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Abstract

The adsorption of lead and copper ions onto granular activated carbon (DARCO
20-40 mesh) in a single component system has been studied using fixed bed adsorbers.
A film-pore diffusion model has been developed to predict the fixed bed breakthrough
curves for the two metal ions. This model takes account both external and internal
mass transfer resistance as well as axial dispersion with non-linear isotherm. The
effects of flow rate, bed height and initial metal ion concentration has been studied.
Batch adsorber experiments were conducted to estimate the parameters required for
fixed bed model, such as adsorption equilibrium isotherm constants the external mass
transfer coefficient and pore diffusion coefficient by fitting the experimental data with
theoretical model. The batch isotherm experimental data was correlated using
Langmuir and Freundlich isotherm models. The adsorption isotherm data follow the
Langmuir model better than Freundlich model. The pore diffusion coefficient was
obtained using pore diffusion model for batch adsorber by matching between the
experimental data and predicted data from the model. The results show that the film-
pore diffusion model used for fixed bed adsorber provide a good description of the
adsorption process for adsorption of metal ions Pb(11) and Cu(ll) onto activated carbon
in fixed bed adsorber.

Keywords: Removal; Heavy metals, Activated carbon; Batch adsorber; Fixed bed
adsorber
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1. Introduction

Heavy metals are among the most
toxic contaminants of surface
water. The main sources of toxic
metals are industrial wastes from
processes such as electroplating,
metal finishing, chemical
manufacturing and nuclear fue
processing. Since most of heavy
metals are non degradable into
nontoxic metals end products, these
concentration must be reduced to
acceptable levels before discharged
them into environment. Otherwise
these could pose threat to public
health and/or affect the quality of
potable water [1]. Effect of metals
and their compounds on humans,
animals and plants, is quite varied.
Human metal intake may occur
primarily from contaminated food,
drinking water, skin and lung
adsorption. According to the World
Health  Organization [2] and
International Programmed on
Chemical Safety [3], the most toxic
metals are aluminum, chromium,

magnesium, iron, cobalt, nickel,
copper, zinc, cadmium, mercury
and lead.

Adsorption is found to be the
most effective method for removing
dissolved metal ions from wastes
[1] Adsorption is the most
commonly used process because it
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is fairly simple and convenient unit
operation and that the cost for its
application is relatively low
compared to other treatment
processes. Adsorption by activated
carbon has been widely studied as
an effective technique for removing
heavy metal from aqueous solution
and wastewater.

For industrial applications in the
waste water treatment, the most
efficient arrangement for
conducting adsorption operation is
the fixed bed adsorber. The kinetics
behavior of fixed-bed adsorber can
be explained and the characteristic
breakthrough  curve  of  the
adsorption phenomenon can be
obtained  through  mathematical
models. A number of mathematical
models have been developed to
explain the kinetic behavior of the
fixed-bed adsorber and to estimate
the breakthrough curve [4,5]. The
mechanism of adsorption onto an
adsorbent includes external
diffusion, internal diffusion and
adsorption.

In the present study, film-pore
diffusion model is wused to
determine the breakthrough curves
in fixed bed column for single

component adsorption onto
granular activated carbon and
compare the experimental results
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with that simulated by numerical
simulation of the film-pore
diffusion model, which includes
film mass transfer and internal
mass transfer resistance as well as
axial dispersion with non linear
isotherms.

2. Mathematical M odel

Film-pore diffusion model is
proposed to predict the fixed-bed
breakthrough curves for single
metal ion adsorbed onto porous
media. The mathematical model
takes account of: External mass
transfer resistance, Internal mass
transfer resistance, Non-ideal plug
flow and Non-linear isotherm [5,6].

The following basic assumptions
are made to formulate the pore
diffusion model:

The system operates under
isothermal conditions.

The  equilibrium of the
adsorption is described by

Langmuir isotherm.

Solid particles are spherical,
uniform in size and density. They
also do not swell or shrink.

No radial concentration gradient
in the column and no angular
concentration gradient within a
particle.

The intraparticle mass transfer is
due to Fickian diffusion and it is
characterized by the constant
pore diffusion coefficient, Dp.
Mass transfer across the
boundary layer surrounding the
solid particles is characterized by
the external film mass transfer

2338

coefficient kf .

All  the mechanisms which
contribute to axial mixing are
lumped together into a single
axial dispersion coefficient.

