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Abst rac t -Adsorp t ion  of phenols from aqueous solutions onto a polymeric sorbent, SP206, was 
carried out in a finite batch adsorber. Multicomponent adsorption equilibrium data were experimental- 
ly measured and compared with those predicted by the ideal adsorbed solution theory (IAST) based 
on the Langmuir equation as single species isotherms. [ntraparticle diffusion during adsorption was 
assumed to be expressed by the pore diffusion and the surface diffusion mechanisms and the effective 
diffusion coefficient of each species was determined by comparing experimental and predicted concen- 
tration histories. The surface diffusion model incorporated with the lAST successfully simulated the 
adsorption behaviour of a phenols-polymeric sorbent system up to three-species mixtures. The regen- 
eration of spent sorbents was also investigated to get information for a cyclic adsorption process. 

INTRODUCTION 

The adsorption of organic substances from aqueous 
solutions is of considerable practical interest in devel- 
oping a technical process for the purification of domes- 
tic and industrial effluents because it is more energy 
efficient than most competing technologies [1].  In re- 
cent days the contamination of Korean rivers with 
phenolic species was reported to be a serious environ- 
mental problem. This comes from industrial wastewa- 
ter containing untreated organic substances. Organic 
substances can impart, an objectionable taste or odor 
but a more serious problem is that those substances 
and their derivatives, which are formed by chemical 
reactions between substances, are potentially carcino- 

genic and mutagenic [2-1. 
The removal of organic substances including phenols 

has been dealt with by activated carbon adsorption 

in batch or fixed-bed adsorbers because activated car- 
bon has energetically heterogeneous surfaces and can 
adsorb most organic substances effectively even from 
relatively dilute and complex aqueous solutions [3-5]. 
However, it has been pointed out that the regenera- 
tion of spent carbon is not easy because of considera- 
ble irreversible adsorption [6]. Since an adsorption 
process consists of three main steps: loading (adsorp- 
tion), regeneration (desorption) and washing, regen- 
eration efficiency in particular is a critical factor for 
the economy of the overall process. Recently, some 

*Author to whom all correspondence should be made. 

workers have been interested in using polymeric sor- 

bents  which are available on the market as an alterna- 
tive to activated carbon for the removal of organic 
substances from aqueous solutions E6-11]. The regen- 
eration of such sorbents can be easily accomplished 
by leaching with a proper solvent or alkaline solutions 
[6, 7, 12]. Furthermore, polymeric sorbents can be 
made to have highly specific surfaces for a certain 

species by changing surface functional groups. 
Adsorption calculations for the design of a cyclic 

process in general require information on adsorption 
equilibria, intraparticle transport of adsorbates and re- 
generation. For single-species adsorptions, determin- 

ing adsorption isotherms presents no serious prob- 
lems. On the other hand, multicomponent equilibrium 
data are time-consuming and tedious to obtain experi- 
mentally. Thus, a lot of efforts were, as a practical 
matter, made to predict multicomponent equilibrium 
data based on only single-species isotherm data [13- 
15]. Among them, the ideal adsorbed solution theory 
(lAST) invokes the assumption that adsorbates in the 
adsorbed phase form an ideal solution, particularly on 
homogeneous sorbents. Intraparticle diffusion within 
porous sorbents depends on the mechanism of adsorb- 
ate transport such as pore diffusion, surface diffusion 
and others. However, it is often handicapped by the 
fact that the mechanism of adsorbate transport can 
not be completely understood because of its complicat- 
ed character. To circumvent this difficulty, a number 
of workers have chosen one major mechanism as a 
matter  of convenience and subsequently the effective 
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diffusion coefficient may be determined by comparing 
experimental data with those predicted by the model 
[4, 16] 

The present  work is concerned with the adsorption 
of phenolic species such as phenol, p-ehlorophenol 
(PCP) and p-nitropheno[ (PNP) onto a nonfunctional 
macroreticular polymeric sorbent, SP206, based on a 
polystyrene matrix crossiinked with divinylbenzene. 
The regeneration of  SP206 loaded with phenols is also 
carried out by using a sodium hydroxide solution as 
a regenerant. ] 'he  major emphasis of this study is 
placed on the acquisition of valuable information on 
a cyclic adsorption process for phenol removal by 
using polymeric sorbents. 

