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Abstract 

Lately there have been published numerous papers on application of biochar for removal of impurities from 

aqueous solutions. This is possible due to its favourable physicochemical properties such as large specific 

surface area, presence of active functional groups, porous structure. Moreover, suitable conditions of the process 

(temperature, time of biomass stay in the reactor, heating rate) allow to control properties of the obtained 

biochar.  Of significant importance is also the kind of raw material subjected to pyrolysis as towards it biochar 

has a homogeneous composition. The aim of this paper was to present raw materials and methods used for 

biochar production, factors affecting its properties, application of biochar for removal of impurities from 

aqueous solutions taking into account  magnetic molecules, chitosan and alginiate modified biochar derivatives.  
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Introduction 

Biochar application goes back as far as the ancient time. By its addition into the soil, ancient Indian 

population inhabiting the Amazon region obtained the soil called terra preta which was characterized by 

extensive fertility compared to others not very fertile Amazon soils. Charcoal being its main component is a 

form of coal and burnt remains of plant and animal materials. Then the charcoal obtained from the wastes was 

called biochar [1, 2]. 

Biochar is a renewable solid fuel formed during the thermal conversion of plant and animal biomass, 

organic and other wastes resulting in formation, besides biochar itself, of liquid and gaseous products of high 

energetic value. The wastes, from which biochar can be obtained include: wood  [3,4] and other plant remains: 

pine sawdust [5], cotton stems  [6], orane peels  [7], eucalyptus leaves [8], agriculture origin biomass (e.g. rape, 

sunflower, corn-cobs) [9–11],  agriculture-food processing remains (e.g. postfermentation oat, rice husks [12,13], 

nut shells [14], coconut, hallow oil palm fruit  [15]). Biochar is also obtained from stable manure [16] as well as 

from sewages  [17,18] and industrial wastes [19]. 

Choice of substrates for biochar production depends on such factors as physicochemical properties of 

substrates (e.g. water content, carbon content, molecule size), potential applications (e.g. production of energy 

and the additive improving soil properties), pyrolysis and its parameters. Classification of wet and dry biomass is 
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based on the initial humidity. Newly collected biomass such as plant waste materials, sludge, algae, animal waste 

materials and others which generally have a large amounts of humidity (wet biomass). The other type includes 

dry biomass covering agriculture residues and some species of trees which have low humidity during cutting 

down.  Wet biomass can be dried to a smaller amount of humidity using some drying techniques. However, they 

are energy consuming and can reduce economic effectiveness of the system [20].  

Biodegradable wastes such as those from agriculture and food processing, animal and agriculture ones 

as well as organic fraction of sewages should be managed by the methods different from storage in the dumping 

grounds.  They can be materials for production of energy in different thermochemical processes during which 

biochar is also produced. Due to these processes reduction of wastes volume and mass and thus reduction of 

methane emission from dumping grounds take place [20,21]. 

 

1. Methods of obtaining biochar and its properties 

1.1. Methods of biochar preparation 

The main methods of biochar preparation are pyrolysis, gasification, torrefaction as well as 

hydrothermal carbonization. These methods differ in biomass stay in the reactor and temperature range of the 

heating process.  

Biochar can be produced by means of thermochemical biomass decomposition process in the 

temperature range 523-1273 K without oxygen access, so called pyrolysis. This method is the most frequently 

applied for biochar preparation resulting in three main products: coal rich solid product (biochar), volatile 

substances which can condense to the liquid phase (bio-oil) and the others so called “not condensing” gases such 

as CO, CO2, H2 (synthesis gas). Pyrolysis can be generally divided into fast, indirect and slow depending on the 

time of biomass stay in the reactor and temperature range used for heating. Fast pyrolysis of very short time of 

raw materials stay in the reactor (< 2 s) and heating in the temperature range 573-1273 K is often applied for bio-

oil production because due to this process even up to 75 % of the liquid product is obtained. Indirect pyrolysis is 

characterized by the time of reagents stay in the reactor from a dozen or so seconds to a few minutes and the 

heating temperature is usually 773 K. Slow pyrolysis of the time of biomass stay in the reactor from a few 

minutes to a few hours and even days is generally preferred as the productivity of the obtained biochar is higher 

being about 35 %. This process is most frequently conducted in a wide range of temperatures from 523 to 1273 

K. Temperature range, heating rate and time of reagents stay in the reactor affect significantly the percentage 

content of carbon and specific surface area of biochar. From the typical slow pyrolysis process three final 

products of similar yields are obtained  [20, 22, 23]. 

