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INTRODUCTION

More than 120 mln t of synthetic polymers

had been synthesized at the end of the XX

century in the world. A trend to permanent

growth of their production is observed [1]. The

amount of waste formed during production

and use of the polymers is correspondingly

increasing. For instance, in the countries of

the European Community, in which different

kinds of  municipal domestic waste are collect-

ed separately, polymeric materials constitute

more than 15 % of the waste [2].

In Russia, the amount of waste material

formed in the production of polymers and

products made of them, as well as in handling

them, is also high [3, 4]. As a rule, recycling

of the polymeric materials in the technologi-

cal process is economically inefficient and dif-

ficult to be performed in many cases, there-

fore, a substantial part of such a waste is col-

lected at disposal tips. It is known that poly-

meric materials decompose under natural con-

ditions very slowly, which inevitably leads to

the accumulation of their waste. These circum-

stances provide the necessity to develop eco-

logically safe methods of utilization of the

polymeric waste and explain why the efforts

of researchers in this area are increasing.

At present, the most widespread method

of utilization of polymeric waste is combus-

tion. However, this method is not only unsafe

ecologically but also economically unreasona-

ble because the composition of polymeric ma-

terials allows one to consider them as potential

raw material for the production of valuable

chemical products and components of motor

fuel.
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Abstract

The effect of components ratio in the mixture composed of atactic polypropylene and hydrolytic lignin on
the yield of products and composition of the light (b.p. < 180 °C) hydrocarbon fraction formed during the
pyrolysis of the mixture under autoclave conditions in inert atmosphere at 400 °C is investigated. It is estab-
lished that the addition of lignin in the amount of 20 to 40 % of the mixture mass provides a substantial
increase in the yield of light hydrocarbons. The liquid products with the maximum yield of the light fraction
(52 %  mass) were obtained with the 30 %  mass of  lignin in the initial mixture. Analysis of  the composition of
light hydrocarbon products by means of ATR spectroscopy and GC-MS showed that these products are
mainly formed as a result of thermal decomposition of polypropylene. The specific contribution from lignin in
the co-pyrolysis with polypropylene is expressed as an increase in the content of C9 hydrocarbons and β-olefins
in the light fraction.
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The simplest method of obtaining low-mo-

lecular compounds is based on thermal decom-

position of polymeric materials. Pyrolysis of

polyolefins in inert atmosphere or in vacuum

at the temperature within the range 350–400 °C
leads mainly to the formation of high-boiling

hydrocarbons. The yield of light products in-

creases with the pyrolysis temperature rise to

700 °C; however, a substantial amount of gas-

eous hydrocarbons and coke is also formed un-

der these conditions [5].

The co-liquefaction of synthetic polymers

with coal or biomass in inert gas or hydrogen

has been investigated [6, 7]. Non-additive in-

crease of conversion degree in polyethylene/

coal mixtures was discovered, as well as an

increase in the yield of liquid products from

thermal decomposition in polyolefin/wood mix-

ture. The observed phenomena were explained

in terms of the interaction of radical frag-

ments formed under thermal destruction of

synthetic and natural polymers. It was disco-

vered that the yield and composition of liquid

hydrocarbon products are determined by the

conditions under which the co-pyrolysis is con-

ducted and by relative content of synthetic

and natural polymers in the initial mixture

[7–9]. Solid residues from the co-pyrolysis of

the synthetic and natural polymers can be used

as porous carbon materials. In particular, the

possibility to obtain high-quality carbon sor-

bents by means of the co-pyrolysis of wood

and polypropylene was demonstrated by the

authors of [10, 11].

The hydrolytic lignin is a large-scale waste

of wood processing; efficient methods of its

industrial utilization are poorly developed yet.

Interest to the development of new processes

of co-transformations of lignin with synthetic

polymers, in particular with polypropylene,

aimed at obtaining carbon composite materials

and chemical compounds has increased in the

recent years [12–14].

