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Abstract

:

The steelmaking industry requires coke as a reducing agent, as an energy source, and for its ability to hold slag in a blast furnace. Coking coal as raw coke material is very limited. Studying the use of biomass as a mixture of coking coal in the synthesis of biocoke is necessary to reduce greenhouse gas coal emissions. This research focuses on biomass and heating temperature through the coal blending method to produce biocoke with optimal mechanical properties for the blast-furnace standard. The heating temperature of biomass to biochar was evaluated at 400, 500, and 600 °C. The blending of coking coal with biochar was in the compositions of 95:5, 85:15, and 75:25 wt.%. A compacting force of 20 MPa was employed to produce biocoke that was 50 mm in diameter and 27 mm thick using a hot cylinder dye. The green sample was heated at 1100 °C for 4 h, followed by quenching with a water medium, resulting in dense samples. Increasing heating temperature is generally directly proportional to an increase in fixed carbon and calorific value. Biocoke that meets several blast-furnace criteria is a coal mixture with coconut-shell charcoal of 85:15 wt.%. Carbonization at 500 °C, yielding fixed carbon, calorific value, and compressive strength, was achieved at 89.02 ± 0.11%; 29.681 ± 0.46 MJ/kg, and 6.53 ± 0.4 MPa, respectively. This product meets several criteria for blast-furnace applications, with CRI 29.8 and CSR 55.1.
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1. Introduction


Coal still plays a vital role in the increasing global energy demand. Even though it is a nonrenewable fuel, coal is the primary energy source for electricity generation and the principal heat supply in heavy industries. For example, in the metallurgical sector, the integrated iron and steel industry is one of the highest energy consumers, which generates a massive amount of CO2 emissions due to its use of a considerable quantity of fossil-based carbon fuel, as either a reductant or fuel [1]. Energy saving and waste management are significant challenges facing this industry, because it is estimated that they are responsible for 26% of global industrial greenhouse gas emissions [2]. Concerning sustainability that meets climate targets and energy prices, iron and steel industries must improve their energy efficiency and promote environmentally friendly processes. Numerous strategies have been developed to replace unsustainable fossil fuels with renewable fuels [3]. Incorporating biocoke into coking coals is an excellent solution to both problems due to its renewability and carbon neutrality for net-zero CO2 emissions.



Biocoke is a biofuel derived from carbonization biomass. It is organic matter that comes from living organisms such as plant residue and animal waste. Biomass is a porous and fibrous material that consists of moisture, volatile matter, fixed carbon, ashes, and inorganic compounds such as Al, Si, K, Ca, and Na [4]. Biomass is a clean energy source that can partially substitute fossil fuels directly or be converted into gas, liquid, and solid fuels through different routes, namely, thermochemical and bioconversion. Combustion, gasification, and pyrolysis are techniques to extract energy from biomass through a thermochemical platform [5]. Pyrolysis is a process that converts biomass into biofuel by decomposing the organic content of materials into lighter substances under nonoxidative atmosphere conditions. A slow process of pyrolysis is called carbonization: the main products of carbonization are (a) biocoke, mainly composed of carbon; (b) tar, which contains water and oxygenated organic matter; and (c) gases that consist of carbon oxides, light hydrocarbons, and hydrogen. The yield of products depends on such operating conditions, including the type of biomass, temperature process, heating rate, and reactor design [6]. Carbonization products of biomass also strongly depend on the water content of the feed due to the large amount of water condensate formed in the tar.



As alternative energy, biocoke can be applied to large-scale industrial processes [7] because it has stable combustion at high temperatures [8]. Coke is the most crucial material fed in blast furnaces for iron production. This metallurgical coke acts as a primary energy source, reducing iron-ore agents and physical support.



Consequently, high-quality coke contributes to higher productivity and lower hot metal costs. The inclusion of biocoke in coking coals could reduce high-temperature gasification in iron production; thus, carbon consumption can be minimized [9]. According to Mousa et al., substituting about 20 wt.% of biomass in fuel consumption in a steelmaking blast furnace could reduce CO2 emissions by 300 kg/tHM, representing 15% of the decrease in total greenhouse gas (GHG) emissions [2]. Simultaneously, adding biomass higher than 2 wt.% into coking coal deteriorates coke quality [1]. Furthermore, low density and weak mechanical strength cause a feeding problem in the feeding system. This induces health and safety risks during handling, storage, and transportation [10], whereas the presence of inorganic elements in ash increases char reactivity with CO2 due to catalytic effects [11,12].



