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12 Abstract:

13 Slow pyrolysis as a method of producing a high-quality energy carrier from lignin recovered from wood-
14 based ethanol production has not been studied for co-firing or blast furnace (BF) applications up to now. 
15 This paper investigates fuel characteristics, grindability, moisture uptake and the flow properties of lignin 
16 chars derived from the slow pyrolysis of lignin at temperatures of 300, 500 and 650 °C (L300, L500 and 
17 L650 samples respectively) at a heating rate of 5 °C min-1. The lignin chars revealed a high mass and energy 
18 yield in the range of 39-73% and 53-89% respectively. Pyrolysis at 500 °C or higher, yielded lignin chars 
19 with low H/C and O/C ratios suitable for BF injection. Furthermore, the hydrophobicity of lignin was 
20 improved tremendously after pyrolysis. Pyrolysis at high temperatures increased the sphericity of the lignin 
21 char particles and caused some agglomeration in L650. Large and less spherical particles were found to be 
22 a reason for high permeability, compressibility and cohesion of L300 in contrast to L500 and L650. L300 
23 and L500 chars demonstrated high combustibility with low ignition and burnout temperatures. Also, 
24 rheometric analysis showed that L500 has the best flow properties including low aeration energy and high 
25 flow function.
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31 1. Introduction

32 Renewable energy is forecasted to play a vital role in the future energy system to reduce the 
33 accumulation of CO2 emissions into the atmosphere. The importance of biomass in fuel applications 
34 has increased tremendously during the last decades and a similar trend is set to continue. The 
35 combustion and co-firing of biomass with fossil coal in power production has gained a lot of attention. 
36 The recent findings suggest that the thermochemical upgrading of biomass is needed to enhance the 
37 physical and chemical properties of biomass for co-firing applications [1,2]. Eddings et al. [3], carried 
38 out pilot-scale co-firing trials to evaluate the performance of co-firing pulverized coal with either raw 
39 wood, torrefied wood or bio-char. R. Perez-Jeldres et al. [4] used a computational fluid dynamics model 
40 to predict the performance of a 150MW commercial boiler co-firing pulverized coal with pine sawdust. 
41 Sahu et al. [5], studied the constraints and uncertainties associated with the use of different types of the 
42 biomass of diverse characteristics and the likely impact of the partial replacement of coal by biomass 
43 on the emission of CO2, SOx, NOx. 

44 Recently, the use of biomass as a reducing agent in iron and steelmaking applications has been proposed 
45 as an effective measure to reduce fossil CO2 emissions [6,7]. The most efficient technology to introduce 
46 biomass into the iron and steelmaking is the replacement of pulverized coal injection to the BF with 
47 upgraded biomass fuels. In this application, a higher pyrolysis temperature is needed to produce the fuel 
48 characteristics required for BF injection [8].

49 A wide range of thermally upgraded woody biomasses have been studied for their applicability for co-
50 firing and BF injection. Bergman et al. [9] studied the development of torrefaction by means of 
51 extensive parametric research, process simulations and process design for moving-bed technology. 
52 Batidziari et al. [10] provided detailed insights into state of the art prospects of the commercial 
53 utilization of torrefaction technology over time focusing on moving bed reactor  while Mathieson et al. 
54 [11] considered the combustibility of different charcoal in comparison with PCI coal under simulated 
55 BF raceway conditions. Suopajärvi and Fabritius [12] also studied the production chain and the 
56 economics of biomass-based reducing agents compared to fossil-based ones. Phanphanich and Mani [1] 
57 found that the torrefaction of woody biomass enhances the chemical properties, heating value and 
58 grindability of the biomass. In the torrefaction process, in which temperatures ranged from 225 to 300 
59 °C, the carbon content of pristine woody biomass was increased from 47.2% to 49.5–66.1%, and the 
60 heating value from 18.5 MJ/kg to 19.5–26.4 MJ/kg, depending on the torrefaction temperature. The 
61 grinding energy decreased from 237.7 to 23.9 kWh/t when wood chips were torrefied at 300 °C. 
62 Pyrolysis includes different stages. During the first stage of biomass pyrolysis, dehydration causes a 
63 shrinking of the lignocellulosic material leads to crack creations, density change and material stiffening 
64 favour grinding energy decrease [13]. Abdullah and Wu [14] reported similar enhancements in chemical 
65 and physical properties with pyrolyzed mallee eucalyptus. In slow pyrolysis, the carbon content of 
66 biochar was in the range of 82.9–85.5% when the pyrolysis temperature was 450–500 °C. Besides the 
67 chemical properties and grindability, the characteristics of fine fuel powders are important for the design 
68 of handling, storage and injection systems. Guo et al. [15] investigated the flow energy and aeration of 
69 coal and coal-sawdust blends with an FT4 Freeman powder rheometer. The basic flow energy increased 
70 with an increased rate of sawdust addition. This was because of the larger aspect ratio and the rougher 
71 surface of sawdust. Blends with sawdust additions were also insensitive to aeration, which implies that 
72 they are not suitable for dense-phase pneumatic conveying. Almendros et al. [16] evaluated the impact 



ACCEPTED MANUSCRIPT

73 of torrefaction on the flowability of the spruce powder. The basic flow and aeration energy of untreated 
74 sawdust powder decreased substantially after torrefaction at 300 °C, which implies improved flow 
75 properties. Liu et al. [17] also highlighted the impact of particle size distribution, particle shape, specific 
76 surface area, surface morphology and moisture of pulverized coal on the flowability of the powders.

