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In this study, the adsorption of Cu(Il) ions from aqueous solutions onto wheat straw lignin was investigated. The
experiments were performed in a batch system, at room temperature (20 £ 0.5 °C), and the copper ions analysis was
done after equilibrium was attained. Different experimental parameters (initial solution pH, sorbent dose, initial Cu(II)
concentration and contact time) were varied in order to establish the optimum conditions for copper removal using
wheat straw lignin. The experimental results were fitted using the Langmuir, Freundlich and Sips isotherm models, and
the characteristic adsorption parameters were determined. Experimental data were also tested using two kinetic models:
the pseudo-first-order Lagergren model and the pseudo-second-order Ho model. Based on these models, the kinetic
parameters (rate constant and equilibrium adsorption capacity) for Cu(I) adsorption on lignin were calculated.
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INTRODUCTION

Currently, industrial waste effluents are a
severe environmental problem and require the
implementation of new pollution control
strategies.'” Wastewater containing metal ions
and black liquors resulting from the pulping
process raises serious concerns and requires
special attention.

Presently, the most common methods applied
to remove metal ions from aqueous solutions are
chemical precipitation, ion exchange, adsorption,
flotation, the membrane-related process, the
electrochemical technique and the biological
process.”’ However, many of these methods have
been found to be very inefficient and/or very
expensive. It is genuinely problematic when most
of the above methods are used to treat huge
volumes of aqueous effluents containing metal
ions as they have low selectivity. Besides, these
methods may also generate secondary wastes,
which are difficult to discharge cleanly. To
remove metal ions from wastewater, especially
when the concentration is very low, the adsorption
processes should be the preferred method.

The adsorption process implies the presence of
an “adsorbent” that binds metal ions by physical
attractive forces, ion exchange and chemical

binding. Even though the efficient removal of
heavy metals can be successfully done by
adsorption onto active carbon, this procedure is
expensive and cannot be applied on an industrial
scale.>!? For this reason, it is advisable to use an
adsorbent that is available in large quantities,
easily renewable and inexpensive. Considering
this, lignin would appear to be an attractive
solution.

The complex three-dimensional polymeric
structure and the abundance of functional groups
on the phenyl-propane structural units (Fig. 1) of
lignin" indicate that this material has the potential
to be used as a possible adsorbent to remove
metal ions from wastewater.

Being one of the major components of
vascular plants, lignin has an important role in
natural fibers ensuring structural strength. Lignin
provides the waterproofing properties of plant cell
walls. For a system conducting water," it must be
removed in order to increase the flexibility and
the brightness of paper fiber. About 90-95% of
the reactive lignin biopolymer that results from
the Kraft pulping process is soluble as compounds
with lower molecular mass, and contributes to the
dark brown colour and pollution load of the
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effluents.'* Only some of the black liquors are
burned in boilers in order to obtain thermal energy
and recover chemicals.”'® This procedure uses
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only a part of the lignin from black liquors, the
rest represents a profitable alternative that is
currently being used by incineration.

CH,OH
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Figure 1: Schematic representation of a structural fragment from wheat straw lignin

In order to minimize the negative impact of
black liquors and wastewater on natural soil
ecosystems and aquatic life, the separation of
lignin in several steps and transforming it into
value-added products have been considered.'”"’
Thus, the utilization of lignin as biosorbent for
removing trace metals from wastewater'****’ or
as a precursor for conversion into active carbon
represents an attractive alternative, given the
growing concern about heavy metals water
pollution.**"*

