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Abstract
A method has been developed to obtain semi synthetic surfactants, as a replacement for 

synthetic surfactants, by N-substitution reactions for the insoluble low molecular weight chitosan 

(LMWC) (about 13 kDa) with two different alkyl anhydrides (Acetic and butyric). The new 

derivatives are soluble in neutral, acidic and basic mediums. This solubility due to the 

decreasing of LMWC's hydrophobicity by decreasing the intra- and inter-molecular hydrogen 

bonds by the substitution reactions. The new LMWC-alkyl anhydride derivatives were 

characterized using: Nuclear magnetic resonance (1H-NMR) spectroscopy, Fourier 

transformation infra red (FT-IR) spectroscopy, X-ray powder diffraction (XRD) analysis and 

Differential scanning calorimetric (DSC) analysis, in addition to the particle size, surface tension 

measurements and Hydrophilic-Lipophilic Balance  (HLB) value calculation. 

Keywords: Chitosan; Surface tension; Surfactant; NMR; Surface activity; Particle 

size. 

Introduction
Chitosan is a copolymer of N-acetylglucosamine and glucosamine in various 

ratios. It is a natural polysaccharide which can be obtained from chitin by alkaline 

deacetylation with strong alkaline solution, although this N-acetylation is almost never 

complete. [1] Chitin is the second most abundant natural polymer after cellulose and is 

the main component of the crustacean shells.[1, 2, 3] The chemical structures of chitin 

and chitosan are shown in figure 1. Commercially, chitosan is available in the form of 

dry flakes, solution and fine powder.[4] Chitosan polymers, especially chitosan, have 

received increased attention as one of the promising renewable polymeric materials for 

their extensive applications in the pharmaceutical and biomedical industries for 

enzyme immobilization and purification,[5] in chemical plants for wastewater treatment, 

tissue engineering[6] and in food industries,[7, 8] because they exhibit excellent 

properties such as biocompatibility, biodegradability and nontoxicity.[9]

Chitosan has a typical degree of acetylation (DA) of less than 0.35. Through 

substitution of the N-amino groups, the normal regularity of intermolecular hydrogen 
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bonding is reduced, which creates space for water molecules to fill in and solvate the 

hydrophilic groups of the polymer backbone (and the substituent if it comprises 

hydrophilic components). Substitution with bulky substituents further enhances 

chitosan’s solubility in water. This is because the large size of the substituent creates 

more space between the polymer’s sheets, thus weakening intermolecular hydrogen 

bonding to a greater extent. This allows more water molecules to fill in these spaces, 

leading to an increase in the polymer’s solubility in the medium.[10] Although the 

polymer backbone consists of hydrophilic functional groups, it is hydrophobic in nature, 

chitosan is normally insoluble in water and most common organic solvents (e.g. 

DMSO, organic alcohols and pyridine) .[11]

The poor solubility of low molecular weight chitosan (LMWC) in water and 

organic solvents is mainly due to its high crystallinity and strong inter- or intra-

molecular hydrogen bonding between the chains and sheets, respectively as shown in 

figure 2. [11] Therefore, introduction of appropriate substituents into LMWC backbone 

may likely disrupt the inter- or intra-molecular hydrogen bonding of LMWC and weaken 

its crystallinity as well, and thus is in favor of solvating LMWC in water.  However, an 

excessive hydrophobic substitution would generate water- insoluble derivatives due to 

strong hydrophobic interaction following a "hydrophobic self- assembling” model.[12, 13]
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Figure 1: Chemical structure of (a) chitin (n>50%)    (b) chitosan (m>50%) 
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Figure 2: Typical structure of crystalline chitosan 
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Surfactants are amphipathic molecules. That is, they have two distinctly different 

characteristics, polar and non-polar, in different parts of the same molecule. Therefore, 

a surfactant molecule has both hydrophilic and hydrophobic characteristics. 

Symbolically, a surfactant molecule can be represented as having a polar "head" and a 

non polar "tail". [14]  Chitosan by itself was found to have weak surface activity since it 

has no hydrophobic segments. Chemical modifications of chitosan could improve such 

surface activity. This is achieved by introducing hydrophobic substituents, like alkyryl 

group in its glucosidic group. The aim of this project is to obtain semi-synthetic 

surfactant as replacement for synthetic surfactant system starting from chitosan and to 

increase the solubility of chitosan by introducing substituents. Two N-acyl LMWC 

derivatives (N-acetyl chitosan and N-butyrylchitosan) have prepared and the surface 

activity were studied.

