
REVIEW

Biochar applications and modern techniques for characterization

Farrukh Raza Amin1,2 • Yan Huang2 • Yanfeng He2 • Ruihong Zhang3 •

Guangqing Liu2 • Chang Chen1,2,4

Received: 19 March 2016 / Accepted: 18 May 2016 / Published online: 22 June 2016

� Springer-Verlag Berlin Heidelberg 2016

Abstract Biochar simply is the material produced when

biomass undergoes any chemical processes under the

conditions of pyrolysis. The variety of biomasses, includ-

ing wood waste, agricultural crop leftover, organic waste,

animal manure, and forestry residues, have been consid-

ered as raw material to produce biochar. Biochar is widely

used for generation of heat and power and an addition to

soils, in which it serves as a fertilizer and carbon seques-

tration agent. Also in the form of being activated, it finds

significant role for various adsorption applications. The

most beneficial use of a given char depends on its physical

and chemical characteristics, even though the relationship

of char properties to these applications is not well defined.

Various widely used modern analytical techniques, which

are applicable and crucial for biochar characterization,

have been reviewed in the present work, such as solid state

nuclear magnetic resonance spectroscopy, Fourier trans-

form infrared spectroscopy, scanning electron microscopy,

transmission electron microscopy, X-rays photoelectron

spectroscopy, X-rays diffraction, thermogravimetric anal-

ysis, near edge X-rays absorption fine structure

spectroscopy, and gas chromatography-mass spectroscopy.

Utilization of these modern techniques provides the quan-

titative as well as qualitative information, i.e., determining

the sizes, shapes, and physicochemical characteristics of

biochar, which is reliable to track changes in the carbon

arrangement over reaction time and temperature, and will

be useful for efficient production of biochar and applica-

tion. It provides the useful information for the researchers

in this area and is beneficial not only for the effective

biochar production, but also for potential utilization/ap-

plication, and not only for environment but also for

agriculture.
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K Potassium

MgEC Magnesium enrich biochar

MPB Manganese oxide-modified pine biochar

N Nitrogen

NEXAFS Near edge X-rays absorption fine structure

spectroscopy

Ni Nickle

NMRS Nuclear magnetic resonance spectroscopy

NO3
- Nitrates

O Oxygen

P Phosphorus

PAHs Poly-aromatic hydrocarbons

Pb Lead

SAXS Small angle X-rays scattering

Sb Antimony

SEM Scanning electron microscopy

TEM Transmission electron microscopy

TGA Thermogravimetric analysis

VM Volatile matter

XPS X-rays photoelectron spectroscopy

XRD X-rays diffraction

Zn Zinc

ZVI Zerovalent iron

Introduction

The biochar is originally found from the ancient Amer-

indian inhabitants in the Amazon region, commonly termed

as Terra Preta de Indio, where dark earth was formed using

char and slash techniques (Lehmann and Joseph 2009).

Biochar is yielded from the pyrolysis of biomass such as

wood and grass, with the limited supply of nitrogen (N) or

oxygen under intense heat conditions (Rutigliano et al.

2014). In recent years, a number of academic papers has

been published, based on the exploitation of biological

carbon assessments, we may get the impression that, in

environmental management, as well as in agriculture, a

new era has begun (Vochozka et al. 2016a). Various raw

materials for biochar production may be subjected to the

pyrolysis process, and as per findings from the literature,

the physicochemical properties of the biochar vary from

one raw material to another. Biochar properties are highly

influenced by the temperature at which pyrolysis occurs.

The extent of carbonization of the raw material increases

with increasing pyrolysis temperature, as indicated by

increased carbon (C) content also decreased hydrogen

(H) and oxygen contents in the resulting biochar. Biochar is

characterized with its lower specific surface area, higher

water-holding capacity, lower pH, more –COOH and

C6H5OH groups, and higher cation exchange capacity

(CEC), when pyrolysis happens at low temperature (Ip-

polito et al. 2012).

The authors classified a diversity of physical and chemical

properties of biochar for production and application, as

predominantly controlled by either feedstock or temperature.

While this preliminary knowledge is critical to guide the

production of designing biochar, it falls short when the

influence of both parameters is significant, as in the case with

most properties of interest (Zhao et al. 2014; Morales et al.

2015). In this review, the factors affecting the biochar pro-

duction such as pyrolysis conditions (retention time, feed-

stock types, temperature, and heat transfer rate), and

consequently its applications for contaminant remediation

are debated in detail. Special prominence is given to the

mechanistic evidence of the interaction of biochar with soil

and water contaminants. Therefore, this review is limited to

apply biochar as a green environmental sorbent for the soil

and water polluted with organic and inorganic pollutants.

Identification of biochar through modern analytical tech-

niques is likely to result in variations in its surface properties

such as surface area, surface charge, functional groups, and

pore volume and distribution.Applicability and performance

of biochar depend upon the type of contaminants (i.e., polar/

non-polar, anionic/cationic, hydrophilic/hydrophobic, and

inorganic/organic), environmental conditions, remediation

goals, and land use purpose in general. Although a lot of

focus is given to the characterization of biochar, but still

practically this has been lacking in some aspects as

researchers might be provided with limited facilities such as

resources and instrumentations. The main objective of

characterization is to differentiate biochar from soil organic

matter and other forms of black carbons yielded from vari-

eties of biomasses. Some of the modern techniques (ssNMR,

FTIR, XRD, XPS, SEM, TEM, TGA-DTG, GC-MS, and

NEXAFS) thatmost effectively differentiate various types of

biochar can also be used to characterize individual biochar

wastes (or collection of fragments) recovered from both soil

and solution systems. The utilization of these methods

depends on specific analysis and the final target to achieve

(Lou et al. 2012). For optimization and proper selection, the

efforts to compare all available modern analytical tech-

niques, therefore, are needed, thereby directing the inter-

pretation of differently obtained data and proposing

appropriate modern techniques for analysis. In the present

work, a set of different modern analytical techniques is

reviewed which resulted as valuable information in a com-

parativeway to determine their analytical characterization of

biochar.

