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Abstract: Modified chitosan was prepared by reaction of cross-linked chitosan beads (CLCB) with acrylonitrile via
cyanoethylation reaction of amino group which supports chitosan with nitrile groups, then the resulting cyanoethylated
chitosan beads (CECB) were converted to chitosan-amidoxime chelating resin (CACR) via reaction with hydroxylamine
hydrochloride. The resulted chelating resin was in the form of beads in order to be easy to capture heavy metals from water.
Characterization was made using FTIR Spectroscopy, thermal gravimetric analysis (TGA), differential scanning calorimeter
(DSC), BET surface area, and scanning electron microscope (SEM). The adsorption of cobalt and chromium from aqueous
solution onto CACR has been investigated as a function of pH, metal ion concentration, contact time, metal ion concentration
and temperature. Adsorption experiments indicated that the adsorption capacity was dependent on operating variables which
are minimally (47.84, 50.68mg/g) and maximally (600, 147.33 mg/g) for Cr(III) and Co(II) respectively. Results revealed that
CACR has high affinity toward Co(II) and Cr(III) ions. The saturated adsorption capacities at 25°C were 147.33 and 600 mg/g
resin for Co(Il) and Cr(IIl), respectively. Equilibrium isotherm data were analyzed using Langmuir, Freundlich, and Temkin
isotherm models for Co(IT) and Cr(III). The adsorption was well fitted by Langmuir isotherm model for Co(II) and Cr(III). The
kinetic data indicated that adsorption fitted well with the pseudo-second-order kinetic model for Co(II) and Cr(III).
Equilibrium distribution coefficient was obtained at different temperatures Thermodynamic parameters showed that the
sorption is endothermic, spontaneous and contributes to increase AS of the system. The adsorption performance of CACR
toward Co (II) and Cr(III) using fixed bed column method was investigated under different conditions. Mathematical models of
Adams—Bohart, Thomas and Yoon—Nelson were applied to the experimental data to analyze the column performance. The
results fitted well to the Adams—Bohart, Thomas and Yoon—Nelson models.
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enabled them to spread in many applications like [separation
of mixtures containing more than one metal] which may be
present in low concentration in solution [5]. Onset of
environmental pollution in lakes, rivers and oceans is mainly
due to advanced industries, drainage and wars which spread

(exactly co-polymers) which are supported with active toxicity to plants and aquatic organisms by diffusion of heavy

functional groups that are responsible for metal ions capture metals that are very dangerous, and can be easily transferred

[4]. The chelation ability is directly affected by the chelating to hl'lmans and cause great damage to them [6]. This force
group and the polymeric matrix. One of the significant ~SOMiNg doom forces researchers to find ways to drain wastes.

properties of chelating resins is that it’s intensive presence in ~ 1hese various methods include [chemical precipitation,
many countries, also their great sorption ability for metal ions membrane process, reverse osmosis and ion exchange [7-9].

1. Introduction

Chelating resins are a branch of ion-exchange resins which
can be able to make direct chemical composition with cations
[1-3]. Chelating resins are almost in the form of polymers
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Great recommendations for usage of chelating resins among
these techniques as they are classified as cheap polymers,
have great sorption ability for metal ions, there hardness and
thermo stability allow them to resist high temperature and
maintain their sorption abilities and their high sorption
capacities [10-12]. Fixed bed column is one of the best ways
to remove pollutants like azo dyes from aqueous solutions
depending on various parameters such as effect of flow rate,
mass of adsorbent and influent dye concentration [13].
Cobalt ions are highly toxic for aquatic ecosystems even at
low concentrations due to their non-biodegradability and to
their tendency to produce severe illnesses upon accumulation
in living organisms. Their removal from used industrial water
before drainage is an important environmental concern.
Current separation techniques include: biological treatments,
membrane processes, chemical and electrochemical
techniques and adsorption procedures [14]. Chromium is one
of the main components of the industrial effluents such as
leather tanning, electroplating, textile, metal processing,
wood preservatives, paint, pigments, dyeing and steel
fabrication. Chromium can present in many oxidation states,
Cr(IlT) and Cr(VI) are the two most stable ones in aqueous
media among which the latter is proved to be more toxic to
human being and environment [15]. In our previous work
different chelating resins bearing amidoxime,
imminodiacetate and dithiocarbamate groups were prepared
for removal of some metal ions from aqueous solution with
high performance [16-20]. The aim of the present study is to
prepare a new modified chitosan beads with pendent
amidoxime moieties and use it for the removal of Cr(III) and
Co(Il) from aqueous solution using batch and column
techniques. The effects of various parameter like pH value,
metal ion concentration, contact time and temperature on
adsorption capacity of chelating resin for metal ions will be
studied using batch method and will be investigated using
Langmuir, Freundlich and Temkin isotherms. Kinetic and
thermodynamic parameters of studied metals removal were
also estimated. The adsorption performance of CACR toward
Cr(III) and Co(II) using column method will be investigated
under different conditions and will be analyzed using
Adams—Bohart, Thomas and Yoon—Nelson mathematical
models.

