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Abstract:Abstract:Abstract:Abstract: Coordination conditions of Cr(Ⅲ) to chitosan were optimized using multi-factor orthogonal

experiment L16 (45). Chitosan and Cr(Ⅲ) contents of the resulting product were determined by testing

the nitrogen content of the sample and using Inductively Coupled Plasma – Atomic Emission
Spectroscopy (ICP-AES) respectively. The results indicated that Cr(Ⅲ) content of the resulting product

is increased with the increase of the mol ratio of Cr(Ⅲ) to structural units of chitosan, pH value of the

reaction system, reaction temperature and reaction time. Main factors affecting the coordination

conditions were discussed and arranged in a decreasing order according to their abilities of the effect on

the coordination amount of Cr(Ⅲ): concentration of PO4
3﹣ , mol ratio of Cr(Ⅲ) to structural units of

chitosan, reaction time, reaction temperature and pH of the reaction system. The optimal reaction

conditions are: mol ratio of Cr(Ⅲ) to the structural units of chitosan 1:1, pH 4.5, reaction temperature

50 ℃, reaction time 8 h, and concentration of K2HPO 4 0.10 mol /L. Chitosan and Cr(Ⅲ) might form a

complex with the highest chelating ratio of about 2.1:1 under optimal reaction conditions. Fourier

transform infrared spectra (FT-IR) of initial chitosan and coordination product indicated that amino
group as well as both primary and secondary hydroxyl groups at C-2, C-3 and C-6 positions of chitosan

are chelated with Cr(Ⅲ).
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1111 IntroductionIntroductionIntroductionIntroduction
Renewable or natural resources polymers with reproductively, diversity, universality,

environmental compatibility and functional features have won the support of many
environmentalists. As the only natural alkaline polysaccharide found in the world presently,
chitosa n is a main der ivative of chitin, which has three types of reactive functional
groups, an amino group aswell as both primary and secondary hydroxyl groups at the C-2, C-
3, and C-6 positions, respectively [1]. This structural characteristic benefits chitosan in the
application of uptake of metal ions [2] , which has aroused the interest of many researchers for
the application of it in the deposal of waste or industrial water.

As one of the leather producing centers, the leather making industry develops quickly in
China with the expense of severe environmental contamination and ecological destruction.
Waste water from tannery has been characterized by high alkalinity, strong chroma, large
chemical oxygen demand (COD) value and substantive suspension, among which sodium
sulfide and chromium bring most serious pollution to our environment. In addition, at the pH
value of 6.4 ～ 8.5, trivalent chromium would be oxidized and converted into virulent
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hexavalent chromium, which would cause stimulation, corrosion, malformation and mutation,
regardless of mouth, respiratory system or skin absorption [3]. Environmental problem has
become the bottleneck in the development of leather industry, and the popularization of clean
technology is the foundation of the sustainable development of leather manufacture [4,5] .

As far as meta l ions are concerned, it has been demonst rated that chitosa n is a
more excellent ligand comparing with common commercia l absorbent resin [6~8] .
Researches show that chitosan has strong absorption ability to hexavalent chromium, which
would reach 215 mg/g～625 mg/g, depending on the modification method and detail reaction
conditions [9~12].

To solve the contamination of chromium and improve the coordination of chitosan to
Cr(Ⅲ), and based on other researchers study result [13 ], the manuscr ipt invest iga ted the
inf luence of n(Cr(Ⅲ)):n(structural units of chitosa n), react ion pH, concentration of
phosphate, tempera ture and time on the coordination react ion of chitosa n to Cr(Ⅲ).
The amount of chitosa n in the complex was calcula ted by the determination of
nitrogen content of the complex, whereas the chromium content in the complex was
tested by ICP-AES. The structure of resulting complex was deduced by IR spect ra,
while TG analyzer was used to evalua te the therma l stability of the complex.

