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Chitosan (CH) and its derivatives have been the focus of attention for researchers as potential adsorbents
for heavy metal removal. The adsorption potential of chitosan cross-linked with diethylenetriamine-
pentaacetic acid (CD) for Cré* was investigated. CD was characterized by FTIR, XRD, TGA, XPS and ESR
techniques. Batch experiments were conducted to optimize the parameters affecting the adsorption of
chromium. The optimum pH was found to be 3 and the adsorption process was found to be exothermic.
Adsorption isotherms were determined and the maximum adsorption capacity of CD for chromium was
found to be 192.3 mg/g which was higher than the adsorption capacity of the adsorbents reported in

K ds: . . . .
A?;‘évgﬁzn literature. The thermodynamic parameters, such as Gibbs free energy, changes in enthalpy and changes
Chitosan in entropy change were also evaluated. XPS and ESR studies revealed that Cr adsorbed onto CD was

Diethylenetriaminepentaacetic acid reduced to Cr3*. The efficacy of CD for removal of Cr®* from chrome plating effluent was demonstrated.

Chrome-plating effluent

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Chromium is one of the major contaminants in wastewater as
it is widely used in industries, the most important sources being
pigments, electroplating, leather and mining industries. Chromium
is present in the aqueous environment as Cr3* and Cr®*, Hexavalent
chromium exists in water as oxyanions such as chromate (HCrO4~)
and dichromate (Cr,072) [1]. While Cr3* is essential to human
metabolism at low concentrations, CrS* is toxic and carcinogenic
[2]. Due to its severe toxicity, US EPA and ISS India IS: 10500 set the
tolerance limit for the discharge of Cr6* ions into surface water as
0.1 mg/L and in potable water as 0.05 mg/L [3,4].

Cr% is mainly removed from wastewaters by its reduc-
tion to Cr3* with the use of various chemical reductants and
microorganisms which require the use of expensive and toxic
chemical reductants/nutrients [5,6]. Furthermore, cell death also
occurs due to the toxicity of Cr6*. Bio-adsorption using agro-
waste/biomass and biopolymers has been adopted as an effec-
tive method to remove chromium and other toxic metals from
aqueous environments [7-9]. During the past three decades,
the use of CH as a bio-adsorbent has been gaining increased
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attention [10]. The adsorption and chelating properties of chi-
tosan were further improved by functionalization or derivatization
[11]. For instance, CH has been modified by different ligands
such as barbituric acid, oxine, glycine, iminodiaceticacid (IDA),
ethyleneglycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid
(EGTA), ethylenediaminetetraacetic acid (EDTA) and diethylenetri-
aminepentaacetic acid (DTPA) [5,12-19]. Evelina Repo et al. have
used EDTA-modified CH for the removal of Co(Il) in the presence
of EDTA and other interfering species from aqueous solutions [20].
They also had modified CH-silica hybrid with EDTA and used them
as adsorbent for the removal of cobalt, nickel, cadmium and lead
ions from aqueous solutions [21]. They further have reviewed the
use of amino polycarboxylic acid functionalized adsorbents for the
removal of heavy metals from water [22]. Chitosan grafted with
poly(ethylene imine) and cross-linked with epichlorohydrin has
been used by Kyzas et al. for the simultaneous removal of a reac-
tive dye and Crb [23]. They also had investigated the potential of
N-(2-carboxybenzyl)-grafted CH for the removal of both positively
charged (Cu(Il), Ni(Il)) and negatively charged (Cr(VI), As(V)) metal
ions from aqueous solutions as well as succinyl grafted chitosan for
the removal of zinc and cationic dye from binary mixtures [24,25].
Zarebsiki first used DTPA for the determination of trace levels of
Cr3* using several polarographic techniques [26]. This method has
beenimproved using a hanging mercury drop electrode (HMDE) for
the speciation analysis of chromium in different media. The com-
plexation of Cr3* and Cr5* with diethylenetriaminepentaacetic acid
(DTPA), the redox behavior of these complexes and their adsorption
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on the mercury electrode surface were investigated by Sander et al.
using electrochemical techniques and UV-vis spectroscopy [27].

