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ABSTRACT: Evaluation of different types of lignins and lignin derivatives, representing
a spectrum of significant differences in regard to delignification processes and the
nature of wood, in blending with a rigid poly(vinyl chloride) (PVC) compound for
outdoor application is discussed. The influence of lignins on the processability of the
blends, as well as on their strength at yield, break, and impact before weathering, and
after 7 days of artificial weathering period (in the presence of ultraviolet light, humidity,
and moderate temperature) was investigated, and the data correlated with those of
rigid PVC compound. Infrared and thermal analysis were performed to elucidate the
morphology of the blends. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 66: 1731–1744,
1997

INTRODUCTION basic components are p -hydroxyphenyl propane
units (1), guaiacyl units (2), and syringyl units
(3), as shown:The increasing utilization of rigid poly(vinyl chlo-

ride) (uPVC) in the building industry, for win-
dows, siding, and other exterior profiles, is being
driven by wood and metal replacement and de-
mands for improved thermal efficiency.

Due to the commercial value of PVC, there are
already established blends with other common or
less common polymers whose practical benefit is
well recognized.

Wood contains about 25 wt % of lignin, which
together with cellulose, form the structural com-
ponent of trees and other plants. Very large quan-
tities of lignin are produced annually by the pulp
and paper industry, where lignin is separated
from cellulose fiber. A very small amount of lignin
is used around the world as antioxidants or fillers
in rubber or as a component in blends with ther-
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moplastics or thermosets. The rest is used almost
exclusively as fuel to generate energy. In contrast
to cellulose, lignin has an aromatic structure. Its They are naturally bonded together by random

coupling reactions resulting a three-dimensional
amorphous polymer.
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1732 FELDMAN AND BANU

in lignin are linked by ether bonds and the rest By selecting a PVC compound with a more effi-
cient thermal stabilizer and UV absorber, we ex-by carbon–carbon bonds. The chemical reactivity

of lignin is largely determined by the presence of pected to improve the weatherability of PVC–lig-
nin blends.phenolic hydroxyl, benzylic hydroxyl, and car-

bonyl groups. Their frequency may vary according Based on the previous results, all the blends
for this study were formulated with 5% by weightto the wood species and the method of isolation.1

Lignin is obtained as coproduct in pulp produc- lignin.
The care against pollution of our environmenttion by sulphite or sulphate processes. The sul-

phite process results in a lignosulphonate by- has opened up the interest in the utilization of
renewable resources. The purpose of the researchproduct. The sulphate and soda pulping processes

result in spent liquors, called black liquors, from was to find new applications for lignin, an abun-
dant inexpensive natural polymer for which therewhich kraft lignin may be separated. In both pro-

cesses, lignin undergoes significant chemical is, at present, only a small market.
changes; and technical lignins are not identical in
their structure to native lignins.

New delignification processes, based on aque- EXPERIMENTAL
ous–organic solvents or high-temperature wood
steaming, were developed in the last decades Materials
around the world, especially due to environmental

PVC was a powder compound for exterior windowconcerns related to conventional chemical pulp
profile (Polycor D-7257) supplied by Les Indus-production. The lignin thus separated is in a much
tries Synergistic LTEE, St. Remi de Napierville,less unaltered form than lignins resulting from
Quebec. It is formulated with 1% pigments, UVsulphate or sulphite pulping processes.2–4 Taking
stabilizer, heat stabilizer, internal and externalinto account the abundance of lignin (L), its func-
lubricant, processing aid, impact modifiers, andtion in plants, and its functional groups, as well
no titanium dioxide.as the commercial value and applications of PVC,

Five different lignins and lignin derivatives wereit appeared reasonable to examine the contribu-
selected for this study. They represent a spectrumtion that lignin can make to the properties of poly-
of significant differences in regard to chemical func-blends with PVC. Previous articles5,6 reported
tionality, thermal characteristics, and delignifica-the evaluation of the blends (PVC–L) obtained
tion processes. There are as follows.from a PVC compound formulated with several

amounts of TiO2 and a hardwood kraft lignin or
a hardwood organosolv lignin. 1. A partially water soluble lignin (PWSL),

isolated at the laboratory scale (SlovakAlthough, in these blends, the two polymers are
either not miscible or only partially miscible, their Academy of Sciences) from water prehy-

drolizate of hardwood (1707C, 1 h), re-morphological structure up to 7.5% lignin loading
does not affect their performance, as the mechani- sulted from the company BUKOZA, Bratis-

lava, Slovakia.cal properties have indicated. The possibility of
a proton donor–proton acceptor interaction be- 2. Softwood sodium lignosulfonate (SF NaLS).