77 The combustion properties of biomass fuels, fossil coal and their blends have been studied with 
78 thermogravimetric methods in several publications and a common finding is that biochars are more 
79 reactive in atmospheric combustion. Babich et al. [18] performed the technological and ecological 
80 assessment of blast furnace process when injecting different types of charcoal and concluded that 
81 conversion efficiency of all the tested charcoals is better or comparable with coals. Varol et al. [19] 
82 investigated the co-combustion characteristics of coal and biomass, and the synergistic effect of their 
83 various combinations on the peak temperatures and burnout times and concluded that biomass in the 
84 mixture starts to burn first and then coal follows. Park et al. [20] investigated combustion profiles of 
85 the torrefied sample and the low-temperature carbonized sample blended with coal. They verified that 
86 the fuel characteristics varied depending on the thermal treatment temperature and consequently the 
87 combustion characteristics varied. Yousaf et al. [21] investigated biochar fuels alone and blended with 
88 coal for combustion characteristics and concluded that biochar-coal co-combustion is a suitable option 
89 for its use in existing coal-fired energy generation system. assessment of combustion characteristics of 
90 blends of a coal with different biomass chars was studied by Sahu et al. [22] and the results of non-
91 isothermal combustion studies in general depict that blends containing less than 50% biomass char are 
92 better performing as compared those with higher biomass char content.

93 Special emphasis should also be placed on the storage conditions of biofuels. It has been shown that the 
94 torrefaction of biomass enhances the hydrophobicity [23]. On the other hand, Gray et al. [24] reported 
95 increased water uptake of biochars with increasing pyrolysis temperature.

96 Even though the range of different biomasses studied is wide, the investigations of lignin in fuel 
97 applications other than burning in the Kraft recovery boilers is still quite restricted. Current 
98 developments in biorefining might lead to the further availability of lignin for materials, value-added 
99 chemicals and fuel applications [25]. Technologies such as Lignoboost [26] have been developed for 

100 Kraft-lignin extraction from black liquor in pulp production to reduce the burden on the recovery boiler. 
101 In addition, bio-ethanol production from wood-based raw materials with enzyme hydrolysis and yeast 
102 fermentation yields excessive amounts of lignin as a by-product with better chemical properties 
103 compared to Kraft-lignin. This fermented lignin has low ash, sulfur and sodium contents and is suitable 
104 for use as a raw material for the reductant production in the metallurgical industry [27]. This by-product 
105 lignin has never been studied as a fuel for power production or for BF injection. Detailed 
106 characterization of char produced from this low ash, low sulfur and low sodium lignin provides novel 
107 insights for its application in co-combustion and BF injection.

108 The aim of this paper is to investigate the effects of slow pyrolysis on the chemical and physical 
109 properties of lignin extracted as a by-product of wood-based ethanol production. The main objective is 
110 to evaluate the impact of slow pyrolysis temperature on mass and energy yields. Physical, chemical and 
111 morphological properties of the produced chars and their effect on grindability, moisture uptake and 
112 flow properties will be investigated and compared to pulverized coal. Finally, the combustion properties 
113 of the produced lignin chars will be discussed.
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114 2. Materials and methods 
115 2.1.  Materials 

116 By-product lignin samples were received from St1 Renewable Energy Oy., which has a wood-based 
117 bio-ethanol production plant in Kajaani, Finland. In the plant bio-ethanol is produced from softwood 
118 sawdust using Cellunolix® production technology and lignin is extracted as a by-product with around 
119 50% moisture content. This lignin was pre-dried to an approximately 4% moisture content before the 
120 slow pyrolysis experiments. Part of the lignin was in loose form, but there are also lumps of fine 
121 particles, agglomerated in the extraction process (Fig. 1). Residues of the cell wall structure of the 
122 parental wood can also be seen in the lignin samples. Pulverized coal (PC) used as a reference in this 
123 study was received from SSAB Europe Oy Raahe steel plant.

124

125 Fig. 1 By-product lignin from wood-based ethanol production.

126 The chemical analyses of the raw lignin, lignin chars and PC were carried out at Eurofins Ahma Oy, 
127 Oulu, Finland. Proximate analyses (ash, volatile matter, moisture) and an ultimate analysis (C, H, N, S, 
128 O) was done according to ISO 1171:2010, SFS-EN 15402:2011 and CEN/TS 15414-2:2010, SFS-EN 
129 15407:2011, SFS-EN ISO 16994:15, SFS-EN 15408:11 and SFS-EN 15296:2011 standards. Higher 
130 and lower heating values were determined according to SFS-EN 15400:2011 standard. 

131 2.2. Slow pyrolysis experimental system and procedure

132 Slow pyrolysis experiments were conducted in a laboratory-scale batch reactor (Fig. 2). The pyrolysis 
133 system consisted of a gas tight stainless-steel tube inserted in a double chamber tube furnace (Entech 
134 ETF 75/17V), with a nitrogen cylinder, a rotameter and a pyrolysis gas treatment unit. The diameter of 
135 the reactor tube was 200 mm with a maximum bed height of around 400 mm. Pre-dried lignin was 
136 inserted into the pyrolysis reactor without any particle size classification thus, the lignin charge included 
137 fine particles and agglomerated lignin lumps. The lignin was pyrolyzed at a heating rate of 5 °C min-1 
138 under N2 (200 mL min-1) up to target temperatures of 300 °C, 500 °C and 650 °C (L300, L500, L650, 
139 L=lignin). The holding time at the target temperature was eight hours. The yield of the solid products 
140 was determined by their dry basis. The moisture content of the lignin was 4 wt.%.
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Fig. 2 A schematic picture of the slow pyrolysis system: 1. chamber furnace (Entech ETF 75/17V); 2. pyrolysis reactor; 3. 
biomass sample; 4. N2 cylinder; 5. gas flow controller; 6. thermocouples; 7. computer; 8. bio-oil condensers.

