Rheological Behaviour of Coal Modified by Waste Plastics
and Lubricating-Oils

S.Méendi', M.A. Diez', R. Alvarez', M. Castro®, K. Steel” and C.E. Snape”
! nstituto Nacional del Carbon (INCAR), CSIC, Apartado 73, 33080, Oviedo, Spain
Nottingham Fuel and Energy Centre, School of Chemical, Environmental and Mining Engineering,
Nottingham University, Nottingham,NG7 2RD, United Kingdom
smelendi @incar.csic.es

Abstract

Theaim of thiswork isto study the interactions between a coking coal and two types of wastes: plastics
from municipa wastes (single and mixed) and lubricating-oils coming from theiron and steel sector. For
this purpose, Gieseler plastometry, rheometry and in situ high-temperature 'HNMR spectroscopy can
be combined to discern the most suitable wastes for using as secondary raw materialsin metallurgical
cokeproduction. It was found that there is a relationship between the Gieseler fluidity, the complex
viscosity and the percentage of the mobile hydrogen of the blends coal +additive. Three groups directly
related to the structure of the polymers and the nature of the lubricating oils could be established.
Polyolefins and hydrocarbon oil are the weaker modifiers of coal rheological properties, increasing the
viscosity of the coal (decreasing fluidity) slightly. PET isthe stronger modifier and it has a negative effect
on the development of the plastic phase and inhibitsits formation when 5 wt% is added to the coal.
Finaly, PS and the synthetic oil show an intermediate behaviour.

Keywords
Cod, Plastics, Rheology

INTRODUCTION

Therecycling process of organic wastes, plastics and oils, using coke ovens for metallurgical coke
production is apossible aternative by adding these wastesto typical coal blends as secondary raw
materials. Recent investigationshaveestablishedthat theincorporation of plasticwastesto bituminous
coalsreducesthe coal fluidity during the thermal treatment and the extent of the reduction is dependent
of the structure of the polymer (Diez, 2000, 2005; Dominguez, 2001; Nomura, 2003; Sakurovs,
2003; Vivero, 2005). This paper describesthe effects of blending aseriesof plastic wastes (single and
mixed) and oil wastes with abituminous coal on the rheological properties of the coa by means of
different techniques, Gieseler plastometry, rheometry and in situ high-temperature *H NMR. The
former techniqueiswidely used by thesteel industry intheclassificationand control of coking coalsas
well asinthe mathematical models devel oped to optimizethe coking blends to be carbonized.

EXPERIMENTAL

Materials

A bituminous coal (O) was selected for itsvolatile matter content (21.2 wt% db) and for its medium
Giesdler fluidity (423 ddpm). Thewastes used include: five of the six major thermoplastics in municipa
wastes (LDPE, HDPE, PP, PS, and PET), two mixed plastics (M1 and M2), and two residual oils (an
aliphatic oil -OIL1- andtheother containing organic esters —OIL2-). M1 has polyolefins as major
components (73 wt% HDPE, 20 wt% PP and 5 wt% PET), while M2 contains the six thermopl astics



contained in municipa wastes (PP, 39.2 %; PET, 18.8 %,; PS, 16.6 %; HDPE, 0.7 %; LDPE, 5.4 %;
PVC, 1.2 % and non-identified plastics, 6.9 %). The wasteswere added to the coal O in proportions
of 2 and 5 wt%.

Gieseler plastometry

Thefluidity was determined in a constant-torque Gieseler plastometer, R.B. Automazione PL 2000,
whichisaviscometer specially designed and standardized for the measurement of the fluidity of coals.
The equipment and the procedure are described in detail in the ASTM D2639-04 standard
procedure. Briefly, apacked coa sample (5 g, particle size 0.425 mm) is heated from 330 to 550 °C
at a heating rate of 3.0 °C/min, while a constant torque is applied. The characteristic parameters
derived from thistest are: (i) softening temperature (Ts), the temperature at which the coal startsto be
fluid; (ii) temperature of maximum fluidity (Tm); (iii) resolificationtemperature (Tr), the temperature at
which the fluid massresolidifiesinto a semicoke; (iv) plastic or fluid range (Tr-Ts) which isdefined as
the difference between theresolidification and softening temperatures; (v) the maximum fluidity (MF)
expressed asdial divisions per minute (ddpm).