3. Hardwood sodium lignosulfonate (HD NaLS).tween lignin and PVC chains was postulated. This
can arise due to the interaction between the hy- (Both lignasulfonates were provided by the

company TEMBEC, Chemical Division,droxyl or carbonyl groups of lignin and a hydrogen
of PVC. Temiscaming, Quebec. They were obtained

from the ammonium sulphite liquors byWeatherability of PVC–L blends with up to
10% hardwood kraft lignin indicated a lower treatment with sodium hydroxide. This

treatment allows also the hydrolysis of car-weathering stability of these blends in compari-
son to PVC. bohydrates to lower molecular weight com-

pounds, which can be subsequently re-The present study is extended to different types
of lignin; and as rigid PVC, a formulation for dark moved by evaporation. Thus, their content

in carbohydrates in the final dry product iscolor products was selected. This particular for-
mulation requires an inherently more weath- 1.6% in SF NaLS and 0.7% in HD NaLS).

4. Hardwood organosolv lignin (Alcell) . Thiserable thermal stabilizer and the addition of the
appropriate ultraviolet (UV) stabilizers.7 was provided by Alcell Technologies, Mira-
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STUDY OF RIGID PVC POLYBLENDS 1733

machi, New Brunswick, where it is pro- period of 7 days (168 h) according to ASTM D
5208.duced at a pilot scale by digesting the wood

chips with an aqueous ethanol liquor at ap- For determining the effect of condensation ex-
posure on the proportion of water absorbed bypropriate temperatures, pH, and time. Lig-

nin is recovered from the resulting black PVC control and blends, a water absorption test
in conditions closed to those occurring during arti-liquor by a patented technique.

5. Softwood kraft lignin (Indulin). This was ficial weathering was conducted. ASTM D 570 was
used as a guide line for the test. Three samplesobtained from Westvaco, Charleston, South

Carolina. It is a purified pine lignin. of 76.2 mm long (3 in.) by 25.4 mm wide (1 in.)
by 2 mm thick were tested for each formulation.
Before testing, they were dried in the oven at 50

Procedures { 37C, cooled in a desiccator, and immediately
weighed with a precision of {0.0001 g. The testThe blends were prepared by melt compounding specimens were thereafter immersed in distilledin a Haake Rheomix 600 equipped with roller water and maintained at a temperature of 50blades. Typical working conditions were as fol- { 27C, for 84 h. These conditions correspond tolows: temperature, 1957C; time of mixing, 8 min; the condensation exposure. After immersion, thespeed of roller blades, 65 rpm; and filling coeffi- specimens were reweighed, and the proportion ofcient, 67% (net chamber volume 60 cm3). the absorbed water was calculated. ImmediatelyThe Rheomix 600 was equipped with a torque after weighing, all the specimens were redried atrheometer, Haake Rheocord-M 300, for continu- 50 { 27C for 24 h, cooled in a desiccator, and re-ous measuring of the melt torque and with a ther- weighed to calculate the retention of water.mocouple connected to a temperature recorder for

continuous measuring of the melt temperature.
Several batches were prepared for each formula- Testing
tion; after melt mixing, the obtained blends were The tensile strength at yield and break were mea-ground to a size of about 3–5 mm. Then sheets of sured in accordance with ASTM D 638 using an2 mm thickness were molded by compression (8 Instron universal testing machine at a cross-min) at 1957C in a laboratory press equipped with head speed of 5 mm min01 and at a temperaturetemperature controllers. After 20 min cooling of 23 { 27C.with air and under pressure, the sheets were cut The impact strength (Izod) was measured inwith a cutting die in shoulder shaped specimens accordance with ASTM D 250 on notched speci-(ASTM D 638 type V) or notched specimens mens with a model 92T Tinus Olsen Impact(ASTM D 250) for mechanical testing. Tester.