DTPA-modified chitosan as well as silica gel have been used
by Evelina Repo et al. for the removal of cobalt as its EDTA com-
plex [28]. However, the adsorption potential of CD for chromium
has not been studied earlier. Bearing these factors in mind it was
felt that chemical modification of CH with diethylentriaminepen-
taacetic acid (DTPA) may result in an adsorbent for chromium with
interesting binding properties. Our objective was thus to synthe-
size chitosan DTPA complex and study its potential for adsorption
of Cr®* as well its reduction to Cr3*. The potential of CD in the treat-
ment of chrome plating effluent with minimum manipulation in
original pH of the effluent has also been investigated.

2. Materials and Methods
2.1. Materials

All the reagents used were of AR grade. CH from Crab shells
(Sigma Aldrich, USA) and DTPA (National Chemicals, India) were
used as such without further grinding and sieving.

2.2. Synthesis of adsorbents (chitosan crosslinked with DTPA)

A100ml of 1% CH in 1% acetic acid solution was added to 100 ml
of 0.5M solution of DTPA (DTPA dissolved in 0.41 M NaOH) and
stirred for 24 h for the formation of cross-linked CH with DTPA
(CD). A white gel material was formed which was then filtered,
washed with double distilled water to neutral and dried overnight
in vacuum oven at 30°C. The material was then crushed well and
sieved with mesh size of 180 microns for obtaining uniform size of
adsorbent.

2.3. Preparation of metal solutions

Stock solution of 1000 ppm CrS* was prepared by dissolving
5.6653 g of potassium dichromate (99.92% assay) in 1L of double-
distilled water. Working standards were prepared by diluting
different volumes of the stock solution to obtain the desired con-
centration.

2.4. Batch adsorption experiments

Batch adsorption experiments were conducted at 30 °C by agi-
tating 0.05g adsorbent with 25ml of Cré* solution of desired
concentration at optimum pH (pH 3) in 100 ml of stoppered conical
flask in thermostated rotary mechanical shaker at 200 rpm for 4 h
at 30°C except for pH optimization experiments. The pH range at
which the maximum chromium uptake occurred was determined
by varying the initial pH of the solution in the range 1-11 using
H,S04 and NaOH. The optimum equilibrium time was determined
by varying the contact time in the range of 60-240 min. In each
experiment, after agitation the contents of the flasks were filtered.
The Cr6* concentration in the filtrate was subsequently determined
colorimetrically at 540 nm by UV Spectrophotometer (Jasco V630
model) after complexation with 1,5-diphenylcarbazide [29]. The
uptake of Cr%* was calculated according to Eq. (1).

Ci —Ce
m

Qe = (1)
where Q. represents the amount of Crf* adsorbed per gram of
adsorbent and m represents the mass of adsorbent in g/L. G; and
Ce (ppm) are the initial and equilibrium (after adsorption) con-
centrations of Cr®* in solution, respectively. In order to ensure the
reproducibility of results, experiments were replicated three times

Table 1

Isotherm model constants for Crf*-loaded CD.
Freundlich Langmuir
Ki(Lg™1) 5.7524 K. (Lmmol-') 0.0098
N 1.8423 qm (Mg/g) 192.31
r? 0.9889 2 0.983
Temkin-1 Halsey
Kt (Lmmol-1) 0.1352 ku (Lg™1) 4.4042
2 0.9984 Ny -1.5694

2 0.9918

Elovich F-H Isotherm
qm (Mg/g) 77.4593 Nfh —3.2584
Kg (Lmmol 1) 0.0294 2 0.9955
r? 0.9977 Kfh 0.0001
Lngm 4.3497

and data presented were the mean values from these independent
experiments.