T H E O R E T I C A L  

1. A d s o r p t i o n  I s o t h e r m s  
The single-species isotherm may be assumed to be 

the Langmuir-type when the sorbent has energetically 
homogeneous surfaces El7]. 

Q~ = Q~,b,C~/(1 + b,C,) (13 

where Q,,, is the saturation amount of adsorption and 
b~ is the Langmuir constant of species i. Assuming 

that adsorbates on the surface form an ideal solution, 
multicomponent adsorption equilibrium data can be 
estimated by the IAST. This assumption, together with 
the Langmuir equation as a single-species isotherm, 
provides a set of equations for multicomponent adsorp- 
tion calculations. According to the IAST, Q, and C, 
are related by the following set of equations: 

C, = C/'(n)Z, (2) 

Q., - [ x ZJQ/ ' }  ~ (3) 

Zi = Q,/Qr (4) 

Z Z , -  1 (5) 

n, = n~ = �9 �9 n x -  n (6) 

where C/' and Qf are the liquid-phase concentration 
and the amount of adsorption in single-species adsorp- 
tion, which gives the spreading pressure, n for the 
adsorbed mixture [14]. Qr is the total amount of ad- 
sorption and Z, is the mole fraction of species i in 
the adsorbed phase. According to the Gibbs isotherm 
[18], the spreading pressure may be calculated by 

n,A _ ;c,,, 
FI, RT -,, (Q/ ' /C/ ' )  dC," (7) 

If single-species isotherm is given by the Langmuir 
equation, H, and C, ~ are related by the expression 

11, = QmAn(1 + biCf) (8) 

Once the spreading pressure is evaluated at a given 
condition, it completes the adsorption calculation [14, 
17]. 
2. Intrapart ir  D i f fus ion  Model  

The following assumptions are usually made in de- 
veloping the surface diffusion model [4, 16]: The con- 
centrations of adsorbates are uniform in the batch. 
The adsorbents are spherical particles with identical 
radius and their physical properties are homogeneous. 
Since diffusion occurs much more slowly than mass 
transfer through external film, local equilibrium is es- 
tablished at the external surface of particles. 

According to the assumptions above, adsorption oc- 
curs at the outer surface of the particle, which can 

be described by a multicomponent isotherm, followed 
by the surface diffusion into the particle. The govern- 
ing equations for this model are written in the follow- 
ing dimensionless forms. The material balance of spe- 
cies i in the finite batch adsorber is given by 

?, = 1 - a,~_, (9) 

J' ~, 3 ~t',x 2 dx (10) 
t) 

where _~ is the volume-average amount of adsorption 
and c~, is defined as 

ct, = WQ,jVC,, (11) 

The material balance in the particle is given by 

0~, #z~, 2 o't ~, 
#~- = ~" ! ~ x  ~ + x 0x ) (121 

'F,--0 at ~=0,  0 < x < l  (13) 

O--~' = 0  at x 0, ~>0 (14) 
0x 

0't" =k , (~ , -~ , )  at x 1, ~>0 (15) 
Ox 

Here, the dimensionless variables are defined as fol- 
I O W S  : 

: C/C0 

~ , -  QJQ,0 

x = r/R 

= D~I t/R 2 

(16) 

(17) 

(18) 

(19) 

represents  the Blot number  for species i and y, 
and )~ are dimensionless groups which are dependent 
on process variables of the adsorption system. 
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y, = DJD,1 (20) 

X, = k!,RC,0/p~D,,Qi0 (21) 

Eqs. (9) and (12) are related with the boundary condi- 
tion of Eq. (15) at the external surface of the particle. 

The surface adsorbate concentration, ~t, in Eq. (15) 
is calculated from the amount of adsorbates adsorbed 
at a previous time by using a multicomponent adsorp- 
tion isotherm. For multicomponent adsorptions, the 
IAST which is thermodynamically consistent is ap- 
plied. A great advantage of this theory is that it re- 
quires only single-species isotherm data in predicting 
multicomponent adsorption equilibrium data. The in- 
corporation of the IAS theory into the model equation 
is given elsewhere [5, 19J. The concentration history 
in the batch adsorber can be found by solving the 
above set of equations using an algorithm depicted 
by Moon and Tien [19~. 

