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Further to our previous study on the grafting polymerization of acrylic acid (AA) from cellulose (Cell) that
was accomplished in presence of potassium fulvate (KF) and methylenebisacrylamide (MBA), we report
that the produced bio-based graft copolymer show improved chelating activity and promising selectivity.
Preliminary investigations revealed that Cu(i) uptake was much higher than that of Co(il) and Ni(i) during
competitive removal from their mixture. Selective removal of Cu(i) could proceed very efficiently from
the mixture during the first 5 minutes of contact with the chelating graft at pH 5.5, which is attributed to
the deprotonation of the —COOH groups above their pKa. Kinetic modeling studies revealed that the
second-order model was best satisfactorily approximated, which signifies the domination of the
chemisorption on the uptake process. The intraparticle diffusion model confirmed this conclusion and
further proved that the uptake process was mainly governed by boundary layer effect as a result of
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the competitive adsorption revealed the exothermic nature of the process with adverse effect on the

DOI: 10.1039/c7ra02646c adsorption at elevated temperatures with respect to Ni(i) and Co(il) but to a much lesser extent in case
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1. Introduction

Removal of heavy metal ions from water is necessary to elimi-
nate the environmental difficulties resulting from the survival
in water. Accumulation of these elements in living organisms,
even in low concentrations, causes serious problems to health.
This imposes an extreme need for finding proficient techniques
to get rid of these pollutants.'

The complexity of removing heavy metal ions effectively from
water has made it necessary for the integration of efforts to
develop efficient sorbents.*® Efficient sorbents are the ones that
reveal outstanding removal capacity and high selectivity to
specific metal ions.*'® The removal efficiency and/or capacity is
determined by the availability of suitable function groups in the
sorbent.™ Polymeric sorbents are chelating materials exhibiting
the ability to construct bonds with heavy metal ions through
coordination.”” The bonding between them involves electrons
donation by Lewis basic atoms such as N, O, P, S, from the
sorbent to the metal ions as Lewis acids.” In general, the
accessibility to these donating centers specifies to a great extent
the selectivity of a sorbent to specific metal ions.
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of Cu(i), which signifies its greater affinity.

Polyacrylic acid (AA) is a frequently employed conventional
sorbent among many others proposed in the near past years.'***
More functionalization of polymeric microspheres or graft
copolymers was reported to enlarge the efficiency of removal of
heavy metal ions.'®'” In a recent report, we carried out grafting
polymerization of acrylic acid from cellulose and used the
potassium salt of fulvic acid as multifunctional interpenetrating
agent.'

Potassium fulvate provides higher number of oxygen con-
taining groups which is expected to widen the chemical activity
of the resulting network structure.” The acquired interpene-
tration and multi-functionality leads consequently to greater
hydrophilicity, which is thought to improve the chelation and
selectivity. This eases also the mass transfer and as a result the
removal process can terminate in a short time. Further, the
improvement in the mechanical strength is for the sake of the
handling whereas a lower cost is ensured considering that
a major part of the material is a bio-based waste material. Metal
ions such as Cu®" are involved in numerous industrial activities
because of its interesting properties. Excess above a critical
limit can cause harmful effect on health and environment.>® We
introduce in the current work potassium fulvate (KF)-modified
graft copolymer of acrylic acid onto cellulose (Cell-g-PAA)/KF
considering that the modification with KF and the way of its
interpenetration in the structure was found interestingly to be
a key step for achieving remarkable selective elimination during

This journal is © The Royal Society of Chemistry 2017
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competitive adsorption of metal ions, when comparing with
similar materials reported in the literature.

2. Experimental

2.1. Materials and methods

Acrylic acid (AA) was purchased from Sigma-Aldrich, USA.
Potassium persulfate (KPS) was obtained from Loba Chemie Co.
India. N,N-methylenebisacrylamide (MBA) was ordered from
Merck, Germany. Cellulose (Cell) and potassium hydroxide were
supplied from Sd. fine Chem., India. Fulvic acid (FA) was ob-
tained from Changsha Xian Shan Yuan Agriculture, Technology
Co., Ltd. China (used as potassium salt of fulvic acid with 75%
organic matter and 8% K,0). Stock solutions of Cu(u), Co(u) and
Ni(u) were prepared in deionized water from copper(u) sulfate
pentahydrate (CuSO,-5H,0) (Merck), cobalt chloride hexahy-
drate (CoCl,-6H,0) and nickel nitrate (Ni(NO;),), respectively.

