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Abstract

The entrapment of Bmanoparticles within a chitosan-carboxymetprdyclodextrin complex, a
nontoxic and biodegradable stabilizer, yields & nanoparticle-carboxymethyp-
cyclodextrin beads that are 2.5 mm in diameter @rdain 50% iron by weight. The complete
disappearance of Cr (VI) and Cu (II) may involvahophysical adsorption and reduction of Cr
(VI) to Cr (Il1) and Cu (lI) to Cu (0) while oxiding F€to Fe (lIl). The rate of reduction can be
expressed by pseudo-second-order reaction kindtesrate constants increased with increasing
iron loading and initial concentration at pH 6, iehihe adsorption of Cr (VI) and Cu (Il) was
found to be endothermic and exothermic, respegtivehe apparent activation energies for Cr
(VI) and Cu (Il) were found to be 71.99 and 18.38nkol}, respectively. X-ray photoelectron
spectroscopy confirmed the reduction process. Tdilerium data could be well described by
both Langmuir and Temkin isotherms for describingnoiayer adsorption and chemisorption
processes, respectively. Both film diffusion anttaparticle diffusion were found to be the rate-
limiting steps from the analysis of an intrapadidiffusion model. Thus, the synthesized
chitosan-F&nanoparticle-carboxymethf-cyclodextrin beads can be a potential materiairfor

situ remediation of contaminated surface and grounémvat

Keywords: Chitosan, zero-valent iron, remediation, cyclodexpolymer, heavy metals, water

pollution.



1. Introduction

Toxic heavy-metal pollution is of significant enmmmental and occupational concern because of
the tendency of heavy metals to enter the foodnchinong metals of concern, chromate (Cr
(V1)) is the 18" most toxic and carcinogenic material released th& environment through
numerous industrial operations [1]. Cu (Il) is &t elevated concentrations, and is persistent
and bioaccumulative in the environment. Cr (VI) cemirations range from 0.5 to 270 mg ib
industrial wastewater [2, 3], though the US Envinemtal Protection Agency (EPA) permissible
limit of Cr (VI) is only 0.1 mg [*. The acceptable limits for Cu () set by the ERAd WHO
(2011) are 1.2 and 2 mg’|respectively [4-6]. Numerous studies have inges&d adsorption
and redox processes as removal mechanisms of aan@ICr (VI) from water using of a variety
of materials including natural adsorbents, wastéenas, microorganisms and macromolecules
[3, 7-14]. Recently, adsorption using nano zerentliron (NZVI), chitosan (CS), and
carboxymethyl B-cyclodextrin (CMB-CD) has attracted increased attention for use in
environmental remediation of heavy-metal ions.

Zero-valent iron powders (Behave been extensively used for in situ remediatibwater
polluted with As [15], chlorinated hydrocarbons Jl6itrate [12], Cr (VI), and Pb (Il) [17].
Special attention has recently given to insolublenf of NZVI because of its large surface area
and tremendous reducing capacity for heavy melals [n addition, the oxidation of NZVI by
water and oxygen produces ferrous iron to give ratign depending upon redox conditions and
pH [18]. This process, rendering the iron magné#cilitates the rapid separation of adsorbents
from solution.

CS is an important natural polymer, obtained by dieacetylation of chitin, in which the

amino group has a pKa value from 6.2 to 7.0, pegalificharged and soluble in acidic-to-neutral



solution, and has found extensive application ia gneen synthesis of nanoscale materials
because of its excellent biocompatibility, biodefgaility, and lack of toxicity. Recently,
adsorption of metal ions to CS has been extensistlgied because CS exerts bioadhesive
properties to form stable nanoparticles with défarmetals in solution [19, 20]. Because the
amino groups of CS have the ability to form chelattomplexes with various heavy-metal ions,
CS has been used as a material for environmemteddiation [21].

B-CD is a cyclic oligosaccharide containing a hydhapic, a polar cavity with hydroxyl
groups present on the inside and outside of tha@ycakhere is evidence that both organic and
inorganic compounds can complex wWRHCD through its cavity and hydroxyl groups [7, 22].
Recently,3-CD has been immobilized or grafted with supportivaterials, and active functional
groups have been introduced to enhance its adsorpépacity for metal ions, e.g., GMCD.
The coupling of CN-CD with functionalized CS followed by the entraprhef NZVI is
expected in this study to facilitate the removaiatals from wastewater.

In water treatment systems, direct application &¥VNmay cause iron pollution because of its
tiny particle size. In addition, NZVI exhibits higigglomeration, high mobility, lack of stability,
and low reducing specificity in water, and thus trius used with surface stabilizers such as CS,
alginate, activated carbon, and others poroustsiies [23]. If these supporting materials also
have high affinity for metal ions, the combinatiwith NZVI accelerates the overall remediation
process. The use of CS as stabilizer can facildatexification of metal ions in solution and act
as effective electron donor. In addition, the sorptmechanism along with the degree of
detoxification of heavy metal ions is also knowi2,[24-26]. Some papers have reported only
CS bearing NZVI beads for Cr (VI) and Cu (ll) renahvbut have not specially studied the

thermodynamics, kinetics and isotherms extensivalyy the removal mechanism was not



elucidated clearly for metal ions [12, 21, 24-30@]this study, NZVI was entrapped in a highly-
functioning, porous polymer CS already cross-linketthh CMpB-CD to yield CS-NZVI-CM3-CD

beads. The adsorption behavior of CS-NzZVIEMD beads were fabricated and their
adsorption behavior was characterized using Cwa(id) Cr (VI) ions in solution. The adsorption
mechanism, characteristics, thermodynamics, inflaerf different factors, kinetics, and

isotherms of CS-NZVI-CM-CD beads were also evaluated.

