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A reaction-diffusion kinetic model for the
heterogeneous N-deacetylation step in chitin
material conversion to chitosan in catalytic
alkaline solutions

Bojana Bradi¢, David Bajec, Andrej Pohar, Uro$ Novak @®* and Blaz Likozar

This conversion study provides a new mechanistic insight into the modelling of the heterogeneous
N-deacetylation step of a-chitin, obtained from waste crustacean shells, using a catalytic alkaline solution
at different operating temperatures (25-80 °C) and concentrations (50-80 wt%). Transient particle-size dis-
tributions for two separate experiments with smaller powder or larger flake morphologies were obtained
by applying an inline tracking system. The degree of deacetylation (DDA), polymer molecular mass and vis-
cosity of the deacetylated raw resource were continuously monitored with time until the maximum DDA
was reached. The mechanism of the conversion of an average biopolymer chain was described with a re-
action-diffusion kinetic model, solved for all fraction intervals, and optimised. The effective diffusivity coef-
ficient was estimated with regression analysis; the geometry of the particles was approximated as having
spherical dimensions, and material isotropy was presumed. A second-order reaction process took place,
since the content of the dissolved hydroxyl ions inside the pores was not considered constant. Additionally,
several analytical tools such as scanning electron microscopy (SEM) was employed as well as specific po-
rosity measurements to get a deeper phenomenological understanding of the material's morphological
transformation. The selected mathematical relationship granted a relatively good agreement for the cumu-
lative experimental data by regarding the kinetics in the initial consumption phase, as well as the subse-
quent transport resistance for OH™. The developed descriptive approach, together with online measuring
methods, could enable a more comprehensive option for commercial productivity increase, as well as unit
operations scale-up.

and in nature exists in three different polymorphic forms o,
B, and y, which differ in the arrangement of the chains

Chitin is considered the second most abundant organic re-
source on Earth next to cellulose, with the estimated annual
worldwide natural production rate of approximately 10"
tons. It is presented as ordered microfibrils, which is the
major structural component in the exoskeletons of marine
invertebrates, insects and the cell walls of fungi."»* The main
commercial sources for its isolation are cuticles of various
crustaceans, principally crabs and shrimps, which are avail-
able in abundance as waste from the food industry (6
million to 8 million tons are produced globally).> Chitin is a
nitrogenous polysaccharide, a copolymer of N-acetyl-p-
glucosamine and p-glucosamine units linked by a B-(1-4) gly-
cosidic bond, and it is structurally similar to cellulose, hav-
ing acetamido groups at the C-2 positions instead of hy-
droxyl groups. The structure of chitin is hard and inelastic,

National Institute of Chemistry, Hajdrihova 19, 1000 Ljubljana, Slovenia.
E-mail: uros.novak@ki.si

