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Abstract

The study was aimed at determining the effect of chemical pretreatment on copper(Il) biosorption by Marrubium globosum subsp. globosum
leaves. The uptake capacity of the biomass was increased by chemical pretreatment when compared with the raw biomass. The results of biosorption
experiments, carried out at the conditions of 50mg1~! initial metal concentration and pH 5.5, showed that pretreating the biomass with alkali
solutions (laundry detergent, sodium hydroxide and sodium bicarbonate, 0.5 M) improved the biosorption capacity of biomass (45.90, 45.78
and 43.91%, respectively) compared with raw biomass. Pretreatment with sulfuric and nitric acid solutions, 0.5 M, increased the biosorption
capacity of biomass by 11.82 and 10.18%, respectively, while there was no considerable change in the biosorption capacity of biomass (0.35%)
after pretreatment with formic acid solution, 0.5 M. Furthermore, sodium chloride and calcium chloride, 0.5 M, pretreatments resulted in the
improvement in biosorption capacity of biomass (31.38 and 26.69%, respectively). FT-IR analysis revealed that hydroxyl and carboxyl functional

groups were mainly responsible for copper(I) biosorption.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Environmental pollution due to developments in technology
is one of the most significant problems of this century. Among
all heavy metals, copper, chromium and zinc ingestion beyond
permissible quantities causes various chronic disorders in human
beings [1]. Essential for human life, copper, like all heavy metals,
is potentially toxic as well. The excessive intake of copper results
inits accumulation in the liver causing gastrointestinal problems,
kidney damage and anemia. Besides, an increase in lung cancer
among exposed workers is associated with continued inhalation
of copper-containing sprays [2].

The best solution to heavy metal pollution is to prevent the
entrance of heavy metals into the ecosystem. Conventional tech-
nologies traditionally used for the removal of heavy metals from
aqueous solutions such as chemical reduction, electrochemical
treatment, ion exchange and evaporative recovery are expen-
sive and, as a rule, difficult to apply [3,4]. Furthermore, as the
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requirements for wastes purification have become more strin-
gent, alternative treating technologies have been developed, such
as the ones based on sorption methods, due to their economic,
ecological and technological advantages. The optimization of
sorption methods should be carried out, first of all, by choosing
or developing inexpensive sorbents selective to the contaminants
to be removed [5].

Different types of biomass (or sorbent of natural origin)
have been studied for the last two decades and the sorption
characteristics of many of them have been widely investigated
[6-8]. These biomaterials present different types of functional
groups, such as carboxylic, sulfates, phosphates and amino-
groups, which are the binding sites for the ion exchange and
complexation reactions. The choice of the biomass should be
based on its origin, type and chemical composition and on the
composition of the solution to be purified. The sorption proper-
ties of an adsorbent, like its capacity, can be improved/changed
by several pre-treatments or modification techniques [9].

Marrubium globosum subsp. globosum (M. g. ssp. globosum)
is an original plant endemic to Turkey. The cell wall compo-
sition of the plant contains a large number of complex organic
components such as proteins, lipids, carbohydrate polymers (cel-
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lulose, xylane, mannan, etc.) and inorganic ions, Ca®t, Mg2+,
etc. Lignin and cellulose, which are the main components of
plants, are also known to adsorb many heavy metal ions from
aqueous solution [10]. The carboxylic groups in the cell wall are
acidic functional groups of biomass and these functional groups
directly affect the adsorption capacity of the biomass [11]. As the
strategy to manage and utilize this plant for pollution control, the
use of M. g. ssp. globosum leaves collected as a new biosorbent
material for the removal of heavy metals from aqueous solution
was investigated.

