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A B S T R A C T   

Chitin-based materials are one of the most promising abundant polysaccharide biopolymers for developing 
constructs with advanced functions due to their unique properties; especially in biomedical science and tech-
nology. They have versatile applications in pharmaceuticals and biomedicine. Seafood industries produce a large 
volume of crustacean shells that contains chitin up to about 30% of its volume; a huge waste source with high 
costs of pollution. These worthy wastes can be converted into additional high grade, low-volume by-products. On 
commercial scale, chitin/chitosan is mostly extracted chemically from shrimp shells. The present review sum-
marizes the current chemical methods for chitin recovery and production of its most common derivative, the 
deacetylated form named chitosan, from shrimp shell wastes. The main extraction steps are discussed individ-
ually and “should or must to do points” are highlighted. A brief perspective for future researches in this topic are 
presented at the end.   

1. Introduction 

1.1. Chitin and Chitosan; Properties and Applications 

Chitin, the second most abundant biopolymer on the Earth after 
cellulose, is a polysaccharide made from N-acetyl-D-glucosamine units 
which is found mainly in crustacean shells, insects, and microorganisms 
such as fungi, algae, and yeasts [1]. Extracted chitin is classified as α, β, 
and γ-chitin according to anti-parallel, parallel, and alternated align-
ments of the polymer chains (as a combination of α and β structures), 
respectively (Fig. 1). α-chitin is usually obtained from the crustaceans 
exoskeletons, specifically from shrimps and crabs; β-chitin can be iso-
lated from squid pens; and γ-chitin is obtained from fungi and yeast [2]. 
Crustacean shells and fungal mycelia are the industrial resources of 

chitin [1]. 
The degree of N-acetylation has a considerable effect on chitin 

insolubility and limits its swelling properties in water due to the 
compact structure of the solid state [2,4]. Strong intra- and intermo-
lecular hydrogen bonding network of chitin makes it insoluble in com-
mon organic and inorganic solvents. This extremely limits the practical 
application of chitin. The high hydrophobicity of chitin makes it only 
soluble in dimethylformamide and lithium chloride, hexa-
fluoroisopropanol and 1, 2-Chloroethanol, and high concentrated inor-
ganic acids like hydrochloric acid (HCl), sulfuric acid (H2SO4), and 
phosphoric acid (H3PO4) [5]. Various chemical modifications that can 
disrupt the hydrogen bonds, without splitting the glucosidic linkages, 
can improve chitin solubility in water or other solvents. Therefore, 
chitin derivatives has been developed by applying their polyelectrolite 
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properties, and the presence of reactive functional groups [1]. The free 
–NH2 groups within chitin chains allow specific modifications under 
relatively mild conditions. Chemical modifications (such as deacetyla-
tion, phosphorylation, quaternization and carboxymethylation), mo-
lecular weight (Mw), the solution pH, ionic strength, and temperature 
are the main factors that affect chitin solubility [3]. Chitin is mostly 
converted into deacetylated form, chitosan, a more industrially appli-
cable derivative, by hydrolysis of the acetamide groups with the trans- 
arrangement of the C-2/C-3 substituents in the sugar ring (Fig. 2) [6,7]. 
The intrinsic properties of chitosan make it a singular bio-based polymer 
with no actual petrochemical equivalent; a linear, semi-crystalline 
polysaccharide which should contain at least 60% of D-glucosamine 
residues (degree of deacetylation (DD) %; The N-deacetylation content 
as the mole fraction of 1 units in the chain, expressed as a percentage). 

Chitosan is more soluble in comparison to chitin due to the presence 
of amino groups at C-2 positions which is utilized to improve the pro-
cessing methods [9]. Although, chitosan is insoluble in water and most 
organic solvents; it is soluble in the most aqueous acid solutions such as 
acetic, citric, formic, and lactic acids [3,5]. The amino groups in chito-
san structure are the only positively charged natural polysaccharide that 
differ it from others such as chitin. Chitosan, as a polyelectrolyte, can be 
applied for multilayer filming by deposition technique. It is based on the 
electrostatic interactions via layer-by-layer (LBL) self-assembly of 
anionic polymer and cationic chitosan. Polycationic properties of chi-
tosan can form electrostatic complexes with oppositely charged mac-
romolecules [10,11]. 

The amino groups of the D-glucosamine residues enable solubility in 
diluted acidic aqueous solutions (pH < 6) by NH2 protonation and 
exhibit polyelectrolyte properties [1,12]. Protonated amino groups in 
chitosan make a polycation that can form ionic complexes with various 
natural or synthetic anionic species; such as lipids, proteins, DNA and 
some negatively charged synthetic or natural polymers [11,13]. 

Unlike most natural polysaccharides such as cellulose and agar that 
are acidic in nature, chitin and chitosan are highly basic. This property 
causes abilities like solubility in various media, polyelectrolyte 
behavior, film-forming ability, metal chelation, and structural charac-
teristics in comparison with other acidic polysaccharides [14]. Some of 
the main chitin/chitosan applications are shown in Fig. 3. 

Chitin and chitosan based biomaterials could be formed in various 
shapes for a wide range of applications such as beads in drug delivery 
systems [17], microspheres in enzyme immobilization or gene delivery 
vehicles [18], nano-particles in encapsulation of sensitive drugs [19], 
shaped objects in orthopedics [20] or contact lenses [21,22], films or 
coatings [23], fibers, powders, sponges, solutions, gels, tablets, and 
capsules [13,24]. 

Biocompatibility, enzymatic biodegradability to normal body con-
stituents, deacetylated amino groups reactivity, chelation ability, 
adsorption capacity, antimicrobial activity [25], immune-stimulation 
[26], chemotactic action, binding to mammalian cells, enhancing the 
reconstruction of connective tissues and growth stimulation [27,28], 
osteoinduction [29,30], anti-osteoarthritis, fungistatic [31], anti-
tumoric, hemostatic, spermicidal, mucoadhesive, anti-cholesteremic, 
central nervous system depressant, and immune assistance/immune- 

adjuvant and action as a source of glucosamine and acetyl glucos-
amine are physiological properties of chitosan [1,8,9,32]. 

Previous studies have reported two main mechanisms for chitosan 
antibacterial and antifungal activities: 1) preventing cell permeability to 
essential materials due to electrostatic interaction of positively charged 
chitosan with negatively charged groups at cell surfaces, 2) chitosan 
binding to cell DNA via protonated amino groups that causes inhibition 
of the microbial RNA synthesis. The mechanism can also be a combi-
nation of both named theories too [11,33,34]. The analgesic effect of 
chitosan might result from protonation of the amino groups of the D- 
glucosamine residues in the presence of proton ions that are released in 
the inflammatory area [11]. Besides higher antimicrobial activity and 
lower toxicity for mammalian cells, chitosan acts as antioxidants by 
scavenging oxygen radicals such as hydroxyl, superoxide, alkyl and 
stable 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals (by acting as 
hydrogen donors to prevent the oxidative sequence). It possesses anti-
tumor activities through inhibiting the tumor cell growth by exerting 
immune-enhancing effects (by increasing the production of lympho-
kines and inhibition of tumor cell proliferation by apoptosis induction) 
[13]. 

1.2. Chitin Sources and Extraction Methods 

α-chitin is the most abundant and stable polymorph which is more 
common than the β-type, it has an 80% crystallinity index [3,8,16]. 
Arrangement of microfibrils in α-chitin is strongly fixed by hydrogen 
bonds that limits its water swelling and permeability compared with 
β-chitin with a lower content of inter-sheet hydrogen bonds. Also, the 
proportion of chitin in the source material (such as the raw shells) in-
fluences the hardness, permeability, and flexibility [1]. Large available 
quantity of shrimp and crab shells makes them the most popular source 
of the white, hard, inelastic, nitrogenous polysaccharide, chitin [35]. 
Shrimp shells has the lowest inorganic matter (calcium carbonate 
(CaCO3)) among other marine sources; like crabs, prawns, lobsters, and 
cuttlefish. Also, its chitin contains a small but significant fraction of de- 
N-acetylated unit [7]. Although, β-chitin shows much higher reactivity 
and easier destruction of crystalline structure compared to α-chitin in 
deacetylation procedure due to the loose arrangement of chitin mole-
cules [36], however, the final chitosan is completely amorphous unlike 
highly crystalline chitosan from α-chitin. Also, the deacetylation process 
tends to be accompanied by heavy discoloration even in nitrogen (N2) 
for β-chitin. Some treatments such as freeze-pump out-thaw (FPT) cycles 
can eliminate this drawback of α-phase [37]. Although, β-chitin and 
chitosan possess high hydrophilicity; they are more suitable for devel-
oping advanced functional materials due to their much higher reactivity 
[38]. However, protein removal in squilla is harder than shrimp, due to 
stronger protein and chitin linkage [39]. 

