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Effects of Spray Drying on Physicochemical Properties of Chitosan Acid Salts
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Abstract. The effects of spray-drying process and acidic solvent system on physicochemical properties of
chitosan salts were investigated. Chitosan used in spray dryings was obtained by deacetylation of chitin
from lobster (Panulirus argus) origin. The chitosan acid salts were prepared in a laboratory-scale spray
drier, and organic acetic acid, lactic acid, and citric acid were used as solvents in the process. The
physicochemical properties of chitosan salts were investigated by means of solid-state CP-MAS 13C
nuclear magnetic resonance (NMR), X-ray powder diffraction (XRPD), differential scanning calorimetry,
and Fourier transform infrared spectrometry (FTIR) and near-infrared spectroscopy. The morphology of
spray-dried chitosan acid salts showed tendency toward higher sphericity when higher temperatures in a
spray-drying process were applied. Analysis by XRPD indicated that all chitosan acid salts studied were
amorphous solids. Solid-state 13C NMR spectra revealed the evidence of the partial conversion of
chitosan acetate to chitin and also conversion to acetyl amide form which appears to be dependent on the
spray-drying process. The FTIR spectra suggested that the organic acids applied in spray drying may
interact with chitosan at the position of amino groups to form chitosan salts. With all three chitosan acid
salts, the FTIR bands at 1,597 and 1,615 cm−1 were diminished suggesting that –NH groups are
protonated. The FTIR spectra of all chitosan acid salts exhibited ammonium and carboxylate bands at
1,630 and 1,556 cm−1, respectively. In conclusion, spray drying is a potential method of preparing acid
salts from chitosan obtained by deacetylation of chitin from lobster (P. argus) origin.
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INTRODUCTION

Chitosan (CH) has gained increasing interest as a safe
excipient and functional material in many fields including
pharmaceutical, food, cosmetics, biomedical, agricultural,
paper, textile, and water treatment industries (1–3). Chitosan
is a basic polymer of helix structure with reactive amine
groups, which gives a lot of possibilities for modification and
ionic interactions (4). It is a hydrophilic biopolymer usually
obtained from chitin through chemical deacetylation. Chitin is
one of the most abundant natural amino polysaccharides
obtained from crustacean source such as shrimp, crab, or
lobster (shells or squid).

Water-soluble chitosan acid salts are perhaps the most
frequently used derivatives of chitosan in drug delivery today.
Chitosan forms water-soluble salts with both inorganic acids and
organic acids such as hydrochloric acid, formic acid, glutamic
acid, lactic acid, citric acid, acetic acid, and ascorbic acid (5–7).
The reactive amino groups present in chitosan chains can be
protonated (NH3

+OCOR−) by the abovementioned acids, and
the resultant water-soluble polysaccharide is positively charged
(5). There are a number of recent examples in the literature on
applications of chitosan salts in pharmaceutical drug delivery
systems. Chitosan acid salts such as glutamate, aspartate,
hydrochloride, and acetate were used for colon-specific drug
delivery and to enhance the delivery of therapeutic peptide
across intestinal epithelia (8–12). Chitosan and some chitosan
acid salts were reported to be carriers for transfection of DNA
(13). More recently, Weecharangsan et al. evaluated different
chitosan acid salts as a DNA complexing agent (14) and as non-
viral gene vectors in CHO-K1 cells (15). Chitosan ascorbate salt
showed good penetration enhancement properties toward both
buccal mucosa and Caco-2 cell monolayer (16). Lipid-based
dried powders as transfection competent carriers for respiratory
gene delivery prepared by cationic and chitosan loaded
liposomes have been reported (17).

