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Applications of corn silk for Pb, Zn and Cu
removal: batch and fixed-bed column
biosorption study

ABSTRACT

In this study, the minimization of heavy metal pollution was investigated. Accordingly,
potential of corn silk as biosorbent of Pb, Zn and Cu from multimetal solution was considered
in batch and fixed-bed column experiments. Structural changes of corn silk before and after
heavy metal removal were determined using SEM-EDX and FTIR analyses. For investigation
of biosorption performance the Langmuir and Freundlich isotherm models were applied at
batch experimental results. Fast biosorption process and high adsorption capacity (0.382;
0.200 and 0.171 mmol g™ for Pb**, Cu** and zZn*", respectively) confirmed that the corn silk
is suitable for heavy metals removal. In order to produce a novel and improved column
package for fixed-column bed study implementation, the corn silk was immobilized with
alginate. The fixed-bed column was saturated with Pb-Cu-Zn multimetal solution. The
breaktrought time is 95, 100 and 90 min for Pb**, Cu** and Zn** respectively, where 87.5,
81.9 and 95.5 % Pb*, Cu** and zn** was removed, respectively. Desorption sudy was
performed in HNO; solution where high desorption efficiency (>94%) confirmed that
imobilized corn silk can be used as alternative material for metal adsorption and could be
applied in purification systems.
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1. INTRODUCTION

Industrialization and technological development are leaving an injurious influences on
human life. Heavy metals from industrial effluents represent a major environmental problem,
due to their harmful effect and possibility to accumulate in organisms and the food chain.
Therefore, global demand is to find a new purification technology that could provide the
application of low cost, renewable and efficient materials. For this purpose, widely available
agroindustrial lignocellulosic waste materials have been examined over the past decades [1-
3]. The surface area with a large number of micron size channels, presence of ion
exchangeable cations and large number of hydroxyl, oxygen and carbonyl groups provide
these materials suitable for heavy metal adsorption. Preferred characteristics of the
adsorbent, which include, high efficiency, selectivity and rapid biosorption process, were
confirmed for lignocellulosic materials in many studies. Geoffrey et al. 2018, find that
Moringa olifera could be used as an effective biosorbent for Ni, Pb, Cr and Cu ion removal




[4]. Allium Cepa seeds can remove up to 99% of Pb, Cu and Cd ions [5] while rice husk can
be used as Pb and Cu adsorbent [6]. Peanut shell showed good adsorption prformance for
Cu and Cr removal from wastewaters [7].

Our previous investigation established that corn silk could be used as an effective adsorbent
of Pb, Cu and Zn ions from a single metal solution [8,9]. Usually, the structure of industrial
wastewater is complex. Their composition commonly includes a combination of several
different pollutants. Previous studies showed that the competition between heavy metals in
contaminated waters negatively affected the biosorption of metal of interest [10].
Physiochemical properties of heavy metals, such as ionic radius, coordination number,
electronic configuration and electronegativity are important parameters that affect the
biosorption process [11] (Georgievski et al). Therefore, whitin this study, we investigated the
potentialy usage of corn silk for the removal of Pb, Cu and Zn ions from multi-metal solution.
The FTIR and SEM-EDX of corn silk before and after metal removal were used to detect
structural changes caused by biosorption process. The biosorption equilibrium was
described using Langmuir and Freundlich isotherm models. Secondly, the fixed-bed column
study was done in order to find out the potential application of corn silk for wastewater
treatment in real industrial facilities. Biosorbents in the powder form causes some problems
in a fixed-bed column, that include clogging, disintegration and separating of material after
adsorption [12,13]. In order to overcome these deficiencies, the corn silk was immobilized in
Ca-alginate to make an adequate biosorbent for the column reactor.

2. MATERIAL AND METHODS

2.1 Preparation of the corn silk

The corn silk (CS) was obtained from the local landfill near the Belgrade. The material was
washed with deionized water, dried at room temperature, milled, dried until constant weight
and used for batch experiments.

2.2 Immobilization of the corn silk within Ca-alginate

Immobilization of the CS was done according to the method described by Yan and
Viraraghavan [14] Polymeric solution was prepared by dissolving 2g Na-alginate (Sigma
Aldrich, p.a.) in 100 mL distilled water and shaken for 24 h (300rpm) at a mechanical shaker.
In homogenous polymeric solution 8g of the CS was added in drops in 0.1M CacCl, solution
forming spherical beds. The beds were left for 12h in 2% CacCl, solution, dried at 40°C until
constant weight and used for fixed-bed column experiments.

