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Abstract—This study investigates optimization of various competitive adsorption parameters for removal of Cd(Il),
Ni(II) and Pb(Il) from aqueous solutions by commercial activated carbon (AC) using the Taguchi method. Adsorption
parameters such as initial metal concentration of each metal ion (C, ), initial pH (pH,), adsorbent dosage (m) and contact
time (t) in batch technique were studied to observe their effects on the total adsorption capacity of metals onto activated
carbon (q,,). The adsorbent dosage has been found to be the most significant parameter. Interactions between C, .,x
Coni> Co.ca*Co p» and C, < Cy 5, have been considered for simultaneous metal ions adsorption. The optimum condition
for adsorption of metal ions were obtained with C, =100 mg L™, pH,=7, m=2 g L' and t=80 min. Finally, experimen-
tal results showed that a multi-staged adsorptive treatment would be necessary to reach the minimal discharge standards

of metal ions in the effluent.
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INTRODUCTION

Environmental contamination with heavy metals is caused by
several industries such as oil refinery plants, metal plating, mining,
painting, and car radiator manufacturing, and also by agricultural
sources such as fertilizers and fungicidal sprays. The presence of
heavy metals in the environment is a major concern because of their
toxicity and threat for human life and for the environment, espe-
cially when tolerance levels are exceeded [1]. In this context, the
recovery of heavy metals from wastewater has become a major topic
of research in water treatment. Cadmium (Cd(I)) is a non-essential
and a non-biodegradable metal ion which slowly accumulates in
the body of living creatures, usually through the food chain [2,3].
Nickel salts are commonly used in metal plating and its concentra-
tion in industrial wastewater varies between 6 to 12 mg L', which
is above the safe limit. The chronic toxicity of nickel to humans
and the environment is well known and high nickel concentration
causes gastrointestinal irritation and lung and bone cancers [4]. Lead
is an important compound used as an intermediate in processing
industries such as plating, paint and dyes, glass operations, and lead
batteries. However, its presence in water even at a very low level
would be harmful to aquatic life and human health due to its toxico-
logical, potential carcinogenic and neurotoxical effects [5]. The toler-
ance limits for Cd(II), Pb(IT) and Ni(II) ions in industrial effluent
discharging into the inland surface waters are 2, 0.1 and 3mg L™,
respectively [6].

Several methods are commonly used for these metals adsorp-
tion such as chemical precipitation, membrane filtration and ion
exchange, but adsorption has been shown to be an economical alter-
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native for removing metal traces from water [7].

So far, the interest in adsorption of heavy metal ions onto activated
carbon has been focused on adsorption of single component system.
However, wastewater is a complicated mixture containing more than
one metal ion. Recently, a number of studies were carried out on com-
petitive adsorption of metal ions onto various adsorbents [8-13].

The investigation of adsorption behavior of activated carbons
and natural adsorbents for recovery of heavy metals from single
component solutions has been the aim of many previous studies
[14-21]. In this study, the feasibility of activated carbon application
for competitive adsorption of various heavy metal ions was evalu-
ated. The main aim is maximizing the selected response character-
istic (total adsorption of metal ions by activated carbon (q,,)) by
optimizing various parameters affecting the competitive adsorption
of Cd(II), Ni(Il) and Pb(I) metal ions from aqueous solutions. The
effects of individual parameters and their interactions on g, will be
examined using the Taguchi method.

MATERIAL AND METHODS

1. Adsorbent and Adsorbates

The commercially available granular activated carbon (16-50
mesh) was purchased from INDOGERMAN (wt -c830) and pre-
conditioned prior to use in the experiments. Granulated activated
carbon was washed with deionized water. Treated activated carbon
was dried in an oven at 105 °C and stored until use. The main charac-
teristics of this carbon have been listed in Table 1.