2222 ExperimentalExperimentalExperimentalExperimental
2.12.12.12.1 MainMainMainMainmaterialsmaterialsmaterialsmaterials andandandand instrumentsinstrumentsinstrumentsinstruments

Chitosan (CTS), mass average molecular weight 290 kDa, degree of deacetylation (DD)
83%, prepared by ourselves; Cr2(SO 4)3·2H 2O and other reagents are of reagent grade
and used without further purif ica tion.

BÜCHI automatic nitrogen determination system with a digest system (BÜCHI K-437)
and a distillation unit (BÜCHI 339), BÜCHI, Switzer land; Fourier transform infrared
spectroscopy (FT-IR), Perkin Elmer (Spectrum one); Inductively Coupled Plasma – Atomic
Emission Spectroscopy (ICP-AES), Perkin Elmer (Opt ima 2100 dv); Thermogravimetric
Analyzer , NETZSCH (TG 209 F1).
2.22.22.22.2 PreparationPreparationPreparationPreparationofofofof chitosan-Cr(chitosan-Cr(chitosan-Cr(chitosan-Cr(Ⅲ)))) complexcomplexcomplexcomplex

In order to opt imize the react ion conditions of CTS to chromium, orthogona l
test was adopted. Main controlla ble varia bles, viz. Cr(Ⅲ)︰chitosa n structural units
(mol/mol) (A), react ion pH (B), react ion tempera ture (C), react ion time (D), and
concentration of K2HPO4 (E) were selected. Reference to the exper imental design
theory, the orthogona l array L16(45) was chosen to arrange the aforementioned
coordination react ion conditions.

The exper iment was carried out according to Table 1. In a flask with heating
equipment, 0.5 g (weight accurately to 1 mg) CTS and 40 mL 0.5% (v/v) acetic
acid was added. After thoroughly dissolution of CTS (agitation for 1 h), K2HPO4

with certain concentration was added. 0.5 h la ter, certain amount of Cr2(SO4)3
solution was dropped, and the pH value of the react ion system was adjusted using
10% HCl/NaOH. The react ion was ended by the addition of 200 mL
ethanol/acetone (v/v ＝ 1:1) . The resulting product was obta ined by thoroughly
washing, centrif uga liza tion, and drying in a vacuum oven at 50℃ for 48 h and
conditioning in a silica gel desiccator for twoweeks prior to following determination.



TableTableTableTable 1111 TheTheTheThe variabl esvariabl esvariabl esvariabl es andandandand theirtheirtheirtheir levelslevelslevelslevels ofofofof thethethethe coor dinationcoor dinationcoor dinationcoor dination ofofofof chitosanchitosanchitosanchitosan withwithwithwith Cr (Cr (Cr (Cr (ⅢⅢⅢⅢ ))))

1) n(Cr(Ⅲ)):n (structural units of chitosan)

2.32.32.32.3 DeterminationDeterminationDeterminationDeterminationofofofof chitosanchitosanchitosanchitosancontentcontentcontentcontent
Nitrogen contents of samples were analyzed by a BÜCHI fully automatic nitrogen

determination system. In the digestion tube containing 0.15 g (weight accurately to 0.001 g)
sample, 0.3 g (weight accurately to 0.05 g) CuSO4·5H2O, 3 g (weight accurately to 0.05 g)
and 10 mL concentrated sulfuric acid (98%, w/w) were added. After digestion at 370℃ for
2.5 h in the digestion instrument, the nitrogen content of resulting transparent green or blue
liquor was determined in digestion system.

