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Abstract

For simultaneous adsorption and detoxification of hexavalent chromium from
water, a new titanium-chitosan (Ti-CTS) composite was synthesized through the
metal-binding reaction between titanium ions and chitosan biopolymer then
cross-linked with glutaraldehyde. The resultant composite was characterized by FT-IR,
XRD, Elemental Mapping, SEM and XPS. The adsorption properties toward Cr(VI)
were systematically investigated as a function of pH, dosage, initial concentration,
contact time, temperature and co-existing ions. Experimental data were well described
by Langmuir isotherm and pseudo-second order model, with the maximum adsorption
capacity 171 mg g™. More attractively, the Cr(V1) could be effectively absorbed and
reduced to less toxic Cr(Ill) by Ti-CTS composite. The experimental results, FT-IR
and XPS indicated that the possible removal mechanism of Cr(VI) onto Ti-CTS
composite was summarized into three steps: (i) Cr(VI) adsorption by electrostatic
attraction (Ti*" and HCrO,) and ligand exchange (CI” and HCrOy); (ii) Cr(V1) partly

reduced to Cr(l11); (iii) re-adsorption Cr(l11) onto Ti-CTS composite.
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1. Introduction

Chromium is a common pollutant in the environment which discharges from
various industry processes such as leather tanning, electroplating and water cooling.
Chromium exists two species in natural waters: Cr(ll) and Cr(\VI1). The former is
essential for the proper functioning of living organisms and is less toxic than later
species.? However, Cr(V1) is a highly soluble reactive and mobile species in aquatic
systems, thus exerting carcinogenicity and toxicity to biological systems due to its
strong oxidizing properties.® Due to its hazard, Cr(VI) must be removed from
wastewater prior discharged into the environment.* Traditionally, two types of
treatment technologies are always used to remove Cr(VI) from wastewater: the first
type reduces Cr(V1) to Cr(l1l) followed by chemical precipitation, while the second
type removes Cr(V1) directly.” Currently, simultaneous adsorption and detoxification
of Cr(VI1) is considered as the most economical and effective method.® Many of
adsorbents have been reported for detoxification of Cr(VI) contaminated waters, such

as polypyrrole/cellulose fiber composite,”®

tannic acid immobilized powdered
activated carbon with humic acid ° and based zero-valent iron nanoparticles.? *°
However, the abovementioned adsorbents either had weak mechanical strength, low
adsorption capacity or easily susceptible to oxidation and agglomeration. These
drawbacks have limited the applications for Cr(VI) removal from wastewater. It is
necessary to develop new adsorbents with high adsorption capacity and stability for
Cr(V1) removal, especially simultaneous Cr(VI) adsorption and reduction.

Chitosan (CTS) is one of the important natural polymers composed by layers of
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crustaceans and cell walls of many fungi. And it is a reproducible and environmental
friendly material and has been found to be capable of chemically or physically
adsorbing various heavy metal ions.'* Recently, metal-based chitosan have been
reported to be highly efficient in the removal of Cr(VI) in wastewater. For example,
chitosan/Fe® nanoparticles were prepared for adsorption of hexavalent chromium from
wastewater by some researchers.* *"** Zimmermann et al reported Fe-crosslinked
chitosan complex could effectively remove Cr(VI) from aqueous solution.** And the
chitosan-Fe(111) complex was also applied to study the mechanism of detoxification of
Cr(V1) by Shen.” Besides, titania-based adsorbents were also reported for adsorption
contaminant from wastewaters. It was reported that titanium hydroxide-derived
adsorbent ® and crystalline titanium dioxide '’ were prepared for adsorption fluoride
ions from aqueous solution. TiO,-impregnated chitosan beads as a novel bio-based
adsorbent have been prepared for arsenic removal by Miller.*® And the metal-binding
of chitosan was also used to incorporate titanium metal and applied as an adsorbent
for fluoride adsorption.® To our best of knowledge, however, no report has been
published about titanium(VI) binding with chitosan for Cr(VI) adsorption and
reduction.

