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Abstract

In the present study, the novel environmental-friendly adsorbent (PAA-g-CMCDAS) obtained from carboxymethyl chito-
san (CMC), dialdehyde starch (DAS) and polyacrylic acid (PAA) is used for removing silver ion. The adsorbent character-
ized by XRD, SEM, TGA, BET and FTIR, was evaluated for removal of silver ion from aqueous solution. The adsorption
process of silver ions conformed to Langmuir isotherm and the second-order kinetic mode. The maximum adsorption
capacity for silver ions was 404.77 mg-g~!, and the maximum removal efficiency was 95.05%. Also, the reusability and
selectivity of PAA-g-CMCDAS was investigated, and the adsorption amount was still 388.77 mg-g™' and the removal
efficiency was up to 91.29% after five times recycle; the removal efficiency of silver ions in mixed metal ions solution
was 24.24% with the total removal efficiency of mixed metal ions 58%. Therefore, PAA-g-CMCDAS was an excellent

silver ion adsorbent with good reusability.
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1 Introduction

The contamination of heavy metal ions has endangered
human health and the environment, especially the secu-
rity of food and agricultural threatened by silver wastewa-
ter [1-4], such as cancer, heart-failure and other diseases
originated in the high concentration of silver ions in drink-
ing water (exceeding 0.1 mg-L™") [5]. However, silver, a
precious metal, possesses advantages such as antibacterial,
antiviral, anti-inflammatory and high sensitivity, and has
been widely used in biology [6], medicine [7] and other
fields [8, 9]. Therefore, recovery of silver ions from waste-
water has become an important task, which is beneficial to
environmental safety and human health [10], and the need
for effective methods and materials has increased. Studies
on the recovery of silver ions by using different methods
such as adsorption [11, 12], membrane separation [13] are
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available in the literature. Adsorption is the most effective
method and needs suitable solid adsorbents with the desired
chemical structure and geometry. Until now, different adsor-
bents have been prepared for recovery of silver ions, and
the non-toxic bio-based adsorbent is one of the most studied
[14-16].

Chitosan is a potential adsorbent according to its abun-
dant amino and carboxyl groups [17, 18], and can cross
link polyhydroxy-compound. Modified carboxymethyl chi-
tosan exhibited better adsorption performance for Pb(II),
Cu(Il), Zn(IT) and Au(I) [19, 20]. Carboxymethyl chitosan-
sewage sludge bio-char revealed a shorter equilibrium time
(<60 min) for Pb(II) adsorption and a superior capacity of
594.17 mg-g~' for Hg(I) adsorption [21]. The chitosan/
bamboo charcoal composites had been used as Ag(I) adsor-
bent and its removal efficiency was almost up to 100% with
52.91 mg-g~' of adsorption capacity [22], caused by the
selective chelation between silver ion and amino/carboxyl
groups.

Starch, the most abundant organic substance on the
earth, has been modified to adsorb metal ions or dyes [23,
24], inhibit microorganisms and bacteria, etc [25]. Starch
nanoparticles (SNPs) exhibited high adsorption capacities
for Pb(Il) and Cu(Il) [26]. Starch modified by dibenzo-18-
crown-6 was used to adsorb Cd(II), Zn(II), Ni(II) and Cu(II)
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from aqueous solution, and it is a good, reusable and highly
efficient adsorbent for the removal of heavy metal ions
from wastewater [27]. Dialdehyde starch, a selectively oxi-
dized starch with abundant hydroxy and aldehyde groups,
was always modified to adsorb metal ions [28-31], inhibit
microorganisms and bacteria [32], crosslink materials [33],
etc. Dialdehyde starch modified by Y-NH, compounds
are effective ligands for metal ions such as Zn(II), Pb(Il),
Cu(II), Cd(II), and Ni(II) [30, 31].

Numerous studies have reported that modified chitosan
and starch have been used in the adsorption of heavy metals
due to its abundant functional groups and large surface area.

Acrylic acid is a monomer of polymerization with car-
boxyl groups and can chelate metal ions [34, 35]. Acryl-
amide/acrylic acid cellulose hydrogels were prepared to
adsorb metal ions, and the maximum absorption capacity
of Cu(Il), Pb(II) and Cd(II) were 157.51, 393.28 and 289.97
mg-g~!, respectively [36], which was attributed to the chela-
tion between metal ions and the large carboxyl and amino
groups on the surface of hydrogels.