920 | React Chem. Eng., 2018, 3, 920-929

within the crystalline regions. o-Chitin is by far the most
abundant form and is usually found where extreme hard-
ness is required.*”® This type of chitin is mainly used as a
raw material to produce chitin-derived products such as:
chitosan, chitin/chitosan derivatives, oligosaccharides and
glucosamine. An increasing number of useful products de-
rived from chitin continue to attract commercial develop-
ment.” Chitin has become of great interest not only as an
under-utilised resource but also as a new functional bioma-
terial of high potential in various fields and as a huge
potential nitrogen source.® Chitosan represents the de-
acetylated form of chitin (that can have varying degrees of
deacetylation), and in comparison to acetylated chitin it be-
comes soluble in acidic solutions (sometimes with diffi-
culty). Chitosan has three types of reactive functional
groups: an amino group and both primary and secondary
hydroxyl groups at the C-2, C-3, and C-6 positions, respec-
tively.” Despite its biotechnologically relevant properties,
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chitosan can be further improved in terms of its bioactive
features and physical-chemical behaviour. Improved proper-
ties from chemical modifications of chitosan have been
reported in different fields of biomedical applications in-
cluding wound dressings, tissue engineering, implant coat-
ings and therapeutic agent delivery systems.*'® Chitin
N-deacetylation is possible either by enzymatic biotransfor-
mation or chemical hydrolysis."*™® For industrial chitosan
production, chemical deacetylation in heterogeneous media
involving strong alkaline solutions remains the most studied
one.'**® Under such severe conditions, the chitin bio-
polymer undergoes hydrolysis, for which the reaction rate
was strongly linked to the crystalline packing of the copoly-
mer, and it is temperature dependent and oxygen-sensi-
tive."®'” So far, the complete deacetylation of chitin was not
attained in a single-stage treatment with concentrated alkali.
Several literature explanations were suggested for the de-
crease in the rate of chitin deacetylation in the alkaline solu-
tions leading to the steady state regardless of the process
time. The accessibility of N-acetylglucosamine (GIcNAc) sites
was one of the key parameters considered in the
deacetylation effectiveness, where the role of the alkali hy-
drates formed in solution, with respect to the alkali concen-
tration and temperature, and their influence on activation
energies, have been further considered.'® The kinetics of the
alkaline N-deacetylation of chitin was mostly presented as a
pseudo-first order reaction.’®>' However, some authors have
reported that under different alkali concentrations, the
heterogeneous deacetylation of chitin appeared to be more
complicated and it might be controlled by a higher-ordered
reaction and a diffusion-controlled process.>* In this study,
the reaction-diffusion kinetic model of the heterogeneous
N-deacetylation of o-chitin was developed and confirmed
using the number and size of ground and powder chitin
particles obtained using an in line particle tracking system
in a series batch reactor. The governing equations for the re-
action-diffusion model were solved for all measured parti-
cles. Quantitative analysis of two separated chitin morphol-
ogies was performed by applying different analytical tools:
SEM, Brunauer-Emmett-Teller (BET) surface area analysis
and Barrett-Joyner-Halenda (BJH) pore size and pore volume
analysis and linked to the developed kinetic model. SEM ana-
lytical measurements were also employed to determine the
thickness of the different chitosan samples. Several of the
chitosan samples obtained at different temperatures were
measured at multiple locations and the average flake thick-
ness was obtained. The experimental observations for the
heterogeneous N-deacetylation reaction and approximations
with the spherical particle were used in the developed model,
and effective diffusivity was used as a fitting parameter for
the experimentally obtained data at different temperatures.
Since the hydroxyl ions have to diffuse with the solvent in-
side chitin particle pores, the concentration was not consid-
ered as constant, and the reaction between the chitin's amide
group and hydroxide ion was represented as a second order
reversible reaction.
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2. Results and discussion
2.1 Chitin particle morphology and particle size distribution

For the purpose of this work, chitin particle analysis, mainly
focusing on the parameters, which could be useful for the
mathematical model development, was performed. First, the
selection of two distinct commercially available chitin sam-
ples was performed. In Fig. 1A and B, the typical shapes of
the chitin in the form of fine powder and large chitin parti-
cles (flakes) are shown.

Both types of chitin shapes were then analysed for their
particle size distribution using a focused beam reflectance
measurement (FBRM) probe. The FBRM probe was immersed
in a flowing suspension of particles as described in section
3.5. Assessment of the particle size was performed by measur-
ing the number of laser beam interruptions with constant cir-
cumferential speed, which gave the distribution of particle
chord lengths. The FBRM probe was adjusted in the suspen-
sion of particles (in the range of 1-1000 pum). Intuitively, the
counts of chord length in different channels of FBRM statis-
tics can be associated with the number of particles with dif-
ferent sizes. However, as can be observed in Fig. 1A and B,
the chitin samples have a roughly elliptical shape with an un-
even surface. Even more important was the ratio between the
length, width and depth of the particle, where the latter was
much lower (=40 um), resulting in unreliable particle size
estimation for the chitin particles. The particle size was mea-
sured in terms of the chord length, which is defined as the
distance between the two edges of a particle.>® Therefore, the
distribution of the chord lengths for both chitin samples
corresponds well with the depth of the particles, which for
the heterogeneous deacetylation of chitin corresponds to the
shortest diffusion path of the NaOH molecules into the chitin
polymer matrix. In Fig. 2, the comparison of the chord length
distribution for chitin flakes and chitin powder is presented.
Both samples have their highest chord length in the range of
10-50 um, which lies in the range of the a-chitin thickness of
16 + 3 um (Table 1). Lower fractions correspond to the parts
of the particles, which were detached from the flakes. The re-
sults in Fig. 2 also show that grinding of the shrimp shells
leads to a more uniform distribution, with more than 50% of
all measured lengths in the range of the typical chitin parti-
cle depth. Meanwhile, the non-mechanically treated chitin

Fig. 1 Representation of the particle shape and geometry of the
commercial chitin samples in the form of A) powder and B) flakes.
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Fig. 2 Chitin particle chord length distribution in a suspension
measured using an inline particle tracking (FBRM) probe.