The aim of this study was to synthesize a titanium-chitosan composite for
adsorption and reduction of Cr(VI) from water. The main objectives were: (1) to
synthesize and characterize the titanium-chitosan composite, (2) to evaluate the
influence of different factors on the Cr(V1) adsorption by Ti-CTS composite, (3) to

study the adsorption isotherms and kinetics of these reactions, (4) to test the role of
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chitosan in Cr(VI) reduction by Ti-CTS composite, as well as Chromium species of
final products, and (5) to explore the reaction mechanism of this composite for Cr(VI)
removal.
2. Materials and methods
2.1. Materials

Chitosan (food grade, 91% deacetylation degree, with average molecular weight
of 4.0x<10° g mol™) was supplied by Shanghai Weikang Biological Co. (China).
Tetrabutyl titanate (analytical grade), acetate acid, sodium hydroxide were purchased
from Sinopharm Chemical Reagent Co., Ltd (China). Glutaraldehyde was purchased
from Merck (China). The standard solution (Cr(V1), 1000 mg L™) was fresh prepared
by dissolving appropriate potassium dichromate (K,Cr,05) in distilled water. All other
chemicals used were analytical reagent grade, and all solutions were prepared with
distilled water without further purification.
2.2.  Preparation of Ti-CTS composite

The Ti-CTS composite was synthesized according to the method in previous
reported literature with some modification.™ % In detail, 3.22 g chitosan powder was
added into 100 mL 2% (v/v) acetic acid aqueous solution and mixed until the chitosan
dissolved completely. Titanium solution was prepared by adding 5 mL concentrated
HCI to 3.42 g of tetrabutyl titanate. This titanium solution was slowly added into
chitosan solution under stirring at 150 rpm for 2 h. Subsequently, the Ti-CTS
composite was precipitated by dropwise adding 2.0 M sodium hydroxide solution
with continuous stirring to obtain the composite. Then, 5 mL 5% of glutaraldehyde

6
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aqueous solution was added and stirred vigorously with cross-linked reaction for 2 h
more. After reaction, the composite was separated from solution and washed with
distilled water to neutral pH followed by drying at 40°C for 2 days. The dried
composite was used for chromium adsorption studies.
2.3.  Characterization and measurement

The FTIR spectra of CTS, Ti-CTS and Ti-CTS loaded Cr(VI) were recorded by
using Nicolet 6700 FTIR spectrometer (Thermo Electron Corporation) in the range
4000 ~ 400 cm™ with a resolution of 4 cm™ in transmittance mode. X-ray diffraction
(XRD) pattern of Ti-CTS composite before and after adsorption of Cr(VI) were
performed by rotating anode X-ray powder diffractometer (D/MAX 2550 VB/PC,
Rigaku corporation) with Cu Ka characteristic radiation. All samples were scanned
from 5°to 80°(260) at a scanning rate of 3° (20) per minute. Elemental mapping
images of Ti-CTS composite before and after Cr(\V1) adsorption were obtained by
Transmission Electron Microscopy—-Energy Dispersive X-ray Spectroscope
(TEM-EDXS, Genesis XM2 system, USA EDAX corporation). Scanning electronic
microscopy (SEM) images were obtained on a JSM-6360LV scanning electron
microscopy. XPS spectra were obtained using Thermo Scientific ESCALAB 250Xi
X-ray photoelectron spectrometer (XPS) system (Al Ko X-ray source was used). The
XPS spectra were fitted assuming Gaussian-Lorentzian distribution for each peak in
order to determine the binding energy of the element core levels, and all binding
energies were referenced to the neutral carbon peak at 285.0 eV. All of the XPS

spectra were normalized.
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The concentration of total Cr in solution was determined by inductively coupled
plasma optical emission spectrometer (ICP-OES 710 series, Agilent, USA). The
residual Cr(V1) in solution was measured by the diphenylcarbohydrazide method. The
absorbance of purple Cr(VI)-diphenylcarbohydrazide product was formed after 10
min and measured by using a 722N UV-Vis spectrophotometer at wavelength of 540
nm (Shanghai Precision & Scientific Instrument Co., Ltd). The concentration of Cr(l11)
was calculated based on the difference between the total Cr and Cr(VI)
concentrations.

2.4.  Adsorption of Chromium on Ti-CTS composite

Batch adsorption experiments were carried out to evaluate the adsorption
capacities of Ti-CTS composite. A series of 250 mL reagent bottles containing 100
mL Cr(V1) solutions and 20 mg of Ti-CTS composite were shaken at 150 rpm for a
certain time. The sample pH was adjusted to the desired value with 0.1 M HCl or 0.1
M NaOH. The concentration of chromium in the initial or equilibrium solutions were
determined by ICP-OES or UV. The adsorption capacities were defined as the

following equation:

Q. =———V 1)
Where ge is the amount of adsorbent in solid phase (mg g™); C, and C, is the initial
and equilibrium concentration of chromium in the liquid phase (mg L™), respectively;
V is the volume of the solution (L) and W is the mass of Ti-CTS composite (g).
3. Results and discussion
3.1.  Characterization of Ti-CTS composite

