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� Two different waste sawdusts were added to industrial coal blends used for metallurgical coke production.
� The effect on fluidity, thermal decomposition and coke quality was studied.
� The addition of the sawdusts gives rise to a decrease in the bulk density of the charge in the oven.
� Sawdust addition without any densification pre-treatment should be kept to a low level, i.e. 2 wt.%.
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Two industrial coal blends used in coke making were subjected to tests in order to assess the influence of
waste sawdust (SC2 from chestnut and SP1 from pine) on the quality of the coke produced. The biomass
was added in quantities of up to 5 wt.%. It was observed that biomass produced a substantial decrease in
the plastic properties of the industrial coal blend, with reductions in Gieseler maximum fluidity of around
50% for 3 wt.% additions of the two different sawdusts. Carbonizations with sawdust additions ranging
from 0.75 to 5 wt.% were carried out in a movable wall oven of 17 kg capacity. The bulk density of the
charge was observed to decrease with increasing amounts of sawdust with negative consequences on
the quality of the cokes produced. Mechanical strength was determined by means of the JIS test. Coke
reactivity and post-reaction strength (CRI/CSR indices) were also assessed. The amount of sawdust added
was low to prevent any deterioration in coke quality. The advantage of using biomass in coking blends
should be seen as a possible way to reduce costs and CO2 emissions and to incorporate alternative raw
materials in coke production.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction Taken into account the importance of the thermoplastic proper-
Integrated steel works generate a large amount of CO2 due to
their use of fossil fuels either as a reductant or as a fuel. It has been
estimated that its contribution to total anthropogenic CO2 emis-
sions is about 6.5% [1–4]. It has been proposed that fossil fuel be
replaced by reductants which are more environmentally friendly.
Biomass is a biological material derived from living organisms
and, in the context of biomass for energy purposes, the term is of-
ten used to refer to any plant based material. Thus, wood and wood
wastes, agricultural crops and their waste products are all consid-
ered as biomass. Biomass is considered to be carbon neutral
because it takes carbon out of the atmosphere while it is growing
and returns it as it is burned. If managed on a sustainable basis,
new biomass can be replanted as part of a continuous program
so that it is taking up CO2 from the atmosphere at the same time
as it is being released from the combustion of the previous harvest.
In this way a closed carbon cycle with no net increase in atmo-
spheric CO2 levels is maintained.
ties of a coal for the development of the coke structure and for its
final properties, the effect of the addition of biomass on coal ther-
moplastic properties has been investigated and it was found out
that it leads to a reduction in maximum fluidity using a Gieseler
plastometer [5]. High-temperature small-amplitude oscillatory-
shear (SAOS) rheometry has been applied to evaluate the fluidity
of biomass and its blends with coal as a function of time [6]. In
agreement with the results obtained by Gieseler plastometry, the
authors observed a detrimental effect on coal plasticity with the
addition of biomass. Consequently, the effect of heating rate was
studied to determine whether high heating rates might help to
maintain the fluidity of the coal/biomass blends and so reduce
the detrimental effect of biomass addition on the fluidity of the
coal.

The interactions between coal and biomass during co-process-
ing have been studied thoroughly in the literature [7–12]. Some
authors in studying the devolatilization behaviour of blends of bio-
mass and coal found that no interaction occurs under inert condi-
tions and the yields of pyrolysis products is related to the amount
of biomass and coal in the initial blend [7–10]. On the other hand
other authors observed the existence of interactions between coal
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and biomass when considering co-combustion [11] and co-pyroly-
sis of biomass and lignite [12].

Various possibilities for the inclusion of biomass in the iron and
steel industry have been proposed [13–16]. Char produced from
biomass can be used as reductant in blast furnaces either blended
with metallurgical coke or alone in small blast furnaces. Another
possibility is to use this char as a fuel in the blast furnace as a sub-
stitute for coal and oil. Some authors have reported the use of
babassu charcoal as a replacement for metallurgical coke since it
has a very low sulphur and phosphorous contents [13]. Carboniza-
tion of the entire babassu coconut would also avoid the problem
associated with granulometry. Furthermore the use of charcoal in
coal blends to produce metallurgical coke would be another way
to reduce the level of greenhouse gas emissions produced in steel-
making [14,15]. The effect of the particle size of the charcoal on the
quality of the resulting metallurgical cokes has already been stud-
ied and it was found that there is a relationship between the
strength of the cokes and the size of the charcoal [15,16].

