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Abstract 
 
The influence of initial metal ion concentration and temperature on the adsorption of Zn(II) from aqueous solution onto amino 
ethyl cellulose (AEC) functionalized with Orange 16 reactive dye, was examined. Batch experiments were performed at pH of 4.0 
and adsorbent dose of 8.0 g/L previously established as optimum, ranging the initial Zn(II) concentration between 22.74-181.92 
mg/L and temperature between 2 and 60 C. Three isotherm models (Langmuir, Freundlich and Dubinin – Radushkevich) were 
applied to the equilibrium data and the fitted parameters were used to determine the thermodynamic parameters of adsorption 
process. The adsorption equilibrium was well described by the Langmuir model. Maximum adsorption capacity of functionalized 
AEC for Zn(II) ions slightly increase with increasing of temperature, from 33.56 to 36.50 mg/g. In addition, the adsorption energy, 
calculated from Dubinin - Radushkevich model, indicate that the Zn(II) uptake process occurs via electrostatic interactions. 
Thermodynamic studies indicated that adsorption of Zn(II) onto functionalized AEC is and endothermic process (H = 9.98 kJ/mol) 
and spontaneous (G = - 14.50  - 19.64 kJ/mol), in the studied temperature range. 
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1. Introduction 

 
The development of industrial activities has 

determined the accumulation of heavy metals in 
surface and ground waters. The presence of heavy 
metals in water sources is detrimental for a variety of 
living species, because these pollutants are non-
biodegradable and have a high toxic potential, even at 
low concentration (Lodeiro et al., 2006; Martins et al., 
2004; Modoi et al., 2014). 

Numerous industrial applications of heavy 
metals, such as copper, nickel, zinc, cadmium and 
lead, in important technological processes, such as 
metal finishing, electroplating, pigments, paper and 
pulp, fertilizers, metallurgy and leather industry etc. 
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(Wang and Chen, 2009), have made that their 
wastewaters to represents the main source of 
environmental pollution with such pollutants (Abdel-
Ghani and El-Chaghaby, 2014; Han et al., 2006). 
Hence, improved and innovative methods for the 
removal of heavy metals from industrial wastewater 
are constantly developed, and their implementation at 
large scale keeps on to be an issue that entails 
advanced studies. 

Various physico-chemical methods, such as 
precipitation, ion exchange, adsorption, membrane 
processes, electrolytic methods etc. were already 
recommended and applied for the elimination or 
reduction of metal ions concentration from industrial 
effluents (Bilal et al., 2013; Dabrowski et al., 2004; 
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Gantam et al., 2014; Llanos et al., 2010; Suditu et al., 
2013; Tunali et al., 2012; Wan Ngah and Hanafiah, 
2008). Since the majority of these methods are costly 
and difficult to be applied, an efficient alternative has 
been checked. Adsorption has been shown to be an 
effective and low-cost method for the removal of a 
large variety of heavy metal ions from aqueous 
solution, including Zn(II) ions.  

Among the significant advantages of 
adsorption, some are very relevant, such as: effective 
and quantitative removal of heavy metals, ease of 
operation, possibility of recycling the retained metal 
ions, low sludge production and energy consumption 
(Crini, 2005; Dabrowski et al., 2004; Hlihor et al., 
2015). However, all these advantages can be taken 
into account only when the adsorbent material is not 
very expensive. 

In recent decades, cellulosic materials have 
attracted the attention as low-cost, highly efficient and 
renewable source of biomass, which can be exploited 
as sorbents in the treatment of industrial effluents 
(Abdel-Halim and Al-Deyab, 2011; Wan Ngah and 
Hanafiah, 2008). It is well known that cellulose one of 
is the most abundant natural materials, which is used 
in numerous applications, such as paper 
manufacturing, packing, preparation of biocomposites 
etc. (Singha and Guleria, 2014a; Sud et al., 2008). 
Besides, the potential use of cellulosic materials for 
wastewater remediation process has become the topic 
of intense studies due to their numerous functional 
groups. This is also supported by the growing concern 
in relation to the environmental problems.  

