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ABSTRACT

A new Modified chitosan beads with pendent amidoxime moieties (CACR) was prepared by reac-
tion of cross-linking chitosan beads (CLCB) with acrylonitrile and hydroxylamine hydrochloride,
respectively. The resulted chelating resin was characterized using FTIR Spectroscopy, thermal
gravimetric analysis (TGA), differential scanning calorimeter (DSC), BET surface area, and scan-
ning electron microscope (SEM- EDX). Batch adsorption experiments of strontium and barium 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. The saturated adsorption capacities at
25°C were 2.30 and 1.75 mmol/g resin for Ba(Il) and Sr(II), respectively. Equilibrium isotherm data
were analyzed using Langmuir, Freundlich, and Temkin isotherm models, the equilibrium adsorp-
tion results were obviously fitted with Freundlich model. The kinetics data were well fitted by
pseudo-second order kinetic model. Thermodynamic parameters were calculated for the uptake
of the metal ions under study and it was found to be a spontaneous and endothermic process.
The adsorption performance of CACR toward Ba(Il) and Sr(Il) using fixed bed column method
was investigated under different conditions. Thomas and Yoon-Nelson models were applied to the
experimental data to analyze the column performance. Regeneration was effectively performed
using nitric acid and the chelating resin could be used repetitively for five times with little decrease
(2-9%) in adsorption of metal ions.
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1. Introduction

Barium and strontium ions were classified as the most
toxic metals present in radioactive liquid wastes arising
from different sources including: inadequate activities for
the management and disposal of radioactive waste, getting
rid of radioactive items to the environment, nuclear activ-
ities, testing of nuclear weapons, nuclear fuel cycle pro-
cesses, etc. Both of these ions are bone seeking metals and
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hence have carcinogenic effects [1-3]. Presence of barium
in aquatic environment can be related to some industries
like (mining for example), as barium spread and dissolve
easily in water of lakes, rivers and streams. By this cycle,
barium can pass and deposit not only at the bodies of fish
but also at any aquatic organisms by their absorption to
barium ions from water. The great problem is that barium
compounds can spread over large distances. When fish and
other aquatic organisms absorb the barium compounds,
barium will be sediment inside their bodies [3]. As it forms
insoluble compounds with other common elements of the
environment, such as carbonate and sulphate, barium don’t
move and causes little risk. Barium compounds that are
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persistent usually remain in soil surfaces, or at the bottom
of water soils [4]. Small amounts of water-soluble barium
may cause some diseases such as: difficulties in breathing
increase in blood pressures, heart rhythm changes, etc. [4,5].

Strontium compounds can be converted from water
insoluble to water soluble by the effect of chemical reac-
tion. The water-soluble compounds cause great damage
to human health than the water insoluble ones [6]. Barium
forms complexes with other chemicals, like sulfur, carbon or
oxygen but strontium is only in strontianite (strontium car-
bonate) and celestite (strontium sulphate) forms. Hence, a
simple method should be explored for their removal before
disposing of the wastes in an aquatic system [7]. Chitosan
is the N-de-acetylated products of chitin that is the second
most plentiful natural biopolymer after cellulose [8]. As an
available low-cost adsorbent, this natural polymer and deriv-
atives have received great care in the sorption of metal ions
due to the high ratio of hydroxyl groups (-OH) and amine
groups (-NH,) [9]. The process of chelating resins formation
is very important for the collection and separation of metal
ions [10]. In the previous work [11], the amidoximated chi-
tosan-grafted polyacrylonitrile was prepared. The authors
reported that, the preparation of modified chitosan bearing
amidoxime groups (chitosan-g-polyamidoxime) based on
graft copolymerization reaction of acrylonitrile onto chi-
tosan to give chitosan-acrylonitrile graft copolymer, and
then convert nitrile groups in acrylonitrile side chain of graft
copolymer into amidoxime groups. While in the present
work, for the first time amino groups in repeating units of
chitosan were cynoethylated via reaction with acrylonitrile
to give cyanoethylated chitosan beads as a precursor of chi-
tosan-amidoxime chelating resin (CACR). Different adsor-
bents were used for adsorption of Ba(Il) [3,12-14] and Sr(II)
[3,14-21]. In our previous work different prepared chelating
resins bearing amidoxime (for adsorption of Cu(II), Ni(II)
and Pb(Il)), imminodiacetate (for removal of Pb(II), Cd(II),
Mn(II) and Zn(II)) and dithiocarbamate groups (for studied
its adsorption performance towards Hg(II), Cd(II) and Pb(II))
were reported [22-25]. These chelating resins were prepared
starting from synthetic cross-linked polyacrylamide while
the chelating resin used in this study was prepared starting
from chitosan (natural biopolymer). 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
Ba(Il) and Sr(Il) from aqueous solution using batch and col-
umn techniques. The effects of various parameter like pH
value, metal ion concentration, contact time and tempera-
ture 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 Ba(Il) and Sr(II) using column method will be inves-
tigated under different conditions and will be analyzed using
Thomas and Yoon-Nelson mathematical models.