Materials and Methods 
Materials

High molecular weight chitosan HMWC (250 kDa) was purchased from Hongo 

chemical Co Ltd, China. Its degree of deacetylation 95%, as determined by light 

scattering method. Acetic anhydride was purchased from Gainland Chemical Co GCC, 

butyric anhydride came from Merck. Membrane (MW cut-off 12-14 kDa) was 

purchased from Medicell International limited UK. All reagents were of analytical grade 

and used without further purifications. 

Synthesis  

LMWC was prepared according to our published procedure.[15] Dissolve 10 g of 

(HMWC) (250 kDa) in 830 mL of 0.1M HCl, then, 170 mL of concentrated HCl (37%) 

was added to adjust the final concentration of HCl to 2 M and that of chitosan to 1 

(wt/v), stirring and heating the dissolved chitosan under reflux at 100 ºC for 3.5 hrs, at 

the end of the reaction, cool the solution then add one liter of 96 ethanol; to precipitate 

the hydrochloric salt of chitosan oligomers, the resulted slurry was centrifuged and 

freeze dried, then obtain oligomers with molecular weight about 13 kDa was stored in 

glass vial at room temperature. In this method, the chitosan was obtained as salt 

(LMWC NH3
+ Cl-).

LMWC (0.3 g, 1.85 mmol –NH2) was dissolved in water (50 mL). NaOH solution 

(10 wt%) was added to the reaction mixture to adjust the pH to about 6.7. 1.85 mmol of 

alkyl anhydride (acetic and butyric) was added slowly to chitosan solution under 

magnetic stirring at 25oC, and then the reaction mixture was kept at these conditions 

for 24 hrs. The products were purified by dialyses against deionized water for two 

days, and then dried on oven at 40oC for two days.  

Characterization 

NMR spectra were recorded on a Bruker Ultra Shield 300 spectrometer. LMWC 

and its derivatives were dissolved in D2O solvent. 
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IR spectra were recorded on a Fourier Transform Infrared (FTIR) spectrometer 

(Impact 4100, Nicolet Co, USA). KBr pellets of LMWC and its derivatives were used in 

the IR instruments. FTIR spectra were acquired after 32 scans between 4000 and 400 

cm-1, with spectral resolution of 4 cm-1.

The diffraction patterns of LMWC and its derivatives were recorded using X-ray 

diffraction spectrometer (model LabX XRD6000, Shimadzu Co, Japan), with area 

detector operating at a voltage of 40 kV and a current of 50mA using Cu K radiation (

= 0.154 nm). The scanning rate was 1 /min and the scanning scope of 2 was from 5o to 

50o at room temperature. 

Differential scanning calorimetry (DSC) measurements was performed with a 

AT-50WS, Shimadzu Co, Japan), heated from 25 to 100 C, cooled to -100oC, and then 

heated from -100 to 250oC at a heating rate of 10oC /min-1. The open aluminium cell 

was swept with N2 at 20 mL/min during the analysis.  

The solubility of chitosan derivative in distilled water and series solvents were 

evaluated at a concentration of 5 mg/mL at 25oC.

The particle size of N-butyrated Chitosan of different concentrations was 

measured using the Dynamic Light Scattering (DLS) method using a Malvern Zetasizer 

(Malvern UK). Samples of different molecular weight Chitosan at different 

concentrations were prepared. Each sample was filtered through 0.45 μm and 0.2 μm 

Syringe filters and each measurement was repeated eight times.

Surface tension measurements were carried out using a Fisher Surface 

Tensiomat, which employs the De Nouy method.[17] Before each measurement, the 

platinum ring was thoroughly cleaned and rinsed three times with double distilled 

water, then with absolute ethanol and burned on benzene flame for five minutes. The 

measurements were carried out at 25± 3ºC and the accuracy of the measurements is 

also controlled by the surface tension measurements of water before each 

measurement. After equilibrium, the surface tension of N-butyrated solutions (1.3 and 

10) kDa of different concentrations was determined respectively. 

Results and Discussion 
1H-NMR characterization of LMWC and its derivatives 

In this research, LMWC derivatives were prepared by N-substitution with 

different alkyl anhydrides with molar ratio 1 : 1  between the anhydride and the 

glucosamine residue.

The 1H-NMR analysis was used to calculate the degree of substitution (DS) by 

using integrateds of two peaks: 

1) Peak of H 1-D proton of deacetylated monomer. 