141 2.3. Grinding experiments

142 A laboratory-scale centrifugal mill (Netzsch ZM200) was used in the grinding experiments. A 500 µm 
143 grid rotor with 12 teeth and 18000 rpm rotator speed were used in the experiments. Raw lignin and 
144 lignin char samples were crushed manually to a size range of 2-4 mm before the grinding test. Then the 
145 samples were fed into the mill at a constant feeding rate to produce pulverized samples for subsequent 
146 analyses. PC was also tested under the same grinding conditions for comparison. The grinding method 
147 itself was tuned to match the size distribution of production grade coal powder. The grindability of the 
148 samples was determined based on particle size distribution analysis.

149

150 2.4.  Physico-chemical characteristics 
151 2.4.1. Bulk and true density

152 For a biomass to be considered a substitute for coal in iron and steel making several problems, including 
153 large bulk volume, high moisture content, low heating value and energy density should be considered. 
154 It is important to measure true and bulk density of chars as it helps to describe other results like moisture 
155 uptake, bulk properties and rheometric properties

156 The bulk density measurements for the dried 2-4 mm sample fraction and dried pulverized samples 
157 were performed by following the procedure described by Abdullah and Wu [14]. The sample was 
158 poured into a cylinder with a known volume and stamped on a wooden board until the volume of the 
159 cylinder content remained unchanged. The bulk density measurement was repeated three times and the 
160 relative standard deviation was 1.6% on average.

161 The true density of the dried 2-4 mm sample fraction was measured using an AccuPyc 1340 Helium 
162 gas pycnometer. This measurement was also repeated three times and the relative standard deviation 
163 was 0.007% on average.
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164 2.4.2. Moisture uptake

165 The moisture uptake of the lignin, lignin chars and PC were measured using a water immersion test. 
166 Approximately 0.5 g of the dry sample (2-4 mm fraction) was immersed in water at room temperature 
167 for two hours. Then the sample was air dried for an hour at room temperature after which the moisture 
168 content was determined [23]. 

169 2.4.3. Morphological characterization

170 For microscopic characterization, the sample particles were embedded in polyester resin and polished 
171 for examination under reflected light to evaluate their structure and morphology. An Olympus BX51 
172 optical microscope equipped with a digital camera was used to evaluate the effect of the pyrolysis 
173 temperature on the char structure. 

174 A Zeiss ULTRA plus field emission scanning electron microscope (FESEM) was also used in order to 
175 study the lignin char morphology and microstructure. A double stick carbon tape suitable for Scanning 
176 Electron Microscopy (SEM) and a gold coating were used to study the char samples.

177 The particle size and shape analysis of all pyrolyzed samples were performed using a CAMSIZER P4 
178 particle analyzer for 2-4 mm fractions and pulverized samples. 

179 2.5.  Flow behavior of the fuels

180 The flow properties of the powders were measured with a Freeman Technology FT4 Powder Rheometer 
181 FT4 [28]. The purpose was to examine how the increase in the pyrolysis temperature affects the 
182 properties of lignin chars, which is important for powder storage in silos and flowability in pneumatic 
183 conveying lines. 

184 The bulk properties of the powders under investigation were: the conditioned bulk density (CBD, g/ml), 
185 the tapped bulk density (50 taps) (BDtap50, g/ml), the compressibility (CPS, %), and the permeability 
186 (cm2). The CBD was measured for the powder that had gone through gentle conditioning to create a 
187 uniform, lightly packed test sample [28]. The BDtap50 measure is the bulk density after the 
188 measurement vessel is tapped 50 times. The compressibility and the permeability tests are suited for 
189 determining the cohesiveness of the powder bed. The compressibility gives the percentage by which 
190 the volume has changed under an impact of 15 kPa at normal stress [28]. In the permeability test the 
191 pressure drop was measured across the powder bed whilst the applied normal pressure was varied and 
192 the air velocity through the bed was maintained constant at 5 mm/s [28]. The sample volume was around 
193 300 ml and the moisture content was 1%.

194 Dynamic tests for the powders included the basic flow energy (BFE, mJ), aerated energy (AE, mJ) and 
195 consolidated energy (CEtap50, mJ). BFE is the energy needed to displace a powder from its stabilized 
196 and conditioned state with a given flow pattern and flow rate. The aeration energy gives the flow energy 
197 when a fluidizing gas with a velocity of 3 and 6 mm/s is introduced into the powder bed. The CEtap50 
198 measure gives the energy needed to displace a powder sample, which has been tapped 50 times. 

199 Shear tests for the powders included the cohesion (τo), the angle of internal friction (WFA, ◦) and flow 
200 function defined by Jenike (ffc). Cohesion is defined as a shear strength at zero normal stress [28]. The 
201 wall friction test provides a measurement of the sliding resistance between the powder and the surface 
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202 of the process equipment and is defined as the arctan of the ratio of the wall shear stress to the wall 
203 under normal stress [28]. Then flow function is defined by the Jenike relation and is the ratio of the 
204 major principle stress to the unconfined yield stress [28].

