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Carboxymethylcellulose (CMC) salts in different counter-ion forms were obtained and characterized
by FTIR, CP-MAS 3C NMR and EDX spectroscopies. Additionally, thermogravimetry (TG) was used to
evaluate the degree of humidity and the thermal stability. In general, CMC samples having Li*, Na*
and K* as counter-ions showed a high hydrophilic character, absorbing more than 50% in weight
of water, while for CMC having Mg2*, Ca%*, Ba?* and others cations the hydrophilic character was
lower than the former, absorbing less than 30% of water. All of the CMC salts showed lower ther-
mal stability than their cellulose parent. Typical values of Ty, in °C, and E,, in kJmol~!, were for
cellulose: T, =349.11, E, =178.8 +8.4; CMCK: T, =283.61, E;=152.9+ 1.0kJ mol~!; CMCCa: T, =305.67,
E,=167.2 +£5.2 k] mol-!. Different kinetic models were found for the CMC salts as Sestik-Berggren, reac-

tion order and Johnson-Mehl-Avrami.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The chemical modification of polysaccharides is the most impor-
tant route to change the properties of the naturally occurring
biopolymers and to place this renewable resource in the context of
sustainable development. Carboxymethylation is one of the most
widely studied routes [1] since it is simple and leads to products
with a variety of promising properties [2]. Carboxymethylation of
cellulose yields the well known carboxymethylcellulose (CMC) that
is extensively used in the food industry. The EU Food Standard
Agency has approved CMC as an additive [3], labeled as E466 in the
emulsifiers, stabilizers, thickeners and gelling agents category. But
CMC has many other uses besides food additives and products such
as toothpaste, laxatives, diet pills, ice cream, water-based paints,
detergents, soap powder, and a variety of paper-based products may
contain CMC [4,5].

CMC is mostly used in aqueous solutions [6], where useful char-
acteristics such as high viscosity at low concentrations, defoaming,
surfactant, and bulking abilities are applicable. However, in the
solid-state CMC also has considerable applications, mainly as film,
paints and paper products. In this condition, CMC may be asso-
ciated with other ions that will influence its physical-chemistry
properties. In the literature, studies related to the interaction of
the carboxylic group with different metal cations are limited to
aqueous solution in which works with calcium [7,8], copper [1
and references cited therein], lithium [2,9] and aluminum [10]
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have been reported. Thus, to obtain better comprehension of the
CMC properties in the solid-state, this present work proposes to
study CMC salts bearing different counter-ions concerning its water
absorbance capacity and thermal stability as investigated by TG
analysis.

2. Experimental
2.1. Synthesis of carboxymethylcellulose

The synthesis of CMC was carried out by a heterogeneous
reaction in isopropyl alcohol, as an adapted sequence from the pre-
viously reported methodology [11], where ethanol was substituted
by isopropyl alcohol. For this, 34 g of an aqueous solution of NaOH
(40%) was slowly added under magnetic stirring to a suspension
of 130 ml of isopropyl alcohol and 5 g of cellulose (obtained from
bleached soda/anthraquinone pulp of sugar cane bagasse [12]).
Next, 24 g of a solution of monochloroacetic acid in isopropyl alco-
hol (1:1) was added and the temperature was raised to 55°C for
3.5h. The raw CMC was isolated by filtration followed by neutral-
ization with acetic acid. The CMC was purified by dissolution in an
aqueous 0.2 M NaCl solution, followed by filtration to remove insol-
uble residues and recovered by precipitation with ethanol. Finally,
the purified CMC was washed with acetone and dried at room tem-
perature.

2.2. Counter-ions exchange
To obtain CMC in different salty forms, an aqueous solution

at 1% CMC concentration was prepared and submitted to dialy-
sis in a cellophane membrane (cut-off 12,000-14,000 g mol~! from
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Aldrich) for 3 days against the aqueous 0.1 M solution of the desired
cation. The salt used for this was: LiCl, KCl, CaCl,, MgCl,, BaCl,,
AlCl3, CUSO4-5H20, F62(SO4)3-T1H20 and ZHSO4-7H20 of chemi-
cal grade purchased from Mallinckrodt, Carlo Erba and Aldrich.
The final products were obtained by precipitation with acetone.
After exhaustive rinsing, the derivatives were filtered and dried at
room temperature. The CMC was named according to its respective
counter-ion, e.g., CMCNa, CMCLi, etc.

