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ABSTRACT

A wide range of batch experiments were carried out for estimation of the key process
parameters in competitive biosorption of Pb2+, Hg2+, Cr3+, and As5+ from simulated of
wastewater onto dry activated sludge in batch adsorber. Eleven isotherm models were used
for single component and five isotherm models for multicomponent systems. The Langmuir
model gave the best fit for the data of single component, while the binary, ternary, and
quaternary systems were fitted successfully with extended Langmuir model. An order of
metal biosorption capacity onto dried activated sludge was found to be Pb2+ >Hg2+ > Cr3+ >
As5+. FTIR analysis was carried out before and after biosorption. Pore diffusion coefficients
required for fixed-bed design were determined by matching batch experimental data with
the film-pore diffusion model at optimum agitation speed, 600 rpm and optimum weight of
sewage sludge biomass. A general multicomponent rate model has been utilized to predict
the fixed-bed breakthrough curves for multicomponent systems. Good agreement between
the predicted theoretical breakthrough curves and the experimental results was observed.
Results confirmed, from the feed containing Pb2+, Hg2+, Cr3+, and As5+, arsenic
breakthrough from the column appeared first with higher overshoot, followed by
chromium, mercury, and finally lead cations with no overshoot. COMSOL multiphysics
software was used to solve the batch and fixed-bed models.

Keywords: Activated sludge; Batch; Fixed-bed adsorber; Multicomponent system; COMSOL
software

1. Introduction

The presence of heavy metal ions in the
environment has been a matter of major concern due
to their toxicity to human life. Heavy metals are major

pollutants in marine, ground water, industrial, and
even treated wastewater [1]. Industrial wastewater
resulting from the petroleum industries and industrial
activities represent the main source of environmental
pollution with heavy metals. Their effects may
increase nowadays because of the progressive in the
industrial technologies and increasing the demand for
petroleum and oil globally, thus, result in continuous*Corresponding author.
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increase of pollution. Among the toxic heavy metals,
lead, mercury, chromium, and arsenic are classified as
priority pollutants due to their major impact on the
human life and environment.

A number of physicochemical methods have been
developed over the years to remove toxic metal ions
from aqueous solution which includes chelation
extraction, chemical coagulation, evaporation, adsorp-
tion, extraction, chemical precipitation, ion exchange,
electrochemical processes, flotation, flocculation, and
membrane processes. However, the applications of
such processes are sometimes restricted because of
technical or economic constraints [2].

Sewage sludge is a biomass waste containing
mainly bacteria and protozoa is generated from the
regular biological activities of municipal wastewater
treatment plants. The volume being produced is likely
to increase with increase in treated municipal
wastewater. Sludge treatment/disposal represents 50%
of the capital and operational costs of a wastewater
treatment plant. Rather than simply disposing of the
sludge, considered use of this waste material seems to
be a promising way of turning it into a resource. One
application that has received increasing attention is
the utilization of sewage sludge as abundant low-cost
alternative adsorbent for the removal of pollutants
from wastewater [3].

Actual wastewater treatment systems often have
to deal with a mixture of heavy metals; most research
work still only focuses on a single and binary metal
sorption. Only a few works on the biosorption of three
or more of heavy metals were found in literature. For
instance, Kusvuran et al. [4] investigated the multi-
metal biosorption of Cu2+, Cd2+, and Pb2+ from real
industrial water and contaminated water using waste
activated sludge biomass and reported that the
adsorption capacity of activated sludge biomass was
observed in the order of Cu2+ > Cd2+ > Pb2+.

The aim of this study was to investigate the
sorption capacity and to evaluate the performance of
dry activated sludge (DAS) batch and fixed-bed
systems for the removal of Pb2+, Hg2+, Cr3+, and As5+

in single, binary, ternary, and quaternary systems
from simulated wastewater.

2. Mathematical model

2.1. Batch adsorber

The overall rate of biosorption in a porous
biosorbent can be described by a mechanism of three
consecutive steps: (1) external mass transport, (2)
intraparticular diffusion, and (3) adsorption at an

interior site. Moreover, intraparticular diffusion may
be governed by pore volume diffusion or surface
diffusion or a combination of both. For batch adsorber,
the mathematical model with pore diffusion
model [5] is:

� Mass balance in fluid-bulk phase:

VL
dCb

dt
þ 3WA

qpRp
kfðCb � Cp;r¼Rp

Þ ¼ 0 (1)

� Mass balance inside particle phase:

ep
@Cp

@t
þ qp

@q

@t
¼ epDp

1

R2

@

@R
R2 @Cp

@R

� �
(2)