Briquetting under thermal compression is a method of improving the handling characteristics of coke production without a significant deterioration in quality. A fuel briquette is a compressed block typically consisting of coal dust used for fuel [13]. Briquettes from biomass are generally produced from a combustible material (coal, char, bagasse, agricultural waste, sawdust, etc.) and a binding agent. For industrial purposes, the most common materials used for binders are molasses, starch, coal tar, and wood tar [14,15]. A binding agent is necessary to improve the cohesion and bounding of the combustible materials to prevent the compressed material from crumbling. Compared to conventional coke, which has a value of 20–30 MJ/kg [16,17], the new, densified briquettes that were manufactured by Mizuno et al. under high thermal compression (20 MPa and 200 °C) exhibited better properties, such as higher density, improved mechanical strength, and high calorific value [18]. Yustanti et al. studied the maximal temperature of briquetting processes in order to generate maximal compressive strength. Biocoke briquettes with different compositions of rice husks and coconut shells with molasses as a binding agent were maintained at different temperatures under constant pressure of 20 MPa for 4 h. The charcoal of rice husks at 150 °C produced a compressive strength of about 2.09 MPa, whereas coconut shells were more suitable at 100 °C, with a compressive strength of 1.58 MPa [19]. The amount of biomass generally decreased the strength of coke and the swelling index. To improve mechanical properties, the feed size and binder type should be controlled. Mursito et al. obtained the best charcoal sizes from redwood and improved the coke-crushing strength of biocoke. Dry quenching helps to prevent the occurrence of cracks in the coke. Biocoke has a bulk density of 1071.44 kg/m3 and generates an excellent compressive strength of 4.87 MPa with a fixed carbon content of 85.8% and a calorific value of 30.363 MJ/kg for a standard blast furnace [20]. However, this study did not characterize CSR and CRI.



Previous studies showed that the best mechanical endurance was achieved if 6 wt.% biomass was added to briquette production [21]. Calorific value, compressive strength, fluidity, dilatation, and coke strength after the reaction generally decrease with the increase in the weight fraction of biochar added to the mixing process with coking coal. This study aimed to find the maximal value of the weight fraction of biochar added to coking coal, so that the mechanical and calorific properties of the produced biocoke met blast-furnace standards. This study analyzed the calorific value and compressive strength if the wt.% of biochar increased up to 25%, and how increased temperature and mixture composition affect biocoke properties. Shrinkage, binder types such as molasses, and surface morphology in biocoke are interesting to discuss regarding the prediction of compressive strength and heating value based on standard blast-furnace applications.




2. Materials and Methods


2.1. Materials


Raw materials for biocoke production were agricultural waste (coconut shells and rice husks) collected from the local market in Cilegon, Banten, Indonesia. The collected biomass was then dried in an oven at 110 °C for 5 h and coconut shells were crushed using a hammer to less than 1 × 1 cm in size; rice husks stayed their original size. Coking coals were obtained from Borneo, Indonesia, ground in a pulverizer mill, and sieved to <0.42 mm. The cone quartering method, used to determine the analyzed samples (biomass and coking coal), can be treated as representative [22,23]. Cone quartering is a type of sampling that uses a small and representative sample. This method is applicable for dry and moist materials of various sizes [23]. The particle size of the materials was kept constant for all the experiments. Commercial molasses were used as the binding agent, purchased from a sugar factory in Lampung, Indonesia, with their analysis shown in Table 1.




2.2. Methods


2.2.1. Biomass Carbonization


Biomass carbonization was conducted indirectly in a bench scale, with electrically heated rotary kiln pyrolysis in the axial and radial directions, and fabricated from a rolled mild steel plate, 5 mm thick, which was welded into a cylindrical form of 4 m length, 30 cm diameter, and 5° inclination angle. The main internal core reactor was designed with an ASTM 310 SS stainless-steel pipe with NQ size diameter for 0.7 L volume, and rotated by a controlled motor of Toshiba VF-S15 and sample hopper of a Danfoss VLT microdrive. The kiln was indirectly electrically heated by an AF Kanthal wire and Nikko 2 mL electrode, insulated by a Jarefu C-1 brick and Rockwool 96 fiber board, and controlled with a Fuji Electric controller, Mitsubishi S-T20 contactor, and regulated by Autonics TC4M, PXR-7 and PXR-9. The rotary kiln was supported with four heating–cooling zones: (1) heating at Zone 1, 600–400 °C; (2) 600–400 °C at Zone 2; (3) cooling at Zones 3 and 4, 300 and 200 °C, respectively, in which thermocouples carry out temperature control. The design of the indirectly electrically heated rotary kiln is shown in Figure 1. We set up our own pyrolysis reactor as per the design shown in Figure 1.



The proximate and ultimate analyses of the used feed biomass are shown in Table 2. Experiments were carried out at three different temperatures, 400, 500, and 600 °C, under a rotation speed of 20 rpm. The ground feed was subjected to the cylinder kiln through a feed hopper at a rate of 1.2 kg/h for carbonization at 400–600 °C. As the kiln rotates, material gradually moves down towards the discharge end and may produce a certain amount of tar non-condensable gases. Carbonization ran for 2 or 4 h at each operational temperature, depending on the intake quantity for each process. Biomass carbonization with 3 kg of feed produced around 1 kg of biochar with a yield of around 35% to 40%, depending on biomass type. Biochar size was reduced with a mini jaw crusher and sieved to <6.35 mm using sieve 4 (in mesh). Operational time was selected on the basis of a preliminary study conducted by the authors.




2.2.2. Coal Blending


Biocoke briquetting used a cylinder die with diameter and height of 5 and 5 cm, respectively. Coking coal, biochar, and molasses with variable composition were compressed in a laboratory hydraulic press, in a lighter procedure than described by previous authors [24], under 20 MPa pressure, 100 °C temperature, and 5 min holding time to conform briquettes of different compositions. On the basis of previous research, pressure of 20 MPa was confirmed for hot briquetting with a binder [25]. Blending samples after the compacting process were 54–56 g in weight with diameter and height dimensions of 5 and 2.5–2.7 cm, respectively. The briquette feed composition is given in Table 3. Briquettes were then hardened by heat treatment at 1100 °C for 4 h and quenched in water to increase their compressive strength. Quenching with water was performed by spraying water onto the red biocoke surface for 5 s [20].