Unfortunately, many studies from literature 
have shown that the adsorption capacity of cellulose is 
relatively low, because the hydroxyl groups present in 
its structure are rather involved into hydrogen bonding 
that into interactions with heavy metal ions from 
aqueous solution (Crini, 2005; Mahajan and Sud, 
2013; Gautam et al., 2014; Singha and Guleria, 
2014b). Therefore, in order to improve the adsorption 
capacity of cellulose it is necessary the introduction of 
new functional groups in its structure, by chemical 
modification (Abdel-Halim and Al-Deyab, 2012; 
O’Connell et al., 2008; Shibi and Anirudhan, 2006; 
Singha and Guleria, 2014b).  

The engraftment of amino ethyl groups in 
cellulose structure, which is a simple and cheap 
procedure that require common chemical reagents, 
significantly improves the removal of pollutants from 
aqueous solution, but only in case of negative charged 
species. In case of heavy metal ions that are 
predominantly positively charged in aqueous solution, 
the removal efficiency is quite low, mainly due to the 
electrostatic repulsions. This different behaviour of 
amino ethyl cellulose in function of charge of species 
from aqueous solution was the starting point in the 
functionalization of this adsorbent with organic dyes, 
prior to be used for the retention of metal ions. Thus, 
on the surface of the synthesized amino ethyl cellulose 
was first retained a negatively charged organic dye 
(such as Orange 16), and then after washing and 

drying, the obtained material was used for the 
adsorption of metal ions.   

In this study, the adsorption of Zn(II) ions from 
aqueous solution onto amino ethyl cellulose (AEC) 
functionalized with reactive dye (Orange 16) was 
studied, as a function of initial Zn(II) concentration 
and temperature. The data obtained from batch 
experiments were analyzed using Freundlich, 
Langmuir and Dubinin-Radushkevich isotherm 
models. The fitted parameters were then used to 
determine the thermodynamic parameters of 
adsorption process. The obtained values of 
thermodynamic parameters (G, H, S) shown that 
the adsorption process is spontaneous and 
endothermic. 
 
2. Experimental 
 
2.1. Materials 
 

Adsorbent. The experiments were carried out 
using amino ethyl cellulose (AEC) functionalized with 
reactive dye Orange 16, as adsorbent. This was 
obtained by equilibrating 25 g of AEC with 1000 mL 
dye solution with 0.1 g/L concentration, at neutral pH, 
24 hours of contact time and room temperature (Şuteu 
et al., 2008). 

Metal ion solution. It was worked with a stock 
solution 1% of ZnSO4ꞏ7H2O in which the Zn(II) 
concentration was 2274 mg Zn(II)/L. The working 
solution has been prepared by appropriate dilution of 
stock solution, having knowing and desired 
concentrations. 
 

2.2. Adsorption experiments 
 

The adsorption experiments were performed 
through batch method by contacting a constant amount 
of adsorbent (0.4 g) with 50 mL of solution containing 
various amounts of Zn(II) ions, ranged between 23 and 
182 mg/L. The previous results indicate that better 
adsorption efficiency of Zn(II) ions onto 
functionalized AEC was reached with adsorbent dose 
of 8 g/L and initial solution pH of 4, and these 
conditions were considered as optimum and used in all 
further experiments. The system was maintained at 
constant temperature in a thermostatic bath and under 
discontinuous stirring. After 24 hours, the 
concentration of the Zn(II) ions in the solution was 
determined spectrophotometrically (method with 
xylenol orange 10-3 M in order to obtained colored 
metallic complex with maximum wavelength at λ= 
570 nm) using an UV-VIS Digital Spectrophotometer, 
model S 104D /WPA (Dean, 1995).  

The adsorption efficiency of functionalized 
AEC was evaluated by determined two characteristic 
parameters: the amount of Zn(II) retained on mass unit 
of adsorbent q (mg/g) and percentage of Zn(II) 
removal R(%), using Eqs. (1-2), where: C0 and C are 
initial and the equilibrium concentration of Zn(II) in 
solution in mg/L, G is the amount of AEC (g) and V is 
the volume of solution (L). 
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2.3. Adsorption thermodynamics 
 

The characteristic thermodynamic parameters 
were determined using Eqs. (3-4) (Crini and Badot, 
2008), where: G is free energy (kJ/mol), H is 
enthalpy (kJ/ mol) and S is adsorption entropy 
changes (kJ/mol K), R is the universal gas constant 
(8.314 J/mol K), T is the absolute temperature of 
solution (K) and KL is the values of Langmuir constant 
(L/mol). 
 