The objectives of this study were to determine the effect of
chemical pretreatment conditions on removal of copper (in form
of Cu?*) by M. g. ssp. globosum biomass and to assess the
changes, formed after the pretreatments, in the functional groups
present in the biomass using Fourier Transform Infrared (FT-IR)
spectrometer technique. Recently, numerous studies on metal
biosorption using FT-IR technique have been reported [12-20].
In these studies, only the IR spectra of raw biomass and metal
loaded biomass have been compared, combining with the results
of FT-IR spectra analysis to offer reasonable explanation for the
biosorption phenomenon between biomass and heavy metals.
The differences between the spectra have been attributed to the
presence of metal ions. However, the effect of pH on functional
groups and their functionality has not been investigated with FT-
IR studies. Since it is not considered in FT-IR studies, changes
observed after the comparison of spectra lead the researchers
to think that the main result of changes occurred in functional
groups may be due to the metal binding, which make the peaks
in FT-IR spectra shift or disappear. It is necessary to note that
pH effect can change the results before biosorption observa-
tions, while the change still remains constant after biosorption.
For example; Southichak et al. [21], who studied the effect of
pretreatment on functional groups present in reed (Phragmites
australis) biosorbent, suggested that adsorption performance of
the biomass was affected not only by the reagent used for pre-
treatment, but also by the pH condition during the pretreatment
process. In the present study, FT-IR technique was applied to
determine the effect of chemical pretreatment and pH on func-
tional groups present in M. g. ssp. globosum leaves.

2. Material and methods
2.1. The biomass

Leaves of plant used in this work were collected from Isparta
Davraz Mountain, Turkey. The biomass was washed with dis-
tilled water several times to remove soil-associated particles,
dried in an oven at 60 °C for 2 h and then stored in a desiccator.
The dried biomass was sieved into a size ranging from 125 to
250 wm and retained in a desiccator until use for the biosorption
process.

2.2. Chemicals and measurements

All chemicals used in this study were of analytical grade
and solutions were prepared using double distilled water. Stock

solution of Cu* was prepared by dissolving solid copper sulfate
(CuS04-5H70) in distilled water. Sodium hydroxide (NaOH)
and hydrochloric acid (HCl) solutions were used to adjust the
solution pH. The pH was measured using HI 9321 pH meter
(Hanna Instrument). The metal ion concentration was measured
by a spectrophotometer (Hach DR 2000) with bicinchoninate
method at 560 nm wavelength.

2.3. Pretreatment of biomass

To study the effect of chemical pretreatment on Cu®* uptake
capacity of the biomass, an amount of dried biomass (1 g, for
each procedure) was subjected to pretreatment with various solu-
tions: (a) pretreatment with alkali solutions (sodium hydroxide
(NaOH), sodium bicarbonate (NaHCO3); 0.5 M each), (b) pre-
treatment with acidic solutions (sulfuric acid (HSOy), nitric
acid (HNO3), formic acid (CH20»); 0.5 M each), (c) pretreat-
ment with sodium chloride (NaCl) and calcium chloride (CaCly)
solutions; 0.5M both, and (d) pretreatment with commercial
laundry detergent solution prepared by dissolving 2 g of the laun-
dry detergent in distilled water. The raw biomass was allowed
to contact 21 of such solutions for 2 h by stirring the mixture in
a beaker placed on a magnetic stirrer at 60 °C and 150 rpm. The
biomass was washed with double distilled water after each pre-
treatment procedure until a neutral pH (6.8—7.2) was measured,
dried in an oven at 60 °C for 2 h, sieved again into a particle size
ranging from 125 to 250 wm, and then stored in a desiccator
until use for the following studies.

2.4. Biosorption studies

Cu?* uptake with pretreated biomass was studied in batch
reactors. The optimum conditions (initial metal ion concentra-
tion, initial pH, equilibrium time and initial temperature) for
Cu®* biosorption by M. g. ssp. globosum were obtained in
our previous studies. All tests were carried out in vials placed
in an orbital shaker operated at 150rpm and 25°C. 0.125¢g
(dried weight) of the pretreated biomass was kept in contact
with 25 ml Cu?* solution of 50 mg1~!, whose pH was adjusted
to 5.5, for 2h. Control samples (not including metal bearing
solution but pretreated biomass and distilled water, whose pH
was adjusted to 5.5) were also tested simultaneously in metal
uptake experiments in order to compare the FT-IR spectra of
pretreated/unloaded biomass and pretreated/Cu-loaded biomass.
The mixtures were filtered with 0.45 pm filter paper (Millipore)
to extract the biomass from the liquid phase, and the biomass
was dried in an oven at 60 °C for 2 h and stored in a desiccator
until use for FT-IR studies.

