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assisted method†
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A simple and convenient microwave-assisted method was proposed for the synthesis of chitosan sulfate salt

(CSS) microspheres with chitosan and sulfuric acid as reagents. The influence of different synthesis conditions

such as the concentration of H2SO4 and the temperature and time of microwave-heating on the microsphere

characteristics, was investigated using XRD, NMR, SEM and XPS. Novel multilayer CSS microspheres or discs

with oblate and hollow shapes were observed. The morphology and size (diameter of 1.12–2.0 mm and

thickness of 0.19–0.96 mm) of the CSS microspheres could be controlled by changing the temperature and

time of microwave heating, and the H2SO4 concentration. Moreover, the morphology and size of the CSS

microspheres were preserved even after the NaOH treatment. A complete ionic crosslinking of chitosan by

sulfuric acid could be accomplished within 30 min with the help of microwave-heating. The CSS

microspheres were found to be effective adsorbents for the removal of Cr(VI) from aqueous solutions. The

adsorption capacity of CSS-30 for Cr(VI) was found to be 112 mg g�1, and the equilibrium was attained

within 9 min. The Cr(VI) adsorption process was described well by the Langmuir isotherm and the pseudo-

second-order kinetics. The chromate Cr(VI) ion was partially reduced to Cr(III) during the adsorption by CSS

microspheres. Cr-absorbed CSS-30 could be regenerated by H2SO4 aqueous solution. The reusability

experiment showed that CSS-30 was a stable adsorbent for Cr(VI).
Introduction

Chitosan microspheres have been the most widely studied
adsorbents for Cr(VI) and pollutants due to their low toxicity,
good biocompatibility, biodegradability and bioadhesion.1 The
crosslinking between the chitosan chains via ionic interactions
due to the reaction of the chitosan with multivalent anions has
been extensively used for the preparation of chitosan micro-
spheres. The non-chemical crosslinking by electrostatic inter-
action can avoid any possible toxicity of reagents and other
undesirable effects.2 Multivalent small-size anion crosslinkers,
including inorganic phosphate salts (tripolyphosphate), sulfate,
sodium citrate, succinate and amino acids, have attracted much
attention.3,4 The principle of ionic cross-linking and precipita-
tion of chitosan with sulfate anion have also been investigated
for the preparation of microspheres with release properties and
as a membrane material.4–8 However, due to the reversible
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physical association, the chitosan microspheres produced by
physical crosslinking always show poor stability (uncontrolled
dissolution may occur) and uncontrolled particle size, restrict-
ing their practical applicability.2,9

Due to its remarkable advantages, such as uniform heating,
absence of hysteresis, energy efficiency and special non-thermal
effect, the microwave-assisted synthesis technique has also
been applied for the crosslinking of chitosan.10–12 However, only
chemical crosslinking of chitosan under microwave heating has
been reported.13

In this study, stable physical crosslinked chitosan micro-
spheres were prepared using chitosan and H2SO4 aqueous
solution as raw materials under microwave heating. Novel
multilayer chitosan microspheres or disc with oblate and
hollow shapes were formed under synergistic action of H2SO4

and microwave treatment. Moreover, the crosslinked chitosan
microsphere still preserved their original spherical shape aer
the NaOH treatment. To the best of our knowledge, there was no
reports on such morphology.14 The dynamic evolution of the
morphology of the sulfuric acid crosslinked chitosan micro-
spheres was also investigated to provide more information on
the mechanism of the sulfuric acid treatment.14–16 Additionally,
the adsorptive performance of CSS microspheres for Cr(VI) was
studied.
RSC Adv., 2017, 7, 48189–48198 | 48189
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Experimental
Materials

Low molecular weight chitosan (Mr 70 000) with the deacetyla-
tion grade of approximately 90% were provided by Sinopharm
Chemical Reagent Co., Ltd, China. Sulfuric acid and sodium
hydroxide were obtained from Pinghu Chemical Reagent
Company, China. Potassium dichromate, H3PO4, diphenyl-
carbazide and acetone were obtained from Sinopharm Chem-
ical Reagent Co., Ltd. All reagents were used as received.
Preparation of chitosan sulfate salt microspheres