Adsorption isotherms were determined by the treatment of
0.05 g of CD with 50 ppm Cr®* in a rotary mechanical shaker. After
agitation, the contents of the flasks were filtered. The concentration
of Cr®" remaining in the solution was determined. The experi-
ments were replicated three times and data presented were the
mean values from these independent experiments. The results of
experimental measurements were plotted in the form of adsorption
isotherms and the standard deviations for the replicate measure-
ments were expressed as error bars in Figs. S1 and S2. Attempts
were made to fit the equilibrium metal sorption isotherm data to a
number of well-known models (Table S1 [44-49]) like linear forms
of Freundlich, Langmuir, Temkin, Flory-Huggins and Halsey to gain
insights into the processes governing adsorption. The results are
shown in Table 1.

The efficiency of the adsorption process was also assessed by
treating the kinetic sorption data of Cr®* onto CD with pseudo-first-
order, pseudo-second-order, intraparticle diffusion, Bangham and
Liquid film diffusion models (Table S2 [50-55]). The values of cor-
relation coefficients and standard deviation were used to compare
the models which are shown in Table 2.

The thermodynamic parameters of the adsorption process could
be determined from the experimental data obtained at various tem-
peratures using Eqs. (2)-(4):

Kg=2 (2)
Ce
AS° AH°
In Kd =R RT (3)
AG® = AH® — TAS® (4)
Table 2
Kinetic parameters for Cr®*-loaded CD.
Pseudo-second-order Lagergren
Typel qc (mg/g) 5.6798
Experimental g; (mg/g) 20.631 K 0.0147
q: (mg/g) 21.5331 r2 0.9972
K 0.0042 Intraparticle
r? 0.9999 K 0.2956
Type2 r? 0.9741
q: (mg/g) 21.3903 Elovich
K 0.0046 B 0.6031
r? 0.9919 A 1817.8
Type3 r 0.9962
q: (mg/g) 21.4007 Liquid film diffusion model
K 0.0046 Krp 0.0147
r? 0.9898 r? 0.9973
Type4 Bangham
g: (mg/g) 21.4172 Km —34.2082
K 0.0045 A 0.1998
r? 0.9897 r? 0.9992
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Thermodynamic parameters for adsorption of Cr* onto CD.

Temperature (°K)

AG kcal/mole

303 -2.1637
313 —0.7683
323 0.6271
333 2.0225
343 3.418
AH (kcal/mol) —44.445
AS (cal/mol °K) —139.542

where Ky is the distribution coefficient. The values of AH® and AS®
can be calculated from the slope and intercept of the plots of In Ky
against 1/T and are shown in Table 3.

2.5. Characterization techniques

FTIR spectra of the samples in the form of KBr pellets were col-
lected with 8 cm~! resolution using a Perkin Elmer RX1 model in
the wave number range 400-4000 cm~! by accumulating 16 scans.
The surface morphology of CD before and after adsorption of Cr6*
was studied with JSM 5610 LV scanning electron microscope. Ele-
mental spectra were obtained using an energy-dispersive X-ray
analyzer (EDS) which allowed qualitative detection and localiza-
tion of elements present in CD before and after Cr®* adsorption. XRD
analysis of CD before and after Cr®* adsorption was done using PAN-
alytical’sX’PertPRO XRD instrument in the 26 range 0-100 using
nickel-filtered Cu Ko radiation. EPR spectra were recorded at room
temperature using a JES-FA200 ESR JEOL Spectrometer operated
in the X-band operating at ~9.65 GHz with a field modulation fre-
quency of 100.00 kHz. Thermogravimetric analysis (TGA) was done
using EXSTAR6000 TG/DTA6300-1 instrument. The measurements
were carried out under a nitrogen atmosphere using a heating
rate of 10°C per minute temperature in the temperature range
30-500°C. The DSC thermograms were recorded by heating 1.9 mg
CH and 2.2 mg CD of samples in the temperature range 30-500°C
with a ramp of 10°C per minute in a nitrogen stream of 50 ml/min
using 822EN Mettler Toledo Model instrument. The KRATOS AXIS
Ultra HSA was used for XPS analysis, the de-convolution process of
C 1s spectra as well as the elemental composition evaluation may
result in an error of up to 5%. All spectra are presented charge bal-
anced and energy referenced to C 1s at 284.6 eV. Chemical states of
O, N and C species were determined from the charge corrected hi-
resolution scans. The atomic concentrations were estimated based

on comparisons of integrated peak intensities normalized by the
atomic sensitivity factors.

