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Abstract 7 

The reactivity of cokes from 12 briquettes prepared from ternary blends of coal, three 8 

biomasses and four binders was evaluated. In order to determine the effect of the 9 

binder, 4 briquettes without biomass were also studied. The gasification tests were 10 

carried out by thermogravimetric analysis at 900 °C. Two gas-solid models i.e. the 11 

Volumetric model and the Grain model were applied to describe the behavior of the 12 

cokes. Chars and cokes from the briquette components were also tested to determine 13 

the degree of synergy. The two models were able to describe the gasification reaction 14 

and the predicted conversion fitted the experimental data very well. Reactivity was also 15 

determined by means of a greater scale method and a relationship between the two 16 

methods was obtained. The ash composition of the briquette components, the 17 

micropore surface area and quantitative optical microscopy were used to explain the 18 

gasification results obtained. 19 
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 30 

1. Introduction 31 

One possible solution for mitigating CO2 emissions in the steel industry is to use 32 

biomass in coal blends [1]. This would result in the simultaneous reduction of material 33 

costs and neutral carbon emissions from the carbonization process [2–6]. In addition, it 34 

would widen the range of materials and technologies available to make this industry 35 

more environmentally friendly [7]. Moreover coal/biomass blends produce fewer 36 

polyaromatic hydrocarbon emissions than coal [8]. The addition of biomass to a coking 37 

blend also decreases the coking pressure during the carbonization process [9]. On the 38 

other hand, the direct addition of biomass has a deleterious effect on coke quality 39 

[9,10] and on the thermoplastic properties of coal [11].  In recent years however, it has 40 

been suggested that the use of briquettes would allow biomass to be added to coking 41 

blends without impairing the strength of the resulting bio-coke [12]. 42 

Coke is an essential material in the blast furnace because it supports the 43 

descending burden, providing a permeable matrix for the slag and metal to pass 44 

through on their way down and for hot gases to penetrate on their way up, while 45 

generating the gas needed for the reduction of the iron oxides (CO). What is more, 46 

coke reactivity is a very important parameter for determining coke quality because of its 47 

influence on an effective functioning of the blast furnace.  48 

The inclusion of biomass is also advantageous not only because it is a neutral 49 

source of carbon, but also because its effect on coke reactivity may contribute to 50 

lowering the reserve zone temperature of the blast furnace, thereby reducing the 51 

amount of coke needed to produce a ton of hot metal [13,14]. 52 

Reactivity has been shown to be related to a large number of physical and chemical 53 

properties. The composition of mineral matter is an important parameter due to the 54 

catalytic effect of the active alkaline earth metals in the gasification reaction [6,15–18]. 55 

Microporosity also affects reactivity because it enables the access of CO2 molecules to 56 
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the carbon surface [13,19]. In addition, the textural composition which reflects the 57 

degree of order of the carbonaceous structure influences reactivity, the highly ordered 58 

components, generally being less reactive than the more structurally disordered 59 

paracrystalline carbons [20]. 60 

 Coal rank is an important parameter that controls most of these characteristics 61 

[21]. Previous studies have also demonstrated that the gasification reactivity of chars of 62 

lower rank coals (C<80%) is controlled by the catalytic activity of coal minerals. 63 

However, the gasification rates of chars from higher rank coals (C>80%) are controlled 64 

by the physicochemical properties of the char [22]. Other authors [23] have also 65 

reported that the gasification reactions of biomasses are influenced by the abundance 66 

of inherent alkali and alkaline earth metallic species, whereas, in the case of acid-67 

treated biochars, which have a very low mineral matter content, the catalytic effect of 68 

alkali and alkaline earth metallic species is insignificant and, in consequence, the 69 

reactivity per unit of pore surface area is mainly controlled by the carbon structure.  70 

Most previous studies on coke reactivity have been focused on the 71 

measurement of reactivity through weight loss, such as Coke Reactivity Index (CRI) 72 

and the United Nations Economic Commission for Europe test modified at the Spanish 73 

National Coal Institute (ECE-INCAR), or on the kinetic parameters of the gasification 74 

process. However very little attention has been paid to establishing a relationship 75 

between these techniques. In addition, most of the previously published results deal 76 

with either biomass, coal or biomass/coal blends, whereas in the present work, the 77 

reactivity of cokes from briquettes prepared from as many as twelve ternary blends 78 

(coal, biomass and binder) and four binary blends (coal and binder) have been 79 

evaluated.  80 

The aim of the present study is to identify gasification parameters derived from 81 

kinetic studies that might help to define bio-coke reactivity. An exhaustive analysis of 82 

the properties of the resultant cokes (i.e. mineral matter, porosity and textural 83 
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components) has also been carried out in order to explain the reactivity results 84 

obtained. 85 

2. Materials and methods 86 

For the preparation of the briquettes an American low rank bituminous coking coal 87 

with a high volatile matter content (ca. 31.5 wt %) and high Gieseler maximum fluidity 88 

(ca. 26000 ddpm), four biomasses and four binders were used. The biomasses 89 

selected included: pine kraft lignin (Lg), pine sawdust torrefied at 300 ºC for 30 minutes 90 

