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A B S T R AC T

In this study, the adsorption of an organic compound in aqueous phase on granular activated 
carbon (GAC) in a liquid fl uidized bed has been studied. For this purpose fi rst a mathematical 
model was proposed for simulation of this process. Based on the proposed model, the adsorp-
tion kinetic and dynamic simulation of organic compounds on activated carbon were inves-
tigated. In order to check the accuracy of the proposed model, an experimental set-up was 
constructed. This set-up was consisted of a feed tank, a pump, a fl ow meter and a liquid fl uid-
ized bed absorber column. In this set up, some experiments were conducted for adsorption of 
methyl-orange solution on AC particles. The results obtained by the proposed model were com-
pared with the experimental results and once the validity of the model was verifi ed, it was used 
for studying the effect of different operating parameters on the rate of adsorption in such beds.

Keywords:  Surface adsorption; Fluidized bed; Granular activated carbon; Adsorption kinetics; 
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1. Introduction

Liquid organic compounds have been extensively used 
as important ingredients and many of them have been 
used as solvents in wide variety of manufacturing pro-
cesses. The environmental problems associated with these 
organic compounds stem mainly from the presence of these 
compounds in wastewater in low concentration. A large 
number of these organic compounds have serious health 
consequences and some of them are cancer causing. Hence 
removal of these organic compounds has become increas-
ingly important and in many cases urgently needed [1].

Activated carbon adsorption has been widely consid-
ered as a potential treatment for removing organic matters 
from wastewater as it has a strong affi nity for adsorption 
of organic substances even at low concentration [1–3].

Granular activated carbon (GAC) is the most effective 
absorbent for organic contaminants due to its high spe-
cifi c surface, low cost and fast adsorption kinetics [3,4].

This work addresses the adsorption of an organic 
compound in granular activated carbon fl uidized bed 
under a wide range of operating conditions with a com-
bination of experimental and modeling studies. The 
processes dynamic was described using a model that 
considers external fi lm diffusion followed by intra parti-
cle surface diffusion with a surface diffusion coeffi cient 
that increases exponentially with surface coverage [5,6].

In liquid–solid systems, an increase in fl ow rate above 
minimum fl uidization usually results in a smooth, pro-
gressive expansion of the bed. Gross fl ow instabilities are 
damped and remain small, and heterogeneity, or large-
scale voids of liquids, are not observed under normal 
conditions. A bed such as this is called a homogeneously 
fl uidized bed. In this case the velocity of liquid is between 
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 minimum fl uidization velocity and carry over velocity of 
particles by the liquid [7].

A large number of experimental and modeling stud-
ies have been previously reported on the adsorption 
of organic compounds from aqueous solutions on acti-
vated carbon. Activated carbon adsorption from aque-
ous solution is most commonly described by use of the 
homogeneous surface diffusion model [5,6,8–11,14].

2. Mathematical modeling

In the proposed model, the adsorbent particles are 
assumed to be spherical and isotropic with uniform pores 
and no preferential pore direction. The solute diffuses 
through the boundary layer surrounding the adsorbent 
particles and is adsorbed on their external surface. Diffu-
sion inside the particle is assumed to take place only on 
the pore walls (surface diffusion) with the contribution 
of pore diffusion being assumed as negligible.

The surface diffusion coeffi cient was assumed to 
increase exponentially with surface coverage according 
to the following expression [5,6]:
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Eq. (1) was used to allow for both a concentration 
independent (K = 0) and a concentration dependent 
DS (K ≠ 0). Other assumptions involved in the model 
include isothermal conditions and fast intrinsic adsorp-
tion kinetics, resulting in equilibrium between the solid-
phase and liquid-phase solute concentrations at the 
external surface of the particles.

