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a  b  s  t  r  a  c  t

We  report  the simultaneous  adsorption  of  acid blue  25  dye  (AB25)  and  heavy  metals  (Zn2+,  Ni2+ and  Cd2+)
on a low-cost  activated  carbon,  whose  adsorption  properties  have  been  improved  via  a  surface  chemistry
modification  using  a  calcium  solution  extracted  from  egg  shell  wastes.  Specifically,  we  have studied  the
removal  performance  of this  adsorbent  using  the  binary  aqueous  systems:  AB25–Cd2+,  AB25–Ni2+ and
AB25–Zn2+. Multi-component  kinetic  and  equilibrium  experiments  have  been  performed  and  used  to
identify  and  characterize  the  synergic  adsorption  in the  simultaneous  removal  of these  pollutants.  Our
results  show  that  the  presence  of  AB25  significantly  favors  the  removal  of  heavy  metals  and  may  increase
yes
eavy metals
ulti-component adsorption

ctivated carbon

the  adsorption  capacities  up to  six  times  with  respect  to  the  results  obtained  using  the  mono-cationic
metallic  systems,  while  the  adsorption  capacities  of  AB25  are  not  affected  by  the  presence  of  metallic
ions.  It  appears  that  this  anionic  dye  favors  the  electrostatic  interactions  with  heavy  metals  or  may  create
new  specific  sites  for adsorption  process.  In  particular,  heavy  metals  may  interact  with  the  –SO3

− group
of AB25  and  to  the  hydroxyl  and  phosphoric  groups  of this  adsorbent.  A response  surface  methodology
model  has  been  successfully  used  for  fitting  multi-component  adsorption  data.
. Introduction

Dyes and heavy metals are hazardous pollutants often found
ogether in wastewaters of several industries [1].  These pollutants
ave a significant ecological impact on ecosystem and can mod-

fy the physical and chemical properties of water affecting the
quatic flora and fauna [1–3]. For example, the dyes contained in
astewaters reduce the light penetration and may  prevent the pho-

osynthesis [4].  In addition, some dyes may  degrade to generate
arcinogens and toxic compounds for human beings and other liv-
ng organisms. On the other hand, the presence of heavy metal ions
n industrial effluents and drinking water resources is also relevant
ue to its toxicological profile and potential impacts on the human
ealth and environment [5].  Therefore, the removal of both pol-

utants from wastewaters is currently one of the most important
nvironmental tasks for research and technology development on
ater management [6].
The treatment of wastewaters polluted by dyes and heavy met-
ls can be performed via chemical precipitation, ion exchange,
lectrolysis, membrane separation and adsorption [1,5–17].

∗ Corresponding author. Tel.: +52 449 9105002x127; fax: +52 449 9105002.
E-mail address: petriciolet@hotmail.com (A. Bonilla-Petriciolet).
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© 2011 Elsevier B.V. All rights reserved.

However, the management of these pollutants in multi-component
mixtures (i.e., dyes–heavy metals) is difficult and ineffective using
some traditional purification processes [1].  Adsorption process is
considered as an economical and robust method for improving
water quality and can be used to remove a great variety of pollu-
tants. Until now, various adsorbents have been used to remove dyes
and heavy metals in mono-component solutions, and they include
activated carbons, natural and synthetic polymers, clays, zeo-
lites, biomasses, agricultural and industrial by-products [10–20].
In particular, the adsorption on activated carbon appears to be
the most competitive technology, in terms of costs and removal
performance, to reduce the concentrations of these pollutants in
wastewaters [12,20].

In the majority of adsorption studies performed for the removal
of heavy metals and water decolorization, mono-component sys-
tems have been analyzed and a limited emphasis has been
given to the study of multi-component systems. However,
multi-component adsorption studies are useful to identify the com-
petitive effects of several pollutants on adsorbent performance
and play an important role for the proper design and operation

of water purification processes [21]. When two  or more pol-
lutants are present in solution, they may  increase or decrease
or may  not change the adsorption capacity of the adsorbent
[22–24]. Under these conditions, the adsorbent performance may

dx.doi.org/10.1016/j.jhazmat.2011.11.015
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:petriciolet@hotmail.com
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Table 1
Elemental composition and textural parameters of raw bituminous carbon and
Ca(PO3)2-modified carbon.a

Elemental
composition, %

Adsorbentb Textural
parameters

Adsorbentb

RC MC  RC MC

Carbon 87.3 75.56 SBET, m2/g 961 931
Hydrogen 0.84 1.53 Vtotal, cm3/g 0.529 0.522
Nitrogen 0.56 1.75 Vmic, cm3/g 0.369 0.355
Sulfur 0.29 0.20 Dp,  nm 2.203 2.243
Oxygen 3.48 18.60
R. Tovar-Gómez et al. / Journal of Haz

epend on the number of pollutants present in solution and its
oncentration.

To date, the amount of literature on adsorption processes for
imultaneous dye and heavy metal removal from water in multi-
omponent systems is rather limited [25,26]. For example, Shukla
nd Pai [25] reported the adsorption of cupper, nickel and zinc on
ye loaded groundnut shells and sawdust from aqueous solutions.
hese authors showed that application of the dye to these materials
esulted in an enhancement of adsorption capacities for heavy met-
ls. Visa et al. [26] studied the simultaneous removal of methylene
lue and cadmium, copper and nickel in multi-component systems
sing fly ash modified with NaOH. This study indicated that high
emoval efficiencies were obtained at low heavy metal concentra-
ion while the uptake of these metals was affected by competitive
dsorption processes as their concentrations increased. However,
urther studies are necessary to improve the knowledge of adsorp-
ion process for the simultaneous removal of these hazardous
ollutants (i.e., dye and heavy metals) from wastewaters using acti-
ated carbons and other adsorbents. This type of studies is useful
nd fundamental for designing effective and low-cost wastewater
reatment methods.