The schematic of the briquetting process is depicted in Figure 2. The coke compressive strength (CCS) was characterized according to the AFS 5202-09-S standard by using a Borden process compression strength tester Gun III-Borden (Koei Co. Ltd.). For accurate measurements to warrant the same condition in coke compressive strength testing, the briquette process was carried out at room temperature with a relative humidity (RH) of 70% to 75%. Furthermore, factors that affect compressive strength with ANOVA are discussed.





2.3. Characterization


2.3.1. Proximate and Ultimate Analysis


Proximate analysis was carried out on an LECO TGA 701 to determine moisture content, volatile matter, ash content, and fixed carbon according to American Standard Testing and Material methods, ASTM D3172-98; ASTM D5865 analyzed the heating value (gross calorific and effective calorific). Ultimate analysis for element components present in the samples, such as carbon (C), hydrogen (H), oxygen (O), and nitrogen (N), was conducted on ASTM D5373 using GCMS Shimadzu QP 500, and sulfur content by ASTM D2492. We used sigma-uncertainty analysis (standard error for finite population). We used an average value from three repetitions of every characterization method.




2.3.2. Mechanical Test


Biocoke with the highest coke compressive strength was investigated with coke reactivity index (CRI) and coke strength after reaction (CSR) according to ASTM D 5341-99. A 200 g sample of biocoke was gasified with a grain size of 19–22 mm and heated to 1100 °C for 2 h in atmospheric CO2 with a flow rate of 300 dm3/h. CRI corresponds to the biocoke weight loss during the process. The amount of weight loss indicated the biocoke reactivity index based on Equation (1). Then, the gasification product was fed into the drum for a total of 600 revolutions at a speed of 20 revolutions/minute. The CSR value was calculated on the basis of Equation (2), the ratio of the weight of biocoke with a particle size above 10 mm to the total weight of gasified biocoke.


  C R I =     m o − m 1   m o   · 100  



(1)






  C S R =    m 2   m 1   · 100  



(2)




where mo is the initial mass of biocoke (g), m1 is biocoke mass after reaction at atmospheric CO2 (g), and m2 is the mass of particle size biocoke over 10 mm after the spinning drum (g).



The coking properties of biocoke were characterized using Gieseler fluidities based on ASTM D 2639-04, and Ruhr dilatations were characterized according to ASTM D 5515-97.




2.3.3. Chemical Structure


The biomass′s primary components and chemical structure were analyzed by Shimadzu Fourier-transform infrared spectroscopy (FTIR; IRTracer-100) using the ATR method, and JASCO IR Mentor Pro 6.5 software was used for spectral analysis. Other analytical methods were previously described with detailed operational techniques, and band assignments can be found elsewhere [26,27,28,29].




2.3.4. Morphology Analysis


Biocoke morphology was observed via scanning electron microscopy (SEM). Samples were dispersed onto carbon tape and imaged using a HiVac TESCAN Vega III SEM.






3. Results and Discussion


3.1. Biochar Characteristics


3.1.1. Proximate and Ultimate Analyses


The characteristics of coking coal and biomass are presented in Table 2.



Coking coal had a high fixed carbon content of about 67.70%, low impurities, moisture content of 1.23%, and a low ash content of 2.28% [30,31]. Sulfur content was 0.69%, which was lower than the standard of the blast furnace (<1%) [32]. This provided an excellent starting point for the coal blending process. The biomass rice husks exhibited fixed carbon of 14.09% and volatile matter content of 63.75%. Coconut shells had higher fixed carbon and volatile matter, 18.05%, and 69.47%, respectively, according to a previous study [33]. The proximate analysis of biomass in Table 2 is in accordance with previous studies [34]. The calorific value of coconut shells in this study was 19.05%, very close to the 19.04% from previous research [34]. Ultimate analysis showed that coking coal contained 81.07% carbon, 5.10% hydrogen, and 9.11% oxygen. For the raw materials, rice husks contained 41.18% carbon, 5.56% hydrogen, and 31.08% oxygen, whereas coconut shells had a better carbon content of 53.01%, 6.25% hydrogen, and 28.23% oxygen. Carbon, hydrogen, and oxygen contents in the study were close to those in a previous study [35]. The fixed carbon content from coconut shells in this study was 53.01% higher than that of previous research (21.8%) [34]. Rice husks have higher hygroscopic properties than coconut shells, and thus absorb water more efficiently. The moisture content of both looked quite similar between the different heat-treatment temperatures. The equilibrium moisture content (EMC) raw-material values of rice husks and coconut shells in charcoal were not very different from the moisture found in proximate analysis. Analysis of proximate and ultimate biomass in Table 2 is in accordance with previous research; therefore, both biomass types entered the carbonization stage through slow pyrolysis using a rotary kiln.




3.1.2. Carbonization


Carbonization was conducted to produce biochar in the rotary kiln at different temperatures (400, 500 and 600 °C) for 6 h. The basic parameters of the obtained biochar are presented in Table 3 and described in Figure 3.