2. Materials and methods
2.1. Materials

Chitosan (de-acetylation 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
BaCl,-2H,0, SrCl,-6H,O were pure grade products of Nice
Chemicals Pvt.Ltd., (India) were used as sources for Ba(II)
and Sr(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 through-
out the experiments.

2.2. Synthesis of cross-linked chitosan beads (CLCB)

Cross-linked chitosan beads were prepared according to
the method described by Wang et al. [26]. In brief, 10.0 g of
chitosan was dissolved in 200 ml aqueous solution of acetic
acid (3%) for 48 h 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 3 h 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 unreacted fraction and dried at
50°C under vacuum for 24 h.

2.3. Synthesis of cyanoethylated chitosan beads (CECB)

Cross-linked chitosan beads (CLCB) (5 g) and acrylo-
nitrile (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 48 h and 75°C. After cooling, CECB
was filtered, washed several times with ethanol and water
and dried at 50°C under vacuum for 24 h.

2.4. Synthesis of chitosan-amidoxime chelating resin (CACR)

Asuspension of CECB (5 g) and NH,OH-HCI (4 g) in 70
ml 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 mix-
ture was stirred for 48 h 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 24 h.

2.5. Characterization of the resin
2.5.1. FTIR analysis

Fourier Transform infrared spectra (FTIR) of the pre-
pared resins were obtained with an FTIR spectrometer
(jasco 6100, Japan) in the 4004000 cm™ range.

2.5.2. Thermal gravimetric analysis

Thermal gravimetric analysis (DSC/TG) for prepared
resin (ACCR) was determined using NETZSCH STA 409 C/
CD instrument, Germany. The experiment was carried out
in a dynamic atmosphere of helium from room temperature
to 70°C at heating rate of 10°C/min and a helium flow rate
1 ml/min.
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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 adsor-
bent at 77.35 K. The measurements were performed using a
model NOVA 3200 automated gas sorption system (Quan-
tachrome, USA).

2.5.4. Surface morphology and EDX characterization

Scanning electron microscope (SEM) was used to observe
the surface morphology of the prepared CACR before
and after adsorption of Ba(Il) or Sr(Il). Micrographs were
obtained using SEM model Bruker X-Flash 410M detector
attached with Energy Dispersive X-ray (EDX) microanaly-
sis system.

2.6. Adsorption of metal ions
2.6.1. Uptake of 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 experi-
ments. The desired pH of solution was adjusted using few
drops of 0.1 M HCl and 0.1 M NaOH solutions. Concentra-
tion of the metal ions in the solution was determined using
Perkin Elmer-A Analyst 200 atomic absorption. Experi-
ments were carried out in triplicate. The adsorption capac-
ity was calculated according to Eq. (1).

_Co_Ce
1 W

xV(1) (1)

where g 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 solu-
tion (L) and W is the weight of dry resin (g). Determination
of the optimum pH for adsorption of metal ions, were car-
ried out by shaking 0.1 g of resin with 100 ml (12 mmol/L)
metal ion solution for 3 h at adjusted pH.

Experiments of adsorption isotherms were performed
by shaking 0.1 g of resin with 100 ml of metal ion solu-
tion at optimum pH in a concentration ranging from 1.0
to 18 mmol/L. After 3 h 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 100 ml 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 concen-
tration 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. Uptake of metal ions using column technique

A continuous adsorption experiment was carried out
in laboratory-scale glass column (17 cm height and 1.2 cm
diameter) filled with CACR, 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 (Ceﬂ/Co) as a function of time (t).For
optimizing the column dynamic, adsorption experiments
were carried out at different bed heights (1.7, 3.4, 5.1 cm),
two constant flow rates (0.5, 1 ml/min), 1 mmol/L 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 bub-
bles and to rinse the adsorbent. The remaining concentra-
tion 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 (mmol/L), respectively.
The mass transfer zone (At) [27] is given by Eq. (2)

At=t —t, @)

where ¢, 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 ¢, 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).

The length of the mass transfer zone (Zm) [28] is obtained
from the break-through curve and is calculated from Eq. (3)

Zm = z(1-t—b] @)

where Z is the bed height in mm. The total column adsorp-
tion capacity (g, ,,) [28] is calculated from Eq. (4).
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where A is the area under the break-through curve of the
plot between C ,(C_,= C - C ) versus time, Q is the flow
rate (ml/min) and ¢, is the total flow time (min). The equi-
librium adsorption capacity (g,) (mmol/g) [27] is calculated
by Eq. (5).

g, =Tt ©)
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) [28].