The solute diffusion inside a spherical adsorbent 
particle is described by the following equation:
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Combining Eqs. (1) and (2) will result in the follow-
ing equation [8,9]:
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With the following initial and boundary conditions 
[5,6,8–11]:

0

ss 0

ss

0

ss ss
0

ss,sat

f s

IC: 0 0 0

BC1: 0 0

BC2: 0 exp

( )

r

p
r r

t C r r

C
t

r

C C
t D K

C r
K C C

ρ

=

=

< = ≤ ≤

∂> =
∂

⎡ ⎤⎛ ⎞ ∂> ⎢ ⎥⎜ ⎟ ∂⎝ ⎠⎢ ⎥⎣ ⎦
= −

In the absence of axial solute dispersion in the bed, 
the solute mass balance in the liquid phase along with 
the relevant IC and BCs is given as
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Petrovic and Thodos showed that Kf the mass transfer 
coeffi cient in liquid fl uidized beds is given as follows [13]:
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At the solid–liquid interface, the solute concentra-
tions in solid-phase and liquid-phase are related through 
the equilibrium isotherm. For Freundlich isotherm they 
are related as follows [5,6,15,16]:

= =
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Using the following dimensionless quantities [5,6]:
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Eqs. (3), (4) and (7) can be rendered dimensionless 
as follows:
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The adsorption kinetic coeffi cients D0 and K of 
Eq. (1) are determined by solving the partial differen-
tial Eqs. (8), (9) and algebraic Eq. (10) simultaneously. 
These equations are written in fi nite difference form 
and solved by an implicit method assuming K = 0. As a 
result, DS is calculated at specifi c time intervals. At the 
same time intervals, the exit solution concentration of 
organic compound from the fl uidized bed column could 
be obtained. Therefore, DS is determined as a function 
of organic adsorbate concentration on activated carbon. 
Adsorption coeffi cient can be estimated using a nonlin-
ear regression method such as Marquardt’s.

In the adsorption simulations, Eqs. (8–10) are writ-
ten in fi nite difference form and solved by an implicit 
method (Crank–Nicholson) with assuming K ≠ 0.

3. Materials and methods

3.1. Materials

Methyl-orange (4-dimethylaminoazobenzene-4’-sul-
fonic acid sodium salt) was selected as an organic com-
pound or dye that its concentration in aqueous solution 
is measured using a UV-spectrophotometer at 467 nm.

Coconut charcoal with the specifi cation as shown in 
Table 1 was selected as an activated carbon for adsorb-
ing of methyl-orange.

3.2. Adsorption isotherm

The equilibrium isotherm for methyl-orange adsorp-
tion from an aqueous solution on coconut activated 
carbon was determined at 27 °C. Before each set of 
experiments, the activated carbon was repeatedly rinsed 
with DM water to remove the fi nes, dried overnight at 
110 °C and stored in desiccators [5,6,9,10].

Five samples of activated carbon with different 
weights were poured into fi ve glass bottles (0.25  l). 
Then the bottles were fi lled with methyl-orange solu-
tion (200 ml, 300 mg/l) and shacked continuously for 
7 d after which equilibrium is assumed to be achieved. 
After this time period, the amount of methyl-orange 
adsorbed per unit mass of AC, (mg/l)CSS,eq ,

 was cal-
culated by the following equation [1,3,6,8,9,12,16].

−
=SS,eq

( )i eqV C C
C

W
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where Ci (mg/l) and Ceq (mg/l) are the concentrations of 
the methyl-orange in the solution at initial and equilib-
rium conditions respectively. V (l) is the volume of the 
organic solution, and W (g) is the mass of AC used. In 
order to avoid any vaporization during the experiment, 
the bottles were covered by Tefl on caps.

3.3. Fluidized bed adsorption

Aqueous phase adsorption of methyl-orange on AC 
particles was conducted in a liquid fl uidized bed col-
umn of 2.85 cm diameter under different operating con-
ditions of AC particle size, inlet solution concentration 
and inlet solution fl ow rate. A schematic diagram of the 
experimental setup used is shown in Fig. 1.

4. Result and discussion

4.1. Adsorption isotherm data

The adsorption equilibrium data were fi tted with 
several well-known isotherm models using Marquardt–
Levenberg optimization procedure to minimize the root 

Table 1
Coconut charcoal specifi cation

Mesh 
size

Absolute density 
rtrue (g/cm3)

Particle density
rp (g/cm3)

Porosity x

8–12
12–16 1.68 0.9 0.464
16–20    

Fig. 1. Schematic diagram of the experimental setup.
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mean square of the normalized residuals between the 
experimental and computed concentrations defi ned as 
follows [5,6]:
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The results of the fi tting procedure are presented in 
Table 2.

