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ABSTRACT: A novel anion exchange resin based on cellulose has been prepared to adsorb Ag(CN ), for the urgent demand of silver
and the high toxicity of metal-cyanide complexes. Quaternary ammonium groups were grafted onto cellulose beads as main active
sites in tentacle-type through a series of chemical reactions. The substitution degree of each reaction was determined to be about
0.854, 2.125, and 2.899 mmol g~ ', respectively. The resin exhibited excellent spherical shape with microporous structure by the obser-
vation of optical microscopy and scanning electron microscope. Moreover, the adsorption experiments demonstrated the adsorption
was fast in alkaline condition. Fitting the data into isotherm and kinetic models gave the conclusion that the adsorption behavior
matched better with Langmuir model and pseudo-second-order kinetic in initial time followed pseudo-first-order kinetic model in
later phase. The equilibrium adsorption capacity was determined to be 3.016 mmol g~ '. With the advantages of high capacity, short
equilibrium time, and alkaline resistance, the resin would be considered to a top-priority adsorbent for the separation of

Ag (CN), . © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40987.
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INTRODUCTION

With the shortage of resource and the aggravation of heavy
metal pollution, great effort has been directed to the recovery of
heavy metal from aqueous solution. The heavy metal is present
in water in variety forms, including salts and various metal
complexes. Ag (CN ), is considered as the main form of silver
when it is extracted from ores and silver wastes by cyanida-
tion."” The Ag(CN), needs to be recovered from leachate as
much as possible because of the urgent demand of silver and
the high toxicity of metal-cyanide complexes. What is notewor-
thy is that the dissociation of metal-cyanide complexes can
release more toxic substance (HCN) when under acidic condi-
tion or being exposed directly to ultraviolet light.* Moreover,
the best leaching rate was obtained when the pH value of lixi-
vium was around 11. Therefore, the metal-cyanide leach streams
usually stay in the pH range of 10-12 in industries.*” Given
that, it is of great urgency to search suitable method for Ag
(CN), recovery in alkaline condition.

Among available methods developed for heavy metal removal,
ion exchange has attracted great attention because it possessed
the advantages in affinity, regeneration, and loading capacity.””~
However, the practical application of this method has been lim-
ited due to its high cost of preparation and operation.'’

© 2014 Wiley Periodicals, Inc.
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To reduce the cost, many efforts have been made to develop
novel ion exchange resins which process low manufacture cost or
good adsorption performance. The study of ion exchange used in
cyanidation mainly focuses on searching suitable resins for the
sorption of gold from cyanide leaching solution. The recently
reported resins have exhibited excellent characters such as high
capacity, rapid adsorption, and alkaline resistance; however, it is
difficult to possess all these qualities meanwhile for these adsorb-
ents.>'*"? In addition, particular study on the sorption of Ag
(CN), ion onto ion exchange resin in cyanidation is relatively
few.!" Therefore, it is necessary to develop a novel ion exchange
resin for Ag(CN), adsorption, which can possess the valuable
properties mentioned above as much as possible.

Cellulose is the most abundant and renewable biopolymer in
nature which has numerous advantages in application.'* Besides
the large surface area, the abundant hydroxyl groups on it indi-
cate its enormous potential in modification, making it economi-
cally feasible to be applied in the field of wastewater treatment
and chemical area.

As for the modification of cellulose, grafting tentacle-type
ligands might be a viable option to create a novel resin which
possesses both low-cost and high adsorption capacity.>'> The
amount of activated sites on support, which can be offered by
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modified ligands, have a big influence on the adsorption
capacity of ion exchange resin. Therefore, grafting tentacle-type
ligands instead of monolayer ones allows the possibility of mul-
tilayer adsorption, leading to a high adsorption capacity, espe-
cially for small molecules like Ag (CN ), ions."””"” Moreover, in
theory, the outstretched spacer arm can reach and contact the
adsorbate easily, which may result in a fast adsorption. There-
fore, grafting tentacle-type ligands on suitable support might be
a feasible approach.