All the specimens for tensile and impact
strength were tested one week after their prepa-Artificial Weathering
ration or after seven days of artificial weathering.
They were conditioned at 23 { 27C and 50 { 5%The weathering of the samples was carried out

using a Q–U–V accelerated weathering tester (Q- RH for 48 h prior testing. The indicated values
are an average of at least five determinations. ThePanel Company, Cleveland, Ohio). Rain and dew

are simulated in this tester by a condensation sys- coefficients of variations inferior to 10% were
taken into account for each set of specimenstem. It contains a series of UV-A lamps with a

peak emission at 340 nm and spectral energy dis- tested.
The fluctuation of the elongation at break re-tributed between 295 to 400 nm. Materials ex-

posed to UV-A 340 lamps in this device receive sults was quite erratic for the blends with PWSL
and both lignosulfonates; and, consequently, allan irradiance of 0.72 W m02 nm01 ({10%) at 340

nm. The UV irradiance from 295 to 400 nm is 39 these data were disregarded. TGA tests were per-
formed in a 2000 DuPont TGA under nitrogenW m02 nm01 ({10%).

Specimens of PVC–control and PVC–L blends atmosphere. The temperature profiles were iso-
thermal at 1037C for 10 min; ramp from 103 towere subjected to several cycles of four hours each

of UV exposure at an equilibrium temperature of 1957C at 1007C min01; and isothermal at 1957C
for 16 min. The loss in weight during the drying60 { 17C, alternating with condensation exposure

at an equilibrium temperature of 50 { 17C for a period and the loss in weight during the degrada-
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1734 FELDMAN AND BANU

tion period were calculated. The first was reported mined by thermogravimetric analysis (TGA) (un-
der nitrogen). In another set of experiments, ato the weight of the humid sample and the second
dry lignin sample of about 50 g weighed with ato the weight of the dry sample. Two specimens
precision of {0.0001 g was kept in the oven (airwere tested for each lignin.
atmosphere) at 1957C for 16 min. After cooling inThe infrared (IR) spectra were recorded with
a desiccator for 1 h, the sample was reweighed,a Fourier transform IR (FTIR) spectrophotometer
and the loss in weight was determined.Magna 550 Nicolet. Samples of 0.0210 g PVC or

Tg of the dried samples and thermally treatedPVC–L blends as resulted from melt compound-
samples were determined by differential scanninging were precisely weighed ({0.001 g) and then
calorimetry (DSC) analysis. All the results arepressed at a temperature of 1907C under a force
indicated in Table I. As can be seen from the dataof 0.75 t into a film of 13 mm diameter having a
presented (Table I) , the thermal stability, as ex-thickness of 50 mm, using a Spectra-Tech univer-
pected, was higher for the hydrolytic and organo-sal film maker. The thickness of the films was
solv lignins and lower for the lignosulfonates andcarefully controlled in order to ensure a uniform
kraft lignin.thickness for all the specimens.

The Tg of all lignins increased after thermalThe films were IR analyzed after the prepara-
treatment and Tgs of both lignosulfonates was notion and after 7 days of weathering. Prior to test-
longer visible in the DSC curves up to 1957C. Aftering, the weathered films were kept in a vacuum
thermal treatment, the lignosulfonates remainedoven for 72 h to ensure the complete removal of
in the form of free flowing powder in contrast towater.
other lignins, which were melted (Alcell andLignins were analyzed as KBr discs (3 mg/500
PWSL) or sintered (Indulin).mg KBr). Pressing conditions and the weight ra-

The IR spectra of dry and thermally treatedtio of lignins to KBr were carefully controlled.
lignins were recorded in the region from 4000 to
500 cm01 . They are presented in Figure 1 for
PWSL, Alcell, and Indulin, and in Figure 2 forRESULTS AND DISCUSSION
lignosulfonates.

The main features of IR spectra of both driedThermal Stability of Lignins in the
and thermally treated lignin are practically simi-Processing Conditions
lar in the case of Alcell and PWSL. A very small

The thermal stability of lignins during processing shift to lower frequencies in the OH stretch ab-
conditions, i.e., 8 min melt mixing at 1957C and sorption occurred, i.e., 1 cm01 for PWSL and 4

cm01 for Alcell.8 min compression molding at 1957C, was deter-

Table I Physical Characteristic of Lignins

Characteristics after
Thermal Treatment

(16 min, 1957C)

Loss in
Moisture (%) Weight (%)

Specific Oven TGA Tg Oven TGA Tg

Lignin Type Gravity (1 h, 1057C) (15 min, 1037C) (7C; Dried Samples) (Air) (N2) (7C)

Hardwood partially soluble
(PWSL) 1.31 3.62 3.20 110 2.31 2.14 126

Softwood Na lignosulfonate
(SF NaLS) 1.22 2.28 2.30 138 5.16 4.66 —

Hardwood Na lignosulfonate
(HD NaLS) 1.26 5.31 5.00 127 5.88 5.52 —

Hardwood organosolv
(Alcell) 1.27 6.92 7.00 97 1.61 2.04 109

Softwood Kraft (Indulin) 1.24 5.84 5.65 141 4.55 4.21 175
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Figure 1 FTIR spectra of PWSL, Alcell, and Indulin dried and thermally treated.