LDG -RT ln K  (3) 

 
0 0

L

H S
ln K

RT R

 
  

 (4) 
 
3. Results and discussion 
 
3.1. Effect of temperature on Zn(II) removal capacity 
 

The studies relating to the effect of temperature 
on Zn(II) ions adsorption from aqueous solutions onto 
functionalized AEC  were carried out at three different 
temperatures (2 – 60C), with  initial concentrations of 
Zn(II) ions varying from 23 to 182 mg/L, at pH 4, and 
the obtained results are illustrated in Fig. 1. 

It can be observed that the adsorption 
efficiency of Zn(II) onto functionalized AEC increase 
with the increasing of temperature. This increase of 
adsorption efficiency is determined mainly by two 
factors: (i) increase of metal ions mobility with 
increasing of temperature, and (ii) swelling effect 
within the internal structure of functionalized AEC, 
which make that internal functional groups from 
adsorbent structure to become available for 
interactions with Zn(II) ions. In consequence, the 
attractive forces between adsorbent surface and metal 

ions from aqueous solution will be stronger and the 
adsorption efficiency increases (Febrianto et al., 
2009). 

It should be also noted that the increase of 
adsorption efficiency with the rise of temperature is 
not uniform, and two distinct stages can be observed. 
In the first stage, at low Zn(II) ions concentration, the 
increase of adsorption efficiency with temperature is 
more pronounced, than in the second stage, where a 
flattening of adsorption isotherms can be noticed. The 
Zn(II) concentration that separates these two stages is 
around 20 mg/L, and this value is almost the same for 
all studied temperatures. 

The increase of adsorption efficiency with 
increasing of temperature suggest that between Zn(II) 
ions from aqueous solution and functional groups 
from adsorbent surface occur strong interactions, and 
in consequence, the possible mechanism to be a ion 
exchange one (Singha and Guleira, 2014a). 
 
3.2. Adsorption equilibrium 
 

The absorption equilibrium isotherm are 
obtained plotting the amount of adsorbate retained on 
mass unit of adsorbent (q, mg/g) as a function of the 
adsorbate concentration at equilibrium in liquid phase 
(C, mg/L), and could be considered an important 
instrument to analyzed the adsorption process (Chong 
and Volenski, 1995; Febrianto et al., 2009).  

In order to analyze the adsorption isotherms 
obtained at various temperatures, three isotherm 
models: Langmuir, Freundlich and Dubinin-
Radushkevich (Chong and Volenski, 1995; Crini and 
Badot, 2008; Febrianto et al., 2009) were employed 
for fitting the equilibrium data.  
- Freundlich isotherm model assumes that multilayer 
adsorption on heterogeneous surface occurs, with an 
exponential distribution of active sites of different 
energies, according to Eq. (5) where: KF and n are 
constants related to the adsorption capacity and 
adsorption intensity (efficiency), respectively. 
 

n1
FCKq   (5) 

 

 
 

Fig. 1. Adsorption isotherms of Zn(II) ions on functionalized AEC, at different temperatures 
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 - Langmuir isotherm model considers that the 
adsorption process occurs on homogeneous surface 
containing a finite number of energetically equivalent 
sites takes place, until complete monolayer coverage 
is formed, according to Eq. (6), where: q0 is the 
maximum amount of adsorbed solute (mg/g); KL is the 
Langmuir constant, related to the binding energy of 
solute (L/mg). 
 

CK1

CqK
q

L

0L


  (6) 

 
 - Dubinin-Radushkevich isotherm model states that 
one can speak about a Gaussian energy distribution 
onto a heterogeneous surface. It is usually applied to 
differentiate the physical and chemical adsorption by 
the mean free energy value, as given by Eqs. (7-8), 
where: qD is the maximum adsorption capacity, mg/g; 
βD – activity coefficient related to mean adsorption 
energy, mol2/kJ2; ε - Polanyi potential defined by: 

)
C

1
1(lnRTε 

; E – mean free energy of 
adsorption, kJ/mol. 
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The linear dependences of Langmuir, 
Freundlich and Dubinin-Radushkevich models for the 
adsorption of Zn(II) ions onto functionalized AEC are 
presented in Fig. 2. The isotherms parameters were 
calculated from the slope and intercept of the 
characteristic plot of each model (lg q vs.lg C – for 
Freundlich model; 1/C vs. 1/q – for Langmuir model, 
and ε2 vs. ln q – for Dubinin-Radushkevich model, 
respectively), and the obtained values are summarized 
in Table 1. The conformity between experimental data 
and the model predicted values was estimated using 
the linear correlation coefficient R2, whose values 
were also mentioned in Table 1, for all cases.  