The main sources of raw material for chitin production on com-
mercial scale are crustacean exoskeletons, principally crabs and shrimps 
[15]. This production is also a solution for the increasingly and costly 
disposal of marine wastes challenge for the shellfish production and 
processing industries [5]. In crustaceans, chitin is combined into a 
complex network with proteins onto which minerals (principally 

Fig. 1. Polymorphic forms of chitin [3].  
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CaCO3) deposits to form the rigid shell. Chitin isolation from shrimps 
shells is easier due to the thinner wall of the shells [13]. Shrimp shells 
are composed of chitin, protein, lipids, pigments and flavor compounds 
[40,41]. Although, the chitin contents of the shells widely vary 
depending on peeling conditions, the species, the organism part, their 
nutrition state, climate, stage of reproductive cycle and difficulties in 
process control [42,43]; however, among fish, shrimp, and crab wastes, 
shrimp shells was shown to be the best choice with high average Mw, 
DD, and solubility [44]. Also, shrimp shells are one of the highest chitin 
content sources among other common chitin origins, such as other 
marine sources, insects, or fungi’s [8]. The value of the global chitosan 
market size was 1.7 billion dollars in 2019, and has estimated to reach 
4.7 billion dollars in 2027, by Allied Market Research website; and 
shrimp source is and will be the main source. Lower ash content of 
shrimp shells is the reason of better solubility of the synthesized chitosan 
compared to fish and crab products. Also, high ash content reduces 
viscosity and average Mw [44]. 

Chemical extraction processes, enzymatic hydrolysis, or biological/ 

microbial techniques can be applied for extracting chitin form the shell 
wastes. Sometimes, a combination of the methods may be performed as 
the extracting procedure [45]. Chemical procedure is the most common 
method in chitin extraction techniques in commercial scale [46]. The 
process involves two main steps: elimination of inorganic matters such 
as CaCO3 and calcium phosphate (Ca3(PO4)2) in dilute acidic medium, 
usually using HCl solutions (as demineralization), continued with pro-
tein extraction in alkaline medium, traditionally by treating sodium 
hydroxide (NaOH) or potassium hydroxide (KOH) solutions (as depro-
teinization) [7]. Although, short processing time, high DD of the final 
chitin, industrial scale, and complete removal of organic salts are chief 
advantages of the chemical procedure; however, these methods are 
environmentally unfriendly and the obtained minerals and proteins 
cannot be used as human and animal nutrients [3]. Safe disposal of 
chemical wastes increases the production cost of chitin industries. [15]. 
Protein elimination can be done enzymatically by digestive proteolytic 
enzymes, such as papain, pepsin, trypsin and pronase [47]. Also, as a 
more effective method for chitin recovery comparing to chemical 

Fig. 2. Chemical structure of chitin and chitosan [8].  

Fig. 3. Chitin/chitosan-based biomaterials applications [4,15,16].  
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techniques, microbial method can be applied by organic acids (like 
production of lactic acid by probiotic bacteria) for demineralization 
step. Higher chitin yield and quality (due to reduction of depolymer-
ization and acetylation degrees), using the protein component as animal 
feed and elimination of chemical pollution sources are the main ad-
vantages of enzymatic or microbial methods [48–52]. However, these 
new methods have drawbacks such as inconsistency in the research re-
sults, higher total cost, and no industry production yet; and hence, more 
researches should be done. 

1.3. Chitin/chitosan chemical extraction scenarios from shrimp shells 

The shells contain three major components; 15–40% α-chitin, 
20–40% proteins, and 20–50% CaCO3. Pigments and other metal salts 
are also the minor components [8]. The chemical isolation process is 
composed of four steps: removal of inorganic CaCO3 (demineralization), 
elimination of proteins (deproteinization), removing small amounts of 
pigments (decoloration/bleaching), and converting chitin to chitosan 
(deacetylation) (Fig. 4). Some studies have changed the arrangement of 
these steps [13]. Also, some pre-treatments such as grinding for 
enhancing of solution exposure and few post-treatments like purification 
techniques may be added for increasing the quality of the final product. 

2. Pretreatments 

Shrimp shells are freshly collected from the harbor or transferred 
into plastic containers at − 10 to − 20 ◦C until using. All organic matters 
are separated and after extensive washing, the cleaned shells maybe 
heated about 20 min at 90-100 C to inactivate endogenous enzymes 
[53–58]. The cleaned shells are dried, minced to a fine powder, and 
stored in a closed packs at room temperature (RT) [57], or wetly ho-
mogenized in a blender and then kept at − 20 C without any drying step 
till further use [58,59]. No research has been done to elucidate any 
difference in the maintaining methods. The shells would be dried under 
the sun light or in an oven until constant weight [51,60]. Few chemical 
pretreatments have been suggested for minimizing the use of chemicals 
and shortening the time periods of the next steps in the extraction pro-
cedure (Table 1). 

2.1. Guidelines 

Although, no general rule has been suggested for the specific chitin 

source or the unique final application/s, some evoked points from pre-
vious studies may be beneficial in future researches as pretreatment 
steps:  

- Fine grinding: Due to the higher exposure of chemical agents, 
samples at small particle sizes will result in the highest degrees of 
demineralization, deproteinization, decoloration, and deacetylation 
compared to larger particles at similar conditions. However, particle 
size is less effective in ash reduction compared to the residual protein 
[54].  

- Chemical pretreatment: Acidic/basic pretreatments or chemical 
washings (like sodium hypochlorite (NaClO)) significantly speed up 
the following extraction steps and decrease the need for high con-
centrations of acid and alkali in demineralization and deproteiniza-
tion steps (up to 60% reduction in the total need for chemicals). In 
addition to depigmentation and disintegration, chemical pretreat-
ment results in higher Mw chitin/chitosan and leads to substantial 
energy saving for quick chitin/chitosan extraction from marine re-
sources. Less ash or protein content with no influence on the chitin 
yield has also been reported. Agitation can effectively accelerate the 
chemical pretreatments [70,74,75]. 

Sometimes, commercially important biomolecules like astaxanthin- 

Fig. 4. Extraction process of chitin and chitosan [15].  

Table 1 
Pretreatments for chemical chitin/chitosan extraction from shrimp shells.  

Procedure References 

Physical Methods: 
- Separating loose tissues 

- Washing/boiling with water/ 
distillated water /salt water, @ 
25–100 ◦C 
- Cutting/grinding/cryo-grinding/ 
homogenizing dried/freeze-dried/ 
freezed shells, from 5 mm to 60 µm 

[51,52,617,36,41,45,46,50,54,55,60,62–69] 

Chemical Methods: 
After physical treatments of the 

dried grinded shells: 
- Stirring in 7.84 M HCl @ 50 rpm 
for 3 or 6 h 
- Soaking in 1 M NaOH for 24 h 
- Soaking in 0.28 M HCl at ratio of 
1:2.5 w/v for 24 h  

[7071]; based on [7273]  
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rich oil are extracted from the shells before starting the main extraction 
procedure. This step can be performed by supercritical carbon dioxide 
extraction [76]. Protein can be also extracted by water boiling and 
mechanically squeezing the residue. 

3. Demineralization 

Traditional chitin isolation starts with the removal of minerals (pri-
marily calcium and magnesium phosphates and carbonates) by diluted 
acids like HCl, H2SO4, HNO3, CH3COOH, and CH2O2. Hydrochloric acid 
is the superior one [1,77,78]. Although, demineralization at RT inside 

stirred bioreactors is faster and prevents the risk of chitin depolymer-
ization and improves the quality of the final product [46]; however, it 
has negative effects on the Mw and the DD of the purified chitin [74]. 

Demineralization reaction causes decomposition of CaCO3 into 
water-soluble calcium salts (calcium chloride (CaCl2)) followed by car-
bon dioxide (CO2) discharge (equation 1):  

HCl + CaCO3 → CaCl2 + H2O + CO2↑(1)                                               

The value of CO2 gas emission depends on the shrimp mineral content 
and acid penetration quantity into the shells [7,62]. Based on the stoi-
chiometric formula, two HCl molecules are needed to convert one 

Table 2 
Demineralization methods for chemical chitin/chitosan extraction from shrimp shells.  

Acid 
Concentration 
(Molar) 

Solid to 
liquid ratio 
(g/ml) 

Temperature 
(◦C) 

Duration Remained 
Minerals in 
Chitin/Chitosan 
(Ash %) 

Consumed acid/ 
shell dry weight 
(mole/g) 

Explanation References 

1.25 M HCl 1:10 – 1 h 2.4% 0.012 – [52] 
0.55 M HCl 1:11.25 RT 2 h – 0.019 3 bath [61] 
1 M HCl 1:10 RT 24 h 0.01% Ca* 0.01 constant stirring [51] 
1.2 M HCl – 20 15 min Shrimp type I: 

0.1% 
Shrimp type II: 
0.5% 

– – [79] 

0.55 M HCl 1:10 RT 1–3 h ~0.02% 0.016 3 bath [62] 
0.8 M HCl 1:3.51:10 RT 12 h 0.5% 0.003 

0.008 
– [70] 

0.25 M HCl 1:40 40 4 h I & IIa: ~2.5% 
IIb: 1.1% 

0.01 I: occasionally stirring 
II: probe sonication (a. sonicate for 1 h @ 
41 W/cm2 with leaving in the acid for 3 h 
with occasional stirring; b. sonicate for 4 h) 

[63] 

1.7 M acetic acid 1:40 60 6 h – 0.068 – [50] 
0.25 M HCl 1:40 RT 15–180 min – – several bath [7] 
1 M HCl 1:20 RT 3 h 0.4% 0.02 – [45] 

Based on  
[36] 

1.2 M HCl – 24 15–20 min 0.9% – constant stirring [46] 
1.7 M HCl 1:9 RT 6 h 1.4% 0.015 – [64] ;based 

on [80] 
1 M HCl 1:15 RT 30 min – 0.015 constant stirring [65] 

Based on  
[81] 

1.5 M HCl 1:15 RT 60 min ~0.2% 0.022 constant stirring @ 150 rpm [66]; based 
on [82] 

0.12 M HCl 1:4 – 24 h 0.2% 0.0005 After the demineralization process, treat the 
shells with 2% NaOH for 1 h to decompose 
the albumen into water soluble amino- 
acids. 