— CoQttoml (6)
total 1000
where W, is the whole amount of metal ion placed inside

the column. Total percentage removal of metal ions is calcu-
lated from Eq. (7) [28].
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Elution experiments were carried out by placing 1.0 g of
CACR in the column then loaded with Ba(II) or Sr(IT) at flow
rate of 0.5 mL/min. The maximum uptake was obtained in
the first run, there after the adsorbent was washed by flow-
ing distilled water crossing the column. The synthesized
adsorbent loaded by Ba(Il) or Sr(II) was subjected for elu-
tion by using 2 M HNO,. After treating CACR with the elu-
ent, it was washed carefully with diluted solution of NaOH
and double distilled water to become ready for reuse for the
second run of adsorption.

3. Results and discussion
3.1. Synthesis of CACR

According to this research study, CACR was prepared
via modification process of chitosan according to the fol-
lowing three steps presented in Fig. 1. The first step rep-
resents cross linking reaction of chitosan beads using
glutaraldehyde as cross linking agent to give CLCB, the
second step illustrates cyanoethylation reaction of remain-
ing amino groups of CLCB via reaction with acrylonitrile
to give CECB. It is worth mentioning here for the first time
amino group in repeating unit of chitosan has been cyano-
ethylated. The final step is reaction of chitosan beads sup-
ported nitrile group with NH,OH-HCI to convert nitrile
groups into amidoxime groups, forming CACR.
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3.2. Characterization of the synthesized resin
3.2.1. FT-IR analysis

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

(a)

(b)

()

T (%)

(d)

3400 2400 1400
Wave numhor eml

Fig. 2. FTIR spectra of (a) pure chitosan (b) CLCB, (c) CECB and
(d) CACR.
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Fig. 1. Preparation steps of CACR.
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3427.85 cm™ (broad band). The C-O-C bridge absorption
band (asymmetric stretching) was observed at 1165.76 cm™,
while skeletal vibration of C-O stretching corresponds to
the bands at 1095.37 and 1041.37 cm™ [29]. FT-IR spectrum
of CLCB (Fig. 2b) illustrates stretching vibration bands of
C-H (symmetric and asymmetric) which enlarges at 2923.56
and 2858.95 cm™ and the peak at 1637.27 cm™ is seen due
to imine bonds C=N [30-32]. After reaction with acryloni-
trile, a new absorption band appears at 2252.45 cm™ which
is characteristic of the nitrile vibration band as shown in
Fig. 2c. Finally FTIR spectrum of CACR (Fig. 2d) revealed
that the absorption band of the -C=N group at 2252.45 cm™
disappears and a new band at 1075.12 cm™ appears due to
the vibration absorption of the N-O bond in the amidoxime
group [33].

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 pre-
sented in Fig. 3 and Table 1. The TGA curve indicates that
CACR undergoes degradation in five steps. The first deg-
radation 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 hydro-

TG % mass change: -19.73%
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philic property of the resin. The 2"stage ranges from 220 to
280°C with partial weight loss 32.64%. As shown in Fig. 3
the continuity of heating until 700°C trends to gradual loss
of weight which finally reached 6.70%.

Differential scanning calorimeter (DSC) is an excellent
tool to measure the thermal stability of the CACR at dif-
ferent temperatures. This device allows quick and accurate
results for the thermal stability. The DSC is a direct exam-
ination 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 Fig. 4. 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.

Four other endothermic peaks are shown in Fig. 4 due
to the continuous heating which represents a large scale,
ensures the high stability of CACR as thermal decomposi-
tion of resin starts after 509.2°C and there was a trend to
total thermal decomposition presented in flat line.

3.2.3. Scanning electron microscope (SEM—EDX)

The surface morphology of CACR was examined by
scanning electron microscopy and energy dispersive X-ray
microanalysis (EDX) system. The scanning electron micro-
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Fig. 3. TGA for CACR.

Table 1
TGA and DSC Analysis of CACR
TGA 1t 2nd 3rd 4t 5t
degradation step degradation step degradation step degradation step degradation step
() O O O ()
26220 220-280 280-370 370-540 540-700
DSC 1t 2nd 3rd 4t 5t
Endothermic peak  Endothermic peak  Endothermic peak  Endothermic peak  Endothermic peak
(0O O O O (0
204.5 211.5 225.8 457.5 509.2
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Fig. 4. DSC for CACR.