2.2. Preparation of (Cell-g-PAA)/KF as polymeric sorbent

In a three-necked flask equipped with stirrer, reflux condenser,
nitrogen line and a thermometer, 5 g of Cell was dispersed in
25 ml distilled water and the temperature was elevated to 70 °C
for half an hour while the system was flushed with nitrogen to
remove dissolved oxygen. A predetermined amount of KPS was
dissolved in least amount of distilled water and added to the Cell
suspension to allow radicals production. A mixture composed of
the required amounts of AA (60% neutralized with KOH), MBA
and KF was added after 15 min. The temperature was kept at
70 °C and the polymerization was continued for 180 min. The
product was then washed excessively with methanol followed by
drying at 70 °C until a constant weight. The product was ground
into a fine powder and dispersed in distilled water at 40 °C for
one day to dispose any dissolved PAA or unreacted species. The
graft copolymer was separated by filtration, washed again
repeatedly with distilled water and methanol and finally was
dried at 65 °C for one day. For comparison, a control sample was
prepared following the same route but in absence of KF.

2.3. Removal of the metal ions using the polymeric sorbent

A batch sorption method was used to study the efficiency of the
chelating graft polymer in the removal of metal ions. The effect
of pH, contact time and temperature on the sorption for
a mixture of copper, cobalt and nickel ions was studied. A
mechanical shaker operated at 120 rpm was used for ensuring
homogeneity of the metal ions salts in solutions. The metal ions
were estimated in the samples after filtration with filter papers
Whatman® (No. 44). Control samples without adsorbent were
used for comparison between sorption and precipitation of
metal ions. All experiments were repeated three times, the
percentage of metal ions removal by the polymers was specified
for all samples using inductive coupled plasma optical emission
spectrometry (Agilent ICP-OES 5100, Australia) according to
standard methods for the examination of water and
wastewater.”*
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2.4. Characterizations

FTIR spectra were collected for the sorbent before and after
metal ions adsorption using Jasco 6100 FTIR spectrophotom-
eter (Japan) in the range 500-4000 cm ‘. Dry samples were
mixed with potassium bromide and pressed into discs before
data acquisition. Scanning electron microscopy, SEM-Quanta
FEG-250 (Holland), attached with AMETEX Energy Dispersive
X-ray Analysis unit (EDAX), USA, was operated at 20 kV on gold
plated adsorbent after being loaded with the metal ions for
examining the morphology as well as detecting the adsorbed
metal ions.

3. Results and discussion

3.1. Grafting of acrylic acid onto cellulose in presence of
potassium fulvate

The preparation of a selective sorbent was undergone via graft
copolymerization of acrylic into cellulose while employing
potassium fulvate as a multi-functional branching agent. For
simplicity, these components have liability to react together
considering that potassium fulvate and cellulose are multi-
functional components that can react with their hydroxyl
groups with the -COOH of acrylic acid. This should produce
a branched macromonomer in situ, with cellulose-potassium
fulvate hybrid as a backbone while vinyl groups derived from
the anchored acrylic acid are protruded from the surface. The
attack of potassium persulphate (KPS) as initiator induces the
graft copolymerization. The high content of hydrophilic groups
in the resulting interpenetrating network (IPN) may cause
dissolution, which makes it necessary to ensure a regulated
cross linking with methylene bisacrylamide (MBA). Methylene
bisacrylamide enhances the mechanical strength while keeping
good level of water absorption. The displayed scenario in Fig. 1
was approved after intensive investigations in our prior study.*®

Deficiency of selectivity is a major drawback that limits the
use of many materials in the removal of heavy metal ions.*
Selectivity of a polymer ligand to specific metal ions is under-
taken on the basis of charge, size and geometry of coordina-
tion.”® The chemical structure shown in Fig. 1, which was
proven in our previous studies with various techniques'®*®* may
reveal that such complicated network with a high content of
crowded functional groups may provide different chemical
environments in the sense of coordination geometries and/or
size of the metal ions thus expected to display selectivity to
the network during competitive removal of heavy metal ions
from their mixtures.