In a typical preparation process, 1 g chitosan was added to
a solution with a certain concentration (0.6–2.4 mol l�1) of
sulfuric acid and the solution was maintained at 70–95 �C for
a certain time (8–120 min) under microwave-assisted heating
(MAS-3 type universal microwave synthesis instrument, Xinyi
Microwave Chemical Technology Co., Ltd. input power 1360 W).
Aer the mixture was hot-ltered and allowed to cool, the
product was separated by centrifugation for 5 min at 8000 rpm
(TG1650-WS Centrifuge, Shanghai Lu Xiangyi Centrifuge
Instrument Co., Ltd). The obtained sediments were washed by
suspending in water. These two purication steps were repeated
until the pH of solution reached 7. The microspheres were then
freeze-dried. The chitosan sulfate salt was referred to as CSS,
and the samples reacted for different time were named as CSS-
30, CSS-60, CSS-90 and CSS-120, respectively.

The chitosan sulfate salt was also synthesized under oil bath
heating with 1.2 mol L�1 H2SO4 aqueous solution at 90 �C for
30 min. The product was referred as CSS-30-oil.
Treatment of chitosan sulfate salt microspheres with NaOH

Samples CSS-30, CSS-60, CSS-90 and CSS-120 were deacidied
by immersing each salt in 0.001 mol L�1 NaOH aqueous solu-
tion for 20 min with stirring, followed by washing with water.
The products (generically named as CSS-S) were referred to as
samples CSS-30-S, CSS-60-S, CSS-90-S and CSS-120-S,
respectively.
Materials characterization

The XRD analysis of chitosan, CSS and CSS-S was performed
using an X-ray diffractometer (Rigaku Max-2250PC, Japan).
Each sample was pressed into a lamellar container (20 mm in
diameter). X-ray diffraction patterns of the samples were
measured over the diffraction angle (2q) range from 5� to 90�

with a Cu Ka target at 40 kV and 200 mA.
Solid state 13C NMR spectra of the samples were carried out

on an Avance 400 NMR spectrometer (Bruker, Switzerland). The
samples were measured at room temperature. The recycle time
was 4 s, and the spinning rate was 5 kHz.

The XPS spectra were recorded for the samples and using an
Escalab 250XI spectrometer (Thermo Fischer, USA) equipped
with a monochromated Al Ka X-ray source at 12.5 kV and under
the current of 16 mA as operating conditions. The modied and
unmodied samples were placed at the angle of 90�under the
48190 | RSC Adv., 2017, 7, 48189–48198
ultralow pressure of 8 � 10�10 Pa. XPS data were calibrated
using the binding energy of C 1s (284.6 eV) as the standard.

The samples were mounted on aluminum stubs, sputter-
coated with gold-palladium and observed at 15 kV in a TM-
1000 SEM instrument (Hitachi, Japan), and the particle sizes
were measured and calculated using the Nano measurer
soware.
Batch adsorption experiments

The concentration of Cr(VI) in the solution phase was deter-
mined by a 722N spectrophotometer at various stages of the
adsorption process by the standard diphenylcarbazide
method17 at 540 nm using 1 cm matched quartz cuvette. Aer
adsorption of Cr(VI) on CSS, the sample solution was vacuum
suction ltered and the ltrate was treated with diphe-
nylcarbazide, developing a pink color. The absorbance was
recorded and quantitation was performed using the calibration
curve.

Fiy milliliters of Cr(VI) solution with concentrations
between 20 and 220 mg L�1 were equilibrated with 10 mg of CSS
in a quartz tube. The asks were stirred using a magnetic stirrer
at 298 K for 1 h. The amount of Cr(VI) adsorbed (mg g�1) at
equilibrium (qe) can be given by

qe ¼ C0 � Ce

W
� V (1)

where C0 and Ce are the initial and equilibrium liquid phase
concentrations (mg L�1) of Cr(VI), respectively. V is the volume
of the aqueous solution (L) and W is the weight (g) of the CSS
used in the batch adsorption study.
Regeneration of CSS

