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Abstract

This study assessed the adsorption capacity of the agro-waste ‘cabbage’ as a biosorbent in
single, binary, ternary and quaternary sorption systems with Cu(Il), Pb(Il), Zn(II) and Cd(II)
ions. Dried and ground powder of cabbage waste (CW) was used for the sorption of metals
ions. Carboxylic, hydroxyl, and amine groups in cabbage waste were found to be the key
functional groups for metal sorption. The adsorption isotherms obtained could be well fitted to
both the mono- and multi-metal models. In the competitive adsorption systems, cabbage waste
adsorbed larger amount of Pb(II) than the other three metals. However, the presence of the
competing ions suppressed the sorption of the target metal ions. Except the case of binary
system of Cd(II)-Zn(IT) and Cd(IT)-Cu(II), there was a linear inverse dependency between the
sorption capacities and number of different types of competitive metal ions.

Keywords: Cabbage waste, competitive adsorption, biosorption, multi-metals, isotherm model,

antagonism mechanismpt
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1. Introduction
Untreated and uncontrolled discharge of heavy metal containing wastewaters into the natural
environment could be toxic to humans, animals, plants, and to urban ecosystems (Ahmad et al.,

2010; Pamukoglu and Kargi, 2006). Cu(Il), Pb(II), Cd(IT) and Zn(II) are used in various
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remove heavy metals from wastewater with high solute loadings and even at dilute
concentrations (<100 mg/L) (Popuri et al., 2009). Among the adsorbents, activated carbon is
commonly used as a commercial adsorbent for removing heavy metals from wastewater.
However, this is still an expensive material, requiring costly regeneration. This has prompted

the search for an inexpensive yet effective alternative adsorbent.

Removal of heavy metals by biosorption is a relatively new and an emerging technology in the

Page 3 of 22



O Jo U bW

OO UGG UG UG BB DB R DBRDBEDAEDRNWWWWWWWWWWNRNRNNNNNNNN R R
OB WNRP OOV JdNT DR WNROW®O-JdAAUBEWNROW®O-JAATBRWNROWO-JANUTAWNROW®OJONU S WN R, O W

79

80

81

82

explain the binding characteristics of metallic cations during biosorption (Karthikeyan et al.,

2007).

First time by this investigation, cabbage-biosorbent is used to determine the biosorption
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2.2.2 Metals solutions and measurement

A stock solution of Pb(II), Cd(II), Cu(II) and Zn(II) were obtained by dissolving the exact
quantity of Pb(NO3),, Cd(NO3),, Cu(NOs), and Zn(NOs),-6H,0 in Milli-Q water. The test
solutions containing single ions were prepared by diluting 1000 mg/L of stock solutions of
metal ions to the desired concentrations. The ranges of concentrations of both metal ions

prepared from stock solutions varied between 1 mg/L to 500 mg/L.

For the investigation with binary metal solutions, the desired combinations of Cu(II)-Pb(II),
Pb(IT)-Cd(I1), Cd(ID)-Zn(IT), Cd(ID)-Cu(Il), Cu(Il)-Zn(II) and Pb(II)-Zn(II) ions were obtained
by diluting 1000 mg/L of stock solutions of metal ions and mixed them in the test medium.
Before mixing the biosorbent, the pH of each test solution was adjusted to the required value
with 0.1 N H,SO4/NaOH. Similarly, the ternary solutions of Pb(II)-Cd(II)-Zn(II), Cu(II)-
Pb(IT)-Cd(11), Cu(I)-Pb(1I)-Zn(11) and Cu(II)-Cd(II)-Zn(II) were quaternary solution of Cu(II)-

Pb(IT)-Cd(I1)-Zn(IT) was prepared with required dilutions from the stock solutions.