2. Materialsand methods

2.1 Materials

Deacetylated CS flakes (75%), called 2-amino-2-g€dx4){3-D-glucopyranan or poly-(1,4)-
D-glucopyranose amine, derived from shrimp shealid @MB-CD sodium salt were purchased
from Sigma-Aldrich (St. Louis, MA, USA). NZVI eledlytic powder finer than 100 mesh, 98%
purity, was purchased from Kanto Chemical (Tokyapah). Condensation reagent for the
synthesis of 1,3-bis(2,2-diethyl-1,3-dioxolan-4meéthyl) carbodiimide was purchased from
Tokyo Chemical Industry (Tokyo, Japan). All othéemicals were of analytical grade. Milli-Q

water (Millipore-Gradient A10, Milli-Q Gradient ZMQ) was used in the experiments.

2.2 Preparation of CS-CBCD gel

CS-NzZVI-CMB-CD beads were prepared using the commerciallyiaai CS flakes, CIg-CD
sodium salt, and NzVI. First, 1,000 ppm GM=D sodium salt in 500 mL of water was
equilibrated with 2% (v/v) acetic acid. The mixtuvas stirred for 8 h at room temperature. Then,
CS flakes without depolymerization (4.0 g) were exdtldn small portions to 200 mL of the

mixture at 333 K, which was stirred for 6 h folladvby cooling to 293 K to obtain CS-GMCD



gel. Next, 0.1 g of a solution of 1,3-bis(2,2-didth,3-dioxolan-4-yl-methyl) carbodiimide in
water (1 mL) as the condensing agent was addedmiBepto the CS-CI-CD gel. The CS-
CMB-CD gel reacted with carbodiimide was then dividestween two beakers, and used to
produce both CS-CBICD beads and CS-NZVI-CPACD beads. In addition, CS gel was

prepared by adding CS flakes (4-5 g) in small pogiinto 2% acetic acid as a control.

2.3 Preparation of CS-NZVI-CRACD beads

First, 0.1, 0.5, 1.0, or 2.0 g of NZVI was genttidad to 30 mL of CS-CBICD gel in centrifuge
tubes. The mixture was then shaken repeatedly @ftaty 15 min using a Vortex Genie 2 (USA)
to achieve homogeneous mixing of NZVI with the CBHECD gel. The resulting mixture was
then poured into a 50 mL syringe (Terumo ss-508&gan) prior to bead formation. An alkaline
bead forming solution was prepared using 3.75 M Na@d 200 mL ethanol, and was cooled to
room temperature. The mixture was dropped intoalkeline solution with constant stirring to
form CS-NZVI-CMB-CD beads [12, 27]. The addition of ethanol to #ikaline solution
prevented the immediate rusting of NZVI. A mixtues also prepared without NZVI to

produce CS-CM-CD beads as a control.

2.4 Characterization of CS-NZVI-GMCD beads

Images of the polymer were recorded using a Hit&Hi000 scanning electron microscope
(SEM; Ibaraki, Japan) on aluminum stubs adheregraphite support units using carbon tape.
For Brunauer-Emmett-Teller (BET) analysis, an awtted gas adsorption analyzer Belsorp-max,
(S/N=240) Ver. 1.2.7t (BEL Japan, Inc.) were usedmteasure the surface area. The size

distribution of the CS-NZVI-CM-CD beads was ascertained visually with a rulere Th



homogeneity of NZVI within the CS-NZVI-CBICD beads was visualized using fluorescence
microscopy (Olympus IX70). Fourier transform ingedr(FTIR) spectroscopy (FT210, Horiba,
Japan) was used to determine the presence of dmattgroups on and within the CS-NZVI-
CMB-CD beads at room temperature using KBr as thedvaokd over the range of 4000-400
cm . X-ray photoelectron spectroscopy (XPS) analysis used to detect elements such as C, O,

Cr, and Cu in the CS-NZVI-CMCD beads.

2.5 Adsorption study

Adsorption experiments were carried out using actbaquilibrium technique in aqueous
solutions at pH 2—-9 and 298-323 K. Excepting sopeeial cases, the adsorbent dosage was 0.1
g, the adsorbate dosage was 100 hghe pH was 6.0, the sample volume was 30 mL hed t
shaking time was 5 h to achieve complete equiliritihe concentrations of Cr (V1) and Cu (I1)
were measured using a flame-type atomic absorgpactrophotometer (AAS; model 180-80,
Hitachi, Japan). The lower limit of sensitivity w&01 ug mL*. To conduct equilibrium
isotherm studies, 30 mL Cu (Il) or Cr (VI) solut®of different concentrations were mixed with
100 mg of CS-NZVI-CM-CD beads at pH 6.0 and were shaken for 6 h atkk98Bl3 K, and

323 K.

3. Results and discussion

3.1 Adsorbent characterization and adsorption medras

3.1.1SEM characterization

The SEM images of the synthesized CS-NZVI{ND beads are shown in Fig. 1. The beads

were nearly blackish with a mean diameter of 2.5 (standard deviation is 0.10) (Fig. 1a).



Fluorescence microscopy images indicated that NZkd homogeneously distributed in the
interior of CS-CM3-CD with no agglomeration (Fig. 1b). Fig. 1c show® macroporous
morphology of CS-CM-CD beads prior to the entrapment of NZVI. The a&ptnent of NZVI
into CS-CM3-CD complexes was confirmed by the ashen color. (E&). The distribution of
NZVI throughout the network of pores in the beadsfurther illustrated in Fig. le with
magnification, and the internal pore wall morphglag the beads can be seen in Fig. 1f. From
these images, NZVI was completely entrapped irptites rather than within cracks on the outer
surface. This enables repeated use in water treatiaelities without the loss of iron particles
or corrosion. The pore size distribution of the BBYI-CM B-CD beads was calculated to be
3.5-8.7um, which is similar to previously reported sizes @5 beads (4.9-15.8n) [31]. Figs.

2a and b show the dry and wet forms of the syntedsCS-NZVI-CM3-CD beads, respectively.
The batch adsorption technique is shown in Fig.f@cCr (VI) removal followed by the

magnetic separation of the CS-NZVI-GMCD beads (Fig. 2d).

