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Abstract

Chitosan-citric acid (CTS-CA), was prepared using chitosan (CTS) and citric acid (CA)
with sodium hypophosphite (SHP) as a catalyst. The preparation conditions for the CTS-
CA were as follows: mole ratio of CA and SHP was 10:1, reaction time was 3 h, reaction
temperature was 110°C, and mass ratio of CA and CTS was 2.5:1. In such conditions, the
overall yield and the weight-average molar mass of CTS-CA were 48.62% and 529,000,
respectively, and its water solubility was higher than that of CTS. The structure of CTS-
CA was characterized by FTIR, SEM, TGA, XRD and NMR. Results showed that the
acylation reaction happened between CTS and CA, and CTS-CA was synthesized, and
acylation mechanism was proposed. In addition, CTS-CA exhibited good effect on
adsorping cadmium ions and scavenging free radicals.

Keywords: Chitosan; Acylation reaction; Chitosan-Citric acid; Structural characterization;
Functional properties.

Introduction

Chitosan (CTS), a partially deacetylated derivative of chitin under alkaline conditions,
is a linear polymer compound containing 2-amino-2-deoxidation-B-D-glucose linked
by B-1,4-glycosidic bonds [1]. It has been widely used in food [2], medicine [3],
environmental protection [4], textile [5] and cosmetic industries [6,7], due to non-toxic
and biodegradable. CTS has ability to chelate metal ions and antibacterial activity [8,9].
However, CTS exhibits poor water solubility, and only dissolves in selective dilute acid
solutions because of the intermolecular or intramolecular hydrogen bonds between
amino and hydroxyl groups. This high crystallinity limites CTS application. Thus, different
physical and chemical methods were developed to prepare various CTS derivatives to
improve its water solubility with quality features [10-12].

Carboxymethylation, acylation, quaternary ammoniation and esterification methods
has been used to modify CTS to improve its water solubility [13-15]. Chung et al. showed
that the solubility of modified CTS derivatives by Maillard reaction was siginificantly
greater than that of CTS [11]. In addition, O-PEGylated chitosan was soluble in water and
aqueous solutions of wide pH range [16]. But reaction conditions of carboxymethylation
was difficult to control and chloroactic acid used in reaction process was highly toxic
substance [17]. Quaternary ammoniation and esterification produced a lot of acid or alkali
waste liquid, resulting in the pollution of environment [17,18]. Some modified methods
were complex and needed long preparation time [11]. Therefore, it was necessary to
develop a relatively simple and safe method for improving the water solubility of CTS.

Citric acid (CA) has a good hydrophilicity and its carboxyl has high reactivity with
amino group [19]. In the national standards, it is a kind of food additive and its usage is
safe within the prescribed scope and dosage [20]. Moreover, it can be decomposed into
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waterand carbon dioxide (non-toxicity) heating at temperature
above 175°C [21]. However, the preparation of CTS derivative
using CTS and CA has not been reported. The aim of this
study was to synthesize CTS-CA through acylation reaction of
CA and CTS with sodium hypophosphite (SHP) as a catalyst.
The structural of CTS-CA was characterized by FTIR, SEM,
TGA, XRD and NMR. The water solubility, and adsorption and
scavenging properties of CTS-CA were investigated.

Materials and Methods

Materials

CTS (food grade) was purchased from Shanghai Seebio
Biotech, Inc. The weight-average molar mass of CTS was 261,000,
as determined using a laser scattering instrument. The
deacetylation degree of CTS was 84.40%, as determined using
linear potentiometric tiration method. CA, acetic acid (guaranteed
reagent), SHP, salicylic acid and iron (I) sulfate heptahydrate
(FeSO47H,0) were purchased from China National
Pharmaceutical Group Corporation. Sodium acetate anhydrous
(guaranteed reagent) was purchased from Aladdin. Dextran
(guaranteed reagent) and DPPH were purchased from Sigma.
Absolute ethanol was purchased from Beijing Chemical Works.
Cadmium piece, nitric acid (BV-II), and hydrogen peroxide (BV-
I) were purchased from Beijing institute of chemical reagents.
All reagents were analytically pure unless otherwise specified.