2.3 Characterization of the corn silk

Morphological characteristics of the CS before and after Pb(ll), Cu(ll) and Zn(ll) biosorption
were done by scanning electron microscopy and energy dispersive x-ray analysis (SEM-
EDX) by JEOL JSM-6610 LV SEM model.

To determine functional groups at the CS which are involved in Pb(ll), Cu(ll) and Zn(ll)
biosorption, the Fourier transform infrared spectroscopy (FTIR) of the CS before and after
metlal adsorption was done using Thermo Nicolet 6700 FTIR in the spectral range 4000-400
cm.

2.4 Batch experiments

The Pb(Il), Cu(ll) and Zn(ll) solution of 0.1 mol L™ were prepared by dilution of 43.9496 g
Pb(NO3),x6H,0, 24.1798 g Cu(NO3),x3H,O and 28.7572 g ZnSO,x7H,O (Sigma Aldrich,
p.a.) in 1L distilled water, respectively. Desired pH value adduced by adding 0.1 M NaOH or
0.1M HCI in small quantities. All batch experiments were performed at room temperature, pH



5.0 for 120 min at mechanical shaker (150 rpm). For the isotherm biosorption experiments,
the initial metal concentration ranged from 0.2 to 5.0 mmol L™*. At the end of the
experiments, the metal concentration in filtered aliquots were measured by AAS (Perkin
Elmer 900T).

The amount of biosorbed Pb(ll), Cu(ll) and Zn(Il) was evaluated using following equation:

q. = “2m (1)
where g. represents the amount of metal biosorbed on the CS (mmol g*), C; and C. are the
initial and equilibrium metal concentrations (mol L™), V is the metal solution volume (L) and
m is the CS mass (Q).

The influence of metal ions on the biosorption process of the ion of interest was studied in
binary and ternary systems. The binary system contained a different combinations of metal:
Pb-Cu, Pb-Zn and Cu-Zn while the ternary system contained all three tested metal ions (Pb-
Cu-Zn). All batch experiments were performed at room temperature, pH 5.0 for 120 min at
mechanical shaker (150 rpm) and metal concentration of 0.2 mmol L™, At the end of the
experiments, the metal concentration in filtered aliquots were measured by AAS.

2.5 Fixed-bed experiments

Fixed-bed column studies were performed in glass column of 1.2 cm internal diameter and
30 cm height. Immobilized corn silk (ICS) was packed into column up to desired bed high of
10 cm. The bottom of the column was covered by glass beads to achieve a uniform flow of
the solution. Multi metal Pb—Cu—Zn solution of 0.2 mmol L™ concentration and pH 5.0 was
flowed down to the column at a flow rate 3mL min™ by a peristaltic pump (Ecoline,
Isomatec). The aliquot were sampled at the end of the column and metal concentrations
were measured by AAS.

2.6 Desorption fixed-bed study

Regeneration of the ICS was performed under the same operating condition as the fixed bed

metal sorption study. For this purpose, HNO; solution (0.1 mol L"l) was used as eluting

agent. At defined time intervals, the aliquots were sampled and metal content were analyzed

by AAS.

Desorption efficiency was calculated by the following equation:

D= Z—exloo (2)
a

Where D is desorption efficiency (%), g, and qq is amount of metal adsorbed and desorbed
from ICS (mmol g ™), respectively.

3. RESULTS AND DISCUSSION
3.1 Characterization of the corn silk

As can be seen from Figure 1, spectroscopic analysis has shown that the CS has a rough
surface area with a large number of micron sized channels and cavities. Accordingly, more
sites for metal binding are available, as well as better diffusion of solution through CS was
enabled. These characteristics provide the possibility of CS to be applied as suitable metal
adsorbent.



Fi.gAure 1. SEM micrographs of the CS: (a) before and after biosorption process of (b) Pb(ll);
(c) Cu(ll) and (d) zn(ll) ions. EDX spectrum of the CS: (e) before and after biosorption
process of (f) Pb(Il); (g) Cu(ll) and (h) Zn(ll) ions.