Standard stock solutions of Ni(IT), Cd(IT) and Pb(II) (1,000 mg L™)
were prepared by dissolving spectral pure grade chemicals Ni(NO,)-
6H,0, CdINO,),”2H,0 and Pb(NO,), (MERCK, Germany) in deion-
ized water, respectively. The stock solution for each metal salt was
diluted with DW to obtain metal ion concentration in the range of
0-100 mg/! for use in the experiments. Atomic absorption spectro-
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Table 1. Characteristics of the activated carbon

Specification

Mesh size

Surface area (m* g™')
Iodine number (mg I, g™')
Apparent density (g mL™")
Hardness no.

Moisture (%)

Ash (%)

photometer (VARIAN- AA240, Australia) was applied for metals
analyzing at the wavelength of 228.8, 232 and 213.9 nm, for Cd(II),
Ni(II) and Pb(II), respectively, by using air-acetylene flame.
2. Design of Experiments

We selected Taguchi’s methodology for optimizing parameters
in the simultaneous adsorption of Cd(Il), Ni(IT) and Pb(II) metal
ions from aqueous solutions by activated carbon. The process param-
eters having significant impact on adsorption were selected (Table
2). To understand the interactive effects of initial concentration of
metal ions, three interactive parameters were also studied. Accord-

Table 2. Parameters for multi-component adsorption of metal ions onto AC

Parameter Units 1-Level 2-Level 3-Level
A: Initial concentration of nickel (C,, Ni) mg L™ 0 50 100
B: Initial concentration of cadmium (C,, Cd) mg L™ 0 50 100
C: Initial concentration of lead (C,, Pb) mgL™! 0 50 100
D: Initial pH of solution (pH,) - 3 5 7
E: Adsorbent dose (m) gL 2 6 10
F: Contact time (t) min 40 80 120

Table 3. Column assignment for the various factors and three interactions in Taguchi’s L,, orthogonal array and experimental q,,, values

[\
(o)

2395 23.88 23915 2757

Exp. 1 2 3 4 5 6 7 8 9 10 11 12 R/’ R, R S/N

no A B AxB AxB C AxC AxC BxC D BxC

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

2 0 0 0 0 1 1 1 1 1 1 1 1 7.35 7.40 7.380 17.36

3 0 0 0 0 2 2 2 2 2 2 2 2 7.68 7.66 7.665 17.70

4 0 1 1 1 0 0 0 1 1 1 2 2 8.30 8.33 7315 18.40

5 0 1 1 1 1 1 1 2 22 0 0 7.05 7.08 7.065 16.98

6 0 1 1 1 2 2 2 0 0 0 1 1 2695 27.03 26980 28.62

7 0 2 2 2 0 0 0 2 2 2 1 1 9.26 9.27 9.265 19.34

8 0 2 2 2 1 1 1 0 0 0 2 2 3512 3509 35105 3091

9 0 2 2 2 2 2 2 1 1 1 0 0 18.62 18.66 18.64 2541
10 1 0 1 2 0 1 2 0 1 2 0 1 3.35 3.42 3385 10.59
11 1 0 1 2 1 2 0 1 2 0 1 2 3071 30.74 30.725 29.75
12 1 0 1 2 2 0 1 2 0 1 2 0 9.62 9.69 9.655 19.69
13 1 1 2 0 0 1 2 1 2 0 2 0 1595 1599 15970 24.07
14 1 1 2 0 1 2 0 2 0 1 0 1 9.31 9.27 9.290 1936
15 1 1 2 0 2 0 1 0 1 2 1 2 1411 14.08 14.095 2298
16 1 2 0 1 0 1 2 2 0 1 1 2 1172 11.68 11.700 21.36
17 1 2 0 1 1 2 0 0 1 2 2 0 10.61 1050 10.555 20.49
18 1 2 0 1 2 0 1 1 2 0 0 1 4561 4571 45.660 33.19
19 2 0 2 1 0 2 1 0 2 1 0 2 7.92 7.97 7.945  18.00
20 2 0 2 1 1 0 2 1 0 2 1 0 452 4.56 4540 13.14
21 2 0 2 1 2 1 0 2 1 0 2 1 41.60 41.61 41.605 32.82
22 2 1 0 2 0 2 1 1 0 2 2 1 5.75 5.74 5.745  15.19
23 2 1 0 2 1 0 2 2 1 0 0 2 3915 3921 39.180 31.86
24 2 1 0 2 2 1 0 0 2 1 1 0 2290 2286 22.880 27.19
25 2 2 1 0 0 2 1 2 1 0 1 0 2295 2299 22970 2723