205 2.6.  Thermal analysis

206 The combustion behavior of the lignin chars and coal was studied with a Netzsch STA 449 F3 Jupiter 
207 thermoanalyzer. Pulverized samples of around 5 mg were carefully spread on an alumina dish crucible 
208 (17 mm diameter) and heated from 20 to 1000 °C at a heating rate of 5 °C min-1 under air at a flow rate 
209 of 50 mL min-1. Combustion parameters including the DSC peak temperature, DTG peak temperatures, 
210 maximum rate of weight loss (Rmax, %/min), initial temperature (Ti) and burn out temperature (BOT) 
211 were determined for each sample. Ti is defined as the temperature, at which the derivative of the weight 
212 loss curve (DTG) first reaches the value of 1 %/min. Rmax, %/min is the maximum reactivity defined 
213 from the DTG curve. BOT is the temperature at which the weight loss rate reaches the 1 %/min at the 
214 terminal phase of DTG profile. The repeatability of the experiments was evaluated with duplicates.

215 3. Results and Discussion:

216 3.1.  Mass and energy yield

217 Fig. 3 shows the mass and energy yields of lignin pyrolyzed at three different temperatures along with 
218 standard deviation bar which confirms repeatability of the data. The char yield decreased as the 
219 temperature was raised, and the trend is similar to that of pristine wood-based biomass slow pyrolysis. 
220 However, the yield of the lignin was higher compared to that of pristine biomass. For pristine woody 
221 biomasses the mass yields in slow pyrolysis are usually 52–54% at 300 °C [1,29], 22–27% at 500 °C 
222 and 20–26% in the temperature range of 600–700 °C [30,31], whereas the mass yield of lignin is 73.1%, 
223 45.7% and 39.3% in 300 °C, 500 °C and 650 °C, respectively. The mass yield results are in agreement 
224 with the thermogravimetric studies made in the slow pyrolysis heating rate region when Kraft-lignin 
225 and commercial pure lignin have been studied [6,32]. There is no slow pyrolysis data for lignin extracted 
226 from wood-based ethanol production in the literature up to the time of the present study. The higher 
227 yield of the lignin compared to pristine biomass is because of the different decomposition behavior of 
228 wood constituents; hemicellulose, cellulose and lignin. Hemicellulose decomposes in the temperature 
229 range between 220 and 300 °C with a char yield of 20%, while cellulose decomposes in the temperature 
230 range between 315 and 390 °C with a negligible char yield, but lignin decomposes in a broad 
231 temperature range between 200 and 550 °C and with a char yield of around 50% or more [32–34]. Major 
232 reasons for the higher mass yield of lignin could be that lignin has a 3D molecular structure of aromatic 
233 clusters (mainly phenolic) that are ready to produce char through cross-linking reactions [35]. Sharma 
234 et al. [36] also observed that char yield in pyrolysis decreased rapidly with an increase in temperature. 
235 They studied lignin char and its reactivity towards the formation of polycyclic aromatic hydrocarbons 
236 (PAHs) by many different chemical bond analysis methods. They described their observation by the 
237 fact that the aromaticity and the carbonaceous nature of the char increased with temperature and the 
238 char lost hydrogen and oxygen preferentially as the temperature increased. They related the decrease in 
239 the O/C ratio to some decarboxylation together with dehydration. They also showed that chars lost both 
240 hydroxyl and aliphatic groups as the pyrolysis temperature increased and the aromatic character 
241 increased rapidly above 450 °C.
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242 The high mass yield also resulted in a high energy yield, which ranged from 53% to 89% depending on 
243 the slow pyrolysis temperature, calculated from higher heating values and dry basis. The energy yield 
244 of lignin is high, compared to energy yields of biochar from the slow pyrolysis of pristine woody 
245 biomass, which are usually 50% at 300 °C, 40% at 500 °C and 35% at 650 °C [8].

246    
247 Fig. 3 The effect of temperature on mass and energy yields of pyrolyzed lignin.

248 As stated in section 2.2, raw lignin was fed into the pyrolysis chamber without any particle size 
249 classification. It is known that the amount and nature of the products released during pyrolysis are 
250 influenced by the initial particle size [37,38]. It should be noted that in this study, residence time of the 
251 raw lignin in the reactor was set to 8 hours to make sure the particle mass stops changing and insufficient 
252 heat transfer does not affect pyrolysis of bigger particles. This way the effect of particle size on lignin 
253 pyrolysis and mass/energy yield can be neglected. Furthermore, slow pyrolysis experiments with a low 
254 heating rate of 5 °C min-1 minimize the possible effects of initial particle size of lignin on the 
255 characteristics of obtained chars.  

256 3.2.  Fuel characteristics

257 Table 1 presents the data of proximate, ultimate and heating value analyses for raw lignin, pyrolyzed 
258 lignin and PC. The heating value of the lignin (25.2 MJ/kg db) is high compared to pristine wood-based 
259 biomasses such as pine wood (19 MJ/kg db), wheat straw (16 MJ/kg db) and algae (14 MJ/kg db) [39] 
260 and could possibly be used in co-firing applications without any thermal treatment. However, for BF 
261 injection, the high share of oxygen and volatiles, and low share of fixed carbon in the material inhibits 
262 its applicability. It can be seen in the Table 1 that by increasing the pyrolysis temperature, the share of 
263 fixed carbon increased and the share of oxygen and volatiles decreased, as expected. This analysis also 
264 showed that lignin and lignin chars have substantially lower ash, sulfur and nitrogen contents compared 
265 to the reference PC.

266 As Li et. al explained [31], pyrolysis breaks weak bonds to release volatiles and gases, and subsequent 
267 rearrangement reactions strengthen the carbon matrix, resulting in a bio-char with high fixed carbon 
268 content and low volatile content. Volatiles are released by the breaking of chemical bonds. Increased 
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269 temperature supplies more energy to the system, resulting in more broken bonds. So, higher pyrolysis 
270 temperatures diminished the H/C ratio due to the enrichment of carbon in the charred material and the 
271 release of hydrogen through the volatile products and moisture.

