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Abstract: The object of the research is waste polyethylene, polypropylene, polyethyleneterephthalate and polyvinylchloride, which are 
subjected to pyrolysis utilization with plant raw materials as a carrier. The purpose of the study is the thermal processing of these wastes into 
carbon adsorbents and the analysis of their adsorption properties. Combinations of the most spread polymeric wastes and plant raw 
materials, as well as products of its transformation (wood, peat, lignite, coal and its coke) were studied as feedstocks for the production of 
carbon adsorbents. The temperature regime of pyrolysis of plant materials was determined according to the results of thermographic 
analysis. The effect of the type of raw materials and polymeric wastes on the yield and on the parameters of porous structure of the produced 
adsorbents was estimated and  the high-quality samples among them were selected. 
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1. Introduction 
 
These studies are aimed at implementing the state strategy in the 

field of recycling production and consumption wastes [1], in 
particular, waste packaging polymers. According to various estimates, 
the volume of formation of polymer waste in Russia is 700–900 
thousand tons per year, with packaging materials made of 
polyethylene (PE, 34%), polyethylenterephthalate (PET, 20%) and 
polypropylene (PP, 14%) prevail in their composition. 
Polyvinylchloride (PVC), predominantly in the form of plastic 
utensils, also constitutes a significant part of municipal solid waste 
(MSW). The introduction of the system of separate collection of the 
latter from 2019 will stimulate the utilization of MSW, however, the 
contaminated and mixed part of them is not recyclable and will be 
taken out of circulation. 

Disposal of polymer wastes is possible in several ways: 
mechanical, chemical, thermal processing (pyrolysis and incineration), 
the latter being expedient for heterogeneous and contaminated 
polymer wastes. Unlike combustion, pyrolysis allows one to produce 
liquid fuel from such materials. It is promising to study the production 
of carbon-containing adsorbents by pyrolysis of these wastes in the 
presence of mineral and carbon carriers, which can increase the 
profitability of such disposal. 

The listed wastes belong to polymeric materials that do not form 
a solid residue at complete thermal decomposition. The possibility of 
their involvement, like other organic wastes, in the production of 
composite adsorbents is provided by the CVD method — pyrolysis of 
the precursor, accompanied by “chemical vapour deposition” and 
carbonization of its products with the formation of pyrolytic carbon on 
porous mineral carriers — silica gels, clays, zeolites [2]. With respect 
to polyurethane waste, the described process, called “heterogeneous 
secondary pyrolysis” [3], was investigated using activated carbon and 
the solid pyrolysis product of polyurethane itself as carriers. The result 
was a change in the composition of the liquid pyrolysis products and 
the formation of an additional amount of coke on the surface of the 
carriers, but the materials obtained were not considered as adsorbents. 
For the purpose of producing the described adsorbents, it is promising 
to use carbon-rich kinds of plant materials - wood, peat, coal, lignite, 
and coke. 

 
2. Experimental part 
 
To carry out research, the studied wastes (precursors) were 

prepared as follows: packages from transparent LDPE polyethylene 

cut into strips about 1 cm wide, fragments of glasses from 
polypropylene and bottles from polyethylenterephthalate up to 2 cm in 
size, and white PVC shavings up to 1 mm thick. Relatively cheap 
materials of plant origin were used as carriers: pine sawdust, sedge 
peat from the field «Krasny Mokh», lignite from Tulgan field, coal 
mixture from JSC «Moskoks», metallurgical (russian state standard 
GOST 3340-88) and pitch coke (GOST 3213-91). All they besides 
powder-form peat were shredded to give fraction 1-2 mm and then 
dried at 110 °C to reach constant weight. 

In order to determine the rational temperature regime of 
pyrolysis of these plant materials, their thermal analysis was carried 
out. The measurements were performed using a Q-1200 derivatograph 
(MOM, Hungary) by heating shredded air-dry samples to 900 °C for 
100 minutes in a nitrogen atmosphere. The mass of the samples and 
the range of the weight scale G are indicated on the corresponding 
thermograms. 

Based on construction of pyrolytic furnaces with a retort 
chamber, which are common in practice, the conditions of their 
functioning at laboratory scale were reproduced in a non-hermetically 
sealed porcelain crucible placed in a muffle furnace with an adjustable 
temperature. In such experiments, a sample taken from a hand-made 
mixture of a plant material  and a polymer waste in a mass ratio of 1 : 
1 was loaded into a porcelain crucible, which was covered with a steel 
lid. The latter was placed in a muffle furnace. The pyrolysis 
parameters (heating rate, final temperature and holding time) were set 
by the furnace regulator using the data of the below described 
thermographic tests. 