In this paper, we report the simultaneous adsorption of acid
lue 25 dye (AB25) and heavy metals (Zn2+, Ni2+ and Cd2+) on a

ow-cost activated carbon, which has been modified for improv-
ng its adsorption properties using a solution obtained from egg
hell wastes and acetic acid [27]. Specifically, we have studied the
ulti-component removal performance of this adsorbent using the

inary systems: AB25–Cd2+, AB25–Ni2+ and AB25–Zn2+. Note that
hese pollutants can be found together in wastewaters. For exam-
le, zinc and AB25 are used in the paper manufacturing and, as

 consequence, they can be present simultaneously in the efflu-
nts discharged by this industry. Additionally, the management and
isposal of industrial effluents is usually improper in developing
ountries. Therefore, polluted effluents of different industries can
e mixed, before its proper treatment, causing the simultaneous
resence of both heavy metals and AB25 in wastewaters. To the best
f our knowledge, adsorption studies involving these pollutants
n binary solutions have not been reported. These experiments
ave been used to identify and characterize the synergic adsorp-
ion effects in the simultaneous removal of these pollutants using
his adsorbent. In addition, the adsorbent characterization by sev-
ral techniques has helped in understanding the multi-component
dsorption data and we have proposed a possible mechanism for
he simultaneous removal of both pollutants using this carbon.
he extended Langmuir, non-modified Langmuir and Sips multi-
omponent isotherms and a response surface methodology model
ave been used to fit the adsorption data obtained from the simul-
aneous removal of these pollutants. In summary, our results show
hat the presence of AB25 significantly favors the removal of heavy

etal ions and may  increase the adsorption capacities up to six
imes with respect to the results obtained using the mono-cationic

etallic systems. These results are significant from a practical
oint of view because of the presence of this dye may  significantly

mprove the removal of heavy metals and, as a consequence, the
pplication of specific treatment methods to reduce the content of
etallic species in wastewaters can be avoided if AB25 is present.

. Methodology

.1. Adsorbent preparation and characterization
A commercial bituminous carbon from Clarimex Company
Mexico) was used as adsorbent. This carbon was milled and sieved
o retain the 18–20 mesh fractions. Later, adsorbent particles were
ashed with deionized water until pH was constant and, finally,
a Parameters taken from Guijarro-Aldaco et al. [27].
b RC is the raw bituminous carbon and MC is the Ca(PO3)2-modified carbon.

they were dried at 110 ◦C for 24 h. This commercial carbon was
modified using a solution obtained from hen egg shell wastes and
acetic acid (HES) according to the procedure reported by Guijarro-
Aldaco et al. [27]. In summary, HES wastes were washed with
deionized water and dried. HES particles were milled and sieved to
retain the 35–40 mesh fractions. The calcium solution was obtained
from these particles using a ratio of 0.05 g of HES per 1 mL  of acetic
acid (25% v) under constant agitation for 5 h. This calcium-solution
was  filtered to separate the membrane of HES and diluted with
deionized water to obtain a calcium concentration of 3276 mg/L.
This diluted solution was used for the impregnation of bituminous
carbon employed in this study. Note that this solution has a sig-
nificant content of calcium because the egg shell contains up to
95% of CaCO3. Chemistry surface modification of bituminous car-
bon was performed via the following stages [27]: (1) adsorbent
pre-treatment using an H3PO4 solution at 30 ◦C for 2 h, (2) cal-
cium impregnation of carbon at 30 ◦C for 4 h using a ratio of 0.2 g
of adsorbent per mL  of calcium solution extracted from HES, and
(3) thermal treatment of calcium-impregnated carbon at 400 ◦C
for 3 h. This Ca(PO3)2-modified carbon was washed with deionized
water at 50 ◦C until pH was  constant and finally dried at 110 ◦C for
24 h. Details of the procedure for carbon modification are provided
by [27]. This adsorbent was used in the simultaneous adsorp-
tion experiments of both AB25 dye and heavy metals. Elemental
composition and textural parameters of both raw and modified
bituminous carbons have been determined in [27] and are reported
in Table 1. According to [27], all the chemical and physical proper-
ties of raw bituminous carbon are not significantly affected when it
is treated with this impregnation process and only its surface chem-
istry is modified. It is important to remark that the calcium content
of HES can be used as activation agent for improving carbon adsorp-
tion properties because this cation is thought to play an important
role in the removal of heavy metals through ion exchange and other
mechanisms [27]. As a consequence, the maximum adsorption
capacities for heavy metal removal can be significantly enhanced
after the chemical modification of bituminous carbon. In general,
the adsorption capacities of Ca(PO3)2-modified carbon are an order
of magnitude higher than those obtained using raw commercial
bituminous carbon [27].