Adsorption has gained special attention in
recent years because it offers an efficient and
cost-effective alternative to traditional
remediation and decontamination technologies for
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large-scale  wastewater  treatment.”””' In

particular, metal retention onto lignin, which is a
very complex process, is affected by a couple of
factors: the origin of the lignin (lignin from
softwood, hardwood and from non-woody
plants)”® and the method of extraction. The
mechanisms involved in the retention process
include chemisorption, complexation, adsorption—
complexation on surface, ion exchange, micro-

precipitation and heavy metal hydroxide
condensation on surface.”'’
Based on the published reviews,">* we have

observed significant differences in the metal
adsorption capacities of different types of lignin,
the metal-binding mechanisms of lignin being still



difficult to predict. The statistical data concerning
the depletion of wood resources have increased
the interest in using non-wood products,”*>® for
example agricultural residues. Wheat straw lignin
properties have been thoroughly investigated. Our
studies have been especially focused on
establishing the optimum conditions for
interactions with metal ions.

Our objective was to conduct detailed research
of the adsorption of Cu(Il) on wheat straw lignin.
Generally, the adsorption process is affected by
pH, sorbent dose, initial concentration of metal
ion, and contact time. Using the batch technique,
the experiments were performed by varying the
aforementioned parameters to determine the
optimum conditions for the adsorption process.
The equilibrium and kinetic studies are presented
in order to examine the affinity of Cu(Il) for
wheat straw lignin and to determine the efficiency
of the adsorption process.

EXPERIMENTAL
Materials

The lignin used in the experiments, provided by
Granit Company, Switzerland, was obtained from
wheat straw by alkaline cooking. The stock solution of
Cu(Il), containing around 102 mol Cu(Il)/L, was
prepared by dissolving copper sulphate (Reactivul,
Bucharest) in double-distilled water, followed by
solution standardization by iodometric titration with
sodium thiosulfate in the presence of starch. The
working solutions were obtained by diluting the stock
solutions with double-distilled water. The initial pH of
the working solution was obtained by adding small
volumes of 0.5 N HNO; (for pH 2.0 and 3.0) or acetate
buffer (for pH 4.0 and 6.0). All chemical reagents were
of analytical degree and were used without further
purification.

Adsorption experiments

The experiments were all performed at room
temperature (20 £ 0.5 °C). The batch experiments were
performed by adding lignin powder to 25 mL solution
containing Cu(Il) ions in 150 mL conical flasks. A
series of such conical flasks were intermittently shaken
during 24 hours, in order to attain equilibrium
conditions, and then the phases were separated by
filtration. The Cu(Il) content from the filtrate was
spectrophotometrically analyzed (Digital JASKO 550
spectrophotometer equipped with 1 cm glass cells, with
rubeanic acid at A = 390 nm) using a calibration curve.
The Cu(Il) adsorption efficiency was evaluated using
the following parameters: the amount of Cu(Il)
retained on mass unit of lignin (q, mg/g) and the
percent of copper adsorbed onto lignin, calculated as a
retention yield (R, %), defined by the relations:

Lignin

q=(C-Cy- ¥ M
m

R (%)= € =C) 100 )
C

where C; and C. are the initial and equilibrium
concentrations of Cu(Il) ions in solution (mg/L), V is
volume of metal ion solution used in adsorption
experiments (L), m is mass of dry powder of wheat
straw lignin (g).

In order to determine the optimum experimental
conditions for Cu(Il) adsorption onto lignin, different
experimental parameters (initial solution pH, sorbent
dose, Cu(Il) initial concentration and contact time)
were varied and analyzed. The influence of the initial
solution pH on the retention capacity was investigated
for two concentrations of Cu(Il) (38.63 and 64.38 mg
Cu(II)/L), in the pH range from 2.0 to 6.0, at a constant
dosage of lignin. The effect of the lignin dose was
evaluated by varying the lignin concentration from 1 to
40 g lignin/L, at optimum pH value (established in the
previous experiment) and using an initial Cu(Il)
concentration of 64.38 mg/L. The influence of the
initial Cu(Il) concentration on lignin adsorption
capacity was studied over the 25.75-257.54 mg
Cu(II)/L concentration range, at pH 6.0 and a constant
dosage of lignin (5 g/L). For the kinetics experiments,
the lignin samples were mixed with 25 mL of 64.38
mg/L Cu(Il) solution, at various time intervals from 5
to 180 min.