from the shrimp shells has a more broad distribution, espe-
cially in the lowest fraction 1-5 pm, which could correspond
to the parts detached from the bulk particle. Additionally,
some fine powder was observed on the particles in the form
of flakes, which could also have been retained from the isola-
tion step. For the systematic study of the deacetylation pro-
cess used to obtain chitosan, the diffusion of concentrated al-
kaline inside the fiber is crucial and is inhibited by low
porosity and high crystalline degree of the sample.>* There-
fore, SEM analysis of the surface and cross-section of the chi-
tin particle was performed. In Fig. 3A, the surface of the chi-
tin is presented as a composition of microfibrils which are
entangled together with large surface pores. The porous
structure of chitin enables good reactivity and large surface
availability for the reaction in the initial stage. After
deacetylation, the structure of the chitosan surface is rough
and scarred with irregular fibrils (Fig. 3B-D). The
N-deacetylation process results in the redistribution of
N-acetyl groups with amino groups, which form weaker con-
nections and less porous structures, which is additionally ex-
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11.21 pm

Fig. 3 SEM images of the commercial chitin isolated from the shrimp
shells: A) before deacetylation; B) after deacetylation (60 °C; DDA =
74.2%); C) after deacetylation (70 °C; DDA = 76.3%); D) after
deacetylation (80 °C; DDA = 82.1%).

amined by specific porosity and pore volume determination
in section 2.2.25%¢

2.2 Alkaline N-deacetylation of a-chitin

For a better understanding of the morphology and changes
in the chitin molecule itself during the deacetylation reac-
tion, the molecular mass, viscosity and porosity of the sam-
ples were monitored, where it has been established that all
the parameters affect the kinetics of alkaline N-deacetylation
(Table 1). The N-acetyl groups in the chitin polymer are partly
deacetylated to amino groups in the heterogeneous catalysis,
where the degree of the deacetylation is mainly affected by
the concentration of the alkali, temperature, reaction time,
pre-treatment of chitin, particle size and chitin concentra-
tion.?” Similar to that case, literature data had shown that
the increase of the NaOH concentration leads to an increase
in the deacetylation degree to a certain limit value. Also,

Table 1 Experimental data of two types of commercial chitin samples after 12 h of deacetylation at different temperatures and NaOH concentrations

Temperature Thickness after NaOH DDA after 12 h Chitosan molecular Dynamic viscosity
Chitin (°C) 12 h (um) (Wt%) (%) weight (kDa) (Pas)
Flakes 25 151 50 41.2 £ 0.6 nd nd
Flakes 25 15+ 2 60 52+1 nd nd
Flakes 25 15+1 70 77.6 £ 0.8 nd nd
Flakes 25 16 £ 2 80 62.4 + 0.2 nd nd
Flakes 50 15+2 70 72.3+0.4 nd nd
Flakes 60 13+£2 70 74.2 + 0.8 430 767
Flakes 70 13+2 70 76 £ 1 543 968
Flakes 80 12 +2 70 82.1 + 0.7 619 1101
Powder 50 nd 70 72.2 0.4 nd nd
Powder 60 nd 70 79+1 123 222
Powder 70 nd 70 81.1 £ 0.9 129 230
Powder 80 nd 70 891 134 240
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many authors studied the alkaline deacetylation of B-chitin
from squid pens, which showed that at a temperature of 100
°C and at a concentration of 60% NaOH, the DDA reaches
over 90% due to the weaker hydrogen bonds in this mole-
cule. In the case of o-chitin, due to its stronger hydrogen
bonds and tightly packed sugar rings, alkaline
N-deacetylation is much slower and higher concentrations of
NaOH are required for N-deacetylation.”®*° A higher concen-
tration of NaOH leads to the degradation of the crystalline
structure of the chitin molecule, since during the
deacetylation process, the degradation of the main chain oc-
curs, which leads to the considerable decrease in the biopoly-
mer's molecular weight. This is due to the reduction of rigid-
ity of the molecular chain and the increase in the
electrostatic repulsion force of the ionic groups along the
polyelectrolyte chain in the chitosan solution when the DDA
of chitosan increases gradually.>® These data have been con-
firmed in our experiments and the highest DDA at 25 °C
reached 77.6% at a concentration of 70 wt% alkali solution,
while further increases resulted in a lower DDA (Table 1).
The differences of both a-chitins were also in the molecular
mass and viscosity of the chitosan solution, which in both
cases (flakes and powder chitin) have increased with the in-
creasing DDA. The powder samples had a lower molecular
mass and smaller thickness compared with the flakes. Based
on the increase in the DDA, the conclusion is that the NaOH
path was much shorter and accessible in ground particles,
where the N-deacetylation reaction being rapid and having a
higher degree of deacetylation was achieved.*®*° For the de-
termination of the Mw, eqn (4) was employed. Mark-
Houwink parameters, which are necessary for calculating the
molecular mass and are strongly dependent on the degree of
deacetylation, temperature, and solvent type, were obtained
from the literature.®® For example, constant a has been
reported to decrease from 1.12 to 0.81 while Km increased
from 0.1 to 16 x 10~ [dL g™'] as the degree of deacetylation
increased from 69 to 100%. Based on eqn (4), Mw strongly
depends on the sample's polydispersity, especially the Km
constant. For a given set of values for constants @ and Km, it
was shown that Km is underestimated when the polydisper-
sity of the sample increases, thus leading to overestimated
molecular weights.*® In the study performed by Bajaj et al.
(2011),*" the viscosities and molecular mass of chitin and
chitosan extracted from the shrimp shells were highly de-
pendent on the method of preparation, even when the de-
grees of deproteination and decalcification were similar to
those of the end product. In addition, several factors in the
production of chitosan, such as high temperature, concen-
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tration of alkali, reaction time, previous treatment of the
chitin, particle size, chitin concentration, dissolved oxygen
concentration and shear stress may also influence the mo-
lecular weight of chitosan.*’ The huge surface availability
and large specific surface area in the initial chitin sample
and the further decrease in the porosity, which has an im-
pact on the kinetics of deacetylation, has been explained by
using BET surface analysis.