Gasification is a process of partial biomass burning at a high temperature (873-1473 K) for a short 

period of time (10-20 s). Its basic product is a mixture of gases (CO, H2 and CO2) called also synthesis gas as 

well as biochar and bio-oil. The gasification process proceeds similarly to that of pyrolysis. The only difference 

is furnishing the so called gasifying agent as an additional substrate. This can be oxygen, air, hydrogen or carbon 

dioxide. However, biochar is not produced in the ideal gas generator as most organic substances transform into 

gases and ash. Yet, in practice this process results in a low yield of biochar (about 10 %). The biochar produced 

from the gasification process contains a large amount of alkali metals and alkaline earth family (Ca(II), Mg(II) 

etc.) of silicon as well as polycyclic aromatic hydrocarbons (PAH) which are toxic compounds formed in high 

temperature reactions. Thus application of biochar obtained due to the gasification process for soil fertilization 
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can cause some problems. However, the recent field studies proved that introducing biochar from the gasification 

process into soil had advantageous effects for the soil where it was applied  [24, 25]. 

Hydrothermal carbonization (HTC) is a thermal process of transforming organic raw materials into a 

coal-rich product under milder conditions than other carbonization techniques. Hydrothermal carbonization is 

conducted in the temperature range 453-573 K. The process consists in immersion of biomass in water and 

heating in a closed system under pressure (2-6 MPa) for the period from a few minutes to a few hours  [26].  

During this process a minimal amount of carbon dioxide is released. For the first time the HTC process was 

proposed by Friedrich’a Berguis in 1913 for description of the natural carbonization process. The recent 

investigations using HTC have been rather focused on production of solid materials (hydrochar) which are 

effectively applied in industry and environment. Hydrochar differs from biochar with the conditions of 

preliminary treatment and production techniques. As a result, a substance of physicochemical properties different 

from those of biochar is formed [27]. As the HTC process is conducted in the presence of water, the large 

content of humidity in the raw material does not have any effect. This exceptional advantage of the HTC method 

excludes necessity of preliminary drying of wet biomass. As commonly known drying is a preliminary energy 

consuming and not economical process. In some cases it is also indispensable for dry pyrolysis and roasting. The 

hydrothermal carbonization results in preparation of three main products: solid substance (called hydrochar), 

liquid substance (bio-oil mixed with water) and a small fraction of gases (mainly CO2).  Hydrochar is formed 

due to hydrothermal carbonization with the  40-70 % yield  [28].  

Torrefaction also defined as a mild pyrolysis is a process in which biomass is heated in the inert 

atmosphere maximum up to 573 K in the period from 30 min. to a few hours. The efficiency of this process 

ranges from 40 to 80 %. However, the product of biomass torrefaction cannot be called biochar as the obtained 

reagent possesses also volatile organic compounds. Generally, torrefaction is treated as an initial stage of 

pyrolysis. Taking into account physicochemical properties those of biomass are intermediate between the crude 

biomass and biochar  [29, 30]. 

1.2. Factors affecting biochar properties  

Applying the above mentioned methods of biochar preparation is aimed at obtaining the material 

characterized by large specific surface area, suitably developed porous structure, presence of functional groups, 

large content of carbon and low production costs [7]. The yield of the obtained biochar and its physicochemical 

properties depend on the type of substrate, temperature, heating rate and time of the biomass stay in the reactor 

[31]. 

 The studies carried out on the pistachio Pistacia vera shells by Lua et al.  [32] showed that increase in 

the pyrolysis temperature from 523 to 773 K increases the surface area due to the release of volatile compounds 

from the pistachio shells which results in the increase of pores in biochar. Then activation at higher temperatures 

causes  formation of new pores which results in the increase of specific surface area. However, when the 

pyrolysis temperature rises from 773 to 1073 K, the specific surface area diminishes gradually which can be due 

to distribution of some volatile fractions. Micropores surface, total pore volume and micropore volume show 

similar tendencies to the specific surface area after the pyrolysis temperature increase [32].  

