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ABSTRACT

The dynamic behavior of copper adsorption system with a column
packed with a biological sorbent moss was predicted successfully
with a rigorous dynamic mathematical model. The model consid-
ers resistances due to axial dispersion, external film and intraparti-
cle diffusion in addition to the Freundlich equilibrium isotherm.
Adsorption parameters must be defined for the mathematical
model to be solved. Therefore, a parameter estimation procedure
via optimization is presented to simultaneously determine the
model parameters and validate the model prediction. A typical
range of values was selected for the system parameters, and the
system sensitivity to the changes in the parameters was explored.
Numerical simulation results are in good agreement with the ex-
perimental results at different operating conditions.
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INTRODUCTION

Adsorption is a separation technique normally used for the removal of pol-
lutants from the environment. The removal of pollutants from the environment is
essential due to their diverse deleterious effects. Heavy metals are among those
pollutants and several conventional adsorbents, such as activated carbon and ion
exchange resins, have been recognized for the removal of these metals from their
solutions. Having in mind the high capital and regeneration costs of these materi-
als, researchers were encouraged to look for new sorbents from biological origins.
For example, the yeast Saccharomyces cerevisiae (1), the algal Sargassum flui-
tans (2), and moss (3) have been used for the removal of heavy metals from aque-
ous solutions. These biosorbents have the advantages of high metal selectivity,
low production cost, and possibility of reutilization.

Often adsorption processes are conducted in columns packed with sorbent.
The most important characteristic feature of packed-bed adsorption is the break-
through curve, which depends on the process operating conditions, such as influ-
ent flow rate and concentration. These breakthrough curves determine the effec-
tiveness of the sorbent and the sorption process. They could be obtained using
lab-scale experiments. However, for a suitable model that describes the adsorption
system, the breakthrough curves can be predicted theoretically without the need to
conduct expensive experiments. Mathematical models can also facilitate scaling-
up the adsorption process.

Mathematical models describing the adsorption process in packed columns
are normally represented by partial differential equations. These models are gen-
erally obtained by applying differential material balance to the column and in-
clude terms such as axial dispersion, external mass transfer, and intraparticle mass
transfer. In general, analytical solutions of these models are difficult to obtain due
to their complexity and nonlinearity, but numerical techniques can be used to
solve this system (4). Though several approximate analytical solutions can be
used to simplify the original complex models (5,6,7), these approximate forms are
valid only under certain specified conditions. Model simplifications may lead to
inaccurate results; alternatively numerical techniques can be used rigorously to
solve the overall unsimplified model.

Relatively recently, considerable advances were addressed in numerical
simulations of adsorption systems. These include the implementation of finite dif-
ference schemes (4,6,8), the orthogonal collocation method (9,10), and the finite
element method (11,12). The finite difference methods are the most widely used
due to their simplicity and applicability to most types of differential equations.
However, the stability and accuracy of the solution from the finite difference
method may be less than in the more complicated schemes, such as the finite ele-
ment method. The orthogonal collocation method is known to be more accurate
than the finite difference especially when a large number of collocation points are
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used. However, a large number of collocation points will introduce oscillation and
instability problems in addition to more computational cost.

Most of the recent works in solving similar models focused on the develop-
ment of numerical solutions using model parameters obtained from the literature
(4,6,7,13). Others used certain mathematical correlations to evaluate the model
parameters (2,14). Other authors evaluated some of the model parameters through
reconciliation of the model prediction with experimental results using certain op-
timization techniques (8,15).

The objective of this work is to rigorously model the packed-bed sorption
for the removal of copper using moss. Parametric estimation strategy will be pre-
sented to predict the key parameters describing the system under consideration.
Sensitivity analysis was employed to investigate the influence of the adsorption
parameters on the process behavior. Effects of different operating conditions on
the breakthrough curves were considered using theory.