2 2 1 0 1 0 2 0 2 1 2 1
2 1 1 1 0 2 0 2

27

[\
(=)
[\

(e}

13.85 13.89 13.870 22.84

‘R, and R, are responses (total capacity of metal ions adsorption (mg g™"))

R, average of R, and R,
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ing to this method, L, orthogonal array (OA) was suitable to deter-
mine the effects of the factors and the optimum operating conditions,
with six parameters, each at three levels and three second-order in-
teractions. Table 3 shows the selected L,, OA with assignment of
parameters and interactions. All experiments were carried out twice
under the same conditions.
3. Batch Experimental Adsorption Studies

For each experimental run, 50 ml of the aqueous solution of known
concentration of either Cd(I) or Ni(Il) and Pb(II), was taken in 150
ml conical flask containing pre-weighed amount of AC. These flask
were agitated at a constant shaking rate of 220 rpm in a tempera-
ture-controlled orbital shaker (N-Biotek Orbital Shaking Incubator,
NB-205) maintained at 30 °C. The initial pH (pH,) of solution was
adjusted using 1 N HNO, or 1 N NaOH aqueous solution without
any further adjustment during the sorption process. The metal con-
centration retained in the adsorbent phase was calculated by fol-
lowing equation:

9~(C—-C)m M
where C, and C, are initial and equilibrium concentrations (mg L™)
of metal ion solution respectively; V is the volume of solution (L); and
m is the mass of the adsorbent (g). The adsorption of metal ions from

the solution and the equilibrium adsorption uptake in the solid phase,
q. (mg/g), was calculated using the following relationship [22]:

q(tot)= ;(co,f—ce,,»)/m @

The sorption percentage (% adsorption) of metal ions from aque-
ous solution is computed as follows:

CO_Ce

0

Adsorption (%)= x 100 3
4. Analysis of Experiments

The obtained experimental data was processed with the “higher
is better” (HB) quality characteristic to determine the optimum con-
ditions, identify individual parameters of significance and estimate
total metal adsorption (q,,) at the optimum conditions [23]. The plot
of average response curves, analysis (ANOVA) for raw data and
signal-to-noise ratio (S/N) data were used for data analysis in Taguchi
method. After determination of the optimum condition, the mean
of the response (1) at the optimum condition was predicted. The
mean at the optimal condition (optimal value of the response char-
acteristic) was estimated as [22,23]:

U=T+(Ea=T)+(Bo—T)=Ar 4+ Bo—T @)

where T is the overall mean of the response, and A, and B, represent
average values of response at the second levels of parameters A
and B, respectively.

The average results for each level of parameters are listed in Table
3. Taguchi defines the loss function L(y) as a quantity proportional
to the deviation from the nominal quality characteristic. In the case
of HB type quality characteristics, the loss function is given by the
following equation [24,25]:

111
Sttt

L(y)=2 ©)
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The S/N ratio consolidates several repetitions (at least two data points
are required) into one value. The equation for calculating S/N ratios
for HB-type characteristics is as follows [24,25]:

(S/N)z—lOlog[lilz] 6)
Misty;
where y; is the value of the characteristic in an observation i and n
is the number of observations or number of repetitions in a trial.
5. Kinetic Experiments

To study kinetic parameters in this adsorption system, batch tests
were performed to determine kinetics parameters of adsorption. In
these experiments, the effect of contact time on the metals adsorp-
tion by AC from solutions with different initial concentrations of
metal ions of 50, 100 and 200 mg L' has been investigated. The
other operating parameters were: carbon dosage: 4 g L™', contact
time: 3-360 min, temperature: 25 °C, shaking rate: 220 rpm.
6. Desorption Experiments

In these tests, desorption studies were examined for reusability
of activated carbon. The fresh AC was saturated with each of the
metal ions, in the single and ternary systems, under the conditions
as follows:

AC dosage: 5 gL', initial pH: 7.0, and shaking time: 3 h.

