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Abstract

A theoretical model for adsorption of a single charged adsorbate that accounts for the presence of an electrical double
layer in the pores of adsorbent particles is constructed and solved. The dynamic behavior of the mechanisms of the model
can result in the development of inner radial humps (concentration rings) in the concentration of a single charged analyte
(adsorbate) in the adsorbed phase of porous adsorbent particles. The results of the present work demonstrate the implication
of the concept regarding the effect of the presence of an electrical double layer in the pores of adsorbent particles and the
induced interactions between the electrostatic potential distribution and the mechanisms of mass transport of the species by
diffusion, electrophoretic migration, and adsorption. Furthermore, the mechanisms of the model could explain qualitatively
the development of the concentration ring (hump) observed in confocal scanning laser microscopy experiments.  2001
Elsevier Science B.V. All rights reserved.
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1. Introduction adsorption of solutes onto different types of porous
adsorbent particles has been studied by analyzing

The kinetic and equilibrium characteristics of the uptake and breakthrough curves obtained from finite
bath (batch) and column experiments, respectively,
in which the concentration of the adsorbate in the
bulk solid phase is determined from the reduction of*Corresponding author. Tel.: 11-573-3414-416; fax: 11-314-

9659-329. the concentration of the adsorbate in the bulk fluid
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phase [1–3]. The experimental information obtained of the adsorbate concentration humps in the adsorbed
from batch and column experiments can only provide phase depends on the values of the pH and ionic
an indirect measurement of the concentration of strength of the solution for a given charged adsorbate
adsorbate within the adsorbent particles. The method (protein) and a given charged adsorbent particle.
of confocal scanning laser microscopy has been These observations [7,9,10] suggest to us that electri-
recently shown [3–10] to provide direct experimental cal double layer interactions could be involved as
information for monitoring the dynamic and equilib- intraparticle mass transfer of the charged species
rium behavior of the adsorption process of a solute (cation and anion of the electrolyte as well as the
within a single porous adsorbent particle. This direct adsorbate) and adsorption of the adsorbate occur. In
experimental information of the behavior of the this work, a mathematical model that accounts for
adsorbate in the adsorbent particles will increase the presence of an electrical double layer in the pores
significantly our scientific understanding with regard of adsorbent particles is presented, and the mecha-
to the adsorption process and will enable us to nisms of the model could explain qualititatively the
characterize accurately the quantitative behavior of development of the concentration ring in the ad-
the intraparticle diffusional and convective mass sorbed phase of the adsorbate within the adsorbent
transfer and adsorption mechanisms [1,2,11–13]. particles.

The direct experimental information obtained from
the method of confocal scanning laser microscopy
has shown the extremely interesting experimental 2. Formulation of mathematical model
result [3,7,9,10] that single component adsorption
involving charged adsorbate molecules adsorbing The intraparticle pore surfaces of the porous
onto the pore surface of ion-exchange adsorbent adsorbent particles are considered to bear a local
particles could have adsorbed phase concentrations, fixed surface charge density, d, and the adsorbate
under certain conditions of ionic strength and pH, (component 3) as well as the cations (component 1)
that are higher at certain positions within the particle and anions (component 2) of the buffer electrolyte
than positions at parts of the particle closer to the bear formal charges in the intraparticle pore fluid.
particle surface or at positions closer to the particle Thus, there is an electrical double layer in contact
center. This hump [3,7,9,10] in the adsorbed con- with the surface of the intraparticle pores. The
centration of the adsorbate along a certain inner expression for determining the electrostatic potential,
portion of the particle radius results in the formation F, along the radial direction, r, of a cylindrical pore
of a so-called concentration ring. The indirect ex- of radius r at any radial position, r, along theporeperimental information obtained from the finite bath particle radius, r , is given by the Poisson–por column experiments discussed above, cannot Boltzmann equation whose form [14] is as follows:
provide any information regarding the formation of

2 N ed F 1 dFan adsorbate concentration ring in the adsorbed 0
]] ] ] ]1 ? 5 22phase of the porous adsorbent particles. It is very r dr eedr 0

important to mention here that adsorption models z e1
]that neglect the presence of an electrical double layer ? z C (t,r) exp 2 FF S D1 p1,ec kT

in the pores of ion-exchange adsorbent particles and
z e2consider adsorption of a single charged component ]1 z C (t,r) exp 2 FS D2 p2,ec kTwhere intraparticle mass transfer occurs by pore [1,2]
z e3and/or surface [2] diffusion, cannot provide an ]1 z C (t,r) exp 2 FS DG3 p3,ec kTadsorbate concentration ring in the adsorbed phase of

