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ABSTRACT

Chitosan was chemically modified with 4-acryloylmorpholine in order to enhance Lewis
basic centres in polymeric chain for cations removal. The new material was characterized
using elemental analysis, infrared and '*C NMR in solid state and was applied for sorption
of copper, lead and cadmium from aqueous solutions. The kinetic parameters were evalu-
ated using pseudo-first- and second-order reaction. Kinetic results showed that the sorption
process was best described by the pseudo-second-order model. The experimental data were
adjusted to the Langmuir, the Freundlich and the Temkin sorption isotherms using both lin-
ear and nonlinear regression methods. The material showed the maximum sorption capacity
for copper (3.35mmolg™'), than lead (1.60mmolg™') and cadmium (0.74 mmolg "),
obtained through the Langmuir sorption isotherm. The Langmuir model provided the low-
est error values and fit better to the experimental data compared with other models.
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1. Introduction

Chitin is the second most abundant natural poly-
mer after cellulose and can be extracted from fungi,
insect, shrimp, lobster and krill. It is a linear polysac-
charide, composed of randomly distributed p-(1—4)
linked bp-glucosamine and N-acetyl D-glucosamine
[1,2]. Chitosan is obtained by alkaline deacetylation of
chitin having unique characteristics such as biodegrad-
ability, biocompatibility, chemical inertness, nontoxic,
high mechanical strength and low cost. It can be used
for a variety of applications such as food packing,
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separation membrane, drug delivery systems, biosen-
sors and wastewater treatment. It has the ability to
uptake several metal ions through different mecha-
nisms, depends on the pH of the solution and the type
of metal ion [3-5]. It is an attractive alternative to
other conventional sorbents because of its low cost,
availability, high reactivity and excellent chelating
behavior [6-8].

Most of the heavy metals are toxic and carcinogenic
agents such as lead, cadmium and excess of copper,
when discharged in wastewater, becomes a serious
threat to the human population [9]. Industrialization
has accelerated the release of heavy metals into the
environment. Important sources of heavy metals are
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mining industries, fertilizers, metal plating and fabrica-
tion, illegal landfills and abandoned waste disposal
sites [10]. For heavy metal removal from liquid waste, a
number of methods are used such as evaporation, elec-
troplating, precipitation, ion exchange and membrane
processes. However, these processes are not only
expensive but also have a number of disadvantages
such as incomplete metals removal, limited metal selec-
tivity, very high or low working level of metals and
toxic sludge production or other waste product that also
need disposal [11,12]. Sorption is one of the most effi-
cient techniques used for wastewater treatment. It is
widely used because of its higher output, low cost and
ability of removing trace metal ions from wastewater
[13]. In the last decade, a growing interest has been
shown towards chemical modification of chitosan and
its derivatives in order to enhance their properties and
consequently, expand their potential applications [14].
Besides the promising uses of chitosan, suitable altera-
tions are essential to upturn the potential applications
of this biomacromolecule. The amine and hydroxyl
groups on each glucosamine repeating unit can act as
reactive sites for chemical modification. Numerous
attempts have been made for modification of chitosan
either physically or chemically to improve its sorption
capacity, pore size, mechanical strength, chemical sta-
bility, hydrophilicity and biocompatibility [15-17].

In the present study, chitosan was chemically mod-
ified through 4-acryloylmorpholine in order to
improve its features as a sorbent in terms of its sorp-
tion capacity. The structure of chemically modified
chitosan was confirmed using elemental analysis, FTIR
and "C NMR spectroscopy. Thermal stability and
morphology of chemically modified chitosan were
determined using TG, Scanning electron microscopy
(SEM) and X-ray diffraction techniques. Batch sorption
experiments were carried out to observe the sorption
capacity of copper, lead and cadmium onto chemically
modified chitosan. The Langmuir, Freundlich and
Temkin models were used to evaluate the sorption
equilibrium data. Both linear and nonlinear regression
techniques were applied to sorption study.