2.6. Desorption

For desorption studies, 0.05g of CD preloaded with Cré* was
equilibrated with 25 ml solutions of 0.1 M of NaOH, H,SOg4, HCl and
HNO3 for 120 min. The contents of the flasks were filtered and the
chromium content in the filtrate was determined by ICP. Three con-
secutive adsorption-desorption cycles were carried out to test the
reusability of CD.

2.7. Application to chrome plating effluent

The efficiency of CD to remove chromium from an effluent from
a chrome plating industry of GIDC, Ankleshwar, India, was exam-
ined. The sample from chrome plating effluent contained not only
chromium, but also other metals. 1M HNO3; was used to adjust
the pH of the effluent to 3 and the concentration of metals after
adsorption using 0.05 g CD was determined through ICP.

3. Results and Discussion
3.1. Characterization of CD

3.1.1. IR spectra analysis

The FT-IR spectrum (Fig. 1) of CH showed characteristic bands
corresponding to O—H and N—H stretching vibrations at 3619 and
3420 cm™, respectively. The C—H and the C—O stretching vibra-
tions were obtained at 2857 and 1051 cm~!, respectively. The N—H
bending vibration at 1650 cm~! is shifted to 1653 cm~! after graft-
ing with DTPA. Similarly, the C—N bending vibration observed at
1393 cm! resulted in a shift to 1398 cm~!. These changes could
be attributed to the effective grafting of DTPA onto chitosan. The
FT-IR spectrum of CD showed bands at 1699, 1398 and 1145 cm™!
due to C=0, C—0 and C—N stretching, respectively. It is observed
that the 1557 cm~! band due to N—H bending vibration of amide II
shifted to 1541 cm~! indicating the formation of imide bond in CD.
The IR spectrum of metal-loaded adsorbent is also shown in Fig. 1.
Crb* exists mainly as hydrogen chromate (HCrO4~) and dichro-
mate (Cr,072~) species in acidic medium. Characteristic peaks due
to Cr=0 and Cr—O were observed in the IR spectrum at 875 and
671 cm™1, respectively.

Cré~ loaded CD

40000 3600 3300 2800 2400 2000 1800

1600 1400 1200 1000 00 €00 4000

@t

Fig. 1. FTIR spectra of CH, CD and Cr%*-loaded CD.
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Fig. 2. (a) SEM and (b) EDAX of CD and Cr5*-loaded CD.

3.1.2. SEM and EDAX analysis
Fig. 2a and b shows the SEM and EDAX images of CD and Cr6*-
loaded CD. CD did not look porous suggesting that the adsorption

properties could be mainly attributed to the functional groups on
its surface.

3.1.3. XRD

The X-ray diffraction spectra of CD (Fig. 3) show crystalline
areas 260=10°, 20°, 26° and 73° (due to grafting of DTPA at the CH
backbone), while no such peaks are visible in the XRD of pristine
CH. It is observed that the adsorbent has become amorphous after

adsorption of chromium with a broad peak at 34.5° confirming the
presence of chromium [30,31].

3.1.4. ESR

ESR spectra of CD and Cr%*-loaded CD are shown in Fig. 4. ESR
spectra of Cr®*-loaded adsorbent showed a signal with g value
of 1.9839 which could be attributed to the exchange coupling
between Cr3*-Cr3* ion pairs or large clusters of Cr3* suggesting
that adsorption of CrS* onto CD has resulted in its reduction to Cr3*

Cr%* Loaded CD

\‘—\'—-“ - ——

0 10 20 30 40 50 60 70 80
Position 2 Theta (Copper (Cu))

Fig. 3. XRD spectra of CD and Cr*$-loaded CD.

[32]. Reduction of Cr* to Cr3* was also reported by Nakajima and
Baba [33] on the surface of persimmon tannin gel and Araujo et al.
[34] on termite’s nest.