Biochar benefits

The major utilization of biochar is found in four major

areas, where biochar is being used in environmental man-

agement include (1) soil improvement, (2) waste
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management, (3) climate change mitigation, and (4) energy

generation (Ahmad et al. 2014; Zhou et al. 2014a; Turrado

Fernández et al. 2015). Among these four areas, we have

focused on soil improvement in our study. In comparison to

stability, agronomic application of biochars has not been an

absolute value, as it requires to match local soil constraints.

The biochar influence on chemical properties of acidic soil

is steady with their chemical configuration and application

of alkali biochar significantly rises the sorption of phos-

phorus (P) and decreases the obtainability of adsorbed

phosphorus. Biochar’s effects on soil P are related to their

chemical properties and surface properties (Chintala et al.

2013, 2014). Raw materials, which are woody in nature,

show the highest relaxation with range of pH value from 4

to 9 (Enders et al. 2012). The quantity of acidic functional

groups exist on biochar surface is 10 times greater than

others, ultimately their CEC is high (Beesley et al. 2011;

Mukherjee et al. 2011). Recent investigations reveal that

the biochars will have better use to increase soil CEC at

lower temperature or on the other hand biochars will

become alkaline and reduce the yield of biochar (Hossain

et al. 2011).

Biochar, the product of different biomasses can provide

an alternative sources of long-term C storage in soil to

minimize climate variation by an enhancement in the

biogenic C collection, decrease greenhouse gas emissions

(Ubando et al. 2014), restore soil fertility (Novak and

Busscher 2013), amend soil physical properties such as pH,

pore structure, surface area, and mineral matter (Jaafar

et al. 2014), enhance crop yield and productivity (Chintala

et al. 2014; Lashari et al. 2014), and reduce N emission and

leaching (Spokas et al. 2012). Examples of the specific

biochar properties accounted for these benefits are sum-

marized in Table 1.

Biochar production and properties

Biomass pyrolysis

For the sustainable biochar production, biomass assets may

be limited. Such as biomasses attained from agricultural

sources may clue to an increase in erosion and decline in

soil fertility (Cowie et al. 2012). Mainly feedstocks are

divided into two groups: (1) predominantly yielded bio-

mass being energy and biochar source, and (2) biomass

waste as a byproduct. Waste biomass finds wide range of

applications regarding the biochar production due to its

reasonable cost and food security benefits related to other

types of biomass (Ahmad et al. 2014).

Kinetics of biomass pyrolysis process plays a vital role

in research. The three components of the material (lignin,

cellulose, and hemicellulose) are initially optimized

according to the possible mixture design scheme. After

that, the fast pyrolysis of three components and their

mixtures are examined in a TGA to explore the pyrolysis

characteristics of the mixtures and synergistic association

among the three components (Zhang et al. 2016). Using

chemical decomposition of biomass at temperature ranging

from 200 to 900 �C in the existence of minute oxygen,

biochar can be produced and is generally known as

pyrolysis. The rate of pyrolysis process is commonly

associated with the retention time and operating tempera-

ture as shown in Table 2. Fast pyrolysis process with a very

small retention time (\2 s) is mostly applied to yield bio-

oil from biomass giving about 75 % bio-oil. Slow and

moderate pyrolysis processes with a retention time from

the few minutes to many hours or even days are usually

preferred for biochar yield up to 35 % (Ahmad et al. 2014).

Gasification is altered by a common pyrolysis process. It

involves the conversion of biomass into gases which is

known as syngas enriched with H and carbon monoxide

(CO), and this change occurs at the high temperature,

which may be[700 �C with a controlled supply of oxygen

(Mohan et al. 2007).

Physical and chemical properties of biochar

The variations in the physical properties of the biochars are

obvious and can be easily observed with visualization,

particularly when these are in a loose, granular, or pelleted

form. Usually, the fined biochars are melted easily and

rapidly than pelleted. These changes will affect the ability

of biochar mixing into soils, also some significant physical

parameters such as specific surface area surface charge,

particle size distribution, porosity, bulk density and specific

gravity, water-holding capacity, and hydraulic conductivity

(Zimmerman 2010). Uniform mixing of biochar pellets

may be largely difficult than modifying soil with a better

quality biochar. Biochars with high ash content have

smaller life spam in natural soil system because of higher

rates of degradation (Huisman et al. 2012).

Commonly, biochars prepared in the pyrolysis process

showed a variety of chemical properties such as pH mea-

surement, elemental analysis, CEC analysis, and zeta

potential of biochar colloids through different methods

(Nartey and Zhao 2014). As perceived in previous studies,

the fast pyrolysis biochars not only have finer structure due

to rapid change in a fast pyrolysis reactor, but also hold a

higher grade of thermal modification as indicated by its low

H and C ratio than the slow pyrolysis or gasification bio-

chars (Yargicoglu et al. 2015). Rest of the properties, such

as determined pH (Brewer et al. 2014) and surface area

(Cheng and Lehmann 2009), are also in association with

rapid rate of carbonization, steady with observations in

prior biochar characterization studies (Bruun et al. 2011).
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Factors affecting biochar properties

During the pyrolysis process, reaction conditions play a very

important role for the production of biochar. Biochar proper-

ties are influenced by the process parameters such as particle

size, processing time, heating rate, temperature, and many

more. These operating parameters not only affect the quality of

the pyrolysis products but also control its yield (Tripathi et al.

2016). The significant key parameters considered in recently

published studies on biochar production and their properties

are summarized in Table 2. A number of feedstocks as well as

crop residues, wood biomass, animal litter, and solid wastes

have been utilized to produce biochar via slow to fast pyrolysis

processes. The pyrolysis temperature in these studies varied

from 100 to 1000 �C with a processing temperature ranging

from 3 to 20 �C min-1. Biochar yield is strongly feedstock,

pyrolysis, and processing temperature dependent. Usually,

animal litter and solid wastes produce a high yield of biochar

related to that from crop residues and wood biomass (Enders

et al. 2012; Alper et al. 2014).

The huge production is related to the larger inorganic con-

tents of the feedstockmaterials, as specified by their relatively

high ash contents, proposed that various inherent metals in

animal littermay protect against the loss of volatilematerial by

varying the energy required for bond dissociation of organic

and inorganic C bonds. Usually, biomass with high lignin

content results in higher biochar yield (Cantrell et al. 2012).