� Initial and boundary conditions:

t ¼ 0; Cb ¼ Co; Cp ¼ 0; q ¼ 0

R ¼ 0;
@Cp

@R

� �
¼ 0

dq

dR

� �
R¼0

¼ 0

R ¼ Rp; epDp
@Cp

@R

� �
R¼Rp

¼ kf Cb � Cp;R¼Rp

h i

In case of applying Langmuir isotherm model [6]:

q ¼ qm bCp

1þ bCp
(3)

For scaled bulk concentration, C0
b =Cb/Co, Eq. (1)

becomes:

VL

dC0
p

dt
þ 3W

A
kf

qpRp
ðC0

b � C0
pr¼Rp

Þ ¼ 0 (4)

For scaled particle phase concentration, C0
p =Cp/Co,

and taking into account that,

@q

@t
¼ @q

@C0
p

:
@C0

p

@t

where
@q

@C0
p

¼ qmb

ð1þ bCoC0
pÞ2
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Eq. (2) becomes:

ep þ
qpqmb

ð1þ bC0
pC0Þ2

" #
@C0

p

@t
¼ epDp

@2C0
p

@t2
þ 2epDp

R

@C0
p

@R
(5)

With the scaled initial and boundary conditions,

t ¼ 0; C0
b ¼ 1; C0

p ¼ 0; q ¼ 0 (6)

R ¼ 0;
@C0

p

@R

 !
¼ 0 (7)

R ¼ Rp; epDp

@C0
p

@R

 !
r¼Rp

¼ kf C0
b � C0

p;R¼Rp

h i
(8)

An external mass transfer coefficient for the solute
adsorbed at certain particle size and optimum agitation
speed, can be obtained by the analytical solution of Eq.
(1) [7], where at t = 0, CP,r = Rp = 0 and Cb = 0, hence,

kf ¼ �RpqpVL

3Wt
ln

Cb

Co

� �
(9)

where t is the sampling time period.

2.2. Fixed-bed adsorber

A general multicomponent rate model (GMRM)
used in this study takes into account axial dispersion,
external mass transfer, interparticle diffusion, and
nonlinear adsorption isotherm [8]. The model govern-
ing equations for component i are:

� Continuity equation in the bulk-fluid phase:

@Cbi

@t
¼ �v

@Cbi

@z
þDL

@2Cbi

@z2
� ð1� ebÞ

eb
qp

@qi
@t

(10)

For film diffusion, the sorption term
@qi
@t

is given by,

@qi
@t

¼ 3kfi
Rpqp

ðCbi � Cpi;R¼Rp
Þ (11)

Substituting the film diffusion expression back into
Eq. (10) and rearranging yields:

�DL
@2Cbi

@z2
þ m

@Cbi

@z
þ @Cbi

@t
þ 3kfi 1� ebð Þ

ebRp
Cbi � Cpi;R¼Rp

h i
¼ 0 ð12Þ

� Continuity equation inside the macropores.

The intraparticle mass balance in the radial direction in
spherical coordinates accounting for pore diffusion is:

ep
@Cpi

@t
þ ð1� epÞqp

@qi
@t

� epDpi
1

R2
p

@

@R
R2 @Cpi

@R

� �" #
¼ 0

(13)

� Initial and boundary conditions:

Cbi ¼ Cbið0; zÞ ¼ 0 (14)

Cpi ¼ Cpið0;R; zÞ ¼ 0 (15)

z ¼ 0 :
@Cbi

@z
¼ m

DL
Cbi � Coið Þ (16)

z ¼ L :
@Cbi

@z
¼ 0 (17)

R ¼ 0 :
@Cpi

@R
¼ 0 (18)

R ¼ Rp :
@Cpi

@R
¼ kfi

epDpi
Cbi � Cpi;R¼Rp

� �
(19)

The scaled bulk concentration, cbi, scaled intraparticle
concentration, cpi, and scaled particle dimension are
defined as followed,

cbi ¼ Cbi

Coi
; cpi ¼

Cpi

Coi
; r ¼ R

Rp

In case of applying extended Langmuir isotherm
model for multicomponent systems [6] in which metal
uptake, qi is related to the scaled intraparticle concen-
tration, cpi

qi ¼
qmibiCoicpi

1þPN
j¼1 bjCoicpj

(20)

and taking into account that,
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@qi
@t

¼ @qi
@cpi

:
@cpi
@t

(21)

where

@qi
@cpi

¼

qmibi 1þ PN
j¼1
j 6¼i

bjCojcpj

0
B@

1
CA

1þPN
j¼1

bjCojcpj

 !2
(22)

The model Eqs. (12) and (13) can be transformed into
the following semi-dimensionless equations:

�DL
@2cbi
@z2

þ m
@cbi
@z

þ @cbi
@t

þ 3kfi 1� ebð Þ
ebRp

cbi � cpi;R¼Rp

h i
¼ 0

(23)

ep þ ð1� epÞ qp
@qi
@cpi

� �
@cpi
@t

¼ ep Dpi

Rp
2

@2cpi
@r2

þ 2epDpi

Rp
2 r

@cpi
@r

(24)

Initial and boundary conditions become;

cbi ¼ cbið0; zÞ ¼ 0 (25)

cpi ¼ cpið0; r; zÞ ¼ 0 (26)

z ¼ 0 :
@cbi
@z

¼ m
DL

cbi � coið Þ (27)

z ¼ L :
@cbi
@z

¼ 0 (28)

r ¼ 0 :
@cpi
@r

¼ 0 (29)

r ¼ 1 :
@cpi
@r

¼ Rp kfi
epDpi

cbi � cpi;R¼Rp

� �
(30)

3. Experimental work and procedure

3.1. Dry activated sludge

Activated sludge was used as a biosorbent in the
present work. It was obtained from aerobic secondary
unit in Hamdan wastewater treatment station in
Basrah city, Iraq. The sludge was washed several
times with distilled water to remove undesired solid
materials and dissolved heavy metals, dried under

sun light, and then dried in oven at 60˚C until having
constant weight (24 h). The dry sludge was crushed by
jaw crusher (Retsch, type-BB1A, Germany) and sieved
by successive sieves (Retsch, ASTM-E11, Germany).
Four particle sizes were obtained, 0.206, 0.380, 0.516,
and 0.778mm. The physicochemical and biological
properties of DAS biomass were listed in Table 1.

3.2. Adsorbate

The stock solution of 1,000mg/L of each metal
ions of Pb(II), Hg(II), Cr(III), and As(V) where
prepared by dissolving Pb(NO3)2, Hg(NO3)2·1/2H2O,
Cr(NO3)3·9H2O and 3As2O5·5H2O salts, respectively,
in distilled water, then stored in acid washed polyeth-
ylene and glass containers and kept in refrigerator.
Solutions of ions concentration of 50mg/L were
prepared by dilution of stock solution. The chemicals
used are of annular grade produced by Fluka, Switzer-
land and BDH, UK.

3.3. Procedure

The effect of pH on biosorption of Pb2+, Hg2+,
Hg2+, and As5+ onto DAS was investigated. A sample
of (100mL) of each single-metal ion solution was

Table 1
Physicochemical and biological properties of DAS

Biomass

Physical characteristic
Biological
characteristic

CFU/
mL

Particle density, kg/m3 1,968 Bacteria
Bulk density, kg/m3 784.34 Aeromonas sp. 222,000
Specific surface area,

m2/g
6.999 Escherichia coli 430,000

pH 7.3 Pseudomonas
aeruginosa

703,500

Bed voidage 0.601 Klebsiella sp. 210,000
Particle porosity 0.76 Clostridium 370,000
Ash content% 12 Staphylococcus sp. 210,000
CEC, meq/100 g 51.153 Streptococcus sp. 490,000

Salmonella sp. 190,000
Shigella dysentery 410,000
Fungi
Penicillium sp. 180,000
Yeast
Candida albicans 460,000
Protozoa
Entamoeba sp. 16,000
Giardia lamblia 90,000

CEC—cation exchange capacity.

CFU—colony-forming unit.
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placed in a beaker of (200mL). The solution was
agitated (constant temperature 25˚C) at 800 rpm.
Activated sludge of weight 0.25 g and size 0.38 mm
was added gradually. The solution pH was
maintained at different values ranging from 2 to 7 by
adding (0.5 N) HCl or NaOH to each solution and
measuring the pH value continuously till reaching the
desired value. After 4–7 h of agitation, the solution
was filtrated using filter paper type (Wattmann No. 4)
and a sample of (2 mL) was taken for analysis. An ion
concentration in the supernatant was measured using
atomic absorption spectrophotometer (model VGP-210
Buck scientific, USA) at 283.3, 253.7, 357.9, and 193.7
nm wavelengths for lead, mercury, chromium, and
arsenic metals, respectively.