In order to obtain a good performance for Ag(CN ), adsorp-
tion in alkaline condition, strong base anion exchange resin can
be taken into consideration, some authors have reported that
strong base resins could load dicyanide complexes more better
than any other species.'® Therefore, there is an attempt to syn-
thesize a novel strong base anion exchange resin for Ag (CN ),
sorption, and quaternary ammonium groups which have been
widespread used in strong base anion exchange resins were cho-
sen as the active sites.'®"”

In this article, a novel strong anion exchange resin based on cel-
lulose, which possesses high capacity and short equilibrium
time for Ag(CN), adsorption in alkaline condition, was cre-
ated through three substitution reactions. The cellulose was pre-
pared spherical beads by the modified water/oil
emulsification, and then the epichlorohydrin (EPC), triethylene-
tetraamine (TATE), and glycidyltrimethyl ammonium chloride
(GTA) were introduced onto cellulose beads successively to
obtain a novel resin which functionalized with quaternary
ammonium groups in tentacle-type. The substitution degree of
each reaction was calculated and analyzed in detail. In addition,
Fourier transform infrared (FTIR) spectroscopy, laser particle
size analyzer, optical microscopy (OM), and scanning electron
microscopy (SEM) were used in combination to carry out a
structure measurement of the resin. The adsorption perform-
ance of the resin for Ag (CN ), adsorption was carefully studied
under various conditions including pH, phase contact time, and
initial concentration. Furthermore, the isotherm and kinetic
parameters were investigated in detail.

into

EXPERIMENTAL

Materials

Degreasing cotton was provided by Runhua (Guangdong,
China). GTA was purchased from Dongying Guofeng Fine
Chemical Co. (Shandong, China). Other reagents, including sor-
bitantrioleate (Span 85), transformer oil, carbon disulfide (CS,),
hydroxide sodium (NaOH), sodium carbonate (Na,COs3),
dimethyl sulfoxide (DMSO), EPC, and TATE were of analytical
grade from Kelong (Sichuan, China).

Methods

Preparation of Cellulose Beads. Cellulose beads were prepared
using a double emulsification procedure as shown in Figure 1.2
First, the degreasing cotton was soaked in NaOH solution to
get alkali cellulose, which was more reactive. Then, the alkali
cellulose was kept for aging for several days to obtain low
degree of polymerization (DP) alkali cellulose. After that, the
low DP cellulose was reacted with CS, to produce cellulose xan-
thate, which was then diluted with NaOH solution to get
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Figure 1. Preparation route of cellulose beads.

viscose suspension. Next, the viscose suspension was emulsified
with an oil phase until it uniformly dispersed in sphere shape.
The emulsion was then heated to 90°C and kept for hours to
solidify the spherical structure by the reason of reduction of cel-
lulose xanthate to cellulose at high temperatures. Subsequently,
dropping of mixture temperature followed by centrifugation can
obtain the spherical cellulose. Finally, these beads were washed
with deionized water and screened out with standard sieves.

Synthesis of Cellulose 1, Cellulose 2, and Cellulose 3. The
tentacle-type anion exchange resin was prepared in three steps.
First, 5 g of wet cellulose beads were poured into a mixture of
2.5 mL of EPC, 10 mL of 1 mol L™' NaOH solution, and
10 mL of DMSO. The suspension was incubated in a thermo-
static water bath at 40°C for 2.5 h to synthesize epoxy cellulose
beads (cellulose 1). Then, the cellulose 1 were reacted with a
mixture of 5 mL of TETA, 10 mL of 1 mol L™! Na,CO5 solu-
tion, and 45 mL deionized water at 60°C for 12 h to synthesize
aminated cellulose beads (cellulose 2). Third, the quaternized
cellulose beads (cellulose 3) were achieved by suspending cellu-
lose 2 in the mixture of 20 g of GTA, 25 mL of DMSO, and
25 mL of deionized water. The suspension was stirred at 60°C
for 6 h. At the end of each step, the synthesized compound was
separated by filtration, rinsed with deionized water until the
residual reactant was completely eliminated. The cellulose 3 was
also need to be regenerated with NaCl solution followed by
washing with deionized water to make sure all the resins were
in chloride form. The products of the three steps were dried
under oven at 60°C for 12 h and stored in a desiccator.

Characterization

Substitution Degrees. The substitution degree of each reaction
was determined successively. The substitution degree of step 1
was obtained by measuring the quantity of introduced epoxy
group in cellulose 1 according to the method of National Stand-
ard of China.*>*' In this work, 0.2 g dried beads of cellulose 1
was treated with a 25 mL mixture of hydrochloric acid and ace-
tone for 0.5 h. The mixed solution was titrated with 0.15 mol
L™! NaOH solution after separating. The epoxy value was calcu-
lated according to eq. (1):

Crnaon X (Vaaon — ViNao
Cepoxy: NaOH ( N:HIH Nat H) (1)

The substitution degree of step 2 was obtained by measuring
the quantity of basic functional groups introduced in cellulose 2
according to the method of retro-titration.”> For this purpose,
0.1 g dried beads of cellulose 2 was treated with 100 mL of
0.01 mol L™" HCI solution for 1 h. Then, the solution was
titrated with 0.01 mol L™' NaOH solution after separation. The
concentration of amine groups was calculated according to
eq. (2):
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Figure 2. Synthesis routes used to prepare cellulose 1, cellulose 2, and cellulose 3, and adsorption of Ag(CN ), on cellulose 3.