(SPT) and a commercial bio-coal derived from hydrothermally treated waste obtained 91 

from tree pruning (BIOC). The following binders were used to prepare the briquettes: 92 

molasses (Mol), paraffin (Par), coal tar (T) and a 1:1 blend of tar and coal tar sludge 93 

(T/CTS).  The briquettes were cylindrical in shape with 40 mm in diameter and 35 mm 94 

in height. More detailed information about the materials used has been published 95 

elsewhere [8,11].  96 

Ternary blends were employed to prepare 12 briquettes containing coal (70 wt%), 97 

biomass (15 wt%) and binder (15 wt%), except when molasses acted as binder, in 98 

which case the proportions of biomass and binder were 20 wt% and 10 wt% 99 

respectively. For comparison purposes four briquettes containing coal and the binders 100 

were prepared. The carbonizations were carried out in a horizontal oven, heated up to 101 

1000 °C at a rate of 3 °C/min under a flow of 300 ml/min of N2, applying a soaking time 102 

of 1 h. The nomenclature used included the biomass and type of binder. Thus Br(SPT-103 

T) indicates a briquette prepared with coal, torrefied pine sawdust and tar as binder.  104 

Proximate analyses were performed following the ISO 562 and ISO 1171 standard 105 

procedures for volatile matter and ash content, respectively. The elemental analysis 106 

was performed with the aid of a LECO CHN-2000 for C, H and N (ASTM D-5773), a 107 

LECO S-144 DR for sulfur (ASTM D-5016) and a LECO VTF-900 for the direct 108 

determination of oxygen.  109 
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2.1. Reactivity of cokes and bio-cokes. 110 

2.1.1. Kinetic parameters of the gasification reaction with CO2 111 

The reaction rate constants (K) corresponding to the briquettes during CO2 112 

gasification were calculated using a TA Instruments SDT 2960 thermobalance. The 113 

cokes and bio-cokes (around 2 mg of sample with particle size < 63 µm was spread in 114 

the form of a thin layer) were placed inside a crucible to undergo isothermal gasification 115 

at 900 ºC. The samples were heated at 20 ºC/min under a N2 atmosphere until they 116 

reached gasification temperature. Once the required temperature was reached the gas 117 

was switched over from N2 to CO2, and the CO2 flow rate was set at 100 ml/min. These 118 

experimental conditions (i.e. flow of reactant gas and gasification temperature) were 119 

selected to ensure chemical regime and to nullify the external diffusion effect of the 120 

reactant gas upon the gasification [24].  121 

Two models were employed to describe the reactivity of the chars and cokes: 122 

Volumetric Model (VM) and Grain Model (GM). These models have been used 123 

extensively in the literature both for coal [25] and for biomass [17,26].  124 

The Volumetric Model assumes a homogeneous reaction throughout the particle 125 

and a linearly decreasing reaction surface area with conversion. The overall reaction 126 

rate is expressed by:  127 

 128 

Then, by a simple integration: 129 

 130 

The Grain Model assumes that a porous particle consists of an assembly of uniform 131 

non-porous grains and that the reaction takes place on the surface of these grains. The 132 

GM model applies under the regime of chemical kinetic control, and assuming the 133 

grains have a spherical shape, the overall reaction rate is expressed as: 134 

 135 
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This model predicts a monotonically decreasing reaction rate and surface area 136 

because the surface area of each grain is receding during the reaction. Again, by 137 

simple integration: 138 

 139 

The reaction rate constants KVM and KGM were obtained from the slope of the linearized 140 

models. Various stages were considered in the linearization so as to obtain a correlation 141 

coefficient higher than 0.9. 142 

The deviation, Dev (X), between the experimentally obtained conversion data 143 

and the values predicted by the models was percent-wise measured by means of Eq. 144 

(5) [27] 145 

 146 

  147 

where n is the number of data points considered, Xexp and Xmod are the experimentally 148 

obtained and model-calculated values for conversion, respectively, and Xexp,max is the 149 

maximum experimental conversion. 150 

 In order to evaluate the synergy during the CO2 gasification of the coke and bio-151 

coke briquettes a theoretical conversion (XCal) was calculated as follows [28,29]:  152 

  153 

where XCoal, XBiomass and XBinder are the conversions at time (t) for the coke/chars from the 154 

coal, biomass and binder, respectively, and FCoal, FBiomass and FBinder are the mass fractions 155 

of coal, biomass and binder in the coke from briquettes. 156 

2.1.2. ECE-INCAR reactivity 157 

The reactivities were measured following the United Nations Economic Commission 158 

for Europe test with some modifications incorporated by the Spanish National Coal 159 

Institute (ECE-INCAR method) [30]. The reactivity index derived from this test is related 160 
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to the parameter CSR which is used worldwide to assess coke reactivity at industrial 161 

scale [31]. In this test, 7 g of coke with particle sizes between 1-3 mm are subjected to 162 

a CO2 flow of 120 ml/min at 1000 ºC during 1 h. The reactivity is expressed as the 163 

mass loss after reaction. 164 

2.2. Characterization of the cokes and bio-cokes 165 

2.2.1. Inorganic matter and pore surface areas 166 

The inorganic matter composition of each sample was analyzed by X-ray 167 

fluorescence (XRF) using a SRS 3000 Bruker spectrometer in accordance with the 168 