graph images of CACR, CACR-Ba(II) and CACR-Sr(Il) are
shown in Fig. 5a—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-Ba(ll), this
means that barium ions have high adsorption rate than
that of strontium ions, which still contains unfilled cavities.
The presence of barium and strontium in the synthesized
CACR was confirmed from Energy dispersive X-ray spec-
troscopy (EDX) measurements (Fig. 6). CACR-Ba(II) shows
new distinct signals at 0.5 and 4.5 keV corresponding to Ba
while CACR-Sr(II) shows new signal at 1.9 keV correspond-
ing to Sr. The aim of this analysis was to map elemental Ba
and Sr qualitatively (not quantitatively) on the composite
surface. However, the level of the Ba(Il) and Sr(II) signals
observed was sufficient for providing a quantitative idea of
the homogeneous distribution of Ba and Sr elements at the
surface of the sorbent, the percentage (in mass) of Ba(II) and
Sr(II) was 31.35% and 12.07%, respectively.

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 nitro-
gen 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/P°) range of
0.09-0.29. The total pore volume was determined from the
amount of nitrogen adsorbed at P/P0 = 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 2.981 nm which to be considered mesoporous
structure and lead to efficient transfer the metal ions to the
internal adsorption sites.

3.3. Uptake of metal ions by batch technique
3.3.1. Optimum pH of metal ions uptake

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 1.0-9.0 and the results were presented in Fig. 7.
The amidoxime group (-C(NH,)=N-OH), has amphoteric
property [34]. 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 (-NH,*), that
cause the decrease in metal ion uptake. By increasing pH
value, the concentration of H* ions decreased therefore pro-
tonation 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 amidox-
ime groups of CACR and metal ions, leading to high metal
ion sorption. As presented in Fig. 7, 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 7.0 and 8.5 for Ba(Il) and Sr(Il), respectively.
Consequently, for this work all the consequent experiments
were performed at these optimum pH values. Above these
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Table 2
Porous structure parameters of CACR.

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

BJH desorption average pore diameter (nm) 2.981

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

optimum pH, metal is converted to precipitated metal(II)
hydroxide and the adsorption of these ions cannot be mea-
sured accurately. The possible chelation model of CACR
with metal ions is shown in Fig. 8.

3.3.2. Effect of initial concentration and equilibrium
isotherm models

The influence of the initial metal ion concentrations
on equilibrium adsorption was studied and the results are
illustrated in Fig. 9. The results showed that the amount of
Ba(II) and Sr(IT) adsorbed onto CACR increased as the ini-
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tial concentration of metal ions increased before reaching
a plateau shape. The maximum adsorption capacity was
obtained at optimum pH of each metal ion and at 25°C and
illustrated in Table 3. The results showed that the maxi-
mum adsorption capacity of Ba(Il) and Sr(II) reached 2.30
and 1.75 mmol/g, respectively at maximum initial con-
centration of 12 mmol/L. These differences in metal ions
uptake are possibly related to the difference in hydrated
ionic radius of these ions. Hydration of an ion is directly
proportional with the electrostatic attraction of water mol-
ecule to that ion. Because attraction of water molecules
around an ion depends on that ion’s density of charge,
ions of smaller size (and thus ions of greater ionic poten-

2.5 4 ——Ba(Il)
—=—Sr(IT)

1.5 1

q, (mmole/g)

0.5 1

0 5 10 15 20
Concentration (mmole/L)
Fig. 9. Effect of initial metal ions concentration on the adsorp-

tion capacity of Ba(Il) and Sr(II); 25°C; shaking time 3 h and at
the optimum pH value.

tial) attract more water molecules. So there is an inverse
relationship between non—hydrated radius and hydrated
radius. The hydrated ionic radius of these metal ions is in
the order of Ba(Il) (1.5 A)< Sr(Il) (1.8 A) [35]. This means
that the smaller the hydrated ionic radius, the higher
the amount of metal ions adsorbed. Ba(II) was adsorbed
more than Sr(II) by CACR (Fig. 9) because of its smaller
hydrated ionic radius since it is easily taking place in the
pores of chelating resin (average pore diameter of CACR
equal to 2.98 nm).A comparison of the present CACR with
those of various types of adsorbents in other reported lit-
eratures is listed in Table 3. The data presented in Table 3
reveals that, generally, the prepared CACR in this work
has a good advantage in metal ion adsorption compared to
the previously reported adsorbents except the adsorbent
of modified silica gel with crown ether [16].

