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ABSTRACT: The demineralization kinetics of deproteinized lobster shells using CO, were studied. Demineralization
reaction proceeds until the concentration of Ca* in solution reaches an equilibrium value. The introduction of
a cation exchange resin (cationite), in an open system for CO,, allows replacement of the solution Ca** ions by
Na* ions, whereby the equilibrium shifts and an effective dissolution of the exoskeletons’ calcite is achieved.
The mathematical relationships between the conductivity of the solution and the concentrations of major
ions, the rate constants and kinetic parameters of the reaction in the absence and presence of the resin were
obtained. It was found that the reaction follows pseudo-first-order kinetics, and the experimental results were
in good agreement with the proposed mathematical model.
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1 INTRODUCTION

Chitin is a natural polysaccharide that has many appli-
cations in agriculture, medicine and industry [1-3].
Chitin is widely distributed in nature, both in the
animal kingdom and in plants. In fact it is recognized
as the second most abundant natural polysaccha-
ride, only behind cellulose, constituting an important
renewable resource. Chitin is a linear polymer com-
posed of N-acetyl-2-amino-2-deoxy-D-glucose units
linked together by B(1—4) glycosidic links. In native
chitin some of these units are deacetylated (Figure 1).
The main sources of current commercial chitin
are the shells of crabs, shrimps, prawns and lobsters
discarded at seafood processing plants. The reported
extraction techniques are diverse as they are largely
dependent on the composition of the source, which
varies greatly from one species to another [4]. These
methods generally use large quantities of water and
energy and often lead to corrosive waste. Currently
enzymatic treatments are being investigated as a
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promising alternative. For this purpose, processes
have been reported using enzyme extracts or iso-
lated enzymes and microbial fermentation, but
still without the efficiency of chemical methods, in
particular as regards the removal of the inorganic
material [5].

The Cuban fishing industry generates large amounts
of waste at its spiny lobster (Panulirus argus) process-
ing plants. This waste is a protein- and chitin-rich
pollutant that can be valued if a method of extracting
these shell components is designed and implemented
for later use in various fields of activity.

Spiny lobster exoskeleton has a composition
on a wet basis of 14% protein, 16% chitin and 50%
minerals, mainly calcium carbonate (calcite) and
magnesium, and in a much smaller proportion
phosphates and metal ions. The calcium carbonate
is primarily in the form of calcite, although it has
been suggested that part of it is amorphous [6-7].
The exoskeleton of the spiny lobster has a complex
three-dimensional structure, in which chitin chains
are conveniently protected from chemical attack and
physical agents, ensuring their biological function.
This differentiates it from other carbonate materials,
especially the inorganic ones [8].
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Figure1l Repeatingunitsof B (1—4)linked monosaccharides:
(A) N-acetyl-2-amino-2-deoxy-D-glucose in the fully
acetylated chitin and (D) 2-amino-2-deoxy-D-glucose in
totally N-deacetylated chitin.

The isolation of chitin from shellfish waste involves
separating the associated proteins (deproteinization
step), the separation of minerals (demineralization
step), and optional removal of pigments and lip-
ids. This sequence can be inverted depending on the
chemical composition of the starting raw material and
the interest in recovering some products as collateral
[9]. The importance of the particular process used is
that it can bring about substantial differences in the
chitin obtained from the same species [10].

In the demineralization step, crustacean exoskel-
etons have been mainly treated with inorganic or
organic acids. Treatment with dilute solutions of
hydrochloric acid is most commonly used, although it
can cause modifications in the chitin chains. Therefore
less aggressive methods such as smooth decalcifica-
tion with EDTA [10] or ionic liquids [11] have also been
employed.

In recent years there has been a considerable increase
in the use of carbon dioxide in chemical reactions due
to its properties as an antisolvent, its low cost and
low toxicity [2,12]. Currently studies are being carried
out that show the feasibility of using CO, in combi-
nation with a cation exchange resin (cationite) for the
demineralization of crustacean exoskeletons for chitin
obtained using mild reaction conditions. However,
until now the kinetics of this process have not been
studied.