From the results, (Table 1) it can be concluded that the
temperature has a positive effect on the increase in the DDA;
there is a decrease in the specific surface area of the chitin/
chitosan biopolymer matrix, including all pores on the sur-
face. The average pore volume per gram of sample indicates
a decrease in the porosity of the surface. The reduction of po-
rosity on the surface of the treated chitin samples is due to
the redistribution and weakening of hydrogen bonds. Addi-
tionally, this observation was confirmed by the cross-section
analysis of the flakes with SEM. As can be seen in Table 2
and Fig. 3, the thickness of the flakes is reduced from 16 + 2
pum in the chitin to 12 + 2 um with the higher DDA obtained.
The treatment of chitin molecules at higher temperatures
also reduced the pore diameter at insignificant values, ob-
serving the average diameter for all samples obtained at one
temperature by increasing the relative absorption pressure (p/
Do)- Investigations on the water vapour sorption by the chito-
san samples revealed that the sorption ability decreases with
the increasing deacetylation degree of the samples. This be-
haviour was explained by the influence of the crystallinity of
the samples on the sorption ability.*?

By the N-deacetylation reaction, the crystal structure in
the chitin molecule is disturbed. There is a destruction of hy-
drogen bonds that maintain the properly packaged and regu-
lated N-acetyl glucosamine and p-glucosamine molecules in
the chitin polymer. The elevated temperature and the concen-
trated NaOH solution led to an increase in the amorphous re-
gion and an irregular orientation of the N-acetylated chitin
chains.*?

2.3 Kinetics of a-chitin N-deacetylation and validation of the
reaction-diffusion model

The highest number of the particle chord lengths measured
was, in both samples (Fig. 1), in the range of 10-50 pm.
Therefore the experimental data for both chitin samples after
3 hours of N-deacetylation are very similar, which is
explained by the wetting of the surface and diffusion into the
smaller particles, followed by N-deacetylation. A slower con-
version of chitin to chitosan is due to the reaction of larger

Table 2 BET surface area, average pore volume and average thickness of the chitosan obtained from the flakes by deacetylation with 70 wt% NaOH

solution

T (°C) DDA after 12 h (%) BET specific surface area (m* g ™) Total pore volume (cm® g™) Thickness of the particles (um)
60 74 +1 2.19 £ 0.06 0.008 + 0.002 13+3

