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ABSTRACT

The application of activated carbon fibers (ACFs) to remove phe-
nol from water is studied. The adsorption capacity of ACFs is fa-
vorable and the adsorption isothermal data can be represented by
Langmuir-type equation for phenol concentrations changed from 0
to 0.8 kg/m3. The regeneration of ACF adsorbent saturated with
phenol in a fixed bed can be achieved by using ethanol or sodium
hydroxide solution, respectively, many times with 90% efficiency
of regeneration. A mathematical model is applied to evaluate the
effects of intraparticle and external mass transfer resistances as
well as the axial dispersion on the breakthrough curves. The axial
dispersion is confirmed to be the main parameter that controls the
adsorption kinetics.
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INTRODUCTION

Phenolic compounds are pollutants of priority concern that enter the aquatic
environment through direct discharge from industries such as coke ovens in steel
plants, oil refineries, phenolic resin plants, pharmaceutical and pesticide manu-
facturers, and so on. Attention has been given to the removal of phenolic com-
pounds from the industrial wastewater by many researchers in the world, for ex-
ample, removal of phenolic compounds by adsorption (1,2), by microbial
degradation (3), by peroxidase-catalyzed oxidation (4,5) and so on. Of these, ad-
sorption is an effective technique for the removal of phenol from water to a lower
level for our industries. Many theoretical and experimental works have been pub-
lished on this subject where adsorbents are activated carbon (6–8), clay (9), and
polymeric resins (10,11).

Activated carbon fibers (ACFs) are a new type of high-efficiency adsor-
bents. Their adsorption capacity is favorable, and higher mass transfer rates for
both adsorption and desorption can be obtained, compared with granular and pow-
dered adsorbents, due to their thin fiber shape. In addition, the fibrous form is also
favored because of ease in handling when it is used in felt or fabric forms and of
availability in consolidated forms by newly developed molding techniques. Also,
ACFs have received increasing attention in recent years as adsorbents for purify-
ing air and water (12–17).

Previous work covered evaluating the efficiency of the application of ACFs
in the removal of phenol from water. For an efficient adsorption process of ACFs
in practical application, the fundamental kinetics of the adsorption process and the
adsorption equilibrium should be considered in advance. Thus, one of the objec-
tives of the present study is to research the adsorption equilibrium and adsorption
kinetics in ACF fixed beds for the removal of phenol from water by experiments
and theoretical methods.

A key to the economic operation process of adsorption is the ability to re-
generate and reuse adsorbents because of the high initial cost of these adsorbents.
The common techniques for desorption of phenol from adsorbents are thermal re-
generation (18,19), chemical regeneration (20,21), and ultrasound regeneration
(22). Because phenol is a weak acid, an increase in pH of phenol aqueous solution
enhances the formation of phenate species (C6H5O�), which cannot be adsorbed
easily by adsorbents. So the second objective of our research is to apply the chem-
ical methods for the regeneration of spent ACFs; the regenerability for spent ACF
fixed bed is evaluated.
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MODELING OF ACTIVATED CARBON FIBER FIXED-BED
ADSORBERS

Here we consider an isothermal bed packed with ACFs. The length-to-di-
ameter ratio of ACF is so large that we can assume ACF to be a cylinder of infi-
nite length. The bed was subjected to axial (longitudinal) dispersion, external film
diffusion, and intraparticle (i.e., intrafiber) diffusion of the adsorbing species. It is
assumed that the adsorption isotherm is of Langmuir type:
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q
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c
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Then for a step concentration change (input), mass conservation of phenol
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The initial and boundary conditions for the ACF fixed bed are
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Mass conservation of phenol in the ACFs is
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The initial and boundary conditions for Eq. (7) are
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c(r,Z,0) � 0 (10)

q(r,Z,0) � 0 (11)

Equations (2)–(11) are solved by an orthogonal collocation method, which
transforms the actual system of partial differential Eqs. (2) and (7) into a system
of ordinary differential equations of initial value type. In this paper, 8 radial col-
location points for ACF and 11 axial collocation points for the fixed bed were se-
lected, respectively. By applying the orthogonal collocation method to the mass
conservation Eq. (7) in the ACF and to the mass conservation Eq. (2) in the fluid
phase, 11 
 8 ordinary differential equations were obtained. These equations were
integrated in the time domain using Gear’s stiff variable step integration routine.