[60]; based 
on [83] 

1 M HCl – – – – – – [71]; based 
on [72] 

1.5 M HCl 1:15 RT 30 min 0.2% 0.022 constant stirring @ ~150 rpm [67] 
0.24 M HCl 1:10 30 12 h 0.3–0.7% 0.0024 – [54]; based 

on [84] 
1 M HCl – 75 15 min – – – [75] 
3 M HCl 1:10 1st: 752nd: - 1st:2h2nd:8 

min 
– 0.03 1st: constant stirring @ 150 rpm2nd: 

assimilated by microwave method @ 500 W 
power 

[68] 

1.7 M acetic acid 1:40 50 4 h – 0.068 – [69] 
1.2 M HCl – 32 till no gas 

evolution 
– – several bath [55] 

0.4 M HCl – RT 30 min 0.03% – – [44] 
1 M HCl 1:30 RT 75 min – 0.03 constant stirring @ 150 rpm [85] 
1.25 M HCl – – – – – constant stirring [76]; based 

on [86] 
0.8 M HCl 1:3.5 RT 12 h 0.1% 0.003 – [73] 
0.8 M HCl 1:10 25 1 h – 0.008 constant stirring [87]; based 

on [88] 
0.3–1.4 M HCl 1:5 RT 16 h – 0.002–0.007 – [89]; base 

on [90] 
0.6 M HCl 1:11 30 3 h  0.007 constant stirring @ 300 rpm [91] 

In studies with different experimental conditions, optimum suggested situations had been reported in the table. 
In highlighted rows, deproteinization was done before demineralization. 
The underlined rows were chemically pretreated. 

* This number indicates only residual calcium, not all the mineral residues. 
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molecule of CaCO3 into CaCl2. Therefore, due to the heterogeneity of the 
solid material, acid intake should be equal or even greater than the 
formula for a complete reaction [13]. The cut of CO2 gas emission is an 
important indicator for the reaction completion [3]. The pH evolution 
indicates the reaction state, either towards neutrality for executing re-
action (calcium release increases the pH of the supernatant) or persis-
tence of medium acidity in the end of the reaction [61]. The pH variation 
estimates the optimal reaction time and the exact amount of required 
acid for a complete reaction for minimizing the hydrolysis of the 
glycosidic bonds [51]. 

Most of other minerals react to acid similarly and give soluble salts; 
afterwards, filtration of the chitin solid phase easily separates the salts 
by washing. The mineral content of the shells, temperature, extraction 
time, particle size, acid concentration, and solute/solvent ratio are 
major factors in demineralization treatments. Higher temperature and 
finer particle sizes accelerate solvent penetration into the chitin matrix 
[13]. A summary of previous demineralization procedures have been 
shown in Table 2. 

3.1. Demineralization guidelines  

- For a final product with high Mw, only dilute HCl is used to prevent 
hydrolysis or degradation [81,82]. The required HCl for each gram of 
dry powder has been reported as 0.01–0.03 mol. The value is not 
dependent to the acid concentration in the reported range. 

- The number and duration of bathes depend on the source. The sta-
bility of medium acidity indicates the end of the process or repeated 
demineralization baths [12,36].  

- The percentage of ash content in the final solid indicates the 
demineralization rate [66]. Increasing the reaction time decreases 
the ash content of the obtained chitin/chitosan as well as product 
viscosity and Mw [86]. Commercial chitosan includes around 2% ash 
content [92]; however, chitosan with<1% ash content has been re-
ported as high quality grade [82].  

- In food supplementary industries, HCl can be replaced by acetic acid 
in demineralization process that supports the food grade quality of 
the protein; but, the efficacy of protein and ash elimination with 
acetic acid is less compared to HCl [70]. 

After each extraction stage like demineralization, deproteinization, 
bleaching/decoloration, or deacetylation, the treated shells will be 
filtered in atmospheric/vacuum condition or separated by centrifuge 
(like at 4000 rpm for 15 min). Then, they would be rinsed with tap, 
distilled, or deionized water for pH neutrality (pH 7.0). The samples may 
be lyophilized or dries at RT or oven until reaching a constant weight. 
Sometimes, the treated shells are grinded again and sieved before the 
next step [44,50,55,60,61,63,65,67]. 

4. Deproteinization 

Principally, the protein content in biomaterials is the main reason for 
allergic reactions; therefore, radical deproteinization is crucial for 
biomedical applications [3]. However, some of active materials in 
shrimp waste including lipoprotein concentrates, protein hydrolysates, 
and a carotenoid extract, considerably increase the antioxidant prop-
erties of chitosan-based solutions [93]. Also, addition of shrimp protein 
concentrate significantly reinforces the chitosan polymeric matrix due 
to changes in film structure and water content [94]. 

The deproteinization step interrupts proteins and chitin chemical 
bonds by depolymerizing the biopolymer. Commonly, the demineral-
ized shells are subjected to alkaline solutions including: NaOH, sodium 
carbonate (Na2CO3), soda (NaHCO3), KOH, potassium carbonate 
(K2CO3), calcium hydroxide (Ca(OH)2), sodium sulfite (Na2SO3), so-
dium bisulfite (NaHSO3), calcium bisulfite (CaHSO3), sodium phosphate 
(Na3PO4) and sodium sulfide (Na2S). NaOH and KOH are the illustrious 
reactants [3,95]. However, NaOH treatment leads to biopolymer 

hydrolysis, decreasing Mw, and partial chitin deacetylation [13]. 
Deproteinization depends on alkali concentration, temperature, and 
shells mass to the alkali ratio (w/v). The solution temperature and solid- 
solvent ratio are the most critical factors [7,41]. Decoloration of the 
medium at the end of deproteinization indicates completion of the 
process [36,61,62]. 

Deproteinization process is slow due to limited access to the reactives 
and the various kinds of possible interactions with proteins of the R 
chitin structure [51]. Covalent bonds between chitin and proteins form 
stable complexes, like glycoproteins. Irradiation of proteins degrades 
their structures and shortens the deproteinization time [96]. Table 3 
compares the deproteinization procedures for chemical chitin/chitosan 
extraction from shrimp wastes 

4.1. Deproteinization guidelines 

Some basic issues to be considered for deproteinization stage 
include:  

- High deproteinization temperatures (>65 ◦C) decrease the Mw 
possibly due to long chain polymer breakage. Modifying the incu-
bation time and temperature can yield chitin/chitosan with high 
viscosity and Mw [46,51].  

- The protein and moisture content of the shrimp shells determine the 
optimum ratio of the demineralized shells to alkali solution [46]. The 
required mole of NaOH to each gram of the dry powder has been 
reported as 0.002–0.09. The reported value may depend on the alkali 
concentration. 

- The solution clarity determines the duration of time for deproteini-
zation process and the numbers of baths; no change in the medium 
color indicates the washout of protein or end of the treatment [36].  

- The rate of deproteinization is evaluated by protein concentration in 
the supernatant [67].  

- Use of ultrasound will increase the crystallinity, reduce the particle 
sizes, and erode the surface of the final product. Although, high 
sonication time brings about high DD, however, it causes a product 
with medium and low Mw. Also, it results in chitosan with lower 
whiteness index due to oxidation of the pigments in the skeleton 
[91]. 

5. Bleaching/decoloration 

If a colorless product is required, a bleaching/decoloration step is 
added as an additional step. An organic solvent like acetone eliminates 
pigments such as melanin and carotenoids [16,46]. Residual pigments 
can cause side effects in biomedicine. Therefore, chitin and chitosan 
need to be highly purified [13]. The pink color of chitosan is treated with 
bleaching or sun-drying. However, this step will decrease the viscosity 
and Mw [39]. Table 4 represents the suggested techniques for bleach-
ing/decoloration of chitin. 

No study has compared the bleaching/decoloration methods and 
hence, no general cues can be suggested. However, color measurement 
has been introduced as a standard evaluating technique for determining 
the efficiency of the bleaching/decoloration process. High lightness 
value or less yellowness index are preferable. 

6. Deacetylation 

The simplest modification of chitin is N-deacetylation, which trans-
forms it into chitosan by removal of acetyl group [1]. Alkaline treatment 
mostly improves chitin solubility due to the rupture of the main chain 
and destruction of the crystalline structure [102]. Deacetylated chitin is 
usually achieved by severe alkaline hydrolysis treatment at high tem-
peratures. Concentrated NaOH or KOH (40–50%) are commonly used 
[3,6,103]. The dielectric constant, as a measure of the amount of electric 
potential energy, is high for aqueous NaOH solution compared to 

M. Pakizeh et al.                                                                                                                                                                                                                                



European Polymer Journal 159 (2021) 110709

7

anhydrous KOH. This property favors the deacetylation reaction with 
the NaOH solution [62]. 

Chitin consists of crystalline and amorphous domains. Unlike 
amorphous domains that are deacetylated fast and highly hydrated, 
crystalline domains are slowly deacetylated and insoluble. After com-
plete amorphization, crystalline domains break and the proportions of 

deacetylation and soluble fraction increase. This mechanism is proposed 
for α-chitin deacetylation [104]. The amount of N-acetyl-D-glucosamine 
residues decreases during the deacetylation reaction in spite of 
increasing the amounts of chitin with lower Mw, chitosan, their oligo-
mers, and D-glucosamine residues due to the degradation reactions [2]. 
In addition to the source and the isolation process of original chitin; the 

Table 3 
Comparision of deproteinization procedures for chemical chitin/chitosan extraction from shrimp shells.  