The binding of Pb, Cu and Zn ions into active sites on the CS structure caused some
morphological changes. As can be seen (Fig 1 (a) — (d)) the CS surface became more
dissolute after metal biosorption. Similar findings have been confirmed by other researchers
[15,16]. The changes on the CS surface after adsorption process indicate that some
chemical changes have occurred during the interaction of metal ions and binding sites.
There is no visible aggregates on the CS surface after metal biosorption indicating that there
was no microprecipitation of Pb, Cu and Zn ions [17].

The EDX spectrum of the CS (Figure 1 (e) — (h)), showed that C and O are two basic
elements within the CS surface. Since lignin and cellulose have a significant part in the
chemical structure of the CS high carbon and oxygen content is entirely expected. From the
EDX spectrum of CS before the biosorption process (Figure 1 (e)), high intensity picks for
Ca, K and P are observed. After biosorption of Pb, Cu and Zn ions the intensity of Ca and K



picks significantly decreased while the characteristic peaks of Pb, Cu and Zn were observed
(Fig 1 (e) — (h)). According to that, it can be concluded that ion exchange mechanism is
responsible for binding of Pb, Cu and Zn ions on the CS surface. Milojkovi¢ et al., 2014 that
investigated the Pb® biosorption on the water weeds Myriophyllum spicatum found
according to the EDX spectrum that lead ions was changed with Mg®*, Ca**, K" and Na* ions
from materials surface [18]. Similar results were shown by Miti¢-Stojanovic et al., 2011 [19].
Figure 2 represents the FTIR spectra of the CS before and after Pb(ll), Cu(ll) and Zn(ll)
biosorption.
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Figure 2. The FTIR spectra of the CS before and after Pb(ll), Cu(ll) and Zn(ll) biosorption.

The significant changes are observed in the FTIR spectrum of the CS before and after Pb(ll),
Cu(ll) and zn(ll) biosorption (Figure 2). It is noticeable that intensity of some peaks
decreases while the position of some peaks slightly shifted on the spectrum upon metal ions
biosorption. The intensity reduction is caused due to the interaction between metal ions and
functional groups on the CS surface [20,21]. From the spectrum, it can be observed that the
reduction in the picks intensity increases in the range of zZn(ll) < Cu(ll) < Pb(ll). That
indicates that the CS has the highest affinity for interaction with Pb(ll), then Cu(ll) and finally
Zn(ll) ion. As can be seen (Figure 2) intensity of all peaks was decreased and peaks at
3287 and 1376 cm™ (assigned to a hydroxyl group) and at 1150 cm™ (assigned to C-O-C
group) were shifted after the Pb(ll) biosorption. There are also, minor changes in intensity of
peaks after Cu(ll) and Zn(ll) ions biosorption, compared to intensity changes after Pb(ll)
adsorption.

All these perceived changes in FTIR spectrum after the biosorption process can be
attributed to the chemical interaction between Pb(Il), Cu(ll) and Zn(ll) ions and active centers
on the CS, either through the complexation and ion exchange mechanism or combination of
these two mechanisms [21-23].



3.2 Isotherm study

Biosorption experiments were conducted at room temperature at different initial
concentrations of Pb(ll), Cu(ll) and Zn(ll) ions in solution (0.2 — 5.0 mmol L'l) over 120
minutes and at pH value of 5.0. The experimental results were fitted by Langmuir and
Freundlich isotherm models due to investigate biosorption equilibrium between metal ion and
the CS surface.

The Langmuir isotherm model is used to describe a monolayer biosorption process while
Freundlich isotherm model describes a multilayer biosorption process on the heterogenous
surface. Langmuir and Freundlich isotherm model can be calculated using equations (3) and
(5), respectively [24, 25]:

_ 9maxKLCe
de = (1+K1.Ce) ®)

were Jmax IS the maximum amount of metal ion biosorbed on the CS (mmol g'l) and K, is the
Langmuir constant (L mg™). To describe feasibility of Langmuir model, the dimensionless

constant R, was calculated by following equation:
1

R, = (1+K1.Co) )
Lto

where Co is the highest initial metal concentration (mmol L'l).

g0 = K C,'™ (5)

