a (near azeo-
tropic blend of HFC-32 and HFC-125), and R-507a (azeo-
tropic blend of HFC-125 and HFC-143a) onto pitch-based
carbonaceous material (Maxsorb III) are correlated with the
proposed nonisothermal kinetics model. The kinetics tests are
conducted at four different set temperatures ((5, 15, 30, and
45) °C) and pressures up to 10 bar.
Effects of Heat Evolution during Adsorption Process.

At first, the adsorbent temperatures rose during the kinetics
experiment are present in Figure 5. The graphs show the ad-
sorbent temperature profiles in current experiments during the
adsorption process for refrigerants R134a, R410a, R507a, and
methane onto Maxsorb III at the respective pressures and tem-
peratures. In contrast, the charging chamber temperatures re-
mained constant throughout the experiment. With the initial tem-
peratures for all four cases maintained at preselected conditions,

the adsorbent temperature rose drastically and reached its peak
within 20 s during the adsorption process. These are consistent
with adsorption as an exothermic process; that is, thermal energy
(isosteric heat of adsorption) is released during adsorption. In all
cases, the adsorbent experienced a significant temperature in-
crease, that is, more than two times of the initial equilibrium
temperature. The increases in adsorbent temperature are more
significant in adsorption of halocarbon refrigerants compared
with methane adsorption onto Maxsorb III. With these results,
it is concluded that the effect of adsorbent temperatures is
important in the analysis of kinetics gas adsorption mechanism.
Therefore, it is vital that a nonisothermal kinetics model is
required to predict the actual kinetics behavior of the vapor
uptake, as proposed in eq 15.
During the kinetics experiment, the adsorption cell was sub-

merged in a temperature-controlled water circulator to maintain
the adsorbent at equilibrium temperature. Hence, the adsorbent
eventually reached the equilibrium temperature. The adsorp-
tion process was continued until the system pressures and tem-
peratures became stabilized, at which the rate of change for
pressure and temperature are less than 1 mbar/30 min and
0.2 °C/30 min, respectively.
On the other hand, Figure 6 illustrates both the pressure

profiles in the adsorption and charging chambers for Maxsorb
III-R134a at P* = 3.1 bar, T* = 5 °C. The adsorption cell
pressure was maintained constant throughout the kinetics pro-
cess using the electronic-controlled pressure regulator to study
the kinetics mechanism in constant concentration conditions.
The adsorption cell pressure reached its preset pressure within
(2 to 3) s from the instant that the regulator is opened.

Effects of Compressibility of Adsorbate during
Charging. Furthermore, to understand the exact gaseous trans-
port mechanism in the single component adsorbent−adsorbate
systems (i.e., Maxsorb III-CH4, Maxsorb III-R134a and Maxsorb
III-R507a) it is necessary to quantify the effects of temperature
changes due to the sudden compression (pressurization) of
adsorbate into the sorption cylinder. Hence the temperature
increases due to sudden compression were measured by con-
ducting “blank runs” experiment, that is, with no specimens
inside the sorption cell, at respective conditions similar to the
actual kinetics experiments. Figure 7 shows the temperature
profiles of the kinetics tests, the “blank runs”, and the offset
temperatures for refrigerant R134a with Maxsorb III at an
equilibrium pressure and temperature of 3.1 bar and 5 °C,
respectively. The offset temperature is simply calculated by
the following equation,

= − − *T T T T( )offset ads empty (16)

where Tads represents the adsorbent temperature during the
kinetics tests and Tempty is the sorption cell temperature
during the blank runs.
The percentage deviations for the kinetics results for the

actual run and “blank run” are shown in Figure 8. It is noticed
that the effects of temperature change in the sorption cell
during the blank runs are insignificant for pressures lower than
10 bar; that is, the uptake deviations are less than 3 %. Hence in
the current analysis, the effect of temperature rise due to
sudden pressurization of adsorbate is neglected. However, for
higher adsorption pressures, that is, greater than 10 bar, neces-
sary precautions need to be considered for the sudden com-
pression of the adsorbate which may lead to considerable tem-
perature increase in the system.

Journal of Chemical & Engineering Data Article

dx.doi.org/10.1021/je201210t | J. Chem. Eng. Data 2012, 57, 1174−11851183



Validation of Proposed Model with Experimental
Kinetics Data. The experimental adsorption uptakes for
refrigerant R134a with activated carbon Maxsorb III at (5, 15,
30, 45, and 60) °C are plotted with respect to time in Figure 9.
The equilibrium pressures for the kinetics experiment are
selected to be lowered than the saturation pressure at their
respective temperatures. This is to prevent any possible con-
densation of adsorbate in the chambers. As shown in Figure 9a,
the kinetics tests are conducted at only two sets of equilibrium
pressures, that is, (1.1 and 2.1) bar. Meanwhile, at higher
system temperatures, the kinetics tests are conducted for
pressures setting up to 5.1 bar, that is, for system temperatures
of (30, 45, and 60) °C.
It may be observed that there is a sudden increase in uptake