3.1.5. TGA and DSC

TGA curves of CH and CD are shown in Fig. 5a. It is seen that there
are two weight loss steps in CH and CD. The first one occurred at
around 100°C corresponding to 5 and 8% loss, respectively, for CH
and CD which can be attributed to the loss of adsorbed and bound
water. This was followed by another weight loss starting at ~240°C
for CH and ~255 °C for CD which can be attributed to deacetylation
of chitosan in CH and both degradation of DTPA and deacetylation
in CD.

The DSC curve in Fig. 5b of CD shows two peaks: an endothermic
peak at 77.18°C and an exothermic peak at 302.8 °C which could
be attributed to evaporation of water from the polymer and oxida-
tive degradation as well as deacetylation [35]. The glass transition
temperature of CD was observed to be at 301 °C while for CH it was
observed at 306 °C. It was observed that there was a small increase
in the decomposition temperature of CD as compared to chitosan.

Cr*" Loaded CD

(A] 340.303;g=1.98391
\/’c—;—"w

(A]317.231;g=2.12891

Fig. 4. ESR spectra of CD and Cr*6-loaded CD.
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Fig. 5. (a) TGA and (b) DSC of CH and CD.

This could be due to cross-linking of chitosan through DTPA leading
to enhanced thermal stability.

3.1.6. XPS

Fig. 6 and Table 4 summarize the binding energies and percent-
age atomic concentration of CH, CD and chromium-loaded CD. It is
observed that the deconvoluted C 1s spectrum of CH and CD com-
prised of two peaks with BEs ~284.6 and 287.7 eV. These peaks
can be assigned to C—C, and O—C—0 bonds of alcoholic and ether
groups. The carbon atoms of these respective organic functional
groups of the adsorbents have different electron densities. Results
indicate that the atomic concentration (%) of C—C groups (286.3 eV)
increases after complexation with DTPA due to addition of alkyl
groups induced by DTPA. However, in CD loaded with chromium
there is an additional peak at binding energy 288.1 eV which can
be attributed to carbonyl groups bound with chromium.

Table 4
Binding energies of CH, CD and Cr®* loaded CD.
Binding FWHM (eV) %
energy (eV)

CH Cls 284.6 2.786 81.5
Cls 287.0 2.833 18.5
01S 532.2 2.778 100
N 1S 398.7 2.478 67
N 1S 400.6 2.81 33

CcD Cls 284.5 2.521 73
Cls 286.5 2.788 27
01S 532.2 2.709 100
N1s 398.7 2.654 70.6
N1s 400.8 3.175 29.4

Crb*-loaded CD c1s 284.5 2.062 60.6
Cc1s 286.2 2.154 30.7
C1S 288.1 1.957 8.7
01S 531.8 3.167 65.8
01S 5331 2.832 34.2
N 1S 398.6 1.781 343
N 1S 400.1 1.813 50.6
N 1S 401.6 1.652 151
Cr2p 576.9 2.477 38.7
Cr2p 585.9 3.765 25.5
Cr2p 579.0 2.23 20.2
Cr2p 588.5 2.62 15.6

o
e

Cr* Loaded CD

(-

CD

CH

Y

T
1000

T T T T
800 600 400 200
Binding Energy (¢V)

Fig. 6. XPS spectra of CH, CD and Cr*S-loaded CD.
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Fig. 7. (a) Effect of temperature and (b) pH variation.

There are two peaks in the N 1s spectrum of CH and CD at a
BE of about 398.7 and 400.6 eV which could be attributed to the N
atom in the R-NH, group and protonated R-NH,. The N peaks at
~398 and 400 eV were slightly shifted to lower binding energies
(0.1 and 0.7 eV, respectively) after adsorption of chromium sug-
gesting the interaction between chromium and amino group to be
predominantly non-specific electrostatic interaction. However, a
peak of low intensity is observed at a BE ~401.6 eV which could be
attributed to the formation of metal-NH, complex. The appearance
of the N peak at higher binding energy is indicative of reduction in
the electron cloud density of the nitrogen atom, probably due to
the utilization of its lone pair in the formation of bond between N
and Crb*. However, the low intensity of the peak suggests that the
suggested bond formation could not be playing a major role in the
uptake of Crb* by CD.