In light of these problems, the main aim of the present work
was to study the effect of the addition of waste sawdust to indus-
trial coal blends on coke mechanical strength and reactivity to CO2.
2. Experimental

2.1. Materials

Two industrial coal blends (B3 and B4) which contain more than
six different coals each with volatile matter content ranging from
33 to 14 wt.% db were used. In addition, chestnut sawdust waste
(SC2) and a pine sawdust waste (SP1) were selected as raw mate-
rials for the experiments.

The sawdust wastes were obtained from the furniture and floor-
ing industry. The same sawdusts have already been studied [5] in
relation to their effect on the development of thermoplastic prop-
erties of a coal with high fluidity and high volatile matter content.
Proximate analyses were performed following the ISO-562 and
ISO-1171 standard procedures for volatile matter and ash content,
respectively. The elemental analysis was determined by means of a
LECO CHN-2000 for C, H and N, and a LECO S-144 DR for sulphur.
Oxygen was determined on a LECO VTF-900. The inorganic matter
composition of each sample was analysed by X-ray fluorescence
(XRF) in a SRS 3000 Bruker spectrometer in accordance with the
ASTM D4326-04 standard.

2.2. Thermogravimetric analysis (TG/DTG)

The TG/DTG analysis of the raw materials was carried out using
a TA Instruments SDT 2960 thermoanalyser. 10–15 mg samples
with a particle size of <0.212 mm were heated to 1000 �C at a rate
of 3 �C/min under a nitrogen flow of 100 ml/min. From the data
obtained from the thermogravimetric analysis (TG), the volatile
matter evolved up to a specific temperature (VMT) and the deriv-
ative of the weight loss curve (DTG curve) were calculated. Tmax,
the temperature of maximum volatile matter evolution was also
obtained from the TG/DTG curves.

2.3. Assessment of coal thermoplastic properties

The thermoplastic properties of the industrial coal blend B4 and
its mixtures with 0.75, 1.5, 2.25 and 3 wt.% of the two sawdusts
were measured by means of the Gieseler test (ASTM D2639-74).
Only one of the industrial coal blends was studied assuming the
same results for both, especially in view of the results obtained
in a previous work [5].The sample was heated at a heating rate
of 3 �C to a final temperature of 550 �C. The parameters measured
in this test were: (i) softening temperature, Ts; (ii) the temperature
of maximum fluidity, Tf; (iii) resolidification temperature, Tr; (iv)
plastic range, Tr–Ts, defined as the difference between the resolid-
ification and softening temperatures; and (v) maximum fluidity,
MF, expressed as dial divisions per minute (ddpm).

2.4. Carbonization experiments and coke quality evaluation

Carbonization tests were carried out in a movable wall oven of
approximately 17 kg capacity (MWO17) [17,18]. The dimensions of
the oven are 250 mm L � 165 mm W � 790 mm H. A load cell was
mounted on the movable wall to measure the force exerted on it
during carbonization. A programmable controller was used to reg-
ulate the oven temperature. The temperature at the centre of the
coal charge was monitored by means of a thermocouple connected
to a PC. The coal was charged when the oven reached 1100 �C. The
temperature of the wall was kept constant at 1100 �C throughout
the test. The coke was pushed 15 min after the centre of the charge
had reached 950 �C. The coking time was around 3.5 h which gives
a coking rate of 0.39 mm/min. The moisture of the charge was
maintained at 5 wt.%.

The cold mechanical strength of the cokes produced was as-
sessed by the JIS test (JIS K2151 standard procedure). After the test,
the coke was sieved and two indices were determined: the DI150/
15 index was calculated from the amount of coke with a particle
size greater than 15 mm and the DI150/5 index from the percent-
age of coke with a particle size lower than 5 mm. Consequently, the
higher the DI150/15 and the lower the DI150/5, the better the
quality of the coke. Coke reactivity and mechanical strength after
reaction were assessed by means of the NSC test (ASTM D5341
standard procedure). Two indices were derived from this test, i.e.
the CRI index representing the loss of weight and the CSR index
representing the percentage of partially-reacted coke remaining
on a 9.5 mm sieve after 600 revolutions. The relationship between
the CSR values obtained in the MWO of 17 kg capacity and those
obtained in a 300 kg MWO has been explained elsewhere [19].