8



180

185

190

195

Journal of Materials Chemistry A

Please insert Fig. 1, here

Fig. 1A showed the FT-IR spectra of CTS, Ti-CTS composite and Cr(VI) loaded
Ti-CTS composite (Ti-CTS-Cr). The main characteristic peaks of CTS (a) were at
3443 cm™® (-OH and —NH, stretching vibrations), 2922 cm™ (~CH stretching
vibration), 1657 cm™ (-NH, bending vibration), 1382 cm™ (—-CH symmetric bending
vibration), 1081 cm™ (C-O stretching at C3) and 1034 cm™ (C-O stretching at C6).%
For FT-IR spectrum of Ti-CTS (b), the —\NH, bending at 1636 cm™ had a shift of 21
cm™ when compared with CTS, which confirmed that Ti** ions have been interacted
with —NH, group present in CTS. Besides, The two bands at 1081 cm™ and 1034 cm™
corresponding to C-OH stretching at C3 and C6 were merged into one band and
transferred to 1086 cm™ (with a shift 5 cm™). This might be due to the interaction of
—OH group in CTS with the Ti*"# Furthermore, the band at around 3420 cm™
attributed to —NH, and —OH stretching vibration in Ti-CTS has been shifted 23 cm™ in
Ti-CTS which indicated Ti** ions have been bended onto amino and hydroxyl groups
of CTS. Additionally, the broad bends at 900 ~ 400 cm™ revealed for Ti—-O vibration
and Ti Lewis sites with the NH, groups from chitosan chain.?** After adsorption of
Cr(VI1), the FT-IR spectrum of Ti-CTS-Cr (c) found two new peaks at 901 cm™ and
804 cm™ which was due to Cr-O stretching and asymmetric vibration,
respectively.'>?® More importantly, strong peak appeared at 1632 cm™ was attributed
to stretch vibration of C=0, and the decrease in C-O stretch band at 1034 cm™
indicated that the carboxylated had formed at the C6 position of CTS.? Besides, the
band gaps (Eg) were also calculated via FT-IR spectra according to the

9
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Tauc/Davis-Mott Model *".The values of E4 for Ti-CTS and Ti-CTS-Cr composite
were 0.586 eV and 0.577 eV (n=2), respectively. The Ey had a slight decrease after
adsorption of Cr(V1), which suggested that the presence of Cr(VI) would modify the
electronic states and optical transitions of the composite and resulted in allowed
transitions.

The XRD patterns of CTS, Ti-CTS and Ti-CTS-Cr composite in the range of 26
= 3 ~ 80°were shown in Fig. 1B. CTS (a) showed characteristic peaks at 20 = 10.5<
19.7< 35.5<and 40.3< which were attributed to be (001), (100), (101) and (002) plan,
respectively.?® XRD spectrum of Ti-CTS composite was depicted in Fig. 1B-b. Only
one extraordinary broad peak was observed and the position at 26 = 19.7 °was shifted
to 25.6< This was due to the conjugation of Ti*" and chitosan, which decreased the
crystalline nature to some extent. Therefore, the results confirmed the incorporation of
Ti** ions into CTS. Fig. 1B-c demonstrated the XRD spectrum of Ti-CTS-Cr
composite which showed that the peak transferred to 26.2 after adsorption of Cr(\V1).

Elemental mapping image (EMI) was carried out to confirm the presence and
distribution of elements in the composite. The EMI spectra of the Ti-CTS composite
before and after Cr(VI) adsorption were showed in Fig. 1C. In order to improve the
element resolution, the C, O and N elements were omitted in the images. From the
EMI images, the presence of Cl and Ti were clearly observed in the Ti-CTS composite
and the elemental distribution was uniform. This clearly confirmed the incorporation
of Ti* ions into chitosan matrix. After adsorption, the element of Cr was presented in
the EMI images, indicating Cr(V1) adsorption occurred onto the composite. Moreover,

10



225

230

235

240

Journal of Materials Chemistry A

The Cr and Ti elements on the Ti-CTS-Cr composite were well-distributed which
further confirmed the Cr(V1) ions were successfully absorbed through the active sites
on the surface of Ti-CTS composite. Besides, the element of Cl was disappeared after
adsorption of Cr(V1), suggested that there had a ligand exchange reaction between the
coordinated chlorate and Cr(VI) ions. Moreover, the SEM images of CTS, Ti-CTS
and Ti-CTS-Cr were shown in Fig. 1D, 1E and 1F. The surface of CTS (D) and
Ti-CTS composite (E) was non-porous and flat. However, the rough surface was
formed for the Ti-CTS-Cr (F). This was due to the accumulation of Cr(VI) by
adsorption mechanism.

