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This paper aims at giving a better understanding of the reaction mechanisms involved in the heterogeneous
deacetylation of3-chitin in relation with the influence of soda concentration{3%% (w/v)) and the type of

sodium hydroxide hydrates formed in solution. The role of temperature{36°C) and of the amount of sodium

acetate generated in the reaction medium was also investigated. We demonstrated that the type of soda hydrate
formed before deacetylation starts and its relative abundance drive the reaction efficiency. Thus, in the first part
of this work, we evidenced that activation energies and the global reaction order associated to sodium hydroxide
varied as a function of soda concentration. Therefore, we revealed that deacetylation efficiency was emphasized
when the less hydrated soda was used, whereas anhydrous soda showed no or very low activity. We also pointed
out that various parameters could be responsible for the progressive dehydration of the reaction medium, responsible
for the transformation of the most reactive hydrates into less effective species. We underlined that this progressive
dehydration could be caused by either one or all of the three following phenomena: alkaline hydrolysis of the
polymer, the delivery of sodium acetate in the medium, and the evaporation of water when we process deacetylation
at high temperatures and in open reactors. Beside kinetics reasons, we revealed that the transformation of soda
hydrates as the deacetylation proceeded was also ascribable for the low reaction efficiency at long reaction times.
Thanks to our investigations, we concluded that the amount of water present in the system chitin/soda/water/
sodium acetate was the angle stone of complex equilibriums governing the reaction, and we propose soda mono-
and dihydrates to be the most active reactants for the chitin deacetylation.

Introduction Unfortunately, in almost all cases, the industrial deacetylation
N ] ] ) of chitin is still mainly based on old procedures leading to
Chitin and chitosan are linear copolymers of+4) linked polymers with uncontrolled characteristics. For example, the

2-acetamido-2-deoxg-p-glucan (GIcNAc) and 2-amino-2-  gikaline degradation of chitin occurring during deacetylation
deoxyf}-p-glucan (GIcN). Although chitin is insoluble in both  gives rise to highly polydisperse chitosans with unspecific
aqueous and usual organic solvents, once the copolymeryqherties. Among the methods proposed to deacetylate chitin,
becomes soluble in dilute acidic media, it is termed chitosan. {he chemical deacetylation in heterogeneous media involving
Chitin exists according to two polymorphic forms nameénd strong alkaline solutions remains the most studied, especially
p. In the a-crystallographic cell, the chain segments are o he industrial scale. However, the heterogeneous process has
antiparallel |n_s_|de a polymer sheet and ﬂ.]e packing Structure IS n ot much evolved for the past three decades. Particularly, the
s@rongly stat_J|I|zed by hydrogen bonds in th? tr_\ree unit cell weak efficiency of the reaction at long reaction times is a major
directions! Since chain segments are parallel inside a polymer obstacle for the production of chitosan with low DAs and high
sheet in thq@-chitin (;ell, there is no hydrogen bonqllbetween molecular weights. Thanks to the calculation of the pre-
two successive cha_ln_ segmeﬁfsConsequentlyﬂ _-ch|t|n ex exponential factor of the Arrhenius equation and assuming that
hibits a better reactivity,” swelhng?vg_ and solvatlp_n, both in deacetylation locally operates as a homogeneous reaction, we
organlplsqlvent’é’ and aqueous solutions, th.aﬁc.h't'r." ... recently demonstrated that the crystalline mesf-ohitin was

If chitin is the most abundant polysaccharide in biomass with more accessible than-chitin and was responsible for its

cellulose, in contrast, chitosan only occurs in some cell walls enhanced reactivity. Conversely, activation energies were found
of fungi'* and, thus, is essentially produced from the chemical equivalent for bottr{.chitins con){[’radicting previogs studfe®
deacetylation of chitin. In contrast, chitosan exhibits more . T . . '

4 but it proved that the accessibility of the reactive sites (GICNAc

versatile biological and eliciting properties than chitin and finds its) in th talline d ins d both th i
numerous applications in agricultuir&hiomedicinet3~15 or food units) in thea- or B-crystalline domains drove both the reaction
efficiency and the frequency factor of collision. However, in

industry?617Since the bioactivit}? of chitosan and its behavior h gt it q . hvdrol
in aqueous solutidd strongly depend on its physicochemical such severe con itions, ¢ itin underwent an |mpqrtant ydroly-
sis, for which the reaction rate was strongly linked to the

properties, the control of the degree of deacetylation (DA), . . ,

polymerization (DP), and the distribution of its repeating units Crystalline packing of the copolymeand was temperature-

during deacetylation become of a major interest in the develop- déPendent and oxygen-sensitiféVe succeeded to overcome

ment of this polysaccharide. these problems by performing freengmp out—.thaw (FPT)
cycles of the heterogeneous reaction medium before the