2.5. Optical microscopy and porosity of cokes

Samples with a particle size of 0.6–1.18 mm were mounted in
resin for optical microscopy examination. The samples were then
smoothed using silicon-carbide papers before being polished with
fine alumina. To assess coke textural composition, the polished
surfaces were examined using a polarising microscope fitted with
crossed polars and a full-wave retarder plate. Optical appearance
at 250 points on the cokes’ polished surface was evaluated using
the classification developed by Patrick [20].

The true density (qHe) of the cokes was measured by means of
helium pycnometry in a Micromeritics Accupyc 1330 Pycnometer.
Their apparent density ðqH2OÞ was determined by water displace-
ment using a 300 g coke sample with a particle size of 19–
22.4 mm. From the true and apparent densities, porosity ðeH2OÞ
was calculated by means of the following equation [21]:

eH2O ð%Þ ¼ 1�
qH2O ðg=cm3Þ
qHe ðg=cm3Þ

 !
� 100 ð1Þ
3. Results and discussion

3.1. Characteristics of the raw materials

The main characteristics of the two industrial blends (B3 and
B4) and the two sawdusts (SC2, SP1) are presented in Table 1.
The blends have slightly different volatile matter contents (23.0
vs 26.2 wt.% db), but a very similar carbon content (appox.
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82 wt.% db). The C/H and C/O atomic ratios are similar for both
industrial coal blends. The waste chestnut sawdust presents a low-
er volatile matter content and a higher ash content and C/H ratio
than the pine sawdust. Both wastes present very high oxygen con-
tents with consequently low C/O atomic ratios. Particle size distri-
bution is a very important property in relation to coking as it
influences the bulk density of the charge in the oven. The particle
size distribution of the additives used in coking is also very impor-
tant for ascertaining their influence on the quality of the resultant
coke. It is generally accepted that coke breeze with a fine particle
size does not cause any deterioration in the M10 index [22]. How-
ever, with coarser particle sizes the M10 is impaired. In the case of
M40 there is an optimum size below and above which a deteriora-
tion in the M40 index occurs. The effect of particle size of the bio-
mass used as additive on the quality of the cokes produced has
been studied [16]. For biomass formed by compression at room
temperature to a size larger than 10 mm, addition up to be in-
creased to 1.5% was allowed. In the present research work, the par-
ticle size of the sawdust used was maintained as received and SP1
was finer than SC2.
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Fig. 1. Gieseler curves of the industrial blend B4 with various amounts of sawdusts
SP1 and SC2.
3.2. Influence of sawdust on coal thermoplastic properties

In a previous paper, the influence of three types of sawdust on
coal thermoplastic properties was studied and it was found that
2 wt.% addition of this type of biomass produces a reduction in flu-
idity between 40% and 50% depending on the sawdust and the type
of coal [6]. In the present research work an industrial coal blend was
used as base for the additions. Fig. 1 shows the variation of the Gies-
eler fluidity in the industrial blend B4 and its mixtures with the two
sawdusts studied (SP1 and SC2). A reduction in the maximum value
of the curve is evident but the shape of the curve of the mixtures is
similar to that of the B4 on its own. The effect of the two sawdusts –
SC2 and SP1 – is similar and the addition of 3 wt.% produces a
reduction of around 50% in maximum fluidity in both cases. The re-
sult of the addition of sawdust to an industrial coal blend was sim-
ilar to what was found previously with an individual coal [5]. When
infusible materials are used the plastic range usually decreases be-
cause the softening temperature increases [23,24]. In contrast, the
addition of asphalts, pitches or tars lowers the softening tempera-
ture, whereas the resolidification temperature does not change,
and so the plastic range increases [23,25]. In the present case there
is no significant variation in the plastic range as a result of the addi-
tion of sawdust, whereas the reduction in the fluidity of the blends
is related to the amount of sawdust in the blend. Similar results
Table 1
Main characteristics of the raw materials used.