ASTM D4326-04 standard procedure. The presence of minerals in the samples is 169 

typically characterized by means of the Alkalinity Index (AI). The AI measures the ratio 170 

of basic to acidic oxides in the ashes: 171 

 172 

The basic oxides (CaO, K2O, Na2O, MgO and Fe2O3) generally act as a catalyst, while 173 

acidic oxides (SiO2 and Al2O3) act as an inhibitor [6,17,32].  174 

The pore surface areas were determined using a Micromeritics ASAP2420 175 

instrument from CO2 adsorption at 273 K and by means of the Dubinin–Radushkevich 176 

equation [33]. Coke particles (particle sizes in the range 0.6-1.18 mm) were degasified 177 

at 473 K for 18 h, before analysis. CO2 adsorption is used to determine 178 

ultramicroporosity (i.e. pore size <0.7 nm) 179 

2.2.2. Textural components as determined by optical microscopy 180 

Samples with a particle size of 0.6–1.18 mm were mounted in resin for optical 181 

microscopy examination. The samples were then smoothed using silicon-carbide 182 

papers after which they were polished with fine alumina. To assess coke textural 183 

composition, the polished surfaces were examined using a polarising microscope fitted 184 

with crossed polars and a full-wave retarder plate. Their optical appearance at 250 185 
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points on the coke polished surfaces was evaluated using the classification developed 186 

by Patrick [34]. The coke textural components were divided into flow type, three sizes 187 

of mosaics and isotropic components. Two sizes of organic inerts were also 188 

differentiated. The effects of different additives on the type, as well as on the amount, 189 

of anisotropy were determined from the Optical Anisotropy Index (OAI) by means of 190 

equation (7) [34]: 191 

 192 

3. Results and Discussion 193 

3.1. Main characteristics of the raw materials 194 

Table 1 shows the main characteristics of the raw materials used. Lignin has the 195 

highest C content (64.7 wt.%db) of biomasses, whereas molasses has the least (26.5 196 

wt.%db). The O/C atomic ratio of the tar, CTS and paraffin is lower than that of 197 

molasses. The coal has the highest ash content (7.3 wt.% db) followed by BIOC 198 

(6.1 wt.% db). Sawdust, tar and paraffin have ash contents lower than 1 wt% db. The 199 

volatile matter contents are all higher than 64 wt% db except in the case of coal. 200 

Table 1. Proximate and ultimate analyses of the raw materials. 201 

  Coal BIOC Lignin SPT Molasses Tar CTS Paraffin 

Ash (wt.% db)a 7.3 6.1 2.5 0.4 2.8 0.2 1.7 0.2 

VM (wt.% db)a,b 31.5 68.0 64.0 78.5 94.4 65.5 71.1 99.6 

C (wt.% db)a 81.2 59.8 64.7 56.0 26.5 90.3 85.9 85.1 

H (wt.% db)a 5.0 6.0 5.7 5.8 8.1 4.7 4.9 14.5 

N (wt.% db)a 1.6 1.2 0.9 0.4 1.7 0.8 1.4 0.2 

S (wt.% db)a 1.03 0.15 1.52 0.03 0.18 0.38 0.54 0.04 

O (wt.% db)a 4.8 25.5 26.3 37.4 55.9 3.0 6.6 0.3 

H/Cc 0.74 1.20 1.07 1.25 3.65 0.62 0.69 2.04 

O/Cc 0.04 0.32 0.31 0.50 1.58 0.02 0.06 0.00 

aDry basis; bVolatile matter; cAtomic ratio. 202 

3.2. Reactivity of cokes and bio-cokes 203 
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3.2.1. Reactivity as described by KVM, KGM and an evaluation of the synergy 204 

between the briquette components during the gasification process 205 

Figure 1 shows the application of the models VM (1a, 1b) and GM (1c, 1d) to the 206 

experimental results of the gasification of the chars obtained from the biomasses 207 

(lignin, BIOC, SPT), the binders (molasses, tar, CTS) and the coal. The reaction rate 208 

constants (KVM and KGM) calculated from the slope of the linearized models are shown 209 

in Table 2 together with the correlation coefficient (r2) corresponding to the rate 210 

constant determination. BIOC and SPT have a rate constant in the range between 2 211 

and 4x10-3 s-1, which are similar values to those obtained by Jeong [28]. In the case of 212 

the lignin and molasses the rate constants are almost one order of magnitude higher. 213 

In contrast, the binders T and T/CTS and the coal have considerably smaller rate 214 

constant values (10-4 – 10-5).  215 

The rate constant values (Table 2) were used to calculate the modelled 216 

conversion. The comparison between the experimental conversion values and those 217 

predicted by the VM and GM models for the biomases (BIOC, lignin and SPT) and 218 

binders (Molasses, Tar and T/CTS) (Figure 1e and 1f) confirm that the predicted values 219 

fit the experimental values very well over the entire conversion range. In order to 220 

quantify the errors associated with the calculated conversion using the two models the 221 

value of Dev(X) was calculated using Eq (5) and displayed in Table 2 for briquette 222 

components. The deviation between the experimental and calculated conversion 223 

values is very small (i.e. < 1.3 %) which validates the procedure used for the 224 

determination of the rate constants. 225 

226 



10 
 

 227 

 228 

 229 

 230 

 231 

 232 

 233 

 234 

 235 

 236 

 237 

 238 

 239 

 240 

 241 

 242 

 243 

 244 

 245 

 246 

 247 

Figure 1. Plots of the VM (a-b) and GM (c-d) linearized models for CO2 gasification and 248 

a comparison between the experimental conversions and those predicted by the VM 249 

and GM models versus time for the biomasses (lignin, BIOC, SPT) (e) and binders 250 