* To whom correspondence should be addressed. E-mail: alain.domard@deacetylation started. First, this technique highly decreased the
univ-lyond.fr. oxygen concentration in the porous chitinous matrix and,
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consequently, reduced the hydrolysis rate. Second, by actingTable 1. DAs, Weight-Average Molecular Weights, Water

as a thermomechanical piston, this process attacked the Crysm|Contents| and Conditions of Production of the Starting Materials’
line structure of the copolymer and allowed it to be permeated product DA (%)% My (g/mol)  water content® (% w/w)
with the alkaline solution before starting the reaction. Subse- g niin 903 +1.92 1300 000¢ 8.5

quently, the polysaccharide was activated by the alkaline ;p/s 520+0.1% 10600009 956
solution at the very beginning of the reaction, and its acetylated : _
sites were fully accessible sooner. Compared to those reported * Determined by *H NMR spectroscopy in 20% (w/w) DCI/D;O. © De-
in the literature, our process allowed us to reach lower DAs in termined by *H NMR spectroscopy in 20% (wiw) DEID:0 and D20 (pD
n T p 3—4). ¢ Determined by viscometry in DMACc/LICl 5% (w/w) with oo = 0.69
shorter reaction times, to better prevent the copolymer from and k = 2.4 x 104 L/g.2 @ Determined by SEC in the ACOH/ACONH,

hydrolysis, and to produce statistical copolymers with lower (pH 4.5) buffer. Errors on molecular weights did not exceed 05%-
- . . e
polydlsperS|ty indexes. Determined by thermogravimetric analysis. Errors did not exceed 1% of

; . . the value. fB-Chitin: chitin extracted from squid Loligo pens; 1D/f:
However, if we demonstrated that using FPT cycles increased chitosan deacetylated from g-chitin during 45 min at 90 °C with 50% (w/

the deacetylation rates during the first minutes of reaction, the v) NaOH.

soda activity leveled off at a plateau after a few minutes and

prevented chitin from a full deacetylation with reasonable solution from loosing water by evaporation, the influence of sodium
molecular weights in a single reaction. This phenomenon was acetate was performed by means of freegemp-thaw (FPT) cycles
already observe#:24 but it remains the main stake to the with 50% (w/v) NaOH at 9_0°C. Slx_ FPT cycles were operated to
development of chitin and chitosan. This obstacle is usually completely degas the reaction medium and to guarantee the absence
overcome by deacetylating chitin several times with intensive ofd|o>_<ygen. After the last cycle, the react_ors were filled with nitrogen.
washings with water between two successive reactions. Becaus&c2ctions were then performed according to the same procedure as
the reasons of the low deactylation efficiency at long reaction ﬁivgérﬁ:ﬁjgtg dse?ncl_e tg:iﬂzns\avs:rﬁzgﬁtesdﬁ:: fti:::r;atcrtl'r%r:lg;]eg'zg‘
times were not clearly established until now, Rob&nttaimed : '

. . m PTFE membranes and was injected in high-performance liquid
that the washing steps could either (a) decrease the sod hromatography (HPLC) to determine the amount of sodium acetate

_concentr_at_lt_)n remaining in Qh't'n partlcles_, r_esponS|bIe for Fhe delivered during the reaction. HPLC was performed by means of a
ma.\qcessmllllty to GIcNAc residues, or (b) ellmlngte poor reactive | chrosorh Gg pump (5um, 4.6 x 250 mm, L5Gg-25F 32705). The
chitin—sodium hydrate complexes formed during the deacety- sojutions were eluted with acetonitrile/water (4/1, v/v) at pH 2.2 and
lation. Unfortunately, no experiment validated these assump- 30°C at a flow rate of 1 mL/min and were detected with a UV detector
tions. Consequently, we already demonstrated the first hypoth-at 2 = 210 nm (reference &t= 500 nm). Solutions of sodium acetate
esis by evidencing that the accessibility of GICNAc sites was trihydrate (24.4220 mM) in 50% (w/v) sodium hydroxide were
one of the key parameters in the deacetylation effectiveness,prepared, were filtered twice on PTFE 04 membranes, and were
and the present work first aims at studying the major role played used as standards. The amount of sodium acetate in the supernatant
by soda hydrates formed in solution with respect to soda was calculated from peak areas. The remaining supernatants were
concentration and temperature and their influence on activationdialyzed through membrane tubing (Spectra/Por Biotech CE, molecular-
energies and soda activity. In the second part, we evidence theweight cut-off (MWCO): 500 g/mol) against water at pH 8.5 and
role played by the progressive dehydration of the alkaline insoluble fractions were washed with deionized water at pH 8.5. Soluble
solution on the reaction efficiency and conclude with the general and insoluble fractions were finally lyophilized and characterized.

reaction schemes driving the overall process of the heteroge- Determination of DAs and Molecular Weights. Depending on their
neous deacetylation. apparent solubility in deuterated solvents, DAs of the samples were

determined either by liquitH NMR or solid-state*C CP/MAS NMR
spectroscopies, following the procedures developed in previous studies.

