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Abstract-The adsorption characteristics of H2�9 on zeolite 13X were measured by a gravimetric method. The adsorp- 
tion isothemt showed type II isotherm and was fitted by using both the excess surface work (ESW) model and 
Langmuir-Freundlich model. The results predicted by the Langmuir-Freundlich model were much smaller than the 
experimental results at higher-pressure r~ion. However, the ESW model agreed well with the experimental data over 
the whole pressure region. In this case, a plot of the change in chemical potential versus the amount adsorbed gave 
two linear regions due to secondary effects such as capillary condensation. The experimental uptake curves were well 
fitted by several LDF models and solid diffusion model with the error range of 1.5-3.5%. Unlike the expectation that 
the more rigorous solid diffusion model would fit better, Nakao-Suzuld model showed the best agreement with ex- 
perimental uptake data. 

Key words: Excess Surface Work (ESW) Model, Water Adsorption Zeolite 13X, Linear Driving Force (LDF), 
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INTRODUCTION 

The need for moisture removal technology is becoming greater 
as product quality issues caused by moisture occur fi-equently. To 
design appropriate adsorption drying processes for moisture re~Ttoval 
or to optimize steam regeneration processes, it is essential to select 
proper adsorbents and to study the adsorption rate and adsorption 
equilibriuan. 

Until now, more than 40 theories have been developed to describe 
adsorption equilibrium in the type 1I isotherm, but none of them 
yields a complete description of the adsorption behavior [Adolphs 
and Setzer, 1996]. Ingeneral, values for the specific surface area of 
the interface and the energetical changes in adsorption system are 
required to understand the adsorption behavior. In addition, the mod- 
el should predict well the experimental isotherms. Usually, the lower 
pressure r~ion of the adsorption branch is approximated in the type 
1I isothenn. However, a disadvat~ge is that many theories hardly 
describe an experimental adsorption isothenTt over the complete 
pressure range. They fail usually in the description of the upper r~age 
of the adsorption isotherms. Recently, the excess surface work (ESW) 
model was newly introduced to describe adsorption isotherms over 
the complete pressure range [Adolphs and Setzer, 1996]. The new 
model describes adsorption isotherms with a two-tzarameter fimc- 
tior~ It was shown that the model was successfully extended to ad- 
sorption isotherms of porous solid materials and freely dispersed 
powders [Adolphs mad Setzer, 1998]. 

To p r o p @  design an adsorber, information of the adsorption 
kinetics is also needed beside the adsorption equilibria. The reason 
for this is sanply that most practical adsorbents used in industries 
are porous and the overall adsorption rate is limited by the ability 
of  adsorbate molecules to diffuse into the adsorbent pore. 
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The linear driving force (LDF) model, which was originally pro- 
posed by Gleuckauf and Coates for adsorption chromatography, is 
~equently used for describing adsorption kinetics because it is sim- 
ple, analytical, and physically consistent [Sicar et al., 2000]. In the 
LDF model, the overall mass transfer coefficient is the only rate 
parameter, which is usually related to the inlraparticle diffusion co- 
efficient_ The model assumes that the adsorbent particle tempera- 
ture is uniform at all times. Also, for a step-function change in con- 
centration, the solution of mass balance equation for a particle was 
approximated by Vermeulen [Yang, 1987]. Moreover, Nakao and 
Suzuki have examined the accuracy of LDF equation as applied to 
the Skarston-n cycle. The analysis of the coefficient(K) in this study 
was made for a single l:~rticle and was extended to adsorbers [Sum- 
ki, 1990]. By comparing LDF model with the more iigorous solid 
diffusion model, Sircar and Hufton [Sircar et al., 2000] recently de- 
mons~'ated the reason why the LDF model worked well in prac- 
tice. 