272 Table 1 Physico-chemical properties of the fuels.

Materials MC*
 (%, wb)

VM* 
(%, db)

Ash
 (%, db)

FC* 
(%, db)

C
 (%, db)

H 
(%, db)

N 
(%, db)

S 
(%, db)

O 
(%, db)

HHV*
 (MJ/kg, db)

Lignin 3.4 74.0 0.3 26.1 61.3 6.23 0.70 0.087 31.4 25.22
L300 < 1.0 41.0 0.5 59.2 75.3 5.14 0.97 0.101 18.0 30.18
L500 < 1.0 18.0 0.7 83 85.9 3.56 1.23 0.121 8.6 33.12
L650 < 1.0 5.1 0.9 94.0 93.7 2.05 1.33 0.115 1.9 34.31
PC < 1.0 21.4 10.1 68,4 78.3 4.17 2.06 0.221 5.1 30.53
MC= Moisture Content, VM= Volatile Materials, FC= Fixed Carbon, HHV= High Heating Value. 

273

274 The H/C and O/C ratios of lignin and lignin chars are depicted in the Van Krevelen diagram in Fig. 4 
275 together with PC and chars from pinewood sawdust [31]. The required properties for fuels are dependent 
276 on their application. In the case of BF injection, a low O/C is required for an efficient process [8]. A 
277 slow pyrolysis temperature of 500 °C is low and falls within the desired range which is enough to 
278 produce a high-quality biochar for BF injection from lignin, whereas in case of pristine pine, the slow 
279 pyrolysis temperature should be higher [31]. For co-firing applications, the mild carbonization of lignin 
280 occurs at 300 °C, or lower, and could lead to adequate fuel properties [1]. 

281     

282 Fig. 4 Van Krevelen diagram. (L: Lignin, P: pinewood sawdust, PC: pulverized coal, numbers after the letter is the temperature in which 
283 each sample is pyrolyzed)

284 3.3.  Physical characterization
285 3.3.1. Density

286 Bulk and true densities of the 2-4 mm fraction lignin, lignin chars and PC and bulk density of pulverized 
287 samples are shown in Table 2. It can be seen that the bulk and true densities of 2-4 mm lignin samples 
288 increased with an increasing pyrolysis temperature. The increase in the bulk density was 10.4% from 
289 the L300 to the L650 samples. The bulk density of the lignin chars is 52.8–57.2% of the bulk density 
290 of PC. Abdullah and Wu [14] did not find a relation between pyrolysis temperature and bulk density 
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291 for unground charcoals produced from mallee eucalyptus at different slow pyrolysis temperatures (300-
292 500 °C). It seems that bulk density increased with increasing temperature in accordance to increase in 
293 denser components like carbon and ash and decreasing in light components including H and O. Also, 
294 the resulting products pyrolyzed at higher temperatures seemed to obtain structural shrinkage, causing 
295 higher bulk density. During pyrolysis, a significant loss of volatile and condensable compounds from 
296 the biomass increases the true density, leading to the shrinkage of pyrolyzed matrices to form highly 
297 carbonaceous materials. Furthermore, the devolatilization may collapse the void volume in the biomass 
298 char to raise the true density [40].

299 Bulk density measurements conducted for pulverized lignin chars showed an even stronger dependency 
300 on the pyrolysis temperature. The bulk density of the L300 samples was 488 kg/m3 whereas the bulk 
301 density of the L650 samples was 737 kg/m3, which is over a 51% increase and quite close to the bulk 
302 density of PC. Abdullah & Wu [14] reported a similar increase in the bulk density of pulverized 
303 charcoals with increasing temperatures. They also showed that the bulk densities of biochar samples 
304 after grinding was 600-700 kg/m3, which was a significant improvement from the unground biochars 
305 (∼300 kg/m3). The lower bulk density of lump form biochars requires special consideration when 
306 designing efficient supply chains and storage systems for lignin and lignin chars. The comparable bulk 
307 density of the pulverized lignin chars (L500 and L650) to the bulk density of PC is a promising result 
308 in terms of biofuel handling and possible blending with fossil coals. The bulk densities reported here 
309 present the maximum range of values, since the materials were packed by extensive tapping. 

310 Comparing the true density and bulk density of 2-4 mm lignin chars confirms the effect of open pore 
311 and voids in the structure of the produced lignin chars resulting in quite low bulk densities. This 
312 observation can help to describe moisture uptake, bulk properties and the flowability of the samples 
313 [41].

314 Table 2 Bulk density of the 2-4 mm and pulverized fraction and true density of 2-4 mm fraction. 

Bulk density, 2-4 mm 
fraction (kg/m3)

Standard 
deviation

Bulk density, pulverized 
fraction (kg/m3)

Standard 
deviation

True density, 2-4 mm 
fraction (g/cm3)

Standard 
deviation

Lignin 351.3 9.0 478.5 24.9 1.39 0.001
L300 339.5 3.8 487.7 6.7 1.36 0.001
L500 342.8 0.4 668.3 4.3 1.74 0.094
L650 374.9 0.7 737.0 2.1 1.97 0.115
PC 794.6 2.0 835.3 1.8 1.47 0.008