Upon completion of the pyrolysis, the crucible was removed 
from the furnace and placed in a desiccator, where it cooled to room 
temperature. Then, by weighing it, the yield of each adsorbent was 
calculated as the ratio of its mass to the mass of the raw mixture and 
to the mass of the carrier. The content of pyrolytic carbon in the 
adsorbent also was estimated by difference between yields of the 
adsorbent in presence and without precursor in raw mixture. 

Parameters of porous structure, ash content and abrasion 
hardness of the products were found using methods described below. 

 
3. Results and discussion 
 
3.1. Thermographic analysis of plant materials 
 
The characteristic quantitative parameters of the presented in 

fig. 1 thermograms and indicators of the obtained carbonized residues 
of the materials studied are given in table 1. 
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a – pine sawdust: 

batch 141 mg, scale G 200 mg 

 
b – peat: 

batch 323 mg, scale G 200 mg 

 
c – lignite: 

batch 364 mg, scale G 200 mg 

 
d – coal [4]: 

batch 821 mg, scale G 500 mg 
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e – metallurgical coke: 

batch 749 mg, scale G 200 mg 

 
f – pitch coke: 

batch 619 mg, scale G 200 mg 
Fig. 1 Thermograms of plant raw materials 

 
Table 1: Data of thermographic analysis of plant materials 

 
Raw material 

 
Mass [mg] Residue [%] at temperature, °С Temperature 

range of the most 
intense mass loss, 

[°С] 

Exterior of residue 
initial final 300 500 700 900 

Sawdust 
 

141 0,4 73 22 6,4 0,3 200-370 black dust 

Peat 323 6,1 78 53 44 1,9 160-420 brown crumbly 
clumps 

Lignite 364 37 90 59 50,5 10 240-460 brown grains and  
powder  

Coal 821 391 80,5 65,5 52,5 47,6 60-240 
260-500 

black particles 

Metallurgical 
coke 

749 638 99 98 92 85 450-820 black loose powder 

Pitch coke 619 395 99 98 90,5 64 430-650 black loose powder 
with shrinkage 

 
The presented data demonstrate that the studied materials differ 

in proceeding of their thermal decomposition. It should be noted that 
the heat resistance (the yield of a solid residue at a given temperature), 
is expected to increase as the plant mass turns into carbon material in 
nature. For all materials, except coal, one stage of decomposition (an 
interval of intense mass loss) is characteristic, shifting to higher 
temperatures during the transition from wood to coke. The exothermic 
heat effect of the pyrolysis processes in the case of sawdust, which is 
fixed by the DTA curve (Fig. 1a), mainly degenerates upon the 
transition to materials of a greater degree of metamorphism. Along 
with this, it can be stated that the main transformations of non-coked 
materials occur up to 500 °С. The yield of residues (carbonizates) in 
this case, with the exception of sawdust, exceeds 50% by weight, and 
at 700 °C it decreases by another 6-15,6%. Further heating is 
accompanied by a smooth loss of mass, mainly without pronounced 
thermal effects. 

The types of coke industrially obtained from coal naturally 
belong to heat-resistant materials, a noticeable decomposition of 

which (mass loss of more than 2 %) occurs only at 500–900 °C (table 
1). The carbonized coal and cokes have the most practical granular 
form, the other materials form powder products. 

The recommended [5] pyrolysis (carbonization) temperatures 
are very similar for coal, peat and wood - 500-750 °C. The 
degradation temperatures of the studied polymers, on the contrary, are 
different [6]: for PE, PP, PET, PVC are >300, 200-300, >800, >400 
°С, respectively. Therefore, the preparation of adsorbents from 
mixtures of these materials was carried out at a fixed temperature of 
500 °C. The heating rate for slow carbonization was set at 5 °C / min, 
holding at the final temperature – for 0,5 h. 

The composition of the by-products of pyrolysis of wood and 
peat is well studied [7, 8], vapor-gas species are represented by 
resinous substances, water, volatile compounds (alcohols, acids, 
esters, carbonyls) and gases (CO2, CO, CH4, light hydrocarbons, H2). 
Coals during pyrolysis form in addition to coke, polyaromatics, 
benzene and its derivatives, as well as H2O, CH4, H2, NH3, H2S [9]. 
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3.2. Yields of adsorbents 
 
The look of the adsorbents obtained on the basis of the 

mentioned plant and polymeric materials is illustrated in fig. 2. 
According to the presented photos, the most macroporous materials 
are obtained by pyrolysis of sawdust and coke. 