B3 B4 SC2 SP1

VM (wt.% db)a 23.0 26.2 76.8 85.3
Ash (wt.% db) 8.5 7.8 1.5 0.3
C (wt.% db) 82.1 82.4 56.1 53.3
H (wt.% db) 4.7 4.9 5.2 6.6
N (wt.% db) 1.9 1.9 0.5 0.5
S (wt.% db) 0.51 0.62 0.02 0.00
O (wt.% db) 2.3 2.4 36.7 39.2
C/Hb 1.45 1.40 0.89 0.67
C/Ob 46.9 45.0 1.82 0.81

Particle size distribution (wt.%)
>3 mm (wt.%) 20.4 26.6 1.0 0.2
2–3 mm (wt.%) 9.8 10.6 4.5 1.3
1–2 mm (wt.%) 16.6 17.0 24.6 19.8
0.5–1 mm (wt.%) 16.6 15.3 65.8 59.6
<0.5 mm (wt.%) 36.6 30.5 4.1 19.1

a Volatile matter.
b Atomic ratio.
were found when sawdust was added to a high fluidity coal [5].
The experimental data were adjusted to the logarithmic equation
shown in Fig. 2. The Figure includes the data of the variation of
the fluidity obtained in a previous research work when a high fluid-
ity and high volatile matter content coal was used. It appears that
the industrial blend B4 is less affected by the sawdust than the indi-
vidual coal. This could be due to the fact that B4 is composed of a
high number of coals of different rank which could help to compen-
sate the deleterious effect of the sawdust.
3.3. Thermogravimetric analysis

The thermal behaviour of the sawdusts, the industrial coal
blends and the mixtures of the industrial coal blends with
sawdusts is shown in Figs. 3 and 4. The coke/char yield depends
y = 24.07Ln(x) + 26.55
R2 = 0.996

y = 21.41Ln(x) + 24.9
R2 = 0.984
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Fig. 4. Thermogravimetric curves corresponding to the industrial coal blend B4 and
the mixtures with sawdusts SP1 and SC2.
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on the volatile matter content of the material. The large difference
between the mass residues from the coal and biomass has been
attributed [10] to the polymers that constitute the structure of
the biomass which are linked through ether bonds. These types
of bonds are less resistant to heat than those in the coal structure
which are aromatic C@C. The thermal decomposition of the saw-
dusts shows three different stages: the first corresponding to the
decomposition of hemicellulose in the temperature range of 200–
300 �C; the second corresponding to the decomposition of cellulose
in the temperature range of 275–350 �C; and the last one corre-
sponding to the decomposition of lignin. The lignin decomposes
over a broad temperature range between 280 and 500 �C with
the maximum rate of decomposition occurring at around 400 �C
[26–28]. Whereas hemicellulose and cellulose present a high dev-
olatilization rate over a narrow temperature range, the thermal
decomposition of lignin takes place over a wider temperature
range that commences at a lower temperature than cellulose.
The devolatilization curves for the two waste sawdusts show that
in the case of SP1 the decomposition of the hemicellulose appears
as a shoulder in the derivative of the mass loss curve (DTG). The
profile of the TG curves in the case of coal blends is similar, since
the process of mass loss is a single step-process. The curves that
represent the rate of volatile matter evolution for B3 and B4 also
show that as the volatile matter content increases, the maximum
rate of evolution of volatile matter increases. Table 2 contains a
summary of the decomposition steps and their characteristic tem-
peratures during the thermal treatment of the sawdusts and the
industrial coal blends.

The differences related to the coke yield, which depends on the
volatile matter content of the coal blends are worth noting. For sin-
gle coals, the coke yield, and thus coal rank, is related to the tem-
perature of maximum release of volatile matter (Tmax) and to the
DTGmax [29]. It can be seen that the higher the volatile matter
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Fig. 3. Thermogravimetric curves corresponding to the industrial coal blend B3 and
the mixtures with sawdusts SP1 and SC2.
content of the coal, the higher the DTGmax and the lower the
Tmax. The variation with rank of the macromolecular structure
of the coals is the explanation for this behaviour. As coal rank in-
creases for bituminous coals, so does the degree of aromaticity,
the size of the lamella that forms part of its structure and the
height of the stacking. In addition, the heteroatom content dimin-
ishes. All of these factors contribute to the increase in temperature
during the decomposition process.