For the determination of equilibrium biosorption
isotherm, the same above procedure was performed.
The pH was kept at optimum value in each run.
Different weights of activated sludge (0.0625, 0.125,
0.25, 0.375, 0.5, 1, 1.5, 2, 2.5, 3, 4, and 5 g) were used
for each metal ions isotherm. The adsorbed amount
was calculated using the following mass balance
equation:

qe ¼
ðVLCo � VfCeÞ

W
(31)

To determine optimum agitation speed, a wide range
of speeds were performed 200, 400, 600, and 800 rpm.
A (250mL) beaker was used and an adjustable speed
mixer was connected to this beaker, the beaker was
filled with (100mL) at the same initial concentration
of (50mg/L) for each solution. A mass of (2 g) of
activated sludge was used in lead and mercury
solutions in each experiment. While for chromium, the
mass is 3 g and 4 g for arsenic solution of activated

sludge used in each experiment. A sample was then
taken at (15, 30, 60, 120, 180, and 240min) and a decay
curve was plotted for (Cb/Co) against time and as soon
as (Cb/Co) reaches (0.05), this speed of agitation
considered as an optimum speed.

The optimum activated sludge weight for each
pollutant was determined according to the optimum
agitation speed. The optimum activated sludge weight
to reach equilibrium concentration of Ce/Co = 0.05 was
calculated from isotherm equation for each solute.

The external mass transfer coefficient (kf) was
determined from the concentration decay curves data
at optimum sludge dosage and optimum agitation
speed using Eq. (9). A 2000mL Pyrex beaker was used
which is fitted with electrical mixer with glass impel-
ler. The beaker was filled with 1,000mL of (50 mg/L)
pollutant initial concentration and the agitation speed
is adjusted on (600 rpm) as an optimum speed. At
time zero, samples of (2 mL) were taken after (2, 4, 6,
8, and 10min) during the experiment for analysis.

The functional groups of activated sludge were
detected by FTIR analysis before and after biosorption.
The proportion of activated sludge biomass/KBr is
1/100. The background was obtained from the scan of
pure KBr (Shimadsu-S1394, spectrum system, Japan)
was used for FTIR analysis of DAS.

The fixed-bed experiments were carried out in
Perspex glass column of 50mm (I.D.) and 50 cm in
height with perforated support at the bottom of the
column to support the activated sludge bed and
distributer at the top of the column. Bed height was
fixed at 5 cm. Plastic Raschig rings were placed at the
top of the activated sludge bed to ensure a uniform
distribution of the influent through the biosorbent bed.
Feed solution at 50mg/L metal ions concentrations
was prepared in 30-liter feed tank and introduced to

Table 2
COMSOL software steps and settings

Step Description Batch system Fixed bed

1 Generating of the geometry 1D-particle 1D-column
2D-particle

2 Definition of physical laws dts
@Cp
@t þr:ð�DrCpÞ ¼ R dts

@Cb

@t þr:ð�DrCbÞ ¼ R� urCb

dts
@Cp
@t þr:ð�DrCpÞ ¼ R

3 Definition of initial and
boundary condition

Eqs. (6)–(8) Eqs. (25)–(30)

4 Specifying extrusion
coupling variables

– This property was used for two domains of different
dimensions e.g. column and particle

5 Mesh generation 120 node 120 node-column
3,600 node-particle

6 Running the solution Polynomial of five degree Polynomial of five degree
Time dependent, Δt = 0.1 s Time dependent, Δt = 0.1 s
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the column via a pump at flowrate 1.4 × 10−6 m3/s
through calibrated rotameter and distributor. The pH
was adjusted throughout the runs at optimum value.
Samples were taken every 10min, the concentration of
each solute in these samples were measured using
atomic absorption spectrophotometer.

4. Numerical solution using COMSOL software

The numerical solution by COMSOL software [9]
relies on the finite element method. The software runs
the finite element analysis together with adaptive
meshing and error control using a variety of numeri-
cal solvers. When setting up the model in COMSOL
Multiphysics, it is important to follow six basic steps
as listed in Table 2.

5. Results and discussion

5.1. Optimum pH

Fig. 1 shows the effect of pH on the biosorption
capacity of dried activated sludge. As can be seen from
the figure, there was an increase in biosorption capac-
ity of biomass with increasing pH from 2.0 to 4.0. As
the pH increased, the overall surface charge of the
dried activated sludge became negative and adsorption
increased. At pH values higher than 4.0, biosorption
studies could not be performed due to the precipita-
tion of metal hydroxide from the solution. Thus, pH of
value 4 was considered as an optimum pH.

5.2. Characterization of DAS biomass

In order to find out which functional groups were
responsible for the Pb2+, Hg2+, Cr3+, and As5+ biosorp-
tion, FTIR analysis of raw and loaded dried activated
sludge was experienced before and after cations bind-
ing as listed in Table 3. The difference between the
two spectra was in the absorbance wave number and
intensity. Different functional groups were detected on
the DAS surface. Spectra analysis of FTTR spectrum
after cations absorption showed that there was a
substantial decrease in the wave number and absorp-
tion intensity of carboxylic acid group with O-H
stretch, amide group with N–H stretch, and amine
group with N–H2 stretch at 3411.84, 2929.81, 1652.88,
1,570, and 1,450 cm−1. These groups were mainly from
polysaccharide and protein materials which constitute
most of the cell wall. The results show that cations
may be complexed by H and O atoms of hydroxyl
bonds, which shifted the bands to lower frequencies.
These results agreed with [10]. According to Table 3,
lead cations exhibited more decrease in wave number
and absorption intensity compared to the other cations
which explained its high affinity to the biosorbent.