3.1.2BET Analysis

CS beads formed in alkaline solution undergo slagel reducing the surface area significantly.
But, an increase in the dosage of NZVI nanopasickn lead to an increase in total surface area.
Accordingly, the BET surface area of the CS-NZVI-BKID beads is obtained as 12.% gt

and the pore volume was 2.78%gT [27, 32-33]. The weight of a single dry bead wa085 g,
with NZVI constituting 50% of the total weight, arige total shrinkage of the surface area was
around 74%. NZVI may have blocked the largest pofethe CS-NZVI-CM3-CD beads. From
the adsorption-desorption (BET) isotherms, the n@wf adsorbed Nslightly increased with

increasingP/Py, indicating a small pore size distribution. In g, the contents of bound Cr



(VI) and Cu (ll) per rf of surface area of the CS-NZVI-GIMCD beads were calculated to be

16.65 and 20.81 mg Mmrespectively.

3.1.3FTIR analysis

To identify possible interactions between the CSYINZM B-CD beads and Cr (VI) or Cu (ll),
the surface functional groups of the adsorbent vebraracterized by FTIR before and after
adsorption (Fig. 3). CS-NZVI-CBICD has two characteristic peaks at 1654 and 3483, ¢
which are contributions from the N-H or C=0 and Obé&hding vibrations, respectively [34]
(line a in Fig. 3). The peaks at 1091 and 1165'amrresponded to the glycosidic vibrations of
C-O-C or C-C/C-0 stretch vibrations, indicating fresence of CIBFCD in the adsorbent [7].
After Cr (VI) reduction, the expected peak shifted1654—1653 cit, 34233443 cit, and
1091-1101 cnt (line b in Fig. 3). The peak at 569 ¢r(line b in Fig. 3) ascribe to Fe—O group
which is supported by [35]. A characteristic shpgak was observed after Cr (VI) adsorption at
2365.26, indicating the interaction of Cr (VI) withxygen-containing functional groups on the

surface and the interior of the CS-NZVI-GNCD beads [20].

The FTIR spectrum of Cu (Il) sorbed onto CS-NZVI-@H@D beads revealed that the peaks
expected at 1091, 1654, and 3423 tshifted to 1092, 1660, and 3443 ¢nrespectively (line c
in Fig. 3c). These peak shifts may also have arfsem the interaction of Cu (ll) with the
corresponding functional groups of the beads (ngatH, O—H, and COOH). It is reasonable
to assume that oxygen atoms were the main bindieg sf Cu (ll) based on the shifts of peaks
arising from oxygen containing groups [7, 27].

3.1.4 XPS characterization



XPS studies were also employed in order to undeistae adsorption mechanism of CS-NZVI-
CMB-CD beads before and after Cr (VI) or Cu (Il) refilure (Fig. 4). New peaks were observed
at 580 and 933 eV after Cr (VI) and Cu (llI) redanti respectively, corresponding to the
photoelectron peaks of Cr (Ill) and Cu (0) (Fig).4ehe N 1s spectra before Cr (VI) and Cu (Il)
reduction exhibited a peak at 398 eV, which comesis to —NH, but a new peak appeared after
Cr (V1) and Cu (ll) reduction at 397.0 eV (line i Fig. 4a). This new peak confirmed the
formation of metal-NH complexes, indicating either mono- or bidentagarids between Fe (lll)
and Cr (Ill) [19]. This process leads to protectioh the metal precipitation in solution.
Photoelectron peaks for theszmnd 2p;, levels of oxidized iron Fe (lll) were found at 7aad
724.5 eV, respectively (Fig. 4b). Notably, the ceueristic peak for NZVI at 706.5 eV was
absent because of the extensive oxidation of iFan.4c shows the Cu gp spectrum of Cu (II)

at 936 eV and the presence of the Cy.Zatellite band at 957 eV, indicating that reductad
taken place. The Cr 2p spectrum of CS-NZVI{EMD beads exhibited two characteristic peaks
at 577.3 and 586.6 eV for Cr zpand Cr 2py, respectively (Fig. 4d). These results are similar
to the binding energies of Cr (lll) and are in g@@teement with previous reports [36]. Thus, Cr

(VI) was solely reduced by NZVI in the pores of G82VI-CM 3-CD beads.

3.2 Kinetics of Cu (Il) and Cr (VI) removal over -GZVI-CMB-CD beads
Lagergren's pseudo-first-order, pseudo-second-pather diffusion models were used to analyze
the adsorption kinetics. Lagergren's first-ordeuagmpn measures the rate of adsorption by

assuming that one ion is sorbed onto one adsorptienand can be expressed as follows [37]:

In(g. —q,) =Inq, —kit (1)
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whereq; is the amount of adsorbate adsorbed (figag timet, andk; is Lagergren's first-order
rate constant (mir). k; andge at 298 K were calculated from the intercept angelof the plot
of In (ge-;) versust (Figs. 5a and c). The pseudo-second-order modgpisally applied to the

analysis of chemisorption kinetics in solution [13]

t 1 1

— = + ¢
d K9 )

wherek, (g mg'min™) is the second order rate constant apds the equilibrium sorption
capacity. The values & andqg. can be determined experimentally by plottifeg versust (Figs.

5b and d). The corresponding correlation coeffitsemerived from the second order equation
were in close agreement with those observed expetatly in compare with pseudo-first-order
model. This result suggests that the adsorptidovi@d pseudo-second-order kinetics, and that
Cr (V1) and Cu (Il) ions were adsorbed onto the KB/I-CMB-CD surface via chemical
interactions [38]. Similar trends have been obs#nvethe adsorption of Cr (VI) and Cu (Il)
from aqueous solution onto other adsorbents [7].