Alkali 
Concentration 
(Molar) 

Solid to liquid 
ratio (g/ml) 

Temperature 
(◦C) 

Duration Remained 
protein in chitin 
(%) 

Consumed NaOH/ 
shell weight (mole/ 
g) 

Explanation References 

0.75 M NaOH 1st bath: 
1:1.52nd bath: 
1:1 

~100 1st: 15 min 
2nd: - 

5.1*  0.002 2 bath [52] 

0.3 M NaOH – 80–85 1 h –  – 3 bath [61] 
1 M NaOH 1:15 <70 24 h <1%  0.015 vigorous stirring [51] 
2.25 M NaOH – 65 90 min –  – – [79] 
0.3 M NaOH – 80–85 1 h –  – 3 bath [62] 
0.75 M NaOH 1:2.5 RT 24 h 0.8%  0.002 – [70] 
0.25 & 1 M 

NaOH 
1st stage: 1:40 
2nd stage: - 

40 2–6 h ~3%  – 1st: sonicate for 0, 1, and 4 h in 0.25 M 
NaOH 
2nd: soak for 2 h in 1 M NaOH 

[63] 

1 M NaOH – 105–110 – –  – several bath [36] 
0.5 M NaOH 1:30 90 2 h –  0.015 – [50] 
1.0 M NaOH 1:20 70 24 h –  – several bath [7] 
1 M NaOH 1:20 70 – –  0.02 – [45]; based on  

[36] 
2 M NaOH 1:4 45 4 h ~0.8%  0.008 constant stirring @ 100 rpm [46] 
2.5 M NaOH – 65 6 h –  – – [64];based on  

[80] 
0.9 M NaOH 1: 10 65 2 h –  0.009 constant stirring [65] 

Based on [81] 
2 M NaOH  1:20 46 125 min 3.1%  0.04 – [66] 

1 M NaOH – 1st stage: Boiling 
2nd stage: 
cooling @ RT 

1st: 1 h 
2nd: 30 
min 

–  – – [60]; based on  
[97] & [98] 

1 M NaOH – – – *4.8%  – – [71]; based on  
[72] 

2 M NaOH 1:20 45 2 h ~4%  0.04 – [41] 
1 M NaOH 1:10 90 12 h ~3%  0.01 – [54]; based on  

[84] 
1 M NaOH – 100 20 min –  – – [75] 
2.5 M NaOH 1:10 I: 80 I:2h 

II: 5 + 3 =
8 min 

–  0.025 I: conventional method 
II: assimilated by microwave method, 
5 min @ power 160 W, then 3 min @ 
power 350 W 

[68] 

0.89 M KOH – 1st stage: boiling 
2nd stage: - 

1st: 6 h 
2nd: 72 h 

–  – 2nd: This stage was done after 
bleaching to remove the residual 
proteins 

[99] 

0.5 M NaOH 1:30 80 2 h –  0.015 constant stirring [69] 
1.2 M NaOH – 1st bath:100 

2nd bath:32 
1st bath: 1 
h 
2nd bath: 
18 h 

–  – 2 bath [55] 

0.75 M NaOH – 80 30 min 8% 
(chitosan 
protein)  

– – [44] 

3 M NaOH 1:30 RT 75 min –  0.09 Constant stirring @ 150 rpm [85] 
0.75 M NaOH 1st bath: 1:1.5 Boiling 1st bath: 

15 min 
2nd bath: 
30 min 

–  – – [76]; based on  
[86] 

0.75 M NaOH 1:2.5 RT 24 h >1% 
(chitosan 
protein)  

0.002 – [73] 

19 M NaOH 1:10 110 3 h –  0.19 stirring [87]; based on  
[88] 

1 M NaOH 1:5 RT 20 h –  0.005 – [89]; based on  
[90] 

Deionized water – – 10–40 min 2–6%  – high-frequency ultrasonic bath [91] 

In studies with different experimental conditions, optimum suggested situations had been reported in the table. 
In highlighted rows, deproteinization was done before demineralization. 
The underlined rows were chemically pretreated. 

* This number only reports N2 %. 
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reaction time, temperature, concentration, and nature of alkaline re-
agent are the main parameters in deacetylation reaction [105]. 

Enzymatic or chemical methods can be applied for transforming 
chitin into chitosan. Although, traditional chemical chitosan production 
is usually used by industries due to its suitability for mass production; it 
has some drawbacks like inconsistency in Mw and DD, and environ-
mental hazards. These inconsistencies are due to uncontrollable hy-
drolysis and chemical modifications that produce undesired by-products 
and huge amounts of aqueous waste [4,12]. 

Chitin deacetylation through enzymatic processes has shown good 
efficiency. However, high cost and low productivity limit their products 
to low Mw and amorphous chitin at laboratory scale [106,107]. 

The most studied and used techniques in chitin chemical deacety-
lation are homogeneous or heterogeneous alkaline hydrolyses at RT or 
high temperature, respectively. Heterogeneous process is preferred for 
industrial purposes due to the pretreatment of the starting chitin as well 
as the long reaction time (several days) for the homogeneous process 
[37,103]. Heterogeneous conditions lead to non-uniformly accessibility 
of the block copolymers in the deacetylation reaction and different 
physicochemical properties against randomly deacetylated chitosan 
under homogeneous conditions [108]. High solubility of the products 
and the independency of the reaction to the initial crystalline structure 
are advantages of homogeneous deacetylation, with good efficiency and 
low degradation [37]. Heterogeneous deacetylation preferentially hap-
pens in the chitin amorphous region, then continues toward the inside of 
the crystalline region [108]. Therefore, the alkali concentration controls 
the reaction rate on the solid surface or the reactant diffusion from bulk 
fluid to the solid surface [109]. Heterogeneous deacetylation is manip-
ulated by two mechanisms: reaction and diffusion. So, the reaction picks 
up principally with increasing the temperature or NaOH concentration 
[80]. Table 5 represents the deacetylation methods of α-chitin in sus-
pension techniques. 

6.1. Solid-phase deacetylation 

In these techniques, unlike the homogenious and heterogenious 
methods that have at least one liquid phase, the deacetylation reaction 
totally goes forward in solid state. The deacetylation reaction of chitosan 
production is performed in a two-screw extruder with controlled 

heating. The extruder is fed with a mixture of chitin and solid NaOH in a 
defined ratio. When the mixture mass moves through the extruder, it is 
exposed to high pressure and shear deformation at the defined tem-
perature. The final product is a chitosan mixture with different degrees 
of deacetylation, relying on process conditions. The mixture is rinsed 
with water until neutrality and then is dried at RT. The molar ratio of 
chitin to NaOH and temperature are the main factors that influence the 
DD, solubility, and Mw of the obtained chitosan. Although, in the 
common suspension method DD, Mw, and solubility are higher, the 
solid-phase technique needs shorter processing time (0.1 h instead of 2 
h) and minor NaOH to chitin ratio. The optimum condition for DD (90%) 
has been achieved by 1:5 M ratio of chitin to NaOH in 200 ◦C; but, the 
maximum Mw has been obtained at 180 ◦C with the same ratio [121]. 

6.2. Deacetylation guidelines 

The extraction method, particle size of raw chitin, temperature, re-
action time, concentration and rate of reagents to chitin, and the reac-
tion atmosphere affect the Mw and DD of chitosan in deacetylation step 
[122,123]. The yields of extracted chitosan increase with decreasing of 
chitin particle size and increasing the concentration of NaOH solution 
used in deacetylation step [54]. However, severe conditions of deace-
tylation cause chitin hydrolysis and make a strong depolymerization 
[37]. Also, the effect of the solution-to-chitin ratio has been insignificant 
in the range of 1:5 to 1:45 (g/mL) in heterogeneous deacetylation [80]. 

6.2.1. Purification 
Highly purified chitin results in high viscosity and Mw chitosan in 

deacetylation process. However, it does not guarantee complete acetic 
acid release or deacetylation [46]. 

6.2.2. Homogenizing 
Wet grinding has been reported as the most efficient method in chitin 

activation [112]. The use of disintegrator or homogenizer for 20–30 min 
or 5 min sonication and 25 min swelling with magnetic stirring for 
suspending chitin in alkali will result in a stable, non-layered, and ho-
mogeneous suspension which efficiently promotes complete deacetyla-
tion [112,117]. Although, sonication is an excellent method to improve 
the sample exposure to chemical reagents, deterioration of the sonicator 

Table 4 
Previous suggested techniques for bleaching/decoloration of chitin/chitosan.  