Samples of raw adsorbent and adsorbent loaded with both
AB25 and heavy metals were characterized using Scanning Electron
Microscopy/Energy-dispersive X-ray spectroscopy (SEM/EDX), X-
ray photoelectron spectroscopy (XPS) and FT-IR spectroscopy. XPS
analyses were performed with an Alpha X-ray spectrometer, oper-
ated in the Constant Analyzer Energy (CAE) mode, with a pass
energy of 20 eV and using a non-monochromatic radiation from
AlK anode (main h� = 1486.68 eV). The curve fitting of component
peaks was performed via non-linear least-squares algorithm using
a mixture of Gaussian and Lorentzian peak shapes (Voigt). FT-IR

spectra were registered from a disc, which was prepared by mix-
ing 0.8 mg  of adsorbent with 400 mg  of KBr, and then pressing the
resulting mixture successively at 5 and 10 tonnes/cm2 for 5 min
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nder vacuum. FT-IR spectra were recorded between 4000 and
00 cm−1 using a MIDAC spectrometer. From the spectrum of each
ample, the reference spectrum of a similar thickness pure KBr disc
as subtracted. Finally, carbon samples were observed under a SEM

QuantaFEG 650, FEI) equipped with an EDX detector.

.2. Multi-component adsorption studies of AB25 and heavy
etals on Ca(PO3)2-modified carbon

Binary systems of AB25–Cd2+, AB25–Ni2+ and AB25–Zn2+ were
sed in the adsorption experiments. These solutions were prepared
rom AB25 dye (Sigma–Aldrich), nitrate salts of Zn2+, Ni2+ and Cd2+

J.T. Baker) and deionized water. In particular, the chemical proper-
ies of AB25 dye are: (a) colour index number: 62055, (b) molecular
eight: 416.38 g/mol, (c) empirical formula: C20H13N2NaO5S and

d) �max: 600 nm.
Batch adsorption experiments were performed using initial con-

entrations ranging from 20 to 500 mg/L for AB25 and from 25 to
00 mg/L for heavy metals. Specifically, multi-component adsorp-
ion studies were performed by shaking a fixed mass of adsorbent
0.02 g) with fixed volumes of binary solutions (10 mL)  at 30 ◦C.
ased on the fact that kinetic studies are important to identify
he equilibrium time and that the calculation of adsorption rates
re useful for process design and for understanding the possible
dsorption mechanisms, the kinetic adsorption parameters were
etermined using binary solutions (i.e., dye–metal ion) with differ-
nt initial concentrations.

On other hand, equilibrium adsorption experiments were per-
ormed to study the competitive effects of both pollutants on

ulti-component removal performance of Ca(PO3)2-modified car-
on. In these experiments, we used a full factorial design (see
able 2) where the main factors of the adsorption process were the
nitial concentrations of both AB25 and heavy metal ion (i.e., Cd2+,
i2+ or Zn2+) in the binary solution. For equilibrium adsorption
xperiments, suspensions (binary solution-adsorbent) were main-
ained at 30 ◦C, for 24 h, using a temperature-controlled shaker,
perating at 200 rpm. pH of adsorption kinetic and equilibrium
xperiments was the natural value of the multi-component solu-
ions, which ranged from 5.2 to 5.7. Note that these conditions are
elow the onset for hydrolysis of Zn2+, Cd2+ and Ni2+ in order to pre-
ent metal precipitation. Response variable of this factorial design
as the adsorbed amount of AB25, Zn2+, Ni2+ and Cd2+ on modified

arbon. For comparison purposes, the adsorbent performance using
ono-component solutions of dye and each metal ion has been also

onsidered in our experiments at the same operating conditions
i.e., pH, temperature and adsorbent dosage). Statistica® software
as used to perform the statistical analysis of results obtained from

he experimental designs.
Dye concentration was determined by UV–Vis spectrometry at

he maximum absorbance of AB25 (i.e., 600 nm) using an UV-Vis
ACH DR 5000 spectrophotometer. Concentrations of Zn2+, Ni2+

nd Cd2+ were determined with a Perkin Elmer AAnalist 100 atomic
bsorption spectrophotometer equipped with an air–acetylene
urner. All the experiments were conducted in triplicate, and the
verage results are reported in this study. Reproducibility of the
xperiments was in general within 6%.

Adsorption capacities for heavy metal ions and dye (qi, mg/g) on
dsorbent were calculated by a mass balance

i = (C0,i − Cf,i)V
m

(1)
here C0,i and Cf,i is the initial and final concentration (mg/L) of
ollutant i (i.e., dye or heavy metal) in the binary solution, V is the
olume (L) of dye–metal ion solution used for adsorption experi-
ents and m is the adsorbent amount (g).
s Materials 199– 200 (2012) 290– 300

2.3. Modeling of simultaneous adsorption of heavy metals and
AB25 using Ca(PO3)2-modified carbon

The modeling of multi-component adsorption has been a
research topic during many years [28] and, until now, several mod-
els have been proposed and can be applied to fit multi-component
adsorption data for heavy metal and dye removal. These models
are useful for the optimal design of water treatment processes.
Usually, the classical isotherm equations for mono-component
adsorption (e.g., Langmuir and Freundlich) have been extended and
modified to represent multi-component adsorption equilibrium
[22,24,28–31]. In this study, we have used the extended Langmuir,
non-modified Langmuir and Sips multi-component isotherms for
modeling the simultaneous adsorption of heavy metals and AB25.
In particular, extended Langmuir model considers that the active
sites are uniform and that all the sorbate molecules in solution
compete for the same surface sites [23]. This model is given by

qe,i = qmaxKiCe,i

1 +
∑c

j=1KjCe,j

(2)

where qmax is the maximum multi-component adsorption capac-
ity and shows an unique value for the different species in
competition, and Ki is an adjustable parameter for each pollu-
tant. Non-modified Langmuir is an extension of the conventional
Langmuir isotherm where the adsorption takes place at specific
homogeneous sites within the adsorbent [23,24]. This model con-
siders specific adjustable parameters (qm,i and KL,i) for each species
in competition and is defined as

qe,i = qm,iKL,iCe,i

1 +
∑c

j=1KL,jCe,j

(3)

Non-modified Sips is also an extension of the basic Sips isotherm
and is characterized by specific adjustable parameters (asi, bsi and
nsi) for each pollutant in competition, where

qe,i =
asiC

1/nsi
e,i

1 +
∑c

j=1bsiC
1/nsi
e,i

(4)

This equation corresponds to a special case of surface energetic
heterogeneity [32]. Details of these models and their application
for modeling multi-component adsorption data can be found in
Reynel-Avila et al. [24].