The concentrations of heavy metal ions in solution were determined by Atomic Adsorption
Spectroscopy (AAS) (Contra®AA 300, Analytikjena, Germany) after samples were filtered
with Whatman™™ GF/C-47mm ¢ circle filters (GE Healthcare, Buckinghamshire, UK).
2.3 Adsorption experiments

2.3.1 Effect of pH
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2130 conducted in three replicates.
131 2.3.2 Adsorption isotherm
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For Cd(ID): g, 0y = dnciKrci(Cei) .
1 + KL.CuCe.Cu + KL.PbC(an + KLCdCe.Cd + KLZnCe.Zn

And for Zn(II): Gy = Dz 20 (CZn) (15)
1+ KL.CuC&Cu + KL.PbCe.Pb + KL.CdC&Cd + KL.ZnCe,Zn

2.4 Data analysis and validation

The isotherm data were modelled with a modelling technique of Excel Spreadsheet and
MATLAB. Data fitting was assessed by the magnitude of R*>, RMSE and ¥ (Hossain et al.,
2012) error functions. The percent reduction in adsorption capacitiesin the competitive

systems (binary, ternary and quaternary) were calculated by the following expression:

., fromsingle metal system-q,, from multi - metal sy stem)

% reduced = (q x100

q,, fromsingle metal sy stem

3. Results and discussion

3.1 Characterization of biosorbent with FTIR and SEM

The surface structures of biosorbents produced from cabbage waste was analysed by an SEM.
Generally, the micro-graphs revealed that it contained asymmetrical particles. In lower
magnification (1KX), the heterogeneous structures were noticed. It was observed that the
surface of the particles was built with uneven, asymmetric steps and pores. It is believed that
irregular shapes of particles have more internal binding or uptakes places and eventually
adsorb more metals (Ricordel et al., 2001). The BET surface area of cabbage-biosorbent was
1.027 m?/g, which is lower than conventional biosorbents available in literature (Hossain et al.,

2013).

A biosorbent may consist of complex organic and inorganic materials such as proteins, lipids,

carbohydrate polymers and sometimes metals. Chemisorptions and ions exchange mostly
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al., 2012). It was observed that the Cu(II), Cd(II), Zn(II) and Pb(II) metals precipitates as a
form of Cu(OH),, Cd(OH),, Zn(OH), and Pb(OH), beyond a pH of 7. Hence, to avoid metal
precipitation the remaining experiments were conducted between 6.0 and 6.5 pH.

Fig. 1

3.3 Adsorption isotherm

3.3.1 Single metal adsorption

Langmuir model is applicable for monolayer adsorption onto a surface containing a finite
number of identical sites (Aksu, 2005). This model was used to describe experimental data
from adsorption of Cu(II), Pb(Il), Zn(II) and Cd(II) ions onto cabbage. The sorption data were

fitted to the non-linear form of Langmuir isotherm model (Eq. 1) and parameters are evaluated
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In this study, apart from Cd(II), diverse relationship between the adsorption capacity and the
ionic radius (Cu=73, Zn =74, Cd = 95 and Pb = 77.5 nm) (Kusvuran et al., 2012) was
observed. Higher ionic radii of heavy metals generally led to higher maximum adsorption
capacities. For example, because the ionic radius of Pb(Il) is larger than that of Cu(Il), the
maximum adsorption capacities of cabbage were higher in case of Pb(II) than Cu(Il) (Table 1).

Table 1 also reveals a higher maximum adsorption capacity for Cd(Il) as its ionic radius is
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16.660 mg/g for Pb(II), Cu(II), Pb(II), Pb(II), Cd(IT) and Cu(II) ions in binary sorption of
Pb(II)-Cd(II), Cu(II)-Zn(IT), Cu(II)-Pb(1I), Pb(II)-Zn(II), Cd(I1)-Zn(II) and Cd(II)-Cu(II)
systems, respectively. The results indicate that the adsorption capacity for Pb(Il) was higher
than that of Cd(II), Cu(Il) and Zn(II) as Pb(II) could bind with more varieties of functional
groups (Kongsuwan et al., 2009). The maximum adsorption capacities of Cd(II), Zn(II), Cu(II)
and Pb(II) obtained from binary metals sorption were less than those obtained from the single

metal system (Table 1).