Materials and Methods For both liquid and solid NMR spectroscopies, DA was calculated as
proposed by Hirai et & According to previous papefd;?? size-
Raw Materials: Preparation. As in a previous work,3-chitin was exclusion chromatography was performed on chitosan samples when-

extracted from squidLoligo pens provided by Mahtani Chitosan. Its  ever they showed good solubility in the AcOH (0.2 M)/AcON(9.15
water content was estimated by thermogravimetric analysis using a M) buffer (pH 4.5). The refractive index increment/dc ranged from

DuPont Instrument TGA 2000. 0.183 to 0.190 cihg* according to the DA? When the samples were
Thermodynamic Studies of the Heterogeneous Deacetylatio(A) not soluble in the buffer, they were reacetylated by means of acetic
Influence of Soda Concentration and Temperatufée roles of anhydride in a hydroalcoholic medium and were neutralized and washed

temperature and soda concentration were followed during a first With water (pH 8.5f2 Their molecular weights were subsequently
deacetylation under argon atmosphegteChitin was finely divided at determined by viscometry iN,N-dimethylacetamide/lithium chloride
ambient temperature and was introduced in a reinforced Schlenck (95/5%, wiw), using a Viscologic TI 1 SEMATech viscometer operating
tubelike reactor and was purged with argon and was preheated at theat 25+ 0.1 °C, with o = 0.69 andK = 2.4 x 10* L/g as Mark-
desired temperature. Kinetics of deacetylation was triggered when Houwink—Kuhn—Sakurada (MHKS) constantg.
adding NaOH solutions (22.2 mL per g of chitin) of different
concentrations. The role of soda concentration was studied &90
for concentrations ranging between 20 and 55% (w/v) and that of
temperature, within 35 and 11, for two soda concentrations, 30 .
and 50% (w/v). All reactions were stopped by immersing the reactor Influence of Soda Concentratloh and Temperature.The .
in liquid nitrogen. Reaction media were then centrifuged, and super- influence of temperature and sodium hydroxide concentration
natants were separated from the insoluble parts. The latter were©N the deacetylation was performed ofi-ehitin extracted from
extensively washed with deionized water at pH 8.5 (fixed with Sduid pens exhibiting the characteristics reported in Table 1,
ammonia) until the conductivity reached that of water and then were first line.
analyzed. To follow the influence of sodium acetate on the deacetyla-
(B) Influence of Sodium Acetat&o (a) improve the diffusion of tion, B-chitin was initially deacetylated by means of FPT cycles
the reactants and products through the chitin matrix, (b) allow the with 50% (w/v) NaOH at 90C for 45 min to work on a chitosan
reaction to run in hermetic conditions, and (c) prevent the alkaline exhibiting a great solubility in mild acidic aqueous SolutiOéIBV

Results and Discussion
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Figure 1. Heterogeneous deacetylation of 5-chitin at 90 °C with 20— g Qo s o
55% (w/v) NaOH. DDA (%) = 100 — DA (%). Error bars represent o |
the standard deviations over three different experiments. > 1% %
without extensive hydrolysis (Table 1, second line). Only the s Bla :gg B |
insoluble fraction recovered after the first deacetylation was | A opec |
subjected to further reaction$-Chitin was preferred to the more 3 v 80°C
common forma-chitin for its weaker network of hydrogen 3 gg
bonds. Indeed, we previously demonstrated fhetitin particles > 50°C 4
were more easily swollen by the alkaline solution thanks to its B v 35°C
more open crystalline me$hSubsequently, it became more

rapidly amorphous, and deacetylation was more efficient and 06 60 120 180 240 300 360 420 480 540
led to more homogeneous samples in terms of DA and DP. The
rapid swelling off3-chitin under the action of soda associated
with a fast transformation in an amorphous form allowed us to Figure 2. Heterogeneous deacetylation of S-chitin at temperatures
consider deacetylation to behave locally like a homogeneous Within the 35-110 °C range, with (A) 30 and (B) 50% (w/v) NaOH.
reaction and to use the related kinetics equations without Error_bars represent the standard deviations over three different
introducing noticeable errors in the calculations. This assumption expeniments.

only requires3-chitin to be rapidly swollen by soda when the

reaction starts. In the case of concentrated soda, the deacetylatingcheme 1. Deacetylation of GIcNAc Units by Soda Hydrates;
solutions remained fluidic at high temperatures and ensured”n = 0

f-chitin to swell very quickly. Just the opposite, at temperature oH ) OH
where soda became more viscodsshitin was milled before t& + NOHGR0), ——— % + NaOCOCH, (H;0),
(o] O HO: Ofwr

Time (min)

starting the deacetylation. Thus, the time constant associatedV' N Ky NF;
with the swelling of g-chitin under the action of soda is °
negligible compared to the time scale of our experiments and ) o
cannot influence our results by delaying the kinetics. This issue  Whatever the temperature of the reaction withir-330°C,

CHy

is totally solved in the case of FPT cycles since we previously We observed the same trend as in Figure 1. Heterogeneous
evidenced this technique to swell indifferentty3-chitins and ~ reactions with 30% (w/v) NaOH led to a weak deacetylation
chitosan with soda before the reaction started. and water-insoluble materials, even after several hours. Ac-