Operating temperature is the least effective factor in

determining biochar yield. Raising the operating tempera-

ture with a range of 3–20 �C min-1 would slightly

Table 1 Biochar benefits

Biochar components Soil and environmental benefits References

Soil salinity Biochar can improve salt stress effects on plants and to mitigate salinity in

agricultural soils

(Lashari et al. 2014)

Ca, K, Mg, Na, Fe, Mn, Zn

[Total (mg kg-1)]

Micronutrients can increase the soil fertility through biochar addition (Chintala et al. 2013;

Morales et al. 2015)

Yield (%) During the pyrolysis process the production amount of biochar is dependent on yield (Morales et al. 2015)

Carbon (mg g-1) Amount of total C in organic matter benefits the soil (Morales et al. 2015)

pHw (–) Determination and attraction of nutrients and mineral ions directly affect the soil

surface charge due to the pH of the soil solution

(Chintala et al. 2014)

Microbial habitat Soil microbial biomass, activity, and the degree of response appear to be dependent

on nutrient availability increases in soil due to biochar

(Jaafar et al. 2014)

Bulk density (Mg m3) The density of compacted soil reduced using of low-bulk density biochar (Novak and Busscher

2013)

Volatile matter (%) Biochar long life in the soil affects by the VM because residuals volatiles impact on

organic substance sorption by obstructing pores and varying surface chemical

interactions

(Novak and Busscher

2013)

GHG emissions Biochar reduces N2O and CH4 emissions from agriculture sectors, and can be locked

in soil as C storage

(Feng et al. 2012)

P, S [Total (mg kg-1)] Biochar can improve the soil fertility by adding the macronutrients (Spokas et al. 2012)

Nitrogen (mg g-1) Total nitrogen works as macronutrients in the biochar supply. For nitrogen rich soil

amendment, biochar may strongly sorb ammonia

(Dempster et al. 2012;

Razon 2014)

Fixed carbon (%) Non-labile fixed carbon is a property butted to biochar stability (Enders et al. 2012;

Rajkovich et al. 2012)

Specific surface area (N2),

(CO2) (m
2g-1)

SSA of the high nano/micro-pore may increase the sorptive property of organic

compounds to biochars and increase water-holding capacity of soil

(Beesley et al. 2011;

Karhu et al. 2011)

Electric conductivity (EC)

(mS m-1)

EC shows the quantity of salt enclosed in the biochar. Soil structure can stabilize on

high EC

(Hossain et al. 2011)

Ash (%) Sorption ability of biochar for organic/inorganic compounds increases by the increase

of ash percentage

(Cao et al. 2011)

Carbon nitrogen ratio (–) Rate of decomposition of organic matter and release of soil nitrogen is affected by

C:N

(Novak et al. 2009)

Poly-aromatic

hydrocarbons (PAHs)

Biochar improves soil sorption capacity of PAHs, pesticides and herbicides, and

therefore influence toxicity, transport and fate of such contaminants

(Hiller et al. 2008)

Cation exchange capacity

[Av (mmolc kg
-1)]

The soil’s ability to hold and exchange cations can be improved by an increase of

CEC

(Glaser et al. 2002)
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decrease in biochar yield. At the similar temperature, a

prominent increase in aromatic C and the appearance of

condensation reactions are observed by the near edge X-ray

absorption fine structure spectra of the biochars (Keiluweit

et al. 2010). Elemental analysis and their calculated molar

ratios have been widely used in conjunction with Fourier

transform infrared spectroscopy to reveal the pyrolysis

temperature influences on the functional chemistry of

biochars (Lian et al. 2011).

The pyrolysis temperature influences on the morphology

and surface structural changes in biochar (Uchimiya et al.

2011b). Commonly, surface area is found to increase with

high temperature. However, a drop in surface area at

700 �C has also been investigated. A positive correlation

between micro-pore volume and surface area proposes that

the pore size distribution serves to be very important factor

to increase the surface area in biochar. Biochars produced

from animal litter and solid waste feedstocks exhibit lower

surface areas compared to biochars produced from crop

residue and wood biomass, even at higher pyrolysis tem-

peratures. Notably, the biochars produced at 700 �C and a

lower heating rate may possess a lower surface area. This

lowering in surface area may be due to the development of

deformation, cracking, or blockage of micro-pores in bio-

chars (Lian et al. 2011).

However, poultry manure and sewage sludge resulting

biochars do not undergo de-polymerization because of the

absence of lignocellulosic compounds. Generally, no

significant effect of pyrolysis temperature on Nitrogen

contents of biochars derived from various feedstock was

observed. While, it depends on the type of feedstock.

Manure and sewage sludge-based biochars are generally

N enriched, relative to other elements. A little information

is available on sulfur and phosphorus contents of biochar

that can further add complexity to S and P cycles in soil.

In addition, functional groups with oxygen and sulfur

contents enhance ammonia retention on char by forming

ammonium sulfate salts. Therefore, the role of functional

groups in biochar should be addressed for better under-

standing of biochar effects on nutrient cycling in soil

(Petit et al. 2010).

Generalized analytical techniques for biochar
analysis

Clearly, it has been seen that structural analysis of biochar

will influence its flexibility in the environment and its

interactive function with the soil hydrologic cycle and

appropriateness of being a biological role for soil

microorganisms. However, the broad range of biochar

structural characterization caused it challenging to study

methods and appropriate to connect the fundamental

physical properties of density and porosity to environ-

mental benefits.

Since the long period, carbonaceous materials have been

regarded as adsorbents of various contaminants in water

and soil either organic or inorganic in nature (Ahmad et al.

2012; Yang et al. 2013). Biochar has similarities with

activated carbon in many aspects such as mutual produc-

tion during pyrolysis and medium to large surface areas

(Cao et al. 2011). Also, the biochar surrounds a non-car-

bonized fraction that may undergo change with soil

impurities. Specially, the level of oxygen containing car-

boxyl, hydroxyl, and phenolic surface functional groups in

biochar could efficiently hold together the soil contami-

nants (Uchimiya et al. 2011a). The interaction of different

metals with biochars is a complex function of pH such as

(1) the biochar functions vary with pH and (2) the metals

pollutant ion speciation changes with pH that leads to a far

more complex situation than either alone. These sorts of

biochar characteristics revealed the potential of being

highly active adsorbent for most of the impurities in soil

and water as shown in Table 3. As discussed previously,

the biochar properties are mainly affected by temperature,

retention time, and feedstock type, which strongly impacts

biochar sorption properties toward various pollutants/im-

purities. Therefore, the selection of proper biochars yielded

at different operating conditions should be given proper

consideration (Maroušek 2014).

