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Abstract: Chitosan is a copolymer created from chitin by partial deacetylation. It is a versatile
biopolymer due to its many areas of applications. The usefulness of chitosan is hinged on its quality
parameters, such as degree of deacetylation (DD), molecular weight, viscosity, turbidity, and other
parameters. Still, the DD is the most valuable of them. There are several different techniques for
chitosan DD determination, which have been classified into spectroscopic and non-spectroscopic
techniques. 'H-NMR is the most precise, accurate, specific, and reliable technique for DD
determination, but its expensiveness limits its application in routine analysis. The IR technique is the
fastest and simplest for chitosan DD value evaluation. Meanwhile, the concentration of chitosan sample
sufficient to elicit absorbance in the IR region ranges from 1.0-10.0 mg/mL-* which is far smaller than
the concentration or amount of chitosan required for DD determination by titrimetric techniques.
Titrimetric techniques require the largest sample, while UV spectrophotometry requires the least
chitosan sample for DD determination. Although the elemental analysis technique is not as common as
IR and the titrimetric techniques, it is simple, cost-effective, and gives reliable DD data. It does not
require the use of standard solutions and calibration curve(s) as applicable to the UV-technique. Itis a
tedious task to select a suitable technique for DD determination. It is, therefore, desirable to consider
the time of measurement, precision, and accuracy of measurement results, as well as the cost-
effectiveness when choosing a technique to use for DD determination.
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1. Introduction

Chitosan is a family name of biopolymers with DD > 50 %. It is a versatile material for
industrial applications. It is used as a biosorbent in water engineering [1-3], as a carrier and
releaser in drug formulation, as a preservative and additive in food storage, and value addition
[4-6] as a wound healing agent in wound care specimens [7-12], as an additive in the production
of high-quality paper [13-15] as defense and/or elicitor of defense against wide range of plants’
bacterial and fungal diseases [16-19].

The application of chitosan for these purposes was due to its interesting physico-chemo-
biological properties: nontoxicity, biocompatibility, biodegradability, pH sensitivity,
reactivity, film-forming capability, eco-friendliness, chelation, adsorption, antimicrobial and
antioxidant activities [20-24].
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Also, the functional ability of the chitosan molecular chain is another reason for its
multifarious applications in many fields. It is a copolymer with amino and hydroxyl functional
groups [25-28]; as represented in Figure 1.
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Figure 1. Chitosan’s molecular chain [29].

Chitosan is created from chitinous feedstocks such as insects: spiders, cockroaches
Coleoptera Othopteran, mosquito [30-31]; Arachnids: Octopus, scorpions [31]; Crustaceans:
Lobsters, crabs, shrimps, Scampi Krill [31] and the quality of chitosan derived from these

sources are different.

Most commercial chitosan are shrimp chitosan due to its high quality. The usefulness
of chitosan is hinged on its quality parameters, such as degree of deacetylation, turbidity,
protein residue, moisture content, solubility, viscosity, and molecular weight [32-35]. From the
quality parameters, DD is the most valuable parameter for grading and classifying chitosan
materials because its value influences other chitosan physicochemical and biological properties
[32-33]. Table 1 shows the influence of DD on some properties of chitosan.

Table 1. How DD relates with other physical-biochemical properties of chitosan [11, 36].

Properties DD

Physico-chemical

Solubility Solubility increases with an increase in DD
Crystallinity It decreases with an increase in DD
Viscosity Viscosity relates directly to DD

Biological properties

Biodegradability

Indirectly proportional

Biocompatibility

Increase with an increase in DD value

Antimicrobial effect

It relates directly to DD

Analgesic

It increases directly with DD

Antioxidant

It relates directly to DD

Mucoadhesion

It relates directly to DD

Heamostatic

It relates directly to DD

Permeation enhancing effect

It relates directly to DD

In addition, other parameters are affected by chitin sources, the age of chitinous
material, and the strength of acidic and alkali solutions. For instance, molecular weight varies
for different chitinous materials or animal species, as shown in Table 2.

Table 2. Molecular weight variation for chitin created from different grasshopper species (Orthopteran) [30].

https://materials.international/

Orthoptera species Molecular weight (kDa)
Ailopus strepens 5.20
Ailopus simulatrix 5.30
Pyrogomorpha cognata 5.50
Duroniella lacticornis 5.60
Oedipoda caerulescens 6.20
O. miniata 6.80
D. fracta 5.90
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However, DD depends essentially on deacetylation reaction conditions and purification
method [37-38]. Therefore, DD is a more valuable parameter for the characterization of
chitosan before its application.

Nevertheless, diverse techniques abound for chitosan DD measurement, as displayed
in Figure 2. There is no universally acceptable technique, which makes it a tedious task for
researchers to select the appropriate technique for DD determination. The choice of techniques
seems to be random or based on an individual’s preference. The DD value is a quality grading
parameter for chitosan, so its determination should be standardized.

Moreover, there is a shortage of information comparing commonly used techniques for
DD determination, which may affect researchers’ choice of technique to adopt. It is therefore
necessary to review some of the commonly used techniques to enable researchers to make
informed choices on techniques to adopt for the determination of DD value.

Nuclear magnetic resonance
First-derivative UV-spectrophotometry
Condnrtometrin hitration

Potentiometric titration

Degree of deacetylation

Arid-base tifration

Calotimetry

Liguid chromatography (HPLC)
FTIR spectroscopy

Figure 2. Determination techniques for DD [39].