Preparation of CTS-CA

CTS-CA was prepared via the acylation reaction method
by mixing 1.50 g of CTS with 30 g of water containing different
amounts of CA (from CA 4 g/g to 1 g/g of CTS) and SHP as the
catalyst (from CA 10 mol/mol to 1 mol/mol of SHP). The
reaction mixture was transferred to a pressurized bottle, and
placed in a circulating air oven at different reaction
temperatures (70-150°C) for different reaction times (2-4 h).
Samples were precipitated and purified by washing with 85%
ethyl alcohol after cooling to room temperature, suction
filtration, and then vacuum freeze drying at -50°C for 36 h.
The purified products were stored prior to analysis.

Yield of products
The overall yield of product was calculated using Eq. (1)
W
Products yield/%= ———— X100 (1)
1+ W,

W;: mass of CTS (g); W,: mass of CA (g); W5: mass of CTS-CA (g).

Weight-average molar mass measurement

The weight-average molar mass of CTS-CA was
determined by multi-angle laser light scattering instrument
with size exclusion chromatography (MALLS-SEC), including a
multi-angle laser detector (DAWN HELEOSII, Wyatt, USA), a
UV detector (L-2400, HITACHI, Japan), and a differential
refractometer (WREX-14, Wyatt, USA). Dextran (from
Leuconostoc spp., Sigma) was used as standard, with a relative
molecular mass (M,) of 40,000.

The prepared CTS-CA (1 mg/mL) was dissolved in a
moving phase (0.1 mol/L acetic acid and sodium acetate

buffer solution (pH 4.5) containing 0.2%o0 NaN3) and filtered
using a 0.45 um membrane. The injection volume was 200 pL,
the UV detector wavelength was 280 nm, the differential
refractometer detector wavelength was 690 nm and the flow
rate was 0.50 mL/min.

Water solubility measurement

About 0.10 g of CTS and CTS-CA were dissolved separately
in 10 mL of distilled water and mixed well. Water solubility
was observed with the naked eyes.

Infrared spectrometry

A Brucker Tensor37 FTIR spectrometer (BRUKER OPTICS,
Germany) was used to measure infrared spectra. The sample
was mixed with potassium bromide (KBr) (about 200-400 mg),
placed in a sampling cup, flattened and compressed into a
transparent flake using a tablet machine at 8 t pressures. The
powdered sample was placed in the light path at room
temperature with KBr pellet as reference to determine the
spectrum in the range of 4000-400 cm-1.

SEM determination

Samples were subjected to a gluing machine and metal
spraying, their surface morphologies were studied through
SEM (FEl, America, Quanta 200 FEG) under high vacuum at a
voltage of 6 kV. Different magnified photographs were
obtained.

Determination of TGA

TGA was performed with the Perkin-Elmer TG/DTA
analyser (Pyris-115, USA). Samples were weighed in an
aluminium alloy crucible and then placed in the analyser. An
empty aluminium crucible was used for reference. TGA
experimental conditions were nitrogen atmosphere of 50 mL/
min, the heating rate of 10°C/min, sample weight of 1.5-2.0
mg and scanning temperatures range of 40-550°C.

Powder XRD measurement

The XRD patterns of samples were obtained using an
X-ray diffractometer (XD-2 XRD, Rigaku Dmax/2400 Neo-
Confucianism Instrument, Japan) with Cu Ka radiation (A=1.50
A at 40 kV, 100 mA in the 2 theta range of 5° to 60°, scan
speed of 6°/min and use of graphite monochromator).

NMR spectroscopy

Samples were characterised using 3C spectroscopy on a
Bruker 400 MHz WB solid-state NMR spectrometer (AVANCE
[ll) at a resonance frequency of 100 MHz. All samples were
ground and crushed before usage. Measurements were
performed at room temperature.

Cadmium ion adsorption experiment

0.10 g CTS-CA sample was mixed in 50 mL Cd2+ solution
(25 mg/L), then adjusted pH of the solution to 2-10, shocked
8 h, centrifuged for 10 min (4,000 r/min) at 4°C. 1 mL of
supernatant liquid, 6 mL of HNO3 and 2 mL of H,0, were
mixed, digested, cooled and capacity to 100 g, then
determined by Inductively Coupled Plasma Mass Spectrometry
(ICP-MS). Measurement conditions were as follows: high
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frequency incident power was 1550 W, atomizing chamber
temperature was 2°C, carrier gas flow rate was 1.07 L/min,
peristaltic pump was 0.10 rps, lens voltage was 10.20 V,
integration time was 0.10 s, sampling period was 0.31 s and
scanning number was 3. Adsorption capacity and adsorption
rate were calculated using Eq. (2) and (3)

V(Go-O)

Q= ——— (2)
W x 1000
Co-C
n= 2 x 100% 3)
0

Q: Adsorption capacity (mg/g); n: Adsorption rate (%); V:
Volume of solution (mL); Cy: Cd2+ concentration before
adsorption (mg/L); C: Cd2+ concentration after adsorption
(mg/L); W: Mass of CTS-CA (g).