Spray drying is a well-known continuous manufacturing
process that is used to produce pharmaceutical dry powders,
microspheres, granules, or agglomerates from drug–excipient
solutions and suspensions (18). Spray drying can be regarded
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as the only process that directly converts a liquid into a dry
solid in a single step, and consequently, it is especially well
suited for, e.g., heat-sensitive products. To date, several
research articles have been published on microspheres
prepared by spray-drying solution of chitosan using organic
acids as solvents (10,12,19–22). A chitosan derivative as an
acetate salt was successfully prepared by using a spray-drying
technique and characterized as a binder for sustained release
tablets (10). Rege et al. reported that drying method (spray
drying versus tray drying) affects physicochemical and
micromeritic properties of water-soluble chitosan salts (21).
Cerchiara et al. evaluated the influence of chitosan acid salts
on the release behavior of vancomycin hydrochloride from
the spray-dried and freeze-dried systems (22,23). In vitro
release of vancomycin was retarded by chitosan hydrochloride
salt (22). More recently, Adamiec and Modrzejewska described
the possibility of applying spray drying in the formation of
chitosan microgranules (24). Spray-dried microspheres of
hydroxypropyl methylcellulose, chitosan, and carbopol were
successfully prepared to deliver drug through nasal cell
monolayer (25).

To date, virtually all chitosan acid salt solutions
applied in spray drying have been prepared from chitosan
of shrimp and crab shells origin. Chitosan can be obtained
also by deacetylation of chitin originated from lobster
(Panulirus argus) shells. It is evident that chemical,
physical, and biological properties of chitosan as well as
chitosan acid salts are very much dependent on the source
of chitin (starting material of chitosan) since it affects the
degree of deacetylation and the molecular weight of the
polysaccharide.

The aim of the present study was to investigate the
effects of spray drying and form of organic acid (solvent) on
the physicochemical properties of three chitosan acid salts.
The chitosan acid salts studied were prepared by using a
laboratory-scale spray drier, and organic acetic acid, lactic
acid, and citric acid were applied as solvents. Chitosan was
obtained by deacetylation of chitin derived from lobster (P.
argus) shells. Physicochemical properties of the spray-dried
chitosan acid salts were thoroughly evaluated.

MATERIALS AND METHODS

Materials

CH was obtained by N-deacetylation of chitin from lobster
(P. argus) origin in accordance with the procedure described in
our earlier paper (26). Molecular weight and degree of
deacetylation were 309,000 g/mol and 83%, respectively. Lactic
acid (BDH, England), citric acid (Proquibasa, Spain), and acetic
acid (Merck, Germany) used were of analytical grade.

Spray Drying of Chitosan Acid Salts

The 4% (w/w) chitosan dispersions were prepared by
dissolving chitosan powder in 10% (w/w) aqueous solutions
of lactic acid, citric acid, and acetic acid. The samples were
mixed for 24 h at room temperature with constant stirring
until complete dissolution. The ratio of chitosan/organic acid
used for salt preparations was 1:24. Finally, the chitosan
solutions were filtered and subsequently spray-dried.

Spray drying was performed using a laboratory-scale
spray drier (Mini Spray Dryer Büchi B-191, Switzerland)
equipped with a standard 0.7-mm nozzle. The spray flow rate
used was of 588 ml/h. Compressed air flow rate was 600 l/h,
the air flow rate was 60 m3/h, and air pressure was 42 mbar.
The effects of temperature on physicochemical properties of
the spray-dried powders were studied by setting the inlet/
outlet temperatures at 120/80°C, 140/90°C, and 160/100°C,
respectively. In this study, the inlet temperature levels studied
in a spray-drying process were selected based on earlier
related studies on spray-dried chitosan salts (10,19,21).

Characterization of Chitosan Acid Salts

Particle Size, Shape, and Surface Morphology

Particle size, shape, surface morphology, and micro-
structure of chitosan flakes and chitosan acid salts were
studied by using a scanning electron microscope (Zeizz, DSM
962, Germany). Scanning electron micrographs of the plati-
num-coated samples were taken at appropriate magnification.

Viscosity, Water Content, and Water Activity

Viscosities of chitosan acid salt solutions were measured
before spray drying at 20±0.1°C by using a Haake RV-20
(Germany) viscometer at a rotating speed of 0–500 l/s.
Moisture content of chitosan acid salts was determined in
triplicate by using a Karl Fischer method (Mettler DL35,
Switzerland). The water activity measurements were carried
out with an AquaLab (Series 3TE, Sweden) water activity
meter. The measurements were carried out in triplicate.