EXPERIMENTAL 

The sorbent used in this study was a nonfunctional 
macroreticular polymeric sorbent, SP206, manufac- 
tured by Mitsubishi Chemical Ind. Co., Japan. The prop- 
erties of this sorbent measured and obtained from 
the manufactures' specifications are listed in Table 
1. The average particle diameter of the sorbent parti- 
cles was estimated to be 0.50 • 10 3 m from microscop- 
ic measurement. All sorbent particles were leached 
with methanol to remove impurities and to wet inter- 
nal pores prior to use. Sorbent particles were loaded 
in a 0.01 m ID glass column and a ten-bed volume 
of methanol was passed through the column at a flow 
rate of l:< 10 6 m:~/min. After leaching with methanol, 
a twenty-bed volume of distilled and deionized water 
(Sigma LC grade) was passed at the same flow rate 
in order to remove methanol. It was confimed that 
methanol at the column effluent after passing a ten- 
bed volume of water was no longer detected by a 
flame ionization detector. 

The adsorbates were phenol, p-chlorophenol (PCP), 
and p-nitrophenol (PNP) which are common industrial 
contaminants. Stock solutions of each species were 
made up by dissolving the reagent-grade chemicals 
supplied by Sigma Chemical Co. into distilled and 
deionized water. Binary and ternary solutions were 
prepared by adding stock solutions. The concentration 
of each species in the solution was determined by 
using UV spectrometry. Wavelengthes used were 270, 
280 and 318 nm for phenol, PCP and PNP, respective- 
ly. The concentrations of individual species in mix- 
ture were obtained by solving the corresponding Beer- 

Table 1. Properties of a polymeric sorbent, SP206 

Property Unit 
Particle size* 250/1000 pm 
Particle density 640 kg/m 3 

Packing porosity 0.44 - 
Moisture content* 50 % 
Surface area* 556 m2/g 
Average pore diameter* 70 A 
*from the manufactures' specifications 
**measured based on dry basis 

Lambert equation with calibration constants. 
Equilibrium data were, taken by introducing a given 

amount of sorbent into a mixed solution of 2•  10 4 
m 3, shaking in a constant temperature incubator at 
20~ for a week and measuring the adsorbate concen- 
trations remained in the solution. A week was enough 
for the system to reach equilibrium. The dry-base 
weight of sorbent was measured by weighting after 
drying for 10 hours in a vaccum oven at 90~ 

Adsorption experiments were conducted in a Car- 
berry-type batch adsorber of 2 •  10 .-3 m 3 used in pre- 
vious studies [-4, 21]. Sorbent particles were loaded 
into four cages made of 80 mesh stainless-steel screen 
and the cages were affixed to the rotating shaft to 
permit good contact with solution. All the experiments 
were carried out at approximately 500 rpm so that 
the film mass transfer coefficient, k/, would be nearly 
constant. 

R E S U L T S  AND DISCUSSION 

1. Adsorpt ion  Equi l ibr ium Data 
There are various single-species isotherms reported 

in literatures [18]. In this study, single-species equilib- 
rium data were correlated by the two-parameter Freu- 
ndlich equation and the three-parameter Sips equation 
E25] as well as the Langmuir equation. 

Freundlich equation: Q - k  C lj" (22) 

Sips equation: Q=  Q,~bCI'~/(I+ bC ~)  (23) 

In principle, one can obtain the values of the isotherm 
parameters by minimizing the mean percent deviation 
between experimental and predicted values of Q de- 
fined as 

E(%) ~ 0  k~= {(Q,,x,- Q,,,,)/Qx,[, (24) 

The parameters of adsorption isotherms were deter- 
mined by fitting experimental data to Eqs. (1). (22) and 
(23) and the results of the parameter search are sum- 
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Table 2. Single-species isotherms of phenols on SP206  

at 20~  
(A) Freundlich Equation 

Species k n E(%) 
Phenol 0.329 1.710 4.62 

PCP 0.655 2.660 8.95 
PNP 0.688 2.290 2.17 

(B) Langmuir Equation 

Species Q,, b E(%) 
Phenol 0.626 1.136 2.52 
PCP 0.736 6.074 1.03 

PNP 0.815 3.556 2.58 

(C) Sips Equation 

Species Q,~ b n E(%) 
Phenol 1.i87 2.600 0.759 1.51 
PCP 5.275 7.422 0.945 0.82 
PNP 1.218 0.821 1.582 1.66 