The O spectrum was deconvoluted into two peaks for CD loaded
with Cr®* while a single peak was present in C and CD. The peak
at 532.2 eV can be attributed to C=0 (acetate) in C and CD while in
Cr%*-loaded CD the peak at 531.8 eV can be attributed to carbonyl
group and the peak at 533.1eV can be attributed to the formation
of Cr(OH)s.

High-resolution spectra collected from the Cr 2p core region
indicated that there was no Crb* on the adsorbent surface. However,
itis evident from the spectra that there are two different species of
Cr3* present on the adsorbent with peaks at binding energies 576.9,
585.9, 579.0 and 588.5 eV. The positions of the peaks at 579.0 and
588.5 eV fall at the lower edge of the Cr®* binding energies [36].
However, the spin orbit splitting values as well as FWHM values are
quite low suggesting that the binding energies at 579.0 and 588.5 eV
can also be attributed to Cr3*. The XPS spectrum of oxygen indicates
the presence of adsorbed water or hydroxyl groups (533.1 eV) and
oxygen in carboxylate environment (531.8 eV). A peak for oxygen
attributed to dichromate or chromate (~530 eV) could not be found
[37]. This suggests that all of the chromium is present in +3 oxida-
tion state in different forms, as Cr(OH)z and as Cr3* stabilized by
binding to carboxylate groups from DTPA. The high binding ener-
gies of 579 and 588.5 eV could be indicative of stabilization of Cr3*
by binding [38]. Therefore, it can be concluded that the Cr* was
removed from aqueous phase and finally reduced to Cr3*,

3.2. Adsorption-desorption studies

3.2.1. Effect of temperature
The uptake of chromium by CD was found to decrease with
increase in temperature (Fig. 7a) representing the mechanism to

be exothermic and that some desorption is happening at high tem-
peratures [39].

3.2.2. Effect of pH

The adsorption capacity of CD for Cré* was found to be depend-
ent on pH with maximum adsorption occurring at pH 3 (Fig. 7b)
where the functional groups of CD are protonated favoring electro-
static attraction of Cr8* and subsequent reduction to Cr3*.

Volume=25ml, amount adsorbent=0.05g, [Crf"]=50ppm
(a) effect of temperature: pH=3, contact time=1-4h,
temp.=30-70°C. (b) pH variation: pH=1-11, contact time=4h,
temp.=30°C.

3.2.3. Sorption isotherm

The Cr®* adsorption isotherms for CD were investigated and the
isotherm constants for the models investigated are presented in
Table 1. The fitting for all the isotherm models are presented in Fig.
S3. The adsorption data for CD gave reasonably high correlation
coefficient values for all the models studied. Fitting of Langmuir
isotherm model suggested the presence of homogeneous adsorp-
tion sites. The well fit data of Freundlich model and the fact that
Freundlich constant, n was greater than unity implied that the
adsorption intensity was favorable over the entire range of concen-
trations studied. The fitting of Temkin model indicated favorable
adsorption of CrS* while the high regression values for Halsey
model suggested multilayer adsorption. The maximum adsorption
capacity of CD for Cr®* was found to be 192.3 mg/g. The comparison
of maximum adsorption capacity of Cr8* removal with other adsor-
bents available in literature are shown in Table 5 which indicates
that CD has good adsorption potential for Cr6* as compared to other
adsorbents reported in literature.

3.2.4. Sorption kinetics

Kinetic models were studied and the fitting of all the models
with experimental data are shown in Fig. S4 and the rate constants
for the adsorption of Cr* by CD are presented in Table 2. The cor-
relation coefficients for pseudo-second-order model were found
to be greater than the other kinetic models for CD and the calcu-
lated equilibrium adsorption capacity values were closer to those
obtained experimentally. This supported the assumption behind
the model that the surface complexation may be the rate-limiting
step involving valence forces through sharing or exchanging of elec-
trons between adsorbent and adsorbate.