MOSS ADSORPTION SYSTEM

Al-Asheh (3) studied experimentally the continuous adsorption process of
copper through a packed-bed of moss. A tubular Plexiglas column that was 20 cm
long with a 1.2 cm i.d. and packed with 5 g moss was used to study the concen-
tration profile, i.e. the change in copper concentration along the bed with time.
The experiments were carried out under different influent copper concentrations
and influent flow rates. Samples were collected from ports located in the column
at 4, 8, 12, 16, and 20 cm from the bottom (see Fig. 1). The process continued un-
til the metal concentration from the top of column became the same as the influ-
ent concentration. Detailed procedures are presented elsewhere (16).

MATHEMATICAL MODEL

The model equations of the adsorption process describe the spatial and tem-
poral distribution of adsorbate inside the adsorbent particles and in the bulk liquid
phase. The main transport mechanisms in the fluid phase are convection due to
fluid flow and axial dispersion (diffusion) along the column. Inside the particles,
molecules could diffuse into the inner portion either via surface diffusion, pore
diffusion, or both. In the present model, resistances due to axial dispersion, exter-
nal film and intraparticle diffusion were considered. The following assumptions
were made in the analysis:

1. Plug flow with constant axial velocity is evident along the column.
2. The temperature is constant throughout the column (298 K).
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D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

2814 ABDEL-JABBAR, AL-ASHEH, AND HADER

3. The adsorbent particles are spherical.
4. Fick’s law of diffusion governs the transport within the adsorbent par-

ticles and the axial dispersion in the bulk fluid phase.

Liquid-Phase Dynamics

Based on the above assumptions and using the shell-balance method, we de-
scribed the mass transport from the flowing fluid phase to the fixed adsorbent by
the following differential equation:

Dax �
�
�

2

Z
C
2� � VZ �

�
�
C
Z
� � �

�
�
C
t
� � �

1 �
�

�
� �

d
∂
C
t
s

� (1)

The rate of change of adsorbate concentration on the solid particles can be repre-
sented by introducing the mass transfer coefficient (17) where

�
�

�

C
t
s

� � �
1

k
�
fa

�
� (C � Ci) (2)

Figure 1. Schematic diagram of the moss adsorption column.D
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If Eqs. (1) and (2) are combined, the liquid-phase dynamics will be governed by

�
�
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t
� � Dax �

�
�

2

Z
C
2� � VZ �

�
�
C
Z
� � �

k
�
fa
� (C � Ci) (3)

The initial and boundary conditions of the above equation are

at t � 0, 0 � Z � L; C � 0 (4)

at t � 0, Z � 0; C � Co (5)

at t � 0, Z � L; �
�
�
C
Z
� � 0 (6)

Intraparticle Transport

The description of adsorption dynamics within the solid particles require the
unsteady state diffusion equation based on Fick’s law. If the particles are solid
spheres, a mass balance approach produces the following equation:

�
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The above equation is subjected to the following initial and boundary conditions:

at t � 0, 0 � r � Rp; q � 0 (9)

at t � 0, r � 0; �
�
�
C
r
� � 0 (10)

at t � 0, r � Rp; De	p �
�

�

q
r
� � kf (C � Ci) (11)

The boundary condition described by Eq. (10) reflects the symmetry of the mass
flux at the center of the spherical particle, and the one represented by Eq. (11) is
based on the identical mass flux to the particle surface by diffusion through the ex-
ternal liquid film and into the particle.

Equilibrium Isotherm

The equation that describes the equilibrium between copper ions in the so-
lution and that in moss was best represented by the Freundlich isotherm model (3).

qi � KCi
1/n (12)
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The Freundlich equilibrium equation was used in combination with the system of
partial differential equations in the model (Eqs. 3 and 8).

Model Solution

The system of partial differential equations was transformed to a system of
ordinary differential equations (ODEs) using the method of lines. Backward dif-
ference formulas were used to discretize the first and second partial derivatives in
the Z direction. This dicretization is justified by the flow pattern of solution, which
was assumed to be a plug flow type. However, forward and central difference for-
mulas were used to discretize the first and second partial derivatives in the r di-
rection. The resulting system of ODEs is highly stiff due to the different time
scales of the physical parameters. For example, the effective diffusion coefficient
is usually in the order of 10�12 cm2/s while the axial diffusion coefficient is in the
order of 10�3 cm2/s. This difference causes a large spread in the magnitude of the
local eigen values, which may lead to an unstable solution. The system of ordinary
differential equations was solved by means of the MATLAB software package us-
ing the stiff-suited solver ode23tb.

