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Abstract

A kraft lignin derivative (KLD) obtained by reaction wigitaminobenzoic acid/phthalic anhydride, was blended with poly(vinyl alcohol) (PVA)
by solution casting from DMSO. PVA and PVA/KLD films were exposed to ultraviolet radiation (Hg lamp, 96 h) and analyzed by thermogravimetr
(TG) ininert and oxidative atmosphere. Typical multi-step decomposition profiles were obtained. The apparent activatiof.goéthg thermal
degradation of the samples was computed by the Vyazovkin method. The KLD degradation presented only small intervals of decomposition de
with constantt, values. PVA and blends showed intervals of up to 50% in decomposition degree with nearly cBpsaadtsmaller intervals in
which E, varies drastically. The influences of samples irradiation and of surrounding gas in TG analigiareralso shown.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction studied in inert atmosphere (as in the former work) and also
in oxidant atmosphere (synthetic air), because of its similarity

Studies on the use of different types of lignin, as addi-with the ambient conditions. The Vyazovkin isoconversional

tive or component in polymeric materials, have revealed thamethod[10] was used in the kinetic study and FT-IR spectra

it can be useful acting for example as conductivity modifi¢r  of the volatile products and solid residues, at different reaction

crosslinker[2], antioxidant/stabilizef3-5], and others. In our advances, were also analyzed.

previous worK6,7]interesting results of thermal properties were

observed blending lignin with polyvinylalcohol (PVA). Lignin 2. Experimental

provides a protective effect towards thermal and photochemical

degradation of PVA. The objective of this work was to continue2.1. Reagents and chemicals

and amplify the study of that system using a lignin derivative

where p-aminobenzoic acid (PABA) was linked to the lignin  Poly(vinyl alcohol) 98-99% hydrolyzed, MW 13.000—

moleculed8] which selection was based in the protective prop-23.000, was purchased from Aldrich. Lignin was isolated from

erties of PABA towards ultraviolet radiatidB]. Our interestin  kraft pulping black liquof7] provided by Klabin, ParanState,

this work was to analyze the kinetic behavior during thermalBrazil. A lignin derivative (KLD) was synthesized through reac-

decomposition of the pure polymers and blends using an isdion of the acetone insoluble fraction of a kraft lignin with

conversional approach because it allows unmistakably detectirte product of the reaction between phthalic anhydride and

multistep kinetic§10-15]. Through such methodj, is deter-  p-aminobenzoic acid. The synthesis reaction and the charac-

mined as a function of the degree of advance of the reactiorierization of the KLD product is described elsewhgg All

which reveals the complexity of the reaction in the overall inter-other reagents had at least 99% purity.

val of decomposition. The thermal degradation reaction was

2.2. Methods
* Corresponding author. Tel.: +55 44 3261 4451; fax: +55 44 3263 5784. Solutions of KLD and PVA in DMSO were prepared and
E-mail address: eagpineda@uem.br (E.A.G. Pineda). proper volumes were mixed to prepare blends by casting, with

0040-6031/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.tca.2005.11.006
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compositions that allow film formation (not higher than 25% spectrometer. Sample mass of 6—10 mg, flowing nitrogen and
of KLD). The films were irradiated with an Hg vapor lamp synthetic air of 20 ml/min and heating rate of X@min were
with 48 mJ s m~2 of fluence rate, that is, a normal street lamp used in these experiments.
at 15cm from the sample where the local temperature do not
exceeds 40C. 2.3. Kinetic procedure
FT-IR spectra were performed on an FT-IR Bomem MB 100
spectrometer with samples prepared in 1% KBr pellets, with 4 the thermal decomposition of the solid,
precision of 4 cm™ in the peaks absorption. that the reaction rate can be described as
DSC was performed on Shimadzu DSC-50 under flowing
nitrogen (20 ml/min) atmosphere at 10/min. Sample of 6 mg dj — ko e Ea/RT f(4) 1)
was placed into aluminum pan. t

Thermogravimetric measurements were performed on a Sh\'/i/here da/dis the reaction ratds, the activation energy as func-

