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A b s t r a c t - - A  surface diffusion mocel with diffusional inlerference has been presented for the analysis of 
multicomponent adsorption of phenols by activated carbon. Surface diffusion coefficients for multicomponent 
adsorptions were estimated from the relationship between lhe surface diffusion coefficient of each species 
and the surface coverage. The diffusiunal interference c,,efficiep.ts, Wtj, was determined from experimental 

counter-adsorption data. The numerical values of W,j were in the range of 0.4-0.9, which show that the 
introduction of diffusional interference is necessary to analyze multicomponent counter-adsorptions properly. 
The proposed model successfully simulates the bel-laviour of pimnols-activaled carbon system in a batch ad- 
sorber. 

I N T R O D U C T I O N  

For accurate predictions of adsorption data, in- 
lraparticle diffusion becomes the major co~:cerp be- 

cause it is usually the rate-controll ing step in these pro- 
cesses [ l l .  [ntraparticle diffusion wi th in porous adsorb- 
ents depends on the mechanism of adsorbate trans- 
port: pore diffusion, surface diffusion or ,:ombined 
diffusion [] ,2].  When the adsorbent has relat ively 
large surface area and high adsorption capacity, it has 
been known that the surface diffusion in the adsorbed 
state along the pore wall is dominant {3,4]. 

The surface diffusion coefficient, D~, depends 
strongly on the amount of adsorbates adsorbed {5-8]. 
Since the adsorbent has energetically heterogeneous 
surfaces, the interaction energy between adsorbable 
molecules and the surface varies with the surface 
loading [9,10]. This concentration dependence has 
been studied by several itwestigator [5,7,8]. Moon 
and Lee [7] proposed an empirical concentration 
dependence of D~ on the amount adsorbed for liquid 
phase adsorption of phenols by activated carbon. 

The surface migration of adsorbed molecules has 
been regarded as a random walk process of hopping 
molecules on the surface [9,10], This is related to lhe 
interaction energy, between adsorbable molecules aud 
lhe surface. The concenlration dependence of D~, 
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therefore, may be represented by a function of lhe 
surface coverage, 8, because the interaclion energy 
decreases due to the shielding effect of adsorbed 
molecules. 

D~=f(8) (1) 

Although this dependence of D~ has been studied in 
terms of the amount adsorbed [5,7,8], the extension of 
this dependence of multicomponent adsorptions has 

not been carried out so far. The direct use of D~ deter- 
mined from single species systems will cause cunsid- 
erable discrepancy between measured and predicted 
values in the analysis of multicon~punent adsorption 

processes. On the other hand, when two or mute 
species in the adsorbed state diffuse on the surface, 
mutual interactions between diffusing molecules are 
usually not negligible. Particularly, for the case of 
counter-adsorptions, it is hard to find a suitable 
method for representing the diffusional interference. 
Some workers [2,11] have used the assumption that 
the surface flux of a species is propotional to the con- 
centration gradient of each species. Then, the flux may 
be described by the following equation: 

m 

- a r  ' 

This is an extension of Fick's law to the multicom- 
ponent system by using the phenomenological con- 
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cept [11]. Eq. (2) can be rewritten by introducing the 
diffusional interference coefficient, W#, as follows: 

N~,=p,,D,,Z W,, OQ, (3) 
J =l ar  

Where W,j(= Dsi//Dsi)represents the effect of the con- 
centration gradient of the j-th species on. the flux of 
the i-th species. 

[n this study, we address a multiconoonent sur- 
face diffusion model with diffusional interference. The 
surface diffusion coefficients, D~, for multicomponent 
sys;:ems are estimated from the surface coverage of 
each species, &, or the total surface cove~ ages, 8 r, and 
W,1 is calculated from the counter-adsorphon data of 
bina D' systems. 

