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Abstract

:

Biodiesel can be a significant alternative for diesel. Usually, it is produced through transesterification with a base catalyst. Using heterogeneous catalysts for transesterification, the process can be more efficient. Among the possible catalysts that can be used, biochars combine high performance for transesterification and valorization of waste biomass. Biochars are cheap materials, and are easy to activate through chemical treatment with acid or base solutions. In this short review, the application of biochar as solid heterogeneous catalysts for transesterification of lipids to produce biodiesel is discussed.
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1. Introduction


Two great challenges that people are called to face in our time is to meet the increasing demand for energy and to reduce the wastes released in the environment. The energy challenge is approached with CO2 neutral fuels like biofuels. Among them, biodiesel has significant advantages and it is preferable for using in existing engines and transport infrastructures. Biodiesel is usually produced through transesterification/esterification of lipids [1]. This process requires the presence of a catalyst.



On the other hand, biomass is a class of solid wastes with interesting properties. Biomass can be used directly as fuel, or through gasification or pyrolysis, and produce valuable products. What is more attractive is that the by-product of the pyrolysis process is a carbon rich solid called biochar. Biochars have unique properties and can have significant applications in environmental protection [2].



In this short review, the potential use of biochars as heterogeneous catalysts for transesterification/esterification reaction for producing biodiesel will be discussed.




2. Biodiesel


Diesel is a liquid fuel containing C8–C25 hydrocarbons and is produced from petroleum by fractional distillation at temperatures 200–350 °C. It is used in diesel engines for transportation and heating. Gasoline and diesel cannot be used in the same engine, so renewable fuel sources to diesel are required for partial substitution of diesel. The two main alternatives are biodiesel and green diesel [3,4].



Biodiesel and green diesel are both produced from triglycerides but biodiesel has a significant amount of oxygen while green diesel consists of hydrocarbons. The green diesel is produced through selective deoxygenation under high pressure of hydrogen (10–80 bar) and moderate temperatures (260–360 °C), and requires catalysts with hydrogenation ability like Ni or precious metals [5,6,7].



Biodiesel is a renewable liquid fuel and a potential alternative to diesel. It is a yellowish liquid derived from lipids through transesterification reaction with methanol or ethanol in the presence of basic catalysts. The chemical form of biodiesel is methyl esters of fatty acids and has 90% of the energy density of the diesel. Biodiesel is non-toxic, with low or no sulfur and aromatic compounds. The main biodiesel advantages are that it is carbon neutral and it has the same properties with the diesel, which make it easier to replace without engine modification. Biodiesel can be produced from many sources like straight vegetable oil, animal oil/fats or waste cooking oil. The most popular method for biodiesel production is the transesterification process [8].



According to this method, a vegetable oil or a fat feedstock reacts with an alcohol, like methanol or ethanol, in the presence of a catalyst to produce esters. The scheme of the reaction can be seen in Figure 1. The triglyceride converts to di- and mono-glyceride and finally to fatty esters. The reaction needs the presence of a catalyst and an excess of alcohol. The reaction is a three-step reversible reaction with diglyceride and monoglyceride as intermediate products. Most of the kinetic studies for transesterification reaction consider the reaction as pseudo-homogeneous first order and it was assumed that the methanol and catalyst are sufficient for the reaction to shift the reaction equilibrium towards the formation of products and that the reverse reaction is negligible. Also, with a high excess of methanol, the change in concentration of methanol in the reaction would be negligible [9].



In most cases, the catalyst is a strong base like NaOH or KOH [10]. The strong base is dissolved in methanol and the catalyst is working homogenous. The reaction takes place in the interface between the alcoholic solution and the oil and needs intense stirring. This is the most economical process because it requires a lower ratio between oil and methanol (usually 1:6) and low temperatures and atmospheric pressures, producing 98% conversion yield in relative low reaction times (between 1 to 3 h). The amount of the catalyst used is 1% w/w. When the reaction completes, the glycerol and the excess of methanol have to be removed. Gravity separation is used for the removal of glycerol and this requires about 4–8 h. The upper layer contains biodiesel while the second layer contains glycerol, about 90% of the base catalyst and 70% of the excess methanol. The biodiesel layer also contains some contaminants, like methanol, free glycerol, and residual catalyst. These contaminants are water soluble and can be removed through hot water washing. This step is the most problematic step, because water has to be removed completely from biodiesel and also neutralized before disposal. The process is complicated and the following parameters can influence the yield of the transesterification/esterification reaction [11].