”?adZ“ TG.A 50. Instrument, ope_ratlng n dyn_am_lc mode ur.]de{ion ofthe degree of conversion (¢g) a function dependent on
either flowing nitrogen (20 mi/min) or synthetic air (50 ml/min) the reaction modekg the rate constant at infinite temperature
atmosphere at heating rates of 2.5, 5, 10 andZfin. Samples T the temperature anklis the gas constant '

o i o s o, Under noiotheral conons Wi asample s hesid

energy computation through the Viyazovkin metfitl as sum- atla _constant rate, the ex_pI.|C|t temporal d_ependence N1 cp

marized bellow. A number of about 400 points were used for theehmlnated through the trivial transformation:

isoconversional plot and for the computations and graphic conde 1

structions a Microsoft Exc8l Spreadsheet was constructed. ar = Ek(T)f (@) ()
Simultaneous TGA-FT-IR analyses were carried out in a

TG Netzsch-209 thermobalance and an FT-IR Bruker-Vector 23 is the constant heating rats= d7/ds andk(7) = ko e E/RT

it was assumed
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Fig. 1. TG and DTG curves for KLD. Experimental conditions: heating rateCItin and (a) nitrogen atmosphere and (b) synthetic air atmosphere.
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Reordering Eq(2), it can be written as 80
1 ko _E/rr
— da=—e LR dr (3)
f@ B o ”
Integrating Eq(3) between the limite = 0 anda =« and the = '-""H. _.a‘ "\ .‘f
corresponding temperaturés- 7o and7T=T: g _-' . =
= 40 4 u I‘
ko [T /ey pe - -..-"f
gla) = — e dr (4) w o d
B Jto : F
If EJ/2RT>> 1, Eq.(4) can be rounded to 20 8
gla) ~ ko R 12 ok/rr (5) o 20 4 60 8 100
B E (a) % Decomposition
Arranging Eq.(5) and taking In, we obtain
240
Rk E, 1
'nﬁz='n[ 0}—“ (6) - Fal
T Eqg(a) R Ty -ﬂ F

200 - P
Eq.(6) can be used to calculate the associated activation energy ;" "-i- 3 "llh
E, for every conversion if at least three dynamic measurements I ]

with different heating rates are available. To use the applied 160 | f; u,.

kinetics (simulation, conversion plot, isoconversion plot), this I '

new formulation requires no knowledge of the reaction model f""
() or g(a)). With these new kinetics, selection a priori of the 1201 »
model with all its associated errors is no longer necessary. This H‘-
leads toimproved results as experience has shown that the known . ‘ . . .

models correctly mirror reality only in isolated ca#®,14]. 0 20 40 60 80 100
(b) % Decomposition

Ea (kJ/mol)

3. Results and discussion Fig. 2. E, of the thermal degradation reaction of KLD: (a) in nitrogen and (b)

in synthetic air atmosphere.
The TG curve of KLD obtained in nitrogen and in synthetic air