2) Peak of H – Ac protons (ICH3) of the acetyl group, using the following 

relation:
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………………………….  (1) 

Where, 

        IH-1: Intensity of integrated peak area of the Hydrogen–1 in D- glucosamine. 

         ICH3: Intensity of integrated peak area of the methyl group bonded to Chitosan [15].

All prepared derivatives were characterizes using 1H-NMR spectrometer by 

dissolving in D2O at 70oC. 

Table 1 shows assignments of chemical shifts ( ) of LMWC, N-acetylchitosan 

and N-butyrylchitosan, and figure 3 (a, b and c) shows the 1H-NMR spectra for LMWC, 

N-acetylchitosan and N-butyrylchitosan. 

Table 1:  Assignments of chemical shifts ( ) of LMWC, N-acetylchitosan and N-

butyrylchitosan 

Sample name  of H-1 
peak

 of H-2
peak

 of 
(H3,4,5,6,6’)

 of
CH3(a)
peak

 of
CH2(b)
peak 

 of
CH2(c)
peak 

%DS

N-butyrylchitosan 1.00 1.05 11.06 2.76 2.01 2.12 48% 

N-acetylchitosan 1.00 1.16 10.97 3.66 - - 55% 

LMWC 1.00 0.78 4.24 - - - - 

It could be seen the absence of CH3 peak in LMWC spectrum, after N-acylation, 

it appears at 3.66 for N-acetylchitosan, and at 2.76 for N-butyrylchitosan, which means 

that the DS for N-acetylchitosan is 55% which is more than for N-butyrylchitosan (48%) 

because the chain length of acetic anhydride is shorter than butyric anhydride which 

makes it easier to react with the LMWC chain. 

All these results are in good agreement with works done by several researchers 
[18-20], who used 1H-NMR spectroscopy to calculate the degree of deacetylation (DD) 

using different combinations of peaks in order to verify that the method is consistent. 

FT-IR Characterization of LMWC and its derivatives 

The FT-IR spectrum of LMWC (Figure 4a) exhibited main characteristic bands at 

1558 cm-1 (secondary amine), 1642 cm-1 (C=O stretch vibration and between 1000-

1200 cm-1 are attributed to the saccharide structure of chitosan.[23] The broad band due 

to the stretching vibration of –NH2 and –OH group can be observed at  

3400–3500cm-1.[21, 22]

Table 2 shows the most important IR bands for chitosan and both N-acey 

derivatives. 

.
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(a) 

(b) 
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Figure 4:  FT-IR spectrum of (a)LMWC  (b)N-acetylchitosan  and (c) N-butyrylchitosan  
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About 10 cm-1 shift of amine peak from 1642 cm-1 of IR spectrum of LMWC to 

higher values (1652 cm-1) in both N-acyl derivatives (Figures 4a and 4c), due to amide 

carbonyl group stretching frequency. The presence of N-acyl ester groups is confirmed 

by the presence of any peaks in the range 1700 – 1760 cm-1, but in our derivatives no 

any peaks were detected in this range as shown in figure 4 (b, c).  This supports the 

fact that the reaction occurs at NH2 groups rather than the OH groups, leading to 

the N-substituted LMWC. 

About 5 cm-1 shift of carbonyl peak to 1558 cm-1 after LMWC substitution with 

butyric anhydride. The C-O groups were showed at ~1098 cm-1. All these results were 

summarized in the (Table 2): 

Table 2:  FT-IR assignments of LMWC and its derivatives 

Sample
(-NH2, -OH) stretching 

frequency (cm-1) NH2

NH

O
R

C  O 

LMWC 3476 1642 - 1098 

N-acetylchitosan 3435 1652 1553 1078 

N-butyrylchitosan 3455 1653 1558 1085 

Many authors confirmed the previous results by using FT-IR spectroscopy to 

know the type of the bond that present in the sample [24-27].

X-ray diffraction measurements for LMWC and its derivatives 

Figure 5 (a, b and c) show the powder X-ray diffraction patterns of LMWC and 

its derivatives. 

2  range (degree) 

(a) 
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2  range (degree) 

(b) 

2  range (degree) 

(c) 

Figure 5:  X-ray diffractogram for (a) LMWC (b) N-acetylchitosan (c) N-butyrylchitosan 

Table (3) summarizes the crystallinity calculations (which are obtained directly 

from the X-ray spectrometer with calculating range 1.0 to 100.1o ).