The products of biomass carbonization are biochar, gases, and tar. This slow pyrolysis is effective. Biochar yield was 34.7% from rice husks, approximately in line with a previous study [36], and 40.6% from coconut shells. Biochar yield in this study was slightly higher than that of previous research [33,37,38]. Factors affecting the outcome of pyrolysis include the type of biomass, temperature, heating rate, pyrolysis duration, reactor type, and pretreatment [33].



The moisture contents of the two biochar types were better because they were smaller (5.54–7.71%) compared to previous research (~10%) [2,35]. Volatile matter from the biochar had approximately the same levels (13.5–39.8%) as those in previous research (20–25%) [2]. The favorable property of coconut-shell charcoal in this study was a lower average ash content of 1.19–1.69% compared to that of 3–4% in a previous study [2,39]. Ash content determines the quality of biomass [40]. Although biochar from rice husks was very high (45.23–46.24%), previous studies have reported values up to 75.35% [37]. Fixed carbon biochar from coconut shells was 59.73–69.94%, compared to ~70% according to the results of previous research [2]. Fixed biochar carbon from rice husks was lower (38.29–40.26%). The calorific value of biochar from coconut shells (27.68–29.79 MJ/kg) was close to the value from previous research (30–32 MJ/kg) [2]. The calorific value of biochar from rice husks was 50% less than that of coconut shells (8.81–12.56%). Overall, rice-husk biochar did not meet the criteria for blending with coking coal because it has very high ash content and low fixed carbon and calorific values. A literature review showed that the carbon content from rice-husk carbonization is generally 38–44% [37,41], whereas the carbon content in this study was 32.44–39.71%. Carbon content decreases with increasing carbonization temperature. The quality of coking coal in this study with 67.7% fixed carbon was better because it had a higher content than that of a previous study (50–55%) [2]. The calorific value of coking coal in this study was 33.75 MJ/kg, above the previous research’s minimal limit of 23 MJ/kg [2]. Coking coal’s high fixed carbon value has a high chance of blending with biochar from coconut shells.



The different fixed carbon (solid black line in Figure 3) biochar varied, ranging from 38.29% to 40.26% for rice husks (black circle in Figure 3), and from 59.73% to 69.94% (black triangle in Figure 3) for coconut shells. The higher carbonization temperature increased the fixed carbon of most biochar. The biochar of the rice husks had a lower fixed carbon compared to that of the coconut shells. Water content and volatile matter decreased by increasing the temperature.



The calorific values of biochar produced from both biomass types and the different temperatures are presented in Figure 3 (red dotted line). The calorific value ranged from 8.81 to 12.56 MJ/kg for rice husks and 27.68 to 29.79 MJ/kg for coconut shells. Temperature treatment increased the calorific values of both types of biochar, and coconut-shell-based biochar had a higher value than that of rice husks. The coal blending method that uses coking coal produced a higher calorific value when compared with previous research without coking coal [42,43]. Coconut-shell charcoal with the highest calorific values is more suitable for mixing in biocoke production compared to rice-husk charcoal.




3.1.3. Coalification Band


The elemental composition (C, H, O) of the raw materials influences product characteristics, in which the atomic ratios of each component are generally correlated with the degree of aromaticity and the polarity of biochar. The comparisons of hydrogen to carbon (H/C) and oxygen to carbon (O/C) ratios against each other are plotted in Figure 4.



As shown in Figure 4, the van Krevelen diagram confirms the coalification rank of coking coal and the sample biochar samples at different temperature ranges. Coalification is a gradual change in biochar′s physical and chemical properties during thermal carbonization, which assists in determining the reaction mechanism from raw materials into biocoke. The figure shows that H/C and O/C atomic ratios decreased as the reaction temperature increased from 400 to 600 °C. H/C ratio generally decreases less than the O/C ratio does because oxygen content is 4–8 times higher than the hydrogen content. Heating significantly shifted the O/C ratio of both biochar types depending on the level of their moisture content, where rice husks have higher moisture (9.54%) compared to that of coconut shells (8.35%). The temperature increase also caused the oxygen level and the hydrogen of the raw materials to decrease to close to bituminous coal characteristics, in which the O/C and H/C ratios of the coconut shells were lower than those of the rice husks.




3.1.4. Functional Groups


FTIR spectra of the produced biochars are presented in Figure 5. FTIR analysis was conducted to compare the organic functional groups in the raw biomass to those in the biochars, and was interpreted using publication data [44,45].



The functional groups of the raw materials of rice husks (Figure 5a) and coconut shells (Figure 5b) showed the same characteristics, in which they were entirely changed during thermal treatment. O–H stretching modes from both materials appeared as a broad peak around 3200–3500 cm−1, and became less intense after carbonization because dehydration broke the hydroxyl and carboxyl groups. In addition, the low-intensity peak at 1640 cm−1 appeared to decrease, corresponding to the aromatic C=C structure of carboxylic groups. The decrease in this peak was intense after heating, which was identified as carbon content being converted into CO2. The disappearing peak at 1040 cm−1 in both spectra indicated that the primary carboxyl C–O bond was likely damaged due to decarboxylation. The medium peak between 3040 and 2800 cm−1 was related to aliphatic C–H stretching. At the higher temperatures of 500 and 600 °C, the shoulder disappeared in both samples. The small intensity at 1702 cm−1 was linked to the absorption of C=O bonds. Spectra also indicated that the carbonization temperature had induced fewer C–O and aliphatic C–H functional groups in both produced biochar types, but with a more aliphatic structure C–H in the form of CHx and carbonyl C=O functional groups, which suggested that some carbon had been converted into CO2.