The plot of q; versus t'/2 did not pass through origin suggesting
that intraparticle diffusion was not the only rate-controlling step
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Table 5
Maximum Cr5* sorption capacity (Qmax, mg/g) for various chitosan-based adsorbents
reported in literature.

Adsorbent Qmax (Mg/g) Reference
Quaternary chitosan salt 68.3 2]
Chitosan cross-linked with 113 [39]
epichlorohydrin
Chitosan bead 76.5 [56]
Chitosan on ceramic alumina 153.8 [57]
Magnetic chitosan 69.4 [57]
Chitosan/cellulose 13.05 [57]
Chitosan/perlite 153.8 [57]
Chitosan/montmorillonite 41.67 [57]
Non-crosslink chitosan 78 [58]
Raw chitosan 349 [59]
Chitosan/zeolite film 17.28 [60]
CACASC—chitosan-coated acid-treated 84.31 [61]
C. albidum seed shells carbon
CCASC—chitosan-coated C. albidum 76.23 [61]
seed shells carbon
Native chitosan 32.10 [62]
Crosslinked chitosan 28.2 [62]
Hydrolyzed crosslinked chitosan 24.50 [62]
Chitosan crosslinked with DTPA 192.3 In this study

but some degree of the boundary layer diffusion also controlled the
adsorption process and that the overall rate of the metal adsorp-
tion process appeared to be controlled by more than one step. The
reasonably good correlation coefficient for Bangham equation indi-
cated that the diffusion of Cré* into the pores of the adsorbents
under study also controlled the adsorption process. It was thus con-
cluded that the metal adsorption process was controlled by more
than one step.

3.2.5. Thermodynamic studies

The free energy change during the adsorption process was neg-
ative for low temperature and positive for higher temperatures
for the experimental range of temperatures in Table 3 suggesting
chemisorption to be the mechanism of adsorption. The negative
value of enthalpy change indicated that the adsorption was physi-
cal in nature involving strong forces of attraction and is exothermic.
The negative entropy change corresponded to decreasing in the
degree of freedom of the adsorbed species.

3.2.6. Desorption

It is observed from Fig. 8 that maximum desorption (78.45%)
happened in 0.1 N NaOH solution. This could be attributed to
weakened electrostatic attraction between Cr3* and CD due to the

80 - I NsOH
B H SO,
70 [JHcl
I o,
60
S %0+
B
& 10 -
[}
o
R 304
20
10 4

Eluent

Fig. 8. Desorption study: contact time=4h, volume=25ml, amount of adsor-
bent=0.05g, temp.=30°C, [Cr5*]=500 ppm.

formation of Cr(OH),~ on treatment with NaOH solution. Further-
more, it was also observed that chromium was not desorbed as Cr*
(negligible color with diphenylcarbazide) but as Cr3* affirming the
fact that Cr®* was almost completely converted into Cr3* on CD.
After desorption CD was reused up to three adsorption-desorption
cycles and the results are presented in Fig. 8. It was found that the
adsorption capacity of the CD decreased by 16% after the first cycle
and ~10% the second cycle. Exposure of the adsorbent to alternate
acidic and alkaline conditions during adsorption and desorption did
not affect the stability of the adsorbent and its adsorption potential
for chromium significantly.

3.3. Application of adsorbent to chrome plating effluent

The results of the application of CD onto chrome plating effluent
as an adsorbent with per cent extraction of major metals present in
the effluent, their K4 values and selectivity coefficient of chromium
over other metals are shown in Table 6. It is seen that CD is more
effective adsorbent capable of removing more than 90% of Pb, Fe
and Cr, >~50% Cu, Hg and Cd, ~10-20% Ni, Al, Zn and Mg. Selec-
tivity coefficient was found to be highest for Cr over other metals
present in the effluent for CD. Furthermore, the adsorbent also
showed potential for the removal of Fe and Pb under the pH con-
ditions optimal for removal of CrS* though their presence did not
affect the removal of chromium in the concentration range present
in the effluent. However, further investigations are warranted in
this direction.