X-ray Powder Diffraction

X-ray powder diffraction (XRPD) patterns were
obtained by using a variable temperature X-ray diffractom-
eter (D8 Advance Bruker AXS GmbH, Karlsruhe, Germany;
VT-XRPD). The VT-XRPD experiments were performed in
symmetrical reflection mode with Cu Ka radiation (1.54 Å)
using Göbel Mirror bent gradient multiplayer optics. The
scattered intensities were measured with a scintillation
counter. The angular range was from 5° to 40° with steps of
0.2°, and the measuring time was 3 s/step.

Solid-State CP-MAS 13C NMR

The 13C nuclear magnetic resonance (NMR) analyses
were performed with a Varian Unity Inova spectrometer
operating at 300 MHz for 1 H frequency, using the combined
techniques of proton dipolar decoupling, magic angle
spinning (MAS), and cross-polarization (CP). The contact
time was 1 ms, the acquisition time was 50 ms, and the recycle
delay was 4 s. The proton pulse width was 6 μs and 18-kHz
spectral window was used. A typical number of 2,000 scans
were acquired for each spectrum. The chemical shifts were
externally referenced by setting the methyl resonance of
hexamethylbenzene to 17.3 ppm. The samples were contained
in a SiN4 cylindrical rotor, which was spun at 5 kHz during
measurements.
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Fourier Transform Infrared Spectrometry

The Fourier transform infrared spectrometry (FTIR)
spectra were recorded by using an IR spectrometer (FT/IR
Jasco 460-plus, Japan). The samples were prepared by
processing compressed KBr disks.

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) thermograms of
chitosan and chitosan acid salts were obtained by using a
differential scanning calorimeter (DSC 823e, Mettler Toledo,
Greifensee, Switzerland). Samples were accurately weighed
into aluminum pans and sealed. In this method, a small hole
was made at the top of the pan in order to allow the release of
moisture. A nitrogen purge with a flow rate of 50 ml/min was
used in the furnace. The measurements were performed at a
heating rate of 10°C/min from 25°C to 220°C to chitosan
lactate and from 25°C to 300°C to the rest of the samples.

Thermogravimetric Analysis

Thermogravimetric analyses (TGA) of chitosan acid salts
were performed by using a thermogravimetric analyzer (TGA
850, Mettler Toledo, Switzerland). A nitrogen purge of 50 ml/
min was used in the furnace, and sample sizes of 5 mg were

used for all experiments. The measurements were carried out
at 25–250°C at a heating rate of 10°C/min.

Near-Infrared Spectroscopy

The near-infrared (NIR) spectroscopy analyses were
performed with a FT-NIR spectrometer (Nirvis, Bühler,
Switzerland). The spectra were measured through the bottom
of the glass vial containing the sample. The measurements
were carried out in triplicate. The spectra were recorded over
a range of 10,000–4,000 cm−1 with a resolution of 16 cm−1 and
averaged over 32 scans. Second derivative transformations of
absorbance, log (1/R), were performed with 11-point Savitzky
and Golay smoothing (27) using a Matlab software (v. 5.3,
MathWorks Inc., Natick, MA, USA).

RESULTS AND DISCUSSION

Particle Size, Shape, and Surface Morphology

The scanning electron micrographs of chitosan and
chitosan acid salts are illustrated in Figs. 1, 2, and 3. The
chitosan originally derived from lobster chitin consisted of
particles (flakes) of rather irregular size and shape (Fig. 1a).
The temperature used in a spray-drying process greatly
affected the particle size and shape of chitosan acid salts
(Figs. 1, 2, and 3). In general, with the increase of process

Fig. 1. Scanning electron micrographs of a chitosan flakes, b chitosan acetate spray-dried at 120/80°C, c chitosan acetate
spray-dried at 140/90°C, and d chitosan acetate spray-dried at 160/100°C
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temperature, chitosan acid salts exhibited more spherical
particles. Interestingly, with all chitosan salts, small particles
around larger particles were observed. In particular, chitosan
citrate obtained by spray drying at low temperatures
exhibited irregular and sticky aggregated particles. Similar
results have been reported also in the earlier studies on
chitosan citrates and lactates prepared by spray drying (12).