Table 1 shows that the sewage sludge used in this
work contained a much higher cation exchange capac-
ity (51.153meq/100 g), This indicates that CEC was an
important mechanism in biosorption of Pb2+, Hg2+,
Cr3+, and As5+ onto DAS.

Electron scanning microscopy (16 kV, Vega,
Tecsan) evidenced that the sewage sludge possessed a
very rough surface that could provide a large chemical
binding area, Fig. 2.

5.3. Equilibrium isotherms for single component

The biosorption isotherms were obtained by plot-
ting the weight of the solute adsorbed per unit weight
of activated sludge (qe) against the equilibrium concen-
tration of the solute in the solution (Ce) at constant
temperature. The equilibrium isotherms of Pb2+, Hg2+,
Cr3+, and As5+, were conducted at (25˚C) with initial
concentration of each component, C0 = 50mg/L. These
isotherms are shown in Figs. 3–6. Eleven isotherm
models were used to fit the experimental data,
namely, Freundlich [11], Dubinin–Radsukevch [12],
Temkin [13], Khan [14], Combination of Langmuir-Fre-
undlich [15], Langmuir [6], Radke–Praunsitz [16], Toth
[17], Reddlich–Peterson [18], Harkins–Henderson [19],
and BET [20]. The values of model parameters are
evaluated by nonlinear curve fitting method using
DataFit version 9.0.59, Oakdale Engineering software.
It is clear from Fig. 3 that the equilibrium isotherm for
each single component is of favorable type, since 0 >

0

2

4

6

8

10

12

14

16

18

1 2 3 4 5 6 7

pH

q e
 (m

g/
g)

Pb
Cr
Hg
As

2+ 

3+ 

2+ 

5+ 

Fig. 1. Effect of pH on the uptake of Pb2+, Hg2+, Cr3+, and
As5+ onto DAS at 298 K. Co = 50mg/L for each component.
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Rs < 1 (Rs = 0.4228, 0.0623, 0.0771, and 0.0862 for Pb2+,
Hg2+, Cr3+, and As5+, respectively).

For lead; Langmuir, Radke-Praunsitz, Khan, Redd-
lich-Peterson, and Toth gave the best fit of experimen-
tal data with high correlation coefficients (R2 = 0.9979).
While, the experimental data for mercury, chromium,
and arsenic where described successfully with Lang-
muir model with correlation coefficient 0.9923, 0.9897,
and 0.9868, respectively. Thus, Langmuir model was
used in the modeling of batch adsorber for all of
heavy metals in this study. Using Langmuir model, it
was found that the maximum metal uptake (qm) for
Pb+2 is greater than that for Cr3+, Hg2+, and As5+

(qm,Pb
2+ = 77.4857, qm,Hg

2+ = 10.7876, qm,Cr
3+ = 4.6404,

and qm,As
5+ = 2.8289 mg/g, respectively). These are in

agreement with other studies (qm,Pb
2+ = 87.7, qm,Cr

3+ =
3mg/g) [21,22]. Higher qm value for Pb2+ confirms the
stronger bonding affinity of DAS to Pb2+ than to that
of Cr3+, Hg2+, and As5+.

The adsorption capacity of lead, mercury, chro-
mium, and arsenic cations onto commercial activated
carbon for other studies were qm,Pb

2+ = 13.2608, qm,Hg
2+

= 71.4136, qm,Cr
3+ = 2.756, and qm,As

5+ = 20.233mg/g)
[23–25]. On comparing with present study, DAS

seemed poor to adsorb Hg2+ and As5+, but its avail-
ability and low cost make it promising alternative.

5.4. Equilibrium isotherms for multicomponents systems

The biosorption equilibrium isotherms for the
binary, ternary, and quaternary component systems
were conducted by preparing a solution with initial
concentration of (50 mg/L) for each pollutant and
using DAS of size (0.38mm). The equilibrium concen-
trations were measured in the presence of the other
pollutant, the results are shown in Figs. 3–6. Five
isotherm models were used to fit the experimental
data, namely, Harkins–Jura [24], Halsey–Henderson
[26], Combination of Langmuir–Freundlich [27],
Redlich–Peterson [27], and extended Langmuir [6].