2. Experimental
2.1. Materials

Chitosan (deacetylation degree 93%) was purchased from
oxford Lab Chem (India), glutaraldehyde (GA), acrylonitrile
(AN), acetic acid (AA), liquid paraffin (LP), hydroxylamine
hydrochloride were purchased from Alpha Chemika (India)
and were used directly. Metal salts CrCl;.6H,O and
CoCl,.6H,0 were pure grade products of Nice Chemicals
Pvt. Ltd., (India) were used as sources for Cr(III) and Co(II)
respectively. All the other reagents used in this work were of
analytical grade and used as received without purification.
De-ionized distilled water was used throughout the

experiments.
2.2. Preparation of Cross-linked Chitosan Beads (CLCB)

Cross-linked chitosan beads were prepared according to
the method described by Wang et al. [21]. In brief, 10.0 g of
chitosan was dissolved in 200 ml aqueous solution of acetic
acid (3%) for 48h and then added to a 1000 ml beaker flask
containing 200 ml of liquid paraffin, continuously stirred for
20 min at 40°C. After that, the temperature was increased to
60°C, and glutaraldehyde was added as the cross-linking
agent, continuous stirring at 300 rpm for 3h to generate the
polymeric beads. The resulted beads were washed several
times with petroleum ether, ethanol and de-ionized water in
sequence to remove any un-reacted fraction and dried at
50°C under vacuum for 24h.

2.3. Preparation of Cyanoethylated Chitosan Beads (CECB)

Cross-linked chitosan beads (CLCB) (5 g) and
acrylonitrile (AN) (50 ml) were mixed in 100 ml methanol
then acetic acid (0.2 ml, 99.7%) was added to a flask
supported with a magnetic stirrer and reflux. The reaction
mixture was stirred at 300 rpm for 48h and 75°C. After
cooling, CECB was filtered, washed several times with
ethanol and water and dried at 50°C under vacuum for 24h.

2.4. Preparation of Chitosan-amidoxime Chelating Resin
(CACR)

A suspension of CECB (5 g) and NH,OH. HCI (4g) in
70ml methanol-water solution (5:1 v/v) was added to a flask
equipped with a magnetic stirrer and reflux condenser. About
15 ml of NaOH aqueous solution (7.5 M) was added to this
mixture and the pH was kept at 8. The above mixture was
stirred for 48h at 70°C. Finally, the resulted CACR beads was
filtered out, washed several times with water and ethanol and
dried at 50°C under vacuum for 24h.

2.5. Characterization Survey

2.5.1. FT-IR Analysis
Fourier Transform infrared spectra (FTIR) of the prepared
resins were obtained with jasco 6100, made in Japan.

2.5.2. Thermal Gravimetric Analysis

Thermo gravimetric analysis experiments (DSC/TG) for
the chelating resin were determined using NETZSCH STA
409 C/CD instrument, Germany. The experiment was carried
out in a dynamic atmosphere of helium from room
temperature to 700°C at heating rate of 10°C /min and a
helium flow rate 1ml/min.

2.5.3. Surface Area

Porous structure parameters were characterized by
Brunauer—-Emmett—Teller (BET) and BJH methods through
N, adsorption—desorption methods to examine the porous
properties of the chelating resin using nitrogen as the
adsorbent at 77.35 K. The measurements were carried out
using a model NOVA 3200 automated gas sorption system
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(Quantachrome, USA).

2.5.4. Scanning Electron Microscope (SEM)

Scanning electron microscope (SEM) was used to observe
the surface morphology of the prepared CACR before and
after adsorption of Cr(III) and Co(Il). Micrographs were
obtained using SEM model Bruker X-Flash 410M detector.

2.6. Adsorption of Metal Ions

2.6.1. Capture Metal Ions Using Batch Method

All experiments were performed with 0.1 g resin in 250 ml
bottles with 100 ml of single metal ion solution on a
temperature controlled shaker at 250 rpm. All experiments
were carried out at 25°C except the temperature experiments.
The desired pH of solution was adjusted using few drops of
0.1 M HCI and 0.1M NaOH solutions. The concentration of
the metal ions in the solution was determined using Perkin
Elmer-AAnalyst 200 atomic absorption. Experiments were
carried out in triplicate. The adsorption capacity was
calculated according to Eq. (1).

q=""exv (1)

Where q is the adsorption capacity (mmol/g). C, and C,
are the initial and the equilibrium concentrations of metal
ions (mmol/L), respectively. V is the volume of metal ions
solution (L) and W is the weight of dry resin (g).
Determination of the optimum pH for adsorption of metal
ions by shaking 0.1 g of resin with 100 ml (12mmol/L) metal
ion solution for 3h at adjusted pH.

Experiments of adsorption isotherms were performed by
shaking 0.1 g of resin with 100 ml of metal ion solution at
optimum pH in a concentration ranging from 1.0 to
18mmol/L. After 3h of shaking, the resin was filtered and the
remaining metal ion concentration in solution was estimated.

To investigate the adsorption kinetic of the adsorption
process, 0.1 g of resin and 100ml of metal ion solution was
continuously shaken at optimum pH and concentration at
25°C. The flasks containing the mixtures were withdrawn at
different time intervals to determine the remaining
concentration of metal ions.

Measurement of metal ion adsorption by the resin as a
function of temperature was studied in the temperature range
of 25-55°C. Experiments were performed by shaking 0.1 g
of resin with 100 ml of metal ion solutions (1.0 mmol/L)
under the optimum pH and contact time. After adsorption,
the residual concentration of metal ion was determined as
described earlier.

2.6.2. Fixed-bed Column Technique

A continuous adsorption experiment was carried out in
laboratory-scale glass column (17 cm height and 1.2 cm
diameter) filled with chitosan-amidoxime chelating resin,
forming a homogeneous and well-packed bed. The
performance of fixed-bed column was described through a
break-through curve and expressed as the ratio of effluent
metal ion concentration over influent metal ion concentration
(Ce/C,) as a function of time (t). For optimizing the column

dynamic, adsorption experiments were carried out at different
bed heights (1.7, 3.4, 5.1cm), two constant flow rates (0.5,
Iml min"), Immol"' single metal ion concentration and
optimum pH at 25°C. First of all, the column was cleaned by
enough de-ionized distilled water in an up flow fashion in
order to get rid of air bubbles and to rinse the adsorbent. The
remaining concentration of metal ions in the effluent was
analyzed as previously described.

