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ABSTRACT

The studied lignin is a by-product of the process of ethci

nol production from eucaliptus. It was heat-treated under inert

atmosphere conditions at increasing temperatures from 300 C up

to 2400C. Th ; structural variations were studied by wide-an-

gle X-ray di .' faction, small-angle X-ray scattering and infra-

red absorpt .(..? spectroscopy. The bulk and "real" density of the

compacted ma criais have also been determined as functions of

the final b i^erature. These experimental results enabled us to

establish . mechanism of structure variation based on the for-

mation of a turbostratic graphite - like and porous structure within the

initially an^rphous lignin matrix. ' •' \'' '

Kev-words: Liqnin; Coke; Carbonisation.
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1 INTRODUCTION

Lignin is a polymeric tridimensional molecule forming an

important part of natural wood (betv/een 25 and 30% by weight).

Its molecular structure is not completely known because of the

chemical reactions occuring durincj the separation process. The

accepted molecular model is based on short linear chains cross

-linked in a variety of ways to build an "infinite" three di-

mensional structure1.

Pyrolysis of isolated lignin leads to a porous carbona-

ceous material (lignin coke) which is in many aspects similar

to the final product of the pyroJysis of wood (charcoal).

We are interested in structural variations of lignin when

heated at increasing temperatures in an inert atmosphere. The

lignin studied in this work is a by-product of ethanol produc

tion from eucalyptus wood. The variations in density and ele£

trical conductivity of this material were also studied with a

view on eventual technological applications'.

The variations in density (bulk and "real"), local mole-

cular structure, macroscopic porosity, submicroscopic porosi-

ty and electrical resistivity have been studied as functions

of the maximum temperature of heat-treatment. IWttures related

to the molecular structure have been determined by wide angle

x-ray diffraction and infra-red absorption üpectrosoopy. The

co.irse and submicroscopic porosity have been investigated by

ordinary microscope and small angle x-ray scattering, respec-

tively. Finally we tried to correlate the variations in ma-

croscopic properties to the structure changes during lignin

pyrolysir».
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2 EXPKRIMKNTAL

2.1 Sample preparation

Liqnin samples were first powdered to -200 mesh and then

granulated by diluting in water and passing the solution

through different mesh size sieves. The final granulomctric com-

position was the following: 64 , 2l of -60 and +80 mesh, 5% of-150

and +200 mesh and 30,8% of -200 mesh. Disc shaped samples were

prepared by hydraulic pressure over a cylyndric dye filled with

the pellets.

The samples were heated up to 100CC using a tubular stan

ciard electrical furnace, in an argon atmosphere. From 1000 up

to 2400C, a furnace with graphite resistance was used. All heat

treatments were done with the samples immersed in 99% pure na

tural graphite powder. The heating rates were lOOOc/24 hrs and

600c/h for treatments at temperatures lower and higher than

1000C, respectively. The choice of these heating rates was

based on a preliminary study of the influence of heating rate

on physical properties of carbonaceous materials obtained from

ligninr.

2. 2 Ponnit.y and coarse paror.ity m.»nfuircMiiont.s

The mas;» loss of all the samples wan do ter mi nod before and

after heat treatment by weighting dried sainplcff (kept at 103 C

during 2h. in air, end cooled in a sealed dissccator) . The

variation in bulk density was determined from the variations in

weight and total volume of the samples.
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In order to determine the "real density" of the heat treated

material tho "sink and float" method3 was employed on powdered

samples. The solvents used for determination of density in the

range from 1.20 to 1.60 g/cm were mixtures of toluene and ca£

bon tctrachloride. For samples with densities ranging from 1.60

to 2.00 g/cm mixtures of 1,2 - dibromoethane and carbon tetra^

chloride were used.

The coarse porosity of the samples was determined indire£

tly through the measured values of "real" and bulk densities,

using the following equation:

Porosity U ) = ( 1 - — ) 100%, (1)

whore D and D are the real and bulk density, respectively.

2.3 Techniques

Spcctrophotometric measurements of materials heat- treated

up to 1000C, were carried out with samples of 0.1 weight per

cunt of ligninina KP.r matrix, using a pOLkin Kirvir 233P infrared £roc-

tumnor. Tho samples wore mounted in a polyester resin matrix and

polished. An Olympus RUT optical microscope with a polarization

attachment was used for tho analysis of tho coarso porosity.