Metal uptake was determined according to the following
equation:

(Co—Cp) xV
- M
where ¢. is the amount of metal ions biosorbed on the biomass
at equilibrium (mg g~ 1); Cy is the initial metal ion concentration

in solution (mg1~1); Cy is the effluent metal ion concentration
(mg1~1); M is the dry weight of raw and pretreated biomass
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in the reaction mixture (g) and V is the volume of the reaction
mixture (1).

The difference between the uptake capacity of pretreated
and raw biomass was determined according to the following
equation:

qe,2 — qe,1

qe,1

Age = x 100 2)
where ge 2 and g1 is the amount of metal ions biosorbed on the
pretreated biomass and raw biomass at equilibrium (mgg™"),
respectively.

2.5. FT-IR analysis

Infrared spectra of the raw and the pretreated biomass were
performed with a Fourier Transform Infrared (FT-IR) spectrom-
eter (Perkin-Elmer FT-IR BX-II). 5mg of dried biomass was
mixed and ground with 150 mg of potassium bromide (KBr,
Spectranal) in an agate mortar. The translucent disks were pre-
pared by pressing the ground material with the aid of 8-ton
pressure bench press. The tablet was immediately analyzed with
a spectrophotometer in the range of 4000-600 cm ™! with a res-

olution of 4cm™!.

3. Results and discussion
3.1. Effect of chemical pretreatment

Changes in the biosorption capacity of the biomass which was
chemically pretreated with different ways were investigated. The
effect of chemical pretreatment on the biosorption of Cu®* ions
by M. g. ssp. globosum leaves is shown in Table 1. Data obtained
from pretreatment studies showed that alkali pretreatments of
biomass with laundry detergent, NaOH and NaHCO3 resulted
in an improvement in biosorption capacities compared with raw
biomass. As seen from Table 1, Age values (%) for laundry
detergent, NaOH and NaHCOj3 and were found as 45.90, 45.78
and 43.91%, respectively.

Inthe case of pretreatment with acidic solutions of HSO4 and
HNO3;, biosorption capacity of the biomass slightly increased in
comparison with that of raw biomass (8.54 mgg~!) whereas
CH,O0; pretreatment did not stimulate the biosorption of Cu?*.
Age values obtained in this study were 11.82% for HpSOy,
10.18% for HNOj3 and 0.35 for CH,O».

Pretreatment of biomass with NaCl and CaCl, resulted in an
increase in biosorption capacity in comparison with raw biomass
by 31.38 and 26.69%, respectively. These pre-treatments were
performed for the conversion of the active binding sites from
the H* to the Na* or Ca?* form. This substitution may favor
the biosorption of copper, because, due to the size of the ions, it
should be easier to exchange copper for sodium or calcium than
for H*.

Some researchers reported that alkali pretreatments of
biomass enhanced the biosorption capacity in comparison with
raw biomass [5,22-24]. Pretreatments with sodium hydroxide,
detergent and other alkali solutions may result in a rupture on
the surface wall of the biomass and form additional functional

Table 1

Effect of chemical pretreatment on the Cu®* sorption capacity of M. g. ssp. globosum leaves (initial metal concentration: 50 mg1~', initial pH: 5.5, mixing time: 2 h, solid/liquid ratio: 0.125 g/25 ml)

Pretreatment methods

Raw biomass

Salt solutions

Alkali solutions

Acidic solutions

0.5M CaCl,

0.5M HNO3 0.5M CH;,0, Laundry detergent 0.5M NaOH 0.5M NaHCO3 0.5M NaCl

0.5M H,S0O4

10.82
26.69
26

11.22
31.38

20

12.29

4391
30

12.45
45.78
48

12.46
45.90
50

8.57
0.35

24

9.41
10.18
27

9.55

8.54

g (mgg™")
Age (%)

11.82
24

Weight loss of biomass

after pretreatment (%)
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groups in terms of metal binding sites. Remaining alkalinity
can cause hydrolysis of various metals. Thus, an improvement
in biosorption capacity of biomass may appear [25]. Yan and
Viraraghavan [26] stated that the increase in metal biosorption
after pretreating the biomass could be due to the destroying
of autolytic enzymes causing putrefaction of biomass and the
removal of lipids and proteins as well as polysaccharides that
mask binding sites.

