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Abstract. Five kinetic models for adsorption of hydrocarbons on activated carbon are compared and investigated
in this study. These models assume different mass transfer mechanisms within the porous carbon particle. They
are: (a) dual pore and surface diffusion (MSD), (b) macropore, surface, and micropore diffusion (MSMD), (c)
macropore, surface and finite mass exchange (FK), (d) finite mass exchange (LK), and (e) macropore, micropore
diffusion (BM) models. These models are discriminated using the single component kinetic data of ethane and
propane as well as the multicomponent kinetics data of their binary mixtures measured on two commercial activated
carbon samples (Ajax and Norit) under various conditions. The adsorption energetic heterogeneity is considered for
all models to account for the system. It is found that, in general, the models assuming diffusion flux of adsorbed
phase along the particle scale give better description of the kinetic data.
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Introduction strongly adsorbed species. This diffusion mechanism
has been verified with a number of experimental tech-
The structure of activated carbon (AC) is generally niques, such as gas permeation (Do, 1997), kinetics up-
bidispersed, consisting of graphite crystals (micropar- take measurement (Ruthven, 1984; Karger, 1988), and
ticles or grains) distributed randomly within a maze Wicke-Kallenbach method (Kapoor and Yang, 1991),
of amorphous carbons. The former accommodates theetc. However, because of the complexity in the mi-
microporous network which accounts for most of the croscopic structure of AC, the mechanism of surface
adsorption capacity (and the selectivity for multicom- diffusion remains a topic for debate as there are also
ponent systems) while the latter provides the transport studies suggesting that surface diffusion only occurs in
channels into the particle. Since the surface area of the microparticle (grain) scale. Effort trying to incorpo-
commercial AC is normally very high~1,000 n#/g), rate these two different approaches is also seen in the
the diffusion of the adsorbed phase along the parti- literature, as Bhatia proposed that the flux of the ad-
cle scale, or the surface diffusion, can make a sig- sorbed species along particle scale should be related to
nificant contribution to the overall mass transfer for the diffusion flux on microparticle scale (Bhatia, 1997).
The physical picture for surface diffusion in the highly
random 3-D space of AC is not yet clear, but it has
*To whom all correspondence should be addressed. been viewed as a process involving adsorption into and
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evaporation from the micropatrticle units (Do, 1996), or media approach (EMA) (Kapoor and Yang, 1989) or

hopping between neighboring adsorption sites (Kapoor pore network model (Mann and Yousef, 1995) might

et al., 1989). To further complicate this issue, the describe the reality a bit better but are mathematically

surface flux in an AC always parallels with other trans- more complicated. Thus, to fully demonstrate and com-

port fluxes (such as bulk diffusion or viscous flow). Asa pare the capabilities of various kinetics models in de-

result, models assuming different mechanisms for sur- scribing sorption kinetics, the energetic heterogeneity

face diffusion may possess similar capabilities (within is considered in this study.

experimental error) in simulating a range of experi-  In this study, the flux of bulk phase diffusion along

mental data. Therefore, to discriminate among various the particle coordinateR, is described by the Fick's

mathematical models for adsorption kinetics in AC, law:

experimental data measured at various experimental 5C

conditions may be necessary. Jp=-Dp— (1)
The differential adsorption bed (DAB) rig has been IR

proved to be a reliable experimental technique for where the pore diffusivityDp, is the combination of the

studying sorption kinetics of pure gas as well as gaseousKnudsen and molecular diffusivities (Ruthven, 1984).

mixtures. It has the advantage of measuring the uptake The driving force for surface diffusion is taken as

(adsorbed phase concentration) directly while keep- the gradient of chemical potentigk) and the surface

ing a constant boundary conditions at the external sur- flux of a pure component system on a patch with an

face of adsorbent particles. Due to the very high gas interaction energg is:

flow around the adsorbent particles3,000 cc/g/min),

the isothermality is mostly satisfied in the DAB tech- Ju(E) = —LM(E)CM(E)a—M

nigue. However, DAB has the disadvantage of being R

extremely time-consuming that tremendous effort is — _D,(E) dInC  3CL(E) (2a)
needed if sorption kinetics of a system are to be col- 79 InCL(E) AR

lected at various experimental conditions. In the past
few years, Do and Hu have systematically collected the
sorption kinetic data on two commercial AC samples

Equation (2a) delineates the surface flux along the par-
ticle scale. On microparticle scale, the surface flux