Craor X (Viaon — V' Naon
CNHNH, = — ( ’aﬂ son ) (2)
2

The substitution degree of step 3 was obtained by measuring
the exchange capacity of cellulose 3 according to the method of
AgNO; titration.”> For this, 0.1 g dried beads of cellulose 3
were packed into a 300 mm X 19 mm exchange column and
washed by 100 mL of 0.5 mol L™' Na,SO, adequately. The
effluent was titrated with 0.02 mol L™' AgNO; solution. The
concentration of ammonium groups was calculated according to
eq. (3):

C X(V, -V
Conmye = AgNO 5 ( Ag:flm AgNO3) (3)
3

where Cyaop is the concentration of NaOH solution (mol L),
Vaaon and V¥,on are the volumes of NaOH solution spent in
the titration of nonreacted acid’s excess (mL) of blank sample
and test sample respectively, Cagno, is the concentration of
AgNO; solution (mol LY, Vagno, and V¥ aeno, are the vol-
umes of AgNOj; solution (mL) of blank sample and test sample,
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respectively, m,, m,, and ms are the weight of cellulose 1, cellu-
lose 2, and cellulose 3 (g), respectively.

Water Retention. A total of 1.0 g dried beads of cellulose 3
were immersed in 40 mL of distilled water for 24 h, and then
the beads were centrifuged at 4000 rpm for 20 min to deter-
mine the water retention capacity, which can be expressed
according to eq. (4):

=— (4)
where Vis the volume of wet cellulose 3 (mL).

FTIR Analysis. Samples were prepared by mixing 1 mg of
material with 100 mg of spectroscopy grade KBr. The FTIR
spectra were recorded using Nicolft 6700 equipment with detec-
tor at 4 cm~ ' resolution from 400 to 4000 cm ™' and 32 scans
per sample.

Particle Size Measurement. Particle size distribution of cellu-
lose 3 was measured by using a laser diffraction particle size
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Table I. Concentration of Epoxy, Amine, and Ammonium Groups

Cepoxy CNH—NH, NH,
Material (mmol g™ (mmol g™3) (mmol g™
Cellulose 1 0.854 - =
Cellulose 2 - 2.125 -
Cellulose 3 = = 2.899

analyzer (Rise-2002, Jinan). Quadruplicate measurements were
made and mean particle size was measured.

OM and SEM. OM image of cellulose 3 was recorded on a
Nikon ECLIPSE E600 microscope. SEM was performed with a
JSM-7500F microscope.

Adsorption Experiment

Adsorption was determined by the batch method. The parameters
considered for study were pH, contact time and initial concentra-
tion of adsorbate. The pH of the solution was adjusted by adding
0.1 mol L™! NaOH or 0.1 mol L™" HCI. For kinetic and isotherm
studies, a series of 50 mL stoppered conical flasks were filled with
20 mL Ag(CN), solution of varying concentrations (0.044—44.5
mmol L™'), maintained at the desired temperature and pH. The
flasks were agitated in an orbital shaker at 170 rpm and taken out at
a given time interval successively from 0.1 min to 480 min. The
samples were separated by filtration and the concentration of
remaining Ag(CN), in the filtrate were detected by atomic
absorption spectrophotometry (AAS).** A SpectrAA 220FS AAS
was used with the following conditions: lamp, silver hollow cath-
ode; source current, 7 mA; wavelength, 328.1 nmy; slitwidth, 0.2 nmy
burner, a nonluminous air-acetylene flame being used throughout,

with acetylene flow 2.9 L min " and air flow 13.5 L min ™.

RESULTS AND DISCUSSION

Characterization of Cellulose 1, Cellulose 2, and Cellulose 3
Synthesis routes of celluloses 1, 2, 3 and sorption of Ag(CN),
on cellulose 3 were illustrated in Figure 2. As shown, the func-
tional group of cellulose 3 is quaternary amine, and chloride
ions are adsorbed to the ammonium groups through electro-
static interactions. In the process of adsorption, the Ag(CN),
ions are adsorbed on the resin while chloride ions are released
to the solution, which is shown here:>'""*

+ +
O—NMe;Cl ~ +Ag(CN); =O—N Me3Ag(CN); +Cl ~

The results of the concentration of epoxy, amine, and quater-
nary ammonium groups were presented in Table I. And these

Table II. Comparison of Water Retention on Different Adsorbents

Adsorbent Water retention (mL g™%)  References
AV-17-10P 4.6 19
AN-85-10P 3.8 19

AN-25 3.9 19

SBAE 57 23
Amberlite IRA-400 3.7 23
Cellulose 3 5.9 In this study
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results indicated the success of the synthesis methodology
applied in this work.