Subsequently, the metal-loaded AC was filtered and washed with
distilled water sequentially several times to remove the residual unad-
sorbed metal ions. After drying, 0.25 g of the saturated sorbents was
treated with 50 mL of extractant solutions including HNO; and HC1
(in various concentrations: 0.01, 0.1, 0.5 and 1 M) for 3 h. Desorption
percentage was calculated from the amount of metal ions desorbed
divided by the amount of metal ions adsorbed.

RESULTS AND DISCUSSION

1. Effect of Process Parameters

The observed results for the effect of process parameters are illus-
trated in Fig. 1. In this figure, values of q,,, increased as the initial
concentration of the metal ions were increased. This result (Fig. 1(a),
(b) & (c)) may be a result of high driving force for mass transfer
[22,26]. Fig. 1 shows an increase in q,, with increasing the contact
time from 40 to 80 minutes. However, q,, decreases with further
increase in time from levels 80 to 120 min. The results revealed
that adsorption of species is fast at the initial stages of the contact
period, and thereafter, it becomes slower near the equilibrium. Be-
tween these two stages of the adsorption, the rate of sorption is found
to be nearly constant. This is obvious by the fact that a large number
of vacant surface sites are available for sorption during the initial
stage, and after a lapse of time, the remaining vacant surface sites
are difficult to occupy due to repulsive forces between the solute
ions on the solid and the bulk phases [26,27]. Thereafter, the metal
ions have to travel further deep into the pores with much larger re-
sistance [25].

These results indicated a decrease in the rate of adsorption later
on. Therefore, the adsorption of metal ions increases with time until
equilibrium is reached between the solute molecules in the liquid
and the solid phases [25-27].

An increase in pH, showed higher adsorption capacity up to 7.
Because of having functional groups on AC surface, these groups
can have the potential for forming chelates easily with the metal
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Fig. 1. Effect of process parameters on q,, for multi component adsorption of metal ions onto AC (a) C, »; (b) C, p; (¢) C,, 5 (d) contact

time; (e) pH, and (f) adsorbent dosage.

ions and improve the activated carbon surface. Consequently, such
negatively charged groups were showing affinity towards the posi-
tively charged or neutral metal species due to electrostatic interaction.
These interactions may be responsible for the significant adsorp-
tion of metal ions by the following possible reactions [1,29]:

2S—COH+M &S —(CO)M +2H" @)
28— COH;' +M'«>S-COM™ +2H" ®)

where M=Metal species of Pb, Ni or Cd
S=activated carbon surface

The above mechanism has been confirmed by an increasing initial
metal ion concentration in aqueous solution as the final pH of solution
decreases. This clearly indicates that sorption of more metal ions
releases more H™.

At lower pH values (<3.0), the active sites of the adsorbent are
less available for metal ions due to protination of the active sites at

higher H" concentration. At moderate pH values (e.g. 3.0-6.0), linked
H" is released from the active sites and adsorbed amount of the metal
ions is increased. In this pH range, it is believed that the ion exchange
and complex formation processes are the major mechanisms for
adsorption of single metal ions from solution. At pH the values higher
than 6.0, both ion exchange and aqueous metal hydroxide forma-
tion (not necessarily precipitation) may become significant mecha-
nisms in the metal adsorption process. For this reason, the optimum
pH value for adsorption of multi component system is 7 [1,28-29].

As adsorbent dosage (m) increased from 2 to 10 g L™, the values
of q,, decreased. This is attributed to the decrease in unit adsorp-
tion as m increased, even though the adsorption of metal ions in-
creased due to availability of larger surface area and more adsorp-
tion sites [25].