CO, has been used for the dissolution of calcite
present in rock minerals and the studies developed
have allowed predicting the dissolution mechanism of
calcite in them [13]. In these studies it has been dem-
onstrated that the time evolution of the concentration
of major ions in solution can be described according to
the exponential equation

—kt"
C=Ceq(1—e ) )
where C is the concentration of Ca*, Mg* or HCO,
ions at time ¢; k is the rate constant; C_ is the concen-

tration of each of these ions at equilibrium; and 7 is an
experimental coefficient which generally takes values
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between 0 and 1[14]. As shown in Equation 1, in the
dissolution of calcite, with increasing concentrations
of the various ionic species in solution a chemical equi-
librium is eventually reached that prevents the dissolu-
tion of more calcite. The equilibrium is attained when
the solution becomes saturated in Ca** ions because of
the low solubility of Ca(OH),. One approach to avoid
reaching equilibrium is to use a cation exchange resin
to remove Ca* ions from the solution. This way a
more complete demineralization of the material can
be achieved.

The aim of this work is to study the kinetics of
spiny lobster exoskeleton demineralization using
CO, in the absence and presence of a cation exchange
resin, on the assumption that the solution behav-
ior of the ions resulting from the treatment of the
organic matrix should be similar to that reported for
inorganic rocks.

2 EXPERIMENTAL

2.1 Materials

Spiny lobster (Panulirus argus) exoskeletons were
obtained from the seafood processing plant at La
Coloma (Pinar del Rio, Cuba). The cation exchange
resin (hereinafter also called cationite) used was
DOWEX 50X8, Na*-form (BDH, England). CO, gas
cylinder with 99% purity and 10 MPa was supplied by
the CO, Plant (Guanabacoa, Cuba). All other reagents
used were analytical grade.

2.2 Lobster Shell Processing before
Demineralization

Lobster shells were washed thoroughly with abundant
water to remove adherent proteins, soluble organics
and other impurities, and dried in air for 24 hours. The
dry shells were ground to particle sizes between 200
and 400 pm. Afterwards, they were deproteinized by
three successive 1 hour treatments with 0.5 N NaOH
at 80°C. Next they were washed with tap water and
distilled water until neutral, dried in air and stored at
4°C until use.

2.3 Reaction Conditions and Kinetics
Data Processing

Experiments were conducted in a 3%2 L laboratory
Teflon type double-jacketed batch reactor with agita-
tor, suitably equipped with pH and temperature meas-
uring facilities, a system for liquid sampling and a gas
input/output system. CO, at a flow rate of 5 L-min™
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was continuously supplied (open system condition
relative to CO,) and mechanical stirring was set at 100
rpm. Distilled water (2 L) with a specific conductivity
of 10 pS-cm™ was added to the reactor, and was satu-
rated by bubbling CO, for 10 minutes before adding
the lobster shells. In all experiments 20g of deprotein-
ized exoskeleton were used. In some experiments the
demineralization process was followed in the pres-
ence of the cation exchange resin Dowex 50X8 (40g).
Temperature was maintained constant at 25 + 0.1°C.
At the beginning of each experiment the pH, tempera-
ture and electrical conductivity of the solution were
measured.

The reaction kinetics were monitored according to
the method previously established for the dissolution
of rock minerals using CO, [13], which essentially
consists of executing two types of experiments:
the first one, called REL, in which the reaction was
sampled at different times, for determining the con-
centrations of major ions (Ca**, Mg**, HCO,, Na*) and
the electric conductivity of the solution; and the sec-
ond experiment, performed under similar conditions,
called CINET, where the reaction was followed by
measuring only the variation in time of the electrical
conductivity and pH.

From the REL experiment, the correlations of
the various concentrations of ions with the elec-
trical conductivity of the solution were obtained.
These correlations were used in the CINET experi-
ment to calculate the values of the concentrations of
these ions at different times from the measured solu-
tion conductivities. Then, considering that Equation
1 holds for this reaction, the rate constant k was
determined. It was first assumed that #n =1, and on this
basis the rate constants k for different times were eval-
uated and the average k obtained. The average value
of k and the condition 1 = 1 were then used as initial
values for the nonlinear least squares fit of the kinetic
data to Equation 1 for obtaining the adjusted values
of k and n.