T H E O R E T I C A L  

In developing the surface diffusion model, some as- 
sumptions have been made [1,2,5,7]: The concentra- 
tion of adsorbates in the batch is uniform. The adsur- 
lion of adsorbates in the batch is uniform. The adsorb- 
ents are spherical particles with identical radius and 

diffusion is very slow, local equilibrium is established 
at Ihe external surface of particles. The film mass 
transfer coefficient can be assumed to be coustant 
regardless of the bulk concentration in the hatch. 
Furthermore, the amount of adsorbates in the liquM ip. 
pores can be neglected because it is much less thar~ 
thai: adsorbed on the surface [1,2,7]. 

According to this model, adsorption occurs at the 
outer surface of particles, which can be described by 
adsorption isotherms, followed by the surface diffusion 
within the particle. The governing equations for this 
model are written by introducing dimensionless vari- 
ables and groups as follows. 

Mass balance of the i-th species in the' batch: 

Or 
- - -  - a ~ (~, - ~ ~,) (4) 
Dr 

~~=1 at r = 0 .  (51 

Mass balance in the particle: 

m 

ar r,z w,,(a'c,+Z a~',/ Or -; ~ a x '  x ax  / (6) 

~',=~'o, at r = 0 .  0 < x < l  (7) 

.,~ W,,O1Y'=0 at x=0 ,  r > 0  (8) 

.,=~ 0x 

" 01/',  
, - o x Z W " : - - - = B h ( ~ ' - ~ : * ' )  at x = l ,  r > 0 . ( 9 )  

Here, the dimensionless variables are defined as fol- 
lows: 

~,=CJCo~, ~', = Q J Q o ,  x - : r / R  and r -~vt /L.  

The dimensionless group, Bi,, represents the BiG 
number for the i-th species and a, 7, and ;k are the di- 
mensionless groups which are dependent on process 
variables of the adsorption system. 

Bi, K,,RCo~ rn~,, LD~ 
peD**Q o, a = ~ p ,  7, vR z 

3LK/i 
and A~ vR~ p 

Eqs. (4) and (61 are related with the boup.dau condi- 
tion of Eq. (9) at the external surface of the particle. 

The surface concentration, ~,, in Eq. (q) is cal- 
::u]ated from the amount of adsorbates adsorbed at a 
previous time by using a multicomponent adsorption 
isotherm. For multicomponent adsorptions, the ideal 
adsorbed solution (IAS) theory which is thermody- 
namically consistent has been applied [ 12,13]- A greal 
advantage of this theory is to require op.ly single 
component adsorption data in predicting mullicom- 
ponent adsorption equilibria. However, the in"or- 
poration of the ]AS theory into the model equations 
with diffusiona] interference causes considerable 
computational expenses. In this study, adsorptiuz~ 
equilibria at the external surface of particles are 
represented by a Freundlich-type multicompcment tsu- 
lherm which gave good predictions for bina o adsorp- 
tion data [14]. This adsorption isotherm is: 

Q, kr (C,,,) ........ (10) 

A,, (C.~,) B ,  
J - - 1  

where k i and P, are the Freundlich coefficient and lhe 
reciprocal of the Freundlich exponent, respectively. A,j 
and B a are interrelated parameters which can be deler- 
mined from binary adsorption data. Numerical values 
of parameters in Eq. (10) are given in Table 1. The 
Newton's iterative method can be used to evaluate C~, 
or ,~, from Eq. (10). Eqs. (@(9)were solved numerical- 
ly by employing the Crank-Nicholson finite diifference 
method. The set of generalized tridiagonal matrices 
was transformed into a band form to use an algorithm 
for the solution of the band matrix [15]. The details ot 
the band matrix and the computer programs are listed 
elsewhere [16]. 