(Ajax and Norit AC) with DAB technique. Sorption ki- is written as:
netics of pure gas as well as gas mixtures were collected . o
over a range of temperatures, bulk phase compositions Ju(B) =~ DM(E)CM(E)ﬁ (2b)

as well as on patrticles with different sizes and geome- ) o
tries. These extensive experimental data are employedWhere D.(E) is the surface diffusivity at zero load-

in this article to discriminate various kinetic models 1Ng- The use of chemical potential as driving force
assuming different mass transfer mechanisms.

invokes the ‘thermodynamics correction factor’ (the

term,d InC, /9 InC, in Eq. (2a)) for surface diffusiv-

ity. Surface diffusion has been known to be an activa-

Theories tion process and follows an Arrhenius type temperature
dependence (Kapoor et al., 1989):

In spite of the bidispersed nature, the microscopic struc-

ture of AC is very complicated and presents strong Du(E) = DY exp(—Ea/RyT) (3a)

energetic heterogeneity towards adsorption, and such ) o

heterogeneity must be accounted for in any kinetic WhereD{ is the surface diffusivity at zero energy level

model to correctly describe adsorption kinetics (Do, andEa is the activation energy for surface diffusion.

1997). A common approach is to assume a patch- Eais related to the interaction enerdy, as follows:

wise surface (Kapoor and Yang, 1991) for sorption

equilibria and a parallel path model or PPM (Kapoor Ea=axE (3b)

and Yang, 1989) for sorption kinetics. These ap-

proaches, although being oversimplified for a real car- where @’ has been reported to take the value between

bon surface, address the heterogeneity inafundamental0.3 to 1 for physical adsorption processes (Kapoor

manner yet the keeping the model simple enough for et al., 1989). It has been found experimentally by

practical applications. Other approaches like effective Prasetyo and Do that it takes the value of 0.5 and 0.6
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for ethane and propane, respectively (Prasetyo and Do,and

1999). 9C. (E 19
The above theories are generally accepted for ad- w(B) = ———[rSUJL(E)] (5b)
sorption and diffusion processes and are used in our ot rsor

kinetic models, where applicable. wherer ands, are the scale and the geometric factor of

_Five models with different mass transfer mecha- 5 microparticle, respectively. The boundary condition
nisms are investigated in this article. To save space, 4 external surface of a microparticle is:

only equations for single component systems are pre-
sented here. These models are: C.(t,R.1o, E) = f[C(t, R)] (5¢)

The unknown kinetic parameter in the BM is the

1. Macropore and Surface Diffusion Model diffusion time constant in the microparticle,

The macropore and surface diffusion (MSD) model is DO/rz_

proposed for adsorption on large-sized AC patrticles, in wio

which the diffusion resistance along the microparticle

scale is negligible and local equilibrium is assumed 3. Macropore Surface Micropore Diffusion Model
between the two phases (Do et al., 1991). The mass

balance ovemn energy patchin a particle with the ~ The macropore, surface and micropore diffusion
geometric factor ofs’ (0, 1, 2 for slab, cylinder, and ~ (MSMD) model (Hu and Do, 1993) was developed for

Sphere, respective|y) is written as: Sorption kinetics on small-sized AC pellets in which
the diffusion resistance along both the microparticle

aC dC,(E) and particle scales are significant. The model takes that
85 +(1—-e¢) PY: the diffusion into microparticle is more restricted and

1 9 . . the diffusivity is different from that along the particle

= —ﬁﬁ[SR P+ (1-e)xRI(B)] (4) scale by a factor 982 (8 < 1). The MSMD model can
be expressed as:

wheree is the macroporosity of the particle. Since the

bulk and the adsorbed phases are in local equilibrium, ﬁ[ec + 1 - &)Cu(B)]

the driving force for surface diffusion equals the gra- 3

dient of chemical potentialy in the bulk phase. In this = "RIR

case, Eq. (2a) will suggest a Darken type relation for

the concentration dependence of the ‘apparent’ surfaceWith:

diffusivity if the Langmuir isotherm is employed. The 39C,,(E) 1 9

oAt iad i ; ; ( r
kinetic parameter to be studied in this model is the sur- — = —[r*J3.(B)] (6b)
face diffusivity, D,.. ot rs or