2.4 Measurement of Physical-Chemical
Parameters

Measurements of different physical-chemical param-
eters were performed with a digital inoLab® pH
7110 pHmeter (WTW, Germany) and a 524-Crison
conductivity meter (Barcelona, Spain) calibrated
with certified conductivity standards. The HCO,,
Ca* and Mg ion concentrations were estimated
following recommended standard volumetric ana-
lIytical methods established for their determination
in water [15]. The concentration of Na* ions was
determined by flame photometry on a Jenway flame
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photometer (Bibby Scientific Ltd., Staffordshire, UK)
with a sensitivity of 0.2 ppm. The Scientific Graphing
and Analysis Software Origin 7.0 was used for data
processing.

3 RESULTS AND DISCUSSION

The dissolution of calcite and magnesium carbonate
of lobster shells using CO, can be represented by the
following equations:

COyg) +H,0+ CaCOyy <> Ca® + 2HCO; (1)
CO, (4 TH,0+MgCOy) ¢> Mg + 2HCO; )

Under the conditions employed in this study the
CO, concentration remains constant. Therefore, it is
expected that the dissolution kinetics of the exoskel-
eton carbonates behave as a heterogeneous pseudo-
first-order reaction, in which the electrical conduc-
tivity resultant of the contribution of Ca*, Mg* and
HCOQO, ions is expressed by the following equation [16]:

EC=) (CS)" 2)

i=1

where EC is the electrical conductivity; C, is the con-
centration of the corresponding dissolved ions; Si
is their equivalent specific conductivity; and n is an
empirical exponent that depends primarily on the con-
centration and type of water. Therefore, the EC value
at each point depends on the concentration of Ca*,
Mg* and HCO, ions dissolved during the deminer-
alization reaction; and to a lesser extent, on the ions
acquired from the atmosphere.

It has already been stated that because the variation
in time of EC and the concentration of ions present in
the equilibrium system of carbonates is governed by
exponential equations (Equation 1)—where k and n
take similar values for each ionic species and for the
electrical conductivity—the relationship between the
concentration of each ion and the conductivity of the
solution adjust to linear equations passing through the
origin of coordinates [16].

In Table 1 the values of the solution conductivity
and the corresponding concentrations of Ca?,
HCO,, Mg* and Na* ions analytically determined
for each conductivity value, taken at various times
of CO, reaction with the lobster shells, are shown.
As expected, the concentration increase of Ca*, Mg*
and HCO, ions is accompanied by an increase in the
conductivity of the solution. In the case of Na* ion,
the concentration values found were very small and
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Table 1 Experimental values of the electric conductivity of the solution and the corresponding
Ca*", Mg*", HCO, and Na* ions concentrations in experiment REL-1.

EC (uS-cm™) Ca? (mg-L7) Mg** (mg-L™) Na*(mg-L7) HCO; (mg-L™)

160 1.4 0.1 0.001 1.5

220 1.75 0.15 0.001 -

300 2.4 0.2 0.001 3.0

370 3.1 0.3 0.001 -

420 5.0

430 3.6 0.3 0.001 -

540 4.7 0.4 0.001 6.0

640 5.7 0.6 0.001 7.0

730 6.5 0.7 0.001 -—-

740 8.0

840 9.0

900 7.9 1.0 0.001 -

960 11.0

1000 8.8 1.2 0.001 ---

1100 9.6 1.4 0.001 12.0
lied within experimental error. This is consistent with ~
results obtained previously [7], showing that the Na* 7 — o -+
ion is not a major element of the lobster exoskeleton. il Caz
Therefore, in the case of Na* ion the values reported o il ¥ o
later in the experiment, CINET-1 correspond to the Bl E HEO, Fa
direct determination of its concentration. £ .