Isotherm models

The study of adsorption equilibrium is very
important to determine the retention capacity of wheat
straw lignin and to establish fundamental physical-
chemical data of the adsorption process. Adsorption
equilibrium is usually described by isotherm equations
whose parameters express the surface properties and
affinity of the sorbent, under given experimental
conditions.

In this study, three models — Freundlich, Langmuir
and Sips — were used to describe the experimental
adsorption isotherm.**'**" The Freundlich isotherm is
an empirical relationship, which can be expressed in a
non-linear form (Eq. 3):
qe = KF ’ Ce“n (3)
where: Kg is the Freundlich constant, indicating the
adsorption capacity, n is a constant that characterizes
the affinity of metal ions towards the sorbent, g is the
amount of metal ions adsorbed per weight unit of
adsorbent (mg/g) at equilibrium, C, is the equilibrium
concentration of metal ions in solution (mg/L).

The Langmuir adsorption isotherm® has been
successfully applied to many adsorption processes, and
is based on the assumption that adsorption takes place
at specific homogeneous sites from the sorbent surface.
In addition, it is assumed that once a metal ion
occupies a site, no further adsorption can take place at
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that site. The saturated monolayer isotherm can be
represented as (Eq. 4):

_rve )

where: K| is the Langmuir constant related to the free
energy of adsorption (L/mg), qu.. is the maximum
amount of metal ion retained on sorbent (upon
complete saturation of the surface) (mg/g); q. is the
amount of metal ion retained on mass unit of adsorbent
(mg/g) at equilibrium, and C, is Cu(II) concentration at
equilibrium (mg/L).

Sips isotherm* may provide more precisely the
parameters for metal adsorption process, and is written
as Eq. (5) in non-linear form:

(&€ 5)
1+(Ks -G )nx

where: Kg is the Sips constant, C. is Cu(ll)
concentration at equilibrium (mg/L), g. is the amount
of metal ion retained on mass unit of adsorbent (mg/g)
at equilibrium, ny is the Sips constant characterizing the
system heterogeneity.37

The Sips isotherm given by Eq. (5) has a similar
form to that of the Langmuir isotherm (Eq. (4)). The
distinctive feature between Eqs. (4) and (5) consists in
the presence of an additional parameter, ns, specific to
the Sips isotherm and characterizing the heterogeneity
of the adsorption system. When this parameter is unity,
Eq. (5) is similar with Eq. (4).

9o = 9max

Kinetic models

The kinetics of the adsorption process is very
important to elucidate the adsorption mechanism and
characterize the surface properties of the sorbent. The
pseudo-first-order Lagergren and pseudo-second-order
Ho are the most widely used kinetic models for this
purpose.38‘39

The Lagergren first-order rate equation for
adsorption in a liquid-solid system is based on solid
capacity, and can be written as (Eq. 6):

dq
Yk (q.-q, ©)
o = hla-a)
and its linear form is (Eq. 7):

k
le(q, —q,)=lgq, ———t N
glg.—q,)=1gq, 2303

The pseudo-second-order model is derived from the
adsorption capacity of the solid phase, and can be
expressed as (Eq. 8):

dgq,

=k, (g, — ) ®)
dt 2 (qe QI )
The linear form of this model is:
KA S ©)
q{ k2 . Q(’ qe

where: k; and k, — pseudo-first order and pseudo-
second order rate constants; g, g, — adsorption capacity
at equilibrium and at time t, respectively.
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RESULTS AND DISCUSSION

The lignin used in this study was obtained
from wheat straw,” and its characteristic
functional groups and properties are presented in
Table 1.

The essential characteristic of an adsorbent is
its adsorption capacity, defined as the amount of
metal ions retained by a mass unit of adsorbent.
This characteristic is determined by a series of
experimental parameters, such as solution pH,
surface functional groups, pore and particle size
distribution and specific surface area, and for this
reason their study has a great importance.