Where Kk is the Freundlich constant and 1/n is an empirical parameter.
The Langmuir and Freundlich isotherm models as well as tabular view of isotherms
parameters are presented in the Figure 3.
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Figure 3. Langmuir and Freundlich isotherm models for Pb(ll), Cu(ll) and Zn(ll) ion
biosorption on the CS

As can be concluded, both models are suitable for Pb(Il) equilibrium explanation (R > 0.9).
This indicates that the biosorption of Pb(ll) on the CS appears at heterogenous surface at



multilayer biosorption. On the other hand, Langmuir model better describes biosorption of Cu
(In and Zn (I) on the CS, indicating absence of ions interaction at monolayer biosorption.
According to the Figure 3, the RL and n values are ranged between 0-1 and 1-10,
respectively. This data suggesting that biosorption of Pb(ll), Cu(ll) and Zn (II) on the CS are
favorable process. According to Langmuir isotherm model the maximum amount of the
Pb(ll), Cu(ll) and Zn(ll) ions biosorbed on the CS is 0.382, 0.200 and 0.171 mmol g'l,
respectively.

3.3 Biosorption in multimetal ion solution

Previous studies have shown that presence of different ions in solution affected biosorption
process reducing removal efficiency of ion of interest (Suh and Kim, 2000).

The results of amount and percentage of metal ions biosorbed in single, binary and ternary
system of Pb(ll), Cu(ll) and Zn(ll) ions on the CS are summarized in Table 1.

Table 1. The amount and percentage Pb(Il), Cu(ll) and Zn(ll) ions on the CS biosorbed in
single, binary and ternary system

lon of interest Solution R (%) ge (mmol L'l)
Pb 88 0,184
PbzZn 76 0,128
PB(n PbCu 55 0,117
PbCuzZn 50,6 0,085
Cu 82,5 0,174
Cuzn 69,4 0,153
cudih CuPb 51,9 0,108
CuZnPb 35,9 0,064
Zn 54,3 0,105
ZnCu 29,2 0,086
Zn(l ZnPb 17,8 0,037
ZnCuPb 5,6 0,012

Tabular values are graphically presented at Figure 4.
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Figure 4. Mutual impact of Pb(ll), Cu(ll) and Zn(ll) ions on the biosorption performance of the
Cs

In a single metal solution the amount of biosorbed Pb(ll), Cu(ll) and Zn(ll) ions on the CS
were 0.184, 0.174 and 0.105 mmol g™, respectively. The percentage of removed biosorbed
Pb(ll), Cu(ll) and Zn(ll) ions on the CS were 88.0, 82.5 and 54.3 %, respectively. Base on
the obtained results, it can be concluded that the CS affinity for metal uptake decreased in
the following order: Pb(ll) > Cu(ll) > Zn(ll). The influence of removal of ion of interests
following at same order.

In binary Pb-Zn and Pb-Cu systems the capacity of Pb(ll) removal decreases to 0.128 and
0.117 mmol g'l, respectively while efficiency decreases to 55.0 and 60.6 %, respectively.
The highest reduction of Pb(ll) removal is in ternary Pb-Cu-Zn system. Similar results were
obtained for Cu(ll) and Zn(ll) ions removal from multimetal solution (Fig.4, Tab.2). This
results are supported with previous investigation in which is concluded that the affinity of



material is related to physicochemical characteristic of metal ion such as: ionic radius,
electronic configuration and electronegativity [26-28].

3.4 Fixed-bed column study

In order to determine the breakthrough curve parameters, the experiment in the fixed-bed
column system was conducted. Metal concentration in a multimetal solution was 0.2 mmol L
! the flow rate was 3 mL min™ and the height of the ICS layer was 10 cm. Breakthrough
curve of Pb(ll), Cu(ll) and Zn(ll) biosorption on the ICS was shown in Figure 5.
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Figure 5. Breakthrough curve of Pb(ll), Cu(ll) and Zn(ll) biosorption on the ICS

The small slope of the folding curves indicates that the process of biosorption of the tested
metal ions on the immobilized CS is slow. The slow biosorption process in the flow system is
probably caused by the difficult diffusion of Pb(ll), Cu(ll) and Zn(ll) ions through Na-alginate
which was used for immobilization of the CS. The simmilar observation also had Tsekova et
al., 2010 [29]. This deficiency can be prevented by increasing the specific surface area of the
beads by adding Na,COj; to the Na-alginate solution [30].