The spectra of thermally treated Indulin pres- thermal stability in comparison with the other
lignins. As effect of thermal treatment, their lossents a modification of the OH peak at 3400 cm01 ,

albeit its maxima is in the same position. The in weight is about 2% in either nitrogen or oxygen
atmosphere; the increase in Tg was of 167C forweak shoulder at about 1685 cm01 representing

C|O stretching vibrations shows a detectable in- PWSL and 127C for Alcell, and no visible changes
occurred in IR Spectra.crease in intensity; it becomes a peak located at

1705 cm01 in the thermally treated sample. As an effect of thermal treatment, the loss in
weight of Indulin is more than 4%, its Tg increasedThe main characteristic of IR spectra of ther-

mally treated SF and HD NaLS in comparison with about 357C, and modification in OH and
C|O stretching absorption bands of the IR spec-with the spectra of the untreated samples is a

shift in the position of the OH stretching band tra are visible.
Both lignosulphonates are affected the most byfrom 3396 to 3419 cm01 . This shift to lower fre-

quency is characteristic for intermolecular hydro- thermal treatment, as can be seen from their loss
in weight of more than 5% (5.9% in air and 5.5%gen bonding. This bonding effects a weakening

of the O{H bond; consequently, its frequency is in nitrogen for HD NaLS and 5.2% in air and 4.7%
in nitrogen for SF NaLS), their increase in Tgshifting to lower frequencies.8

According to the data presented in Table I and beyond the limits, and their high degree of associ-
ation through hydrogen bonding.IR spectra, it looks likely that hydrolytic (PWSL)

and organosolv (Alcell) lignins have the highest It has been noted that during the thermolysis,
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1736 FELDMAN AND BANU

Figure 2 FTIR spectra of lignosulfonates dried and thermally treated.

the thermal decomposition of lignins takes place have a negative effect on the mechanical proper-
ties of PVC and its weatherability.11in two stages. The first stage, which occurs at

comparatively low temperatures (100–2507C), The influence of different lignins on the pro-
cessibility of PVC–L blends is indicated in Tableinvolves dehydration and a very minor hydrolytic

cleavage occasioned by the formed water.9,10 II. The data presented in this table were obtained
from torque vs time curves generated by theThe Tg increasing, as well as changes in IR
torque-rheometer.spectra of all the thermally treated lignins, sug-

The fusion torque and fusion time correspondgest an intermolecular dehydration process.
to the end of the melting process. Beyond this
point, torque is decreasing gradually, caused by
frictional heating, until an equilibrium torqueProcessibility of the Blends
which corresponds to an equilibrium viscosity.

The fusion characteristics of PVC compounds are As can be seen from the data presented in Table
influenced principally by the type of resin as well II, a decrease in fusion time and a higher torque
as by the type of additives present. A change in are noticeable in all the blends in comparison with
formulation, especially in the case of rigid PVC PVC control. It looks likely that on the first stage
composition, can affect the fusion characteristics of processing, the lignin acts as a rigid body, which
of PVC compounds and, consequently, their pro- enhances the shear force suffered by PVC grains.