Effects of experimental parameters on Cu(Il)
removal by adsorption on lignin
Initial solution pH

The solution pH is one of the most important
parameters affecting metal ion adsorption on
various adsorbents, because it affects both the
dissociation degree of the functional groups from
the adsorbent surface and the speciation/solubility
of the metal ions. In this study, the initial solution
pH was varied between 2.0 and 6.0. According to
the copper speciation diagram,"' over this pH
domain Cu(Il) remains predominantly as divalent
free ions (Cu?"), and this species can be involved
in chemical processes during adsorption on lignin.
The effect of the initial solution pH on Cu(Il)
retention is illustrated in Fig. 2, for the two initial
concentrations of metal ions. For both
concentrations, similar behaviours have been
observed, the effect being even more evident in
the case of the higher concentration.

According to the data from Fig. 2, a
pronounced dependence of metal adsorption on
the initial solution pH may be noticed. At low pH
values (pH 2.0), copper retention was almost
negligible for both initial concentrations. By
increasing the initial solution pH (from 2.0 to
6.0), the retention efficiency increased sharply,
and at pH 6.0 the maximum retention was
observed. Such retention tends to be attributed to
the competition between Cu(Il) ions and protons
for the binding sites on the lignin macromolecule.
At a low pH, the presence of proton excess may
compete with Cu(Il) ions for the binding sites on
lignin, and the level of the metal ions retained is
lower. Whereas at higher pH values, due to the
dissociation of functional groups of lignin, the
level of metal ions retained on lignin is evidently
higher. The pH has not been further increased in
order to avoid Cu(Il) precipitation (which can
take place at pH 6.2). Based on the results of this



experiment, pH 6.0 was selected to be used in
further studies.

The important effect of initial solution pH on
the adsorption efficiency suggests that copper ions
are retained presumably due to the ion-exchange
mechanism. Similar behaviour was observed and
reported for other metal ions (Cr(Ill), Pb(ID),
Cd{I), Zn(I) and Ni(I[)) on different types of
lignin (softwood and hardwood lignin) and on
active carbon.”'**

Lignin dose

The variation of Cu(Il) removal as a function
of the lignin dose, at the optimum initial solution
pH, is shown in Fig. 3. According to our obtained
data, the removal of Cu(Il) reaches the maximum
efficiency (more than 90% of Cu(Il) in solution
being removed) at a relatively low lignin dose (5
g/L).

At low doses of lignin (1-5 g/L), the retention
capacity increased from 66% to 90% due to the
increase in the adsorption surface and in the
number of possible binding sites. The increase of
copper retention by nearly a half of the initial
percentage value (66%) was earlier observed in
the case of copper (II) adsorption onto chitosan
(from 58% to 84%)."

Lignin

The increase of lignin dose over this value (10-
40 g/L) did not improve the retention of Cu(Il)
from aqueous solution. At a higher lignin dose,
particle agglomeration may occur on the
adsorption sites, which leads to a decrease of the
number of active sites, consequently the value of
the retention yield decreases. Therefore, the lignin
dose was maintained at 5 g/L in all the subsequent
experiments and this value was considered as
optimum for the removal of Cu(Il).

Initial concentration of Cu(II)

Using a constant value of pH and the same
dose of sorbent (5 g lignin/L), the increase of the
initial Cu(II) ions concentration from 25.75 mg/L
to 257.54 mg/L led to an improvement of the
adsorption of metal ions by lignin (Fig. 4).
Copper retention was calculated as the ratio of
copper amount adsorbed (mg/L) to adsorbent dose
(g/L); according to the graph in Fig. 4 (continuous
line), the highest retention corresponds to the
highest initial concentration of Cu(Il) ions.
However, analysing the percentage of the
retention (Fig. 4, dotted line), which is
independent of the sorbent mass, one can see that
the values are high (over 90%) just for the interval
25.75 +77.26 mg/L of Cu(Il).