The XPS wide scan spectra of Ti-CTS composite before and after Cr(VI)
adsorption were also analyzed and shown in Fig. 2A and 2B. From the figures, the
major peaks such C 1s, O 1s, N 1s, Ti 2p and CI 2p3 were present. A new peak
assigning to Cr 2p was clearly observed and the peak of Cl 2p3 was simultaneously
disappeared after Cr(\V1) adsorption, which also confirmed the adsorption of Cr onto
Ti-CTS composite through ligand exchange. These results were consistent with the
EMI analysis.

Please insert Fig. 2, here
3.2.  Effect of pH

The removal of Cr(V1) from aqueous solution was highly dependent on the pH of
solution because the pH affected not only the surface charges of the adsorbent but also
the Cr species during the reaction. In this experiment, the initial pH of solutions (30
mg L™ Cr(V1)) were adjusted to the range of 2 ~ 9 using HCI or NaOH and its effects

11
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on Cr(VI) removal was explored. The results were shown in Fig. 3a. From the Fig. 3a,
the removal efficiency of Cr(VI) by Ti-CTS composite was notably higher in an acidic
medium than in an alkaline medium. The residual Cr concentration increased as the
pH increased from 5.0 to 9.0. However, the Cr(lll) species accounted for a certain
proportion of the residual total Cr concentration at 2 < pH < 4.0, which was due to the
fact that the protons participated in the reduction reaction in low pH solution as
equation (2).* Therefore, the optimal pH values for Cr(V1) removal was 5.0
corresponding to a Cr(V1) adsorption capacity of 123 mg g™.

HCrO, + 7TH" +3e 2 Cr** +4H,0 E°=+1.35V (2)

At the optimum of pH 5, the chromium species in solution was mainly HCrO,4
(around 97 %).** And the Ti** of Ti-CTS composite could be also protonated and
increased positively charge on the surface, which resulted in a stronger electrostatic
attraction for chromium anions (HCrO,). Therefore, chromium adsorption at pH 5.0
onto Ti-CTS composite occurred via electrostatic attraction between Ti** and HCrO4
ions. Combined with the element of CI disappeared by XPS spectra, Ti-CTS
composite for the adsorption of the Cr(\VI1) could be considered as ligand-exchange
reaction between the coordinated CI" and HCrO,4™ and electrostatic attraction by Ti*" as
adsorption sites for HCrO,4 ions. Above pH 5, the residual Cr(VI) concentration was
increased as pH increased. The reasons were given as follows: (1) the pHy,c of Ti-CTS
composite was 8.1 measured by pH drafted method * and the net surface charge
became less positive with increasing the pH, which resulted in repulsive forces
between Ti-CTS composite and Cr(V1); (2) the higher concentration of OH" ions

12
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presented in the high pH solution, which competed with HCrO, ions for the
adsorption sites; (3) the chromium species were CrO,* and Cr,0;* in alkaline
medium, which also decreased the Ti-CTS composite capacity for Cr(VI) adsorption.
Furthermore, it was very interesting to note that at pH > 4, Cr(l1l) concentration of the
reaction solutions were only negligible, indicating that once Cr(\V1) was converted to
Cr(lll), the Cr(lll) was effectively adsorbed onto the composite. Thus, the
subsequently experiments were conducted at optimum condition of pH 5 and the
chromium species was only discussed Cr(V1) in solutions.

In addition, in order to check the stability and chemical resistance in acidic
media of Ti-CTS composite, the Ti*"ions released in Cr(\V1) adsorption solution was
analyzed by ICP-OES at pH 2 ~ 8 (Fig. 3a-Ti). The results showed that the
concentration of Ti*" ions leaching in solution was only found 0.10 ~ 0.46 mg L™
when the pH was from 2.0 to 4.0, but very low concentration was found at above pH 5,
which confirmed that Ti-CTS composite became more resistant to lower pH compared
to their parent chitosan which dissolved completely at pH 5.%

Please insert Fig. 3, here
3.3.  Effect of adsorbent dose

The adsorbent dose of Ti-CTS composite was varied (10-100 mg/100 mL) while
keeping fixed the concentration of Cr(VI) in solution. Fig. 3b illustrated the effect of
adsorbent dose on adsorption of Cr(VI). The higher adsorption capacities were
observed for 10 mg and 20 mg of composite, which gradually decreased with
increasing weight of Ti-CTS composite. The high adsorption observed for 10 mg and

13
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20 mg composite was attributed to easy accessibility of free active sites on surface of
adsorbent. On increasing weight of Ti-CTS composite, the number of active sites
increased but ratios of Cr(\V1) to active sites decreased resulting in gradual decrease of
adsorption. Considering to the ratios of Cr(\V1) and adsorption capacity, the optimum
dose for Cr(V1) was chosen 20 mg/100 mL in the following adsorption study.
3.4.  Effect of initial concentration of Cr(VI) and adsorption isotherm

The effect of initial Cr(\VI) concentration on the adsorption capacity was carried
out in the range of 10 ~ 60 mg L™ with fixed contact time (10 h) and pH 5.0. The
results in Fig. 3c showed the uptake of Cr(VI) on Ti-CTS composite gradually
increased as the initial concentration increased until the saturation point was attained
at 50 mg L, thereafter there reached the plateau. This was due to the fact that the
available sites for adsorption remained constant for a fixed amount of Ti-CTS
composite.