In a previous work,' we evaluated the use of (Cell-g-PAA)/KF
as chelating polymer for the removal of Cu(u) ions from aqueous
solutions with initial concentration range 45-300 mg L™". The
attained efficiency of removal reached about 98.8% for the low
concentration (45 mg L") and decreased systematically with
the rise in Cu(u) concentration in the solution. As far as the
current study focus on competitive removal of 3 metal ions at
the same time, upon this we will fix the initial concentration
from each metal ion at 50 mg L™ for two reasons; it is the
concentration at which the chelating polymer shows maximum
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Fig. 1 Synthesis of (Cell-g-PAA)/KF via graft copolymerization of acrylic acid onto cellulose in presence of potassium fulvate.

removal efficiency for single ion removal while the total initial
concentration of the ions in the solution becomes 150 mg L.

3.2. Effect of contact time on the capacity of removal and
selectivity

The contact time between the selective chelating sorbent and
mixtures of metal ions solution was studied using 50 mg L ™"
from each metal ion in the mixture in order to determine the
time at which an equilibrium state is reached (Fig. 2). The
results reveal removal of Cu(u) proceeded very quickly especially
in the first 5 min and the removal efficiency accomplished by
that time was 82%. However, the achieved removal efficiency
was lesser in case of Ni(u) (25%) and Co(u) (20.4%). The process
levelled off within 30 min leaving behind a residual concen-
trations of 5.0, 40.2, and 43 mg L™ for Cu(m), Ni(n) and Co(),
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Fig. 2 Effect of time on competitive removal of different metal ions
from their mixture at pH 5.5 using 0.5 g L~* of the chelating polymer.
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respectively, which is compiled into removal efficiency of 90,
19.6 and 14%, in that order. Therefore, the order of selectivity to
the elements is Cu(u) >> Ni(u) > Co(u).

Also, in order to verify the selectivity of the polymeric sorbent
towards Cu(u), the removal efficiency was investigated by
employing the maximum attained capacity of Cu(u) (270.2 mg
g™ ") from our previous study 16 in presence of equivalent
concentrations of the other metal ions. Therefore, the experi-
ment was conducted using 135 mg L~ from each metal ion
using 0.5 ¢ L™ " as sorbent dose at pH 5.5 for 30 min. The results
show that Cu(u) displayed inherent remarkable activity as
compared to other elements whereas no removal for Co(u) and
Ni(u) was observed. Nevertheless, the removal efficiency for
Cu(u) declined to 60% in the mixture. The removal of Cu(u)
declined from 90% to 60% most likely due to the saturation of
the sorption sites on the adsorbent, as the concentration of the
metal ions increased. Evidence is the significant higher effi-
ciency attained at lower concentrations. This trend validates the
selectivity of the polymeric sorbent toward Cu(u).

3.3. Effect of pH on the capacity of removal and selectivity

Fig. 3 displays the removal selectivity of the chelating polymer
as a function of the pH during competitive adsorption of Cu(),
Co(u) and Ni(u). It is apparent that a very effective selective
removal of Cu(u) can be guaranteed on going with the pH from 2
onward. The selectivity increases remarkably toward Cu(u), in
comparison with the other elements, and achieve the maximum
at pH 5.5. No removal is noticed below pH 2 as the carboxyl
groups are in protonated form, which hampers their chelation
potential. This confirms that the carboxyl groups are the main
chelating centers from the chelating polymer under
investigation.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Effect of pH on competitive removal of 50 mg L™ of different
metal ions from their mixture at 0.5 g L™* as chelating polymer dose.
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Fig. 4 FTIR spectra of the polymeric adsorbent before and after
removal of metal ions from their mixture.

For more evidence of the metal ions adsorption into the
polymeric structure, it was necessary to check the resulting
polymer-metal ions chelate using additional tool such as FTIR
as well as SEM-EDAX as displayed in Fig. 4 and 5.