Table 3: %Crystallinity* for LMWC and its derivatives, calculated using X-ray diffraction 

analysis  

Sample % Crystallinity 

LMWC 0.0000 

N-acetylchitosan 24.4790 

N-butyrylchitosan 59.6826 

*%Crystallinity was calculated by dividing the area of the crystalline peaks by the total area under the curve 
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It could be seen that the crystallinity is in a direct relationship with the alkyl chain 

length; by the increasing of alkyl chain length in the N-substituted LMWC derivatives, 

the XRD intensity comparatively sharpened, and the crystallinity increased. X-ray 

diffractograms show that the diffraction pattern of decrystallized chitosan (LMWC) is 

flat; showing its amorphous structure (Figure 5), the base line decreases by increasing 

the crystallinity until it almost disappeared at the highest value of crystallinity for N-

butyrylchitosan which is equal to 59.6826%. 

The previous results are in good match with several works,[18, 21, 24, 26] authors in 

these articles identified chitosan derivatives by XRD, and found that the crystalline 

structure was gradually altered by the N-substitution, but in the other hand, our results 

are inconsistent with others workers,[26, 27] who found that the crystallinity increases by 

decreasing the degree of N-acetylation. Tharanathan et al, [27] used different mediums 

for N-deacetylation reaction like, NaOH, nitrogen atmosphere and thiophenol. Stevens

et al. [29] used a HMWC (810 kDa). Also the results of Lee, et al. [25] do not agree with 

the result of this work, they assume that only low extents of acylation were sufficient to 

destroy the crystalline structure of chitosan, which seemed to improve the solubility 

capacity in the aqueous solution. 

Differential scanning calorimetric (DSC) measurements for LMWC and its derivatives 

In this research, a differential scanning calorimeter was used, connected to a 

thermal analysis operating system, for close examination of thermograms, to reveal 

that there are differences in the endotherm peak area and position, indicating that 

these macromolecules differ in their strength of water-polymer interaction.  

Figure 6 ( a, b, and c) presented that the DSC thermograms of Chitosan, N-

acetylchitosan, and N-butyrylchitosan, respectively.   

Temperature (ºC) 

(a) 
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Temperature (ºC) 

(b) 

Temperature (ºC) 

(c) 
Figure 6: DSC thermogram for(a)  LMWC[30] (b) N-acetylchitosan (c) N-butyrylchitosan 
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The degree of decomposition for each sample as we can see in table 4 below. 

Table 4: Degree of decomposition (oC) for LMWC and its derivatives 

Sample Degree of decomposition (ºC)

N-acetylchitosan 190 

N-butyrylchitosan 195 

LMWC 260 

Through the decomposition values we can observe that the endothermic peak of 

N-acetylchitosan occurring at (190oC) was shifted to higher temperature (195oC) for N-

butyrylchitosan with a concomitant decrease in peak area. Finally, LMWC had the 

highest degree of decomposition with a lowest peak area. 

Because of the extensive inter- and intramolecular hydrogen bonding in LMWC; 

it needs high temperature to decompose, but after N-acylation, the normal regularity of 

intermolecular hydrogen bonding is reduced, which creates space for water molecules 

to fill in, so, N-acyl LMWC needs less temperature to decompose, which depends on 

the alkyl chain length, because of that, N-butyrylchitosan needs higher temperature to 

decompose than N-acetylchitosan, which is in good agreement with what is 

reported.[25,26] But Chung et al. [25] found that chitosan decomposes and gives an 

exothermic peak and this inconsistent with this work. (As well as Tharanathan et al [27]

found that the decomposition gives an exothermic peak).

Particle size and surface tension measurements and the HLB value 

Particle size measurements  

The particle size measurement at different concentrations was used to 

determine the Critical Micelle Concentration (CMC). These measurements were at an 

observation angle of 90º with vertical polarization of analyzing polarizer operating at 

633nm. 

Plot the average particle size (nm) versus the concentration of native and the N-

substituted LMWC were done and the results were summarized in tables 5,  6 and 7.  

 The CMC is read off from the intersection of two straight lines, one in the 

descending part of the curve, the other through the plateau. 

Table 5:  Particle size versus concentration for N-acetylchitosan* 

Chitosan 
Conc.(g/100ml) 

Average Particle size (nm) Relative Std. Dev.