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

The adsorbent used in this study was a granular 
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Table 1. Parameters of adsorption 

Single component systems 

Component k i Pi 

Phenol 1.705 0.235 

PCP 2.575 0.14l 

PNP 2.327 0.131 

isotherms 

Btna~ systems 

Cunlpui!ent At;, . A2 i BI I B22 BI 2 B21 
(i)/(2) 

PhenollPCP 2.639 0.222 0.287 0.488 0.738 (/.564 

Phenul/l'NP 6.489 0.036 0.608 0.818 (I.838 0.986 

PCP/PNP 1.383 0.476 0.690 0.857 0.797 0.926 

All=A22=10 

Table 2. Properties of activated carbon used 

Property Unit 

Real density 2,Oil0 kg/m :~ 

Apparent particle density 880 kg/m 3 

Surface area (BET) !s '~ 105 ni2/k.g 

Puro,;ity 0.56 

Mean pore radius 1 34 mn 

Particle dianleter t).9 > l I)3 ni 

actiw)ted carbon, F-400, manufactured by Calgon Co. 
The properties of this carbon are given, in Table 2. The 
average particle diameter of the adsorbent used was 
estimated to be 0.92 • 10 -3 m front the sieve openings. 
All carbon particles were boiled in distilled water fur 
48 hr and then washed to remove impurities, 

The adsorbates studied were phenol, p-chlurophe- 
noI{PCP), and p-nitrophenol(PNP) which are conmion 
industrial contaminants. Stock solutions of each 
species were made up by dissolving the reagent grade, 
chemicaIs in distilled, deionized, and activaled carboi> 
filtered water. Binary solutions were prepared by 
adding stock solutions at various concentrations. The 
concentrations of individual species in solution were 
determined by using UV spectrometry. At)sorbences 
were measured at different wavelengtbes fur multi- 
component systems. 

Adsorption experiments were conducted in a Car- 
ber~,'-type batch adsorber used in previous studies 
[7,16]. All the experiments were carried out at ap- 
proximately 500 rpm so that the film mass transfer 
coefficient, Kf, would be nearly constant 17,16]. The 
detailed estimation method for Kf has been. discussed 
in the literature [17]. 

RESULTS A N D  DISCUSSIONS 

In analyzing the adsorption rate of multicompo- 
nenl systems, the surface diffusion coefficients deter- 

'Fable 3. Coefficient of Eq. {I I) for adsorbates  

Adsorbate D~ x 1012 
(m21s) n 

Phenol 11.27 1.251 

PCP 5.11 0.994 

PNP 3.13 0.799 

mined from single component systems have been. us- 
ed by many investigators [2,5,6]. It should, however, 
be noted that the distribution of adsorption energy of a 
species depends on the amount of all uf the species ad- 
sorbed. The interaction energy between adsorbable 
molecules and the surface usually decreases with the 
surface coverage, 0, because of the progressive filling 
uf adsorption sites according to the relative adsorption 
energy. The relation between the surface diffusion 
coefficient and the surface coverage, therefore, is likely 
to be a good representation in dealing with multiconi- 
ponent systems. The dependence of D~ on 0 can be 
derived from the relation between D~ and Q obtain.ed 
in a previous work [?]. 

D~=D* (0)"  (11) 

Table 3 shows the parameters of Eq. (11). The surface 
coverage of the i-lh species may be calculated by: 

a, = Q J Q , . ,  02) 

where Qo~i is the amount of adsorption for monolayer 
coverage. Q,~i can be calculated from the molar 
volume at the normal boiling point (Le Bas volume) 
[18] and the available surface area of activated carbon. 
In. this study, the surface area was estimated frolu 
the amount of PCP adsorbed, which approaches a con- 
slant value, shown in Fig. ] as a matter uf con- 
venien.ce. The specific surface area obtained by' the 
nitrogen adsorption can not be used properly because 
the critical diameters of phenols are about two times 
that of nitrogen. This calculation can be regarded as a 
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Fig.  I. A m o u n t  o f  PCP a d s o r b e d  o n  a c t i v a t e d  car-  

b o n  at 20~  

reasonable method if the liquid phase adsorpliul~ 
does nut inw~lve multilayer formation []9] and Ii~e 
molecular diameter and Qm of phenols calculated are 
listed in Table 4. The total surface coverage, Or, can be' 
obtained by: 