(molasses, tar, CTS) (f). 251 

252 
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 253 

Table 2. Reaction rate constants for the CO2 gasification of the coal, the three 254 

biomasses (Lignin, BIOC, SPT) and the three binders (Molasses, Tar, CTS), correlation 255 

coefficient of the linearization and Dev(X) calculated using the Volumetric Model (KVM) 256 

and Grain Model (KGM). 257 

  KVM (s-1) r2
VM 

DevVM (X) 
(%) 

KGM (s-1) r2
GM 

DevGM (X) 
(%) 

Coal 6.80E-05 0.995 0.51 5.34E-05 0.996 0.74 

Lignin 8.41E-03 0.996 0.81 1.27E-02 0.996 0.60 

BIOC 4.21E-03 0.989 1.60 3.14E-03 0.997 1.29 

SPT 3.05E-03 0.992 0.82 2.16E-03 0.995 0.56 

Molasses 3.37E-02 0.991 0.81 2.39E-02 0.995 0.59 

Tar 5.11E-04 0.993 1.11 3.80E-04 0.998 0.71 

CTS 1.11E-04 0.996 0.83 8.74E-05 0.998 1.73 

 258 

On the basis of the rate constant values the following order of reactivity for the 259 

biomasses can be established: lignin > BIOC > SPT, the times needed for them to 260 

achieve a conversion value of 0.8 being 3.15, 6.45 and 11.85 minutes respectively. 261 

Lignin has been described as highly reactive due to its mineral matter content [17]. The 262 

gasification time recorded in the present research work is in agreement with results 263 

found in the literature. Huo et al. reported gasification times below 5 min to achieve 264 

50 % conversion at 900 °C for sawdust and straw [24].  265 

The order of reactivity for the binders is as follows: Mol > T > CTS. The behaviour 266 

of the three binders used is completely different. Molasses needed only 1.1 min to 267 

attain a conversion value of 0.8, whereas, T and CTS, due to their aromatic nature are 268 

less reactive and they needed 56 and 235 min to reach a 0.8 conversion, respectively. 269 

These values are in agreement with the values of KVM and KGM shown in Table 2. It was 270 

impossible to test the char from paraffin because it does not leave any residue when 271 

pyrolyzed. The coke from the coal is the least reactive material considering the time 272 

needed to achieve a conversion of 0.8 (452 min) and the value of the rate constants. 273 
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Table 3 shows the KVM and KGM corresponding to the briquettes and the correlation 274 

coefficient corresponding to each linearization. The values are all in the range of 275 

7 x10-5 - 4 x10-4 s-1. The plots of the linearized models used to calculate these values 276 

are shown in Figure SM1.  Figure 2 displays the gasification curves (i.e. X vs t) 277 

corresponding to all the briquettes grouped by binder. The conversion curves predicted 278 

by the models used are also included in each graph. The gasification of the briquettes 279 

with Par (Figure 2a), T (Figure 2b) and T/CTS (Figure 2c) occur within similar time 280 

ranges despite the differences observed in the gasification curves of the binders 281 

(Figure 1f). The least reactive are those prepared only with coal and the binder i.e. 282 

Br(Par), Br(T), Br(T/CTS) and Br(Mol). In the case of the briquettes prepared from 283 

ternary blends, reactivity depends on the type of binder used. In the case of paraffin 284 

and tar the order of reactivity is as follows Lg > BIOC > SPT in agreement with the 285 

behaviour of the biomasses (Figure 1e). In the case of the binder T/CTS the order is 286 

BIOC > SPT > Lg. The briquettes prepared with molasses show a very high reactivity 287 

due to the effect of the binder that masks the effect of the biomasses (Figure 2d). 288 

To quantify the errors associated with the conversion from the two models the 289 

value of Dev(X) was calculated using Eq (5) and displayed in Table 3 for briquettes 290 

from ternary blends. The deviation between the experimental and calculated 291 

conversion values is very small (i.e. < 3.2 %) which validates the procedure used for 292 

the determination of the rate constants. The error is greater than for binary blends 293 

(Table 2) but similar to values of Dev(X) published by other authors [27]. 294 

In order to test for synergy between the three components of the cokes from the 295 

briquettes during their gasification, the additivity law as expressed by Eq. 6 was applied 296 

to the experimental data corresponding to the individual components. Figure 3 297 

compares the variations of the experimental and calculated conversions with time, the 298 

curves being grouped in the graphs according to the binder. It is clear that the 299 

experimental curves differ from the calculated ones, which indicates that there is 300 

synergy between the coke components. Also, the calculated conversion is lower than 301 
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the experimental one for the same time. Which means that synergy between the 302 

briquette components leads to an increase in reactivity in all cases (Figure 3a, 3b, 3c y 303 