with the corresponding first derivative curve is showifrig. 1.
The apparent activation energy gjFfthroughout the thermal than in oxygen (Fig. 3b) containing atmosphere and increase
decomposition reaction is presented-ig. 2. At the first stage directly with temperature, indicating an increase inJ Gfn-
of the degradation of KLD in nitrogen atmosphere, a relativelycentration. The weaker signals in the 3100-3700tmegion
well-defined DTG peak emerges, and from 280on, only inalsoindicate the occurrence of hydroxyl-containing products.
overlapped peaks occur, indicating a number of parallel and/aEO characteristic peaks at 2100 and 2200 trand aromatic
consecutive reactions. This behaviour is related to the hetegroups characteristic peaks in the 900-1000tmegion are
rogeneous structure of lignin. In air, two well-defined thermalonly visible in oxidant atmosphere. These reactions, that not
decomposition stages are observed in the DTG curve, that is, aiccur in inert atmosphere, should be related to the higher val-
intense peak with a minimum at 498 and another rather weak ues ofE; obtained in oxidant atmosphere (Fig. 2). Mazumder
peak at 150C. The larger number of reaction steps iniblalso et al. [16] analyzed the volatile product of lignin pyrolysis
evidentin the plot of; versus % of decomposition. In nitrogen, through mass spectrometry and gaseous chromatography and
there are only very short intervals in whighis constant, show- detected various syringyl and guaiacyl structures such as guaia-
ing three maximum and four minimum values varying betweercol, syringol, eugenol, vanillin, sinapylic alcohol, coniferalde-
13 and 54 kJ/mol. On the other hand, in air, two maximum andhyde, syringaldehyde, etc.
three minimumE, values are observed in the 95-230kJ/mol  The FT-IR spectrum of the solid products of the same reac-
interval and a near constaay of 150 kJ/mol between 43 and tion at various degrees of reaction advance in inert and oxidative
60% of decomposition. It is important to note that thermalatmosphere is presentedriy. 3c and d, respectively. Fig. 3c,
decomposition is favored in oxygen-containing atmospheré can be observed a decrease in theHOand G-H charac-
and that theF, is as much as 100 kJ/mol higher than in inertteristic peaks (2800-3400 crh) and changes in the carbonyl
atmosphere at a degree of decomposition higher than 15%. and aromatic peaks (1500-1700Th during reaction. From
The FT-IR spectra of the volatile and solid products of the450°C on, the 1700 cm! peak decreases significantly, and the
thermodecomposition of KLD in inert and oxidative atmospherel 500 cnt! peak disappears while 1600 thpeak increases.
are shown inFig. 3. The 2350-2360 and 667 chpeaks in  The 600-1250cm! region shows that at 60€ the solid
Fig. 3(a and b, volatile products) are evidences ob@@®ma- residue is most probably a major proportion of char. In syn-
tion. The intensity of these peaks is higher in inert (Fig. 3a)hetic air atmosphere (Fig. 3d) it is also observed a decrease in
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Fig. 3. FT-IR spectra of the KLD thermal decomposition products jratdnosphere ((a) and (c)) and synthetic air atmosphere ((b) and (d)). Volatile products ((a)
and (b)) and solid residues ((c) and (d)).

the O-H and G-H characteristic peaks and changes in the carboth atmospheres is evidenced by a fine intense and symmetric
bonyl and aromatic peaks (1500-1700¢dinduring reaction. DTG peak at the final stage of the reaction in air, in the range
Peaks in the 700-750 cth region (1,4-disubstituted aromatic of 460-520°C. Few differences are observed in these analyses
rings) are no longer visible at 40€. According to Ciobanu between irradiated and non-irradiated samples.
et al.[17], residues of the thermo-oxidative decomposition of Asinthe case of PVA, PVA/KLD blends show TG curves that
lignin can be phenols and alkyl-radicals formed by the cleavagstrongly depend on the surrounding gas in the final stage of the
of thea—B-alkyl-aryl-ether linkages. thermal degradation. The DTG curves of the blends, irradiated
The KLD lignin derivative was blended with PVA in DMSO and non-irradiated (not shown), are similar to that of the pure
solution. PVA and PVA/KLD films were exposed to UV radi- PVA shown inFig. 4.
ation of an Hg lamp for 96 h. Thermogravimetric analysis of The apparent activation energygjfof the thermal degrada-
irradiated and non-irradiated samples was performed in inetion reaction of PVA and the films of blends PVA/KLD 100/0,
and in oxidative atmosphere. The ambient conditions are beB85/15, and 75/25 in inert and in oxidative atmosphere was
ter represented by the oxidative atmosphere and it is of greaomputed by the Vyazovkin isoconversional method (results in
importance to investigate how polymeric materials behave irFig. 5). In nitrogenE; shows low values up to 10% of decom-
such conditions, especially when practical applications are corposition for both irradiated and non-irradiated blend films. This
sidered. The PVA thermograms are showfrig. 4. Comparing factis related to the presence of KLD because it shBywslues
these TG curves obtained in nitrogen with those obtained in aipf the same order of magnitude at the initial stage of decomposi-
it can be seen that in air the reaction finishes at®20while  tion. Such lowEj are attributed to low energy processes such as
in nitrogen it proceeds up to 80C. The DTG curves show the elimination of low molar mass compounds (£,6,0, etc.)
significant differences. In nitrogen, only one intense and sym{18]. In the 15 to 60% interval of decomposition, all samples
metric peak centered at 28Q is observed together with other showed nearly constasy, ranging from 120 to 170 kJ/mol and
weak peaks throughout the reaction. In air, the DTG peak aslightincrements due to sample irradiation and also due to KLD
280°C is large and has medium intensity. At least three peakscorporation. For decomposition degree higher than 68%6,
are overlapped, which indicates more reaction steps in this temvalues show great oscillations even to negative values. The non-
perature range. The largest difference between the reactions iimadiated 75/25 blend is the only one that presents only positive
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The FT-IR spectra of the volatile products of the thermal
decomposition of PVA and of the PVA/KLD 85/15 blend, in
inert and oxidative atmosphere are showifrig. 7. In the case
of PVAin N2 (Fig. 7a), the spectrum with most intense signals is
obtained when the sample undergoes Z2@uring the thermo-
gravimetric analysis acquisition. These signals are characteristic
of CO» (at 2350 cnml) and carbonyls (at 1715 cm), most prob-
ably from volatile aldehydes. The less intense peaks observed
at 2700-3000 cmt, may have been originated by water, alco-
hols and unsaturated compounds, which also originate signals
in the 1000-1200 cm' region present in this spectrum. There is
also a shoulder at 1760 cthcharacteristic of saturated ketones.
The peak at 1745cnt in the spectrum of the volatile prod-
ucts corresponding to the sample temperature of @08 most
probably originated by unsaturated ketof2@]. Another peak
at 1640cm! may be related to water and/oe=C bonds of
volatile alkenes. A different behavior was observed in the spec-
tra of the PVA volatile products in synthetic air (Fig. 7c). The
1745cmt! peak undergoes a maximum intensity at 220
while the 2350 cm? peak increases with increasing temperature
throughout the reaction. Pure PVA, undiE0, 1 (I'=200°C),
reacting in both atmospheres show similar FT-IR results (Fig. 7a
and c), nevertheless in synthetic air thg is slightly lower
(75-137 kJ/mol) than in nitrogen (115-180 kJ/mol), as observed
in Fig. 5a and c. In nitrogen, from=0, 6 (I'=400-500C) on,
negativeE, values are obtained. In this stage of the reaction,
exothermic processes take place as can be seen in the DSC anal-