Similar results obtained in the former studies by some
researchers showed that pretreating a biomass with an acidic
solution can cause an improvement in biosorption capacity
of heavy metals [9,27-29]. For example, pretreatment of N.
crassa [15] and A. flavus [22] with acetic acid resulted in
positive effect on the biosorption of copper(Il) and lead(Il).
However, some researchers reported that acidic pretreatment lit-
tle or significantly reduced the biosorption capacity of biomass
[26,19]. The differences between the obtained results may orig-
inate from the different type of biomass used in the studies,
different interactions between pretreated biomass and metal
species or different properties of functional groups formed
after pretreatment. In this study, an increase in biosorption
capacity observed after pretreatment with HySO4 and HNO3,
which cause protonation of biomass surface, may be attributed
to the exchange of bound hydrogen ions with heavy metal
ions.

The differences in the biosorption capacity of the biomass
pretreated with sodium and calcium chlorides may originate
from the different charge of the cations. Similar results were
reported by Chubar et al. [5], who showed that Cu>* biosorption
by cork biomass was more efficient after NaCl pretreatment. The
explanation they offered is that the interaction of the biomass
binding sites with the divalent calcium ions is stronger than that
of the monovalent sodium cations, thus hindering the biosorp-
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tion of copper and decreasing the correspondent capacity of the
calcium form of the biomass.

Comparing the results presented in Table 1, one can notice
that pretreatment of biomass with solutions caused the weight
loss of biomass compared with the initial weight of biomass (1 g)
after each pretreatment procedure. Results obtained in this study
showed that the highest weight losses were found after pretreat-
ment with alkali solutions. It should also be noted that the highest
biosorption capacities were obtained after alkali pretreatments.
When an acid is involved in the pretreatment, the H* ions alter the
cross-linkage, causing dissolution of organic solids. In the case
of pretreatment with an alkali solution such as NaOH, hydrol-
ysis reactions can occur, causing high dissolution of organic
substances from the biomass. The hydrolysis reactions can lead
to the formation of more carboxylic (—COOH), carboxylate
(—COO0), and alcohol (—OH) groups in the pretreated biomass,
which enhances the cationic biosorption [27].

3.2. FT-IR analysis

It was observed after biosorption studies that the most effi-
cient chemical pretreatment method was alkali pretreatment.
Thus, we turned our attention to the alkali pretreated biomass in
FT-1R studies. The IR spectra of raw biomass (RB), alkali pre-
treated biomass (PBger., PBnaon and PBnaHCo, ), control sample
biomass (CSBger., CSBNnaon and CSBNaHco;) and Cu-loaded
biomass (LBger., LBnaon and LBnaHCO,) were compared in
order to determine the effect of pretreatment with alkali solu-
tions on the functional groups present in the biomass and the
findings were presented in Figs. 1-3. The spectrum of raw
biomass exhibits a broad band between 3000 and 3750 cm™!
due to the presence of hydroxyl groups on the biomass surface
[30]. The stretching of the hydroxyl groups bound to methyl
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Fig. 1. IR spectra of RB (A), PBget. (B), CSByet. (C) and LBge. (D).
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Fig. 2. IR spectra of RB (A), PBnaon (B), CSBnaon (C) and LBnaon (D); EP: extra peak.

radicals presented a signal between 2916 and 2849 cm™~!. These
groups are present on the lignin structure [31]. The peaks located
at 1731 and 1647 cm~! are characteristics of carbonyl group
stretching from carboxylic acids. These groups can be conju-
gated or non-conjugated to aromatic rings (1731 and 1647 cm ™!,
respectively). The peak at 1604 cm™! is due to the asymmetric
stretching vibration of carboxylate [32]. The peak at 1511 cm™!
is a constant value for all the lignin esters [37]. The IR peak at
1425 cm™! may be due to the symmetrical bending vibration of
alkane bonds (—CH,). The absorption peak at 1236 cm™! could

2849
2916

3338

be due to C—0O, C—H or C—C stretching vibrations of carboxyl
groups (—COOH) [33]. The region below 1000 cm™! is the ‘fin-
gerprint zone’ and the absorption can not clearly be assigned
to any particular vibration because they correspond to complex
interacting vibration systems.