The cellulose beads were activated with EPC by reaction
between hydroxyl group of cellulose and chlorine of EPC, the
epoxy value of cellulose 1 was 0.854 mmol g~ '. The epoxy
groups in cellulose 1 were used to anchor TETA with cellulose
matrix to get aminated derivatives, the concentration of amine

was 2.125 mmol g~ .

In addition to improve the density of function groups, EPC and
TETA also served as crosslinking agent to withstand the tension
(repulsion charges) caused by the introduction of GTA.>>*

The strong base anion exchange resin (cellulose 3) was eventu-
ally obtained by functionalizing cellulose 2 with quaternary
ammonium groups, and the degree of quaternization was 2.899
mmol g~ . There were three main factors contribute to the high
value. First of all, the design of tentacle-type ligands could offer
a large amount of reaction sites (amine group) for GTA,
improving the density of function groups significantly. Second,
GTA can react with hydroxyl group as well as amine group as
shown in Figure 2, leading to a higher degree of quaternization
than amination.”® In general, epoxy group is liable to react with
amine group rather than hydroxyl group because of the stronger
nucleophilicity of amine group. This explained why hydroxyl
groups were not chosen as the main reaction sites for epoxy
groups, although it was abundant on cellulose. Third, not only
cellulose beads but also fixed EPC and GTA could offer
hydroxyl group, which can be further modified as shown in Fig-
ure 2. All these made the resin possible to possess a high den-
sity of function groups by fixing EPC, TETA, and GTA on the
cellulose beads.

From the data presented in Table II, the cellulose-based anion
exchange resin exhibited a better water retention capacity than
some full-synthesized ion exchange resins, the high strong
hydrophilic of cellulose 3 made the resin more suitable to be
used in aqueous solution.

FTIR Characterization
The chemical construction of cellulose 3 was characterized by
FTIR spectroscopy. For illustration, the FTIR spectra of

110
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105 { = cellulose 3
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Figure 3. FTIR spectra of cellulose beads and cellulose 3.
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Figure 4. FTIR spectra of cellulose 3 before and after adsorption.

unmodified cellulose beads and cellulose 3 were shown in Fig-
ures 3 and 4 showed the FTIR spectra of cellulose 3 before and
after adsorption.

As depicted in Figure 3, the band located at 3426 cm ™' in cellu-
lose beads is attributed to —OH stretching vibration. But in cel-
lulose 3, the band in the area of 3100-3600 cm™ ' becomes
broad because of the stretching vibration of N—H in —NH,
and the existence of —CH,—N*(CH;); moiety.29 The stretching
vibration of C—H in both —CHj; and —CH,—NH—CH,— also
makes the band located at 2924 cm™"' become broad. The other
relevant changes observed in the FTIR spectra of cellulose bead
in relation to cellulose 3 are the appearances of band at 3021,
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1491, 1421, 1190, and 964 cm™'. The band at 3021 cm™ ' corre-
sponds to deformation vibration of C—H in epoxy group. The
bands at 1491 and 1190 cm ™" correspond to C—N vibration of
—N7"(CH;);Cl".*° The bands at1421 and 1378 cm '
spond to symmetric deformation vibration of —C—H in
—N7"(CH;);.>! And the band at 964 cm ™’ corresponds  to
—CH,—N"(CHj;);.

corre-

As shown in Figure 4, the main difference between the two
spectra is the appearance of sharp bands at 2135 and
2099 cm” !, which is the characteristic peaks of —C=N in
Ag(CN), >*> The appearance of these bands indicated the
success of the adsorption of Ag(CN), .

Surface Morphology

Figure 5(A,B) showed the external morphology and volume
change of cellulose 3 before and after drying by the observation
of OM and SEM. Clearly, the samples exhibited excellent spheri-
cal shape both in water and dry state with an average diameter
of about 90 and 40 um, respectively. The perfect spherical shape
would benefit the adsorbent with suitable fluid dynamics for
metal ions adsorption. The average diameter of wet beads was
confirmed by the result of laser particle size analyzer, which was
measured as 84.60 pum. The big difference of volumes between
wet and dried beads indicated the cellulose beads might exhibit
a good water retention, which would benefit the application of
the ion exchange resin in aqueous solution.

Figure 5(C,D) showed the surface structure more clearly. As
shown, the resin exhibited rough surface with micropores cen-
tered at about 20 nm. The surface roughness and pore

Figure 5. OM image of cellulose 3 before drying (A) and SEM images of cellulose 3 after drying (B-D). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Figure 6. Effect of contact time on the adsorption of Ag(CN), onto cel-
lulose 3. [Ag(CN), ] =6.68 mmol L™'; temperature = 25°C; pH = 11.0;
amount of adsorbent = 20 mg; stirring rate = 200 rpm.

morphology of the beads could be a valuable property which
may significantly increase the surface area for Ag(CN),
binding.