Equilibrium isotherm data were analyzed using Lang-
muir, Freundlich, and Temkin isotherm models. The Lang-
muir 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 [36]:

c_c , 1 -

7 Qua  KQna

where C, is the equilibrium concentration of metal ions
(mmol/L), q is the equilibrium adsorption capacity
(mmol/g), Q,  (mmol/g) and K (L/mmol) are the maxi-
mum adsorption capacity and binding constant, respec-
tively. The parameters of Langmuir model are listed in
Table 4. Langmuir isotherm model also defined in terms of
the dimensionless parameter known as separation factor
(R)) [37] which is represented as follows:

1
1+KC, ©)

L=

where K is the Langmuir constant (binding constant) and
C, is the initial concentration of metal ion (mmol/L). The
value of R, which is calculated recommends the shape of the
isotherm to be unfavorable (R, > 1), linear (R, = 1), favor-
able (0 < R, < 1), or irreversible (R, = 0) [38,39]. Plotting R,
vs. C, is shown in Fig. 10. The calculated values of R, were
between zero and one for all metal ions revealed that the
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Comparison of maximum adsorption behavior of synthesized CACR among different adsorbents reported in literature for the

adsorption of Ba(II) and Sr(II)

Adsorbents Metal ions Sorption capacity Conditions Ref.
(mmol/g)
Expanded Perlite(EP) Ba(II) and Sr (II) 0.02 and 0.01 pH=6 and 20°C [3]
Chelating Agent Ba (II) 0.08 pH=2.2 and 25°C [12]
maghemite and titania
nanoparticles in PVA g, qqy 0.14 pH = 8.0 and 25°C [13]
and alginate beads
Dolomite Powder Ba(II) and Sr(II) 0.03 and 0.01 pH=5.5 and 20°C [14]
Prussian blue analog
caged in chitosan Sr(II) 234 pH=6and20+2°C  [15]
surface-decorated
carbon nanotubes
novel silica-based Sr (II) 5.189 pH=2 and 25°C [16]
441 (51)-di(tert-
butylcyclohexano)-
18-crown-6 extraction
resin
Porous Chelating Sr (IT) 2.15 pH=9 and 25°C [17]
Polymers
Scenedesmusspinosus  Sr (II) 0.03 pH=6.5-7 and 25°C [18]
Activated Zeolite Sr(II) 0.84 pH=1 and 25°C [19]
activated porous Sr(II) 1.50 pH =7.0and 15°C [20]
calcium silicate
Zeolite A Sr(II) 1.04 pH = 6.0 and 25°C [21]
CACR Ba(II) and Sr (IT) 2.30 and 1.75 pH=7,85and 25°C This work
0.8 - The Freundlich isotherm model is shown by the following
equation [40]:
0.7
0.6 1 log g=NlogC, +log K (10)
0.5 A
where g is the equilibrium adsorption capacity (mmol/g),
R, 04 C, is the equilibrium concentration of metal ion (mmol/L),
03 A K, and N are the Freundlich constants for the adsorption
capacity (mmol/L) and a measurement of efficiency of
0.2 1 adsorption, respectively. The values of K, and N were calcu-
o1 | —+—Ba(ll) lated and collected in Table 4.
I i U] Like R, values that values of term N presents the nature
0 x : : : : . . of isotherm to be unfavorable (N > 1), favorable (0 < N < 1)
0 2 4 6 8 10 12 14  or irreversible (N = 0). The values calculated for N ranges
C between (0) and (1) for all metal ions which refers to the

Fig. 10. Variation of adsorption intensity (R,) with initial metal
ion concentration (C ).

metal ion adsorption onto CACR is favorable. As indicated
in Fig. 10, the R, 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 equa-
tion which refers to a heterogeneous adsorption system.

simplicity of adsorption process of metal ions onto chelat-
ing resin.

The Temkin isotherm model is expressed by the follow-
ing equation [41]:
q=BInK; +BInC, (11)
where B and K, are Temkin constants which represent

the heat of adsorption and equilibrium binding constant,
respectively. B and K are tabulated in Table 4.
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The parameters of Langmuir, Freundlich and Temkin isotherms for CACR at 25°C

Metal ion Langmiur isotherm

Freundlich isotherm

Temkin isotherm

Q... K R N K, R K, B R
Ba(II) 4.065 0.1285 0.994 0.580 0.612 0.997 1.065 0.959 0.994
Sr(II) 3.125 0.1194 0.958 0.574 0.457 0.994 1.044 0.716 0.969
As shown in Table 4, the good fit experimental data 25 1
—e—Ba(ll)

with Langmuir, Freundlich, and Temkin isotherm models
and high correlation coefficient (R?) 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 cor-
relation coefficient for both metal ions.

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 Ba(Il) and St(II)
ions adsorption, variations of adsorption capacity (q,) vs.
time (15-300 min) are plotted in Fig. 11. It was found that,
the adsorption of Ba(Il) and Sr(II) ions from aqueous solu-
tion using the adsorbent is continuously increased with
time increase until reaching equilibrium between two
phases after 3 h. Therefore, this optimum equilibrium time
was selected for the next adsorption experiment.

The adsorption results were used to investigate the
kinetic mechanism which controls the adsorption process.
The most widely used models of Lagergren’s pseudo-first
order; pseudo-second order and intra particle diffusion
were used to investigate the kinetic process [42-44].