In the present work, the use of elemental analysis,

structural, and functional group properties measurement

techniques are reported to characterize biochar. These all

techniques are used to estimate the relationship between

biochar’s physical properties and its behavior toward the

environment (Brewer et al. 2014). Nowadays a huge vari-

ety of modern techniques have been utilized, including

elemental analysis and molecular indicators. These tech-

niques are solid state nuclear magnetic resonance (ssNMR)

spectroscopy, X-rays diffraction (XRD), near edge X-rays

absorption fine structure spectroscopy (NEXAFS), X-rays

photoelectron spectroscopy (XPS), transmission electron

microscopy (TEM), scanning electron microscopy (SEM),

thermogravimetric and derivative thermogravimetric anal-

ysis (TGA-DTG), Fourier transform infrared spectroscopy

(ATR-FTIR), and gas chromatography–mass spectrometry

(GC–MS) (McBeath et al. 2011; Charon et al. 2014). In the

following section, all analytical techniques widely applied

for determining biochar characterization are discussed in

detail.

Solid state nuclear magnetic resonance (ssNMR)

spectroscopy

Solid state 13C NMR spectroscopy is used to estimate the

carbon chemistry of biochars generated from different
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Table 3 Summary of various biochar sorbents and techniques

Biochar

sorbents

Target

substances

Analytical techniques Matrix Peak

temp.

(�C)

References

ssNMR FTIR SEM XRD TGA-

DTG

TEM NEXAFS XPS GC–

MS

Woody feedstock

biochar (Pine,

grass species,

and citrus)

As and Pb 4 Soil 400 (Wang et al.

2015a)

Soybean stover-

derived biochar

Sb 4 Water 500 (Vithanage

et al. 2015)

Wheat straw

biochar

PAHs 4 Water 400 (Chen et al.

2015)

Iron-impregnated

biochar

(hickory)

As 4 4 4 4 4 Water 600 (Hu et al.

2015)

MPB and BPB As and Pb 4 4 4 Water 600 (Wang et al.

2014)

Magnetic biochar

(natural

hematite,

pinewood)

Pb 4 4 4 4 Water 600 (Wang et al.

2015b)

Biochar (chestnut,

pinewood,

fescue)

C 4 4 Soil 350–600 (McBeath et al.

2014;

Wiedemeier

et al. 2015)

Magnetic and

nonmagnetic

energy cane

biochar

Pb 4 4 4 4 Water 450/fast

pyrolysis

(Mohan et al.

2015)

ZVI biochar As, Pb, Ag

and Cr6?
4 4 4 Water 600 (Zhou et al.

2014a; Zhou

et al. 2014b)

Sugarcane

bagasse, hickory

wood biochar

CO2 4 4 Soil 300 450

600

(Creamer et al.

2014)

Clay biochar

carbon

composite

Pb 4 4 4 Water 600 (Yao et al.

2014)

Sugarcane bagasse

biochar

Pb 4 Water 250–600 (Ding et al.

2014)

Magnetic oak

wood and bark

biochar

Pb, Cd 4 4 4 4 4 Water 450 (Mohan et al.

2014a)

MgEC P 4 4 4 Water 600 (Yao et al.

2013)

Biochar/MgAl-

LDH

(composite)

P 4 4 4 Water 600 (Zhang et al.

2013b)

Biochar/c-Fe2O3

(composite)

As 4 4 4 4 Water 600 (Zhang et al.

2013a)

Biochar/AlOOH

nanocomposite

As 4 4 4 Water 600 (Zhang and

Gao 2013)

Sewage sludge

biochar

As, Cd, Cr,

Co, Cu, Ni,

Pb, Zn and

PAHs

4 4 Soil 500–550 (Khan et al.

2013; Khan

et al. 2014)

Soil amended

PAHs biochar

(reference

biochar)

PAHs 4 Soil 300 (Fabbri et al.

2013)

DAWC and

DWSBC

K, Pb, Cu, Ni

and P

4 4 4 Water 600 (Inyang et al.

2012)
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feedstocks at operating temperatures with a range of

350–600 �C. Solid state 13C magic angle spinning (MAS)

NMR spectra are obtained at a frequency off 100.6 MHz

on a Varian Unity INOVA 400 NMR spectrometer. Carbon

ssNMR spectra are attained by utilizing cross polarization

(CP) as well as direct polarization (DP) techniques. There

are some differences between corresponding CP and DP

spectra. The broad alkyl signals at 15 and 35 ppm as well

as carbohydrate signals in the range of 55–110 ppm, tend

to be larger in the CP spectra. This indicates that carbo-

hydrate and alkyl C are detected with greater efficiency

than aromatic C by CP (McBeath et al. 2011). The

observability of C (Cobs) in the biochar for the DP spectra

(Cobs–DP[ 49 %) is higher than for the CP spectra (Cobs–

CP\ 61 %). This can be partly attributed to the low 1H

content of the condensed aromatic units that form the bulk

of char’s molecular structure (McBeath et al. 2014). Fer-

romagnetic and paramagnetic, mainly iron minerals, can

also affect NMR observability of charred materials. The

iron contents are higher for the biochars produced from

bamboo and food feedstocks, and this likely to have con-

tributed to the very low CP for the bamboo and food at

600 �C biochars (Freitas et al. 2002).

The quantification of aromaticity from the 13C NMR

spectra of the different biochars is compromised by two

main factors: (a) the presence of large spinning sidebands

(*SSBs) that overlap with non-aromatic signal and (b) the

low CP observability for all of the biochars and the low DP

observability for a minority of the biochars as shown in

Fig. 1. Aromaticity in biochar is generally easier to assess

than the degree of aromatic condensation. In particular, the

determination of elemental composition (O–Cindex,

H–Cindex), the spectroscopic assessment of functional

groups (MIRindex, NEXAFS-aromaindex, NMR-aromaindex),

the measurement of aromatic molecular markers

(BPCAindex, PAHindex), and measuring the structural den-

sity (Pycnoindex) can yield insight into the proportion of

aromatic C in biochars (Wiedemeier et al. 2015).