Based on the experimental results, the parameters of the breakthrough curve were
calculated using equations 6 - 11 and shown in Table 2:

o Effluent volume, V¢ (ML):

Vef = Qtyx (6)



where: tuk - total time of solution passage (min) and Q - solution flow through the column
(mL min-1);
e total amount of adsorbed metal, quk (mmol)

t=ty
qui = Q/1000 f,_ " Cpdt (7
where Cg represents metal concentration (mmol L™):;

e the amount of metal ions that have passed through the column, my

My = C;Qty, /1000 (8)
e metal removal percentage, R (%)

R = (quk/muk) 100 (9)
e amount of adsorbed metal in equilibium, ge (mmol g') and equilibrium
concentration, C, (mmol L™);

e = Quk/W (10)
Ce = [(muk - Quk)/Vef] 1000 (11)
where w is mass of biosorbent (g);

e amount of adsorbed metal at breakthrough point, g, (mmol g'l);

e the amount of adsorbed metal at the saturation point, g, (mmol g™);

e Dbreakthrough time of the curve, t, (min) - is established when the concentration of

metal in the effluent reaches a measurable value;
e the time required for the adsorption zone to pass through the column, t, (min).

Results summarized in Table 2 demonstrate that biosorption of metal ions on the ICS in
fixed-bed column system is very effective process. The ICS was removed 87.5, 81.9 and
95.5 % of Pb(Il), Cu(ll) and Zn(ll) ions, respectively.

The breakdown of the curves occurs after 95, 100 and 90 min for Pb(ll), Cu(ll) and Zn(Il)
ions, respectively. The amount of adsorbed Pb(ll), Cu(ll) and Zn(ll) ions at the breakthrough
point is 0.0038; 0.004 and 0.0036 mmol g'l, respectively.

Table 2. The parameters of the breakthrough curve of Pb(ll), Cu(ll) and Zn(ll) ions
biosorption on the ICS in fixed-bed study

Parametar Pb Cu Zn
Ver (mL) 1980 1980 1980
Quk (mmol) 0.252 0.236 0.275
Muk (mmol) 0.288 0.288 0.288
R (%) 87.5 81.9 955
e (mmol g™ 0.0252 0.0236 0.0275
C. (mmol L™ 0.025 0.036 0.009
tp (min) 95 100 90
t; (min) 385 400 410
9o (mmol g™ 0.0038 0.004 0.0036

q, (mmol g™ 0.225 0.232 0.192




3.5 Desorption process in fixed-bed study

Desorption process of the ICS was performed under the same operating conditions as the
Pb(ll), Cu(ll) and Zn(ll) ions biosorption in fixed-bad system. As desorption eluent was used
HNO; solution. Acid solution was flowed down to the column through the 120 min and at
defined time intervals, the aliquots were sampled and metal content were analyzed. The
obtained results are presented graphically at Figure 6.
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Figure 6. The regeneration curve of ICS in fixed bed system

As can be seen (figure 6), biosorbed metal ions can be effectively removed from the ICS
using the HNO; solution. Within first 60 min the most of adsorbed ions were desorbed.
Desorption efficiency is 98.5, 98.3 and 94.4 % for Pb(Il), Cu(ll) and Zn(ll) ions, respectively.
This results indicates that regenerated ICS can be used for new biosorption cycle, therefore,
it can be concluded that this material can be efficiently utillized during several adsorption
cycles.

4. CONCLUSION

In this study corn silk was investigated as alternative material for Pb(ll), Cu(ll) and Zn(ll) ions
removal from water solutions. The corn silk showed good adsorption performance and high
value of biosorption capacity in single and multimetal solution. Corn silk immobilized in
alginate has revealed to be excellent material for metal ions removal from multimetal solution
in fixed-bad column system. ICS showed high biosorption efficiency: 87.5, 81.9 and 95.5 %
for Pb(Il), Cu(ll) and Zn(ll) ions removal, respectively, and good desorption performance
(>94% metal ions were removed from material using HNO; solution) in experiments
performed at fixed-bad column system. On the basis of the present study the ICS can be
utilized as alternative and efficient low cost material for sustainable application.