70 76 £1 1.92 £ 0.05 0.008 + 0.002 13+£2

80 82.0 + 0.7 1.32 £ 0.04 0.004 + 0.004 12+ 2

This journal is © The Royal Society of Chemistry 2018
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unreacted particles or particles with closed pores, which re-
quire more time for the deacetylation of all groups, which are
also more tightly connected due to higher Mw via hydrogen
bonding. This is also confirmed by the higher DDA obtained
for the powder sample (Table 1). Amide hydrolysis was
thoroughly studied because of its importance in bio-
chemistry. Numerous studies focused on the mechanism of
reaction.**® The reversibility of the base amide hydrolysis
was proposed for the reaction in poly (N-vinylformamide).*”
Other authors®®™*° usually assumed that the reaction is of
pseudo-first order based on that the concentration of NaOH
is significantly higher than that of chitin and stays practically
constant during the course of the reaction. Because we used
a reaction-diffusion approach and the concentration of OH"
inside the chitin particle is not constant, a second order reac-
tion was applied. The mathematical model and reaction are
discussed in section 4.1. The parameters used in the model
are presented in Table 3. In Fig. 4, the decrease in the
unreacted chitin fraction with time at three different temper-
atures is shown. The concentration profiles obtained from
the model are presented using lines, and the experimentally
determined fraction of unreacted chitin is presented using
experimental points. The values for effective diffusivity and
both reaction rate constants were fitted to the experimental
data, shown in Fig. 4, at 60 °C for the powder and flake sam-
ples. The modelled chitin conversion with the value obtained
for the effective diffusion coefficient at 60 °C also gave a
good agreement with the experiments at 70 and 80 °C, which
is why no further temperature dependence of the parameter
was investigated in this narrow temperature range. It should
also be noted that the change in the effective diffusion coeffi-
cient with the change in the material density and porosity
during the reaction was not taken into account since it would
be difficult to obtain a correlation with acceptable precision.
The activation energy for the forward reaction was obtained
from the literature,”® while the activation energy for the back-
ward reaction was also fitted to the experimental data. Reac-
tion rate constants were the same in both cases but the effec-
tive diffusivity was different. For the other two temperatures,
at 70 and 80 °C, the reaction rate constants were obtained
using the modified Arrhenius equation (eqn (11) and (12)).
The values of the kinetic constants in Table 3 show that the
reaction rate of the N-deacetylation increases with increasing
temperature, which is in accordance with the experimental
data. A good agreement between the model and experimental
data for both flakes and powder can be seen in Fig. 4, espe-
cially for the first three hours where the reaction is fast, due
to the minimal open amorphous regions of the o-chitin parti-
cles on the surface. Thus, the selected kinetic model can be

Table 3 Parameters used in the reaction-diffusion model
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Fig. 4 Experimental data corresponding to the developed reaction-
diffusion model of the «-chitin concentration profiles for
N-deacetylation with an alkaline solution using: A) small chitin particles
(powder) and B) large chitin particles (flakes) at 60, 70 and 80 °C.

used to properly describe the N-deacetylation reaction of
o-chitin. The effective diffusivity is higher for the bigger par-
ticles (chitin in flakes). The effective diffusivity coefficient is
proportional to the porosity, therefore the flakes could have
higher porosity, but since the parameter was fitted and an ap-
proximation of the spherical particles was used, this may be
a consequence of approximation. In reality, the path of diffu-
sion is probably shorter than the radius of spherical particles,
because, by approximating large particles with spheres, the
realistic geometry with large “pores and holes” in them is not
considered, due to which the sodium hydroxide solution can
quickly penetrate inside, and the diffusion of OH™ ions can
proceed from the wetted surface area within the particle. This
way the path for diffusion is shorter than it is in the model,
leading to the higher effective diffusivity coefficient obtained
by fitting, which is more pronounced in the case of larger
particles. The diffusion of OH™ ions proceeds from the wetted

Chitin Degr (m* s71) ke (m* mol™ s7) k: (m* mol™ s7") Eq (k] mol™) Eq (k] mol™)
Powder 3.77 x10° " 2.3x107* 1.5x107* 50 10
Flakes 7.93 x 107" 23x107* 1.5x107* 50 10
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surface area within the particle. This way the path for diffu-
sion is shorter than it is assumed in the model, leading to a
higher effective diffusivity coefficient obtained by fitting. The
chitin powder particles are better approximated with a
sphere, and the effective diffusivity coefficient should be
closer to the real value. Furthermore, the Mw of the chitin in
the form of chitin powder was also lower compared to the
one in flakes, which could also play a vital role in the particle
diffusion transformation during N-deacetylation; here, the
mass of the particles is reduced, due to the formation of the
sodium acetate as the side product.

From the results of the modelling presented herein, it can
be concluded that the morphology and porosity of the chitin
particles play an important role in the deacetylation process.
Additionally, it was confirmed that the reaction inside the
chitin particles can be considered as a reversible one; none-
theless, the thermodynamic (and kinetic) process analyses
have indicated that, while it is reversible indeed, the back-
ward mechanistic step is most probably desorption-
determined due to transition state energetics.

The experimental data in Fig. 4 show the influence of
the temperature on the N-deacetylation reaction. As previ-
ously mentioned, temperature is a significant factor for this
reaction. With the temperature increase, the N-deacetylation
reaction is faster; also, the DDA is higher at higher tempera-
tures for the same reaction time. At the temperature of 80
°C, the highest DDA of 82.1% was achieved after 12 h, in
the case of the flakes, while a DDA of 89.4% was obtained
for the same time period for the powder. By studying the in-
fluence of the a-chitin particle size on the reaction rate
(Fig. 4), it can be concluded that the small particle fractions
in both commercial chitin samples react the fastest. More
than 50% of chitin is reacted in 1.6 h at 60 °C in both
cases. With higher temperature, a higher degree of
deacetylation can be achieved in both cases, as can be con-
cluded from Fig. 4, where the fraction of unreacted chitin
N-acetylated groups decreases with temperature. Because
the reaction is reversible, the rate of reaction decreases with
time and the concentration of amide groups in chitin ap-
proaches equilibrium. According to the model, the final
unreacted chitin percentage at 80 °C would be 19% and
11% for the flakes and powder, respectively.

