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INTRODUCTION

The partial substitution of fossil fuels for biorsagn thermochemical processes has become
industrially attractive option, because its use maystitute an environmentally friendly action feducing fossil
CO, emissions in the short term and for achieving stasmable C® atmospheric concentration. Within thi
framework, woody biomass is seen in the steel iingws a viable source for reducing agent in Hiastaces [1-
5], and as an additive to coal blends for the petidn of coke to feed blast furnaces [6-11]. Gitke relevance
of the thermoplastic properties of coal for theelepment of the structure and properties of cdke efffect of the
addition of biomass on the thermoplastic propertiesoal has been previously investigated [7,10,k1jas been
reported that biomass, even when added to low ebrat®ns, leads to a reduction in maximum fluidég
determined by Gieselerplastometry [7,10] and h&yhgerature small-amplitude oscillatory shear (SA
rheometry [11]. Additionally, the use of commerbiahvailable model biopolymers and tars obtainegimfr
Eucalyptuswood have shown that the effect of biomass imglsodependent on the relative amount of its woo
constituents -hemicellulose, cellulose and ligiiih10]. As the ratio of the three components inady biomass
differs from one wood species to another, the aihe present work is to discuss the differencethanthermal

www.tjprc.org editor@tjprc.org


https://core.ac.uk/display/45448005?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

10 N. Smatanova, A.G. Borregh M.A. Diez

behaviour and composition of different wood speciag their effects on the development of the flyidif a coking coal.
Thermogravimetric analysis will be used for promglirapid quantification and information about tleirse and thermal
events of volatiles from several biomass and maitgbolymers. The fluidity of blends made up of &iocg coal and

biomass at an addition rate of 2 wt% will be asseds/ using Gieselerplastometry.

EXPERIMENTAL

Raw Materials

Twelve woody biomasses from the forestry sector fanid tree pruning, which belong to different sgecand
botanic families were selected (Table 1) togethith wix commercial woody polymers from Sigma Aldirisvhich were
chosen as model compounds: two types of celluloghe form of a powder with an average particle €220 um (Cel)
and long fibers (Cel2); two archetypal xylans, thest commonly used representative biopolymer ofibellalose, -one
from oat spelts with a particle size <600 pm (Xatid another from beech wood with a particle siz€2g2m (Xyl2); and
two alkali lignins in powder form with a particlé&ze <212 um and an average molecular weight of 28 (Lig) and 10
kDa (Lig2).

Table 1: Selected woody biomass

I3\>li\:) On?lg)s/s Specie Family
Alder Alnusglutinosa Betulaceae
Apple Malusdomestica Rosaceae
Ash Fraxinusexcelsior Oleaceae
Birch Betulaceltiberica Betulaceae
Black Acacia | Acacia melanoxylon | Fabaceae
Brown Castaneasativa Fagaceae
Eucalyptus Eucalyptus globulus | Myrtaceae
Maple Acer pseudoplatanug Sapindaceae
Olive Olive europeae Oleaceae
Pine Pinusradiata Pinaceae
Oak Quercusrubra Fagaceae

Quercusrobur

A coking coal B from Bowen Basin (Queensland, Aaigt) was selected for blending with woody biomasd
model wood constituents at an addition rate of @wEhis coal is characterized by a relatively higjeseler fluidity (1842
ddpm), a volatile matter content of 25 wt% dry Bamnd is able to produce a metallurgical coke witligh mechanical

strength and a low reactivity to GO
Thermogravimetric Analysis

Pyrolysis experiments were carried out using a T8I Mettler Toledo thermoanalyzer. Samples of abaulg
with a particle size of <212 um were heated fronbi@mt temperature up to 1000 °C at a rate of 2hRCANd the final

temperature was held for 5 min. Nitrogen as art imed sweep gas was supplied at a flow rate of [ffim
Gieselerplastometry

The thermoplastic characteristics of the coals #eir blends with biomass were determined by using.B.
AutomazioneGieselerplastometer PL2000, accordindh$dM D2639 and ISO 10329 Standards. Briefly, coowpa
samples (5 g, <0.425 mm) were heated up to 50Q 2Cheating rate of 3 °C/min in the absence ofTdie rotation of a

stirrer placed inside the sample indicated thelftyiwhich was recorded in dial divisions per mm@ddpm) as a function
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of the temperature. The maximum fluidity value (Bdnand the temperature reached at this point (Tdéjewecorded
together with the softening and resolidificatiomperatures (Ts and Tr, respectively). The plasti€liod interval was
estimated by the difference between Tr and Ts. Farak the plastic interval are the key thermoplastigheological
parameters used by the coking industry to evaltlaecoals and additives for cokemaking and to fdaeucomplex

blends.