3.2. Biocoke Characteristics


3.2.1. Compressive Strength


There are three stages of briquetting: high pressure of 110–250 MPa, medium pressure of 50–100 MPa with heating, and low pressure of 20–50 MPa with a binder. Heating is to activate the natural adhesives (lignin and hemicellulose) in biomass [25]. This study used low pressure because it a binder and hot briquetting were used. The compacted material was not total biomass, but 75–95 wt.% coking coal that had swelling and caking properties, and 5–25 wt.% biochar. On the basis of previous research, pressure of 20 MPa was confirmed used for hot briquettes with a binder [25].



The compressive strengths of biocoke from the briquettes as a function of biochar proportion and carbonization temperature are shown in Figure 6.



The compressive strength of the biocoke improved when the quantity of biochar increased from 5 to 25 % wt. at the same temperature treatment. In Figure 6a, for example, the rice-husk biocoke with a 25 wt.% proportion of biochar exhibited the highest strength values of 2.49, 3.74, and 3.38 MPa at formation temperatures of 400, 500, and 600 °C, respectively. Additionally, coconut-shell biocoke (Figure 6b) with a 25% wt. proportion of biochar also exhibited high strength: 6.42 MPa for 400 °C, 6.85 MPa for 500 °C, and 6.65 MPa for 600 °C. Increasing the temperature carbonization induced the brittleness of the biocoke; biocoke produced at 600 °C exhibited lower compressive strength compared to that produced at 500 °C. Both types of biocoke exhibited the highest compressive strength value at 500 °C, where rice-husk strength was 3.74 MPa, and that of coconut shells was 6.85 MPa. By considering the different carbon forms of coke when treated by different temperature carbonization instances, the strength of coke improves with increasing temperature [46]. ANOVA statistics were used to observe the factors that affect the compressive strength of biocoke, as shown in Figure 6. In this study, analysis of variance was performed with α = 0.05, and results confirmed that the F test of temperature and humidity strongly affected the compressive strength.



Thus, compressive strength decreased as temperature increased over 500 °C of the thermal treatment. This indicates that the biocoke had lost ductility, which made it more brittle. Biocoke lost its moisture content during the heating process, which increased the glass transition temperature and reduced the interdiffusion of the polymer compounds (cellulose, lignin, and hemicellulose) between particles in the biocoke [47]. According to Arman (2019) [48], moisture is a softening agent of those biopolymers during the densification process. Moreover, the strength value is both determined by the composition ratio of the blending coal, and influenced by the physical (weight loss, particle size, and reactivity) and chemical (ultimate and proximate) properties of the biomass coking coal. The increase in biocoke strength during carbonization is due to the attained maximal connectivity of coking coal and biochar. In all proportions and operational temperatures, the strength of the coconut-shell briquettes showed a better value than that of rice-husk briquettes. The presence of tar was predicted to enhance mechanical performance due to its binder capacity, and cellulose influences biochar formation, which helps in the formation of tar [49]. In general, rice husks are composed of 35% cellulose, and coconut shells are composed of 65% cellulose.




3.2.2. Mass Shrinkage and Bulk Density


In this study, the method for increasing the shrinkage and bulk density of the resulting biocoke was applied by briquetting under thermal pressure. Figure 7 shows the variation in mass shrinkage and briquette density at the optimal composition of biocoke (15 wt.% of biochar) as a function of the carbonization temperature. Black bars represent the briquettes prepared with coconut shells, and the grey bars are rice husks.



Figure 7a shows the mass shrinkage from different types of biochar. Carbonization led to product shrinkage due to water and volatile evaporation loss. The biocoke from rice husks did not exhibit a significant difference in shrinkage during carbonization. At the same time, the coconut-shell sample decreased the percentage of shrinkage with increasing temperatures. Figure 7b shows the bulk density characteristics of the coal blend briquettes during increasing temperature from 400 to 600 °C. Coconut shells gave higher densities when blended with coking coal, where the densities of the briquettes increased from 432 kg/m3 (400 °C) to 544 (600 °C) kg/m3 compared to the briquettes containing the rice husks, which increased from 371 kg/m3 (400 °C) to 441 kg/m3 (600 °C). The increased temperature made the fiber biomass softer and more fluid, acting as a binding agent within the coke [50], whereas mechanical compression increased adhesion between particles and generated intermolecular bonds within the contact area [51]. Moreover, the moisture content of the biomass plays an important role in briquette densities. A lower moisture content produces denser briquettes, whereas a higher one decreases compact density. Increasing bulk density is followed by an increase in compressive strength [52]. Figure 6 shows that the compressive strength of biocoke from the briquettes of coconut shells is better than that of rice husks.