In addition, the initial concentration of the adsate significantly influenced the adsorption
rate of Cr (VI) and Cu (ll) onto CS-NZVI-CPACD beads. For example, the rate constants of the
removal of both Cr (VI) and Cu (ll) increased wititreasing initial adsorbate concentration.
The results obtained for Cr (VI) were differentrfrahose reported by previously [12, 27]. The
amount of Cu (Il) adsorbed at equilibrium increagech 12.4 to 44.7 mg gwhen the adsorbate
concentration was varied from 50 to 200 rifgat pH 6.0 and 298 K. Thus, the initial metal
concentration plays a key role in the adsorptidiciehcy of CS-NZVI-CM3-CD beads.

The Weber-Morris intraparticle diffusion model Hasen applied to know the rate-limiting

steps of the adsorption process,

11



q =kgt>+C 3)

wherekg is the intraparticle diffusion rate constant (mrgn®®) and C is the intercept [39].
As shown in Figs. 6a and b, the initial steep sactepresents surface sorption or film diffusion,
while the subsequent linear section indicates th@aparticle or pore diffusion is the rate

limiting step.

3.2.1 Effects of adsorbent dosage and NZVI loadings

Adsorbent dosage is an important parameter in éngoval of metal ions by adsorption. Our
studies showed that the removal of both Cr (VI) &ud(ll) increased from 60 to 80% when the
dose of CS-NZVI-CM-CD increased from 0.1 to 1 g/30 mL for initial Gf1) and Cu (II)
concentrations of 100 mgi(Figs. 6c and d). In addition, the influence of filtesence of NZVI
entrapped in the CS-NZVI-CPACD beads on the removal rates was also deterniamec (V1)

and Cu (ll) (inset in Fig. 6¢). The removal raté<o (VI) and Cu (ll) increased with increasing
iron loadings. This phenomenon can be explainethéyncreased number of active sites on the
CS-NzZVI-CMB-CD surface. However, the NZVI loading was found&dependent on the size
of the adsorbent. For example, for the 2.5 mm beadd in this study, the maximum NzZVI load

was 1 g/30 mL to avoid oxidation, corrosion, ansklof iron particles.

3.2.2 Effects of initial pH

The effect of pH on Cr (VI) and Cu (Il) removal ngi CS-NZVI-CMB-CD beads was
characterized for the pH values ranging from 2-g§9F7a and b). The removal rate of Cr (VI)
dramatically decreased with increasing pH (Fig, #&jicating that acidity played an important

role in the reduction rate of Cr (VI) and its irgetion with CS-NZVI-CM3-CD beads. Cr (VI)

12



has three predominant salt forms—-EQ,, HCrQ,~, and CrQ* —among which HCrO;, is the
dominant species at pH <1.0, HGFQs the dominant species at pH 1.0-6.0, and,£r@
dominant at pH <6.0 [27]. Generally, %F#onates its electrons to protons or chromate araou

is oxidized to Fe (lll). The protons are reducethydrogen gas, and Cr (V1) is converted into Cr
(1 [27]. As a result, the bead surface becomesreanpositively charged, establishing an
electrostatic attraction between adsorbent andrbdsn In contrast, the adsorption capacity of
CS-NzZVI-CMB-CD for Cu (Il) increased with increasing pH (Fikh). In solution, Cu can take
different forms such as &l Cu(OH), Cu(OH), Cu(OH)", and Cu(OHY*~, among which Ctf

is the dominant species at pH <6.0. Cu adsorptemreised at pH <6.0, and the ionic mobility
of [H30]" in water was abnormally high as compared with notiser ions [13, 40]. Thus, not
only by virtue of its high concentration but alsb its high mobility in solution, protons

favorably competed with metallic ions such a$'Gar surface active sites of the adsorbent.

3.3 Equilibrium isotherms

The adsorption isotherms provide insight into thetationship between the equilibrium
concentration of adsorbate in the bulk and the antsoadsorbed on the surface of adsorbent [41].
Langmuir, Freundlich, and Temkin isotherm modelsevesed to understand the adsorption

mechanism of CS-NZVI-CIg-CD at varying temperatures (Fig. 8).

The linear form of the Langmuir equation can becdbsd as follows:

C_GC ., 1
d Q Qb @
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The Langmuir isotherm parameter fits for Cr (Vida@u (Il) adsorption on CS-NZVI-CM
CD beads are in good agreement with observed bahé®f > 0.99) (Figs. 8a and b). The
adsorption capacities of Cr (VI) and Cu (Il) on G82VI-CMB-CD beads at room temperature
(298 K) were 142.8 and 250 mg grespectively. This capacity was high in comparisdth
some existing high performance adsorbents listddhbiie 1.

The Freundlich isotherm [42] is generally appliedntodel both monolayer (chemisorption)
and multilayer (physisorption) adsorption on hegereous surfaces [38, 43]. The linear form of

the Freundlich equation can be represented asnsilo

In%:EMC;HMQ (5)
n

Values ofK; andn were determined from the intercept and slope efpiot of logge versus
logCe. Values of n greater than unity were classified as L-type ieotfs, indicating
chemisorption for both Cr (VI) and Cu (Il) and esfting a high affinity between adsorbate and
adsorbent (Figs. 8c and d) [44].

The Temkin isotherm model describes indirect adsuradsorbate interactions and assumes
that the adsorption energy in the layer decredsearly with coverage [44, 45]. The Temkin

isotherm model is given in the following form:

g. =BInA+BInC, (6)

whereB = RT/b, b is the Temkin constant related to that fué sorption (J mdl), A represents
the Temkin isotherm constant ([')y R is the universal gas constant (8.314 J'#d), and T is
the absolute temperature (K). The Temkin adsorpismtherm achieved a good fit for the

adsorption data, with correlation coefficiem8.97, indicating chemisorption of the adsorbate

14



onto CS-NZVI-CM3-CD beads (Figs. 8e and f). On the basis of eafietings [46], we
concluded that the adsorption of Cr (VI) and Cy ¢hto CS-NZVI-CM3-CD beads was entirely

a chemisorption process.