As shown in Figure 1, the first studies on the influence of cording to Figures 1 and 2, the critical factor in favor of an
soda concentration were operated at @) in a range of efficient deacetylation was the soda concentration, wheregs
concentrations located within 2B5% (w/v). Only the insoluble ~ temperature seemed to play a secondary role on the reaction
fractions recovered after deacetylations were considered andate. Moreover, the plateau reached at the end of the reaction
analyzed since soluble and insoluble fractions were deacetylated!Sing 30% (w/v) NaOH seemed to be independent of the
at the same rate in the casefethitin ® The calculated activation ~ temperature at which the deacetylation was performed. On the
energies subsequently do not depend on how much material isother hand, deacetylation with 50% (w/v) NaOH exhibited two
soluble in the reaction mixture, and the degrees of deacetylationdifferent behaviors whether the temperature was below or above

(DDAs) of the insoluble fractions were each time taken as 60 °C. if we consider the slope of the curves within the time

representative for the whole sample. ANYE |

At 90 °C, 40% (w/v) NaOH was required to rapidly transform Kinetics are driven by eq 1:
p-chitin into chitosap, which confirms j[he previous claims of d[GIcNACc]
Chang et al?! even if lower concentrations could be used for — ot
slower deacetylations. According to the observed behaviors, 30

= KINaOHPP[GIcNACc]® 1)

range 0-60 min. According to Scheme 1, one can consider that

and 50% (w/v) NaOH were chosen as representative sodawhere [GIcNAC] is the concentration of the acetylated residues
concentrations to follow the influence of temperature upon remaining in the polymer chain during deacetylation and is

deacetylation (Figure 2). calculated from the DA.
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dered with their own activity:

n

[NaOHJ* =

x[NaOH(H,0)]* (4)

wherex; andg; are the molar ratio and reaction order of the
soda hydrate, respectively, ands the number of hydrates in
solution. Although there are infinite solutions to this equation,
if the hypothesis above is correct, the activation energy of
deacetylation should also be dependent on soda concentration
and on the type of soda hydrate formed. Valuek ofere easily
calculated from the slopes obtained in Figure 2 and then were
plotted against temperature (Figure 4).

For each soda concentratioki, plots show two ranges of
variation below and above a critical temperature (90 an870
for 30 and 50% (w/v) NaOH, respectively) suggesting different
activation energies. However, the determination of activation
energies by means of the Arrhenius relation necessarily required
the pre-exponential factgk to be constant in the temperature
range considered.

k = Ae &RD (5)

(6)

Ais usually shared into a collision factdrand a steric parameter

p, which represent the proportion of reactant having the required
kinetic energy to overcome the activation energy and the
proportion of reactant having the right orientation to become
activated species, respectively.4fcorresponds to the prob-
ability for a reactant to access a reactive skdgecomes very
sensitive to the number of acetylated groups accessible by
sodab’ As claimed above, the crystalline meshfthitin was
sufficiently open to allow soda to swell the porous material and

A=Zxp

Considering that soda is in large excess all along the reactiont® Make the majority of the acetylated residues accessible to

(ky >> k—1 =~ 0), and the reaction order regarding [GICNAc] is
1, eq 1 becomes:

__d[GIcNAC]

ot = K[GIcNACc]

)

In the first stages of the deacetylation, In([GIcNAc]) plotted

undergo deacetylation. The decrease of the crystallinity ratio
of S-chitin was subsequently not a factor notably influencing
A, which can be then considered as constant all along the
reaction. Ink' = f(1/T) was then plotted in Figure 5.

We obtained three reliable activation energies for the
heterogeneous deacetylation/thitin: 80.3+ 9.6 k3mol™!
when using 30% (w/v) NaOH and 7t 4 and 404 3 kkmol!

versus time exhibited a linear behavior for each soda con- With 50% (w/v) NaOH, for temperatures below and above 70
centration and temperature, thus confirming the hypothesis “C. respectively. The activation energy below 80 corre-

that b = 1 (data not shown). The reaction order regarding
[NaOH], namely a, was also calculated at 90C from
eq 3 with the variation ofk as a function of the soda
concentration (Figure 3A) and plotting khversus In([NaOH])
(Figure 3B).