0 r = .~ O, .  (E'~) 
j = I  

When D~ >,'as evaluated from Eq. (l 1) the average 
values of surface coverage were used since the surface 
loading of each species varies with respect to time and 
position during the adsorption. To ascerlain the ap- 
plicability of Eq. (11), two different surface diffusion 
coefficients were calculated from 8, and 0 r, respective- 
ly, and they were used in predicting the adsorption 
data for simultaneous binary adsorptkm of phenols 
wilh activated carbon. Table 5 shows that 1).~ estimated 
from Or gives good predictions comparable to ex- 

perimental data in all cases. The mean devialiun, 
o', is expressed as follows: 

1 ~' o = ~ Z  I(~ . . . .  - ~  . . . .  ) , 1 .  (~4't 

Figs. 2 and 3 show the typical variation of bulk o_m.- 
centrations in the batch with respect to the square 
rool of time. The points represent experimental data. 
While the centered lines are the predicted results by 
using D~ obtained from OT, the broken lines are 
those from &. In these calculations, the diffusional in- 
terference coefficients, W,j(i #j), were taken as zero. 
These results show that the use of Eq. (1 l) in estimat- 
ing D s for multicomponent systems is more accurate 
than the direct use of D~ obtained in single species 

T a b l e  4. M o l e c u l a r  d i a m e t e r  a n d  Qm c a l c u l a t e d  

Molecular 
Molecular Qm 

Adsorbate diameter 
weight (rim)* (mol/kg) 

Phenol 94.11 0.690 3.39 

PCP 128,56 0.733 3,00 

PNP 139. l l 0.738 2.96 

::from the molar volume (Le Bas Volume) [18] 

systems. If the species in a mixture have similar ad- 
sorptive and diffusive properties, it is reasonable to 
assume that the effect uf the surface coverage formed 
by all the species will be similar. 

The surface diffusion coefficients have been oblain- 
ed by superimposing predicted concentralion-tmle 
curves onto experimental curves such as a kind of 
graphical coruparison [2,6]. From Figs. 2 and 3, it can 
be concluded that D estimated in this work gives 
relatively good predic~tuns. Small deviations belweel! 
measured and predicted values, when equilibrium is 
established, are caused by it:accurate adsorptir 
isothernts. This indicates that the determination of ac- 
curate adsorption isotllerms is an important basis for 
tim analysis of nm]ticon~ponent adsorptions. 

When a spe~.ies with higher affinity was adsorbed 
to the activated carbon preloaded with a species with 
lower affinity, the latter was progressively replaced by 
the former accordin.g to the relative affinity to the ad- 
sorbent. Desorbed molecules, then, diffuse from the 
in.terior to the external surface of the particle. This 
phenomenon has been called "displacement elfect' ur 
"counter-diffusion effect" [2,3]. Fig. 4 shows the varia- 
tion of average particle loading of each species for the 
simultaneous adsorption of phenol-PCP system. The 
displacement is not observed in simultaneous adsorp- 
tions, in genera], and for the most cases ot simul- 
taneous adsorptions, the concentration-time curves are 
progressive according to the difference in adsorptive 
properties. However, the displacement appears ex- 
plicitly in the counter-adsorptions as shown in Fig. 5. 
In Runs BS121 and BCI21 shown in Figs. 4 and 5, the 
final equilibrium concentrations are the same even the 
adsorption methods are different, simultaneous and 
counter-current. In Fig. 5, the broken line stands for 
the uptake of PCP in the simultaneous adsorption. 
This shows that the uptake of PCP in the counter- 
adsorption is quite retarded because of diffusional in. 
terference. 