 

 
a - sawdust 

 
b – peat 

 

 
c – coal 

 
d – coke 

 
Fig. 2 Images of carbon adsorbents obtained from plant raw 
materials (magnification x60) 

 
The outputs of the target products of the pyrolysis of raw 

materials are characterized in table 2 by 1) the ratio of their mass to 
the mass of the carriers, 2) to their mixtures with wastes and 3) the 
change in the yield of each adsorbent in the presence of various 
polymers in the feedstock (the latter indicator estimates the content of 
pyrocarbon in the adsorbent from the precursor). 
 
Table 2: Indicators of output of the adsorbents 
 
Raw material Raw 

mass [g] 
Adsor-

bent 
mass [g] 

Adsorbent 
yield [%] 

Adsorbent 
yield from  
carrier [%] 

Change in 
adsorbent 
yield [%] 

Sawdust 1,5 0,37 24 24 - 
Sawdust + PE 1,5 0,26 17 34 10 

Sawdust + 
PP 

1,45 0,24 16 32 8 

Sawdust + 
PET 

1,47 0,38 26 52 28 

Sawdust + 
PVC 

5,07 1,72 34 68 44 

Peat 3,1 1,54 50 50 - 
Peat +  

PE 
2,72 0,87 32 64 12 

Peat + 
PP 

1,66 0,35 21 42 -8 

Peat + 
PET 

1,57 0,45 27 54 4 

Lignite 1,28 0,73 57 57 - 
Lignite + 

PE 
2,56 0,78 30,5 61 4 

Lignite + 
PP 

2,56 0,7 27,5 55 -2 

Coal 2,32 2 84 84 - 
Coal + 

PE 
3,08 1,85 60 120 36 

Coal + 
PP 

3,08 1,77 57,5 115 31 

Coal + 
PET 

3,08 1,68 54,5 109 25 

Coal + 
PVC 

3,08 1,85 60 120 36 

Metall. coke + 
PE 

3,08 1,61 52 104 4 

Pitch coke + 
PE 

3,08 1,7 55 110 10 

 

In terms of experience, both types of coke do not change the 
mass, coal decomposes only by 16 %, lignite loses 43, peat – 50, and 
wood – 76 % of the mass. The content of pyrocarbon deposited on 
carriers during the decomposition of polymers varies within wide 
limits (table 2). In particular, wood precipitates 8-44 % of the mass of 
polymer-precursor in the form of pyrocarbon; lignite - up to 4; peat - 
from 4 to 12; coal - from 25 to 36 %; the rest of the polymers spent 
under the described conditions is converted into vapor-gas products. It 
is noticeable that thermoplastic polymers (PE, PP, PET) provide a 
smaller cover of adsorbents than thermosetting PVC. The fact, that 
polypropylene combined with peat and lignite results in unexpected 
mass loss (-8 and -2 % respectively), points to chemical activity of 
products of its destruction.  

 
3.3. Porous structure of adsorbents 
 
Characteristics of the porous structure of initial and carbonized 

materials are shown in table 3 as volumes of pores sorbing vapour 
substances with different molecular size: H2O (ultramicropores) < 
C6H6 (micro- and mesopores) < CCl4 (mesopores). 

An analysis of the initial and carbonized materials at 500 °C 
reveals appearance of micro- and mesopores, which adsorb organic 
substances, during pyrolysis. Water-adsorbing micropores are most 
developed in the lignite sample, mesopores absorbing CCl4 in the peat 
sample. The carbonized coal and coke remains low-porous. 

Joint pyrolysis of raw materials and polymers in most cases 
leads to the development of their porous structure. Presumably, it 
happens by the mechanism of narrowing the existing pores of the 
carrier by covering them with a layer of pyrocarbon [10]. For 
adsorbents based on sawdust and thermoplastic polymers, new 
micropores appear, whose volume is record for PP (table 3), and for 
PET and PVC there are also new mesopores. The sample from pine 
sawdust and PP has the greatest volume of micropores (0.523 - 0.025 
= 0,498 cm3/g) that exceeds the same of active carbon from birch 
wood BAU (0.22-0.25 cm3/g) [5]. 