0.8 | i i i m  

0.7 ~ ~:::::5~:r12- - 

0.6 o u o _ 

0.5 
o 

E 0.4 

0.3 

0.2 - -  Langmuir _ 
Phenol 

O PCP 
0.1 U PNP 

0 I I _ 
0 0.5 1.5 2.0 

C, mol/m 3 

Fig. 1. Single-species isotherms of phenols on SP206  at 

20~ 

rnarized in Table 2. Among three equations, the Sips 
equation gives the best fit but it is likely to be an 
inevitable result since this equation contains three.' ad- 
justable parameters. However, it should be noted that 
the Langmuir equation gives bet ter  fit than the Freund- 
lich equation. This is contrary to the result of phenol 
adsorption onto activated carbon [4].  Considering the 
fact that the Langmuir equation is adquate in repre- 
senting single species isotherms, one may conjecture 
that the polymeric sorbent used here has energetically 

Table 3. Binary adsorption equilibrium data of phenols on 
SP206  at 20~ 

Predicted by 
Adsorption Experimental data 

the IAST 
system 

C, C2 Q1 Q2 Q, Q~ 
Phenol(i)/ 0.160 0.288 0.016 0.445 0.035 0.443 
PCP(2) 0.3'72 0.399 0.046 0.504 0.061 0.473 

0.496 0.229 0.090 0.397 0.110 0.356 
0.596 0.140 0.123 0.277 0.159 0.257 
0.666 0.113 0.158 0.176 0.186 0.215 
0.5'79 0.048 0.213 0.113 0.207 0.114 

Phenol(i)/ 0.165 0.439 0.010 0.408 0.036 0.470 
PNP(2) 0.304 0.420 0.069 0.397 0.065 0.441 

0.507 0.386 0.088 0.382 0.107 0.397 

0.487 0.154 0.155 0.248 0.155 0.223 
0.976 0.278 0.219 0.310 0.204 0.283 
1.051 0.132 0.259 0.179 0.268 0.158 

PCP(1)/ 0.111 0.400 0.155 0.388 0.153 0.382 
PNP(2) 0.114 0.308 0.152 0.286 0.176 0.328 

0.098 0.200 0.205 0.244 0.185 0.257 
0.124 0.164 0.249 0.196 0.232 0.209 
0.249 0.191 0.353 0.172 0.341 0.182 
0.212 0.107 0.382 0.099 0.350 0.121 

homogeneous surfaces. This fact is also confirmed by 
the value of n in the Freundlich equation or the Sips 
equation ranging from 0.759 to 2.660 because the value 
of n is an indirect measure of surface heterogeneity 
[4, 21~. In this study, the Langmuir equation, as a mat- 
ter of convenience, was adopted as a single species 
isotherm. All the species are favorable on SP206 as 
shown in Fig. 1 and the adsorption amount of phenols 
on SP206 is in the order of phenol ( P N P < P C P .  How- 
ever, the adsorption amounts of PCP and PNP have 
reversed at higher concentrations. This comes from 
the mutual interaction between the sorbent and the 
functional group of adsorbate. On the other hand, one 
may also guess that the surface of SP206 is relatively 
hydrophobic from the fact that the adsorption amount 
of phenol, which is more soluble in water than PCP 
and PNP, is quite low ~4]. 

Multicomponent adsorption equilibrium data, in this 
work, were predicted by the ideal adsorbed solution 
theory. The background to this choice is that the sur- 
face of SP206 seems to be energetically homogeneous 
like mentioned above. Experimental binary and ter- 
nary data are listed in Tables 3 and 4 as well as those 
predicted from the IAST by using relevant parameters 
listed in Table 2. One can find that the predictions 
are in reasonably good agreement with the experi- 
mental data. It should also be emphasized that the IAST 
can be incorporated with the adsorption model for 
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Table 4. Ternary adsorption equilibrium data of phenols e,n SP206 at 20~ 

Adsorption Experimental data 
system C1 C2 C3 Q1 

Predicted by the lAST 

Qa Q3 Q, Q2 Qa 
Phenol(l)/ 0.155 0.177 0.275 0.008 0.240 
PCP(2) 0.304 0.096 0.099 0.063 0.187 
PNP(3) 0.186 0.265 0.166 0.0" 0.370 

0.045 0.220 0.323 0.0" 0.313 
0.209 0.096 0.034 0.046 0.269 

0.271 0.029 0.239 0.258 
0.137 0.088 0.189 0.132 
0.144 0.033 0.344 0.150 
0.258 0.008 0.269 0.276 
0.058 0.073 0.223 0.053 