2. Experimental
2.1. Materials

Powdered chitosan, with 78% of degree of deacety-
lation, determined from infrared spectroscopy was
obtained from crab extraction and supplied by Primex
Ingredients AS  (Norway), acryloylmorpholine
(Aldrich), ethanol (Synth), cadmium (Merck), lead
(Merck) and copper (Merck) nitrates were all of ana-
lytical grade and were used without purification.
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2.2. Characterization

Elemental analysis was performed using Perkin
Elmer model PE 2400 elemental analyzer. Bomem
Spectrophometer, MB-series, in the 4,000-400 cm™ !
range, with 4cm™! of resolution, KBr pellets were
used accumulating 32 scans. Solid-state *C NMR
spectra of the samples were obtained using Bruker
AC 300/P spectrometer with CP/MAS technique. The
measurements were obtained at 7547 MHz frequen-
cies, with magic angle spinning of 4kHz, pulse
repetitions of 5 s and contact times of 1 ms. X-ray dif-
fraction patterns were obtained on a Shimadzu XD-3A
diffractometer (35 kv, 25mA), in the 26 form over the
1.5-50° range with nickel-filtered CuKa radiation, with
a wavelength of 0.154 nm. Thermogravimetric curves
were obtained on a Shimadzu TGA 50 apparatus
under argon atmosphere at a flow rate of 30 cm® s,
with a heating rate of 0.167Ks™'. SEM data were
obtained from detection of the secondary electron
images on a JEOL JSM 6360LV scanning electron
microscope, operating at 20kV. The samples were
fixed onto a double-faced carbon tape adhered to a
gold support and carbon coated in a Bal-Tec MD20
instrument. Cations sorbed were determined by
comparing between the initial concentration in the
aqueous solution and that found in supernatant using
a Perkin Elmer 3000 DV ICP-OES apparatus.
Each experimental point was performed in duplicate
run.

2.3. Synthesis

Chitosan was chemically modified with 4-acryl-
oylmorpholine in order to incorporate Lewis basic
centres for cations removal. In a typical procedure, 3 g
of chitosan (15mmol) was suspended in 100cm’ of
ethanol in a 250 cm® three-necked flask with stirring
for 20 min at a temperature of 328 K. Then to this sus-
pension, 3cm® of 4-acryloylmorpholine (22.87 mmol)
was slowly added in the presence of 1cm’ of
triethylamine as a catalyst. The reaction mixture was
stirred for further 24 h at 328 K. The product obtained
was filtered, washed with water, ethanol and dried
under vacuum at 318K for 6h. The proposed
mechanism of reaction is shown in Fig. 1.

2.4. Sorption experiments

The sorption capacity of the new derivative for
metal ions from aqueous solution was studied in
duplicate runs using batch process. About 20mg of
the modified material was introduced into a series of
polyethylene bottles, containing 25.0cm’ of cation
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Fig. 1. Proposed reaction mechanism for synthesis of
chemically modified Chitosan CHAM.

solutions with concentrations ranging from 7.0 x10~*
to 2.0 x 10> mol dm 2. To obtain isothermal saturation,
kinetic experiments were performed using these cation
solutions. Sorption equilibrium was obtained at 4h in
an orbital apparatus at 298 +1K near neutral pH.
However, 6h was chosen to ensure the best equilib-
rium conditions.

The supernatant solutions were separated from the
solid through decantation and the amount of cations
remaining in the aliquots was determined by ICP-
OES. The amount of the cation sorbed in the experi-
ment (mmol g ') was calculated using Eq. (1):

Nf:m—ns (1)

m

where Nf is the number of moles sorbed. While, ni
and ns are the number of moles in the initial solution
and in the supernatant after equilibrium and m is the
mass of the sorbent used in each experiment [18]. Dif-
ferent isotherm equations have been used to know the
equilibrium nature of sorption and the data were
applied to the Langmuir, the Freundlich and the Tem-
kin models.

2.5. Equilibrium isotherms

Sorption isotherms are important to know that
how sorbates interact with sorbents and to optimize
the use of sorbents. Thus, the correlation of equilib-
rium data either by theoretical or empirical equation
is essential for practical design and operation of sorp-
tion system. In this study, three isothermal models:
Langmuir, Freundlich and Temkin were used to eval-
uate experimental data.