RESULTS AND DISCUSSIONS

Thermogravimetric Analysis of Model Woody Biopolymes and Wood Species

Figure 1 displays the thermal degradation profdéshe structural cell-wall polymers of wood, shagithat
eachpolymer behaves distinctly during pyrolysis.laxytype hemicellulose and lignin are less therynaliable than
cellulose. They start to decompose at nearly 208f&& the removal of physically adsorbed waterilevthe degradation
of cellulose begins at around 300 °C. The massriaes(DTG) of cellulose occurs in a narrow tempem interval of
nearly 100 °C and it is reflected as a sharp patkavmaximum value of 50 %/min at 354 and 368 8CGel and Cel2,
respectively. Qualitatively there is a close siniijabetween the degradation of xylan from oat &p€Xyl) and cellulose,
while that of xylan from beech wood (Xyl2) has dfatient DTG profile. The gas evolution of Xyltakgdace in a
temperature interval of 75 °C and DTGmax is in ¢hgder of 60 %/min. However, the degradation of ryfeom beech
(Xyl2) shows two overlapping peaks of similar irggp (DTGmax, 11.4 and 12.1 %/min), five times lovtlean those of
cellulose and Xyl, the temperature gap betweentwlepeaks being around 50 °C. Unlike to the stmattekeleton of
cellulose, -which is a linear homopolymer composéd-glucose units linked bf(1—4) glycosidic bonds and with an
arrangement in which hydroxyl groups generate gtiiotra- and inter-molecular hydrogen bonds-, hethitose and its
archetypal xylan is a complex, branched and he&regus polymeric network of different polysacchesidbased on
pentoses such as xylose and arabinose, hexoseasgtiicose, mannose and galactose, and sugar abaslifferences
in structure are reflected in the different pyraybehaviour observed in xylans, caused by cleawdghe glycosidic
groups at low temperatures. At about 400 °C, thgratkation of the molecular structure of hemicebel@nd cellulose is
totally complete. Cellulose is mainly a precursbgas and liquid products with a small amount didsafter pyrolysis (12
and 5% for Cel and Cel2, respectively), while xy#so contributes to the formation of solid prod{®8 and 20% for Xyl
and Xyl2, respectively).

50 1
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DTG (%/min)
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Figure 1: DTG Profiles of Model Biopolymers, Xylan,Cellulose and Lignin

A different thermal history is observed for ligninignin is a polyphenolic polymer with a 3D macrdewular
structure binding the cells, fibres and vessetshéiterogeneous, cross-linked and branched moteretiaork varies from
one species to another. Although lignin is lessrttadly stable than cellulose, the thermal breakdofhe complex lignin

structure does not occur over a narrow range adlpsis temperatures. The pyrolysis process is sy and spread out
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over a wide temperature interval from 200 °C u®@0-1000 °C in different overlapping stages. Thar dbft over from
lignin pyrolysis (approx. 45%) was the highest. Temperature gap between the main peaks of thedigwms (54 °C) is

consistent with their different molecular weigh8, #Da for Ligvs. 10 kDa for Lig2.