In the present study, an effective and selective environ-
mental-friendly adsorbent for silver ion was obtained by
crosslinking of polyacrylic acid, carboxymethyl chitosan
and dialdehyde starch. Both amine and carbonyl groups
on the surface of the environmental-friendly adsorbent
can selectively chelation with silver ion. The present study
investigated the adsorption performance of the prepared
environmental-friendly adsorbent for silver ions from aque-
ous solutions.

2 Experiment
2.1 Reagents

Corn starch (Food Grade) with M, 1 x 10°~1 x 10° was pur-
chased from Longkou Wugu Food Co., Ltd. (China); car-
boxymethyl chitosan (AR) was purchased from Shanghai
Yien Chemical Technology Co., LTD. (China); sodium peri-
odate (AR, S817518-100 g) was purchased from Shanghai
Macklin Biochemical Co., Ltd. (China); and silver nitrate
(AR) was purchased from Sinopagic Chemical Reagent
Co., LTD. (China). All other chemicals were of analytical

reagents grades and purchased from Xilong Science Co.,
Ltd.

2.2 Synthesis of dialdehyde starch (DAS)

The synthesis process of dialdehyde starch (DAS) has been
shown in Scheme 1 [32, 37]. Firstly, corn starch (15 g) and
distilled water (150 mL) were added into a 250 mL three-
necked round-bottomed flask. The mixture was stirred for
0.5 h at 25 °C. Secondly, a certain amount of sodium peri-
odate was added into the corn starch solution, and the pH of
the mixture was adjusted to 3.5. After the oxidation at 25 °C
for 6 h, the suspension was filtered, and the precipitate was
washed by deionized water and ethanol successively, and
dried at 50 °C for 5 h. Finally, the content of aldehydes in
DAS was determined by alkali loss method.

2.3 Synthesis of carboxymethyl chitosan/
dialdehyde starch (CMCDAS)

The synthesis process of carboxymethyl chitosan/dialde-
hyde starch has been shown in Scheme 2. Firstly, dialde-
hyde starch and carboxymethyl chitosan were suspended in
10 times the isopropanol/water mixture (4:1) respectively.
Secondly, carboxymethyl chitosan suspension was added
into the suspension of dialdehyde starch at 50 °C for 12 h.
After the addition, the suspension was filtered, and the pre-
cipitate was washed by distilled water and methanol succes-
sively. Finally, the sample was obtained after drying at 50 °C
for 2 h in a vacuum drying oven.

The nitrogen content of CMCDAS was measured by
Kjeldahl method [38] using a nitrogen analyzer (KDN-
08 C(04 C), Shanghai Huarui Instrument Co., Ltd.) and cal-
culated using the following equation (Eq. 1):

V — Vo) x Ny x 0.014 x 100

(
N% =
t W

(1)

where N% is the nitrogen content; N, is the molar concen-
tration of standard sulfuric acid used for titration, mol-L™!;
V', is the volume of sulfuric acid standard solution used for
blank determination, L; V' is the volume of sulfuric acid
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standard solution used for sample determination, L; and W,
is the sample weight, g.

2.4 The modification process of CMCDAS with
acrylic

The modification process of CMCDAS with acrylic was
shown in Scheme 3 [39]. Firstly, CMCDAS (1 g) and
distilled water (30 mL) were added into a 100 mL three-
necked round-bottomed flask. The mixture was stirred for
0.5 h at 25 °C under nitrogen. Then, ammonium persul-
fate (0.1 g) was added into the flask with stir for 15 min.
Secondly, acrylic acid (AA) and N, N’-methylenebisacryl-
amide (MBA, 0.1 g) was added, and the mixture was stirred
and refluxed at 70 °C for 3 h. After being neutralized to
pH=7.0 by 1 mol-L~! KOH, filtered, washed by distilled
water and dried at 70 °C, the final product was defined to
PAA-g-CMCDAS.