(1)the porous adsorbent particles; such models only
provide a monotonic decrease in the concentration of
the adsorbate in the adsorbed phase from the surface In Eq. (1), e and e denote the dielectric constant0

of the particle to the center of the particle. and the permittivity of free space, respectively; N is0

It has been observed [7,9,10] that the appearance Avogadro’s number, e is the charge of one electron,
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k is the Boltzmann constant, T represents the abso- where
lute temperature, z (i51, 2, 3) denotes the chargei C (t,r,r 5 r ) 5 C (t,r)p3 pore p3,ecnumber of component i, and C (i51, 2, 3)pi,ec

z edenotes the concentration of component i in the 3
]? exp 2 ? F(r 5 r )F S DGporekTelectroneutral core region of the intraparticle pore

(electrolyte concentrations and values of r em- (5)pore

ployed in this work and encountered most often in
practice provide no overlap of the double layer in the In Eqs. (4) and (5), K denotes the equilibrium
intraparticle pores). Eq. (1) accounts for the explicit adsorption constant, C represents the maximumT
variation of the electrostatic potential along r and concentration of adsorbate in the adsorbed phase
for the implicit variation of the electrostatic potential when all accessible adsorption sites are utilized,
along r in the non-electroneutral region of the pore C (t,r,r 5r ) denotes the concentration of thep3 pore
fluid, as adsorption of adsorbate occurs on the adsorbate in the fluid layer immediately adjacent to
surface of the pore. It should be noted here that the the surface of the pore at time t and radial position r
adsorption process could also induce an explicit in the particle, and C (t,r) is the concentration ofp3,ec
variation in the magnitude of the electrostatic po- the adsorbate in the electroneutral core region of the
tential along r in the non-electroneutral region of the pore fluid [14]. Eq. (5) is obtained from the
pore fluid [15]; the effect of the possible explicit Boltzmann expression [14] and the exponential term
variation in the electrostatic potential along r will be hexp[2(z e /kT )F(r 5r )]j multiplies the value of3 pore
reported in future work. Furthermore, it can be C (t,r) in order to account for the increasedp3,ec
shown from the continuity and momentum balance concentration of the adsorbate in the electrical
equations for the pore fluid that the volumetric flow- double layer. It is worth noting here that the value of
rate at any cross-section of the pore is equal to zero F(r 5r ) in Eq. (5) represents the value of thepore
[15] and, thus, the convective velocity of the pore zeta potential, z , at the surface of the pores; thew
fluid in the pore is equal to zero [15]; in this work, value of F(r 5r ) changes as the concentration,pore
the convective velocity of the pore fluid was taken to C , of the adsorbate in the adsorbed phase changes.S3
be equal to zero. It is important to mention here that the magnitudes of

The boundary conditions for Eq. (1) are given by d and z depend on the values of the pH and ionic0 w

strength of the solution [15,16]; also the chargeEqs. (2) and (3):
number, z , of the adsorbate (protein) depends on the3

dF value of the pH of the solution [16]. By combining]at r 5 0, 5 0 (2)Udr r 50 Eqs. (4) and (5), the following expression for the
Langmuir adsorption isotherm is obtained:d z N e CdF d 0 3 0 S3

] ] ] ]] ]at r 5 r , 5 5 1 ?Upore r 5rdr ee ee ee jpore 0 0 0 C 5S3

z e(3) 3
]C KC (t,r) ? exp 2 ? F(r 5 r )F S DGT p3,ec porekT

]]]]]]]]]]]]]]]where d represents the fixed charge density at the0 z e3
]1 1 KC (t,r) ? exp 2 ? F(r 5 r )H F S DGJsurface of the intraparticle pore when no adsorption p3,ec porekT

has occurred, j is the particle phase ratio, and CS3 (6)represents the concentration of the adsorbate in the
adsorbed phase. The value of C is obtained fromS3 It is worth noting here that if the adsorbate had no
the adsorption isotherm. In this work, the Langmuir charge (z 50) and/or if the value of the electrostatic3
adsorption isotherm is considered for single com- potential at the surface of the pore is zero [F(r 5
ponent adsorption and its form is given by Eq. (4): r )50], then the magnitude of the exponentialpore