Effect of Contact Time

The effect of contact time on the sorption of Ag(CN), on cellu-
lose 3 was shown in Figure 6. As seen, the adsorption equilib-
rium of Ag(CN), attained in about 20 min which can be
attributed to the equilibration of available adsorbing sites on the
surface of the resin. In addition, the sorption increased sharply at
beginning, about 88% of the ultimate adsorption occurred in the
first 3 min, indicating the cellulose 3 possess a quite rapid sorp-
tion for Ag(CN), . This deduction was proved by the compari-
son of adsorption time for metal-cyanide complexes on different
adsorbents as shown in Table III. The rapid adsorption is prom-
ising by virtue of the economic viability because equilibrium
time plays a major role in designing water treatment plants.*>*®
Based on this result, the adsorption time was determined to be
20 min for the rest of adsorption experiments.

Effect of pH

The pH value of solution, which affects surface charge of ion
exchange resin as well as degree of ionization,”” has a big
impact on adsorption process. Therefore, the effect of pH on
the sorption of Ag(CN ), should be studied carefully. As men-
tioned above, the study on pH effect below pH 9.0 was not
done because of generation of HCN and actual pH value of Ag
(CN), lixivium.

Figure 7. The speciation of Ag(CN), in solution with pH in the range
of 9.0-14.0. [Ag™] = 6.68 mmol L™'; [CN”] = 13.36 mmol L™".

The speciation of Ag(CN), in the range of 9.0-14.0 on the
experimental concentration was shown in Figure 7. It was very
helpful to understand the adsorption behavior. As shown in this
scope, the concentration of Ag(CN), remained unchanged
which was 6.68 mmol g~ ', whereas the concentration of other
solutes, including OH™, HCN, AgCN, CN~, AgCNOH ", and
Ag(CN);", changed with pH significantly. The maximum con-
centration of the species of silver-cyanide complex (HCN,
AgCN, CN™, AgCNOH ™, and Ag(CN);™ in the pH range of
9.0-14.0 was 7.84 X 107% 1.12 X 1077, 2.68 X 10 % 2.81 X
1072 and 1.83 X 107> mmol g, respectively.

The effect of pH on the sorption of Ag(CN ), onto cellulose 2
and cellulose 3 was shown in Figure 8. Cellulose 2 is a kind of
weak base anion exchange resin, which contains abundant pri-
mary and second amine function groups, so it can absorb anions
as well. However, as shown in Figure 8, the adsorption capacity
of cellulose 2 was much lower than that of cellulose 3 in the
given range of pH. The reason for this phenomenon can be
ascribed to the protonation of amine groups of cellulose 2. Most
weak base resins have a pK, of 6.0-8.0, therefore, only a small
percentage of amine groups in cellulose 2 can convert into acti-
vated sites by the protonation when pH >7."" Therefore, in the
pH range of 9.0-14.0 very low exchange of metal-cyanide com-
plex ion occurs in weak base anion exchange resin.'®

In contrast, the charges of cellulose 3 are not pH-dependent,
they come from positively charged nitrogen atoms joined by
single bonds to methyl groups as shown in Figure 2, i.e., the

Table III. Comparison of Adsorption Time for Metal-Cyanide Complexes on Different Adsorbents

Adsorbent Adsorbate Adsorption time (h) References
Purolite A500/2788 resin Copper-cyanide complex 4 34

Kuraray QAG/12HAH Copper-cyanide complex >24 34

Lewatit MP-500 Copper-cyanide complex 1 34

Dowex 21K XLT resin Gold-cyanide complex 1 3

Cellulose 3 Silver-cyanide complex 0.33 In this study
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cellulose 3 possesses a permanent positive charge.'® Therefore,
the quantity of Ag(CN), adsorbed on cellulose 3 mainly
depended on the speciation of silver-cyanide complexes and
emergence of competitive anions when the value of pH
changed. As seen in Figure 8, the adsorption capacity of cellu-
lose 3 declined slightly from 9.0 to 12.0, which was less than
9.5%. This result indicated that the cellulose 3 has a potential
to be used in dealing with effluent of cyanidation. Because the
concentration of the species of silver-cyanide complex is much
lower than that of Ag(CN ), in the given pH range as men-
tioned above. It is reasonable to regard the emergence of com-
petitive anion, which is mainly the OH™, as the main factor for
the decline. Therefore, the modest decline might be explained
mostly by the competition of OH™ with Ag(CN), for the
sorption sites, because more and more OH™ ions were present
in the solution with the increase of pH value.”®* Especially
after the pH value of 12, the number of OH ™ ions considerably
exceeded the number of Ag(CN ), ions, as a result, more appa-
rent fall was observed when pH changed from 12.0 to 14.0,
which was nearly 60%.