In the present work, we investigate the ef-

fect of relative content of polypropylene and

lignin in the initial mixture on the yield of

products of their co-pyrolysis in inert atmos-

phere under the autoclave conditions and on

the composition of the resulting light hydro-

carbon fractions.

EXPERIMENTAL

Industrial samples of atactic polypropylene

manufactured at the Tomsk Oil Chemical Plant

(with particle size less than 1 mm) and hydro-

lytic lignin from the Krasnoyarsk Biochemical

Plant (with particle size less than 0.1 mm) dried

at 100 °C (1 % mass of moisture) were used in

the investigation. Some characteristics of the

initial materials are shown in Table 1.

The pyrolysis was performed in rotating

autoclaves 0.25 l in volume at the temperature

of 400 °C. A mixture of polypropylene with

lignin (total mass being 12 g) was loaded into

the autoclave. Content of the components in

the initial mixture was varied from 0 to 100

% mass. Before experiments, the autoclave was

blown with a ten-fold amount of argon to re-

move the air; the initial argon pressure was

adjusted to be 0.3 MPa. Temperature in the

autoclave was risen at the rate of 6 °C/min.

The heated autoclave was kept at the neces-

sary temperature for 1 h. The working pres-

sure in the autoclave was 1.1–1.3 MPa. After

soaking, the autoclave was cooled to the room

temperature; the volume of gas-phase pro-

ducts was determined. The composition of gas-

es was analyzed with LKhM 80 chromatograph

ÒÀBLE 1

Elemental composition of atactic polypropylene and lignin

Compound Content, % mass

Ñ Í N S O*

Polypropylene 81.4 13.2 0 0   5.4

Lignin** 63.1   5.9 0 0.6 30.0

  *Oxygen concentration is calculated using the difference: 100 – (C + H + N + S).

 **Calculated per dry ash-free basis.
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using the heat conductivity detector (katha-

rometer) and columns with zeolite (to analyze

CH4 and CO) and PQ porapack (to analyze CO2

and hydrocarbons). The low-boiling part of liq-

uid products b.p.< 180 °C (light products) was

collected directly from the autoclave by freez-

ing them out into a trap cooled by liquid ni-

trogen at the pressure of 66.7 Pa; then these

products were separated into the hydrocarbon

and water fractions by decanting. The content

of the autoclave was extracted with benzene.

The extract was dried till constant weight un-

der vacuum at the room temperature and at

the pressure of 66.7 Pa. The yield of extract

was determined by weighing. The resulting

product was a mixture of liquid substances

boiling above 180 °C (heavy products). The con-

version degree of the organic mass of the mix-

ture of lignin with the polymer was calculated

taking into account the mass of solid residue

insoluble in benzene.

The ATR spectra (Attenuated Total (Inter-

nal) Reflection) of  the light fraction (with b.p.

< 180 °C) were recorded with BIORAD FTS

185 instrument (MCT detector cooled with liq-

uid nitrogen). The spectra were recorded with-

in the range 4000–700 cm–1 with the resolution

of 4 cm–1. A standard Biorad Win-IR (3.01)

software was used to process the spectra.

The content of individual hydrocarbons in

the light fraction was determined by means of

chromatomass spectrometry using the Agilent

6890 chromatograph equipped with the Agi-

lent 5973 selective mass detector (70 eV). The

products were separated with an Optima I No.

726839.50 (50 m × 0.2 m with OV-1) capillary

column under the temperature programming

from 40 to 185 °C at the rate of 3 °C/min. The

compounds were identified using the NIST98

computer database.

RESULTS AND DISCUSSION

Effect of relative content of lignin

and polypropylene in the initial mixture

on the yield of products of their co-pyrolysis

The pyrolysis of polypropylene, lignin and

their mixtures was performed at 400 °C in in-

ert atmosphere. This temperature point was

chosen on the basis of results of previous in-

vestigations which proved that the maximum

yield of distillated products from the mixture

of  synthetic and natural polymers is achieved

under these conditions.