Analyzing the effect of temperature on the yield of obtained biochar, it should be taken into account that 

at the heating temperature over 393 K organic substances are thermally decomposed and loss of chemically 

bound humidity takes place. Each raw lignocellulose material is composed mainly of cellulose, hemicellulose 
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and lignin with smaller fractions of inorganic materials (ashes), organic extracts and water. The fractions are 

characterized by peculiar behaviour of thermal distribution which depends mainly on treatment temperature. 

Hemicellulose decomposes in the temperature range 473-533 K, cellulose 513-633 K and lignin 553-773 K. 

Comparing biochars prepared from hard and softwood, paper materials as well as mixed materials, it can be 

stated that hardwood had the largest yield (94%) at 573 K due to a large content of lignin and cellulose and then 

paper and mixed materials. Biochar derived from softwood was characterized by the smallest yield due to low 

content of lignin and cellulose compared to other materials [33]. Pyrolysis temperature has a significant effect on 

the yield of the prepared biochar. Uchimiya et al. [34] investigated properties of biochars obtained from cotton 

seeds in the function of pyrolysis temperature 473-1073 K. They observed  sudden drop in the yield of biochars 

at a temperature below 673 K which is associated with a loss of volatile substances and gases such as CO2, CO, 

H2 and CH4. However, at a temperature below 673 K biochar of high, stable yield was obtained. 

The contents of carbon, volatile substances and ash in biochar are important from the point of view of 

its application. In the case of pyrolysis conducted up to 973 K, the carbon content gradually increases but that of 

volatile substances decreases. Yet during heating at higher temperatures an opposite tendency is observed which 

is confirmed by the studies carried out by Enders et al. [35]. Furthermore, they found out  that with the pyrolysis 

temperature increase, the carbon content increases whereas that of oxygen and hydrogen decreases independent 

of the kind of raw material used for biochar preparation. The H/C and O/C ratio is used in order to determine the 

degree of biochar aromatic character. High H/C ratio indicates low aromacity of biochar. The results showed the 

decreasing tendency with the increasing pyrolysis temperature. Biochars produced at high temperatures over 773 

K contain highly aromatic carbon compounds which are resistant to microbiological distribution ensuring their 

long semi-duration in soil thus making  biochar application  as the additive to improve soil fertility [33]. What is 

more, the kind of raw material subjected to pyrolysis affects the amount of ash. The largest proportion of ash was 

found in biochars obtained from animal manure (bull manure, poultry manure, digested dairy manure) and 

wastes (paper) and the smallest one for biochars produced from dendrific remains (hazelnut, oak, pine) [36]. 

Amounts of carbonates (HCO3
-
+CO3

2-
) contained in biochars are particularly essential for their 

agricultural application.  For biochars obtained from corn straw at different pyrolysis temperatures the content of 

carbonates was different. As follows from the studies carried out by Rivka et al. [37], basicity caused by the 

presence of carbonates increased with the pyrolysis temperature increase. Higher contents were obtained for 

divalent cations. 

The time of biomass stay in the reactor is of significant importance for the properties of created biochar. 

With the increasing time of biomass stay during pyrolysis, there is observed increase in the specific surface area, 

surface of micropores, volume of pores and micropores [32, 33]. However, with the increase to over two hours, 

the size of specific surface area drops which may be due to partial  blockage of pores by amorphous products  of 

decomposition [33]. The main cause of differences in surface properties of biochar is oxidation of organic 

compounds formed in void spaces of its matrix. Yet, too high pyrolysis temperature and too large heating rate 

can destroy the biochar structure. Moreover, there can take place condensation of volatile organic compounds 

contained in the porous structure which in turn can result in clogging of pores and decreasing the total surface of 

biochar.  Analysis of the biochar pictures made by the scanning electron microscope revealed loss of fibrous  

structure of biochar prepared at high temperatures. Increase in the pyrolysis temperature resulted in the smooth 
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surface which accounted for the decrease in the specific surface area with the temperature increase. Therefore the 

choice of conditions of pyrolysis and other thermochemical processes is of significant importance.  