Table 1

Characteristics of wheat straw lignin*’

Characteristics Lignin Characteristics Lignin
M,, g/mol 3510 Acid insoluble lignin, % 90
COOH, mmol/g 3.8 Acid soluble lignin, % 1
Aromatic OH, mmol/g 1.7-1.8 Solubility in alkali, pH = 12 98.5
OH/C9 (chemical method) 1.02 Ash, % 2.5
OH/C9 (FTIR) 1.06 T (softening), °C 170
14 40 100
12 —a— 38.63 mg Cu(ll)/L 35 | Hl\ o
o 64.38 mg Cu(lljL 30 TTeooo . o T8
10 1
d
o5 s 251 T80,
£ £ 20 1 o«
& 61 S 5 | 1 40
4 10 A
T 20
2 5 \\’\.
0 ‘ ‘ 0 ; ; ; T 0
0 10 20 30 40
! 3 pH 5 Y g lignin/L

Figure 2: Effect of solution pH on Cu(II) ions
adsorption by wheat straw lignin

Figure 3: Effect of sorbent dose on the adsorption of
Cu(II) by wheat straw lignin
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Figure 4: Effect of initial concentration of metal ions
on the adsorption of Cu(Il) by wheat straw lignin

The optimum calculated value of the initial
concentration is 51.50 mg/L. This effect could be
explained by the fact that at higher metal ion
concentration, the available superficial groups of
lignin are already occupied, and consequently, the
diffusion of Cu(Ill) ions on the unreacted
functional groups is inhibited.

Contact time

The contact time influence was investigated by
varying the period of interaction between Cu(Il)
and lignin from 5 to 180 minutes, and maintaining
the other parameters at the optimum values
established (Fig. 5).

The results presented in Fig. 5 evidence a fast
increase of the retention capacity in the first 20
minutes of contact time. This is probably due to
the large number of available sites for the
adsorption of Cu(Il) ions. After this initial stage,
the adsorption process reaches equilibrium and
becomes slower. The equilibrium state is
practically obtained after 90 min, when 95% of
Cu(I) from the aqueous solution, is retained. A
similar behaviour was observed in the case of
Cu(II) ion retention on wheat bran.**

These observations lead to the supposition that
the adsorption process in the Cu(Il)-lignin system
is based on chemical interactions (ion-exchange
and/or complexation) between metal ions (Cu™)
and the superficial functional groups of the
sorbent.

Adsorption isotherms

The adsorption isotherm, representing the
equilibrium distribution of Cu(Il) ions between
the solid phase of the adsorbent and the aqueous
solution, is represented in Fig. 6.
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Figure 5: Effect of contact time on the adsorption of
Cu(II) by wheat straw lignin

Although the linear representation and
calculation method are preferred due to simplicity
and convenience, the non-linear method provides
more precise results. The non-linear curves fitting
to our experimental data are also presented in Fig.
6. The parameters of the three isotherms were
calculated based on Egs. (3), (5) and (7) and are
summarized in Table 2.

It can be observed that the regression
coefficients obtained from the Sips and Langmuir
isotherms are similar and higher than those of the
Freundlich. This suggests that the mechanism of
adsorption is complex and respects only partially
the assumptions of each isotherm. Taking into
consideration the fact that the linear calculation
methods were not very accurate, the non-linear
model is focused especially on the Sips isotherm
model, which is a combination between the
Langmuir and the Freundlich isotherms.

The first indication for the application of Sips
model is its high correlation coefficient value,
which confirms the precision of this model.
However, nearly equal values of the correlation
coefficients in the case of the Langmuir and Sips
isotherms make necessary the comparison of the
calculated values with the experimental ones. The
experimental value of the maximum amount of
metal ions adsorbed during the experiments is
very close to the value calculated using the Sips
non-linear isotherm (qux = 24.89 mg/g). This
concordance plays a decisive role in determining
the proper isotherm model for the system.