Tin? wic'.c angle x-ray diffraction patterns of every sac-

plcí wore obtained using a standard Phillips X-ray powder dif-

f rnct oiucter with K>\Cu radiation, nionochromatized by a graphite

nioiiochromator. The heat treated lignin dinks did not receive
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any further preparation for the x-ray diffraction measurements.

The small angle x-ray scattering (SAXS) study were done at

the synchrotron radiation laboratory L.U.R.E. (Orsay). The white

synchrotron radiation was monochromatizcd by a bent germanium

o
crystal to obtain a monochromatic beam with wavelength A=1.608A.

The high intensity of the beam enabled us to use pin-hole col-

limation, avoiding desmearing corrections of SAXS data. A li-

near position sensitive detector was used to record the SAXS iri

tensity.At very small angles the scattered intensity by lignin

is very high and decreases rapidly with the scattering angle.

The synchrotron source was useful to obtain accurate data in

the outer part of the scattering curve of weak intensity. Ap-

propriate copper foils were used to attenuate the scattered ra

diation in the lower angular domain to avoid detector satura-

tion. From the total SAXS curve the parasitic scattering was

subtracted. The resulting curves were normalized to equivalent

sample absorption and thickness and incident beam intensity.

The electrical resistivity measurements were carried out

by the four point method. The samples were nojj. specially pre-

pared for thet.e measurements. The electrical resistance between

two points equidistant from the conter of the disk shaped sam-

ples, was measured at room temperature. The resistance obtained

in ohms was multiplied by the maximum cross section area and di

vided by the distance separating the two measuring electrodes.

This value was corrected to account for the difference between

the real effective cross-section area and tlie measured one. Hence

the reslutivity was determined by means of the following empi-

rical equation;
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v
p(íicm) = — 2-í' (0,779) (2)

where V is the measured voltage» I the electrical current. Dm

the sample diameter , E the sample thickness and I, the distance be

tween electrodes. The resistivity.of samples heat-treated be-

low 1000C is much higher than the maximum value detectable by

the four point method. Therefore we measured it with a meqaoh-

meter by the two-point method.

3 RESULTS AND DISCUSSION

The mass loss, volume shrinkage, fraction of coarse poro

sity and bulk density variations are plotted as functions of

heat treatment temperature in Figure 1. These curves show two

temperatures ranges (near 500 and 1700C) at which the volati

lization process is not compensated by volume shrinkage. This

observation was quantitatively confirmed by"examining micro-

graphics cf samples treated at increasing temperatures. Thecb

tained microqraphics show that samples treated up to about 500 C

and 1700C present a fraction of porosity volume larger than

those of other samples.

The trans formaLions during carbonization up to 1000C were

studied by infra-rod absorption sppctroscopy. The spectra ob-

tained at room temperature from as received liçjnins and those

heat treated at 300, 500, 700 and 1000C are presented in Fi-

gure 2. The infra-rod spectrum obtained from samples without

hoat treatment shows many peaks which can be assigned to in-
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fra-rcd absorption of lignin molecules as reported by Hcrgort1'.

All these peaks decrease in intensity as the heat treatment

temperature increases, showing that organic chemical bonds are

broken and molecular groups arc volatilized. The last curve in

Figure 2, which is completely flat, represents the spectrum of

the sample treated at 1000 C. The absence of any spcctroscopic

structure means that at 1000C the fraction of molecular groups

present in the samples is too low to be detected by this

technique. This allows us to conclude that o 1000C lignin is aljnost

entirely carbonized.

The x-ray diffraction pattern of lignin without heattreajt

ment (curve RT in Figure 3) shows the broad peak which is cha

racteristic of amorphous materials. The Bragg, angle 0 associ

ated with the maximum of the main peak is related to an aver-

age distance a between neighboring atoms by means of the Ehren-

fest equation5:

1.23 X = 2d sen0m (3)

The distance d is equal to 5.2o8 for T = 300C and decreases for

increasing temperatures. The shift of peak maxima indicates

that some progressive molecular ordering occurs, diminishing the

average first-neiohbor distance at increasing heat treatment temper

ature. X-ray diffraction patterns from samples heat treated at

1000C show the presence of a new peak at an angular position

which corresponds approximately to the (10) reflection of a

turbostratic graphitic structure. This shows that at 1000 C small

hexagonal layer units are already formed. These layers do not
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show interlamcllar ordering since no sharp (002) reflection of

graphitic structure is apparent at this temperature. The two

sharp additional peaks at 32 and 45 degrees do not corresuond to gra-

phitic reflections. These peaks were associated with the forma

tion of crystalline aggregates of impurity elements, in order to

investigate the influence of impurity elements on the physi-

cal properties of the final products, we are performing new struc-

ture studies on purified lignins.