For interpretation of the adsorption data, the equilibrium adsorption of this
process was described by applying the Langmuir, Freundlich and Tempkin isotherm
models.

The linear form of Langmuir, Freundlich and Tempkin equation can be

represented as follows, respectively:

SLhE) o
qe qumax qmax

Ing, =k, +1(In C.) (4)
n

a.="-(hA)+~-(hC,) )
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Where C, is the equilibrium concentration of adsorbate in solution (mg L™); g and
Omax (Mg 1) are the amount adsorbed at equilibrium and the maximum adsorption
capacity for monolayer formation on adsorbent, respectively. k. (L mg™) is the
langmuir constant related to the maximum adsorption capacity and the energy of
adsorption. kg is Freundlich constant and n is the heterogeneity factor. The constant B
(RT/b) is related to the heat of adsorption.

The value of theoretical parameters and constants could be calculated from the
intercept and slope of the linear equation, respectively. The results were summarized
in Table 1. For the three studied isotherm models (Fig. 3c), the Langmuir isotherm (R?
= 0.993) correlated better than Freundlich and Tempkin with the equilibrium data for
the adsorption of Cr(VI1) on Ti-CTS composite, suggesting a monolayer adsorption.
The maximum adsorption value (171 mg g') was in good accordance with
experimentally obtained value (167 mg g*). The proposed Ti-CTS composite was
compared with other adsorbents recently reported literature (listed in Table 2). It could
be seen that the maximum adsorption capacity of Ti-CTS was higher than other
reported adsorbents.?® 3*° Besides, the value of n in Freundlich isotherm was in
range of 1 ~ 10 represented a good adsorption.“® In this work, the exponent of n was
2.54 (1 < n < 10), indicating that the adsorption system was favorable.

Please insert Table 1, here.
Please insert Table 2, here.
3.5.  Effect of contact time and adsorption kinetics
Batch experiments about the adsorption kinetics for the removal of Cr(VI) on
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Ti-CTS composite were executed using the initial concentration of 30 and 50 mg L™
at pH 5. As shown in Fig. 3d, the adsorption capacity of Cr(VI) onto Ti-CTS
composite increased with an increase in contact time. More than 80% of the Cr(VI)
was absorbed by Ti-CTS composite at the first 30 min. The rapid adsorption in the
beginning could be attributed to the greater concentration gradient and more available
sites for adsorption. Besides, the initial Cr(\V1) concentration had obviously effect on
the adsorption process to reach the equilibrium. The time needed to reach the
equilibrium for the initial Cr(V1) concentration of 30 mg L™ was 4 h, while it took
about 7 h for initial Cr(V1) concentration of 50 mg L.

To order to investigate the rate-controlling mechanism of adsorption process, the
kinetic data were correlated to linear forms of the pseudo-first order rate model and

the second-order rate model.

Pseudo-first order equation: log(qe — q¢) = logq. — 2:}3 t (6)

— +— ™

ac kpa?2  qe

Pseudo-second order equation:

Where g; and g are the amounts of metal ion adsorbed at time t (min) and
equilibrium. k; (min®) and k. (g (mg min)") are the pseudo-first-order and
pseudo-second-order rate constant of adsorption, respectively. The value of the rate
constants were also calculated from the intercept and slop of the curves. The initial
adsorption rate (h, mg g™ min™) could be calculated from h = koq.>. After simulating
the Kinetics data, unfortunately, the pseudo-first order kinetic model was insufficient
to describe the adsorption process of Cr(VI) with low correlation coefficients (R* <
0.9, the result was not given here). However, the pseudo-second order rate model

16



355

360

365

370

Journal of Materials Chemistry A

showed good linearity at two different initial Cr(VI) concentrations and the calculated
correlation coefficients (R?) were all higher than 0.999 (see Table 1). The theoretical
ge values were very close to the experimental values and the adsorption rate h were
found to decrease with an increase of the initial Cr(\VI) concentration, suggesting a
more rapid adsorption of Cr(VI) onto Ti-CTS composite at a lower initial
concentration. These results indicated that the adsorption of Cr(VI) onto Ti-CTS
composite followed the pseudo-second order rate model and the overall process
appeared to be controlled by chemisorption and no involvement of a mass transfer in
solution.”!
3.6.  Thermodynamic study