Rheometry

The rheology experiments were carried out using a Rheometrics RD A -111 high-torque
strain-controlled rheometer. The experimental conditions were described elsewhere (Steel, 2004).
Briefly, coal and itsblendswith the selected wastes (1.5 g, particle size 53-212 um) were pressed at 5
tonsto form disks of 25 mm in diameter and 2.6 mm in thickness. The disk was heated up to 330 °C
at 60 °C/min and from this temperature to 500 °C at a slow heating rate, 3 °C/min. A constant nitrogen
flow rateto transfer heat to the sample and to remove volatiles was used. From the measurements,
different parameters can be deduced: minimum complex viscosity (n*), storage and loss modulus (G’
and G”, respectively) and characteristic temperaturesin theviscosity devel opment (the softening
temperature, Trs, defined as the crossed point of G* and G”; temperature of minimum complex
viscosity, Tmf, and the resolidificationtemperature, Tgp).

In situ high-temperature'H NMR

A Doty 200 MHz "H NMR probe was used with aBruker M SL 200 instrument for the NMR fluidity
development. For NMR experiments, approximately 120 mg of sample with a particle size 53-212
um, packed lightly into aboron-nitride container, was heated from room temperatureto 525 °C at a
heating rate of approximately 3 °C/min. A nitrogen flow was used to transfer heat to the sampleand to
sweep thevolatile products. The *H NMR spectra were deconvoluted into L orentzian and Gaussian
components. These components make possible to know the percentage of mobilefluid (Lorentzian)
andrigid (Gaussian) hydrogen together with the spin-spin relaxation time of the Lorentzian function
(T2L), which indicates the mobility of the mobile hydrogen (Steel, 2004).

RESULTSAND DISCUSSION

Figure 1 displays, asan example, thefluidity development, the viscoel astic behaviour and the amount
of the mobile/fluid hydrogen of the bituminouscoa as afunction of the temperature. At around 420 °C
coal and its blends with the additives behave like a thermoplastic material, developing a
fluidity/complex viscosity with progressive heating, reaching a minimum value of complex viscosity
(maximum Giesdler fluidity) and, afterwards, become thermosetting around 500 °C with the formation
of the semicoke.



107 - — 500

400

=
o
>
1

300

| 200

Gieseler fluidity (ddpm)

Complex viscosity (Pa.s)
5 5
| |

100

0

10°

D

" T " T " 1 " 1 "
300 350 400 450 500 550

Temperature (°C)
| = complex viscosity —o— Hfluid —A— Gieseler fluidity |

FIGURE 1: Variation of Gieseler fluidity, complex viscosity and the amount of mobile H of the coal with the
temperature.

Thecomplex viscosity, asafunction of temperature, shows three temperatureregions. Asan example,
Figure2 showsthat inthefirst region coal beginsgradually to soften with thetemperatureand the
viscosity beginsto decay considerably. The storage (G') and loss (G”) modulus cross at around 430
°C and afterwards, G” valuesare higher than G”. Thisfact marksthe beginning of the second regionin
whichthecomplex viscosity diminishesuntil aminimum val ue, marking theend of thesecondregion
and the beginning of thethird one. These temperatures are comparabl e to the temperatures of softening
(Ts), maximum fluidity (Tn,) and resolidification (T,) obtained by Gieseler plastometer test.
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FIGURE 2: Viscoelastic behaviour of the bituminous coal.
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Figure 3 showstherelationship between the Giesel er maximum fluidity and the minimum complex
viscosity, expressed aslogarithm onabasis 10, for thecoal anditsblendswiththedifferent wastes.
Thereisagood correl ation between thetwo kindsof measurementsof thethermoplastic behaviour of
the blends. In general, thedataobtai ned fromtherheometry measurementsconfirmthoseobtainedin



aGieseler plastometer. Theamount and thetype of thewasteinfluencethe complex viscosity of the
coal (7940 Pa.s) and the Gieseler fluidity (423 ddpm), giving awide spectrum of blends with complex
viscosity from nearly 9000 Pa.sto 137000 Pa.s and Gieseler fluidity from 424 ddpm (similar to the
coal) to 2 ddpm.

Comparing the effects of single plasticson coal rheological properties, two different groups can be
established:

« thefirst group containsthethree polyolefins (HDPE, LDPE and PP) with complex viscosity of
the blends between 9000 and 13500 Pa.sat 2 and 5 wt% addition.

« thesecondgroup includesthestronger modifiersof therheological propertiesof thecoal (PS
and PET). A common feature of thesetwo polymersisthat they containanaromaticringinthe
structure. At 2wt% addition the complex viscosity is23000-57000 Pa.s and Gieseler fluidty
around 100 ddpm. An increase in the amount added to coal (5 wt%) preventsthe blend
coal+plastic to be fluid during carbonization, the complex viscosity increases up to
120000-137000 Pa.sand the Gieseler fluidity decreasesup to 2-5 ddpm.