For the binary, ternary, and quaternary systems,
the extended Langmuir model seems to give the best
fitting for the experimental data i.e. highest value of
(R2). In addition, combination of Langmuir–Freundlich
and Redlich–Petrson models may participate with
extended Langmuir model to give the best fit for some
systems. The behavior of an equilibrium isotherm was
a favorable type. It can be seen from the figures, Pb2+

Table 3
FTIR analysis for raw and loaded DAS

Functional group Type of bond

Raw DAS

Loaded DAS

Pb2+ Hg2+ Cr3+ As5+

Wave
no.
cm−1

Tr
(%)a

Wave
no.
cm−1

Tr
(%)

Wave
no.
cm−1

Tr
(%)

Wave
no.
cm−1

Tr
(%)

Wave
no.
cm−1

Tr
(%)

Carboxylic acid,
Amine, Amide

O–H stretch, N–H2

stretch, N–H stretch
3411.84 0.21 3404.13 0.66 3411.84 0.54 3411.84 0.32 3406.05 0.38

Alkanes, Carboxylic
acid

C–H stretch,
O–H stretch

2925.81 0.31 2923.88 0.88 2923.88 0.8 2923.88 0.74 2923.88 0.625

Alkanes, Carboxylic
acid

C–H stretch,
O–H stretch

2854.45 0.55 2854.45 1.22 2854.45 1.08 2854.45 1.03 2854.45 1

Carboxylic acid,
Alkenes, Amides,
Imines

C=O stretch,
C=C stretch, N–H
stretch, R2C=N–R stretch

1652.88 0.155 1647.1 0.6 1652.88 0.58 1650.95 0.6 1652.88 0.38

Amides, Nitro groups,
Amines

N–H bend, NO2

(aliphatic), N–H2 bend
1,570 0.225 1,560 0.64 1,550 0.65 1,550 0.78 1,570 0.6

Amines, Amides,
Nitro groups,

N–H2 bend, N–H bend,
NO2 (aromatic)

1,520 0.15 1,520 0.6 — — — — 1,520 0.51

Carboxylic acids O–H bend 1,450 0.058 1440.73 0.52 1442.66 0.535 1,445 0.65 1434.94 0.4
Alkenes, Carboxylic

acid,
C–H in-plane bend,
C=O stretch, O–H bend

1417.5 0.058 — — — — 1417.5 0.6 1417.5 0.4

Alcohols, Ethers,
Carboxylic acid,
Alkyl halides,
phosphines

–OH stretch, C–O–C
stretch, C=O stretch,
C–F stretch, P–H bend

1016.42 0.05 1016.42 0.21 1016.42 0.26 1016.42 0.2 1016.42 0.06

Sulfonates, phosphines S–O stretch, P–H bend 873.69 0.20 873.69 0.9 873.69 0.875 873.69 1.1 873.69 0.68

aTransmittance %, —: No peak.
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always adsorbed more favorably onto activated sludge
than Hg2+, Cr3+, and As5+ in the binary, ternary, and
quaternary systems. The results also indicate that Pb2+

was the metal that experienced the least displacement
in the competitive adsorption process. Hg2+, Cr3+, and
As5+ had little influence on the Pb2+ biosorption in the
presence of activated sludge. Conversely, Pb2+

significantly inhibited the retention of Hg2+, Cr3+, and
As5+ while As5+ was most affected in the competitive
adsorption. From the figures, it is clear that at low

concentrations, the amount adsorbed for both/all
metal ions increased due to the abundant biosorption
sites on activated sludge. As the concentration of
both/all metal ions species increased further, the
adsorption sites were also available to both/all
adsorbed species which were occupied to an increas-
ing extent by the more strongly adsorbed species,
resulting in a decrease in the amount of the more
weakly adsorbed species. Furthermore, when metals
are competing for the same type of biosorbent, metals
with greater affinity (strongly absorbed species) will
displace others with a lower affinity (weakly adsorbed
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Fig. 3. Biosorption isotherm for Pb2+ in single, binary,
ternary, and quaternary systems onto DAS at 25˚C.

Fig. 2. SEM image of DAS shows the amorphous
structures.
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species). Among the four metal ions, As5+ was the
weakest adsorbed ion, therefore when the stronger
competitive species Pb2+ in solution compete with the
weakest adsorbed species As5+, this may undergo
displacement. Compared with their sorption in
single-component systems, an individual biosorption
capacity of all four metals showed obvious decrease in
the binary (11–51%), ternary (53–88%), and quaternary
systems (79–94%). The biosorption capacity decreased
more in the quaternary system as compared with
binary and ternary systems. Since in a binary, ternary,
and quaternary systems the vacant (unoccupied
biosorption sites) will be reduce and that in turn
affecting the sorption capacity in these systems.

