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Abstract

Biochar is a stable carbon-rich product formed from thermochemical conversion of biomass in an anoxic condition.
It has a great potential in adsorbing nutrients such as nitrogen and other inorganic matters. Working as an
effective adsorbent, biochar has received a lot of attention. Its special chemical structure enables biochar to have
good adsorption capacity, which can absorb nutrients (like nitrogen and phosphorus) and inorganic ions (Cu2+,
Pb2+ and Hg2+, etc.) in water, soil or sediment, as well as polar or non-polar organic compounds. Thus, biochar has
a strong adsorption capacity.

The theoretical part of the thesis is based on the existing literature review, focusing on the influencing factors of
biochar production methods and factors which will affect adsorption capacity. Two types of biochar (H5 and UEF)
were used to test the effect of removing nutrients from mine water and landfill water in the column on a laboratory
scale. Under the monitoring by piezometer, biochar were filled in filtration columns during the experiments and the
results were obtained by measuring the content of nutrients and assessing the performance of biochar.
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1 INTRODUCTION

Nowadays, because of the great demand of farming and increase use of fertilizers, eutrophication of

groundwater and surface water has become a serious environmental problem. Excessive amounts of

nitrogen and phosphorus in the environment has seriously affected the environment and human

health.

Biochar is a stable carbon-rich product formed by thermal decomposition of biomass such as

agricultural and forestry wastes under anoxic conditions. It has a certain removal effect on ammonia

nitrogen in water with high removal efficiency, high flexibility, and good economic and

environmental benefits, but its adsorption capacity for high ammonia nitrogen wastewater is limited.

Biochar has received widespread attention as an adsorbent that efficiently adsorbs and removes

nutrients. The surface adsorption mechanism is the main mechanism of nitrogen adsorption. In the
process of adsorbing nitrogen, biochar is affected by many factors, such as the added amount of

biochar, the concentration of nitrogen to be adsorbed, pH, and specific surface area and volume of

biochar, contact time and reaction temperature. Therefore, these factors should be noted in the

adsorption experiment of biochar to achieve better adsorption (Dai et al. 2020).

2 BIOCHAR ADSORPTION MECHANISM

Nowadays, due to the augment of discharges of nutrients like nitrate into the natural environment

from industrial, agricultural, and household wastewater all over the world, the problem of nutrient
enrichment and eutrophication has aroused a worldwide serious environmental concern.

Eutrophication may stimulate the rapid growth of organisms, especially algae, leading to the
depletion of dissolved oxygen and the deterioration of the aquatic environment. Besides, high levels

of NO3- in water may affect human health. Therefore, the removal of excessive NO3- from

wastewater has important ecological and social significance (Zhou et al. 2019).

Usually, there are three kinds of technologies used for removing NO3- from wastewater, which are

based on physical, chemical and biological aspects. Considering the cost of processing and the
generation of other pollutants, physical treatment is the most common choice at the moment.

Physical treatment includes methods such as electrodialysis, reverse osmosis and adsorption (Zhou

et al. 2019). Compared with electrodialysis and reverse osmosis, adsorption is a widely accepted
and useful method for dealing with wastewater in situ because of its relatively low cost, high

efficiency and smaller possibility of secondary pollution (Bhatnagar and Sillanpää 2011). Therefore,

it is of great potential value to study cost-effective adsorbents to remove NO3- from wastewater.

Biochar is a substance with a high aromatization structure and its outer layer is an oxygen-rich

structure formed by different carboxyl and phenolic functional groups, biochar has high biochemical
and thermal stability (Zhou, Wu and Wu 2015). The specific surface area and porosity of biochar are
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large, the pore size varies from nanometre to micrometre and carboxyl group, phenolic hydroxyl

group, carbonyl group, lactone, pyrone, acid anhydride, etc. are the major groups of biochar. The

presence of groups makes biochar have good adsorption capacity, which can absorb water, the

inorganic ions in soil or sediment (Cu2+, Pb2+ and Hg2+, etc.) and polar or non-polar organic

compounds. Therefore, biochar has a strong adsorption of pollutants, not only can adsorb heavy

metals in soil and water, but also can adsorb organic and inorganic pollutants in soil and water. In
terms of chemical properties, biochar has a high degree of aromatization and carboxylic acid

esterification. In addition to containing organic carbon such as polycyclic aromatic hydrocarbons and

aliphatic compounds, there are minerals such as calcium and magnesium and inorganic carbonates

in biochar. Therefore, biochar has strong thermal stability and anti-biodegradability. Biochar is

difficult to dissolve in water, and at the same time it has strong adsorption capacity, strong

biological stability, anti-oxidation and other characteristics, making it potential material for soil

improvement, reduction of greenhouse gas emissions and environmental pollution restoration.

Biochar is widely used in industrial, agriculture, energy, environment and other fields as well. (Li
2019, 142.)

2.1 Mechanism of N adsorption

Biochar’s ability to widely and efficiently adsorb NO3- in the environment is mainly attributed to its

characteristics. The high specific surface area, porosity, polar and non-polar surface parts of biochar
are the main reasons why biochar can physically adsorb nitrate. Besides, in the experiment of

adsorbing nitrate by modified activated carbon, it was found that the modified granular activated

carbon had increased ion exchange capacity when the pH was in the range of 3 to 6 and the

adsorption capacity decreased when pH increased. When pH was greater than 6, ion exchange was

the main adsorption mechanism, because as the pH value increased, the negative charge

concentration increased, the electrostatic adsorption effect decreased. The adsorption isotherm

analysis at pH = 6.5 shows that the adsorption of NO3- by the adsorbent is mainly through ion

exchange (Yadav et al. 2019). Some scientists also used the biochar-loaded nano-zero-valent iron

combined system to remove NO3-. It was found that the modified biochar can promote the reduction
of nitrate by catalytic reduction and conversion, and produce N2 and NH4+, thereby removing nitrate

(Wu et al. 2019).

During the process of dehydroxylation/dehydrogenation and aromatization, many functional groups

(e.g., carbonylic, carboxylic, hydroxylic and phenolic hydroxyl groups) are formed on biochar (Li et

al. 2019). These functional groups play essential roles in nitrate adsorption because ion exchange

occurs between NH4+/ NO3- and functional groups (Liu et al. 2010). The removal efficiency of NH4+

and NO3- is positively correlated with the number of acidic and basic functional groups, respectively
(Wang et al. 2015). Some scientists analyzed the zeta potential of the adsorbed biochar and found

that the zeta potential is negative, indicating that the biochar surface is negatively charged, and its

potential is about 0.82–1.19 mmol/g (Shaaban et al. 2014). Such a structure is easily combined with

NH4+ ions. Meanwhile, NH4+ ions can be fixed on biochar by the oxygen-containing functional groups
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such as hydroxylic group, carboxylic group and sulfonic acid group on its surface through the

following process:
� 质Ꮙ 뾰 �Ꮙ�

뾰 ��质 � �Ꮙ�

� �质�Ꮙ뾰 �Ꮙ�
뾰 �� �质� � �Ꮙ�

� 湯质质Ꮙ뾰 �Ꮙ�
뾰 �� 湯质质 � �Ꮙ�

The adsorption mechanism of ammonia nitrogen is mainly due to cation exchange, surface

complexation and the formation of magnesium ammonium phosphate precipitation (Shang 2019, 9).

In addition, there are some positively charged ions on the surface of the biochar, such as Na+, Mg2+

ions, which can remove NH4+ ions from the environment (Dai et al. 2020).

3 FACTORS AFFECTING BIOCHAR ADSORPTION CAPACITY

The surface area of biochar, the properties and initial concentration of adsorbates, the pH value of
the solution, the temperature, the interfering substances, and the properties and quantity of

adsorbents are among the factors that will influence the adsorption rate. Usually, the adsorption is

proportional to the surface area available for adsorption, but the magnitude varies (Naeem,

Westerhoff and Mustafa 2007). As a result, materials with a more porous and larger surface area

will generally adsorb more because of an enhancement to its mass transfer mechanism, but other

factors, for instance, the chemical composition, size and morphology of the adsorbed material are

related as well.

The physicochemical nature of the adsorbent strongly impacts on adsorption rate and adsorption
capacity. Fine powder adsorbents have higher adsorption capacity than those consisting of large

particles due to the increase in surface area (Kara et al. 2007). The presence of surface functional

groups promotes chemical interactions, and thus the adsorption capacity can be enhanced by

increasing the concentration of appropriate functional groups, however, this may influence

negatively based on the composition of the functional group. The presence of cations or anions on

the surface of the adsorbent may enhance its ion-exchange capacity, which is an important

mechanism in the removal of heavy metals (Premarathna et al. 2019).

Since adsorption occurs in the pores of the adsorbent, the molecular size of the adsorbate is also

related to the adsorption rate and capacity. Therefore, the rate is controlled by intra-particle

transport. As the molecular weight of the adsorbate molecule decreases, the adsorption rate will

increase accordingly (Zhang and Huang 2007).