The performance of the column adsorption processes is
based on the break-through curve which is obtained by
plotting C.#/C, Vs time (t), where C.¢ and C, are effluent and
influent metal ion concentration, respectively (mmol/L). The
mass transfer zone (At) [22] is given by Eq. (2).

At = t,—t, @)

Where t, is the break-through time (which is the time
needed for the increase of metal ion concentration in the
effluent to an appreciable value in a sudden way) and t. is the
bed exhaustion time (which is the time needed for the
increase of metal ion concentration in the effluent exceeding
99% of the influent concentration [16]).

The length of the mass transfer zone (Zm) [23, 13] is
obtained from the break-through curve and is calculated from

Eq. (3).

— b

zm =7(1- Z> 3)
Where Z is the bed height in mm. The total column

adsorption capacity (qea) [23, 13] is calculated from Eq. (4).
QA Q t=ttota

= To00 = Jezo " (Caa)dt 4)

Qrotal = To00 = 1000 Jt=0

Where A is the area under the break-through curve of the
plot between C,q (C,i=C,- Cei) versus time, Q is the flow
rate (ml/min) and t,, s the total flow time (min). The
equilibrium adsorption capacity (geq(exp))(mmol g [23, 13]
is calculated by Eq. (5).

— 9total (5)

qeq(exp) m

Where m is the total dry weight of CACR (g). The total
amount of metal ions fed to the column is calculated from
Eq. (6) [23, 13].

COQt ota
Wiotat = # (6)
Where W, is the whole amount of metal ion placed
inside the column. Total percentage removal of metal ions is
calculated from Eq. (7) [23].

Percentage removal (%)= % x 100 (7)

Elution experiments were carried out by placing 1.0 g of

CACR in the column then loaded with Cr(IIl) and Co(II) at

flow rate of 0.5 ml/min. The maximum uptake was obtained

in the first run, there after the adsorbent was washed by
flowing distilled water crossing the column.
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3. Results and Discussion
3.1. Synthesis of CACR

CACR is prepared by modification process of chitosan
according to the following the steps presented in Figure 1.
The first step represents cross linking reaction of chitosan
beads using glutaraldehyde as cross linking agent to give

step 1: cross- lmkmg

HaOH SHy °H
g uin} - HC‘:‘EH b
docH,

step 2 : cyanoethylatlon

2 G
o ‘CN

AN

MeOH
CLCH 3 Acatkc ackd
75°C 480

step 3 : formation of amidoxime groups

CECH + NHLOH HCL

LA

paraffain oil

BO'C, 3h

CLCB, the second step illustrates cyanoethylation reaction of
remaining amino groups of CLCB via reaction with
acrylonitrile to give CECB. The final step is reaction of
chitosan beads supported nitrile group with NH,OH. HCI to
convert nitrile groups into amidoxime groups, forming

CACR.
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Figure 1. Preparation steps of chitosan amidoxime chelating resin.

3.2. Characterization of the Synthesized Resin

3.2.1. FT-IR Analysis

(a)

(b)

(<)

T (%)

NH; s OH

2400

Wave number cm

Figure 2. FTIR spectra of (a) pure chitosan (b) CLCB, (c) CECB and (d)
CACR.

Fourier Transform Infrared absorption spectra of chitosan,
CLCB, CECB and CACR is illustrated in Figure 2. Figure 2a
shows spectrum of pure chitosan, the —OH and -NH,
(stretching vibration) groups are presented at peak

3427.85cm™ (broad band). The C—O—C bridge absorption
band (asymmetric stretching) was observed at 1165.76cm ',
while skeletal vibration of C—O stretching corresponds to the
bands at 1095.37 and 1041.37 cm ™' [24]. FT-IR spectrum of
CLCB (Figure 2b) illustrates stretching vibration bands of C—
H (symmetric &asymmetric) which enlarges at 2923.56 &
2858.95cm™' and the peak at 1637.27 cm ' is seen due to
imine bonds C=N [25-27]. After reaction with acrylonitrile, a
new absorption band appears at 2252.45cm™ which is
characteristic of the nitrile vibration band as shown in Figure
2c. Finally FTIR spectrum of CACR (Figure 2d) revealed
that the absorption band of the -C=N group at 2252.45cm™
disappears and a new band at 1075.12 cm™ appears due to the
vibration absorption of the N-O bond in the amidoxime
group [28].

3.2.2. Thermal Gravimetric Analysis (TGA) of CACR

TGA was applied to illustrate the thermal stability of the
chelating resin. The thermo-gram of the CACR is presented
in Figure 3 and Table 1. The TGA curve indicates that CACR
undergoes degradation in five steps. The first degradation
stage ranges from 26 to 220°C with partial weight loss of
19.73% attributable to loss of water molecules which is
present in outside surface and internal pores or cavities of the
resin. The higher water content ensures the hydrophilic
property of the resin. The 2™ stage ranges from 220 to 280°C
with partial weight loss 32.64%. As shown in Figure 3 the
continuity of heating until 700°C trends to gradual loss of
weight which finally reached 6.70%.
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Table 1. TGA and DSC Analysis of CACR.
lst 2nd 3rd 4th 5(}1
TGA degradation step (°C) degradation step (°C) degradation step (°C) degradation step (°C) degradation step (°C)
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Figure 3. TGA and DSC for CACR.