Adsorption Isotherms

The analysis of experimental equilibrium data by fitting them
into different isotherm models is an important step to propose
suitable model for process design. As the isotherm indicates the
adsorption capacity of the sorbent and enables the evaluation of
adsorption performance, the involved mechanisms and parame-
ters to be improved, which are of critical importance in opti-
mizing the use of adsorbent. The most widely applied isotherms
for data modeling are the Langmuir and Freundlich, which are
developed based on thermodynamic equilibrium.'®*

mbCe
Langmuir isotherm: g, = 1q+ o, (5)
Freundlich isotherm: qe=KpCel/" (6)

where g, is the amount of Ag(CN), in the resin (mmol g~ ');
C, is the equilibrium concentration (mmol L™'); b is the Lang-

20
15 ST —e—e

1.6

—o— cellulose 2

—e__ —e— cellulose 3

pH
Figure 8. Effect of pH on the adsorption of Ag(CN), onto cellulose 2
and cellulose 3. [Ag(CN), ] =6.68 mmol L™'; Adsorption time =20
temperature = 25°C; amount of adsorbent =20 mg;

min; stirring

rate = 200 rpm.
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the adsorption of Ag(CN ), onto cellulose 3. Adsorption time = 20 min;
temperature = 25°C; pH = 11.0; amount of adsorbent =20 mg; stirring
rate = 200 rpm.

muir isotherm constant (L mmol™ ") related to the affinity of
binding sites; Ky is the characteristic constant related to the
adsorption capacity (L g~ '); # is the adsorption intensity; g, is
the maximum monolayer coverage capacity (mmol g~ ').

Figure 9 showed the fitted curves based on Langmuir and
Freundlich isotherm models. The estimated parameters were
given in Table IV. As shown, the values of R? (correlation coeffi-
cient) of Langmuir isotherm model was higher than that of
Freundlich isotherm model, and the much larger F value of
Langmuir isotherm indicated it has more validity in fitting the
experimental data. Furthermore, there was no big deviation
between equilibrium adsorption capacity (g, 3.016 mmol g~ )
of Langmuir isotherm model and the concentration of active
sites (C Xp,» 2.899 mmol g~ '). Considering these results, it can
be said that Langmuir isotherm model a good correlation for
adsorption of Ag(CN), on cellulose 3 in contrast to Freund-
lich isotherm model. Therefore, as the Langmuir isotherm
model represents, the adsorption of Ag(CN), onto the surface
of cellulose 3 can be regarded as monolayer sorption with finite
number of identical sites.*’

The validity of cellulose 3 for Ag(CN), adsorption was justi-
fied by comparing its adsorption data with those presented in
the literature. It has been found that the g, in this study was
higher than those obtained from nature or other synthesized
adsorbents as shown in Table V. This comparison shows that
cellulose 3 is effective for Ag(CN), adsorption.

The essential feature of the Langmuir adsorption can be
expressed by means of R;,"> a dimensionless constant
reported as a separation factor of equilibrium parameter for the
prediction whether the adsorption system is favorable or not.
R; can be calculated using eq. (7).

1

140G

(7)

Ry

where C, is the initial concentration of Ag(CN), solution
(mmol L™1).
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Table IV. Values of Freundlich and Langmuir Constants for the Sorption of Ag(CN ), onto Cellulose 3

Freundlich Langmuir
n Ke(Lg™ R? F value gm (mmol g™%) b (L mmol~1) R? F value
2.497 0.6257 0.9488 521.49 3.016 0.139 0.9994 46,495.36
Table V. Comparison of g, for Heavy Metal Complexes on Different Adsorbents
Adsorbent Adsorbate gm (Mmmol g™ References
Purolite A500/2788 Copper-cyanide complex 1.20 34
Lewatit MP500 Copper-cyanide complex 0.402 10
Lewatit MP64 Copper-cyanide complex 0.116 10
Purolite A-500 Gold-cyanide complex 0.749 41
Bonlite BA304 Gold-cyanide complex 0.626 41
Dowex 21K XLT Gold-cyanide complex 0.162 3
LK-4 Silver-thiocyanate complex 0.064 19
AV-17-10P Silver-thiocyanate complex 0.015 19
Cellulose 3 Silver-cyanide complex 3.016 In this study
As the value of b was positive, the value of R; was smaller than kag*t
. . R . Pseudo-second-order model: g,= —— 9)
1 in all the concentration range, indicating the adsorption of Ag 1+kyq,t
(CN), on cellulose 3 was a favorable one. And the adsorption . L
Z . o . which can be linearized as:
of Ag(CN), was more favorable at higher initial concentration
k
than lower one. Pseudo-first-order model: log (q.—q;)=log g.— ﬁ t  (10)
Kinetics Study ; 1 1
The kinetic of adsorption is helpful to describe the mechanism Pseudo-second-order model: @ = k—q2+ q—t (11)
t 2, e