Continuity equation in the bulk-fluid
phase:

- DL@ +VB +B +r pa;eogﬂ =0
7z e e on

(1)

The following initial and boundary
conditions are considered:

I.C.: Cp=Cu Z=0t=0
...(2)
Cy=0 O0<z<L,t=0
....(3)

. [ _
B.C. D, ﬂzb =-v(C, - C,) Z=0,t
>0 ....(4)
1c, =0 Z=L,t>0

1z

...(5)
Using C, the concentration in the
stagnant fluid inside the macropore,
the inter-phase mass transfer rate
may be expressed as:

‘ITQ_3kf
r —=
POt R

(Cb -C p.R=R, )

...(6)

p

Substituting the term g/t in equation
6 onto equation 1 gives:
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_q@+\,@+ﬁ+3@(l-eo)
7 ® Tt eR
(7

The particle phase continuity
equation in spherical coordinates is
as follows:

> .
E-eDa&IC 271G, 0

ic
epﬁ’%(l-ep)rp‘"t = R‘I]RB

..(8)

The following initial and boundary
conditions are considered:

.C.:.C,=0,9=0 R=0,t?9())
C
B.C.Zﬂ—pZO, R=0,t>0
R
..(10)
1C _
D, _Rp =k (Cp - Cprpo) R=Ry, t=0
...(11)

Since equilibrium is assumed for
adsorption at the interior site, q and
C, in equation 8 are related by the
instantaneous equilibrium expression

fa_ g 9C
1t 1C, 1t

..(12)

Using equation 12 with equation 8
and rearranging of equation 8 yields:

(Co - Cp,R:RJ) =

0

P+7 P+:0
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1c, _ 1 DPGE‘WC?,, 210,90

it S B0l §TR TRIR 5
é € bﬂcvg

....(13)

The adsorption isotherm is non-

linear and described by Langmuir
isotherm model:

_ 4nbC,
97 T4 ;
....(14)
Defining the following

dimensionless variables:

:—’C :—’ :—’
®7c, "7, 7
t:m r:B1 Z:E

L’ R, L

The dimensionless parameters are
defined as:

e DL
pe:E, BI=kpr, h= PP s
DL ePDP %
3Bih(1- e,
Z =——mm——

eb
The model equation 7 and the initial
and boundary conditions, equations
2-5, can be transformed into the
following dimensionless equations:

ERCU S
pefzz Tz 1t

tz (Cb - Cp,r:l) =0
....(15)
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I.C..cp = z=0,7=0
..... (16)
c,=0 0<z<1,7=0
(17)
B.C. Te, _. pe(l- c,) z=0,7>0
9z
....(18)
&: z=1,1>0
1z
....(19)

The model equations 13 and the
Langmuir equation 14 and the initial
and boundary conditions, equations
9-11 can be transformed into the
following dimensionless equations:

T, _ L hgﬂz“_
mw é u g rfr 5
i@p"'(l' ep)ﬂi@ °
e fco g
.....(20)
q = r ,dmbc,
1+bc C,
...(21)
I.C.c=0, g =0 r=0,1=0
..(22)
T, _
BC. |—-— r=0,7>0
qr
...(23)
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c
ﬂﬂ_szi(Cb_CPr:l) r=1,1=0
r :

...(24)

Since non-linear adsorption
equilibrium (Langmuir isotherm) is
considered, the preceding set of
partial differential equations 15-24
are solved numerically by reduction
to set of ordinary differential
equations using the Finite element
method for the bulk-fluid partial
differential  equation and the
orthogonal collocation method for
the particle phase equations. The
ordinary differential equation system
with initial values can be readily
solved using an ordinary differential
equation solver such as the
subroutine "ODE15S" OF MATLAB
v.7 which is a variable order solver
based on the numerical
differentiation formulas (NDFs).

3. Experimental Work and
Procedure

Adsorbate: 1000 mg/L standard stock
solution of each metal ions of Pb(Il) ,
Cu(ll) were prepared by dissolving
Pb(N0Os)2, Cu(N03)2.3HO respectively
in distilled water. The chemicals used
are annular grade produced by Fluka
and Aldrich-Sigma

Adsorbent: The granular activated
carbon (GAC) used was supplied by
Sigma-Aldrich.Com., United Kingdom.
Granular activated carbon was used
directly without any treatment. The
mean diameter of the GAC particles is
0.6 mm. The physical properties were
measured by Thermochemistry
Laboratory, Chemical Science
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(FH&MS), University of Surrey,
United Kingdom and are presented in
Tablel.