Catalyst amount: An excess of catalyst amount is required for shorter reaction times and also to prevent the reversible reaction. For homogeneous catalysis, an amount of % wt/wt is the optimum. A higher amount of catalysts increase the cost and makes separation between the catalyst, methanol and biodiesel more difficult.



Reaction temperature: The activity of the catalyst depends on the reaction temperature. Higher reaction temperatures increase the reaction rate. In homogeneous catalysis, the temperature should not be exceeded the boiling point of the mixture, about 65 °C for methanol use.



Alcohol to oil ratio: Usually methanol is employed in the transesterification reaction, because it requires lower temperatures and reaction times for the treatment. The molar ratio for transesterification of triglycerides is 1:3 according to the reaction scheme. A higher amount of methanol helps to achieve lower reaction times and higher conversion. The ratio 1:6 is the optimum ratio.



Reaction time: Reaction time between 1 and 3 h is usually enough for achieving conversion higher than 98%.



Stirring: The transesterification reaction takes place in the interface between the lipids and the methanol. In the absence of the stirring condition, the conversion is low and vigorous stirring is needed to diminish the mass transfer limitations. During the reaction and the increment of ester concentration in the mixture, the interfacial region is increased, resulting in a more homogeneous mixture, with lower mass transfer limitations.



When the feedstock has a significant amount of free fatty acids, as in the case of waste cooking oils or lipids from microalgae, the basic catalyst is not working properly and the main reaction is the esterification of the fatty acids [12]. The high acidity of the oil neutralizes the base catalyst and the esterification reaction is inhibited. Also, if the free fatty acid level or water level is too high it may cause problems with soap formation and the separation of the glycerol by-product. In these cases, an acid catalyst can be used also in the homogenous phase. In spite of the advantages of the homogeneous catalysts, there are some disadvantages also. The catalysts used cannot be reused and it is difficult to separate from biodiesel and glycerol products; the catalysts are corrosive and there is a high cost on the wastewater treatment system to neutralize the catalyst before discharging. Using a heterogeneous catalyst, many of the above problems can be overcome because it is easy to reuse the catalyst, less or no water is produced and the separation of biodiesel and glycerol is easier. This means that by using heterogeneous catalysts the cost of the biodiesel production could be reduced. One other advantage is that transesterification and esterification can occur simultaneously. On the other hand, the reaction in the presence of a solid catalyst results in the formation of three phases (solid-alcohol-oil) and the mass transfer limitations are more pronounced [13,14,15,16].



The solid catalysts for the transesterification reaction can be either basic or acid solids. Some of the commonly used heterogeneous base catalysts are K, Na, Ca or Mg oxides supported on Al2O3, basic zeolites and other basic solids. Using these catalysts requires significant amounts of catalysts to obtain a high yield of biodiesel. Also, there are a number of reported heterogeneous solid acid catalysts such as strong acidic ion exchange resins (e.g., amberlyst), acid zeolites and sulfated zirconia. These catalysts are expensive or have low intrinsic activity.



One interesting approach is the utilization of biomass waste, in the form of biochar, for the production of solid catalysts. This approach will reduce the cost of the catalyst and can also help in the disposal of biomass waste. The possible forms of biomass used for the production of biochars are unlimited. It is very interesting that every country has different distributions of biomass waste. In some cases, the distribution is different even among regions in the same country. On the other hand, all kinds of biomass can be used for biochar production. In the next chapter, the biochar production and the characteristics of the produced biochars will be discussed.