Figure 2 shows the fitting of the functional relation- & A
ship between the concentration of the various species £ e
and the solution conductivity to a straight line in the 8 4 o A
form: S &
C;=mEC 3) 1 & s
——— e _—
o a3 T T T T

In Equation 3 EC represents the conductivity of the 0 200 400 600 800 1000 1200

solution and C; is the concentration of the ionic species
under consideration. The fitting results are shown in
Table 2, where the goodness of fit can be appreciated,
which is excellent especially for major Ca** and
HCO, ions.

3.1 Reaction Kinetics Behavior

The reaction kinetics were investigated by determin-
ing only the time evolution of the solution conduc-
tivity and pH. From the results of experiment REL-1
(Table 2) it was possible to know the concentrations
of Ca*, Mg* and HCO, ions at the corresponding
times. This experiment, conducted in the absence of
exchange resin, will be referred to as CINET-1, and the
results are shown in Figure 3.
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Conductivity (uS-cm’')

Figure 2 Concentration of major ionic species (Ca*, HCO, and
Mg?*) represented as function of the solution conductivity during
CO, demineralization.

Table 2 Value of the slope (m) and the determination
coefficient (R?) resulting from the fitting of the data in
Table 1 to Equation 3.

Tonic m x 10° (mg-L"/ pS-cm™) R’
species
Ca? 8.74 £ 0.06 0.9995
Mg 1.08 = 0.06 0.9850
HCO, 11.0+0.1 0.9972
d © 2015 Scrivener Publishing LLC
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Figure 3 Time evolution of Ca*, HCO, and Mg ions concentrations calculated from the relationships found in experiment REL-1-, Na* ion
concentration, electric conductivity and pH of the solution in experiment CINET-1. The curves drawn correspond to the fitting of data to Equation 1.

Table 3 Specific rate constants evaluated for the experimental data of experiment CINET-1

using Equation 4 withn =1.k
data to Equation 1.

Calc” nCalc

and R? are obtained by the nonlinear least squares fit of

Values k,(HCO, min®  k(Ca*) min™” k,(Mg**) min™ k,(EC) min™!
Minimum 0.033 0.033 0.033 0.033
Maximum 0.058 0.059 0.055 0.058
Average 0.039 0.040 0.040 0.040
Standard Dev. 0.006 0.006 0.006 0.006

ke ,.x 10> min™* 3.71 +0.03 3.71 +0.03 3.70 = 0.03 3.71 +0.03
M, 1.14 + 0.02 1.14 + 0.02 1.14 + 0.02 1.14 + 0.02
R? 0.9936 0.9936 0.9935 0.9936

From these results it is possible to determine whether
Equation 1 holds for the demineralization of lobster
exoskeleton with COZ, and if so, to evaluate the kinetic
parameters of the reaction. To this end we proceeded as
follows. First the values of the concentrations of Ca*,
HCO, and Mg?* ions, and the conductivity of the solu-
tion (EC) obtained at different times in the CINET-1
experiment were substituted, in each case, in Equation
4 to evaluate the reaction rate constant assuming n = 1.
This assumption is based on the consideration that lob-
ster shell demineralization using CO, follows the same
pseudo-first-order heterogeneous kinetics as the disso-
lution of calcite in rocks does [17].

kziln

(Cleq
4
: - @

(Oeq —
Table 3 shows the maximum, minimum and average
values of each of the pseudo-first-order rate constants
with their corresponding standard deviations. As can
be seen, the assumption of a pseudo-first-order behav-
ior is a good approximation for the interpretation of
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the kinetics of lobster shell demineralization using
CO,, the average first-order rate constants being
practically the same for the three ionic species and
the solution electric conductivity. These average rate
constants were taken as the initial value for the non-
linear least squares fit of the concentration data (Ca?,
HCO, and Mg*') and the conductivity of the solution,
EC, at various times to Equation 1. This way it is pos-
sible to determine the proper experimental coefficient
and the real rate constant, which are represented as
n.,. and k., respectively. These values are reported
in Table 3, together with the coefficient of determi-
nation R% Given the goodness of the fit, reflected in
R? values close to unity, it can be concluded that the
system studied has a kinetic behavior described by
Equation 1. The experimental coefficient is n = 1.14 =+
0.02 and the reaction rate constant is k = (3.71 + 0.03) x
10 min"". The regression curves obtained from these
values shown in Figure 3, evidence good agreement
with the experimental behavior.