* : trace concentrations 

batch or fixed-bed adsorbers and subsequently makes 
the adsorption calculation much easier [5, 19]. 
2. E s t i m a t i o n  of  F i l m  M a s s  T r a n s f e r  Coeff i -  
c i e n t s  

In most of the adsorption processes where highly 
porous sorbents are used, the solution-particle mass 
transfer resistance may be neglected when comparing 
it with that of intraparticle diffusion. However, it is 
important to estimate the order of magnitude. There 
are some correlations for estimating the film mass 

transfer coefficient, k i, in a batch system [22, 23J. In 
this work, we estimated k 1 from the initial concentra- 
tion history in which the diffusional resistance does 
not significantly prevail. The initial concentration his- 
tory may be approximated by Eq. (25) when the adsorp- 
tion time is less than 300 seconds E23]. 

In(C/C,,) : :  - k~At/V (25) 

where V is the volume of solution and A is the effec- 
tive external surface area of sorbent particles which 
is given by 

A = 3W/p,,R (26) 

W is the weight of sorbent particles loaded and % 
is the particle density. Fig. 2 represents a typical plot 
to estimate k~ from the initial concentration history 
of phenol with C0=0.911 mol/m s and W/V=0.846 
kg/m 3. The value of k/obtained flora Fig. 2 is 3.9• 10 ~' 
m/sec. Since the phenols used have a similar kinetic 
diameter, the values of k; may be assumed to be con- 
stant [21]. In this work, k r = 4 •  ~ m/sec was used 
in predicting all concentration histories regardless of 
the adsorbate and its concentration. 
3. Ef fec t ive  D i f f u s i o n  C o e f f i c i e n t s  

Since intraparticle diffusion is usually the rate-con- 
trolling step in most adsorption processes, the deter- 
mination of diffusion coefficients is an important task. 
There  are various methods for determining the diffu- 
sion coefficient in the literatures E4, 16~. The most 
general method for this is to compare the experimen- 
tal concentration history and the predicted one by 

I I I 

[ C0=0.911 mol/m a 
[ . W/V = 0.846 kg/m ~ 

0 A 

N 

- 0.04 - 

~ 

-0 .2  -- 

- 0.24 I I I 
0 100 200 300 

Time, sec 

Fig. 2. Determination of kr from an initial concentration 
history. 

using the specified diffusion model. Since the diffusion 
coefficient, which is obtained by this method, reflects 
all kinds of mass transfer resistances inside a particle, 
it has been called the effective diffusion coefficient. 
In this work, two diffusion models, the pore diffusion 
model and the surface diffusion model, were employed 
and the effective diffusion coefficients obtained are 
listed in Table 5. The values of D~ is in the range of 
0 .77 -  2.79 X 10 9 m2/sec and those of D~,2 - 7.5 • 10 12. 

It should be noted that the effective pore diffusion 
coefficients of phenols are similar to and higher than 
the molecular diffusion coefficients, Dm~0.9•  10 -9 m 2 

/sec, in water [21]. From the point of physics, the 
above is hard to conceive :since the transport rate in- 
side particles cannot exceed that in free-liquid solu- 
tions. This implies that the intraparticle diffusion may 
be controlled not only by pore diffusion but by other 
mechanisms. However, pore and surface diffusion mod- 
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Table 5. Effective diffusion coefficients determined 

Co W/V Q* D, X10 I~ Dp• ~ 
Species mol/m: ~ kg/m 3 mol/kg m2/sec m2/sec 

Phenol 0.940 0.950 0.273 6.83 1.39 
1.440 1.170 0.339 4.81 0.77 
2.063 1.148 0.404 7.48 0.96 
1.190 0.960 0.314 4.7'7 0.88 
1.168 1.298 0.543 2.84 t.31 
2.709 1.855 0.662 5.44 0.85 
1.461 0.726 0.631 3.2,8 0.93 
1.052 0.993 0.554 3.77 2.00 
0.976 0.868 0.499 1.o6 0.91 
0.507 1.105 0.303 3,00 2.79 
0.887 0.950 0.487 2,84 1.54 

2.051 1.400 0.653 3.73 0.91 

PCP 

PNP 

1.0 

d 0.9 

0.8 

0.7 

0.6 

I I I I I 

- -  Surface 
--- Pore 

I I I I I 
1 2 3 4 5 

Time, hr 

Fig, 3. Comparison of pore and surface diffusion models. 