The choice of adsorbent depends mainly on the na~ 'e  of the gas 
stream and the level of dehydi'ation required. Zeolite 13X is one of 
the adsorbents that are fi-equently used for drying processes [Yang, 
1987]. In this work, the studies for adsorption equilibrium and !dnet- 
ics of H20 on zeolite 13X were conducted. The adsorption equilib- 
ria were measured by a gravimetric method to the pressure region 
that capillary condensation took place. The adsorption isothenns 
were fitted by both excess surface work model and existing Lang- 
muir-Freundlich model to verify their effectiveness. Also, the kinetic 
data were compared with several LDF-type models and solid diffu- 
sion model. 

MODELS FOR ADSORPTION ISOTHERMS 

1. Excess Surface Work Model 
An adsorption system where particles are adsorbed on a solid 

surface or on another phase will be assLrned to be an open system 
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in mechanical and thermal equilibrium. The temperature T mad the 
chemical potential g are equal both in the gas (or liquid) phase and 
the adsorbed phase of an adsorption system. 

bt=g~=bto~ and T=T~==To~ (1) 

The change of the chemical potential is presented by the ratio of 
the pressure (p) to saturation vapor pressure (p,) at the absolute tern- 
peramre (T). 

Ag=RT ln(p/z) (2) 

For further purposes, excess surface work (ESW) is defined as the 
pro&ct of the mnount adsorbed (I!ads) and the change in the chenl- 
ical potential (Ag). The ESW was proved useful in examining ad- 
sorption isothen-ns [Adolphs and Setzer, 1996]. 

O=n~./,~ (3) 

It is evident that the ESW must be negative in adsoiption pro- 
cesses when the adsorbed amount is defined as positive. No ft~aer 
changes occur when the saturation vatxx- pressure p, is reached The 
ESW becomes zero at zero coverage and at iiffhfite coverage when 
the chaige in the chemical potential diminishes. It is obvious timt 
the ESW must be a fimction with a minirnum. The pressure and the 
adsorbed amount can be detmmined experimentally Therefore, the 
ESW can be easily calculated. The basic idea for an adsc~ption 
process is that the ESW will minimize at the biggest adsorbate- 
adsorbate and adsorbate-adsorbent interaction, which is defined as 
the monolayer capacity. This yields a differential equation at the 
point n,~ I~,,o~. 

dO kbt chb~+n~ d(kg) 0 (4) 

By integration and linearimtion, the following equation is obtained 

lnlA~l =-n,-lon,~ § (5) 

The variable Ago is the initial change in chelnical potential where 
adsorption stm~, as related to saturation under isothermal condi- 
lions. A plot of MAgi against 1~, gives the monolayer amount (1~,o~) 
from the reciprocal slope and the initial potential (A~) fi-ona the 
ordinate intercept With the results of the new model, it is possible 
to calculate recursively an adsorption isotherm by the following 
equation. 

n~d~ =-n, .... In A~t (6) 
Ago 

2. L a n g m u i r - F r e u n d l i c h  Mode l  

Because of the limited success of the Langmuir model in pre- 
dicting equilibria, several authors have modified the equation by 
the introduction of a power law expression of Freundlich [Ruth- 
yen, 1984]. 

q = bp" (7) 
% 1 +bp ~ 

Although not thermodynamically cousistent, it has been shown that 
tiffs expression provided a reasoilably good empirical con-elation 
of equilibrium data for a number of simple gases on adsorbents and 
is widely used for design purposes. 

M O D E L S  F O R  A D S O R P T I O N  K I N E T I C S  

1. Solid Di f fus ion  M o d e l  

When effective diffusivity is constant, intraparticle diffusion rate 
can be expressed by the following equation. 

Oq:Do_O(r Oq] 
at r 2art, ar)  (8) 

The following mmlytical solution can be obtained for the initial and 
boundary conditions [Ruthven, 1984]. 

m, . 6 g.  1 /-n2~D0t'~ 
- -  = I - ~ 2. -7 e x P l = l  (9) 
lale Z .=111 

2. L inear  Dr iv ing  Force (LDF)  M o d e l  

LDF equation approximates the rate of sorption by a spherical 
particle timt is subject to vaiyhg increa~ses in the mnbient fluid con- 
centmtion (an exponentially increasing concentration and a linearly 
increasing concentration) [Yang, 1987]. The approximation, as given 
by Glueckauf and Coates, is 

aTt 15D 
~f~ (10) at 

3. Vermeulen  M o d e l  
For a step function change in concentration, the solution for the 

mass transfer into an adsorbent was approximated by Venneulen 
as the following. 