2.5 Characterizations

The samples were characterized by several instruments.
Functional group analysis was attained by Fourier transform
infrared spectrometer (FTIR, Nexus 470, Nicolet, USA)
between wavelengths of 4000—500 cm™! with 32-scans at
room temperature and the resolution of 4 cm™'. The mor-
phological properties were obtained by field emission scan-
ning electron microscopy (SEM, EDS, Hitachi 5V5000,
Hitachi Hi-Tech Co., Ltd.) at the voltage of 5 kV and 15 kV.
Thermogravimetric curves were obtained by thermogravi-
metric analyzer (TGA, SDT Q600, TA Instrument) at a 10

0
o~ N
OH + M —» O OH
Onn oH

o} Om o
L2, e
0
AA PAA-g-CMCDAS

°C-min~! heating rate in the range from 20 °C to 800 °C in
the 100 mL-min~! atmosphere of nitrogen. The specific sur-
face properties were examined by the Specific surface area
analyzer (BET, ASAP 2460, McMuritik, USA).

2.6 Adsorption process

The adsorption performance of PAA-g-CMCDAS on
0.05 mol-L"! silver nitrate solution was studied as follows:
(1) a certain dosage of adsorbent was added into 50 mL sil-
ver nitrate solution; (2) the adsorption process was sustained
with continuous magnetically stir; (3) the supernatant which
contained residual silver nitrate was obtained after standing
2 h. The concentration of residual silver nitrate was deter-
mined by plasma inductively coupled spectrometer (ICP,
HKYT-799, Beijing), and then the adsorption capacity (Q)
and the removal efficiency (0%) was calculated by the fol-
lowing equation (Egs. 2 and 3) [40]:

Q = [(Co — C;) x Vi] /W, (2)

Q% = (C[] — CZ>/C() X 100% (3)

where Q is the adsorption capacity, mg-g™'; 0% is the
removal efficiency; C, is the initial concentration of silver
nitrate solution, mg-L'l; C; is the concentration of silver
nitrate solution after adsorption, mg-L™!; V/; is the volume of
solution, L; W, is the dosage of adsorbent, mg.
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2.7 Reusability

The reusability of PAA-g-CMCDAS was evaluated by
the removal of Ag(I) from silver nitrate solution with five
cycles. Therefore, the Ag(I) on the PAA-g-CMCDAS were
desorbed by 0.1 mol-L"! NaCl for 1 h to regenerate the
PAA-g-CMCDAS; and then the regenerated PAA-g-CMC-
DAS was filtrated under ordinary pressure. After repeated
washing with distilled water and acetone, the filtrated
PAA-g-CMCDAS was dried under infrared light. Finally,
the dried PAA-g-CMCDAS was reused to adsorb Ag(I) in
silver nitrate solution. Thereinto, the PAA-g-CMCDAS/
Ag was the precipitate after first adsorption and the PAA-g-
CMCDAS/mAg was the precipitate after five recycles.

3 Results and discussion
3.1 Characterization of adsorbent

The SEM images of corn starch (a), DAS (b), CMCDAS
(c), PAA-g-CMCDAS (d), PAA-g-CMCDAS/Ag (e) and

Fig. 1 SEM image of ST

(a), DAS (b), CMCDAS (c),
PAA-g-CMCDAS (d), PAA-g-
CMCDAS/Ag (e) and PAA-g-
CMCDAS/mAg (f)

SUS5000 5.0kV 7.4mm x5.00k SE(L)

" N
SUS5000 5.0kV 7.3mm x1.10k SE(L)
Y

SUS5000 5.0kV 7.2mm x800 SE(L)
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PAA-g-CMCDAS/mAg (f) were shown in Fig. 1. The sur-
face of DAS was different with the round or irregular corn
starch (a and b) [41]. The surface of PAA-g-CMCDAS (d)
was irregular and obviously cross-linked, which was caused
by the reaction of dialdehyde starch and carboxymethyl
chitosan. The SEM images indicated that the oxidation and
cross-linking reaction would gradually destroy the structure
of corn starch granules and obviously enlarge the specific
surface area of corn starch, which was beneficial to adsorb-
ing metal ions [42].