Removing experiment of hydroxyl free radical

The hydroxyl free radical clearance rate was measured
according to the method of Liu et al. [22]. with some
modifications. 1 mL of CTS-CA solution (0.2-1.6 mg/mL), 1 mL
of FeSO,4 (9 mmol), 0.50 mL of salicylic acid-ethanol solution
(9 mmol) and H,0, (0.15%) were mixed, heated at 37°C water
bath for 30 min, and then measured at 510 nm by ultraviolet
spectrophotometer. The hydroxyl free radical clearance rate
was calculated using Eq. (4)

Ag-A

‘OH % = x 100% (4)

Ay: Absorbance of control group; A: Absorbance of sample
groups.

Removing experiment of DPPH free radical

The DPPH free radical clearance rate was determined by a
modified method of Shimada et al. [23]. 2 mL DPPH-ethonal
solution (0.1 mmol) and 1.8 mg/mL CTS-CA solution (1-6 mL)
were mixed, heated at 25°C water bath for 30 min, and then
measured at 517 nm after cooling by ultraviolet
spectrophotometer. The DPPH free radical clearance rate was
calculated using Eq. (5)

A-A
‘DPPH(%) = % x 100% (5)
2
Aq: Absorbance of control group; A, Absorbance of

sample groups.

Results and Discussion
CTS-CA preparation conditions analysis

The effects of mole ratio of CA and SHP, reaction time,
reaction temperature, and mass ratio of CA and CTS on the
yield and weight-average molar mass of CTS-CA were shown
in figure 1. When the experiment conditions were reaction
time of 3 h, reaction temperature of 110°C, and CA and CTS
mass ratio of 2:1, the yield of CTS-CA initially increased and
then decreased gradually (Figure 1a). It may be attributed to
the reduction of CA compared to that of SHP, which made the
balance moving in the direction of reverse reaction. The
weight-average molar mass of CTS-CA increased rapidly,
peaked at CA and SHP mole ratio of 10:1, and then remained

unchanged with decreasing of CA and SHP mole ratio. The
reason for explaining was that CTS-CA was accumulated after
CTS reacting with CA in the presence of SHP, and then
achieved saturated state as the reaction proceeding. These
results indicated that the yield and weight-average molar
mass of CTS-CA attained the highest at CA and SHP mole ratio
of 10:1.

As shown in figure 1b, the preparation conditions for the
CTS-CA were CA and SHP mole ratio of 10:1, reaction
temperature of 110°C, and CA and CTS mass ratio of 2:1. The
yield of CTS-CA increased with the increase of reaction time,
remained unchanged at 2.5 h-3 h, and then raised rapidly. The
weight-average molar mass increased with the increase of
reaction time, then decreased with the extension of reaction
time. The reason for this phenomenon may be due to
degradation of CTS-CA with the extension of reaction time.
The yield and weight-average molar mass of CTS-CA were
better at reaction time of 3 h.

When the preparation conditions were CA and SHP mole
ratio of 10:1, reaction time of 3 h, and CA and CTS mass ratio
of 2:1 (Figure 1c), no obvious changes were observed on the
yield of CTS-CA at reaction temperature lower than 100°C.
However, it decreased significantly at the temperature higher
than 100°C, indicating that this reaction was sensitive to high
temperature (2100°C), and reaction temperature should be
strictly controlled. Under the same condition, the weight-
average molar mass of CTS-CA gradually increased with the
heating temperature, peaked at 110°C, and then decreased.
Thus, the reaction temperature for preparing CTS-CA was
chose at 110°C.