3. Biochar


Biochar is produced through pyrolysis or gasification of biomass in the absence of (or very low) oxygen [2]. The higher the oxygen is, the less biochar produced. The optimization of the pyrolysis process requires no oxygen. During heating, the biomass starts loosing water (drying step) and then some bonds dissociate, while partial oxidation and reduction take place. A portion of gas is produced while the remaining solid is enriched with carbon and mineral deposits (ash content). At the beginning, the biochar was considered as a by-product in syngas production, but the properties of biochars made them valuable. Generally, biochar presents high surface area and a significant amount of surface groups (acidic or basic) that can participate in adsorption processes. The biochars can be used as fuels, immobilize heavy metals, pesticides and other organic pollutants, prevent bacteria and nitrates leaching in water, activate persulfates for the oxidation of pollutants, and act as catalysts or catalyst supports [17,18,19,20,21]. In the latter case, the composition of ash should be carefully examined because it may have catalytically active or poisoning species. The dust usually presented in biochars should also be removed before the reaction to prevent contamination or problems with pressure in catalytic reactors. However, there is another problem with dust, as the biochars are extremely gentle and thus highly dusty. During the process, especially under high stirring, small carbon particles could be formed which have to be removed from the biodiesel.



It is important to note that there are many different sources of biomass that can be used for the production of biochar. The raw materials influence the physicochemical characteristics of the produced biochar. Biomass with different amounts of hemicellulose, cellulose, lignin and mineral deposits may yield biochars with different properties. The calcination temperature determines also the composition of biomass. Rich in lignin biomass demands calcination temperatures higher than 600 °C, while in the absence of lignin, we can obtain the graphitic structure even at low temperatures (350 °C).



The microstructure of the biochar is also affected from the starting biomass. Roots or wood can give biochar with channels. The channels can be seen in Figure 2a where the biochar is formed from spent malt rootlets, which is a waste of the brewing industry.



The inorganic elements in the biomass are also very important. The most usual elements found on biochars are K, Na, Ca, Mg, Fe, P, Si, and S. During calcination and carbon removal, the inorganic elements are enriched and transformed into oxides. The metal oxides are responsible for the basic character of the biochars while the acid sites are closely related with P, Si and S and CO surface groups. In Figure 2b, the mineral deposits onto the biochar surface can be easily seen. Finally, the heating temperature is also a very important parameter. Generally, higher temperatures result in more basic surfaces, as a result of higher ash content [18].



3.1. Activation of Biochars through Chemical Treatment


The activation process is performed to produce biochars with increasedly specific surface area pore volume, enlarged pore diameter and enhanced porosity [22,23].



Chemical activation is better than physical activation because it produces biochars with a higher surface area and a higher amount of surface groups. Chemical activation can be performed with impregnation of the starting biochar with an active solution of either acidic or basic, or even an oxidative agent [24].



Generally, the final properties of the activated biochar are dependent on the properties of the biomass precursor and also on the activation method employed [8].



Activation with acids: Treatment with acid solutions like H2SO4 or HNO3 can alter significantly the surface area of the biochar. The main result of the chemical treatment with an acid solution is an increase in the acidity of the surface. Especially, in the case of H2SO4, new sulfonic acid groups are formed. The quantity of the acid groups is a function of the concentration of the acid, the temperature of the treatment and the content of hemicellulose, cellulose and lignin in the biochar. These groups are highly acidic and result in a significant Bronsted acidity and lower point of zero charge of the surface. For this point, it must be noted that the surface oxygenated groups of a solid can release or consume H+ when the solid is immersed into an electrolyte solution. This process is pH dependent. Usually, when pH is high, the surface groups release H+ into the solution and they are negatively charged; while in low pH values, the surface is positively charged. There is a pH in which the surface has zero charge [25].



This is called the point of zero charge, pzc, and depends on the nature of the solid. Treatment with an acid solution lowers the pzc of the biochar as a consistency of the formation of new surface sites. These sites are also carboxyl and/or phenolic groups created during treatment as a result of surface oxidation. Other interesting results of the chemical treatment are a significant increment in surface area and the removal of mineral deposits, especially metal oxides. The latter have a strong base character and they can react with the acid solution and be dissolved. Finally, the acid treatment helps the solubilization of hemicellulose, leaving insoluble the cellulose and the main part of the lignin in the biochar [26]. In Figure 3a, the surface of the acid treated biochar can be seen. The starting biochar presented in Figure 2 was treated with a dilute acid solution (H2SO4 0.1 M) for 45 min under reflux.