The CTS content of the sample was calcula ted based on this test:
W(CTS)=100×W(N)/7.12
Where：W(CTS) is the weight percentage of CTS in final product, 7.12 is the

weight percentage of N in initia l CTS, and W(N) is the weight percentage of N in
final product.
2.42.42.42.4 DeterminationDeterminationDeterminationDetermination ofofofof CrCrCrCr((((Ⅲ)))) contentcontentcontentcontent

Cr content of the sample was tested by ICP spect rum after the digest ion of it by
aforementioned method and the filtration of it. Cr2(SO 4)3 solution with the Cr(Ⅲ)
content of 52 mg/L was used as calibration solution. Since CTS has reducibility, and
Cr2(SO 4)3 solution was used to simula te the coordination ability of CTS to Cr(Ⅲ) in
pract ica l tanning sewage, it is reasona ble to suppose no conversion of Cr(Ⅲ) to
Cr(Ⅵ) under the react ion condition. So, Cr content of the sample determined by ICP
spect rum would be regarded as Cr(Ⅲ) content of it.
2.52.52.52.5 IRIRIRIR spectrumspectrumspectrumspectrum

FT-IR spectrum of the sample was detected under dry air using KBr pellets.
2.62.62.62.6 TGTGTGTG analysisanalysisanalysisanalysis

The thermogravimetic stability of the sample was studied in Al2O3 pot with nitrogen
atmosphere (20 mL/min) at the heating rate of 10℃/min (35～850℃).

3333 ResultsResultsResultsResults andandandand discussiondiscussiondiscussiondiscussion
3.13.13.13.1 OptimizationOptimizationOptimizationOptimizationofofofof orthogonalorthogonalorthogonalorthogonal experimentexperimentexperimentexperiment

Table 2 is the result of orthogona l exper iment. It demonst rated that Cr(Ⅲ)
content of the complex was raised with the increase of the K2HPO4 concentration,
n(Cr 2(SO 4)3):n(st ructural units of chitosa n), react ion pH and react ion time. Dif ferent
from the complexa tion of chitosa n to Cu(Ⅱ) [14], the coordination of chitosa n to

Varia bles invest iga ted
Levels of each variable

1 2 3 4

A：Reacta nts rat io 1) 0.25 0.5 1.0 2.0

B： pH value 3.5 4.0 4.5 5.0

C：Tempera tu re/℃ 30 40 50 60

D： time/h 8.0 6.0 4.0 2.0

E：K 2HPO 4/mol ·L-1 0 0.025 0.05 0.1



Cr(Ⅲ) was greatly inf luent by the react ion time. This may be expla ined by the
chemica l dynamic iner tia of Cr(Ⅲ). As far as the inf luence of pH to the react ion is
concerned, at low pH value (pH＝ 3.5), -NH2 group in CTS would react with H3O+

and found NH3
+·H2O, which would hamper the coordination react ion by losing the

lone pair elect rons and formatting of homogeneous charge with Cr(Ⅲ). When pH
value of the react ion system is higher than 4.7, Cr(Ⅲ) is prone to hydrolyze and
deposit, which would restra in the separation and react ion of it to CTS. This would
expla in the opt ima react ion pH (4.5) gained in the exper iment. In the exper imental
range, increasing the react ion tempera ture would favor the complexa tion react ion,
but when the react ion tempera ture is highe r than 50℃, it has little inf luence on the
coordination of Cr(Ⅲ) to CTS. On the one hand, heightening the system tempera ture
would increase the collision proba bility of the reacta nts and facilita te the
complexa tion react ion. On the other hand, as an exothermic react ion, eleva ting the
react ion tempera ture inhibi ts the formation of the product. When the tempera ture is
higher than 50℃, it has little impact on the react ion. In summary, the best
coordination react ion condition is n(Cr(Ⅲ)):n(structural units of chitosa n) ＝ 2:1
(namely, n(Cr2(SO4)3):n(st ructural units of chitosa n)＝1:1), pH＝4.5，K2HPO4 0.10
mol/L , tempera ture 50℃, and time 8 h. Fixing the react ion condition as run 14,
product with highest n(Cr(Ⅲ)):n(structural units of chitosa n) would be obta ined as
2.08.