3d) especially in the case of molasses. 304 

Table 3. Reaction rate constant for the CO2 gasification of briquettes calculated using 305 

the Volumetric Model (KVM) and Grain Model (KGM), Dev(X), ECE-INCAR reactivity 306 

(RECE-INCAR) and CO2 surface area.  307 

 
KVM (s-1) r2

VM 
DevVM (X) 

(%) 
KGM (s-1) r2

GM 
DevGM (X) 

(%) 

RCEE 

(%) 

Smi 

(m2/g) 

Br(Lg-Par) 2.49E-04 0.992 0.73 1.67E-04 0.996 2.14 30.2 55 

Br(BIOC-Par)  1.56E-04 1.000 0.78 1.24E-04 0.998 0.69 26.6 57 

Br(SPT-Par) 7.90E-05 0.998 1.09 6.80E-05 0.995 2.92 20.6 14 

Br(Par) 8.84E-05 0.996 1.35 6.83E-05 0.994 0.83 13.5 5 

Br(Lg-T) 1.69E-04 0.988 2.95 1.34E-04 1.000 0.54 25.5 38 

Br(BIOC-T) 1.47E-04 0.997 2.03 1.15E-04 0.994 1.88 27.3 34 

Br(SPT-T) 1.19E-04 0.999 1.24 9.23E-05 0.983 3.16 25.3 32 

Br(T) 8.44E-05 0.993 0.79 6.93E-05 1.000 0.53 13.3 17 

Br(Lg-T/CTS) 1.00E-04 0.993 0.38 8.39E-05 0.987 1.03 25.3 56 

Br(BIOC-T/CTS) 1.71E-04 0.993 2.47 1.35E-04 0.998 1.11 31.3 80 

Br(SPT-T/CTS) 1.51E-04 0.997 1.15 1.22E-04 0.995 0.76 24.9 19 

Br(T/CTS) 8.56E-05 0.993 0.37 7.24E-05 0.991 0.90 12.1 3 

Br(Lg-Mol) 4.41E-04 0.997 1.72 3.47E-04 0.995 1.99 38.8 25 

Br(BIOC-Mol) 3.57E-04 0.998 1.68 2.77E-04 0.992 2.26 39.3 95 

Br(SPT-Mol) 4.03E-04 0.997 0.88 3.29E-04 0.995 0.85 40.8 77 

Br(Mol) 2.34E-04 1.000 0.64 1.83E-04 0.987 3.10 32.2 36 

         

 308 



14 
 

 309 

 310 

Figure 2. Comparison between the experimental conversions and those predicted by 311 

the VM and GM models versus time for the: briquettes with paraffin (a), briquettes with 312 

molasses (b), briquettes with T/CTS (c) and briquettes with T (d).  313 

The synergy was evaluated using a synergy index [29,35] defined as the ratio 314 

tX,cal/tX,exp where tX,cal and tX,exp denote the experimental and calculated gasification time 315 

required to obtain a co-gasification conversion of X, respectively. A synergy index 316 

greater and smaller than 1 expresses the existence of synergistic effect on co-317 

gasification at conversion value of X, and the greater or smaller the index value, the 318 

greater or smaller the synergistic effect. Figure 4 shows the variations in the synergy 319 

index at different conversions. The synergy during co-gasification between coal and the 320 

non-biomass binders (i.e. T, T/CTS and Par) is almost constant over the whole 321 

conversion range (Figure 4a). The synergy observed for the briquette prepared with 322 

paraffin i.e. Br (Par) is probably caused by the pyrolysis process since the paraffin does 323 
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not leave any char. On the other hand, the biomass binder (Mol) clearly shows that the 324 

synergy increases with the degree of conversion. Similar results were obtained in the 325 

case of the briquettes prepared from ternary blends. With the increase in conversion, 326 

the synergy index also increases. In the case of the briquettes prepared with BIOC and 327 

the four binders (Figure 4b) it is clear that synergy index is greater than that of the 328 

briquettes prepared from the binary blends (i.e. coal and binders) with the highest 329 

synergy when molasses is used as binder.  330 

Figures 4c and 4d display the synergy index corresponding to briquettes 331 

prepared with the three biomasses and the same binder, Par and T/CTS respectively. 332 

Differences dependent on the type of binder used are apparent. It is also clear that the 333 

lowest degree of synergy corresponds to the briquettes prepared only with coal and a 334 

binder. When paraffin is used as binder the order in which synergy increases coincides 335 

with the degree of reactivity for X>0.3, as shown in Figure 1. The higher the reactivity 336 

of the biomass present in the briquettes is, then the higher the synergy index is. On the 337 

other hand, when T/CTS is used as binder, BIOC and the torrified sawdust (SPT) have 338 

similar synergy index values up to X=0.6, after which the synergy index of Br(BIO-339 

T/CTS) increases with conversion. However, it is the variation in the synergy index 340 

corresponding to the briquette Br(Lg-T/CTS) which is most surprising because it is 341 

lower than that of the other ternary briquettes prepared with T/CTS as binder. For low 342 

conversion values (i.e. X<0.15) the effect of biomass on the reactivity of the briquettes 343 

is lower than expected and negative synergy is observed, which is in agreement with 344 

other authors [29]. 345 

 346 

 347 
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 348 

Figure 3. Comparison between the experimental and calculated curves following the 349 

additive rule from those of the individual components. Briquettes with paraffin (a), 350 

briquettes with tar (b), briquettes with T/CTS (1:1) (c), briquettes with molasses (d). 351 
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 353 