The Freundlich constant n, which is used to 
estimate the adsorption intensity of the metal ion on 
the functionalized AEC surface, is higher than 1 in all 

cases, which means that the adsorption process is 
favourable even at high metal ion concentrations. On 
the other hand, the increase of this constant with the 
rise of temperature, suggest that the uptake of Zn(II) 
from aqueous solutions on functionalized AEC, 
probably takes place by ionic interactions. This 
assumption is sustained and by the variation of 
Freundlich constant (KF) with temperature. The 
increases of KF values, which are a measure of the 
adsorption degree, with the increase of temperature, 
indicate that more adsorption would be expected at 
higher temperatures.  

Unfortunately, the values of correlation 
coefficients shows that the Freundlich isotherm model 
is not so adequate to describe the adsorption process 
of Zn(II) ions onto functionalized AEC. On the basis 
of this criterion, the experimental data of Zn(II) ions 
adsorption on functionalized AEC are better described 
by the Langmuir isotherm model, where the 
correlation coefficients have higher values. According 
with the Langmuir isotherm model, the number of 
adsorption sites from adsorbent surface is limited and 
the metal ions adsorption occurs gradually until 
monolayer coverage is formed (Febrianto et al., 2009).  

The value of maximum adsorption capacity 
(q0), required to obtain a complete monolayer 
coverage, in case of Zn(II) ions adsorption onto 
functionalized AEC, at temperature of 250C is 34.6021 
mg/g, and increases with increasing of temperature. 
This value is comparable with those reported in 
literature for the retention of Zn(II) ions onto various 
low-cost materials (Table 2), suggesting the potential 
applicability of functionalized AEC in removal 
processes of this metal ion from aqueous media. 

The relative low values of Langmuir constant, 
KL is due to a weaker binding between cationic ions 
and adsorbent surface. The adsorption capacity 
increases with the temperature probably due to 
increase of diffusion of ions toward the structure of the 
functionalized cellulose. Knowing that the values of 
mean free energy lower than 8 kJ/mol characterizes a 
physical adsorption mechanism, whereas values 
between 8 and 16 kJ/mol indicates an ion exchange 
mechanism (Dubinin and Radushkevich, 1947), the 
calculated values of this parameter will give important 
information about adsorption mechanism. 

 

Table 1. Isotherms parameters for the adsorption of Zn (II) ions onto functionalized AEC 
 

Isotherm model Isotherm parameter 
Temperature, K 

278 298 333 

Freundlich 
n 1.371 1.3926 1.5212 

KF, mg.L1/n/g.mg1/n 0.5497 0.7092 1.3041 
R2 0.9868 0.9736 0.9440 

Langmuir 
q0, mg/g 33.6311 34.6021 36.4961 
KL, L/mg 0.0087 0.0108 0.0184 

R2 0.9922 0.9945 0.9871 

Dubinin-Radushkevich 

E, kJ∕ mol 
βD, mol2∕ kJ2 

qD, mg/g 
R2 

7.33 
0.0093 
117.65 
0.9921 

7.57 
0.0087 
187.21 
0.9804 

8.16 
0.0075 
416.60 
0.9622 
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(a) 

 
(b) 

 
(c) 

Fig. 2. Freundlich (a), Langmuir (b) and Dubinin-Radushkevich (c) linear representations 
for the adsorption of Zn(II) ions on functionalized AEC 

 
Table 2. Comparative values of Langmuir adsorption capacities for Zn(II) on various low-cost materials 

 
Adsorbent material pH qmax, mg/g Reference 

Bentonite 4.5 52.91 Mellah and Chegrouche, 1997 
Natural zeolite 5.0 2.21 Motsi et al., 2009 
Sphagnum sp. 5.0 60.73 González and Pokrovsky, 2014 

Lignin 4.0 73.20 Srivastava et al., 1994 
Sawdust-black locust 4.5 5.23 Sciban et al., 2006 

Waste activated sludge 4.0 36.90 Norton et al., 2004 
Functionalized AEC 4.0 34.60 This study 