[eR°Jp + (1 — &) x R°J,(E)] (6a)

whereJL(E) = ﬂzJﬂ(E) is the diffusion flux along the
2. Bimodal Diffusion Model microparticle scale. The boundary condition of Eg. (5¢)
is applicable for Eqg. (6b). This model has two para-
The bimodal diffusion (BM) model has been used suc- Meters to be determine®} andro/p.
cessfully for sorption kinetics in adsorbents like zeolite
pellets composing of zeolite crystals. Mass transferre- 4. Finite Kinetics Model
sistance is described by macropore diffusion along the
pellet scale as well as micropore diffusion along The finite kinetics (FK) modelinterprets the mass trans-
the crystal scale (Ruthven, 1984; Gray and Do, 1989). fer in AC by considering the structural characteristics
The mass balance equation for a patch with en@&gy  of the adsorbent. It takes into account of the mass trans-

can be written as: fer resistances (such as the pore mouth resistance) be-
tween the bulk and the adsorbed phases so that three
aC dC,(E 190 i i iffu-
2C L1y w(E) 19 R (5a) mass transfer processes (pore diffusion, surface diffu

ot at  RSOR sion and the finite interchange rate between the bulk
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and adsorbed phases) occur (Do, 1996). With the finite The only unknown in this model is the rate constant of
mass interchange rate between the bulk and adsorbedadsorptionka.
phases being described by the Langmuir kinetics (Do
and Wang, 1998), the mass balance is: »
6. The Boundary Conditions

9
—[eC+ 11— o)Cu(B)] o :
at The above five kinetic models are subject to bound-

19 s s ary and initial conditions of the adsorption system. In
“RaRlER P T A O xRIE] (73) a DAB rig, the bulk phase concentration at external
surface can be regarded as being constant and in equi-
and for the adsorbed phase it is: librium with the adsorbed phase (Do, 1997). Thus, at
the exterior surface of the particle we have:
9C.(B) _ ii[RSJ (E)] +kaC[C,s — C.(E)] att =0 C=0
at  ~ RspR " ws o - B (9)
_ kd(E)CM(E) (7b) att >0, andR=R; C=C,

Because the adsorbed phase is not in local equilibrium 7, The Sorption Kinetics and Equilibria
with the gas phase within macropores, the surface flux on a Heterogeneous Surface
equation has the form:
All five kinetics models are capable of incorporating
3,(E) = —D,,(E) Cus 9Cu(E) (70) the sorption energetic heterogeneity, but we shall only
" - " . . . . ;
Cus—Cu(E) 0R consider such incorporation for diffusion-based models
because the performance of the LK model is inferior to
wherek, andky are the rate constants for adsorption the others, and therefore the extension of the LK model
and desorption, respectively. They are related to eachto account for heterogeneity is not warranted. A simple

other via the local adsorption affinity: uniform energy distribution is assumed for the surface
heterogeneity of AC samples in this study. With the
b(E) = Ka/ka(E) (7d) maximum and minimum energy beirtgax and Emin,
this distribution function takes the form of:
The FK model has two kinetic parameters to be deter- 1 for E E<E
. . in< E <
mined: DY andk,. F(E) = ! Emax— Emin min max
0 elsewhere
5. Langmuir Kinetics Model (10)

The Langmuir kinetics (LK) model assumes that the Therefore, a heterogeneous isotherm is required to de-

mass transfer resistance in the entire adsorbent parti—Scribe the adsorbed phase concentration during uptake.
cle interior and periphery can be lumped into a shell The MSD, BM, and MSMD models can take any form

resistance (Srinivasan etal., 1995). This model is appli- of isotherm. The other two kinetics models, i.e., FK
cable for sorption kinetics in molecular sieving carbon anq LK, require the ITangmU|r type isotherm due to
(CMS). Since in such adsorbent the resistance is not their model _assumptlons on the mass transfgr rate.
homogeneously distributed, the rate of adsorption and To have an m_dentlcal_ bas_ls for model comparison, a
desorption are much slower than the rate of diffusion so local La'?gm“” equation is employed for all kinetic
that the overall uptake kinetics is dictated by the ‘shell models, i.e.

resistance’. This model works well in modeling/®, b(E)C
mass transfer in CMS. LK model is a special case of Cu(B) = Cusg +b(E)C

FK in which the pore diffusion and surface diffusion
terms in Egs. (7) are removed. whereC,;s is the adsorption capacity. For LK model,

the interaction energ¢E) is identical over the AC and
3C, the Eqg. (11) reduces to the homogeneous Langmuir
5 = KC(Cpus = C) — kiCy, (8) equation. The overall adsorbed phase concentration

(11)
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and the diffusion flux on a heterogeneous surface can Table 1 The physical properties of the two sample ACs and the
be expressed as: experimental parameters.