Conversely, the n, parameter, which
characterizes the system heterogeneity, is very
close to unity (ng = 1.16 £ 0.32), leading to the
supposition that the adsorption of metal ions takes
place at functional groups or binding sites on the
surface of the sorbent, one mole of metal ion per



mole of binding site. In this situation, the use of
the Langmuir isotherm may be considered also
appropriate. Based on all these observations, the
Sips isotherm model, which considers the

Table 2

Lignin

possibility of the existence of heterogeneous
binding sites, seems to provide the most
appropriate model for the system.

Parameters for the adsorption isotherms according to the non-linear model equation

Freundlich isotherm

Langmuir isotherm

Sips isotherm

R%=0.9053
Ky = 6.5989 + 1.4136

n = 3.5401 + 0.6647 —

R” = 0.9660
K; =0.1117 £ 0.0222
— Qmax = 26.0250 + 1.3788

R>=0.9612

Ks = 0.1255 + 0.0309
Qmax = 24.8979 + 2.1106
ng = 1.1693 + 0.3280

el Experimental
....... Freundlich

————Sips

Langmuir

0 25 50

100 125 150

C,, mg L™’

Figure 6: Adsorption isotherm of Cu(Il) onto lignin
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Figure 7: Application of the pseudo-first-order Lagergren model (a) and the pseudo-second-order Ho model (b)
to Cu(II) adsorption on lignin

Table 3

Values of kinetic parameters obtained from linear dependences presented in Fig. 7

exp Lagergren model Ho model
Q. mg/g P - 2 ~
R e, mg/g  kj, min R qe» mg/g  ky, g/mg min
9.5910 0.9945 4.2501 0.0306  0.9988 9.8619 0.1499

Kinetic studies

The prediction of the adsorption rate gives
important information for designing batch
adsorption systems. Information on the kinetics of

solute uptake is required for selecting the
optimum operating conditions for a full-scale
batch process. For this reason, two kinetic models
have been tested to fit the experimental adsorption
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data, in order to investigate the mechanism of
adsorption and its potential rate-controlling steps.

The kinetic studies were carried out using the
operating conditions and parameters that had
proved to be optimum in previous experiments
(pH = 6.0, 5.0 g/L lignin dose, 51.5097 mg/L
Cu(II) initial concentration). In order to analyze
the adsorption kinetics of Cu(Il) on lignin, the
pseudo-first-order Lagergren and the pseudo-
second-order Ho models were applied to the
experimental data. The graphical representation of
the linear forms for the pseudo-first-order and
pseudo-second-order kinetic models is presented
in Fig. 7.

The rate constant k; was obtained by plotting
g (qe-q.) against the time and the rate constant k,
was obtained from the intercept of the t/q = f(t)
dependence. The obtained data together with the
rate constants (q.) and correlation coefficients
(R, calculated for each kinetic model, are
summarized in Table 3.

It can be observed from Table 3 that both
correlation coefficients (R?) values obtained for
the linear dependences from Fig. 7 are very close
to unit. From another point of view, the
adsorption capacity value, in the case of the
Lagergren model, is much lower than the
experimental one (9.59 mg/g), and as a
consequence this model is non-adequate for
describing the Cu(Il) adsorption from aqueous
solution on lignin. However, if a comparison is
made between the adsorption capacity value
calculated using the Ho model and the value
obtained from the experimental data, it can be
observed that these values are very close, leading
to the assumption that the adsorption in the
investigated system can be better represented by
the pseudo-second-order Ho model.

The observations presented above come as an
indication that the rate-limiting elementary
process is the chemical interaction between metal
ions and functional groups of the adsorbent and
depends on the availability of both. In this case,
the adsorption may be called chemisorption,
which involves valence forces through sharing or
exchanging electrons between the sorbent and the
sorbate, complexation, coordination and/or
chelation.