term hexp[2(z e /kT )F(r 5r )]j in Eqs. (5) and3 poreC KC (t,r,r 5 r )T p3 pore
]]]]]]] (6) would be equal to one. Furthermore, the valuesC 5 (4)S3 1 1 KC (t,r,r 5 r )f gp3 pore of the concentrations [C (t,r,r), i51, 2, 3] of thepi
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species along the directions r and r can be obtained ternary mixture), and R (i51, 2, 3) is the molarpi

for different times t from the Boltzmann expression rate of production of species i per unit volume. A
[13] given by Eq. (7): dilute binary electrolyte [16] is considered in the

systems studied in this work and, thus [14], R 5p1z ei R 50, while the molar rate of production per unitp2]C (t,r,r) 5 C (t,r) ? exp 2 ? F(r) , iF S DGpi pi,ec kT volume of the adsorbate, R , is equal to zero.p3

Furthermore, for dilute mixtures it has been the5 1, 2, 3 (7)
practice to assume the vanishing [17,18] of the
effective pore cross-diffusion coefficients (off-diag-where F(r) is obtained from the solution of Eq. (1).
onal terms of the effective pore diffusivity matrix)In this work, the effective pore diffusion coefficient
without having an estimate of the values of theseof species i (i51, 2, 3) along the radial direction r
coefficients. It has been shown [17,18] that by settingof the pore was considered to be independent of r
the effective pore cross-diffusion coefficients equaland equal to the effective pore diffusion coefficient
to zero the resulting diffusion equations of theof species i (i51, 2, 3) along the radial direction r of
mathematical model are not self consistent. Liapisthe particle [14].
and Litchfield [19] studied the terms of the effectiveThe transport of cations, anions, and adsorbate in
pore diffusivity matrix of dilute multicomponentthe electroneutral core region of the pore fluid in the
adsorption systems involving uncharged solutes andadsorbent particles is considered to occur by pore
found that the values of the off-diagonal effectivediffusion. The differential mass balances for the
pore diffusion coefficients were about two-orders ofcation, anion, and adsorbate in the electroneutral core
magnitude smaller than the values of the diagonalregion of the pore fluid in the pores of the porous
terms of the effective pore diffusivity matrix. Theiradsorbent particles are given by Eqs. (8)–(10):
results [19] showed that the usual practice of setting

3 the off-diagonal terms of the effective pore diffusivi-≠(e C ) ≠C1 ≠p p1,ec p j,ecaS D]]] ] ] ]]5 ? O r e D ?a F G ty matrix equal to zero when the multicomponentp p1j≠t ≠r ≠rr j51
systems are dilute, may not contribute a significant

1 R (8) error in the model predictions. While it could bep1

possible that in dilute multicomponent mixtures
3 involving charged species the contribution of the≠(e C ) ≠C1 ≠p p2,ec p j,ecaS D]]] ] ] ]]5 ? O r e D ?a F Gp p2j off-diagonal terms of the effective pore diffusivity≠t ≠r ≠rr j51

matrix might not provide an insignificant error in
1 R (9) model predictions, in this work the off-diagonalp2

terms of the effective pore diffusivity matrix were
≠(e C ) ≠C considered to be very much smaller than the diagonal≠C 1p p3,ec p3,ecS3
]]] ]] ]] ]1 (1 2 e ) ? ? 5 aS Dp terms and were set equal to zero (D 5D 5≠t ≠C ≠t p12 p13rp3,ec

D 5D 5D 5D 50). By (i) setting the off-p21 p23 p31 p323 ≠C≠ p j,ec diagonal terms of the effective pore diffusivityaS D] ]]? O r e D ? 1 R (10)F Gp p3j p3≠r ≠r matrix equal to zero, (ii) representing the diagonalj51

terms D , D , and D by D , D , and D ,p11 p22 p33 p1 p2 p3

respectively, and (iii) setting R 5R 5R 50 forwhere t is the time, r is the radial distance in the p1 p2 p3

the reasons discussed above, Eqs. (8)–(10) becomeadsorbent particle, e denotes the porosity of thep

as follows:adsorbent particle, D (i51, 2, 3 and j51, 2, 3)pij

represent the effective pore diffusion coefficients of
≠(e C ) ≠C1 ≠p p1,ec p1,ecthe ternary mixture (D , D , D , D , D , and ap12 p13 p21 p23 p31 S D]]] ] ] ]]5 ? r e D ? (11)a p p1≠t ≠r ≠rrD are the effective pore cross-diffusion coeffi-p32