O--q = ~D~( fl~-7-~ ] (ii) 
at pC < 29 ] 

The boundary condition of a single step change in bulk concentra- 
tion is a good represent~on of the condition in an adsorber bed when 
the adsorption isotherm is very steep, that is, when the Largmt• 
constant approaches an irreversible isothenn. Therefore, this equation 
is superior to the LDF equation for a steep isotherm ['~ang, 1987]. 
4. Nakao  & S u z u k i  M o d e l  

The applicability of the LDF approximation to the pressure swing 
adsorption (PSA) process has been discussed by Nakao and Suzu!d 
[Suzuki, 1990; Yang, 1987]. In an idealized two-step cycle, the 
amount adsorbed in the particle at steady state is calculated by sol- 
ving the mass balance equation with the LDF approximatioi1 The 
LDF model with a coefficient of 15 in Eq. (9) underestimates the 
rate of uptake when the amount adsorbed is too small, which is the 
case when the half-cycle time (=D~t/R~) is small. Therefore, they 
pointed out that the value of the coefficient K in the LDF approxi- 
mation is given as a function of the half-cycle time. 

KD 
= p~ ~(q* -~1) (12) at 

In the case of adsorption kinetics in adsorbents, partial differen- 
tial equations were decomposed into ordin~y differential equations 
and then solved by IVPAG routine of IMSL library ['IMSL, 1989]. 
The @ order Runge-Kutta method was used for LDF, Nakao-Sumki 
and Vermeulen models. 

E X P E R I M E N T A L  

1. Adsorbent s  
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Table 1. Characteristics of zeolite 13X 

Characteristics Values 

Type Bead 
Normal pellet size [mesh] 4-8 
Average pellet size, R~ [cm] 0.11 

Pellet density [g/cm s] 1.1 
Heat capacity [cal/g.K] 0.22 
Particle porosity [-] 0.23 
Bulk density [lb/ft ~ ] 43 
Maximum heat of adsorption [BTU/lb] 1800 
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Fig. 1. Apparatus of adsorption of H:O on zeolite 13X. 

1 Microbalance 4 Indicator 
2. Computer 5. Sensor 
3. Oven 6. Beaker 

The adsorbent used in dais study was pelletized zeolite 13X, whM1 
had a bi-dispersed pore s~-ucture with micropores and macropores. 
Prior to each experiment, the adsorbent had been activated for over 
7 hours in the furnace at 340 ~ The characteristics of the adsor- 
bent are listed in Table 1. 
2. Experimental Apparatus 

Fig. 1 shows a schematic diagram of experhnental apparatus. The 
gravimetric method was used to investigate adsorption chat~acteris - 
tics of water vapor on zeolite 13X. The hangdown basket from a 
precise balance (HR-300, AND Co.) was equipped on the oven to 
keep a constant tem~mture. When the tempemt~-e and humidity 
sensor (HM~lllY, Vaisala Co.) equipped in the beaker displayed 
cor~stant values, the activated adsorbents were put in the mesh bas- 
ket Desh'ed values of relative tmmi~ty were obtained by adding 
several kinds of salts into leaker filled with distilled deionized water. 
In order to monitor a constant experimental condition, the values 
of humidity and temperature were displayed through an indicator. 
The adsorbed amounts vs. time were automatically recorded through 
interface with a computer. The experimental ranges of temperature 
and relative humidity were 298-318 K and 15-90%, respectively 

RESULTS A N D  DISCUSSION 

1. Adsorption Equilibrium 
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Fig. 2. Adsorption isotherm of water at 298 K on zeolite 13X. 
(a) lmearized form of water adsorption, Co) iecursively c~lcu- 
lated isotheirns by ESW model 