However, there are glaring differences among these

measures for biochars obtained at the similar temperature

but subjecting dissimilar feedstocks. In this review, the

study of different feedstocks (chestnut, pinewood, and

fescue) shows that composition bears a dominant role in

the chemical composition of the biochar, and this is also

considered reasonably while evaluating the performance of

biochar as a soil betterment and a C sink (Tables 2, 3).

ssNMR spectra study of C demonstrates the influence of

feedstock composition and yield temperature on the com-

position of aromatic portions in biochars, which further

may be similar to be linked to their recalcitrance and

ultimately their carbon sequestration value (McBeath et al.

2014; Wiedemeier et al. 2015).

Fourier transform infrared spectroscopy (ATR-

FTIR)

FTIR is used for structural analysis and characterization of

functional groups present on biochar surfaces. Structural

analysis is performed using FTIR with a Bruker Vertex 70

spectrometer (Bruker Optics, Billerica, MA). This instru-

ment is fitted with a MITacle attenuated total reflectance

(ATR) accessory and with a diamond crystal plate. The

spectra are obtained at 8 cm-1 resolution from 650 to

4500 cm-1 using a combined 128 scans (Cantrell et al.

Table 3 continued

Biochar sorbents Target

substances

Analytical techniques Matrix Peak

temp.

(�C)

References

ssNMR FTIR SEM XRD TGA-

DTG

TEM NEXAFS XPS GC–

MS

MgO-Biochar

nanocomposite

P, Nitrates 4 4 4 4 Soil 600 (Zhang et al.

2012a)

Turkey litter

biochar

K, As, Pb, C,

P and Ag

4 Soil 350–700 (Cantrell et al.

2012)

Chicken manure

and green waste

biochar

Cd, Cu, Pb

and Zn

4 4 Soil 550 (Park et al.

2011)

Cottonseed hulls

biochar

Ni, Cu, Cd

and Pb

4 4 4 4 Soil 200–800 (Uchimiya

et al. 2011a)

DSTC P 4 4 Water 600 (Yao et al.

2011a; Yao

et al. 2011b)

Black carbon C, H, N 4 Soil 700/slow

pyrolysis

(Heymann

et al. 2011)

MPB manganese oxide-modified pine biochar, BPB birnessite-modified pine biochar, ZVI zerovalent iron, MgEC magnesium enriches biochar,

DAWC digested dairy waste biochar, DWSBC digested whole sugar beet biochar, DSTC digested sugar beet tailing biochar
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2012). All feedstocks and biochar samples are investigated

before pretreatment. The FTIR spectral peak tasks are

understood based on characteristic vibrations for those pro-

duced fromwood and grass feedstock (Keiluweit et al. 2010),

dairy manure (Cao and Harris 2010), bio-oil yielded during

pyrolysis of manures occurring at higher rates (Xiu et al.

2010), natural organicmatter (Wen et al. 2007), and bacterial

surfaces (Jiang et al. 2004). The FTIR spectra are existing in

supplementary matter for manure feedstocks and biochars

generated at 350 and 700 �C such as soybean stover-derived

biochar, iron-impregnated biochar (hickory), magnetic and

nonmagnetic energy cane biochar, sugarcane bagasse and

hickory wood biochar, sugarcane bagasse biochar, magnetic

oak wood and bark biochar, biochar/MgAl-LDH (compos-

ites), DAWC and DWSBC, turkey litter biochar, and cot-

tonseed hulls biochar (Table 3).

FTIR also describes the stretching of C–H bands that are

associated with aliphatic functional groups. The presence

of hydrocarbons is confirmed through FTIR for the better

understanding of biochar structural properties. For the

feedstocks, the broad band near 3300 cm-1 is attributed to

the stretching vibration of H-bonded hydroxyl groups (Foo

et al. 2012). The symmetric (2885 cm-1) and asymmetric

(2935 cm-1) C–H (2870 cm-1) stretching bands are linked

with aliphatic functional groups. The C=O stretching for

carboxyl, aldehyde, ester, and ketone are identified in the

band width 1740–1700 cm-1. In addition to C=O stretch-

ing, vibrations bands for amides are noted at

1645–1653 cm-1 (Das et al. 2009). Absorption band of

amide in this region likely results from carbonyl stretching

vibration in the peptide bond, rather than the C–H

stretching and N–H bending that appear at lower wave

number (Jiang et al. 2004).

The FTIR analysis confirms the high quantity of N, O,

and H, alkane, and cyclic alkene having functional groups

on biochar surfaces, in addition with a strong peak that

could denote sulfur, amine, or ester groups. Infrared

spectroscopy is a promising technology that is used for

different N functional groups in organic matter, in addition

to being instantaneous and non-destructive. IR spec-

troscopy has been used to determine the relative amounts

of protein, lignin, and carbohydrates in animal feeds. Mid-

IR spectroscopy has been used to develop calibrations for

N, C, and fiber contents in manure, for that, manure is

scanned in the mid-infrared from 2500 to 25,000 nm

(4000–400 cm-1) on a DigiLab FTS 7000 FTIR spec-

trometer, using KBr as background reference (Calderón

et al. 2006). This information reveals that the presence of

nitrogen, oxygen, and iron-hydroxides groups/particles on

the carbon surface tends to enhance the CO2, lead (Pb),

(low temperature 200–400 �C), antimony (Sb), cadmium

(Cd), P, potassium (K), copper (Cu), nickel (Ni), C, silver

(Ag), and arsenic (As) adsorption capacity in activated

carbon (Fig. 2, 3). FTIR analyzes physicochemical varia-

tions and similarities. Recovery of biochar mass is corre-

lated to the feedstock and C/N elemental properties.

Percentage of nonvolatile minerals like P and K may prove

to be beneficial for utilization of manure-based biochar as

an alternative fertilizer (Cantrell et al. 2012).