The method of lines gives discrete solutions of the concentration profiles at
different sections along the column. These solutions automatically provide the
breakthrough curves at each sampling port (4, 8, 12, 16, and 20 cm) without the
need to solve the model for each port individually. This solution method can be
used effectively to match the model prediction with the experimental data for the
purpose of model verification and parameter estimation. The use of MATLAB fa-
cilitated this task because it has readily available ODE solvers and optimization
toolboxes.

Estimation of Model Parameters

In this work, the model parameters (effective diffusion coefficient, De; fluid
mass transfer coefficients, kf; the Freundlich equilibrium constants, 1/n and K; and
the specific surface area, a) were estimated through comparisons of model pre-
dictions with experimental data. The specific surface area, a, was included in the
parameter estimation due to the lack of experimental measurements and inaccu-
rate approximations found in the literature. The axial diffusion coefficient, Dax,
has a negligible effect on the copper adsorption by moss; thus, it was evaluated
with a theoretical correlation (18).

Parameter estimation via optimization is a computationally intensive task
because the model needs to be solved at each iteration for a given set of parame-
ters until a suitable objective function is minimized. The objective function to be
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minimized reflects the agreement between the theoretical model prediction and
experimental data. The ability to find all model parameters at the same time with
reasonable accuracy and without the need for theoretical correlations is the main
advantage of the method outlined in this work.

The Objective Function

The objective function was chosen such that the optimization routine mini-
mizes the error between model prediction and experimental data. This objective
function is the least square formula based on the sum of absolute errors. The ob-
jective function was formulated as follows:

After the ode23tb solver determined the breakthrough curves at the 5 ports
(4, 8, 12, 16, and 20 cm), the absolute error (AE) between the experimental and
theoretical concentrations was calculated for each data point as a function of time:

AEi � � ��
C
C
i
e

o

xp

�� � ��CC
i
th

o

eo

��� ; i � 1,2,3, …, n (13)

where Ci
exp is the experimental concentration at time step ti and Ci

theo is the theo-
retical concentration at time ti. This produces 5 AE vectors corresponding to each
port. Then all of the AEs in each vector are summed together to give the sum of
absolute errors (SAE).

SAE � ∑
n

i�1
����

C
C
i
e

o

xp

�� � ��CC
i
th

o

eo

���� (14)

Each element in the SAE vector is then squared and summed to produce the sum
of the squares of errors (SSE). The SSE is then used as the objective function in
the optimization routine. The MATLAB optimization routine constr is used to op-
timize the model parameters such that the minimum SSE is obtained.

SSE � ∑
5

j�1

(SAEj)2; j � 1, 2, …5 (15)

Initial Estimate of the Parameters

Several iterations are usually needed to reach convergence in optimization
problem solutions. In addition, the result might be sensitive to the initial estimate
of the parameters. A good initial guess is essential for the optimization solution
because it improves the execution efficiency and can help locate the best mini-
mum in less computational time. The initial values of parameters were calculated
using suitable theory correlations or those from related experimental findings
found in literature.
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Sensitivity Analysis

Sensitivity analysis is based on one-at-a-time parameter perturbation and re-
peated re-solution of the model (20). For every calculation, one parameter is
changed from its baseline value while the other parameters are fixed at their base-
line values. Baseline values for the model parameters were obtained from the
parametric estimation results. Each parameter was changed from a typical low
value to a higher value that includes all of the base values. In this range, the break-
through curves at the top of the column (Z � 20 cm) were predicted by solving the
model, and then t0.1 was determined.

To quantify the influence of the model parameters on the breakthrough
curves, sensitivity analyses were performed at a performance criterion. This crite-
rion was based on the breakthrough time, which is defined as the time when a rel-
ative concentration (C/Co) of 0.1 from the effluent of the column is reached (Z �
20 cm) and is designated as t0.1 (9). Generally speaking, as t0.1 increases, the
breakthrough curves become more flattened and the adsorption process is more fa-
vorable. In addition, the increase in t0.1 indicates that the column can be saturated
after a relatively long period of time.