315

316 3.3.2. Grindability

317 A particle size distribution analysis was used to compare the grindability of the samples in this study. 
318 Biomasses usually have poor grindability because of their bulky and fibrous nature. The grindability of 
319 the raw biomasses can be substantially enhanced by torrefaction or slow pyrolysis [13,14]. The 
320 grindability of lignin lumps has not been reported earlier. As all the samples had almost similar particle 
321 sizes before grinding in the centrifugal mill, the grindability of the materials could be evaluated from 
322 the particle size distribution. The smaller the particles become in the grinding; the better the grindability 
323 [14]. Fig. 5 a-b shows the cumulative particle size distribution and particle size distribution of ground 
324 raw lignin, lignin chars and PC. In addition, Table 3 provides numerical cumulative particle size data 
325 for the samples. It can be seen that the grindability of all the pyrolyzed lignins was quite close to that 
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326 of PC. There was an increase in the particle sizes between the raw state and the L300 samples (Table 3 
327 and Fig. 5). Then, the particle sizes decreased slightly from the L300 to the L500 samples. Again, 
328 temperature increases led to an increase of the mean and d50 in the L650 samples compared to the L500 
329 samples, which is visible in Figure 5 and Table 3. However, the D90 results showed a continuous 
330 increase in the particle size with an increasing pyrolysis temperature. The L650 samples had the worst 
331 grindability, which can be seen in the higher share of larger particles. Raw lignin itself has a small 
332 particle size and the raw lignin lumps break and grind easily. It seems that the increase in the pyrolysis 
333 temperature resulted in the opposite grindability behavior in the case of by-product lignin compared to 
334 raw woody biomasses [23]. This may be a result of stronger agglomeration and packing of the lignin 
335 structure.

336   

337 Fig. 5 a) Cumulative particle size distribution and b) particle size distribution of pulverized raw lignin, lignin chars and coal.

338 Table 3 Properties of particle size distribution of lignin and coal samples.

Mean (µm) d10 (µm) d50 (µm) d90 (µm)
Lignin 37.27 6.31 19.90 84.79
L300 55.37 8.86 33.99 128.98
L500 53.95 7.26 29.7 135.14
L650 59.28 7.23 32.97 150.49
PC 45.85 7.14 28.935 106.14

339 3.3.3. Moisture uptake

340 The moisture adsorption properties of biomass-based fuels are important for proper handling and 
341 storage solutions. PCs are usually stored in outside storage areas, since their moisture uptake is quite 
342 low. The results of water immersion tests are depicted in Fig. 6. Comparing the moisture uptake of raw 
343 and pyrolyzed lignin, it can be seen that pyrolysis played very important role in reducing moisture 
344 uptake. It can also be noted that the moisture uptake of the PC was very low. In the results, there is a 
345 clear trend in the moisture uptake development in lignin chars with an increasing pyrolysis temperature. 
346 The higher the pyrolysis temperature, the higher the moisture uptake but still quite much lower than 
347 that of raw lignin. Similar findings have been reported for pristine wood biochars by Gray et al [24] 
348 who found that water uptake of biochar was dependent on the feedstock type (which controls the 
349 residual macroporosity) and the production temperature (which controls the hydrophobicity). 
350 Hydrophobicity in biochars decreases with an increasing production temperature and this may be due 
351 to less hydrophobic aliphatic functional groups which are volatilized and lost at higher production 
352 temperatures [24,42,43]. It can be concluded that thermal treatment is a method that can solve the 
353 problem of moisture adsorption by biomass during handling and storage [44]. 
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354   

355 Fig. 6 Moisture uptake in water immersion test for 2-4 mm samples.

356

357 3.4.  Morphological changes to the structure of pyrolyzed lignin 
358 3.4.1. Optical and scanning electron microscopy

359 The microstructures of pyrolyzed lignin samples at 300, 500 and 650 °C are depicted in Fig. 7. In the 
360 prepared section of samples, the white phase represents lignin. All the pyrolyzed lignin contains a matrix 
361 of linked particles. In the L300 samples the substrate network was denser with fewer voids while the 
362 L500 samples showed a narrower particle network and smaller colonies of lignin particles. Again, in 
363 the L650 samples, there were wider areas of agglomerates.

364 Pyrolysis and the release of volatile materials usually results in a more open structure in pyrolyzed 
365 samples containing a mainly wood structure [45,46], but for the lignin samples, as mentioned earlier in 
366 the particle size distribution results, it was different. 

367 A slight agglomeration of fines occurred in the char samples pyrolyzed at high temperatures. This 
368 agglomeration can be seen in the SEM images of the lignin chars in Fig. 8. In this picture, the L500 
369 samples have smaller particles compared to the L300 samples, while the L650 samples confirmed result 
370 which was observed in the particle size analysis in Fig. 5 and Table 3.

371 In lignocellulosic biomass, lignin is a three-dimensional network of polymers with extensive intra and 
372 intermolecular bonds that embed cellulose and hemicellulose fibers within it. During pyrolysis, the 
373 polymer structure of the lignin undergoes degradation stages including softening (at less than 300 °C), 
374 bond breakage (starting at about 300) and solidification (cross-linking at around 400 °C  and higher) 
375 [47]. Based on these transformation stages, the L300 samples were affected by the softening and 
376 adherence of small particles. In the L500 samples the release of significant amounts of volatile materials 
377 led to a narrow network of particles containing many voids. Finally, in the L650 samples, the 
378 solidification stage led to a higher degree of cross-linking and widely agglomerated particles.
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379