As seen in Figs. 1 and 2, spray-dried chitosan lactate
powder was composed of particles with more spherical shape
in comparison to spray-dried chitosan acetate powder which
showed more agglutination of the particles. Chitosan citrate
powder particles were greatly affected by the temperature
used in a spray-drying process: The particles were irregular in
shape, sticky aggregated, and the color became more evident
as the salt solution was sprayed at a higher temperature
(Fig. 3). The present phenomena may be attributed to an
increase in the humidification of the sample which causes
agglomeration of the particles.

Viscosity of Solutions

The viscosity of chitosan acid salt solutions measured
before spray drying at 20±0.1°C, decreased in the following
order: CH acetic (273.6 mPas)>CH lactic (249.0 mPas)>CH
citric (220.9 mPas). This can be attributed to the ability of
different acids to form a salt with the amino group of

chitosan. All chitosan acid salt solutions used in this study
were easily atomized.

Moisture Content and Water Activity

Chitosan powder is readily soluble in acetic, citric, and
lactic acid solutions because chitosan is a weak polyelectro-
lyte. Acetic acid having the lowest molecular mass (acetic acid
60.06; lactic acid 90.08, and citric acid 192.12) and the lowest
boiling point (acetic acid 118.2°C and lactic acid 122°C) (28)
is the most volatile acid among the acids studied here.

The moisture content and the water activity (aw) of
spray-dried chitosan acid salts are shown in Table I. All
chitosan salt samples contained water since the acidic solvent
used in the sample preparation was not totally evaporated
during spray drying. As seen in Table I, chitosan acetate
exhibited higher moisture content than chitosan lactate and
citrate. As the inlet temperature in a spray-drying process was
increased, the moisture content of chitosan acid salts was
slightly decreased. It can be assumed that an increase in
energy among adsorbed water molecules makes it possible for
these molecules to leave “active places” of the chitosan salts,
and consequently, sorption of water is decreased.

Water activity (aw) reflects the active part of moisture
content or the part which, under normal circumstances, can
be exchanged between the product and its environment (29).

Fig. 2. Scanning electron micrographs of a chitosan lactate spray-dried at 120/80°C, b chitosan lactate spray-dried at 140/90°C,
and c chitosan lactate spray-dried at 160/100°C
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Like moisture content, also the water activity (aw) of chitosan
acid salts was dependent on the inlet temperature used in a
spray-drying process. The values for water activity were
higher with chitosan lactate salt compared to the respective
values obtained with chitosan acetate and citrate.

Citrate and lactate ions have a potential to compete with
water molecules in binding on the surface of powder particles
thus rendering their dehydration capacity. However, citric
acid has the highest salting out effect in the Hofmeister’s
series. Watthanaphanit et al. suggested that the chitosan
molecule and citrate ion have electrostatic interaction which
could reduce the hydrophilicity of chitosan (30). Therefore, in
our study, the moisture content of chitosan citrate and lactate
salt samples was found to be smaller compared to that of

chitosan acetate salt (Table I). In a spray-drying process, this
salting out effect of chitosan citrate could be even accelerated.

X-ray Powder Diffraction

The rigid crystalline structure of pure chitosan is
stabilized mainly by intra- and intermolecular hydrogen
bonds (31). When glucosamine units in chitosan are proto-
nated, hydrogen bonding involving the NH2 groups is
disrupted, and consequently, the rigid crystalline structure
weakens.

Figure 4a–c shows the XRPD patterns of three spray-
dried chitosan acid salts and chitosan powder. The XRPD
patterns of chitosan acid salts and chitosan exhibited a broad

Fig. 3. Scanning electronmicrographs of a chitosan citrate spray-dried at 120/80°C, b chitosan citrate spray-dried at 140/90°C, and
c chitosan citrate spray-dried at 160/100°C

Table I. Moisture Content, Water Activity (aw), and TGA Mass Loss of Chitosan Acid Salt Samples (n=3)

Samples Moisture content (%) aw (%) TGA mass loss (%)