RESULTS AND DISCUSSION

The experimental data used in this work were taken from the previous work
of Al-Asheh and Duvnjak (16). The model prediction of breakthrough curves, at
different influent concentrations and influent flow rates, was compared with ex-
perimental data at identical operating conditions. For each set of operating condi-
tions, the model parameters, effective diffusion coefficient (De), fluid mass trans-
fer coefficient (kf), specific surface area (a), and Freundlich equilibrium isotherm
constants (1/n and K ), were determined so that the model prediction matched the
experimental data. These parameters were also investigated through sensitivity
analysis. In addition, the effects of influent concentration (Co), influent flow rate
(F ), bed depth (Z ), bed void fraction (�), particle size (dp), bed diameter (db), and
axial diffusion coefficient (Dax) on the adsorption process are presented and dis-
cussed.

Model Prediction

The experimental data, which were extracted from Al-Asheh (3), covered a
reasonable range of operating conditions and was designed for study of the effect
of influent concentration, influent flow rate, and bed height on copper adsorption
by moss.

Figures 2 and 3 show that model predictions are in good agreement with the
experimental data. This agreement can be noticed for most of the cases at each
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port along the column. The agreement between the experimental data and the
model prediction implies that the model adequately describes the adsorption be-
havior in the column. The predicted breakthrough curves are shown to be stable
and accurate.

Figure 2. Breakthrough curves for copper sorption by moss-packed bed at different in-
fluent copper concentrations. Average flow rate: 8 mL/min; influent copper concentration
(ppm): (a) 25, (b) 50, (c) 75, (d) 100. Symbols represent experimental data and solid lines
represent model predictions.
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The effect of influent concentrations was investigated at 25, 50, 75, and 100
ppm of copper (Fig. 2). At all port locations, a decrease in the influent concentra-
tion resulted in a delay in the breakthrough occurrence; hence, the breakthrough
curves are shifted to the right. The shorter time is due to the faster saturation of the
mass transfer zone when higher influent concentrations are used.

Figure 3. Breakthrough curves for copper sorption by moss-packed bed at different in-
fluent flow rates. Influent copper concentration: 100 ppm; influent flow rate (mL/min): (a)
2.5, (b) 8.4, (c) 16.6, (d) 26.0. Symbols represent experimental data and solid lines repre-
sent model predictions.
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To determine the effect of the solution flow rate on the performance of the
column, experiments were carried out at flow rates of 2.5, 8.4, 16.6, and 26.0
mL/min with an influent copper concentration of 100 ppm (Fig. 3). Larger flow
rates resulted in a shorter breakthrough time and a shift of the breakthrough curve
to the left. This result was found for each port along the column. With the increase
of the influent flow rate, the influent load of copper to the bed will also increase.
In addition, the velocity inside the bed will increase causing the fluid mass trans-
fer resistance to be lower. This will cause the column to be saturated faster. Thus,
decreasing influent flow rates will favorably increase the breakthrough time as
well as the saturation time of the column.

Optimum Model Parameters

The model parameters were estimated through an iterative procedure in
which the ode23tb routine solved the system of ODEs for each updated set of pa-
rameters until the objective function was minimized. The constr optimization rou-
tine was used to minimize the objective function and to update the values of the
parameters until the termination tolerance was satisfied. The estimated model pa-
rameters at different operating conditions are presented in Table 1.

Table 1 also shows the sum of the squares of errors (SSE) for each set of op-
erating conditions. The De values are in a very small range (7.1–9.5 
 10�12

cm2/s) for all cases. This result indicates that changes in influent concentration
and flow rate have a negligible effect on De. Therefore, an average De value of
8.30 
 10�12 cm2/s can be used for all cases. This conclusion is supported by the
sensitivity analysis results, as subsequently discussed.