Ink = In k+ aln([NaOH]) 3)

Figure 3A shows that the deacetylation at 90 became

sponding to the deacetylation with 30% (w/v) NaOH could not
be determined because of important uncertainties in the calcula-
tions. The value calculated for 50% (w/v) NaOH at temperatures
over 90°C is very close to that determined in our previous
studies E, = 42.84 1.8 kImol™1),6 when we took the DA of

the insoluble and soluble materials into account in the calculation
of the activation energies. As above-mentioned, deacetylation
and alkaline hydrolysis gf-chitin can be considered as being
locally homogeneous since the porous material rapidly swells

more and more efficient above a soda concentration of under the action of soda and becomes amorphous after a few

about 40% (w/v), but this trend leveled off when reaching
50% (w/v). The first derivative of the curve shown in Figure
3B givesa values ranging from 3 to 7 for intermediate soda
concentrations, with low and high limit values near 1.5
and 1.1 for 20 and 5655% (w/v) NaOH, respectively. To

our knowledge, this last result is the first experimental
confirmation that deacetylation is a first-order reaction to-
ward both [GIcNAc] and [NaOH] whenever the soda con-
centration exceeds 50% (w/v). Moreover, the variation of

minutes of reactiofi. The insoluble and soluble fractions we
recovered after deacetylation usually exhibit the same DDA and
consequently show the same kinetics plots. Then, we decided
to work on the insoluble fraction only, considered to be
representative of the whole sample. If this assumption had no
noticeable effect on the determination of activation energies, it
had a dramatic influence on the determinationAgfwhich
quantitatively depends on how much material underwent the
reaction. The collision factoZ in eq 6 was then surely

a also suggested that different species, that is, soda hy-underestimated, and this explained whyAr= limyr—o(In k')

drates, in addition to the anhydrous form had to be consi-

shifted to lower values. This observation strongly justifies 8‘6V
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Figure 4. Evolution of the rate constant kK as a function of 7 : i : :
temperature during heterogeneous deacetylation of s-chitin with (A) 26x10°  2.8x10° 3.0x10° 3.2x10° 3.4x10°
30 and (B) 50% (w/v) NaOH. T (K™)

. . . . . Figure 5. Determination of the activation energies for the hetero-
choice to consider both soluble and insoluble materials in our geneous deacetylation of B-chitin using a soda concentration of (A)

previous studies when evaluating chitin reactivity toward 30 and (B) 50% (w/).
deacetylation. The activation energies of the other soda con-
centrations were also calculated according to the same proce-bonds interaction® According to these two phenomena, and
dures as for 30 and 50% (w/v) NaOH in the-9D10°C range. taking into account that the reaction or@edropped when we
The plotE, = f([NaOH]) clearly revealed a decreasekfwith used more and more concentrated soda, we strongly suggest
an increasing soda concentration in the-30% (w/v) range that NaOH(HO),, with n = 1 or 2, are the hydrates showing
before reaching a constant plateau for5%% (w/v) (data not the greatest affinity toward chitin and form the most reac-
shown). This particularly reveals that deaceylation gets more tive complexes regarding the deacetylation (Scheme 1). Re-
and more effective as soda concentration increases but also thagjarding eq 4, if the activity of the hydrates with> 2 exhibits
sodium hydroxide reaches its highest global activity near 50% low activity (i.e., aj>» tends to zero), any parameter in favor
(w/v). Higher concentrations reduce the global activity of soda. of the formation of soda mono- and dihydrates (increase
According to this decisive result, 50% (w/v) NaOH seems to of xi<») should enhance the deacetylation efficiency (increase
be the concentration of choice to deacetylate chitin in the most of [NaOHP]).
efficient way: the use of a higher soda concentration would  However, at high soda concentrations, the structure of the
lead to increasing the alkaline hydrolysis rate without being more formed sodium hydroxides, their complexes with the polymer
efficient in terms of DA. chains, and their respective proportions become extremely
The existence of several activation energies together with the sensitive to the amount of water present in the reaction medium.
important variation of suggested the involvement of different  If this assumption is correct, one shall prevent the system from
reactants according to the soda concentration used. Indeed, itosing water to keep constant the proportion of soda mono- and
has been well-known for a long time that sodium hydroxide dihydrates present in the reaction medium. Unfortunately, during
may exist in the form of different hydrates according to its deacetylation, the amount of water may slightly decrease because
concentration and temperatiff&! With respect to soda con- of the combined action of three phenomena. First, water
centrations used in this study, the composition diagram of evaporation when deacetylating at high temperatures is mainly
sodium hydroxide hydrates reveals that before the reaction startsyesponsible for losing water. Second, the sodium acetate
only sodium mono- and dihydrates should form for Na@H delivered during the process can also be responsible for a drift
50% (w/v), whereas the more hydrated structures observed atof soda concentration by complexing three equivalents of water
lower concentrations all melt above 2Q. Thus, differences  per acetate molecuf8.Third, the alkaline hydrolysis, which
in activation energies and reaction order observed for 30 andconsumes one water molecule per chain scission, can also
50% (w/v) NaOH shall be the consequence of the different influence the structure of soda hydrates and their complexes. If
sodium hydroxide hydrates formed before raising temperature. we may easily prevent the reaction medium from the evaporation
Moreover, as for cellulose, chitin has been shown to strongly of water by processing deacetylation in a sealed reactor, we
interact with mildly concentrated soda by coordinating one or aimed at pointing out if the relative influences of sodium acetate
two of its hydroxyl groups to soda hydrates, assuming hydrogen and alkaline hydrolysis during deacetylation could affect HBV
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Figure 6. Seconti heterogeneous deacetylation kine}ics of f-chitin Figure 7. First and second heterogeneous deacetylation kinetics of
(starting DA = 52%) by means of FPT cycles at 80 °C with NaOH f-chitin in the presence of sodium acetate. All reactions were carried
50% (w/v). DDA determined by HPLC (O, --) and *H NMR spectros- out at 90 °C with 50% (w/v) NaOH by means of FPT cycles.
copy (¢, —) on both soluble and insoluble fractions. NNaoco)ch, Fepresents the amount of sodium acetate delivered in the