Activation with bases: Treatment with a base such as NaOH or KOH has been commonly adopted to increase the surface area and porosity of biochar [27,28,29]. Basic solutions have been proven to solubilize lignin, while hemicellulose remains in the cellulosic residue. The treatment with a base solution increases the pzc of the biochar because new basic sites are generated onto the surface. These sites are closely related with the basic oxides of Na and K formed during the chemical treatment. On the other hand, a significant amount of the ash content is dissolved and removed from the biochar. This can be clearly seen in Figure 3b where the starting biochar has been treated with NaOH 0.1 M solution for 45 min under reflux.




3.2. Biodiesel Formation through Transesterification Reaction Using Different Biochars as Catalysts


In the last years, there has been a systematic effort from many researchers to work with “green” catalysts. There are many advantages because they are more environmental friendly, cheap and reusable. According to this, biodiesel production through transesterification can be performed using biochars. The experimental processes in the above topic can be derived in three main categories. The majority of the research uses acid catalysts produced from treatment with sulfuric acid of different types of biochars. One other part is the use of basic modified biochars. These are biochars treated with alkali solutions or biochars used as support for basic catalysts like CaO. In this category, one can add the catalysts produced from biomass from animal wastes rich in Ca like shells or bones [30]. The pyrolysis product of this biomass is CaO or CaCO3 and it will not be analyzed further [31].



Finally, biochar can be used as an inert pore material in which the reaction of transesterification can occur with elevated temperatures. Heating methanol and lipids result in a two phase system. The methanol is in gaseous phase while the lipids are liquids. The reactants fulfilled the pores of the solid catalyst and can react easier with lower activation energy, even if the solid is inert. Silica was the first support tested [32], although biochars can be a promising alternative, due to the high porosity and also the easiness in tuning surface area and porosity.



One other interesting application of biochars is using them as support for the active phase. This is common for base catalysts, where a basic oxide can be supported but is also valid for immobilization of proper enzymes like lipase onto biochar surface [33].



Biochars usually have microporous and mesoporous structures. The reactants in transesterification are the large triglyceride molecules with an average dimension of 5.8 nm while the free fatty acid molecules are smaller. The high mesoporosity of the biochars let them access the majority of the surface active sites and react with methanol [34].



One other advantage of biochar is the hydrophobic carbon phase. This hydrophobicity allows the organic chains to interact with the surface and remove water, if produced, which is an undesired product and lower the catalytic activity. On the other hand, the hydrophilic surface sites C=O or even –SO3H in the case of sulfonated biochars can accelerate the transesterification reaction [11].



3.2.1. Acid Biochars Catalysts


The first category of the research efforts in transesterification/esterification reactions for biodiesel production concerns the acid-treated biochars. This category has gained much attention and produced valuable results. The sulfonation process is usually applied either using H2SO4 acid solutions or SO3 vapors. The result is the creation of –SO3H groups onto the biochar surface. These groups are highly important for the activity of the catalyst. They exhibit high Bronsted acidity and they are ideal for lipids with high concentration of acids like cook waste oils. The conversion achieved is usually high, as high as 95%, while the yield in fatty acid methyl esters (FAME) is lower and in the best cases, about 80%. Table 1 present the results for the transesterification/esterification reaction in biodiesel production.



As it was stated before, the creation of –SO3H groups onto biochar surface are highly important for the activity of the catalyst. They exhibit high Bronsted acidity and they can give the H+ ions to an ester molecule (A). The intermediate of the ester can now react with methanol and release the ROH alcohol at step (B). Finally, the negatively charged surface site –SO3− reacts with H+, the acid site regenerates and the circle is ready to occur again while the methyl ester is formed. The above mechanism can be seen in Figure 4.