cients while D , D , and D denote the effec-p11 p22 p33
≠(e C ) ≠C1 ≠p p2,ec p2,ective pore diagonal diffusion coefficients in the matrix aS D]]] ] ] ]]5 ? r e D ? (12)a p p2≠t ≠r ≠rrof the effective pore diffusion coefficients of the
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z C 1 z C 1 z C 5 0 (19)1 p1,ec 2 p2,ec 3 p3,ec≠(e C ) ≠C≠Cp p3,ec p3,ecS3
]]] ]] ]]1 (1 2 e ) ? ?S Dp≠t ≠C ≠tp3,ec Eq. (19) was used in this work to eliminate [14]

≠C Eq. (12). Furthermore, the condition of electroneu-1 ≠ p3,ecaS D] ] ]]5 ? r e D ? (13)a p p3 trality was also employed in the boundary conditions≠r ≠rr
given by Eqs. (17) and (18); for the concentrations
of the species in the finite bath, the electroneutralityIt should be noted here that the effects of (i) the
condition gives:off-diagonal terms of the effective pore diffusivity

matrix, (ii) the restricted pore diffusion [12,20–22], z C 1 z C 1 z C 5 0 (20)1 d1 2 d2 3 d3
and (iii) the possible electrophoretic migration that
could occur due to the explicit variation of the The porous adsorbent particles are suspended in
electrostatic potential along r (the electrophoretic the liquid of the finite bath so that the liquid has free
migration due to the explicit variation of the electro- access, and the bulk concentration of the cations and
static potential along r and the implicit variation of anions of the electrolyte as well as the bulk con-
the electrostatic potential along r have been ac- centration of the adsorbate are taken to be uniform
counted for in this work, as discussed in the para- throughout the bath except in a thin film (film mass
graph following Eq. (1)), should be considered as transfer resistance) of liquid surrounding each par-
being lumped in the magnitudes of the effective pore ticle [1,2]. A differential mass balance for the
diffusion coefficients D , D , and D .p1 p2 p3 cations, anions, and the adsorbate in the liquid phase

Eqs. (11)–(13) can be used for particles having of the finite bath gives:
geometry of slab, cylinder, or sphere by putting

dC (t) (1 2 e ) a 1 1di ba 50, 1, 2, respectively. The initial and boundary
]] ]]] ]]5 ? ? KS D fidt e rconditions of Eqs. (11)–(13) are: b p

? C (t, r 5 r ) 2 C (t) 1 R ,f gpi,ec p di di
at t 5 0, C 5 C , for 0 # r # r (14)p1,ec 1` p

for i 5 1, 2, 3 (21)

where e denotes the void fraction in the bath, andat t 5 0, C 5 C , for 0 # r # r (15) bp2,ec 2` p
R represents the molar rate of production of speciesdi

i per unit volume of the finite bath; for the reasons
at t 5 0, C 5 0, for 0 # r # r (16)p3,ec p discussed for R (i51, 2, 3) above, R 5R 5pi d1 d2

R 50. The initial conditions of Eq. (21) are:d3
≠Cpi,ecU z z]]at r 5 0, 5 0, for t . 0, i 5 1, 2, 3 (17) 2 3 0≠r r50 ] ]at t 5 0, C 5 2 ? C 2 ? C (22)d1 2` d3z z1 1

≠Cpi,ec at t 5 0, C 5 C (23)d2 2`U]]at r 5 r , e D ?p p pi r5rp≠r
0

5 K ? C (t) 2 C (t,r 5 r ) , for t . 0, i 5 1, 2, 3 at t 5 0, C 5 C (24)f gfi di pi,ec p d3 d3

(18)
In Eqs. (14)–(18), C and C represent the Eq. (22) is obtained from the condition of electro-1` 2`

concentrations of the cations and anions, respective- neutrality [14] in the bath fluid (Eq. (20)). By
ly, for t#0, r is the particle radius, K (i51, 2, 3) employing the condition of electroneutrality (z C 1p fi 1 d1

denotes the film mass transfer coefficient of com- z C 1z C 50) in Eq. (21) for species 2 (the2 d2 3 d3

ponent i, and C (t) (i51, 2, 3) is the concentration anion), the differential mass balance equation (Eq.di

of component i in the finite bath. In the electroneutr- (21) with i52) for the anion is eliminated [14]. It is
al core region of the fluid in the pores of the worth mentioning here that the fluid phase of the
adsorbent particles, the electroneutrality condition finite bath plays a very important role as a source or
requires that: sink for the cations, anions, and adsorbate, when the