The industrial coal blends lost most of their volatile matter in
the 400 and 500 �C range as was observed previously for single
coals, but up to 400 �C the loss of volatiles was small [29]. In con-
trast the two sawdusts at the same temperature lost more than
75% of their total volatile content. In the literature it has been re-
ported that the amount of char generated with increasing amounts
of biomass in co-pyrolysis with coal decreases as the biomass
content in the blend increases and that there are no apparent syn-
ergistic effects between the coal and biomass during co-pyrolysis
[7–10]. In the present research work, pyrolysis of mixtures of
industrial coal blends with the 3 and 5 wt.% amounts of the saw-
dusts was carried out in a thermobalance. The results from the
tests have been included in Table 2 and the devolatilization steps
can be observed in Figs. 3 and 4. In the temperature range below
400 �C the thermal decomposition of the sawdusts is shown to-
gether with the devolatilization of the coal blend that occurs
mainly between 400 and 500 �C. The data in Table 2 indicate quan-
titatively the results observed in Figs. 3 and 4, i.e., the 3-stage
decomposition of the blends with sawdust which is assigned to
the decomposition of hemicellulose and cellulose from SC2 and
SP1 whereas the third stage corresponds to the decomposition of
the coal blends. The thermal decomposition of sawdust from chest-
nut (SC1) and pine (SP1) had been studied in a previous research
paper [5]. The shape of the TG/DTG curves in both cases is very
similar with differences in char yield at 1000 �C of around 2%.



Table 2
Parameters derived from the thermogravimetric analysis performed at 3 �C/min.

B3 B4 SC2 SP1 B3 + 5SC2 B3 + 5SP1 B4 + 3SC2 B4 + 3SP1

VM400a 9.9 11.5 76.8 86.9 19.4 24.3 17.6 21.3
VM400–500a 46.6 49.2 7.1 5.6 42.6 40.0 48.7 46.3
VM500–750a 31.0 27.9 8.1 4.2 29.4 27.4 26.7 25.0
DTGmax1 (%min�1)b – – 1.24 1.63 0.070 0.134 0.066 0.083
Tmax1 (�C)c – – 271 298 260 302 265 294
DTGmax2 (%min�1)b – – 3.14 3.77 0.167 0.248 0.129 0.200
Tmax2 (�C)c – – 310 342 310 343 308 346
DTGmax3 (%min�1)b 0.49 0.60 0.32 0.26 0.466 0.470 0.585 0.556
Tmax3 (�C)c 464 460 378 405 469 465 461 465
CY (%)d 74.5 71.5 20.0 14.8 73.4 71.6 71.6 71.2

a VMT: volatile matter evolved up to a specific temperature (T) or in a specific temperature range and normalized to 100%.
b DTGmax: Rate of maximum volatile matter evolution.
c Tmax: Temperature of maximum volatile matter evolution.
d CY: Coke yield at 1000 �C.
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The greatest differences in the temperatures of the three decompo-
sition stages correspond to the chestnut sawdust (SC1 and SC2). It
should be pointed out that although both are from chestnut they
were collected at different times in the same factory. Therefore
small differences in composition could be responsible for differ-
ences observed.
60

65

70

75

80

85

Amount of sawdust (wt.%)

D
I1

50
/1

5

B4-SC2
B4-SP1
B3-SC2
B3-SP1

0 1 2 3 4 5 6
3.4. Carbonization of industrial coal blends with sawdust as additive

Carbonizations were carried out in a 17 kg movable wall oven at
INCAR-CSIC using mixtures of the two industrial blends to which
the waste sawdusts are added in percentages ranging from 0.75
to 3 wt.% in the case of B4 and from 1.5% to 5 wt.% in the case of
B3. Generally speaking biomass has a low bulk density. Conse-
quently the inclusion of biomass in coal blends should produce a
reduction in the bulk density of the charge. Fig. 5 shows the varia-
tion in bulk density with the addition of sawdust during the car-
bonizations. Two factors can be considered to have had an
influence on the bulk density of the carbonization charge in the
oven, i.e. moisture and particle size [22]. Since humidity was kept
constant in the two blends the difference in the bulk density of the
charge carbonized without the addition of sawdust must be related
to the differences in the particle size of the industrial blends
(Table 1).