It follows from Fig. 1 that under these con-

ditions polypropylene in the absence of lignin

is almost completely converted into liquid and

gaseous products, the yield of the former be-

ing predominant and equal to more than 95 %

mass. The addition of hydrolytic lignin to poly-

propylene causes both a decrease in the con-

version degree of the mixture and a decrease

in the yield of liquid hydrocarbons; these pa-

rameters decrease proportionally to an increase

in lignin content of the mixture. In the case of

lignin pyrolysis in the absence of polypropy-

lene, the conversion degree and the yield of

liquid products are substantially lower than in

the case of polypropylene pyrolysis (39 and

4 % mass, respectively). However, in the for-

mer case a high yield of gaseous products and

water fraction containing water-soluble hydro-

carbons is observed.

The relative content of light (<180 °C) and

heavy (>180 °C) fractions in the liquid hydro-

carbon products of the pyrolysis depends on

the components ratio in the initial mixture

(Fig. 2). In the case of the pyrolysis of poly-

propylene, mass fraction of heavy fraction in

the liquid products is almost 80 %, which is in

accordance with the known literature data [5].

Fig. 1. Influence of hydrolytic lignin/polypropylene ini-

tial mixture composition on the parameters of the co-

pyrolysis in inert atmosphere (400 °C, 1 h): 1 – degree

of conversion, 2 – total yield of liquid products, 3 –

yield of water fraction, 4 – yield of gases.
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Non-additive character of changes in the light

to heavy fractions ratio in the liquid products

depending on the lignin content of the lignin/

polypropylene mixture was discovered. The ad-

dition of lignin in the amount of 20–50 % of

the mass of initial mixture to polypropylene

causes a substantial increase in the content of

the light fraction boiling below 180 °C. Liquid

products with maximum content of light frac-

tion (52 % mass) were obtained after pyrolysis

of the mixture containing 30 % mass of lignin

and 70 % mass of polypropylene. This is 2.2

times as large as the sum of the yields of light

fractions obtained independently during py-

rolysis of lignin sample and polypropylene sam-

ple. Previously, we discovered a similar non-

additivity phenomenon in the case of joint ther-

mal transformation of beech wood and cellu-

lose with polypropylene and polyethylene [9].

This phenomenon is likely to be due to chem-

ical reactions between the reactive compounds

formed under thermal decomposition of poly-

propylene and lignin.

It should be noted that the authors of [8,

15] did not discover non-additivity for the co-

pyrolysis of wood biomass and polypropylene;

the reason may be specific experimental pro-

cedure involved. Thermogravimetry allows one

to record only total sample mass loss during

thermal transformations but not the fractional

composition of the formed products.

Composition of light hydrocarbon products

of the co-pyrolysis of lignin and polypropylene

Figure 3 shows the ATR spectra of the light

fraction formed under the pyrolysis of atactic

polypropylene (curve 1) and co-pyrolysis of

polypropylene with lignin (curve 2). Light pro-

ducts are represented mainly by paraffin and

olefin hydrocarbons, which is evidenced by the

presence of intensive absorption bands of

aliphatic CH2,  CH3 groups within the regions

2960–2870 and 1460–1380 cm–1, as well as ab-

sorption bands at 1660 and 890 cm–1, which

can be assigned to the vibrations of C=C and

C–H bonds, respectively, in the compounds

of RR1=C–H type. The comparison of the spec-

tra shown in Fig. 3 suggests that the addition

of lignin to polypropylene causes substantial

changes in the composition of the liquid pro-

ducts of pyrolysis. This is observed in a de-

crease in the intensity of absorption bands at

890 and 1660 cm–1 and a decrease in the ratio

of intensities of the absorption of CH2 and

CH3 groups. Absence of intensive absorption

bands in the regions characteristic of oxygen-

containing groups indicates that the mixtures

under analysis are mainly represented by the

products of decomposition of the synthetic

polymer: paraffins and olefins. Aromatic pro-

ducts of thermal conversion of lignin are

present in this fraction only in insignificant

amount.