Herein, it is convenient to remark that several authors have
suggested that the prediction of multi-component adsorption
data can be performed using model parameters obtained from
mono-component adsorption isotherms [33]. Unfortunately, this
approach may  fail to describe the interaction between differ-
ent pollutants in multi-component systems and usually provides
poor predictions for multi-component adsorption equilibrium
[22,28]. Therefore, we have determined the parameters of multi-
component models that provide the best fit to measured data using
a proper data correlation procedure. The parameter determination
of these isotherm models is based on the minimization of the fol-
lowing objective function

Fobj =
ndat∑
j=1

⎡
⎣
(

qexp
e,dye − qcalc

e,dye

qexp
e,dye

)2

j

+
(

qexp
e,metal − qcalc

e,metal

qexp
e,metal

)2

j

⎤
⎦ (5)

where qexp
e,dye and qcalc

e,metal are the experimental and predicted adsorp-
tion capacities for dye and heavy metal in binary system, and

ndat is the overall number of experimental data. In this study, a
non-linear regression approach employing a stochastic global opti-
mization method was used to determine the model parameters of
Eqs. (2)–(4).  Even though these models have a simple mathematical
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Table 2
Experimental design used for the simultaneous adsorption of AB25 and heavy metals on Ca(PO3)2-modified carbon.

Levels Factor A: initial concentration of AB25, mg/L

0 20 125 250 500

Factor B: initial concentration of heavy metal ion, mg/L 0 qe,[20,0] qe,[125,0] qe,[250,0] qe,[500,0]

25 qe,[0,25] qe,[20,25] qe,[125,25] qe,[250,25] qe,[500,25]

qe,[0,5

qe,[0,7

qe,[0,1
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provides a proper description of simultaneous adsorption of both
AB25 and heavy metals in binary systems. In fact, all determination
coefficients (R2) were better than 0.95 indicating that the pseudo
second order model properly fitted to the experimental data.

q t
 fo

r A
B

25
, m

g/
g

a) 

0

30

60

90

120

160012008004000

500 mg/L AB25

500 mg/L AB25 - 100 mg/L Ni2+

500 mg/L AB25 - 100 mg/L Cd2+

500 mg/L AB25 - 100 mg/L Zn2+

q t
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r m
et
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 io
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m
g/

g

b) 

0

5

10

15

20

25

160012008004000

100 mg/L Ni2+
100 mg/L Ni2+ - 500 mg/L AB25
100 mg/L Cd2+
100 mg/L Cd2+ - 500 mg/L AB25
100 mg/L Zn2+
100 mg/L Zn2+ - 500 mg/L AB25
50 

75
100

tructure and relatively few adjustable parameters, the parame-
er estimation problems for modeling adsorption data have usually
on-linear and non-convex solution spaces [19,34]. Therefore, the
se of traditional local optimization methods (e.g., quasi-newton or
implex method) for solving this optimization problem is not reli-
ble. Specifically, in this study the stochastic optimization method
imulated Annealing was used because our results show that this
eta-heuristic is reliable and suitable for adsorption data modeling

19,27,34].
Statistical criterions were used to compare the performance of

odels tested. Specifically, the criterions used to measure the good-
ess of the fittings of models were the objective function value (Fobj)
nd the mean absolute percentage deviation (E) between calculated
nd experimental adsorption capacities, where

i = 100
ndat

ndat∑
j=1

∣∣∣∣∣q
exp
e,i

− qcalc
e,i

qcalc
e,i

∣∣∣∣∣
j

(6)

These statistics were accompanied by a study of the behavior
f the relative residuals eij = (qexp

ij
− qcalc

ij
)/qexp

ij
) to identify obvious

atterns and to perform comparison of tested models.

. Results

.1. Kinetic studies

Adsorption kinetics of AB25 and Cd2+, Ni2+ and Zn2+ on
a(PO3)2-modified carbon using single and binary solutions are
eported in Figs. 1 and 2. Our results show that the dye adsorption
inetic is not significantly affected by the presence of these metal
ons. Practically, the equilibrium adsorbed amount of AB25 on
dsorbent is the same in both single and binary solutions. For exam-
le, the dye adsorption capacity is around 110 mg/g using a binary
olution with an initial dye concentration of 500 mg/L. This adsorp-
ion capacity is independent of both the type of heavy metal and its
nitial concentration in binary system (see Fig. 1). However, adsorp-
ion kinetics of all heavy metals are affected by the dye content
n binary systems. In fact, the presence of AB25 favors the adsorp-
ion of all heavy metals and the adsorption capacities increase with
ye concentration in binary solutions. Note that these adsorption
apacities are higher than those obtained in mono-cationic metal-
ic solutions. For example, using binary solutions with an initial dye
oncentration of 500 mg/L and a metal concentration of 100 mg/L,
he adsorbed amounts of Zn2+, Ni2+ and Cd2+ increased from 4 to
6 mg/g, from 5 to 15 mg/g and from 8 to 23 mg/g, respectively. It is
onvenient to remark that, although Figs. 1 and 2 contain data for
elected concentrations of heavy metals and AB25, this pattern of
dsorbent performance is typical for others concentrations of both

ollutants.