 

2. Application of biochars and its modifications  

2.1. Application of biochars 

 Biochar is an object of interest because of its wide application and benefits for the environment. Owing 

to its properties it is used as a renewable fuel in power industry which is an alternative to expensive mineral fuel 

[20] and as a raw material it improves properties of soil through the exchange of cations, increase of nutrient 

contents, rise in pH and water capacity of soil as well as carbon content [38]. However, essential application of 

biochar is a sorbent for removal of heavy metal ions [39, 40] and organic compounds [41, 42] from waters and 

wastewaters.  

 Due to the presence of surface  functional carboxylic, hydroxyl and phenol groups containing oxygen, 

biochar can bind effectively impurities associated with the presence of heavy metal ions. Park et al. [39] studied 

the competitive sorption of Cd(II), Cr(III), Cu(II), Pb(II) and Zn(II) ions on biochar prepared from sesame. 

Based on the Langmuir isotherm model there were determined the maximal sorption capacity values [mg/g]: Pb 

(102) > Cd (86) > Cr (65) > Cu (55) > Zn (34) under the monometallic conditions and Pb (88) > Cu (40) > Cr 

(21) > Zn (7) > Cd (5) under the multi metallic conditions. Larger amounts of the sorption capacities were 

obtained for sorption of single ions compared to that of ions from mixtures. However, results from simultaneous 

sorption are indispensable for accurate estimation of biochar retention capability in the natural environment. 

Lead(II) sorption capacities were comparable for the mono- and multi metallic systems when Cu(II) lost great 

adsorption capacity. The largest affinity of Pb(II) for biochar can result from formation of surface complexes 

between these ions and the active carboxyl and hydroxyl groups present on the biochar surface. Thus it can be 

stated that other sorbents can be replaced by biochar prepared from sesame as a cheap and abundant source of 

carbon which reduces costs of heavy metals adsorption.  

As follows from the studies carried out by Ding et al. [40] not only metal affinity affects sorption 

capacities but also sorbent preparation conditions. Their investigation included the effect of pyrolysis 

temperature 523-873 K on effectiveness of Pb(II) ions sorption on biochar prepared from sugar cane. In the case 

of the initial Pb(II) concentrations 20 and 105 mg/L, the percentage of ions adsorbed by biochar obtained at 523 

K was 43 % and 62 %, respectively. Whereas for biochar obtained at 773 K its maximal sorption was 64 % and 

98 % (for 20 and 105 mg/L, respectively). The studies of sorbent regeneration confirm that Pb(II) ions can be 

effectively eluted after sorption using hydrochloric acid. The experimental and model results of studies showed 

that sorption of lead ions on biochar was controlled by many mechanisms such as complexation, cations 

exchange, precipitation and diffusion of molecules which is also confirmed by the studies carried out by Lu et al. 

[43]. Biochar prepared from sugar cane effectively removes Pb(II) ions from aqueous solutions. 

Sorption of organic impurities from water on biochar is possible as it is characterized by a large specific 

surface area and the presence of micropores. In addition, biochar surface is characterized by polarization and 

aromatic character. The investigations carried out by Xu et al. [41] showed that such parameters as pH and ionic 

strength can also affect methyl violet increase insignificantly with the pH increase up to the pH values from 7.7 

to 8.7 where a rapid increase in the sorption capacity was observed. This is caused by the increase of electrostatic 
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attraction between the dye and biochar surface with the increasing pH value as a result of dissociation of the 

phenol groups- biochar thus increasing the negative charge on its surface. 

Also nitrobenzene sorption using biochar prepared from lignin, cellulose and wood is an effective 

process. Arboreal biochar had a more developed microporous structure than biochar prepared from lignin which 

is a good sorbent for aromatic impurities and more advantageous compared to the other two biochars [42]. 