3.3.3 Adsorption behaviour in ternary solutions

Wastewaters may contain more than one metal ion and therefore, the examination of multiple
metal interactions simultaneously is very important for accurate representation of adsorption
data (Hammaini et al., 2003). The competitive adsorption among the Cu(II), Pb(II), Cd(II) and
Zn(1) in the ternary systems of Cd(IL)-Pb(II)-Cu(II), Cd(II)-Pb(II)-Zn(II), Cu(Il)-Cd(1I)-Zn(II)
and Cu(II)-Pb(II)-Zn(II) were conducted in batch systems between 1 to 200 mg/L of initial
concentration. It was experimented for 3 hours at 120 rpm and room temperature. The
adsorption parameters of ternary systems is tabulated in Table 3. The experimental data were
well fitted with the ternary adsorption model (Eq. 9-11) as evident by the R2 values exceeding
0.99. (Tables 1, 2 and 3). The adsorption capacities of cabbage were found to be 12.264, 8.785
and 40.963 mg/g for Cd(I1)-Cu(II)-Pb(II) system, 7.587, 1.828 and 50.216 mg/g for Cd(II)-
Zn(II)-Pb(II) system, 4.965, 7.584 and 5.844 mg/g for Cd(I1)-Cu(II)-Zn(II) system, and 8.194,
6.380 and 22.803 mg/g for Cu(II)-Zn(II)-Pb(II) system of ternary-metal interactions,
respectively (Table 3). The findings could be explained by the fact that the ionic charge, ionic
radius, and electrochemical potential affect adsorption capacity of biosorbent in the multi-metal
ion sorption system (Yakup Arica et al., 2004) while adsorption capacity decreases in the
multi-metal adsorption system with respect to single metal adsorption capacity (Padilla-Ortega

etal., 2013).
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Table 3

3.3.4 Adsorption behaviour in quaternary solutions

The calculated parameters from the quaternion Langmuir isotherms are summarised in Table 4.
This isotherm model successfully fitted the competitive adsorption of Cu(II)-Pb(I)-Cd(II)-
Zn(II) onto the biosorbent prepared from cabbage.

Table 4

The experimental adsorption capacities of Cu(Il), Pb(II), Cd(Il) and Zn(II) from the four metals
system [Cu(ID)-Pb(II)-Cd(II)-Zn(I1)] were compared to the molar uptake values of Cu(Il),
Pb(IT), Cd(IT) and Zn(II) predicted with the quaternary Langmuir isotherm (Eqs. 12-15). The
Langmuir isotherm accurately estimated the adsorption capacities for all fours metal uptake as
evident by the superimposing predicted lines and the experimental plots. However, it
overestimated the molar uptake of Zn(II) and showed the similar adsorption capacity (10.170
mg/g )with single metal systems (Table 1). The other three uptakes for metals Cu(II), Pb(II)
and Cd(II) are underestimated as the magnitude of the adsorption capacities (2.415mg/g,

15.085mg/g and 8.697mg/g) are lower than the single metals system.

The values of the parameter K; of the Langmuir isotherm provides indication of the affinity of
the biosorbent for the systems with two, three or four metal ions in the test solution: greater the
value of these parameters, lesser is the affinity for a metal ion. The values of Ky .cy, Kipb, Ki-
zns and Ky ¢4 are higher in the case of the binary, ternary and quaternary system than the value
of Ky derived for the single metal system using the Langmuir sorption isotherm for single-
metal (Tables 1, 2, 3 and 5). This means that the affinity of cabbage biosorbent for metal ions

was reduced in multi-metals metal system.

3.3.5 Competitive adsorption in multi-metal systems
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It is evident from available literature (Christophi and Axe, 2000; Leyva-Ramos et al., 2001)
that the multi-metal Langmuir model provides a reasonable fit to the multi-metals adsorption
data as long as the gy, values for each metal calculated from single-metal Langmuir isotherm
are similar to each other. However, the prediction for gy, values from all binary, ternary and
quaternion system are lower than single metals system (Kumar et al., 2008), evidencing
competitive sorption of the metals. In this regard, the 3D surface plots of Cu(Ill)-Zn(II), Pb(II)-
Cd(1II), Cd(I1)-Zn(II), Cu(II)-Cd(II) and Pb(IT)-Cu(Il) are prepared for the binary systems
(Figures 2 and 3). The area plot for ternary system [Cd(II)-Pb(II)-Cu(IT), Cd(I1)-Pb(II)-Zn(II),
Cu(IT)-Cd(II)-Zn(IT) and Cu(II)-Pb(I1)-Zn(II)] is shown in Figure 4 and the spider diagram for
the quaternary system [Cd(II)-Pb(II)-Cu(II)-Zn(II)] is given in Figure 5.