Differential scanning calorimeter (DSC) is an excellent
tool to measure the thermal stability of the CACR at different
temperatures. This device allows quick and accurate results
for the thermal stability. The DSC is a direct examination for
various heat up-takes between an inert (He) gas as reference
and a sample. Five stages heating process were conducted for
the DSC analysis in Figure 3a. As shown in Table 1 the first
stage heating is used to decrease the water content inside the
resin and showed endothermic peak at 204.5°C which
indicates the high stability of CACR and its ability to acquire
more heat energy [16].

Four other endothermic peaks were shown in Figure 3b
due to the continuous heating which represents a large scale,
ensures the high stability of CACR as thermal decomposition
of resin starts after 509.2°C and there was a trend to total

thermal decomposition presented in flat line [16].

3.2.3. Scanning Electron Microscope (SEM)

The surface morphology of CACR is examined by
scanning electron microscopy. The scanning electron
micrograph images of CACR, CACR-Cr(Ill) and CACR-
Co(Il) are shown in Figure 4a, b and c, respectively. The
morphology of CACR before metal ion uptake shows clear
empty cavities which can help for mass transfer of metal ions
to its surface. After metal ion uptake, the resin surface
became totally saturated and the cavities disappeared
specially in CACR-Cr(III), this means that chromium ions
have high adsorption rate than that of cobalt ions, which still
contains unfilled cavities [16, 29].
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5406
SE MAG: 4290 x HV: 20.0 kV WD: 105 mm

Figure 4. SEM micrographs of (a)CACR, (b)CACR-Cr and (c) CACR-Co.

3.2.4. Surface Area

Before examination, the resin was put in vacuum at 300°C
for 2 h. by means of adsorption of ultra pure nitrogen at
77.35 K. The surface area was measured using the Brunauer—
Emmett-Teller (BET) and BJH method based on adsorption
data in the partial pressure (P/PO) range of 0.09-0.29. The
total pore volume was determined from the amount of
nitrogen adsorbed at P/PO = 0.29729. Pore size and pore
volume were collected in Table 2. These results show that the
resin has surface area of 39.52 m?*/g with pore diameter of
2.981nm which to be considered mesoporous structure and
lead to efficient transfer the metal ions to the internal
adsorption sites [16].

Table 2. Porous structure parameters of CACR.

Parameters Amidoxime
BET surface area (m?/g) 39.52

BJH desorption average pore diameter (nm) 2.981

BJH desorption cumulative volume of pores (cm’/g) 0.1405

3.3. Sorption of Metal Ions by Batch Technique
3.3.1. Optimum pH of Metal Ions Uptake

71 /\.—/’

q, (mmol/g)

34 ——Cr(lll}
—a—Colll)

0 T T T T
0 1 2 3 4 5 6 7 8

pH

Figure 5. Effect of pH on the uptake of metal ions at 25°C;shaking time, 3h
and initial metal ion concentration of 8§ mmol/L.

The influence of the pH on the uptake capacity of metal
ion was examined by batch system at 25°C in the pH
range of 1.0-5.0 for Cr(III) and 1.0-7.3 for Co(II) and the
results were presented in Figure 5. The amidoxime group
(-C(NH,)=N-OH), has amphoteric property [30]. At
lower pH value, the basic amino group (-NH,) lose the
ability to make complex with metal ions M(II) since (-
NH,) group blocked and give (~'NHj;), that cause the
decrease in metal ion uptake. By increasing pH value, the
concentration of H' ions decreased therefore protonation
of (-NH,) group will be weakened which cause high
chelation of amino group toward metal ions. Also, the
level of dissociation of (—OH) group will increase and
give ("O) resulting in electrostatic interaction between
amidoxime groups of CACR and metal ions, leading to
high metal ion sorption [20]. As presented in Figure 5, the
adsorption capacity increases when the pH value was
increased until it reaches the maximum (optimum value).
The optimum pH value which resulted in the greatest
adsorption capacity for metal is located at 4.9 and 7.3 for
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Cr(III) and Co(Il), respectively. Consequently, for this
work all the consequent experiments were performed at
these optimum pH values. Above these optimum pH,
metal is converted to precipitated metal (II) hydroxide and
the adsorption of these ions cannot be measured
accurately. The possible chelation model of CACR with
metal ions is shown in Figure 6.

CH,OH
o] 0
N
\ HO
/CH N m-X
(HC); H,C" “CH,
'
\CH EZC CH\2
C
// /PN /=N
N HN | HN clm
LY ~
HO""MFOH HO——p~
\NH NX ]'l
2
N Nt
/ HC
HQC Hzc “'
. CH, f”zfih
HC
OH W
o o
HOH,C

m-X

Figure 6. Chelation of chitosan amidoxime chelating resin for metal ions.

3.3.2. Effect of Initial Concentration and Equilibrium
Isotherm Models

14 -
12 -
10 -

——Cr(1lI)

6 - —=— Co(II)

q. (mmol/g)

0 2 4 6 8 10 12 14 16 18 20
Concentration (mmole/L)
Figure 7. Effect of initial metal ions concentration on the adsorption

capacity of Cr(Ill) and Co(Il); 25°C shaking time 3h and at the optimum pH
value.

The influence of the initial metal ion concentrations on
equilibrium adsorption was studied and the results are
illustrated in Figure 7. It was obvious from The results that
the amount of Cr(Ill) and Co(Il) adsorbed onto CACR
increased by the increase of the initial concentration of metal
ions before reaching a plateau shape. The maximum
adsorption capacity was obtained at optimum pH of each

metal ion and at 25°C. The results showed that the maximum
adsorption capacity of Cr(IIl) and Co(Il) reached 600 and
147.33 (mg/g), respectively at maximum initial concentration
of 14 and 8 (mmol/L). The data presented in literature survey
reveals that, generally, the prepared CACR in this work has a
good advantage in metal ion adsorption compared to the
previously reported adsorbents.