Scanning electron microscopy (SEM)

SEM is mostly used for characterizing biochar and

effective for detecting biochar macro-pores. However,

microscopy and computerized tomography (CT) go

through difficulties such as choosing representative

samples and viewing orientations, development of image

analysis protocols to quantify porosity, and definition of

edges between solid and pore (Illingworth et al. 2013).

Fig. 1 Solid state 13C CP and DP NMR spectra of biochars produced

from wood feedstocks at production temperatures between 350 and

550 �C. Asterisks mark the position of spinning sidebands (SSBs)

associated with the aromatic peak at 130 ppm. Note that the high-field

SSB (ca. 65 ppm) may overlap with O-alkyl signal at the same

chemical shift (McBeath et al. 2014), with permission from Elsevier
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SEM is used to study the ultimate composition and

surface morphology of biochars (composites) before and

after sorption, such as iron-impregnated biochar (hick-

ory), MPB and BPB, magnetic biochar (natural hematite,

pinewood), magnetic and nonmagnetic energy cane bio-

char, ZVI biochar, clay biochar carbon composite, mag-

netic oak wood and bark biochar, MgEC, Biochar/MgAl-

LDH (composites), biochar/c-Fe2O3 (composite), biochar/

AlOOH nanocomposite, sewage sludge biochar, DAWC

and DWSBC, MgO-biochar nanocomposite, chicken

manure and green waste biochar, cottonseed hulls bio-

char, and DSTC for the removal of metals/non-metals,

micro- and macronutrients and PAHs from soil and

aqueous solution (Table 3). SEM images give the data of

surface morphology, which is a significant factor in

adsorbent–adsorbate connections. These elaborate that

porous surfaces exist with a disorganized structural shape

that still contains much of the wood cells original mor-

phology. SEM has confirmed that residual wood cell and

wood porosity morphologies remain significant features

of the final biochar preparation (Mohan et al. 2015). The

short residence time partially destroys the original wood

cell morphology. The surface morphologies of the

nanocomposites are non-smooth with some porosity due

to the inherent nature of biochar (Zhang et al. 2012a).

SEM has detected the soil black carbon occurrence as

well as defined and amorphous particles. Lignocellulose

biomass is converted from amorphous C structures to

poly-aromatic graphene sheets with rising temperature,

while low temperature BC is likely to be a complex

combination of these two main C forms (Nguyen et al.

2010).

Transmission electron microscopy (TEM)

The TEM is exceptional for its quality to give data about

size, morphology, composition, crystallinity, and electronic

state of a sample, all with very high spatial resolution.

Because a thin specimen is mandatory, specific sample

preparation techniques such as ultra-microtomy, ion mil-

ling, or electro-polishing are sometimes needed. Tiny

particles, fines, and colloidal suspensions are also dispersed

on TEM grids oftenly. Seven biochar sorbents have been

observed [magnetic and nonmagnetic energy cane biochar,

magnetic oak wood and bark biochar, biochar/c-Fe2O3

(composite), biochar/AlOOH nanocomposite, MgO-Bio-

char nanocomposite, chicken manure and green waste

biochar, and cottonseed hulls biochar] in this study

(Table 3). To determine the surface microscopic identifi-

cation of different biochar for the remediation of inorganic/

organic substances (Pb, Cd, As, P, Nitrates, Cu, Zn, and Ni)

with a 200-kV accelerating voltage TEM model JEOL

2100F (Japan) (Zhang et al. 2012b; Mohan et al. 2014b).

This method could lead to improve a variety of adsorptive

remediation processes.

X-rays photoelectron and Raman spectroscopy

XPS also referred as Electron spectroscopy for chemical

analysis (ESCA) and it has been used in surface analysis

because it can be applied to a higher range of materials and

delivers valuable quantitative and chemical state informa-

tion (Wu et al. 2012). XPS is typically proficient by

Fig. 2 Schematic sorption mechanism of metals ions on biochars

Fig. 3 FTIR spectra (4000–500 cm-1) of energy cane biochar

(ECBC) before and after lead adsorption. Energy cane biochar shows

different oxygen containing surface groups (C=O, C–O, –OH), some

olefins (–CH2, –CH3), and aromatic rings (Mohan et al. 2015), with

permission from Elsevier
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preparing the sample’s surface to their excited state with

mono-energetic Al ka X-rays causing photoelectrons

which are released from the surface of the sample and an

electron energy analyzer is used to compute the photo-

electrons’ energy released. Composition and speciation of

surface elements of biochar samples are examined using

XPS with a PHI 5100 series ESCA spectrometer (Perkin

Elmer). The spectra of biochar and light fractions of the

control and biochar amended soils shows two distinct peaks

at &285.1 and 288.5 eV, which are attributed to the C

1s - p*C=C transitions of aromatic C and C 1s - p*C=O
transitions of carboxylic C, carboxyamide C, and carbonyl

C. The proportion of aromatic C is higher in the light

fraction of the (biochar produced at 550 �C) amended soils

than in the corresponding (biochar produced at 450 �C)
amended soils. XPS is the best tool for the analysis of the

significant change in the proportion of aromatic C of fresh

and aged biochar (Singh et al. 2014).

Furthermore, the increased carbon defect population

perceived by XPS gives an additional support to the Raman

findings (Li et al. 2011). Raman spectroscopy is very

valuable tool for the characterization of carbon-based

nanostructures. The Raman spectra of pristine and treated

multi-walled nanotubes is excited with the range of

514.5 nm laser line. It consists of three characteristic

bands, namely the D band at approximately 1338 cm-1,

which shows the presence of amorphous carbon in the

samples, the G band which originates from tangible

stretching of the carbon–carbon bonds in graphene sheet

and the D band which is a weak part of the G band (Dat-

syuk et al. 2008). In this review, four biochar materials

have been derived from the different feedstocks, such as

iron-impregnated biochar (hickory), MPB and BPB, mag-

netic biochar (natural hematite, pinewood), and biochar/c-
Fe2O3 (composite) as shown in Table 3. The effect of

initial Pb ion concentration and the adsorption isotherms is

also examined to compare the adsorption characteristics

and mechanism of Pb ion on the different mesoporous

biochars and after modification (Li et al. 2016). The

mechanism of Pb and As sorption on the iron-impregnated

biochar are further discovered using a characterization tool

XPS (Fig. 4), to set a modest and easy way to activate

method for cost-efficient sorbents yield and removal abil-

ity, and determine the sorption mechanism of metals by

surface analysis. For the further examination of metal

sorption mechanism of the different metal-impregnated

biochars, binding energy shifts for carbon, iron, oxygen,

and metals can be observed using XPS (Hu et al. 2015).