Adsorption kinetic rates of dye and heavy metals on modi-
ed carbon were calculated using the pseudo second order kinetic
odel [35]. Ho et al. [36] have showed that this kinetic expression
0] qe,[20,50] qe,[125,50] qe,[250,50] qe,[500,50]

5] qe,[20,75] qe,[125,75] qe,[250,75] qe,[500,75]

00] qe,[20,100] qe,[125,100] qe,[250,100] qe,[500,100]

is useful to describe multi-component systems. This kinetic model
is defined as

qt,i =
q2

te,i
kit

1 + qte,ikit
(7)

and the initial adsorption rate h is given by

h = 2kq2
te (8)

where qt,i is the adsorption capacity of tested pollutant i (mg/g) at
time t (min), qte,i is the theoretical adsorption capacity of pollutant
i (mg/g) at equilibrium, and k is the rate constant of pseudo-second
order adsorption (g/mg min).

Adsorption rate parameters are reported in Tables 3 and 4.
Results of data fitting indicate that pseudo second order model
Time, min 

Fig. 1. Adsorption kinetics of (a) AB25 and (b) heavy metals on Ca(PO3)2-modified
carbon using binary solutions.
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Table 3
Kinetic parameters of pseudo-second order model for the simultaneous adsorption of AB25 and heavy metals on Ca(PO3)2-modified carbon.

Solution Concentration, mg/L Pollutant qte, mg/g k, g/(mg min) h R2

AB25 alone 500 AB25 117.65 2.31E−05 0.64 0.9763
AB25–Ni2+ 500–100 AB25 129.87 1.56E−05 0.52 0.9788

Ni2+ 15.48 3.00E−04 0.14 0.9870
Ni2+ alone 100 Ni2+ 4.98 3.34E−03 0.17 0.9990
AB25–Cd2+ 500–100 AB25 125.00 1.80E−05 0.56 0.9552

Cd2+ 24.88 1.56E−04 0.19 0.9852
Cd2+ alone 100 Cd2+ 8.18 6.99E−04 0.09 0.9898
AB25–Zn2+ 500–100 AB25 117.65 2.50E−05 0.69 0.9853

Zn2+ 15.63 1.55E−03 0.76 0.9998
Zn2+ alone 100 Zn2+ 3.31 2.67E−02 0.58 0.9999

Table 4
Kinetic parameters of pseudo-second order model for the simultaneous adsorption of AB25 and Zn2+ on Ca(PO3)2-modified carbon.

Solution Concentration, mg/L Pollutant qte, mg/g k, g/(mg min) h R2

AB25 alone 20 AB25 10.54 1.33E−03 0.29 0.9992
500  AB25 117.65 2.31E−05 0.64 0.9763
1000  AB25 156.25 2.12E−05 1.04 0.9833

Zn2+ alone 100 Zn2+ 3.31 2.67E−02 0.58 0.9999
AB25–Zn2+ 20–100 AB25 9.78 2.32E−03 0.44 0.9996

Zn2+ 3.83 2.74E−02 0.80 0.9999
500–100  AB25 117.65 2.50E−05 0.69 0.9853

O
(
i
t

F
u

Zn2+

1000–100 AB25 

Zn2+
verall, our calculations confirm that the dye adsorption rate
kAB25) is not significantly affected by the presence of heavy metal
ons in multi-component solutions. However, the kinetic adsorp-
ion parameters of heavy metals are clearly affected by the presence
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ig. 2. Adsorption kinetics of (a) AB25 and (b) Zn2+ on Ca(PO3)2-modified carbon
sing binary solutions.
15.63 1.55E−03 0.76 0.9998
158.73 1.40E−05 0.71 0.9727

17.95 2.16E−04 0.14 0.9986

of AB25 in binary systems. In general, the rate constants of heavy
metals decrease with dye concentration due to the simultaneous
presence of both pollutants in adsorption system. It is convenient to
remark that the adsorption rate constants (k) of all heavy metal ions
are an order of magnitude higher than those values observed for
AB25 in both mono-component and multi-component systems. In
particular, the adsorption rate of Zn2+ is higher than those reported
for both Ni2+ and Cd2+ ions. Our results indicate that adsorption
process of metal ions is faster in the initial stage than that obtained
for AB25 adsorption in both mono- and multi-component solu-
tions. This is because the dye has a higher molecular weight than
those of heavy metal ions. Note that this pollutant characteristic
affects the mass transfer mechanisms involved in adsorption pro-
cess. In general, it appears that initial rate constants h depend on
the initial concentrations of both pollutants. At tested conditions,
the adsorption equilibrium was obtained at 1440 min for all binary
systems.

3.2. Equilibrium studies

Figs. 3 and 4 show the results of experimental designs used to
study the simultaneous adsorption of both AB25 and heavy metals.
To perform data analysis, the effect of both dye and heavy metals in
multi-component removal performance of Ca(PO3)2-modified car-
bon has been studied and determined using the ratio of adsorption
capacities (Rq)

Rq,i = qe,i

q0,i
(9)

where qe,i is the adsorption capacity for pollutant i in the binary
solution and q0,i is the adsorption capacity of that pollutant with
the same initial concentration in a mono-component solution. Lit-
erature indicates that: (a) if Rq,i > 1, the adsorption of pollutant i is
promoted by the presence of other pollutants, (b) if Rq,i = 1, there is
no effect on adsorption capacity of pollutant i, and (c) if Rq,i < 1, the

presence of other pollutants suppresses the adsorption of pollutant
i [24,37–39].  This analysis has been used to study and characterize
the performance of modified carbon in the removal of AB25 and
heavy metal ions under competitive conditions.
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ig. 3. Multi-component adsorption equilibrium of AB25, Zn2+,  Ni2+ and Cd2+ on Ca(
nd  (©) multi-component system.