Moreover, pH has a significant impact on the adsorption process, because it directly affects the
chemical form and surface charge of the pollutant, as well as the ionization or morphology of the

adsorbate (Li et al. 2017). Incorporation of a material in the preparation of the composite material

may affect the change in the pHpzc (Ismadji et al. 2016).
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The adsorption reaction is an exothermic reaction; therefore, the adsorption depends on

temperature and usually increases with temperature (Premarathna et al. 2019). Biochar pyrolysis

temperature can affect the type and amount of functional groups as well as the capacity of biochar

for ion exchange (Cheng et al. 2006). An increase in pyrolysis temperature decreases the quantity of

acidic functional groups (Nguyen and Lehmann 2009; Zeng et al. 2013). Specifically, compared with

biochar derived at a high pyrolysis temperature, biochar obtained at a low pyrolysis temperature has
more negatively charged acidic groups (carboxyl and hydroxyl) and shows better complexation with

NH4+ (Hollister et al. 2012; Zhang et al. 2014). In addition, adsorption may be influenced positively

or negatively by the presence of interfering organic or inorganic compounds (Premarathna et al.

2019). Meanwhile, the presence of natural organic matter may have an impact on the adsorption,

relying on the nature of the adsorbate, the effect may be positive or negative. Furthermore, the

thesis published in CNKI (Shang 2019, 9) describes that the presence of Na+ and Ca2+ inhibits the

adsorption of ammonia nitrogen by cow dung biochar. When the concentration of Na+ and Ca2+ in

water is the same, the order of influence on the adsorption of ammonia nitrogen is Na+ > Ca2+.

3.1 Unmodified biochar

The amount of biochar used takes an essential part in the adsorption of nitrogen by biochar. Many

studies have shown that increasing the amount of biochar can improve the removal rate of ammonia

nitrogen (Xie 2015), but the dosage of biochar should be controlled within a certain range as well
(Dai et al. 2020).

Nitrogen concentration is also an influencing factor of nitrogen adsorption by biochar (Dai et al.

2020). In general, within a certain range of ammonia nitrogen concentration and the same amount

of biochar, as the ammonia nitrogen concentration decreases, the ammonia nitrogen recovery rate

gradually increases. The limiting factor of biochar's adsorption of ammonia nitrogen is that its

adsorption capacity is too low, so it’s adsorption capacity for high ammonia nitrogen wastewater is

limited (Xie 2015).

Solution’s pH value also plays a role in the experimental process of biochar adsorption of nitrogen

(Antunes et al. 2018; Jiang et al. 2015). The initial pH value of the solution has a significant

influence during the process of adsorbing nitrogen. According to the Ma (2018), researchers using

corn stalk biochar to adsorb NH4+ observed the effect of pH on the adsorption efficiency. It was

found that the initial pH value of the solution had a great influence on the adsorption of ammonia

nitrogen by the biochar. When the pH value was less than 7, it had little effect on the adsorption

efficiency of ammonia nitrogen; when the pH value of the solution was 9, the adsorption efficiency

of ammonia nitrogen was significantly increased, which reached 39%; when the pH value was
greater than 9.0, the adsorption efficiency quickly decreased, which was related to the nature of the

corn stalk biochar adsorbent itself, and also due to the existence of ammonia N in the solution (Dai

et al. 2020; Ma 2018).
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In addition to the amount of biochar added during the adsorption process, the initial concentration

of nitrogen and phosphate, the influence of pH, the specific surface area and volume of the biochar,

the contact time and the reaction temperature also have an effect (Dai et al. 2020). The specific

surface area and volume of biochar have an influence on its adsorption capacity. Scientists have

found that as the surface area and pore volume of biochar increase, NH3 volatilization increases

(Mandal et al. 2018). Nevertheless, not all biochar adsorption capacity increases with the increase in
surface area and volume. Other researchers found that the adsorption capacity of biochar made up

of wood and rice husk decreased as the particle size of biochar increased (Kizito et al. 2015).

Further research is still needed in this area.

3.2 Modified biochar

The adsorption capacity of modified biochar for nitrogen and phosphorus is considerably higher than

pristine biochar, because the modified biochar has larger specific surface area, more reaction

activity and more surface functional groups. (Xiang et al. 2020).

Taking magnetic biochar as an example, the main factors influencing the adsorption efficiency of

magnetic biochar include pyrolysis temperature, material type, modifier type, dosage of adsorbent,

pH value, reaction temperature, contact time, initial pollutant concentration and competitive anion

(see Fig. 1) (Li et al. 2019).

FIGURE 1. Factors affecting the adsorption of pollutants by magnetic biochar (Li et al. 2019.)
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The yield and adsorption capacity of carbon will be influenced by the ratio of raw materials to

magnetic materials during the impregnation process. After evaluating the adsorption of heavy

metals by magnetic biochar under different impregnation ratios of raw materials to magnetic

materials, Yap et al. obtained the result: as the impregnation ratio of raw materials to magnetic

materials increased from 0.25 to 0.50, the carbon yield increased from 67.37% to 88.98% (Yap et al.

2017). However, once the impregnation rate was higher than 0.50, the generation of carbon
reduced. When the ratio of biochar to FeCl3 was 0.5, the best adsorption capacity of magnetic

biochar and the highest yield of activated biochar derived from coconut shell could be obtained (Li

et al. 2019).

The optimum ratio of biochar to FeCl3 can also promote the development of pores, which can lead

to a significant increase in specific surface area and pore volume. The influence of chemical

impregnation rate on the removal of water pollutants by magnetic biochar is complicated, and each

magnetic carbon sample needs to be analyzed separately (Li et al. 2019).

Moreover, Yin et al. (2018) suggested that both physical and chemical sorption were mechanisms

for ammonium adsorption. A study by Wang et al. (2020) had proved that biochar modified with

FeCl3 and a mixture of FeCl3 and HCl could improve ammonium adsorption in aqueous solutions not

only by increasing the surface area and the abundance of oxygen functional groups of biochar but

also by promoting electron transfer in the adsorption process. It was indicated that the modification

methods enhanced biochar’s adsorption capacity for ammonium by at least 14%, due to increased

abundance of C-OH and O-C=O functional groups and larger specific surface area, and the

development of electron shuttle with the Fe3+/Fe2+ redox coupling as well (Feng et al. 2019).
Consequently, it can be concluded that chemical modification of wheat straw biochar using FeCl3
and HCl increased the effectiveness of biochar for the treatment of ammonium-contaminated

wastewater (Wang et al. 2020).

3.3 Other influencing issues

In addition to the amount of biochar added during the adsorption process, the initial concentration

of nitrogen and the influence of pH, the specific surface area and volume of biochar, contact time

and reaction temperature also have its own effect (Dai et al. 2020). The specific surface area and

volume of biochar make a difference to its adsorption capacity. Some researchers found that

ammonia volatilization increased while the surface area and pore volume of biochar increased

(Mandal et al. 2018), whereas not all the adsorption capacity of biochar increases with its surface

area and volume. Other scientists found that the adsorption capacity of biochar made up of wood

and rice husk decreased as the particle size of the biochar increased (Kizito et al. 2015). Therefore,
further research is needed in this area.

Another factor during the process of biochar adsorption of nitrogen is contact time. The influence of

contact time on the adsorption process mainly relies on the reaction mechanism (Dai et al. 2020).
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The reaction temperature also plays a role in the process of nitrogen adsorption in biochar. A large

number of studies have found that within a certain range, the denitrification effect increases with

the rising of temperature (Dai et al. 2020).

In most cases, especially for actual wastewater, there are not merely target ions but many other

ions, that is, coexisting ions, in the adsorption solution. Therefore, for the practical application of
biochar, it is crucial to determine whether and how coexisting ions affect the adsorption of target

ions. Several studies have been carried out on the use of biochar to remove nitrogen from model

wastewater (a synthetic solution in which target ions and other ions coexist) or actual wastewater

(Yin et al. 2017).

In short, there are many factors that affect the adsorption of nitrogen by biochar, but there are still

some factors that have not been explored or fully studied (such as coexisting ions) and are expected

to be improved in future experiments (Dai et al. 2020).

4 REMOVAL OF NUTRIENTS FROM WATER USING BIOCHAR

Biochar can also adsorb nutrients such as nitrogen and phosphorus in the aqueous phase (Zhang et

al. 2012; Yao et al. 2013; Zhang and Gao 2013). Ammonium, nitrate, and phosphate are common

forms of reactive nitrogen and phosphorus in wastewater, which can bring about eutrophication

(Yao et al. 2012; Xu et al. 2018).

Pre-treatment of biochar feedstock have a positive effect on the adsorption of nutrients. For
example, the digested sugar beet tailing biochar showed the highest phosphate removal ability with

a removal rate around 73% (Yao et al. 2011). The pretreatment can be carried out during plant

growth. Additionally, biochar produced from wood waste pretreated with magnesium oxides (Mg-

biochar) was used to recover ammonium and phosphate (Xu et al. 2018). The struvite precipitation

on the surface of biochar is the major mechanism for the removal of ammonium and phosphate.

Other reports have also shown that modified biochar can remove nitrate (NO3-), total Kjeldahl

nitrogen (TKN), total nitrogen (TN), total phosphates (TP), and phosphate (PO43-) from aqueous

solutions (Mohan et al. 2014; Usman et al. 2016; Sun et al. 2018; Vikrant et al. 2017). A general
conclusion is that these modifications change the surface chemistry of biochar, thereby resulting in

enhanced nutrients sorption capacity compared with the original biochar (Xiang et al. 2020).

Different from the pre-treatment of biochar feedstock which shows a significant effect on

phosphorus adsorption, biochar’s post-treatment has a remarkable effect on ammonium adsorption.