The linear form of the first order rate equation by Lager-
gren and Svenska [42] is expressed in Eq. (12):

(12)

K
Log(q—qt)=logq—(z.3”§3)t

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

Plots of Eq. (12) were made for Ba (II) and Sr(Il) ions
sorption at different times. Lagergren constants are listed
in Table 5.

The experimental data were also treated according to
pseudo-second order kinetic model. The pseudo-second
order model of Ho [43] can be expressed in the linearized
form as follows:

t 1 1

— == |t
7. Ky [q ]
where K, (g mmol ! min™') is the pseudo-second order rate
constant. The constants of the second order kinetic model
plots are given in Table 5. Obviously, as it can be seen from
the result listed in Table 5, correlation coefficient values
(R?) of the second order kinetic are higher than the values
obtained from the first-order kinetics. Therefore, the sorp-
tion behavior of Ba(II) and Sr(II) onto CACR obeys the sec-
ond-order kinetics.

(13)

—a—5r(ll)

1.5 A

q, (mmol/g)

0.5 1

0 50 100 150 200 250 300 350
Contact Time(min)

Fig. 11. Effect of contact time on the amount of sorbent of Ba(II)
and Sr(II) ions on CACR at 25°C, 12mmol/L and optimum pH.

Intraparticle diffusion model is described using Eq. (14)
proposed by Weber and Morris [44].

q: = Kt* (14)
where K, is the intraparticle diffusion rate constant (mmol g™/
min®). K, was determined from the plot of g, against t*° (Fig.
12). The constants of these plots are listed in Table 5. Accord-
ing 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 che-
lating 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.

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 [45]. The
adsorption process was restricted by three stages: (1) rapid
transportation of metal ions from solution to the resin sur-
face (2) gradual adsorption stage where intra-particle dif-
fusion 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 diffu-
sion is not the only step of rate control. This behavior rec-
ommends that adsorption processes involve more than one
single kinetic stage.
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Table 5

First-order, second-order and intra particle diffusion rate constants

Equations Parameters Ba(II) Sr(II)
Pseudo-first order kinetic equation q(mmol/g) 1.499 1.555
K, (1/min) 0.011 0.014
R? 0.960 0975
Pseudo-secondorder kinetics q(mmol/g) 2.577 2127
K,(gmmol™ min™) 0.600 0.184
R? 0.993 0.992
Intraparticle diffusion equation K, (mmol g min™/?) 0.101 0.098
R? 0.863 0.885
2.5 1 4.5 -
—a—Ba(ll)
24 —asr() 4 1
o .
2 s 3.5
: 3
RE
i 2.5 -
0.5 In K, 3
2 o
¢ ) ) ) 1.5
0 5 10 15 20 :
t 5 (min) 1 1
+ Ba(ll)
Fig. 12. Plot of Weber-Morris intra particle diffusion models for 0.5
the adsorption of Ba(II) and Sr(II) ions on CACR at 25°C. = s
0 T T T 1
3 3.1 3.2 33 34

3.3.4. Adsorption thermodynamics parameters

Thermodynamic parameters of the adsorption process
were examined by performing the adsorption experiments
at different 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 (K,) for the adsorp-
tion process was calculated by Eq. (15) [46].

C,-C, (Vv
Kfc—x(wj

e

(15)

where C and C, are the initial and equilibrium concen-
tration 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 calcu-
lated using the following equation:

AG . =-RT InK, (16)

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

InK, = As’ads N AH ads

R RT

17)

1/Tx 10° (K1)

Fig.13. Plot of In K, as a function of reciprocal of temperature
(1/T) for the adsorption of metal ions on CACR.

where R is gas constant (8.314 J/mol K). The values of
the slope and the intercept (Fig. 13) give AH® _and AS° ,
respectively. Thermodynamic parameters involving AG® ,,
AH° , and AS° , for metal ion adsorption onto CACR are
illustrated in Table 6. As it can be seen from Table 6, Posi-
tive values of AH® , shows that the metal ion adsorption is
an endothermic process [47,48]. Also, the positive values of
AS° . may be correlated with the increased randomness due
to the liberation of H,O of hydration during the adsorption
of metal ions [47,48]. Finally, the thermodynamic parame-
ters showed that there is continuity in adsorption process
that is indicated by negative values of AG® ,.