CONCLUSION

This study aims to establish the conditions for
the retention of copper (II) ions on wheat straw
lignin. The retention of Cu(Il) on lignin increases
with the increase of initial solution pH, indicating
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that Cu(Il) ions are retained mainly through the
ion-exchange  mechanism. The maximum
retention (over 90% of Cu(Il) from the initial
quantity) appears at relatively low lignin dose (5
g/L), the optimum initial concentration of
copper(Il) was established to be 51.50 mg/L. The
adsorption process attains the equilibrium in 90
minutes.

These results obtained from the analysis of the
isotherms permit the hypothesis that a monolayer
adsorption of Cu(Il) on lignin occurs, with the
observation that the adsorption sites on lignin
surface are heterogeneous, when Cu(l) is
adsorbed on the surface, different sorption sites
have different affinity for Cu(Il) ions and
different adsorption energy. The Sips isotherm,
which admits the possibility of the existence of
heterogeneous binding sites, seems to provide the
most appropriate model for the system.

From the kinetic point of view, the
experimental data obtained in the case of Cu(Il)
adsorption on lignin are very well fitted by
pseudo-second-order Ho model, which confirms
the chemical nature of the rate-limiting process. In
this case, the adsorption may be called
chemosorption, which involves valence forces
through the sharing or exchange of electrons
between the adsorbent and sorbate, complexation,
coordination and/or chelation and depends on the
availability of functional groups of lignin. The
value of the rate constant gives an indication that
Cu(Il) adsorption on lignin is a relatively fast
process.

The availability of wheat straw and the good
retention capacity of its lignin, which is a product
resulting from pulp manufacture, make the use of
lignin as a sorbent a sound option for the retention
of copper ions from batch systems.

ACKNOWLEDGMENTS: The authors would
like to thank Granit Recherche Developpement
SA, for supplying the lignin samples through the
ECOBINDERS project.

REFERENCES
L o. Tunay, I. Kabdash, Y. T. Hung, in “Handbook
of Industrial and Hazardous Wastes Treatment”, 2"
edition, Taylor and Francis, New York, 2006, pp. 353-
359.
2 VL Popa, in “Application of Biotechnological
Processes in the Pulp and Paper Industry”, edited by
Tuliana Spiridon, Universidade Da Beira Interior, 2001,
?p. 113-144.

F. Fu, Q. Wang, J. Environ. Manag., 92, 407
(2011).



4. Febrianto, A. N. Kosasiha, J. Sunarsob, Y. H.

Jua, N. Indraswati et al., J. Hazard. Mater., 162, 616
(2009).

> A. Demirbas, J. Hazard. Mater., 157, 220 (2008).
VK Gupta, A. Suhas, J. Environ. Manag., 90,
2313 (2009).

7 F. Woodard, “Industrial Waste Treatment
Handbook”, Woodard & Curran Inc., New York, 2006,
pp. 149-331.

® B. Acemioglu, A. Samil, M. H. Alma, R.
Gundogan, J. Appl. Polym. Sci., 89, 1537 (2003).

° Y. Wu, S. Zhang, X. Guo, H. Huang, Bioresour.
Technol., 99, 7709 (2008).

" X. Guo, S. Zhang, X. Q. Shan, J. Hazard. Mater.,
151, 134 (2008).

g, Ragan, N. Megonnell, Cellulose Chem. Technol.,
45 (7-8), 527 (2011).

2 X. J. Jin, Z. M. Yu, Y. Wu, Cellulose Chem.
Technol., 46 (1-2), 79 (2012).

B F Le Digabel, L. Averous, Carbohyd. Polym., 66,
537 (2006).

' D. Mohan, J.C. Pittman, P.H. Steele, J. Colloid.
Interface Sci., 297, 489 (2006).