The counter-diffusion effect should be considered 
in multicompunent fixed-bed adsorptions because 
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Table 5. D, estimated and o between ~m+a* and ~calc 

C o D s x 1012 a) D s x 1 O] 2b~ 
Run Component (mol/m3) (niX/s } (m2/s) o • 102a) o' x 1020) 

BS 121 Phenol 1.03 1 56 7.17 7.31 1.05 

P C P 1.00 2.52 3.57 1.20 0.72 

BS122 Phenol 1.01 2.42 5.76 2.42 1.34 

P C P 0.51 1.51 3,00 0.53 0.49 

13S123 Phenol 0.50 1.01 6,75 1.47 0.66 

P C P 1.01 2.66 3,40 1.17 0.85 

BS 124 Phenol 0.51 I. 78 4,99 2.45 1,44 

P C P 0.47 1.51 2.67 0.71 0.49 

BS 132 Phenol 0.96 2 29 5.86 1,98 1.12 

P N P 0.50 1.24 2.06 0.62 0,17 

BS134 Phenol 0.47 1.48 4.95 1.21 0.48 

P N P 0.49 1.26 1.85 0.66 0.27 

BS231 P C P 1.00 1.64 3.73 1.48 1.32 

P N P 0.97 1,53 2.43 1,52 0,81 

BS232 P C P 1.01 2.21 3.46 1.47 1.16 

P N P 0.49 1.02 2.29 1.04 0.63 

BS233 P C P 0,52 1.07 3,48 1.46 0,84 

P N P 0.99 1.72 2.30 2.94 1.29 

BS234 P C P 0.50 1.42 2.95 0.93 1.03 

P N P 0.49 t.19 2.01 1.09 0.52 

a)estirnated from 0i 

b)estimated from Or 

0.5 

1,0 

.~O~ l | I I J I . Run BSI21 

, , " ' ' - , .  . . . . .  D s from Oi 
k ' ~ , O ~ .  " - . . - - - - -  DsfromO r 

t '~\~ ~ "l::,-._q 0 o o o 

O Phenol 
A~N~ x & PCP 

, ,  , ,  

0 I I I I I 
0 1 2 3 4 5 

SQRT(t) (hr I/2) 

Fig. 2. Calculated and experimental batch concen. 
trations of binary simultaneous adsorption 
for phenol-PCP system. 

those  are associated with r ep lacement  of p readsorbed  

spec ies  by the  following species  [20,21]. In cases  

1.0 ~,~' I I I i r 
:~ ". \ Run BS132 

�9 x - - - -  
,,O \ " \  =- D s fromOi 

-~i, O;N, " ' ,  ----- Ds from 8T 0%. 
0.5 - -  v b'~--  Oo 

~ ' x  O Phenol 
' ~ ~PNP %. 

0 1 2 3 4 5 

SQRT(t) (hr u~) 

Fig. 3. Calculated and experimental batch concen- 
trations of binary adsorption for phenol-PNP 
system. 

w h e r e  the  counter-diffusion occurs,  the  surface diffu- 

s ion model  without  diffusional interference be tween  
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Fig.  4. V a r i a t i o n  of  Qi of  s i m u l t a n e o u s  a d s o r p t i o n  Fig.  5. 

for  p h e n o l - P C P  s y s t e m .  

1.5 

1.O 

0.5 

t i i 
Run BCI2] 

/ /// '~ 

O Phenol 
A PCP 

. . . .  PCP from Fi R. 4 

{) r I I ! 1 
0 1 2 3 4 

SQRT(t) (hr 112) 

V a r i a t i o n  of  Qi of  c o u n t e r - a d s o r p t i o n  for  
p h e n o l - P C P  s y s t e m .  