3.4. Uptake of metal ions using column technique

Thebreak-through curves (C _./C, vs. time) were obtained
for Ba(Il) and Sr(II) 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 1 mmol/L single metal ion concentration.
The break-through curves are shown in Figs. 14 and 15. The
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Table 6
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Thermo-dynamic parameters for the adsorption of metal ions onto CACR

Metal ion -AG® . (k]J/mol) AH® . (k]J/mol) AS° , (J/mol) R?
Ba(Il) 298K 308K 318K 328K

343 5.63 8.40 10.61 69.047 2429 0.997
Sr(II) 1.53 2.81 4.38 5.99 42958 148.9 0.996
Table 7

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 Topr

Metal Q(mL/min) Z  q., 4. R% Zm q, K, (L/ R K, Tmin R (min)

ion (cm) (mmol) (mmol/g) (cm) (mmol/g) mmol-min) (min™)

Ba(ll) 0.5 17 0.2070  0.2070 6898 1.055 0.2179 0.01924 0.9947 0.01924 436 0.9947 434
0.5 3.4 0.3002  0.1501 75.03 1.830 0.1561 0.01638 0.9938 0.01638 624 0.9938 629
0.5 51 04334  0.1444 7738 2.318 0.1479 0.01729 09919 0.01729 888 0.9919 890
1 17 01538  0.1538 64.07 1108 0.1650 0.04300 09950 0.04300 165 09950 165
1 34 02220 01111 76.55 1.821 0.1182 0.04112 09958 0.04112 236 0.9958 239
1 51 0.3218 0.1073 7848 2423 0.1112 0.03853 09891 0.03853 334 09891 333

Srdl) 0.5 17 01193  0.1193 56.80 1190 0.1301 0.01980 09963 0.01980 260 0.9963 254
0.5 34 01698  0.0849 62.88 2.090 0.0900 0.02011 0.9888  0.02009 360 0.9884 360
0.5 51 0.2534  0.0845 66.68 3.440 0.0894 0.01456 09703 0.0146 537 0.9703 523
1 17 0.0776 ~ 0.0776 51.72 1214 0.0873 0.05815 0.9915 0.05815 87 0.9915 88
1 34 01029 0.0515 5716 2.200 0.0569 0.05011 09877 0.05011 114 09877 112
1 51 01356  0.0452 64.55 2.805 0.0491 0.04871 09856 0.04871 147 09856 144

mass transfer zone ( Z ), the sorption capacity of CACR
(g,) and removal percentage (R%) were calculated from the
break-through curves by using Egs. (2)—(7) and presented
in Table 7. According to results, CACR showed a higher
adsorption capacity for Ba(ll) than Sr(Il). The maximum
sorption capacity was about 0.2070 and 0.1193 mmol/g for
Ba(Il) and Sr(II), respectively, at flow rate of 0.5 ml min™
and bed height of 1.7 cm, which corresponds to 68.98% and
56.80% for Ba(II) and Sr(Il) removal, respectively.

3.4.1. Effect of bed height

The break-through curves of sorption of Ba(II) and Sr(II)
are shown in Figs. 14 and 15. As shown in Figs. 14 and 15 the
shape of break-through curves of sorption of Ba(Il) and Sr
(II) at both 0.5 and 1 ml min™ flow rates are significantly dif-
ferent 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 [49,50]. This may be
due to the amount of resin was more to contact with Ba(II)
and Sr(II) metal ions. At higher bed heights a larger volume
of metal solution could be treated as shown in Table 7 due
to increase in the ratio of the resin where more active bind-
ing areas are available for processing the sorption process.
The break-through time f,, exhaustion time ¢, the height

of mass transfer zone (Z ) and percentage removal (R%)
increased with rise in bed height. The increase in percent-
age 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 [51,52].

3.4.2. Effect of flow rate

It was observed that the column performance is very
well at lower 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 Ba(Il) and Sr(II) with the resin [53]. The result
reveals that the break-through curve becomes steeper as the
flow rate increased. The metal sorption capacity decreases
with increase in flow rate (Table 7). 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 col-
umn before equilibrium occurs [54]. Hence break-through
time, bed exhaustion time, and sorption capacity were more
at 0.5 ml min™ when compared to 1 ml min™ flow rate.
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Fig. 14. Break-through curves for (a)Ba(II) and (b) Sr(II); initial
concentration is 1.0 mmol/], flow rate is 0.5 ml/min at optimum
pH and at 25°C and bed depth (1.7, 3.4, 5.1cm).

3.4.3. Modeling of column experimental data

Various theoretical models such as Thomas and
Yoon-Nelson models [54-56] were tested to show the exper-
imental data related to the solute interaction behavior and
to estimate the break-through curves.

3.4.3.1. 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 based on
Eq. (18).

Sy _ 1

G exp.[KThqu _K4CoVy ]
Q Q

where K, is the Thomas rate constant (I/mmol-min), m is
the total dry weight of CACR(g), V,, is effluent volume,
g, adsorption capacity of Ba(ll) and ér(ll) ions on CACR
(mmol/g). The linearized form of Thomas model is given
by Eq. (19).