R values in Table 2 indica ted that factors affecting the coordination react ion
would be arranged in a decreasing order according to their abilities of the effect on it :
concentration of K2HPO4 (C), reacta nts ratio (A), react ion time (E), react ion
tempera ture (D) and pH (B). This indica ted that in the exper imental range,
concentration of K2HPO4 and reacta nts ratio have great inf luence on the Cr(Ⅲ)
amount in the resulting product, while the pH value of the react ion system has little
effect on it.
3.23.23.23.2 FT-IRFT-IRFT-IRFT-IR spectraspectraspectraspectraanalysisanalysisanalysisanalysis

Fig. 1 is the FT-IR spect ra of the resulting products of CTS and K2HPO4 in
dif ferent time inter val. It illumina ted that the IR spect ra changed more or less along
with the ela psing of the react ion time since the addition of K2HPO4 at chitosa n’s
acetic acid solution: νO-H and νN-H band of CTS at 3434 cm-1 transf er to 3560 cm-1

and 3280 cm-1, indica ting the interact ion of -OH and -NH to K2HPO4; νC=O at 1655
cm-1 shif ts to 1665 cm-1 and the peak is broadened; the deformation vibra tion of
methyl and methylene groups at 1420 cm -1 is weakened; and the absorpt ion at 1075
cm-1 and 1031 cm -1 is slipped and broadened obviously. All of these indica ted the
inter-react ion of pr imary and secondary -OH with K2HPO4. Along with the addition
of K2HPO4, the charge density around -NH2 and -OH in the main chain of CTS
might be increased, and might exhibi t higher attract ion to meta l ions that shor ts of
elect rons, which in turn enhance the coordination react ion. Besides, 0.5 h la ter, the
change of the FT-IR spect ra of the resulting products of CTS and K2HPO4 is
neglecta ble, so, Cr2(SO 4)3 solution was added 0.5 h after the addition of K2HPO4 in
this exper iment.



TableTableTableTable 2222 ExperimentalExperimentalExperimentalExperimental arrangementarrangementarrangementarrangement andandandand testtesttesttest resultsresultsresultsresults 1)1)1)1)

1) the outcome is the mea n value of tree tested resu lts.

2) n(Cr (Ⅲ):n (st ructu ra l un its of ch itosan).

In Fig.2 a and b are the FT-IR spectra of CTS and chitosa n-Cr(Ⅲ) respect ively.
The result showed that the νO-H and νN-H band of chitosa n at 3434 cm-1 shif t to 3274
cm-1 after the coordination with Cr(Ⅲ), which indica tes the interact ion of -OH and -
NH with Cr(Ⅲ). The deformation vibration of N-H bond at 1598 cm-1 moves to the
lower wave number of 1548 cm-1 , which might be expla ined by the coordination of
Cr(Ⅲ) with atom N and the decrease of the energy needed for the deformation
vibra tion of N-H by moving of elect ron cloud from N atom of amino to Cr(Ⅲ).
Deformation vibra tion of O-H 1260 cm-1 was weakened and nearly disa ppeared after
the react ion , and the peaks at 1076 cm-1 and 1031 cm -1 of C-O shif ted to 1063 cm -1

Run
Reagen t

Rat io 2)
pH

K2HPO 4

/ mol ·L -1
T/℃ t/h

W(CTS )

/%
W(Cr )

%
Complex

Rat io 2)