Various adsorption isotherms are valid, the mostly useful
models related to the equilibrium characteristics of
adsorption: Langmuir, Freundlich and Temkin. The Langmuir
isotherm model is based on the adsorption of the mono layer
of metal ions onto a homogenous surface of the chelating
resin. The linear form of Langmuir adsorption model is
represented as [31]:

Ce Ce 1

fom ey ®)

q Qmax K Qmax

Where C. is the equilibrium concentration of metal ions
(mmol/L), q is the equilibrium adsorption capacity (mmol/g),
Quax (mmol/g) and K (L/mmol) are the maximum adsorption
capacity and binding constant, respectively. The parameters
of Langmuir model are listed in Table 3. Langmuir isotherm
model also defined in terms of the dimensionless parameter
known as separation factor (Ry) [32] which is represented as
follows:

1
1+K C,

L (€))

Where K is the Langmuir constant (binding constant) and
C, is the initial concentration of metal ion (mmol/L). The
value of Ry which is calculated recommends the shape of the
isotherm to be unfavorable (R;> 1), linear (R = 1), favorable
(0 <Ry< 1), or irreversible (Ry = 0) [33, 34]. The calculated
values of R; were between zero and one for all metal ions
revealed that the metal ion adsorption onto CACR is
favorable. The Ry values decreased as the (C,) of metal ions
increased which showed that the adsorption of metal ions is
more effective at higher initial concentration.

The Freundlich isotherm model is an empirical equation
which refers to a heterogeneous adsorption system. The
Freundlich isotherm model is shown by the following
equation [35]:

Logq =N log C, +log K¢ (10)

Where q is the equilibrium adsorption capacity (mmol/g),
C. is the equilibrium concentration of metal ion (mmol/L),
Kr and N are the Freundlich constants for the adsorption
capacity (mmol/g) and a measurement of efficiency of
adsorption, respectively. The values of Kr& N were (5.86,
1.62) and (0.77, 0.31).

Like R; values that values of term N presents the nature of
isotherm to be unfavorable (N > 1), favorable (0 <N < 1) or
irreversible (N = 0). The values calculated for N ranges
between (0) and (1) for all metal ions which refers to the
simplicity of adsorption process of metal ions onto chelating
resin.

The Temkin isotherm model is expressed by the following
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equation [36]:

qg=B InK;+ B InC, (11)

Where B and Kt are Temkin constants which represent the
heat of adsorption & equilibrium binding constant,
respectively. B and Kt were (3.18, 0.49) and (11.72, 35.39).

The good fit experimental data with Langmuir, Freundlich,
and Temkin isotherm models and high correlation coefficient
(R?) (0.997, 0.995) obtained for these plots indicates the
validity of these models to CACR for both metals ions. But
Freundlich equation shows better results than Temkin and
Langmuir models because of higher correlation coefficient
for both metal ions.

Table 3. The parameters of Langmuir, Freundlich and Temkin isotherms for
chelating resin at 25°C

Metal Langmiur isotherm Freundlich isotherm Temkin isotherm

ion Qmax K R? N Ky R? KT B R*

Cr(lll) 18.18 0.71 0.997 0.77 5.86 0991 11.72 3.18 0.953
Co(Il) 2.77 1.89 0.995 031 1.62 0.964 3539 049 0.96

3.3.3. Effect of Contact Time on Adsorption Process

In order to determine the influence of contact time
between CACR and aqueous solution of Cr(IIl) and Co(II)
ions adsorption, variations of adsorption capacity (q.) Vs
time (15-300 min) were plotted in Figure 8. It was found that,
the adsorption of Cr(IIl) and Co(Il) ions from aqueous
solution using the adsorbent is continuously increased with
time increase, showing that most of the adsorption occurred
at the initial stages of the adsorption experiments until
reaching equilibrium between two phases after 3h. Therefore,
this optimum equilibrium time was selected for the next
adsorption experiment.
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Figure 8. Effect of contact time on the amount of sorbent of Cr(lll) and
Co(1l) ions on CACR at 25°C, 14,8mmol/L and optimum pH.

The adsorption results were used to investigate the kinetic
mechanism which controls the adsorption process, the most
widely used models to described the metal ions using
chelating resins are Lagergren’s pseudo- first order, pseudo-
second order and intra particle diffusion were used to
investigate the kinetic process [37-39].

The pseudo-first-order kinetic model is suitable for lower
concentrations of metal ions. The linear form of the first
order rate equation by Lagergren and Svenska [46] is

expressed in Eq. (12):

(12)

Log(a-ar) =loga~ (55)t

Where q and q; are the adsorption capacity (mmol/g) at
equilibrium and at time t(min), respectively. K,q is the
Lagergren rate constant (min™") of the adsorption.

Plots for Eq. 12 were made for Cr(IIl) and Co(II) ions
sorption at different times. The mathematical linear form of
equations used and the plots made for analyzing the data of
Lagergren constants regarding to Table 3.

The experimental data were also treated according to
pseudo second order kinetic model. The pseudo-second-order
model of Ho [40] can be expressed in the linearized form as

follows
t 1 1
=4 (Dt
qc Kzq2 (q

Where K, (g mmol™ min™) is the pseudo second order rate
constant. The constants of the 2™ order kinetic model plots
are given in Table 4. Obviously, as it can be seen from the
result listed in Table 4, correlation coefficient values (R?) of
the second order kinetic are higher than the values obtained
from the first-order kinetics. Therefore, the sorption behavior
of Cr(Ill) and Co(IT) onto CACR obeys the second-order
kinetics.