2.5.1. Langmuir isotherm

The Langmuir isotherm suggests that the equilib-
rium is attained when a monolayer of sorbate saturates
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the sorbent and whole sites have equal energies and
enthalpies during sorption. [15]. The Langmuir iso-
therm model is expressed in Eq. (2):

Cs Cs 1
Cs_GCs 1 @
Nf Ns Nsb

where Nf is the maximum sorption capacity at equilib-
rium, Cs is the equilibrium concentration, Ns and b
are the Langmuir constants represent maximum sorp-
tion capacity and sorption energy, respectively [19-
21]. For better comparison between linear and nonlin-
ear regression techniques, four linear forms of the

Langmuir model were applied to sorption study as
shown in Table 1 [22].

2.5.2. The Freundlich isotherm

The Freundlich isotherm is the earliest known rela-
tionship, describes the surface heterogeneity, the expo-
nential distribution of active sites and their energies.
This isotherm suggests multilayer sorption on the sur-
face of sorbent [23,24].

The Freundlich isotherm is expressed by the fol-
lowing equations:

Nf = K/Cs ®)
1
log Nf = log Kr + Elog Cs 4)

where Ky and n are constants that show sorption
capacity and sorption intensity of the sorbent. The plot
of log Nf vs. log Cs for the sorption is used to generate
Kr and n from the intercept and the slope values,
respectively.

2.5.3. Temkin isotherm

Temkin and Pyzhev developed this isotherm and
suggested that the heat of sorption would decrease
linearly with the increase of coverage of sorbent [25].
The Temkin isotherm has been used in the following
form:

Nf = In (KzCs) )

Nf =nrInKr +nrInCs 6)



1102

A. Khan et al. | Desalination and Water Treatment 56 (2015) 1099-1109

Table 1
Langmuir Isotherm and their linear and nonlinear forms
Isotherm Nonlinear form Linear form Plot
Langmuir type 1 NsbCs Cs GCs 1 Cs
=07~ N7 s —VsC
f = 155Cs Nf ~ Ns ' Nsb AR
Langmuir type 2 1 _[/1)\1 N 1 le 1
Nf \Nsb/Cs Ns Nf ~Cs
Langmuir type 3 1 Nf Nf
=Ns— (-] += NfVs—
Nf = Ns b * Cs fVs Cs
Langmuir type 4 Nf 3 Nf
Cs = bNs — bNf Cs Vs Nf

A plot of In Cs vs. Nf gives us Kr, nr and b values.
The constant b is heat of sorption, and can be calcu-
lated from the following equation:

RT
nr = T (7)

To evaluate the fitness of the isotherm equation to
the experimental equilibrium data, an error function is
required to enable the optimization procedure. Three
parameters: the chi-square (y*), the standard error (SE)
and correlation coefficient (R) of the estimated values
were used to determine the validity of each model.
The mathematical equations that represent the SE and
chi-square are shown in Egs. (8) and (9):

SE = \/ m - (Nfexpl - Nfcalz) (8)
(Nfexpi - Nfcali)z

=y ISR A (€))
i=1 NfCali

where Nfe,, is the number of moles sorbed experi-
mentally while Nf,. is the number of moles calculated
from each model. The number of points present in
each isotherm is m and P is the number of parameters
in each equation [26,27].

3. Results and discussion

Chitosan was chemically modified through a single-
step reaction based on aza Michael reaction. The reac-
tion was carried out in ethanol in which acrylamide acts
as a Michael acceptor. This is a new procedure for the
modification of chitosan in which a pendant chain is
directly bonded to the amino group of the biopolymer,
as shown in Fig. 1. The basic centres attached to
pendant chain were used for cations removal.

3.1. Elemental analysis

For chitosan (CH) and chemically modified chito-
san carbon, nitrogen elemental analysis and C/N rela-
tionship are summarized in Table 2. The general
amount of each element (L) attached in the pendant
chains is calculated using the expression 10. It is clear
from Table 2 that the number of moles of carbon and
nitrogen in chemically modified chitosan increased
when compared with precursor chitosan. An increase
in the moles of carbon is high as compared with nitro-
gen because acryloylmorpholine molecule contains
more carbons than nitrogen. These values reflect the
incorporation of acryloylmorpholine moiety as a
pendant chain in the precursor chitosan.