As shown in Figure 3, both the concentrations of
Ca*, Mg*, HCO; ions and EC increase with time dur-
ing the first 80-90 minutes of reaction. From then on
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their values remain constant, indicating that an equi-
librium state has been reached, and under these cir-
cumstances further demineralization of the material
cannot be achieved.

As to the kinetic processes involved in the dissolu-
tion of calcite in CO, solution, the prevailing criterion
of some authors is that the chemical reactions occur-
ring at the surface are the most influential ones on the
reaction rate [13].

The exponential kinetic behavior seen in the curves
can be explained by taking into account that there are
three basic stages in the dissolution process. In the first
stage, which takes place during the first 30 minutes,
the solution is saturated with CO, and the rate of reac-
tion depends mainly on the activity of H,O" ions and
on ApH. With the addition of the lobster shells to the
solution, very rapid and vigorous transformations of
the inorganic material occurs, which are evidenced in
the sudden changes of conductivity and ion concen-
trations produced in very short time. After that, in
region 2, which runs approximately between 30 and
50 minutes (Figure 3), the pH is nearly constant and
the changes are not as pronounced and rapid, while
the ionic concentrations gradually increase. In region
3, which occurs between 50 and 80 minutes of the reac-
tion, it can be seen that, as the solution approaches
saturation, the reaction rate gradually decreases and
the ionic concentrations move toward the equilibrium
values.

3.2 Effect of the Cation Exchange Resin
on Reaction Kinetics

With the addition of a cation exchange resin, such as
Dowex 50X8 (cationite), for capturing the Ca®* ions
released to the solution and exchanging them for
Na* ions, reaching equilibrium is avoided and fur-
ther demineralization of the chitinous material can be
achieved. As before, an experiment to evaluate the cor-
respondence between the conductivity of the solution
and the concentration of major ionic species in solu-
tion, but now in the presence of cationite (experiment
REL-2), was performed. In Figure 4 it can be seen that
HCO, and Na* ions are now the ones responsible for
the increase of the conductivity of the solution, since
the exchange resin removes Ca** and Mg* ions pro-
duced by the reaction with CO,,.

The concentrations of HCO, and Na* ions and the
conductivity of the solution are again related accord-
ing to Equation 3, while the relationships between the
concentrations of Ca?* and Mg* ions with conductiv-
ity can now best be interpreted in terms of the linear
equation y = A + Bx. Table 4 shows the results of the fit
for each ionic species.
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Figure 4 Concentration of major ionic species (Ca**, HCO,, Mg*
and Na*) represented as function of the solution conductivity
during CO, demineralization in the presence of a cation exchange
resin.

Table 4 Linear relationships between HCO,, Ca*"
Mg? and Na* concentrations and solution conductiv-
ity for demineralization in presence of cationite (data
in Figure 4). The parameter values and determination
coefficients (R?) resulting from the fitting of the data
for HCO, and Na" ions to Equation 3 and Ca*, Mg**
ions to equation y = A + Bx are shown.

Parameters HCO,  Ca* Mg Na*

m x 10° 9.3+0.4 Notfitted Notfitted 8.7+0.3
R? 0.9918 0.9906
Y = A +Bx Ca* Mg?

A 1.68 £0.09 0.21 £0.01

B x 10° -14+£0.1  -0.19 +0.02

R? -0.9752 -0.9738

Taking into account the above results, it was pos-
sible to calculate the concentrations of the various
ionic species from the values of the conductivity of the
solution at different times in a new demineralization
experiment using CO,, now in the presence of cation-
ite (CINET-2). They are shown in Figure 5, together
with the values of the solution pH.