Fig. 4a shows the FTIR spectra of the graft copolymer before

the adsorption of metal ions. A band is appearing at 2858 cm ™',
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signifying CH, groups of polyacrylic acid grafted chains while
a peak at 1638 cm ™~ is related to carbonyl groups of the grafted
chains, overlapped with another carbonyl from the fulvate part
(1725 cm™"). The peak in the range 3100-3751 cm™ " is featuring
the OH groups emerging from both cellulose and polyacrylic
acid. However, it is sharper than usual which indicates that
polyacrylic acid is rendered mostly as ester after reacting with
—-OH groups. The phenyl parts of the potassium fulvate appear
at 1561 cm™ " and 800 cm™ .

After adsorption of the metal ions, the peaks shifted toward
lower wavenumbers (Fig. 4b). Namely, the bands at 1638 and
1725 moved downward to 1629 and 1719 cm ™, indicating more
single bond character and linkage formation with metal ions via
coordinate bonds. However, the bands of the hydroxyl groups
remained almost unshifted signifying that these centers were
not favoured for chelation to the metal ions. In addition, the
emergence of a new band at 630 cm ™' is most likely related to
metallic bonds formation.

Fig. 5 reveals that the previously reported well-defined
macroporous structure of the polymeric adsorbent'**® is main-
tained after the removal process. Furthermore, the elemental
analysis on a surface spot using EDAX confirmed the presence
of the metal ions under investigation in a relative population
that lies in conformity with the measured levels after competi-
tive removal: 4.3% for Cu(u), 2% for Ni(u) and 1.88% for Co(u).

Based on this basis in the sense of removal levels and
selectivity, it is clear that the introduced chelating polymer in
the current study is promising and superior in its performance
as compared to other applied materials for the same

purpose.®*?

3.4. Kinetic modeling

The uptake kinetics of Cu(u), Co(u) and Ni(u) by the graft
copolymer was investigated with pseudo-first order, pseudo-
second order and intra-particle diffusion models. Kinetic
modeling for sorption of pollutants helps to predict the condi-
tions at which the process can take place optimally for a given
system.'® Pseudo-first order and pseudo-second order expres-
sions are among the commonly used models for studying

Nikg @k
Coka o8 NIB CulB
V-

4n 500 600 0 800 300

Fig. 5 SEM and EDAX spot on the surface of the polymeric adsorbent after competitive removal of 50 mg L™* of each metal ion from their

mixture using 0.5 g L™* of the polymer.
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sorption of pollutants.** However, the significance of particle
diffusion in metal ions sorption was not considered for chelating
materials.”® Accordingly, it was necessary to involve a diffusion-
based kinetic model such as intra-particle diffusion to provide
more understanding of the diffusion process. This model
assumes the availability of active sites for simple access of metal
ions, which influences the sorption kinetics for chelating system.
Based on this, the sorption mechanism depends on the physical
and chemical properties of the chelating material and the mass
transfer as well.>® The system that gives closer conformity
between the theoretical and experimental data as well as higher
correlation coefficient will be considered the best applicable
model.

Lagregen's first order model postulates that the removal rate
of metal ions is proportional to the number of free active sites in
a sorbent.”” This model was employed to express the obtained
kinetic data as a function of sorption rate and capacity
according to eqn (1):

log[ge — q.] = log[qe] — {L}f (1)

2.303
k, is the rate constant of the first-order sorption (min™"), ¢. is
the amount of metal ions uptaken by the chelating polymer at
the equilibrium (meq g~') and ¢, is the amount adsorbed at
time ‘t’. Plotting log(g. — g;) versus t gave linear lines so k; and g.
were determined from the slope and intercept (Fig. 6). The
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Fig. 6 A kinetic plot for pseudo-first order model for individual
removal of 50 mg L™ of Cu(i), Co(i) and Ni(i) using 0.5 g L™* of the
chelating polymer at pH 5.5.
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corresponding data are also collected in Table 1. It is clear that
the experimental data of g, for Cu(u), Co(u) and Ni(i) adsorption
are 3.09, 3.29 and 3.33 meq g~ ', respectively, thereby are far
away from the fitted values (0.49, 0.499 and 0.433 meq g~ ). This
mismatching might be explained by the estimation of g. from
the intercept at ¢ = 0, which is thought to be strongly affected by
the initial fast uptake of the metal ions, thus it is most often
lower than the uptake at equilibrium. As such, the acquired
correlation coefficient (R?) is less than 0.95 which dictates to
exclude this model.