CHacet 160/100 8.089±0.284 0.267±0.002 7.075
CHacet 140/90 7.988±0.269 0.273±0.000 7.131
CHacet 120/80 9.088±0.108 0.248±0.003 7.562
CHlact 160/100 3.140±0.032 0.352±0.007 3.063
CHlact 140/90 3.801±0.248 0.364±0.017 2.236
CHlact 120/80 3.112±0.439 0.380±0.004 1.394
CHcitr 160/100 4.623±0.023 0.241±0.004 4.492
CHcitr 140/90 4.643±0.130 0.250±0.008 4.530
CHcitr 120/80 4.808±0.051 0.308±0.003 4.688
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peak at around 20° (2θ) which is characteristic peak for
crustacean chitosans (32). The XRPD pattern of spray-dried
chitosan acetate salt showed even absence of such character-
istic peak at 20° (2θ; Fig. 4a). It is evident that spray drying
affected crystallinity of chitosan. With all spray-dried chitosan
acid salts, the characteristic peak at 20° (2θ) was lower than
the respective peak observed with a reference chitosan
powder. Halo diffraction patterns of all three chitosan salts

studied indicated amorphous state. The appearance of a
broad peak at around 9–10° (2θ) would be indicative for a
hydrated polymorph of chitosan (33), but no peak at this
position could be observed in the XRPD patterns. The
present results are in agreement with those reported by
Nunthanid et al. (10), Ritthidej et al. (34), and recently
Tanigawa et al. (35).

As seen in Fig. 4b, the XRPD pattern of chitosan lactate
exhibited also clearly lower peak at 20° (2θ) than the
diffraction pattern of chitosan reference powder. As lactic
acid reacts with chitosan, it will take place at random along
the chitosan chain giving rise to a random copolymer.
According to Yao et al., this will destroy regular packing of
the original chitosan chains resulting in formation of almost
amorphous copolymer (36). After spray drying, halo diffrac-
tion patterns of chitosan lactate salt evidenced amorphous
state. As regards with the spray-drying process, inlet/outlet
temperature appears to have a slight influence on the
exhibition of a characteristic peak (Fig. 4b). Diffraction
patterns of chitosan lactate salts showed a broad reflection
with low intensity at 20° (2θ; 160/100°C), at 19.8° (2θ; 140/90°C),
and at 19.6° (2θ; 120/80°C).

Solid-State NMR Spectroscopy

Solid-state NMR spectroscopy is an emerging technique
for the analysis of any changes in the form of solid material
that may have occurred during processing. Figure 5 shows the
CP-MAS 13C NMR spectra of spray-dried chitosan salt
samples. Corresponding chemical shifts values are
summarized in Table II. The sugar resonances at 50–
110 ppm assigned to methine/methylene carbon which
indicates the presence of glucosamine units. The methyl and
carbonyl signals associated with the monomeric form of chitin
were detectable in the polymeric chain of all chitosan salts.
This suggests incomplete deacetylation of the original chitin.
The methyl has a chemical shift of 22 ppm in the solid-state
NMR spectra of chitosan citrate while the respective shift is
overlapped in the spectra of the other chitosan acid salts
studied. The amide carbonyl has a chemical shift at 174 ppm
in the solid-state NMR spectra of chitosan acetate, but in the
spectra of the other chitosan salts, this signal is overlapped.

Figure 5a shows the CP-MAS 13C NMR spectra of spray-
dried chitosan acetate. An additional resonance at 180 ppm
assigned to carbonyl group indicates the presence of acetate
functional group. This suggests that chitosan acetate is
properly formed as a result of spray drying. The CP-MAS
13C NMR spectra of chitosan acetate salt (spray-dried at 120/
80°C), however, showed the additional peak with a chemical
shift of around 174 ppm. This is obviously due to the presence
of acetyl amide functional group (that has a chemical shift at
174 ppm). It is evident that conversion of chitosan acetate to
acetyl amide form is dependent on the spray-drying process.
The conversion of chitosan acetate molecular structure to N-
acetylglucosamine at higher temperature has been reported
by Nunthanid et al. (10).