To study the thermodynamics of adsorption of Cr(VI1) on Ti-CTS composite, the
thermodynamic parameters, free energy change (AG®) , enthalpy change (aH® and

entropy change (aS°) were estimated by using the following equations:

0 0
n(k,)= 25" AH

R RT (8)

AG® = AH? -TAS® )
Where Ky is the adsorption distribution coefficient at different temperatures and the
value was calculated by the ratio of ge to Ce (kg=ge Co’). R is the universal gas
constant (8.314 J (mol K)™). aH® and aS° were calculated by the slope and intercept
of the linear plot of In(kg) vs. 1/T, respectively. The AG® were obtained from the
equation (9) at different temperatures. The values of the thermodynamic parameters
were listed in Table 3. The negative AG° at all temperatures demonstrated that Cr(\V1)

adsorption over Ti-CTS composite was spontaneous and feasible. Besides, it was
17
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found that the absolute values of AG° increased with adsorption temperature,
suggesting that high temperature was in favor of the increase of adsorption impetus
and promoted Cr(V1) adsorption. Moreover, the positive value of AH® indicated that
the adsorption process was endothermic in nature, and the observed positive value of
AS? showed the increased randomness state at the solid-solution interface during the
fixation of adsorbate on the active sites of the adsorbent.
Please insert Table 3 here.

3.7.  Interference of co-ions

By keeping 20 mg dosage of Ti-CTS composite and 30 mg L™ (100 mL) as initial
Cr(VI) concentration at pH 5, the adsorption capacity was evaluated by different
concentrations of co-existing cations (Fe**, Cu®*, zn*, K*, Na*, Ca**, Mg*") and
anions (CI', NO3™ and SO4%). The results were depicted in Fig. 3e. From the figure, on
one hand, the presence 50 mg L™ of Fe**, Cu®*, Zn** and 100 mg L™ of K*, Na*, Ca?",
Mg®* showed no significant interference on the adsorption of Cr(VI1). On the other
hand, the uptake of Cr(VI) was decreased as increasing the concentration of co-anions.
At 200 mg L™ concentration of CI" and NOs, there was a slight effect on the
adsorption capacity, while decreased by 18 % and 15 % respectively as increasing the
concentration to 500 mg L™ In addition, SO4* had more effect on the adsorption
capacities, the percent of adsorption capacities were decreased to 43 % and 33 %
when the concentrations were 200 and 500 mg L™, respectively. This indicated that
certain competition between CI", NO3 and SO,> with Cr(V1) anions for the interaction
with active sites on the surface of Ti-CTS composite.

18
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3.8.  Chromium species on composite after adsorption

The high resolution of XPS patterns of Ti-CTS composite with and without
Cr(VI) adsorption were conducted and shown in Fig. 2C and 2D. Interestingly, the
Cr(VI) adsorbed onto the Ti-CTS composite was partially reduced to relatively
nontoxic Cr(I11) based on the surface chemical compositions of the Ti-CTS composite
during removal process. From Fig. 2C, Cr 2p1/2 and Cr 2p3/2 line peaks were located
at around 587.2 eV and 577.7 eV. The broad peak of Cr 2p3/2 was deconvoluted into
two peaks at binding energies of 577.2 eV and 578.1 eV, which were the characteristic
peaks of Cr(111) and Cr(VI1), respectively *. These results suggested that both Cr(V1)
and Cr(l11) coexisted on the surface of the Cr(VI1) adsorbed Ti-CTS composite. To
further verify the existence of Cr(lll) on the composite, the high resolution XPS
spectrum of the Cr 2p region after desorption process were also measured (shown in
Fig. 2D). From the Fig. 2D, only one peak was observed with binding energies of
577.2 eV at Cr 2p3/2 which belonged to the Cr(lll), indicating that partly Cr(VI)
adsorbed on the Ti-CTS composite has been reduced to Cr(ll1).