Molar fraction

Ermax (pure compo-
Cu = / CM (E)F(E) dE (12a) Surface Experiment nent, kinetics
Emin Density area  temperature of ethane and
Emax (kg/m®) Porosity (nf/g) (K) propane)
3, =f LEFE)E  (12b)
Epmin Ajax 660 0.71 1200 10,30,60 5%, 10%, 20%

) Norit 569 0.74 1052  20,60,90 2%, 5%, 10%
That is, for a heterogeneous surface, Egs. (12) sug-

gests a patch-wise surface for equilibria [Eq. (12a)] *Note: The kinetics at each molar fraction were measured for three

and a parallel path model (PPM) for sorption kinet- emperatures.

ics [EQ. (12b)]. In this study, Eq. (12a) is the Unilan

isotherm. temperatures are selected as 10, 30066or Ajax AC
When a system contains more than one species, theang 30, 60, 90C for Norit AC, respectively. The sorp-

local isotherm will take the form of extended Langmuir  tjon kinetic data on Ajax AC in 4.4 mm slabs and the

equation. The cumulative energy maiching scheme is kinetic data on Norit AC in 8.82 mm slab pellets were

invoked to correlate the matching energies between dif- ;seq in this study. The detailed experimental setup and

ferent species in the adsorbed phase (Kapoor and Yangprocedures were described in Do (1997) and Qiao and

1989), that is: Hu (1999). The physical properties of the two sample
i i) i . ACs and the experimental conditions for pure compo-
Ed)—Ed E())—E
E .( )_ é).mm =E .(J)_ é]).m'n (13) nent equilibria and kinetics of the two adsorbates on
(Dmin = Emax (Dmin = E(}max each AC are listed in Table 1.

With Egs. (10)—(13), four of the five kinetic models,

i.e., MSD, BM, MSMD, FK, can be extended to multi- ) ]
component systems in a direct manner while the Results and Discussion

LK model only needs to incorporate the extended ) o
Langmuir equation. The detailed procedures of model 1- Adsorption Equilibrium
development and the final forms of these model equa- ~ &nd Energetic Heterogeneity

tions can be obtained from the literature (Do, 1997; Hu o
and Do, 1993; Do and Wang, 1998). The pure component equilibrium data of ethane and

propane measured at multi-temperatures were em-
ployed to optimize the isotherm parameters for each
species with Eq. (12a). The optimally obtained para-
. L . meters are listed in Table 2 for ethane and Table 3
The fou'r of the f|ve.k|net|c models are in thg forms for propane, respectively. For LK model, the simple

of (partial) differential equations (PDE), which can Langmuir equation was also used to fit the data at each

:)e ﬁo!ved numg_nce(ljlly _\;\;}lt_htthe otr_thogonlill CO”O'I(EE‘“(I)_T( temperature and the related parameters are also listed
ecdnllque com Ilne dW‘ |r(1j$fgra lon lpac ages. ODeE in Tables 2 and 3 (the last two columns) for ethane and
modelis a simple ordinary differential equation ( ). propane, respectively.

The detailed model solutions are available elsewhere It should be pointed outthat, atthe same temperature,
(Do, 1997). the adsorption capacitie€,;s, of ethane and propane
are constrained to be the same on each AC while
Experiments deriving the isotherm parameters. This is designated
to meet the thermodynamic consistency of the ex-
The adsorption kinetics of ethane and propane, as welltended Langmuir isotherm equation which is used
as their binary mixtures were measured on Norit AC to describe multicomponent adsorption equilibria on
(Qiao and Hu, 1999), and Ajax AC (Do, 1997; Hu each AC.
and Do, 1993) with DAB technique. The pure com- The information of equilibria and energetic hetero-
ponent adsorption equilibria of ethane and propane geneity will be used in the related kinetics models to
were measured with volumetric arig. The experimental simulate the sorption kinetics of each species.

8. Model Solutions
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Table 2 The isotherm parameters for ethane on the two AC samples.

Sample T (K) Cus(kmollm3) bo (kPal) Emin (kJ/mol)  Emax (kd/mol) Cﬂs(kmollm:*) B (kPa 1)

Norit 303 4.76 150 x 10°° 12.64 26.64 3.86 0.0559
333 4.09 3.32 0.0302
363 3.583 2.76 0.0167
Ajax 283 13.0 847 x 1077 6.26 30.75 5.29 0.0526
303 13.0 4.90 0.0360
333 13.4 4.58 0.0167

Table 3 The isotherm parameters for propane on the two AC samples.