of adsorption, which relates with the potential rate-controlling
step and the adsorption process. In general, the kinetic behavior
of most solid adsorption can be interpreted by pseudo-first-
order and pseudo-second-order equations.***> The nonlinear
form of the two kinetic models was shown as follows:

Pseudo-first-order model: g,=q,(1—exp ~5?) (8)

g, (mmol g)
o
o
1

= Experimental data
5 1 4 e Pseudo-first-order
—— Pseudo-second-order
RO S S S S S E—
0.0 05 1.0 1.5 20 25 3.0
Time (min)

Figure 10. Comparison of the experimental and fitted kinetic curves by non-
linear method for the sorption of Ag(CN ), onto cellulose 3. [Ag (CN), | =
6.68 mmol L™"; adsorption time = 20 min; temperature = 25°C; pH = 11.0;
amount of adsorbent = 20 mg; stirring rate = 200 rpm.
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where ¢, and g, are the amounts of Ag(CN), adsorbed (mmol
gfl) at equilibrium and time ¢ (min), respectively. k; (L min )
and k, (g (mmol min) ") are the rate constants of first-order
and second-order adsorption, respectively.

As can been seen in Figure 6, the whole process of adsorption
could be completed in two phases, the initial rapid adsorption

05
L] = Experimental data
004 ™ Before 3 min
' M —— After 3 min
b
"
05 ®
—~ 1
o [
ldJ
= 1.0
=] ]
2 N
1.54
-2.0 4
T T T T T T M T T T
0 100 200 300 400 500

Time (min)
Figure 11. Comparison of the experimental and fitted kinetics curves by lin-
ear method for the sorption of Ag(CN), onto cellulose 3. [Ag(CN), | =
6.68 mmol L~ ; adsorption time = 20 min; temperature = 25°C; pH = 11.0;
amount of adsorbent = 20 mg; stirring rate = 200 rpm.
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Table VI. Values of Pseudo-First and Pseudo-Second Order Constants for the Adsorption of Ag(CN ), onto Cellulose 3

Pseudo-first-order

Pseudo-second-order

Qel, cal k2 (g (mm0| QeZ, cal
Form ki (L min~%) (mmol g™ R? F value min)~%) (mmol g™ R? F value
Nonlinear 5.4409 1.495 0.9909 1707.20 4.505 1.662 0.9962 4046.16

Table VII. Values of Linear Pseudo-First-Order Constants for the Adsorp-
tion of Ag(CN ), onto Cellulose 3 Before and After 5 min

0-3 min 3-480 min
Pseudo-first-order ~ R? Fvalue R? F value
Linear 0.5932 9.75 0.9450 121.20

occurred within about 3 min and was followed by the slow
adsorption process, and the two phases were carefully analyzed,
respectively.*®

In the first phase, the experimental data were fitted with the
two kinetic models equations, and the fitted curves of nonlinear
and linear form were shown in Figures 10 and 11, respectively,
the estimated parameters of nonlinear form were listed in Table
VL

As shown in Figure 10 and Table VI, both of the two kinetic
equations showed a good fit to the experimental equilibrium
data, therefore, both first- and second-order kinetic occurred in
the first 3 min. The higher value of R* and F value, obtained
from pseudo-second-order, indicated the Ag(CN), sorption
onto the novel resin followed pseudo-second-order kinetic
model more better in the first phase. Therefore, the adsorption
process was inferred to be a chemical process rather than physi-
cal one during the first 3 min, because the pseudo-second-order
model assumes the rate-limiting step of the adsorption process
is chemical sorption involving share or exchange of electrons
between the adsorbents and metal ions.*” In consideration of
the good fit of pseudo-first-order and rapid adsorption, the dif-
fusion must has an impact on the sorption in this phase too,
because the pseudo-first-order assumes the adsorption is con-
trolled by diffusion.*” And with the influence of chemical pro-
cess decline, the diffusion might play a more important role.*®

In the second region (beyond 3 min), the reaction gradually
became independent of the surface sites with the saturation of
exchange sites, and might proceed through a slow process of
rearrangement of the Ag(CN), ion which controlled by

diffusion.”® This deduction could be proved by the porosity
structure of the resin and Boyd’s analysis which suggested the
metal uptake by dry beads was controlled by diffusion.*” This
deduction was also supported by the good linearity of pseudo-
first-order in the later phase as shown in Figure 11, and the
estimated parameters of pseudo-first-order in the first 3 min
and later phase were calculated by the linear regression method
and listed in Table VIL Both the value of R* and F value sug-
gested the pseudo-first-order model had played a much more
important role in the adsorption process after 3 min than
before.