The relevance of a shift in the spectra is that there is an effect
of chemical pretreatment, pH or metal biosorption on functional
groups. If the spectral changes are considered in the order of
spectra of A, B, C and D (firstly A to B, next B to C, last C to D;
A: spectra of RB, B: spectra of PBe., PBnaon and PBNaHCO;,
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Fig. 3. IR spectra of RB (A), PBNnanco; (B), CSBNaHCO, (C) and LBNanco, (D); EP: extra peak.
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C: spectra of CSBger., CSBNaon and CSBnaHCo,, D: spectra of
LBger., LBNaon and LBNaHCO; ), the cause of spectral changes
observed in peaks may be easily understood. Resolution of the
device used for FT-IR analysis was 4cm~!, which means that
a shift of 4cm™! (or less than 4 cm™!) may mainly result from
any effect (chemical pretreatment, pH or metal binding on func-
tional groups) in the solution environment or may be due to the
resolution of the device. Thus, we turned our attention to the
shift of more than 4 cm™! even if all the wave number of each
peak was given.

Comparison of raw biomass (RB) with detergent-pretreated
biomass (PBget.), detergent-pretreated control sample biomass
(CSByget.) and detergent-pretreated Cu-loaded biomass (LBget.)
is shown in Fig. 1. The peak at 3338cm~! appeared in
raw biomass (RB) shifted to 3324cm™! as a result of the
effect of pH on detergent-pretreated control sample biomass
(CSByget.), and the latter peak was observed at 3335 cm~! in
detergent-pretreated Cu-loaded biomass (LBget,). The IR peak
at 1647 cm™!, observed in the RB, changed into low intensity
peak in detergent-pretreated biomass (PBge.) and the intensity
of this peak became higher in the IR spectra of CSBge;. com-
pared with that of PBye. In addition to this result, this peak
disappeared in the presence of Cu>*. The peak at 1236 cm™!
in the RB shifted to a wave number of 1243 cm™! compared
with PBge. and CSBet., and was observed at 1238 cm™! in the
spectra of LBget.

In the case of NaOH-pretreated biomass (Fig. 2), the absorp-
tion peak at 3338 cm™! present in RB was observed at 3324 and
3317cm™! in the spectra of NaOH-pretreated control sample
biomass (CSBnaon) and NaOH-pretreated Cu-loaded biomass
(LBNaon), respectively, while there was no change in the spectra
of NaOH-pretreated biomass (PBnaon). The peak at 1731 cm™!
located in RB changed into low intensity peak in PBnaoH,
CSBnaon and LBnaon. The peak at 1647 cm~! appeared in
RB disappeared as seen in PBnyon and this situation continued
for CSBnaon and LBnaon- The peak observed in RB shifted
from 1604 to 1593 cm™! after NaOH pretreatment but shifted
again from 1592 (CSBnaon) to 1600 cm~! in the presence of
Cu®*. An extra peak appearance was observed at 1263 cm™! in
PBnaon after pretreatment and this peak shifted to 1249 cm™!
after Cu?* biosorption. Similar to the disappearance of the peaks
at 1647 cm™!, the peak at 1237 cm™! in RB disappeared after
NaOH pretreatment.

In the case of NaHCOs-pretreated biomass (Fig. 3), the
changes observed in the peak at 3338 cm™! were similar to
those of NaOH and detergent-pretreated biomass. The effect
of pH on this peak shifted the wave number to 3325 cm™! for
NaHCOg3-pretreated control sample biomass (CSBnaHco5 ), and
the latter peak shifted again to a wave number of 3346 cm™~! in
the presence of Cu?t (LBNaHCO3 ), While there was no change in
the wave number for NaHCOg3-pretreated biomass (PBNaHCO;)-
The IR spectra of LBnaHco, showed that two new extra peaks
occurred at the wave numbers of 2980 and 2348 cm™! after
Cu?* biosorption but were absent in the RB. In addition to
that, the peak at 1647cm™' in the RB disappeared in the
LBNaHCo; Whereas there was no change in the PBNaHCo, and
CSBNaHCO;- Another change observed after Cu?* biosorption

was that the peak at 1604 cm™!, appeared in RB, shifted to
1599 cm~!.