In order to qualified the Cr(lll) and Cr(VI) on the Ti-CTS-Cr composite. After
adsorption, the composite was treated with two methods: (a) desorption and digestion:
100 mL of 0.5 mol L™ NaOH was used to remove chromium for 12 h under stirring at
150 rpm, and then the composite was re-collected and digested with mixed acid
(HF/HCI/HCIO4 =1.0 mL/1.0 mL/0.5 mL); (b) direct digestion: the Ti-CTS-Cr
composite was digested with the same abovementioned mixed acid. After treatment,
the obtained solutions were analyzed for Cr(VI1) and Cr(l11l) concentrations and the
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percent of Cr(VI1) and Cr(l11) were calculated. The results were listed in Table 4. From
Table 4, the percent of Cr(VI) in NaOH solution accounted for 99.3 % while the Cr(l11)
420 was 0.7 %, suggested that this part of chromium was only absorbed on the Ti-CTS.
On the other hand, the content of Cr(I11) was 98.7 % in mixed acid digestion solution,
which belonged to the reduction of chromium by Ti-CTS composite. The same
contents of Cr(VI) and Cr(l1l) were also obtained with the direct digestion method.
Overall, 39.9 % of Cr on the composite was reduced to Cr(Il1) and the percent of 60.1 %
425  might be only absorbed on the surface of Ti-CTS composite through electrostatic
attraction between Ti** and HCrO,".
Please insert Table 4, here.
3.9. Regeneration of Ti-CTS composite
In order to investigate the reusability of the Ti-CTS composite, cyclic
430  adsorption-regeneration tests were carried out for Cr(\V1) adsorption. As shown in Fig.
3a, the adsorbed capacity was less 10 mg g™ at high pH, indicating that the adsorbed
Cr(VI) could be desorbed using alkaline solution. In this study, five concentrations of
NaOH solutions including 0.005, 0.01, 0.05, 0.10 and 0.20 mol L™ were used to study
the regeneration of Ti-CTS composite. It was found that the desorption ratio was
435 increased until 0.05 mol L™ NaOH was used and thereafter there kept a constant value.
Therefore, 0.05 mol L NaOH solution was selected for Ti-CTS composite
regeneration. Fig. 3-f showed the adsorption abilities of Ti-CTS composite for Cr(\VI)
during six adsorption-regeneration cycles. At the first cycle, the adsorption capacity
had an obvious decrease compared with the original composite. This was because
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some of active sites were occupied by Cr(l11)-complex. Then, in the next five cycles,
the adsorption capacities for Cr(\V1) only had slight decrease and after six cycles the
adsorption capacity still kept 64.9%. This results suggested that the synthesized
Ti-CTS composite could be used repeatedly for the treatment of Cr(VI) in wastewater.
3.10. Mechanism of Cr(VI) removal

From the results of pH study, the functional groups on the surface of Ti-CTS
composite could be protonated and positively charged to form Ti*" in an acidic
medium. The protonated surface had a stronger electrostatic attraction for chromium
anions (HCrQOy). On the other hand, the ligand of Cl on the surface Ti-CTS composite
would be also exchanged with HCrO, and formed Ti-HCrO4 complex, which was
confirmed by the disappeared of ClI on XPS and EMI analysis. Thus, chemical
adsorption occurred because of electrostatic attraction and ligand exchange between
the hexavalent chromium aions and the surface active sites, which resulted in complex
formation. After adsorption, the ligand exchange of Cr(VI1) on the surface of Ti-CTS
composite was directly reduced to Cr(Ill) by the adjacent electron-donor of C-6
alcoholic groups which were oxidized to a carbonyl groups after reaction. Then, these
carbonyl groups as dominant functional groups would re-absorb immediately the
reduced Cr(111) by ion exchange. The following mechanism has been proposed for the
Cr(I11) adsorption on the surface of Ti-CTS composite **:
Cr¥* + H,0 2 [Cr(OH)]* +H" (pK1 =3.85) (8)
Ti-CTS-COOH + [Cr(OH)]** 2 (Ti-CTS-COO™[Cr(OH)]*") + H' (9)

Therefore, the proposed possible mechanism of adsorption coupled reduction for

21

Page 22 of 36



Page 23 of 36

465

470

475

480

Journal of Materials Chemistry A

Cr(VI) removal by the Ti-CTS composite was presented in scheme 1. The anionic
Cr(VI) (HCrOy4") were firstly adsorbed onto the Ti-CTS composite by chelation of the
Ti** center in the Ti-CTS complex and by the electrostatic attraction of a protonated
sites. Next, the adsorbed Cr(VI) atoms were partially reduced by the adjacent primary
alcoholic functions on C-6 which simultaneously were oxidized to carbonyl groups.
After that, the coordination bond between the reduced Cr(l1l) and the Ti** center in
the Ti-CTS composite could be broken, and the free Cr(lll) were re-absorbed by
Cr-bonding to the Ti-CTS complex. Finally, the only adsorbed Cr(VI) on the
composite were desorbed by NaOH into solution. Thus, the Ti-CTS composite could
absorb the Cr(VI) and reduced it into less toxic Cr(l1l) through a rapid and efficient
process.
Please insert scheme 1, here.