Consequently, the PVC agglomerates are brokencessibility. In turn, improper processibility may
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Table II Fusion Characteristics of PVC–Control and PVC–L Blends

Fusion Equilibrium

Torque Time Torque Temp
Specimen Identification (m g) (min) (m g) (7C)

PVC–Control 3270 1.30 2070 203
PVC–PWSL 3900 0.75 1900 202
PVC–SF NaLS 3780 0.92 2175 203
PVC–HD NaLS 3790 0.93 2200 203
PVC–Alcell 4240 0.65 1990 202
PVC–Indulin 4070 0.70 1970 202

down to primary particles more rapidly in blends, Unweathered Blends
and fusion time decreases. In addition, the pres- From Table III, it is apparent that all lignins ex-
ence of rigid lignin will increase the external fric- cept SF and HD ligno-sulfonates afford an rein-
tion between melt and the contact surfaces forcement of the blends, as expressed by the in-
around it, and the maximum torque will increase. crease in tensile strength at yield. The matrix re-

The presence of lignin influences, in a lower inforcement is accompanied by substantial losses
measure, the equilibrium torques and tempera- of the strength at break. The influence of the lig-
tures. The equilibrium torques are slightly lower nins on the strength at yield increasing and
for the blends with PWSL, Indulin, and Alcell in strength at break decreasing in relation to the
comparison with the equilibrium torque of PVC respective data of PVC control can be summarized
control. This, in fact, represents a beneficial effect as follows.
of lignins because a lower equilibrium torque re-
flects a lower viscosity of the melt. The opposite Yield Strength Breaking Strength
is noticeable for lignosulfonates due probably to Increasing (%) Decreasing (%)
their higher content of inorganic materials, ren-
dering them more rigid, even in the molten state. Alcell /7 Alcell 012

Indulin /5 Indulin 018
Mechanical Properties of PVC–L Blends PWSL /4 PWSL 021

HD NaLS 05 HD NaLS 023The mechanical properties of PVC–L blends, such
SF NaLS 011 SF NaLS 026as tensile strength at yield and break and impact

strength, were measured before and after seven
days of artificial weathering and were correlated All the specimens of the blends do not fail at

the point of highest stress but rather gradually.with the properties of PVC control. The results of
the tests are shown in Table III. From these data, one may conclude that the inter-

Table III Mechanical Properties of PVC–Control and PVC–L Blends

Unweathered Specimens 7-Day Weathered Specimens

Tensile Strength Tensile Strength
(MPa) (MPa)

Impact Strength Impact Strength
Specimen Identification Yield Break (Jm01) Yield Break (Jm01)

PVC–Control 51.63 48.25 87.01 55.76 47.49 82.02
PVC–PWSL 53.90 36.70 44.84 57.70 — 35.21
PVC–SF NaLS 45.93 34.65 42.70 48.16 35.21 41.10
PVC–HD NaLS 48.83 35.80 42.70 49.36 — 45.66
PVC–Alcell 55.38 41.14 40.02 59.53 38.08 31.37
PVC–Indulin 54.45 38.15 39.90 58.76 38.44 32.56
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1738 FELDMAN AND BANU

action between lignin and PVC, which probably strength of the blends is a consequence of the lig-
produces a sort of network between the two poly- nins’ brittleness. In addition a slight decomposi-
mers6 and consequently improves their mutual tion of lignins caused by the elevated processing
adherence, decreases in the following order: Alcell temperature imposed by rigid PVC processing, as
ú Indulin ú PWSL ú HD NaLS ú SF NaLS. well as quite long processing time imposed by

As can be seen from Table III, all the lignins batch laboratory conditions, could also explain the
contribute to a drastic decrease of the resistance impact strength reduction of the blends.
to impact of the blends. The values of the impact
strength data for all PVC–L blends are closer than Weathered Blends
the values of the yield strength increasing or break

Table III shows mechanical properties retention ofstrength decreasing. Their variation is between 52
the PVC control and PVC–L blends after 7 days ofand 46% of the impact strength of PVC control.
artificial weathering. This has as an effect an em-Because PVC resin is a brittle material, the
brittlement of the PVC control and blends, which isformulations of rigid PVC compounds always in-
expressed by the increase of the tensile strength atclude 5–10% impact modifiers. They interfere
yield and a decrease of the tensile strength at break.with crack development in the matrix and can act

The influence of weathering on the strength atas internal energy absorbers. As a general rule,
yield increasing and the strength at break de-the more effective impact modifiers are those with
creasing in correlation with the correspondinga more rubbery nature.
data for unweathered specimens can be summa-Lignin can be considered to be a highly brittle

polymer,12 and the drastic reduction of the impact rized as follows.