The interaction between initial concentrations of Cd(Il), Ni(IT)
and Pb(II) metal ions affects the average value of q,,. Fig. 2 shows
that interactions at lower concentrations are more pronounced for

Korean J. Chem. Eng.(Vol. 31, No. 4)
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Fig. 2. The interaction between parameters (A, B, C) at three levels on q,, for multi-component adsorption of metal ions. (a) interaction
between A xB (C, y; & C,, ), (b) interaction between AXC (C, y; & C, ), (¢) interaction between BxC (C, ¢, & C, p;).

all possible interactions, because there is competition between the
different metal ions to occupy vacant adsorption sites on the sur-
face [25]. As can be seen in Fig. 2 the interaction between AxB
(Con & Cy ) 1s effective more than other interactions, that is accord-
ing to the result of ANOVA in Table 4.

In the analysis of variance (ANOVA), many quantities such as
degrees of freedom and sum of squares are computed and orga-
nized in a standard tabular format. ANOVA results for raw and S/N
ratio data with q,, are given in Tables 4 and 5. Based on these re-
sults, it has been found that parameters C, , pH,, adsorbent dosage
and contact time significantly affect the q,, values. Also, the inter-

action effect of concentration of one metal ion with respect to other
metal ion has significant influence on q,, values. Individually, level
1 of adsorbent dosage (E), level 3 of pH, (D) and level 3 of C, 5,
(C) have the highest influence on q,,.

The F-ratio was used to determine which parameters have a sig-
nificant effect on the performance characteristic [30]. The calculated
values are compared with F values predicted by statistical F distri-
bution (in Fischer tables) [30]. According to F-ratio values, impor-
tance of each factor in the different confidence can be investigated.
From the Fisher tables with 90% and 95% confidence, the F values
are

Table 4. ANOVA of q,, raw ratio data for multi-component adsorption of metal ions onto AC

Parameter DOF Sum of squares Variance F-ratio (F) % Contribution
A 2 430.247 215.123 150.131 5.201
B 2 691.253 345.626 241.207 8.377
C 2 1578.840 789.420 550.924 19.179
D 2 399.122 199.561 139.270 4.822
E 2 4014.060 2007.030 1400.680 48.816
F 2 511.327 255.663 178.423 6.187
AxB 4 459.197 229.608 80.117 5.518
AxC 4 50.389 25.194 8.791 0.581
BxC 4 40.917 20.458 7.139 0.427
Other/error 2 41.553 1.432 0.930
Total 26 8216.910 100

Table 5. ANOVA of S/N ratio data for multi-component adsorption of metal ions onto AC

Parameter DOF Sum of squares Variance F-ratio (F) % Contribution
A 2 95.051 47.525 14.979 6.028
B 2 279.378 139.689 43.029 18.554
C 2 336.991 168.495 53.108 22.469
D 2 116.159 58.079 18.306 7.462
E 2 345.996 172.983 54.523 23.079
F 2 93.944 46.972 14.805 5.952
AxB 4 86.025 42.920 6.778 4.985
AxC 4 29.781 14.890 2.346 1.160
BxC 4 81.920 40.955 6.454 4.703
Other/error 2 6.345 3.172 5.610
Total 26 1471.560 100

April, 2014
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Fig. 3. Percent contribution of various parameters for q,, for multi-
component adsorption of metal ions onto AC: A, C, , B,
Co.c C, Cy py (mg L), D, pHy; E, m (g L™); and F, t (min).

® Fy1 2279, Fops.0,=19 for parameters

e and F,, ,,=9.24, F,; , ,=19.2 for interactions.

According to these values, all the parameters are found to be statisti-
cally significant at 90% and 95% confidence levels for raw data.
Based on these results, in 95% degree of confidence only the interac-
tion AxB between is important. The percentage of contribution of
various parameters for raw data for multi-component adsorption of
metal ions is shown in Fig, 3.

The above statement agrees with earlier reports [31,32]. Srivas-
tava et al. studied sorption of Cd**, Ni**, and Zn** metal ions from
aqueous solutions by bagasse fly ash [22,25]. They reported that
adsorbent dosage is the most significant parameter with 47.38% con-
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tribution to the q,,. Yetilmezsoya et al. [33] reported that the effects
of independent variables and optimum variables were 3.97 for initial
pH of the solution, 43.4 mg L™ for initial concentration of Pb(IT)
ions, and 68.7 min for contact time with a predicted Pb(I) removal
efficiency of about 100%. Ozer et al. also investigated biosorption
of copper ions using response surface methodology (RSM) [34].
The optimum biosorption conditions were determined as initial pH
4.0, temperature 25 °C, biosorbent concentration 1.2 g L™ and initial
copper (IT) concentration 200 mg L. The copper (IT) biosorption
attained equilibrium after 60 min and this contact time was taken
as the equilibrium.