Agent Concentration Solid to liquid 
ratio (w/v) (g/ 
mL) 

Temperature 
(◦C) 

Duration Explanation References 

10% Hypochlorite (ClO-) – – 5 min – [52]; based on [100] 
Hydrogen peroxide (H2O2)/33% HCl (9/1 

(v/v)) 
– – – Mild oxidizing treatment for 

removing pigments 
[61,62] 

1st step: Potassium permanganate (KMnO4) 
+ oxalic acid + H2SO4 

2nd step: Ethanol 

– – 1st: - 
2nd: 6 h 

1st: Mild oxidizing treatment for 
removing pigments 
2nd: Eliminating traces of protein 
and coloring materials 

[36] 

1st step: Ethanol 
2nd step: Acetone 

1st: 1:10 
2nd: 1:10 

1st: Hot 
2nd: Boiling 

1st: 3 h 
2nd: 3 h 

Removing any impurities, pigments 
and other unpleasant materials 

[7,45,69] 

H2O2   1:9  

1:10 

–  

- 

-  

3 h 

-  

30% H2O2 

[64] ;based on [8087]; 
based on [101] 

1st step: Acetone 
2nd step: 0.315% sodium hypochlorite 
(NaClO) 

1st: 1:10 
2nd: 1:10 

RT 1st: 10 min 
2nd: 5 min 

1st: Decolorizing; filter, and dry for 
2 h @ RT 
2nd: Bleaching 

[65,6667]; based on  
[81,82] 

KMnO4 + Oxalic acid – – – Discoloring [71]; based on [72] 
3% NaClO – 100 10 + 10 = 20 min; The 

step was done twice 
Stirring [75] 

1st step: NaClO solution (17 g NaClO in 1 L of 
0.3 M sodium acetate buffer @ pH 4.0) 

– 80 2 h Bleaching [99] 

1 M H2O2 – 32 24 h – [55] 
1st step: Acetone 

2nd step: 0.315% NaOCl 
1st: 1:10 
2nd: 1:10 

RT 1st: 10 min2nd: 15 min Stirring @150 rpm [85] 

Similar methods have been reported in one raw, and all details was included. 
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Table 5 
Deacetylation methods of α-chitin (suspension techniques, in homegenious & heterogenious state).  

Alkali 
Concentration 
(Molar) 

Solid to 
liquid ratio 
(w/v) (g/ 
ml) 

Temperature 
(◦C) 

Duration Chitosan 
characteristics 

Consumed 
NaOH/chitin 
weight (mole/g) 

Explanation References 

12 M NaOH I: 1:17 
II: 1:30  

I: 4/190 
II: 90 

I: 16 h/ 
270 sec 
II: 30 h 

I DD: 98% 
II DD: 96% 

I: 0.20 
II: 0.36  

I: Flash method; in the presence of saturated 
aqueous vapor 
II: Conventional method; under stirring 

[110] 

19 M NaOH – 135 3.5 h DD: 90% (unknown 
measuring method) 

– α-chitin was extracted from prawn shells [111] 

25 M NaOH 1:10 90–95 2 h Viscosity: 110 cP 
DD%: 86 
Ash content: 0.4% 

0.25 – [52] 

13 M KOH 0.5:30 up to 90 – DD: 90% 
Intrinsic viscosity: 582 
ml/g 
Mw: 125,000 g/mol 

– 96◦ ethanol + mono-ethylene glycol as 
solvent 

[61]; based 
on 
[105] 

8 M NaOH 1:25 RT or heated – DD: 89% 0.2 Dry chitin was mechanically disintegrated and 
suspended in alkali solution. The alkaline 
suspension of chitin was frozen in a cryostat 
and thawed at RT. The formed gel was 
mechanically disintegrated into 3–5 mm 
particles. 

[112] 

19 M NaOH – 136 1 h DD > 99% 
Mw:320,000 g/mol 

– – [79] 

19 M NaOH 1:60 120 3*3h = 9 
h 

DD: 99% 
Intrinsic viscosity: 801 
ml/g 
Mw: 190,000 g/mol 

1.14 3 bath, under N2 stream with stirring; Adding 
NaBH4 or thiophenol to chitin at 1:1 (w/w) to 
prevent polymer degradation. 

[62]; based 
on [38] 

19 M NaOH 1:10 110 4 h Mw: 423,700; 
490,700; 518,000 g/ 
mol for three crab 
types 

0.19 under N2 atmosphere; taken out samples of 
the reactor every 15 min during 4 h; α-chitin 
was extracted from carb shells 

[113] 

19 M NaOH 1: 22.2 I: 110 
II: 100 

I: 40 min 
II: 30 min 

I DD%: ~60 
II 1st deacetylation: DD 
%: ~70 
II 2nd deacetylation: 
DD%: ~90 

0.42 under argon atmosphere 
II: 6–7 freeze-pump out-thaw (FPT) cycles 

[37]; based 
on [104] 

19 M NaOH 1:20 100 4 h DD%: ~25% 0.38 stirring [63]; based 
on [114] 

14 M NaOH – – 3 h DD %: ~ 95% 
Intrinsic viscosity: ~ 
500 ml/g 

– Reflux chitin in the solution in an autoclave 
under 2 atmospheres pressure; facilitated by 
steeping 1 day in the solution @ RT before 
heating 

[36] 

4 M NaOH – – – – – @ pH = 9 [50] 
17 M NaOH I: 1:15 I: 110 I:2–10 h 

II: 6–15 
min 

– I: 0.26 I: traditional heating; facilitated by steeping 
24 h in the solution @ RT before heating 
II: steeping as I, microwave radiation @ 600 
W 

[7] 

19 M NaOH 1:10 – 10 min – 0.19 irradiate @ 1400 W [115] 
17 M NaOH – – I: 3 h 

II: 35 min 
I DD%: 93 
II DD%: 95 
Viscosities for I: <400 
cP 
II: 400 cP 

– I: heating in an autoclave pressure of 2 Pa; 
facilitated by steeping 1 day in the solution @ 
RT before heating 
II: steeping as I, microwave radiation @ 400 
W 

[45]; based 
on [116] 

19 M NaOH 1:20 105 4 h Viscosity: ~900 cP 0.38 under 2 bar nitrogen atmosphere [46] 
19 M NaOH – 120 – DD%: 92 

Mw: 2,200 g/mol 
Apparent viscosity @ 
25 ◦C : 46 cP 

– – [64]; based 
on [80] 

19 M NaOH 1:15 100 5–6 h I DD%: 76 
Viscosity: 106 cP 
Mw: 128,500 g/mol 
II DD%: 80 
Viscosity: 26 cP 
Mw: 57,900 g/mol 

0.28 II: irradiation of solid samples @ 25 kGy, with 
a dose rate of 1.1013 kGy/h  

in air (after deacetylation step) 

[65] 

19 M NaOH 1:50 90–100 3–5 h DD%: 80 
Mw: 12 g/mol 
Intrinsic viscosity: 100 
ml/g 

0.95 under constant stirring [66]; based 
on [38] 

19 M NaOH – 100/RT 2 h/30 
min 

Mw: 1,599,558 g/mol 
DD%: 90 

– Wash the residue continuously with the 50% 
NaOH and filter in order to retain the chitosan 

[60] 

19 M NaOH – – – DD% 1st deacetylation: 
75 
2nd deacetylation: 89 
Mw: 43,020 g/mol 

– – [71]; based 
on [72] 

(continued on next page) 

M. Pakizeh et al.                                                                                                                                                                                                                                



European Polymer Journal 159 (2021) 110709

10

probe tip in high NaOH solution should be considered. A reasonable 
solution is to sonicate the powder in a dilute NaOH medium first, then, 
soak the residue in concentrated media [63]. However, ultrasonic irra-
diation reduces the average Mw of the obtained polymer due to depo-
lymerization [117]. 

6.2.3. Steeping 
Soaking chitin in strong NaOH solution at RT, before heating, highly 

alleviates the deacetylation reaction [116]. 

6.2.4. Freeze-pump out-thaw (FPT) cycles 
The cycles improve the reaction rate through opening the crystalline 

structure of α-chitin and increasing the permeability to the alkali solu-
tion. This mechanism results in the higher sensitivity of deacetylation 
reaction to temperature and includes advantages of both homogeneous 
and heterogeneous methods. This technique produces fully deacety-
lated, high Mw chitosan. The total deacetylation time reduces drastically 
and the alkali degradation/hydrolysis is limited. However, chitosans 
obtained by standard methods have a more disturbed structure due to 
the effect of severe treatment conditions. Time elongation of the freeze/ 
thaw procedure, increasing the temperature gradient and improving the 
chitin-solution interface will improve the process. Although, cryo- 
activation by moderate acid–base treatment as well as severe acid-
–base results higher Mw chitosan, but, only severe acid–base conditions 
increase the DD degree. Cryo-chitosan has an amorphous structure with 
weak bonds between its molecules and is not electrified during disin-
tegration [112]. Deacetylation reaction is independent of the initial 

crystallinity of the samples by applying this technique. So, α-chitin with 
a denser structure can be deacetylated as effective as β-chitin [37]. 

6.2.5. Alkali concentration 
α-chitin deacetylation is commonly performed with 40–50% aqueous 

alkali, NaOH or KOH in most cases, at 100–160 ◦C for a few hours 
[6,124]. Higher Mw is obtained with KOH and higher DD results with 
NaOH medium [61]. The needed NaOH to dried chitin powder has been 
used in the range of 0.2–2.2 mol/gr. The wide applied range demon-
strates the probable effect of alkali concentration or other reaction 
conditions such as agitating type, heating method and the treatments in 
previous steps. 

6.2.6. Microwave heating 
Less deacetylation time (from hours to few minutes) and superior 

Mw and crystallinity will be gained by microwave irradiation instead of 
traditional heating [7,45,125]. 

6.2.7. Process time 
The duration of deacetylation reaction depends upon the chitin 

source. The Mw of chitosan decreases with increasing the reaction 
duration for higher DD [62]. Application of several baths instead of 
single bath will shorten the process time, at the cost of more chemicals 
usage. 