Oxidized maple wood biochar is regarded to have higher ammonium adsorption capacity than maple

wood biochar (Wang et al. 2016). Besides, the pyrolysis temperature affects the adsorption of

ammonium. Due to the higher H/C and O/C ratios and the presence of more functional groups on its

surface, biochar produced from pine wood chips at 300°C is regarded as the highest NH4+

adsorption capacity (Yang et al. 2017). This study shows that the chemical bond and polar
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interaction between NH4+ and surface functional groups may be the mechanism to enhance NH4+

adsorption (Xiang et al. 2020).

4.1 Adsorption mechanism of nutrients

In the process of nitrogen and phosphorus adsorption, biochar is mainly influenced by the

distribution mechanism, surface adsorption mechanism, combined action mechanism and other

microscopic mechanisms. The surface adsorption mechanism is the primary mechanism of nitrogen

and phosphorus adsorption (Dai et al. 2020). In the process of absorbing nitrogen and phosphorus,

biochar is affected by many factors, such as the amount of biochar added, and the adsorption

concentration of nitrogen and phosphorus, pH, specific surface area and volume, contact time,

reaction temperature (Xie 2015; Mandal et al. 2018; Antunes et al. 2018).

Biochar can be divided into carbonized parts and uncarbonized parts after preparation. When

biochar interacts with pollutants, the interaction between the uncarbonized part and the pollutant

belongs to distribution, while the carbonized part belongs to surface adsorption, such as ion

exchange, electrostatic adsorption, pores, H-bond, hydrophobic interaction (see Fig. 2) (Dai et al.

2020). Surface adsorption refers to the adsorption process formed by intermolecular attraction

(physical adsorption) or chemical bonding (chemical adsorption) between the adsorbed surface and

the adsorbed substance (Dai et al. 2020). Studies have shown that the adsorption of nitrate and
phosphate by modified biochar not only meets the physical adsorption characteristics, but also

conforms to the second-order kinetic reaction equation, the secondary or quasi-secondary kinetic

reaction. Therefore, the process of biochar adsorption of nitrate and phosphate is chemical

adsorption. (Dai et al. al.2020.) Therefore, these factors should be paid attention to in the

adsorption experiment of biochar in order to achieve a better adsorption effect.
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FIGURE 2. Mechanism of removing N and P from biochar in environment (Dai et al. 2020.)

Many scientists have also conducted experiments to explore the mechanism by which biochar

removes N and P from water. The mechanism was ion exchange by removing the nitrate from the

heterotrophic denitrification system via redox-active biochar (Wu et al. 2019). The adsorption

mechanism of phosphate by biochar is different from the adsorption mechanism of nitrogen, which

is mainly related to the content of Ca, Mg, Fe, Al and other substances on the carbon material itself.

All kinds of cations on the surface of biochar combine with phosphate to form insoluble phosphate
precipitate, thus realizing phosphorus removal. Studies have shown that Fe and Al are more likely to

react with phosphate under acidic conditions, while Ca and Mg are more important under alkaline

conditions (Xie 2015).

4.2 Results about nutrients removal

In order to explore the internal reasons for the difference in the adsorption performance of different

feedstocks of biochar to nitrogen and phosphorus, the chemical composition and surface properties

of three kinds of biochar were analyzed by scientists. The component properties of the three kinds

of biochar were shown in Table 1.

It can be seen from Table 1 that bamboo biochar has a greater difference in chemical composition

from the other two types of biochar. Bamboo biochar has the lowest nitrogen content, that is, the

background value of the N element in bamboo biochar is the lowest (Lu, Tian and Wang 2019).
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TABLE 1. Component properties of 3 kinds of biochar (Lu et al. 2019.)

Feedstocks Ash Content /% pH N Content (w)/%

Reed 13.74 7.97 0.98±0.045
Wheat 12.59 7.73 1.20±0.052
Bamboo 7.12 7.53 0.52±0.031

Derived from experimental data, overall, the removal rate of NH4+-N by the three types of biochar is

maintained below 4.00%, and the removal rate of PO43--P by the three types of biochar is

10.00%~20.00%. The removal effect of P is better than that of NH4+-N; secondly, bamboo biochar

has the best adsorption effect for NH4+-N among the three types of biochar, with a 6-hour removal

rate of 3.59%, followed by wheat biochar (Lu et al. 2019).

Bamboo biochar has the best adsorption effect on NH4+-N, mainly because the background value of
nitrogen in bamboo biochar is relatively lower, and its low absolute value of zeta potential and pH

value are both conducive to the adsorption of ammonia nitrogen (Lu et al. 2019).

Moreover, the adsorption capacity of biochar prepared from four raw materials (straw, reed,

sawdust and eggshell) at different pyrolysis temperatures for ammonia nitrogen was analysed by Xu

et al. (2019), and the results showed that when the pyrolysis temperature of straw and sawdust
biochar was 500 °C, the adsorption performance of ammonia nitrogen was the best, reaching 4.2

mg/g and 3.3 mg/g respectively. Hale et al. (2013) used cocoa husks and corncobs as raw materials

to prepare biochar at a lower pyrolysis temperature of 300-350 °C and found that it also had a
significant adsorption effect on ammonia nitrogen, but the adsorption coefficient Kd was small.

5 PRODUCTION OF BIOCHAR

Biochar can be made from biomass waste, which is an environmentally friendly and economical

option. Biomass waste materials suitable for biochar production include crop residues (field residues

and processing residues, such as nut shells, fruit pits, bagasse, etc.), as well as yard, food and

forestry wastes, and animal manures. Currently, a large amount of agricultural, municipal and
forestry biomass is burned or decomposed, and then releases CO2 and CH4 into the atmosphere.

They may also pollute local groundwater and surface water, which is a big problem with livestock

waste. Hence, the use of these materials to make biochar can not only remove it from the pollution

cycle but also obtain biochar as a by-product of energy production from the biomass. Raw materials

must not contain unacceptable levels of toxins, such as heavy metals, which can be found in sewage

sludge, industrial waste or landfills (International Biochar Initiative [IBI]).

The choice of raw materials is usually affected by biomass resources and availability in nearby areas.

Owing to collection, transportation and storage costs, the use of local raw materials (if they are also
an environmentally sustainable option) often makes the most economic sense.
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Biochar has different physical and chemical properties ascribe to the thermochemical operating

parameters and inherent property of biomass. For the purpose of higher output and target product

quality, several units and reactors have been developed to produce biomass. The usage differs in

oxygen, heating rate and final temperature may cause changes in the quality and distribution of the

final product, though the principle of the reactors is similar (Wang et al. 2020).

Biochar production systems are usually divided into pyrolysis or gasification systems. The pyrolysis

system uses kilns, retort tanks and other special equipment to contain the roasted biomass while

excluding oxygen. Vent the reaction vessel to allow the pyrolysis gas to escape. The pyrolysis gas is

often referred to as "syngas". As the generated syngas burns and releases heat, the process

becomes self-sustaining.

The basic process for making biochar is called pyrolysis. Pyrolysis is the breaking down (lysis) of

material by heat (pyro). As the material is broken down, it releases gas. This is the first step in the
combustion or gasification of biomass (International Biochar Initiative [IBI]).

There are two types of pyrolysis systems currently in use: fast pyrolysis and slow pyrolysis. Fast

pyrolysis tends to produce more oil and liquid, while slow pyrolysis produces more syngas. Figure 3

shows a variety of thermochemical conversion technologies for biochar production including slow

pyrolysis, fast pyrolysis, gasification and torrefaction. Depending on the reaction conditions,

especially the amount of available oxygen, a large difference in the yield and quality of biochar is

produced in these processes. For example, by extending the residence time of biochar at a pyrolysis

temperature of about 400°C to several hours or even days, high yield and high-quality biochar can
be produced, which usually belongs to slow pyrolysis of biomass (Wang et al. 2020).

The gasification system produces a smaller amount of biochar in the directly heated reaction vessel

where the air is introduced. The more oxygen a production unit can release, the more biochar it

produces. The production of biochar is optimized in the absence of oxygen (International Biochar

Initiative [IBI]).
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FIGURE 3. Biomass thermo-chemical processes for biochar production (Wang et al. 2020.)

5.1 Production of biochar in Finland

According to Converting Waste Agricultural Biomass into a Resource, Compendium of Technologies
by the United Nations Environmental Programme (2009), 140 billion metric tons of biomass is

generated annually from agriculture all around the world, which includes agricultural wastes, such

as corn stalks, straw, sugarcane leavings, bagasse, nutshells, and manure from cattle, poultry, and

hogs; forestry residues, such as wood chips, bark, sawdust, timber slash, and mill scrap; municipal

waste, such as waste paper and yard clippings. The great volume of biomass can be converted to

energy and raw materials.

In the European Union, renewable raw materials resources available are mainly forestry and
agricultural residues. Forestry residues is the main source of the residues, while field residues and

post-consumer wood or wood industry residues rank second and third, respectively (Marmiroli et al.

2018). It was estimated that from the amount of dry matter from forestry and agriculture separately

about 9 and 85 Mt had been used for other purposes (Searle and Malins 2016), which could be

available for transformation into biochar applicable to agriculture (Marmiroli et al. 2018). On the

ways to dealing with the waste in the European Union, according to the EU Waste Framework

Directive, there are three basic principles that should be obeyed in order of importance: (i)

preventing waste, (ii) recycling and reusing, and (iii) improving final disposal and monitoring

(Marmiroli et al. 2018). In view of this, production of biochar through upgrading waste material from
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forestry and other plant maintenance residues is an active step in activities aimed at improving the

environmental and economic superiority.