2.3. Characterization of CMC

CMC was characterized by infrared transformed Fourier (FTIR),
solid-state CP-MAS 3C NMR and energy dispersive X-ray (EDX)
spectroscopies.

KBr pellets were prepared from each sample and the FTIR anal-
ysis was carried out in a PerkinElmer spectrometer (model Paragon
1000). Additionally, FTIR spectroscopy was used to study the chem-
ical changes during the thermal degradation. For these, cast thin
films of CMCNa were placed in an oven at 220°C for different
periods of time and the sample was directly analyzed in the FTIR
spectrometer.

The solid-state CP-MAS 3C NMR experiments were performed
on a Varian Unity Inova 400 spectrometer operating at 400 MHz
and 'H frequency, using the combined techniques of proton
dipolar decoupling (DD), magic angle spinning (MAS) and cross-
polarization (CP). Contact time was 1 ms, acquisition time 51.2 ms
and the recycle delay 4s. The proton pulse width was 6 ms and
an 18 kHz spectral window was used. Typically 2000 scans were
acquired for each spectrum. The chemical shifts were externally
referenced by setting the methyl resonance of hexamethylbenzene
(HMB)to 17.3 ppm. The samples were contained in a SiN4 cylindrical
rotor which was spun at 5 kHz during measurements.

EDX analyses were conducted in a 440 Zeiss-Leika scanning
electronic microscopy (SEM) equipment, equipped with a sili-
con(lithium) detector window (7060 Oxford EDX) with a resolution
of 133 eV. The intensity of applied bundle of electrons was 20 keV.
The analysis was performed in three different points of the surface
sample.

2.4. Thermal analysis and kinetic study

The degree of humidity, non-isothermal and isothermal degra-
dation studies were carried out using 7mg of CMC in nitrogen
atmosphere (gas flow of 60 mImin~—1) in a TGA500 from TA instru-
ments.

The degree of humidity was determined in triplicate assays
by heating the sample up to 150°C and holding the isotherm for
20 min. Before the analysis the samples were conditioned in a
chamber with 100% degree of humidity for 1 week.

For the non-isothermal experiments the samples were heated
from room temperature to 500 °C at a heating rate varying from 2.5
to 15.0°Cmin~!. For the isothermal experiments the samples were
heated at a rate of 10°Cmin~! to 150 °C, maintained at this temper-
ature for 10 min and then equilibrated to the desired temperature
for 80 min.

3. Results and discussion
3.1. Spectral characterization of CMC

The introduction of the -CH,COO~Na* group into the hydroxyl
of the cellulose causes change in the pattern of the cellu-
lose’s FTIR basic spectrum (Fig. 1) due to the absorption of
the carboxylate anion (COO~). One of this absorption bands
occurs at 1595 cm~! (asymmetrical axial deformation) and another
at 1417cm~! (symmetrical axial deformation). Others bands at
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Fig. 1. FTIR spectra of the cellulose (—); CMCCa (---); CMCNa (...).

~3400cm~! (axial deformation of OH); ~2900cm~! (axial defor-
mation of CH, CH,); 1380-1300cm~! (angular deformation on the
plane of OH); 1200-1000cm~! (axial deformation of CO, COC)
are characteristics of gluco-polysaccharides and have been pre-
viously described in the literature [11,13]. Different counter-ions
did not influence the position or intensity of the bands referent
to carboxylate anion, as shown in Fig. 1 for CMCNa and CMCCa
spectra.

EDX spectroscopy is a valuable tool to confirm the presence of
the counter-ion in the CMC chain and to attest the purity of the
sample. Fig. 2 shows typical EDX spectra for CMC salts, where it is
possible to verify the signal of each cation serving as counter-ion.
As reported in the literature [14], the main X-rays properties for
edge energies in keV are Ko =1.04 for Na; Ko =3.31, K8=3.59 for
K; Ko =1.25, KB=1.30 for Mg; Ko =3.69, K8 =4.10 for Ca; Loe=4.47,
LB =4.83 for Ba; Ko =149, KB =1.55 for Al; Ko =8.05, K5 =8.90 for
Cu. It is noticeable that all of the X-ray lines from the EDX spec-
tra (Fig. 2) match very well with those from literature for each
cation.