1 0.25 3.5 0 30 8.0 78.93 3.27 0.1281

2 0.25 4.0 0.025 40 6.0 59.52 9.29 0.4827

3 0.25 4.5 0.05 50 4.0 63.25 11.70 0.5721

4 0.25 5.0 0.1 60 2.0 59.69 16.09 0.8336

5 0.5 3.5 0.1 40 4.0 55.48 15.32 0.8540

6 0.5 4.0 0.05 30 2.0 58.96 8.31 0.4359

7 0.5 4.5 0.025 60 8.0 55.09 15.67 0.8796

8 0.5 5.0 0 50 6.0 71.06 5.49 0.2389

9 1.0 3.5 0.025 50 2.0 53.97 9.18 0.5260

10 1.0 4.0 0 60 4.0 61.32 2.53 0.1276

11 1.0 4.5 0.1 30 6.0 35.20 17.15 1.5067

12 1.0 5.0 0.05 40 8.0 43.15 19.22 1.3776

13 2.0 3.5 0.05 60 6.0 30.77 16.05 1.6130

14 2.0 4.0 0.1 50 8.0 26.93 18.11 2.0793

15 2.0 4.5 0 40 2.0 57.07 5.74 0.3111

16 2.0 5.0 0.025 30 4.0 38.56 10.30 0.8260

K1 0.504 0.780 0.201 0.724 1.116

K2 0.602 0.781 0.679 0.756 0.960

K3 0.884 0.817 1.000 0.854 0.595

K4 1.207 0.819 1.318 0.863 0.527

R 0.703 0.039 1.117 0.139 0.589



and 1028 cm -1 and strengthened, indica ting the participa tion of the pr imary and
secondary -OH in the complexation reaction. νC=O at 1655 cm-1 shif ts to 1651 cm-1 and
the peak is broadened, suggest ing the change of the chemica l environment of it. All
of those changes are similar to that of CTS that complexes with Cu(Ⅱ) [14],
indica ting the similarity of the complexa tion pattern of chitosa n-Cr(Ⅲ) with
chitosa n-Cu(Ⅱ).

In conclusion, -NH2 and -OH groups of CTS are taken part in the reaction, and the
chemical environment of -NHCOCH 3 has changed.

3.33.33.33.3 TGTGTGTG analysesanalysesanalysesanalyses
Fig. 3 exhibits the TG profiles of pyrolysis

for chitosan and chitosan-Cr(Ⅲ) at
predetermined heating rate. CTS
shows two weight-losing events
centered at about 104.1℃ and
297.8℃, while Chitosan-Cr(Ⅲ)
contains three separated weight-
losing steps that centered at
115 ～ 125℃, 210 ～ 220℃ and
260 ～ 285℃. The first thermal
event for CTS and CTS-Cr(Ⅲ) is
related to the evapora tion of
water present in the samples.
Thanks to the hydrophilic
chromium atom, chitosa n-Cr(Ⅲ) shows bet ter water combina tion capa bility, and the
water content increases from 3.5% to 7%～ 14% after the coordination react ion.
After complexa tion, the microstructure of chitosa n-Cr(Ⅲ) might be dif ferent from
that of chitosa n. The structural units of CTS that complexed with Cr(Ⅲ) might form
one phase, while the others might form another one. So the complex presents two
degrada tion steps while CTS has only one. The decreasing of the degrada tion
tempera tures of CTS after the complexa tion with Cr(Ⅲ) suggests the reduct ion of

Fig.Fig.Fig.Fig. 1111 IRIRIRIR spectraspectraspectraspectra ofofofof resultantsresultantsresultantsresultants ofofofof CTSCTSCTSCTS andandandand

KKKK2222HPOHPOHPOHPO4444

Fig.Fig.Fig.Fig. 2222 IRIRIRIR spectraspectraspectraspectra ofofofof CTSCTSCTSCTS (a)(a)(a)(a) andandandand CTS-Cr(CTS-Cr(CTS-Cr(CTS-Cr(Ⅲ))))

(b,(b,(b,(b, samplesamplesamplesample 14)14)14)14)