adsorbed species can not generally be used; thus, the [ 
model has to be extended to include the counter.- 1.0 

v diffuson effect. In this study, the species which has 
lower affinity for the adsorbent is taken as the pread.- 
sorbed one to explicitly elucidate the displacemen~ 
phenomena in the counter-adsorption systems. Tile af- 

finities of phenols to activated carbon has been kP.own O- i 
to be in the order: phenol ~( PCP '< PNP [14,16]. 0.5 

Fig. 6 shows the predicted concentration-time 
curves of phenol for the counter-adsorptions of a 
phenol-PCP system. The most interesting fact shown 
in Fig. 6 is thai the maxima on the curves appear at 

high values of D~. This can occur only when D~ uf 
phenol is greater than that of PCP. This phenomena.oil. 0 
can be explained logically by the following conjecture.; 
since the affinity of phenol is less than that of PCP, II~e 
desorption occurs very fast in earier times but later Fig. 6. 
phenol is likely to be readsorbed because of the de- 
crease in the bulk concentration of PCP. However, the 
maxima do not appear in the experimental curves, in- 
dicating that the diffusion rate of desorbed species is 
greatly reduced by the counter-diffusion effect. The dif- 
fusion coefficient in the counter-adsorptkm has been 
reported to be unreasonably low compared to the 

I I I 

/ ~ m 2 / s )  

I 

i I I I 
1 2 3 4 

SQRT(t) (hr I/2) 

C a l c u l a t e d  b a t c h  c o n c e n t r a t i o r . s  of  p h e n o l  
w i t h  r e s p e c t  to  Ds i  w i t h  D s 2 = 4 X  IO -12 m21s. 

molecular diffusivity in solution [22]. In this work, the 
counter-diffusion effect for the analysis of multicompo- 
nent adsorption systems is considered by introducing 
diffusional interference coefficients. 
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Fig. 7. Counter -adsorpt ion  of P e P  on act ivated  car- 

bon  p r e l o a d e d  with phenol .  

].0 

w '=0 ' 'Ru Bcl l 
- - -  w#l=0 

- LT __ o o o_ 

0 I I I i I 
0 1 2 3 4 5 

SQRT(I) (hr U2) 

Fig. 8. Counter -adsorpt ion  of PNP on act ivated  car- 
bon p r e l o a d e d  with pheno l .  

M 

[] 

Figs. 7 and 8 show the measured  and predicted 
bulk concentrat ions  for counter-adsorptkms in the 

batch in terms of time. The solid lines are the curves 
predicted by the surface diffusion model  for which dif- 

fusional interference coefficients are non-zero,  tn this 

calculation, D~ was est imated from 0 r  and the diffu- 
sional interference coefficients were de te rmined  by 

super imposing predicted curves onto exper imental  
curves. The values of D.~ and W,j used in calculalions 

are listed in Table 6. On the other  hand,  the centered 
lines represent  tile predict ions by using the model 

with W 0. : 0 (i ~-j). The surface diffusion model  with W,I 
(/: O) gave good predict ions as shwon  in Figs. 7 and 8. 
At the moment ,  a correlation between W 0 and proper- 

Table  6. D s and Wff u s e d  in ca lcu la t ions  for counter -adsorpt ions  

Run Component Co Q Ds• 1012'~) ',',' t 2 "v21 
(mol/m 3) (mollkg) (m2/s) 