3.3.1 Comparison of effectiveness of bare NZVI,GSCM-CD, and CS-NZVI-CFCD beads
in Cr (VI) and Cu (I) removal

Experiments were also conducted to compare thetafémess of bare NZVI, CS, CS-GMCD,
and CS-NzVI-CM3-CD beads in the removal of Cr (VI) and Cu (Il). WiZwas expected to
increase the removal efficiency for both Cr (VI)da@u (lI), but in reality, low removal rates
were found because of its instability, leading #xile oxidization in solution (Table 2).
Furthermore, both CS and CS-GMD also exhibited low removal rates of Cr (VI) a@d (Il)
similar to those of NZVI. In contrast, CS-NZVI-GMCD adsorbed Cr (VI) and Cu (ll) with
more than twice the efficiency of bare NZVI, CSda@S-CM-CD, indicating that multiple
amide, hydroxyl, and carboxyl functional groups amted the adsorption capability. CS-NZVI-
CMB-CD beads were also used to treat a mixture oftiadddi types of metal ions, and good

adsorption efficiency was found for each metal(dable 2).

3.4 Adsorption activation energy

The activation energy provides a basis for undedstey whether the adsorption process is
physical or chemical adsorption [47]. The activatienergy required for physical adsorption
ranges from 5 to 40 kJ miblChemical adsorption is specific and involves rsger forces, and
thus requires larger activation energies (e.g.,880-kJ motf). Thus, the activation energy

provides a basis for understanding whether the rptien process is physical or chemical

15



adsorption [48]. The Arrhenius equation can be useekstimate the activation energy involved

between the adsorbent and adsorbate as follows:

E
K, =K ex 2
2 F(RT) @)

wherek is the temperature-independent factor (G'md), E, is the activation energy of sorption

(kJ mol"), R is the universal gas constant (8.314 J'ni¢), and T is the temperature of the
solution (K) [38].

The pseudo-second-order kinetics rate constants also empirically determined for Cr (V1)
and Cu (Il) adsorption onto CS-NZVI-QMCD beads in the temperature range of 298-323 K
and at pH 6. The activation energy for Cu (ll) agson onto CS-NZVI-CM}-CD beads was
calculated as 71.99 kJ mylsuggesting that the Cu (II) ions were chemicatlgorbed onto the
CS-NZVI-CMB-CD surface. The low activation energy of Cr (V1)18.38 kJ mot* suggests the
occurrence of a redox process and both physical cdreinical adsorption processes. The
standard redox potentials of Cr (VI) and Cu (I1)3@ and 0.34 V, respectively) were different

from that of NZVI (-0.41 V) [49].

3.5 Thermodynamic studies

An adsorption isotherm study was conducted undethémal conditions at pH 6 at
temperatures ranging from 298-323 K. The thermonhyngarameters were determined from
the thermodynamic equilibrium constaldt, (or the thermodynamic distribution coefficienther
standard Gibbs free energy chamy®° (kJ mol?), standard enthalpy changéi® (kJ mor?),
and standard entropy changg° (J mol'* K™) were also determined [38] The enthalpyH¢)

and entropy4S°) changes for Cr (VI) were 11.39 KJ rifand 0.041 KJ mdi K™, respectively,

16



suggesting endothermic adsorption onto CS-NZVIfaGD beads [7, 38]. In contrast, the
negative values oAH° (-6.24) andAS’ (-0.01) confirmed the exothermic nature of adsorp
for Cu (I1). They indicate the affinity of Cu (Itpwards the surface functional groups of the CS-

NZVI-CM B-CD beads [7, 38].

3.6. A possible mechanism of metal adsorption iIANZY1-CM 3-CD

This study was conducted to develop a new compdsitethe remediation of wastewater
polluted with heavy metals. The removal efficiermeyd mechanisms were investigated by fitting
the data into different sorption kinetics, isotheramd thermodynamic models. The results
affirmed the successful synthesis of CS-NZVI-EGKD beads with enhanced removal efficiency.
In addition, the detailed removal mechanism of @) &nd Cu (II) by CS-NZVI-CM-CD beads
was remarkably well-characterized, as outlined ig. B. The entrapment process yielded a
stable and spherical composite bead with magnétécacteristics, as shown in Fig. 9a. The
surface of the beads featured the free amino amldoRyl groups of CS in addition to the
hydroxyl and carboxylate groups introduced by 2@D. Thus, the surface was enriched with
functional groups that facilitated the accumulatasrboth Cr (VI) and Cu (II) on the surface or
inside the adsorbent (Fig. 9b). After sufficientfane adsorption, the metal ions entered the CS-
NZVI-CMB-CD beads by redox potential forces and reactett WizVI. Cr (VI) and Cu (Il)
were reduced to Cr (Ill) and Cu (0), respectiveifpile NZVI was oxidized to Fe (Ill) on the
pore surface of CS-NZVI-CBICD (Fig. 9c). By combining the above mechanismg w
concluded that the reduction of metal ions and dkilation of NZVI to Fe (lll) occurred
synergistically, and that the reactions proceedecbmplete under our experimental conditions

[12]. The results of the sorption kinetics and o studies conclusively confirmed the
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mechanism described above. The CS-NZVI{£0D beads are not only an ideal candidate as a
high-efficiency adsorbent for the removal of Cy @hd Cr (VI) from water but are also easily
magnetically collected after adsorption. It is eipéated that the versatile method presented here
can be extended to induce the assembly of fundtiN@d/l, CS, and CM}-CD into different

composites with multi-functionalities for differeapplications.