For peat-based adsorbents, the resulting structure depends on the 
type of the polymer: the maximum volume of ultramicropores is due 
to the addition of PP, the micro- and mesopores sorbing benzene — 
the addition of PET, although these indicators are relatively small. 
Positive changes in the porous structure of wood-based and peat-based 
adsorbents are correlated with the content of pyrocarbon 4–44 % 
(table 2). 

Using the example of joint pyrolysis of lignite with polymers, it 
can be seen that the effect of pyrolytic carbon deposition may be 
excessive - the volume of ultramicropores of samples with the 
addition of PE, PP is reduced in comparison to that of carbonized 
lignite. At the same time, samples from a mixture of components 
acquire additional mesopores. These changes mean the ability of 
adsorbents to absorb organic solvents predominantly compared to 
water (table 3). 
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Table 3: Indicators of the porous structure of the adsorbents 
 

Raw material Volume of pores [cm3/g] 
sorbing vapours 

Н2О С6Н6 СCl4 

Sawdust 0,144 0,102 0,049 
Sawdust + 

PE 
0,17 0,314 0,047 

Sawdust + 
PP 

0,361 0,523  0,025 

Sawdust + 
PET 

0,320 0,241 0,118 

Sawdust + 
PVC 

0,328 0,238 0,146 

Peat 0,103 0,136 0,169 
Peat +  

PE 
0,052 0,073 0,065 

Peat + 
PP 

0,195 0,104 0,069 

Peat + 
PET 

0,052 0,261 0,075 

Lignite 0,208 0,321 0,12 
Lignite + 

PE 
0,119 0,329 0,139 

Lignite + 
PP 

0,101 0,353 0,168 

Coal 0,056 0,031 0,018 
Coal + 

PE 
0,018 0,032 0,021 

Coal + 
PP 

0,017 0,018 0,021 

Coal + 
PET 

0,029 0,033 0,027 

Coal + 
PVC 

0,015 0,024 0,029 

Metall. coke + 
PE 

0,010 0,008 0,011 

Pitch coke + 
PE 

0,017 0,018 0,016 

 
All adsorbents based on coal and coke derived from it, despite 

the macropores (fig. 2e) and the deposition of 4-36 % of pyrocarbon, 
have low-developed porous structure, often inferior to those of 
carbonized carrier-materials. 

Mineral impurities in the carbonizates of plant materials are 
commonly expressed by ash content, that was determined by 
calcination of the samples in opened crucibles at 800 °C for 2,5 hours: 
pine wood – 4,5; peat - 4; lignite – 17,1; coal – 12,4; metallurgical 
coke – 11,8, while the high-quality adsorbents should contain up to 
5% ash. 

A practically important property of carbon adsorbents is the 
abrasion hardness, which was estimated for granular adsorbents by 
their abrasion in rotating inner and outer cylinders for 3 minutes: 
lignite — 97 %, coal — 75 %, metallurgical coke — 98 % with an 
acceptable value of more than 85 % [5]. Consequently, only lignite 
adsorbents possess a combination of porous structure and mechanical 
hardness. 

 
 
 
 
 

4. Conclusion 
 
In the performed study, the pyrolytic decomposition of wood, 

peat, lignite and coal, metallurgical and pitch coke samples was 
studied, temperature of their processing with polymeric wastes to 
obtain carbon adsorbents with a maximum yield was substantiated, 
the contribution of polymer pyrolysis to their formation was 
estimated, and basic indicators of the porous structure of carbonized 
materials were found. 

The effect of joint pyrolysis of raw materials and polymers 
with the ratio of 1 : 1 on the indicators of the porous structure of the 
adsorbents was revealed: additives of thermoplastics provide an 
increase in the sorbing pore volumes for H2O, C6H6, CCl4. The 
maximum pore volume for benzene of the sample based on sawdust 
and polypropylene (0,52 cm3/g) exceeds that of most of industrial 
active carbons. Lignite gives hard and porous, but high-ash 
carbonizates. Coal and coke do not form porous adsorbents in 
combination with any polymers. Thus selection of the best sample 
depends on requirements to adsorbent properties. 

Finding the best conditions for producing the studied 
adsorbents requires varying the ratio of components and temperature 
of pyrolysis. For low-porous adsorbents based on coal materials, 
vapor-gas activation can be recommended. 

This work was supported by the Mendeleev University of 
Chemical Technology of Russia. Project number 004-2018. 
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