3.2.3. CSR and CRI Tests


The quality of the coking blend for its application in the blast furnace was investigated with two indices, namely, CSR and CRI. The CRI represents the loss of weight, whereas the CSR is the percentage of partially reacted coke. All samples corresponding to the optimal carbonization temperature in the mechanical test (500 °C) were tested with variations in the amount and type of biochar, as shown in Figure 8.



Results show that the two coking blends produced similar trends. The increase in biochar proportion (0 to 25 wt.%) led to downgrading the coke quality, in which with an increasing amount of biochar, the CSR index decreased from 62.7% to 24.5% for the rice husks (black line), and from 62.7% to 42.6% for the coconut shells (red line); the CRI index increased from 21.3% to 47.3% for the rice husks (black dotted line), and from 21.3% to 32.9% for the coconut shells (red dotted line). However, the CSR index of the coke containing coconut shells was slightly higher than that of the rice husks for the same amount in the coking coal. In general, for good-quality coke, the CSR index must be high, whereas the CRI is low [53]. In this work, up to 15 wt.% of the coconut shells, CSR index (55.1%), and CRI index (29.8%) remained at workable-level biocoke for blast-furnace applications, which is CSR 74–50 and CRI 19–30 [2,31,39,54].



In blast-furnace applications, coke strength after reaction of biocoke with carbon dioxide at 1100 °C depends on the coking condition. The factors of coal rank, coal rheology, organic inert, and inorganic inert influenced the coking conditions [53]. Coal blending with biochar combined with hot briquetting improved the quality of the biocoke. Two processes impacted the strength and reactivity of the biocoke. The reduction in strength was hence dependent on the rank of the coal. From proximate analysis and optimal calorific values, samples were taken in the six most influential samples to discuss biocoke suitability used in a blast furnace. The first three samples resulted from coal blending with coconut-shell charcoal; the three other resulted from coal blending with rice-husk charcoal. Thus, six samples resulted from coal and biochar blending in a composition of 15 wt.%, followed by a hot briquette process of 100 °C. The use of molasses as a binder increased the compressive strength of coke coal briquettes [55]. Previous researchers reported that the binder function in coal blending improved coke quality, as the coke′s strength significantly increased [56]. Molasses are organic binders, and previous research found that briquettes with the most favorable mechanical properties such as durability were obtained using organic binders [21].




3.2.4. Thermal Rheology


The effect of biochar on the thermal rheological properties of the coal blend is shown in Figure 9. Fluidity was found to not change much with the addition of biochar, which is different with dilatation.



A slight decrease was observed in the fluidity (Figure 9a) of the coking blends with the proportion of biochar up to 25 wt.%, namely, from 4.1 to 3.3 for the coconut shells, and from 3.2 to 2.8 for the rice husks. These results are supported by dilatation, which is demonstrated in Figure 9b. The percent dilatation of the sample coconut shells decreased from 78% to 28%, whereas that of the rice husks decreased from 61% to 16%. Fluidity is a coal property that affects the particle bonding and pore structure of metallurgical coke. A decrease in fluidity decreases the tensile strength and reactivity to carbon dioxide in blast furnaces [57,58]. Dilatation studies the effect of coking coal, which experiences swelling and softening due to heating [59]. The addition of biochar in a blending process causes the swelling ability to decrease. In biocoke synthesis, sufficient swelling and softening are required so that the biocoke will develop good strength. In all cases, there is a reduction in fluidity and dilatation with the addition of biochar. Even at 15 wt.% added biochar, fluidity and dilatation remain at a workable level for biocoke [39]. The type of biomass affects the fixed carbon, and the calorific value of biochar varies significantly (Figure 3), resulting in a significant difference in compressive strength (Figure 6). The temperature effects were generally not very significant (Figure 3, Figure 6 and Figure 7). The type and composition of biomass (Figure 8 and Figure 9) had a more significant influence than that of temperature.




3.2.5. Surface Morphology


Figure 10 presents the SEM micrographs of the coal blends with 15 wt.% of two types of biochar prepared at a carbonization temperature of 500 °C.



Both images indicate that biochars did not form a chemical bond or react with the host matrix of coking coal after the briquetting process. Some void structures were formed at the core, as was a denser structure at the periphery, which tended to generate fragile products. Figure 10a shows the structure of the biocoke briquette prepared with 15 wt.% rice-husk biochar. The distributed axis showed a more extensive area but shallow depth. Figure 10b is the structure of the coke that was prepared with 15 wt.% coconut shells. It shows that the axis morphology had a small number and shallow depth, similar to that in previous research [30,35]. Both samples displayed a homogeneous structure. The SEM micrograph of coal blends exhibits the general surface deformation. The morphology of biocoke from rice-husk biochar had many deeper and broader pores on the surface than the coconut-shell biochar, according to a previous study [60]. This is correlated with mechanical testing, in which coconut shells had higher compressive strength. The addition of biochar caused degradation by gasification, caused by losing the biochar particles′ preferred solution, leaving a vacuum that holds the pores in the coke together [61]. Coal blending through briquetting improves the quality of coke [62].