Therefore, this review covered several techniques for determining chitosan’s DD. It
described the performances and limitations of different techniques for measuring the DD value
of chitosan to afford researchers the requisite bases to make informed selections. The review
also covered issues concerning factors that are capable of causing an overestimation of the DD
value of chitosan.

2. How Chitosan is Derived from Chitin

Chitosan rarely occurs in nature except in a few fungi species [40-41]. It is mainly
derived from chitin by alkaline hydrolysis, as represented in equation 1. The process entails the
conversion of acetylamido into amino groups. It is, therefore, a nucleophilic substitution of the
acyl group with a hydrogen atom [42]. Since the amides are less reactive, the hydrolysis is
performed at very high alkali concentrations and temperatures [43-44]. Overall, acetyl groups
are removed, and the process is known as deacetylation. Therefore, deacetylation is the thermo-
alkaline hydrolytic reaction.

R — NHCOCHj3 (ag) + OH(,q) = R — NH; 5) + CH3C00(, (1)

CH,OH
(o)
[0)
\h}w i
Where R =

n = number of monomer chains in chitosan

Percent acetyl removal or degree of deacetylation is a measure of the extent to which
acetyl units are removed from the polymer chain. It is difficult to achieve 100 % removal of
acetyl units, but the extent to which it is removed must exceed 50 % for chitosan to form [26,45-
47]. Hence, chitosan is obtained from chitin by deacetylation reaction. It is almost impossible
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to achieve complete removal of acetyl group from chitin. Consequently, chitosan is created by
alkaline hydrolysis of chitin at high alkali concentrations and temperatures.

The DD value of most commercial chitosan occurs in the range of 67.83 = 1.19 - 96.79
+ 0.34% [48]; 69.8 -76.7% [49]. Values of 85.82 + 0.51% [50], 79.8% [51], and 94.1% [52]
have been reported as well.

3. Variables that Influence DD Value of Chitosan

The DD is the most valuable quality parameter for assessing the usefulness of chitosan.
It is the mole fraction of the deacetylated portion of chitosan, as defined by equation 2 [48, 53-
55].

DD(%) _ LGlcN
nGlecN+pGlecNAc

Where u = number moles

It is closely connected to the degree of acetylation (DA), which is a measure of the
acetylated portion of chitosan, by Equation 3

DD (%) = 100 — DA (3)

Alternatively, equation 3 can be rewritten as DD = 1-DA, in which case the DA value
IS not in percentage [52].

The deacetylated portion corresponds to D-glucosamine, an amino-rich subunit in each
monomeric unit of chitosan. Any increase in DD value implies an increase in the amino content
of chitosan; as such, DD is a measure of the amino content of chitosan. Commercial grade
chitosan has different DD values, and those within the range of 55-70 % are low deacetylated
chitosan, while 70-85 % is middle deacetylated chitosan. High and ultrahigh deacetylated
chitosans have DD values within the range of 85-95 % and 95-100 % respectively [56]. High
DD chitosan has a larger number of amino groups than the low DD class and is more reactive
as well. This is why chitosan of high DD is a better chelator and biosorbent than chitosan of
low DD [21,25,57-58].

Also, chitosan of high DD possesses greater neutralization function against bacteria and
fungi as electrostatic interaction between cationic chitosan molecule and anionic species on the
microbial surface increases with an increase in DD value [59-63].

Also, the value of DD affects the surface morphology of chitosan. Chitosan with a low
DD value has higher surface roughness than chitosan with a high DD value [30,64]. This is not
unconnected with the high crystalline index of chitosan of high DD, as molecular chains are in
a more organized pattern in the polymer.

Indeed, the DD values of most commercial chitosan are in the range of 70-90% [30,65].
However, chitosan for biomedical applications is expected to have a DD value greater than 95
% [66].

Nevertheless, DD depends essentially on deacetylation reaction conditions and
purification method [37-38]. Its value does not depend on the age and type of chitinous
feedstock.

Alkali concentration and deacetylation time are key moderators of DD value in
chitosan. The value of DD increases as the concentration of alkali increases, but care more not
to sacrifice molecular weight to have a higher DD value as depolymerization of chitosan occurs
at very high alkali concentrations [30, 37, 66-69]. Depolymerization means a reduction in the
molecular chain and weight of chitosan, which might be unsuitable for application in water
treatment technology but is sought-after for biomedical and pharmaceutical applications. An
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alkali concentration exceeding 60 % (for NaOH) will not only deacetylate chitin but also
depolymerize it to a low molecular weight.

In addition to the concentration effect, the time duration of deacetylation, at defined
alkali concentration, directly relates to a degree of deacetylation as this will afford greater
penetration of alkali into the polymer to exert removal of more acetyl group from the chitosan
precursor. Hence, the DD value is a function of reaction time. The polymer chain's DD value
and amino group content increase as the reaction progresses to equilibrium [30, 70].

Temperature is another factor that can alter the DD value of chitosan. Chitosan
specimens derived by deacetylation under different temperature conditions differ in their DD
values even though other reaction variables are the same. These factors affect the DD value of
chitosan in the ranked order of reaction time > alkali (NaOH) concentration > reaction
temperature [47].

4. Techniques for Determination of DD Value

Different techniques are available for determining DD of chitosan and are classified
into spectroscopic and non-spectroscopic techniques. The spectroscopic techniques are H-
NMR, 3C-NMR, ®*N-NMR, infrared (IR) spectroscopy, ultra-violet (UV) /first-order
derivative UV-spectrophotometry [33,48,39,52,55,71, 72, 73, 74, 75, 76, 77, 78, 79, 80].