els predict an almost identical concentration history 
as shown in Fig. 3. Accordingly, it is not a critical 
matter which diffusion model one choose in predicting 
only the concentration history. In this work, we em- 
ployed the surface diffusion model. Fig. 4 shows the 
effect of D, on the concentration histot7 of PCP at 
Co := 1 mol/m 3 and W/V= 1 kg/m :~. 
4. M u l t i c o m p o n e n t  C o n c e n t r a t i o n  H i s t o r i e s  

In order to verify the applicability of the model, 
two- and three-species concentration histories were 
predicted by the proposed adsorption model above. 
Fig. 5 shows the effective diffusion coefficients obtain- 
ed in terms of the equilibrium amount of adsorption, 
Q*. Although the surface diffusion coefficient has been 
known to be concentration dependent  [4, 21~, the re- 
suit shown in Fig. 8 does not imply any specific rela- 

k I I I I 
L D,=0.1X10 ~2 
2. 0.5 X 
3. = l . 0 X  

1.0 4. = 5.0 x 
5. 10.0 • 

0.6 

0.4 f 5 

0.2 

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

Time, hr 

Fig. 4. Effect of I), on the concentration history of PCP 
at C n :  1.0 mol/m ~ and W / V :  1 kg/m 3 with k / = 4  

X 10 -5 m/sec. 
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I I I I 
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� 9  
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& ; 
6 - -  I 0' 

�9 , ,: ;,.'6- i 
" ~ "  ; I 4 . r  

4 -  . . . .  

�9 :[] [ ] to  . ?-.:' 

2-- "-.. [] ." 

o I I l I 
0 2 4 6 8 

Q*, mol/kg 

Fig. 5. Variation of D~ of phenols within SP206.  

tionship between D, and Q*. Therefore, the arithmetic 
average values of D, were used in predicting multicom- 
ponent concentration histories as follows: 

D, ph,,ol=6.0X10 12 m2/sec 

Ds.ecp=3.8X10 12 m2/sec 

D~pNp=2.9X 10 a2 m2/sec 

Figs. 6-8 show two-species concentration histories and 
the solid lines represent  the prediction by the adsorp- 
tion model which is incorporated with the IAST. In 
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Fig. 6. Binary batch adsorption of phenol(I) and PCP(2)  
(Cn0=0.472,  Cz0=0.597  mol/m 3 and W / V = 0 . 9 1 0  
kg/m3). 
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Fig. 8. Binary batch adsorption of  PCP(I )  and PNP(2)  
(Cio=0.685 ,  Cz0=0.461 mol/m 3 and W / V = 0 . 9 2 7  
kg/mb. 
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Fig. 7. Binary batch adsorption of  phenol(l)  and PNP(2)  
(Cio=0 .497 ,  Cz0=0.465  mol/m 3 and W / V = 0 . 9 2 6  
kg/m3). 

these  calculations, the isotherm parameters of the sin- 

gle-species listed in Table 2 and the effective diffusion 

coeff icients given above are used without any adjust- 

ment. A three-species concentration history, is shown 
in Fig. 9. One can see that the adsorption model usect 

here s imulates  satisfactorily the adsorption behavior 

of phenolic mixtures on SP206. 
5. R e g e n e r a t i o n  o f  S p e n t  S P 2 0 6  

One of objectives of this study is to investigate the 
possibility of using polymeric sorbents as an alterna- 

Table 6. Regeneration results of  SP206  loaded with phe- 
nols 

W• s Total moles Moles Regeneration 
Species 

kg adsorbed(WQ) leached efficiency(90 

Phenol 2.233 0.310 0.304 98.1 
PCP 1.840 0.505 0.459 90.9 

PNP 2.281 0.516 0.453 87.8 
All experiments were conducted in a 2L batch adsorher 

and 0.05 N NaOH solution was used as a regenerant. 

rive to activated carbon which cannot be easily regen- 

erated. The regeneration of spent sorbent particles 

was also investigated by leaching with 0.05 N sodium 

hydroxide solution. A typical result is shown in Fig. 

10. Phenol adsorbed on a polymeric sorbent has been 

known to be desorbed by the following reaction [-7]. 