Wood pyrolysis is considered to be a simultaneoub @ntinuous degradation of the three major ctuesits,

hemicelluloses, cellulose and lignin. As an examipigure 2 shows the DTG profiles of five differembod species.
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—— Eucalyptus
—o—Maple
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Figure 2: TG and DTG Profiles of Five Different Woal Species

The first point to note in the DTG profiles is tithe decomposition of the woods tested can occutigtttly
different temperatures as a consequence of the mrobwuolatile matter evolved from each constityétst macromolecular
structure, chemical interactions between the bigpels and catalytic effects of the inorganic ma#srpreviously stated
for single wood constituents, hemicellulose degsafiest, its profile overlapping that of cellulogehoulder at low
temperature) while at the same time the partiatafiagion of the more labile bonds occurs withinltgrin structure. The
extent of overlapping depends on the compositiothefwood species. Thus, the major DTG peak coeldetated to the
degradation of cellulose as the major componemtdad and the major source of volatile products goill gases). Due to
the complex composition of wood species, the oppileg between the release of volatile matter frdra twood
constituents and the temperature shifts of the mami mass loss rate, several temperature interaalde defined which
are associated with the devolatilization of the m@instituents (Figure 2). Thus, the DTG profilésvoody biomass can
be regarded as a sum of pseudo-components in td@rdecomposition products from hemicellulose, dee and lignin
with a similar thermal stability, but different adve proportions of wood components. Pseudo-compisncan be

considered to be correlated with other propertidsamass and their blends with coal such as thpfasticity.
Effect of Model Biopolymers and Wood Species on CbRheological Properties

When certain coals are heated in an oxygen-defigignosphere at high temperature for an adequatedpef
time, a dense, strong and more or less graphitlered carboifcalled coke)s produced together with liquid and gaseous
chemicals as by-products. The thermoplastic pragsedf coal in the temperature range 350-500 °Erdete the type of
coal that is suitable for producing a high-qualtigke. While volatile products are evolved, the coaiticles soften to
various degrees, decompose sufficiently to becdnnd, fchange volume and then bond together, reégligy into a
semicokéintermediate carbon material in the coal-to-cokensformation).This transient stage of coal -plastic or fluid
stage- is important not only during the carbon@af bituminous coals where this property is abisdy indispensable to
the formation of metallurgical coke, but also itredevant in combustion, gasification and othervawsion processes of
coal. Thus, a basic knowledge and control of susél properties is necessary to improve conversimtgsses and
optimize feedstocks. The most widely used methadnieasuring coal plasticity/fluidity is the rotata viscosimeter

designed by Gieseler.
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Additions of 2 wt% of model polymers produce a rethn in the Gieseler maximum fluidity (Fmax) ofkiog
coal B from 1842 to 750 ddpm (Figure 3), with ngngficant change in the characteristic temperatuigshe softening
temperature at which the coal first begins to flith a fluidity of 1.0 ddpm (397-402C); (ii) the temperature at which
the fluid mass resolidifies into semicoke (493-4@9; (i) the temperature at which maximum fluidisy achieved (456-
459 °C); and the plastic range of about 96 °C. As presiip reported for a low-fluid coal (389 ddpm), cédise is the
strongest modifier of coal fluidity, while lignimd xylan have the less pronounced effect [10]pjiears therefore that it is

the type of xylan and lignin that influences slighhe development of coal fluidity.

When wood is added to coal, it produces a decreagige fluidity of between 35.5 and 48.2%. Althoutjte
fluidity of the blends with each wood occurs in eryw narrow range from 955 to 1188 ddpm, certaifiebhces and
similarities can be establisheBucalyptus, Pinend Olive influence the development of coal fluidity to angar extent.
They produce the largest decrease which accounta foss of about 48%Black Acacia, Astand Maple also share
similarity in that there is a decrease in coaldityi between 35-37%, while the reduction in Fmaxtfee remaining woods
occurs between 39 and 42%. If the model compoumdscampared, the extent of the decrease in Fmathdse

coal+biomass blends can be represented as folt®ilslose > woods > lignir xylan.