EDX spectroscopy can be used as a quantitative tool for elemen-
tal analysis (Table 1). The experimental values agree fairly well with
the calculated ones for samples CMCNa, CMCK, CMCMg, CMCCa and
CMCAI, mainly for the counter-ion values. For the other samples
the experimental values are, generally, superior to the theoretically
calculated one. This is probably due to a non-stoichiometric rela-
tionship between the carboxylate anion and the divalent or trivalent
cations. The predominant structure adopted by the glycoside ring
is a relatively strain-free chair conformation. This conformation
releases the steric hindrance but difficult polyvalent cations to
binding stoichiometrically in all of the carboxylate groups. Thus,
unsubstituted hydroxyl groups, inter and intra chain interaction
and small anion, e.g., CI~ or SO42-, play an important role in the
cation stabilization.

In the CP-MAS 3C NMR spectra of cellulose and CMCNa
(Fig. 3) the following main signals can be identified [2,15-17]:
§=60-70 ppm assigned to C6; a cluster of resonance centered at
6=70-81 ppm from C2, C3 and C5; the next region 6=81-93 ppm
correspond to carbon atom C4, and finally for §=106-108 ppm is
assigned to carbon atom C1. The carboxyl group generates two
signals referent to methylenic carbon (C7) at §=74-77 ppm and
another at § =179-181 ppm due to the carbonylic carbon (C8). From
the CMCNa spectrum the degree of substitution was calculated [2]
as DS=0.43.
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Fig. 2. Typical EDX spectra for CMC in different counter-ion forms.

3.2. Degree of humidity

Hydration has a significant influence on the physical prop-
erties of carbohydrates that reflect on its direct applications as

Table 1
Elemental composition for CMC as found by EDX.

Sample MW? (gmol-')  Elemental composition (%)
C (0] Counter-ion  Others
CMCNa 195.40 43.74 49.59 6.67 -
421451 51.1+43 58+1.6 0.9+0.7°
CMCK 202.32 42.24 47.89 9.86 -
38.8+0.9 484+0.5 129+0.6 -
CMCMg  190.74 44.81 50.80 4.39 -
33.5+21 61.5+£2.7 5.0+0.6 -
CMCCa 194.13 44.03 49.92 6.06 -
446+3.2 49.6+4.1 57+0.9 -
CMCBa 215.04 39.74 45.06 15.19 -
394+1.0 402+4.0 204+3.0 -
CMCAI 189.37 45.13 51.17 3.70 -
47.7+40 457+31 39406 2.7+0.5P
CMCFe 193.51 44.16 50.08 5.76 -
442420 403+27 11.6+11 3.8+0.4°¢
CMCCu 199.17 42.91 48.65 8.44 -
452429 406+25 142424 -
CMCZn 199.56 42.82 48.56 8.62 -
451422 419433 13.1+1.2 -

For each sample, the first line corresponds to theoretically calculated values and the
second line corresponds to the experimental.

2 The molecular weight was calculated assuming a DS =0.43, as found by *C NMR,
and an stoichiometry relationship between the carboxylate anion and the divalent
or trivalent cations.

b Correspondent to Cl detected at 2.61 keV.

¢ Correspondent to S detected at 2.25 keV.

cosmetics, anti-freezing properties in food, or protective film
abilities. Several mechanisms have been proposed for moisture
absorption by carbohydrates [18-20], however, in this present
work the discussion is limited to the total sorbed water mea-
sured by TG analysis. The degree of humidity found for cellulose
in a 100% relative humidity ambient was 13.64 1.0, which is
very close to that reported for cotton [18] and amorphous cel-
lulose [20]. For the CMC salts with cations from alkali metal
groups, the following humidity degree percentage was found:
CMCLi=43.1+1.0; CMCNa=71.0+0.4; CMCK=54.0 £4.0. Accord-
ing to previously reported data [18], the nature of the counter-ion
is probably also important as the electrostatic field decreases.
For alkali metals, the sequence of electrostatic field intensity is
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Fig. 3. CP-MAS 3C NMR spectra of cellulose (—) and CMCNa( (...).
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Fig. 4. Representative TG curves over the range of 100-500°C in nitrogen atmo-
sphere for cellulose, CMCNa, CMCCa, CMCAI and CMCFe at a heating rate of
B=10.0°Cmin~'.Insert: corresponding DTG curves in an arbitrary scale for the range
of 150-400°C.