Fig. 6. Comparison of the real and the synthesiZgds.« curve for PVA/KLD R
85/15, and also to the pure PVA: (a) ltmosphere and (b) synthetic air atmo- YSIS INFig. 8. .
sphere. The spectra of the gaseous pyrolysis products of the reac-

tion of the PVA/KLD 85/15 blend in N atmosphere (Fig. 7b)
values. A nearly constarffy is related with a unique reaction show that the signals attain a maximum intensity when the sam-
step or with a multi-step process controlled by the slowest steple is heated to 600C (this happens at 22 for pure PVA).
NegativeE, values do not have physical significance and areThe peak wavenumbers and their most probable attributions
most probably originated by complex parallel reactions involv-are as follows: 36003750 cth of hydroxyl-containing com-
ing free radical$18,19]. pounds; 2350 cmt of carbon dioxide; 1745 cmt of unsatu-

In synthetic air atmosphere, the non-irradiated samplegated ketones; 1705 cm of unsaturated aldehydes and ketones;
(Fig. 5¢) show nearly constaf, (around 100-150 kd/mol) up 1550 cnm?® of volatile alkenes and/or carboxylic acids. On one
to 40-50% decomposition and large variations at higher reactionand, it can be observed that the peak at 2350-2360 swery
advances. Inthe case of irradiated samples, the curve profiles asinilar to that of the KLD pyrolysis products (Fig. 3a), and on
similar, but the nearly constaft, interval is smaller andfz val-  the other hand, the peaks present in the PVA pyrolysis products
ues are larger than those of non-irradiated filfsralues lower  (Fig. 7a) are rather distinct. Based on these results, it can be
than—600 kJ/mol were obtained in the 30—48% decompositiorsaid that the carbonylic products formed in the blend reaction
interval and they were removed from these curves. are different from those formed in the pure PVA reaction. In

TheE,versus decomposition degree curves were also synthehe case of the blend reaction in oxidative atmosphere, carbonyl
sized by the addition of the two pure polymer curves, accordingontaining volatile molecules are practically absent ang,CO
to the blend compositiorig. 6 shows the comparison of these detected by the 2350 cm intense peak, is present at all stages
simulated curves with the real ones for blend 15/85. The puref the reaction (seEig. 7d).