Yield Strength Breaking Strength
Increasing Decreasing

PVC–control PVC–control/2% 02%
PVC–Indulin PVC–Indulin/8% /1%
PVC–Alcell PVC–Alcell/8% 05%
PVC–SF NaLS PVC–SF NaLS/7% /2%
PVC–PWSL PVC–PWSL/7% brittle fracture
PVC–HD NaLS PVC–HD NaLS/1% brittle fracture

These data illustrate, at a macroscopic scale, that phenol structure prevail. As an effect of UV light
and atmospheric oxygen, many of the chemicaldue to the exposure to artificial weathering condi-

tions (UV light, moderate temperature, and humid- bonds of lignin (C{C, C{O, etc.) are broken
with the formation of free radicals, as follows:ity), the initially developed networks between lig-

nins and PVC resin are modified in different ways
(i.e., brittle fracture, as in the case of PWSL and

Lignin r
hn

Lignin•

R•
r
O2

Lignin{OO•

ROO•HD NaLS; moderate decrease in strength at break,
as in the case of Alcell; or increase in strength at
break, as in the case of SF NaLS and Indulin). The hindered phenolic structures in softwood

It looks likely that the blends with Indulin and lignin represent potential radical scavengers (an-
SF NaLS are affected by the weathering exposure tioxidants) by terminating chain reactions in-
to a lesser degree than the other blends. duced by oxygen.14

It is important to note that both Indulin and
SF NaLS are softwood lignins, with a predomi-
nance of guaiacyl units. According to data in the
literature, the softwood lignins are more cross-
linked and therefore more resistant to degrada-
tion than hardwood lignins.13

On the other hand, in the structure of softwood
lignin, guaiacyl units with a sterically hindered

OH

ROOı

ROOH

R

Oı O

ROOı

ROOH

R R OOR
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Table IV Water Absorbtion and Water Retention of PVC–Control
and PVC–L Blends

Water Absorbed During Retention of Water
84 h Immersion at after 24 h Drying at

Specimen Identification 50 { 27C (%) 50 { 27C (%)

PVC–Control 0.358 —
PVC–PWSL 0.365 —
PVC–SF NaLS 1.043 0.191
PVC–HD NaLS 1.545 0.448
PVC–Alcell 0.323 0.027
PVC–Indulin 0.423 0.050

It is interesting to note that sterically hindered 2. As an effect of artificial weathering, the
blends’ toughness, as expressed in strengthphenols are currently used in PVC compounds as

primary antioxidants, i.e., to trap free radicals at break, declines dramatically for the
blends with PWSL and HD NaLS, declinesformed during PVC autooxidation.15 The changes

of the impact strength for the control and blends for the blends with Alcell, and increases
very slightly for the blends with Indulinas an effect of artificial weathering in correlation

with the corresponding data for unweathered and SF NaLS.
3. All the lignins contribute to a drastic de-specimens are as follows: PVC–control, 06%;

PVC–HD NaLS /7%; PVC–SF NaLS, õ0.1%; crease of blends’ impact resistance. When
compared with data for PVC control for thePVC–Indulin, 015%; PVC–PWSL, 021%; PVC–

Allcel, 024%. unweathered blends, impact strength re-
duction is higher, in relative terms, thanThe increase of the impact strength of HD

NaLS and practically unchanged value of SF that of weathered blends.
NaLS blends after weathering was very surpris-
ing, and it was suspected that presence of water It should be mentioned that owing to our batch
could be at the origin of these values. Some hygro- processing conditions, the processing times were
scopic thermoplastics behave similarly. For exam- longer than those utilized usually in the rigid PVC
ple, at room temperature, dry nylon has a notched extrusion, and even the impact strength of PVC–
impact strength of about 4 KJ m02 , and wet nylon control was lower than the strength of extruded
has an impact strength greater than 20 kJ m02 .16

profiles. However, the effect of processing is re-
The results of the water absorption test (Table flected in the same manner for both the control
IV), particularly the retention of water after dry- and the blends.
ing of the immersed specimens, indicate that
these two blends have the highest degree of water
retention, which correlates well with their impact

Thermal Properties and Infrared Spectrastrength increasing.
In conclusion, the results of the mechanical test Thermal Properties

obtained before and after weathering for PVC–L
blends and correlated with the results for PVC The possible changes occurring in the morphology

of the PVC matrix at a molecular scale as thecontrol indicated the following.
effect of lignin presence were correlated with val-
ues of Tg and tan d (ratio between damping or loss1. All lignins except lignosulfonates afford a

reinforcement of the blends, as expressed modulus and storage modulus) of blends because
it is known that both those properties are particu-by the increase in the strength at yield.