6.2.8. Minimizing hydrolysis/degradation 
Alkali concentration, the processing time and temperature, dissolved 

Table 5 (continued ) 

Alkali 
Concentration 
(Molar) 

Solid to 
liquid ratio 
(w/v) (g/ 
ml) 

Temperature 
(◦C) 

Duration Chitosan 
characteristics 

Consumed 
NaOH/chitin 
weight (mole/g) 

Explanation References 

17 M NaOH 1:50 100 2 h DD%: 82 
Mw: 12,000 g/mol 

0.85 – [67] 

19 M NaOH 1:10 – 10 min DD%: 95.2 
Mw: 4,467,100 g/mol 

0.19 irradiating @ 1400 W [54]; based 
on [115] 

14 M NaOH 1:23 Up to 105 30 + 60 =
90 min 

DD%: >70 
Mw: 130,000 g/mol 

0.32 Pre-sonication of 5 min followed by 25 min of 
magnetic stirring was performed before the 
deacetylation process; assisted by high 
intensity ultrasound irradiation @ ν = 20 kHz 
coupled to a 0.5 in (1.3 cm) stepped probe; 
α-chitin was extracted from prawn shells 

[117] 

19 M NaOH 1:20 I: 100 I: 2 h 
II: 8 min 

I DD: 82% 
Mw: 123,000 g/mol 
II DD: 83% 
Mw: 1,410,000 g/mol 

0.38 I: conventional method 
II: assimilated by microwave method @ 350 
W 

[68] 

19 M NaOH – – 20 sec DD%: ~85 – Response surface optimization (RSM); @ 720 
W microwave power 

[69] 

10 M KOH – 90 6 h DD%: 78 
Mw: 6,273 g/mol 

– – [44] 

19 M NaOH 1:50 90 50 min – 0.95 constant stirring [85]; based 
on [8] 

14 M NaOH 1:10 95 2 h DD%: 76 
Viscosity: 1031 cP 

0.14 – [76]; based 
on [86] 

12.5 M NaOH 1:5 65 12 h DD%: 85 
Mw: 235,000 g/mol 

0.06 – [73] 

19 M NaOH 1:10 121 15 min – 0.19 autoclaved [87]; based 
on [118] 

19 M NaOH 1:50 100 3–5 h DD%: 83 0.95 constant stirring [119]; based 
on [120] 

19 M NaOH 1:10 65 20 h DD%: 65 0.19 – [89]; based 
on [90] 

19 M NaOH 1:4 1st step: 70 
2nd step: 115 

1st: 2 h 
2nd: 2 h 

DD%: 73–94 
Mw: 1,000–87,000 g/ 
mol 

0.08 constant stirring @ 700 rpm with condensing 
system for avoiding NaOH loss due to 
evaporation and enhancement of NaOH/ 
chitin contact 

[91] 

Most of the deacetylation processes have been done inside a reactor. 
In highlighted rows, the initial α-chitin is not extracted from shrimp shells. 
Underlined numbers present DD% which was measured by infrared (IR) spectrometry; more caution should be attended due to being less sensitive and probable 
misjudgments of this method [37]. 
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oxygen and shear stress result in chitosan degradation and influence its 
properties [126,127]. Reduction of the amount of alkaline solution can 
be done by using water-miscible organic solvents such as acetone as 
diluting agent. Although, the use of diluting agents enables adequate 
deacetylation reaction with much less alkali, the DD and the viscosity of 
the obtained chitosan have been less compared to those gained with 
aqueous NaOH alone, at the same temperature and time period [128]. 
Due to the insolubility of high chitin concentration in diluted alkali 
mediums and progression of deacetylation reaction at low polymer 
concentrations, the chitin concentrations in diluted alkaline solutions 
should be low (2.5–4%) [112]. Also, the process time can be shorten by 
replacing the processing conditions with reactive extrusion [121], flash 
treatment [110], or microwave accelerated process [115]. Flash treat-
ment proceeds faster with a higher activation energy for the deacety-
lation reaction and induces structure modifications. In particular, higher 
crystallinity indexes and specific area values are observed together with 
changes in the local and chain conformation. Also, the flash treated 
chitosan has shown>80% increase in water retention value in compar-
ison with the conventional deacetylated product [110]. In the reaction 
medium, oxygen concentration can be reduced by changing the reaction 
atmosphere. Applying inert atmospheres like N2 and argon [5], sodium 
thiophenolate (Tiophenol) as an oxygen scavenger and reaction catalyst 
[103,129] or sodium borohydride (NaBH4) prevent the oxidation [128] 
and reduce degradation rate in harsh acid/base treatments. However, 
adding thiophenol never allows to reach a true 100% DD [129]. Pres-
ence of NaBH4 in the deacetylation medium can also increase the DD% 
of the final product [62]. Although, addition of these agents leads into 
increasing the Mw of chitosan [74,103]. 

7. Post-treatments 

The deacetylated chitin, chitosan, should be purified or separated 
from the alkali solution. It can be simply filtered or firstly centrifuged for 
cut-off the chitosan into low, medium, and high Mw and then filtered. 
Also, the final product can be fractioned by ultrafiltration through the 
membrane using a combination of two different solvents, like sodium 
nitrate and sodium acetate [130]. Sometimes the filtrate is rinsed with 
chemical solvents such as alcohols or acetone for residue elimination. 
This step can act as the bleaching/decoloration step too [62,85,110]. If 
fine chitosan particles are needed, the dried product is pulverized [52]. 
The final dried chitosan could be stored in air tight containers for future 
use [131]. 

7.1. Chitosan purification 

For biomedical and pharmaceutical applications, the obtained chi-
tosan must be purified. This process was categorized into three steps 
[60,132]: 

7.1.1. Insolubles removal 
This step eliminates the insoluble chitosan which is insufficiently 

deacetylated. A homogenous solution of 1 mg of chitosan into 1 ml of 
acetic acid 1% (v/v) is prepared under magnetic stirring. The solution 
would be passed through filter paper (22 μm) to remove the insolubles. 

7.1.2. Re-precipitation 
Filtered chitosan might be precipitated by titration with 1 M NaOH 

till pH = 8.5. Then, the chitosan will be severally washed with distilled 
water and followed by centrifuging at 8,000 to 10,000xg. Dithiothreitol 
(DTT) was added to all the steps as reducing agent to provide more 
consistency and reproducibility between the batches. 

7.1.3. Demetallisation 
1 ml of 10% w/v sodium dodecyl sulfate (SDS) was added to the 

retrieved chitosan, with stirring at RT overnight. Next, 3.3 ml of 5% w/v 
ethylenediaminetetraa-cetic acid (EDTA) was poured for precipitation of 

heavy metals with EDTA, with stirring at RT for 2 h. The water insoluble 
precipitate will be collected by centrifugation at 5000xg for 30 min. 
Then, the residue was rinsed several times with distilled water by re- 
suspending and re-centrifugation for 30 min. the final chitosan was 
oven dried [133]. 

Some papers have reported similar procedure with different agent 
concentrations or deleting the last step (demetallisation); such as dis-
solving chitosan in 2% acetic acid and re-precipitating it in 5 M NaOH 
[4,5,7]. 

7.2. Chitosan with higher DD% 

Few applicable methods are highlighted in published researches for 
having chitosan with higher DD% including: 

7.2.1. Successive baths vs. single bath 
Repeating the alkali treatment will result in high deacetylated chitin 

(90–95%). Changing the bath will shorten the process time for lower 
DDs too (<90%). This technique will produce chitosan with higher Mw 
due to shortening time elongation and avoiding chitin hydrolysis or 
degradation [103,128,129,134]. 

7.2.2. FPT cycles 
FPT cycles plus use of thiophenol has suggested to produce fully 

deacetylated chitosans [37]. 

7.2.3. Re-dissolving 
DD% is higher than 80% in soluble fraction of chitosan as opposed to 

the insoluble fraction with<20% in both suspension and solid state 
methods. Therefore, filtered solution of chitosan in acetic acid might 
have higher DD% [121]. 

7.2.4. Re-precipitation 
The precipitated chitosan at high pH values, like precipitated by 

titration with NaOH, shows higher DD% [121].Gamma radiation: 
Irradiation at 25 kGy, with a dose rate of 1.1013 kGy/h in air (after 
deacetylation step), increased DD% from 76 into 80. However, it 
reduced viscosity and average Mw of the gained chitosan [65]. 

7.2.5. Domard et al. method 
600 mg of acetate form chitosan (a freeze-dried solution of chitosan 

in 5% acetic acid aqueous solution) was dissolved into 16 ml water. 
Next, 80 ml dimethylsulphoxide was poured to form gel. 2 g NaOH 
dissolved into 2 ml H2O was dropped into the solution to spread the 
precipitate under fast stirring. Then, 1.6 ml thiophenol was added. The 
reactor, with N2 atmosphere, was placed in a 100 ◦C oil bath for 1 h with 
stirring. After, obtained chitosan was washed and filtered 3 times with 
water and 3 times with methanol. The dried polymer passed the above 
procedure 3 times. The method result 100% DD without much decrease 
in Mw [129]. 

7.2.6. Mima et al. method 
A small amount of 1.5–2% chitosan aqueous solution in 2% acetic 

acid was poured into a large amount of 1 M NaOH solution. Then, the 
chitosan passed the alkali treatment. The final chitosan was reported up 
to 99% DD. The α-chitin source was crab shells [134]. 