The EDS images showed that: (1) a large amount of Ag(I)
was on the surface of PAA-g-CMCDAS/Ag (Fig. 2a) and
PAA-g-CMCDAS/mAg (Fig. 2b) respectively; (2) the con-
tent of Ag(I) on the surface of PAA-g-CMCDAS was more
than 70%. These images indicated that PAA-g-CMCDAS
absorbed a large amount of Ag(I) during the adsorption pro-
cess, and the results of EDS were consistent with the SEM.

The XRD pattern of PAA-g-CMCDAS/mAg (Fig. 3),
referring to the XRD pattern of AgCl standard, indicated
that the adsorbed Ag(I) on the surface of PAA-g-CMCDAS
was silver chloride formed by the silver ion and sodium
chloride [12]. The results indicated that PAA-g-CMCDAS

O e o
10.0pm

30.0pum
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Fig.4 FT-IR spectra of DAS, CMCDAS and PAA-g-CMCDAS

exhibited good adsorption capacity for silver ions and its
compounds.

The FTIR spectra of dialdehyde starch, CMCDAS and
PAA-g-CMCDAS were shown in Fig. 4. The major peaks of
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Fig. 5 Thermogravimetric curves of ST, DAS, CMCDAS and
PAA-g-CMCDAS

dialdehyde starch at 3459 cm™!, 2899 cm™! and 1632 cm™!
were always attributed to -OH, -CH, and C=0 respectively
[43]. From CMCDAS and PAA-g-CMCDAS, the peaks at
3188 cm™!, 2811 cm™! and 2711 cm™! were always attrib-
uted to -OH and -CH in carboxymethyl chitosan; the peak
at 1674 cm™! was attributed to the stretching vibration peak
of C=N according to the reaction of dialdehyde starch and
carboxymethyl chitosan [44]; the peaks at 1324 cm™' and
1412 cm™" were attributed to the out of plane bending vibra-
tion peak of O-H and the stretching vibration of C=0 [45,
46]. Therefore, CMCDAS was successfully cross-linked
with acrylic acid.

There were three thermal degradation stages in the ther-
mogravimetric curves of PAA-g-CMCDAS in Fig. 5. The
first stage, below 190 °C, with a weight loss of 10.2%,
was always attributed to the evaporation of free water,
bound water, carbon monoxide, carbon dioxide and etha-
nol on the surface of PAA-g-CMCDAS. The second stage,
with a weight loss of 50.4% from 190 °C to 537 °C, was
always attributed to the shedding of hydroxyl, carboxyl
and aldehyde groups, the cleavage of -C=N, the decompo-
sition of pyranose and the Schiff base structure containing
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unsaturated bonds and nitrogen atoms with lower energy
[47]. The third stage, with a weight loss of 15.1% from 537
°C to 654 °C, was always attributed to the further shedding
of carbonyl groups, hydroxyl groups and carboxyl groups,
and the cleavage of the -C-N- bond. The thermal stability of
PAA-g-CMCDAS was better compared to others. This may
be caused by the crystal structure changes through the -C=N
formation during the polymerization of carboxymethyl chi-
tosan and acrylic acid. However, the C-N bond formed by
polymerization with acrylic acid accelerated the collapse of
its molecular structure [48]. At 800 °C, the residual amount
of PAA-g-CMCDAS was 13.58%, which was higher than
that of dialdehyde starch (4.43%) and CMCDAS (11.53%),
but slightly lower than corn starch (14.56%).

The effect of acrylic acid on the specific surface area
of CMCDAS was further studied by nitrogen isother-
mal adsorption and desorption experiments. As shown in
Fig. 6, the samples all presented atypical type III curves,
and the specific surface areas were 6.38 (ST), 8.56 (DAS),

11.51 (CMCDAS) and 14.15 (PAA-g-CMCDAS) m?-g~!,
respectively. The pore size distribution range of the four
samples was mainly concentrated between 2 and 8 nm, and
there was a small number of micropores. After acrylic acid
modification, the specific surface area of PAA-g-CMCDAS
increased and its pores increased, which was beneficial to
adhesion of silver ions on the surface of PAA-g-CMCDAS
and improved the adsorption performance of PAA-g-CMC-
DAS for silver ions [49].