Generally, the activity of the catalyst is strongly dependent on the acid site’s population [35,44,69]. It has been reported in the literature that a large specific surface area and high acid density led to a high biodiesel production yield, whereas high transesterification activity was accompanied by a highly specific surface area when the acid density was similar. They also reported that the FFA conversion increased with increasing alcohol to oil ratio, reaction duration, and catalyst dose.



As can be seen from Table 1, the acid-modified biochars exhibit significant differences in their physicochemical characteristics. Specifically, there is great scattering in the values of the Specific Surface Area (SSA) of the produced biochars, while the differences in activity are not so significant. The reason is that the active sites are the surface –SO3H sites, which have high Bronsted acidity. Also the reaction temperature is usually the boiling point of the mixture, because of the simplicity of the experimental setup. Higher temperatures result in higher operational pressures and more complicated systems.



The physicochemical characteristics of the prepared biochar like pore size distribution, surface area, ash content, surface groups and the structure of the carbon framework is not only dependent on the preparation conditions, like temperature and oxygen content in the pyrolysis step, but also on the raw biomass materials. However, all of the above physicochemical characteristics are important for the catalyst’s performance and it is not clear how the different raw materials affect the catalytic activity. It was stated in the literature that the compact graphitic phase is not active for transesterification, probably due to the absence of surface functional groups pointing out the importance of the surface active groups [70]. On the other hand, the measured activities are strongly dependent on the reaction conditions, like time, methanol to oil ratio, amount of catalyst used etc., as it was analyzed before.




3.2.2. Basic Biochars Catalysts


The basic character of the catalyst is important for transesterification. The basic sites of the catalysts, like O2−, can activate methanol and produce CH3O− ion by capturing the H+ (A). The methoxide produced is a very strong base and has high activity in transesterification reactions. It can react with the carbonyl carbon atom of the ester molecule or triglyceride to form a tetrahedral intermediate (B). This intermediate complex picks up the H+ ion either from the protonated basic site or from a new methanol molecule. Then a fatty ester was released in the solution (C) and the mechanism cycle is ready to repeat until the formation of biodiesel and glycerol [71].



The above mechanism, presented in Figure 5, is similar to the one for the homogenous basic reaction and shows how important the basic sites of the catalyst are. This is the reason that basic catalysts gain attention. Usually the basic sites are oxidic sites of Ca, K or Na. These sites are generated at the calcination step in the case of raw materials with high content in minerals or they can be introduced onto the catalyst surface with impregnation of a precursor with Ca, Na or K. Usually the active phase is in the form of oxides, hydroxides or carbonates due to water and CO2 content in the atmosphere.



Biomass rich in Ca, like bones or shells, are excellent sources for the production of solid basic catalysts for transesterification [72]. Heating in high temperature the above raw materials results in the formation of CaO or CaCO3. The absence of the carbon phase in the produced catalysts is the reason that it will not be analyzed further. More details about these catalysts can be found in a recent review and in references therein [31].



The stability of the above catalysts is significant. In most cases, the authors have found that the catalysts maintain their activity after recycling 3–5 times, but there are also studies that have shown that there is significant leaching of the active phase, resulting in lower activity. The stability of the catalysts is closely related with the feedstock used for transesterification. Feedstock with high acidity deactivates the catalysts used to a higher degree, increasing the leaching.



Table 2 presents the results for the transesterification/esterification reaction in biodiesel production when basic biochars have been used. As it can be seen, the usage of base biochars is limited and usually applied in triglycerides without significant acidity in contrast with the acid modified biochars. On the other hand, they exhibit significant activity and high yield to biodiesel.




3.2.3. Pseudo Catalytic Transesterification


Base catalyzed transesterification is the most common method, as it has been analyzed before. This method is applied either in expensive vegetable oil or when the free fatty acids are less than 0.5%. Waste cooking oils, a rather cheaper feedstock, cannot be used directly because the high fatty acid concentration will reduce the biodiesel yield and make the separation process more complicated. In this case, either pretreatment or acid-catalyzed transesterification can be applied.



However, acid-catalyzed transesterification has a lower yield (about 82%) [79].