Finland is currently involved with biochar related projects and biochar market has just recently

started to emerge. According to Salo (2018-10-26), 2017 was the first year when considerable

quantities of biochar were sold and utilised in Finland. During 2018 Noireco companies had made
significant investments to biochar production and the annual production capacity was estimated to

increase by at least 10000 thousand kilograms. Further investments to increase production capacity

was planned as well. It is estimated that the market of biochar in Finland will increase tenfold by

2022 (Noireco Oy. 2018).

Biochar quality is greatly affected by its raw material. According to studies conducted by VTT

Technical Research Centre of Finland and Natural Resources Institute Finland (LUKE), willow is the

best raw material for biochar production, as it has an excellent pore structure: 200 �� / g, target

700-800 �� / g. The more pores on the bichar means its functional area is larger. The

advantageous pore distribution, on the other hand, enables various properties. In addition, it binds

water and dissolved nutrients (1 day 0.6 �� water / 300 kg or about 1 �� and 3 days 0.9 �� water

/ 300 kg or about 1 ��) (Carbons Finland Oy 2020).

Willow is the fastest growing tree species in Finland, which is another reason why it is well suited for

biochar production. Willow-based biochar has proven to be the most functional raw material in a

variety of tests. The properties of the biochar produced from willow can be modified by

manufacturing methods or chemically or, for example, by inoculating suitable microbes. (Carbons

Finland Oy 2020.)

Figure 4 shows the porous structure of biochar microscopically.
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FIGURE 4. Microscopic biochar (Carbofex Oy 2019.)

5.2 Production of biochar in China

In the period of traditional agriculture, crop waste incineration is also a general field of processing, it

is a commonly used method of soil covering the lit achieve smokeless combustion of biomass under

anaerobic conditions, biochar after burning remain in the soil, which can improve soil and improve

soil fertility. With the development of technology, nowadays, the preparation of biochar is mostly

carried out in kilns, which improves efficiency, but the basic principles are the same as traditional

agricultural methods (Lü et al. 2015).

At present, the commonly used method for preparing biochar is the thermal cracking, that is,
oxygen-limited calefactive carbonization method. According to different reaction conditions, thermal

cracking method can be divided into two types: one is rapid cracking method, the reaction

temperature of which is generally above 700 ℃, biofuels are mainly prepared by this method; the

other is conventional cracking method, the temperature of which is generally below 700 ℃, and it is

usually used for the preparation of biochar. Studies have shown that the properties (spatial

structure and characters) of biochar can be affected by the types of biomass raw materials. biochar

from different biomass materials not only has different stability, but also has different effects on the

adsorption capacity of pollutants, under the same pyrolysis conditions (Lü et al. 2015). Ameloot et al.
(2013) reported the influence of different biomass sources on the performance of biochar. The

higher the lignin content in the raw material, the higher the aromatic C content and the C:N ratio in

the prepared biochar material, and the lower the salinity of biochar. In addition to the types of

biomass raw materials, the pyrolysis temperature is also a very critical factor in the process of

biochar preparation. It can not only affect the yield of biochar, but also control the surface structure
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and adsorption properties of biochar. Chun et al. (2004) reported the difference between biochar

prepared at different temperatures (300-700 ℃) and found that as the temperature increased (300-

600 ℃), the specific surface area of biochar increased (116-438 m2∙g-1), and while the pyrolysis

temperature was increased to 700 ℃, the specific surface area of biochar decreased (363 m2∙g-1),

which indicates that some fine pore structures on the surface of biochar are destroyed at 700 ℃,

indicating that temperature is an important factor determining the surface structure of biochar.

The physical properties of biochar include specific surface area, pore structure, bulk density, etc.

The chemical properties include pH, carbon content, hydrogen to carbon ratio, oxygen to carbon

ratio, ash content, volatile matter, functional group types and cation exchange capacity, etc. The

physical and chemical properties of biochar are directly affect its adsorption performance. The

physical and chemical properties of biochar are affected by the preparation conditions and the types

of raw materials. Table 2 shows the comparison of the physical and chemical properties of different

raw materials. The temperature in the preparation conditions has the greatest influence on its
physical and chemical properties and performance. Generally, the specific surface area and carbon

content of biochar prepared under high temperature conditions are relatively high (Wang et al.

2020). Wang et al. (2020) found that pyrolysis temperature is a key parameter that affects the

performance of biochar, and pH, carbon content, ash, conductivity, oxidation stability and specific

surface area of biochar are all positively related to it.

TABLE 2. Comparison of physical and chemical properties of biochar from different raw materials

Feedstock Production
Temperature
(℃)

pH Organic
Carbon
Content
(%)

Surface Area
(m2∙g-1)

Reference

Wheat straw 450 8.34 42.90 0.93 Wang et al. 2019

Sludge 500 6.76 16.82 34.348 Xu et al. 2020

Bamboo 675 9.4 58.43 13.9 He et al. 2019

Cow manure 700 6.04 47.66 3.153 Zhang et al. 2020

Walnut 700 9.42 47.67 4.631 Zhang et al. 2020

Sawdust 550 6.2 41.00 9.6 Ghanim et al.
2020

Hickory 600 8.4 83.50 277.4 Li et al. 2020

Hickory wood 600 7.1 69.10 221.5 Xiang et al. 2020

According to Roberts et al. (2010) and Shackley et al. (2011), it is showed by the existing biochar

system analysis report that in order to have a better economic and environmental preference, waste
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biomass, instead of wood or other original biomass, can be used as biochar raw materials. Jiang et

al. (2012) found that China had shown great potential in that regard, producing 800 million tons of

agricultural straw residues each year. While enough straw is retained to maintain soil quality, it is

estimated that 505 million tons of residues can be produced (Clare et al. 2015). Therefore, let those

straw residues be translated into bioenergy products or biochar is conducive to the reduction of

GHG emission in China.

Pinewood, microalgae, crop residues and other raw materials have been used in the pyrolysis

production of biochar. Compared with lignocellulosic biochar, the stability of algae and crop residual

biochar is poor, and the pH and ash content are also high. In different lignocellulosic biomass, the

ratio of hemicellulose, cellulose and lignin, as well as their connectivity and crystallinity are different.

The changes in thermal degradation behavior are attributed to changes in the structure and

chemical properties of specific components of raw materials. Due to the different decomposition

temperatures of cellulose (315-400°C), hemicellulose (220-315°C) and lignin (160-900°C), and the
different proportions of these three components in the biomass, biological The pathways and

mechanisms of char formation are different (Wang et al. 2017; Yang et al. 2007).

6 SEPARATION OF USED BIOCHAR

Magnetic biochar can be easily separated and recovered from the medium under a magnetic field

environment. After the reaction, the depleted magnetic biochar can usually be reused after

regeneration to remove contaminants. Meanwhile, the reuse time of magnetic biochar is also

important when judging the performance of magnetic biochar. Nowadays, due to the different
nature of pollutants, commonly used regeneration reagents include hydrochloric acid, sodium

hydroxide, chelating agents, organic solvents and so on (Yi et al. 2019).

According to an article about magnetic separation for Cd2+ (Huang et al. 2021), iron ions modified

magnetic biochar, compared with its original one, has a higher separation efficiency. While the

turbidity of its original biochar slowly decreases with time and maintains a relatively high level after

30 minutes. Besides, when the initial pH is lower than 3.0, the turbidity of the separated original

biochar is lower than that of its respective magnetic biochar. This difference is because the release
of iron ions or a huge amount of hydrogen ions into the solution is enhanced by the strong acidic

conditions. With the increase in the initial pH value, and decreased turbidity of stabilized at the

initial pH about> 5.0. These turbidity results indicate that although magnetic biochar is easily

separated from the solution, pH value of the solution is a key factor in magnetic separation (Huang

et al. 2021). After separation, the magnetic biochar is recycled through an appropriate desorption

process to avoid secondary pollution (Huang et al. 2021).

Moreover, some physical means are usually used to help the regeneration of magnetic biochar. For

example, ultrasonication and oven-drying are used to assist the regeneration of magnetic biochar
(Heo et al. 2019). Generally, the adsorption capacity of the regenerated magnetic biochar is

severely reduced, which is mainly because of the destruction of the structure of magnetic biochar
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after adsorption. Therefore, how to ensure the reactivity of regenerated magnetic biochar is very

important for the application of magnetic biochar (Yi et al. 2019).

7 LABORATORY STUDY: REMOVAL OF NITROGEN FROM WATER USING BIOCHAR

The goal of the experiment was to compare two different types of biochar for nitrogen and other
nutrients removal from industrial water and landfill water. The results were obtained by measuring

the content of nitrogen and assessing the performance of biochar.

7.1 Materials and equipment

The two types of biochar used in the experiment were named as H5 and UEF. The landfill water
tested in the experiment was from Jätekukko, Kuopio, and the industrial water was mine water from

Lapland, Finland.

FIGURE 5. Diagram of the experiment device
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FIGURE 6. The equipment used in the experiment

Figure 5 and 6 showed the diagram and the photograph of the experiment equipment.

There were two top tanks above which were used to contain the unprocessed water. Water was

directed from above to the middle white tanks and then the filtration columns. After being filtrated,

it flew to the two big tanks on the ground and was pumped into the middle tanks. The middle white

tanks were used to adjust excessive pressure difference due to height.