~ %Element x 10
0™ Atomic mass of element

(10)

3.2. Infrared spectroscopy

The FTIR spectrum of precursor chitosan (CH) con-
tains characteristic bands associated with polymeric
backbone, such as: (a) a large band at 3,400 cm ! is
assigned to the OH stretching frequency which
overlaps with amino stretching frequency in the same
region; (b) typical C-H stretching vibrations bands

at 2,916 and 2,877cm ’; (¢) the absorption band at

Table 2

Percentages of carbon (C) and nitrogen (N), number of
moles for chitosan (CH) and chemically modified chitosans
(CHAM) and the corresponding molar ratio (C/N)

Sample C/% N/% C/mmolg”' N/mmolg' C/N
CH 40.63 7.39  33.86 527 6.42
CHAM 4199 7.67 3499 5.48 6.38
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1,655cm™" is assigned to amide I, (d) the band at
1,597 cm ! is attributed to N-H bond; (e) the sharp
bands at 1,379 and 1,419 cm ™! represent C=0 and CHj
deformation mode of acetamide groups, remaining
from chitin, due to its incomplete deacetylation and
the broad band at 1,076 cm™ " indicates the presence of
C-O stretching vibration [28].

The spectrum of chemically modified biopolymer
showed some spectral changes as shown in Fig. 2. The
bands for amide I and N-H have increased in inten-
sity and have become larger due to increased number
of carbon—nitrogen bonds between acryloylmorpholine
and chitosan. These changes confirm the proposed
chemical modification.

3.3. Nuclear magnetic resonance

The '°C NMR spectra in the solid state for pristine
chitosan (CH) and chemically modified (CHAM)
chitosan are shown in Fig. 3. For the chitosan spec-
trum, a set of five distinct peaks were present and
assigned to C1, C2, C4, C6 and C3/C5 at 105, 57, 84,
62 and 75ppm, respectively. In addition, two other
signals at 19 and 175ppm are attributed to methyl
and the carbonyl carbon associated with the mono-
meric form remaining from chitin due to the incom-
plete deacetylation of the original biopolymer [29]. As
expected, the chemically modified chitosan (CHAM)
presented peaks at 57 and 62 ppm for C2 and C6 that
are well separated due to the increased number of car-
bon-nitrogen bonds. The peak at C2 position due to
carbon-nitrogen bond and peak at 175ppm corre-
sponding amide group also increased in intensity

CH
CHAM

4000

T T 1
3500 3000 2500 2000 1500 1000 500

Wave number / cm™

Fig. 2. Infrared spectra of chitosan CH and chemically
modified chitosan CHAM.
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Fig. 3. >C NMR spectra in solid state of chitosan CH and
chemically modified chitosan CHAM.

further confirms the successful chemical modification
of the precursor chitosan.

3.4. X-ray diffraction

The X-ray analysis was conducted to find out the
effect of the chemical modification upon the crystallin-
ity of the precursor chitosan. Pure chitosan presents a
diffraction pattern that indicates poor crystallinity, as
can be seen through the two characteristic broad peaks
at 26=9° and 20=18" as shown in Fig. 4. For

CHAM
CH

T T T T T T T T T
10 20 30 40 50

2 0/ Degree

Fig. 4. X-ray diffractogram patterns for chitosan CH and
chemically modified chitosan CHAM.
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chemically modified biopolymer (CHAM), the first
peak disappear completely and the second peak
appears at the same value 26=18° as for original
chitosan. After pendant chain incorporation on the
polymeric backbone, only the peak at 20° was
observed. This means that there is a further decrease
in the crystallinity of the chemically modified chitosan
with respect to the precursor biopolymer. This behav-
ior occurs due to entry of new molecule inside the
two polymeric chains that lead to disruption of inter-
molecular hydrogen bonds in the structure of chitosan.
The present results corroborate those obtained using
infrared and nuclear magnetic resonance spectroscopy
that confirms the chemical modification of the precur-
sor chitosan [30].