reaction medium after 2 h of reaction. Deacetylation conditions: first
type of soda hydrate formed in our system where water was deacetylation with the initial addition of (a) Mnaoc(o)cH; (4, **+) or (b)
rare and played a role in the plateau occurring at long reaction 10 Maocioycr, mol of anhydrous sodium acetate (x, ---); (c) first
times. deacetylation of 120 min, neutralization, dialysis against distilled

. . water, and then second deacetylation up to 120" with (<, —) or without
Influence of Sodium Acetate.To follow the role of sodium (O, ) Mxaocioyer, Mol of sodium acetate trihydrate.

acetate on the deacetylation, we developed a new tool of analysis

consisting of evaluating the sodium acetate delivered in the 4 startings-chitin was deacetylated with 50% (w/v) NaOH
reactor by HPLC. As a proof of the method reliabiliBchitin at 90°C for 2 h. The amount of NaOC(O)GHelivered at the

was first deacetylated by means of FPT cycles with 50% (W/V) gng of the reaction was evaluated by HPLC and was noted
NaOH at 90°C for 45 min (noted 10f) to work on achitosan "\ The first set of experiments consisted of adding
exhlbltlng a great solubility in mlld_aC|d|c conditions. The DA either nnaoc(oycs OF 10 Maoc(oycrs Mol of anhydrous sodium
and weight-average mlolecular vye|gM\,() were equal to 5_2% acetate in the reactor containingrchitin and the alkaline
and 1.06x 10° g-mol™, respectively (Table 1, second line). go1ytion and then starting the deacetylation. Interestingly, when
Second deaqetyla‘uon klnetlcs.was then followed using the FPT addingnaocioycs Mol of sodium acetate at the reaction start,
cycles technique at 90C using 50% (w/v) NaOH. After  he geacetylation seemed less efficient, and it even stopped after

reaction, the media were centri_fuged, and 5 mL of the only 40 min with 10nyaoc(oycrs because the solution completely
supernatants was collected, was filtered on PTFE membranes;,-na4 into a solid (Figure 7).

and was directly injected in HPLC. Solutions were neutralized : . .
Consequently, the following question arose: How could

in situ thanks to the mobile phase (acetonitrile/water (4/1, v/v) . Iy 5
at pH 2.2), and the amount of NaOC(O)gkecovered after NaOC(O)C}-j decrea}se the deacetylatlon eﬁ'c'eﬂcy- As the F.’H
of the alkaline solution remained the same during the reaction

different times was estimated by comparing the peak area at run with or without sodium acetate, this could not be assigned

= 3.44 min to a calibration curve drawn for different NaOC- . ) L .
(O)CH;s concentrations (sodium acetate trinydrate was used ast0 a change in the deacetylgtlon efflc[ency. AI'Fernately, sodium
acetate could not take part in a reaction equilibrium that would

starting material) in 50% (w/v) NaOH (data not shown). The be illustrated by the following constant:

efficiency of the method was estimated from the comparison Y 9 ’

of the DDA calculated by HPLC to that determinediyNMR

(on both soluble and insoluble fractions recovered after deacety- _ [GIeN][NaOC(O)CH(H,0),]

lation). Both methods revealed quite similar values all along [GIcNACc][NaOH]

the reaction and proved that HPLC could also be used to

estimate the global DDA of a deacetylated sample with a very This would have implied that a reaction of reacetylation had

good accuracy by the determination of NaOC(O}@idncen- occurred, which is not realistic at such a high pH. To definitely

tration (Figure 6). invalidate this assumption, a second set of experiments involving
This important feature confirmed again that once the copoly- sodium acetate additions was carried out. Affechitin was

mer was amorphous, deacetylation behaved like a homogeneousleacetylated with 50% (w/v) NaOH at 9C for 2 h, the product

reaction by delivering an equimolar amount of NaOC(O)CH was neutralized and dialyzed against water (pH 8.5, MWCO:

with respect to the number of the deacetylated GIcNAc units. 500 g/mol) to remove salts and was submitted to a new

Thanks to this powerful tool, two sets of experiments were deacetylation fo 2 h in the presence of fnoco)cs mol of

conducted to check the influence of sodium acetate on the sodium acetate trihydrate to keep the same proportions of

deacetylation in the same conditions as those used in the firstreactants and water as when the reaction was stopped (Figure

part of this paper. However, we preferred to deacetyathitin 7, (©, —) curve). If NaOC(O)CH was really involved in a

by means of FPT cycles for the following two reasons. First, reaction equilibrium, deacetylation should not restart. Kinetics

this technique allowed us to work in a sealed reactor and in was then compared to a benchmark experiment consisting of a

hermetic conditions, and water evaporation was thus avoided.first deacetylation of 120 min followed by neutralization,