The top and bottom of the biochar column are covered with two metal mesh to hold the biochar in

place. The piezometers on the left were for monitoring the water pressure and measuring the

pressure difference caused by filtration.
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Biochar was washed by water and dried before use. After that, biochar was put into the filtration

columns tightly to have a better filtering effect. Column I was filled with Carbons H5, and Column II

was filled with UEF biochar. Deionized water was put in and circulated through the equipment

before using the raw water.

7.2 Analytical methods

The adsorption effects of biochar were tested by LCK tests. The samples were disposed of by high-

speed digestion. After heating and cooling down, COD, total-N and total-P can be tested. Water

from two top tanks and four columns after filtrating by biochar were taken as samples. Figure 7

shows samples transferred into tubes for testing.

FIGURE 7. Samples from six different points

Figure 8 shows the samples under high-speed digestion.
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FIGURE 8. Samples in the HT 200S high-speed digester

8 RESULTS

Water was from the same container for all of the tests. The flow rate was constant.

The particles size of the biochar was first tested by sieves to know what kind of biochar was used

and know whether it will stick the column affecting the results. In this test, the most suitable size of
the particles was supposed to be between 2-4 mm because that won’t clog the column and the flow

was still easy to adjust.

The particle size distribution of H5 and UEF biochar was shown in Figure 9 and 10. From those

charts, it could be known that about 39.29 % of H5 biochar and 41.87 % of UEF biochar for the

experiment was under this range.
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FIGURE 9. The particle size distribution of H5 biochar

FIGURE 10. The particle size distribution of UEF biochar

After testing and recording the nutrients content in water from different tanks, the adsorption rate

had been calculated and part of the data had been shown in Table 3.
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TABLE 3. N adsorption efficiency of biochar H5 and UEF for mine water

Test Date Type of Biochar Nitrate (mg/, A) Nitrite (mg/l, A) Ammonium
(mg/l, K)

11.03.2020
H5 3.3% 15.2% 10.1%
UEF 2.6% 9.7% 6.9%

18.03.2020
H5 2.3% 1.7% 12.5%
UEF 3.9% 4.6% 12.0%

25.03.2020
H5 4.6% 5.9% 12.0%
UEF 6.2% 11.5% 28.9%

The two bar charts (Figure 11 and 12) show the adsorption efficiency of H5 and UEF biochar to

nitrogen in mine water respectively. In the two bar charts, the adsorption efficiency is expressed as

a plus or minus percentage.

A good filtering effect was indicated by a positive value indicates, which means the adsorption of

the measured elements decreases after filtering, while a negative value means that the amount

increases instead.

FIGURE 11. The reduction percentage of nutrients in mine water after filtration by H5
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FIGURE 12. The reduction percentage of nutrients in mine water after filtration by UEF

Also, Figure 13 and 14 show the reduction percentage of Jätekukko landfill water after filtrated by

two kinds of biochar, H5 and UEF, respectively.

FIGURE 13. The reduction percentage of Jätekukko landfill water after filtration by H5
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FIGURE 14. The reduction percentage of Jätekukko landfill water after filtration by UEF

9 DISCUSSION

From Figure 11 and 12, we can see that nitrite, nitrate and total nitrogen in mine water had been

removed partly during the experiment and had a positive reduction rate especially in the first half of

the experiment. However, there was no significant correlation between the reduction of total organic

carbon (TOC) and the adsorption of biochar. Typical amount of TOC in the results was 3-4 mg/L but

the result from March 18 was 1.97 mg/L which made the percentage result looked different. The

amount of ammonium was shown to be decreased in the first half of the experiment while to be

increased later. It looks like the biochar cannot adsorb ammonium anymore after few weeks.

There was no phosphorous in mine water so the absorption of total phosphorous cannot be seen in
this experiment.

The unprocessed water is the same but the TOC result of top tank mine water on April 22 was 28.84

mg/L which was much higher than others.

From Figure 13 and 14 we cannot draw any conclusion from the irregular data.

10 CONCLUSIONS

From the experimental results, we can conclude that biochar H5 performs better than biochar UEF in

the adsorption capacity of total nitrogen. Both of them have a certain adsorption effect on bromide,

sulfate, lithium, sodium, potassium, calcium as well.

However, due to the long term of the experiment, the water may be lack of mixing which may cause
some problems on the data.
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Besides, the pH of the water sample had not been tested and there were a lot of salt materials in it.

As time went on, some of these became more which may affect the pH level of the water. Bacteria

in the water working for adsorption needs nutrients especially phosphorous and nitrogen to support

their anaerobic digestion. The bacteria flushed into the biochar columns supposed to contribute to

the adsorption process. Whereas the consumption of nitrogen and the lack of phosphorous in mine

water may also affect the adsorption effect of bacteria. All these possible reasons eventually lead to
an increase in nitrogen.

The exact material of those two kinds of biochar was unsure and the temperature of the experiment

has not been tested as well.

In summary, many factors have been affected the adsorption of nitrogen by biochar, but there are

still some factors that have not been explored or sufficiently studied (such as bacteria, salinity and

co-existing ions), and this is expected to be improved in future experiments.



29 (36)

REFERENCES AND SELF-PRODUCED MATERIALS

AMELOOT, N., GRABER, E. R., VERHEIJEN, F. G. A. and DE NEVE, S. 2013. Interactions Between
Biochar Stability and Soil Organisms：Review and Research Needs. European Journal of Soil Science.
[Accessed on August 2020]. Available:
https://www.ixueshu.com/document/d2f5da439b3c8ef4318947a18e7f9386.html

ANTUNES, Elsa, JACOB, Mohan V., BRODIE, Graham and SCHNEIDER, Philip A. 2018. Isotherms,
kinetics and mechanism analysis of phosphorus recovery from aqueous solution by calcium-rich
biochar produced from biosolids via microwave pyrolysis. Journal of Environmental Chemical
Engineering. [Accessed on May 2020]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S2213343717306504

BHATNAGAR, Amit and SILLANPÄÄ, Mika 2011. A review of emerging adsorbents for nitrate removal
from water. Chemical Engineering Journal. [Accessed on May 2020]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S1385894711001689

Carbofex Oy. Available: http://www.carbofex.fi/biochar

Carbons Finland Oy. Available: https://carbons.fi/en/biochar/

CHENG, Chih-Hsin, LEHMANN, Johannes, THIES, Janice E., BURTON, Sarah D. and ENGELHARD,
Mark H. 2006. Oxidation of black carbon by biotic and abiotic processes. Organic Geochemistry.
[Accessed on April 2020]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S0146638006001665

CHUN, Yuan, SHENG, Guangyao, CHIOU, Cary T. and XING, Baoshan 2004. Compositions and
Sorptive Properties of Crop Residue-derived Chars. Environmental Science and Technology.
[Accessed on August 2020]. Available:
https://www.researchgate.net/publication/8254756_Compositions_and_Sorptive_Properties_of_Crop
_Residue-Derived_Chars

CLARE, Abbie, SHACKLEY, Simon, JOSEPH, Stephen, HAMMOND, James, PAN, Genxing and BLOOM,
Anthony 2015. Competing uses for China’s straw: the economic and carbon abatement potential of
biochar. Global Change Biology Bioenergy. [Accessed on February 2020]. Available:
http://www.warrencc.org.au/wp-content/uploads/2015/12/Clare-et-al.-2014b.pdf

DAI, Yingjie, WANG, Wensi, LU, Lu, YAN, Lilong and YU, Dianyu 2020. Utilization of Biochar for the
Removal of Nitrogen and Phosphorus. Journal of Cleaner Production. [Accessed on March 2020].
Available: https://www-sciencedirect-com.ezproxy.savonia.fi/science/article/pii/S095965262030620X

FENG, Zhengyuan, CHEN, Nan, FENG, Chuanping, FAN, Chuanglei, WANG, Haishuang, DENG, Yang
and GAO, Yu 2019. Roles of functional groups and irons on bromate removal by FeCl3 modified
porous carbon. Applied Surface Science. [Accessed on July 2020]. Available: https://www-
sciencedirect-com.ezproxy.savonia.fi/science/article/pii/S016943321931606X

GAO, Yan, ZHANG, Wen, GAO, Bin, JIA, Wen, MIAO, Aijun, XIAO, Lin and YANG, Liuyan 2018.
Highly efficient removal of nitrogen and phosphorus in an electrolysis-integrated horizontal
subsurface-flow constructed wetland amended with biochar. Water Research. [Accessed on May
2020]. Available: https://www.sciencedirect.com/science/article/abs/pii/S0043135418302914

GHANIM, Bashir, MUENANE, John G., O’DONGHUE, Lisa, COURTNEY, Ronan, PEMBROKE, J. Tony
and O’DWYER, Thomas F. 2020. Removal of vanadium from aqueous solution using a red mud
modified saw dust biochar. Journal of Water Process Engineering. [Accessed on August 2020].
Available: https://www-sciencedirect-com.ezproxy.savonia.fi/science/article/pii/S2214714419316629

HALE, S.E., ALLING, V., MARTINSEN, V., MULDER, J., BREEDVELD, G.D. and CORNELISSEN, G.
2013. The sorption and desorption of phosphate-P, ammonium-N and nitrate-N in cacao shell and
corn cob biochars. Chemosphere. [Accessed on May 2020]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S0045653513000052



30 (36)