2.2. Biochar modifications. 

 Lately there has been observed increasing interest in the synthesis of biochars modified with magnetic 

molecules, chitosan, alginates and others [44–48]. Synthesis of their derivatives can improve physicochemical 

properties of biochar by combination of its advantages with other materials. The addition of iron into the biochar 

structure enables preparation of nanocomposites which, due to their magnetic properties, can be more readily 

separated from the solution after sorption using the external magnetic field. The magnetic particles such as Fe, 

Fe2O3 and Fe3O4 are introduced into the biochar structure by pyrolysis at high temperature or chemical co-

precipitation, Magnetic biochar prepared by Fe coating of the biochar surface is characterized by large reactivity 

and affinity for heavy metal ions [44].  

 Chitosan is a polysaccharide formed during chitin deacetylation. It is one of the most common 

biopolymers in nature. The ordered structure of chitosan is due to the presence of intra- and intermolecular 

hydrogen bonds in its lattice. It is characterized by biodegrability, nontoxicity, availability and low price. 

Moreover, due to suitable sorption capability it is used for removal of heavy metals and inorganic impurities 

from waters and wastewaters. Ability to capture impurities results from the presence of functional amine and 

hydroxyl groups. Modification of chitosan modified biochar combines advantages of both at low production 

costs [46]. The presence of chitosan coating on the biochar surface promoted the effectiveness of Pb(II) ions 

removal from 23.9 % up to 59.6 % and that of Cr(VI) from 0 % to 27.8 % compared to the unmodified biochar. 

This may be due to the presence of amine groups which chelate metal cations in aqueous solutions. Additionally, 

the presence of Fe promotes removal of Pb(II) ions up to 93 %. However, removal of Cr(VI) ions increased with 

the increasing amount of iron compared to biochar and chitosan. The obtained results indicate that molecules of 

chitosan and iron on the biochar surface improve sorption of Pb(II) and Cr(VI) [45].  

 Efficiency of heavy metal ions removal by means of chitosan modified biochar is confirmed by the 

studies carried out by Zhou et al. [47]. The biochar samples were obtained from bamboo, sugar cane, wood and 

peanuts. All studied sorbents exhibited ability to remove Pb(II), Cu(II) and Cd(II) from aqueous solutions. 

Generally, most biochars modified with chitosan (except for that from peanuts) removed larger amounts of 

heavy metals. Chitosan was the most effective in the sorption of heavy metal ions for biochar prepared from 

bamboo. The Pb(II) sorption percentage increased from 20 % to 50 %, for Cd(II) from 10 % to 45 % and for 

Cu(II) from 18 % to 55 %. 

Alginates are nontoxic and cheap natural materials widely used as gelation means for production of 

microcapsules and microspheres. Cui et al. [48]  investigated the ability of phosphates removal by various 

modifications of biochar using: Mg, alginates, Mg-alginates, chitosan, Mg-chitosan. The highest sorption 

capacity compared with other sorbents was 23.57 mg/g in the case of magnesium and alginates modified biochar. 
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Conclusions 

Biochar can be successfully applied for removal of organic and inorganic impurities from aqueous solutions. As 

follows from the literature various raw materials and methods are used for its production. Physicochemical 

properties and capability of absorbing impurities of biochars were dependent on the process conditions. Based on 

the analysis of adsorption mechanisms, it was found out that different kinds of interactions including ion 

exchange, electrostatic attraction, physisorption and chemisorption as well as complexation and precipitation are 

responsible for removal of impurities from water. The studies confirmed possibility of application of biochars 

and their derivatives with satisfactory productivity. Furthermore, their application is environmentally and 

economically advantageous because of preparation from wastes. 

 

 

References: 

1. Downie, A. E., Van Zwieten, L., Smernik, R.J., Morris, S., Munroe, P.R.: Terra Preta Australis: 

Reassessing the carbon storage capacity of temperate soils. Agric. Ecosyst. Environ. 140, 137–147 

(2011). 

2. Yao, Q., Liu J., Yu, Z., Li, Y., Jin, J., Liu, X., Wang, G.:  Changes of bacterial community compositions 

after three years of biochar application in a black soil of northeast China. Appl. Soil Ecol. 113, 11–21 

(2017). 