The non-spectroscopic techniques for DD determination are conventional titrimetric
and destructive techniques. The titrimetric techniques included acid-base titration [33, 81],
conductometric titration [82], and potentiometric titration [30, 83], while the destructive
techniques are elemental analyses, which involve the use of CHN analyzer [30], hydrolytic
decomposition of chitosan by acid or enzyme followed by liquid chromatography [84], and
thermal decomposition of chitosan followed by differential scanning calorimetry (DSC) [85].

It is difficult to choose appropriate techniques for DD determination as very few
literature covered issues on performances, accuracies, and limitations of known techniques. It
is imperative, therefore, to review some of the readily used techniques to reveal their
performance, advantages, limitations, and disadvantages. Among the spectroscopic techniques,
H-NMR, IR, and UV/first-order derivative UV-spectrophotometry are the more commonly
used compared to *C-NMR and **N-NMR, which require sophisticated instrumentations that
make them highly expensive [86]. The 3C-NMR and ®N-NMR techniques are non-destructive
to the sample, unlike *H-NMR, UV-spectrophotometric, and titrimetric techniques, which
require sample transformation before analysis. However, solid samples are analyzed using *C-
NMR and ©®N-NMR techniques; as such, it is unnecessary to transform samples into solution
form before their analysis [86].

Besides, tH-NMR is the most sensitive of all the techniques mentioned above for DD
determination. It is usually used to standardize other techniques [48, 87]. It requires 5 mg of
sample to record its spectrum, unlike *C-NMR and *N-NMR, which require about 300 and
200 mg of chitosan sample, respectively [88-89].

However, only a small sample concentration (0.1-0.5 mg/L™) is required for DD
determination by UV [80]. The concentrations of chitosan samples required for DD
determination by other spectroscopic techniques are greater than that required for UV
analytical techniques. As such, a wider range of DD is analyzed using the UV technique.

Meanwhile, a sample range of 0.5-2 mgq is sufficient to determine the DD of chitosan
by elemental analyses [88-89]. The sample size for DD determination by titrimetric techniques
is expected to be larger than that required for spectroscopic and elemental analysis techniques.
https://materials.international/ 5 of 24
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Moreover, the high-performance liquid chromatographic (HPLC) technique is less
popular among researchers than titrimetric techniques [90]. Titrimetric techniques are popular
among researchers from developing nations due to their cost-effectiveness, simplicity,
accessibility of their requisite apparatus and reagents, and accuracy [33].

The H-NMR spectroscopy is the most precise, accurate, specific, and reliable
technique for DD determination, but its expensiveness limits its application in routine analysis
[81]. As such, it is not as common as titrimetric and the FT-IR technique among researchers,
but it is mainly used by researchers from the United States of America, where *H-NMR is the
standard testing technique for DD of chitosan [91-92].

However, comparable results have been reported among some techniques, as shown in
Tables 3, 4, and 5.

Table 3. Results of DD determination by three analytical techniques [33].
DD value of chitosan (%) by

Chitosan sample

'H-NMR technique

UV/first-order derivative

Titrimetric technique

CHS:

93.55+0.15

93.4+0.35

93.19+0.70

CHS>

92.85+0.13

92.6 +0.33

92.5+0.73

CHS1 and CHS:; are two different chitosan of molecular weights 1000 Da and 3000 Da, respectively.

Table 4. Comparison of DD values of chitosan obtained by *H-NMR, Acid-base titration, UV, and FT-IR
techniques [48].

Analytic techniques
Chitosan H-NMR Acid-base titration UV-Vis FTIR
sample (by equation 11) (by equation 8)
CHS3 79.72 £ 0.05 76.65 + 0.48 74.67 £1.80 80.14 £ 0.27 76.61+1.92
CHS4 81.23+0.19 81.47+£0.91 7728+ 151 82.55 + 1.58 77.84+0.28
CHSs 89.44 £ 0.32 87.67+1.41 85.59 £ 0.35 90.55+0.92 85.61+2.04

Table 5. Determination of DD by different analytical techniques [93].
Chitosan sample Analytical techniques
'H-NMR | IR
65.00+3.00

Acid-base titration
75.00+2.50

Elemental analysis (EA)
85.00£3.00

CHSs 95.00

Nevertheless, *H-NMR and UV techniques give more precise and accurate DD data
than other techniques [86]. The data in Tables 3 and 4 revealed that the UV/first-order
derivative technique is more sensitive and accurate than titrimetric and IR techniques. Similar
observations had been made elsewhere [70, 86].

Currently, there is no universally accepted technique for evaluating the DD value of
chitosan. Analytical techniques are selected based on organizational specifications,
accessibility, and cost [33]. The *H-NMR is the standard and acceptable testing technique by
the U.S. Pharmacopoeia [91, 94], while UV spectrophotometric and titrimetric techniques are
recommended by the European and Chinese Pharmacopoeia, respectively [95-96].

4.1. Determination of DD value by *H-NMR technique.

This is the most accurate but also one of the more expensive techniques for DD value
evaluation [33, 67]. Due to its expensiveness, fewer studies are available on its use compared
to techniques such as FTIR and titration [48, 76, 97]. However, it is not as expensive as *C-
NMR and ®N-NMR techniques, which require sophisticated instrumentation. This is one
reason *C-NMR and ®N-NMR instrumentations are not available in many countries. The *H-
NMR technique is, therefore, an unsuitable technique for routine determination of DD.

Besides the high cost of instrumentation, the use of the *H-NMR technique is further
limited by the high cost of deuterated solvents: deuterium chloride (DCI), deuterium water
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(D20), and equipment maintenance [98]. Also, the entire experimentation process requires
extensive time, especially for sample preparation [98].