Sample T (K) C,us(kmol/m®)  bp (kPal)  Emin (kJ/mol) Emax(kd/mol) C,s (kmolim®) B (kPal)

Norit 303 4.76 277 x 1074 9.38 22.96 3.86 0.247
333 4.09 3.32 0.135
363 3.53 2.76 0.0815

Ajax 283 13.0 193x 1077 0.0 42.75 5.29 0.448
303 13.0 4.90 0.197
333 13.4 4.58 0.0833

2. Adsorption Kinetics of Pure with the molar fraction of 2%, 5%, 10% (Qiao and Hu,
Component Systems 1999).

The derived kinetic parameters of ethane and
First, the five models are compared on the basis of propane on Ajax AC are listed in Tables 4 and 5 re-
their capabilities in fitting and simulating pure com- spectively, while those on Norit AC are listed in Tables
ponent sorption kinetics. The kinetics parameters in 6 and 7, respectively. The ARE of the model fittings
each model were derived by fitting the kinetic data of are also shown in the related tables. Also shown in
a species at one temperature but at several bulk phasehe tables are the pore diffusivities used in the simu-
concentrations. These parameters are then employedations for MSD, MSMD and FK models. Since the
to predict the kinetics of this species at other tempera- BM assumes the mechanism of micropore diffusion
tures (MSD, BM, MSMD, FK) or at other concentra- control, the pore diffusivity(Dp) is increased em-
tions (LK). The goodness of fitting/simulation of each pirically to achieve the best fit of the experimental
model are compared in terms of the average relative data.
error (ARE), which is defined as: We now consider the performance of each model
in fitting the pure component kinetics of Ajax AC.
Figure 1(a) shows the model fittings (lines) and the
(24) experimental data of ethane (symbols) on 4.4 mm slabs
k atthe temperature of 303 K. Judging from the graph and
the AREs listed in Table 4, we see that, MSD, MSMD,
whereN is the number of experimental data points and FK and LK models fit the data comparably well while
Y is the fractional uptake. BM presents a larger deviation. However, all the model
For each model, the kinetic parameters of ethane andfittings can be regarded as reasonable and it seems that
propane were derived with the following pure compo- the simplicity would be the primary factor in select-
nent kinetic data on each AC, they are, (1) Ajax AC, ing a model in this case. Figure 1(b) shows the model
the kinetic data measured on 4.4 mm slab at 303 K with fittings (lines) and the experimental data (symbols) of
the molar fraction of 5%, 10%, 20%; (2) Norit AC, ki-  propane on 4.4 mm slab at 303 K and the ARE for the
netic data measured on 8.82 mm slab at 303 K particle fittings are shown in Table 5. Similar trend is observed,

ARE = 1_00i Ymodel— Yexp
N k=1

Yexp
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Figure 1 Model fittings/predictions and the experimental data
of the two adsorbates on Ajax AC in 4.4 mm slab at 303 K.
(@) Ethane, (b) propane (—FK~-—--MSD,------ LK,
——— MSMD, ——-—BM).

i.e., MSD, MSMD, FK and LK perform well while the
BM is inferior to the others.

With the derived kinetic parameters of each model,

we compare the predictive capability of the MSD,
MSMD, FK and BM models in simulating the pure

component kinetics of ethane and propane on the Ajax
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Since LK does not possess explicit temperature de-
pendence, it is employed fiit the data at those ex-
perimental conditions. The AREs of the model predic-
tion and fitting (LK) are listed in Table 4 for ethane
and Table 5 for propane, respectively. We see that,
as temperature changes, the MSD, MSMD, FK mod-
els present the correct temperature dependence. The
LK model fits those data reasonably well. The pre-
diction of BM model for propane, however, exhibits
a larger deviation, indicating that its capability to pre-
dict kinetics at other temperatures is inferior to other
models.

The model fittings (lines) and the experimental data
(symbols) of ethane and propane on Norit AC in 8.82
mm slab at 303 K were shown in Fig. 2(a) and (b), re-
spectively while the ARE of the fittings for each species
are listed in Tables 6 and 7, respectively. The figures
and the ARE show that the performance of each model
are similar to those on Ajax AC, except that the fittings
of LK are poor. The temperature dependence of each
model are examined in the same procedures as those
on Ajax AC, but with the kinetics data of each species
measured at 333 K and 363 K and the bulk phase com-
position of 2%, 5% and 10%. The AREs for the pre-
dictions and fittings (LK) are shown in Tables 6 and
7 for ethane and propane, respectively. All the models
present reasonable results for those two systems.