values at the very beginning of the kinetics test and, especially
for higher system pressures, the effects are more significant.
The uptakes are then slowly reduced and eventually increased
again to reach its equilibrium uptake values. The possible
explanation for the phenomenon is that the sudden increases of
uptake values are mainly due to the sudden charging of the
adsorbate into the sorption cell at higher pressures; that is, the
adsorbate molecules “rush” into the sorption cell and are
adsorbed onto the solid adsorbent surfaces. However, this will
cause the evolution of isosteric heat of adsorption which leads
to the increase in adsorbent temperature. The adsorbed refrige-
rant molecules are desorbed due to the temperature increased;
that is, uptake values decrease gradually. Since during the
kinetics test, the external heat sink is rejecting the isosteric heat
of adsorption, and the adsorbent ultimately reaches the pre-
determined temperature; that is, the temperature of the adsor-
bent decreases, and hence the adsorption of refrigerant in-
creases and reaches the equilibrium uptake. This shows the
importance of thermal management in any solid sorption systems,
either to reject the isosteric heat of adsorption or supply heat
during desorption processes.
The proposed nonisothermal kinetics model and dotted lines

are also plotted in Figure 9 to predict the kinetics values. This
model which incorporated the system pressures and adsorbent
temperatures effects gives a satisfactory approximation to the
adsorption uptake behavior.
The average regression error of the proposed model for

adsorbent−adsorbate pairs (Maxsorb III-R134a, Maxsorb III-R410a,
Maxsorb III-R507a, and Maxsorb III-CH4) are shown in Figure 10,
which are less than 8.5 %.
The kinetics experiment data for Maxsorb III-R410a, Maxsorb

III-R507a, and Maxsorb III-CH4 can be found in Figures 11 to 13,
respectively. The proposed correlations are also superimposed
onto the graphs.
The pre-exponential function D*so, which is a function of

equilibrium pressure, P* (eq 10) for Maxsorb III-R134a,
Maxsorb III-R410a, Maxsorb III-R507a, and Maxsorb III-CH4
are plotted against the pressure ratio, P*/Pcri, as shown in
Figure 14. The pre-exponential function D*so shows an in-
creasing trend with increasing equilibrium pressure, for the
Maxsorb III with the halocarbon refrigerants. Conversely it
shows a decreasing trend with increasing system pressure for
the Maxsorb III-CH4 pair. The values of D*so are between 0.1
and 0.8. The coefficients (A1 and A2) of the pre-exponential
function D*so are presented in Table 2.
With these regressed values, the effective mass transfer co-

efficients ksav of Maxsorb III-R134a, Maxsorb III-R410a, Maxsorb
III-R507a, and Maxsorb III-methane are plotted against the
pressure ratio, P*/Pcri at respective temperatures, that is,

(5, 15, 30, 45, and 60) °C, in Figure 15. The effective mass
transfer coefficients, ksav, increase with increasing system tem-
peratures. In addition, the ksav have the same trends as the D*so,
that is, increasing with increasing in equilibrium pressure, for
Maxsorb III with halocarbon refrigerant, while decreasing with
increasing in system pressure for Maxsorb III-CH4 pair.
This dissimilarity is due to the difference in adsorption

temperatures; that is, the CH4 operate above the critical tem-
perature, whereas the others operate below the critical tem-
perature of the adsorbates. The similar decreasing trends of ksav
with system pressures of hydrocarbons can be found in a
previous work by Ruthven and Derrah, at which the system
temperatures are below the critical temperature and the ksav
also increase with increasing system temperatures.39

On the other hand, the temperature-dependent effective
mass transfer coefficients, β for all four working pairs, are
plotted against the temperature ratio, T*/T in Figure 16. The β
values are found to be increasing with the system temperatures
for all cases studied, with values between (0.25 and 0.9) s−1.
The coefficients (B1 and B2) of β for all four adsorbent−adsorbate
pairs are presented in Table 2.

■ CONCLUSIONS
The kinetics experiment data for Maxsorb III-R134a, Maxsorb
III-R410a, Maxsorb III-R507a, and Maxsorb III-CH4 are suc-
cessfully obtained and correlated using the proposed noniso-
thermal kinetics equation. The parameters derived from the
model are consistent, reproducible, and agree well with a priori
estimates. The average regression error of the proposed model
for adsorbent−adsorbate pairs (Maxsorb III-R134a, Maxsorb
III-R410a, Maxsorb III-R507a, and Maxsorb III-CH4) are less
than 8.5 %. The model provides a useful theoretical basic for
the analysis of rapid sorption processes for which the isothermal
approximation is no longer valid.
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