Nevertheless, DD determination by *H-NMR technique gives the most precise and
accurate data [91, 94]. Itis highly sensitive to sample composition as it records signals or peaks
from trace impurities in the sample. Hence, the *H-NMR spectrum has many signals or peaks,
unlike the ®N-NMR spectrum, which displays just two peaks [86, 99-100].

The 'H-NMR spectroscopic technique entails scanning the sample solution over a
chemical shift range 6 0-5 ppm to generate a proton NMR spectrum of chitosan in Figure 3.
The proton spectrum is clear and easy to interpret, and the results obtained are highly
reproducible [33, 48].

]

A A A A

6.0 £4 5.0 4.5 1.0 3.8 3.0 2.5 20 1.5 1.0

",;‘H“

Figure 3. Proton spectrum of chitosan in DO [101].

From the proton spectrum, the chemical shift positions, integration values (integrals
under characteristic signals), and relative numbers of protons in the polymer are derived for the
computation of the DD value using equation 4 [80, 88].

Based on literature, protons attached to C>—Cs of the sugar ring structure of chitosan
occur in the range 2.6-4.2 ppm [102], which corresponds to the shift position of protons (7H)
bordering the oxygen atoms of the sugar structure, the shift position for functional groups (-
OH, and —-NH> moieties) appear close to the D,O resonance at 4.80 ppm while shift position
for methyl (CH3) protons occurs in the range 1.90 —2.10 ppm [33] as displayed in Table 6.

Table 6. Chemical shift positions of protons in chitosan molecule (3, D20, 25°C) [33].

Residue Proton’s shift positions

H: H2 H2-6 Acetyl-H
GIcNAc 4.55-4.65 2.60-4.20 1.92
GlcN 5.15 3.10-3.20 2.60-4.20

GlcNAc = N-acetyl-D-glucosamine and GlcN = D-glucosamine

Finally, the integral value of protons is extracted from the spectrum and then substituted
as required by equation 4 [94] to obtain the DD value for a triplicate study (n = 3) summarized
in Table 7.

6 X Ay

DD(%) = [1 - (3xA1)] x100  (4)

Where A: = Summation of protons’ integral values from positions C2-Cg On sugar
structure while Az = Integral value of three (CHas) protons from acetyl group of N-acetyl-D-
glucosamine.
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Table 7. Results of DD determination by *H-NMR technique [33].

Chitosan sample A1 Az DD (%) DD (%) RSD (%)
CHS7a 30.30 93.40

CHS# 31.06 1.00 93.56 93.55 0.15
CHS7c 31.70 93.69

RSD: Relative standard deviation.
4.2. Determination of DD by titrimetric technique.

It is an effective technique for the determination of DD value of chitosan. It is one of
the most common techniques for DD resolution. The technique is simple, inexpensive, precise,
accurate, and adaptable to chitosan’s derivatives [33, 81, 103].

Due to its accuracy, fastness, simplicity, and adaptability, the Chinese Pharmacopeia
chooses the technique as a standard DD measurement testing technique [96].

The technique entails three principal steps. The first step is the dissolution of chitosan,
which was previously dried to a constant weight. The dissolution is achieved using either
deionized water or HCI as solvent. In the case of deionized water, little drops of HCI are usually
added to facilitate the dissolution process [83, 96]. Under this condition, it is significant to
consider the water percentage of chitosan (W) in the course of computation of its DD value by
equation 9.

Usually, 0.5 g of chitosan is solubilized in deionized water (32 mL) by constant stirring
with a gradient mixer. A solution of HCI (18 mL and 0.3 M) is added to facilitate the complete
dissolution of chitosan [83, 96].

However, when chitosan is dissolved using an aqueous HCI solution, the water
percentage factor (W) becomes insignificant and unnecessary for DD computation by equation
9 [48, 103-104]. Thus, equation 9 is redefined as equation 10, without the water percentage
component ‘100-W’ [104-105].

The challenge associated with the use of deionized water as a solvent is the formation
of precipitate during titration at pH >7, but no precipitation issue is associated with using HCI
as a solvent [48]. By implication, chitosan in solution exists in ammonium form due to the
protonation of its amino group represented in equation 5:

R —NH; (aq) + HJ{aq) - R— NH;’(aq) (5)

Where:

CH,OH
o)
\%O
n = OH n

n = number of repeating units of glucosamine of chitosan

After addition of methyl After reaching the end
orange indicator point during completion of
(Pink colour) the reaction

(Yellow orange colour)

Figure 4. Color transition during acid-base titration.
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The next step is the back-titration of the chitosan solution using NaOH of equimolar
concentration with the HCI. Before the titrimetric process, 2-3 drops of 1 % aqueous methyl
orange indicator are added to the solution and then back titrated to the end. The endpoint is
marked by a color transition from pink to yellow, as displayed in Figure 4 [81, 105].

Color transition during acid-base titration (Figure 4) from pink to yellow-orange due to
conversion of NHz"to NH> via abstraction of H" by OH" of alkali [81] is represented in equation
1.

HCl(aq) + NaOH(q) — NaClyq + H,O0q) (6)

R-NH;(aq) + OHZaq) - R —NH, (ag) T H,0 ) @)

These reactions manifest conspicuously when data from the process are plotted to
obtain the titration curve, as in Figure 5. The curve has two inflection points at V1and Vo.

The DD value of chitosan is calculated based on inflection point V> or the difference
between the two points of inflections on the curve, which is V2-V1. By point V2, which is the
total volume of NaOH (Vy), the DD value is computable by equation 8.