CSS-30 aer adsorbed Cr(VI) were recycled by using 0.1 mol L�1

H2SO4. The product was wash by water, separated by centrifu-
gation and then freeze-dried.
Results and discussion
Characterization

Chitosan sulfate salt (CSS) microspheres were synthesized by
microwave-assisted heating. The free amino groups in chitosan
were rst protonated in the acidic solution (the amide group in
the acetylated chitosan was rst deacetylated to amino group
under the presence of sulfuric acid). The ammonium form
(NH3

+) in chitosan macromolecule chains further reacted with
multivalent anions (SO4

2�) in solution by electrostatic adsorp-
tion to form crosslinked net or body structure polymer material.
The related reactions are shown as Scheme 1.

Fig. 1 shows the XRD results for unmodied chitosan, CSS
and CSS-S prepared with different sulfuric acid treatment time.
The characteristic crystalline peaks of unmodied chitosan at
10.7� and 20.2� can be clearly seen, which can be ascribed to the
(020) and (200) reection planes.18 This indicated that the
unmodied chitosan is a polymer with low crystallinity index in
a rather amorphous state.
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Reaction between chitosan and H2SO4.
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Aer treatment with H2SO4 under microwave heating, the
crystalline peak at 10.7� shis to 11.5�, and the main crystalline
peak of pure chitosan at 20.9� shied to 23.2� for the CSS
samples.19 The crystalline peaks at 18.4� and 27.0�could also be
ascribed to the shi of crystalline peaks of unmodied chito-
san. Compared with unmodied chitosan, the sharp crystalline
peaks at 11.5�, 18.4�, 23.2� and 27.0� for samples CSS-30 to CSS-
120 indicated the increase of the crystalline domain of all CSS
samples under the treatment of sulfuric acid and microwave,
and an increasing local order in the CSS samples.

For samples CSS-30, CSS-60, CSS-90 and CSS-120, the
intensity of main crystalline peaks (11.5�, 18.4�, 23.2� and 27.0�)
almost increased with the increase of the reaction time. This
indicated that the crystallinity of the CSS samples increased
with the increased exposure to sulfuric acid andmicrowave. The
strong interactions between the chitosan –NH3

+ groups and
SO4

2� anions were related to the changes in the sample crys-
tallinity. The d-spacing values at 2q¼ 10–11� for CSS-30, CSS-60,
CSS-90 and CSS-120 were calculated as 7.17 Å, 7.51 Å, 7.64 Å and
7.64 Å, respectively. All d-spacing values are smaller than that of
pristine chitosan (8.05 Å in this study, 8.67 Å in ref. 20). The
reduction of the d-spacing value aer the treatment of chitosan
by sulfuric acid indicated the shrinkage in cell size or
Fig. 1 X-ray diffractograms of the chitosan, CSS, CSS-S and CSS-30-
oil (the CSS samples were prepared at 90 �C under 1.2 mol L�1 H2SO4

for different time).

This journal is © The Royal Society of Chemistry 2017
intersegmental spacing, which should be resulted from the
crosslinking between sulfate anion and chitosan.20

The XRD spectra of samples CSS-30-S, CSS-60-S, CSS-90-S
and CSS-120-S were also determined to investigate the
stability of the CSS sample (Fig. 1). The results showed that the
characteristic peaks of CSS-30-S, CSS-60-S, CSS-90-S and CSS-
120-S were preserved aer the NaOH treatment. This indi-
cated that the CSS microspheres had high stability. However, it
was observed that the intensity of the main peaks at 11.5�, 18.4�

and 27.0� of CSS-120-S decreased, while the intensity of the peak
at 23.2� increased. This indicated that the crystallinity of the
CSS samples decreased aer the alkali treatment.

In order to investigate the inuence of microwave-heating on
the salication, the chitosan sulfate salt was also synthesized by
convenient heating method (heated in oil bath for 30 min,
named as CSS-30-oil). The four main crystalline peaks (11.5�,
18.4�, 23.2� and 27.0�) were also found in the XRD spectrum of
CSS-30-oil (in Fig. 1). This indicated that CSS-30-oil has the
same structure as CSS-30.