Fig. 2

Fig. 2(A) shows the effect of the presence of Zn(II) on the capacity of the cabbage for
adsorbing Cu(Il). The competitive surface of Cu(Il) adsorption indicates that the presence of
Zn(II) reduced drastically the uptake of Cu(II) adsorbed on the cabbage. A moderate reduction
of the uptake of Cu(Il) can be noted as compared to the single metal systems (from 10.315 to
7.140 mg/g). On the other hand, the effect of the presence of Cu(Il) on the capacity for
adsorbing Zn(II) is shown in Fig.2(B). The effect is stronger and reduced to half of the uptake
of Zn(I) (from 8.970 to 4.760 mg/g) though the surface of adsorption is perfectly slanting
evenly (Padilla-Ortega et al., 2013). In the Pb(II)-Cd(II) system the effects of Pb(II) and Cd(II)
ions on the uptake of Cd(II) and Pb(II) on to the cabbage are plotted in Fig.2(C) and Fig.2(D),
respectively. The Pb(II) uptake was reduced to 43.907 mg/g in binary system from 60.568
mg/g in single metals. Similarly, the reduction of the adsorption capacity for Cd(II) is changed
significantly (from 20.565 to 18.582 mg/g). These metals significantly interfered in the

adsorption of each other, as evidenced by the uneven surface of adsorption in 3D graphs

(Fig.2).
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Similarly, the partial aggression on the adsorption of Cd(II) and Zn(II) in Cd(II)-Zn(II), Cu(II)
and Cd(II) in Cu(II)-Cd(Il), and; Pb(II) and Cu(II) in Pb(II)-Cu(Il) binary system are plotted in
3D graph of Fig.3. As can be seen in Fig.3, strong interference existed between the metals but
the dominance of Pb(II) and Cd(II) uptake did not change by their counter pairs of metals
(Apiratikul and Pavasant, 2006). High affinity of cabbage toward the Pb(II) and Cd(II) ions are
internal causes (functional groups) for the significant adsorption of those metals. For instance,
in Cd(II)-Zn(II) system Cd(II) uptake (18.030 mg/g), and in Pb(II)-Cu(Il) system Pb(II)
(60.311 mg/g) uptake were more than their pairs of Zn(Il) and Cu(Il) (Tables 1 and 2). Fig.3
(A, C, and E) shows that the adsorption surfaces are more even than counter metals. However,
a significant change was found in Cu(II)-Cd(II) system where Cu(Il) uptake increased (from
10.315 mg/g in single metal system to 20.660 mg/g in binary system) in the presence of Cd(II)
ions. It is also noticeable that Zn(II) adsorption slightly increased in binary system (11.053
mg/g) with the presence of Cd(II) ions:. It might be due to the fact that the presences of Cd(II)
ions enhance the uptake of Cu(Il) and Zn(II) with considering of minor change of its own
uptake (Papageorgiou et al., 2009).

Fig. 3

The results of the competitive adsorption of ternary system of Cu(I1)-Cd(II)-Zn(II), Cu(II)-
Pb(IT)-Zn(II), Cu(1I)-Pb(I1)-Cd(I1) and Cd(II)-Pb(II)-Zn(II) onto cabbage are demonstrated in
the surface plot of Fig.4 (a, b, c and d). It is revealed that the Pb(II) ions presented a higher
affinity for the binding sites of the cabbage than the Cu(Il), Cd(II) and Zn(II) ions. In other
words, the cabbage was much more selective towards Pb(II) than to other three metals in the
competitive adsorption. The Pb(II) ions presented strong resisatnce against (i) the adsorption of
Cu(II) and Cd(II) ions in Cu(Il)-Pb(I1)-Cd(Il), against of Cd(II) and Zn(II) ions in Cd(Il)-
Pb(IT)-Zn(II) system; (ii) against of Cu(Il) and Zn(II) in Cu(Il)-Pb(II)-Zn(II) system whereas
the Cu(II) and Cd(II) ions, Cd(IT) and Zn(II) ions; and (iii) Cu(Il) and Zn(II) ions exhibited

light resistance against the adsorption of Pb(Il) (Apiratikul and Pavasant, 2006; Padilla-Ortega
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et al., 2013). This behaviour could not be predicted from the single metal adsorption system. It