In verification experiment, the value of adsorption capacity of
Ag(CN), on the novel adsorbent was 1.779 mmol g~ " (qeexp)s
which was not in very good agreement with the calculated value
came from pseudo-second-order (gu > 1.662 mmol gfl).The
reason why g, was larger than g, . might be explained by
the occurrence of rearrangement of Ag(CN), ion. With the
results of porosity structure of the resin, there might be a slow
diffusion from surface film into the pores with the saturation of
sorption sites on surface, which could make a contribution to
the adsorption capacity.*” This fact also proved the applicability
of pseudo-first-order model in the latter period of adsorption.

Therefore, the diffusion was a fast step at initial period, the
interaction between metal ions and binding sites of modified
cellulose beads was the rate-limiting step.”> As the available
adsorbing sites on the surface became saturated, rearrangement
of Ag(CN), ions might occurred, such as the diffusion of Ag
(CN), ions from surface film into the pores of the resin. These
made the Ag(CN), adsorption severely limited by diffusion
which was consistent with the principle of pseudo-first-order
model.*

In addition, the efficiency of the obtained resin was justified by
comparing its adsorption data with those presented in the liter-
atures.'®?*! It has been found that the rate constant value (k,)
of Ag(CN), adsorption onto the resin performed in this study
was much higher than many other adsorbents’ reported before
as shown in Table VIII. There are several factors affect the
adsorption kinetic. Mainly kinetic depends on the speed of

Table VIII. Comparison of k, and b for Metal Ion Complexes on Different Adsorbents

Adsorbent Adsorbate ko (g (mmol min)~1) b (L mmol~1) References
QMSC Chromium-oxide complex 7.2 x 1072 18.0 18

SBAE Chromium-oxide complex 0.22 4.50 41

Bonlite BA304 Gold-chloride complex 0.67 0.77 23

Purolite A-500 Gold-chloride complex 0.78 0.69 41
Cellulose 3 Silver-cyanide complex 451 0.14 In this study

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

40987 (9 of 11)

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40987

Applied Polymer L


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

coupling reaction and accessibility of the active groups of the
support to adsorbed molecules.’’ As seen in Table VIII, the
affinity of silver-cyanide complex for cellulose 3 (b) was rela-
tively low when compared with some other metal com-
plexes."®**>? Therefore, we believed the accessibility, which was
contributed by the design of highly basic function groups and
outstretched spacer arms, might be the reason for the high value
of k,.° Hence, the novel anion exchange resin can be considered
to be a potential and valuable approach for recovery of
Ag(CN);.

CONCLUSION

In this study, cellulose was made into spherical by double emul-
sification method, and then the cellulose beads were grafted
with quaternary ammonium groups in tentacle-type by three
substitution reactions. The degree of each substitution reaction
was characterized by concentration of epoxy, amine, and quater-
nary ammonium functions, which were 0.854 mmol g~ ', 2.125
mmol g~ ', and 2.899 mmol g™, respectively. The studies of
OM and SEM showed the modified cellulose beads possess
excellent spherical shape and micropores structure. The novel
resin was then evaluated for the adsorption of Ag(CN), using
batch adsorption experiments. The results indicated the resin
has a great potential to be used in alkaline condition, and the
adsorption capacity has a tendency to grow over time and Ag
(CN), concentration, respectively. It also proved the resin can
reach its equilibrium adsorption in 20 min at pH of 11.0. In
addition, the adsorption process was better explained by the
Langmuir isotherm model which indicated the adsorption was
monolayer adsorption, and the maximum monolayer adsorption
capacity of Ag(CN ), on the resin was determined to be 3.016
mmol g~ '. Moreover, the adsorption kinetics was proved closely
followed the pseudo-second-order model in initial time fol-
lowed pseudo-first-order model in later period, which mean the
sorption process was limited by chemical sorption at first and
then the rate-limiting step changed to diffusion gradually. Fur-
thermore, the adsorption rate was found to be 4.505 g (mmol
min) ', and the designs of long-spacer arms and highly basic
function groups might have a contribution to this high value.
Given the good performance of Ag(CN ), adsorption, the novel
anion exchange resin may have a great potential to be applied
in varied separation fields including adsorption of Ag (CN ), .
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