The values of kf at different influent concentrations up to 75 ppm are very
similar; however, the highest value of kf is at 100 ppm. Therefore, the influent con-

Table 1. Optimum Model Parameters at Different Operating Conditions and the Sum of
Squares of Errors for Different Simulations

Co F De 
 1012 kf 
 103 a K
(ppm) (cm3/min) (cm2/s) (cm/s) (cm2/cm3) 1/n (mmol/g) SSE

25 8.8 7.108 5.373 137.08 1.0263 0.9720 8.438
50 7.8 7.759 5.252 133.24 0.8637 0.9080 8.967
75 7.0 8.326 6.071 134.25 0.8461 0.6864 3.573

100 2.5 8.176 5.692 134.53 0.7110 0.6803 6.803
100 8.4 7.868 7.704 130.13 0.9984 0.387 1.998
100 16.6 9.328 8.465 121.90 0.9497 0.4327 2.958
100 26.0 9.532 8.947 135.21 1.1763 0.4080 3.412

SSE is sum of square errors.
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centrations, up to 75 ppm, do not have a significant effect on the mass transfer co-
efficient, kf. This result was expected, because the system can be considered di-
luted. Yet, the increase in influent flow rate resulted in a slight increase in kf. For
example, at a flow rate of 2.5 cm3/min, the estimated kf value was 5.69 
 10�3

cm/s; however, when the flow rate was increased to 26.0 cm3/min, kf was 8.95 

10�3 cm/s. Because increase in the influent flow rate increases the velocity and
decreases the film resistance to mass transfer, the mass transfer coefficient is in-
creased.

The specific surface area values were, as expected, relatively constant. Be-
cause the same particles were used for all experiments, the average value of 132.3
cm2/cm3 was used as the specific surface area of the bed particles. This value is
about 4 times higher than that estimated from the empirical correlation for spher-
ical particles. This difference is justified because the correlation was based on the
assumption that the particles are perfect spheres; however, the irregularities in the
shape and the high number of pores of the moss particles considerably increase the
available specific surface area.

The Freundlich isotherm constants (1/n and K ) are in good agreement with
the experimental findings (20). These constants can be affected by changes in
other experimental conditions, such as temperature and pH, that cause variations
at different operating conditions. Al-Asheh (3) showed that slight changes in tem-
perature or pH may considerably affect Freundlich constants, especially the K
values. The values 1/n are close to 1.0, which indicates that the Freundlich equi-
librium isotherm is almost linear. This linearity is due to the relatively low copper
concentrations considered in this work.

The SSE was between 1.998 and 8.967. The SSE represents the minimum
error between the model prediction and the experimental data. Approximately
95–120 experimental data points were found for all the ports for each case. Fig-
ure 4 shows the variations of the SSE for a range of model parameter values at
25-ppm influent copper concentration and 8.8-mL/min influent flow rate. The
optimum values for the parameters found from the optimization search gave, at
least locally, a minimum value of SSE in the range of operating conditions stud-
ied.

SENSITIVITY ANALYSIS

Effect of Effective Diffusion Coefficient (De)

Figure 5a shows the relationship between t0.1 and De of influent concen-
tration 100 ppm and different flow rates (2.5, 8.4, 16.6, and 26.0 mL/min). Ob-
tained from the simulation results, t0.1 is insensitive to the changes in De over
the range studied for all tested flow rates. However, when the flow rate 
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decreased, t0.1 increased, and therefore, the breakthrough curves drifted to 
the right. Figure 5b shows the relationship between t0.1 and De at influent 
concentrations of 25 and 100 ppm and relatively constant influent flow rate.
Again, t0.1 was insensitive to the changes in De over the studied influent con-
centrations. This insensitivity indicates that the value of De is dominated by sur-
face diffusivity and is not influenced by the influent concentration or influent
flow rate.