Li* >Na*>K* >Rb* > Cs*, consequently the water uptake must fol-
low the same order once the more pronounced the field, the
stronger the effect on the surrounding water molecules. CMCNa
and CMCK look to obey this rule but the CMCLi does not. It is
known, however, that a stronger electrostatic field increases the
intra molecular forces between side polysaccharide chains, result-
ing in a compact structure that reduces the water interaction. This
is true for CMC in the acid form (non-dissociated ~-COOH groups)
that results in an insoluble material due to the increase of intra
chains hydrogen bonds. This phenomenon can explain the low
degree of humidity found for CMCLi. This situation was not con-
sidered or detected in a previous study [18], where the following
degrees of humidity were found for CMC (DS=0.65): CMCLi=60%;
CMCNa=55%; CMCK =47%.

For the alkaline earth metals, the electrostatic field intensity
appears to be directly responsible for the values of the degree
of humidity that were: CMCMg=31.54+2.5; CMCCa=29.04+0.8;
CMCBa=25.042.5. It is clear that the CMC with counter-ions of
the alkaline earth metals presents lower affinity to water than the
CMC with alkali metal cations. This was reported before [19] and a
38% degree of humidity was found for CMCCa [18].

Finally, for the other studied cations the following values for the
degree of humidity were: CMCAl=32.0+2.0; CMCFe =29.6 +0.5;
CMCCu=25.6+0.5; CMCZn=31.0+ 1.4. These CMC salts showed
low affinity to water and were slightly soluble.

3.3. General characteristics of the TG curves of the cellulose and
CcMC

The gases generated by the pyrolysis of cellulose consist mainly
of Hy, CO,, CO, CHy, CoHg, CoHy, trace amounts of larger gaseous
organics and water vapor [21]. This is an extremely complex pro-
cess, generally undergoing a series of reactions [22]. The simplest
feature of this process is the DTG peak temperature, correspond-
ing to the maximum reaction rate, Ty, and the weight loss value.
The TG curves for cellulose and some CMC, salts scanned at heating
rate B=10°Cmin~! over the range 100-500°C, in nitrogen atmo-
sphere, are shown in Fig. 4, while the corresponding DTG curves are
depicted in the insert. For cellulose Ty, =349.11 °C is found and an
average weight loss, including all heating rate, as 90.3 £+ 2.2%. These
values are close to that reported in the literature [23,24] where Ty,
values for cellulose is ~350 °C and the residue yield inferior to 10%.

The TG curve for alkali and earth alkaline salts of CMC
are very similar regarding the shape, except the Ty value,
which is characteristic for each sample. For B=10°Cmin~!,
the Ty values and the average weight losses in parentheses,
were: CMCLi=294.14 (25.8+0.7); CMCNa=280.89 (45.0+0.8);
CMCK=283.61 (42.0+14); CMCMg=319.03 (50.0+1.1);
CMCCa=305.67 (48.7+1.4); CMCBa=295.14 (44.5+1.0). The
first relevant remark is that all of these CMC derivatives have Ty,
values lower than the parent cellulose (Fig. 5). In accordance with
these data, the carboxymethylation decreases the thermal stability
of cellulose. Second, Ty, values for the earth alkaline salts of CMC
are greater than that for the alkali one (Fig. 5). In such way, the
earth alkaline salts of CMC are thermally more stable than the
alkali counterpart. The reason for this behavior is probably due
the divalent character of the earth alkaline counter-ion that may
bond to more than one carboxylate anion, providing additional
stabilization. Other periodic properties noted here is that the
greater the ionic radius, the lower the thermal stability for a
specific group alkali or earth alkaline salts (Fig. 5).