Fig. 2. Influence of content of hydrolytic lignin on the

composition of hydrocarbon products of its co-pyrolysis

with atactic polypropylene (400 °C, 1 h): 1 – fraction

boiling above 180 °C; 2 – fraction with boiling point not

higher than 180 °C; 3 – content of fraction with boiling

point not higher than 180 °C, calculated from additive

contribution from products of lignin and polypropylene

pyrolysis with their mass ratio (%) 30 : 70.

Fig. 3. ATR spectra of light fraction of liquid products

of the pyrolysis of atactic polypropylene (1) and the

joint pyrolysis of the mixture (mass ratio 1 : 1) of lignin

and atactic polypropylene (2).
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According to the data of chromatomass

spectrometry, the light fraction formed in the

pyrolysis of polypropylene contains about 200

individual compounds of different classes (par-

affins, cycloalkanes, olefins and aromatic hyd-

rocarbons); however, fractions of many com-

pounds are insignificant in this fraction. The

content of about 30 compounds is approximate-

ly 1 % and more. It follows from the data

shown in Fig. 4, b that these hydrocarbons are

mainly characterized by not very long reten-

tion time, i. e., have relatively small molecular

mass. The most substantial mass fraction is that

of 2,4-dimethyl-1-heptene (up to 15.8 %). A

characteristic feature of the polypropylene

pyrolysis products is the presence of structur-

al isomers of a-olefins in them.

Light fractions of the co-pyrolysis of poly-

propylene and lignin (see Fig. 4, a) have an

increased content of the compounds with rela-

tively large molecular mass, in comparison with

polypropylene pyrolysis products. It was es-

tablished that 2,4-dimethyl-1-heptene is

predominant among individual hydrocarbons

(its content is 14.7 % mass, which is 14.5 times

as large as that in the products obtained by

the pyrolysis of the polymer without lignin

added). It is important to note that β-olefins

Fig. 4. GC-MS chromatograms of the light fraction (<180 °C) of the liquid products of the co-pyrolysis of lignin/

atactic polypropylene mixture (mass ratio 1 : 1) (a), and pyrolysis of atactic polypropylene (b).
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are prevailing in the light fraction of the co-

pyrolysis of polypropylene and lignin. We obser-

ved such a change in the composition of light

fraction previously in investigating the joint

transformation of polypropylene with cellu-

lose, as well as with beech and pine wood [9];

however, this change is much stronger ex-

pressed in the presence of lignin.

The character of the distribution of indi-

vidual compounds in the light fractions of py-

rolysis products over the classes and over the

number of carbon atoms in molecule is shown

in Figs. 5 and 6. It follows from the data ob-

tained that the distribution of hydrocarbons over

the indicated parameters is non-uniform for the

products obtained both by the pyrolysis of poly-

propylene and by the co-pyrolysis of polypro-

pylene with lignin. Three evident maxima are

observed; they correspond to molecules with 6,

9 and 12 carbon atoms; a substantial part of

these hydrocarbons is represented by olefins.

However, there are some differences in the com-

position of light products obtained from poly-

propylene and from its mixture with lignin. For

instance, the addition of lignin to polypropyl-

ene causes an increase in the content of hydro-

carbons with 9 carbon atoms in molecule. Total

mass fraction of these compounds in the light

products of the co-pyrolysis of polypropylene

and lignin is about 45 %, while their yield from

polypropylene does not exceed 31 %. The addi-

tion of lignin to polypropylene also causes a

decrease in the content of cyclic alkanes, which

are represented mainly by trimethylcyclohex-

anes (see Figs. 5 and 6), and the concentration

of aromatic hydrocarbons (Table 2). Aromatic

hydrocarbons may be formed as a result of

dehydrogenation of  methylcyclohexanes fol-

lowed by elimination of  substituents,  since par-

tially dehydrogenated methylcyclohexane de-

rivatives were detected in small amounts in

polypropylene pyrolysis products.

It follows from the data presented in Tab-

le 2 that the presence of lignin causes an in-

crease in the content of ethyl-, dimethyl- and

trimethylbenzene in the light fraction of py-

rolysis products, while benzene and methyl-

benzene content decreases.