The quality of the cokes produced was assessed by means of the
JIS test. Fig. 6 shows the variation of the two indices derived from
this test against the amount of sawdust in the carbonizing blend.
The indices corresponding to the coke from the industrial blends
without the addition of any sawdust are DI150/15 = 79, DI15/
5 = 15 for B4 and DI150/15 = 73, DI150/5 = 17 for B3. It can be seen
that B4 produces cokes of better quality than B3 which agrees with
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Fig. 5. Variation of bulk density of the charge in the coking oven with SC2 addition.
the higher bulk density of B4 (Fig. 5) revealed in the carbonization
tests. The use of the two sawdusts produces a similar decrease in
the cold mechanical strength indices, although it appears that
the negative effect is slightly lower in the case of SP1. The particle
size distribution of the two sawdusts which is shown in Table 1
indicates that SP1 has a finer size distribution, with a weight per-
centage lower than 0.5 mm of 19.1 wt.% for SP1 and only 4.1 wt.%
in the case of SC2. Other authors on comparing the cold mechanical
strength of cokes with 1 wt.% addition of biomass of different sizes
found that in the case of particle sizes of 0.4 mm and 0.8 mm, the
strength of the coke had a lower value than that of the base coal
[16]. In contrast when biomass with a particle size of 2 mm was
used, the strength of the coke was similar to that of the coke with
no addition. Neither did they observe any impairment of coke qual-
ity when compacted biomass was added in the case of particle
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sizes greater than 11 mm. The particle size of the biomass was not
found to be decisive in the present work possibly due to the broad-
er size distribution used (0.5 and 3 mm).

The porous structure of cokes is known to influence its mechan-
ical strength. Indeed there is a relationship between tensile
strength and porous structure [30]. In the present research work
the porosity of the cokes was derived by measuring their density,
the results of which are shown in Table 3. It appears that the addi-
tion of sawdust produces an increase in total porosity mainly due
to the decrease in the apparent density of the material. This varia-
tion in porosity may affect the mechanical strength of the cokes.
No relationship has been established between the data obtained
from the mechanical strength drum test and porosity determina-
tions. Nevertheless, it is evident that, although pores may not al-
ways act as inherent flaws or weak locations, they may act as
positions of initiation of microfissures out of which flaws develop
[30].

Coke quality for its use in the blast furnace is usually assessed
by means of the NSC test [31]. This method is considered to repre-
sent the conditions of the coke in the blast furnace and it is gener-
ally used by coke producers. All sixteen cokes produced were
tested to determine their CRI and CSR indices. Their variation with
the amount and type of sawdust is shown in Fig. 7. As is well
known the two indices are linearly related, in this case the correla-
tion coefficient being r = 0.935. From the figure it can be seen that
the industrial blend B3 produces a coke with a lower quality than
B4. The two sawdusts further impair the quality of the coke as the
amount of sawdust increases in the blend. From the data presented
in Fig. 7 it is possible to compare the effects of sawdust addition to
two different industrial blends. If DCRI is defined as CRI(pure
blend)–CRI(blend + sawdust), then DCRI for B4 with 3 wt.% saw-
dust is similar to DCRI for B3 with 5 wt.% addition (4 points for
SP1 and 5 points for SC2). Defining DCSR as in the case of CRI, then
DCSR for B4 with 3 wt.% level addition is lower (5–7 points for SP1
and SC2 respectively) than DCSR for B3 with 5 wt.% addition
(greater than 10 points).

It would appear from these results that the type of biomass does
not play an important role in the CRI and CSR values, seeing that
the two sawdusts produce a similar trend in the variation of the
two indices. Nevertheless the CSR of the blends that contain SP1
is slightly higher than that of the blends with SC2 for the same le-
vel of addition to the industrial coal blend. Other authors using
charcoal as additive found that the addition of finely crushed char-
coal produced an increase in CRI with a corresponding lowering of
the CSR [15]. Nevertheless when a coarser particle size was added
the effect was less noticeable. In the present research work,
although there were some differences in the particle size distribu-
tions of the two waste sawdusts used, i.e. SP1 is finer than SC2 (see
Table 1), it is not possible to assign difference in the quality of the
cokes produced to the different size distributions of the sawdusts.
The differences observed in the modification of the reactivity of the
cokes produced with the addition of both sawdusts might be due to
Table 3
Pore characteristics of the cokes produced.

qHe (g/cm3) qH2O (g/cm3) eH2O (%)