BCI 21 Phenol 0.23 1.4r 6.77 0.7 0.9 

P C P 1.01 0.00 3.85 

BC122 Phenol 0.33 1.3,'I 5.61 0.6 0.8 

P C P 0.51 0.00 3.32 

BC123 Phenol 0.07 0.90 6.58 0.5 0.8 

P C P 1.02 0.00 3.76 

BC131 Phenol 0.22 1.56 6.67 0.8 06 

P N P 0.96 0.00 2.50 

BC132 Phenol 0.29 1.43 5.74 0.9 0.6 

P N P 0.48 0.00 2.77 

BC133 Phenol 0.03 0.9,'1 5.90 0.7 0.3 

P N P 0.96 0.00 2.31 

BC231 P C P 0.10 1.80 3.99 0.8 0.9 

P N P 0.99 0.00 2.59 

BC232 P C P 0.12 1.7'7 3.58 0.6 0.9 

P N P 0.50 0.00 2.37 

BC233 P C P 0.03 0.93 3.56 0.5 0.7 

P N P 0.97 0.00 2.37 

a)estimated from 0 T 
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ties of adsorption systems can not be given because of 
insufficient experimental data and theoretical grounds. 
Additional experiments as well as theoretical works 
should be required to elucidate the characteristics of 
multicomponent adsorptions more explicitly. 

CONCLUDING REMARKS 

A surface diffusion model with diffusiop.al inter- 
ference has been presenled to analyze ruulticompo- 
nent adsorption data of phenols to activated carbon in 
a batch adsorber. The surface diffusion coefficienls us- 
ed were estimated from the surface coverage of each 
species or the total surface coverage by using the rela- 
tionship between D~ and 8. When D~ was estimated 
from ST,the model predicted accurately the adsorption 
data for simultaneous b ina~  adsorptions. This shows 
that the amount of a species adsorbed affects the sur- 
face migration of others in multicomponent adsorp- 
tions. 

When the counter-adsorption occurs within the 
particles, the displacement was explicitly observed ac- 
cording to the relative affinity to activated carbon. The 
presented model was very useful in dealing with coun- 
ter-adsorptions. The diffusional interference coeffi- 
ciec:ts, W,j, determined were in range of 0.4-0.9, in- 
dicating that diffusional interference is severe in 
counter-adsorptions. This observation indicates thaL 
the diffusional interference should be considered in 
analyzing multicomponent adsorption systems in 
which the displacement occurs such as fixed-bed ad- 
sorptions. 

NOMENCLATURE 

Aq, Bq : 

BI : 
C 

Co 
D~ 
D; 
f(8',, 
Kf 
ki 
L 
m 

N 

Ns 
n 

P~ 
Q 
Qo 

parameters in Eq. (10) 
Blot number ( = Kt~ RCoJ&,D~,Qo) 
concentration in the fluid phase [mol/m 3] 
initial value of C [mol/m 3] 
surface diffusion coefficient [m2/s] 
constant factor in Eq. (I 1) [m2/s] 
function in Eq. (1) 
film mass transfer coefficient [m/s] 
Freundlich coefficients in Eq. (10) 
characteristic length [m] 
mass of adsorbent, kg and number of com- 
ponents 
number of data points 
surface diffusion flux [mol/m 2] 
exponent in Eq. (11) 
reciprocal of Freundlich exponent in Eq. (10) 
amount adsorbed [mol/kg] 
initial value of Q [mol/kg] 

Om 

R 
r 

t 
V 
k,' 

W,:,. 
X 

amount adsorbed for monolayer formation 
[mol/kg] 
radius of particle [m] 
radial distance fro] 
time [s or hr] 
volume of solution [m 3] 
characleristic velocity [m/s] 
diffusional interaction coefficient 
dimensionless radial distance 

G r e e k  Letters  

O~ 

7, 

8 
8 T 

#p 
r 
o" 

dimensionless group [ : m ep/V&,] 
dimensionless group [ = LDsi/vR 2] 
particle porosity 
surface coverage 
total surface coverage 
dimensionless group [ = 3LK/jvR~p] 
normalized concentration of C 
,~ at the outer surface of the particle 
apparent particle density [kg/nP] 
dimensionless time 
mean deviation defined in Eq. (14) 
dimensionless amount adsorbed 

Subscr ip t s  

0 : initial value 
f : film 
i,j : subscripts for species 
m : monolayer 
p : particle 
s : surface 
T : total 

A b b r e v i a t i o n s  

PCP : p-chlorophenol 
PNP : p-nitrophenol 
meas : measured value 
calc : calculated value 
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