At low concentrations of PSand PET (2 wt%), the second group can be split into two groups, because
PS has an intermediate behaviour between the polyolefinsand PET.

Theaboveclassification of theplasticsisin agreement withthat previously reported which is based on
the variation of the Gieseler fluidity of coals with different rank and fluid behaviour (Diez, 2000, 2005).
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FIGURE 3: Relationship between minimum complex viscosity and maximum Gieseler fluidity.

As regards the mixed plastic wastes, the relative proportions of plastics classified as type 1
(polyolefins) and type 2 (PS and PET) have agreat influence onthefluidity/viscosity development. For
example, when mixed polyolefins are the major components (M1 waste), the minimum
viscosity/maximum fluidity isquite comparableto the single plastics of type 1. On the other hand,
wasteswith ahigh proportion of PET and PSlike M2 (35wt% PET+PS) cause agreater changein
thermoplastic behaviour.

In the case of the lubricating oils, the composition isalso acritical factor. The oil containing long-chain
aliphatic esters reduces fluidity (increasein complex viscosity) inagreater extent thantheoil containing
long-chain akanes (OIL1). Thiseffect iscomparableto that observed for the two types of polymers,



polyolefinsand PET. Indeed, lubricating oil (OIL1) and polyolefinsarevery similar materialsfrom a
chemical point of view. Both additives are of organic origin composed of C and H arranged as
methylene groups.

Asregardsthetemperatures at which the different physical changes occur (softening, maximum
fluidity/minimum viscosity and resolidification), someconsiderationscan bedrawn. Thedifferences
between theresolidification of thefluid massto semicokeinthe plastometer and therheometer (<6
°C) are comparableto experimental errorsobtained by the two techniques. The same observation can
bealso drawnfor the differences between thetemperature at which the maximum fluidity and the
minimum complex viscosity (< 9 °C). However, ashift in the softening temperatures between 3 and
20 °Cisobserved. With some few exceptions, the softening temperaturein therheometer isalways
higher than that determined by a Gieseler plastometer. In general, agood rel ationship between the two
temperatures exists and the sametrend can be observed. From thetwo techniques, thetemperature at
which softening begins varies|little with the addition of polyolefins, but the differences become
significant for blendswith PET. In Gieseler plastometry, anincreaseof 14 and 39 °Cis observed for
blendswith PET at 2 and 5 wt% additions. Consequently, the plastic rangeis considerably reduced.
Thesameeffect onsoftening temperatureiscaused by a5wt% PSaddition. Thesedifferencesare
al so confirmed from the rheometer measurements.

The opposite effect can be observed in the blends with oil addition. In such blends, the
petroleum-derived oil actsasadiluting agent, lowering the softening temperature by nearly 10-15 °C.

Blendswith polyolefins have asimilar amount of fluid H to that of the coal (51 %). It appearsthat an
increase in the concentration of the polyolefinsfrom 2 to 5 wt% does not affect the concentration of
fluid H and mobility (Figure4). However, the blend with PET containslessfluid material (41 %) than
the coal aone or the blendswith polyolefins, which isin agreement with the lower Gieseler fluidity. The
same occursfor the blend containing 5 wt% PS (fluid H, 46 %).
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FIGURE 4: Variation of the maximum fluid phase concentration for the coal O and its blends with plastic wastes.



Finaly, if PET and PS arein a significant amount in the wastes, the amount of fluid H isinhibited greatly.
Thisisthe case of theM 2 plastic waste which containsnearly 35wt% PET+PS. At 5 wt% addition,
the amount of fluid H drops up to 44 %.

CONCLUSIONS

The Gieseler plastometry, the rheometry and in situ high-temperature *H NMR provide useful
informationonthemodificationsof thethermopl asti c behaviour of coal caused by singleand mixed
plasticwastesand lubricating oils. By thethreetechniques, amoderatenegativeeffect on the fluidity
development of coal iscaused by thepolyol efins, mixed plasti c wasteswith ahigh proportion of them
and petroleum-derived oil oils of an aliphatic nature. Plastics such as PET and PS cause more
significant changesin thethermopl astic behaviour of coal, and even at high amountsthey prevent the
coal to befluid during carbonization. The relative proportion of the five major thermoplasticsfrom
municipal wastesstrongly affectsthe extent of the reduction of fluidity of the coal and, consequently,
the structure and properties of metallurgical cokes.
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