The pseudo-second order model assumes proportionality for
the rate of removal and the square of the unoccupied sites
number.” Eqn (2) expresses the pseudo-second-order model:

t 1 t

- 4+ — 2
@ kaxq? g @)

k, is the reaction rate constant. A plot of ¢/g, versus t led to
a linear relation from which k, was determined from the y-
intercept (Fig. 7). For Cu(u), k, reads 1.21 while g. was calculated
from the slope (3.09 meq g~ ). g. is almost coinciding with the
experimental value (3.083 meq g~ ') which ensures agreement of
the pseudo-second order model to the removal process. This
was also proved from the obtained correlation coefficient value,
0.999. This indicates that chemisorption administrate the
uptake reaction.”® Chemisorption takes place usually through
sharing or exchange of electrons between the metal ions and
adsorbent.”® The results corroborate also excellent matching of
this model for the removal process of Co(i) and Ni(u) (Table
1).

Diffusion mechanism during metal ions uptake cannot be
explored with pseudo-first order and/or pseudo-second order

45 .
40 © -
1 7 @ Ni [
30 7 mCo .
25 © Cu -
20 - &

15 ¢
10 ¢ m

t/qt, min.g/meq

0 20 40 60 80 100 120 140

Time, min.
Fig. 7 A kinetic plot for pseudo-second order model for individual

removal of 50 mg L™ of Cu(n), Co() and Ni() using 0.5 g L™* of the
chelating polymer at pH 5.5.

Table1 Kinetic parameters obtained by applying pseudo-first order and pseudo-second order models for the individual removal of 50 mg L™* of

Cu(n), Con) and Ni(n) using 0.5 g L™ of the chelating polymer at pH 5.5

Pseudo-first order kinetics

Pseudo-second order kinetics

ge exp. (Meq g7) ge (meq g™') ky (min™") R? ge (meq g7) k, (g mg™" min™") R

Cu(ll) 3.083 0.49 0.162 0.9365 3.09 1.21 0.999
CO(II) 3.29 0.499 0.064 0.868 3.33 0.316 0.999
Ni(H) 3.33 0.433 0.076 0.876 3.35 0.418 0.999
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Fig. 8 Intraparticle diffusion model for individual removal of 50 mg

L~! from each metal ion using 0.5 g L™ of the chelating polymer at pH
5.5.

models. The intraparticle diffusion model was suggested to
account for diffusion rate-controlled uptake of the metal ions by
a chelating agent and is described by eqn (3).>®

q: = kilo's + Ci (3)

q; is the adsorbed amount of metal ions at time ¢, k; is the
intraparticle diffusion constant which signifies the uptake rate
for a diffusion-controlled process, whereas C; is the intercept
and contributes to the boundary layer effect.” The boundary
layer effect signifies that the removal is accomplished mainly by
electrostatic attraction. A plot of g, and ¢/ according to eqn (4)
(Fig. 8) shows a higher C; for Cu(u) with respect to other
elements, indicating greater affinity and instantaneous external
surface adsorption for this element during the adsorption
process. The following step illustrates the diffusion-controlled
removal which encounters a gradual adsorption. The last step
of the removal process exhibits a plateau as a result of satura-
tion of the chelating polymer. This may help to predict that
excellent selectivity can be undertaken within 3 min whereas
afterward the polymeric sorbent cannot discriminate between
the metal ions due to the high mass transfer. However, this
prediction should be validated as the adsorption behavior
might be something different during competitive adsorption.

The extent of C; values in all cases implies that the uptake is
principally governed by boundary layer effect (electrostatic
attraction) whereas the intraparticle diffusion-controlled portion
constituted a lesser extent.>>* This explains the selective attitude
of Cu(n) among the other metals ions during competitive
adsorption. In general, this result provides a proof to the
conclusion derived from the second-order model that chemi-
sorption dominates the removal process.