By plotting ~alA~l against ILe,, the monolayer amount (n,,o~o) and 
the initial poterCdal (Att0) could be obtained from the reciprocal slope 
and from the ordinate intercept, respectively. The integral plot of 
water adsorption versus the change of chemical potential showed 
two linear regions described by two l:aim of l:arametei~ as shou~l in 
Figs. 2(a), 3(a), and 4(a). Reg~-dless of operating temperature, the 
transition point was placed on the i-ange of 0.26-0.28 g/g of amounts 
adsorbed. One pair of ~rametei,s described the lower pressure re- 
gion, whereas the other pair described the higher pressure regioi1 
In the lower pressure region cousidering pure physical adsorption, 
the monolayer adsorption capacity could be calculated by the fol- 
lowing equation [Adolphs and Setzer, 1998]. 

lnlA~cl:- 1 n~d _~lnlA~c,i 03a) 
nmono 

Also, the other linear line m the hi~ler pressure region was made 
of second and more effects such as transition to capillary conden- 
sation 

lnlA~l =-ln~d, +li~A~l (13b) 

where n2 is the amount adsorbed when excess strface work is min- 
imized due to secondary effects. The calculated two pairs of param- 
eters by Eqs. (13a) and (13b) using plot of lnlA N against r ~  are 
listed on Table 2. As can be seen, the monolayer capacity was slight- 
ly decreased with temperature in the experimental range. 

Kol~an J. Chem. Eng~0/ol. 18, No. 4) 
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Fig. 3. Adsorpt ion  isotherm of  water  at  308  K on zeolite 13X. 
(a) linearized form of water adsorption, (b) recueaively calcu- 
lated isotherms by ESW model 
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Fig. 4. Adsorpt ion  isotherm of  water  a t 3 1 8  K on zeolite 13X. 
(a) lineaized form of water adsorption, (b) recursively calcu- 
lated isotherms by ESW model 

As shown in Figs. 2(b), 3(b), and 4('0), adsc~ption isotherms were 
recursively calculated by using Eq. (6) with two pairs of pamme- 
tei~ obtained fi-onl Eqs. (13a) and (13b). The calculated isotherm 
tkas well fitted experilnental data even for the higher pressure region 
that capillary condensation occ~-ed. The avecaged en-or values for 
298K, 308 K and 318K were 1.1%, 0.7% and 1.6%, respectively 
The pressure that capillaty condensation occurred was increased as 
the tempera~lre increased. 

Fig. 5 shows cornparison of the calculated isotherms between 
the Latgmuir-Freundlich model and the ESW model. The Lat~g- 
muir-FretuMlich model could not predict experimental data in capil- 
lary condensation regioll The model gave too small values of the 
atnotrlt adso~ed at higher pressure, whereas the ESW model showed 
good agreement with experimental data over whole pressure regim 
Moreovei; BET equation was not able to properly predict experi- 
mental data because the pressure range of vali~ty of the BET equa- 
tion was p/p,=0.05-0.3. For a relative pressure above 0.3, there exists 
capillary conder~sation, which is not amenable to multilayer analy- 
sis [Do, 1998]. 

Also, the adsorption equilibrium at low pressure region in H20/ 
zeolite 13X system showed neat" irrevei-aible isotherm type. It im- 
plies that the hi~l energy is needed to regenecate the adsorbent The 
capillary condensation pressure increased with the increase of the 
system temperature. Tths notes that the capillary condensation pres- 
sure s~rongly depends on the system temperature such as the satu- 
rated pressure. 

Table 2. The  values  of calculated parameters  

Parameter 
Temperatm-e 

298 K 308 K 318 K 

lnlAgll 13.3 13.7 16.5 
n .... 0.0386 0.0364 0.0259 
lnlAg21 10.4 12.5 11.3 
n2 0.0614 0.0435 0.0512 

2. A d s o r p t i o n  Rate  

The adsorption rate was presented at a relative humi~ty ( t ~ )  
condition in order to compare cleatiy the results atnong the several 
experimental results. Fig. 6 shows characteristics of uptake c~aa, es 
for water vapor adsorption At early stage of adsorption, uptake cm~es 
for higher relative humidity show faster adsorption. This is because 
effective diffusivity is bigger at higher relative humidity until it 
reaches at a ce~am relative humidity where capillary condeilsation 
or micropore filling occurs, as shown in Fig. 7. In the case of 93% 
RH, the uptake curve also shows very fast adsorption at an early 
stage. However, the decreased effective diffusivity caused by capil- 
lary condensation or micropore filling resulted in longer lime to reach 
at adsorption equilibrium. 