3.2 Adsorption performance
3.2.1 Effect of nitrogen content and acrylic acid content

The effect of the nitrogen content of PAA-g-CMCDAS on
the Ag(I) adsorption was shown in Fig. 6a. The adsorp-
tion capacity of Ag(I) on PAA-g-CMCDAS with different
nitrogen contents (1.23%, 2.464%, 3.10% and 3.472%)
was 211.31 mg-g~!, 229.25 mg-g~!, 248.86 mg-g~!, 244.5
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Fig. 7 Adsorption performance of Ag(I) on PAA-g-CMCDAS with different nitrogen content (a) and different acrylic acid content (b)

mg-g~!, respectively, and the adsorption ratio of Ag(I) was
44.82%, 46.64%, 54.06% and 45.64%, respectively. The
adsorption performance of Ag(l) on PAA-g-CMCDAS
increased with increasing nitrogen content due to the chela-
tion of metal ions and C=N. The adsorption performance of
Ag(I) on the PAA-g-CMCDAS increased with the increas-
ing content of acrylic acid (Fig. 6b). During the process
of adding acrylic acid, the surface of CMCDAS became
uneven, and then more attachment points on the surface of
CMCDAS were obtained to adsorb Ag(l). Therefore, the
content of nitrogen and the cross-linker acrylic acid had a
significant effect on the adsorption performance.

3.2.2 Effect of adsorption time, temperature, dosage and
initial concentration

The adsorption performance of Ag(I) on PAA-g-CMCDAS
was studied, and the effect of adsorption time, temperature,
dosage and initial concentrations were shown in Fig. 7a~d.
The adsorption effect of Ag(I) on PAA-g-CMCDAS was up
to 94.06% in 30 min and almost approached the adsorption
equilibrium (Fig. 7a), which indicated that PAA-g-CMC-
DAS was fast adsorbent. The minimum silver ion removal
efficiency was 41.44% at 20 °C, and the maximum was
55.75% at 40 °C (Fig. 7b). The 14.31% increase in removal
efficiency indicated that the temperature is beneficial to the
adsorption performance of the adsorbent [50]. The dos-
age study (Fig. 7c¢) showed that: (1) the maximum adsorp-
tion ratio of Ag(I) was 72.5% at 0.6 g adsorbent; (2) the
adsorption effect increased with the increasing dosage of
PAA-g-CMCDAS according to increasing surface area; (3)
the adsorption capacity was saturated by Ag(I) on the sur-
face of PAA-g-CMCDAS and the adsorption ratio slightly
decreased which might be caused by the limit of temperature,
nitrogen content and acrylic acid addition. The adsorption
capacity and adsorption ratio of Ag(I) on PAA-g-CMCDAS

(Fig. 7d) gradually increased with the increase of the initial
concentration, indicating that the initial concentration was
benefit to adsorption capacity.

These results indicated that PAA-g-CMCDAS was an
efficient fast adsorbent with lower insensitive to tempera-
ture, and the optimum conditions to adsorb Ag(I) contained
the optimum adsorption time of 30 min, the optimum
adsorption temperature of 40 °C, the optimum dosage of
adsorbent 0.6 g and the higher initial concentration of Ag(I).

3.3 Adsorption kinetics

The adsorption equilibrium of the adsorbent and the mech-
anism of the adsorption process were determined by the
adsorption kinetic equation, and then the adsorption pro-
cess had to be optimized or extended. The quasi-frist-order
kinetic and quasi-second-order kinetic model was used to
verify the adsorption kinetics of Ag(I) on PAA-g-CMC-
DAS, and the model was usually expressed as the following
equation (Egs. 4 and 5) [51]:

(Qe - Qt) _

0. M

In

“4)

t 1 1 ;
QT k02 Q ©)
Where Q, and O, were the adsorption capacity of Ag(I) at
time ¢ and equilibrium, mg-g~!, k, was the adsorption rate
constant of the quasi-frist-order kinetic model, 1-min~!. £,
was the adsorption rate constant of the quasi-second-order
kinetic model, g-(mg-min)~".