Intraparticle diffusion model is described using Eq. 14
proposed by Weber and Morris [41].

(13)

q = Kig t*° (14)

Where Kj4 is the intraparticle diffusion rate constant (mmol
g'/min®?). The constants of these plots are listed in Table 4.
According to Weber and Morris, the adsorbate could be
transported from the aqueous phase over adsorbent in three
different steps as: (a) Diffusion of metal ions through the
boundary layer to the surface of the chelating resin; (b) Intra-
particle diffusion: migration of metal ions from the outside
surface of the chelating resin to the inside holes or pores of
the resin through a pore diffusion or intra-particle diffusion
mechanism; and (c) Adsorption of metal ions in an active
area on the surface of chelating resin by the effect of
chelation.

Table 4. First-order, second-order and intra particle diffusion rate constants.

Equations Parameters Cr(III) Co(II)
q(mmol/g) 9.20 2.133

{eudo-first order Ko (1/min) 0.029  0.0391
1metic equation R2 0,988 0,978
q(mmol/g) 10.10 2.617

peudorsecond-Order i (gmmol” min’)  0.0042  0.0378
eHes R? 0.997 0.998
Intraparticle diffusion Kig(mmol g min™?) 0.389 0.072
equation R? 0.785 0.575

With respect to Eq. 14, if the plot gives a straight line,
intra-particle diffusion is accepted as the only rate-limiting
step, but multi-linearity is formed which refers to two or
more stages related to the adsorption of metal ions [42]. the



American Journal of Quantum Chemistry and Molecular Spectroscopy 2019; 3(1): 17-30 25

adsorption process was restricted by three stages: (1) rapid
transportation of metal ions from solution to the resin surface
(2) gradual adsorption stage where intra-particle diffusion is
rate-limiting step, and (3) final equilibrium stage where intra-
particle diffusion begins to slow due to the very low metal
ion concentration in the solution, in addition to fewer number
of adsorption areas are available. Based on these results, we
can conclude that the intra-particle diffusion is not the only
step of rate control. This behavior recommends that
adsorption processes involve more than one single kinetic
stage.

3.3.4. Adsorption Thermodynamics Parameters

Thermodynamic parameters of the adsorption process were
examined by performing the adsorption experiments at four
various temperatures (25, 35, 45 and 55°C). Metal ion
solution (100 ml, 1.0 mmol/L) equilibrated with 0.1 g of
CACR at optimum pH value.

Equilibrium distribution coefficient (K4) for the adsorption
process was calculated by Eq. (15) [43].

_ Co—Ce v
Kq ==X (W)
e

Where C, and C. are the initial and equilibrium
concentration of the metal ions in aqueous solution,
respectively (mmol/L), V is the total volume of the solution
(L) and W is the weight of the CACR (g).

Free energy change of the adsorption (AG ) Was
calculated using the following equation:

(15)

AG = - RT InKy (16)

The standard enthalpy change (AH ) and entropy change
(AS ) of the adsorption were estimated by plotting InKy
versus 1/T according to Eq. (17).

A Soads + A Hoads

ln Kd = R RT

17

Where R is gas constant (8.314 J/mol K). The values of the
slope and the intercept give AH:ldS and ASoads, respectively.
Thermodynamic parameters involving AGoads, AHoads and
AS:lds for metal ion adsorption onto CACR is illustrated in
Table 5. As it can be seen from Table 5, Positive values of
AH:ldS shows that the metal ion adsorption is an endothermic
process [44, 45]. Also, the positive values of AS 4 may be
correlated with the increased randomness due to the
liberation of H,O of hydration during the adsorption of metal
ions [44, 45]. Finally, the thermodynamic parameters showed
that there is continuity in adsorption process that is indicated
by negative values of AGoads.

3.4. Uptake of Metal Ions Using Column Technique

The break-through curves (C/C, vs. time) were obtained
for Cr(Ill) and Co(Il) sorption onto CACR at different bed
depth (1.7, 3.4, 5.1 cm), two constant influent flow rates (0.5, 1
ml min™) and ImmolL™" single metal ion concentration. The
schematic diagram 11 shows the upward movement of the
solution through fixed bed column as the cycle starts from
automatic burette and by pumping the solution upwardly it
reaches the glass column and pass through the resin then
collected to be measured. The cycle continues for each bed
height and flow rate then changing each one separately. The
break-through curves are shown in Figures 9 and 10. The mass
transfer zone (Z,,), the sorption capacity of CACR (q.) and
removal percentage (R%) were calculated from the break-
through curves by using equations 2-7 and presented in Table
6. According to results, CACR showed a higher adsorption
capacity for Cr(Ill) than Co(IlI). The maximum sorption
capacity was about 1.3962 and 0.24133 mmol g for Cr(IlI)
and Co(Il) respectively, at flow rate of 0.5ml min" and bed
height of 1.7cm, which corresponds to 89.5% and 73.130% for
Cr(III) and Co(II) removal, respectively.
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Figure 9. Break-through curves for (a)Crll) and (b) Co(ll); initial
concentration is 1.0 mmol/l, flow rate is 0.5 ml/min at optimum pH and at
25°C and bed depth (1.7, 3.4, 5.1cm).

Table 5. Thermo-dynamic parameters for the adsorption of metal ions onto CACR.