Fig. ? shows values of effective diffusivities that were obtained 
by applying solid diffusion model for each relative humidity. The 
effective diffmivity increased with an increase in relative humidity 
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Fig. 5. Recm~h, ely calculated isotherms of water by ESW model 
and L-F model  at 298 K, 308 K and 318 K, respectivel3: 
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Fig. 7. Effecth, e diffusi~41y calculated by solid diffusion model.  
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Fig. 6. Uptake cmwes of water at 39&15 K in 23%, 55%, anti 93% 
RH, respectively. 

and then decreased at m-ound 80%RH. Tiffs decrease may be due 
to nmltilayer adsoipfic~a, capillary conder~satic~l or micTopore fill- 
ing that occurs at high humi~ty regior~ Also, the effective diffu- 
sivities showed higher values at higher temperature, because the 
motions of adsorptive molecules become more active with an m- 
crease in temperature. Howevei; the temperatu-e effect on effective 
diffitsivity became smaller at the high humi~ty region in which 
capillary condensation occurrec[ 

The calculated uptake curves by solid diffi_tsion, LDF, Vermeulen, 
and Nakao-Suzuki models are shown in Fs 8. It is reported that 
Vennulen model is more suitable for Lmagmuir type isotherm or 
irreversible isotherm that show s~rongly fm:orable adsorptton behav- 
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Fig. 8. Uptake curves of  water a t298  K in 76% and 23% RH. 

iorat early stage [Yang, 1987]. Like ff~is, the Velantffen model pre- 
dicted well the experimental data at early stage of adsorption in the 
high humid condifior~ Meanwhile, tim model m the low RH con- 
dition overestimated exlze~imental data at early stage of adsorption. 
Also, the LDF with a coefficient of 15 [Yang, 1987] underestimates 
the rate of uptake when the amount adsorbed is small. In the case 
ofNakao-Suzuki LDF model, the constants K at 298 K were 16.8 
and 16 for 76%RH and 23%Rt-T_, respec~rely, and those values were 
bigger than that of the Glueckauf modeI (K=15). The Nakao-Suzu!d 
model provided better fit for water adsoi-ption on zeolite 13X than 
the more rigorous solid diffusion model and other models. The errors 
averaged over 3000 seconds were 1.5%, 1.1%, 3.6% and 3.2% for 
LDF, Nakao-Suzuki, solid diffusion and Vemleulen models, respec- 
tively. There is a substantial difference in the characteristics of iso- 
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thermal uptake cttrves on adsorbent particles by the LDF and the 
solid diffusion model. Although the solid diffusion model of gas 
lransport in adsorbent i:~llacles provides a more realistic mechaaism, 
the model is not adequate for describing exterior mass laansfer and 
intraparticle transport phenomena. Kim et al. [Kim et al., 1995] 
showed that the results of all five steps in PSA were successfully 
predicted by the LDF model considering an energy balance and non- 
linear isotherm. Recently, Sircm" et al. [Sircm" and Huftc~l, 2000] de- 
monstrated the LDF model could be used as a practical tool for de- 
scfibmg the adsorption kinetics on heterogeneous solids. The resulls 
of this study also show that the LDF model is adequately used to 
describe the adsorption kinetics as long as detailed equations for 
mass trmasfer resistance are not incorporated ii~o the solid diffu- 
s ion model. 