In particular, Fig. 3 shows the results for multi-component
dsorption of dye and heavy metals on Ca(PO3)2-modified car-
on, while the results for Rq,i are plotted in Fig. 4 as a function
f the initial concentration (dye–heavy metal) of tested binary sys-
ems. For comparison purposes, the mono-component isotherms
f each pollutant are also included in Fig. 3. Our results show
hat the increment of dye concentrations significantly affects the
ptake of all heavy metal ions in the bi-pollutant system. Note
hat the adsorption capacities for Zn2+, Cd2+ and Ni2+ can be sig-
ificantly improved (i.e., Rq,i > 1.0) by the presence of AB25 in
inary solutions. Specifically, the maximum adsorption capacities
or Zn2+, Cd2+ and Ni2+ are, respectively, 3.4, 8.0 and 5.0 mg/g in

ono-cationic metallic systems, and 16.3, 25.3 and 16.0 mg/g for

inary systems; i.e., the adsorption capacities in binary solutions
re an order of magnitude higher than those values observed for
ono-component systems. However, the effect of AB25 concen-

ration is less significant at higher metal concentrations especially
-modified carbon using binary solutions of dye–heavy metal. (�) Mono-component

for Zn2+ ions. Statistical analysis of our experimental designs,
using Rq as dependent variable, confirmed this interactive effect
between dye and metal ion concentrations. In summary, this
synergic adsorption depends on both the metal ion and dye con-
centrations and its magnitude is also different for tested heavy
metals. Herein, it is convenient to remark that similar find-
ings have been reported by Shukla and Pai [25]. These authors
determined that the adsorption of cupper, nickel and zinc may
increase up to 100% using dye loaded groundnut shells and
sawdust.

On other hand, the adsorption capacities of AB25 are not affected
by the presence of heavy metal ions in binary solutions (i.e.,
Rq,AB25 ∼= 1.0 for all binary systems at tested conditions). The maxi-

mum  adsorbed amount of AB25 is ∼=110 mg/g in all binary systems,
see Fig. 3. Therefore, these results are useful to discard the com-
petitive adsorption between AB25 and Zn2+, Cd2+ and Ni2+ on
Ca(PO3)2-modified carbon.
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ig. 4. Ratio of adsorption capacities (Rq) versus the initial concentration of binary so
arbon.

Results of data modeling of multi-component adsorption exper-
ments are given in Table 5. It is clear that tested multi-component
sotherm models failed to fit our binary adsorption data. These

odels showed a mean absolute percentage deviation (E) from 3 to
6%. In general, the performance of the models used for fitting the
imultaneous removal of both AB25 and heavy metals is poor and is
iven by: non-modified Sips > non-modified Langmuir > extended
angmuir. In particular, non-modified Sips model gave better data
orrelations but its accuracy is not proper and suitable for pro-
ess design. Considering this fact, we have used an empirical model
ased on the response surface methodology RSM [40] for fitting the

imultaneous adsorption data of AB25 and heavy metals. Specifi-
ally, the responses (i.e., equilibrium adsorption capacities qe,i) of
ur experimental design can be related to the independent fac-
ors (i.e., equilibrium concentrations of pollutants Ce,i) by linear or
 for the simultaneous removal of AB25, Zn2+, Ni2+ and Cd2+ using Ca(PO3)2-modified

quadratic models. Then, we  have considered a quadratic RSM model
for modeling multi-component adsorption data, which is defined
as

qe,i = ˇ0 +
k∑

i=1

ˇiCe,i +
k∑

i=1

ˇiiC
2
e,i +

k∑
i

k∑
j=i+1

ˇijCe,iCe,j (10)

where k is the number of factors in the experimental design, ˇ0 is
the constant coefficient, ˇi, ˇij and ˇii are the coefficients of lin-
ear, interaction, and quadratic terms of RSM model. Parameters of
this RSM model were determined using a multiple linear regression

analysis according to classical statistical procedures [40]. Table 6
reports the RSM models obtained for all correlations performed
and our results show that the experimental data are best described
by RSM models. Specifically, these models showed a mean
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Table 5
Parameters of multi-component adsorption models used for data fitting of the simultaneous adsorption of AB25 and heavy metals on Ca(PO3)2-modified carbon.

System Extended Langmuir E, %

qmax K1 K2 Fobj AB25 Metal

AB25–Cd2+ 218.520 7.15E−03 2.55E−03 6.650 33.50 ± 29.79 65.57 ± 31.68
AB25–Ni2+ 197.052 9.11E−03 1.71E−03 5.375 31.03 ± 27.65 52.50 ± 32.12
AB25–Zn2+ 310.387 2.99E−03 8.07E−04 7.080 44.92 ± 30.12 52.23 ± 30.87

System  Non-modified Langmuir E, %

qm,1 KL,1 qm,2 KL,2 Fobj AB25 Metal

AB25–Cd2+ 193.890 2.18E−02 30.236 9.33E−02 5.407 41.73 ± 28.70 51.80 ± 29.73
AB25–Ni2+ 182.189 3.71E−02 20.712 8.58E−02 4.439 35.56 ± 28.97 41.53 ± 29.53
AB25–Zn2+ 207.156 1.51E−02 17.445 5.70E−02 6.453 44.58 ± 31.26 47.07 ± 29.19