2. Contour Plots

Corresponding contour plots can facilitate the straightforward
examination of the effects of the experimental variables on the re-
sponses. The relationship between the dependent and independent
variables was further elucidated by constructing contour plots. Fig. 4
shows the corresponding contour plots as the functions of metal
ions concentration, AC dosage, pH and contact time.

As it is seen from this figure, relatively steep curvatures in Pb,
Cd and Ni concentrations curves indicated that the responses of ad-
sorption were very sensitive to these parameters. Through these con-
tour plots, it is also very easy and convenient to locate optimum
levels of variables selection of optimal levels and estimation of opti-
mum response characteristics.

The optimal level of various parameters was obtained after exam-
ining the response curves (Fig. 1) of the average value of q,,. The
first level of adsorbent dosage; the second level of contact time;
and the third level of pH, and initial concentrations (C, ;) have higher
average values of q,,. Thus, the significant process parameters affect

(b) 2 6 10
- 100 100
-

8 15
= 501 2 20 0
.g /
g
£ 10
S
it / 0
2 6 10
AC dosage (g L1)
(d) o ® >
6 6
X
N
T 5 5

ua/ <

Contact time (min)

Fig. 4. Contour plots for q(tot) as a function of process parameters: (a) Pb concentration and AC dosage; (b) Pb concentration and AC
dosage; (c) Pb concentration and AC dosage and (d) pH and contact time.
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Table 6. Pseudo first-order, pseudo-second order kinetic parameters for Pb*, Cd** and Ni** adsorption on AC at various initial concen-

trations
Metal G, Pseudo-first order Pseudo-second order

ions (mg L_I) qe» w KI X 1073 qe. cal R2 KZ X 1074 qe, cal R2 h

Pb 50 16.67 9.40 3.03 0.9560 35.08 17.54 0.9992 1.0795
100 33.01 8.41 4.56 0.9728 12.25 35.21 0.9969 1.5188
200 63.00 13.72 49.67 0.9901 6.28 67.11 0.9980 2.8304

Cd 50 16.67 5.90 2.97 0.8983 26.30 17.42 0.9969 1.0795
100 32.33 6.82 443 0.9921 9.84 34.72 0.9963 1.1866
200 62.33 13.63 50.92 0.9902 5.52 66.66 0.9971 24515

Ni 50 16.67 6.02 3.11 0.9849 19.90 1.08 0.9969 1.0795
100 30.33 6.14 441 0.9908 9.63 32.89 0.9958 1.0419
200 59.70 14.23 51.24 0.9877 4.88 64.51 0.9966 2.0329

the adsorption metal ions by AC and their optimal levels are:

o contact time=80 min, pH,=7, AC dosage=2 g L"'

e initial concentrations of Cd(IT), Ni(IT) and Pb(I)=100 mg L™
For the maximum sorption of metal ions the concentrations of Cd(Il),
Ni(Il) and Pb(IT) metal ions must be at their highest. Therefore, the
third level of parameters A, B and C (C, ¢, Cy y and C, ;) were
used for further calculations. The predicted optimum value of q,,
for AC was calculated from Eg. (2). The obtained experimental and
predicted values are 52.46 and 52.81 (mg/g), respectively.

3. Kinetic Studies

The pseudo-first-order and pseudo-second-order kinetic models
have been applied for the experimental data to predict to the adsorp-
tion kinetics. The pseudo-first-order [20] and pseudo-second-order

equations are expressed as:
o simple pseudo first-order kinetic model (Lagergren equation):
Ln(q,—q)=Lng,—kt ©

o pseudo second-order model:

t 1 1

4 kyq, . (19
where g, and g, are the values of amount adsorbed per unit mass at
equilibrium and at any time t, respectively, and k; is the pseudo-
first order rate constant (min"). The values of k, and g, can be ob-
tained from the slope and intercept of the linear plot of Ln (q,—q,)
versus t, respectively. Here k; is the second order rate constant (g
mg " min™"). The initial adsorption rate, h (mg g™'min™") is expressed
as:

h=k,q an

The plot of t/q, versus t gives a linear relationship, which allows
computation of k,, h and calculated q,.