X-rays diffractometer (XRD)

XRD examines crystalline material structure and size. For

that a computer controlled X-rays diffractometer, equipped

with a stepping motor, a graphite crystal monochromator

and a CuKa radiation source are used. XRD analysis pro-

vides, analysis of solids, powders and liquids reflection and

small angle X-rays scattering (SAXS). The XRD patterns

of magnetic oak bark and wood biochars are obtained on a

powder XRD system from the PANalytical model X’Pert

PRO using Cu Ka (k = 1.54 Å) radiation at 45 kV and

40 mA (Jia et al. 2007). As grain size decreases, hardness

would be increases and peaks become broader. The particle

size of MgO and Mg(OH)2 within the biochar matrix and

width of the XRD peaks are calculated using the Debye-

Scherre equation which is designed in 1918 for determi-

nation of the mean size of singal-crystal nanoparticles or

crystallite in nanocrystalline bulk materials in the form as

(Holzwarth and Gibson 2011).

i ¼ Kk
b cos h

; ð1Þ

where K is the shape factor with a value of about 0.9, k is

the X-ray wavelength, b is the line broadening at half the

maximum intensity (FWHM) in radians, and h is the Bragg

angle; l is the mean size of the ordered (crystalline)

domain. Using the X-ray diffraction techniques and

Bragg’s law to derive the structure of crystals and show the

exact position of atoms (converts angle to distance).

gk ¼ 2d � sin h; ð2Þ

where g is an integer determined by the order given, k is

the wavelength of X-rays, d is the spacing between the

planes in the atomic lattice, and h is the angle between the

incident ray and scattering planes (Yao et al. 2013).

The sorption mechanism of As, Pb, Ag, Cr6?, Cd, P, Co,

Cu, Ni, Zn, PAHs, K, and NO3
- on the fifteen biochars

[iron-impregnated biochar (hickory), MPB and BPB,

magnetic biochar (natural hematite, pinewood), magnetic

and nonmagnetic energy cane biochar, ZVI biochar, clay

biochar carbon composite, magnetic oak wood and bark

biochar, MgEC, biochar/MgAl-LDH (Composites), bio-

char/c-Fe2O3 (composite), biochar/AlOOH nanocomposite,

sewage sludge biochar, DAWC and DWSBC, MgO-bio-

char nanocomposite, and DSTC] as shown in Fig. 2, has

been further explored using a characterization tool XRD to

develop a way for preparation of cost-effective sorbents

that estimates the removal ability of different inorganic/

organic substances (Table 3).

Some unknown peaks emerged in the XRD pattern,

signifying the existence of a small amount of other min-

erals, which are commonly detected for biochars formed

from agriculture and forest residues at high pyrolytic

temperatures (Inyang et al. 2012). With the increase of

reaction time, noticeable changes in the relative intensities

of the XRD peaks are observed and the diffraction peak

becomes stronger and stronger. The strong and sharp XRD
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peaks suggest the as-prepared fractal nanocrystals are well

crystallized. Such variations may be due to the diameter of

the produced particles is getting larger with the increase of

time (Zhang and Gao 2013). XRD is very helpful for the

preparation of fast, easy, and non-destructive sample of

biochar, with the high accuracy for d-spacing calculations

and single crystal, poly and amorphous materials (Fig. 5).

Thermogravimetric and derivative

thermogravimetric analysis (TGA-DTG)

TGA in actual sense is applicable for thermal analysis in

which changes in physical and chemical properties of

materials are measured as a function of increasing tem-

perature. Temperature can be responsible for data about

physical changes, such as phase transitions (Yao et al.

2014). TGA was carried out at a heating rate of 10 �C/
min using a Mettler’s TGA/DSC thermogravimetric ana-

lyzer under a stream of air at 25–700 �C to study the

thermal stability of biochar. Adsorption kinetics of CO2 is

determined using a TGA instrument at flow rate of 50 ml/

min. It is found that the existence of N2 functionalities on

C surface generally enhanced the CO2 adsorption capac-

ity. It is important to reference that the elemental analysis

here only analyzes the N2, C, S, and H2 content of car-

bon. The O2 content is assessed by difference assuming

that only five elements C, H, N, S, and O could be

gasified from carbon samples. Proximate analysis is car-

ried out with the aid of TGA to determine the amount of

ash and volatile matter (Shafeeyan et al. 2011). The

pyrolysis characteristics are described via TG and

derivative thermogravimetric (DTG) curve of raw bio-

mass under anaerobic conditions. The variations in ele-

mental composition and the decomposition process of raw

biomass in TG-DTG, specifying that increasing pyrolytic

temperature produces biochar with decreases in surface

acidity, polarity, and the increase in the aromaticity

(Fig. 6; Kim et al. 2013).

Fig. 4 XPS analysis of pristine biochar and the pre- and post-sorption

Fe-impregnated biochar, binding energy shift for carbon, oxygen,

iron, and arsenic are examined. Seven prominent Fe peaks corre-

sponding to Fe3p, Fe3s, Fe2p1, Fe2p3, Fe LMM, Fe LMM1, and Fe

LMM2 and As peaks corresponding to As3p, As3s, As2p1, As2p3, As

LMM, and As LMM1 are found in the surface of Fe-impregnated

biochar both before and after As interaction (Hu et al. 2015), with

permission from Elsevier
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Total ten sorbents [woody feedstock biochar (pine, grass

species, and citrus), iron-impregnated biochar (hickory),

magnetic biochar (natural hematite, pinewood), ZVI bio-

char, sugarcane bagasse and hickory wood biochar, clay

biochar carbon composite (slow pyrolysis), magnetic oak

wood and bark biochar, MgEC, MgO biochar nanocom-

posite, and cottonseed hulls biochar] have been studied for

the better understanding of adsorption kinetics of various

substances, such as As, Pb, Ag, Cr6?, CO2, P, Ni, Cu, and

Cd as shown in Fig. 2. The water-holding capacity of the

biochar is further evaluated with TG analyses of the water-

saturated biochars (Wang et al. 2015b). Through the vari-

ous information that obtained from TG analysis, tells the

story of stability of different samples of biochar. These

results further confirm the association of the metal particles

with biochar surfaces as shown in Table 3.