CONCLUSIONS 

q 
q 
q* 

r 

rp 
R 

t 
T 

amount adsorbed (adsorbed phase concentration) [g/g] 
value of q averaged over a crystal or pellet volume [g/g] 
the arnount adsorbed in equilibrium with the bulk flow con- 
cenla'ation [g/g] 
radial distance in crystal [cm] 
micropore radius [cm] 
the gas constant [=8.314 J/mol.K] 

:pellet radius [can] 
:time [sec] 
: temperature [K] 

Greek Letters 
69 : excess surface work [J/g] 
Ag : tile change in tile chemical potential [J/mol] 
Ago : the initial change in chemical potential where adsorption 

starts [J/lnol] 

The adsorption of water vapor on zeolite 13X showed type 1I 
isotherm ofBmnauers classificatic~x Tile Lan~_ nuir-Freusldlich nlod- 
el gives too small values of the amount adsorbed at higher pres- 
sure. However, the ESW model could be successfully applied for 
the description of water adsoqotion isothemls on zeolite 13X over 
the whole pressure regioi1 In this case, a plot of the absolute value 
of the change in chenfical potential versus the anlount adsorbed gave 
two linear regions clue to secondary effects such as capillary con- 
densatioi1 

Tile effective diffusivity was increased with an increase in rela- 
tive humidity, but it began to decrease near the capillary condei~sa- 
tion mgioit The e, cpermle~ltal uptake curves were well fitted by solid 
diffusion, LDF, Vemmlen and Nakao-Suzuld models witi1 tile error 
range of 1.5-3.5%. Although it was expected that the more rigor- 
ous solid ditfasion model would fit better than other models, the 
Nakao-Suzuki model showed the best agreement with experimen- 
tal data. 

NOMENCLATURE 

De " effective diffusivity [cma/sec] 
K : Henry comtant [mmol/g .alan] 
m~ : mass adsorbed at time t [g] 
m, : mass adsorbed at t---~ oo [g] 
n,~ : the amount adsorbed [moFg] 
n,,,o~o : the monolayer capacity [moFg] 
p : pressure [mmHg] 
p, : sa~ration vapor pressure [mmHg] 

REFERENCES 

Adolphs, J. and Setzer, M. J., "A Model to Describe Adsorption Iso- 
therms;' .L Colloid and Interface Sci., 180, 70 (1996). 

Adolphs, J. and Setzel; M. J., "Energetic Classification of Adsoxption 
Isothen]]s;' 3: Colloid andInterfaae Sei., 184, 443 (1996). 

Adolphs, J. and Setzel; M. J., "Description of Gas Adsorption on Porous 
and Dispe~ed Systems with the Excess Surface Work Model:' I 
Colloid and Interfaae Sai., 207, 349 (1998). 

Do, D.D., "Adsorption Analysis: Equilibiia and Kinetics:' Imperial 
College Press, London (1998). 

IMSL MATH/LIBRARY, "FORTRAN Subroutine for Mathematical 
Application Ver. 1.1 User's Manual~' IMSL Inc. (1989). 

Kavgei; J. and Ruthven, D. M., "Diffusion in Zeolite and other Micro- 
porous Solids:' John Wiley & Sons, Inc., NewYork (1992). 

Kit]a, W G., Yang, J., Han, S., Cho, C., Lee, C. H. and Lee, H. J., "Ex- 
perimental and Theoretical Study on H2/CO2 Separation by a Five- 
Step One-Column PSA Pmcess~'Korean J Chem Eng., 12, 5 (1995). 

Ruthven, D. M., Farooq, S. and 1451abel, IC S., "Pressure Swing Adsorp- 
tioN' VCH Publishers, Inc., NewYork (1994). 

Ruthven, D. M., "l~mcaples of Adsorption and Adsorption Processes:' 
John Wiley & Sons, Inc., NewYork (1984). 

Sircat; S. and Hltrton, J. R., "Why Does tile Linear Driving Force Mod- 
el for Adsorption Kinetics Worl~'Adsorption, 6, 137 (2000). 

Suzuld, M., ~176 Engineering:' Kodansha Ltc[, Tokyo (1990). 
Yang, R. T., 'X3as Separation by Adsorption Processes:' Buttep~volths, 

Boston (1987). 

July, 2001 