Thus,  analyzing the experimental data we

may conclude that in the co-pyrolysis of poly-

Fig. 5. Distribution of the individual hydrocarbons over classes and the number of carbon atoms in molecule for the

light fraction (<180 °C) of liquid products of the pyrolysis of atactic polypropylene: 1 – olefins, 2 – paraffins, 3 –

cycloalkanes, 4 – dienes, 5 – total hydrocarbon content.
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propylene and lignin in inert atmosphere light

hydrocarbons are formed mainly as a result of

thermal decomposition of polypropylene. Lignin

has a substantial effect on thermal decomposi-

tion of polypropylene, which is exhibited by

non-additive increase in the yield of light hyd-

rocarbon products and in the changes in their

chemical composition. For example, compari-

son of the data shown in Figs. 1 and 2 suggests

that the yield of light fraction in the pyroly-

sis of polypropylene without lignin is 19 %

mass. When the content of lignin added to

polypropylene was 30 % mass, the content

of distillate fractions was 55 % mass under

the same pyrolysis conditions. This means that

the yield of light products from polypropyl-

ene under the action of lignin additives has

increased almost by a factor of 3. Thus, the

addition of hydrolytic lignin to polypropyl-

ene under pyrolysis at not very high temper-

ature (400 °C) provides high degree of the

transformation of synthetic polymer into light

liquid products and low extent of gas forma-

tion. The effect of lignin is also expressed in

an increase in the content of C9 hydrocarbons

and β-olefins. Results of the investigation of

composition of light liquid products show that

they can be considered as raw material for

producing valuable chemical compounds and

motor fuel components.

Technological schemes of the utilization of

synthetic polymers by means of pyrolysis in

inert atmosphere, mastered abroad using in-

Fig. 6. Distribution of the individual hydrocarbons over classes and the number of carbon atoms in molecule for the

light fraction (<180 °C) of liquid products of the pyrolysis of a mixture of lignin and atactic polypropylene (1 : 1):

1 – olefins, 2 – paraffins, 3 – cycloalkanes, 4 – total hydrocarbon content.

ÒÀÁËÈÖÀ 2

Effect of composition of the raw material under

pyrolysis on the content of aromatic hydrocarbons

in the light hydrocarbon fraction of pyrolysis products

Compound Content in pyrolysis products,

% mass

polypropyle- polypropyle-

ne ne/lignin mix-

ture (1 : 1)

Benzene   7.53 0.20

Methylbenzene   1.83 1.38

Ethylbenzene  0.09 0.92

1,4-Dimethylbenzene  1.74 1.97

1,3-Dimethylbenzene   0.21 0.54

1,2,3-Trimethylbenzene   1.50 3.18

Total 13.90 8.19
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stallations with the productivity up to 200 t/

day include two main stages: pyrolysis of poly-

mers at 390–410 °C,  and hydrogenation of

the light constituent of the pyrolysis products

under mild conditions resulting in gasoline spe-

cies, which are most valuable products. Ga-

seous products are utilized by combustion; the

heavy part of pyrolysis products is used as

additives in manufacturing plastics [16, 17].

Lignin addition at the first stage of those proces-

ses would allow one to increase the yield of

light fraction sharply.

High olefin content of the heavy liquid pro-

ducts of the co-pyrolysis of lignin and poly-

propylene allows considering them as a promi-

sing raw material for the production of sur-

factants like alkyl sulphates and alkene sul-

phonates [18].

CONCLUSIONS

In  the  pyrolysis  of  polypropylene at

400 °C, the addition of hydrolytic lignin causes

an increase in the yield of hydrocarbon frac-

tion with boiling point not higher than 180 °C.

With 30 % lignin content (calculated per the

mass of the mixture), the yield of light prod-

ucts from polypropylene increases almost by

a factor of 3 and reaches content of 55 %

mass.

Light hydrocarbon products of the co-py-

rolysis of polypropylene and lignin are for-

med mainly as a result of thermal decomposi-

tion of polypropylene. Specific contribution

from lignin is an increase in C9 hydrocarbons

and β-olefins content in the light fraction.
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