The CMC salts with transition metals as counter-ions showed
lower stability considering the Ty, value (Fig. 5) and a complex
multi steps degradation pattern (Fig. 4). From the TG curves
(B=10°Cmin~"') the following Ty and average weight loss in
parentheses were found for CMCAI: Ty =197.53; Ty =272.19;
Tm3=39718 (43.4+0.8); CMCFe=Ty=246.34; Ty;=319.84;
T3 =440.36; Tpe=456.87 (38.3+0.5); CMCCu: Typ=230.30;
Tm2=368.70 (44.1+0.1); CMCZn="Tm;=225.28; Ty =280.25;
T3 =327.23 (36.9 £ 1.0). This lower thermal stability of transition
metal salts for the CMC, specially CMCFe and CMCCu, when
compared to CMCNa, was reported earlier [25] and the reason
for this multi steps degradation may relay to the formation of
a complex-like structure involving metallic cations, carboxylate
anions and water. The influence of cation in pyrolysis process is
well known for cellulose [26] and the trend appears to be related
to the size of the cation [27].

The thermal stability of the CMC is strongly influenced by the
initial solution pH before precipitation. A sample of CMCNa recov-
ered from an acid medium (pH 2.0 in HCl) showed a TG curve very
different from a CMCNa sample recovered from an alkaline one (pH
12.0 in NaOH), as seen in Fig. 6. In this case the degree of ionization
has an important role in the stabilization of the CMC. In acid condi-
tion some carboxylate groups are in the non-dissociate form, which
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Fig. 5. Ty, values from DTG curves plotted against the ionic radius of the counter-
ion of CMC salts. Only for comparison, the cellulose was taken as “0”. For the same
sample, each point corresponds to different scan rates depicted as S;.
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Fig. 6. TG curves from room temperature to 500°C in nitrogen atmosphere for
CMCNa recovered from an acid (—) and an alkaline (...) media at heating rate
B=15.0°Cmin~"'.

is noticeably less stable than the dissociated form. This finding con-
firms that intermolecular forces acting between the cation and the
anion dictated the thermal stability of the CMC polyelectrolyte. This
different degree of ionization may also affect the degree of humidity
uptake.

3.4. Kinetic analysis of the TG curves

3.4.1. Theoretical background
The kinetic analysis of a thermal degradation process begins by
expressing the reaction rate by a general equation such as:

9 k(@) (1)

where t is the time, « is the extent of reaction, T is the tempera-
ture, k(T) is the temperature-dependent rate constant and fl«) is
a temperature-independent function that represents the reaction
model. The rate constant k(T) is given, generally, by the Arrhenius

equation:
Ea
o) )

where A is the pre-exponential or frequency factor and E, is the
apparent activation energy. Thus, Eq. (1) may be rewritten as:

k(T) = Aexp (—

If the temperature is changed with the time (S =dT/dt) as it occurs
in dynamic experiments, Eq. (3) assumes the form:

do _A E,
7 =50 (-5 ) f@ (4)
which, by integration results in:
T
A Ea A
gla) = E/exp (~xp) a7 = 51E. ) (5)

(o]

where g(«) results from the integration of fla).

Egs. (3) and (5) are the fundamental expressions of analytical
methods used to calculate the kinetic parameters on the basis of
TGA data, applied to isothermal and isoconversional experiments.
Some of the most common analytical expressions used to solve
these equations and to find both E; and A values are summarized
in Table 2. These mathematical expressions were previously used
in studies with cellulose [28] and other materials [29,30].

Once the apparent activation energy has been determined, it is
possible to find the kinetic model which corresponds to a better
description of the experimental data issued from the TG exper-
iments. For this purpose, it is possible to define two especial
functions which can easily be obtained by transformation of the
experimental data, as proposed by Malek et al. [36,37]. For isother-
mal experiments these functions are:

Z(a) = (do‘) £~ f(o)g(@) (6)

v = (4) =f@ ™)

The value of « at the maximum of the Z(«), &3, is characteristic
of the kinetic model, the shape of the Y(«) function is formally iden-
tical to the kinetic model flor) and its maximum value is labeled as
.