MATERIALS AND EXPERIMENTAL METHODS

The felt viscose-based ACFs used in the experiments were provided by An-
shan ACF plant, China. The diameter of single ACF is about 16 �m (measured by
an optical microscope), density 812 kg/m3, and porosity of ACFs 0.59. The N2-
BET surface area and the pore volume, which are measured by ASAP2400 are 902
m2/g and 0.46 mL/g, respectively, in which the surface area and the pore volume
of micropores (the diameter of pores less than 1.7 nm) are 862 m2/g and 0.41
mL/g, respectively. The total acidic and basic functional groups are 0.2532
mmol/g and 0.3972 mmol/g, respectively (17).

The ACFs were boiled, washed three times in distilled water, and dried at
110°C for 24 h before use.

The phenol aqueous solution was prepared using reagent grade phenol. Ad-
sorption of phenol onto ACFs is strongly dependent on pH of the solution. The pH
value of the water being saturated by CO2 is about 5.7, therefore, for our experi-
ments, we adjusted the initial pH � 5.7 with 0.01 N NaOH and 0.01 N HCl.

Measurement of Adsorption Isotherm and Breakthrough Curves

The air in the pores of ACFs (mass WA) was replaced with distilled water
under vacuum at 60°C. Several pieces of felt ACFs with the same mass (width 4
cm and adjustable length to keep the unity of the density of the packing bed) were
rolled up as a cylinder and placed into a 300-mm-long acrylic column (the pack-
ing length of ACFs being L and its inner diameter d). The column was filled with
water in advance. Glass fibers and beads were placed at both ends of the ACF test
section, used as the column support medium and distributor. The glass fibers and
beads were immersed in an acid solution overnight and washed by distilled water
before use.
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Experiments were conducted at a temperature of 25°C. The phenol aqueous
solution flows from a high level tank into the ACF column through a preheater.
Columns were operated in the up flow mode. An overflow pipe controls the sur-
face level of the phenol aqueous solution in the column to keep the rate in the col-
umn constant. A glass valve at the outlet of the column adjusts the fluid flow, Q.
The concentrations of phenol in effluent solution were analyzed by UV751-G
spectrophotometer at 288-nm wave length with the detection limit of 1.0 mg/L.

The method of measuring the isotherm data was as follows. A 400-mL flask
was filled with 250 mL of known concentration of phenol solution, a magnetic
stirrer, and a known mass of ACFs were added to the flask. The aqueous phenol
solution in the flask was then continuously stirred. After 30 h (sufficient to attain
the equilibrium state, as shown in the Appendix), the phenol concentration was
determined; the adsorbed amount was derived from the mass balance.

Regeneration of Saturated ACF Fixed Beds

The regeneration was first conducted in a batch adsorber to select the po-
tential regenerants from 1, 2.5, and 5% NaOH aqueous solution at 25°C and 40°C,
and ethanol at 25°C. The results showed that the efficiency of regeneration is up
to 90% for both 25°C ethanol and 40°C 5% NaOH solution. By comparing the ef-
ficiency and the amount of regenerant needed in the regeneration, we selected
25°C ethanol and 40°C 5% NaOH solution as regenerants for further research in
a fixed bed adsorber.

When the ACF fixed bed reaches the saturation with phenol, regeneration is
carried out. The regenerant (650 mL of 5% NaOH solution or 200 mL of ethanol)
is introduced into the fixed bed from a high level tank. The spent ACFs were im-
mersed with the regenerant for 4 h by controlling the effluent rate of the regener-
ant. Preheater is used to control the temperature at 40°C for NaOH solution and at
25°C for ethanol. After regeneration, wash the fixed bed with distilled water or di-
lution HCl solution until pH � 5.7, then begin the next adsorption operation.

RESULTS AND DISCUSSION

Adsorption Isotherm

The adsorption equilibrium data for phenol on ACFs in aqueous solution
was obtained from both batch experiments (open circle as shown in Fig. 1) and
fixed bed experiments (solid circle as shown in Fig. 1) at 25°C for initial pH
� 5.7. In the range of phenol concentrations from 0 to 0.8 kg/m3, equilibrium data
can be fitted by a Langmuir-type equation, i.e., Eq. (1), as shown in Fig. 1 (solid
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line), in which the parameters are K � 10.36 m3/kg and qm � 0.232 kg/kg, re-
spectively. The least squares method was used to fit the isothermal data and de-
termine the Langmuir parameters, the mean error is about 2.3%.