is also found from Fig. 4 (b, ¢ and d) that Pb(II) ions took higher physical surface area than
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capacity for Cd(II) ions,; however, it dropped to 16%, 18.50% and 26.4% for binary, 44.56%,
65.71% and 77.56% for ternary and 60.7% for quaternary systems. It is apparent that the
highest declined in adsorption capacities were observed for Pb(II) and Cd(II) ions in all
adsorption systems. Conversely, an inconsistent trend (decrease and increase) was observed in
case of the adsorption of the Cu(Il) and Zn(II) ions. The Cu(II) and Zn(II) ions adsorption
capacities increased to 29% and 1.5% for Cd(II)-Cu(Il) and Cd(I1)-Zn(II) binary systems.
However, it dropped for binary, ternary and quaternary systems with other coexisting metals.
Thus, it may be stated that Cd(II) ions acted as a stimulant for the adsorption of Cu(Il) and
Zn(1II) ions. In other words, inhibition or enhancement of adsorption depends on the coexisting

metal(s) (Laus and de Favere, 2011).
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Table 1

The Langmuir monolayer adsorption constant for the adsorption of Cu(Il), Pb(II), Zn(II) and
Cd(IT) ions on cabbage biosorbent at room temperature, 5g/L adsorbent dose, 2 hours, 120 rp
and pH:6.0-6.5.
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Calculated parameters from Langmuir model for binary adsorption of Pb(II)-C \(
Pb(1I), Cd(I1)-Zn(1I), Cd(II)-Cu(Il), Cu(Il)-Zn(II) and Pb(II)-Zn(II) ions on ¢ aste.

O

Table 3
Ternary adsorption parameters calculated from Langmuir model fo@), Cd(II), Cu(Il) and
Zn(II) adsorption

adsorption

Table 4
Isotherm parameters of Langmuir model of foumar‘ me§ [Cd(I)-Cu(II)-Zn(I1I)-Pb(1I)]
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Langmuir Equilibrium Cu(ll) Pb(1l) Zn(1D) Cd(1D)
isotherm model  parameters adsorption adsorption adsorption adsorption
q,K.C, dnew (mg/g) 12.955+0.45 61.267+0.85 10.890+0.72 22.123+0.67
Qe =7 ~  dmme(mg/g) 10.315+0.32 60.568+0.38 8.970+0.56 20.568+0.23
I+K, C, K. (L/g) 0.022 0.021 0.019 0.021
R® 0.991 0.996 0.997 0.996
RMSE 0.383 8.219 0.189 8.219
0.081 2.555 0.357 2.554
Ry 0.21-0.92 0.27-0.98 0.18-0.95 0.28-0.99




Ph(11)-Cd(11)

Cu(1D)-Zn(11)

Cu(11)-Pb(11)

Pb(11)-Zn(11)

Cd(11)-Zn(11)

Cd(1D)-Cu(1l)

For Pb(II):

Qu-pb = 42.942+0.88 mg/g
Ki.pp, = 0.036+0.006 L/g

Ki.z, =-0.050+0.035 L/g
R* =0.997

For Zn(1I):

Qm-zn = 9.460+0.92 mg/g
Kppp =0.036+0.012 L/g
Ki.zn =-0.050+£0.005 L/g
R =0.997

For Cd(II):

(u-ca =18.030+£0.78 mg/g
Ki.cq = 0.060+0.005 L/g
K{.zn =-0.044+0.0019 L/g
R®  =0.999

For Zn(1I):

Qm-zn =11.053+0.34mg/g
Ki.cq =0.060+0.004 L/g
Kp.zn =-0.044+0.001 L/g
R® =0.998

For Cd(II):

Qm-cd = 16.280+0.95 mg/g
Ki.ca=0.041£0.002 L/g
Ki.cu =-0.0306+0.001 L/g
R®  =0.999

For Cu(Il):

qm-Cu = 16.660+0.81 mg/g
KL-Cd =0.041+£0.003 L/g
KL-Cu=-0.0306+0.001 L/g
R2 =0.999
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Table 3
Ternary adsorption parameters calculated from Langmuir model for Pb(II), Cd(II), Cu(Il) and
Zn(II) adsorption