! Similarly, for dynamic conditions these functions, which have
the same mathematical properties as those for isothermal condi-
tions, are defined as:

2@)= () 7 ~f@g@) ®)
v = () e (2) ~ast@ (9)

3.4.2. Kinetic parameters Eq and A of the cellulose and CMC

The mathematical approach described above was applied in the
isothermal and dynamic data of the parent sample and its derivative
CMC to determine the role of the counter-ion in the E; values and its

‘L — Aexp ( Ea ) 3) effectiveness in predicting the thermal stability of such polymers
dt RT (Fig. 7).
Table 2
Kinetic methods used in evaluating E, and A.
Method Expression Plot Refs.
MacCallum '%. +In[g(a)] — InA=Int Intversus 1/T [31]
) 1 —E, R 5
Broido In [ln (m)} RT +In |:(Ea ) ( ) Tm} In[In[1/(1 — &)]] versus 1/T [32]
Ozawa-Flynn-Wall log B = logg( E;R —2.315 0. 45;5_75" log B against 1/T [33]
Kissinger lnTﬁ; = {lng +1In [n(l —ozp)”’l] } - In B/TZ, versus 1/Tp, [34]
m
I(E.
Vyazovkin 2= E E [, Ta i)y £2 attains a minimum [35]
IEaut o,j ,3,

i Jj#i
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A critical examination of the mathematical approaches, mainly
the single-rate-based one, applied to the dynamic experiments has
given more credit and mechanistic significance to the isothermal
experiments [31,38-40]. Consequently, the isothermal experiment
was carried out with cellulose for comparison with the other
approaches. The following E, values were found, in kJmol~!,
for each extent of reaction: «(0.025)=130.7; «(0.05)=150.0;
«(0.10)=164.8; «(0.15)=174.8; «(0.20)=184.5; «(0.30)=1871;
excluding the first values the average was E, = 172.2 + 15. This aver-
age E, value is very close to that calculated by Kissinger and
Ozawa-Flynn-Wall methods while Broido’s values deviate from it
(Table 3). Broido depicted his method studying the pyrolysis of the
cellulose [32] and considered the reaction order as a first order pro-
cess or fla)=(1—«) based on a single heating rate measurement.
In that study, Broido found E, =55,000 cal mol~! (230kJmol~1), a
value that is very close to that calculated here for cellulose by this
approach. Although this E; value is probably over estimated due the
first-order generalization and several approximations. In fact, other
study reports [28] lower E, values for cellulose in comparison with

Y (o)

Table 3
The Arrhenius parameters E, and A, for the thermal degradation of cellulose and
CMC determined according to Kissinger and Ozawa-Flynn-Wall.

Sample Kissinger Flynn-Wall-Ozawa
Ea (kJmol 1) Ea (kJmol~1)? A (min~")P

Cellulose 172.2 181.0 £ 4.3 1.1 x 10
CMCLi 175.5 168.2 + 1.6 4.2 x 10»
CMCNa 213.1 194.6 £ 2.0 1.9x 108
CMCK 170.10 1529 + 1.0 1.4 x 10"
CMCMg 179.8 171.0 £ 6.0 1.2 x 10"
CMCCa 190.8 166.7 + 4.8 1.2 x 10®
CMCBa 169.1 157.5 £ 3.3 2.1 x 10"
CMCAI - 1334 £ 22 -

CMCCu - 1572 +£ 6.8 -

2 The average E, was calculated for 0.05 <« <0.30.
b The A values was calculated according to Ref. [30] assuming 8=10°Cmim~'.

the Broido’s method. On the other hand, when f{«) is assumed to be
a first order process for cellulose even other approaches gave high
values for E; close to 220 k] mol~! [26,41].

The isoconvertional method proposed by Ozawa-Flynn-Wall
gives a more reasonable E; values (Fig. 7). Furthermore, the E,
values calculated by this method are in very accordance with the
values calculated by the new isoconvertional and more accurate
method proposed by Vyazovkin. According to Vyazovkin’s method,
for a given set of experiments carried out at different heating rates,
the activation energy can be determined at any particular extent
of conversion by finding the value of E; for which the function
§2 attains a minimum [35]. Taking the E, values calculated by the
Ozawa-Flynn-Wall method as a first approximation and testing the
dynamic data in the function 2, a deviation smaller than 1% (Fig. 7)
was observed for the E; values. Such result was reported earlier
[30] and shows the adequacy of the Ozawa-Flynn-Wall method to
determine the E,.