The pseudo-second-order kinetic analysis reveals that the values
of the initial adsorption rates, h, increase with increase in the initial
metal concentration. The lower the concentration of metal ions in
the solution, the lower the probability of collisions between these
species is, and hence the faster nickel ions could be bonded to the
active sites on the surface of the adsorbent.

According to the correlation coefficients, the pseudo-second-order
kinetic model was better than for pseudo-first-order kinetic model
(Table 6), and adsorption kinetics can be well explained by the pseudo-
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second-order kinetic model for the separation of Pb*", Cd*" and Ni**
by AC.
4. Multi-stage Adsorption

The results showed that a multi-stage adsorptive treatment would
be necessary to reach the minimal discharge standards of metal ions
in the effluent. The filtrate acquired from the first stage (after agitating
the effluent with AC at optimum dosage) was again treated with
fresh adsorbent at optimum conditions dosage in the next stages
[22]. The pH, of the metal ions solution was adjusted at 7.0 in the
stage 1 only. C, was taken as100 mgL™" for each metal ion. Multi-
stage treatment results for the adsorption of Cd(II), Ni(Il) and Pb(IT)
ions from aqueous solution are shown in Table 7 and Fig. 5.

Table 7. Multi-stage treatment results

Concentration (mg L") Cy Ce Cr
C, 100 100 100
cls 88.5 53.7 45.3
cs 60.4 25.7 20.8
c 28.7 1.7 -
C4.SI - - -

CMC2S, C¥ C* are indicated remained concentration of metal
ion in aqueous solution in 1, 2, 3 and 4™ stage, respectively
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Fig. 5. Adsorption efficiency of AC during various stages of multi-
stage treatment. T=25°C, t=80 min, C,=100 mg L', m=
2gL
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Table 8. The percentages of metal ions desorption by different extractants in various concentrations

Metal HCI(M) HNO; (M)
. System
1on 0.01 0.05 0.1 0.5 1 0.01 0.05 0.1 0.5 1
Pb Single 21.5 44.9 61.5 72.8 91.5 19.6 48.6 68.9 88.5 100
Ternary 10.5 25.6 34.7 50.2 79.6 11.7 26.5 37.8 52.4 89.7
Ni Single 18.9 47.1 63.1 76.8 92.7 20.4 48.7 63.0 78.6 97.4
Ternary 14.7 28.6 459 62.8 83.5 15.9 30.7 49.7 65.6 85.4
Cd Single 17.8 43.7 54.5 76.7 85.5 20.8 50.9 70.6 90.4 100
Ternary 13.6 25.8 41.5 60.7 78.6 13.8 27.6 39.7 59.3 82.1

Table 9. The percentages of adsorption and desorption of heavy metal ions after four successive cycles in single and ternary systems by

1M HNO,
Single component system Ternary component system
Cycle No. - -

Pb Ni Cd Pb Ni Cd

1 Adsorption (%) 100 89.7 100 87.5 58.9 84.5
Desorption (%) 100 87.4 100 78.5 50.4 69.4

2 Adsorption (%) 98.4 86.5 97.2 83.6 55.6 83.2
Desorption (%) 94.6 80.6 92.7 72.3 452 66.2

3 Adsorption (%) 96.3 83.8 95.7 77.5 52.8 75.2
Desorption (%) 88.2 74.2 85.2 63.2 40.3 57.8

4 Adsorption (%) 93.2 81.2 93.1 70.1 48.6 68.8
Desorption (%) 81.5 68.4 78.1 54.6 353 49.9

According to Fig. 5, the sorption capacities for metal ions follow
the order:

P> >Cd*>Ni*'.