When the heat treatment temperature is raised up to tem-

peratures above 1000C, a slowly increasing peak near to the

(002) lamellar peak can be observed. This peak overlaps the original-

broad band, indicating that a fraction of the amorphous matrix is

transforming into a stack of graphitic layers.

The formation of a layered structure can also be verified

by the fact that the (10) peak, already present in the diffrac

tion pattern of the sample treated at 1000C becomes more pro

nounced at increasing temperature, and at 2400C it becomes

clearly assymetric. We attribute these variations to the pro-

gressive formation of a turbostratic structure (a disordered

packing of hexagonal lammellaes). The additional peak in the

diffraction pattern of samples treated at 2400C corresponds to the

(004) reflection of the layered system. Finally, it can also

be pointed out that diffraction peaks from impurity aggre-

gates become very weak above 2000C, implying that the impurity

elements are volatilized or dissolved below this temperature.

Tliis confirms the existence of a second stage of volatilization of

elements heavier than those volatilized below 1000C.

No attempt of quantitative determination of the fracticn
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of amorphous material .has been done, since the variations in

the diffraction patterns do not indicate a simple two - phases

structure. The transformation seems to be discontinuous in the

early stages (1400C) at which t-he (002) peak appears, but at

higher temperatures there is a mixture of small graphitic crys

tals (producing a rather large 002 peak) and an amorphous ma

trix showing incresing degree of ordering (increase in the an

gulõr position of the maximum of the broad band).

The set of SAXS curves are shown in log-log scale in Fi-

guro 4. We can observe in this figure the important variation of

SAXS intensity from low to high angles (four order of magni-

tude) . The SAXS curves present features which are similar to

those observed in natural wood7, glassy carbon8 and carbon fi

bers 9 / X 0. The curves corresponding to low temperatures,present

an essentially linear behavior indicating a potential depen-

dence between the intensity and the scattering angle. SAXS cur

ves corresponding to higher heat treatment temperatures also

present a potential variation at small angles, k shoulder at

medium angles and again a potential dependence at higher an-

gles.

A potential dependence of SAXS intensity is expected from

a two-electronic density system with sharp interfaces. If the

system is composed by a porous structure in a nearly homoge-

neous matrix, tlw SAXS intensity I (h) can be approximated at high

angle by Porod's law11 :

I(h) = 2ttp? A (4)
h*
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where p i s the mean electronic density of the matrix, S the

surface area of the interface matrix-pores and h the modulus

of the scattering vector (h=4w— , 0 being half of the scat-
X

toring amjlc and > the X-ray wavelength).

We can see in the log-log plot of Figure 4 that SAXS from

samples treated at 300 and 400C obey Porod's law, since the

slope of the linear region i s close to -4, A positive devia-

tion from Porod's law i s observed in the outer part of the SAXS

curve. The SAXS intensity from these samples has been attributed to the

contribution from the coarse porosity existing in the precursor liqnin.

The shoulder in the SAXS curves which develops at in-

creasing temperatures i s similar to the observed in charcoal6.

As i t was pointed out by Schmidt12 the presence of a shoulder

in a log-log plot can be attributed to the progressive generation of nu.

cropores in the matrix at increasing temperatures. The quali-

tative analysis of the SAXS curves indicates that the increase

in heat treatment temperature produces an increase in the SAXS

intensity and a decrease in the angular position of the shoulder.

The analysis of the features of microporosity has been

done using Guinier's law11. I t holds for dispersed systems of

"particles" (or pores) in a homogeneous matrix. In the case of

microporcs i t can be written as:

- i R2h?