3. Abdel-Fattah, T.M., Mahmoud, M.E., Ahmed, S.B., Huff, M.D., Lee, J.W., Kumar, S.:  Biochar from 

woody biomass for removing metal contaminants and carbon sequestration. J. Ind. Eng. Chem. 22, 103–

109 (2015). 

4. Han, Y., Boateng, A.A., Qi, P.X., Lima, I.M., Chang, J.: Heavy metal and phenol adsorptive properties 

of biochars from pyrolyzed switchgrass and woody biomass in correlation with surface properties. J. 

Environ. Manage. 118, 196–204 (2013). 

5. Reguyal, F., Sarmah, A.K., Gao, W.: Synthesis of magnetic biochar from pine sawdust via oxidative 

hydrolysis of FeCl2 for the removal sulfamethoxazole from aqueous solution. J. Hazard. Mater. 321, 

868–878 (2016). 

6. Ren, J., Li, N., Li, L., An, J.K., Zhao, L., Ren, N.Q.: Granulation and ferric oxides loading enable 

biochar derived from cotton stalk to remove phosphate from water. Bioresour. Technol. 178, 119–125 

(2015). 

7. Chen, B., Chen, Z.: Sorption of naphthalene and 1-naphthol by biochars of orange peels with different 

pyrolytic temperatures. Chemosphere 76, 127–133 (2009). 

8. Wang, S.Y., Tang, Y.K., Chen, C., Wu, J.T., Huang, Z., Mo, Y.Y.,Zhang, K.X., Chen, J.B.: 

Regeneration of magnetic biochar derived from eucalyptus leaf residue for lead(II) removal. Bioresour. 

Technol. 186, 360–364 (2015). 

9. Pellera, F.M., Giannis, A., Kalderis, D., Anastasiadou, K., Stegmann, R., Wang, J.Y., Gidarkos, E.: 

Adsorption of Cu(II) ions from aqueous solutions on biochars prepared from agricultural by-products. J. 

Environ. Manage. 96, 35–42 (2012). 

10. Thines, K.R., Abdullah, E. C., Mubarak, N.M., Ruthiraan, M.: Synthesis of magnetic biochar from 

agricultural waste biomass to enhancing route for waste water and polymer application: A review. 



8 
 

Renew. Sustain. Energy Rev. 67, 257–276 (2017). 

11. Chen, X., Chen, G., Chen, L., Chen, Y., Lehmann, J., McBride, M.B., Hay, A.G.: Adsorption of copper 

and zinc by biochars produced from pyrolysis of hardwood and corn straw in aqueous solution. 

Bioresour. Technol. 102, 8877–8884 (2011). 

12. Samsuri, A.W., Sadegh-Zadeh, F., Seh-Bardan, B.J.: Adsorption of As(III) and As(V) by Fe coated 

biochars and biochars produced from empty fruit bunch and rice husk. J. Environ. Chem. Eng. 1, 981–

988 (2013). 

13. Herath, I., Kumarathilaka, P., Al.-Wabel, M.I., Abduljabbar, A., Ahmad, M., Usman, A.R.A., Vithanage, 

G.: Mechanistic modeling of glyphosate interaction with rice husk derived engineered biochar. 

Microporous Mesoporous Mater. 225, 280–288 (2016). 

14. Imamoglu, M., Tekir, O.: Removal of copper (II) and lead (II) ions from aqueous solutions by adsorption 

on activated carbon from a new precursor hazelnut husks. Desalination 228, 108–113 (2008). 

15. Pellera, F.M., Gidarakos, E.: Effect of dried olive pomace – derived biochar on the mobility of cadmium 

and nickel in soil. J. Environ. Chem. Eng. 3, 1163–1176 (2015). 

16. Kiran, Y.K., Barkat, A., Cui, X., Feng, Y., Pan, F., Tang, L., Yang, X.:  Cow manure and cow manure-

derived biochar application as a soil amendment for reducing cadmium availability and accumulation by 

Brassica chinensis L. in acidic red soil. J. Integr. Agric. 16, 725–734 (2017). 