 
In case of Zn(II) ions adsorption onto 

functionalized AEC, the values of mean free energy 
between 7.33 and 8.16 kJ/mol (Table 1) suggest that 
the adsorption mechanism is combined one, that imply 

both physical interactions (such as van der Waals, 
hydrogen, dipole – dipole), but also electrostatic 
attractions between the positive charged surface of the 
adsorbent and the cationic inorganic species. 
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3.3. Adsorption thermodynamics 
 

Determination of the apparent thermodynamic 
parameters is important in order to evaluate the effect 
of temperature of Zn(II) adsorption onto AEC 
functionalized with reactive dye Orange 16, to 
evidence the nature of adsorption, and to appreciate 
the spontaneity of the adsorption process. Using the 
values of Langmuir constant KL (expressed in L/mol), 
the Gibbs free energy variation was calculated by Eq 
(3). The obtained values of Gibbs free energy change 
are then employed to determine other thermodynamic 
parameters, such as enthalpy change (H0) and 
entropy change (S0), on the basis of the van’t Hoff 
equation (Eq. 4) (Crini and Badot, 2008). 
 - The values of thermodynamic parameters ∆H0 and 
∆S0 estimated by plotting ln KL versus 1/T (Fig. 3) are 
given in Table 3. In order to evaluate the degree of 
fitness of the van’t Hoff equation to the experimental 
data, it was used the linear regression coefficient R2 
(Table 3). 

The results presented in Fig. 3 and Table 3 
showed that: 
- The negative value of Gibbs free energy (G0) 
increases while temperature increases. This behavior 
suggests that the Zn(II) ions adsorption onto 
functionalized AEC is thermodynamically feasible 
and spontaneous in nature. Moreover, it is known that 
G0 values less than - 40 kJ/mol (Table 3) confirms 
the fact that the electrostatic interactions play an 
important role in the adsorption mechanism (Horsfall 
and Spiff, 2005). 
 

 
 

Fig. 3. Plots of ln K versus 1/T for the retention 
of Zn(II) onto functionalized AEC 

 
Table 3. Thermodynamic parameters obtained for Zn(II) 

adsorption onto functionalized AEC 
 

T, K 
KL, 

L/mol 
G0, 

kJ/mol 
H0, 

kJ/mol 
S0, 

J/mol.K 
R2 

275 568.844 
- 

14.5037 

9.979 

88.029 

0.971 298 707.616 
-

16.2575 
88.04 

333 1205.585 
-

19.6421 
88.952 

 
- The positive values of enthalpy change (H0) 
underline the endothermic nature of the adsorption 
process that is in agreement with the increase of 

adsorption capacity with increase of temperature. Its 
relative low value supports the statement that 
adsorption process occurs through a combination of 
physical van der Waals interactions and electrostatic 
attractions. 

- The positive value of entropy change (S0) is 
characteristic to the increased randomness at the solid-
liquid interface during adsorption of heavy metal ions, 
indicating also some structural changes in both 
adsorbate and adsorbent. At the same time, the 
positive values evidenced the electrostatic interactions 
between opposite charge groups and may be a result 
of the increase in the degree of freedom of the 
adsorbed species. 
 
4. Conclusions 
 

The experimental results presented in this 
study indicate that the adsorption of Zn(II) ions from 
aqueous solution onto AE cellulose functionalized 
with reactive dye (Orange 16) is favoured by the 
increasing of temperature. The increase of temperature 
will favour the increase of solubility of pollutants 
species in the wastewater and also enhances the 
adsorption rates.  

The experimental data of adsorption of Zn(II) 
ions from aqueous environment onto functionalized 
AEC were analyzed using Freundlich, Langmuir and 
Dubinin-Radushkevich models. The Langmuir 
isotherm model better characterizes the equilibrium 
adsorption data; the monolayer adsorption capacity 
was found to be 34.6021 mg/g at 250C. The value of 
adsorption energy determined by Dubinin-
Radushkevich models suggested a physical adsorption 
process occurring via electrostatic interactions 
between adsorbent surface and metal ions. The values 
of thermodynamic parameters indicate a feasible, 
spontaneous and endothermic adsorption process 
between the surface of functionalized AEC and the 
Zn(II) ions from aqueous solution. Their values also 
confirm the physical nature of adsorption.  