The influence of pH on the adsorption capacity of ACFs is shown in Fig. 2a.
It is evident that the effect of pH is negligible when pH � 8.0, and a rapid decrease
in the adsorption capacity of ACFs is found with an increase of pH when pH 
 8.0.

Phenol is a weak acid, an increase in pH enhances the formation of phenate
species (C6H5O�), which is not retained by ACFs (1). In fact the reaction taking
place is

C6H5OH � OH� Keq←→ C6H5O� � H2O

with reaction equilibrium constant 

Keq � [C6H5O�]/([C6H5OH][OH�]).

Assuming that CT is the molar concentration of phenol plus phenate in the
solution, we have

CT � [C6H5OH ] (1 � Keq[OH�]) � [C6H5OH ] (1 � Keq10pH�14) (12)

that is

�
[C6H

C
5

T

OH ]
� ��

1 � Keq

1

10pH�14� (13)

and

�
[C6H

C
5

T

O�]
� � 1 ��

1 � Keq

1

10pH�14� (14)

Figure 1. Adsorption isotherm of phenol onto ACFs in aqueous solution (25°C, initial pH
� 5.7). ——, Langmuir; �, experiment by batch adsorber; �, experiment by fixed bed ad-
sorber.
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The effect of pH on the relative contributions of phenol speciation of
C6H5OH and C6H5O� is shown in Fig. 2b presuming that Keq � 1.3 
 104 L/mol
for 20°C (1). It is evident that the concentration of phenol [C6H5OH ] decreases
with increasing pH when pH 
 8.0, which results in the decrease of the adsorbed
amount as shown in Fig. 2a.

The pH value in the phenol aqueous solution should be controlled under
acid condition for adsorption of phenol onto ACFs and under strong base condi-
tion for the regeneration of ACFs saturated with phenol.

Breakthrough Behavior in ACF Fixed Bed

Experiments are carried out to measure the breakthrough curves in ACF
fixed bed at various operating conditions, as shown in Fig. 3. The experimental

(a)

(b)

Figure 2. (a) Effect of pH on the equilibrium adsorbed amount of phenol onto ACFs at
25°C, C0 � 0.897 kg/m3, VL � 100 mL, and WA � 0.5 g. (b) Effect of pH on the concen-
tration distributions of phenol and phenate calculated by Eqs. (13) and (14).
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(a)

(b)

(c)

Figure 3. (a) Effect of initial concentrations on breakthrough curves in ACF fixed bed.
For the experimental conditions, see Table 1. (b) Effect of bed length on breakthrough
curves in ACF fixed bed. For the experimental conditions, see Table 1. (c) Effect of fluid
flow rate on breakthrough curves in ACF fixed bed. For the experimental conditions, see
Table 1. Solid lines, Eqs. (1)–(11); dotted lines, Eqs. (19) and (20); dashed lines, Eq. (21).
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conditions are summarized in Table 1. It is evident that the breakthrough curves
and breakthrough time are strongly dependent on these experimental conditions,
such as feed concentration (Fig. 3a), bed length (Fig. 3b), and fluid flow rate (Fig.
3c). The cases of higher feed concentration, higher flow rate or shorter bed length
would make the ACF fixed bed breakthrough early.

By mathematical analysis, it will be found that the breakthrough curves
from a packed bed can be predicted based on both the adsorption isotherm rela-
tion and the mass transfer parameters during the adsorption process. The mass
transfer parameters include the external fluid-to-particle mass transfer coefficient,
kƒ, the intraparticle diffusivity, Dp, and the axial dispersion coefficient, DL.

The intraparticle diffusivity, Dp, is not dependent on the form of adsorber,
we evaluated Dp in a batch tank at 25°C for initial pH � 5.7. The phenol concen-
tration decay curves obtained experimentally were analyzed by the pore diffusion
model (as shown in the Appendix) and it was found that, in the range of concen-
trations between 0 and 0.8 kg/m3, the pore diffusion model fits the results well.
The intraparticle diffusivity was evaluated to be about 4.12 
 10�10 m2/s.

The correlation of Wilson and Geankoplis (23) is adopted to evaluate the
fluid-particle mass transfer coefficient, kƒ:

Sh � ��
1.