7.3. Chitin/chitosan nano-whiskers or fibers 

Chitin forms micro-fibrillar alignment in the shrimp exoskeletons. 
The fibrils have about 2 nm diameter and are infixed in a protein matrix 
[135]. Chitin acid hydrolysis or defibrilisation can disperse them into 
rod-like particles [136]. These nano whiskers showed an enhanced 
adsorption [99] and also they are so favorite in manufacturing of 
engineered scaffolds. Chitin nano-whiskers (from shrimp shells) were 
performed by the modified conditions based on the following method. A 
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summary of the technique is represented in Fig. 5: 

7.3.1. Chitin nano-whiskers  

- Hydrolyze the chitin in 3 M HCl (1: 100 w/v (g/ml)) for 3 ⨯ 1.5 h at 
105 ◦C (under boiling condition)  

- Centrifuge and repeatedly wash the residue  
- Dialyze the suspensions of chitin nano-whiskers in distilled water till 

pH = 6–7 
- Perform three successive 2 min sonication and filtration on the ob-

tained dispersion 
- Add HCl solution to the suspension until the pH = 2.5 and homog-

enize [99,137–139] 

7.3.2. Chitosan nano-whiskers  

- Treat an aqueous 6% solution of the chitin nano-whiskers in 60% 
NaOH (1:5 (v/v)) at 150 ◦C for 3 h; under N2 atmosphere  

- Dialyze the obtained nano-whiskers chitosan in distilled water till 
pH = 7; DD = 95% [139]. 

7.4. Chitosan depolymerization 

High Mw chitosan depolymerizes into low Mw in hot concentrated 
acid solutions such as HCl, H2SO4, or H3PO4 effectively. And, they are 
recovered from the solutions by precipitation at pH = 8–10 with lowered 
temperatures [140]. 

8. To the Future 

In recent decades, many noteworthy studies has been performed 
about chitin/chitosan extraction methods, purification techniques and 
modification/functionalization procedures. However, some objects need 
more attention and few related issues still remain with no serious re-
searches done. Some of the critical research areas in this field are out-
lined in below: 

8.1. Chitin/chitosan characterization 

Chitin/chitosan properties are principally depended on the natural 

origin and the extraction process [15]. Also, the ash and protein contents 
assess the quality [53]. Nowadays, the current approach for chitin/ 
chitosan-based biomaterials is focused on the characterizing the result 
products rather than in targeting predefined properties by controlling 
the production process [11]. 

There are two main questions unanswered in this area. First, no gold 
standard method has been introduced for characterizing the extracted 
chitin/chitosan. For instance DD%, a determinant factor for chitin-based 
material properties, has been measured by titration, elemental analysis, 
FTIR or H NMR. The DD value is highly affected by the analytical 
methods which is employed [141,142]. It is also true for viscosity 
measuring. Chitin/chitosan yields are defined in different references in 
the papers too. The inhibitory effects of bacteria growth depend on the 
tested bacteria, with greater antimicrobial activity against gram positive 
bacteria than gram negative bacteria [54]. Gram-positive effects corre-
late positively with the material Mw, but, decrease of the solution vis-
cosity increases these effects [45]. Another dropped out essential factor 
is the yield of chitin/chitosan which specifies the extraction efficiency. 
Few researches have reported it just as a number in a range of 0.1–0.3 
based on different incomparable references [61,85]. Therefore, no 
logical comparison is available for the reported properties of the pro-
duced materials. Lack of consistency in assessment of main parameters 
result in contrary physicochemical characteristics with similar func-
tionality [143]. There is a need to a technical paper for comparing 
various measuring techniques and introducing gold standards in chitin/ 
chitosan characterization. Second, the desirable goals or compulsory 
constrains for physicochemical properties of chitin/chitosan are 
application-dependent and often still unknown, e. g. when the DD rea-
ches to the plateau at high values, it does not vanish by use of current 
suggested treatments like FPT cycles [37] or the formation of stable 
complex by covalently protein bonded to chitin makes 100% deprotei-
nization difficult [67]. Table 6 presents reported characteristics of two 
common in use commercial products. No specific properties, not in a 
similar range was reported. 

8.2. Chitin/chitosan modifications 

Higher efficiency, better engineered functionality and acceptable 
consistency are the requested modifications for chitin-derived materials 
in industries. These modifications are categorized into optimizing the 

Fig. 5. Schematic representation of the protocol for the manufacturing of chitin nano-whiskers [99].  
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process conditions of the extracting methods and functionalizing the 
chitin/chitosan products for the defined goals. 

8.2.1. Optimization 
Adjustment of the process parameters enables us to produce chitin/ 

chitosan with tailored characteristics [16,117]. The following topics 
have been suggested as controversial issues in optimizing the current 
chemical procedures: 

8.2.1.1. Optimal process conditions. Effective process parameters such 
as the nature and concentration of alkali reagents, temperature, reaction 
time and repetition of the alkaline treatment principally influence the 
chitin-based Mw, viscosity, distribution of acetyl groups and DD 
[16,61]. Also, chitin/chitosan main functionalities like solubility, 
biodegradability, absorbability, mechanical strength, emulsification, 
antioxidant properties, mucoadhesiveness, analgesic and haemostatic 
properties are positively or negatively correlated with the DD or/and 
Mw [2,11,54,144,145]. These major characteristics are sometimes 
correlated or related in opposite direction. Therefore, they cannot be 
adjusted without altering other factors. Some of these relations have 
been published previously as strong correlation of Mw with viscosity 
and DD [44], or negative correlation between WBC with DD, Mw, vis-
cosity, and moisture content [65], or chitosan with a higher DD tends to 
have a higher antimicrobial activity [146]. Also, some correlations are 
only trusted in a specific range, i.e. the solid-solvent ratio was not a 
significant parameter on demineralization step [67]. 

No final rule has been confirmed for the optimum sequence of 
chemical extraction steps. However, in some of previous papers, acid wash 
was suggested as starter due to stronger reagents can break the crystal 
blocks more rapidly and they may lead to a more efficient extracting. 

Residual proteins are one of the most problematic features of chitin 
production from crustaceans [63]. The ultimate goal is production of 
protein-free chitin due to the higher solubility of the gained chitosan and 
elimination of probable allergic reactions [11,66]. Application of more 
efficient purification processes can improve the physicochemical prop-
erties of the synthesized chitin/chitosan [44]. 

Another crucial problem is the low reactivity of chitin in deacetylation 
reaction. The problem dictates using high concentrations of reagents and 
prolonged reaction times that leads to degradation of the polysaccharide 
chains [147]. 

Crystallinity is maximum for a %DD equal to 0 or 100% (chitin or 
fully deacetylated chitosan, respectively), and has a lower value for 
intermediate %DD. Besides, the distribution of acetyl residues along 
chitosan will also affect its crystallinity. Polymer crystallinity is 
inversely related to its biodegradation rate. As a result, smaller chitosan 
chains will be more rapidly degraded into oligosaccharides than chito-
san with higher Mw. 

Biocompatibility of chitosan-derived materials rises with DD. While 
the number of positive charges increases, the interaction between the 
cells and chitosan increases which tends to improve the biocompatibility 
of the construct [11]. Specifying the accurate coefficient value and the 
sign of this correlation are crucial. 

All the steps of the extraction method should preferably be designed in 
one experiment series; sometimes individual or discrete studies lead to 
wrong results, due to the relation of steps together. For instance, 
deproteinization procedure plays a crucial role for deacetylation step. 
High temperature deproteinization step weakens the functional group 
bonding, and causes an easier release of acetyl groups during the 
deacetylation process [46]. 

8.2.1.2. Mechanical strength. Blending/composite of chitin/chitosan 
with other biopolymers such as PLA (Polylactic acid), PLGA (poly-
lactic–glycolic acid), collagen, alginate, etc. increases their mechanical 
properties [16]. Also, tensile strength positively correlates with DD% 
[134]. Chitin nano-fibrils, as a reinforcing material, can also be 
employed for synthesizing biodegradable nano-composites as scaffolds 
for tissue engineering [16]. 

8.2.1.3. Hydrothermo-chemical method. In this technique, all the pro-
cedure was performed in two steps: demineralization in acid medium 
and deproteinization and deacetylation simultaneously in basic medium 
[148]. This simple method decreases the production time, and might 
produce a chitosan with a better yield and a high DD [149]. 

8.2.1.4. Sonication. Considerable amount of insoluble materials in the 
final chitosan products can be due either to poor alkali distribution or to 
inadequate agitation during the reaction [128]. High-intensity ultra- 
sonication makes easier accessibility of acetyl groups to reagents and 
provoking changes in the crystalline structure of chitin and its 
morphology are helpful for deacetylation reactions [63]. Although, 
sonication may enhance deproteinization and deacetylation process, this 
treatment did not improve the elimination of minerals and may even be 
detrimental due to depolymerization. Chitin source, the shell composi-
tion and structural arrangement, affect the output of ultrasound-assisted 
extraction [63]. 

8.2.1.5. Crosslinking. Commonly, chitosan is crosslinked with reagents 
such as glutaraldehyde, epichlorohydrin, diisocyanate, or 1,4-butane-
diol diglycidyl ether due to less stability of the chitosan because of 
more hydrophilicity and especially the pH sensitivity [13,150]. 

8.2.1.6. Microwave heating method. The application of microwaves in 
chemistry intensely reduces the reaction time in comparison to con-
ventional process heating (from hours to minutes) [139]. Scientists hope 
to substitute the conventional method with this technique in chemical 
extractions. Microwave heating method often extensively heats inside 
the material in comparison with the outer layers. Therefore, it is hard to 
measure the reaction temperature properly, particularly in dense and 
solvent less media [3,125]. Although, simple rapid microwave heating 
has advantages like ultra-pure products, high yields and energy effi-
ciency in a wide temperature range, and less side-products. However, 
difficulty in heat force control, water evaporation, and using dangerous 
closed containers are the main disadvantages of this method in chitin/ 
chitosan extraction [125]. As reported, microwave heating causes the 
lower required energy and reaction time with a higher DD, yield, and 
purity of extracted chitosan by reducing unwanted side reactions [3,69]. 
Structure, morphology, and chemical composition of produced chitosan 
have been reported similar for both conventional and microwave heat-
ing method. But, in comparisons of methods, conflicting results were 
published for increase or decrease of Mw [68,69]. 