3.2.6. Rheological Properties


Table 4 shows that the biocoke was of good quality according to the CSR and CRI, applicable for blast-furnace operation when the blending composition of coking coal and biochar was 85:15 wt.%. According to the literature, excellent metallurgical coke has more than 85% fixed carbon and a calorific value of 28.451–30.125 MJ/kg [32]. We obtained a minimal calorific value of 29.648 MJ/kg, which was higher than the minimum reported in the literature. Table 4 shows that the biocoke using coconut-shell charcoal produced the highest fixed carbon, 89.23 ± 0.14%, whereas the biocoke using rice-husk charcoal only produced fixed carbon of 73.44 ± 0.65%. The blend using coconut-shell charcoal exhibited excellent calories when used as metallurgical coke in a blast furnace. Biocoke produced at 400, 500, and 600 °C showed overall calorific values of more than 28.451 MJ/kg. Blends using rice-husk charcoal produced the highest calorific value of only 24.970 ± 0.51 MJ/kg. These rice husks are not recommended as a blending material for metallurgical coke due to consideration of their volatile matter, ash, fixed carbon, gross calorific, and compressive strength. Table 4 shows the averaged values from three experiments using sigma standard errors.



We conducted sulfur and proximate analysis on the biocoke results from blending coking coal with coconut-shell charcoal at a composition of 85:15 wt.%: volatile matter, ash, fix carbon, gross calorific, and compressive strength were assessed in accordance with blast-furnace standards. Coal blends using coking coal produced a higher calorific value of 30.033 ± 0.49 MJ/kg when compared with previous research without coking coal (20.778 MJ/kg) [42,43]. The study showed that the blending composition of coking coal:coconut-shell charcoal at 85:15 wt.% produces high-quality biocoke with fixed carbon of 89.23 ± 0.14%. Previous research confirmed that blending coal:biochar at 90:10 wt.% produces 65.34% of fixed carbon content [39]. According to previous research, this research shows that CCS is influenced by the type of biomass, blending composition, and carbonization temperature [21,63]. The CCS can be increased through the use of molasses and tar as binders [55,56], briquetting [62], and hot briquetting [64]. The CCS in this study can be increased by adding pressure during briquetting from 30 to 250 MPa [65]. Further investigations are needed to increase biomass utilization in biocoke production without impairing the quality of the biocoke product.






4. Conclusions


Several biocoke requirements for blast-furnace applications are met by biocoke from blending coal using coking coal with coconut-shell charcoal at 85:15 wt.%. The composition of this mixture produces fixed carbon, calorific value, and compressive strength of 89.02 ± 0.11%, 29.681 ± 0.46 MJ/kg, and 6.53 ± 0.4 MPa, respectively. This product allows for blast-furnace applications with CRI 29.8 and CSR 55.1. Carbonization temperature did not have a significant effect on the increase in fixed carbon and calorific value. The type of biomass, and composition mixing between biochar and coking coal determine the CSR and CRI values applicable to a blast furnace.
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Figure 1. Rotary kiln for pyrolysis process. 
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Figure 2. Coal blending process: (a) hot briquette process scheme; (b) compression strength machine. 
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Figure 3. Effect of heating temperature on fixed carbon and calorific value of biochar. 
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Figure 4. Van Krevelen diagram of coal and biochar. 
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Figure 5. FTIR spectra of biochar of (a) rice husks and (b) coconut shells. 
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Figure 6. Compressive strength of biocoke from briquettes of (a) rice husks and (b) coconut shells. 
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Figure 7. (a) Mass shrinkage and (b) bulk density of biocoke briquettes at optimal composition as a function of carbonization temperature. 
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Figure 8. CSR and CRI of coking blends containing various amounts of biochar. 






Figure 8. CSR and CRI of coking blends containing various amounts of biochar.



[image: Energies 14 06570 g008]







[image: Energies 14 06570 g009 550] 





Figure 9. Thermal rheology of coal blends: (a) fluidity; (b) dilatation. 
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Figure 10. SEM micrograph of coal blends containing (a) rice husks and (b) coconut shells. 
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Table 1. Analysis of commercial molasses **.
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	Parameter
	Value





	pH (25 °C)
	7.91



	Density, kg/m3
	1221



	Brix number, %
	81.50



	Polarization, %
	48.86







** Data given by the supplier.
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Table 2. Proximate and ultimate analyses of raw materials.
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Parameter

	
Raw Materials




	
Coconut Shells

	
Rice Husk

	
Coking Coal






	
Proximate (db)

	

	

	




	
Equil. moisture (ar), %

	
8.35 ± 0.79

	
9.54 ± 0.50

	
1.23 ± 0.20




	
Volatile matter, %

	
69.47 ± 2.54

	
63.75 ± 1.75

	
30.02 ± 1.16




	
Ash, %

	
12.48 ± 0.92

	
22.16 ± 0.84

	
2.28 ± 0.29




	
Fixed carbon, %

	
18.05 ± 0.96

	
14.09 ± 0.56

	
67.70 ± 1.10




	
Gross calorific, MJ/kg

	
19.05 ± 0.31

	
12.89 ± 0.26

	
33.75 ± 0.99




	
Eff. calorific, MJ/kg

	
18.87 ± 0.27

	
12.69 ± 0.36

	
-




	
Ultimate (db)

	

	

	