Solid state CP-MAS 13C NMR is known as a powerful absolute
technique for the elucidation of the conformational features of
the conformational features of chitosan salts.21 Compared to
the NMR spectrum of reported chitosan sulfate salt,21 the NMR
spectra of CSS exhibited all of the characteristic peaks of type II
(two-fold helix) chitosan salt, depending on the double splitting
of the C1 carbon atom in their solid-state 13C NMR spectra
(Fig. 2). This indicated that the chemical structure of CSS was
not altered under microwave irradiation. The extent of salt
formation was found to be greater than 99% from the 13C NMR
spectra. According to a previous report,21 the spectrum of chi-
tosan showed that the peaks at 56.8, 60.9, 74.6, 75.0, 82.7 and
105.3 ppm were attributed to C2, C6, C3, C5, C4 and C1 of the
glucosamine unit, respectively. For CSS, the chemical shi for
the carbon attached to the amino group (C2) shied from
56.8 ppm to 57.5 ppm and 55.0 ppm, and the peak for the
carbon attached to the hydroxyl group (C3) shied from
74.6 ppm to 69.9 ppm and 71.3 ppm, but the C6 did not show
any shi. This showed that the amino group was the main
reaction site for the SO4

2� substitution.
Although the chemical shis of CSS did not show a signicant

change with the increase of the reaction time, the intensities of
all peaks increased gradually with the prolonged reaction time.
The relatively small line widths in the spectra of CSS-120 (Fig. 2a)
indicated that the samples are more crystalline.22 This was in
accordance with the results obtained from XRD, FTIR (Fig. S1 in
ESI†) and elemental analysis (Table S1 in ESI†). Based on FTIR, X-
ray diffraction and CP-MAS 13C NMRmeasurements, the changes
in the crystallinity were essentially completed aer 30 min
(Fig. 2b). This suggested that 30 min was sufficient time for the
completion of ionic crosslinking with the assistance of micro-
wave irradiation, and indicated thatmicrowave heating wasmore
effective than the convenient heating.23,24

It is noticed that the 13C NMR spectrum of CSS-120-S is
similar to that of the unmodied chitosan rather than to that of
CSS-120 (Fig. 2b). This may indicate that the ordered structure
of CSS was destroyed aer the NaOH treatment, which also
conrmed the conclusions reached based on the XRD data.
RSC Adv., 2017, 7, 48189–48198 | 48191
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Fig. 2 CP-MAS 13C NMR spectra of chitosan, CSS and CSS-S (the CSS
samples were prepared at 90 �C under 1.2 mol L�1 H2SO4 for different
time).
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Chemical compositions of chitosan sulfate-salt were further
characterized by XPS (Fig. 3). The XPS spectra of all samples
displayed no signicant changes in the C 1s spectrum in
comparison to the unmodied chitosan powder (Fig. 3a). The
resolved C 1s spectrum revealed three peaks as shown in Fig. 3b.
The C 1s peak at 284.6 eV was mainly assigned to the contam-
inated carbon or C–C/C–H chemical binding. The peak at
286.2 eV was assigned to C–O, C–N or C–OH, and the peak at
287.7 eV to the O–C–O chemical bindings.25

The resolved N 1s spectra of unmodied chitosan and chi-
tosan sulfate-salt are shown in Fig. 3c–f. The signicant changes
were seen in the N 1s spectra (Fig. 3c). For unmodied chitosan,
the amino and amide forms were both present in the N 1s
spectra (Fig. 3d): the peak at 399.3 eV was assigned to NH2

chemical bonds, while the peak at 400.3 eV was assigned to the
amide groups (the degree of deacetylation of unmodied chi-
tosan is 90%).26 The N 1s peak of the chitosan sulfate salt
required two peaks for the curve t at 399.1 eV (amine) and
401.4 eV (Fig. 3e). The upward shi of the electron binding
energy of the peak at 401.4 eV was assigned to the amino groups
in the ammonium form (–NH3

+).26 This suggested the presence
of protonated amines in the form of ammonium salts as ex-
pected from ionic binding with the free sulfate anions. The
sulfuric salt-forming reaction led to an increased number of
nitrogen atoms in the ammonium form and to a decrease of the
intensity of the N 1s component centered at 399.1 eV (Fig. 3e). In
the chitosan sulfate salts, almost all amine groups were
48192 | RSC Adv., 2017, 7, 48189–48198
protonated (17 atom% amine; 83 atom% protonated amine).
Aer NaOH treatment, the intensity of the NH2 peak was
increased (43 atom% amine) compared to the non-treated chi-
tosan sulfate salt (Fig. 3d), while the intensity of the –NH3

+ peak
was reduced (57 atom% protonated amine, Fig. 3f).