4. Conclusion

CS-NzVI-CMB-CD beads have been successfully produced by simgeegnation methods of
NzZVI in CS-CMB-CD complex. SEM, FTIR, BET and fluorescence micopy analyses
showed that the NZVI particles were homogeneousisapped into the pore spaces of CSfzM
CD complex. Batch adsorption studies showed higa@ioval efficiency via chemical reduction
of NZVI and sorption by the functional groups of @sd CM3-CD. The synthesized CS-NZVI-
CMB-CD beads showed that combined effects of hightpelised NZVI particles and highly
functional CS-CM-CD surface give a fast kinetics to remove bott{\@y and Cu (Il). Removal
rates increased with increasing initial concerratdf metals and NZVI dosage at pH 6. The
adsorption capacity was found to be 200 mg/g adr2§/g for Cr (V1) and Cu (Il), respectively.
These values are higher than some existing adsistb€he adsorption mechanism is mostly
chemisorption with surface sorption and pore difinsas the rate-limiting step. In addition, the
enrichment of Cr (VI) and Cu (ll) inside the beadsspassed by strong redox potential of NZVI
facilitates the metal to reduce into Cr (Ill) and @). The free amino groups, hydroxyl groups
and carboxylic groups were considered to be alspamsible for adsorption of metal ions. The
equilibrium data showed a better fit by both Langmand Temkin isotherm indicating

monolayer adsorption and chemisorption technigaspectively. Thermodynamic data reveals
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that the adsorption of Cr (VI) and Cu (ll) was etidwmic and exothermic, respectively. The
strong magnetic properties of the CS-NZVI-GI@D beads facilitated easy separation from

solution.

Conflict of interest statement

The authors declare that there are no conflictatefest.

Acknowledgements
The authors are greatly indebted to Professor N@&AKAIRI, Professor Bunshi FUGETSU,
Professor Syunichi Kawaguchi, Mr. A.K. Vipin, DraRin Begum, and Mr. Motahar Hossain

for useful discussions and directions regardings BEM, BET, and XPS analysis.

References

[1] J.L.G. Torresdey, K.J. Tiemann, V. Armendariz, Glegerization of Cr (VI) binding and
reduction to Cr(lll) by the agricultural byproduat$ Avena monida (Oat) biomass, J.
Hazard. Mater. 80 (2002) 175-188.

[2] J.W. Patterson, Industrial Wastewater Treatmenhii@ogy, second ed., Butterworth-
Heinemann, London, 1985.

[3] N.D. Tumin, A.L. Chuah, Z. Zawani , S.A. Rashid, sddption of copper from aqueous
solution byElais Guineensi&ernel activated carbon, J. Environ. Sci. TechB8q[2008)
180-189.

[4] EPA. Drinking water standard, Environment Protecthgency., EPA Fact Sheet, 15-F-
92010, (2007). Avaiable from: http://www.epa.gowseater/contaminants/index.html.

[5] WHO (World Health Organization), Guidelines for Bking Water Quality-1,
Recommendations, fourth ed., World Health OrgaimonaiGeneva, 2011.

[6] M.T. Sikder, Y. Kihara, M. Yasuda, Yustiawati, Y.ihra, S. Tanaka, D. Odgerel, B.
Mijiddorj, S.M. Syawal, T. Hosokawa, T. Saito, Mukasaki, River Water Pollution in
Developed and Developing Countries: Judge and Assast of Physicochemical
Characteristics and Selected Dissolved Metal Cdanaon, Clean: Soil, Air, Water, 41
(2013) 60-68.

19



[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

[21]

A.Z.M. Badruddoza, A.S.H. Tay, P.Y. Tan, K. Hidajs.S. Uddin, Carboxymethyi-
cyclodextrin conjugated magnetic nanoparticles asoradsorbents for removal of
copper ions: Synthesis and adsorption studiesadatd. Mater. 185 (2011) 1177-1186.
T. Aman, A.A. Kazi, M.U. Sabri, Q. Bano, Potato |seas solid waste for the removal of
heavy metal copper(ll) from waste water/industefiluent, Colloids Surf., B. 63 (2008)
116-121.

M.M. Rao, A. Ramesh, G.P.C. Rao, K. Seshaiah, Ratr@iv\Copper and Cadmium from
the Aqueous Solutions by Activated Carbon Deriveaimf Ceiba Pentendra Hulls, J.
Hazard. Mater. 129 (2006) 123-129.

A. Ozer, D. Ozer, A. Ozer, The Adsorption of Cogfierions onto Dehydrated Wheat
Bran (DWB): Determination of the Equilibrium andd@fimodynamic Parameters, Process
Biochem. 39 (2004) 2183-2191.

T.N. Castro Dantas, A.A. Dantas Neto, M.C.P. De Auk&, E.L. Barros Neto, E. Paiva
Telemaco, Chromium adsorption by chitosan impreghawith microemulsion,
Langmuir, 17 (2001) 4256—-4260.

B. Geng, Z. Jin, T. Li, X. Qi, Kinetics of hexavatechromium removal from water by
chitosan-F&nanoparticles, Chemosphere, 75 (2009) 825-830.

M.T. Sikder, T. Kikuchi, J. Suzuki, T. Hosokawa, Jaito, M. Kurasaki, Removal of
Cadmium and Chromium lons Using Modifieg 8, andy-Cyclodextrin Polymers, Sep.
Sci. Technol. 48 (2013), 587-597.

Y. Sa, Y. Aktay, Mass transfer and equilibrium sésdfor the sorption of chromium ions
onto chitin, Process Biochem. 36 (2000) 157-173.

A.L. Roberts, L.A. Totten, W.A. Arnold, D.R. BurrisT.J. Campbell, Reductive
Elimination of Chlorinated Ethylenes by Zero-Valévietals, Environ. Sci. Technol. 30
(1996) 2654-2659.

H. Zhua, Y. Jia, X. Wua, H. Wanga, Removal of aisérom water by supported nano
zero-valent iron on activated carbon, J. HazardekMd 72 (2009) 1591-1596.

S.M. Ponder, J.G. Darab, T.E. Mallouk, RemediataénCr (V1) and Pb(ll) agueous
solutions using supported nanoscale zerovalent Emviron. Sci. Technol. 34 (2000)
2564-2569.