Next, the predictability the five models were com-
pared by simulating the pure component desorption ki-
netics of ethane and propane on each AC sample. For
Ajax AC, the temperature is 303 K and the bulk phase
molar fraction is 10% for each species. The experi-
mental data (symbols) and the model prediction (lines)
are shown in Fig. 1(a) and (b), respectively. It is seen
that FK and BM model give the best prediction results
for those two systems. MSD and MSMD give reason-
ably predictions. LK predicts much faster kinetics al-
though with the kinetics parameters derived from the
same experimental temperature and bulk phase com-
position. The desorption kinetics of pure component
ethane (5%) and propane (5%) on Norit AC in 8.82 mm
slab at 303 K are also simulated. The experimental data
(symbols) and the model predictions (lines) are shown
graphically in Fig. 2(a) and (b) for ethane and propane,
respectively. The prediction results of each model are
consistent with those on Ajax AC.

It is seen that MSD, MSMD and FK model present

sample at other two temperatures: 283 K and 333 K. reliable performance for each species at different op-
At each temperature, three bulk phase composition, eration mode. BM predicts the desorption data well
5%, 10% and 20%, were simulated for each species. but with relatively large deviations in fitting/predicting
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Table 4 The kinetics parameters for ethane on the Ajax AC sample.

MSD BM LK MSMD FK
Dp x 10° Do Dio/15 ka x 10% DY x 107 ro/B DY x 107 kax 10
(m?/s) (m/s x 107) (s1x10) (/mol/m3/s) (m?/s) (mx 10%) (m2/s)  (I/molin/s)
1.51,1.68, 1.96 6.18 3.72 3.01,2.78,2.76 6.58 0.7 6.22 4.48
ARE (%) 6.10,8.70,7.00 10.6,7.05,4.84 5.64,3.15,7.88 5.14, 2.59, 6.50 5.05, 6.15, 4.83

Note: The values oDp, LK, and ARE are in the order of temperatures, i.e., 283 K, 303 K and 333 K.

Table 5 The kinetics parameters for propane on the Ajax AC sample.

MSD BM LK MSMD FK
Dp x 10° D¢ D:o/r5 ka x 10* DY x 107 ro/B DY x 107 kg x 10¢
(m?/s) (mP/s x 107) (s x 10?9) (/mol/m3/s) (nPis) (mx 10%) (m?/s) (I/molin/s)
1.20, 1.30, 1.56 1.34 5.64 5.53, 4.63, 2.86 1.50 1.0 2.05 4.50
ARE (%) 4.55,4.18,4.70 10.7,21.2,29.2 4.50,7.93,7.49 3.62, 4.26, 7.52 4.38,5.18, 3.88

Note: The values oDy, LK, and ARE are in the order of temperatures, i.e., 283 K, 303 K and 333 K.

Table 6 The kinetics parameters for ethane on the Norit AC sample.

MSD BM LK MSMD FK
Dp x 10° D? D;O/rg ka x 10* DY x 107 ro/B DY x 107 ka x 10*
(m?/s) (m/s x 107) (s1x 1% (I/mol/md/s) (mB/s) (mx 10%) (m?/s) (I/mol/m?/s)
2.12,2.26,2.35 1.50 1.49 5.23,4.38, 4.07 1.51 4.61 2.01 6.71
ARE* (%) 4.17,4.99,16.4 4.94,4.39,254 12.6,9.31,10.1 3.32,3.50, 8.07 4.03,5.03,16.3

Note: The values oDy, LK, and ARE are in the order of temperatures, i.e., 303 K, 333 K and 363 K.

Table 7 The kinetics parameters for propane on the Norit AC sample.