Alternately, supercritical transesterification [80] is an improved method of acid-catalyzed reaction as it could generate 100% yield under supercritical operating conditions at 350 °C and 19 MPa [81], see also Table 3. The reaction is fast and conversion raises 50–95% for the first 10 min; however, it requires a temperature range of 250–400 °C. The molar ratio between alcohol and lipids is 1:6–1:40. The presence of water does not affect the conversion of oil into biodiesel [82,83]. A certain amount of water can help the reaction because it can increase the esterification of free fatty acids.



In this method, it is not necessary the presence of a catalyst but rather a catalytically inert material like silica or biochar. The reactants are converted to biodiesel due to intense conditions and transesterification occurs inside the mesopores of the solid. The main advantage of this method is the extremely short reaction time required, which can be even as short as 1 min [84].



In conclusion, it can be stated that supercritical transesterification can improve biodiesel formation because it increases phase solubility; decreases mass transfer limitations; and provides higher reaction rates, easier separation, and purification.



On the other hand, mesoporous silica is a rather expensive material and biochars can replace silica due to their lower cost Also, the method is not appropriate for unsaturated fatty acids. These can decompose due to high temperature because methyl esters of unsaturated fatty acids are less thermally stable than saturated esters [85].



In a recent study, three continuous biodiesel processes were simulated with HYSYS, (HYprotech SYStem) a chemical process simulator [86]. The process includes a conventional base catalyzed process using both fresh and waste vegetable oil and a supercritical methanol process using waste vegetable. It was found that the base catalyzed process using fresh vegetable oil had the lowest total capital investment, but the supercritical process was the most economically feasible overall, providing a lower manufacturing cost, higher net present value and a discounted cash flow rate of return.






4. Conclusions


The following conclusions can be drawn:



Biochars can be used as solid catalysts in transesterification reaction for producing biodiesel. The biochars exhibit high activity and low cost. They have a significant amount of active sites on their surface, which is easy to modify with acid or base treatment. Using acidic solution, biochars with high Bronsted acidity are produced due to surface –SO3H groups. These biochars are excellent for lipids with high acid content. On the other hand, base-modified biochars have good catalytic performance in transesterification, although their stability is not significant due to leaching problems, especially when lipids have a high acid content.
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Figure 1. Transesterification reaction scheme. 
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Figure 2. SEM images for a biochar produced from spent malt rootlets at 850 °C. (a) The macropores structure of biochar and (b) the mineral deposits onto its surface. 
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Figure 3. SEM image for the biochar treated with H2SO4 0.1 M (a) and NaOH 0.1M (b). 
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Figure 4. Transesterification reaction scheme over acid biochars catalysts, where –SO3H is a surface acid site. 
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Figure 5. Transesterification reaction scheme over basic solids catalysts, where M–O is a surface basic site created between the metal cation (M) and the O atom. (A–C) the steps of reaction see text. 
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Table 1. Use of solid biochars as catalysts for transesterification/esterification reaction in biodiesel production.






Table 1. Use of solid biochars as catalysts for transesterification/esterification reaction in biodiesel production.





	
Raw Material

	
Characteristics

	
Reaction Temp. °C

	
% Conversion or % Yield

	
Reference




	
SSA (m2/g)

	
%S

	
–SO3H mmol/g






	
Bamboo

	
2.7

	

	
6

	
65

	
98.4

	
[35]




	
Cassava peel, irul sawdust and coconut shell

	

	
2

	

	
85

	
96.8–85.2

	
[36]




	
Char from a commercial small-scale gasification plant

	
337–354

	
2.37

	

	

	
96

	
[37]




	
Coconut meal residue

	
1.3–4

	
6–14

	

	
BP

	
92.7

	
[38]




	
Coconut shell

	
24.2

	

	
0.5

	
60

	
88

	
[39]




	
Coconut shell char

	
244

	
4.55

	

	
60

	
80%

	
[40]




	
Coffee

	
992–1218

	

	
0.45–0.72

	
60

	
71.5

	
[41]




	
Corn

	

	
7.8

	

	
60

	
92

	
[42]




	
d-glucose

	
4.13

	

	
11.9

	
80

	
>95

	
[43]




	
d-glucose

	
4−10.67

	