The adsorption kinetics of Ag(I) on PAA-g-CMCDAS
was fitted (Fig. 8) and calculated using the quasi-frist-order
kinetic and quasi-second-order kinetic model [52] (Table 1).
The quasi-second-order kinetic parameters Q,, k, and R’
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showed that the calculated theoretical adsorption capac-
ity (Q,) was close to the experimental adsorption capacity
(Op.exp) according to its R? almost close to 1. Therefore,
the quasi-second-order was suitable for the adsorption of
Ag(I), and the adsorption mechanism of Ag(I) by PAA-g-
CMCDAS could be well simulated by a quasi-second-order
kinetic model.

3.4 Adsorption isotherm

The adsorption isotherm was the relationship between the
adsorption capacity and the equilibrium concentration at
certain temperature [53—-55], and the parameters calculated
from different models would reveal the adsorption mecha-
nism, surface properties and affinity of the adsorbents. Lin-
ear regression was a common method to determine the best
fitting isotherm [51]. Therefore, the maximum adsorption
capacity of the complete monolayer covered on the surface
of PAA-g-CMCDAS could be estimated at 298.15 K by the
Langmuir model equation and Freundlich model equation
[56] (Eq. 6 and Eq. 7).

C._ G, 1 ©
Qe Qmal‘ KLQmaz
1
log Qe = log Kr+ log, Ce (7)
nrg

Where C, is the equilibrium concentration, mg-g™'; K,
is Langmuir constant, L-mg~', and Q,,,. is the maximum
adsorption capacity, mg-g~', K, is Freundlich constant,
mg-g~". 1/ng is adsorption intensity.

The adsorption isotherm of Ag(I) on PAA-g-CMCDAS
was fitted (Fig. 9), and then the maximum adsorption capac-
ity and other parameters was calculated using the Langmuir
adsorption isotherm model [52] (Table 2). The higher value
of R? (0.994) indicated that: (1) the adsorption isotherm
of Ag(I) on PAA-g-CMCDAS was in accordance with the
Langmuir adsorption model; (2) the adsorption of Ag(I) on
PAA-g-CMCDAS belonged to monolayer adsorption and
the adsorption capacity on the surface of PAA-g-CMCDAS
was not uniform. According to the Freundlich model, the
lower value of R? (0.8646) indicated that the adsorbent is
more consistent with the Langmuir adsorption isotherm.

3.5 Reusability

The reusability of PAA-g-CMCDAS for Ag(I) was tested
with optimum conditions and the adsorption capacity slightly
decreased as the number of cycles increased (Fig. 10). The
initial adsorption effect was up to 95.23% and the final
adsorption effect was still up to 91.29% after five times
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reuse. Compared to the silk fibroin adsorbent [57] (54.22%
after four times reuse) and silver ion-imprinted magnetic
adsorbent [58] (85% after six times reuse ), our regener-
ated PAA-g-CMCDAS still had a high adsorption capacity
for Ag(l), and the adsorption capacity slightly decreased
after five times reuse. Therefore, PAA-g-CMCDAS was an
efficient adsorbent for Ag(I) with good reusability and high
adsorption performance.

3.6 Selectivity of PAA-g-CMCDAS

The adsorption performance of PAA-g-CMCDAS for single
Ag(D), Ni(II), Co(II) and Cr(III) was shown in Fig. 11a, and
the adsorption process was carried out at 0.05 mol-L~! ini-
tial concentration, 313 K and 0.5 g dosage. The adsorption
ratio of PAA-g-CMCDAS for Ag(I) was up to 93%, and the
adsorption ratio for Ni(II), Co(II) and Cr(Ill) were 51%,
57% and 36% respectively [59].

The adsorption performance of PAA-g-CMCDAS for
mixed metal ions was shown in Fig. 11b, and the adsorption
process was carried out at 0.05 mol-L ™! initial concentration
of each metal ion, 313 K and 0.5 g dosage. The adsorption
ratio of PAA-g-CMCDAS for Ag(I) was 24%, which was
higher than Cr(III) (17%), Co(II) (9%) and Ni(II) (6%), and
the total removal efficiency of mixed metal ions was 58%.
The results of the adsorption process for mixed metal ions
indicated that PAA-g-CMCDAS had a preference for Ag(I)
due to higher chelation between the monovalent Ag with a
small radius and the outside negative C=N of PAA-g-CMC-
DAS [60, 61]. Compared to the chitosan-coated magnetic
adsorbent [62] (Q,,x= 120 mg-g~! in the mixed metal ions
solution), PAA-g-CMCDAS was a specific adsorbent mate-
rial for silver ions with good selectivity (See Fig. 12).