921 (2001) 135–145140 A.I. Liapis et al. / J. Chromatogr. A

cations, anions and adsorbate correspondingly enter The values of the effective pore diffusion coefficients
in or exit from the pore fluid of the particles as the D , D , and D were taken to be equal to 2.59?p1 p2 p3

211 2 212 2 212 2adsorption process is taking place. 10 m /s, 2.58?10 m /s, and 2.45?10 m /s,
The equations of the mathematical model pre- respectively. For these values of the effective pore

sented above are coupled and were solved simul- diffusion coefficients, the adsorption process of the
taneously by the numerical method of orthogonal adsorbate provided inner radial concentration humps
collocation on finite elements [23,24]. The details of for the given values of d , r , z , z , z , e, e , e ,0 pore 1 2 3 b p

0the numerical solution of these equations are re- K, C , j, C , C , C , r , and T. It is veryT 1` 2` d3 p
ported in Ref. [15]. important to note here that if the double layer in the

pores is not considered, then there are no inner radial
adsorbate concentration humps for any combination
of D , D , and D , including for those reportedp1 p2 p3

3. Results and discussion above. It appears to be imperative that one should
consider the double layer in the pores in order to

The theoretical results describing the adsorption of generate inner radial adsorbate concentration humps.
a positively charged adsorbate with z 51 onto the3 Furthermore, the fact that the values of D , D , andp1 p2
negatively charged (d ,0) surface of the pores of0 D have to be significantly lower than the values ofp3
spherical adsorbent particles are presented and dis- their corresponding free molecular diffusivities, indi-
cussed in this section. The aqueous system is taken cates that mechanisms (i)–(iii) in the paragraph
to be isothermal with T5293.15 K, the value of the immediately following Eq. (13) could be playing an
dielectric constant, e, of the solution is taken to be important role in the intraparticle multicomponent
equal to 80.1, and the value of the permittivity of interactive mass transport processes which, in the

212 2 2free space, e is equal to 8.85?10 C /(N m ). The0 presence of a double layer in the pores, can provide
values of the initial concentrations C and C of1` 2` conditions for adsorbate entrapment and accumula-
the cations and anions, respectively, of a 1:1 (z 521 tion in the pore fluid at inner radial positions that can
z 51) electrolyte in the pores of the adsorbent2 result in inner radial adsorbate concentration humps
particles are both taken to be equal to 50.0 mM, in the adsorbed phase. Also, the value of the

0while the value of the initial concentration, C , ofd3 effective pore diffusion coefficient, D , of the anionp2
the positively charged adsorbate (z 51) in the finite3 is very close to the magnitude of the effective pore
bath is taken to be equal to 0.025 mM. The radius of diffusion coefficient, D , of the adsorbate becausep3
the particles, r , is taken to be equal to 50 mm, thep the effective diffusional velocity [12] of the anion in
value of the average radius of the intraparticle pores, the pore fluid has to be similar to the effective

˚r , is considered to be equal to 150 A, the chargepore diffusional velocity [12] of the adsorbate (the adsor-
density, d , on the surface of the intraparticle pores0 bate is positively charged) in the pore fluid in order
before adsorption occurs is taken to be equal to to entrap both positively and negatively charged

2
20.050 C/m , while the phase ratio, j, of the species in the adsorption zone; this produces, in

8 21particles was considered to be equal to 2.0?10 m . conjunction with the effect of the electrostatic po-
The values of e , e , K, and C were taken to beb p T tential, entrapment and accumulation of the charged

21equal to 0.900, 0.490, 2.0 mM , and 0.50 mM, species in the adsorption zone (generation of inner
respectively. The electrolyte was taken to be sodium radial adsorbate concentration humps in the adsorbed
acetate and the free molecular diffusivities, Dmf,i phase).
(i51, 2, 3), of the cation, anion, and adsorbate are In Figs. 1–7 the profiles of C , C , C ,p1,ec p2,ec p3,ec29 2 29 2 2111.96?10 m /s, 1.09?10 m /s, and 1.00?10 C , d, F(r 5r ), and exp[2(z e /kT )F(r 5S3 pore 32m /s, respectively. The values of the film mass r )] along the dimensionless radius, r /r , of thepore p
transfer coefficients K , K , and K were taken tof1 f2 f3 particle are, respectively, presented at five different