System  Non-modified Sips E, %

as1 bs1 ns1 as2 bs2 ns2 Fobj AB25 Metal

AB25–Cd2+ 31.374 4.402 0.001 10.841 6.619 0.001 0.482 3.36 ± 2.90 26.46 ± 21.08
AB25–Ni2+ 27.434 4.041 0.001 6.717 6.064 0.001 0.215 5.18 ± 3.66 16.86 ± 24.65
AB25–Zn2+ 44.702 6.715 0.001 8.647 18.022 0.001 0.777 7.12 ± 5.57 22.60 ± 11.34

Table 6
Response surface methodology models used for data fitting of the simultaneous adsorption of AB25 and heavy metals on Ca(PO3)2-modified carbon.

System RSM models R2 E, %

AB25–Zn2+ qAB25 = 49.10871 + 0.472605Ce,AB25 + 0.173207Ce,Zn2+ − 0.000206Ce,AB25Ce,Zn2+ − 0.000972C2
e,AB25 − 0.001527C2

e,Zn2+ 0.996 1.45

qZn2+ = 5.69485 + 0.058552Ce,AB25 + 0.085935Ce,Zn2+ − 0.000046Ce,AB25Ce,Zn2+ − 0.000124C2
e,AB25 − 0.00064C2

e,Zn2+ 0.999 0.51

AB25–Ni2+ qAB25 = 40.50745 + 0.452578Ce,AB25 + 0.418539C
e,Ni2+ + 0.000213Ce,AB25C

e,Ni2+ − 0.000798C2
e,AB25 − 0.005147C2

e,Ni2+ 0.992 2.74

qNi2+ = 7.103656 + 0.023883Ce,AB25 + 0.127031C
e,Ni2+ − 0.000078Ce,AB25C

e,Ni2+ − 0.00001C2
e,AB25 − 0.000814C2

e,Ni2+ 0.987 1.31

006Ce
2 2

123Ce

a
r
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m
a
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AB25–Cd2+ qAB25 = 45.29104 + 0.518318Ce,AB25 + 0.235232C
e,Cd2+ − 0.000

qCd2+ = 7.017207 + 0.091198Ce,AB25 + 0.367684C
e,Cd2+ − 0.000

bsolute percentage deviation (E) from 0.51 to 3.76% and cor-
elation coefficients (R2) higher than 0.99 in all binary systems.
herefore, these empirical models can be used for design and opti-
ization of multi-component adsorption process involving AB25

nd heavy metals.

.3. Adsorbent characterization
Textural characteristics and chemical functionality of the
a(PO3)2-modified carbon for heavy metal removal has been dis-
ussed in [27]. Based on this fact, characterization results presented
n this study are mainly focused on the modification that occurs in

ig. 5. SEM images at two  magnifications (500 and 40 �m)  of Ca(PO3)2-modified carbon 

amples: (a and e) raw carbon, (b and f) modified carbon after adsorption of AB25–Cd2+, 
,AB25C
e,Cd2+ − 0.001028C

e,AB25 − 0.002974C
e,Cd2+ 0.996 1.88

,AB25C
e,Cd2+ − 0.0002C2

e,AB25 − 0.00336C2
e,Cd2+ 0.979 3.76

this adsorbent when both dye and heavy metals are simultaneously
adsorbed. Fig. 5 shows the SEM images of carbon with and without
adsorbed dye and heavy metals. In general, the adsorbent particles
are globular and no change was  observed in its morphology after
the simultaneous adsorption of tested pollutants. However, EDX
results show interesting differences in the adsorbent at 100 �m,
see Table 7. EDX spectroscopy confirms our previous conclusion
and shows that there is an increment of the amount of heavy met-

als in the samples of adsorbent loaded with AB25. Overall, EDX
analysis indicate that the relative content of Zn2+, Cd2+ and Ni2+

are, respectively, 0.27, 0.55 and 0.7% for adsorbent samples from
mono-component solutions, and 2.38, 3.31 and 2.30% for adsorbent

used for the simultaneous adsorption of AB25 and heavy metals in binary systems.
(c and g) AB25–Ni2+ and (d and h) AB25–Zn2+.
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Table 7
Results of EDX and XPS analysis of Ca(PO3)2-modified carbon with and without adsorbed dye and heavy metals.

EDX w% in adsorbent samplea

Element Raw AB25 Cd2+ Ni2+ Zn2+ AB25–Cd2+ AB25–Ni2+ AB25–Zn2+

C 84.76 82.61 85.81 83.98 84.38 78.04 79.64 81.82
O  10.04 11.43 9.54 11.07 11.53 15.19 14.21 10.89
Al  0.74 1.19 0.80 0.81 0.65 0.50 0.58 0.71
Na – 1.09  – – – – – –
Si 0.97 0.82 1.13 1.05 0.89 0.61 0.68 0.96
P  0.64 0.21 0.28 0.28 0.28 0.10 0.07 0.21
S  2.35 2.59 1.89 1.63 1.56 2.18 2.53 3.03
Ca  0.04 0.05 – – 0.02 0.07 – –
Fe  0.47 – – 0.48 0.42 – – –
Cl – 0.02  – – – – – –
Cd – – 0.55 – – 3.31 – –
Ni  – – – 0.70 – – 2.30 –
Zn –  – – – 0.27 – – 2.38