4 Conclusion

For the adsorption of silver ion, a novel environmental-
friendly adsorbent (PAA-g-CMCDAS) was obtained from
carboxymethyl chitosan (CMC), dialdehyde starch (DAS)
and polyacrylic acid (PAA). DAS was modified by CMC
to obtain carboxymethyl chitosan/dialdehyde starch (CMC-
DAS) with -C=N groups. And, the acrylic graft CMCDAS
(PAA-g-CMCDAS) was obtained by ionic copolymeriza-
tion. The structure and morphology of the adsorbent was
characterized by XRD, SEM, EDS, TGA, BET and FTIR.
The optimum conditions for the obtained adsorbent were
as follows, time was found to be 30 min, temperature was
found to be 40 °C, the dosage was found to be 0.6 g and
the higher initial concentration of silver ion. The adsorption
process of silver ions conformed to Langmuir isotherm (R?:
0.994) and the second-order kinetic model (R*: 0.9999). The
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Table 1 Kinetic parameters of PAA-g-CMCDAS (PAA: 1.5 g, N%: 3.1%)
Quasi-frist-order kinetic Quasi-second-order kinetic
TK)  Qup(mgg™) K (I'min") R O/mgg™) Q.. (mgg™) K P O mgg™)
(g-(mg'min)~")
298.15 1.0045 0.9094 0.0446 1.6819 404.77 0.0247 0.9999 403.225
a,| b1 2t )
[ ’ y=0.00248x+0.000249 el
= " 2
ol . " . . Lok R?=0.99999
oL y=-0.00453+0.23866x 0.8k
Ci R*=0.04459 _
& g
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Fig. 9 Plot for quasi-frist-order kinetic (a) and quasi-second-order kinetic (b) of PAA-g-CMCDAS (PAA: 1.5 g, N%: 3.1%)
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Fig.8 Adsorption performance of Ag(I) on PAA-g-CMCDAS with different adsorption time (a), different temperature (b), different dosage (¢) and

different

initial concentrations (d)
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Table 2 Langmuir adsorption isotherm parameters of Ag(l) on PAA-g-CMCDAS (PAA: 1.5 g, N%: 3.1%)

Langmuir Freundlich
T (K) Opax (Mg-g™) K, (L'mg™ R’ Ky (1'mg™) Ung R’
298.15 K 502.512 0.0207 0.994 5.6734 0.2621 0.8646
a 0.7 b
265+
y=0.00199x+0.09677 y=3.8149x+1,7358 .
0.6 R?=0.99404 260  R=0.8646
255 F "
e 2.50
<04t o 24T
@) k=) [ ]
240 F
03} 235}
230 F
02+
225F m
0.] 1 1 1 1 1 2.20 1 1 1 1 1
0 50 100 150 200 250 300 1.4 1.6 1.8 2.0 2.2 2.4 2.6
Cc(mg»L'I) Iog Cc

Fig. 10 Langmuir adsorption isotherm (a) and Freundlich adsorption isotherm (b) of PAA-g-CMCDAS (PAA: 1.5 g, N%: 3.1%)
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Fig. 11 Reusability of PAA-g-CMCDAS for Ag(l) (PAA:15 g,
N%:3.1%)

maximum adsorption capacity for silver ions was 404.77
mg-g~!, and the maximum removal efficiency was 95.05%.
The adsorption amount was still 388.77 mg-g~' and the
removal efficiency was up to 91.29% after five times recy-
cle. The removal efficiency of silver ions in mixed metal
ions solution was 24.24% with the total removal efficiency
of mixed metal ions 58%. Therefore, PAA-g-CMCDAS was
an excellent silver ion adsorbent with good reusability.

@ Springer
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Fig. 12 Adsorption performance of PAA-g-CMCDAS
for metal ions (a: single metal ion; b: mixed metal ions) a
(PAA: 1.5 g, N%: 3.1%)

Ni Co Cr Ag

Q%
b
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