One of the factors that were also examined in order to op-
timize the reaction of N-deacetylation was the mixing rate.
The applied stirrer speed ranged from 200-800 rpm, and as it
is shown in Table 4, the mixing speed has no significant ef-
fect on the reaction, since the DDA did not change. Since the
mixing rate did not have any effect on the overall reaction
rate, any attrition occurring due to stirring could be consid-
ered negligible. Based on the explained and the measured
morphology transformation of the chitin during the
deacetylation, the heterogeneous N-deacetylation took place
preferentially in the amorphous region of the particle, after-
wards proceeding from the edge to the inside to the crystal-
line region and reaching equilibrium due to the transport
limitation. The amount of N-acetyl-o-glucosamine residues

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Concentration profile of NaOH diffusing into and reacting
inside the a-chitin particle (spherical shape) with a radius of 34 um.

continued decreasing during deacetylation, whereas b-
glucosamine residues continued to increase in the a-chitin.
The degradation of the polymer chain occurs simultaneously
with the deacetylation, and may interfere and compete with
the deacetylation, resulting in the dependence of the
N-acetylation on the concentration and temperature and the
levelling off of the DDA. Therefore, we can confirm that the
mechanism of the heterogeneous N-deacetylation must be
controlled by both the reaction and diffusion."**> In Fig. 5,
the typical concentration profile of the OH™ ions inside a chi-
tin particle is shown. The particular profile was calculated for
the particle with a diameter of 68 um in the small particle
size distribution (powder). It can be seen that for this rela-
tively large particle size, 14 hours is enough for the hydroxide
ions to reach the centre of the particle and react with chitin,
but not to a reach steady state. From the beginning of the re-
action to the first 4 hours, there are practically no hydroxide
ions in the centre of the particle and therefore the reaction
cannot occur. Similarly, a steady state is not achieved for the
largest particles in this particle size distribution. For smaller
particle size classes in the particle size distribution from the
powder sample, a steady state is reached within 14 hours
(not shown). The powder with a narrower size distribution
should therefore be used for deacetylation so that the reac-
tant could diffuse throughout the particles in approximately
the same time for all particles. This way uniform conversion
of chitin to chitosan could be achieved in all of the particles.
If a large particle size distribution is used, a small number of
large particles represent the majority of the chitin mass and
at the end of reaction time; a large portion of unreacted

Table 4 Influence of the mixing speed on the DDA of the chitin/chitosan
samples. The concentration of NaOH was 70% and T = 80 °C

RPM DDA1h (%) DDA3h(%) DDA6h(%) DDA (12 h) (%)
200 34+1 52+1 62.8 + 0.9 89.4 + 0.4
400  33.8+0.6 51.9 + 0.8 62.8 + 0.1 88.5 + 0.2
500  31.5+0.9 52.0 + 0.4 62.8+0.2 88.9 + 0.1
700 33.4+0.1 51.9 0.2 62.8 + 0.4 88.4 + 0.6
800  33.1+0.8 51.9 + 0.6 62.8+0.2 89.1+0.2
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chitin can be retained inside those particles. The overall
conversion of chitin can thus be quite small even though
chitin in the smallest particle is completely N-deacetylated to
chitosan.

3. Experimental
3.1 Materials and methods

Chitin from shrimps (practical grade, powder), chitosan (high
molecular weight), and chitin from shrimp shells (practical
grade, coarse flakes) were purchased from Sigma Aldrich
(Steinheim, Germany). Sodium hydroxide pellets, hydro-
chloric acid (32%), and acetic acid (glacial 100%, anhydrous),
all of analytical grade, were purchased from Merck KGaA
(Darmstadt, Germany).

3.2 Heterogeneous N-deacetylation of the shrimp shell chitin
biopolymer in an alkaline solution

First the different concentrations of NaOH solution (50-80
wt%) were prepared and 1 g of chitin was added to a flask.
The mixture was kept at room temperature (24 °C) for 24
hours. Chitin samples were taken every 3 hours. Each sample
was washed and dried at the temperature of 40 °C. After com-
plete drying, the samples were analyzed, determining the de-
gree of deacetylation as described in section 3.3.

The ratio of chitin and NaOH solution (70 wt%) was 1 g:
14 mL (w/v) and was used for all the kinetic experiments. The
N-deacetylation reaction was performed for 12 h in 100 mL
parallel batch reactors (Radleys, Manchester, UK) at different
mixing speeds (200-800 rpm) and different temperatures
(50-80 °C). Samples (cca. 200 mg) of the solids were taken
every 3 h, washed with MQ water and dried in an oven at
the temperature of 40 °C. The samples were analyzed using
the methods described in sections 3.3 to 3.8.