Alternatively, if the volume differences (V2-V1), which correspond to the volume of
NaOH required for complete reconversion of NH3* to NH,, are considered, then equation 11 is
apt [48, 83, 96]. The volume difference between points V2 and V1 on the titration curve is
equivalent to the amount of HCI required for amine group protonation [48, 83].

12 4

10 | -
oH 8] has reacted with
NaOH V.
6 - /'
4 J

--ll.#-‘\

= Point where HYof amine

Pomt  where HCl s
neutralized by NaOH (V)

T T v T v Y v T v 1
0 5 10 15 20 25
Volume of NaOH solution, cm?

Figure 5. Titration curve based on DD determination by back titration [48].

The first point of maximum is equivalent to the amount of NaOH required for HCI
neutralization, while the second point is equivalent to the amount of NaOH required for
deprotonation of NHz" into NH. [48].

NH,%
DD (%) = ;.2 x 100 (8)
_ (€4 x V54— Cp x Vp)x0.016
NH,% = L o X 100 (9)
NHZ% _ (C4 X Va— Cp X Vp)%0.016 % 100 (10)

G
Where C, = concentration of standardized aqueous HCI solution; Cy, = concentration of

standardized aqueous NaOH solution; Va = Volume of HCI used; Vy = Volume of NaOH
required; G = weight of chitosan sample used (g); W = water percent of chitosan (that is for
aqueous solution of chitosan sample). The factor ‘0.016’ is the molecular weight of NH2 (g) in
1 mL of HCI (0.1 mol-dm), while 9.94 % is the theoretical equivalent mass of NH2 groups
and W is the water percentage of the chitosan solution.
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Therefore, eliminating water from the chitosan sample is essential to achieve precision
in results before dissolution in the solvent.

_ _ V-V,
DD (%) = 100 — [2.03 x G+0_0042X(V2_V1)] X 100 (11)

Where: G = weight of chitosan sample; V1 = Volume of NaOH (0.1 mol-dm) required
to achieve the first deflection point; V2 = Volume of NaOH (0.1 mol-dm) required to achieve
the second deflection point. Meanwhile, the factors ‘2.03’ is the coefficient due to chitin’s
molecular weight (in terms of the monomeric unit), and ‘0.0042’ is the coefficient due to the
difference in molecular weights of chitin and chitosan (in terms of the monomeric unit).

Comparatively, the DD value computed by equations 8 and 11 yields comparable
results, but the results obtained by equation 11 are closer to those obtained by *H-NMR for an
identical sample, as presented in Table 4.

Equation 12 is a more simplified expression for DD computation than equations 8 and
11, which require lengthy calculations. Nevertheless, the suitability and reliability of equation
12 hinge on using equimolar concentrations of acid and base [81]. Also, chitosan solution is
prepared in aqueous HCl as a solvent, and the computation by equation 12 is based on inflection
point V1 on the titrimetric curve (Figure 5), which corresponds to the volume of NaOH required
(V1) for complete neutralization of residual HCI. the volume of chitosan solution (V3) titrated

is significant as well [81].

-Vy) X 16

_ (V3
DD (%) = V3 X9.94 X G x 100 (12)

Where G = weight of dried chitosan; V3 = volume of chitosan solution used (mL); V, =
Volume of (0.1 N) NaOH required. The factor ‘9.94’ is the theoretical value of %the NH2 group

(that is 16/, .1 x 100 = 9.94) while 16" is the molecular weight of NHa.

As in Table 8, the degree of deacetylation is inversely related to the volume of NaOH
required to neutralize residual HCI. This implies that V. (volume of NaOH for neutralization
effect) will be higher for chitosan samples of low DD value and vice versa [81]. This is because
high deacetylated chitosan has more amino content, exhibits less acidic character and, as such,
uptake a lot of protons from HCI. Thus, a larger volume of NaOH is required for highly
deacetylated chitosan than is required for low deacetylated chitosan. In other words, high-
deacetylated chitosan has more amino groups that can react with HCI to form a protonated
amino (NHs") group; hence, a small amount of (residual) HCI is available for neutralization by
NaOH.

Table 8. Relationship between volumes of NaOH required for residual HCI neutralization and DD values.

Chitosan Sample | Chitosan solution used (mL) Volume of NaOH (Mean + SD) | DD value (%)
CHSs 30 16.93 +0.23 77.04 £1.36
CHSy 1553+ 0.31 81.71+£1.73
CHSuo 13.77 £ 0.25 91.68 +1.42

SD = Standard deviation, CHS = Chitosan sample

The titration technique is simple, cheap, and gives reliable results, but it is time-
consuming, especially during sample preparation and the titration process [33, 48,106].

Moreover, the technique is unsuitable for determining the low amino content's DD
value of chitosan because the amino group may not be accessible by titration [86]. Likewise, it
is not suitable for chitosan of high molecular weight as the formation of a viscous solution
gives overestimated values for DD [107].

Besides, the results obtained by acid-base titration are not as precise as those obtained
by *H-NMR and UV spectrophotometric techniques due to precipitate formation that causes
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high variability in the results of DD determination by acid-base titration [107], as reflected in
the large standard deviation values of DD in tables 3, 4 and 8.

In addition to precipitate formation, the results of DD determination by titrimetric
techniques are controlled by temperature, pH ionic strength of solvents, and protein impurity
[80, 86, 108]. The detection of titer value is a potential and frequent cause of variability in DD
results by acid-base titrimetric technique [86]; it can be avoided by careful experimentation
and utilization of visuals to enhance endpoint detection.