Second, we demonstrated in previous works that FPT cycleswashings by means of dialysis against distilled water, and a

were a method of choice for completely expelling dioxygen from second deacetylation of 120 min (Figure @, ¢--) curve). By

the reactor and for preventirfchitin from oxidative hydroly- comparing the DDA reached after 240 min, the second deacety-

sis?2 Consequently, only thermal degradation could occur in lation with nnaoco)cr Of sodium acetate trihydrate restarted,

these conditions. although it was less effective compared to the benchr%l@
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80 T T T T T Scheme 2. Equilibriums Occurring during Deacetylation between
<>/()/_0740/ Chitin, Soda Mono- and Dihydrates, Water, and Sodium Acetate
N Concentration
60 Wad E NaOH +n H,0 NaOH(H,0), O]
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Figure 8. Restart of the reaction containing 10 nnaoco)cH, Mol of o
anhydrous sodium acetate (x, -+-+) with the addition (after 30') of a regard tox=o and that anhydrous soda shows very low activity
small amount of fresh and preheated 50% (w/v) NaOH to reach the compared to the mono- and dihydrates. Soda under its anhydrous
same sodium acetate concentration as in a normal deacetylation form shall be then strongly responsible for the decrease of its

(©. =) global activity for concentrations higher than 50% (w/v). At a

lower scalennaoc(o)cy Mol of anhydrous sodium acetate is still
sufficient to decrease the deacetylation efficiency by complexing
“only 2 or 3% of the free water, to favor the formation of
anhydrous soda, and to decrease the global activity of soda once
we overtake 50% (w/v) (Figure 3B).

Even though these approximated values could have been
roughly estimated, they confirmed for the very first time that
deacetylation efficiency, besides kinetics reasons, is partially
linked to the dehydration provoked by the change in the
proportions of soda hydrates. To measure the role played by
' dehydration on the deacetylation plateau at long reaction times,
we tried to restart the reaction containingrkQoc(oycr mol of
anhydrous NaOC(O)CHthanks to the addition of a small
amount of fresh 50% (w/v) NaOH solution in the reactor, in
such a proportion that the sodium acetate concentration de-
creased to the value expected for a deacetylation in normal
conditions (Figure 8).

Nevertheless, the DDA reached afte h of reaction was
lower than that obtained in a normal deacetylation, which gives
evidence that the drift in the proportions between the different
11 E (7) soda hydrates is not the only cause of the low reaction efficiency
DR, DR, 2 at long reaction time. We can also exclude statistical/kinetics

explanations, since the number of remaining acetylated sites
with DP,, and DR,, the starting and final weight-average during the reactions carried out with an extra amount of sodium
degrees of polymerization, andthe reaction time. acetate is much higher than that in the control experiment. One

In our conditions, the consumption of water caused by can then expect soda to find an acetylated site easier than in a
alkaline hydrolysis can be neglected, since it would only chitin with a low DA and for the reaction with high DAs to be
consume less than 0.1% of the free water in the case of amore effective. It seems then that GIcN units and sodium acetate
complete hydrolysis. To evaluate the influence of sodium acetate exhibit greater affinity than GlcNAc/soda hydrates complexes.
on the dehydration, let us consider that either the soda mono-Consequently, it would mean that the system behaves like it
or dihydrate is formed exclusively in the reactor before starting was locally frozen once an acetylated site reacted with soda
the reaction. In our conditions of deacetylation and taking into because the complex formed by the sodium acetate and the GIcN
account the soda concentration and the proportion between chitinunits seems so strong that it prevents the surrounding GIcNAc
and the deacetylating solution, the IRaoco)cy Mol of units from being deacetylated. This new complex is certainly
anhydrous sodium acetate introduced in the reactor before thestabilized thanks to a local network of hydrogen bonds via water
reaction started would have complexed 12 and 18% of the free molecules involving the amino groups of the numerous GIcN
water present in the solution, in the case of the soda mono- andunits, the hydroxyl groups of the glycosidic ring, and the sodium
dihydrate, respectively. Even though these are rough approxima-acetate freshly delivered. Washings with water between two
tions, however, they give evidence for the real influence of successive reactions would be then preponderant to eliminate
sodium acetate on the soda concentration and can partly explairthose nonreactive complexes.
the behaviors observed in Figure 7. Indeed, the addition of 10 From these results, it strongly seemed that both the nature of
Nnaoco)ck Mol of anhydrous sodium acetate is sufficient to the sodium hydrates formed in the deacetylating mixture and
artificially increase the soda concentration of around 6% (w/v) their relative proportion drive the reaction efficiency via a
and to begin to provoke its precipitation, even at°@ This cascade of equilibriums (Scheme 2). We particularly assume
assumption is realistic, since at such a high concentration thethat sodium hydroxide mono- and dihydrates exhibit the greatest
soda behaves like a weak base and most of the salt is stillactivity toward chitin deacetylation, whereas that of anhydrous
nondissociated. According to eq 4, it means thas high with soda tends to zero. CDV