The results lead to conclusion that the 
functionalized celluloses with reactive dyes can be 
considered as a promising adsorbent for the removal 
of heavy metal ions from aqueous solutions. 
 
References 
 
Abdel-Ghani N.T., El-Chaghaby G.A., (2014), Biosorption 

for metal ions removal from aqueous solutions: A 
review of recent studies, International Journal of Latest 
Research in Science and Technology, 3, 24-42. 

Abdel-Halim E.S., Al-Deyab S.S., (2012), Chemically 
modified cellulosic adsorbent for divalent cations 
removal from aqueous solutions, Carbohydrate 
Polymer, 87, 1863-1868. 

Abdel-Halim E.S., Al-Deyab S.S., (2011), Removal of 
heavy metals from their aqueous solutions through 
adsorption onto natural polymers, Carbohydrate 
Polymer, 84, 454-458. 

Bilal M., Shah J.A., Ashfaq T., Gardazi S.M.H., Tahir A.A., 
Pervez A., Haroon H., Mahmood Q., (2013), Waste 
biomass adsorbents for copper removal from industrial 

6

6.25

6.5

6.75

7

7.25

0.0028 0.003 0.0032 0.0034 0.0036 0.0038

1/T

ln
 K

L



 
Removal of Zn(II) ions from aqueous solution by sorption using cellulose functionalized  with reactive dyes as sorbent 

 

 327

wastewater-A review, Journal of Hazardous Materials, 
263, 322-333. 

Chong K.H., Volesky B., (1995), Description of 2-Metal 
biosorption equilibria by Langmuir-Type Models, 
Biotechnology and Bioengineering, 47, 451-460. 

Crini G., (2005), Recent developments in polysaccharide-
based materials used as adsorbents in wastewater 
treatment, Progress in Polymer Science, 30, 38-70. 

Crini G., Badot P.M., (2008), Application of chitosan, a 
natural aminopolysaccharide, for dye removal from 
aqueous solution by adsorption processes using batch 
studies: A review of recent literature, Progress in 
Polymer Science, 33, 399-477. 

Dabrowski A., Hubicki Z., Podkoscielny P., Robens E., 
(2004), Selective removal of the heavy metal ions from 
waters and industrial wastewaters by ion-exchange 
method, Chemosphere, 56, 91-106. 

Dean J.A., (1995), Analytical Chemistry Handbook, 
McGraw-Hil, Inc., New York. 

Dubinin M.M., Radushkevich, L.V., (1947), Equation of 
theof the characteristic curve of activated charcoal, 
Proceedings of USSR Academy of Science, Physical 
Chemistry Section, 55, 331-333. 

Febrianto J., Kosasih A.N., Sunarso J., Ju Y.H., Indrawati 
N., Ismadji S., (2009), Equilibrium and kinetic studies 
in adsorption of heavy metals using biosorbent: A 
summary of recent studies, Journal of Hazardous 
Materials, 162, 616-645. 

Gautam R.K., Mudhoo A., Lofrano G., Chattopadhyaya 
M.C., (2014), Biomass-derived biosorbents for metal 
ions sequestration: Adsorbent modification and 
activation methods and adsorbent regeneration, Journal 
of Environmental Chemical Engineering, 2, 239-259. 

González A.G., Pokrovsky O.S., (2014), Metal adsorption 
on mosses: Toward a universal adsorption model, 
Journal of Colloid and Interface Science, 415, 169-178. 

Han R., Li H.Y., Zhang J., Xiao H., Shi J., (2006), 
Biosorption of copper and lead ions by waste beer yeast, 
Journal of Hazardous Materials, 137, 1569-1576. 

Hlihor R.M., Diaconu M., Leon F., Curteanu S., Tavares T., 
Gavrilescu M., (2015), Experimental analysis and 
mathematical prediction of Cd(II) removal by 
biosorption using support vector machines and genetic 
algorithms, New Biotechnology, 32, 358-368. 

Horsfall M., Spiff A.I., (2005), Effect of metal ion 
concentration on the biosorption of Pb(II) and Cd(II) by 
Caladium bicolor, African Journal of Biotechnology, 4, 
191-196. 

Llanos J., Williams P.M., Cheng S., Rogers D., Wright C., 
Perez A., Canizares P., (2010), Characterization of a 
ceramic ultrafiltration membrane in different 
operational states after its use in a heavy-metal ion 
removal process, Water Research, 44, 3522-3530. 