3.3 Determination of the degree of deacetylation (DDA)

0.125 g of soluble chitin (chitosan) was dissolved in 25 mL of
0.1 mol dm™ hydrochloric acid and stirred using a magnetic
stirrer for 30 min until all particles were totally dissolved.
The solution was titrated with 0.1 mol dm™ standard solu-
tion NaOH using two drops of phenolphthalein as an acid-
base titration indicator. The degree of deacetylation was cal-
culated using (eqn (1))

v, —¢,7,)x0.016

(
NH, = 100%
2 Gx(100-) ’ @)

where: ¢; is the HCI concentration in mol dm™, ¢, is the
NaOH concentration in mol dm™, v, is the volume of the
HCI solution in em?, v, is the volume of the NaOH solution
in ecm?®, 0.016 is the molecular weight of NH, in 1 cm® 0.1
mol dm™ HCl in g, G is the sample weight in g, and W is the
amount of water present in the sample in %.
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DD (%) - degree of acetylation:

DD% =

0,
NH,% 60 @)
9.94

DDA (%) — degree of deacetylation:
DDA% =100 - DD% (3)

where 9.94% is the theoretical NH, percentage.

If the obtained chitin was not soluble in the 0.1 mol dm™
hydrochloric acid, the DDA was determined by using a cali-
bration curve, which is prepared from standard samples of
chitin and chitosan with the degree of deacetylation in the
range of 6-100%.

3.4 Scanning electron microscopy (SEM)

Chitin and chitosan samples were structurally characterized
by using scanning electron microscopy (SEM) (SUPRA 35 VP,
Carl Zeiss, Jena, Germany) operating at 1 kV. Electron micros-
copy was performed at high magnifications; it generated
high-resolution images and was used to precisely measure
very small changes of sample features.

3.5 Particle chord length distribution

The distribution of powder and ground chitin particles was
determined based on in-line particle measurements using a
METTLER TOLEDO FBRM® G400 (focused beam reflectance
measurement) probe (Mettler Toledo, Columbus, Ohio, USA),
which was inserted directly into the suspension of chitin par-
ticles in the form of fine powder and flakes (1 g per 50 mL of
solvent). The particle size distribution was measured immedi-
ately after the addition of the particles using iC FBRM™ soft-
ware, and the number of particles in a selected size range
was acquired. At least three experiments were performed and
the average values were calculated.

3.6 Determination of surface area, pore volume and pore size
of chitin and chitosan

N, adsorption—-desorption experiments were carried out using
an ASAP 2020 instrument (Micromeritics) in order to deter-
mine the specific surface area and porosity of the samples.
The powder samples (cca. 0.1 g) was outgassed for about
24 h at 50 °C in a vacuum (residual pressure 1.5 x 10" Pa) to
ensure complete removal of atmospheric contaminants from
the surface before analysis.

3.7 Viscosity of the chitosan solutions

For the determination of the intrinsic viscosity of the chitin
samples, 0.5 g chitin was dissolved in 50 mL of 0.1 mol dm™
acetic acid solution and stirred for 1 h until it is dissolved en-
tirely. The viscosity of the chitin-acetic acid solution was
measured using a rotational Fungilab S.A. viscometer. A
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standard TL7 spindle with a rotation speed of 50 rpm for 10
s at room temperature was used.

3.8 Molecular weight determination of the chitosan solutions

The average molecular weights (Mw) of chitosan were calcu-
lated from the measured intrinsic viscosities using the Mark-
Houwink relationship (eqn (4))

n = KmMw*, (4)

where 7 is the intrinsic viscosity, Mw is the viscosity average
molecular weight and Km and a are constants for the given
solute-solvent system and temperature. The viscosity of the
chitosan samples was measured as described in section 3.7.
The values of the constants a = 0.89 and Km = 2 x 107 (dL
g ") were used based on the available light scattering data
and literature data of chitosans with initial molecular weights
and degrees of acetylation close to those of our sample.*?