380  

381 Fig. 7 Optical microscope images of 2-4mm lignin samples: (a) L300, (b) L500, (c) L650, 100X magnification.

382

383 Fig. 8 SEM of powder lignin samples: (a) L300, (b)L500, (c)L650, 1000X magnification.

384 3.4.2. Particle shape analysis

385 Among the different changes that pyrolysis brings to lignin, particle shape changes can also be 
386 considered. The effects of particle shapes on the rheological properties of fuels have been discussed in 
387 many papers [15,16]. Fig. 9 illustrates the sphericity (a) and aspect ratio (b) of the samples measured in 
388 every size fraction. As expected, raw lignin particles were highly irregular in shape but after pyrolysis 
389 the shape of the lignin chars were more spherical and similar to PC. With an average sphericity of 0.806, 
390 the L300 samples showed the lowest sphericity compared to 0.818 for the L500 samples and 0.821 for 
391 the L650 samples. Similar findings were observed in the measured aspect ratios of lignin, lignin char 
392 and PC samples.
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393

394 Fig. 9 Particle shape analysis a) sphericity and b) aspect ratio of raw lignin, lignin chars and PC.

395 3.5.  Flow and transport properties
396 3.5.1. Bulk properties

397 Conditioned and tapped bulk densities of the pulverized samples are shown in Fig. 10. The densities 
398 measured using the FT4 Freeman powder rheometer are considerably lower compared to the ones 
399 presented in Table 2. These density results provide a better understanding of the powder packing 
400 tendency in the conditions found in a pneumatic conveying system. It can be seen that the conditioned 
401 bulk density of the lignin chars increased with the pyrolysis temperature, almost reaching the CBD of 
402 the PC. The bulk density of the pulverized samples increased after tapping 50 times, but the increase 
403 was rather modest.

404

405  

406 Fig. 10 Conditioned and tapped bulk density.

407 The compressibility of the pulverized samples is shown in Fig. 11 a. This shows that the compressibility 
408 of the L300 samples was the highest whereas the compressibility of the L500 and L650 samples was 
409 close to the compressibility of PC. The high compressibility of the L300 samples indicates a higher 
410 percentage of void space inside the material bed. This was also evident in the lower bulk density of the 
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411 conditioned powder mentioned earlier. Higher compressibility and a lower bulk density could result in 
412 less efficient particle packing of the L300 samples which is probably due to their irregular shape (lower 
413 sphericity). 

414 The permeability of the powder samples was calculated based on the pressure drop across the powder 
415 bed under normal stress of 15 kPa. Permeability in the case of the L300 char samples was significantly 
416 higher (Fig. 11 b) which means more cohesive behavior of the L300 samples which may be due to their 
417 low sphericity which makes a low-density porous bed. The permeability of the L500 and L650 char 
418 samples were quite similar and close to that of PC.

419 In pneumatic transfer lines where particles are separated and carried by the carrying gas, the 
420 effectiveness of pneumatic transfer can be estimated from material permeability values. The higher the 
421 permeability the bigger share of carrying gas will pass through the material bed without transferring 
422 materials. Effective pneumatic transfer favors low or moderate permeability values.

423

424 Fig. 11 Bulk properties of lignin chars and coal a) Compressibility and b) permeability.

425 3.5.2. Dynamic properties

426 Basic flow energy (BFE) and aeration energy (AE) results can be used as indications of the dynamic 
427 flow properties of the lignin chars and PC and these are depicted in Fig. 12 (a-b). From the BFE bar 
428 diagram in Fig. 12 a, it can be observed that the basic flow energy of the lignin chars did not change 
429 considerably with the increasing pyrolysis temperature and was similar to the BFE for the PC. To be 
430 more precise, the L300 samples displayed the lowest BFE compared to the rest of the samples. This is 
431 mainly due to the lower bulk density and lower aspect ratio of the L300 samples (Fig 11, Fig. 9 b) [15]. 
432 In a BFE test of a low bulk density powder less energy is required for the blade to pass through the 
433 powder bed, and a low aspect ratio caused the easier movement of the blade through the open and 
434 randomly packed bed of the L300 sample.

435 In addition, as depicted in Fig. 12 b, the aerated energy (AE) index test shows higher AE at different 
436 gas velocities for the L300 samples, which is most likely affected by the irregular particle shape. The 
437 high cohesion of the L300 powder which is reflected in its low bulk density and high permeability is a 
438 reason for the higher aeration energy of the L300 samples. It means that higher energy is required to 
439 make the L300 powder flow when it is aerated with gas as compared to other samples. Aeration itself 
440 helps the flowability as it can be seen in the reduction of the BFE of the L300 samples, but the higher 
441 cohesion of this powder is better understood through the AE results.
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442 The L500 and L650 samples displayed lower AE levels, which were even lower for PC, it may highlight 
443 the effect of their broad particle size distribution [48]. The lower aeration energy values for the L500 
444 and L650 samples might be considered very good from a technical perspective. This means that the 
445 particles will flow easily with a lower tendency to cause blockages during pneumatic conveying or 
446 injection into a BF [49]. However, it should be kept in mind that very high permeability values of 
447 powder would cause conveying gases to pass through the powder without moving it in the pipeline. 
448 Furthermore, very low permeability values would prevent fluidization gases from reducing the energy 
449 demand to maintain the flow and might cause problems in silo bottoms. “Moderate” permeability values 
450 are considered the best, but the limits of the permeability values are hard to determine. For example, a 
451 BFE of 600 mJ and above indicates pneumatic conveying problems in case of PC [50].

452

453 Fig. 12 Dynamic properties of lignin chars and coal a) BFE, b) AE3 and AE6.

454 3.5.3. Shear properties

455 Fig. 13 indicates the cohesion (C), wall friction angle and flow function (FF) index for lignin chars 
456 obtained at different pyrolysis temperatures. The results show that increasing the pyrolysis temperature 
457 reduced the cohesion of the chars and pyrolyzing at 500 °C made the lignin char the least cohesive of 
458 all. The pyrolysis temperature had no sharp effect on the wall friction angle, and the sliding resistance 
459 of all lignin chars was in the range of 18-20 o.