3.5. Thermogravimetry

Thermal analysis of precursor chitosan (CH) and
chemically modified chitosan (CHAM) was carried out
in order to determine the effect of chemical modifica-
tion on thermal stability of the sorbent. The TG and
DTG curves of precursor chitosan (CH) clearly show
two events as observed in Fig. 5. The first stage of
decomposition occurred at 335K with a mass loss of
9%, which was mainly due to the loss of physically
sorbed water on material surface and the second peak
at 570 K with a mass loss of 57% due to the biopolymer
decomposition [31], as shown in Fig. 5. For chemically
modified chitosan (CHAM), slightly lower value of the
first and second decomposition stages was observed
compared with precursor chitosan, indicating a moder-
ate degree of functionalization. The derivative profile
for chemically modified chitosan showed the first peak

100 T T T T T T T T T
L 1.0
80 - . Los
- Los <
o\ 60 | O\o
2 o
© 04
}_
= o
40 4 0.2
L 0.0
20

T T T T T T T T T
300 400 500 600 700 800 900 1000 1100 1200
Temperature / K

Fig. 5. Thermogravimetric and derivative curves for chito-
san CH.
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due to water loss appear at 331 K with a mass loss of
11% and the second peak appear at 565 K with a mass
loss of 50% due to the biopolymer decomposition as
shown in Fig. 6. The temperature of the second stage
of decomposition for chemically modified chitosan is
lower, however, the small loss of mass occurred at this
stage compared with precursor chitosan showing more
thermal stability due to modification, highlighting a
structural difference between them.

3.6. Scanning electron microscopy

The SEM images of original chitosan (CH) and
chemically modified chitosan (CHAM) are shown in
Fig. 7. The precursor chitosan has a smooth fluffy sur-
face with wrinkles and somewhat folding microstruc-
ture. But in case of chemically modified chitosan, an
entirely different morphological structure emerged
and the sorbent surface was aligned with a non-uni-
form and irregular way to form many ridges as shown
in Fig. 7.

3.7. Sorption study

Important information such as how the sorbate
molecules are distributed between the liquid/solid
phase in the equilibrium state can be interpreted from
sorption isotherms. The sorption capacity of modified
chitosan was higher for copper than that of lead and
cadmium as shown in Table 3. It is to be noted that the
higher sorption capacity for copper is due to Hard/
Soft acid-base interactions [32]. Nitrogen is a border
line Lewis basic centre and copper is also a borderline
metal, as a result, chemically modified chitosan

100 , , , , , , , 1.0
Los
80
06 —~
X
X 60 —
@ L o4
= 2
40 - (=]
0.2
20 4 L 0.0

T T T T T T T
300 400 500 600 700 800 900 1000 1100

Temperature / K

Fig. 6. Thermogravimetric and derivative curves for chemi-
cally modified chitosan CHAM.
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Fig. 7. SEM images of chitosan CH and chemically modified chitosan CHAM.

Table 3

Number of moles sorbed (Nf), parameters of the Langmuir (Ns and b), correlation coefficients (r) and SEs for the interac-
tion of divalent metals with modified chitosan CHAM, at 298 + 1 K using linear method

Material Isotherm Constant Type I Type I Type III Type IV
CHAM Nf (mmol g ™) 3.35 3.35 3.35 3.35
Ns (mmol g_l) 3.55+0.01 3.21+0.01 3.38+0.09 3.43+0.61
Cu** b (g mmol ") 1.94 + 0.004 3.51 +0.002 3.03+0.02 2.89+0.22
rR? 0.997 0.989 0.946 0.946
SE 0.22 0.36 0.17 0.11
0.210 0.13 0.08 0.05
Nf (mmol g™ 1.60 1.60 1.60 1.60
Ns (mmol g_l) 1.81+0.11 1.62+0.05 1.79+0.08 1.84+0.04
Pb** b (g mmol ") 0.42+0.01 0.52+0.05 0.43+0.21 0.40+0.03
R? 0.996 0.984 0.934 0.934
SE 0.16 0.11 0.08 0.05
b 0.24 0.08 0.07 0.02
Nf (mmol g™") 0.74 0.74 0.74 0.74
Ns (mmol g_l) 0.77 £0.07 0.77 +0.01 0.77 +0.007 0.77 +0.04
cd* b (gmmol ") 1.62£0.02 1.76 £0.02 1.73£0.02 1.71£0.06
R? 0.999 0.992 0.985 0.985
SE 0.01 0.01 0.01 0.01
7~ 0.001 0.001 0.001 0.001
showed higher sorption capacity for copper errors as shown in Table 3. In case of copper and lead,