MSD BM LK MSMD FK
Dp x 10° D¢ Dio/rs ka x 10* DY x 107 ro/B DY x 10" kqx 10*
(m?/s) (mP/s x 107) (st x 1) (I/mol/md/s) (nPis) (mx 10%) (m?/s) (I/mol/m?/s)
1.75, 1.86, 1.97 3.56 2.56 8.00, 6.55, 6.08 2.68 7.53 3.9 6.13
ARE (%) 4.63,3.61,4.40 7.70,5.75,6.29 9.58, 5.86, 5.07 4.90, 3.00, 3.62 4.67,3.61, 4.40

Note: The values oDy, LK, and ARE are in the order of temperatures, i.e., 303 K, 333 K and 363 K.

adsorption data. LK model fits the adsorption data rea- AC sample. The adsorption kinetics of ethane (10%)—
sonably well. However, this good fit results more from propane (10%) on Ajax AC in 4.4 mm slab pellets

its mathematical flexibility rather than from its mass at 303 K were simulated first. The experimental data
transfer mechanism, as the model poorly predicts the (symbols) and model simulation (lines) were shown in

desorption data on ACs. Fig. 3. Itis seenthat MSMD and MSD models correctly
simulate the kinetics of each species. The LK model

3. The Adsorption Kinetics also amazingly gives a good prediction considering its
of Multicomponent Systems mathematical simplicity. The FK model presents the

next best prediction. The prediction of BM, however,
With the related kinetic parameters listed in Tables 4-7, presents a large deviation. The time and degree for the
the five models are employed to simulate the adsorp- maximum overshooting of light species (ethane) are
tion kinetics of binary ethane-propane systems on eacherroneously predicted.
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The adso_rpﬂon k_metlcs of ethane (10%)—propane Figure 4 Model simulations and the adsorption kinetic data of the
(10%) on Ajax AC in 4.4 mm slab at 333 K is then  inary ethane (109%)-propane (10%) mixture on Ajax AC in 4.4 mm
simulated with the five models. The experimental data slab at 333 K. (—FK,————MSD; - - - - LK, ——— MSMD,
(symbols) and the model predictions (lines) are com- ———BM).
pared in Fig. 4. Again, the MSD and MSMD models
present good predictability and the FK model presents  Next the co-desorption kinetics of ethane (10%)—
the next good predictability. LK exhibits some devia- propane (10%) on Ajax AC in 4.4 mm slab pellets
tion for this system but is still more than qualitatively at 303 K were simulated (Fig. 5). This time, the five
correct. BM again presents serious deviations. models behave very differently. The model assuming
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surface flux along the particle scale, thatis, the MSMD,
MSD and FK models present comparable prediction
results. The LK (the dashed lines) model fails to pre-
dict the kinetics of each species. The BM model gives
the best predictions at long time, although it predicts a
faster kinetics for propane at short time. This good pre-
diction of BM atlong time scale is understandable since
the masstransfer resistance atlong time is controlled by :
the ability of molecules leaving the micropores, which 051}

104 .

Fractional Uptake

8.82 mm Slab, 363K

® C25%
is well accounted for by the model. m C35%
Finally, three sets of sorption kinetic data of binary
ethane—propane mixture on Norit AC in 8.82 mm slab
pellets are simulated with each model. Figure 6 shows | . : : :
the model simulations (lines) and the experimental 0 500 1000 1500 2000 2500
data (symbols) of binary ethane (2%)—propane (5%) on Time (Second)

Norit AC at 303 K. We see that the FK model predicts

a bit fast while the LK model predicts a much faster Figure 7. Model simulations and the adsorption kinetic data of the
kinetics for this system. Figure 7 shows the prediction 21" thane (5%)-propane (5%) mixture on Norit AC in 8.82 mm
' slab at 333 K. (—FK,————MSD;----- LK, —-—— MSMD,

results of each model (lines) and the experimental data —me BM).

(symbols) of ethane (5%)—propane (5%) on Norit AC

at 363 K. Figure 8 shows the simulation results of each

model (lines) and the experimental data of the desorp- 4. Discussion

tion kinetics of ethane (5%)—propane (5%) on Norit

AC at 303 K. The performance of each model for these With the fitting and simulation results of each model in
two systems are consistent with what we observed for previous section, we can make some comments on their
Ajax AC. performance/applicability. Generally speaking, models
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0w model performs better than MSD for kinetics on small
’ particles (Du et al., 1991). On large sized patrticles,
Norit AC however, the improvement over MSD is insignificant.

08 A\ 8.82 mm Slab, 303K On the other hand, the model is disadvantaged by the
\ X o Co5% extra fitting parameters and mathematical complexity.

L N\ m C35% The convergence of MSMD model is also not as good

0671 as that of MSD. So for the systems in this study, the

use of the MSMD is not recommended.