Lodeiro P., Barriada J.L., Herrero R., Sastre de Vicente 
M.E., (2006), The marine macroalga Cystoseira baccata 
as biosorbent for cadmium(II) and lead(II) removal: 
kinetic and equilibrium studies, Environmental 
Pollution, 142, 264-273. 

Mahajan G., Sud D., (2013), Application of ligno-cellulosic 
waste material for heavy metal ions removal from 
aqueous solution, Journal of Environmental Chemical 
Engineering, 1, 1020-1027.  

Martins R.J.E., Pardo R., Boaventura R.A.R., (2004), 
Cadmium(II) and zinc(II) adsorption by the aquatic 
moss fontinalis antipyretica: effect of temperature, pH 
and water hardness, Water Research, 38, 693-699. 

Mellah A., Chegrouche S., (1997), The removal of zinc from 
aqueous solutions by natural bentonite, Water 
Research, 31, 621-629. 

Modoi O.C., Roba C., Török Z., Ozunu A., (2014), 
Environmental risks due to heavy metal pollution of 
water resulted from mining wastes in nw Romania, 
Environmental Engineering and Management Journal, 
13, 2325-2336. 

Motsi T., Rowson N.A., Simmons M.J.H., (2009), 
Adsorption of heavy metals from acid mine drainage by 
natural beolite, International Journal of Mineral 
Processing, 92, 42-48. 

Norton L., Baskaran K., McKenzie T., (2004), Biosorption 
of zinc from aqueous solutions using biosolids, 
Advances in Environmental Research, 8, 629-635. 

O’Connell D.W., Birkinshaw C., O’Dwyer T.F., (2008), 
Heavy metal adsorbents prepared from the modification 
of cellulose: a review, Bioresource Technology, 99, 
6709-6724. 

Sciban M., Klasnja M., Skrbic B., (2006), Modified 
hardwood sawdust as adsorbent of heavy metal ions 
from water, Wood Science and Technology, 40, 217-
227. 

Singha A.S., Guleria A., (2014a), Chemical modification of 
cellulosic biopolymer and its use in removalof heavy 
metal ions from wastewater, International Journal of 
Biological Macromolecules, 67, 409-417. 

Singha A.S., Guleria A., (2014b), Application of vinyl 
monomers functionalized cellulosic biopolymer for 
removal of dissolved toxic metal ions from polluted 
water samples, Journal of Environmental Chemical 
Engineering, 2, 1456-1466. 

Shibi I.G., Anirudhan T.S., (2006), Polymer-grafted banana 
(Musa paradisiaca) stalk as an adsorbent for the 
removal of lead(II) and cadmium(II) ions from aqueous 
solution: kinetic and equilibrium studies, Journal of 
Chemical Technology and Biotechnology, 81, 433-444. 

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

Sud D., Mahajan G., Kaur M.P., (2008), Agricultural waste 
material as potential adsorbent for sequestering heavy 
metal ions from aqueous solution–a review, 
Bioresource Technology, 99, 6017-6027. 

Suditu G.D, Piuleac C.G., Bulgariu L., Curteanu S., (2013), 
Application of a neuro-genetic technique in the 
optimization of heavy metals removal from 
wastewaters for environmental risk reduction, 
Environmental Engineering and Management Journal, 
12, 167-174. 

Suteu D., Gorduza V.M., Toma O., Malutan T., (2008), 
Cellulosic materials functionalized with reactive dyes 
and metallic ions for biotechnological separations, 
Romanian Biotechnological Letters, 13, 3567-3574. 

Tunali A.S., Arslan S., Alp T., Arslan D., Akar T., (2012), 
Biosorption potential of the waste biomaterial obtained 
from Cucumis melo for the removal of Pb2+ ions from 
aqueous media: Equilibrium, kinetic, thermodynamic 
and mechanism analysis, Chemical Engineering 
Journal, 185-186, 82-90. 

Wan Ngah W.S., Hanafiah M.A.K.M., (2008), Removal of 
heavy metal ions from wastewater by chemically 
modified plant wastes as adsorbents: a review, 
Bioresource Technology, 99, 3935-3948. 

Wang J., Chen C., (2009), Biosorbents for heavy metals 
removal and their future, Biotechnology Advanced, 27, 
195-226.

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