(3.35mmol g ") than lead (1.60mmolg ") and cad-
mium (0.74 mmol g ') as shown in Fig. 8. The modified
chitosan showed higher sorption than precursor chito-
san for copper 1.60 and lead 1.19 mmol g . These val-
ues are higher when compared with raw chitosan as
shown in Table 3. However, it is not easy to compare
the values due to difference in chitosan source, the
degree of deacetylation and also the form found [33].
However, the sorption capacity of chitosan was higher
for lead 1.35mmol g ' than chemically modified chito-
san. The order of sorption was Cu>Pb > Cd. The linear
form of Langmuir sorption isotherm for the metals
studied is shown in Fig. 9.

Different linear forms of Langmuir models gave
different values of the constants and distribution of

the differences between constants are higher, when
different linear forms of the Langmuir model were
used. This difference in values may be due to different
axial arrangements. However, in case of cadmium the
value of constants is very close to each other, so it
means that experimental factors also involved in dif-
ferent values of the constants. The lowest values of
error were found for the Langmuir model type IV for
the three metals. Error functions of Freundlich model
were higher than Langmuir model showing that it
does not fit better to experimental data, however, in
case of Temkin model, the smallest value of the SE
and chi-square test was found, which shows that this
model fits better to experimental data than Langmuir
and Freundlich model as shown in Table 4.
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Fig. 8. Experimental sorption isotherm of chemically modi-
fied chitosan CHAM for (a) lead (V¥), cadmium (@) and (b)
copper (H) 298 +1K.

The values of different error functions correspond-
ing to the nonlinear Langmuir equation are smaller
than those of the Freundlich and the Temkin models
as shown in Table 5. Nonlinear regression analysis
corresponds to the best way to select the isotherm that
fits better to the experimental data. This method
involves an attempt to minimize the distribution of
errors between experimental data and the isotherm
considered as shown in Fig. 10. Both linear and non-
linear regression analysis produces different models as
the best fitting isotherm for the given set of data, thus
indicating a significant difference between the analyti-
cal methods.

Table 4

18

16

14 1

12

10

Cs/Nf (g dm™)

0 2 4 6 8 10 12 14 16 18 20 22
Cs (mmol dm'3)

Fig. 9. Linear form of Langmuir sorption isotherm for cop-
per (M), lead (@) and cadmium (V).

3.8. Kinetic study

Kinetics study enlightens the rate of uptake of cat-
ions on chemically modified chitosan and the time
required to reach equilibrium. It can be observed that
sorption of copper and cadmium achieved equilibrium
within 3 h and maximum sorption capacity for copper
reached to 3.35mmol g ' as shown in Fig. 11. In case
of lead, the sorption system achieve equilibrium
within 4h. The pseudo-first-order [34] and pseudo-
second-order [35] were applied to predict the sorption
kinetic process as shown in Egs. (9) and (10).

log(Nf — Nft) = log Nf — <2k3%)t (11)

Number of moles sorbed (Nf), the Freundlich (1 and Kf), the Temkin (b and Ky), Langmuir (Ns and b) parameters, correla-
tion coefficient (r) and respective error for interaction of divalent metals with CHAM at 298 + 1 K, using linear method

Method Isotherm Constant Cu(D Pb(II) Ccdan
Freundlich K¢ (mmol g 1.81+0.01 0.51+0.03 0.43+0.01
n 2.69+0.02 2.18 +0.04 3.80+0.01
R? 0.952 0.939 0.959
SE 0.51 0.95 6.14
Linear v 18.78 9.16 33.21
Temkin K¢ (mmol dm ™) 28.38 +0.06 4.74 +0.04 93.39 £0.01
b (kJ mol ™) 1.596 +0.04 0.923 +0.04 0.272 +0.008
R? 0.962 0.966 0.958
SE 0.217 0.09 0.02
Ve 0.26 0.08 0.008
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Table 5
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Number of moles sorbed (Nf), parameters of the Freundlich (n and Ky, Temkin (Kr and b), correlation coefficients (r) and

respective error for interaction of Cu**, Pb** and Cd** with chitosan, CHAM at 298 + 1 K, using nonlinear fit