The CP-MAS 13C NMR spectra of chitosan lactate
exhibited sharp signals at 21 ppm and at 75 ppm (Fig. 5b),
thus differing from solid-state NMR spectra of the other two
chitosan salts. In addition, the broad lines in chitosan lactate
salt indicate that the spray-dried salt is in amorphous state.

Fig. 4. X-ray powder diffraction patterns of chitosan powder (1) and
spray-dried a chitosan acetate, b chitosan lactate, and c chitosan
citrate samples at (2) 160/100°C, (3) 140/90°C, and (4) 120/80°C
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Fig. 5. CP-MAS 13C NMR spectra of a chitosan acetate, b chitosan lactate, and c chitosan citrate samples
spray-dried at a 160/100°C, b 140/90°C, and c 120/80°C

Table II. 13C NMR Chemical Shift Values for Chitosan Acid Salts

Nucleus

Values (ppm)

Chitosan Chitosan acetate Chitosan lactate Chitosan citrate

C=O 173.65 174.16, 180.39 176.60 175.53
C1 105.00 103.67 99.78 98.36
C4 82.52 82.60 82.83 81.52
C3/C5 75.39 75.72 79.65 74.13
C6 60.91 57.63 63.00 59.89
C2 57.97 57.63 56.26 56.52
CH3 23.75 24.48 22.85
CH2 (citric acid) – – – 44.03
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The present broad lines in the solid-state NMR are
characteristic to amorphous polymers. As seen in Fig. 5c,
the CP-MAS 13C NMR spectra of chitosan citrate exhibited
the methyl signal from chitosan as a small line at 22 ppm.
When compared this signal to the one obtained with chitosan
acetate and chitosan lactate, the resonance at 180 ppm was
much stronger due to (in a lesser extent) carbonyl groups of
chitosan and COOH− groups of citric acid signals that
contribute to the same region. In the solid-state NMR
spectra of chitosan citrate (Fig. 5c), the intense peak
between 40 and 50 ppm can be observed, and this peak
cannot be found in the solid-state NMR spectrum of chitosan.
This signal is attributed to the presence of CH2 groups from

citric acid. While the broad shape of this signal may indicate
close association of citric acid with the chitosan backbone, it
cannot be taken as a direct proof of complex formation
between chitosan and citric acid. In case of chitosan acetate, a
strong evidence of an amidation process exists as the signal
area of amide carbonyl at 174 ppm increases due to
prolonged reaction time at 120°C. With chitosan lactate and
citrate, no separate signal for amide carbon can be seen, and
therefore, no conclusions of such process can be made.

The solid-state NMR spectrum revealed evidence of
partial conversion of chitosan acetate structure to chitin.
However, such conversion of chitosan lactate and citrate salts
was difficult to detect due to the interfering of the key signals

Fig. 6. FTIR spectra of a chitosan acetate, b chitosan lactate, and c chitosan citrate spray-
dried at 120/80°C (the second curve from the top), 140/90°C (the third curve), and 160/100°C
(the fourth curve). In each figure, a–c, the first curve (from the top) represents the FTIR
spectrum of chitosan powder as a reference
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in the NMR spectrum. This amidation may be the reason for
the higher decomposition temperatures observed with chito-
san acetate and citrate.

In this study, solid-state NMR spectra revealed the
functional groups of chitosan acetate salt in its molecular
structure. The signals of carboxylic acids were found in both
spray-dried chitosan citrate and chitosan lactate powders
since the intensities are increased in comparison to the solid-
state NMR spectrum of pure chitosan.

Fourier Transform Infrared Spectroscopy

The FTIR spectra of spray-dried chitosan acid salts are
illustrated in Fig. 6. The FTIR spectra exhibited broad bands
in the range of 3,450–3,400 cm−1 (which are assigned to on

OH stretching) indicating intermolecular hydrogen bonding.
The NH stretching also could overlap in the same region of
the spectra. The amine group has a characteristic absorption
bands at 1,597 and 1,615 cm−1 in the FTIR spectrum of
chitosan. With all three chitosan salts, these bands at 1,597
and 1,615 cm−1 are diminished suggesting that –NH groups
are protonated. The carboxylate band of –COO− at
1,556 cm−1 appeared in all chitosan acid salts. Consequently,
it is reasonable to assume that there is an ionic interaction
between chitosan and acids.