This reinforcement is accompanied by larly sensitive to the molecular motions within a
viscoelastic material.losses in the strength at break. Lignosulfo-

nates blends are characterized by the de- In the glass transition region, damping is high,
due to the onset of microbrownian motion withincrease of both strength of yield and

strength at break. the molecular structure of the main chain, and so

8e0f 4641/ 8ED3$$4641 10-14-97 13:49:20 polaas W: Poly Applied



1740 FELDMAN AND BANU

Table V Thermal Properties of PVC–Control and PVC–L Blends

7-Day Weathered
Unweathered Specimens Specimens

Tg Tg

Specimen Identification (7C) Tan d (7C) Tan d

PVC–Control 87.4 0.922 88.1 0.930
PVC–PWSL 87.3 0.941 88.6 0.930
PVC–SF NaLS 86.7 0.891 88.0 0.871
PVC–HD NaLS 86.4 0.936 87.6 0.889
PVC–Alcell 87.6 0.955 89.3 0.936
PVC–Indulin 86.8 0.892 88.5 0.915

is the tan d. Breaking intermolecular bonds allows decreasing suggest that the artificial weathering
yields to a certain degree of crosslinking withingreater chain mobility and results in a decrease

of Tg , as well as an increase in magnitude of tan the polymer chains in most of the blends. The
slightly increase of Tg , as well as a slight increased. The magnitude of tan d, which is a characteris-

tic of the rubbery state of the polymers, has little of tan d in the case of PVC control and PVC–
Indulin blends, reflect both a certain degree ofmeaning in the glassy state, where molecular mo-

tion is practically nonexistent.17 crosslinking (Tg increasing) and a certain degree
of chain scission (tan d increasing). InformationThe results of the dynamic mechanical analysis

(DMA) test are shown in Table V. When com- in the literature regarding changes in properties
of rigid PVC during weathering indicates thatpared with data for PVC control they can be sum-

marized as follows. The Tg’s of the blends are very chain scission rather than crosslinking reaction
is the predominant mechanism in the degradationclose to that of PVC control. For all the blends

with hardwood lignin, the values of tan d increase of the exterior exposed rigid PVC compounds.18,19

Also, information in the literature regarding pho-slightly, suggesting an increase in molecular mo-
bility in the rubbery state. For the blends with todegradation of lignin in presence of oxygen

clearly indicates that UV light in the presence ofsoftwood lignin, the slightly lower values of tan
d suggest a decrease in polymer chain segments oxygen yields low-molecular-weight degradation

products.20,21mobility in the rubbery state.
The lower values of tan d and an unchanged It looks likely that our results are, in most of

the cases, in contradiction with data in the litera-magnitude of Tg suggest that the chain molecular
mobility in the rubbery state is lowered by the ture. However, when assessing the characteristics

of weathered specimens, the effect of physicalpresence of some restraints. It is known that the
initiation of microbrownian motions within the aging should be also taken into consideration.

Physical aging of glassy polymers occurs aftermolecular chains in the transition region occur
gradually. The presence of only a few still frozen- polymeric materials are processed at high temper-

ature and then cooled below Tg . Quick coolingin segments will impose some restraint in chain
mobility, and, consequently, tan d will decrease. does not allow complete molecular relaxation,

leading to a nonequilibrium state. During theHigher values of Tg , as well as a higher degree of
crosslinking of softwood lignins in comparison aging time, even in the solid state, the macromole-

cules have tendency to approach the equilibriumwith hardwood lignin, could be responsible for the
presence of such kind of segments in the rubber state, which is characterized by more molecular

ordering. Morphological changes in polymers oc-state of the respective blends.
By analyzing the Tg and tan d data obtained cur as an effect of physical aging, which causes

changes in physical and mechanical properties.22for weathered specimens, a slight increase of Tg ,
accompanied by a slight decrease of tan d, is no- The embrittlement of most of the weathered speci-

mens, as well as the increase in Tg as determinedticeable for all the specimens except the PVC con-
trol and PVC–Indulin blends. by DMA, are mostly the effects of physical aging.

The differences between other properties, such asThe Tg increasing and the corresponding tan d
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Figure 3 FTIR spectra of PVC–control and PVC–Alcell blends before and after
weathering.

the decrease in impact strength or tan d, for exam- After IR scanning, the films were subjected to
seven days of artificial weathering in the sameple, can arise as a combined effect between physi-

cal aging and chain scission. conditions as for the other specimens; after dry-
ing, they were rescanned.