25 25be equal to 9.99?10 m/s, 6.29?10 m/s, and times t , t , t , t , and t . At time t 590 s the1 2 3 4 5 1262.00?10 m/s, respectively, and were estimated adsorbate has not penetrated far into the particle; at
from the expression given on p. 440 of Ref. [25]. time t 5240 s the adsorbate has penetrated into the2
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Fig. 4. Radial profile of the concentration, C , of the analyteS3Fig. 1. Radial profile of the concentration, C , of the cations inp1,ec
(adsorbate) in the adsorbed phase of the adsorbent particles atthe electroneutral core region of the fluid in the pores of the
different times; t 590 s, t 5240 s, t 5330 s, t 5480 s, and1 2 3 4adsorbent particles at different times; t 590 s, t 5240 s, t 53301 2 3
t 51800 s.5s, t 5480 s, and t 51800 s.4 5

Fig. 2. Radial profile of the concentration, C , of the anions inp2,ec

Fig. 5. Radial profile of the charge density, d, at the surface of thethe electroneutral core region of the fluid in the pores of the
pores of the adsorbent particles at different times; t 590 s,adsorbent particles at different times; t 590 s, t 5240 s, t 5330 11 2 3

t 5240 s, t 5330 s, t 5480 s, and t 51800 s.s, t 5480 s, and t 51800 s. 2 3 4 54 5

Fig. 6. Radial profile of the electrostatic potential, F, evaluated atFig. 3. Radial profile of the concentration, C , of the analytep3,ec

the surface (r 5r ) of the pores of the adsorbent particles at(adsorbate) in the electroneutral core region of the fluid in the pore

different times; t 590 s, t 5240 s, t 5330 s, t 5480 s, andpores of the adsorbent particles at different times; t 590 s, 1 2 3 41

t 51800 s.t 5240 s, t 5330 s, t 5480 s, and t 51800 s. 52 3 4 5
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decreases from the center of the particle (r /r 50) top

the surface of the particle (r /r 561) because thep

anions move into the electrical double layer in order
to facilitate the adsorption process of the analyte
[14]. The results in Fig. 3 clearly indicate that a
hump is present in the radial profile of the con-
centration, C , of the adsorbate in the elec-p3,ec

troneutral core region of the pores for times t,t5

(for times t before the adsorption system comes to
equilibrium). For times t,t , (i) the rate of transport5

of the cations from r /r 50 to r /r 561 and the ratep p

of transport of the adsorbate from the surface of the
Fig. 7. Radial profile of the exponential term, exp[2(z e /3 particle (r /r 561) to the center of the particlepkT )F(r 5r )], employed in Eqs. (5) and (6) at different times;pore

(r /r 50) are significantly affected, through thet 590 s, t 5240 s, t 5330 s, t 5480 s, and t 51800 s. p1 2 3 4 5

condition of electroneutrality in the electroneutral
core region of the pore fluid, by the rate of transport

center of the particle (r /r 50); at time t 5330 s the of the anions from the center (r /r 50) to the surfacep 3 p

profile of the concentration of the adsorbate in the (r /r 561) of the particle, (ii) the distribution of thep

pore fluid, C , and in the adsorbed phase, C , is concentrations of the adsorbate and of the cations inp3,ec S3

approaching a maximum at the center of the particle the electrical double layer and the concentration of
(r /r 50), at time t 5480 s the profile of the the adsorbate in the adsorbed phase are controlled byp 4

concentration of the adsorbate in the pore fluid, the rate of transport of the anions to the adsorption
C , and in the adsorbed phase, C , has reached a zone (anions are needed in the adsorption zone top3,ec S3

maximum at the center of the particle (r /r 50), and facilitate the adsorption process of the positivelyp

at time t 51800 s the equilibrium condition of the charged analyte for the reasons presented in Ref.5

system has been established. The results shown in [14]), (iii) the value of the concentration of the
Fig. 1 indicate that the concentration of the cations, cations in the finite bath approaches the value of the
C , in the electroneutral core region of the concentration of the anions in the finite bath, throughp1,ec

intraparticle pores decreases from the center of the the condition of electroneutrality, as the adsorbate
particle (r /r 50) to the surface of the particle (r / leaves the fluid of the finite bath and enters thep

r 561) in order to preserve the condition of particles, and this, in effect, creates a bottleneck forp