Effect of Mass Transfer Coefficient (kf)

Figure 6a shows the relationship between t0.1 and kf with influent concen-
trations of 100 ppm and various flow rates, while Fig. 6b shows this relationship
but at copper concentrations of 25 and 100 ppm and average flow rate of 8.2
mL/min. t0.1 was sensitive to changes in kf, especially at low flow rates. As kf in-
creased, the breakthrough curves became less flattened and t0.1 decreased. The in-
crease in kf results in a decrease in the film mass-transfer resistance, and therefore
the particles would be saturated faster. Because at high kf values the resistance will

Figure 4. Variations of the SSE for a range of model parameter values at the operating
condition of 25-ppm influent copper concentration and 8.8- mL/min influent flow rate.
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Figure 5. Relationship between t0.1 and the effective diffusion coefficient (De 
 1012) at
100-ppm influent copper concentration and different influent flow rates (a) and at an influ-
ent flow rate of 8.2 mL/min and different influent copper concentrations (b).
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Figure 6. Relationship between t0.1 and the mass transfer coefficient (kf 
 103) at 100-
ppm influent copper concentration and different influent flow rates (a) and at an influent
flow rate of 8.2 mL/min and different influent copper concentrations (b).
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be smaller and insignificant compared with the high effective diffusion resistance,
t0.1 is less sensitive to high kf ranges for all operating conditions.

Effect of Freundlich Isotherm Constants (1/n and K)

Figure 7a presents the relationship between t0.1 and 1/n at different flow
rates and influent concentration of 100 ppm, while Fig. 7b presents the relation-
ship at different influent copper concentrations (25 and 100 ppm) and average
flow rate of 8.2 mL/min. Both figures indicate that t0.1 is slightly sensitive to vari-
ations in 1/n, especially at the high 1/n values. However, the 1/n values are in the
range of 0.7–1.0, which have slight influence on t0.1.

Figure 8 presents the relation between t0.1 and the Freundlich constant K. t0.1

is very sensitive to changes in the K values and linearly increased with the increase
in the K values. As K increased the capacity of moss particles to adsorb more cop-
per ions increased, and therefore, the breakthrough curves were shifted to the right
and resulted in longer periods for saturation to occur. To increase the capacity of
adsorption and to improve the adsorption process, one can change the pH or tem-
perature such that the Freundlich isotherm constant K increases.

Effect of Axial Diffusion Coefficient (Dax)

To study the effect of axial diffusion coefficient (Dax) on the performance
of the model, the value of Dax was changed 10-times lower and 10-times higher
than the base value (2.571 
 10�3 cm2/s). This was done for the case of 25-ppm
influent copper concentration and 8.8-mL/min influent flow rate. The break-
through curves were almost identical as the lines coincided over each other for all
values of Dax tested at all ports. This result indicates that these breakthrough
curves are insensitive to the variations in Dax. This insensitivity suggests that the
transport of copper ions via axial dispersion is negligible compared to that
achieved with the convective transport.

Effect of Bed Depth (Z)

Figures 2 and 3 show the breakthrough curves at the different ports along
the column (4, 8, 12, 16, and 20 cm). For all cases, as the bed height increase, the
breakthrough time and the time for total saturation increased. In other words,
when the bed depth increases the breakthrough curve will favorably drift to the
right due to the increased available mass-transfer zone for the adsorption process.
The relationship between t0.1 and bed depth is almost linear for all flow rates
tested.
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Figure 7. Sensitivity of t0.1 to the Freundlich isotherm constant (1/n) at 100-ppm influent
copper concentration and different influent flow rates (a) and at an average influent flow
rate of 8.2 mL/min and different influent copper concentrations (b).
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Figure 8. Sensitivity of t0.1 to the Freundlich isotherm constant (K) at 100-ppm influent
copper concentration and different influent flow rates (a) and at an average influent flow
rate of 8.2 mL/min and different influent copper concentrations (b).
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Effect of Bed Void Fraction (�)

The model was used to study the effect of bed void fraction (�) on the cop-
per adsorption process by moss. In all experiments the bed void fraction was very
high (� � 0.79), which means that most of the bed was empty. This condition was
due to the fluffy nature of the sorbent. We wanted to know if variations in � would
improve the performance of the column. For this purpose, � was varied from a
high packing degree at � � 0.3 to a low degree at � � 0.79 at different operating
conditions. Results of these simulations are shown in Fig. 9. The decrease in � (i.e.
the increase in the packing degree) caused a significant increase in the break-
through time and a favorable shift to the right for the breakthrough curves. For ex-
ample, t0.1 was increased from about 180 to 600 minutes when � was decreased
from 0.79 to 0.3 (Fig. 9). When the void fraction is decreased, the column be-
comes more packed with moss particles, which increases the column capacity for
copper ions. In addition, the additional moss would decrease the effect of chan-
neling so that the contact of the fluid with the solid surface increases. Also, as the
void fraction decreases, the height of transfer units in the bed decreases and the
number of transfer units increases, which will lead to a better mass-transfer oper-
ation. However, this favorable behavior could be affected by a higher pressure