The main variation in the blends spectra beforeInfrared Spectra
and after weathering occurs in the domain of OH

Presence of strong spectral contribution of the stretch absorption; their spectra in this region are
several additives of PVC control results in a com- presented in Figure 4 for the blends with PWSL,
plex IR spectra for both PVC and PVC–L blends, Alcell, and Indulin and in Figure 5 for the blends
restricting the amount of information that can be with lignosulfonates.
gained concerning the changes that have occurred Table VI shows the position of OH stretching
as effect of PVC blending with lignin and as an absorption maxima in lignins and in PVC–L
effect of weathering. Most of the prominent lignin blends before and after weathering.
absorption peaks are barely detectable in the As can be seen from the data presented in Table
blend spectra except the absorption band of hy- VI, mixing of PVC with lignins produces large
droxyl group. To illustrate, spectra of PVC control shifts to lower frequencies in the OH stretching
and PVC–Alcell blend films before and after absorption band. As discussed earlier, when hy-

drogen bonding occurs, the force constant forweathering are presented in Figure 3.
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Figure 4 FTIR spectra of PVC blends with PWSL, Alcell, and indulin before and
after weathering.

stretching of the H{O bond will be reduced, as ú PWSL ú HD NaLS ú SF NaLS. This sequence
is practically in agreement with the results of me-well as the frequency of OH stretch absorption.

The shifts in the OH stretching frequency to lower chanical tests for the unweathered specimens.
From the examination of IR spectra of weatheredfrequencies are by 39 cm01 for blends with HD

and SF lignosulfonates, 90 cm01 for those with specimens, it is apparent that seven days of arti-
ficial weathering do not affect the PVC controlPWSL, 92 cm01 for blends with Alcell, and 95 cm01

for blends with Indulin for the unweathered spectra (see Fig. 3). For all the lignin blends, the
main variations in the spectra are evident in theblends. If one compares the OH absorption band

in lignin spectra (Figs. 1 and 2) with OH absorp- domain of hydroxyl stretching absorption. Figures
4 and 5 clearly show the broadening of this band,tion band in blends spectra (Figs. 4 and 5), the

band broadening is visible in all the blends. OH and Table VI shows its shifting to higher frequen-
cies for PWSL, Indulin, and Alcell blends. Basedband broadening and shifts in frequencies are in-

terpreted as evidence for interactions between hy- on the OH frequencies increasing in these blends,
one may assume a weakening of the interactiondroxyl groups of lignins and a hydrogen of PVC.

According to these results, the hydrogen bonding between PVC and the respective lignins. On the
other hand, the OH frequencies values in the arti-between lignins and PVC in the blends would in-

crease in the following order: Indulin ú Alcell ficially weathered HD and SF NaLS blends yield
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Figure 5 FTIR spectra of PVC blends with softwood and hardwood lignosulfonates
before and after weathering.

the opposite results. However, based on the me- effect of weathering with respect to blend degra-
dation. Although all the weathered films werechanical tests of weathered specimens, the blends

with HD NaLS can be ranked as the poorest. carefully dried prior to testing (until a constant
weight at a precision of {0.05%), it is possibleOne may assume that the changes which oc-

curred in this particular domain of spectra of the that the presence of traces of water could lead to
these contradictory results, taking into accountweathered specimens do not accurately reflect the

Table VI Positions of the Hydroxyl Stretching Absorption Maxima in Lignins and in PVC–L Blends
Before and After Weathering

Blend Before Blend After
Unblended Lignin Weathering Weathering

Specimen Identification (cm01) (cm01) (cm01)

PVC–PWSL 3426 3516 3436
PVC–SF NaLS 3396 3435 3436
PVC–HD NaLS 3396 3435 3438
PVC–Allcel 3427 3519 3502
PVC–Indulin 3416 3511 3436
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Technologies, Miramachi, New Brunswick, for the Al-that the hydroxyl stretch region is susceptible to
cell lignin. We also acknowledge the assistance of Mr.interference from water, either through overlap
Paul André Lavoie from Ecole Polytechnique, Montreal,with the absorptions of hydrogen-bonded water or
with TGA analyses.by the presence of water changing the nature and

extent of hydrogen bonding in the specimens.23
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