For the O 1s spectrum, the results of unmodied chitosan
and chitosan sulfate-salt were summarized in Fig. 3g–i. Two
peaks were identied from the spectra of unmodied chitosan
(Fig. 3h) at 531.3 eV (C]O in N-acetylated-glucosamine units)
and 532.8 eV (C–O–H). All chitosan sulfate salts (including CSS-
S) showed spectra that were different from that of unmodied
chitosan. Three peaks were identied in the CSS and CSS-S
spectra (Fig. 3i). The peak at 531.1 eV was assigned to the
oxygen atoms in the sulfate (SO4

2�). The peaks at 532.5 eV were
assigned to C–O–H in chitosan, while the peak at 532.9 eV was
assigned to the O–C–O chemical bonds.27 The decreased
intensity of the O 1s peaks of CSS-S (aer NaOH treatment)
centered at 531.1 eV indicated the release of SO4

2�, which was
in accordance with the N 1s results of XPS and elemental
analysis.

The results of S 2p spectra are summarized in Fig. 3j. As
shown, the electron binding energy of S 2p peak of CSS-S was
not affected by the NaOH treatment. The S 2p3/2 and S 2p1/2
peaks from chitosan sulfate-salt samples (including CSS-S) were
located at 167.7 and 168.8 eV, respectively (Fig. 3k). Therefore,
sulfates and bisulfates show no signicant difference in the S 2p
region.28

Although the structure, properties and mechanism of
sulfuric acid-crosslinked chitosan had been investigated by
XRD, FTIR and NMR spectroscopy, little information was
available about the details of the chitosan sulfate salts'
morphology. It was observed that the chitosan sulfate micro-
spheres had novel morphologies under treatment with micro-
wave heating and H2SO4. Moreover, the morphological and size
changes of the chitosan sulfate microspheres could also be
observed with changes in the synthesis time and microwave
heating temperature and the H2SO4 concentration.

The SEM images of CSS prepared under different concen-
trations of the H2SO4 solution are shown in Fig. 4. The SEM
images of unmodied chitosan exhibited a nonporous, at
large membranous phase with sharp edges (Fig. 4f). All CSS
morphologies were different from that of unmodied chitosan.
It could be seen that the H2SO4 concentration had a strong
impact on the CSS morphology. When the H2SO4 concentration
was low (0.4–0.6 mol L�1), the CSS morphology changed to
aggregational bowl-shaped with poor dispersion (Fig. 4a and b).
When the concentration was 1.2 mol L�1, the CSS morphology
changed to multilayer microspheres with oblate and hollow
shape with the diameter of �2.0 mm and uniform dispersion
(Fig. 4c). The globular CSS changed to aky CSS with the
diameter of �1.4 mm (Fig. 4d) for the H2SO4 concentration of
1.6 mol L�1. When the H2SO4 concentration was 2.4 mol L�1,
CSS change to an irregular and porous shape (Fig. 4e). The yield
of CSS also decreased with increasing sulfuric acid concentra-
tion. This could be due to the inhibition of residual SO4