At optimizational CA and SHP mole ratio of 10:1, reaction
time of 3 h, and reaction temperature of 110°C, the yield of
CTS-CA decreased with the increasing concentration of CA
(Figure 1d). The weight-average molar mass of CTS-CA
increased slightly, reached maximum at CA and CTS mass
ratio of 2.5:1, and then decreased.
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Figure 1. Effects of (a) mole ratio of CA and SHP (reaction time, 3 h;
reaction temperature, 110°C and CA:CTS mass ratio, 2:1), (b)
reaction time (CA:SHP mole ratio, 10:1; reaction temperature, 110°C
and CA:CTS mass ratio, 2:1), (c) reaction temperature (CA:SHP mole
ratio, 10:1; reaction time, 3 h and CA:CTS mass ratio, 2:1), and (d)
mass ratio of CA and CTS (CA:SHP mole ratio, 10:1; reaction time, 3
h and reaction temperature, 110°C) on the yield and weight-
average molar mass of CTS-CA.
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Based on the above results, the optimal preparation
conditions for CTS-CA were as follows: CA and SHP mole ratio
was 10:1, reaction time was 3 h, reaction temperature was
110°C and mass ratio of CA and CTS was 2.5:1. And in these
conditions, the overall yield and weight-average molar mass
of CTS-CA were 48.62% and 529,000, respectively.

Water solubility analysis

As shown in figure 2a, the water solubility of CTS-CA was
better than that of CTS, indicating that the chemical reaction
between CTS and CA occured. This reaction not only destroyed
intermolecular and intermolecular hydrogen bonds of CTS,
but also introduced the hydrophilic group (carboxyl). The
speculated reaction mechanism of CTS and CA was shown in
figure 3. Firstly, CTS and CA formed a proton salt after
mixturing, the transition state was generated by intermolecular
rearrangement, and then the water molecule was taken off
under the condition of the catalyst and heating, leading to the
formation of CTS-CA [24-26].

FTIR analysis

The FTIR spectra of CTS and CTS-CA were shown in figure
2b and 2c. Raw CTS showed signals at 1323 cm-1, 1381 cm-1,
1425 cm-1, 1600 cm-1 and 1658 cm-1 (Figure 2c), which were
attributed to symmetrical angular deformation of C-N
stretching, N-H plane bending deformation, C-N stretching
coupled with N-H bending of amino groups and NH, angular
vibration, respectively [1,6]. Compared with the FTIR spectrum
of CTS, the spectrum of CTS-CA showed a new absorption
peak at around 1717 ¢cm-1, which corresponded to C=0 of CA,
while the absorption at 1473-1673 cm-1 appeared as a wide
absorption peak including N-H plane bending vibration of
secondary amide at 1535-1560 cm-! and C=O stretching
vibration of secondary amide at 1635-1650 cm-T (Figure 2c).
The absorption peak for C-OH plane bending of CA appeared
at 1396 cm-1 (Figure 2c). The FTIR spectra indicated that
acylation reaction occured between the amino group of CTS
and the carboxyl group of CA, confiring the mechanism of
CTS and CA shown in Figure 3.

(b)

i

500 1000 1500 2000 2500 3000 3500 4000 1200 1400 1600 5 1800 2000
Wavenumber (em’') Wavenumber (cm”)

Figure 2. Water solubility (a) and FTIR spectra (b,c) of CTS and
CTS-CA (preparation conditions: CA:SHP mole ratio, 10:1; reaction
time, 3 h; reaction temperature, 110°C and CA:CTS mass ratio,
2.50:1).
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Figure 3. Acylation reaction mechanism of CTS and CA.

SEM analysis

The structural morphologies of CTS and CTS-CA were
differences (Figure 4). The SEM of CTS showed large particle
sizes and a smooth and compact structure (Figures 4a-4c),
while CTS-CA displayed smaller particle sizes and a porous
structure (Figures 4d-4f). Such differences in the structure of
CTS and CTS-CA could be attributed to chemical modification.
It explained the higher solubility of CTS-CA than that of CTS,
due to porous structure that was advantageous to the water
molecules to enter.

Figure 4. SEM images of CTS (a-c) and CTS-CA (d-f) (preparation
conditions: CA:SHP mole ratio, 10:1; reaction time, 3 h; reaction
temperature, 110°C and CA:CTS mass ratio, 2.50:1).

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was carried out to
determine the thermal properties and stability of the new
material. The DTA curves of CTS (Figure 5a) and CTS-CA
(Figure 5b) showed that their decomposition reaction were
endothermic process. The TG curves showed that the thermal
stability of CTS-CA was lower than that of CTS (Figures 5a and
5b). The initial degradation temperature of the CTS and CTS-
CA were 239.5°C (Figure 5a), and 129.8°C (Figure 5b). The
lower stability of CTS-CA may be attributed to the less

Madridge ] Food Technol.
ISSN: 2577-4182

Volume 3 « Issue 1 « 1000113 87



Madridge Journal of Food Technology

intermolecular and intramolecular hydrogen bonds compared
to that of CTS. Based on the DTG curve of CTS (Figure 5a), the
maximum weight loss for CTS was 165 pug/min at 297.10°C.
The DTG curve of CTS-CA showed that the weight loss of CTS-
CA was divided into three stages, 39.10 ug/min at 177.60°C,
48.10 pg/min at 250.10°C, and 61.60 pg/min at 297.40°C,
respectively. The peak of weight loss at 177.60°C appeared to
the carboxyl decomposition of CA because boiling point of
CA was 175°C (Figure 5b). The TGA results also confirmed that
CTS-CA was synthesized successfully.