Near edge X-ray absorption fine structure

spectroscopy (NEXAFS)

In soil biogeochemistry, black carbon has a significant role.

Its complexity, mainly within environmental matrices,

presents a challenge for researchers, primarily as a result of

techniques which may favor the detection of certain func-

tional group types instead of capturing total sample carbon.

To utilize C 1s-NEXAFS to characterize the C chemistry

and functional groups of a broad range of black carbon

(BC) and feedstocks (chestnut, pinewood, and fescue)

materials. Characteristic resonance in the NEXAFS spectra

showed direct molecular speciation of the total carbon

chemistry of the potentially interfering and reference

materials and environmental matrices that are obtained

from an earlier BC and different feedstock trial. NEXAFS

shows high aromaticity values at low temperature range for

unaltered feedstocks and showing decreasing aromaticity

with increasing temperature. BC reference materials and

soils were categorized by an aromatic C region containing

around 40 % of total absorption intensity; however, some

limitations of the technique were addressed (Wiedemeier

et al. 2015).

Analytical technique for PAHs analysis

GC–MS analyses have been accomplished by utilization of

7890A gas chromatograph which is in connection to a

5975C mass spectrometer (Agilent, Santa Clara, CA,

USA). Capillary column HP- 5MS (length: 30 m; inner

diameter: 0.25 mm; thickness: 0.25 lm) is applied (Hew-

lett–Packard, Wilmington, DE, USA). The temperature

gradient at operating situations of the GC–MS is 50 �C
isotherm for 1 min, 20 �C min-1 to 200 �C, 5 �C min-1 to

310 �C, and isotherm for 10 min. The MS is run in the

electron ionization mode (70 eV), and acquisition is done

using single-ion monitoring at the molecular ion of each

PAHs at the time windows analogous to their retention

times. In this review, two feedstocks have been considered,

(1) wheat straw biochar produced at slow pyrolysis (2) and

soil amended PAHs biochar produced by combining

homogenized biochar with a biological compound fertilizer

at a 50 % (w/w) ratio to develop a non-toxic/non-haz-

ardous solvent mixture (1:1 acetone:cyclohexane) instead

of toxic/hazardous solvents (e.g., dichloromethane,

toluene), for GS-MS analysis as shown in Table 3. This

study delivered a novel and proficient method for extrac-

tion of PAHs from slow pyrolysis produced biochar and

char-based fertilizers (Chen et al. 2015). Furthermore, this

technique provides acceptable PAHs recovery when

introduced to a wide range of biochar samples attained at

different pyrolysis conditions, using different biomass

materials, signifying, this analytical practice could be used

effectively on different biochars.

This review summarizes and evaluates biochar identifi-

cation methods, corresponding mechanisms, and their ben-

efits for contaminant management in soil and water.

Identification of biochar through modern analytical tech-

niques is likely to result in variations in its surface properties

including surface area, surface charge, functional groups,

and pore volume and distribution. Applicability and perfor-

mance of modify methods depend upon the type of con-

taminants (i.e., polar/non-polar, anionic/cationic,

Fig. 5 XRD spectra of (a) nonmagnetic energy cane biochar (ECBE)

and (b) magnetic energy cane biochar (MECBC). Magnetic biochar

gave multiple peaks in the 20�–90� 2h range, confirming crystalline

regions due to various Fe2O3 species. Peak at 27.02� exhibits

Lepidocrocite’s FeOOH, i.e., formed by the oxidation of Fe(III), and

peak at 46.73� is also due to FeOOH, while the peak at 38.26� is

owning to the presence of c-Fe2O3 (Mohan et al. 2015), with

permission from Elsevier
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hydrophilic/hydrophobic, and inorganic/organic), environ-

mental conditions, remediation goals, and land use purpose

in general. The conclusive remarks for this section are that all

discussed techniques are standard for biochar characteriza-

tion. Some of them are used to observe the morphological-

related parameters such as XRD, TEM, and SEM, whereas

some focus on chemical composition of biochar such asXPS,

ATR-FTIR, ssNMR, and GC–MS. Among these techniques

XPS, FTIR, SEM, and TEM are more common and relied

techniques. Although it is determined that regardless the

production cost is significantly reduced in the meantime due

to the improvements in technology, the cost of biochar

remains high due to lack of production and high demand.

Conclusion and recommendations

In this study, all analytical techniques are discussed com-

prehensively which may be applicable for better under-

standing of structural, physical, and chemical properties of

biochar. The mechanism of biochar function in soil, which

appears to be sensitive to conditions prevailing during its

formation, are also affected by the material from which it is

produced. Biochar potentially impacts on soil health and

functions and interacts with many soil properties, because

of the wide range of effects from biochar addition to soil.

To control biomass and product (biochar) quality, a stan-

dard set of analytical methods and procedures are neces-

sary. ssNMR, ATR-FTIR, SEM, TEM, XPS, XRD, TGA-

DTG, NEXAFS, and GC–MS analyses proposed that car-

bon on surface of the biochar played an important role in

sorption of targeted substances. The sorption process was

controlled through the chemisorption mechanism for

enhancing the soil fertility, storing carbon, and cation

exchange ability which play useful environmental func-

tions. All techniques did a good job of measuring increased

capacity, surface area, and activity for the different bio-

chars. Previously none of the researchers has imparted

coverage to all of the above techniques simultaneously.

Present study consists of unanimous discussion of all these

techniques, which will make it easy and helpful for the

research in future. Therefore, all the discussed techniques

Fig. 6 Thermogravimetric curves of biochars derived from pinewood (a), citrus wood (b), alfalfa (c), and switchgrass (d) (Wang et al. 2015b),

with permission from Elsevier
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are found to have a greater significance as being helpful in

accurate characterization of biochar, which in turn is not

given ignorance during its utilization/application, that is

beneficial not only for environment but also for agriculture.
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