PVA curve was also included for comparison’s sake. Because Fig. 9 shows the FT-IR spectrum of the original samples
of the low LKD content, the simulated curves differ only very (PVA and 85/15 blend) and the solid residues of the decom-
slightly from the pure PVA curve. In both inert and oxidative position reaction in inert and oxidative atmosphere, at four
atmospheres, there are intervals in which the real curve dislaeaction advance degrees Alterations in the intensity of various
cates significantly from the simulated one. A similar behaviorpeaks are observed during reaction. I for PVA and blend

was observed for other compositions. This result shows that th@ig. 9a and b) the intensity of the OH band (3000-3700¥m
reactions that take place in the thermal decomposition of theecreases, the peak maximum shifts to lower wavenumbers as
blends are different from those that occur in the pure polymershe reaction proceeds, and the shoulder on the right side of the
probably due to specific interactions between polar groups dband (due to bonded OH) dessapears. The peaks in the range
the polymeric chains, as also suggested by another anf8ysis 2700-3000 cm! are practically absent at the final stage of the
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reaction. In the 1550-1750 cth range the signals are orig- deformations and €C and C-O stretchings originate peaks in
inated by the EC, C=0 and water molecules. The original the 1200-1500cm region. The GC-C stretching band at

samples show three signals in this interval and from“4Don,

only two peaks are visible, one at 1690ch{due probably to

1143 cntl is attributed to PVA crystallinitf19]. From 220°C
on, these absorption bands and the 916 and 815 queaks

unsaturated ketones) and another more intense at 1580 cm(attributed to PVA tacticity) show a large decrease. In this way,

(characteristic of carboxylate ion). GKtibrations, G-H, O-H
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Fig. 8. DSC curve of PVA.

it can be said that various carbonyl compounds such as ketones,
carboxyl acids, and others may be formed. Furthermore, the
presence of a low quantity of KLD in PVA films plays an impor-
tant role in the thermal decomposition reaction as it results in
char with major aromatic and hydroxyl groups content.

It is well known that alcohols dehydrate forming unsaturated
compounds. In PVA pyrolysis, a first stage with the elimination
of water and the formation of-@C bonds is proposed together
with further complex reactions such as keto-enolic tautomeriza-
tion, hydrogen transference, cross-linkages formation, cycliza-
tion, besides the formation of free radicals. Holland and [2&y
reported that saturated and unsaturated aldehydes and ketones,
vinyl esters and terminal alkynes are formed in PVA pyrolysis,
while Gilman et al[20] reported the formation of conjugated
aliphatic and aromatic polyens, substituted cycloalkenes, and
other unsaturated compounds. In spite of the similar behavior
shown by the spectra of both samples up to 4D0the final
products (at 600C) reveal different structures.
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In synthetic air, it is observed that the carbonyl content indecomposition reactions in air are larger than those in nitrogen.
the solid product increases during the reaction, for both samin general, PVA/KLD blends initiate reaction with very lay,
ples PVA and PVA/KLD blend. Another characteristic peakssimilarly to KLD. From nearly 10% (decomposition) on, thg
observed in these spectra are of molecules containing sabf the thermal decomposition of PVA inJ\shows only small
urated hydrocarbons (2800-3000and 1000-1200maro-  variations due to irradiation and KLD incorporation. In air, the
matic rings (1600 cmt) and hydroxyles (3000-3700 crh. Eaof PVAincreases (up to 30% decomposition) when the film is
irradiated and the effect is minimized in KLD-containing PVA
films.

The FT-IR spectra of the volatile products and the solid

The thermal decomposition reaction of KLD, PVA and residue formed in the thermal decomposition of PVA and
PVA/KLD blends (containing up to 25% KLD) finishes at lower PVA/KLD show that very different reactions take place in these

temperatures in air than in nitrogen atmosphere. TG/DTG anaf@Mmples. Itcan be said that the presence of alow quantity of KLD
ysis of these samples also shows that the number of thermi] PVA films plays an important role in the thermal decomposi-
decomposition reaction steps is strongly dependent on the sufon reaction, providing a char with major aromatic and hydroxyl

rounding gas. Irradiated and the corresponding non-irradiate@fOUpPs content.
samples show similar TG/DTG curves.
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