Metal ion -AG®ads (kJ/mol)

298K 308K 318K
Cr(llD 5.44 757 10.28
Co(I1) 1.98 3.094 43840

328K
12.53
5.7014

AH°ads (kJ/mol) AS°ads (J/mol) R?
66.05 239.53 0.997
35.076 124.12 0.998
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Table 6. Column data parameters, Thomas and Yoon Nelson Models constants at different flow rates and bed heights (C, = 1 mmol/L).

Variables Calculated parameters Thomas model Yoon Nelson model
Metal V4 i b Zm b o . exp. (MIN
ion gnL/min) (cm) ?l[ntnllol) ?mmol/g) L (cm) ?mmol/g) (K‘Ll;mmol.nﬁn) ’ Kyy (min”) T min R Lo ()
0.5 1.7 1.3962 1.3962 89.5 0318 1.405957 0.01209 0.988254 0.0120896 2052 0.988254 2800
0.5 34 2.17453 1.087265 93.73 0.412 1.0910733 0.0130859 0.975254 0.0130859 4364.29 0.975254 4375
Cr(1ll) 0.5 5.1 3.81933 1.27311 95.722 0410 1.277451  0.0114137 0.960365 0.0114137 7664.71 0.960365 7630
1 1.7 0.47709 0.47709 71.207 1.803 0.483525  0.015491 0.98086 0.015491  483.525 0.98086 495
1 34 0.78801 0.394005 82.948 1.012 0.399722  0.018611 0.985047 0.018611  789.445 0.985047 788
1 5.1 1.39524 0.46508 90.015 1.092 0.464774  0.019562 0.970373 0.019562  1404.3231 0.970373 1416.667
0.5 1.7 0.24133 0.24133 73.130 0.85 0.25342 0.016626 0.992059 0.016626  506.842 0.992059 513.33
0.5 34 039674 0.19837 77.792 1428 0.20346 0.0147087 0.988992 0.014709  813.836  0.988992 817.78
Co(Il) 0.5 5.1 0.59005 0.1966833 79.736 2.026  0.2001 0.0128182 0.98951 0.012818  1200.77 0.98951 1206.7
1 1.7 0.14708 0.14708 66.854 0.890 0.158038  0.044267 0.991792 0.044267 158 0.991792 161.25
1 34 022433 0.112165 72.364 1473 0.1176381 0.040696 0.990438 0.040696  235.276  0.990438 237.272
1 5.1 0.40814 0.136046  81.628 1.561 0.139859  0.036419 0.990103 0.036419  419.576  0.990103 417.273
Table 7. Adams—Bohart model at different flow rates and bed heights (C, = 1 mmol/L).
Variables Adams—Bohart model
Metal ion Flow rate (mL/min) Z (cm) kAB (I/mmol .min) Ny (mmol/l) R
0.5 1.7 0.0117 441.15 0.872
0.5 34 0.0135 333.58 0.907
0.5 5.1 0.0123 383.77 0.8402
Cr(III)
1 1.7 0.0071 367.19 0.9535
1 3.4 0.0091 267.32 0.8792
1 5.1 0.0109 294.96 0.9559
0.5 1.7 0.0185 90.20 0.9298
0.5 34 0.0156 69.88 0.9182
0.5 5.1 0.0139 66.99 0.8874
Colll) 1 1.7 0.0216 119.68 0.9321
1 3.4 0.0194 84.26 0.8896
1 5.1 0.0184 93.07 0.8939

3.4.1. Effect of Bed Height

The break-through curves of sorption of Cr(IIlI) and
Co(II) are shown in Figures 9 and 10. As shown in Figures
9 and 10 the shape of break-through curves of sorption of
Cr(III) and Sr (II) at both 0.5 and Iml min™ flow rates are
significantly different as depth changed from 1.7 to 5.1
cm. It was observed that the break-through time and
exhaustion time were increased with increased in bed
heights [53-54]. This may be due to the amount of resin
was more to contact with Cr(III) and Co(II) metal ions. At
higher bed heights a larger volume of metal solution could
be treated as shown in Table 6 due to increase in the ratio
of the resin where more active binding areas are available
for processing the sorption process. The break-through
time t,, exhaustion time t. the height of mass transfer zone
(Z,) and percentage removal (R%) increased with rise in
bed height. The increase in percentage removal must be
related to the maximum saturation of all active sites in the
adsorbent dosage by metal ions and broad ended mass
transfer zone. The decreasing of uptake capacities by
increasing the bed height is due to the change in volume to
mass ratio [46-47].

3.4.2. Effect of Flow Rate
It was observed that the column performance is
excellent at low flow rate. At higher flow rate, the break-

through time and exhaustion time reached more rapid and
this may be due to the inadequate residence time of the
metal ion of Cr(IIl) and Co(II) with the resin [48]. The
result reveals that the break-through curve becomes
steeper as the flow rate increased. The metal sorption
capacity decreases with the increase of flow rate (Table 6).
This is because a much longer time is needed between the
solute and that of the solid phase to reach equilibrium
state. Therefore, this increase in flow rate causes a shorter
presence time of the solute in the column and so, the metal
ion leaves the column before equilibrium occurs [49].
Hence break-through time, bed exhaustion time, and
sorption capacity were more at 0.5ml min' when
compared to Iml min™' flow rate.
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Figure 10. Break-through curves for (a) Cr(lll) and (b) Co(ll); initial
concentration is 1.0 mmol/l, flow rate is 1 ml/min at optimum pH and at
25°C and bed depth (1.7, 3.4, 5.1cm).
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Figure 11. Fixed bed column technique.