Cd(1D)-Pb(1D)-Cu(ll) Cd(11)-Pb(ID-Zn(11) Cu(1D)-Cd(1D)-Zn(11) Cu(1D)-Pb(1D)-Zn(11)

»

\
N
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For Cd(l)

For Cu(ll)

For Zn(11)

For Pb(1l)

Qm-ca = 8.697£1.53 mg/g
Ki.c,=0.0034+0.001L/g
KL-Cd =0.050+0.006 L/g
Ki.z, =-0.014+0.006L/g
Ky pp=-0.015+0.008L/g
R =0.999

Qm-cu = 2.415%0.82 mg/g
Ki.co=-0.039+0.004 L/g
Ki.cq=0.038+0.007 L/g
K20 = -0.022+0.0003L/g
Kypp=0.029+0.0016 L/g
R? =0.998

Qu-zn= 10.170+1.77 mg/g
Kr.co=-0.063+0.007 L/g
Ki.cq=0.004+0.001 L/g

Kz = 0.029+0.005 L/g

Kipp =0.038+0.007 L/g
R*  =0.999

Qupo = 15.085+0.78mg/g
Ki.co = -0.05240.007 L/g
Ki.cq = 0.055+0.002 L/g
K.z = -0.034+0.004 L/g
Kipp =0.038+0.001 L/g
R* =0.998
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Fig.1. Effect of pH on Cd(II), Cu(Il), Zn(Il) and Pb(Il) adsorptions (C, = 10 mg/L; dose=
0.5g/100ml).
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Fig.2. Antagonism among the metals for Cu(II)-Zn(IIl) (A&B) and Pb(II)-Cd(II) (C%
Fig.3. Antagonism among the metals for Cd(II)-Zn(Il) (A&B), Cu(Il)-Cd (&D) and
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Fig.4. Occupied physical surface area of metals in terms of capac@ ternary metals
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Fig.5. Engaged area in terms of capacity of metals in spider ?for quaternary metals
adsorption onto cabbage !
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2.5

Adsorption capacity (q ., mg/g)

—8— Zn(11)
05 —a— Cu(Il)
—*— Cd(II)
—8— Ph(II)
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0 1 2 3 4 5 6 7 8 9 10

pH of water

Fig.1. Effect of pH on Cd(II), Cu(Il), Zn(II) and Pb(II) adsorptions (C, = 10 mg/L; adsorbent
dose = 5g/L). Error bars show the standard deviation of three replicate experiments



ACCEPTED MANUSCRIPT

Qe-caany (mg/e)

C 8
Q'Pb(ll) (mg/l)

Fig.@gonism among the metals for Cu(II)-Zn(II) (A&B) and Pb(II)-Cd(II) (C&D) binary
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9ezoan (ME/2)

Fig.3. Antagonism among the metals for Cd(Il)-Zn(Il) (A&B), Cu(Il)-Cd(Il) (C&D) and
Pb(II)-Cu(Il) (E&F) binary system
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a. Cu-Cd-Zn ternary adsorption

L b. Cu-Pb-Zn ternary adsorption

%
S

2%

o0

Euol B qge-Pb

& Eqge-Zn
20 b Oqe-Cu

0 0437 1914 399 7399 3742 677 1544 448 0 0741 1710 3.790 6824 31.150 64.900 148.840 445.000
Ce (mg/l) Ce (mg/l)

¢. Cu-Pb-Cd ternary adsorption d. Pb-Cd-Zn ternary adsorption

qe(mg/g)

0 0.553  1.735 224 4493 2481 61.06 149.42 448. 0 0.887 3437 4583  7.889 39.285 85.140 182.120 469.450
Ce (mg/l) Ce (mg/l)

Fig.4. Occupied physical surface area of metals in terms of capacity for ternary metals
adsorption system onto cabbage

147

Fig.5. Engaged area in terms of capacity of metals in spider diagram for quaternary metals
adsorption onto cabbage
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Highlights

Modified Langmuir model described well the multi-metal adsorption system.
Adsorbent from cabbage waste is effective for Pb(Il) and Cd(II) adsorption.

High interference among the metals was observed in a multi-metal system.
Adsorption capacity was suppressed by the presence of other metal ions.

The highest reduced in adsorption capacities were found for Pb(Il), Zn(IT) and Cgall).