 354 

Figure 4. Variation of synergy index with conversion. Briquettes from binary blends a); 355 

briquettes from ternary blends containing BIOC and the four binders b); briquettes 356 

prepared with paraffin as binder c) and briquettes prepared with T/CTS as binder. 357 

 358 
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 362 

3.2.2. ECE-INCAR reactivity 363 

Table 3 displays the reactivity values as determined by means of the ECE-INCAR 364 

(RECE-INCAR) method. The data corresponding to the cokes from the briquettes 365 

prepared from binary blends (i.e. coal and binder) are similar (i.e. 12.2-13.5 %) when T, 366 

T/ CTS and Par are used. These values are in consonance with metallurgical coke 367 

reactivities measured by means of this technique [36]. The results obtained in the 368 

thermobalance also show similar values for these cokes. However, the coke from the 369 

blend with molasses exhibits a substantially higher reactivity value (32.2%). Similarly, 370 

the cokes from the ternary blends including molasses also show high reactivity values 371 

(i.e. 39.3-40.8 %), whereas the rest of the cokes from ternary blend briquettes display 372 

lower values in the 20.6-31.3 % range.  373 

In general, the reactivity values obtained are similar regardless of the biomass used 374 

when T and T/CTS (i.e. 25-31 %) and molasses (i.e. 39-41 %) are used as binders. In 375 

the case of paraffin, the reactivity order coincides with the order established for 376 

biomasses (see Figure 1). Interestingly the cokes from blends of lignin and bituminous 377 

binders do not have higher reactivity values, which one would expect considering the 378 

high reactivity of lignin. 379 

The reactivity of the bio-cokes from the briquettes studied in the thermobalance and 380 

using the ECE-INCAR method show the influence of both the biomass and the binder 381 

on the results obtained. The rate constants calculated by the Volumetric and Grain 382 

models show a logarithmic relationship with the reactivity ECE-INCAR (Figure 5), with 383 

the same correlation coefficient for the two models (r2 = 0.88).  384 

385 
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 386 

 387 

 388 

Figure 5. Relationship between ECE-INCAR reactivity and the constant rates (KGM and 389 

KVM). 390 

3.3. Characterization of cokes and bio-cokes 391 

3.3.1. Quantitative analysis of mineral oxides in the coke ashes 392 

Mineral composition is related with coke reactivity in many ways, e.g., minerals at 393 

high temperatures can generate cracks and weak spots in the coke matrix [37], as well 394 

as increase coke reactivity via the formation of an intermediate metal-carbon-oxygen 395 

complex which leads to a faster conversion from CO2 to CO [18]. In the present study 396 

the inorganic matter composition of each sample and the resultant alkalinity indices are 397 

shown in Table 4. Paraffin and coal tar are not included due to their low ash content. 398 

Although coal has the highest ash content (Table 1) its alkalinity index is not high 399 

compared to that of lignin and molasses. This is due to the presence of  Al2O3 and SiO2 400 

in coal ashes [3,37,38]. SPT and CTS have the lowest alkalinity index value, 0.32 and 401 
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0.35, respectively, which is due to the low ash content in the case of SPT and to its 402 

composition in the case of CTS. It should be noted that SPT has the second highest 403 

K2O content only after molasses. BIOC has an alkalinity index of ≈ 8 which is due to its 404 

ash content (i.e. 6.1 wt.% db) and its percentage of basic oxides in general is lower 405 

than in lignin and SPT except for CaO and Fe2O3. Lignin and molasses have the 406 

highest alkalinity index as a consequence of their high Na2O and K2O contents 407 

respectively. It is believed that the highest catalytic effect is produced by potassium 408 

followed by calcium, sodium and magnesium [18]. Moreover, lignin has the lowest 409 

Al2O3 and SiO2 contents. 410 

Table 4. Ash composition and alkalinity index of the raw materials. 411 
 412 
  Coal BIOC Lignin SPT Molasses CTS 