2� in the
solution in the ionic crosslinking reaction, in addition to the
carbonization of H2SO4 at high concentration.
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 XPS high resolution spectra of C 1s (a), N 1s (c), O 1s (g) and S 2p (j) of chitosan, CSS-30, CSS-90, CSS-120, CSS-30-S and CSS-120-S,
respectively. XPS spectra with the curve fit: C 1s of CSS-120 (b); N 1s of chitosan (d), CSS-120 (e) and CSS-120-S (f); O 1s of chitosan (h), CSS-120
(i); and S 2p of CSS-120 (k).
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The SEM images of CSS prepared at different temperatures
of microwave-assisted heating are shown in Fig. 5. It could be
seen that the CSS morphology was also strongly inuenced by
the microwave-assisted heating temperature. The morphologies
of the products prepared at 70–85 �C were almost similar
(Fig. 5a–c) to each other and were different from that of
unmodied chitosan. All samples showed rough and contin-
uous surface morphologies with many granules. The product at
This journal is © The Royal Society of Chemistry 2017
90 �C became multilayer microspheres with oblate and hollow
shape (Fig. 4c). When the temperature was raised to 95 �C, the
shape changed from oblate to aky (Fig. 5d). Moreover, the
diameter was decreased from 2.0 mm (90 �C) to 1.12 mm, and the
thickness changed from 0.96 mm (90 �C) to 0.19 mm.

The SEM images of CSS prepared for different time of
microwave-assisted heating are shown in Fig. 6. With the
extension of the time of microwave-assisted heating, CSS
RSC Adv., 2017, 7, 48189–48198 | 48193
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Fig. 4 SEM images of CSS prepared with different concentrations of H2SO4 solution (sample a, b, c, d and e were prepared in 0.4, 0.6, 1.2, 1.6 and
2.4 mol L�1 H2SO4 solution at 90 �C for 30 min and f was unmodified chitosan).

Fig. 5 SEM images of CSS prepared at different temperatures of microwave-assisted heating (sample a, b, c and d were prepared at 70 �C, 80 �C,
85 �C and 95 �C under 1.2 mol L�1 H2SO4 for 30 min).
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morphology gradually changed from small attached pieces to
scattered multilayer microspheres with oblate and hollow
shape, akes, and larger uffy balls. According to the change
of morphology with the increase of heating time, it was
proposed that the large block of native chitosan was rst split
into tight small attached pieces and further into a tight single-
layer microspheres with oblate shape under the thermal and
non-thermal effect of microwave and the salication of
sulfuric acid. The tight single-layer microspheres with oblate
48194 | RSC Adv., 2017, 7, 48189–48198
shape was nally laminated into akes and further larger
uffy balls.

In order to illustrate the inuence of microwave-heating, the
SEM image of CSS-30-oil was also investigated (Fig. 6f). The
morphology of CSS-30-oil showed a tight single-layer micro-
spheres with oblate shape, while the CSS-30 exhibited an
incompact and uffy multilayer microsphere with hollow shape
(Fig. 4c). This difference of morphology between CSS-30-oil and
CSS-30 might be caused by the non-thermal effect. The CSS
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 SEM images of CSS prepared using different time under microwave heating (sample a, b, c, d and e were prepared for 8 min, 15 min,
60 min, 90 min and 120 min, at 90 �C under 1.2 mol L�1 H2SO4, and f was prepared in oil bath for 30 min at 90 �C under 1.2 mol L�1 H2SO4).
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under conventional heating (oil bath) with larger uffy ball
morphology (similar to Fig. 6e) must react for at least 9 h, which
is much longer than those under the more effective microwave
heating.

SEM images of samples CSS-30-S, CSS-60-S, CSS-90-S and
CSS-120-S were also examined (Fig. 7). The results showed that
sample CSS-30-S, CSS-60-S and CSS-90-S all showed an adhesive
aky disc shape with a less explicit outline (Fig. 7a–c). Although
the outlines of the multilayer were dimmed out, samples CSS-
120-S preserved the oblate and hollow shape (Fig. 7d). This
Fig. 7 SEM images of CSS-30-S, CSS-60-S, CSS-90-S and CSS-120-S.

This journal is © The Royal Society of Chemistry 2017
meant that the treatment of NaOH had less indicated that the
CSS microspheres prepared under microwave-heating were
sufficiently stable. The CSS-120 and CSS-120-S microspheres
also showed good thermal stability (Fig. S2 in ESI†).