In( Co _ 1]=|:KThqem _ KT”COVEJ? :|

(18)

19
o Q Q )

1.2 1

—+—Q=1,Z=17cm
—8—Q=1,Z=34cm

Q=1,Z=5.1cm

400 500

Effluent /ml
1.2 4
l -
0.8 1
0.6 A B
—+—Q=1,Z=17cm
Q° —8-Q=1,2=3.4cm
B 0.4 1 ——Q=1,255.1cm
Q
0.2 A
0 +———t—L — — — T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220 240
Effluent/ml

Fig. 15. Break-through curves for (a) Ba(II) and (b) Sr(I); initial
concentration is 1.0 mmol/1, flow rate is 1 ml/min at optimum

pH and at 25°C and bed depth (1.7, 3.4, 5.1cm).

To detect maximum adsorption capacity of the adsor-
bent (7) and kinetic coefficient (K,,) in Thomas model,
experimental data were fit into Eq. (19). This equation was
used to fit the experimentally obtained data by plotting
In((C,/ Ceff) — 1)) against the effluent volume. The Thomas
rate constant and the ion exchange capacity were deter-
mined from the slope and intercept, respectively. The val-
ues of these two parameters are given in Table 7 for Ba(Il)
and Sr(II) at 10% saturation. According to Table 7 the calcu-
lated g,from Thomas model is similar to the experimental g,
and the value of g, decreased with increasing both flow rate
and bed height. As can be observed, the experimental data
are in good agreement with theoretical results.

3.4.3.2. Yoon Nelson model

The Yoon Nelson model expressed by Eq. (20) is based
on the concept of the decrease in the adsorption for each
adsorbate molecule is directly proportional to the probabil-
ity of adsorbate breakthrough on the adsorbent.

Cy
C:U_—C:q:f = exp(KYNt — TKYN ) (20)
K, is the Yoon Nelson rate velocity constant (L/min),

T is the time in (min) required for 50% adsorbate break-
through.
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The linearized form of Yoon Nelson model is given by
Eq. (21).

In Ceff — Kyn

Co _Cejj" Q

Vg — 7Ky (21)

To determine the rate constant (K, ) and the time needed
for 50% adsorbate breakthrough, (7) in Yoon Nelson model,
experimental data were fit into Eq. (21). This equation was
used to fit the experimentally obtained data by plotting In
(ctf/ c, - thf) against the effluent volume. The Yoon Nelson
rate constant and time required for 50% adsorbate break-
through (7) were determined from the slope and intercept
respectively. The values of two parameters are given in Table
7 for Ba(Il) and Sr(Il) at 50% breakthrough curve. The data
in Table 7 also indicate that the 7 value of model as similar
to the 7/ where 7, is the time required for 50% adsorbate
breakthrough from experiments in min. It was found that the
time required for 50% adsorbate breakthrough (7) for Ba(II)
and Sr(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.

The regeneration of loaded CACR by Ba and/or Sr was
studied using 2 M HNO, at 25°C. To check the reusability of
CACR, five successive adsorption-desorption cycles were
performed. The results revealed that the adsorption capac-
ity decreased from 100 to 98, 97, 96, 94 and 92% respectively
over five cycles.

4. Conclusions

A new modified chitosan resin with pendent amidox-
ime moieties (CACR) was successfully prepared by reac-
tion of cross-linked chitosan beads with acrylonitrile to
support the polymer with nitrile group that facilities the
reaction of beads with hydroxylamine hydrochloride. Syn-
thesized CACR was characterized using FTIR, TGA, DSC,
SEM-EDX and surface area. This resin have high sorption
capacity for Ba(Il) and Sr(II) from their aqueous medium.
The sorption of metal ions onto CACR is influenced by sev-
eral factors such as the solution pH, concentration of metal
ions, contact time and solution temperature. In batch equi-
librium adsorption method, the optimum sorption pH for
Ba (II) and Sr(II) were 7 and 8.5, respectively. The maximum
adsorption capacity of CACR followed the order Ba(lI)
>Sr(Il). The adsorption process follows the Freundlich iso-
therm model indicates that the heterogeneous sorption is
dominant. The kinetic experiments showed that adsorption
well fits to pseudo-second order model. Thermodynamic
parameters suggest that adsorption of metal ions on CACR
is spontaneous and endothermic in nature. CACR was not
only efficient for Ba(ll) and Sr(II)removal by batch but also
by column methods, and the best condition for adsorption
process at 0.5 ml/min and 1.7 cm bed height. Thomas and
Yoon Nelson models are suitable models to describe fixed
bed column operations. The resin was eluted using 0.2 M
HNO, and CACR could be used repetitively for five times
with more than 90% of initial sorption capacities.
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