S.R. Kanel, B. Manning, L. Charlet, H. Choi, Remlowa Arsenic (lll) from
Groundwater by Nanoscale Zero-Valent Iron, EnvirBaoi. Technol. 39 (2005) 1291
1298.

A.J. Varma, S.V. Deshpande, J.F. Kennedy, Metal ptexation by chitosan and its
derivatives: a review, Carbonhydr. Polym. 55 (2004)}93.

C. Liu, R. Bai, Q.S. Ly, Selective removal of copped lead ions by diethylenetriamine
functionalized adsorbent: behaviors and mechanigvaser Res. 42 (2008) 1511-1522.
Y.C. Chang, D.H. Chen, Preparation and adsorptropgsties of monodisperse chitosan-
bound FeO, magnetic nanoparticles for removal of Cu (ll) ipdsColloid Interface Sci.
283 (2005) 446-451.

20



[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]
[30]

[31]

[32]
[33]
[34]

[35]

[36]

[37]

T.J. Malefetse, B.B. Mamba, R.W. Krause, M.M. Mahita, Cyclodextrin-ionic liquid
polyurethanes for application in drinking wateratreent, Water SA. 35 (2009) 729-734.
F. He, D. Zhao, Preparation and characterizatiora afew class of starch-stabilized
bimetallic nanoparticles for degradation of chlated hydrocarbons in water, Environ.
Sci. Technol. 39 (2005) 3314-3320.

C. Shen, H. Chen, S. Wu, Y. Wen, L. Li, Z. Jiang, M, W. Liu, Highly efficient
detoxification of Cr(VI) by chitosan—Fe(lll) compleProcess and mechanism studies, J.
Hazard. Mater. 244-245 (2013) 689-697.

V. M. Boddu, K. Abburi , J. L. Talbott, E. D. SmjtRemoval of Hexavalent Chromium
from Wastewater Using a New Composite Chitosan @lwent, Environ. Sci. Technol.
37 (2003) 4449-4456.

A.C. Zimmermann, A. Mecabo, T. Fagundes, C.A. Rnges, Adsorption of Cr(VI)
using Fe-crosslinked chitosan complex (Ch—Fe)azatl. Mater. 179 (2010) 192-196.
T. Liu, L. Zhao, Desheng Sun, Xin Tan, Entrapmehnanoscale zero-valent iron in
chitosan beads for hexavalent chromium removal fn@astewater, J. Hazard. Mater. 184
(2010) 724-730.

R.B. Hernandez, A.P. Franc, O.R. Yola, A. Lopezdadb, J. Felcman, M.A.L. Recio,
A.L.R. Merce, Coordination study of chitosan and"F&. Mol. Struct. 877 (2008) 89-99.
E. Guibal, Interactions of metal ions with chitodzased sorbents: a review, Sep. Purif.
Technol. 38 (2004) 43-74.

J.M. Nieto, C. Penichecovas, J. Delbosque, Prdparaand characterization of a
chitosan—Fe(lll) complex, Carbohydr. Polym. 18 (2p221-224.

T.Y. Guo, Y.Q. Xia, G.J. Hao, M.D. Song, B.H. Zhanidsorptive separation of
hemoglobin by molecularly imprinted chitosan beaBmmaterials, 25 (2004) 5905-
5912.

M.R. Ayers, A.J. Hunt, Synthesis and propertieschitosan-silica hybrid aerogels, J.
Non-Cryst. Solids, 285 (2001) 123-127.

A. Kamaril, W. S. W. Ngah, L. Liew, Chitosan andeatically modified chitosan beads
for acid dyes sorption, J. Environ. Sci. 21(20094-2302.

W. Wang, Z.H. Jin, T.L. Li, H. Zhang, S. Gao, Pneggi@n of spherical iron nanoclusters
in ethanol-water solution for nitrate removal, Closphere, 65 (2006), 1396—-1404.

A. Gupta, M. Yunus, N. Sankararamakrishnan, Zeemalron encapsulated chitosan
nanospheres — A novel adsorbent for the removadtaf inorganic Arsenic from aqueous
systems, chemosphere, 86 (2012) 150-155.

B.A. Manning, J.R. Kiser, H. Kwon, S.R. Kanel, Spescopic investigation of Cr(Ill)
and Cr (VI) treated nanoscale zerovalent iron, EmviSci. Technol. 41 (2007) 586-592.
S. Lagergren, Zur theorie der sogenannten adsargBtester stoffe, Kungliga Svenska
Vetenskapsakad Handl. 24 (1898) 1-39.

21



[38]

[39]

[40]

[41]
[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

H.K. Boparai, M. Joseph, D.M. O’Carroll, Kineticachithermodynamics of cadmium ion
removal by adsorption onto nano zerovalent irortigdas, J. Hazard. Mater. 186 (2011)
458-465.

F.C. Wu, R.L. Tseng, R.S. Juang, Initial behavibintraparticle diffusion model used in
the description of adsorption kinetics, Chem. Ehd.53 (2009) 1-8.

A.F. Maria, F.G. Carmen, A.D. Manuel, G.S. Vicenfglsorption of cadmium on
carbonaceous adsorbents developed from used biberul. Environ. Manage. 92 (2011)
2193-2200.

J. Eastoe, J.S. Dalton, Dynamic surface tensioradsdrption mechanisms of surfactants
at the air water interface, Adv. J. Colloid IntedaSci. 85 (2000) 103-144.

H. Freundlich, Uber die adsorption in I6sungen ¢apigon in solution), Z. Phys. Chem.
57 (1906) 384-470.

B.H. Hameed, D.K. Mahmoud, A.L. Ahmad, Equilibriumpdeling and kinetic studies
on the adsorption of basic dye by a low-cost adsurbcoconut (Cocos nucifera) bunch
waste, J. Hazard. Mater. 158 (2008) 65-72.

M.J. Temkin, V. Pyzhev, Recent modifications to ¢amir isotherms, Acta Physiochim.,
URSS 12 (1940) 217-222.