5 M. Bilal, J. A. Shah, T. Ashfaq, S. M. H. Gardazi,
A. A. Tahir et al., J. Hazard. Mater., 263, 322 (2013).
6 A. Hazi, G. Hazi, in Procs. of FOREN, Reference
no: Sp-127-en, (2008).

7 v, Fierro, V. Torne-Fernandez, A. Montane, A.
Celzard, Thermochim. Acta, 433, 142 (2005).

B w.o0.s. Doherty, P. Mousavioun, C. M. Fellows,
Ind. Crop. Prod. J., 33, 259 (2011).

' 'S, H. Ghaffar, M. Fan, Int. J. Adhes. Adhes., 48, 92
(2014).

2 D, R. Crist, R. H. Crist, J. R. Martin, J. Chem.
Technol. Biotechnol., 78, 199 (2003).

*! " A. Kriaa, N. Hamdi, E. Srasra, Desalination, 250,
179 (2010).

2 B. Acemioglu, A. Samil, M. H. Alma, R.
Gundogan, J. Appl. Polym. Sci., 89, 1537 (2003).

B op, Merdy, E. Guillon, M. Aplincourt, J.
Dumonceau, H. Vezin, J. Colloid. Interface Sci., 245,
24 (2002).

Lignin

%y, Harmita, K. G. Karthikeyan, X. Pan, Bioresour.
Technol., 100, 6183 (2009).

2 M. Sciban, M. Klasnja, Adsorpt. Sci. Technol., 22,
195 (2004).

% M. Sciban, M. Klasnja, M. G. Antov, Ecol. Eng.,
37,2092 (2011).

7 M. Betancur, P. R. Bonelli, J. A. Velasquez, A. L.
Cukierman, Bioresour. Technol., 100, 1130 (2009).

*# A. V. Maldhure, J. D. Ekhe, Chem. Eng. J., 168,
1103 (2011).

¥ Suhas, P. J. M. Carrott, M. M. L. R. Carrott,
Bioresour. Technol., 98, 2301 (2007).

3 E. L. Cochrane, S. Lu, S. W. Gibb, L. Villaescusa,
J. Hazard. Mater., 137, 198 (20006).

31 B. Volesky, Water Res., 41, 4017 (2007).

2 AT Martinez, J. Rencoret, G. Marques, A.
Gutierrez, D. Ibarra et al., Phytochemistry, 69, 2831
(2008).

3OA. Suhas, P. J. M. Carrott, M. M. L. Ribeiro
Carrott, Bioresour. Technol., 98, 2301 (2007).

¥ C. Crestini, D. S. Argyropoulos, J. Agric. Food
Chem., 45, 1212 (1997).

3 R C. Sun, J. Tomkinson, Ultrasonics Sonochem.,
9, 85 (2002).

% X.F Sun, R. C. Sun, P. Fowler, M. S. Baird, J.
Agric. Food Chem., 53, 860 (2005).

37 0. Hamdaou, E. Naffrechoux, J. Hazard. Mater.,
147, 401 (2007).

¥ y.S.Hoand G. McKay, Process Saf. Environ., 76,
332 (1998).

* Y.S.Ho, J. Hazard. Mater., 136, 681 (2006).

%" T. Malutan, R. Nicu, V. I. Popa, BioResources, 3,
13 (2008).

i, Faur-Brasquet, Z. Reddad, K. Kadirvelu, P. Le
Cloirec, Appl. Surf. Sci., 196, 356 (2002).

2y, Hengky, K. G. Karthikeyan, X. J. Pan,
Bioresour. Technol., 100, 6183 (2009).

® D. Asandei, L. Bulgariu, E. Bobu, Procs. 14"
International Symposium on Cellulose Chemistry and
Technology, lasi, September 8-10, 2010, p. 183.

“ L. Nouri, I. Ghodbane, O. Hamdaoui, M. Chiha, J.
Hazard. Mater., 149, 115 (2007).

447