The HCO, concentration and the electrical conduc-
tivity increased in a similar way as in the absence of
cationite (Figure 3), but now the concentration of Ca*
ions decreased to very low levels during the first 20
minutes of reaction. However, the concentration of
Na* ions that was practically negligible in the absence
of cationite, in the presence of the resin underwent a
considerable increase, evidencing the ion exchange
process, which occurs as represented in the following
equation:

d © 2015 Scrivener Publishing LLC
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Figure 5 Time evolution of Ca*, HCO,, Mg** and Na* ions
concentrations calculated from the relationships found
in experiment REL-2-, electric conductivity and pH of the
solution in the demineralization experiment in presence of
cationite (CINET-2). The curves drawn correspond to the
fitting of data to Equation 1.

Ca®* +2R-Na « R,Ca+2Na* ()

where R-Na stands for the cation exchange resin.
Considering the calcium dissolution reaction repre-
sented in Equation I, the overall process in the pres-
ence of cationite can be written as:

CO, +H,0+CaCO; +2R-Na«>R,Ca+ 2HCO; +2Na"
(v)

The outcome of this ionic exchange is that the solu-
tion will now have NaHCO,, instead of Ca(HCO,),,
and since the first salt has a solubility product constant
(Ksp) much larger than the second one, calcite disso-
lution continues generating much higher exoskeleton
demineralization levels than those obtained in the
absence of cationite. We have observed (results to be
published) that in the absence of cationite demineral-
ization, CO, only reduces the exoskeleton ash contents
to about 40%, whereas on using the cation exchange
resin, ash contents as low as 1.3 % were achieved.

Applying the same calculation procedure used
above for the reaction in the absence of the exchange
resin, the kinetic parameters of the reaction were
obtained. The minimum, maximum and average rate
constants k, corresponding to the time evolution of the
electrical conductivity and HCO, and Na* ions are
presented in Table 5.

The same as for experiment CINET-1, the values of
k., and n., in Table 4 were obtained by the nonlinear
least squares fitting of experimental data to Equation
1, taking as initial values the average k, and n = 1.
Given the goodness of fit, reflected in R? values close
to unity, it can be concluded that in the presence of
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Table 5 Specific rate constants evaluated for the exper-
imental data of experiment in presence of cationite
CINET-2 using Equation 4 with n = 1. k., n., y R?
are obtained by the nonlinear least squares fit of data

to Equation 1.

Values k,(HCO;) k,(Na*) k,(EC)

x10°min? x10°min? x10*min™
Minimum 0.017 0.017 0.017
Maximum 0.058 0.059 0.059
Average 0.038 0.038 0.038
Standard Dev. 0.001 0.001 0.001
ke x 10 min™*  3.41+0.02 3.41+0.02 3.41+0.02
n 1.24+0.02 124+0.02 1.24+0.02
R? 0.9950 0.9950 0.9951

the exchange resin the studied system also follows the
kinetic behavior described by Equation 1. The value of
the empirical exponent is now n = 1.24 + 0.02 and the
reaction rate constant is k = (3.41 = 0.02) x 102 min™*.
The regression curves obtained from these values are
shown in Figure 5 where good agreement with the
experimental behavior is also noticeable.

4 CONCLUSIONS

It was shown that the kinetics of calcite deminer-
alization of deproteinized lobster exoskeleton using
CO, can be represented to a first approximation by a
pseudo-first-order kinetics expression. The best fit of
the experimental data was obtained using the equation:

_ —kt"
C=Cq(1-e")

where 1 =1.14 + 0.02 and the reaction rate constant k =
(3.71 £ 0.03) x 102 min™"'*. This reaction proceeds to a
state of equilibrium that prevents achieving complete
demineralization of the material. The equilibrium can
be disrupted by employing a cation exchange resin,
allowing further decalcification of the material. The
use of the resin does not substantially modify the reac-
tion kinetics, which can also be expressed by a pseudo-
first-order equation. The values of the kinetic param-
eters in the presence cationite are n = 1.24 + 0.02 and k
=(3.41 £0.02) x 10? min™"*.
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