�

09
��Sc1/3Re1/3 for 0.0015 � Re � 55 (15)

where Sherwood number Sh � 2kƒ R/Dv, Schmidt number Sc � �w/(�wDv),
Reynolds number Re � 2R�wu/�w, in which the molecular diffusion coefficient
Dv of phenol in aqueous solution is obtained from the Wilke equation (23):

Dv � 7.4 
 10�12(�Mƒ)1/2 �
�ƒV

T

A
0.6� (m2/s) (16)

Table 1. Characteristics of ACF Fixed Bed, Experimental Conditions and Evaluated Model
Parameters

d L WA C0 Q Dp 
 1010 k f 
 104 DL 
 106

No. mm mm g g/m3 l /h � m2/s m/s m2/s 	

1 19 192 7.64 797.6 0.72 0.824 4.12 1.81 6.5 (6.5a, 18b ) 0.007
2 19 178 6.70 485.5 0.69 0.833 4.12 1.75 5.5 (5.5a, 20b ) 0.014
3 19 188 8.04 244.9 0.75 0.810 4.12 1.87 2.5 (2.5a, 15b ) 0.012
4 19 92 4.04 470.2 0.75 0.805 4.12 1.89 2.5 (2.5a, 10b ) 0.013
5 19 141 5.63 485.5 0.81 0.823 4.12 1.88 4.0 (4.0a, 15b ) 0.014
6 19 184 7.03 493.7 1.13 0.830 4.12 2.63 6.5 (6.5a, 22b ) 0.011
7 19 181 6.71 505.0 0.456 0.836 4.12 1.52 2.5 (2.5a, 10b ) 0.016

a Evaluated by the simpler model, i.e., Eqs. (19) and (20) (Fig. 3).
b Evaluated by the constant pattern profiles solution, i.e., Eq. (21) (Fig. 3).
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in which association parameter � � 2.6, molecular weight of water Mƒ � 18.02,
absolute temperature T � 298.15 K, viscosity of water �ƒ � 0.8937 cP, and mole
volume of adsorbate at normal boiling point VA � 118.4 cm3/mol.

Substituting these values into Eq. (16), Dv � 9.6 
 10�10 m2/s.
The evaluated values of kƒ based on the above equation for our experimen-

tal conditions are listed in Table 1.
By comparison of the predicted breakthrough curves with the experimental

data, the axial dispersion coefficient can be evaluated. The fitting is examined in
terms of the root-mean-square error between Cexp(t) and Ccalc(t):

	 � �
C

1

0
� �M

1
�� ∑

M

m��
�1�[C�ex�p(�tm�)��� C�ca�lc� (�tm�)]�2� (17)

Figure 3 shows the best-fit curves calculated by the orthogonal collocation
method (solid lines). The experimental conditions and evaluated parameters for
Fig. 3 are summarized in Table 1.

With numerical inspection, we found that if Dp � 1.0 
 10�10 m2/s, these
curves do not change with increasing Dp. Because the values of Dp evaluated by
the batch experiments were about 4.12 
 10�10 m2/s, the intraparticle mass trans-
fer resistance is not the rate-controlling step for the ACF fixed bed. It is also in-
teresting that kƒ almost has not affected the breakthrough curves, the fluid-to-fiber
mass transfer resistance could be neglected for the ACF fixed bed experimental
system. This is coincident with the theoretical analysis (24,25), i.e., if the bed
length parameter (LDpC0)/(uR2�pq(C0)) 
 1 (for our experimental conditions it is
in the range of 1.5–7.0), the fluid-to-fiber mass transfer resistance is also not the
mass transfer rate-controlling step. Therefore, it should be obvious that for the
present experiments (i.e., at lower Re), the main factor affecting the breakthrough
curves is the axial dispersion coefficient, DL. Suzuki and coworkers (14) have
reached the same conclusion.

For the present experimental conditions, DL was evaluated to be about
2.5–6.5 
 10�6 m2/s. Usually DL is considered to consist of contributions of the
molecular diffusion and the dispersion caused by fluid flow:

DL � DL,molecular � DL,flow (18)

Generally, the contribution of molecular diffusion becomes dominant in the
range of Sc Re � 10. However, in a packed bed of particles smaller than 2 mm,
attention should be paid to a high contribution of dispersion due to fluid flow (23).
This is likely to be due to the channeling of flow induced by the local irregularity
of packing conditions. For ACF packed bed, due to ACFs being very narrow, the
local irregularity of packing conditions is more serious. Under this condition, ig-
noring the effect of DL on the breakthrough curves will cause great error.