Procedure: the experiments were
adjusted at initial pH of 5.5 for Pb(Il)
and 54 for Cu(ll) which was
determined experimentally. The pH
values were adjusted with 0.1M NaOH
and 0.1M HCI.

The fixed bed experiments were
carried out in Perspex glass column of
38.1mm (1.D.) and 40 cmin height with
perforated support at the bottom of the
column to support the activated carbon
bed and distributer at the top of the
column. Bed height in packed bed is
controlled with packed mass of carbon.
Plastic beads with depth 3 cm were
placed at the top of the activated carbon
bed to ensure a uniform distribution of
the influent through the carbon bed.
Feed tank of 2 liters was used, which is
placed at the top of the adsorber. Feed
solution were prepared in feed tank and
introduced to the column through the
distributor.

For the determination of adsorption
isotherm, a volume of 10 ml of metal
ion solution in different initia
concentration of 10-200 mg/L was
placed in ten test tubes containing the
fixed mass of activated carbon (0.1 and
0.2g of activated carbon were used for
Pb(I1) and Cu(ll) respectively). The test
tubes were then shaken at a constant
speed of 250 r.p.m. in a shaking water
bath at 25°C + 1 for 24 hrs. . After
shaking the activated carbon was
separated by centrifuge and filtration
through a membrane filter 0.45um. The
filtrate was analyzed for the remaining
metal ion concentration by atomic
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absorption spectrometer AAS. The
adsorbed amount is calculated by the
following equations:

Vv i
qe - W (Co Ce)
....(25)

d. = f(Co)
....(26)

The pore diffusion coefficient for
each solute was obtained by 1L Pyrex
beaker fitted with a variable speed
mixer. The beaker was filled with 0.5L
of known concentration solution and
the agitation started before adding
GAC. At time zero , the calculated
weight of activated carbon was added,
then the samples were taken at every 5
min.

The weight of activated carbon used
to reach equilibrium related
concentration of C/C, equal 0.05 is
calculated from isotherms model and
mass balance equation.

4. Resultsand Discussion

4.1. Adsorption Isotherm. The
adsorption  isotherm curves were
obtained by plotting the weight of the
solute adsorbed per unit weight of the
adsorbent (ge) against the equilibrium
concentration of the solute (Ce) [7].
Figs. 1 and 2 show the adsorption
isotherm curves for single metal ions
Pb(I) and Cu(ll) onto activated carbon
at 250C respectively. The experimental
data are plotted with the theoretical data
obtained from using Langmuir and
Freundlich isotherm. It can be seen
from Figs. 1 and 2 that the experimental
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data follow the Langmuir isotherm
model better than the Freundlich
isotheem  model. In which the
Langmuir parameter gp,, b are evaluated
to beasfollows:

for Pb(I1): gn= 13.333mg/g, b =0.312
L/mg
for Cu(ll): gn=5.845mg/g, b=0.710
L/mg

4.2. Pore Diffusion Coefficient. Pore
diffusion coefficient D, for each metal
ions ae evauated from the
concentration decay curve by matching
the experimenta data with the
predicted data by pore diffusion model
for batch adsorber [8] as shown in Figs.
3 and 4. There were a good matching
between the batch experimental results
and predicted data using pore diffusion
model for batch adsorber. The pore
diffusion coefficient for each the metal
ions are evaluated from batch
experimentsto be:

For Pb(ll): D,=7.955x10" m/s
For Cu(ll): D,=3.532x10" m?/s

The amount of GAC used for each
metal ions were calculated for final
equilibrium related concentration of
CJC, = 0.05, using the Langmuir
isotherm with mass balance in one liter
of solution. The initial concentration
were 0.06 and 0.1kg/m® with the doses
of activated carbon of 0.01 and 0.02 Kg
for Pb(11) and Cu(l1) respectively.