	
0.12–4.23

	

	
93

	
[44]




	
d-glucose

	
0.31

	

	
2.7

	
60

	
90

	
[45]




	
d-glucose or C. inophyllum seed cake

	
0.2–3.4

	
2.5

	

	
130–200

	
99

	
[46]




	
Douglas fir

	
3.51

	
2

	

	
65

	
99

	
[47]




	
Hardwood

	
2.74–14.38

	
1.7–2.1

	

	
65

	
77–89

	
[48]




	
Jatropha curcas seed cake

	
1.62−2.35

	
23

	

	
45–70

	
99.1

	
[49]




	
karanja seed shells

	
13–16

	

	
7.5–16

	
120

	
95.6

	
[50]




	
Microalgae residue

	
1

	

	

	
80

	
98

	
[51]




	
Mixture of wood waste, white wood bark, and shavings

	
2−1411

	
1.2–2.69

	

	
65

	
7.6–18.9

	
[52]




	
Oat hull.

	
5−49.3

	
3–7.5

	

	
100–140

	
27–72

	
[53]




	
Oil cake waste

	
8−777

	
1.2–2.4

	
0.16–2.21

	
65

	
7

	
[54]




	
Oilseed cake

	
≅0

	

	
3–3.3

	
60

	
94

	
[55]




	
Palm seed cake

	
483

	

	
3.16

	
55–75

	
98

	
[56]




	
Palm trunk and bagasse

	
3−4.5

	
2.7–2.98

	
0.94–1.48

	
65

	
83.2

	
[57]




	
Partially carbonized de-oiled canola meal

	
<10

	
0.2–4.4

	

	
65

	
93.8

	
[58]




	
Peanut hulls, pine logging residues, and wood chips

	
0–242

	
0.1–2.82

	
0–0.86

	
55–60

	
90–100

	
[59]




	
Peanut shell

	
4–12

	
0–3.25

	

	
120

	
90.2

	
[60]




	
Rice husk

	
4

	
5.7

	

	
70–110

	
98.2

	
[61]




	
Rice husk

	

	

	
0.43–2.43

	
66

	
87

	
[62]




	
Rice husk

	
4

	
2.25

	

	
70

	
96

	
[63]




	
Sawdust

	
2.35–33

	
0–6.62

	

	
85

	
95.6

	
[64]




	
Spent coffee grounds

	

	

	

	
60

	
15.6–21.5

	
[65]




	
Spent coffee grounds

	

	

	

	
60

	
73.4

	
[66]




	
Vegetable oil asphalt

	
7.48–41.27

	

	
2.21

	
180–260

	
89.93

	
[67]




	
Woody biomass

	
857–990

	
0.36

	

	
150

	
48.1

	
[68]











[image: Table]





Table 2. Use of base solid biochars as catalysts for transesterification/esterification reaction in biodiesel production.
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	Raw Material
	Active Phase
	SSA (m2/g)
	Reaction Tempe. (°C)
	% Conversion or % Yield
	Reference





	Meat and bone meal
	K2CO3
	45–430
	65
	98
	[73]



	Palm kernel shells
	CaO
	-
	45–65
	99
	[74]



	Peat
	K2CO3
	14–25
	65
	98.6
	[75]



	Peat
	20–40% wt K2CO3
	80–230
	65
	98
	[76]



	Rice husk
	CaO
	20–342
	65
	98
	[77]



	Waste pomelo peel
	15–35% wt K2CO3
	3–31
	65
	98
	[78]
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Table 3. Pseudo-catalytic transesterification/esterification with maze residue biochar and silica as an inert porous material.
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	Raw Material
	% Conversion or % Yield
	Comment
	Reference





	Maize residue
	95.4
	380 °C and molar ratio of DMC to olive oil (36:1)
	[81]



	Maize residue
	87
	380 °C
	[87]



	Maize residue
	90.9
	300 °C
	[88]



	Charcoal-activate aloumina silica
	95
	thermally induced transesterification
	[32]



	Silica
	95
	380 °C
	[89]



	Silica
	96.1
	380 °C
	[90]
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