C6H.~OH + OH = C6H~O + H20 

It has been also known that an increase in pH en- 

hances the formation of the phenate species which 
is not retained by the sorbent. The concentration 

means the total amount of phenol plus phenate in the 
solution but at the concentration of NaOH used the 
phenate species is dominant [-7]. All the regeneration 

results are summarized in Table 6. As shown in Fig. 
10, most phenols retained by SP206 can be desorbed 
very quickly within a few minutes. At present, we do 

not know why the desorption occurs so fast, a possible 
reason is that polymeric sorbent particles shrink in 

the alkaline solution E24]. One more feature of regen- 
eration is that PCP and PNP desorb slowly compared 
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Fig. 9. Ternary batch adsorption of phenol(l), PCP(2) and 
PNP(3)(CI~=0.202, C2o=0.598, Cs0=0.227 mol 
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Fig. 10. Regeneration of SP206 loaded with phenol. 

CT 

to phenol. This can be explained by the adsorbate-sor- 
bent interaction, that is, the surface of sorbent may 
interact with - CI and - NO2 of phenols. Anyway, the 
result of regeneration is quite positive and the cyclic 
operation for phenol removal by polymeric sorbents 
is likely to be possible. However, it is highly recom- 
mended that more work on this subject should be con- 
ducted in the near future. 

CONCLUDING R E M A R K S  

As a removal method for phenols dissolved in 
aqueous solutions, batch adsorption experiments were 

carried out using a nonfunctional polymeric sorbent, 
SP206. Single-species isotherms were represented by 
the Langmuir equation and multicomponent equilib- 
rium data were predicted by the ideal adsorbed solu- 
tion theory based on the Langmuir equation as single- 
species isotherms. The IAST predicted satisfactorily 
multicomponent adsorption equilibrium data up to a 
three-species mixture. Intraparticle diffusion was as- 
sumed to be represented by the pore and the surface 
diffusion mechanisms and the effective diffusion coef- 
ficients were determined from experimental concent- 
ration histories. The adsorption model which employs 
the surface diffusion mechanism incorporated with the 
IAST ~uccessfully simulates the adsorption behavior 
of phenols on SP206 up to a three-species mixture. 
It was also confirmed that phenols retained by SP206 
were desorbed very quickly by a 0.05 N sodium hy- 
droxide solution within a few minutes and the extent 
of regeneration was over 87% even in the finite batch 
operation. 

A C K N O W L E D G E M E N T  

This research was supported by Korea Science and 
Engineering Foundation under  grant No. 901-1001- 
028-2. The authors gratefully acknowledge the effort 
of Samyang Co. for supplying the polymeric sorbent, 
SP206. 

N O M E N C L A T U R E  

A 
b 
C 
D,, 
D~ 
D, 
E 

k1 

k 

m 

N 
n 

Q 
Q,. 

R 
r 

T 
t 
V 
W 

surface area of sorbent particles 
Langmuir constant 
concentration in the liquid phase [mol/m 3] 
molecular diffusivity Em2/sec] 
effective pore diffusion coefficient Em2/sec] 
effective surface diffusion coefficient Em2/s] 

mean percent deviation defined in Eq. (24) 
film mass transfer coefficient Em/s] 
Freundl[ch coefficients in Eq. (22) 
number  of species 
number  of data points 
exponent in Eqs. (22) and (23) 
amount adsorbed Emol/kg] 
amount adsorbed for monolayer formation 
[mol/kg] 

: gas constant and radius of particle [m] 
: radial distance I-m] 
: temperature 
: time [-s or hr]  
: volume of solution Em a] 
: weight of sorbents [kg~ 
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X 
Z 

: dimensionless radial distance ( - r / R )  
: mole fraction in the adsorbed phase 

Greek Letters 

C~ 

Yi 
~p 

Pp 

I] 

17 

dimensionless group defined in Eq. (11) 
dimensionless group defined in Eq. (20) 
particle porosity 
dimensionless group defined in Eq. (21) 
normalized concentration (=CJC,0) 
apparent particle density, kg/m :~ 
spreading pressure 
modified spreading pressure defined in Eq 
(7) 
dimensionless time (=D,~t/W) 
dimensionless amount adsorbed (=Q,/Qi.) 

Abbreviat ions 

exp : measured value 
pre : calculated value 
lAST :ideal adsorbed solution theory 
PCP : p-chlorophenol 
PNP : p-nitrophenol 

Subscripts  and superscripts  

0 : initial value 
i,j : subscripts for species 
o : single-species state 
p : particle 
s : surface 
T : total 
- : average 
* : equilibrium 
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