Isotherm Constant Cu(D Pb(II) Cddn
Langmuir Nf (mmol g ™) 1.60 0.74
3.35

Ns (mmol g_l) 3.64+0.1 1.87 £0.05 0.77 +0.006

b(g mmol ) 1.61+0.2 0.38+0.03 1.69+0.08

R? 0.984 0.990 0.991

e 0.02 0.003 0.0001
Freundlich K; (mmol g™ 1.94+0.13 0.61 +0.07 0.50 +0.01

n 3.35+0.45 2.83+0.40 5.82+0.65

R? 0.920 0.918 0.917

Ve 0.11 0.02 0.001
Temkin K7 (mmol dm™) 28.50+7.28 474 +0.98 93.16 +43.50

b (K] mol ™) 1.55+0.10 0.965 +0.17 0.295+0.73

R? 0.966 0.970 0.950

7 0.04 0.009 0.006
where k; is the pseudo-first-order rate constant
(min™") of sorption, Nf and Nft (mmol/g) are the L % + (i) ¢ (12)
amounts of metal ion sorbed at equilibrium and time ¢ Nt KNf Nf

(min), respectively. The Nf and k; are calculated by
plotting the log (Nf—Nft) vs. t shows second-order
sorption. The plot of log (Nf— Nft) vs. t for cadmium
sorption on chemically modified chitosan is shown in
Fig. 12.

The pseudo-second-order model can be written as
follows:

Nf (mmol g°")

0.0 4 T T T T 1
0 2 4 6 8 10

Cs (mmol dm™)

Fig. 10. Experimental (@) and nonlinear (M) Langmuir
sorption isotherm for copper.

where k; (g/mgmin) is the second-order rate constant.
The kinetic parameters for pseudo-second-order model
are determined from the linear plots of (t/Nft) vs. t.
The calculated Nf values agree very well with experi-
mental values and high value of the regression coeffi-
cient confirms that the sorption phenomena followed
second-order kinetics. The first-order model provides
a good fit to the experimental data, relative small error

3.5
3.0
2.5

2.0 1

Nf ( mmol g-1)

T T T T T T T T T T T
0 50 100 150 200 250 300
Time (min)

Fig. 11. Effect of contact time on cations sorption on chem-
ically modified chitosan CHAM at 298 + 1 K.
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Table 6
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Rate sorption constants for two kinetic models of chemically modified chitosan (CHAM) at 298 + 1K

First order

Second order

Metal Nf (mmol g ™)

K102 min™?) R?

Nf (mmol g ™) K, (10 min™") rR?

Cu 7.14
Pb 1.88
Cd 0.63

2.58
1.46
2.93

0.890
0.956
0.938

4.63
2.46
0.79

2.34
3.29
78.9

0.967
0.966
0.998

350

300 +

250

200 +

T/Nft

150

100

50

0 T T T T T
0 50 100 150 200 250

Time (min)

Fig. 12. Second-order plot for the sorption of cadmium on
chemically modified chitosan CHAM.

value; however, the higher correlation coefficient
(Table 6) of the second-order model indicated that the
second-order model could better describe the sorption
of copper, lead and cadmium on chemically modified
chitosan. The value of Nf calculated from the pseudo-
second-order equation is very close to experimental
data. These values indicate a better fit of pseudo-
second-order model with the experimental data as
compared with the Lagergren first-order model. The
pseudo-second-order rate expression described that
the process is chemisorption involving valency forces
through the sharing of electrons between the sorbent
and sorbate as covalent forces.

4. Conclusion

The present work successfully described a single-
step chemical modification of chitosan with acryl-
oylmorpholine. Chemical modification of chitosan was
confirmed by elemental analysis, FTIR and solid-state
®C NMR. Modified material presented promising
removal of cations from aqueous solution. Based on

Langmuir sorption isotherm, modified chitosan sorp-
tion capacity was highest for copper as compared with
lead and cadmium. This is due to the presence of a
nitrogen, because both nitrogen and copper are the
borderline Lewis base that has greater affinity for one
another. The pseudo-second-order rate expression fits
to experimental data, suggests that the rate-limiting
step is chemisorption. The Temkin model, fits better to
experimental data than the other two models.
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