H. Zheng, Y. Wang, Y. Zheng, H. Zhang, S. Liang, IMng, Equilibrium, kinetic and
thermodynamic studies on the sorption of 4-hydriveyml on Cr-bentonite, Chem. Eng.
J. 143 (2008) 117-123.

K. Biswas, S.K. Saha, U.C. Ghosh, Adsorption obfide from aqueous solution by a
synthetic iron(lll)-aluminum(lll) mixed oxide, IndeEng. Chem. Res. 46 (2007) 5346—
5356.

E.l. Unuabonah, K.O. Adebowale, B.l. Olu-Owolabin&tic and thermodynamic studies
of the adsorption of lead (Il) ions onto phosphatedified kaolinite clay, J. Hazard.
Mater. 144 (2007) 386—395.

A. Ozcan, A.S. Ozcan, O. Gok, Adsorption kinetical asotherms of anionic dye of
reactive blue 19 from aqueous solutions onto DTMAiglite, in: A.A. Lewinsky (Ed.),
Hazardous Materials and Wastewater—Treatment, Rehamd Analysis, Nova Science
Publishers, New York, 2007.

X.Q. Li, W.X. Zhang, Sequestration of metal catianith zerovalent iron nanoparticles-
a study with high resolution X-ray photoelectroecposcopy (HR-XPS), J. Phys. Chem.
C, 111 (2007), 6939—-6946

M. Dakiky, M. Khamis, A. Manassra, M. Mer’eb, Sdige adsorption of chromium (V1)
in industrial wastewater using low-cost abundaathailable adsorbents, Adv. Environ.
Res. 6 (2002) 533-540.

Z. Aksu, F. Go'nen, Z. Demircan, Biosorption ofamium (VI) ions by Mowital B30H
resin immobilized activated sludge in a packed li&mmparison with granular activated
carbon, Process Biochem. 38 (2002) 175-186.

22



[52]

[53]

[54]

[55]

T.S. Anirudhan, P.S. Suchithra, Synthesis and Gheniaation of Tannin-Immobilised
Hydrotalcite as a Potential Adsorbent of Heavy M&ias in Effluent Treatments, Appl.
Clay Sci. 42 (2008) 214-223.

H. Chen, Y. Zhao, A. Wang, Removal of Cu (ll) frovgqueous Solution by Adsorption
onto Acid-Activated Palygorskite, J. Hazard. Matet9 (2007) 346—354.

T.S. Anirudhan, S.S. Sreekumari, Adsorptive RemavhlHeavy Metal lons from
Industrial Effluents Using Activated Carbon Derivebdm Waste Coconut Buttons, J.
Environ. Sci. 23 (2011) 1989-1998.

N. Li, R.B. Bai, Copper adsorption on chitosan—dele hydrogel beads: behaviors and
mechanisms, Sep. Purif. Technol. 42 (2005) 237-247.

23



Figure Captions

Fig. 1. SEM and fluorescence images of CS-NZVI-EKD beads at different magnifications;
(a) SEM image; (b) fluorescence image showing th@dgeneous distribution of NZVI within
the beads; (c) the internal network of the pore€8fCM3-CD beads; (d) the incorporation of
NZVI into the pores; (e) incorporation of NZVI aigher magnification; (f) the morphology of

the pore wall.

Fig. 2. The size and shape of the synthesized CS-NZVB&ND beads: (a) dry beads; (b) wet
beads; (c) application of the synthesized beadbsaiich adsorption for Cr (VI) removal; (d)
magnetic separation of the beads after treatment.

Fig. 3. FTIR spectra of CS-NZVI-CBCD beads. Spectrum a: before metal ion adsorption;
spectrum b: after Cr (VI) sorption; spectrum ceafCu (ll) sorption. Initial Cr (V1) and Cu (II)
concentrations, 100 mg't. adsorbent dose, 0.12 g; pH 6; temperature, 298 K.

Fig. 4. XPS general spectra of CS-NZVI-GMCD beads. (a) Typical wide range spectrum (1)
before and after (2) Cr (VI) and (3) Cu (ll) adgoop; (b) high resolution Fe 2p XPS spectrum
of CS-NZVI-CMB-CD beads; (c) Cu 2p core level spectrum; (d) Cr Zpspectrum. Initial Cr
(VI) and Cu (Il) concentrations, 100 m@-Ladsorbent dose, 0.12 g; pH 6; temperature, 298 K.

Fig. 5. Pseudo-first-order kinetic model for (a) Cr (VI)dafc) Cu (ll) adsorption as well as
pseudo-second-order kinetic model for (b) Cr (\igidd) Cu (I1) adsorption by CS-NZVI-CpA
CD beads at various concentrations.

Fig. 6. Intraparticle diffusion model fit for (a) Cr (VBnd (b) Cu (Il) adsorption on CS-NZVI-
CMB-CD beads at different concentrations. Effectsdgaabent dose on (c) NZVI loadings (c,

inset).

Fig. 7. Effect of pH on the adsorption of (a) Cr (VI) afl®) Cu (ll) by CS-NzZVI-CM3-CD
beads. Initial Cr (V1) and Cu (Il) concentratiod§0 mg L*; pH 6; temperature, 298 K.

Fig. 8. Linearized equilibrium isotherms. (a) Langmuir; faeundlich; (c) Temkin isotherms for
Cr (V1) and Cu (Il) adsorption on CS-NZVI-CBACD beads at different temperatures.
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Fig. 9. Removal mechanism of Cr (VI) and Cu (Il) by CS-NAYWB-CD beads in schematic
form. (a) Functional groups are exposed on theasarbf the newly synthesized CS-NZVI-GM
CD beads; (b) the beads are exposed to solutiomioamy Cr (V1) and Cu (Il), which initially
accumulate on the surface; (c) after some timejahg enter the interior of the beads and react

with NZVI, leading to reduction to Cr (lll) and GQ).
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