Na2O (wt%, db) 0.58 1.90 38.45 1.38 18.30 1.90 

MgO (wt%, db) 0.68 2.10 1.04 10.71 0.67 1.00 

Al2O3 (wt%, db) 25.05 5.73 1.20 4.67 1.10 29.20 

SiO2 (wt%, db) 59.90 28.55 2.98 27.51 7.98 49.20 

P2O5 (wt%, db) 0.00 15.10 0.00 2.52 0.24 0.97 

K2O (wt%, db) 2.08 2.74 4.72 14.00 50.73 1.72 

CaO (wt%, db) 1.47 34.67 0.96 23.08 10.30 2.88 

TiO2 (wt%, db) 2.09 0.37 0.21 0.11 < 0.01 1.67 

Fe2O3 (wt%, db) 6.79 3.99 0.28 1.33 0.25 6.85 

SO3 (wt%, db) 1.31 4.43 50.00 4.29 6.72 2.13 

MnO (wt%, db) 0.00 0.09 0.00 0.00 0.07 0.07 

ZnO (wt%, db) 0.02 0.15 0.03 0.00 0.06 1.23 

SrO (wt%, db) 0.13 0.11 0.02 0.00 0.03 0.13 

V2O5 (wt%, db) 0.00 0.08 < 0.01 0.00 0.10 0.00 

Cr2O3 (wt%, db) 0.00 0.00 < 0.02 0.00 0.04 0.00 

NiO (wt%, db) 0.00 0.00 < 0.03 0.00 < 0.01 0.00 

ZrO2 (wt%, db) 0.07 0.00 < 0.04 0.00 0.08 0.07 

PbO (wt%, db) 0.00 0.00 < 0.05 0.00 0.45 0.00 

As2O3 (wt%, db) 0.00 0.00 < 0.06 0.00 0.08 0.00 

Cl (wt%, db) 0.00 0.00 3.49 0.00 < 0.01 0.00 

Alkalinity Index 0.99 8.02 26.96 0.35 24.57 0.32 

 413 
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The alkalinity index for biomasses in this study is as follows: 414 

Lg > (26.96%) > BIOC (8.02%) > SPT (0.35%). The order is the same as that 415 

established for the rate constants KVM and KGM in section 3.2.1. In the case of the 416 

binders the alkalinity index is higher for molasses (24.57 %) than for T/CTS (0.32%), 417 

the high rate constant associated with the gasification of molasses being due to its 418 

alkalinity index.  419 

In the case of the briquettes (Table 3), high reactivities are associated with high 420 

alkalinity indices. However, the correlation coefficients are low (r2 = 0.52, 0.55 y 0.47 421 

for KVM, KGM y RECE-INCAR respectively).  422 

In view of the results shown in section 3.2.1 some kind of synergy could be 423 

expected between the inorganic compounds present in briquette components. Other 424 

authors have reported that the variations in synergy during the co-gasification of rice 425 

straw-bituminous coal blends are mainly due to the combined effects of active K and 426 

Ca transformation during co-gasification [29]. In our case the percentages of Ca and K 427 

were similar for BIOC and SPT whereas lignin contained smaller amounts of these two 428 

elements. Although the explanation for the low reactivity of the briquette Br(Lg-T/CTS) 429 

(see Figure 2c) might be probably the amount of Ca and K present in lignin, further 430 

research is needed to satisfactorily explain the interaction between the lignin and the 431 

binder T/CTS. 432 

Gasification of coke is influenced by mineral matter composition but other structural 433 

factors associated to coal rank are also important [22]. The thermoplastic properties of 434 

coal have a strong influence on the structure of the resulting cokes [39]. Depending on 435 

the effect on coal plastic properties, the materials used for the preparation of the 436 

briquette in the present research work can be divided into two groups: on the one hand 437 

biomass (lg, BIOC, SPT and Mol) that has a deleterious effect on the thermoplastic 438 

properties and on the other T, T/CTS and Par that enhance these properties.  T and 439 
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CTS have a high degree of aromaticity and increase the fluidity of the blends, thereby 440 

compensating for the effect of the biomass [8,11]. The influence of paraffin on coal 441 

thermoplastic properties is lower than that of bituminous binders [11]. This is in 442 

agreement with the fact that although Par and T can be considered to be ashless, in 443 

the first case, gasification is governed by the mineral matter of the biomass present in 444 

the briquettes, whereas in the case of the blends with T and T/CTS the mineral matter 445 

of the biomass is not as determinant. 446 

3.3.2. Micropore surface areas 447 

It is generally accepted that the greater the porosity of the coke, the greater its 448 

reactivity [13,40]. The micropore surface area values (Smi) of the cokes prepared from 449 

the briquettes are presented in Table 3. The lowest values correspond to cokes from 450 

briquettes without biomass i.e.  Br(T/CTS), Br(Par) and Br(T). The Smi obtained in 451 

these cases are similar to the values presented in the literature for metallurgical cokes 452 

with a RECE-INCAR lower than 14 % [36]. In general, the Smi of the cokes from the 453 

ternary blend briquettes is higher than that of the binary briquettes because biomass 454 

produces chars with a greater Smi than coal  [3,41].  455 

The results of the present research work are in agreement with the generally 456 

accepted view that relates a high Smi with high reactivity, but the correlations obtained 457 

in this study are poor r2 = 0.56 for RECE-INCAR and r2 = 0.26-0.27 in the case of the 458 

rate constants.       459 

3.3.3. Textural composition of the cokes as measured by optical microscopy 460 

The textural components present in cokes are considered to play a relevant role to 461 

explain coke reactivity [21]. It is recognized that carbons and graphites differ in their 462 

reactivity according to their degree of structural order, highly ordered graphite generally 463 

being less reactive than the more structurally disordered paracrystalline carbons. The 464 

degree of structural order is reflected in the optical anisotropy of the coke [20].  465 
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Table 5 shows the optical textural composition of the cokes obtained from binary 466 

briquettes (i.e. coal + binder) and from ternary briquettes prepared with BIOC as 467 

biomass and the four binders and the cokes obtained with the three biomasses and 468 

T/CTS as binder.   469 

The cokes obtained from briquettes prepared with coal and the four binders have a 470 

similar textural composition except in the case of the coke from Br(Mol) whose 471 

percentage of isotropic components is greater than that of the rest (21 vol% vs 2-472 