An effective deacetylation process without discoloration and the 
lowest alkaline degradation indicates appropriate deacetylation condi-
tions [38,104]. Optimization by statistical tools and mathematical 
modelling, such as response surface method (RSM), Taguchi method, 
artificial neural networks modelling, and genetic algorithms might be 
beneficial in identifying the optimum conditions [46,123,151]. 

Table 6 
Chitosan characteristics of two reliable commercial brands, from shrimp shells.  

Sigma-Aldrich* 
Product number: C3646 

DD%≥75% 
Soluble in acetic acid; insoluble in H2O and organic 
solvents 
Bulk density: 0.15‑0.3 g/cm3 

Glentham Life Science^ 

Product number: 
GC1909 

DD%≥90% 
Mw: ~200,000 g/mol 
Sulphated Ash ≤ 1.5% 
Heavy metal ≤ 10 ppm  

* https://www.sigmaaldrich.com/catalog/product/sigma/c3646?lang =

en&region = IR 
^ https://www.glentham.com/en/products/product/GC1909/ 
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8.2.2. Functionalization 
Polysaccharide nature of chitin/chitosan-derived materials and the 

presence of reactive functional groups (hydroxyl/acetyl amino groups) 
dispose them to undergo various chemical modifications for construc-
tion of complex molecular architectures [8]. These groups participate in 
reactions like alkylation, quaternization, acylation, hydroxylation, 
phosphorylation, thiolation, methylation, azylation, nitration, sulpho-
nation, xanthation or N-succinylation, react with aldehydes and ketone 
o-acetylation, H-bond with polar atoms, cross-link, graft copolymerize, 
etc. [11,60]. Functionalization can improve chitin/chitosan solubility 
(in water or organic solvents), and the chemical and mechanical sta-
bility. Therefore, the properties of chitin-based materials and their 
functionalities can be exceptionally adjusted for their effective unlim-
ited applications as new functional biomaterials in many fields [3]. 
Some of the most in use derivatives are mentioned below: 

8.2.2.1. Graft copolymerization. This approach is one of the mostly 
investigated and promising techniques to lots of molecular designs. It 
modifies the physicochemical properties of chitin and chitosan such as 
antibacterial effects, chelating and complexation for various applica-
tions. [152]. This method forms functional derivatives by covalent 
binding of a molecule onto the polymer backbone. The free amino 
groups on deacetylated units and the hydroxyl groups on the acetylated 
units can be grafted. Grafting would be started by variable initiators like 
Fenton’s reagent, ceric ammonium nitrate, ammonium and potassium 
persulfate, potassium diperiodatocuprate and ferrous ammonium sul-
fate; or enzymes and γ-irradiation [3]. 

8.2.2.2. Carboxyalkyl chitin/chitosan. This material involves the acidic 
groups on the polymer chain by addition of carboxyl groups as potential 
anionic charge with pH dependent solubility [3]. 

8.2.2.3. Quaternization. This function is gained by introducing the 
quaternary ammonium functionality into the biopolymer chain. These 
derivatives improve antimicrobial and antifungal activities of chitin/ 
chitosan and, also enhance their absorption potential [3]. 

8.2.2.4. Carboxymethylation. It is a water-soluble derivative which is 
obtained during the reaction of alkali-chitin/chitosan with mono-
halocarboxylic acid [1]. 

8.3. Mechanisms 

Chitin/chitosan-based materials exhibit unique physicochemical 
properties; but, there is no comprehensive understanding of these spe-
cific functionalities. For instance, the immunological and antimicrobial 
activities of chitin derivatives and their ability to stimulate connective 
tissue reconstruction should be studied in detail [1]. For the biomaterial 
application in nano scale, the potential toxic effects are the major 
challenges [16]. Some physical properties like solubility strongly 
depend on random distribution of the acetyl groups along the chain in 
addition to DD [13,111], the mechanism should be understood. No 
adverse effect has yet been reported so far on the quality and yield of the 
final product when demineralization and deproteinization steps are 
reversed [95]. Also, some studies have claimed that eliminating the 
decoloration or deproteinization steps has no effects on DD, ash, and 
protein content [67]. However, a conceptual experiment design is 
needed for a concise consensus. Proteins are immunogenic; so, purifi-
cation is compulsory. No permissible value for protein content is iden-
tified based on the cycle. New accelerating methods like ultrasonication 
and microwave irradiation are introduced for manufacturing chitin/ 
chitosan derivatives, no confirmed theory is yet available [63]. For 
example, uncontrollable temperature growth or specific effect of mi-
crowave activation are two supposed hypothesis in microwave heating 
[3,125]. A part of chitosan degradation is supposed due to shear stress. 

The probable mechanism should be studied. 

9. Conclusion 

Polysaccharides, like chitin and chitosan, are promising biopolymers 
for developing desirable advanced functions due to their unique struc-
tures, properties, and differences with synthetic polymers [8]. Phar-
maceutical industries need a wide range of refined chitin-based 
materials to meet the required standards; e.g. low Mw oligomers for 
wound healing constructs (with more effective antibacterial activity for 
a greater range of bacteria [66]), high Mw for tissue engineering ap-
plications, and in addition high DD for drug delivery systems [60]. 

The crustacean shells are a serious source of pollution due to their 
low decomposition rate. Shrimp shells, as a high-value by-product with a 
superior chitin content in comparison with crabs, has a yield of 15% in 
chemical extraction processes on industry scale [12,45,75]. However, 
no standard method has been adopted for preparation of pure chitin yet. 

We reviewed all aspects of the chemical procedure for chitin/chito-
san extraction from shrimp shells in detail. Also, unknown areas and 
dropped-out issues were mentioned for future steps; such as the proba-
bility of substitution of the efficiently enzymatic methods with the 
current chemically processes in industries [1], comparing other of chitin 
sources (β or γ) with α-type in physiochemical properties and their 
abilities in the desired modifications [1,7,44,62] or importance of 
random distribution of the acetyl groups along the chain in physical 
properties [13,111]. 
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[18] S. Özbas-Turan, C. Aral, L. Kabasakal, M. Keyer-Uysal, J. Akbuga, Co- 
encapsulation of two plasmids in chitosan microspheres as a non-viral gene 
delivery vehicle, J. Pharm. Pharmaceut. Sci 6 (2003) 27–32. 

[19] M.A. Ghaz-Jahanian, F. Abbaspour-Aghdam, N. Anarjan, A. Berenjian, 
H. Jafarizadeh-Malmiri, Application of chitosan-based nanocarriers in tumor- 
targeted drug delivery, Mol. Biotechnol. 57 (3) (2015) 201–218. 

[20] Y. Zhang, M. Ni, M. Zhang, B. Ratner, Calcium phosphate—chitosan composite 
scaffolds for bone tissue engineering, Tissue Eng. 9 (2) (2003) 337–345. 

[21] M. Kazemi Ashtiani, M. Zandi, P. Shokrollahi, M. Ehsani, H. Baharvand, Chitosan 
surface modified hydrogel as a therapeutic contact lens, Polym. Adv. Technol. 31 
(4) (2020) 741–748. 

[22] S. Xin-Yuan, T. Tian-Wei, New contact lens based on chitosan/gelatin composites, 
J. Bioactive Compatible Polymers 19 (6) (2004) 467–479. 

[23] J.D. Bumgardner, R. Wiser, P.D. Gerard, P. Bergin, B. Chestnutt, M. Marini, 
V. Ramsey, S.H. Elder, J.A. Gilbert, Chitosan: potential use as a bioactive coating 
for orthopaedic and craniofacial/dental implants, J. Biomater. Sci. Polym. Ed. 14 
(5) (2003) 423–438. 

[24] P. Jollès, R.A. Muzzarelli, Chitin and chitinases, EXS(Basel) (1999). 
[25] R.C. Goy, D.D. Britto, O.B. Assis, A review of the antimicrobial activity of 

chitosan, Polímeros 19 (3) (2009) 241–247. 
[26] D.A. Zaharoff, C.J. Rogers, K.W. Hance, J. Schlom, J.W. Greiner, Chitosan 

solution enhances both humoral and cell-mediated immune responses to 
subcutaneous vaccination, Vaccine 25 (11) (2007) 2085–2094. 

[27] R. Muzzarelli, G. Biagini, A. Pugnaloni, O. Filippini, V. Baldassarre, C. Castaldini, 
C. Rizzoli, Reconstruction of parodontal tissue with chitosan, Biomaterials 10 (9) 
(1989) 598–603. 

[28] T.-L. Yang, Chitin-based materials in tissue engineering: applications in soft tissue 
and epithelial organ, Int. J. Mol. Sci. 12 (3) (2011) 1936–1963. 

[29] R.F.B. de Souza, F.C.B. de Souza, A. Thorpe, D. Mantovani, K.C. Popat, Â. 
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C. Gómez-Guillén, Antimicrobial and antioxidant chitosan solutions enriched 
with active shrimp (Litopenaeus vannamei) waste materials, Food Hydrocolloids 
35 (2014) 710–717. 

[94] M.Y. Arancibia, A. Alemán, M.E. López-Caballero, M.C. Gómez-Guillén, 
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