The extenal mass transfer
coefficient in packed bed column
model was caculated used the
correlation of Wilson and Geankoplis
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[9]. The molecular diffusion coefficient
D used is 1.43x10° m?/s[10].

ch=199Re% oHfor 0.0015 < Re< 55
eb

..(27)

Where Sh = k,d /D,

S=m,/r,D,,

Re =r nd, /m,

These values subgtituted in equation 27
to evaluated k; at different intertitial
velocity in the mathematical model.
The axial dispersion coefficient
caculated from Chung and Wen
equation [11] :

L
2R.e,

nk. (0.2 +0.011 Re?®)
DL

...(28)

4.3. Breakthrough Curve. Figs. 5 and
6 show the experimental and predicted
breakthrough curves for Pb(ll) and
Cu(ll)  respectively obtained for
different flow rates in terms CJC,
versus time. It is clear from the these
figures that as the flow rate increases
the time of breakthrough point
decreases. This is because the residence
time of solute in the bed decreases as
the flow rate increases and therefore
there is not enough time for adsorption
equilibrium to be reached which results
in lower bed utilization and the
adsorbate solution leaves the column
before equilibrium.

It is expected that the change in flow
rate will affect the film diffusion but
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not the intraparticle diffuson. The
higher the flow rate the smaller the film
resistance to mass transfer and larger ks
result.

Increasing flow rate at constant bed
height will increase the Biot number
with dight increases in Peclet number
as listed in Table 2 . Biot number is
defined asthe ratio of the external mass
transfer to intraparticle mass transfer.
When the Biot number is high the time
of breakthrough point  will appear
early. The higher Biot number value
indicates that the film diffusion is not a
dominating  compared to the
intraparticle mass transfer and the
intraparticle mass transfer is the
controlling step. These results are in
agreement with that obtained by
[5,6,10,12,13,14 and 16].

The bed depth is one of the major
parameters in the design of fixed bed
adsorption column. The effect of bed
height on the breakthrough curve was
studied for Pb(ll) and Cu(ll)
respectively  for  adsorption onto
activated carbon. The experimental and
predicted breakthrough  curves
obtained for different bed height of
activated carbon at constant flow rate
and constant concentration of metal ion
are presented in Figs. 7 and 8. It is clear
from these figures that at smaller bed
height the effluent metal ion
concentration ratio increases more
rapidly than at a higher bed height.
Furthermore at smaller bed height the
bed is saturated in less time compared
with the higher bed height. Smaller bed
height means lesser amount of activated
carbon than for the higher one. Peclet
number, Pe, is defined as the ratio of
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the axial convection rate to the axia
dispersion rate. An increase in bed
height at constant flow rate will
increase the Peclet number with
constant Biot number as listed in Table
3. When the Peclet number is small the
effect of axia dispersion is not
negligible and the break point appears
early and the breakthrough point
increases with increasing the Peclet
number. Hence, the internal and
external resistances are confirmed to be
the main parameters that control the
adsorption kinetics with the increasesin
the bed height. It is clear that increasing
the bed height increases the
breakthrough time and increases the
residence time of the metal ion solution
in the bed. These results are in

agreement with that obtained by
[5,6,12,13 and 14].

The effect of initial metal ion
concentration on the breakthrough
curves for each metal ions was
investigated for al the systems. The
change in initial metal ion

concentration will have a significant
effect on the breakthrough curves. Figs.
9 and 10 show the experimental and

predicted breakthrough curves at
different initial metal ion
concentrations. These figures show
that as the initia meta ion