electroneutrality by providing a diffusive flux that the transport of the adsorbate from the finite bath to
can transport the cations from the particle into the the particles due to the relative differences in the
finite bath, as more cations are removed from the mass transfer rates of the three different species
electrical double layer [14] and move into the (cation, anion, and adsorbate) through the liquid film
electroneutral core region in order to accommodate (film mass transfer resistance) surrounding the par-
[14] the adsorption process of the analyte when the ticles, and this bottleneck in the transport of the
adsorbate molecules are present in the electrical adsorbate from the finite bath to the surface of the
double layer and adsorb onto the charged surface of particles causes a significant decrease in the value of
the pores [the values of d and F(r 5r ) both C (t, r5r ) with respect to time, and (iv) thepore p3,ec p

become less negative during adsorption, as Figs. 5 bottleneck for the transport of the adsorbate at the
and 6 indicate]; therefore, the total amount of cations particle surface (r /r 561) induces a preponderancep

in the electrical double layer decreases while the for the adsorbate in the concentration hump to move
total amount of anions in the electrical double layer towards the center of the particle (r /r 50); thep

increases when the adsorbate is present in the condition of electroneutrality restricts the transport of
adsorbed phase [14]. Furthermore, the results in Fig. the adsorbate back to the surface of the particle
2 show that the concentration, C , of the anions in (r /r 561) because the difference in the values ofp2,ec p

the electroneutral core region of the pores also C and C at the particle surface (r /r 561) isp1,ec p2,ec p
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smaller than the difference in the values of C and (C ) and in the adsorbed phase (C ). Thus, it isp1,ec p3,ec S3

C at inner radial positions in the particle. The conceivable that, in single component adsorptionp2,ec

effects of the mass transfer processes presented in systems where the effective pore diffusion coeffi-
items (i)–(iv) above, trap the adsorbate at some inner cients of the cations, anions, and adsorbate change in
radial position in the particle leading to a hump in magnitude with time and radial position in the
the radial profile of the concentration, C , of the particle due to (a) loading of the adsorbate in thep3,ec

adsorbate in the electroneutral core region of the adsorbed phase (restricted pore diffusion [12,20–
fluid in the pores of the particles. The hump in the 22]), and (b) changes in the values of the con-
radial profile of C leads, through Eqs. (5) and centrations of the cations, anions, and adsorbate inp3,ec

(6), to a hump in the radial profile of the con- the pore fluid of the adsorbent particles, the analyte
centration, C , of the adsorbate in the adsorbed (adsorbate) could be trapped at more than one innerS3

phase, as shown in Fig. 4; the hump in the radial radial position in the particle leading to more than
profile of C is considered to be the hump (con- one hump in the radial profiles of the concentrationsS3

centration ring) observed in confocal scanning laser of the adsorbate in the pore fluid (C ) and in thep3,ec

microscopy experiments. adsorbed phase (C ); these multiple humps could beS3

The results in Figs. 5 and 6 indicate that there is a considered to represent multiple concentration rings
hump in the radial profiles of (a) the charge density, in the adsorbed phase of porous particles observed
d, on the surface of the pores, and (b) the electro- [9] by confocal scanning laser microscopy experi-
static potential, F, evaluated at the surface (r 5 ments. Finally, it should also be mentioned here that
r ) of the pores. Furthermore, the results in Figs. 5 numerous simulations [15] using the mathematicalpore

and 6 clearly show that the values of both d and model of this work have shown that humps (con-
F(r 5r ) increase (become less negative) as the centration rings) cannot develop for certain values ofpore

value of the concentration, C , of the positively the parameters of the model that do not allow theS3

charged analyte in the adsorbed phase increases. The interactions between the electrostatic potential dis-
results in Fig. 7 show that the magnitude of the term tribution and the mechanisms of mass transport of
exp[2(z e /kT )F(r 5r )] is significantly larger the species by diffusion and adsorption to trap the3 pore

than unity, and therefore, even if the value of the adsorbate at an inner radial position in the particle; in
equilibrium adsorption constant, K, in Eq. (6) is not such cases, the dynamic behavior of the analyte in
large, the product of K and exp[2(z e /kT )F(r 5 the adsorbed phase exhibits a monotonic decrease in3

r )] can provide a number with a large positive the value of its concentration from the surface to thepore

magnitude which can provide a favorable adsorption center of the particle, as has also been observed in
isotherm. certain confocal scanning laser microscopy experi-