Fig. 2 shows the experimental aqueous-phase 
adsorption isotherm for methyl-orange/coconut acti-
vated carbon system at 27 oC along with the curves fi tted 
by Langmuir, Freundlich and Toth isotherm models.

As it is observed from this fi gure the Langmiur isotherm 
gives the poorest fi t and Freundlich and Fritz–Schlunder 
isotherms give the best fi t. Freundlich equation is selected 
in this study due to its convenience in calculations.

4.2. Adsorption rate data

At initial steps of adsorption, the concentration 
dependence of the surface diffusion coeffi cient DS was 
ignored (i.e., DS = D0, K = 0 in Eq. (1)). Eqs. (8)–(10) were 
solved simultaneously and DS was calculated in specifi c 
time intervals. A set of experiments was conducted for 
determining exit solution concentration from fl uidized 
bed at these time intervals. The obtained experimental 
and calculation data are shown in Table 3.

The absorbed amount of methyl-orange per unit 
mass of activated carbon CSS,t (mg/g) was calculated as

−= 0 ext
SS,

( )
t

V C C
C

W  
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where C0 (mg/l) is the inlet concentration and Cext (mg/l) 
is the exit concentration of methyl-orange from fl uidized 
bed. V (l) is the volume of the organic solution fl owing 
through the bed and W (g) is the mass of dry absorbent 
used.

Therefore values of DS are obtained as a function of 
methyl-blue concentration on activated carbon. Adsorp-
tion kinetic and coeffi cients (D0, K) of Eq. (1) are deter-
mined by nonlinear regression between the D0 values 
and the absorbed amount of absorbate (CSS,t):

D0 = 6.85 × 10−10 cm2/s, K = 1.7

Table 2
Parameters values from fi tting the adsorption equilibrium data with various isotherms models

 Isotherm model Parameter value RMS (%) Normalized

(1) Langmuir
°

=
+

eq
SS,eq

eq1
L

L

K q C
C

K C
q0 = 68.10304 11.2605

KL = 1.786

(2) Freundlich = nf
SS,eq eqLC K C KL = 43.11434 2.4013

nf=0.16481

(3) Radke–Prausnits =
+
1 2 eq

SS,eq b
2 eq1

a a C
C

a C
a1 = 44.38179 2.4449
a2 = 33.0004
b = 1.84453
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+
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T T
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KT = 84.46094 4.1935
qT = 113.37416
n = 0.26877

(5) Fritz–schlunder
β

β
α

α
=

+

1

2

1 eq
SS,eq

2 eq1

C
C

C
a1 =131.19968 2.3559
a2 = 2.06813
b1 = 0.02855

 b2 = 0.23468  

Fig. 2. Experimental aqueous-phase adsorption isotherm 
for methyl-orange/coconut charcoal system.
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In order to verify the ability of the proposed model 
to describe the rate of adsorption under other operat-
ing conditions, some additional experiments were con-
ducted using two other inlet concentrations, two other 
inlet liquid velocities and two other activated carbon 
particle sizes. One of the experimental adsorption rate 
curves is shown together with the model prediction 
in Fig. 3. It is evident from this fi gure that the model 
prediction is good enough, confi rming the ability of the 
proposed model to (homogeneous surface diffusion 
model) to successfully describe the process with the set 
of parameters previously obtained.

So the proposed model could be used to investigate 
the effects of initial solution concentration, inlet volu-
metric fl ow rate and particle size of activated carbon 
on the rate of adsorption of methyl-orange on activated 
carbon in a fl uidized bed absorber as follows.

4.3. Effect of the inlet solution concentration

The inlet concentration of the organic compounds is 
one of the main parameters in adsorption process. The 
breakthrough curve for this effect is presented in Fig. 4.

Increasing the inlet organic concentration at constant 
fl ow rate, increases the slope of breakthrough curve. 
This may be caused by more quickly saturation of the 
adsorbent for high inlet organic concentration, therefore 
decreasing the breakthrough time.