The comparison of the spectral changes of RB, PBge,
PBnaon and PBnaHCo, showed that pretreating the biomass
with NaOH and detergent resulted in several changes (such as
disappearance of some peaks, wave number shifting, etc.) in
functional groups of the biomass surface, while NaHCO3 pre-
treatment did not result in more changes than those of NaOH
and detergent. The peaks at 1647 and 1236 cm™! for PBnaon
(Fig. 2) and 1647 cm~! for PBget (Fig. 1) disappeared. Further-
more, the intensity of the peak at 1731 cm™! for PBnaon (Fig. 2)
reduced, all of which may be due to the strong alkali effect.

It was observed that solution pH did not cause a radical struc-
tural change on biomass surface compared with that of pretreated
biomass. But it should also be noted that the effective factor
responsible for the wave number shifting of —OH bonds was
solution pH. Erdik [34] reported that the stretching vibrations
of the IR spectra shifted to a lower frequency as a result of
H™ ions binding to the functional groups, which are H* donors
of the bonds (—COOH, —OH and —NH) present in organic
compounds, while the bending vibrations shifted to a higher
frequency. The reason for shifting observed in the spectra of
pretreated control sample biomass may be explained by H* ions
binding to the functional groups.

If the spectra of Cu-loaded biomass is compared with that
of pretreated control biomass, it can be seen from LBNaHCO;
that there was an appearance of two new peaks at the wave
number of 2980 and 2348 cm—!, which indicates the stretching
vibration of alkane bonds (C—H) and atmospheric CO;, respec-
tively, as well as disappearance of the peak at 1647 cm™'. In
addition to these results, the observations of hydroxyl group,
carboxylic acid bonds and alkanes (symmetrical bending of
CH;) revealed that the vibrations associated with these bonds or
groups were shifted by Cu?* biosorption. It is well known that
metal ions tend to form bonds with functional groups contain-
ing electron-donating atoms. Walter [35] reported that binding of
metal on the biomass surface resulted from interaction with var-
ious anionic ligands, which react strongly with metal cations.
Pradhan et al. [18] also reported that oxygen present in car-
boxylate ions increased anionic tendency attracting more metal
cations. The nature of the specific interaction between metal ions
and biomass is quite controversial due to the complex nature of
the cell wall, and variable number of binding sites for metal
ions [36]. In addition to that, Chen and Yang [27], who stud-
ied the enhancement of metal uptake capacity and reduction of
organic leaching by chemically modified Sargassum biomass,
suggested that the interaction between metal ions and binding
sites was coordination. Similar results obtained in this study led
us to think that Cu®* ions may be biosorbed to binding sites by
coordination.

4. Conclusions

The maximum removal efficiency of Cu>* by M. g. ssp. glo-
bosum leaves was obtained with alkali pretreatment. Results of
FT-IR analyses suggested that hydroxyl and carboxylic func-
tional groups were mainly responsible for Cu>* biosorption. The
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fact that pretreatment and test pH can affect the results should
be taken into consideration in pretreatment and FT-IR studies.

Acknowledgements

We appreciate the botanist, Dr. Semra KILIC’s generous help
in the identification of M. g. ssp. globosum plant. This project
was funded by The Scientific & Technological Research Council
of Turkey (TUBITAK) (Project no.: 106Y295). The financial
assistance from TUBITAK on The Determination of Biosorption
Capacity of Cr®*, Cu?* and Ni** Ions by Marrubium globosum
spp. globosum Biomass and of Sorption Mechanism is thankfully
acknowledged by the authors.

References

[1] R.S. Prakasham, J.S. Merrie, R. Sheelea, N. Sarswathi, S.V. Ramakrishna,
Biosorption of chromium(VI) by free and immobilized Rhizopus arrhizus,
Environ. Pollut. 104 (1999) 421-427.