concentration increases the time of
breakthrough point decreases. The high
initial ion concentration the faster the
breakthrough, however the activated
carbon loadings are larger at higher
initial metal ion concentration. For high
initial metal ion concentration, steeper
breakthrough curves are found because
the equilibrium is attained faster for
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higher initial metal ion concentration, P Particle density, kg/m®
which would be anticipated with the subscript
basic increase in the driving force for b Bulk fluid phase
mass transfer with increase in initial e Equilibrium
metal ion concentration.  Similar GAC Granular activated carbon
findings have been obtained by L Liquid phase
[6,10,12,13,14,15 and 16]. 0 Initial
p Particle phase
Nomenclature:
b Adsorption equilibrium constant, m/sConclusions
Bi Biot No. (kR /e D,) 1. A film-pore diffusion model has
. . 3 successfully used to describe the
¢ FIw_d_ph_asecpnc_entranon, kg/m . sprption process and to predict
Ce Equilibrium liquid phase concentration, k s} breakthrough curve for single
Co Initial liquid-phase concentration, kg/m® :
A ' L 2 system adsorption of lead and
BL ,\AAX'IaJ d'fpedr.sf']?” .C‘?eff'c'ze/”t’ m'/s copper in fixed bed adsorber.
m olecuiar di usmt'y,'m S 2 2. The equilibrium isotherm curve for
de Egggggﬂ;?&ceroefr;'c'em’ m'/s adsorption of lead and copper in
P . . batch adsorber is of favorable type
Ks Constant in Freundlich and the Langmuir isotherm model
ks External mass transfer coefficient, m/s : .
gives the best fit to the
L Length of_the colum_n, m- experimental data in comparison to
n Constant in Freundlich equation the other isotherm model.
Pe  Pedet Number, (IL/D, 3. In batch adsorber the pore diffusion
Q Fluid flow rate, m%/s model has been successfully used
Oe Adsorption capacity at equilibrium, kg/kgto estimate the pore diffusion
Om Langmuir constant, kg/kg coefficient by matching between
r Radial coordinate, m the experimenta and theoretical
R Radial Coordinate, m concentration decay curves. This
Ry Radius of particle, m model gives agood maching.
Sc Schmidt number, Sc = m, / r,D.4 The time of the breakthrough point
sh Sh=k.d /D decreases with the increase in flow
Sherwood number, Sh =K d, /D (a6 increases initid metal ion
t Time, s concentration and decreases in bed
Vv Volume of the solution, m? height.
W Mass of granular activated carbon, kg
4 Axial distance, m Refer ences
€p Bed porosity [1] Adam, M.M., Hassan, |., Malik, M.
€p Porosity of adsorbent and Matin, A., 2004, "Removal of
v o ; 2 Copper from Industrial Effluent by
In.terstl.nal veloity, (Q/ pR”eb) ;s Adsorption  with  Economical
e Viscosity of water, Pas VariableMaterial", Electronic J. of
Pw Density of water, kg/m
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Table 1, Physical properties of granular activated carbon

Product name Activated carbon, DARACO 20-40 mesh,
Company Sigma-Aldrich Conl1pany (UK) Ltd
Composition Carbon C
Bulk density, kg/m® 336
BET surfacearea, m%g 602.97
Average porediameter, 3.72
pH 6-9

Table 2. The values of Biot No. and Peclet No. at different flow rates.

M etal ions

Flowrate, Q | Biot No. Peclet

Pb(l1)

0.667x10°® 4154 35.06

1.000x10°® 4754 3543

1.330x10° 52.32 35.74

cu(l)

0.667x10° 93.56 35.06

1.000x10-6 107.08 3543

1.330x10° 117.84 35.74

Table 3., The values of Biot No. and Peclet No. at

different bed heights.

M etal Bed height, Biot No. | Peclet No.
0.05 4154 17.53

Pb(I1) 0.10 4154 35.06
0.20 4154 7011
0.10 107.08 3543

Cu(ll) 0.15 107.08 53.14
0.20 107.08 70.85
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Fig.1, Adsorption isother m for Pb(I1) onto activated carbon
(0.1 g activated carbon, Temp. = 25°C)
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Fig.2, Adsorption isotherm for Cu(ll) onto activated carbon
(0.2 g activated carbon, Temp. = 25°C)
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Fig.3, Comparison of the measured concentr ation-time decay data
with that predicted by porediffusion model for Pb(l1) in batch adsor ber
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Fig.4, Comparison of the measured concentration-time decay data
with that predicted by porediffusion model for Cu(ll)in batch adsorber
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Fig.5, The experimental and predicted breakthrough curvesfor
adsor ption of Pb(I1) onto activated carbon at different flow rates.
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Fig.6, The experimental and predicted breakthrough curvesfor
adsorption of Cu(l1) onto activated carbon at different flow rates
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Fig.7, The experimental and predicted breakthrough curvesfor
adsor ption of Pb(I1) onto activated carbon at differ ent bed heights.
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Fig.8, The experimental and predicted breakthrough curvesfor
adsor ption of Cu(l1) onto activated carbon at differ ent bed heights.
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Fig.9, The experimental and predicted breakthrough curvesfor
adsor ption of Pb(I1) onto activated carbon at different initial
metal ion concentrations
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Fig.10,The experimental and predicted breakthrough cur vesfor
adsor ption of Cu(l1) onto activated carbon at different
initial metal ion concentrations.
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