Adsorption of Cr(VI)

All CSS samples have been used as adsorbent for the removal of
hexavalent chromium (Cr(VI)) from aqueous solutions. The
time-dependent behavior of Cr(VI) uptake adsorption was
measured by varying the equilibrium contact time in the range
RSC Adv., 2017, 7, 48189–48198 | 48195
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Fig. 8 Effect of time on adsorption of Cr(VI) for different adsorbents.
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of 1–15 min (Fig. 8). The Cr(VI) concentration was kept at
100 mg L�1, while the amounts of CSS-30, CSS-60, CSS-90 and
CSS-120 were all 0.20 g L�1. It was noticed that the adsorption of
all CSS samples can reach equilibrium aer 9 min. This indi-
cated that the adsorption of Cr(VI) was a rapid process for all CSS
samples. It was observed that all CSS samples exhibited a high
adsorption capacity. The adsorption capacity for Cr(VI) was
found to be 112, 96, 97 and 101 mg g�1 for CSS-30, CSS-60, CSS-
90 and CSS-120 (Fig. 8), respectively. CSS-30 exhibited the
highest adsorption capacity for Cr(VI) in all treated chitosan
sulfate salt microspheres.

In order to investigate the inuence of salication and
microwave-heating, the adsorption capacities of Cr(VI) on the
unmodied chitosan and CSS-30-oil were also investigated
(Fig. 8b and a). It was noticed that the adsorption of Cr(VI) by the
untreated chitosan was a slow process and reached adsorption
equilibrium aer 120 min. The unmodied chitosan exhibited
lower adsorption capacity on Cr(VI) than all CSS samples
(including CSS-30-oil) even aer 120 min. The adsorption of
Cr(VI) on CSS-30-oil sample was lower than all the CSS samples
treated by microwave. The adsorption of CSS-30-oil also reached
equilibrium aer 9 min.

The equilibrium adsorption data of Cr(VI) ion on CSS-30 was
further evaluated and used in the Langmuir and Freundlich
isotherm equations (Fig. 9). As shown in Fig. 9, the amount of
saturated chromium adsorption increased with increasing
initial chromium concentration. For instance, the amount of
chromium adsorbed at equilibrium (qe) increased from 46 to
118 mg g�1 when the chromium concentration increased from
Fig. 9 Effect of initial concentration of Cr(VI) on adsorption.

48196 | RSC Adv., 2017, 7, 48189–48198
20 to 220 mg L�1. The Langmuir isotherm is a widely used
monolayer adsorption model.29 The use of the linearized
Langmuir isotherm allowed the calculation of adsorption
capacities and the Langmuir constant according to the
following equation:

Ce

qe
¼ 1

q0b
þ Ce

q0
(2)

where q0 is the maximum adsorption capacity and b is the
adsorption energy, obtained from the slope and intercept of the
plot of Ce/qe against Ce, respectively, and found to be 131.8mg g�1

and 0.0485 L mg�1 with the correlation of 0.995 (Fig. 10a).
The linearized form of the Freundlich isotherm30 fused or

studying the adsorption from aqueous solutions is given as

log qe ¼ log kF þ 1

n
log Ce (3)

where kF and n are the Freundlich constants that indicate the
adsorption capacity and the adsorption intensity, respectively.
The plot of log qe against log Ce gave the constants kF and n as
20.73 mg g�1 L�1 and 2.84, respectively, with the correlation
coefficient of 0.848 (Fig. 10b). By comparing the correlation
coefficients, it was found that the Langmuirmodel is superior to
the Freundlich model in describing the adsorption behaviors of
Cr(VI) ions on CSS-30.

To evaluate the adsorption kinetics of the Cr(VI) ions on CSS-
30, the pseudo-rst-order and pseudo-second-order models
were both applied to the experimental data. The equation of
pseudo-rst-order kinetics31 is given by:

logðqe � qtÞ ¼ log qe � k1t

2:303
(4)

where qe and qt refer to the amounts of Cr(VI) adsorbed at
equilibrium and at time t, respectively, with the pseudo-rst-
order rate constant k1. The plot of log(qe � qt) against t gave
Fig. 10 Comparison of experimental and calculated kinetic profiles
using several kinetic models. (a) Langmuir adsorption isotherm, (b)
Freundlich adsorption isotherm, (c) pseudo-first-order kinetics, (d)
pseudo-second-order kinetics.