Now, the principal aim of this study is to compare the E,
values of different CMC salts to estimate their thermal stability.
Unfortunately it was not possible to apply the mathematical treat-
ment in all of the TG curves due to its complexity and multi step
degradation pattern. The Kissinger E; values (Table 3) do not show
any periodicity as that seen for Ty, in Fig. 5. On the other hand, the
Ozawa-Flynn-Wall E, values demonstrated a good relationship.
Except for the high value of the CMCNa, all CMC salts have E,
inferior than that for cellulose. It is worth noting that E, decreases

7 (a)

Fig. 8. Typical functions Y(«) (closed symbols) and Z(«) (open symbols) for the dynamic degradation (8=10.0°Cmin~") for the following samples: cellulose (M,0); CMCLi

(@,0); CMCCa (a,A).
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Table 4
Kinetic parameters for cellulose and CMC salts determined according to Mélek test for isothermal and dynamic TG data.
Sample? Kinetic model fla) Parameters

oy o m n
Cellulose, 5(2.5) SB(n,m) om(1—a)" 0.26 0.598 0.38 1.09
Cellulose, 5(5.0) 0.25 0.611 0.36 1.09
Cellulose, 5(10.0) 0.23 0.664 0.28 0.91
Cellulose, £(15.0) 0.20 0.603 0.28 1.12
Cellulose isotherm T(290) 0.25 0.46 0.45 135
CMCLi IJMA(1) n(1—o)[—In((1 —)]*-C/m 0.00 0.569 = 1.0
CMCNa SB(n,m) aM(1—a)? 0.11 0.478 0.23 1.89
CMCK SB(n,m) oM(1—a)t 0.42 0.530 1.59 2.19
CMCMg RO(n>1) 1-a)y 0.00 0.572 - 1.91
CMCCa RO(n>1) 1-a)y 0.00 0.492 - 2.06
CMCBa RO(n>1) 1-a)y 0.00 0.491 - 1.92

2 Otherwise specified the f=10.0°Cmim~".

as the atomic number for a specific group alkali or earth alkaline
salts increases (Table 3). The high E, value found for CMCNa salt
do not have a reasonable explication, however, it was observed
by the isothermal MacCallum approach as well (E;=197.54+12).
For CMC salts of transition metals, the mathematical treatment
becomes inappropriate due the imprecision in setting initial
and final extents of reaction, «, mainly for the isoconversional
Ozawa-Flynn-Wall method.

3.4.3. Further information about kinetic parameters of the
cellulose and CMC

Further information can be obtained from the TG curve regard-
ing the analytical expression that describes the kinetic model,
fla). Having in hands the E; and A values, the most probable
kinetic model can be determined and compared to the experimental
curves. For this, the procedure proposed by Malek (Egs. (6)-(9)) was
used in the isothermal and dynamic experiments. Some typical Z(«)
and Y(«) functions are shown in Fig. 8. The resulting Z(«) and Y(«)
curves for cellulose, CMCNa and CMCK showed almost the same
profile with Y(«) with a maxima such that 0 < &} < a5. Thus, the
catalytic SB(n,m) model proposed by Sestik [42] yields the best fit.
Specifically for cellulose this kind of model was confirmed recently
to be more appropriated in detriment of a first-order one [41].
CMCLi showed a very different profile with Y(«) having a maxima
in o, = 0 and steadily decreases linearly. Therefore, its degradation
process can be satisfactory described by the Johnson-Mehl-Avrami
model or JMA(1).The Y(«) for CMCMg, CMCCa and CMCBa decreases
steadily, having its maxima at &y, = 0, although its shape is concave.
Thus, the reaction order, RO (n> 1) is the most appropriated fitting
model. Different isothermal temperatures or different scan rates do
not influence in the shapes of the Z(«) and Y(«) functions, except
for a small variation in their maxima. According to each kinetic
model, the exponents m or n are determined, completing all needed
parameters to plot a simulated curve (Table 4).

Thus, by substituting the values of E; and A and the expres-
sion for fla) in Egs. (3) or (4), it is possible to simulate the curve
do/dt or do/dT which, after normalization, may correspond to the
experimental one. The simulated and the experimental curves cor-
responding to the thermal degradation of cellulose and CMC salts
showed a good agreement in the range of « attained in our exper-
iments (Fig. 9), indicating that the kinetic parameters and the
expression of flor) adopted for the simulation are quite suitable.
The best fitted model was achieved for cellulose, CMCMg, CMCCa
and CMCBa, which resulted in a lower residual difference between
the curves, although the percentage difference for other cases was
lower than 2% even for o <0.2 and « > 0.8.