Powder XRD analysis

The powder X-ray diffraction patterns of CTS and CTS-CA
were given in figure 5c and 5d, respectively. The CTS (Figure
5c) exhibited two typical peaks at 26=12.04° and 20.12°.
Huang et al. [10]. reported that the reflection at 26=12.04°
was assigned to the crystal form | and attributed to the
hydrated crystals with low crystallinity. The strongest intensity
at 26=20.12° represented the crystallinity of the crystal form
II. For CTS-CA (Figure 5d), a relatively obtuse and weak broad
peak appeared at 20.84°, indicating that the ability of CTS to
form hydrogen bonds may reduce after chemical modification
of the amino groups at the C, position: as such, a smaller
fraction of crystalline phase and a larger fraction of amorphous
phase were formed [12,27-29]. It was suggested that the
crystallinity of CTS-CA decreased, and this decrease in
crystallinity of CTS-CA was attributed to the deformation of
the strong hydrogen bond in the free chitosan molecular and
also due to the substitution of CA on it [4,14,15]. It better
explained CTS-CA dissolving in water more easily than that of
CTS due to their crystallinity, because the higher the
crystallinity of substance, the more difficult it is to dissolve
generally.

Solid-state C NMR analysis

The high resolution solid state 13C NMR was used to
characterisation of new substances. The 13C NMR spectra of
CTS and CTS-CA obtained in this study were shown in
Figures 5e and 5f. In the spectrum of CTS (Figure 5e), the peak
at 104.76 ppm, 97.88 ppm, 82.86 ppm, 75.40 ppm, 60.71 ppm
and 57.43 ppm were attributed to the C;, C,, C3, C4, Cs, Cg of
CTS, respectively [30]. Compared with CTS, the 13C NMR
spectrum of CTS-CA showed additional peaks at 178.48 ppm
(Figure 5f C; or Cg), which was attributed to the carbonyl
carbon atoms of CA present in the CTS-CA. However, chemical
shift of CTS-CA (Figure 5f C;) moved to low field direction at
99.16 ppm compared with CTS (Figure 5e C, 97.88 ppm), it
may be due to high electronegativity of carbonyl oxygen
existed in amide bond transformed amino group of C,. The
differences in the nature and intensity of peaks within the
region of 40-100 ppm of CTS-CA from those of CTS indicated
that the additional aliphatic (CA) carbon atoms were present
in the CTS-CA [4,31,32]. These evidences obviously supported
that the amino groups of the raw chitosan were converted to
amides.
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Figure 5. TGA curves, XRD patterns and 3C photographs of CTS
and CTS-CA (preparation conditions: CA:SHP mole ratio, 10:1;
reaction time, 3 h; reaction temperature, 110°C and CA:CTS mass
ratio, 2.50:1).

Compared with the CTS, the CTS-CA exhibited high water
solubility. In addition, the FTIR, TGA and solid state 13C NMR
analyses indicated that the hydrophilic group (carboxyl) was
successfully introduced into CTS via acylation reaction.
Meanwhile, XRD and SEM figures showed that its crystal
construction was destroyed, presenting porous structure,
which was more advantageous to water molecules to enter.
The results showed that the structures of CTS-CA were
considerably different from CTS.

Cadmium ion adsorption analysis

The adsorption of Cd2+ was significantly different under
the condition of different pH (Figures 6a and 6b). Concentration
of Cd2+ in the solution gradually decreased, and then
remained basically unchanged with the increase of pH. In
other words, with the increase of pH, adsorption capacity and
adsorption rate gradually increased, and then maintained
essentially constant. The adsorption capacity and adsorption
rate reached maximum at pH of 9, 1241.95 mg/g and 98.21%,
respectively (Figure 6b), which were much better than that of
Yan et al. (87.74 mg/g and 81.22%) [33]. The possible reason
was that side chain carboxyl group of CTS-CA forming COO-
in alkaline conditions was easier to combine with Cd2+.
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