6 vol%). Molasses influences the plastic stage of the coal due to its high oxygen 473 

content which increases the reactivity of the system, giving rise to a shorter plastic 474 

range that impedes the complete development of anisotropy [42,43]. The distribution of 475 

textural components in the other three cokes is similar, the only difference being the 476 

low percentage of coarse mosaics in the coke from Br(Par) (i.e. 17 vol%) vs that of the 477 

cokes from Br(T) and Br(T/CTS) (i.e. 25 vol%). The larger amount of coarse mosaics is 478 

consistent with the fact that blends with T and T/CTS exhibit the highest Gieseler 479 

fluidity [11,44].  480 

 481 

Table 5. Textural composition (vol.%) of the cokes. 482 

Sample Fa CMb MMc FMd Isoe InSf InLg OAIh 

Br(T) 15 25 28 12 3 8 9 246 

Br(T/CTS) 17 25 30 11 2 5 10 251 

Br(Mol) 8 15 22 14 21 6 13 169 

Br(Par) 19 17 30 14 6 6 9 234 

Br(BIOC-T) 6 9 23 17 10 11 24 175 

Br(BIOC-T/CTS) 8 10 18 18 13 10 24 171 

Br(BIOC-Mol) 2 4 16 19 18 10 31 120 

Br(BIOC-Par) 6 10 15 20 15 7 27 159 

Br(Lg-T/CTS) 11 12 19 17 21 6 13 169 

Br(SPT-T/CTS) 10 13 18 14 15 5 26 186 

a: flow type anisotropy, b: coarse mosaic, c: medium mosaic, d: fine mosaic, e: 483 

isotropic, f: small inert, g: large inert, h: optical anisotropy index. 484 
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 485 

In the case of cokes obtained from ternary blends (i.e. coal, BIOC and the binders), 486 

again the greatest difference corresponds to the briquette prepared with molasses 487 

which has the greatest amount of isotropic material and large inerts. The inclusion of 488 

biomass leads to a diminution of the amount of coarse and medium mosaics. There is 489 

also a decrease in fine mosaics which is related to a modification of the coal plastic 490 

stage [45]. As a consequence, the optical anisotropy index changes from values in the 491 

range between 169-250 to 120-175 for the cokes from the briquettes with 492 

coal/BIOC/binder. In addition, the isotropic material increases due to the deleterious 493 

effect of the biomass upon the fluidity of the coals [5]. It should be noted that these 494 

isotropic textures are more susceptible to attack by CO2 than anisotropic areas.  495 

In order to appreciate the influence of the biomass type on the texture of the bio-496 

cokes it is necessary to compare cokes from Br(SPT-T/CTS), Br(BIOC-T/CTS) and 497 

Br(Lg-T/CTS). The effect of SPT and BIOC is similar and the effect is clearly seen in 498 

the increase in isotropic material and organic inerts. The behaviour of lignin is, 499 

however, different, there being a larger percentage of isotropic material but a lower 500 

percentage of organic inerts. This is due to the ability of lignin to melt and form an 501 

amorphous carbon phase that links coal grains [46]. The thermoplastic properties of 502 

these biomasses have been evaluated in a previous research study where it was 503 

shown that lignin passes through a plastic stage accompanied by a marked reduction 504 

in complex viscosity, unlike SPT and BIOC [11].  505 

The linear relationships between the RECE-INCAR and the percentages of 506 

textural components show that the components that are related to a decrease in 507 

reactivity are flow type (r2 = 0.89) > coarse mosaics (r2 = 0.78) > medium mosaics 508 

(r2 = 0.69). In contrast, fine mosaics, isotropic and inerts increase reactivity in the 509 

following order: Iso (r2 = 0.69) > InL (r2 = 0.58) > FM (r2 = 0.54) > InS (r2 = 0.31). In 510 

agreement with other authors small inerts do not appear to have a great influence on 511 

reactivity [44,47]. Figure 6 shows the relationship between the flow type components 512 
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and optical anisotropy index (OAI) with RECE-INCAR. OAI which gives an indication of 513 

the degree of order of the coke structure shows the best correlation with reactivity 514 

(r2=0.93) 515 

The relationship of the rate constants with OAI follow the same trend although 516 

the correlation coefficients obtained are poorer (r2 =0.59-0.65). 517 

 518 

 519 

Figure 6. Relationship between ECE-INCAR reactivity with a) Flow type anisotropy and 520 

b) Optical Anisotropy Index (OAI).  521 
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 The order of reactivity can be established as follows: lignin > BIOC > SPT for 524 

biomasses and Mol >T >T/CTS for binders. 525 

 The KVM and KGM obtained from gasification experiments show a logarithmic 526 

relationship with reactivity measured a greater scale (i.e. RECE-INCAR). 527 

 The least reactive coke obtained from a ternary briquette corresponds to 528 

Br(SPT-Par) in agreement with the reactivity of the components. In the case of 529 

lignin, the lowest reactivities were obtained with bituminous binders probably 530 

due to its ability to soften during heating and the lower synergy index. On the 531 

other hand, molasses produces cokes with the greatest reactivity. 532 

 Optical anisotropy index is the parameter which best explains the reactivity 533 

results.  534 
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