COMPETING INTERESTS DISCLAIMER:

Authors have declared that no competing interests exist. The products used for this research
are commonly and predominantly use products in our area of research and country. There is
absolutely no conflict of interest between the authors and producers of the products because
we do not intend to use these products as an avenue for any litigation but for the
advancement of knowledge. Also, the research was not funded by the producing company
rather it was funded by personal efforts of the authors.

REFERENCES

1. Jacques RA, Lima EC, Dias SLP., Mazzocato AC, Pavan FA. Yellow passionfruit shell as
biosorbent to remove Cr(lll) and Pb(ll) from aqueous solution. Sep. Purif. Technol. 2007;
57:193-198.

2. Kamau A, Thiong'o G, Kakoi B. Equilibrium Studies for Removal of Cadmium (Il) lons
Removal from Water Using Activated Carbon Derived from Macadamia Intergrifolia Nutshell
Waste Powder. International Research Journal of Pure & Applied Chemistry. 2020; 21(23):
185-197.

3. Krishnani KK, Meng X, Christodoulatos C, Boddu VM. Biosorption mechanism of nine
different heavy metals onto biomatrix from rice husk. J. Hazard. Mater. 2008; 153:1222—
1234,

4. Geoffrey C, Kituyi JL, Lutta S. Effect of Turbidity and Contact Time on the Rate of
Biosorption of Ni**, Pb®*, Cr** and Cu®* from Wastewater Using Moringa oleifera. Chemical
Science International Journal. 2018; 23(2): 1-7.

5. Sheikh Z, Amin M, Muhammad NK, Khan N, Sami SK, Khan SB, Hafeez |, Khan SA,
Bakhsh EM, Cheng CK. Potential application of Allium Cepa seeds as a novel biosorbent for
efficient biosorption of heavy metals ions from aqueous solution. Chemosphere. 2021,
279:130545.

6. Ndkei A, Gitita M, Njomo Nj, Mbui D. Synthesis and Characterization of Rice Husk Biochar
and its Application in the Adsorption Studies of Lead and Copper. International Research
Journal of Pure & Applied Chemistry 2021; 22(4): 36-50.

7. Witek-Krowiak A, Szafran R. Biosorption of heavy metals from aqueous solutions onto
peanut shell as a low-cost biosorbent. Desalination. 2011; 265:126-134.

8. Petrovié M, Sostarié T, Stojanovié M, Milojkovié J, Mihajlovié M, Stanojevié M, Stankovié
S. Removal of Pb* ions by raw Corn silk (Zea mays L.) as a novel biosorbent. J. Taiwan
Inst. Chem. Eng. 2016; 58:407-416.

9. Petrovié M, Soétarié T, Stojanovié M, Petrovié J, Mihajlovié M, Cosovi¢ A, Stankovi¢ S.
Mechanizm of adsorpton of Cu®* and Zn** on the Corn silk (Za mays L.). Ecol. Eng. 2017;
99:83-90.

10. Suh JH, Kim D. Effects of Hg** and cell conditions on Pb** accumulation by
Saccharomyces cerevisiae. Bioprocess Eng., 2000; 23:327-329.

11. Gorgievski M, Bozi¢ D, Stankovi¢ V, Strbac N, Serbula S. Kinetics, equilibrium and
mechanism of Cu®*, Ni** and Zn** ions biosorption using wheat straw. Ecol. Eng. 2013;
58:113-122.

12. Milojkovic J, Lopic¢i¢ Z, Anastopoulos IP, Petrovi¢ J, Milo¢evi¢ S, Petrovi¢ M, Stojanovi¢
M. Performance of aquatic weed - Waste Myriophyllum spicatum immobilized in alginate
beads for the removal of Pb(ll). Journal of Environmental Management 2019; 232:97-109.
13. Chartterjee A, Schiewer S. Multi-resistance kinetic models for biosorption of Cd by raw
and immobilized citrus peels in batch and packed-bed columns. Chem. Eng. J. 2014;
244:105-116.


https://ezproxy.nb.rs:2055/science/article/pii/S004565352101016X#!
https://ezproxy.nb.rs:2055/science/article/pii/S004565352101016X#!
https://ezproxy.nb.rs:2055/science/article/pii/S004565352101016X#!
https://ezproxy.nb.rs:2055/science/article/pii/S004565352101016X#!
https://ezproxy.nb.rs:2055/science/article/pii/S004565352101016X#!
https://ezproxy.nb.rs:2055/science/article/pii/S004565352101016X#!
https://ezproxy.nb.rs:2055/science/article/pii/S004565352101016X#!
https://ezproxy.nb.rs:2055/science/article/pii/S004565352101016X#!