The FK model assumes an adsorbed phase flux along
the particle scale and a finite mass interchange rate be-
tween the bulk and the adsorbed phases. It presents a
good fit for pure component adsorption kinetics data
and, especially, gives good prediction resultsdes-
orptionkinetics of pure component systems. However,
the prediction results for binary system are a bit infe-
rior to MSD and MSMD. The performance of FK will
likely improve if its original form is restored (Wang
and Do, 1999) (that is, using the pore size distribution
Figure 8 Model simulations and the desorption kinetic data of the as the source of heterogeneity)_ The model has two un-
binary ethane (5%)—propane (5%) mixture on Norit AC in 8.82mm  known kinetics parameters and different combinations
ﬂf’_ti_aé,\i)m K (=P ==-MSD, - LK, ———MSMD, of these two parameters may affect the pure compo-

' nent kinetics and multicomponent kinetics differently

(Wang and Do, 1999). The model’s unsatisfactory pre-

assuming diffusion flux along the particle scale (i.e., diction results for the binary kinetics on Norit AC may
MSD, MSMD and FK) present better and stable perfor- reflect this point, that is, the values f and D,, of
mance for the pure as well as binary data, and within the each species are not the optimal combination. This un-
three models the introduction of extra parameter (extra certainty is due to our insufficient understanding of the
diffusion mechanisms) will not significantly improve finite kinetics in AC. Thus, more fundamental research
the performance. This observation strongly supports is needed to refine the model.
the existence/importance of surface flux along the par- The LK model gives equivalently good fittings for
ticle scale in ACs. The choice of a mathematical model pure componerd@dsorptionkinetics data and reason-
for a particular sorption process may also depends onably good predictions for binargdsorptionkinetics
several other factors such as the purpose and the spedata. Considering its simplicity, LK is a convenient
cific system. The simplicity may also be an important substitute at the first approximation for simple sys-
factor. The simplicity of the five model undoubted fol- tems involving onlyadsorptionprocesses of which the
lows the order: LK> MSD~ BM > FK > MSMD. temperature fluctuation is small. However, the good

The MSD model assumes that the surface flux along fit of LK is due to the mathematical flexibility rather
particle scale is the only form of mass transfer in the than its correct description of the diffusion mecha-
adsorbed phase. This modelis seento present good connism, since the model simply represents a first order
sistency in fitting/predicting the pure as well as multi- differential equation. On the other hand, the model
component kinetic data of ethane and propane on theremarkably fails to prediatlesorptionkinetics of the
two ACs. Together with its simplicity, the model consti- same system. This point is further strengthened when
tutes the best choice for the description of the kinetics the model is compared with the binary desorption
of likewise systems under various experimental condi- data.
tions and operation modes. The MSD model can lead BM model only fits some of the adsorption kinetics
to, at least, the following conclusion: the assumption well. Although its prediction for the desorption kinet-
of diffusion flux along particle scale can effectively ics are no inferior to other models, its predictability for
describe the sorption kinetics on ACs. multicomponent adsorption kinetics are much poorer.

The MSMD model assumes the adsorbed phase dif- This model should not be used on ACs. The perfor-
fusion along both particle and microparticle scales. The mance of BM indicates that the assumption of a sole

Fractional Uptake

0 500 1000 1500
Time (Second)



62 Wangetal.

diffusion flux on microparticle scale is not consistent C,
with the kinetic process on AC and can generate un- C,

satisfactory fitting/simulation results. Co0

Conclusion Cus
Dp
D

Five mathematical models with different mass trans- ~§
fer mechanisms are compared with the adsorption ki- ~#
netics of pure as well as binary mixtures of ethane

and propane on two AC samples. The results sug-
gest that, on bidispersed AC samples, the role of the —2@
surface flux in the overall sorption kinetics is signifi-

cant and needs to be properly addressed. The modeléz (E)
fail to address the diffusion flux along particle scale,

such as the BM and LK models, can possibly result I
in inferior prediction results or even serious deviation X
from the real experimental data. Especially, for system
involving wide operating conditions and operated in
various modes, the diffusion flux along particle scale
can not be equivalently lumped/converted into the mi- Ka
croparticle scale or shell resistance. However, for some Ky
simple systems, this requirement may be relaxed and
only in this case BM or LK model may give equivalent
results.

Among the models assuming the diffusion flux along
the particle scale, MSD is the best choice with its stable
performance and simplicity in formulation. The two-
parametered MSMD model will not significantly im-
prove the simulation/fitting results for large-sized par- Ry
ticle. The FK (also two-parametered) model is valuable r

i

MSD
MSMD

for the further investigation of diffusion mechanisms in S Su
ACs but needs to be further refined. (
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