4. Conclusion

The present study showed that Ti-CTS composite was quite effective for
adsorption and detoxification of Cr(VI) in water. The process condition was optimized
by the adsorption capacity and leakage concentration of Ti*". The adsorption data
were well described by Langmuir isotherm and kinetics followed the pseudo-second
order model, with the maximum adsorption capacity of 171 mg g™ for Cr(VI). The
possible removal mechanism for Cr(V1) detoxification was confirmed by the research
findings, which consisted of adsorption, reduction and re-adsorption. It is expect that
the Ti-CTS composite can be as a promising adsorbent for the treatment of
Cr(VI)-contaminated water.
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Figure Captions

Fig. 1:

FT-IR (A) and XRD (B) spectra of the CTS (a), Ti-CTS (b), Ti-CTS-Cr (c); elemental
mapping images (EMI, C) of Ti-CTS and Ti-CTS-Cr; SEM images of CTS (D),
Ti-CTS (E) and Ti-CTS-Cr (F).

Fig. 2:

The wide scan XPS spetra of Ti-CTS composite without (A) and with (B) Cr(VI)
absorbed; and high reolution Cr 2p spectra of Ti-CTS-Cr compsoite before (C) and
after (D) desorption with NaOH.

Fig. 3

The effect of solution pH and concentration of Ti** leaching into solution (a); dosage
of adsorbent (b); initial Cr(VI) concentration and isotherms (c); contact time and
kinetic (d); co-exising caions and anions (e) and regerenation of Ti-CTS composite
().

Scheme 1:

The proposed adsorption coupled reduction mechanism of Cr(\V1) removal by Ti-CTS

composite.
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Tables
595 Tablel
Langmuir, Freundlich and Tempkin isotherm parameters and Pseudo-second order

kinetic parameters for Cr(\V1) adsorption onto Ti-CTS composite.

Adsorption isotherms Kinetic
parameters Pseudo-second-order

Langmuir K (L/mg) 0.415

Om (Mo/g) 171 Initial Cr(\V1) concentration

R? 0.993 parameters 30mgL* 50 mg L™
Freundlich  In Ks 4.0 Qexp (MY 97) 123 167

n 2.54

R? 0.798 K, (g (mgmin)?Y)  1.53x10° 4.8610™
Tempkin ~ InA 1.35 Qe (Mg g™%) 124 165

B 38.8 R? 0.9997 0.9991

R? 0.904 h (mg g™* min™) 23.4 13.2

600

605
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Table 2: Adsorption comparison of Ti-CTS composite and recently reported

literature of adsorbents for Cr(V1).

Page 30 of 36

29

Omax Co Time pH/
Adsorbents Reference
(mggh  (mgL?Y  (min)  Temperature

Titanium cross-linked chitosan Present

171 10-50 420 5/25°C
composite work
Modified  magnetic  chitosan

58.5 10-300 120 2/28°C 28
chelating resin
Cross-linked chitosan resin 86.8 20-160 120 3/25°C 32
Magnetic cyclodextrin —

67.66 5.0-50 300 3/30°C 33
chitosan/grapheme oxide (CCGO)
chitosan 35.6 0.25-50 120 4/20°C 34
Ethylenediamine cross-linked

51.8 20-200 10 2/30°C 35
magnetic chitosan resin
Chitosan modified Fe® nanowires

113.2 10-60 400 5/30°C 36
in porous anodic alumina
Poly (ethylene imine) Grafted

88.4 0-50 105 4/25°C 37
chitosan
n-butylacrylate grafted chitosan 17.15 0-300 60 3.5/30°C 38
Mesorbizobium amorphae Strain

47.67 10-400 1000 2/30°C 39
CCNWGSo0123
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Table 3
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The thermodynamic parameters for adsorption of Cr(VI) by Ti-CTS composite at

different temperatures.

T(K)  Inky  AG°(kMmol)  AH°(kiimol)  aS° (ki/mol K) R?
27715  3.016 -6.87 3.38 0.037 0.987
293.15  3.083 7.47
303.15  3.156 -7.84
308.15  3.161 -8.02
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Table 4
630  The amount of Cr(lI1), Cr(VI) and total Cr in Cr(VI)-loaded Ti-CTS composite (N=3;

Desorption solution: 0.5 M NaOH; Digestion acid: HF/HCI/HCIO4 = 1.0 mL/1.0

mL/0.5 mL)
Desorption and digestion Direct digestion
NaOH solution Mixed acid solution solution
Cr(l11) 0.7% 98.7% 39.9%
Cr(VI) 99.3% 1.3% 60.1%
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Figures
Fig. 1
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Fig. 2
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Scheme 1
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