experiment. Thus, sodium acetate was necessarily not taking
part in a reaction equilibrium as simple as mentioned above
Interestingly, when introducing 18\aoc(o)cw Mol of anhy-
drous NaOC(O)Cklbefore deacetylation started, we observed
small particles of soda precipitating on the flask bottom after
only 10 min, which may evidence the progressive dehydration
of the alkaline solution or at least a change in the proportion of
soda hydrates in favor of its anhydrous state. The complete
solidification of the reaction medium even occurred after only
40 min. As suggested above, in our conditions of deacetylation
dehydration of the alkaline solution can be provoked either by
thermal degradation or by sodium acetate. The main challenge
was to evaluate the relative importance of these two phenomena
The evaluation of the water consumption by nonoxidative
hydrolysis was deduced from previous studies on the alkaline
degradation of chitin and chitosdh.Assuming a statistical
alkaline hydrolysis of chitin during deacetylation, the rate
constant of hydrolysi&, could be calculated from eq 7:
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According to the soda concentration used before the reactiondepends on a narrow window of soda concentration, close to
started, sodium hydroxide hydrates were formed in different saturation, where mono- and dihydrates are formed in high
proportions in the alkaline solution (equilibrium 1). At room proportions. On the other hand, one shall prevent the alkaline
temperature and for soda concentrations over 40% (w/v) solution from dehydration to avoid the concentration drift of
anhydrous sodium hydroxide, the mono- and dihydrates shall soda in favor of its anhydrous state responsible for the
form in majority and complex with theg-chitin: all other anticipated reaction stop. This definitely demonstrates the utility
hydrates usually generated at lower soda concentrations all meltof our method of deacetylation involving both FPT cycles and
above 10°C. This explains the different activation energies washing steps with water between two successive reactions.
calculated for 30 and 50% (w/v) NaOH and the variation of Indeed, if the main goal of FPT cycles was to enhance reactivity
the global activity of soda according to its concentration. Before of chitin toward deacetylation, then the FPT cycles also
the reaction starts, the global cohesive energy resulting from prevented the copolymer from oxidative hydrolysis by sucking
the complexation between soda hydrates and chitin is linked out dioxygen in the reaction medium. On the other hand, the
both to the number of water molecules it may contain and to washing steps with water between two successive deacetylations
the relative proportion of each type of complex (equilibrium enabled the (a) elimination of the sodium acetate formed during
2). This assumption is supported by the lower activation energy the reaction, which also takes part in the dehydration of the
determined for [NaOH} 50% (w/v) andT > 70 °C, where reaction medium, and (b) renewing of the reacted sodium acetate
the less hydrated forms of soda are favored. One shall somehowhydrates/GIcN units complexes. We now propose to combine
prevent soda from being too concentrated, otherwise, the verythese two procedures to deacetylate chitins in a more efficient

low activity of anhydrous soda shall prevail upon those of the way and to produce chitosans with higher molecular weights.

mono- or dihydrate and consequently shall decrease the global
activity (Figure 3B). When deacetylation occurs, the cohesive
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If the decreasing number of GIcNAc units and the difficulty References and Notes

to dissociate the reacted complexes are mainly responsible for
the deacetylation plateau at long reaction times, then we also
highlighted that dehydration of the reaction mixture can
influence its appearance. Evaporation of water or delivery of
sodium acetate during reaction can slightly change the soda
concentration or at least the proportions between each soda
hydrate in such a way that it reduces its activity by favoring its
anhydrous form (equilibrium 4). The anticipated stop of the
reaction after only 40 min when introducing &Q.oc(o)cr Mol

of anhydrous NaOC(O)C4particularly illustrated the deleteri-
ous effect of dehydration. Moreover, the fact that soda particles
easily recrystallized from the 50% (w/v) NaOH solution by

pushing dehydration and that the soda particles were responsible

for the reaction stop at long deacetylation times reinforced our
proposition to consider NaOH@®) and NaOH(HO), as the
most active soda hydrates. Thus, the key parameter to explain
the low efficiency of deacetylation at long reaction times is the
cumulative actions of three phenomena: a kinetics/statistical
reason, the high stability of the GlcN/sodium acetate complexes,
and the drift in the proportions of the soda hydrates formed in
solution in favor of anhydrous NaOH (back to equilibrium 1).

Conclusion

The first purpose of this work was to obtain deeper
understanding of the reaction mechanisms involved during the
deacetylation of chitin. In a first set of experiments, we
suggested that different sodium hydrates were formed in the
deacetylating solution according to the soda concentration at
the origin of the different activation energies and the global
reaction order of soda calculated for-380% (w/v) NaOH. This
assumption was then confirmed experimentally thanks to the
study of the influence of the sodium acetate delivered in the
alkaline solution during deacetylation and the role played by
alkaline hydrolysis. We propose that the deacetylation success
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