To define an exact kinetic model, this analysis shows that very
similar materials behave significantly different in the pyrolysis and
avery complex mathematical description [30] would require defin-

ing a satisfactory approach. Nevertheless, some insights on possible
mechanisms of degradation can be depicted [30,42]. For instance,
the parameters m and n in the SB model describe, respectively,
the acceleration and deceleration of the decomposition rate with
respect to the conversion. Thus, they describe the reaction that
begins with an acceleration of the degradation rate until a max-
imum is attained, when an nth order-like deceleration becomes
dominant through the reaction completion. Moreover, this suggests
aprocess controlled by nucleation. On the other hand, the RO kinetic
model may be related to a phase-boundary controlled processes.
It is known, however, that complex degradation processes gener-
ally follow a kind of kinetic model in the earlier stage, changing to
another in the later stages of degradation [42].

FTIR analysis can confirm the probable kinetic model described
earlier. Thus, if the extent of the reaction, o, is expressed as a func-
tion of the decrease on the absorbance for a given characteristic
band in function of the time, then o =(Ag — A¢)/Ag, Where Ag is the
absorbance of a given band at zero time and A; is the absorbance
of the same band at time t. Thus, the plot of do/dt versus t must be
closely similar to de/dt, i.e., the degradation kinetic model. Doing
this for the bands at 1595 and 1417 cm~, referent to degradation of
the carboxylate anion, the plot do/dt versus t (Fig. 10) does not show
any maxima. Therefore, these degradation reactions are predomi-
nantly decelerative, hence better described by a kinetics model of
the type (1 — ). Conversely, as a maximum is observed in the curve
due to the band of the glycosidic bond at 890 cm~! and the carbonyl
group C=0 at 1740cm~"! (Fig. 10), it can be attributed to an accel-
eratory phase followed by a deacceleratory one. Therefore the two

1.0+

do/dT

Fig. 9. Experimental (symbols) and simulated (lines) curves do/dt versus « for the
dynamic degradation (8=10°Cmin1) for cellulose: (®,—) and CMCCa (O,...).
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Fig. 10. Plot of do/dt versus t for infrared bands due to vibrations of C=0
(O=1740cm'), carboxylate anion (®=1595cm~', O=1417cm™'), and glycosidic
bond (£=890cm~1). The FTIR spectra in the range 1300-1900cm™! of films of
CMCNa degraded for 0 and 80 min at 220°C are seen in the insert.

parameters SB model seems to be more suitable. This kind of behav-
ior has been reported for chitosan that has a very similar backbone
constitution [30].

Another very important finding in the FTIR degradation study
was the appearance of a band at 1740 cm~! that increases steadily
with the degradation time (see the insert in Fig. 10). A band at this
frequency is characteristic of the axial deformation of the carbonyl
group C=O0, although only when belonging to a non-dissociated
acid or ester group [43]. This makes clear that an intermediary acid
or ester compound involving the carboxylate group is formed dur-
ing the early step of degradation. The formation of such compound
shows a predominantly acceleratory behavior (Fig. 10).

4. Conclusions

Polyelectrolyte like CMC is a very interesting class of polymers
that exhibit special properties in solution or in solid-state condi-
tions. Furthermore, these properties can be entirely different by just
changing the counter-ions as effectively observed by the degree of
humidity and the thermal stability. Special care must be taken when
CMC is used in the solid-state in combination with other chemi-
cals, where the presence of cations can lead the CMC to present
unexpected properties. Another important remark in this study is
that only the kinetic parameters are not enough to predict the ther-
mal stability of the CMC salts. Such parameters must be interpreted
in association with the temperature of maximum degradation rate
that showed a remarkable periodic property. For less complex TG
curves, the Ozawa-Flynn-Wall method provided good results. FTIR
analysis showed to be useful in elucidating the kinetic model and
providing information about intermediary compounds formed dur-
ing thermal degradation.
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