It suggests that the sorption mechanism depends on the charge elec-
trostatic attraction, hydration energy, hydrated radii of metal and
electronic configuration. The comparison of the amounts of indi-
vidual adsorption capacities has shown that the activated carbon
has the lowest affinity towards Ni** ions. However, its adsorption
capacity towards Pb*" and Cd*" is higher and almost the same. The
lower adsorption capacity of Ni** ions may be related to the higher
hydration energy of this ion compared to the other ones (2,105.0
kJ/mol for Ni** in comparison with 1,500.6 and 1,826.7 kJ/mol for
Pb*" and Cd™) [35]. Tt is known that the metal cations are well solvated
in water, and before being adsorbed, they should be denuded of their
hydration sheath [35,36]. Hydration energy is an important param-
eter to take into account since the hydrolysis of metal ions occurs
by the replacement of water ligands in the inner coordination sphere
with hydroxo groups. Adsorption may be related directly to the loss
of the outer hydration spheres that precedes hydrolysis. According
to these parameters values, Pb* ions will have a greater accessibil-
ity to the surface of certain pores than the other metal ions, which
would lead to a higher extent in the adsorption process [35]. The
other reason of the lower adsorbabilty towards Cd** compared to
Pb*" might be the smaller polarizing power of Cd*" ions. Thus, the
carbon-cadmium interaction forces would be weaker than those be-
tween carbon and Pb*". Pb* and Cd** adsorption was not signifi-
cantly affected by the presence of the other metals, whereas Ni**
strongly compete with each other and were displaced in the pres-
ence of Pb*" and Cd™".

5. Desorption Study

The obtained results for metal desorption from activated carbon
are listed in Table 8. As it was expected, all metal ions desorption
was increased by increasing in extractant concentration. These results
indicated that HNO; solution with 1M concentration had the best
potential for these metals desorption in single and ternary compo-
nent systems.

The reusability of activated carbon was investigated by applying
AC sample in four successive adsorption/desorption cycles. In these
tests, HNO; (1M) was used as the extractant. Based on the data in
Table 9, the loss of the adsorption percentages from the first to the
last cycle for Pb and Cd ions was only about 7% in the single-com-
ponent systems and about 8.5% for Ni. It indicated that the acid
treating could well recover the surface sites occupied by the metal
ions; it verifies the key role of the physical sorption in metal adsorp-
tion by AC and the formation of relatively weak bonds between
the metal ions and AC surface sites.

As expected, the percentages of all metal ions desorption from
the saturated AC decreased from the first to the next cycles in single
and ternary component systems. It means that after inactivating a
part of active sites available easily on the surface of fresh sample in
the first cycle, the metal ions may diffuse into the inner structure of
AC and adsorb on the new sites with lower accessibilities; there-
fore, the ability of extractant to recover such occupied sites would
be weaker.

The higher losses in the adsorption capacity and percentage of
desorption were observed in the ternary system compared to the
single-component one. The larger part of the surface sites involved
in metal adsorption in ternary systems resulted in the faster rate of
adsorbent exhaustion in these systems.

Korean J. Chem. Eng.(Vol. 31, No. 4)
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CONCLUSIONS

Taguchi design method was employed to analyze the adsorption
characteristics of three metal ions--Cd (IT), Ni (I)and Pb(II)--onto
activated carbon. Main adsorption factors such as initial metal ion
concentration, pH,, adsorbent dose and contact time at three levels
with an OA layout of L,, have been optimized. Maximum sorption
for all the metal ions were found to occur at pH,=7.0, initial concen-
tration (C, )=100mg L', adsorbent dosage=2 g L' and contact
time=80 min. All the factors and the interactions considered in the
experimental design with g, as the desired response characteristic
are statistically significant at 95% confidence level. The adsorption
significance of parameters in multi-component systems falls in the
order:

adsorbent dosage>Pb(Il) concentration>Cd(Il) concentration>contact
time>Ni(II) concentration>interaction between (C, ; & C, ,)>pH.

Finally, experimental results showed that a multi-staged adsorptive
treatment is necessary to reach the minimal discharge standards of
metal ions in the effluent.
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