I(h) = Np2V2 e (5)

where N is the number of microporos, p the electronic density

of the matrix, V an avornqo volume of the wrcs and R their average

radius of gyration.
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Assuming that the contribution from the coarse porosity

to SAXS intensity within the angular domain of validity of

Guinior's law can bo neglected, wo plotted the data in log I vsh7

scale (Figure 5) to determine, from the slope of the linear re

gion, the average radius of gyration of the pores.

The extrapolation of the linear-part of Guinicr's plot to

wards zero angle, provides a way to determine the variation of

the number of pores in the sample. Assuming a simple model of

spherical pores equations 5 yields:

NctI(0)/R6 (6)

The values of the average radius of gyration R and the

variation of number of pores N are represented in Figure 6. We

conclude from SAXS results that micropores begin to be detected

above 700C . Their size increases at slower rate up to 1700 C

and faster above this temperature. The number of pores is ap-

proximately constant from 700C up to 1700C and decreases

sharply above this temperature. The increase in size of micro

pores was also observed in carbonized natural woods by Schmidt

ct al.*.

The "real" density of the samples is represented asafunc

tion of temperature in Figure 7. The method of measurement of

"ro.nl" density eliminates the effect oi the coarse porosity and

yiws information re In toil to structural variations in tho car_

bonaccous matrix and to the associated microporosity. A rapid

increase in real density is observed up to 1000 C. followed by

a almost constant value up to about 1800C and a second increase
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above this temperature.

The electrical resistivity at room temperature of lignin

samples is also presented in Figure 7 as a function ofthe heat

treatment temperature. We can note a very rapid decrease in

resistivity up to 1000C, an approximately constant value be-

tween 1000 and 2000C and a second decrease at higher temper«a

tures.

4 CONCLUSIONS

The present experimental results using the various expe-

rimental techniques, suggest that structural variations in

lignin heated at increasing final temperatures are character-

ized by three definite stages.

During the first stage from room temperature to about 1000C,

volatilization of the light elements occurs and a coarse po

rous structure develops. Near the end of this stage, the poly_

meric chains form small graphitic lamellae inducing a rapid

variation of electric conductivity from values characteristic

of insulators to those of semiconducting materials. The forma

tion of the small graphitic lamellae is accompanied by a den-

sification of the matrix and a simultaneous formation of ini

croporcs in the incipient graphitic phase.

During the second stage, the heavier elements volatilise,

the size of micropores increases at a moderate rate, but the

number remains constant,and the matrix progressively evolves

from a predominately amorphous structure to a turbostratic
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graph! to- like structure. These changes do not produce appre-

ciable variation in real density and electrical resistivity of

the material. We can understand this by assuming that,in re-

gions where the turbostratic structure develops, the local den

sification of the matrix is compensated by the growth of ex-

isting pores with no appreciable resultant variation in the

average "real" density. The constancy of electrical resistivity

would be due to the isolated nature of these higher conduc-

tivity regions.

The third stage is characterized by the presence of a pre

dominant fraction of the matrix having a turbostratic gra-

phite-like structure and a decreasing number of growing micro

pores. This opposite variation of R and N suggests the activa

tion of a mechanism of coalescence of pores. These structural

variations produce an expected decrease in electrical resisti

vity, since the high conductivity isolated regions become progress_i

vely interconnected. The increase in real density is a consc

quence of the closer stacking of graphitic lamellacs.

Additional studies on the influence of sample purity and

heating rate on the structure and physical properties of lignin

are in progress.
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FIGURE CAPTION

Fig. 1 - Variations in coarse porosity (a), buik density (b),

volume (c), and mass (d) as a function of heat

treatment temperature.

Fig. 2 - Infra-red absorption spectra of lignin samples heat

treated at the indicated temperatures (Celsius scale),

and at the room temperature (RT).

Fig. 3 - Wide angle x-ray diffraction patterns corresponding

to samples heat treated at the indicated temperatures

(Celsius scale).

Fig. 4 - Small angle x-ray scattering curves from lignin sam

pies heat treated at the indicated temperatures (Cel̂

sius scale) plotted in log- log scale.

Fig. 5 - Guinier plots of the small angle x-ray scattering re

suits. Heat treatment temperatures are in Celsius scaie .

Fig. 6 - Average radius of gyration and number of micropores

as functions of the heat treatment temperature.

Fig. 7 - Electrical resistivity and real density as functions

of heat treatment temperature.
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FIGURE 5
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