460 According to the FF index, powder materials are classified based on their flow properties. As the 
461 measured FF values illustrate in Fig. 13 c, the L300 and L650 samples displayed an easy flowing 
462 properties but the L500 samples were the best and were classified as a free flowing powder [17]. Again, 
463 it is worth mentioning that extreme free flowing properties of a powder may not be considered desirable 
464 as a free flowing powder can flow through the dosing screw like a liquid and cause powder leakage in 
465 slide gate valves or ball valves [50].
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466

467 Fig. 13 Shear properties of lignin chars and coal a) cohesion, b) wall friction angle and c) flow function.

468 3.6.  Combustibility

469 Fig. 14 reports the TG-DTG profiles illustrating the combustion of the PC and lignin chars pyrolyzed 
470 at different temperatures. The corresponding temperatures of ignition (Ti), DSC peak, DTG peak, burn 
471 out temperature (BOT) and the maximum rate of weight loss, Rmax, are as displayed in Table 4. 

472    
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473 Fig. 14 TG and DTG profiles of coal and char combustion in the air (heating rate 5 °C min-1 ).

474 The DTG peak of lignin chars shifted to higher temperature indicating the drifting of the combustion 
475 zone, and this effect was quite noticeable with an increase in pyrolysis temperature from 300 to 650 °C. 

476 Table 4 Combustion properties of coal and lignin chars.

Ti (°C) DSC (°C) DTG (°C) Rmax (%/min) BOT (°C)
L300 286 462 461 15.44 465
L500 390 474 473 16.07 493
L650 448 531 525 11.77 539
PC 410 493 488 4.6 553

477

478 Because of a higher volatile material content, thermal decomposition of the L300 samples occurred in 
479 a wide temperature range starting at about 300 °C  and the weight loss is attributed to release of volatile 
480 materials, thermal degradation of the lignin and small amount of cellulose and hemicellulose 
481 components, which are present as residues in the lignin samples [20]. However, the L500 samples 
482 behaved more like PC with their major combustion zone (∼76% weight loss) in a single zone with a 
483 temperature range of 400–500 °C and a combustibility comparable to PC. A higher degree of 
484 devolatilization in pyrolysis at higher temperatures leading to lower quantities of volatile materials and 
485 a higher fixed carbon content in chars might be the reason for the lower weight loss of the L500 samples 
486 in comparison to the L300 samples during char combustion [21]. Pyrolysis at higher temperatures leaves 
487 a char with ordered crystalline structure with low reactivity and this was evident in the late combustion 
488 and high Ti of the L650 samples [51]. Therefore, there might be some restriction on using L650 in BF 
489 since high combustibility is essential for a fuel in pulverized coal injection. In this case, increased O2 
490 enrichment might be a solution [52,53]. 

491 The combustion profile and relevant temperatures of lignin chars revealed a reduction in the peak 
492 temperature, Ti and BOT by reducing the pyrolysis temperature of the chars indicating higher 
493 combustibility. This can be attributed to the combined effect of the volatile combustion of the highly 
494 volatile lignin char and biomass pyrolysis [52]. Volatiles released from lignin char would enhance the 
495 devolatilization of the rest of the material. This early ignition of biomass is a key factor in the earlier 
496 completion of volatile combustion and the consequential improvement in particle burnout as it is noted 
497 in a study by Abbas et al. on lignin char combustion [54].

498 4. Conclusions

499 The slow pyrolysis of lignin extracted as a by-product of wood-based ethanol production was studied 
500 to examine the extensive properties of lignin chars produced at three different temperatures of 300, 500 
501 and 650 °C. Results showed that slow pyrolysis improves physical and chemical properties of lignin 
502 with the best results for the lignin char obtained in pyrolysis at 500 °C. The main findings are 
503 summarized as follows.

504  The mass and energy yields of lignin were high, though they were reduced with increasing pyrolysis 
505 temperature. The heating values of lignin and lignin chars were close to that of PC. In the case of 
506 BF injection, pyrolysis at 500 °C was enough to result in an adequate chemical analysis and O/C 
507 and H/C ratios for lignin.
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508  The pyrolysis of lignin improved its hydrophobicity tremendously while the water uptake of lignin 
509 chars produced at higher temperatures was higher due to severe devolatilization and as reported by 
510 other researchers, is due to less hydrophobic aliphatic functional groups.
511  The results of particle size distribution analysis and SEM of the samples revealed that although 
512 some agglomeration occurred in the L300 and L650 samples, the grindability of the pyrolyzed lignin 
513 chars especially the L500 samples was very good and comparable to that of PC. In addition, of all 
514 samples studied, L500 powder which was more spherical with a higher bulk density displayed lower 
515 compressibility and permeability along with lower cohesion and aeration energy. The L500 char 
516 was also categorized as a free-flowing powder based on its flow function index.
517  Thermogravimetric indices like Ti and BOT, DTG and DSC peak temperatures for combustion 
518 analysis revealed that the combustibility of lignin chars decreased as the temperature of pyrolysis 
519 increased but still it was better for L300 and L500 samples than PC. 

520
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Highlights:

 First study on pyrolysis of lignin recovered from wood-based ethanol production.
 Pyrolyzed lignin has high mass/energy yield up to 73/89% and HHV up to 34.31 MJ/kg.
 Effect of temperature on Physico-chemical characteristics of chars investigated.  
 Best lignin char to substitute coal in BF injection obtained in pyrolysis at 500 oC.
 Pyrolysis in lower temperatures resulted in high combustibility and low water uptake