B4 1.861 0.894 52
B4 + 3SC2 1.878 0.847 55
B4 + 3SP1 1.882 0.882 53
B3 1.893 0.942 50
B3 + 5SC2 1.884 0.869 54
B3 + 5SP1 1.904 0.868 54

qHe: true density.
qH2O: apparent density.
eH2O: porosity.
the catalytic effect of the ashes from the biomass. The data pre-
sented in Table 1 show that SC2 contains a higher amount of ash
than SP1 (1.5 vs 0.3 wt.% db). The presence of metals like Ca and
Mg has also been reported to appear in biomass and such metals
have been known to catalyse the reaction of coke with CO2

[15,32]. The higher amount of ashes in the case of SC2 would then
enhance the reactivity of the cokes towards CO2 to a greater extent
than in the case of SP1. The composition of the ashes of the cokes
produced from blends of B3 with 5 wt.% of SC2 and SP1 has been
determined and the results presented in Table 4. The basicity index
(BI) has been calculated taking into account the ash content and
the ratio of basic to acidic oxides [31]. This index is higher in the
coke with SC2 addition which agrees with its greater reactivity to
CO2.

Optical microscopy is a technique widely used to study the tex-
tural components present in cokes and their impact on the quality
of cokes [20,33–36]. The rank of the coal is known to be important
for determining the extent of anisotropic development during cok-
ing. Another important factor is the fluidity of the coal under study.
Because the addition of sawdust modifies the fluidity of coals, it
might also have an impact on the anisotropic structure of the
cokes. The size and type of optical texture is predominantly a func-
tion of the parent material, the fluidity of which plays an important
role in determining textural development. In the case of high rank
coals the size of the anisotropic units depends more on the struc-
ture of the coals and little structural change was observed [37].

In the present case the quantitative analysis (see Table 5) of the
cokes includes the differences between their anisotropic and iso-
tropic components together with the percentage of inerts in the
coke matrix. The inclusion of the sawdust produces, on the one
hand, a decrease in the anisotropic components due to the
deleterious effect of the sawdust on the fluidity of the coals, and



Table 4
Oxide composition and basicity index.

SiO2 (wt.%) Al2O3 (wt.%) Fe2O3 (wt.%) MnO (wt.%) MgO (wt.%) CaO (wt.%) Na2O (wt.%) K2O (wt.%) TiO2 (wt.%) P2O5 (wt.%) BIa

B3 + 5SP1 50.12 32.25 7.52 0.06 0.89 2.35 0.61 1.15 1.82 1.15 1.79
B3 + 5SC2 50.60 32.37 7.50 0.05 0.85 2.33 0.56 1.04 1.81 1.11 1.88

a BI = Ashx(Fe2O3 + MgO + CaO + Na2O + K2O)/(SiO2 + Al2O3).

Table 5
Quantitative analysis of the optical texture of the cokes.

Anisotropic components (vol.%) Isotropic components (vol.%) Large inert (vol.%) Small inert (vol.%)

B3 70 2 22 6
B3 + 5SC2 61 5 26 8
B3 + 5SP1 60 6 25 9

Fig. 8. Microphotographs of the char obtained at 900 �C from SC2 and of the cokes from the industrial coal blend B3 and their blends with 5 wt.% of SC2 and SP1.
Magnification: �50.
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on the other, an increase in the percentage of inerts. The latter ef-
fect is due to the appearance of the sawdust under the optical
microscope. Fig. 8 shows microphotographs of the char produced
from the sawdust SC2 which is very similar to the appearance of
the organic inerts in the cokes. Modification of the optical texture
might in part explain the degradation of coke quality because iso-
tropic material is considered to be more reactive towards CO2 than
anisotropic components.
4. Conclusions

The possibility of adding waste sawdust to two industrial coal
blends was studied and it was found that, as in the case of the indi-
vidual coals, it produces a significant decrease in fluidity irrespec-
tive of the type of sawdust used (in this case chestnut and pine).
Thermal decomposition was also studied and it was observed that
negligible or no interaction takes place between the industrial coal
blend and the sawdust during heating. It was found that the bulk
density of the charge decreases with the inclusion of the sawdust
and that the quality of the cokes is impaired specially in the case
of 5 wt.% addition which is accompanied by an increase in the
porosity of the materials. The addition of sawdust, without any
densification pre-treatment should be kept to a low level, i.e. be-
low 2 wt.%.
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