HE, Rao, YUAN, Xingzhong, HUANG, Zhongliang, WANG, Hou, JIANG, Longbo, HUANG, Jing, TAN,
Mengjiao and LI, Hui 2019. Activated biochar with iron-loading and its application in removing Cr(Ⅵ)
from aqueous solution. Colloids and Surfaces A: Physicochemical and Engineering Aspects.
[Accessed on July 2020]. Available: https://www-sciencedirect-
com.ezproxy.savonia.fi/science/article/pii/S0927775719306181

HEO, Jiyong, YOON, Yeomin, LEE, Gooyong, KIM, Yejin, HAN, Jonghun and PARK, Chang Min 2019.
Enhanced adsorption of bisphenol A and sulfamethoxazole by a novel magnetic CuZnFe2O4-biochar
composite. Bioresource Technology. [Accessed on October 2020]. Available: https://www-
sciencedirect-com.ezproxy.savonia.fi/science/article/pii/S0960852419302998

Huang, Fei, ZHANG, Si-Ming, WU, Ren-Ren, ZHANG, Lu, WANG, Peng and XIAO, Rong-Bo 2021.
Magnetic biochars have lower adsorption but higher separation effectiveness for Cd2+ from aqueous
solution compared to nonmagnetic biochars. Environmental Pollution. [Accessed on February 2021].
Available: https://www-sciencedirect-
com.ezproxy.savonia.fi/science/article/pii/S0269749121000634#sec1

HOLLISTER, C. Colin, BISOGNI, James J. and LEHMANN, Johannes 2012. Ammonium, Nitrate, and
Phosphate Sorption to and Solute Leaching from Biochars Prepared from Corn Stover (Zea mays L.)
and Oak Wood (Quercus spp.). Journal of Environmental Quality. [Accessed on May 2020]. Available:
https://www.researchgate.net/publication/236836844_Ammonium_Nitrate_and_Phosphate_Sorption
_to_and_Solute_Leaching_from_Biochars_Prepared_from_Corn_Stover_Zea_mays_L_and_Oak_Woo
d_Quercus_spp

International Biochar Initiative [IBI]. [Accessed on September 2020]. Available: https://biochar-
international.org/biochar

ISMADJI, Suryadi, TONG, Dong Shen, SOETAREDJO, Felycia Edi, AYUCITRA, Aning, YU, Wei Hua
and ZHOU, Chun Hui 2016. Bentonite hydrochar composite for removal of ammonium from Koi fish
tank. Applied Clay Science. [Accessed on June 2020]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S0169131715002434

JIANG, Dong, ZHUANG, Dafang, FU, Jinying, HUANG, Yaohuan and WEN, Kege 2012. Bioenergy
potential from crop residues in China: Availability and distribution. Renewable and Sustainable
Energy Reviews. [Accessed on June 2020]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S1364032111006046

JIANG, Jun, YUAN, Min, XU, Renkou and BISH, David L. 2015. Mobilization of phosphate in variable-
charge soils amended with biochars derived from crop straws. Soil and Tillage Research. [Accessed
on June 2020]. Available: https://www.sciencedirect.com/science/article/pii/S0167198714002189

KARA, S., AYDINER, C., DEMIRBAS, E., KOBYA, M., and DIZGE, N. 2007. Modeling the effects of
adsorbent dose and particle size on the adsorption of reactive textile dyes by fly ash. Desalination.
[Accessed on April 2020]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S0011916407002767

KIZITO, Simon, WU, Shubiao, KIRUI, W.Kipkemoi, LEI, Ming, LU, Qimin, BAH, Hamidou and DONG,
Renjie 2015. Evaluation of slow pyrolyzed wood and rice husks biochar for adsorption of ammonium
nitrogen from piggery manure anaerobic digestate slurry. Science of The Total Environment.
[Accessed on July 2020]. Available: https://www-sciencedirect-
com.ezproxy.savonia.fi/science/article/pii/S0048969714014181

LI, Haixiao, LI, Yuxin, XU, Yan and LU, Xueqiang 2019. Biochar phosphorus fertilizer effects on soil
phosphorus availability. Chemosphere. [Accessed on May 2020]. Available: https://www-
sciencedirect-com.ezproxy.savonia.fi/science/article/pii/S0045653519327110

LI, Xiaoping, WANG, Chuanbin, ZHANG, Jianguang, LIU, Juping, LIU, Bin and CHEN, Guanyi 2019.
Preparation and application of magnetic biochar in water treatment: A critical review. Science of The
Total Environment. [Accessed on February 2020]. Available: https://www-sciencedirect-
com.ezproxy.savonia.fi/science/article/pii/S0048969719348399#s0015



31 (36)

LI, Yan, WANG, Zhaowei, XIE, Xiaoyun, ZHU, Junmin, LI, Ruining and QIN, Tingting 2017. Removal
of Norfloxacin from aqueous solution by clay-biochar composite prepared from potato stem and
natural attapulgite. Colloids and Surfaces A: Physicochemical and Engineering Aspects. [Accessed on
June 2020]. Available: https://www.sciencedirect.com/science/article/abs/pii/S0927775716310172

LI, Yanfei, ZIMMERMAN, Andrew R., HE, Feng, CHEN, Jianjun, HAN, Lujia, CHEN, Hao, HU, Xin and
GAO, Bin 2020. Solvent-free synthesis of magnetic biochar and activated carbon through ball-mill
extrusion with Fe3O4 nanoparticles for enhancing adsorption of methylene blue. Science of the Total
Environment. [Accessed on August 2020]. Available: https://www-sciencedirect-
com.ezproxy.savonia.fi/science/article/pii/S0048969720314856

LI, Yang 2019. The adsorption effect of biochar on nitrogen and phosphorus in wastewater.
[Accessed on March 2020]. Available:
https://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&dbname=CJFDLAST2019&filename=LVK
J201916054&uid=WEEvREcwSlJHSldRa1Fhb09pSnNwL2hRRnY4d053YVRNcVdTVHUvbWc2ND0=$9A
4hF_YAuvQ5obgVAqNKPCYcEjKensW4ggI8Fm4gTkoUKaID8j8gFw!!&v=MTI0MDNVUjdxZll1ZHNGeXZ
nVjczQUtUdkFaTEc0SDlqTnFZOUFZSVI4ZVgxTHV4WVM3RGgxVDNxVHJXTTFGckM=

LI, Yunchao, XING, Bo, DING, Yan, HAN, Xinhong and WANG, Shurong 2020. A critical review of the
production and advanced utilization of biochar via selective pyrolysis of lignocellulosic biomass.
Bioresource Technology. [Accessed on September 2020]. Available: https://www-sciencedirect-
com.ezproxy.savonia.fi/science/article/pii/S0960852420308865

LIU, Haiwei, DONG, Yuanhua, WANG, Haiyun and LIU, Yun 2010. Ammonium adsorption from
aqueous solutions by strawberry leaf powder: equilibrium, kinetics and effects of coexisting ions.
Desalination. [Accessed on May 2020]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S0011916410004327

LÜ, Honghong, GONG, Yanyan, TANG, Jingchun, HUANG, Yao and GAO, Kai 2015. Advances in
Preparation and Applications of Biochar and Its Composites. Journal of Agro-Environment Science.
[Accessed on August 2020]. Available:
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFDLAST2015&filename=NHB
H201508001&v=yGe%25mmd2Btz%25mmd2FukjDwBo3L848O8T9IvddcICKBJe8Vd7XKue%25mmd
2FdR5a3JhV8IbR9EYMdxFsK

LU, Xiaojuan, TIAN, Xiaoping and WANG, Lei 2019. Different absorption abilities of biochars from
different raw materials to NH4+-N and PO43--P and their mechanisms. Environmental Protection of
Chemical Industry. [Accessed on May 2020]. Available:
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFDLAST2019&filename=HGH
B201902015&v=aW9FQI%25mmd2FWWRD0u2z738u1gybmlubYg2l9S0%25mmd2BntnWvXhyAbfDo
BYTqHwluIULItZ1v

MA, Chanyuan 2018. Adsorption characteristics and influencing factors of corn stalk biochar on
ammonia nitrogen in pit water in rural Gansu. Environmental Protection and Circular Economy.
[Accessed on June 2020]. Available:
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFDLAST2019&filename=LNC
X201812010&v=N24Pnf%25mmd2BEs5J2QJHYDuOIFgm50kbvrG%25mmd2FvNBd6Ak6t4zXzKp9Baq
%25mmd2BwoswT0vTneStJ

MANDAL, Sanchita, DONNER, Erica, VASILEIADIS, Sotirios, SKINNER, William, SMITH, Euan and
LOMBI, Enzo 2018. The effect of biochar feedstock, pyrolysis temperature, and application rate on
the reduction of ammonia volatilisation from biochar-amended soil. Science of The Total
Environment. [Accessed on June 2020]. Available: https://www-sciencedirect-
com.ezproxy.savonia.fi/science/article/pii/S0048969718303541

MARMIROLI, Marta, BONAS, Urbana, IMPERIALE, Davide, LENCIONI, Giacomo, MUSSI, Francesca,
MARMIROLI, Nelson and MAESTRI, Elena 2018. Structural and Functional Features of Chars from
Different Biomasses as Potential Plant Amendments. Frontiers in Plant Science. [Accessed on March
2020]. Available: https://www.frontiersin.org/articles/10.3389/fpls.2018.01119/full



32 (36)

MOHAN, Dinesh, SARSWAT, Ankur, OK, Yong Sik and PITTMAN JR., Charles U. 2014. Organic and
inorganic contaminants removal from water with biochar, a renewable, low cost and sustainable
adsorbent – A critical review. Bioresource Technology. [Accessed on July 2020]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S096085241400145X