4.3. Determination of DD value by UV technigue.

This technique gives DD data consistent with those obtained by the *H-NMR technique,
as reported in Tables 3 and 4. The technique is simple and easy to use, and the maintenance
cost is lower than that of other techniques like *H-NMR and other NMRs. Like the 'H-NMR
technique, the accuracy of data and minimal deviations among experimental results make the
UV technique handy for validating other techniques [70, 80, 86].

The UV- technique involves the construction of two calibration curves, obtained by
plots of absorption maxima against concentrations of standard N-acetyl-D-glucosamine and D-
glucosamine, respectively [48, 109]. The corresponding concentrations of GIcNAc and GIcN
in the chitosan sample are extrapolated from the curves and then substituted into equation 13
to obtain the DD value.

However, absorbance varies for different concentrations of a solvent, just as the
position of absorption maxima is not the same for different concentration values of a solvent.
The dominant absorption maximum of GIcNAc in 0.3 M HCI occurs at 204 nm, but in 0.1 M
HCI, it occurs at 201 nm [33, 48].

The practice of constructing two calibration curves based on the absorbance of standard
solutions of GICNAc and GIcN as the UV-first-order-derivative technique has superseded a
function of their concentrations. By UV-first-order derivative, the phenomenon of spectra
interference associated with the direct use of absorbances of standard solutions is eliminated.
The absorption maximum of GIcNAc in 0.3 M HCI occurs at 204 nm, which is the same
absorption maximum for GlcN in 0.3M HCI solution [33, 110].

However, when phosphoric acid is used as a solvent, the dominant absorption of
GIcNACc occurs at 203 nm [48]. Spectra interference results in a marginal increase in absorption
maximum due to coincidental or simultaneous absorptions of GIcNAc and GIcN in 0.3 M HCI
at 204 nm [33].

Spectra interference (overlap) associated with a multi-component matrix is avoidable
by running baseline absorption at different wavelengths where the interfering signal is absent.
For GIcNAc in 0.3 M HCI solution, the baseline absorption at 202 nm is applicable since, at
this wavelength, absorption is not feasible in standard D-Glucosamine [33]. Therefore,
constructing a first-order UV calibration curve compensates for the phenomenon of spectra
interference associated with primary absorbance measurement. As such, there is no need to
construct dual calibration curves. The process entails the conversion of the absorption maxima
(absorbance, A) values for various concentration values of standard GIcNAc solution at 204
nm and 202 nm into differential form, that is AA/A), which is followed by the construction of
first-order UV calibration curve using resultant differential values on the ordinate axe and
concentration values of standard GIcNAc on the abscissa axis as displayed in Figure 6.

Subsequently, the DD value of chitosan solution is evaluated by measurement of the
absorbance differential of GICNAc in chitosan solution (with 0.3 M HCI as solvent).
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Extrapolate the concentration value from the first-order UV curve using the value of
absorbance differential obtained for the sample [95]. The concentration value extrapolated
from the first-order UV calibration curve corresponds to the concentration of GIcNAc (C) in
the chitosan sample, which is then substituted into equation 14 to obtain the DD value.

_ [GIcN]
DD (%) = [GIcN]+[GlcNAC] x 100 (13)

Csam e_c
DD (%) = —=2mple = %100 (14)
sample ™ 55757

Where Cgymple = Chitosan’s concentration in the analyte solution (ug/mL); C =

concentration of GIcNAc in the analyte solution (ug/mL). Factors ‘221.21° are the molecular
weight of GIcNAc in chitosan, and ‘42’ is the molecular weight difference between GIcNAc
and GIcN.

~ 040 y=00022C+ 00065
P R'=09956
5008

<

3 006
$ oo

0.02

0.00

0 20 40 60 80 100 120

Concentration (pg-mL*)

Figure 6. Calibration curve of first-order UV derivative of GICNAc in 0.3 M HCI [33]. Where A, = absorbance
at specific wavelength; AA = Azoanm — A2020m, AL =2 nm.

Moreover, water is not a suitable solvent for DD determination by UV technique as no
absorption bands are observed for GICNAc and chitosan in water in the wavelength range of
200-400 nm. As such, water is unsuitable for UV spectroscopic analysis of chitosan solution
[33]. The insolubility of chitosan in water may account for this observation, even as deionized
water does not absorb radiation in the range of 200-400 nm of the electromagnetic spectrum.

Nevertheless, maximum absorption bands are observed in the wavelength region of
200-215 nm for GlcN and GIcNAc in acetic (CH3COOQOH), hydrochloric (HCI), or phosphoric
(H3sPOa4) acid as solvent [33].

The first-order UV derivative technique yields reproducible results, but the process is
highly sensitive to impurities) in chitosan samples [48]. Humidity and impurities such as
mineral ions and residual proteins do not affect the results of DD determination by technique,
unlike in the case of 'H-NMR and IR techniques though, change in solvent concentration
affects the accuracy of absorbance readings [86] as such consistency in solvent concentration
is essential for accurate DD determination.

Although a UV-spectrometer is readily available, its application for DD determination
is limited by the high cost of standard chemicals for calibration purposes. The technique is
laborious and time-consuming, requiring mathematical conversions of absorbance into
differential form for first-order UV technique and construction of standard calibration curves
UV technique [33].

4.4. Determination of DD value by IR spectroscopic technique.

The IR division of the electromagnetic spectrum stretches from 2.5 to 400 um, but the
portion useful for DD determination ranges from 2.5 to 25 pm (that is 4000 to 400 cm™t) [111].
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The IR spectrum of chitin/chitosan is usually observed between 4000 and 1200 cm™ [47, 91,
112,113].