17. Fan, S., Tang, J., Wang, Y., Li, H., Zhang, H., Tang, J., Wang, Z., Li, X.: Biochar prepared from co-

pyrolysis of municipal sewage sludge and tea waste for the adsorption of methylene blue from aqueous 

solutions: Kinetics, isotherm, thermodynamic and mechanism. J. Mol. Liq. 220, 432–441 (2016). 

18. Zhang, W., Mao, S., Chen, H., Huang, L., Qiu, R.: Pb(II) and Cr(VI) sorption by biochars pyrolyzed 

from the municipal wastewater sludge under different heating conditions. Bioresour. Technol. 147, 545–

552 (2013). 

19. Reddy, D.H.K., Lee, S.M., Seshaiah, K.: Biosorption of toxic heavy metal ions from water environment 

using honeycomb biomass-an industrial waste material. Water. Air. Soil Pollut. 223, 5967–5982 (2012). 

20. Kambo, H.S, Dutta, A.: A comparative review of biochar and hydrochar in terms of production, physico-

chemical properties and applications. Renew. Sustain. Energy Rev. 45, 359–378 (2015). 

21. Lehmann, J.: Bio-energy in the black. Front. Ecol. Environ. 5, 381–387 (2007). 

22. Shah, A., Darr, M.J., Dalluge, D., Medic, D., Webster, K., Brown, R.C.: Physicochemical properties of 

bio-oil and biochar produced by fast pyrolysis of stored single-pass corn stover and cobs. Bioresour. 

Technol. 125, 348–352 (2012). 

23. Ahmad, M., Lee, S.S., Dou, X., Mohan, D., Sung, J.K., Yang, J.E., Ok, Y.S.: Effects of pyrolysis 

temperature on soybean stover- and peanut shell-derived biochar properties and TCE adsorption in 

water. Bioresour. Technol. 118, 536–544 (2012). 

24. Mohan, D., Sarswat, A., Ok, Y.S., Pittman, C.U.: Organic and inorganic contaminants removal from 

water with biochar, a renewable, low cost and sustainable adsorbent - A critical review. Bioresour. 

Technol. 160, 191–202 (2014). 

25. Wu, C., Budarin, V.L., Wang, M., Sharifi, V., Gronnow, M.J., Wu, Y., Swithenbank, J., Clark, J.H., 

Williams, P.T.: CO2 gasification of bio-char derived from conventional and microwave pyrolysis. Appl. 

Energy 157, 533–539 (2015). 



9 
 

26. Wikberg, H., Grönqvist, S., Niemi, P., Mikkelson, A., Siika-Aho, M., Kanerva, H., Käsper, A., 

Tamminen, T.: Hydrothermal treatment followed by enzymatic hydrolysis and hydrothermal 

carbonization as means to valorise agro- and forest-based biomass residues. Bioresour. Technol. 235, 

70–78 (2017). 

27. Wiedner, K., Rumpel, C., Steiner, C., Pozzi, A., Maas, R., Glaser, B.: Chemical evaluation of chars 

produced by thermochemical conversion (gasification, pyrolysis and hydrothermal carbonization) of 

agro-industrial biomass on a commercial scale. Biomass and Bioenergy 59, 264–278 (2013). 

28. Rillig, M.C., Wagner, M., Salem, M., Antunes, P.M., George, C., Ramke, H.G., Titirici, M.M., 

Antonietti, M.: Material derived from hydrothermal carbonization: Effects on plant growth and 

arbuscular mycorrhiza. Appl. Soil Ecol. 45, 238–242 (2010). 

29. Martín-Lara, M. A., Ronda, A., Zamora, M. C., Calero, M.: Torrefaction of olive tree pruning: Effect of 

operating conditions on solid product properties. Fuel 202, 109–117 (2017). 

30. Repellin, V., Govin, A., Rolland, M., Guyonnet, R.: Energy requirement for fine grinding of torrefied 

wood. Biomass and Bioenergy 34, 923–930 (2010). 

31. Demirbas, A.: Effects of temperature and particle size on bio-char yield from pyrolysis of agricultural 

residues. J. Anal. Appl. Pyrolysis 72, 243–248 (2004). 