The evolution of volatile products in gaseous fdion a carbon feedstock and/or a carbon-source igddi
considered a critical stage in the mechanism diar@zation and this phenomenon is associated teffeets on fluidity
development [12-15]. In other words, the effecte®nof a feedstock or additive to modify a co-caikation system can
be related to the quantity and composition of vigatreleased by the additive as well as the stagehich they are
releasedbefore, during and after the coal plastic stagélich a relation has been clearly established bgsasgy the
distribution of volatiles evolved at different teerpture intervals by means of thermogravimetridysig The volatile
matter evolved between 400 and 500 °C is seercascal parameter for assessing the potentialceffé carbon additives
such as petroleum cokes [12], bituminous chemidal and plastic wastes [15] on coal thermoplaistidtrom previous
studies, it is shown that if the release of vadatibccurs too early, before the feedstosk becouid, fthey leave the
co-carbonization system without making any sigaific contribution to fluidity development [13]. This the case of

xylan-type hemicellulose where most of the volatiéee evolved below 300 °C (Figure 4).
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Figure 3: Variation of Gieseler Maximum Fluidity
Addition of 2 wt% of Model Bipolymers
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Figure 4: Distribution of Volatile Products Evolved
During Pyrolysis of Model Biopolymes

Lignin may play a double role, because it decompaser a wide temperature range affecting theeestaige of
coal fluidity development. Cellulose seems to ease active agent in destroying the coal fluid comgnts near the onset
of softening. However, the amount of volatile mattgenerated by biopolymers and wood species in dfitecal
temperature range of coal development is very s(iadl wt%), even at a relatively rapid heating rat&0 °C/min, while
below 400 °C it accounts for 60-75 wt%. Conseqyenther factors must contribute to the significeduction in coal
fluidity when coal is blended with only 2 wt% biossa Indeed, most of the volatiles generated dymymglysis are linked
to highly oxygenated species in the permanent gée€s and CO together with 4 CH,, CH,) and condensable
chemicals such as acetic acid, methanol, acetarferdl, levoglucosane and methoxyphenol derivatwdich constitute
bio-oil or tar. The progressive removal of oxyge&shtompounds in the earliest stages of coal cazhtion could lead to

structural instability in coal before it becomasidl and prevent coal particles from fusing and agedrating.

Within this framework, at stages close to the omsetperature of coal softening the generation amdposition
of volatiles makes a significant contribution tadueing the fluidity of the reaction system. Thermagmetric data
obtained from the model biopolymers and severaldvepecies illustrate the generation of volatileslifierent thermal
events (Figures 1-3) and could provide informatdiout their quantity and wood-source. Such conataers led us to
investigate the way in which the amount of evolgedes at different pyrolysis steps affects coadlifiy by using a very

simple approach based on linear regression analysis

Firstly, a number of linear regression analysisemasted, using the volatile matter evolved in eafcthe five
thermal events of wood and biopolymers (Figure2a alependent variable. Due to the poor correldi@meen fluidity
and each of these variables (correlation coefftsien0.8), multiple linear regression analysis wagormed. Collinearity
was dealt with at two levels: (1) variables witlgtnicorrelation coefficients were segregated antl saciables were used
in separate regressions, but not in the same ®@gnss and (2) a regression was accepted onlyeifstandard error was
low and the correlation coefficient relatively higliLR is an improvement on the simple linear modtedjuding only one
variable. As an example, the following MLR equatiith correlation coefficient of 0.920 was applital a group of

blends of coal and woody biomass with differentti@gravimetric patterns and, then, different conitpmss.
Fmax = 1842 + (1.56 VMo.309 - (9-50 VMsoo-359 - (10.52 VMas0.400 - (93.61 VMigo-450
In all cases, the experimental and estimated Fralues differ in less than 120 ddpm.

CONCLUSIONS

Comparative studies of different wood species stimt small variations in the development of coaidity are

Impact Factor(JCC): 3.5367 Index Copernicualue(ICV): 3.0



Thermal Behaviour of Woody Biomass and its 15
Relevance to Coal Thermoplasticity

associated with the different compositions of theod species. Volatile products released in diffeiamantities and at
different stages are dependent on the wood spActsmplex chemical phenomenon induced by the highgen-
functionalized volatile compounds generated dubimgnass pyrolysis causes a decrease in the fluaditpal. At the same
time, they can promote a devolatilization of thghticompounds derived from the decomposition of eod instability in
coal structure which are the factors responsibteirfitiating coal softening. Although the differesgin fluidity of the
blends are small they are significant enough t@ssgthat the quantity and the source of volai#escritical factor in the
reduction of fluidity. A mathematical model based multiple linear regression was developed to ctftee effect of

biomass constituents on the development of coalifiu
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