The IR technique is usually used for comparative studies of DD of chitosan from
different sources due to its simplicity and fastness [47]. However, it is more suited for
crystalline samples as sharper peaks are recorded for crystalline samples compared to
amorphous samples [86]. It is a non-destructive technique as the sample's integrity is unaffected
or unaltered in the process, unlike DD determination by elemental analyses and other
destructive techniques [47].

The technique does not require the construction of calibration curves for standards, as
in the case of DD determination using the UV spectrophotometric technique. The IR technique
is highly sensitive to the presence of any impurities in the sample. This is why the IR spectrum
has many signals or peaks. The slightest variation in sample composition results in different
spectra and absorbance. Even variation in the sample’s moisture level alters the accuracy and
precision of DD data by IR technique [86]. As such, the sample for IR analysis is dehydrated
and scanned in the solid state to eliminate interferences and enhance the precision of results.

DD determination requires measurement of absorbances (A;) of characteristic bands
from the IR spectrum of chitosan and substitution same into any of the expressions in equations
15, 16, and 17 [47, 87, 114]. These equations have been derived and validated by DD values
obtained by the *H-NMR technique.

The concentration of chitosan sample that is sufficient to elicit absorption in the IR
region ranges from 1.0-10.0 mg/mL* [86], which is far smaller than the concentration or
amount of chitosan required for DD determination by titrimetric techniques. Titrimetric
techniques require the largest amount of chitosan sample, while the UV spectrophotometric
technique requires the least amount of chitosan sample for DD determination.

Usually, the procedure entails sample preparation and scanning in the IR region to
obtain a spectrum of chitosan. Demoisturization of chitosan sample and potassium bromide
(KBr) is the first step in sample preparation. Thereafter, the dried sample and KBr are blended
in a ratio of 1:100 by weight (g) in agate mortar using a pestle for 10 min and then compacted
into disk form [48, 115-117]. The disk sample is further dehydrated before it is scanned in IR
light at various wave numbers to obtain a spectrum of the chitosan sample [48].

The DD value is obtained by substituting respective absorbance values (A) of various
reference bands and/or characteristic peaks of the IR spectrum in Figure 7 [87, 118] into any
equations 15, 16, 18, or 19.

However, the DD value achieved by equation 15 is more reliable [47] and also closest
to the DD value achieved by the 'H-NMR technique, as reported in Table 9.

Equation 15 shows that the DD value of chitosan is obtained by taking the absorbances
at 1655 cm™ (absorption for amide-1) and 3450 cm™ (absorption for hydroxyl group). Amide
and hydroxyl groups’ absorptions depend on the sample's deacetylated or acetylated [55]. So,
the absorption of the amido group is greater than the absorption of the hydroxyl group for low-
deacetylated chitosan compared to high-deacetylated chitosan. By implication, lower
absorbance at 1655 cm™ translates to a larger DD value.

Similarly, the absorption of the amide-1 group is lower than the absorption of the
hydroxyl group for the chitosan sample compared to the chitin sample. In all, the absorbance
of the amide-1 group decreases with an increase in the DD value of chitosan [30].
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Figure 7. IR spectrum of chitosan [87, 118].

Where: Assso, Azs70, A1sss, A1a20, and Aispg are absorbance values at baseline 1, 2, 3, 4,
and 5, respectively [47].

DD (%) = 100 — [2252 x 22| (15)

Aszuso 1.33
Aazsso = absorbance at baseline 1 for hydroxyl group absorption [119]. This absorption
serves as an internal standard to correct differences in chitosan powder concentration [70],
while Aiess = absorbance at baseline 3 for the amide group, which measures the polymer's
acetyl group [115, 120-121]. The €1.33” factor in equation 15 is the quotient from
‘Ai1ess/As450” for a fully acetylated compound [48, 87, 91, 114].

DD (%) = 100 — [ £ x 115] (16)
Azss0
_ _ [Aizz0  0.03822
DD (%) = 100 [Amo x 03822 (17)
DD (%) = 100 — [A820 x 115] (18)
1420

The DD values obtained by equations 15 - 18 are different because varied baselines
were used in the computations [37, 122]. However, the difference in the DD values computed
by equations 15 and 18 is not significant.

Although some studies have revealed that DD data from IR is reproducible [47], this
was not the case, as quantitative reproducibility of the spectra has been adjudged to be operator-
dependent [48]. Also, establishing a baseline for individual reference bands depends on the
dexterity of the IR operator.

Another factor that affects the quantitative reproducibility of DD values by IR
technique is humidity, which interferes with the vibrational energies of NH, and OH groups
[123]. For instance, the signal intensity of the reference band at 3450 cm™ changes with
humidity; thus, extra carefulness is required to achieve quantitative reproducibility of the
spectra [48]. The humidity effect alters both the position and intensity of signals as the water
content of the sample changes [76]. Therefore, proper sample preparation is paramount to
ensure that the sample is moisture-free before scanning in the IR range.

The reproducibility of DD data from the IR technique is also influenced by the choice
of baseline peaks, instrument type, and operation conditions [116, 122].

Although the signal peak at 2870 cm™ does not change with humidity, the use of
absorbance at 2870 cm tinstead of 1655 cm™ ( as in equation 19) gave DD data that are not
indifferent to those obtained by *H-NMR [47, 48, 124].

DD (%) = 100 — [2222 x 12| (19)

Aszsso 1.33
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In like manner, absorption intensity at 1320 cm™ and 1420 cm™ are independent of
humidity and, as such, do not vary with change in the sample's moisture content [48].