32. Lua, A.C., Yang, T., Guo, J.: Effects of pyrolysis conditions on the properties of activated carbons 

prepared from pistachio-nut shells. J. Anal. Appl. Pyrolysis 72, 279–287 (2004). 

33. Rehrah, D., Bansode, R. R., Hassan, O., Ahmedna, M.: Physico-chemical characterization of biochars 

from solid municipal waste for use in soil amendment. J. Anal. Appl. Pyrolysis 118, 42–53 (2015). 

34. Uchimiya, M., Chang, S., Klasson, K. T.: Screening biochars for heavy metal retention in soil: Role of 

oxygen functional groups. J. Hazard. Mater. 190, 432–441 (2011). 

35. Enders, A., Hanley, K., Whitman, T., Joseph, S., Lehmann, J.: Characterization of biochars to evaluate 

recalcitrance and agronomic performance. Bioresour. Technol. 114, 644–653 (2012). 

36. Enders, A., Hanley, K., Whitman, T., Joseph, S., Lehmann, J.: Characterization of biochars to evaluate 

recalcitrance and agronomic performance. Bioresour. Technol. 114, 644–653 (2012). 

37. Fidel, R.B., Laird, D.A., Thompson, M.L., Lawrinenko, M.: Characterization and quantification of 

biochar alkalinity. Chemosphere 167, 367–373 (2017). 

38. Beesley, L., Moreno-Jiménez, E., Gomez-Eyles, J. L.: Effects of biochar and greenwaste compost 

amendments on mobility, bioavailability and toxicity of inorganic and organic contaminants in a multi-

element polluted soil. Environ. Pollut. 158, 2282–2287 (2010). 

39. Park, J.H., Ok, Y.S., Kim, S.H., Cho, J.S., Heo, J.S., Delaune, R.D., Seo, D.C.: Competitive adsorption 

of heavy metals onto sesame straw biochar in aqueous solutions. Chemosphere 142, 77–83 (2016). 

40. Ding, W., Dong, X., Ime, I. M., Gao, B., Ma, L. Q.: Pyrolytic temperatures impact lead sorption 

mechanisms by bagasse biochars. Chemosphere 105, 68–74 (2014). 

41. Xu, R.K., Xiao, S.C., Yuan, J. H.,  Zhao, A.Z.: Adsorption of methyl violet from aqueous solutions by 

the biochars derived from crop residues. Bioresour. Technol. 102, 10293–10298 (2011). 

42. Li, J., Li, Y., Wu, Y., Zheng, M.: A comparison of biochars from lignin, cellulose and wood as the 

sorbent to an aromatic pollutant. J. Hazard. Mater. 280, 450–457 (2014). 

43. Lu, H., Zhang, W., Yang, Y., Huang, X., Wang, S., Qiu, R.: Relative distribution of Pb
2+

 sorption 



10 
 

mechanisms by sludge-derived biochar. Water Res. 46, 854–862 (2012). 

44. Devi, P., Saroha, A.K.: Synthesis of the magnetic biochar composites for use as an adsorbent for the 

removal of pentachlorophenol from the effluent. Bioresour. Technol. 169, 525–531 (2014). 

45. Mandal, S., Sarkar, B., Bolan, N., Ok, Y. S., Naidu, R.: Enhancement of chromate reduction in soils by 

surface modified biochar. J. Environ. Manage. 186, 277–284 (2016). 

46. Zhou, Y., Gao, B., Zimmerman A.R., Chen, H., Zhang, M., Cao, X.: Biochar-supported zerovalent iron 

for removal of various contaminants from aqueous solutions. Bioresour. Technol. 152, 538–542 (2014). 

47. Zhou, Y., Gao, B., Zimmerman, A.R., Fang, J., Sun, Y., Cao, X.: Sorption of heavy metals on chitosan-

modified biochars and its biological effects. Chem. Eng. J. 231, 512–518 (2013). 

48. Cui, X., Dai, X., Khan, K.Y., Li, T., Yang, X., He, Z.:  Removal of phosphate from aqueous solution 

using magnesium-alginate/chitosan modified biochar microspheres derived from Thalia dealbata. 

Bioresour. Technol. 218, 1123–1132 (2016). 

 

 

 