This journal is © The Royal Society of Chemistry 2017
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Fig. 12 The characterization of CSS-30 regenerated by H2SO4. (a)
SEM, (b) XPS, (c) XRD.
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the pseudo-rst-order rate constant as 0.5435 min�1 with the
regression coefficient of 0.997 (Fig. 10c).

The equation of pseudo-second-order kinetics32 is given as:

t

qt
¼ 1

k2qe2
þ t

qe
(5)

where k2 is the pseudo-second-order rate constant. The plot of t/
qe against t gave k2 ¼ 0.00684 g mg�1 min�1 with the regression
coefficient equal to 0.998 (Fig. 10d). The qe values obtained
experimentally and from the pseudo-second-order kinetic
model were found to be 112 and 128 mg mg�1, respectively. The
close correlation between the experimental and calculated
values implied that the adsorption kinetics of the chromium by
CSS-30 followed a pseudo-second-order model.

In summary, the Cr(VI) adsorption systems studied belongs
to the pseudo-second-order kinetic model and is well repre-
sented by the Langmuir isotherm.

It was reported that chromate ion was always partly reduced
in solution in the presence of chitosan-derived adsorbents.33,34

The XPS spectra of CSS-30 aer adsorption of Cr(VI) was also
determined to investigate the adsorption mechanism (Fig. 11).
The survey spectrum conrmed the presence of Cr, which
appeared at BEs of 579 and 586 eV (Fig. 11a). The deconvolution
XPS spectrum showed four peaks. The Cr(VI) 2p3/2 and Cr(VI) 2p1/2
peaks were located at 579.2 and 588.4 eV (ref. 33) (Fig. 11b),
respectively. The peaks at 577.0 and 586.7 eV can be attributed to
Cr(III) 2p3/2 and Cr(III) 2p1/2 peaks, respectively. This indicated
that the chromate Cr(VI) ions were partially transferred to Cr(III)
by chemical reduction of CSS-30 during the adsorption.

The stability and reusability of CSS microspheres were also
tested via the repeated adsorption of Cr(VI). The CSS-30 aer
adsorption was rst regenerated by H2SO4. The morphology of
CSS-30 regenerated by H2SO4 (Fig. 12a) didn't show signicant
change as compared with the native CSS-30 (Fig. 4c). The
characteristic peak of Cr element was not found in the XPS
survey spectrum of the regenerated CSS-30 (Fig. 12b). The XRD
pattern of the regenerated CSS-30 showed an increase of the
crystalline domain as compared with that of CSS-30 (Fig. 12c).
All the data indicated that the CSS-30 could be regenerated by
H2SO4 aqueous solution. The adsorption capacity of Cr(VI) on
the regenerated CSS-30 showed a slight decrease aer reusing
and was found to be 97.0 mg g�1. The results indicated that CSS-
30 was a stable adsorbent for Cr(VI) and can be used in the
practical adsorption process.
Fig. 11 The XPS spectra of CSS-30 after adsorption of Cr(VI).

This journal is © The Royal Society of Chemistry 2017
Conclusions

Novel multilayer chitosan sulfate microspheres with uniform
shape and size were prepared by the microwave-assisted
method using chitosan and sulfuric acid as reagents. The
results of this study demonstrate that the properties of chitosan
sulfate microspheres including morphology, size, and size
distribution can be effectively controlled by the H2SO4 concen-
tration, and microwave heating temperature and time. More-
over, the prepared CSS showed a high stability in the presence
of NaOH. The adsorption capacity of CSS-30, CSS-60, CSS-90 and
CSS-120 on Cr(VI) ion were investigated. All of the chitosan
sulfate exhibited high adsorption capacities, indicating that
they can be used for the removal of Cr(VI) ions. And the CSS-30 is
the best one. The adsorption kinetics of CSS-30 followed
a pseudo-second-order equation, and the Langmuir isotherm
model t the experimental adsorption data well. The study on
adsorption mechanism and regeneration indicated that CSS-30
was a stable adsorbent for Cr(VI) and can be used in the practical
adsorption process.
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