14. Yan G, Viraraghavan T. Heavy metal removal in a biosorption column by immobilized M.
rouxii biomass. Bioresour. Technol. 2001; 78:243—-249

15. Demirbas E, Kobya M, Sentirk E, Ozkan T. Adsorption kinetics for the removal of
chromium (VI) from aqueous solutions on the activated carbons prepared from agricultural
wastes. Water SA. 2004; 30:533-539.

16. Chen GQ, Zeng GM, Tu X, Huang GH, Chen YN. A novel biosorbent: characterization of
the spent mushroom compost and its application for removal of heavy metals. J. Environ.
Sci. 2005; 17:756-760.

17. Allouche FN, Mameri N, Guibal E. Ph(ll) biosorption on Posidonia oceanica biomass.
Chem. Eng. J., 2011; 168:1174-1184.

18. Milojkovi¢ JV, Mihajlovié ML, Stojanovié MD, Lopigié¢ ZR, Petrovié MS, Sostari¢ TD,
Risti¢ MD. Pb(Il) removal from aqueous solution by Myriophyllum spicatum and its compost:
equilibrium, kinetic and thermodynamic study. J. Chem. Technol. Biotechnol. 2014; 89:662—
670

19. Miti¢ Stojanovi¢ DL, Zarubica A, Purenovi¢ M, Boji¢ D, Andjelkovi¢ T, Boji¢ ALJ.
Biosorptive removal of Pb**, Cd** and Zn** ions from water by Lagenaria vulgaris shell.
Water SA. 2011; 37:303-312.

20. Ashkenazy R, Gottlieb L, Yannai S. Characterization of acetone-washed yeast biomass
functional involved in lead biosorption. Biotechnol. Bioeng. 1997; 55:1-10.

22. Aziz A, Ouali MS, Elandaloussi EH, De Menorval LC, Lindheimer M. Chemically modified
olive stone: A low-cost sorbent for heavy metals and basic dyes removal from aqueous
solutions. J. Hazard. Mater. 2009; 163:441-447.

23. Igbal M, Saeed A, Zafar Sl. FTIR spectrophotometry, kinetics and adsorption isotherms
modeling, ion exchange, and EDX analysis for understanding the mechanism of cd* and
Pb** removal by mango peel waste. J. Hazard. Mat. 2009; 164:161-171.

24 Langmur L. The adsorption of gases on plane surfaces of glass, mica and platinum. J.
Am. Chem. Soc. 1918; 40:1361-1368.

25. Freundlich HMF. Adsorption in solution. Phys. Chem. Soc. 1906;40:1361-1368.

26. Gorgievski M, Bozié D, Stankovié¢ V, Strbac N, Serbula S. Kinetics, equilibrium and
mechanism of Cu®*, Ni** and Zn* ions biosorption using wheat straw. Ecol. Eng. 2013;
58:113-122.

27. Sengil IA, Ozacar M. Competitive biosorption of Pb**, Cu®* and Zn*" ions from aqueous
solutions onto valonia tannin resin. J. Hazard. Mater. 2009; 166:1488—-1494.

28. Pérez-Marin AB, Ballester A, Gonzalez F, Blazquez ML, Mufioz JA, Saez J, Zapata VM.
Study of cadmium, zinc and lead biosorption by orange wastes using the subsequent
addition method. Biores. Technol. 2008; 99:8101-8106.

29. Tsekova K, Todorova D, Dencheva V, Ganeva S. Biosorption of copper(ll) and
cadmium(ll) from aqueous solutions by free and immobilized biomass of Aspergillus niger.
Biores. Technol. 2010; 101:1727-1731.

30. Nita I, lorgulescu M, Spiroiu MF, Ghiurea M, Petcu C, Cinteza O. The adsorption of
heavy metal ions on porous calcium alginate microparticles. Analele Universitatii din
Bucuresti — Chimie, Anul XVI (serie nuoa) 2007; 1:59 — 67.