4.4. Effect of the inlet solution volumetric fl ow rate

The effect of the inlet solution volumetric fl ow rate 
was investigated and the breakthrough curve is pre-
sented in Fig. 5 for this case.

From Fig. 5, it is obvious that decreasing of the solu-
tion volume fl ow rate will increase the slope of the 
breakthrough curve. This is due to the increased con-
tact time between the organic solution and adsorbent at 
lower fl ow rates.

4.5. Effect of the particle size of activated carbon

The effect of the activated carbon particle size on the 
adsorption rate of organic compounds was investigated 
and its breakthrough curve is presented in Fig. 6.

Decreasing the adsorbent particle size at constant 
volume fl ow rate and inlet solution concentration, 
increases the contact surface area between aqueous 
solution of organic compound and adsorbent. There-
fore, increases the slope of breakthrough curve and the 
rate of adsorption.

Table 3
Experimental and calculated data for determining surface 
diffusion coeffi cients

Time 
(min)

C 
(mg/l)

V
(l)

Cext 
(mg/l)

CSS,t (mg/gr 
carbon)

D0

(cm2/s)

30 20.196 15.15 19.522 2.258 8.56 × 10−11
60 20.603 30.30 19.987 4.351 7.16 × 10−10
90 20.925 45.45 20.356 5.688 1.66 × 10−9

120 21.111 60.60 20.683 6.593 3.81 × 10−9
W = 20 gr, C0 = 22.589 mg/l, Q = 30.3 l/h, dp ≈ 0.0912 cm

Fig. 3. Experimental adsorption rate curve with the model 
prediction.

Fig. 4. Breakthrough curve for various initial concentrations.

Fig. 5. Breakthrough curve for various inlet solution fl ow 
rate.
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5. Conclusion

The aqueous adsorption of an organic compound 
(methyl-orange) on granular coconut activated carbon 
in a fl uidized bed column was studied. The experimen-
tal results showed that coconut activated carbon could 
remove this organic compound effectively. The effects of 
the different operating variables such as inlet solution 
fl ow rate, inlet organic concentration and activated car-
bon particle size were studied in this system.

Adsorption processes were described using a model 
that considers external fi lm diffusion followed by intra 
particle surface diffusion with a surface diffusion coeffi -
cient that increases exponentially with surface coverage. 
The results given by the proposed model are in good 
agreement with those obtained experimentally. The fol-
lowing results are obtained from this study:

(a) Increasing the inlet solution concentration increases 
the slope of breakthrough curve and adsorption rate.

(b) Decreasing the inlet fl ow of solution increases the slope 
of the breakthrough curve and rate of adsorption.

(c) Decreasing the particle size of activated carbon 
increases the slope of the breakthrough curve and 
rate of adsorption.

Symbols

C — Solute liquid phase concentration (m/l)
CSS —  Solute surface (solid-phase) concentration 

(mg/g)
D —  Solute diffusion coeffi cient in the liquid 

phase (cm2/s)
D0 — Surface diffusion coeffi cient at CSS = 0 (cm2/s)
DS — Surface diffusion coeffi cient (cm2/s)

R —  Radial position inside the absorbent
particle (cm)

t — Time (s)
z — Axial position in bed (cm)
Ub — Superfi cial liquid velocity in bed (cm/s)
r0 — Absorbent particle radius (cm)
KL — Freundlich constant
Kf — External mass transfer coeffi cient (cm/s)
K — Parameter defi ned in Eq. (1)
V — Solution volume (l)
W — Activated carbon mass (g)
Ci — Initial solute concentration (mg/g)
Ceq — Equilibrium solute concentration
n — Exponential parameter
rp — Particle density (g/cm3)
Sc — Schmidt number
U —  Dimensionless solute liquid-phase

concentration
L — Length of fl uidized bed (cm)

Greeks

e — Fluidized bed porosity
h — Dimensionless solute surface concentration
z — Dimensionless axial position in bed
r —  Dimensionless solute liquid-phase

concentration
a — Particle porosity

Subscripts

i — Initial value at t = 0
cal — Calculated
eq — Equilibrium
exp — Experimental
0 — Bed inlet z = 0
s — Particle–liquid interface r = r0

sat — Surface saturation
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