Figure 9. Effect of bed void fraction (�) on the breakthrough curves. Influent copper con-
centration: 100 ppm; influent flow rate: 2.5 mL/min; Z � 20 cm.
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drop across the bed when a high packing material is used. For this reason, more
experiments are needed to find the best void fraction of the bed for an improved
adsorption process.

Effect of Particle Size (dp)

The effect of moss particles size on the adsorption process was also studied
through the use of the model prediction of breakthrough curves. In the experi-
mental work, only one particle size was considered (dp � 0.036 cm). In the pre-
sent study, dp was changed from 0.01 cm to 0.1 cm and breakthrough curves were
obtained (Fig. 10). The decrease in particle size significantly improved the per-
formance of the column. For example, as dp decreased from 0.036 to 0.01 cm, t0.1

increased from approximately 180 to 600 minutes (Fig. 10). The decrease in par-
ticle size significantly increases the available area for mass transfer, and therefore,
increases the adsorption capacity of the bed. However, decreasing the particle size
may cause particle coagulation problems, which may lead to unfavorable opera-
tion. Therefore, the optimum particle size must be carefully determined for the ad-
sorption process.

Figure 10. Effect of particles size (dp) on breakthrough curves. Influent copper concen-
tration: 100 ppm; influent flow rate: 2.5 mL/min; Z � 20 cm.
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CONCLUSIONS

In the light of the results and discussion, the following conclusions can be
drawn from this work:

1. The model used is shown to be successful in predicting the behavior of
copper adsorption using the moss-packed bed. The model prediction of
the breakthrough curves is in good agreement with the experimental
data at different operating conditions.

2. Breakthrough time increases with the decrease in influent concentration
(Co), influent flow rate (F ), moss particles size (dp), bed void fraction
(�), and with the increase in bed height (Z ).

3. The model is sensitive to changes in mass transfer coefficient (kf), Fre-
undlich equilibrium isotherm constant (K ), moss particles size (dp), and
bed void fraction (�).

4. Influent copper concentration and influent flow rate have negligible ef-
fects on the effective diffusion coefficient (De). An average De value of
8.30 
 10�12 cm2/s can be used for all simulations without affecting the
model prediction.

5. The effect of axial dispersion coefficient (Dax) on the copper adsorption
of moss-packed bed is negligible.

NOMENCLATURE

a specific surface area (cm2/cm3)
b Langmuir constant (L/mmol)
C metal concentration in the fluid phase (mmol/L)
Ci interfacial metal concentration (mmol/L)
Co influent metal concentration (mmol/L)
Cs metal concentration in the solid phase (mmol/L)
D diffusion coefficient in water (cm2/s)
Dax axial dispersion coefficient (cm2/s)
De effective diffusion coefficient in the particles (cm2/s)
db bed diameter (cm)
dp particle diameter (cm)
F influent flow rate (mL/min)
K Freundlich constant related to sorbent capacity (mmol/g)
kf fluid mass-transfer coefficient (cm/s)
L length of the packed bed (cm)
1/n Freundlich constant related to sorbent intensity
q amount of adsorbed metal (mmol/g)
r radial direction in the solid particles (cm)
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Rp radius of solid particles (cm)
t0.1 time at which C/Co reaches 0.1 (minutes)
texp experimental time steps (minutes)
ti time step (min)
ttheo theoretical time steps from the ODE solver (minutes)
Vz interstitial fluid velocity inside the bed (cm/s)
Z distance from the bottom of the bed (cm)
� bed void fraction
	p density of solid particles (g/cm3)
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