NAEEM, A., WESTERHOFF, P. and MUSTAFA, S. 2007. Vanadium removal by metal (hydr)oxide
adsorbents. Water Research. [Accessed on April 2020]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S004313540700022X#

NGUYEN, Binh Thanh and LEHMANN, Johannes 2009. Black carbon decomposition under varying
water regimes. Organic Geochemistry. [Accessed on May 2020]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S014663800900117X

Noireco Oy. Available: https://noireco.fi/en/articles/biohiilen-mahdollisuudet-suomessa/

PREMARATHNA, K.S.D., RAJAPAKSHA, Anushka Upamali, SARKAR, Binoy, KWON, Eilhann E.,
BHATNAGAR, Amit, OK, Yong Sik and VITHANAGE, Meththika 2019. Biochar-based engineered
composites for sorptive decontamination of water: A review. Chemical Engineering Journal.
[Accessed on June 2020]. Available: https://www-sciencedirect-
com.ezproxy.savonia.fi/science/article/pii/S1385894719308757

ROBERTS, Kelli. G., GLOY, Brent. A., JOSEPH, Stephen, SCOTT, Norman. R. and LEHMANN,
Johannes 2010. Life cycle assessment of biochar systems: estimating the energetic, economic, and
climate change potential. Environmental Science and Technology. [Accessed on April 2020].
Available:
https://www.researchgate.net/publication/40765883_Life_Cycle_Assessment_of_Biochar_Systems_E
stimating_the_Energetic_Economic_and_Climate_Change_Potential

SEARLE, Stephanie Y. and MALINS, Christopher J. 2016. Waste and residue availability for advanced
biofuel production in EU Member States. Biomass and Bioenergy. [Accessed on March 2020].
Available: https://www.sciencedirect.com/science/article/abs/pii/S0961953416300083

SHAABAN, A., SE, Sian-Meng, DIMIN, M.F., JUOI, Jariah M., MOHD HUSIN, Mohd Haizal and MITAN,
Nona Merry M. 2014. Influence of heating temperature and holding time on biochars derived from
rubber wood sawdust via slow pyrolysis. Journal of Analytical and Applied Pyrolysis. [Accessed on
May 2020]. Available: https://www.sciencedirect.com/science/article/abs/pii/S0165237014000230

SHACKLEY, Simon, HAMMOND, Jim, GAUNT, John and IBARROLA, Rodrigo 2011. The feasibility and
costs of biochar deployment in the UK. Carbon Management. [Accessed on April 2020]. Available:
https://www.researchgate.net/publication/237079791_The_feasibility_and_costs_of_biochar_deploy
ment_in_UK

SHANG, Lu 2019. Study on Ammonium and Phosphate Adsorption Properties and Resource Recovery
of Modified Biochar in Aqueous Solution. South China University of Technology. Thesis. [Accessed on
May 2020]. Available:
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CMFD&dbname=CMFD202001&filename=1019
622252.nh&v=leyLnNg%25mmd2F1SV5I70cjle3FGtSEgU%25mmd2FhPLeVwysxxxG%25mmd2B27c
Kmx82ZFrVfR%25mmd2FkOL6mGS1

SUN, Yafei, QI, Shiyue, ZHENG, Fanping, HUANG, Linli, PAN, Jing, JIANG, Yingying, HOU, Wanyuan
and XIAO, Lu 2018. Organics removal, nitrogen removal and N2O emission in subsurface wastewater
infiltration systems amended with/without biochar and sludge. Bioresource Technology. [Accessed
on July 2020]. Available: https://www.sciencedirect.com/science/article/abs/pii/S0960852417317911

United Nations Environmental Programme 2009. Converting Waste Agricultural Biomass into a
Resource. [Accessed on September 2020]. Available:
https://wedocs.unep.org/bitstream/handle/20.500.11822/7614/WasteAgriculturalBiomassEST_Comp
endium.pdf

USMAN, Adel R.A., AHMAD, Mahtab, EL-MAHROUKY, Mohamed, AL-OMRAN, Abdulrasoul, OK, Yong
Sik, SALLAM, Abdelazeem Sh., EL-NAGGAR, Ahmed H. and AL-WABEL, Mohammad I. 2016.



33 (36)

Chemically modified biochar produced from conocarpus waste increases NO3 removal from aqueous
solutions. Environmental Geochemistry and Health volume. [Accessed on July 2020]. Available:
https://link.springer.com/article/10.1007%2Fs10653-015-9736-6

VIKRANT, Kumar, KIM, Ki-Hyun, OK, Yong Sik, TSANG, Daniel C.W., TSANG, Yiu Fai, GIRI, Balendu
Shekhar and SINGH, Ram Sharan 2017. Engineered/designer biochar for the removal of phosphate
in water and wastewater. Science of The Total Environment. [Accessed on July 2020]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S0048969717329042

WANG, Bing, LEHMANN, Johannes, HANLEY, Kelly, HESTRIN, Rachel and ENDERS, Akio 2016.
Ammonium retention by oxidized biochars produced at different pyrolysis temperatures and
residence times. RSC Advances. [Accessed on July 2020]. Available:
http://www.css.cornell.edu/faculty/lehmann/publ/RSCAdv%206,%2041907-
41913,%202016%20Wang.pdf

WANG, Bo, JIANG, Yan-song, LI, Fa-yun and YANG, Deng-yue 2017. Preparation of biochar by
simultaneous carbonization, magnetization and activation for norfloxacin removal in water.
Bioresource Technology. [Accessed on September 2020]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S0960852417302328

WANG, Duo, JIANG, Peikun, ZHANG, Haibo and YUAN, Wenqiao 2020. Biochar production and
applications in agro and forestry systems: A review. Science of The Total Environment. [Accessed on
April 2020]. Available: https://www-sciencedirect-
com.ezproxy.savonia.fi/science/article/pii/S0048969720312870

WANG, Shenwan, ZHENG, Xiaoyan, XIAO, Dao, ZHENG, Lili, YANG, Yang, AI, Binling, ZHONG,
Shuang and SHENG, Zhanwu 2020. Research progress of production, modification and application in
environment remediation of biochar. Chemical Industry and Engineering Progress. [Accessed on
October 2020]. Available:
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFDLAST2020&filename=HGJ
Z2020S2046&v=IHsYDSpq9TMbD83togM4Qv9wC8aoAiLPAwd0bjuZpNmIGOcSEIYZRec7oDtUVRKc

WANG, Shuqi, ZHANG, Han, HUANG, Haiyan, XIAO, Ran, LI, Ronghua and ZHANG, Zengqiang, 2020.
Influence of temperature and residence time on characteristics of biochars derived from agricultural
residues: a comprehensive evaluation. Process Safety and Environmental Protection. [Accessed on
September 2020]. Available: https://www-sciencedirect-
com.ezproxy.savonia.fi/science/article/pii/S0957582019322670

WANG, Siyuan, AI, Shaoying, NZEDIEGWU, Christopher, KWAK, Jin-Hyeob, ISLAM, Md Shahinoor, LI,
Yichun and CHANG, Scott X. 2020. Carboxyl and hydroxyl groups enhance ammonium adsorption
capacity of iron (III) chloride and hydrochloric acid modified biochars. Bioresource Technology.
[Accessed on June 2020]. Available: https://www-sciencedirect-
com.ezproxy.savonia.fi/science/article/pii/S0960852420306623

WANG, Siyuan, SHEN, Jian, LI, Mengjun, NING, Jianfeng, YAO, Jianwu, ZHOU, Kaijun and AI,
Shaoying 2019. Functional and structural characteristics of different modified biochar and its impacts
on ammonium nitrogen adsorption. Ecology and Environmental Sciences. [Accessed on July 2020].
Available:
https://kns.cnki.net/kcms/detail/detail.aspx?filename=TRYJ201905022&dbcode=CJFQ&dbname=CJ
FDTEMP&v=tWMEMcJCEo5ZyhTYscKVtkA%25mmd2FzRbMHChDEni30wo8xOLvRVD1e9FXDU4dSoxA
W7GK

WANG, Zhanghong, GUO, Haiyan, SHEN, Fei, YANG, Gang, ZHANG, Yanzong, ZENG, Yongmei,
WANG, Lilin, XIAO, Hong and DENG, Shihuai 2015. Biochar produced from oak sawdust by
Lanthanum (La)-involved pyrolysis for adsorption of ammonium (NH4+), nitrate (NO3−), and
phosphate (PO43−). Chemosphere. [Accessed on June 2020]. Available: https://www-sciencedirect-
com.ezproxy.savonia.fi/science/article/pii/S0045653514009473

WU, Zhengsong, XU, Fei, YANG, Chun, SU, Xiaoxuan, GUO, Fucheng, XU, Qinyuan, PENG, Guilong,
HE, Qiang and CHEN, Yi 2019. Highly efficient nitrate removal in a heterotrophic denitrification



34 (36)

system amended with redox-active biochar: a molecular and electrochemical mechanism.
Bioresource Technology. [Accessed on September 2020]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S096085241831719X

XIANG, Wei, ZHANG, Xueyang, CHEN, Jianjun, ZOU, Weixin, HE, Feng, HU, Xin, TSANG, Daniel C.W.,
OK, YONG Sik and GAO, Bin 2020. Biochar technology in wastewater treatment: A critical review.
Chemosphere. [Accessed on September 2020]. Available: https://www-sciencedirect-
com.ezproxy.savonia.fi/science/article/pii/S0045653520307323#sec2