The intense peaks at 1,550–1,600 cm−1 and the weak
peaks near 1,400 cm−1 (attributed to carboxylate anion
stretching, respectively) were observed in the FTIR spectra
of chitosan acetate (Fig. 6). This suggests that chitosan
acetate is properly formed as a result of spray drying.

Fig. 7. DSC thermograms of spray-dried a chitosan acetate, b chitosan lactate, and c chitosan citrate. In a,
the DSC thermogram of chitosan powder is also shown as a reference (small figure)
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However, the incidence of partial conversion of chitosan
acetate to chitin is observed in the FTIR spectrum of chitosan
acetate salt spray-dried at 120/80°C. This is in good
agreement with earlier solid-state NMR results of chitosan
acetate. The FTIR spectra of chitosan lactate reveal some
spectral changes compared to the chitosan acetate. As seen in
Fig. 6, the FTIR spectrum of spray-dried chitosan lactate
shows a large band –NH2 at 1,630 cm−1. The shift of this
vibration to higher wave-numbers compared with the usual
wave-numbers of the amine group proves the formation of a

carboxylate between the –COO− groups of the acid and the –
NH3+ groups of chitosan (8).

Carbonyl absorption bands at 1,700 cm−1 or higher
(indicating presence of carboxylic acids) can be seen in the
FTIR spectra of chitosan citrate and lactate. The band around
1,730 cm−1 corresponds to the ester of carboxylic group of
oligo(lactic acid) existing as free or side chain (37). This
suggests the presence of free lactic acid in the spray-dried
chitosan lactate salt. This finding is also in agreement with
earlier works (36). The FTIR spectra of chitosan citrate show

Fig. 8. TGA thermograms of chitosan and spray-dried a chitosan acetate, b chitosan lactate, and c
chitosan citrate
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bands at 1,630 and 1,400 cm−1 assigned to –NH3+ and –COO−,
respectively. In addition, the peaks at 1,730 cm−1 can be seen
suggesting the presence of free –COOH groups. These results
suggest that chitosan citrate is formed between chitosan and
citric acid molecules, and many carboxyl group of citric acid
are present without contributing salt formation. The present
results suggest that the organic acids applied in spray drying
may interact with chitosan at the position of amino groups to
form chitosan salts. The FTIR spectra of all chitosan acid salts
exhibited ammonium and carboxylate bands. However,
unreact acidic carboxyl groups in chitosan citrate and lactate
were shown in the FTIR spectra at the wavelength higher
than 1,700 cm−1.

Thermal Properties of Chitosan Salts

Figure 7 shows the DSC curves of the spray-dried
chitosan acid salts studied. The DSC curves of all samples
are characterized by broad endothermic peaks in the temper-
ature range 70–120°C. Chitosan lactate and citrate salts
exhibited a broad second endothermic peak at around 150–
200°C, which is attributed to a loss of crystallization water
and the melting point of the mixtures. Similar behavior was
previously reported to chitosan lactate and citrate micro-
capsules (38) and films (34). On the other hand, Phaechamud
et al. suggested that the second endotherm with the chitosan

citrate films is obviously related to transition of chitosan
citrate from crystalline to amorphous form (39).

As seen in Fig. 7, the spray-dried chitosan acetate also
showed an additional endothermic peak in the temperature
range of 150–200°C. According to the literature, endothermic
peaks of chitosan acetate are related to the weight loss of the
salt (10). The fact that the values for ΔH increased with the
moisture content of the samples may indicate that the
chitosan salts studied here differ from each other with respect
to their water–polymer interaction and their water holding
capacity. The ΔH values for chitosan acetate salt that was
spray-dried at 120/80°C, 140/90°C, and 160/100°C were 152.1,
122.2, and 105.2 J g−1, respectively. The ΔH values for
chitosan lactate spray-dried at 120/80°C, 140/90°C, and 160/
100°C were 28.5, 51.9, and 45.8 J g−1, respectively. With
chitosan citrate, the values for ΔH were 53.4 J g−1 (120/80°C),
53.5 J g−1 (140/90°C), and 50.7 J g−1 (160/100°C).