5.5. Dynamic parameters of fixed bed

Pore diffusion coefficient Dp for each metal ions
are evaluated from the concentration decay curve by
matching the experimental data with the predicted
data by pore diffusion model for batch adsorber as
shown in Fig. 7.

There are a good matching between the batch
experimental results and predicted data using pore
diffusion model for batch adsorber. The pore diffusion
coefficient for each of the metal ions was evaluated
elsewhere [28] by minimizing the difference of
experimental and predicted concentration-time decay
curves and found to be:

Pb2+ : Dp = 5.9030 × 10−9 m2/s
Hg2+ : Dp = 3.0551 × 10−9 m2/s
Cr3+ : Dp = 1.990 × 10−9 m2/s

As5+ : Dp = 1.0335 × 10−9 m2/s

The optimum amount of DAS used for each metal
ions was calculated for final equilibrium, related
concentration of Ce/Co = 0.05, using the Langmuir
isotherm with mass balance, Eq. (31) at optimum
agitation speed which was found experimentally to be
600 rpm. These doses are 9.6939, 10.2719, 27.3703, and
48.4872 g for Pb2+, Hg2+, Cr3+, respectively.

The external mass transfer coefficient in packed
bed column model was calculated using the correla-
tion of Wilson and Geankoplis:

0

0.5

1

1.5

2

2.5

3

0 10 20 30 40 50

Ce (mg/L)

q e
 (m

g/
g)

As As in Pb-As

As in Hg-As As in Cr-As

As in Pb-Hg-As As in Pb-Cr-As

As in Hg-Cr-As As in Pb-Hg-Cr-As

Theoretical (Langmuir Model) Theoretical (extended Langmuir Model)

5+ 

2+ 

2+ 2+ 

2+ 

2+ 

2+ 

2+ 2+ 3+ 

5+ 

3+ 

3+ 

5+ 

5+ 

5+ 

5+ 

5+ 

5+ 

5+ 

5+ 

5+ 5+ 

5+ 

5+ 

5+ 3+ 

Fig. 6. Biosorption isotherm for As5+ in single, binary,
ternary, and quaternary systems onto DAS at 25˚C.
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Shi ¼ 1:09

ep
Re1=3Sci

1=3 for 0:0015 hRe h 55 (32)

The axial dispersion coefficient DLi of the liquid
flowing through a fixed bed was obtained from the
correlation of Chung and Wen [29]:

DL ¼ Re

ð0:2þ 0:011 � Re0:48Þ
lw
qw

� �
(33)

The value of liquid diffusivity coefficient (Dm) was
calculated using the following equation [30]:

Dmi
¼ 2:74� 10�9ðMWiÞ�1=3 (34)

5.6. Single-component fixed-bed adsorber

The lead, mercury, chromium, and arsenic ions
biosorption onto DAS in fixed-bed column as single
systems at 25˚C are shown in Fig. 8. The flowrate,
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initial metal concentration, bed height, and biosorbent
particle size were 1.4 x10−6 m3/s, 50mg/L, 0.05m, and
0.38mm, respectively.

A comparison among the pollutants, it is clear that
the breakthrough curve is more flat for Pb2+ and the
breakpoint appears later than that for Hg2+, Cr3+, and
As5+. This confirms that lead is the strongly adsorbed
component due to its highly affinity to the biosorbent
and attached on the vacant sites of the adsorbent that
enhancing the biosorption properties of the lead. For
arsenic, the breakthrough curve is steeper and
breakpoint appears early. Thus, arsenic cation is
considered the weakly adsorbed component. The time
for reaching breakpoint (Ce/Co = 0.05) for lead,
mercury, chromium, and arsenic ions were found to
be 3,425, 3,115, 1810, and 1,375 s, respectively.

5.7. Multicomponent biosorption

Competitive biosorption of lead, mercury,
chromium, and arsenic ions onto DAS in fixed-bed
adsorber was conducted at constant operating
conditions. The flowrate, initial concentration of each
metal ions, bed height, biosorbent particle size, and
temperature were 1.4 × 10−6 m3/s, 50mg/L, 0.05m,
0.38mm, and 25˚C, respectively. The experimental and
predicted breakthrough curves for binary, ternary, and
quaternary systems are presented in Figs. 9–11.

According to both of the experimental and the
model curves in these figures, As5+ is the weakest

adsorbed component and Pb2+ is the strongest
adsorbed component since the breakpoint of arsenic
cations is the lowest value followed by chromium,
mercury, and lead in binary, ternary, and quaternary
systems. This sequence corresponds to the sequence of
increasing affinity of these metals towards the
biosorbent. This is in agreement with the results of
[31,32].