	
Carbon, %

	
53.01 ± 0.24

	
41.18 ± 0.37

	
81.07 ± 0.5




	
Hydrogen, %

	
6.25 ± 0.31

	
5.56 ± 0.38

	
5.10 ± 0.26




	
Oxygen, %

	
28.23 ± 0.32

	
31.08 ± 0.31

	
9.11 ± 0.33




	
Nitrogen, %

	
**

	
**

	
1.75 ± 0.08




	
Sulfur

	
0.03 ± 0.01

	
0.02 ± 0.01

	
0.69 ± 0.1








db = dry basis; ar = as received; (**) undetected.
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Table 3. Proximate and ultimate analyses of biochar.
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Parameter

	
Biochar




	
Rice Husks (°C)

	
Coconut Shells (°C)




	
400

	
500

	
600

	
400

	
500

	
600






	
Proximate (db)

	

	

	

	

	

	




	
Eq. moisture (ar), %

	
7.71 ± 0.86

	
7.39 ± 0.84

	
7.12 ± 0.85

	
5.57 ± 0.81

	
5.6 ± 0.73

	
5.54 ± 0.66




	
Volatile matter, %

	
16.48 ± 0.45

	
15.31 ± 0.37

	
13.5 ± 0.33

	
39.08 ± 1.9

	
34.09 ± 1.5

	
28.37 ± 1.2




	
Ash, %

	
45.23 ± 1.81

	
45.43 ± 1.89

	
46.24 ± 1.4

	
1.19 ± 0.20

	
1.42 ± 0.18

	
1.69 ± 0.18




	
Fixed carbon, %

	
38.29 ± 1.26

	
39.26 ± 1.27

	
40.26 ± 1.2

	
59.73 ± 2.9

	
64.49 ± 2.1

	
69.94 ± 2.0




	
Gross calorific, MJ/kg

	
8.81 ± 0.34

	
12.27 ± 0.53

	
12.56 ± 0.2

	
27.68 ± 0.9

	
28.45 ± 0.8

	
29.79 ± 0.4




	
Eff. calorific, MJ/kg

	
12.17 ± 0.5

	
12.23 ± 0.4

	
12.53 ± 0.4

	
27.54 ± 0.9

	
28.33 ± 0.8

	
29.72 ± 0.3




	
Ultimate (db)

	

	

	

	

	

	




	
Carbon, %

	
32.44 ± 0.28

	
34.24 ± 0.26

	
39.71 ± 0.3

	
76.98 ± 0.9

	
80.91 ± 0.3

	
83.98 ± 0.3




	
Hydrogen, %

	
2.48 ± 0.37

	
1.93 ± 0.29

	
1.58 ± 0.23

	
4.35 ± 0.3

	
4.04 ± 0.29

	
3.66 ± 0.28




	
Oxygen, %

	
19.28 ± 1.4

	
17.91 ± 1.57

	
12.01 ± 0.9

	
17.22 ± 1.5

	
13.42 ± 0.8

	
10.41 ± 0.8




	
Nitrogen, %

	
0.54 ± 0.07

	
0.47 ± 0.07

	
0.45 ± 0.06

	
0.24 ± 0.0

	
0.2 ± 0.02

	
0.25 ± 0.03




	
Sulfur, %

	
0.03 ± 0.01

	
0.02 ± 0.01

	
0.01 ± 0.01

	
0.02 ± 0.01

	
0.01 ± 0.01

	
0.01 ± 0.01








db = dry basis; ar = as received.
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Table 4. Biocoke analysis.






Table 4. Biocoke analysis.





	
Analysis

	
Rice Husk Charcoal *

	
Coconut Shell Charcoal *

	
Unit




	
RHB 4

	
RHB 5

	
RHB 6

	
CSB 4

	
CSB 5

	
CSB 6

	






	
Moisture (ar)

	
1.21 ± 0.16

	
1.03 ± 0.14

	
1.12 ± 0.16

	
1.26 ± 0.18

	
1.01 ± 0.12

	
1.13 ± 0.11

	
%




	
Volatile Matter (db)

	
3.54 ± 0.28

	
3.46 ± 0.28

	
3.36 ± 0.28

	
1.79 ± 0.29

	
1.56 ± 0.26

	
1.64 ± 0.22

	
%




	
Ash (db)

	
29.12 ± 0.54

	
26.21 ± 0.42

	
23.20 ± 0.49

	
9.41 ± 0.25

	
9.42 ± 0.17

	
9.13 ± 0.12

	
%




	
Fixed Carbon (db)

	
67.34 ± 0.57

	
70.33 ± 0.60

	
73.44 ± 0.65

	
88.80 ± 0.12

	
89.02 ± 0.11

	
89.23 ± 0.14

	
%




	
Gross Calorific (db)

	
22.506 ± 0.54

	
23.029 ± 0.57

	
24.970 ± 0.51

	
29.648 ± 0.53

	
29.681 ± 0.46

	
30.033 ± 0.49

	
MJ/kg




	
Sulfur (db)

	
0.62 ± 0.02

	
0.62 ± 0.02

	
0.62 ± 0.02

	
0.68 ± 0.03

	
0.68 ± 0.02

	
0.68 ± 0.02

	
%








(*) Note: RHB 4–6 of biocoke result from blending coking coal with rice-husk charcoal at 400, 500, and 600 °C, respectively. CSB 4–6 of biocoke result from blending coking coal with coconut-shell charcoal at 400, 500, and 600 °C, respectively. ar = as received; db = dry basis.
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