3.5. Adsorption thermodynamics

A thermodynamic investigation for competitive removal process
of the metal ions was carried out for understanding some
characteristics of the process.*” It is based on the parameters g,
(adsorbed amount of metal ion at equilibrium in mg L") and
C. (concentration of the metal ion at equilibrium in mg L™
collected at different temperatures. A ratio of g. to C. gives K..

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Effect of temperature on competitive removal efficiency of
metal ions from their mixture (50 mg L™ for each metal ion) at pH 5.5
using 0.5 g L™ of sorbent.

Thus, Fig. 9 is a depiction of the relation between log K. and 1/T

according to eqn (4):

(DELTA)S° (DELTA)H®
2303R  2303RT

IOg K. = (4)
K. is the adsorption equilibrium, (DELTA)H" is the enthalpy
change and (DELTA)S® is the entropy change whereas R is the
gas constant. Thus, the thermodynamic parameters can be
estimated from the slope and intercept (Table 2).

The negative value of (DELTA)G® in case of Cu®* (—8.5 kJ
mol ") indicates that Cu(un) adsorption process on the
chelating polymer is feasible and spontaneous. Interestingly,
the negativity of (DELTA)G® is lessened with the temperature
rise from 298 K to 323 K which confirms that the adsorption of
this element becomes less spontaneous but maintained its
high adsorption tendency onto by the polymeric sorbent at the
expense of the other competing elements. Thereby, the posi-
tive values of (DELTA)G® in case of Ni(i1) and Co(ir) seem not
logic especially with the exothermic nature of the adsorption
in all cases as signified by the negative values of (DELTA)H";
—30.3, —31.689, —44.67 k] mol ™" for Cu, Co, Ni, ions, respec-
tively. This further indicates that the adsorption and desorp-
tion of Co and Ni ions are not in mutual thermodynamic
equilibrium. That is to say that the g. cannot exceed C. for
these elements in presence of Cu(u). This reveals the much

Table 2 The thermodynamic parameters for the competitive
adsorption of different metal ions from their mixture using the
chelating polymer at optimum operating conditions®

Parameter Temp. (K) Cu(u) Ni(u) Co(n)
(DELTA)G® (kJ mol™") 298 -85 2.099 7.094
308 —-8.01 2.68 8.73
323 —6.81 4.88 11.43
—(DELTA)H® (kJ mol ™) 30.2 31.689 44.67
—(DELTA)S° (J mol ™) 72.5 112.74 173.588

“ 50 mg L~ " for each metal ion [Cu(u), Ni(n) and Co(n)] and 0.5 g L™ " of
sorbent at pH 5.5.
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higher selectivity of the sorbent toward Cu(u) as compared to
them.

The acquired negative values of (DELTA)S° (—72.5, —112.74,
—173.588 ] mol~* K * for Cu, Co, Ni ions) show a decrease in
randomness at the solution-sorbent interface following the
competitive removal process. However, this decrease was much
greater in case of Ni(u) and Co(u) as compared to Cu(u) indi-
cating the possibility to achieve optimal selective removal
between the ions from their mixture especially at higher
temperatures. Furthermore, the selectivity issue in the current
study may be justified upon this basis by the geometry of
coordination rather than the size of the ions.

4. Conclusions

The copolymer resulting from graft polymerization of acrylic
acid onto cellulose can acquire excellent chelating potential
towards heavy metal ions when modified with potassium fulvate
as permanent part of the produced network structure. In addi-
tion, outstanding selectivity was noted in case of competitive
removal of a mixture of metal ions. For the metal ions under
investigation, they could be arranged in the following order
according to the selectivity preference: Cu(i) >> Ni(u) and Co(1r),
when exist together. Efficient selectivity of Cu(u) can be war-
ranted during the first few minutes of contact with the chelating
graft at pH 5.5 due to the deprotonation of -COOH at this pH.
Kinetic modeling studies proved the control of the chemisorp-
tion on the uptake process whereas the intraparticle diffusion
model validated that the uptake was principally pursued by
boundary layer effect, as a result of electrostatic attraction.
Cu(u) adsorption proceeds more spontaneously at all tempera-
tures during competitive removal on the contrary to Ni(u) and
Co(u).
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