5.0 54.00 9.20

4.0 33.70 10.20

3.0 62.80 5.40

2.0 67.00 5.43

*Unpublished work 
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Table 6: Particle size versus concentration for N-acetylchitosan 

Concentration (mg/mL) Average particle size (nm) Std. Dev. 

6.00 2.6 0.3 

4.80 2.5 0.2 

3.80 2.7 0.2 

3.07 2.7 0.4 

2.46 2.4 0.5 

1.45 3.1 0.6 

0.10 7.9 0.7 

0.05 5.8 0.4 

Table 7: Particle size versus concentration for N-butyrylchitosan 

Concentration (mg/mL) Average Particle size (nm) Std. Dev. 

6.00 2.2 0.3 

4.80 2.3 0.5 

3.80 2.8 0.3 

2.46 2.8 0.4 

0.10 4.3 0.3 

0.04 4.3 0.3 

0.02 4.1 0.3 

Through the previous values, it could be concluded that the particle size 

decreases by increasing the substituted alkyl chain and by increasing the 

concentration in the solution. 

Through the plotted measurements of surface tension versus concentration 

(Figures 6 and 7) we obtained the critical micelle concentration (CMC) of N-

acetylchitosan and N-butyrylchitosan. 

It was found that the CMC values of N-acetylchitosan and N-butyrylchitosan are 

2.5 and 2.3 mg/mL, respectively. The increasing the hydrophobicity by introduction of a 

large amount of hydrophobic group (butyl) reduces the CMC value. 
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Figure 6: Surface tension versus concentration for N-acetylchitosan at room 

temperature 

Figure 7: Surface tension versus concentration for N-butyrylchitosan at room 

temperature 

As the surface tension measurements show in figures 6 and 7; the surface 

tension of N-acetylchitosan was higher than for N-butyrylchitosan; that is because of 

the alkyl chain length, by increasing the alkyl chain length, the surface activity 

decreases. 

Particle size and surface tension results were in good match with [23], who found 

that the particle size of N-butyrylchitosan microspheres was more uniform and even 
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smaller (~5 μm) than those of N-acetylchitosan and N-propionylchitosan microspheres, 

and the interfacial tension was reduced with the increase of substituted alkyl chain 

length of chitosan, leading to the formation of microspheres with smaller particle size 

Hydrophilic-Lipophilic Balance Value (HLB) 

According to Griffen [31]

 ……………………………… (2) 

where Mh is the molecular mass of the hydrophilic portion of the molecule, and M is the 

molecular mass of the whole molecule 

Through the monomer structure we can calculate: 

The molecular weight of hydrophilic molecules = 100 g/mol. 

The molecular weight of whole molecules = 140 g/mol. 

By substitution these values in the previous equation, it could be found that the 

HLB value for N-substituted LMWC is 14.2, which makes it a typical detergent.  

Solubility test 

The solubility of chitosan and its derivatives in distilled water and series solvents 

was listed in table 7. The chitosan could not dissolve in organic solvent and water. As 

table 7 showed, the chitosan derivatives could be soluble water, and insoluble in 

benzene, cyclohexane, chloroform, and N, N-dimethylformamide (DMF).  

Table 7: The solubility of Chitosan derivative at 25oC.

Samplea  1 2 3 4 5 

Solventb water benzene cyclohexane chloroform DMF 

acetyl + 

butyl + 

+: soluble;   -: insoluble 
a 5 mg chitosan derivative 
b 5 mL 
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Conclusion
Semi synthetic surfactants have been obtained by N-acylation reactions for 

LMWC with two different alkyl anhydrides (acetic and butyric anhydrides). According to 

the 1H-NMR analyses the new derivatives have different degrees of N-substitution: 

55% and 48% for N-acetylchitosan and N-butyrilchitosan, respectively. FT-IR analyses 

clarified the types of bonds that present in the samples. It could be concluded by XRD 

analyses that the crystallinity is in a direct relationship with the alkyl chain length; it 

increases by increases the alkyl chain length. DSC measurements show the 

decomposition values for N-acetylchitosan and N-butyrilchitosan, which are 190 ºC 

and 195 ºC respectively. The particle size and the surface tension decreases by 

increasing the chain length, it was found that the size of the major part of particles is 

~(2-8 nm), the surface tension ranges between (54-70 mN/m). CMC values  of N-

acetylchitosan and N-butyrylchitosan were found to be 2.5 and 2.3 mg/mL, 

respectively. Through Griffen's method it could be found that N-substituted LMWC is a 

typical detergent. 
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