Nevertheless, equation 15 gives data closest to DD data obtained by *H-NMR, whereas
equation 17 gives unreliable data, as revealed by DD data reported in Table 9. [48].

Conversely, the latest studies have revealed that reliable DD data can be obtained by
equation 17 [47]. So, the unreliable results reported by [48, 125] might be due to computational
or systematic errors.

Table 9. Comparison of DD values derived by *H NMR and IR techniques [48, 125].

Chitosan sample | *H-NMR IR
by equation 15 | by equation 16 | by equation 17 | by equation 18
CHSu 79.72 £ 0.05 76.61+£1.92 64.49 £7.14 -8.50 £ 13.03 -
CHS1» 81.27 £0.19 77.84 £0.28 74.60 £ 3.60 -12.50 +23.30
CHSu3 89.44 £ 0.32 85.61 + 2.04 89.50 + 5.85 43.86 £9.19 -
CHSu4 80.95+ 1.16 98.69 £ 0.45 - 74.32 £ 1.86 97.99 £ 0.69

4.5. Determination of DD value by elemental analysis (EA).

This destructive technique requires sample combustion at very high temperatures [126-
127]. Usually, sample combustion is performed at a temperature of 1000°C to give species that
are carried on helium gas flowing at 100 mL/min for elemental analyses [127]. The weight
percent of C and N are determined while the DD value is calculated using either equations 20
or 21 [86, 93, 126, 128-132].

C/ _
DD(%) = 100 — [%] x 100 (20)
DD (%) = [6 857 — ﬂ] x 100 1)
0 ) 1.7143

Where C = weight percent of carbon; N = Weight percent of nitrogen content in chitosan

Since there are two different nitrogen atoms in chitosan (DD < 100 %), viz: nitrogen
atoms of amino and acetamido groups, the levels of these nitrogen atoms vary based on the
extent to which the sample had been deacetylated. For fully N-deacetylated chitosan
(CeH1104N as repeat unit), percent-nitrogen is 8.696 %, while for completely N-acetylated
chitin (CsH13OsN as repeat unit), percent-nitrogen is 6.897 % [133-134]. The ratios of carbon
to nitrogen (C/N) for fully N-deacetylated chitosan and completely N-acetylated chitin are
5.145 and 6.861, respectively [86, 133]. Thus, the weight percent of carbon in fully N-
deacetylated chitosan is approximately 44.741 %, while that of completely N-acetylated chitin
is 47.320 %.

Moreover, the weight percent of C and N by elemental analyses have been utilized
individually, not as a ratio, to calculate the DD value by equations 22 and 23 [64, 135].

_ 9600

DD (%) = [(364 ><c+2400)] o (22)
[ 1400

DD (%) = [—(364XN)] x 100 (23)

Although different elemental weight percent was used, the DD values obtained by
equations 21 and 22 were statistically similar [30] and had good agreement with those obtained
by titrimetric and IR techniques, as revealed by DD data in Table 10.

The determination of DD by the elemental analysis technique is not as common as that
of IR and titrimetric techniques, but the technique is simple, cost-effective, and gives reliable
DD values. This is because the DD value obtained by this technique is comparable to those
obtained by 'H-NMR spectroscopy [93]. Table 10 shows that the DD value obtained by
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elemental analysis (EA) is closer to that obtained by *H-NMR than other techniques like IR
and titration.

In addition, DD determination by elemental analyzer does not require the use of
standard solutions of GIcNAc and GIcN, which are expensive. Also, the technique is suitable
for resolving the entire range of DD for both crystalline and amorphous samples of chitosan.

Table 10. Results of DD determination by different analytical techniques [30, 93].

Chitosan | Analytical technigues

sample IH-NMR FTIR EA1 EA, EA3 Acid-base titration
CHSs 95.0 65.0+£3.0 85.0+3.0 - - 75.0£2.5

CHSss - 55.80 - 55.80 55.66 54.60

CHS1s - 61.30 - 61.30 60.85 60.50

CHSyy - 85.40 - 85.30 85.85 84.70

Like some spectroscopic techniques, the EA technique is highly sensitive to impurities
in chitosan samples, which might cause it to give an overestimated DD value, especially if the
impurities are of organic materials and/or carbohydrates besides chitosan [136]. Proteins and
pigments are other impurities that may cause an overestimated DD value in a contaminated
sample. This is because organic impurities result in a noticeable increase in percent C and N.

Also, it is a long-term technique as it requires sample decomposition before analyses of
resulting species [41, 86].

5. Conclusion

Based on the previous, the *H-NMR is the most reliable of the techniques reviewed in
this study. It is also the most expensive and time-consuming technique. Next, in terms of
reliability, is the UV/first-order derivative UV spectrophotometry, followed by elemental
analyses, titrimetric, and FTIR techniques. The titrimetric technique is simple and cost-
effective but time-consuming as well.

The first-order UV-visible spectrophotometric technique is also cheaper than the *H-
NMR technique. Still, it requires a lot of time to construct calibration curves using an expensive
standard solution of GIcCNAc.

The IR technique is cost-effective relative to *H-NMR and the fastest among the
reviewed techniques. It only required measurements of absorbance ratios of characteristic
bands from the IR spectrum of the chitosan sample. However, the reproducibility of DD data
by IR technique is highly influenced by the choice of baseline peaks, instrument type, and
operation conditions.

It is, indeed, a tedious task to select appropriate techniques for DD determination. It is,
therefore, desirable to consider the time of measurement, precision, accuracy of measurement
results, and even the cost-effectiveness when choosing a technique to use for DD
determination.
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