3.4.3. Modeling of Column Experimental Data

Various theoretical models such as Thomas and Yoon-
Nelson models [49-51] were tested to show the experimental
data related to the solute interaction behavior and to estimate
the break-through curves.

i. The Adams—Bohart model

Adams and Bohart proposed a model based on the surface
reaction theory, which assumes the adsorption rate as a
function of both the residual capacity of the adsorbent and
the concentration of adsorbate species. This model was
applied for the description of initial parts of breakthrough
curves [52-54]. The Adams—Bohart equation can be
expressed by Eq. (18):

(18)

In“LL = kABCOt_kABNO%
where Cy and C, (mmol/l) stand for the inlet and effluent dye
concentration, kag (I/mmol min) is designated as the rate
coefficient, Uy (cm/min) represents the linear velocity
defined as the volumetric flow rate to the cross-sectional area
of column bed, Z (cm) is the bed height, and N, (mmol/l)
stands for the sorption capacity of the adsorbent per unit
volume of the bed. A linear plot of In(C/C,) against t was
employed for the adsorption experimental data ranging from
0.5 to 1 in order to determine the model parameters kg and
No (the figure is not shown). These parameters can be
calculated from the intercept and the slope of the plot. The
values of the kag and N for all of the breakthrough curves
are presented in Table 7, as well as the corresponding

correlation coefficient of the model. According to Table 7
the values of kup increased with increasing flow rate. The
values of correlation coefficient are at about 0.9 which
represents the suitability of the model for the description of
the breakthrough curves at the early parts of the adsorption.

ii. Thomas model

The obtained data from the experiments were used to
measure the adsorption capacity of CACR and the adsorption
rate constant using Thomas model [55] based on Eq. (19).

1n< o _ 1) = [KTh aem _ KrnCoVers
Ceff Q Q

(19)

Where Kry is the Thomas rate constant (I/mmol. min), m
is the total dry weight of CACR (g), V.x is effluent
volume, q, is the adsorption capacity of Cr(IIl) and Co(II)
ions on CACR (mmol/g). The linearized form of Thomas
model is given by Eq. (20).

ln( Co 1) — [KTh gem _ KrnCoVers
Cerr Q Q

(20)

To detect maximum adsorption capacity of the adsorbent
(qe) and kinetic coefficient (Ky,) in Thomas model,
experimental data were fit into the Eq. 19. This equation was
used to fit the experimentally obtained data by plotting

In (CC— - 1) against the effluent volume. The Thomas rate
eff

constant and the ion exchange capacity were determined
from the slope and intercept, respectively. The values of
these two parameters are given in Table 6 for Cr(III) and
Co(II) at 10% saturation. According to Table 6 the calculated
g. from Thomas model is similar to the experimental q. and
the value of q. decreased with increasing both flow rate and
bed height. As can be observed, the experimental data are in
good agreement with theoretical results.

iii. Yoon Nelson model

The Yoon Nelson model [56] expressed by Eq. (21) is
based on the concept of the decrease in the adsorption for
each adsorbate molecule is directly proportional to the
probability of adsorbate breakthrough on the adsorbent.

Ce
C Cff = exp(Kynt-T Kyn)
o—Leff

2

Kyy is the Yoon Nelson rate velocity constant (L/min), T is
the time in (min) required for 50% adsorbate breakthrough.

The linearized form of Yoon Nelson model is given by Eq.
(22).

C
n( eff )= Kyn Veff

K,
CoCory T Kyn

(22)

To determine the rate constant (Kyn) and the time
needed for 50% adsorbate breakthrough, (T) in Yoon
Nelson model, experimental data were fit into the Eq. 21
This equation was used to fit the experimentally obtained

g L ) against the effluent volume.
ff

data by plotting ln(

The Yoon Nelson rate constant and time required for 50%
adsorbate breakthrough (T) were determined from the
slope and intercept respectively. The values of two
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parameters are given in Table 6 for Cr(IlI) and Co(II) at
50% breakthrough curve. The data in Table 6 also indicate
that the T value of model as similar to the Ty, Where Teyp
is the time required for 50% adsorbate breakthrough from
experiments in min. It was found that the time required for
50% adsorbate breakthrough (T) for Cr(III) and Co(Il)
increased with increasing bed height but decreased with
increasing flow rate due to less residence time of metal
ions in adsorbent bed. Since, the experimental data goes
well with the model. Therefore; Yoon Nelson model is
suitable model to describe fixed bed operations.

4. Conclusion

A new modified chitosan resin with pendent amidoxime
moieties (CACR) was prepared by reaction of cross-linked
chitosan beads with acrylonitrile to support the polymer with
nitrile group that facilities the reaction of beads with
hydroxylamine hydrochloride. Synthesized CACR s
characterized using FTIR, thermal gravimetric analysis,
SEM, surface area. This resin have high sorption capacity for
Co(II) and Cr(IIl) from their aqueous medium. The sorption
of metal ions onto CACR is influenced by several factors
such as the solution pH, concentration of metal ions, contact
time and solution temperature. In batch equilibrium
adsorption method, the optimum sorption pH for Co(II) and
Cr(Ill) were 7.3 and 4.9 respectively. The maximum
adsorption capacity of CACR followed the order Cr (III) >
Co(II). For Chromium and Cobalt ions, Langmuir isotherm
model was the best to indicate the adsorption process also the
kinetic experiments showed that adsorption well presented by
pseudo-second order model. Thermodynamic parameters also
showed that adsorption of metal ions on CACR is
spontaneous and endothermic in nature. CACR isn’t only
efficient for Cr(IIl) and Co(Il) removal by batch but also by
column methods, and the best condition for adsorption
process at 0.5ml/min and 1.7 cm bed height. Adams-Bobhart,
Thomas and Yoon Nelson models are suitable models to
describe fixed bed column operations.
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