XIANG, Wei, ZHANG, Xueyang, CHEN, Kuiqing, FANG, June, HE, Feng, HU, Xin, TSANG, Daniel C.W.,
OK, Yong Sik and GAO, Bin 2020. Enhanced adsorption performance and governing mechanisms of
ball-milled biochar for the removal of volatile organic compounds (VOCs). Chemical Engineering
Journal. [Accessed on August 2020]. Available: https://www-sciencedirect-
com.ezproxy.savonia.fi/science/article/pii/S1385894719332577

XIE, Tao 2015. Characterization of Biochar and its Application in Yellow Water Treatment. Tsinghua
University. PhD. Dissertation. Thesis. [Accessed on August 2020]. Available:
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CDFD&dbname=CDFDLAST2016&filename=10
16712271.nh&v=JULOg9yIjl1qLGk%25mmd2FzT0XElXGFYAQV7p2Afhqpv2RT8MKT%25mmd2BkctTJ
op3ZJT35jy%25mmd2Bqd

XU, Dayong, ZHANG, Miao, YANG, Weiwei, LIU, Tingting, YAO, Qiaofeng and HONG, Yajun 2020.
Preparation of alumina modified sludge biochar coal particles and their adsorption characteristics for
Pb(Ⅱ). Chemical Industry and Engineering Progress. [Accessed on July 2020]. Available:
https://kns.cnki.net/kcms/detail/detail.aspx?filename=HGJZ202003041&dbcode=CJFQ&dbname=CJ
FDTEMP&v=IHsYDSpq9TNO0lXMHkFruWh4Z8DE20WLInwm5wT7noNgVpZEocOJjFbqPZqE%mmd2B
a9F

XU, Defu, CAO, Junmin, LI, Yingxue, HOWARD, Alan and YU, Kewei 2019. Effect of pyrolysis
temperature on characteristics of biochars derived from different feedstocks: A case study on
ammonium adsorption capacity. Waste Management. [Accessed on May 2020]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S0956053X19301205

XU, Kangning, LIN, Fangyu, DOU, Xiaomin, ZHENG, Min, TAN, Wei and WANG, Chengwen 2018.
Recovery of ammonium and phosphate from urine as value-added fertilizer using wood waste
biochar loaded with magnesium oxides. Journal of Cleaner Production. [Accessed on August 2020].
Available: https://www.sciencedirect.com/science/article/abs/pii/S0959652618308771

YADAV, Vineet, KARAK, T., SINGH, Saudan, SINGH, Anil Kumar and KHARE, Puja 2019. Benefits of
biochar over other organic amendments: responses for plant productivity (Pelargonium graveolens
L.) and nitrogen and phosphorus losses. Industrial Crops and Products. [Accessed on September
2020]. Available: https://www.sciencedirect.com/science/article/abs/pii/S0926669019300524

YANG, Haiping, YAN, Rong, CHEN, Hanping, LEE, Dong Ho, ZHENG, Chuguang 2007. Characteristics
of hemicellulose, cellulose and lignin pyrolysis. Fuel. [Accessed on July 2020]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S001623610600490X

YANG, Hye In, LOU, Kangyi, RAJAPAKSHA, Anushka Upamali, OK, Yong Sik, ANYIA, Anthony O. and
CHANG, Scott X. 2017. Adsorption of ammonium in aqueous solutions by pine sawdust and wheat
straw biochars. Environmental Science and Pollution Research. Accessed on July 2020]. Available:
https://link.springer.com/article/10.1007%2Fs11356-017-8551-2

YAO, Ying, GAO, Bin, CHEN, Jianjun, ZHANG, Ming, INYANG, Mandu, LI, Yuncong, ALVA, Ashok and
YANG, Liuyan 2013. Engineered carbon (biochar) prepared by direct pyrolysis of Mg-accumulated
tomato tissues: Characterization and phosphate removal potential. Bioresource Technology.
[Accessed on August 2020]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S0960852413004252

YAO, Ying, GAO, Bin, INYANG, Mandu, ZIMMERMAN, Andrew R., CAO, Xinde, PULLAMMANAPPALLIL,
Pratap and YANG, Liuyan 2011. Biochar derived from anaerobically digested sugar beet tailings:



35 (36)

characterization and phosphate removal potential. Bioresource Technology. [Accessed on May 2020].
Available: https://www.sciencedirect.com/science/article/abs/pii/S0960852411003488

YAO, Ying, GAO, Bin, ZHANG, Ming, INYANG, Mandu and ZIMMERMAN, Andrew R. 2012. Effect of
biochar amendment on sorption and leaching of nitrate, ammonium, and phosphate in a sandy soil.
Chemosphere. [Accessed on August 2020]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S0045653512007709

YAP, M.W., MUBARAK, N.M., SAHU, J.N. and ABDULLAH, E.C., 2017. Microwave induced synthesis
of magnetic biochar from agricultural biomass for removal of lead and cadmium from wastewater.
Journal of Industrial and Engineering Chemistry. [Accessed on August 2020]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S1226086X16303677

YI, Yunqiang, HUANG, Zhexi, LU, Baizhou, XIAN, Jingyi, TSANG, Eric Pokeung, CHENG, Wen, FANG,
Jianzhang and FANG, Zhanqiang 2020. Magnetic biochar for environmental remediation: A review.
Bioresource Technology. [Accessed on October 2020]. Available: https://www-sciencedirect-
com.ezproxy.savonia.fi/science/article/pii/S0960852419316980

YIN, Qianqian, WANG, Ruikun and ZHAO, Zhenghui 2018. Application of Mg-Al-modified biochar for
simultaneous removal of ammonium, nitrate, and phosphate from eutrophic water. Journal of
Cleaner Production. [Accessed on July 2020]. Available: https://www-sciencedirect-
com.ezproxy.savonia.fi/science/article/pii/S0959652617330767

YIN, Qianqian, ZHANG, Bingdong, WANG, Ruikun and ZHAO, Zhenghui 2017. Biochar as an
Adsorbent for Inorganic Nitrogen and Phosphorus Removal from Water: a Review. Environmental
Science and Pollution Research. [Accessed on June 2020]. Available:
https://link.springer.com/article/10.1007/s11356-017-0338-y

ZENG, Zheng, ZHANG, Song-da, LI, Ting-qiang, ZHAO, Feng-liang, HE, Zhen-li, ZHAO, He-ping,
YANG, Xiao-e, WANG, Hai-long et al. 2013. Sorption of Ammonium and Phosphate from Aqueous
Solution by Biochar Derived from Phytoremediation Plants. Journal of Zhejiang University SCIENCE B.
[Accessed on May 2020]. Available:
https://www.researchgate.net/publication/259155586_Sorption_of_ammonium_and_phosphate_fro
m_aqueous_solution_by_biochar_derived_from_phytoremediation_plants

ZHANG, Huichun and HUANG, Ching-Hua 2007. Adsorption and oxidation of fluoroquinolone
antibacterial agents and structurally related amines with goethite. Chemosphere. [Accessed on April
2020]. Available: https://www.sciencedirect.com/science/article/abs/pii/S0045653506011465

ZHANG, Junjie, SHAO, Jingai, JIN, Qianzheng, ZHANG, Xiong, YANG, Haiping, CHEN, Yingquan,
ZHANG, Shihong and CHEN, Hanping 2020. Effect of deashing on activation process and lead
adsorption capacities of sludge-based biochar. Science of the Total Environment. [Accessed on
August 2020]. Available: https://www-sciencedirect-
com.ezproxy.savonia.fi/science/article/pii/S004896972030526X

ZHANG, Ming and GAO, Bin 2013. Removal of arsenic, methylene blue, and phosphate by
biochar/AlOOH nanocomposite. Chemical Engineering Journal. [Accessed on August 2020]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S138589471300555X

ZHANG, Ming, GAO, Bin, YAO, Ying, XUE, Yingwen, INYANG, Mandu 2012. Synthesis of porous MgO-
biochar nanocomposites for removal of phosphate and nitrate from aqueous solutions. Chemical
Engineering Journal. [Accessed on August 2020]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S1385894712011175

ZHANG, Yang, LI, Zifu and MAHMOOD, Ibrahim B. 2014. Recovery of NH4+ by corn cob produced
biochars and its potential application as soil conditioner. Frontiers of Environmental Science &
Engineering. [Accessed on May 2020]. Available: https://link.springer.com/article/10.1007/s11783-
014-0682-9

ZHOU, Dandan, WU, Wenwei and WU, Min 2015. Stability of Biochar and Its Evaluating Methods.
Journal of Chongqing University. [Accessed on June 2020]. Available:



36 (36)

https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFDLAST2015&filename=FIV
E201503016&v=7dGq0sUT9y2zudz4Z3kk%25mmd2Fr%25mmd2FqY299pivJdHvjOqjf2eHCkGNshJhO
rRjuA8awJFup

ZHOU, Lei, XU, Defu, LI, Yingxue, PAN, Qianchen, WANG, Jiajun, XUE, Lihong and HOWARD, Alan
2019. Phosphorus and Nitrogen Adsorption Capacities of Biochars Derived from Feedstocks at
Different Pyrolysis Temperatures. Water. [Accessed on March 2020]. Available:
https://www.mdpi.com/2073-4441/11/8/1559/htm