It is important to mention here that the mathemati- ments [4–6].
cal model presented in this work could be used to
simulate adsorption systems of a single charged
adsorbate having (i) values for the parameters of the 4. Conclusions and remarks
model different than those employed in the ad-
sorption simulations presented in this work, and (ii) A theoretical model for single component ad-
adsorption isotherms whose expressions are different sorption that accounts for the presence of an electri-
[1,2,26] than the expression (Eq. (6)) of the ad- cal double layer in the pores of adsorbent particles
sorption isotherm used in this work. Furthermore, the was constructed and solved. The dynamic behavior
results presented here and results calculated from of the mechanisms of the model can result in the
numerous simulations [15] using the mathematical development of inner radial humps (concentration
model of this work, indicate that the relative mag- rings) in the concentration of a single charged
nitudes of the intraparticle diffusional mass fluxes of analyte (adsorbate) in the adsorbed phase of porous
the cations, anions, and adsorbate influence signifi- charged adsorbent particles. The results of the pres-
cantly the magnitude and location of the humps in ent work demonstrate the implication of the concept
the concentrations of the adsorbate in the pore fluid regarding the effect of the presence of an electrical
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double layer in the pores of adsorbent particles and electroneutral core region of the
the induced interactions between the electrostatic pore fluid of the adsorbent par-
potential distribution and the mechanisms of mass ticles at time t50 when there is
transport of the species by diffusion, electrophoretic no analyte (adsorbate) present in

3migration, and adsorption. Furthermore, the mecha- the particles, mol /m
nisms of the model presented in this work could C Concentration of the anions in the2`

explain qualitatively the development of the con- electroneutral core region of the
centration ring (hump) observed in confocal scan- pore fluid of the adsorbent par-
ning laser microscopy experiments. ticles at time t50 when there is

The theoretical model will be extended to also no analyte (adsorbate) present in
3include the possible contribution of induced in- the particles, mol /m

traparticle electrophoretic migration due to the pos- D Free molecular diffusion coeffi-mf,i
sible explicit variation of the electrostatic potential, cient of component i (i51, 2, 3),

2F, along the radial direction, r, of the particles m /s
[13,14] as well as the possibility of having no D Effective pore diffusion coeffi-pij
electroneutral region anywhere in the pore fluid. The cient (i51, 2, 3; j51, 2, 3) in the
results that will be obtained from the extended pore fluid of the adsorbent par-

2theoretical model will be reported in the future. ticles, m /s
D Effective pore diffusion coeffi-pi

cient of component i (i51, 2, 3)
5. Nomenclature in the pore fluid of the adsorbent

particles [D 5D (i51, 2, 3)pi pii
C (t) Concentration of component i (i5 where D are the diagonal ele-di pii

1, 2, 3) in the fluid of the finite ments of the effective pore dif-
3bath, mol /m fusivity matrix in Eqs. (8)–(10)],

0 2C Concentration of analyte (adsor- m /sd3

bate) in the fluid of the finite bath e Charge of one electron, C
3at time t50, mol /m K Equilibrium adsorption constant,

21C (t,r,r) Concentration of component i (i51, mMpi

2,3) in theporefluidof theadsorbent K Film mass transfer coefficient offi
3particles (Eq. (7)), mol /m component i (i51, 2, 3), m/s

C (t,r) Concentration of component i (i5 k Boltzmann constant, J /Kpi,ec
211, 2, 3) in the electroneutral core N Avogadro’s number, mol0

region of the pore fluid of the R Molar rate of production of speciesdi
3adsorbent particles, mol /m i (i51, 2, 3) per unit volume of the

3C (t,r,r 5r ) Concentration of component i (i5 finite bath, mol /(m s)pi pore

1, 2, 3) in the liquid layer immedi- R Molar rate of production ofpi

ately adjacent to the surface of the species i (i51, 2, 3) per unit
pores of the adsorbent particles, volume of the fluid in the pores of

3 3mol /m the adsorbent particles, mol /(m s)
C Concentration of analyte (adsor- r Radial coordinate of the adsorbentS3

bate) in the adsorbed phase of the particles, m
3adsorbent particles, mol /m r Radius of the spherical porousp

C Maximum concentration of ana- adsorbent particles in the finiteT

lyte (adsorbate) in the adsorbed bath, m
phase of the adsorbent particles T Absolute temperature, K
when all accessible adsorption t Time, s

3sites are utilized, mol /m z Charge number of component ii

C Concentration of the cations in the (i51, 2, 3), dimensionless1`
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