XPS w% in adsorbent samplea

Element Raw AB25 Cd2+ Ni2+ Zn2+ AB25–Cd2+ AB25–Ni2+ AB25–Zn2+

C 94.24 92.56 94.85 93.44 94.23 92.85 92.01 92.14
O  5.34 5.47 5.15 5.44 5.27 5.89 6.03 5.58
P 0.41  – – – – – – –
N  – 0.91 – – – – 1 1.02
S  – 0.46 – – <0.15 0.59 0.5 0.5
Si  – 0.6 – 1.11 0.5 0.5 0.46 0.53
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adsorption of methylene blue and copper using fly ash. Specifically,
they concluded that the increase in the copper adsorption efficiency
can be explained considering the largest methylene blue affinity
for the substrate. According to these authors, it appears that the
Cd  – – – – 

Zn – –  – – 

a Undetected.

amples obtained from binary solutions. On the other hand, Table 7
lso shows results from XPS analysis. In this case, low percentages
f Cd2+ (0.16%) and Zn2+ (0.23%) were observed only in the carbon
amples loaded with the mixture AB25–Cd2+ and AB25–Zn2+. XPS
nalysis corresponding to C 1s, N 1s, O 1s and S 2p were performed
the spectra are not reported in this paper). In general, no changes
ere observed in the XPS electronic spectra of C 1s and N 1s for

dsorbent loaded with both pollutants. The analysis for C 1s and
 1s showed that the ether and hydroxyl groups are predominant

n the adsorbent surface besides the phosphate groups [27]. Note
hat some interesting changes in the bands for the spectra of O
s and S 2p were observed. For example, for O 1s, a proportional

ncrease was evident in the band at 531.5 eV in the carbon sam-
le loaded with both dye and heavy metals in comparison with the
aw adsorbent and the adsorbent loaded with only one pollutant
i.e., dye or heavy metal). Also, in the S 2p spectra, in particular
or the peak corresponding to oxidized sulfur of –SO3

− groups of
B25, two bands were observed (167.5 and 168.5 eV). The band at
68.5 eV is more intense when this dye has been adsorbed on car-
on. However, when the dye and heavy metals are simultaneously
dsorbed, these two bands (i.e., 167.5 and 168.5 eV) have the same
ntensity. Finally, FT-IR spectra of Ca(PO3)2-modified carbon with
nd without adsorbed dye and heavy metals are shown in Fig. 6.
n general, no significant differences were observed between the
aw carbon (Fig. 6a) and the carbon loaded with both pollutants
Fig. 6b–h). Four principal bands were identified in these spectra,
he first at 3434 cm−1 corresponding to stretching vibration O–H of
henolic groups, the second at 1711 cm−1 which is characteristic of
arbonyl groups, the third at 1570 cm−1 corresponding to stretch-
ng vibration C C of aromatic compounds and, finally the band at
080 cm−1 characteristic of stretching vibrations C–O [41].

Based on these characterization results and adsorption experi-
ents, an adsorption mechanism for removal of heavy metals in the

resence of AB25 is proposed and described in Fig. 7. It appears that

dsorption performance of Ca(PO3)2-modified carbon in the simul-
aneous removal of AB25 and heavy metals is probably caused by
he fact that the anionic dye favors the electrostatic interactions
ith metal ions or may  create new specific sites for adsorption
– 0.16 – –
– – – 0.23

process, thus improving the adsorption capacities of this novel
adsorbent. In particular, the metallic species may interact with the
–SO3

− group of AB25 and with the hydroxyl and phosphoric groups
of Ca(PO3)2-modified carbon. It is important to remark that similar
trends have been reported by Visa et al. [26] for the simultaneous
Fig. 6. FT-IR spectra of Ca(PO3)2-modified carbon with and without loaded dye and
heavy metals.
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Fig. 7. Proposed mechanism for the simultaneous remov

ye is firstly adsorbed on the substrate and after that copper ion is
ffectively adsorbed on this new layer.

. Conclusions

In this study, multi-component kinetic and equilibrium adsorp-
ion studies of AB25 and heavy metals using a Ca(PO3)2-modified
arbon have been performed. Our results show that the presence of
B25 significantly affects the uptake of Cd2+, Ni2+ and Zn2+ ions in

he bi-pollutant system. This synergic adsorption depends on both
he metal ion and dye concentrations and its magnitude is also dif-
erent for tested heavy metals. However, the dye adsorption is not
ignificantly affected by the presence of these metal ions and, prac-
ically, the adsorbed amount of AB25 on Ca(PO3)2-modified carbon
s the same in both single and binary solutions. This adsorption
erformance may  be caused by the fact that the anionic dye favors
he electrostatic interactions with metal ions or may  create new
pecific sites for adsorption process. In particular, characterization
esults suggest that the heavy metals may  interact with the –SO3

−

roup of AB25 and with the hydroxyl and phosphoric groups of
a(PO3)2-modified carbon. However, it is important to remark that
he study and analysis of multi-component adsorption process is
omplex because adsorption is affected by several factors. In fact,
here are various mechanisms involved in the removal of both dyes
nd heavy metal ions, which may  occur simultaneously. Therefore,
urther studies are necessary to confirm and validate the proposed

echanism in this study. Finally, an empirical model based on
esponse surface methodology provided better correlations for our
xperimental data than those obtained using non-modified Sips,
on-modified Langmuir and extended Langmuir multi-component
odels. In summary, this study provides new insights about the

imultaneous removal of dyes and heavy metals using activated
arbons, and our results could be further employed in the opti-
ization and implementation of effective adsorption processes for

reatment of wastewaters polluted by both hazardous species.
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