Suzuki (14) obtained the diagram of Peclet number PeF and the density of
the fixed bed packed with ACFs, �B, where the definitions of PeF and �B are PeF

� 2Ru/DL and �B � WA/(�d2L/4), in which u � Q/(�d2�/4).
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For our experiments, the change of �B is from 0.131 g/mL (for run 7) to
0.155 g/mL (for run 2), the corresponding values of PeF are 1.40 
 10�3 and 1.25

 10�3 based on the diagram of Suzuki (14). The values of DL are then evaluated
to be 6.8 
 10�6 m2/s and 10.4 
 10�6 m2/s, respectively, which are bigger than
those obtained from our experiments as listed in Table 1. Owing to the importance
of the axial dispersion and lack of the correlation of DL, it would be desirable to
attempt to measure DL independently, and find the general correlation of DL with
the operating conditions and the properties of the adsorption system, this would be
of key importance for design purposes.

We have asserted that for low Reynolds numbers used in this research nei-
ther external nor internal mass transfer is rate limiting. If the axial dispersion is
acting alone, Eqs. (1)–(11) for fixed bed adsorption can be simplified as follows:

DL �
�

�

2

Z

C
2� � u�

�

�

C

Z
� � �

�

�

C

t
� � �p�

(1 �

�

�)
� �

�

�

q�
t
� � 0 (19)

q� � �
1

q

�
mK

K

C

C
� (20)

with boundary conditions (C )Z�0 � C0, (�C/�Z)Z�L � 0, and initial conditions C
� 0 and q– � 0 at t � 0.

Equations (19) and (20) were solved by the orthogonal collocation method
as mentioned above.

Furthermore, if ignoring the term of �C/�t in Eq. (19), the following analyt-
ical solution can be obtained based on the constant pattern profiles assumption (17):

PeB�1 � �
�

�
�� � �

1 �

1

�
�� ln�1 � �

C

C

0
�� � � ln��

C

C

0
��	 (21)

where Peclet number PeB � uL/DL, dimensionless time � � tu/L, distribution ra-
tio � � �pq(C0)(1 � �)/(�C0), and equilibrium constant � � 1/(1 � KC0).

The dotted and dashed lines in Fig. 3, respectively, correspond to the best-
fit results calculated by the simpler model, i.e., Eqs. (19) and (20), and the con-
stant pattern profiles solution, i.e., Eq. (21). The dotted lines are close to the solid
lines and the evaluated values of PeB are the same. This means the simpler model,
based solely on a liquid phase mass balance and incorporating local equilibrium
with axial dispersion, provides a good description of the process. But the constant
pattern profiles solution (dashed lines) fails to represent the orthogonal colloca-
tion method (solid lines) in part due to the lower values of PeB and � for the pre-
sent experimental conditions.

Regeneration of Saturated ACF Fixed Beds

The regeneration of ACFs saturated with phenol in fixed bed is achieved by
using ethanol and hot sodium hydroxide, respectively. Figure 4 shows the com-
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parison of the breakthrough curves in fresh ACF fixed bed and in regenerated
ACF fixed bed at almost the same adsorption experimental conditions of L � 103
mm, WA � 4.371 g, Q � 11.75 mL/min, C0 � 261 mg/L, and � � 0.812 for the
removal of phenol from aqueous solution. The regenerant of 5% NaOH solution
at 40°C is used for the first regeneration of ACF fixed bed, for the second and the
third regeneration, the regenerants are 5% NaOH solution at 40°C and ethanol at
25°C, respectively. The adsorption capacity of regenerated ACFs is lower than
that of fresh ACFs, which leads to the early breakthrough for regenerated ACF
fixed bed, but the efficiency of regeneration is almost kept up to 90% for multiple
regenerated ACF fixed bed.

The breakthrough curves for regeneration processes were simulated by Eqs.
(2)–(11) (dashed lines as shown in Fig. 4) with Dp � 4.12 
 10�10 m2/s, DL � 9.2

 10�6 m2/s, kƒ � 1.86 
 10�4 m/s, and with the following modified adsorption
isotherm:

q � ��
1

q

�

mK

K

c

c
� (22)

in which � is the efficiency of regeneration.
As shown in Fig. 4, the simulating results fit the experimental data well.

CONCLUSIONS

Activated carbon fibers (ACFs) are more effective adsorbents for the ad-
sorption of phenol if pH in aqueous solution is controlled under acid condition.