Fig.Fig.Fig.Fig. 3333 TGTGTGTGprofilesprofilesprofilesprofiles ofofofof CTSCTSCTSCTSandandandand CTS-Cr(CTS-Cr(CTS-Cr(CTS-Cr(Ⅲ))))



the therma l stability of the complex. This phenomenon could be expla ined by the
demolish of inter- and intra-molecular hydrogen bond of CTS due to the interact ion
of active groups of CTS with Cr(Ⅲ), which lowered the structural regularity and its
therma l stability. Simila rly, when the tempera ture is higher than 450℃, the mass of
both CTS and chitosa n-Cr(Ⅲ) is decreasing tardily. This could be expla ined by the
cycliza tion of the rema ining parts of samples [15]. When the tempera ture reached
700℃, CTS and the complex start dehydrogenation, and the resulting substances with graphite
structure (i.e. carbonization) are found [15]. Comparing with CTS, the residual weight
percentages of complexes number 1, 6, 4, and 14 increased stepwise, which is consistent with
the results of ICP analyses, and demonstrates that the Cr(Ⅲ) contents in those samples
increase gradually .
3.43.43.43.4 ChemicalChemicalChemicalChemical structurestructurestructurestructureofofofof CTS-Cr(CTS-Cr(CTS-Cr(CTS-Cr(Ⅲ))))

The outer elect ronic structure of Cr3+

is 3d34s 04p0. Two 3d empty
orbits, one 4s empty orbit
and three 4p empty orbits
would process d2sp3 hetero-
zygosity, and form 6 tracks
with same energy. So Cr(Ⅲ)
would form complex of
octagona l conf iguration
with nucleophilic substa nce
(Viz. CTS in this
exper iment). Under opt ima
exper imental condition, the
mol ratio of Cr(Ⅲ) to
structural units of CTS
would be 2.08:1.
Consider ing the insolubi lity of resulting complex in common acids, which would be
expla ined the reticula te structure of the product; and in view of the analytica l result
of FT-IR, the sketch structure of resulting complex would be deduced as Fig. 4.

Fig. 4 indicated that Cr(Ⅲ) would chela te with two -NH2 of two CTS main chains
(Fig. 4(a)), or with sulf ate ion and -NH2 or might also -NHCOCH 3 (Fig. 4( b)).
According to the insolubi lity of the product in acidic solution, the mode of
complexa tion with multi-chela ting points and multi-nuclea r might widely exist in
the resulta nt (Fig. 4(c)).

4444 ConclusionConclusionConclusionConclusionssss
According to the nitrogen content and ICP analyses of the complex, factors

affecting the complexa tion react ion would be arranged in a decreasing order
according to their abilities of the effect on it: concentration of K2HPO4, reacta nts
ratio, react ion time, react ion tempera ture and pH value.

In the exper imental range, Cr(Ⅲ) content of the complex is enhanced with the
increase of the K2HPO4 concentration, n(Cr2(SO4)3):n(structural units of chitosa n),

Fig.Fig.Fig.Fig. 4444 TheTheTheThe possiblepossiblepossiblepossible structurestructurestructurestructure ofofofof CTS-Cr(CTS-Cr(CTS-Cr(CTS-Cr(Ⅲ))))



react ion pH and react ion time. The best coordination react ion condition is
n(Cr(Ⅲ)):n(structural units of chitosa n) ＝ 2:1 (namely, n(Cr2(SO 4)3):n(st ructural
units of chitosa n)＝1:1), pH＝4.5，K2HPO4 0.10 mol/L , tempera ture 50℃, and time 8
h.

FT-IR analysis indica ted that after the addition of K2HPO4, the elect ronic
density of -NH2 and -OH might be increased, and might show higher affinity to meta l
ions and in turn facilita te the coordination react ion. According to the FT-IR spect ra
of chitosa n-Cr(Ⅲ), O-H and N-H groups in chitosa n might involve in the
coordination with Cr(Ⅲ).

TG profiles of pyrolysis for chitosan and chitosan-Cr(Ⅲ) demonst rated the bet ter
water combining ability of the la tter, with the water content increases from 3.5% to
7%～ 14%. The complex presents two degrada tion steps, with main weight-losing
tempera ture centered at 210～ 220℃ and 260～ 285℃. The demolish of inter- and
intra-molecular hydrogen bond of chitosa n due to the interact ion of active groups of
chitosa n with Cr(Ⅲ) also lower the structural regularity and its therma l stability.
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