[2] W.Jianlong, Z. Xinmin, D. Decai, Z. Ding, Bioadsorption of lead(Il) from
aqueous solution by fungal biomass of Aspergillus niger, J. Biotechnol. 87
(2001) 273-277.

[3] K.S.Low, C.K. Lee, S.G. Tan, Sorption of trivalent chromium from tannery
waste by moss, Environ. Technol. 18 (1997) 449-455.

[4] B. Volesky, Detoxification of metal-bearing effluents: biosorption for the
next century, Hydrometallurgy 59 (2001) 203-216.

[5] N. Chubar, J.R. Carvalho, M.J.N. Correia, Heavy metals biosorption on
cork biomass: effect of the pre-treatment, Colloid Surf. A 238 (2004) 51-58.

[6] M.M. Figueira, B. Volesky, V.S.T. Ciminelli, F.A. Roddick, Biosorption of
metals in brown seaweed biomass, Water Res. 34 (1) (2000) 196-204.

[7]1 M.C. Jansson, E. Guibal, J. Roussy, B. Delanghe, P. Cloirec, Vanadium(I'V)
sorption by chitosan: kinetics and equilibrium, Water Res. 30 (2) (1996)
465-475.

[8] M.X. Loukidou, A.I. Zouboulis, Comparison of two biological treatment
processes using attached-growth biomass for sanitary landfill leachate treat-
ment, Environ. Pollut. 111 (2001) 273-281.

[9] A. Kapoor, T. Viraraghavan, Biosorption of heavy metals on Aspergillus
niger: effect of pretreatment, Bioresource Technol. 63 (1998) 109-113.

[10] S.K. Srivastava, A.K. Singh, A. Sharma, Studies on the uptake of lead and
zinc by lignin obtained from black liquor — a paper industry waste material,
Environ. Technol. 15 (1994) 353-361.

[11] M.Y. Arica, G. Bayramoglu, M. Yilmaz, S. Bektas, 0. Geng, Biosorption
of Hg?, Cd**, and Zn** by Ca-alginate and immobilized wood-
rotting fungus Funalia trogii, J. Hazard. Mater. 109 (2004) 191-
199.

[12] L. Deng, Y. Su, H. Su, X. Wang, X. Zhu, Sorption and desorption of lead(II)
from wastewater by green algae Cladophora fascicularis, J. Hazard. Mater.
143 (2007) 200-225.

[13] G. Guibaud, N. Tixier, A. Bouju, M. Baudu, Relation between extracel-
lular polymers’ composition and its ability to complex Cd, Cu and Pb,
Chemosphere 52 (2003) 1701-1710.

[14] C.S. Kedari, S.K. Das, S. Ghosh, Biosorption of long lived radionuclides
using immobilized cells of Saccharomyces cerevisiae, World J. Microb.
Biot. 17 (2001) 789-793.

[15] 1. Kiran, T. Akar, S. Tunali, Biosorption of Pb(II) and Cu(II) from aqueous
solutions by pretreated biomass of Neurospora crassa, Process Biochem.
40 (2005) 3550-3558.

[16] J. Pan, X. Ge, R. Liu, H. Tang, Characteristic features of Bacillus cereus
cell surfaces with biosorption of Pb(Il) ions by AFM and FT-IR, Colloid
Surf. B 52 (2006) 89-95.

[17] P. Pavasant, R. Apiratikul, V. Sungkhum, P. Suthiparinyanont, S. Wat-
tanachira, T.F. Marhaba, Biosorption of Cu*, Cd?*, Pb?*, and Zn?* using
dried marine green macroalga Caulerpa lentillifera, Bioresource Technol.
97 (18) (2006) 2321-2329.

[18] S. Pradhan, S. Singh, L.C. Rai, Characterization of various functional
groups present in the capsule of Microcystis and study of their role in
biosorption of Fe, Ni and Cr, Bioresource Technol. 98 (2007) 595-601.

[19] P. Sar, S.K. Kazy, R.K. Asthana, S.P. Singh, Metal adsorption and des-
orption by lyophilized Pseudomans aeruginosa, Int. Biodeter. Biodegr. 44
(1999) 101-110.