Figure 4. Comparison of breakthrough curves of regenerated ACF fixed bed with that of
fresh ACF fixed bed at L � 103 mm, WA � 4.371 g, Q � 11.75 mL/min, C0 � 261 mg/L,
and � � 0.812. Lines, simulating Dp � 4.12 
 10�10 m2/s, DL � 9.2 
 10�6 m2/s, m2/s,
and kƒ � 1.86 
 10�4 m/s; �, fresh ACF; �, first regeneration with 5% NaOH at 40°C;
�, second regeneration with 5% NaOH at 40°C; �, third regeneration with ethanol at 25°C.
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The adsorption capacity of ACFs is favorable and the adsorption isothermal data
can be represented by a Langmuir equation for the range of phenol concentrations
from 0 to 0.8 kg/m3. The regeneration of ACFs saturated with phenol in fixed bed
can be achieved by using ethanol or hot sodium hydroxide solution, respectively,
for many times with 90% efficiency of regeneration.

The mathematical model was developed for ACF fixed bed and was used to
predict the breakthrough curves. The results showed that the effect of the axial dis-
persion on breakthrough curves is apparent, and it cannot be negligible at a lower
Reynolds number for ACF fixed bed. The intraparticle and external mass transfer
resistances are not the rate-controlling steps, the reason of which is attributable to
the short diffusion path for adsorbate in ACFs.

A simpler model, based solely on a liquid phase mass balance and incorpo-
rating local equilibrium with axial dispersion, provides a good description of the
process. But the constant pattern profiles solution fails to represent the orthogonal
collocation method in part due to the lower values of Peclet number PeB and dis-
tribution ratio � for the present experimental conditions.

APPENDIX

For the batch adsorber, the mathematical model with pore diffusion mode is

	p �
�

�

c

t
� � �p �

�

�

q

t
� � Dp �

1

r
� �

�

�

r
� �r �

�

�

c

r
�� (1A)

VL�
d

d

C

t
� � �

2

�

W

pR
A

� kƒ [C � (c)r�R ] � 0 (1B)

Dp��
�

�

c

r
��

r�R

� kƒ[C � (c)r�R ] (1C)

��
�

�

c

r
��

r�0

� 0, ��
�

�

q

r
��

r�0

� 0 (1D)

t � 0, C � C0, c � 0, q � 0 (1E)

where VL is the volume of the fluid in the batch adsorber.
Figure 1A shows the comparison of the measured concentration time data

with the best-fit curve predicted by the pore diffusion model at 25°C for initial pH
� 5.7 under the conditions of C0 � 0.8 kg/m3, VL � 250 mL, and WA � 0.825 g.
From which, the intraparticle diffusivity for pore diffusion mode was evaluated to
be Dp � 4.12 
 10�10 m2/s. The fitting error is 	 � 0.015.
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NOMENCLATURE

c concentration in particles (fibers) (kg/m3)
C concentration in fluid (kg/m3)
C0 inlet concentration in fluid (kg/m3)
CT molar concentration of phenol plus phenate in the solution (mol/m3)
d diameter of packing ACF in the column (m)
DL axial dispersion coefficient based on adsorber length (m2/s)
Dp diffusivity in pores of adsorbent (m2/s)
K adsorption equilibrium constant defined by Eq. (1) (m3/kg)
Keq reaction equilibrium constant (m3/mol)
kƒ fluid-to-particle mass transfer coefficient (m/s)
L packing length of ACFs in the column (m)
PeF Peclet number based on a single ACF length
PeB Peclet number based on adsorber length
q internal concentration in particles (kg/kg)
Q fluid flow (m3/s)
qm adsorption equilibrium constant defined by Eq. (1) (kg/kg)
r radial distance from center of particle (m)
R radius of fiber (m)
t time (s)
u average velocity in the interparticle space in the column (m/s)
WA mass of ACFs (kg)
Z axial distance from column entrance (m)

Figure 1A. Comparison of the measured concentration-time data with the best-fit curve
predicted by the pore diffusion model in a batch adsorber at 25°C for initial pH � 5.7 at C0

� 0.8 kg/m3, VL � 250 mL, and WA � 0.825 g.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

ADSORPTION AND DESORPTION OF PHENOL 2161

Greek Letters

� bed porosity (m3/m3)
	 root-mean-square error defined by Eq. (17)
	p adsorbent porosity (m3/m3)
�w dynamic viscosity of water (Pa�s)
�B density of the fixed bed (kg/m3)
�p density of porous particle (kg/m3)
�w density of water (kg/m3)
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