3.4. Environmental significance

In the present study, the use of CD resulted in complete reduc-
tion of Cr%* to Cr3* and the reduced Cr3* remained adsorbed onto
CD as Cr3* could form a stable complex with DTPA unlike other
adsorbents reported in literature where in the Cr6* was only partly
reduced to Cr3* and the reduced Cr3* was observed to leach into
solution. Furthermore, CD was found to have potential for the
treatment of chrome plating effluent which required minimum
manipulation of pH.

3.5. Mechanism

The removal mechanism of Cr®* from aqueous solution by non-
living biomasses has been summarized by Park et al. [40] as three
steps: (1) the binding of anionic Cr" ions with the positively
charged groups on the biomass surface; (2) the reduction of Cré*
to Cr3* by adjacent electron-donor groups; (3) the release of Cr3*
ions into the aqueous phase due to electronic repulsion between
the positively charged groups and the Cr3* ions, or the formation of
complexes of the Cr3* with adjacent groups capable of Cr-binding.
Furthermore, Park et al. [40] and Cerqueira et al. [41] have shown
that the removal of Crb* is favored at lower pH as the reduction
of Cr®* to Cr3* requires large quantities of protons and electrons
in the reaction medium. After adsorption of Cré* on the adsorbent
surface, the reduction of Cr®* to Cr3* is therefore initiated under
acidic conditions, due to its high redox potential. Miretzky and
Cirelli have identified that hydroxyl (—OH), carbonyl (C=0), and
methoxy (O—CH3) groups present on adsorbent surfaces can act as
donors of electrons for the reduction reaction [42].

However, with most of the adsorbents only partial reduction of
Cr%* to Cr3* has been reported and in some instances reduction of
Crb* to Cr3* in the aqueous phase.

The adsorption of chromium onto CD may have occurred in
three steps: (1) the binding of anionic Cr* to protonated positively
charged amino groups on the adsorbent surface, (2) the reduction
of Cr8* to Cr3* by adjacent electron-donor groups and (3) the forma-
tion of clusters of Cr3* on the adsorbent as indicated by ESR studies.
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Metals present Initial concn. in the % removal Distribution Selectivity coefficient
in effluent effluent (ppm) with CD ratio, Ky for chromium
Cr 62.5 94.72 1184 -
Ni 14 17.85 2232 53
Cu 10.1 21.78 2723 4.35
Pb 4.4 100 1250 0.95
Hg 1.1 18.18 227.3 5.21
Al 15 14 175 6.77
Zn 236.2 13.76 171.96 6.89
Fe 232 96.29 1203.6 0.98
Mg 38.7 3.23 40.33 29.36
Ccd 0.52 36.54 456.73 2.59
HO HO HO
@/ﬂ #ﬂ #/ﬂ -
\0 0. 0/ HN
LT T - =
OH OH OH
HN HN HN

=

Scheme 1. Depiction of CD, adsorption of Cr®* and its reduction to Cr3* on the surface of CD.

Carboxyl and amino groups have been reported to be important in
the reduction of Crb* to Cr3* [43]. However, in contrast to the obser-
vations by Murphy et al., we did not observe any Cr3* in solution.
All of the adsorbed chromium was present as clusters of Cr3*, The
Cr3* on the adsorbent surface may be bound with carbonyl (C=0)
groups of DTPA through coordinate covalent bond (Scheme 1).

4. Conclusion

The potential of chitosan crosslinked with DTPA as adsorbent
for Cr®* was investigated. The optimum pH for removal of Cr®* was
found to be 3. Among the kinetic models tested, the adsorption
kinetics was best described by the pseudo-second-order equation.
The data fitted well with the Langmuir adsorption isotherm model.
Adsorption thermodynamics indicate the adsorption of the metal
onto CD to be exothermic process. XPS and ESR studies indicated the
reduction of Cr® adsorbed onto CD to Cr3*. The adsorbent could be
successfully used for the removal of chromium from chrome plating
effluents in the presence of several metal ions like Pb, Fe, Cu, Hg,
Cd, Ni, Al, Zn and Mg. The adsorbent also showed potential for the
removal of iron and lead.
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