[20] S. Tunali, T. Akar, Zn(II) biosorption properties of Botrytis cinerea
biomass, J. Hazard. Mater. 131 (2006) 137-145.

[21] B. Southichak, K. Nakano, M. Nomura, N. Chiba, O. Nishimura, Pb(Il)
biosorption on reed biosorbent derived from wetland: effect of pretreatment
on functional groups, Water Sci. Technol. 54 (10) (2006) 133-141.

[22] T. Akar, S. Tunali, Biosorption characteristics of Aspergillus flavus biomass
for removal of Pb(IT) and Cu(II) ions from an aqueous solution, Bioresource
Technol. 97 (2006) 1780-1787.

[23] S.1lhan, A. Cabuk, C. Filik, F. Caligkan, Effect of pretreatment on biosorp-
tion of heavy metals by fungal biomass, Trakya Univ. J. Sci. 5 (1) (2004)
11-17.

[24] B. Southichak, K. Nakano, M. Nomura, N. Chiba, O. Nishimura, Phrag-
mites australis: a novel biosorbent for the removal of heavy metals from
aqueous solution, Water Res. 40 (2006) 2295-2302.

[25] C.L. Brierley, Bioremediation of metal-contaminated surface and ground-
water, Geomicrobiol. J. 8 (1990) 201-223.

[26] G. Yan, T. Viraraghavan, Effect of pretreatment on the bioadsorption of
heavy metals on Mucor rouxii, Water SA 26 (2000) 119-123.

[27] J.P. Chen, L. Yang, Chemical modification of sargassum sp. for prevention
of organic leaching and enhancement of uptake during metal biosorption,
Ind. Eng. Chem. Res. 44 (26) (2005) 9931-9942.

[28] A. Cabuk, S. ilhan, C. Filik, F. Caliskan, Pb?* biosorption by pretreated
fungal biomass, Turk. J. Biol. 29 (2005) 23-28.

[29] C. Huang, C.P. Huang, Application of Aspergillus oryzae and Rhizopus
oryzae for Cu(Il) removal, Water Res. 30 (1996) 1985-1990.

[30] S.R. Kamath, A. Proctor, Silica gel from rice hull ash: preparation and
characterization, Cereal Chem. 75 (1998) 484-487.

[31] C.E.L. Pasquali, H. Herrera, Pyrolysis of lignin and IR analysis of residues,
Thermochim. Acta 293 (1997) 39-46.

[32] E.W. Shin, K.G. Karthikeyan, J.S. Chung, X.K. Yoo, Different cadmium
adsorption behavior of juniper wood and bark sorbents, in: Y.P. Kyu (Ed.),
Proceedings of the 9th Korean—Russian International Symposium on Sci-
ence & Technology (KORUS 2005), 26 June-2 July 2005, Mechanic
Development and New Materials, Novosibirsk, 2005, pp. 434-438.

[33] S.Lin, G.D. Rayson, Impact of surface modification on binding affinity dis-
tributions of Datura innoxia biomass to metal ions, Environ. Sci. Technol.
32 (1998) 1488-1493.

[34] E. Erdik, Organik Kimyada Spektroskopik Yontemler, second ed., Gazi
Kitapevi, Ankara, 1998.

[35] R.H. Walter, The Chemistry and Technology of Pectin, Academic Press,
San Diego, California, 1991.

[36] N. Singh, R.K. Asthana, S.P. Singh, Characterization of an exopolysaccha-
ride mutant of Nostoc spongiaeforme: Zn sorption and uptake, World J.
Microb. Biot. 19 (2003) 851-857.

[37] G. Indrajit,  Esterification  of  Organosolv  Lignin, 2004,
http://scholar.lib.vt.edu/theses/available/etd-6998172444/unrestricted/
CHAPTERII1.PDF.



	Biosorption of copper(II) by Marrubium globosum subsp. globosum leaves powder: Effect of chemical pretreatment
	Introduction
	Material and methods
	The biomass
	Chemicals and measurements
	Pretreatment of biomass
	Biosorption studies
	FT-IR analysis

	Results and discussion
	Effect of chemical pretreatment
	FT-IR analysis

	Conclusions
	Acknowledgements
	References