Thermal decomposition of chitosan is an exothermic
process where crystal structure of the material is contracted,
and this process starts after the dehydration (40). In this study,
the exothermic peaks of chitosan salts were observed at about
290°C (Fig. 7). Chitosan citrate exhibited the highest exothermic
peak temperature (>350°C) compared with the other two
chitosan salts studied. Chitosan lactate was found to be less
stable than chitosan, chitosan acetate, and chitosan citrate due to
lower degradation temperature. After heating above 220°C, an

Fig. 9. Near-infrared reflectance spectra of spray-dried a chitosan acetate, b chitosan lactate, and c chitosan citrate. The
second derivative of absorbance, log (1/R), at 1,800–2,060 nm
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irreversible change in the solid-state salt structure was observed
with chitosan lactate. As regards with the melting point of the
acids used in the salt formation, lactic acid has the lowestmelting
point of 17°C, and citric acid has a melting point of 153°C.

The present results suggest greater thermal stability of
chitosan acetate and chitosan citrate compared to chitosan
lactate. In the case of chitosan citrate (and use of citric acid),
this finding can be attributed to the higher number of
carboxylic groups in the molecule of citric acid in relation to
the molecule of the other two acids employed, thus allowing a
greater ionic interaction with chitosan (28,38). At elevated
temperatures, the carboxylic acids may protonate and slowly
react with the amine to form an amide (34,36). This
amidation decreases the amount of hydrophilic groups and
result in lower water sorption (34). In this study, chitosan
citrate and chitosan lactate samples were found to have lower
moisture content compared with chitosan acetate (Table I).
This is possibly due to the intramolecular and intermolecular
condensations of carboxylic acid and chitosan (41).

Figure 8 shows the values forweight loss of chitosan acid salts
at heating. According to TGA analyses, weight loss is associated
with the endothermic changes observed inDSC.Weight loss of the
chitosan salts at lower temperatures (25–100°C) was in good
agreement with the water contents measured by a Karl Fisher
method (Table I). Chitosan acetate exhibited higher moisture
content than chitosan citrate and lactate. The results on the weight
loss at higher temperatures (at around 150–200°C) were in
accordance with earlier findings with chitosan salts (34,38). Based
on the weight loss, the chitosan acid salts studied can be ranked
in the following descending order: chitosan citrate > chitosan
lactate > chitosan acetate. Theweight loss changewas not observed
with chitosan powder.

Near-Infrared Spectroscopy

After spray-drying process, the NIR spectra of the
chitosan acid salts were comparable and not dependent on
the inlet/outlet temperature used in the process (Fig. 9). As
seen in the NIR spectra, all three chitosan salts had free
moisture due to the aqueous solvent used in the sample
preparation. This free water was not totally evaporated
during spray drying. According to literature, chitosan has
three predominant absorption sites: the hydroxyl group, the
amino group, and the polymer chain end (37). In chitosan, the
water is bound to the hydroxyl group more strongly than to
the amine group. The internal water of amorphous solids
(such as chitosan salts) transfers slowly because the remain-
der water diffuses out through the solid. The same water
bands at around 1,900 nm were identified with NIR spectro-
scopy from all three amorphous chitosan salts (Fig. 9).

CONCLUSIONS

This study demonstrates that chitosan derived from
lobster (P. argus) chitin can be converted as a salt form with
acetic, lactic, and citric acids by means of spray drying. The
chitosan acetate, lactate, and citrate salts prepared by spray
drying are amorphous solids. The particle shape of all
chitosan acid salts studied here show tendency toward higher
sphericity when spray-dried at higher temperatures. The
chitosan acetate salts are characterized by higher moisture

content compared with chitosan lactate and citrate salts.
Chitosan citrate and acetate salts are more stable with higher
exothermic temperature than chitosan lactate salt. Partial
conversion of chitosan acetate structure to chitin is evident
due to the effect of high temperature involved in the spray-
drying process. Further studies on applicability of the present
chitosan acid salts as excipients in pharmaceutical applica-
tions as well as on stability of the salts are suggested.
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