4.1 Reaction-diffusion model development

A kinetic modelling approach for the heterogeneous reaction
of solid chitin with hydroxide ions was based on the reac-
tion-diffusion equation (eqn (5)). For the reaction to occur
on the N-acetyl group of the chitin biopolymer, the NaOH
solution (OH and Na' ions) must first diffuse into the parti-
cle. Even though particles of chitin, in reality, have non-
uniform geometrical shapes, approximation with a spherical
particle was used for the purpose of modelling. The transient
reaction-diffusion equation in spherical symmetry, for hy-
droxyl ions, can be written as follows:

aCOH’ — D aZCOHi + g aCOHi _ R (5)
ot Tl e r or ¢

where Coy- is the molar concentration of the hydroxide ions
inside the spherical chitin particles, r is the radial distance,
D is the effective diffusivity of the hydroxide ions in solid
chitin and R, is the reaction term. The initial condition is:

COH ,b,r:R ©
C,y =0,0<r<R

o~

Con (O,r):{

where R is the radius of the chitin particle. Because NaOH in
the bulk solution was in excess in the performed experi-
ments, the concentration of OH in the bulk solution is as-
sumed to be constant and is denoted by Copy- 5. Thus, the
boundary condition at r = R is:

Cou(t,R) = Coup, t > 0 (7)
At r = 0, the concentration profile for the OH ions has a

minimum because of the symmetry and position in centre of
the particle, therefore:

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper

aCOH’ ([’0)

=0,t>0 8
or ®)

According to experimental observations, the reaction be-
tween the chitin's amide group and hydroxide ion was repre-
sented as a second order reversible reaction:

R, - NHCOCH; + OH™ = R, - NH, + CH;COO~
and the reaction term can be expressed as eqn (9):
Rc = kthhCOH’ - kr(Cch,O - Cch)2 (9)

where Ccp o denotes the chitin concentration in the solid par-
ticles at time ¢ = 0 and C,, is the chitin concentration which
depends on time and radial distance. The two kinetic rate
constants are dependent on the temperature according to the
Arrhenius law. In general:

k=Aexp| — E,
RT

where R, is the gas constant. The kinetic rate constant was
obtained by fitting the experimental data at 60 °C (333.15 K).
The reaction rate constants at other temperatures can be cal-
culated from the modified Arrhenius equations:

ke = kyq €Xp Ea'[llj

f 60 Rg T T,
E (1 1

kr:kréoexp _'[_]

where k; is the reaction rate constant for the forward reaction
(eqn (11)) and k, is the reaction rate constant for the reverse
reaction (eqn (12)) and Teo = 333.15 K.

Because only OH™ diffuses into the particles, chitin con-
sumption by the reaction can be written as (eqn (13)):

(10)

(11)

(12)

oC,,
Ot

—-R, (13)

with the initial conditions: £=0, 0 < r < R, Ccp, = Cep p.

4.2 Numerical solution

The governing equations were solved for all particles in a
batch reactor. Particle size distributions in two separate ex-
periments with flakes and with powder were obtained using
an in-line particle tracking probe. Both particle size distribu-
tions were used and compared with the corresponding experi-
mental data. The partial differential equation (eqn (5)) was
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spatially discretized by using the Chebyshev spectral colloca-
tion method,” and the implicit Euler method was used for
temporal discretization. 50 points (n = 50) were used for the
former and 1000 points for the latter discretization. The com-
putational domain for the particle with radius R; was (¢,7) €
[0,tmax] % [0,R;] where tn,.« Was 14 h. The resulting algebraic
equations were solved for all particle size classes in the parti-
cle size distribution. The Python 3.5 programing language
with the NumPy package was used to solve the equations.
The solution for the chitin concentration inside the particles
for every particle class was calculated in each time step by
the explicit forward Euler method, since the reaction term is
nonlinear in C.,. For a certain particle size one can get the
concentration profile C.p(¢,7). There are m different particle
sizes with an average radius of R; where 1 < j < m. The num-
ber of particles of that size is denoted by N;. The average con-
centration of chitin in one particle with radius R; can be cal-
culated according to equation (eqn (14)):

C

chavg,R;

= Z(c(’;’t)chi(in Vi)/V"’/

(14)

R,
where ;;:—’i,l/,:in(riil—rf)and Ve AR
n 3 3

This must be done for all size classes of particles. The
average concentration in all of the particles can be calculated
according to following equation:

(15)

Cch,avg

m
=

(C(t)ch,avg,Rj VR, N/ )/VCI1

where V, is the total volume of chitin in the reactor, N; is
the number of particles and Cp avg(f) is a function of time
only.

5. Conclusions

Chitosan transformation by N-deacetylation from chitin in a
heterogeneous reaction system, which is the most frequently
used commercial method, has been described by a unique
novel model based approach, which integrates both kinetics
and transport phenomena. Additionally, the data for particle
morphology and their size distribution in the batch reactor
system were incorporated in the model. The selected mathe-
matical relationship was in accordance with the mechanisms,
granting a relatively good agreement for the cumulative
experimental data by regarding the kinetics in the initial con-
sumption phase and the subsequent transport resistance for
OH . The developed descriptive approach, together with
inline measuring methods, could enable a more comprehen-
sive option for commercial productivity increase, as well as
unit operations scale-up.
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