At the initial stage, there are a lot of active sites on
activated sludge. These sites are remained vacant till
the molecules of the components are presented in the
solution. The stronger and weaker adsorbed
components take the active sites freely. With increas-
ing time, the weaker adsorbed component is not easily
adsorbed but moves away with the bulk fluid. Because
the stronger adsorbed components tend to take the
active sites instead of the weaker adsorbed
component, it will displace the sites that had been
occupied by the weaker adsorbed components. The
result is that the local concentration of the weaker
adsorbed component within the fixed-bed adsorber is
higher forming an overshoot. The predictions concern-
ing the magnitude of the overshoots of Hg2+, Cr3+,
and As5+ are in a good agreement with the experimen-
tal data. No overshoot was reported for the metal of
high affinity, Pb2+.

According to Kratochvil and Volesky [33], the key
component in the wastewater is the toxic species
whose concentration in the column effluent first
exceeds the discharge limit set by regulations, thereby
determining the service time of the column and hence
also the biomass usage rate in the process. Thus, in
present study, arsenic was considered the key compo-
nent in quaternary system and the service time of the
column was reported to be 951 s. For binary and ter-
nary systems, the column service time was higher.

4. Conclusion

A wide range of batch and fixed-bed experiments
were carried out covering four metals ions. The
Langmuir isotherm model was well described the
sorption process of single-component systems onto
dried activated sludge. Extended Langmuir model
was well fitted with the equilibrium isotherms for
multicomponent systems. The maximum biosorption
uptake of the studied metal ions in single, binary,
ternary, and quaternary systems by activated sludge
showed the following affinity order Pb2+>Hg2+ > Cr3+

> As5+. The biosorption capacity for single metal
decreased by 11–51, 53–88, and 79–94% in the binary,
ternary, and quaternary systems, respectively, at the
optimum agitation speed 600 rpm. FTIR analysis
showed that carboxylic acid, amide, and amine groups
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Fig. 11. Breakthrough curve for biosorption of heavy met-
als onto DAS in quaternary system, Pb2+–Hg2+–Cr3+–As5+.
Co = 50mg/L each metal cations.
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played the most important role in binding lead,
chromium, mercury, and arsenic cations onto DAS.
Predictions model for the experimental breakthrough
curves compared well.

When metals are gathered in mixtures as
multicomponent systems, arsenic breakthrough curve
appears from the column first with higher overshoot,
followed by chromium, mercury, and finally lead
cations with no overshoot. Minimum service time or
biosorbent usage time of the fixed bed was found for
the quaternary system. COMSOL software was proved
to be an effective numerical tool to predict
breakthrough curve for fixed-bed adsorber.

This study indicated that the activated sludge can
be used as an effective and environmentally friendly
adsorbent for the treatment of heavy metals containing
wastewater.

Abbreviations

A — cross-sectional area of the adsorber, m2

bi — Langmuir constant, m3/kg
Cbi — concentration of solute i in the fluid phase of the

column, kg/m3

cbi — scaled concentration of solute i in the fluid phase
of the column, Cbi/Coi

Ce — equilibrium concentration, mg/L
Coi — initial concentration of solute i, mg/L
Cpi — concentration of solute i in the fluid phase within

the pores of the biosorbent, kg/m3

cpi — scaled concentration of solute i in the fluid phase
within the pores of the biosorbent, Cpi/Coi

DL — axial dispersion, m2/s
Dmi — molecular diffusion coefficient of component i,

m2/s
Dpi — pore diffusion coefficient of component i, m2/s
dp — particle diameter, m
kfi — external mass transfer coefficient of solute i, m/s
L — bed height, m
Pe — Peclet number, υL/DL

Q — flow rate, m3/s
qmi — adsorption equilibrium constant defined by

Langmuir equation of component i, kg/kg
R — radial distance in the particle, m

Re — Reynolds number,
qwtdp
lw

� �
Rp — radius of particle, m

Rs — separation factor,
1

1 þ bCe

r — scaled radial distance in the particle, R/Rp

Sci — Schmidt number of component i,
lw

qwDmi

� �

Shi — Sherwood number of component i,
kfi dp
Dmi

� �
VL — initial volume of solution, mL
Vf — final volume of solution, mL

W — mass of activated sludge biomass, g
t — time, s

Greek symbols

εb — bed porosity
εp — particle porosity
t — interstitial velocity Q

Aeb

� �
, (m/s)

ρp — density of particle, kg/m3

ρw — density of water, kg/m3

μw — viscosity of water, Pa s

Subscripts

j — integer value
L — liquid phase
p — pore phase
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