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A B S T R A C T

This paper describes a two-stage biochar activation process for CO2 capture, which includes acoustic treatment

and amination. Contrarily to traditional carbon activation at temperatures above 700 °C, both stages of the

current process are conducted at or near room temperature. It is known that CO2 can be fixed on the edge

carbons of polycyclic aromatics hydrocarbons (PAHs) through thermal and reductive photo-carboxylation. Our

previous work on biochar suggested that carbon of CO2 could be chemically fixed on biochar through acoustic or

photochemical treatment of biochar in water/CO2 systems under ambient conditions. Separately, the graphene

oxide (GO) literature reveals that carboxylic acids, epoxy and hydroxyl groups on biochar surface often serve as

the active sites for converting GO to a new family of chemicals; amines are commonly grafted on these groups in

the functionalization. Biochar has graphite and graphitic oxide clusters that consist of the oxygen functional

groups mentioned above. These oxygen functionalities can be utilized for CO2 adsorption when functionalized

with amine. Thus, the present study focuses on maximizing the CO2 capture capacity by manipulating the

physicochemical structure of a pinewood-derived biochar. In this two-stage process, 30 s sonication at ambient

temperature was applied to physically activate biochar prior to functionalization. Low-frequency ultrasound

irradiation exfoliates and breaks apart the irregular graphitic layers of biochar, and creates new/opens the

blocked microspores, thus enhancing the biochar’s porosity and permeability that are the keys in functionali-

zation and subsequent CO2 capture. The sono-modified biochar was then functionalized with
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tetraethylenepentamine (TEPA) in the presence of two activating agents. The changes in surface characteristics,

functional groups, graphene-like structure, and functionalization using activating agents were examined in detail

and the capacity of the final products in CO2 removal was tested. The experimental results revealed that CO2

capture capacity, from a flow containing 10 and 15 vol% CO2, was almost 7 and 9 times higher, respectively, for

ultrasound-treated amine-activated biochar, compared to raw biochar. The optimum capacity was 2.79 mmol/g

at 70 °C and 0.15 atm CO2 partial pressure. Cyclic adsorption and desorption tests revealed that the CO2 capture

capacity decreased 44% after 15 cycles.

1. Introduction

The boon of rapid industrialization has elevated standards of living

but at the expense of environmental deterioration. During the span of a

century, there has been an unprecedented increase in the level of

greenhouse gases such as CO2, CH4, N2O, etc., among which CO2 plays a

critical role in climate change and global warming. Increased anthro-

pogenic activities such as flue gas emission from fossil-fuel fired power

plants and industrial facilities has resulted in elevated concentration of

carbon dioxide in the atmosphere. Statistics reveal that CO2 contributes

more than 60% to global warming [1]. The concentration of CO2 in the

atmosphere has increased 28% to its current value of 383 ppm, which is

significantly higher than the pre-industrial level (300 ppm) [2]. It is

estimated that between 2010 and 2060, fossil fuel combustion will emit

282–701 gigatons of CO2, assuring the problems of climate change and

global warming will continue [3]. Therefore, it has become imperative

to develop Carbon Capture and Storage (CCS) technology to combat the

global warming and climate change problem.

According to the most recent version (August 2015) of the Carbon

Dioxide Capture Handbook published by the National Energy

Technology Laboratory (NETL), the CO2 capture technology can be

divided into i) solvent based process (absorption), ii) sorbent based

process (adsorption), and iii) membrane based process [4]. The above-

mentioned processes can be applied both in pre-combustion CO2 cap-

ture and post-combustion CO2 capture. However, in this paper the focus

is on post-combustion CO2 capture. Different strategies of post-com-

bustion (including absorption and adsorption) technique and their ad-

vantages/disadvantages are illustrated in Table 1. Another classifica-

tion for CO2 capture is based on the type of sorbent [2] used. Sorbent-

based CO2 capture involves primarily three types of adsorbents: i) in-

organic adsorbents, ii) organic and organic-inorganic hybrids, and iii)

metal organic frameworks. Inorganic adsorbents are further categorized

as physisorbents (such as zeolites, activated carbon) and chemisorbents

(such as metal-based and hydrotalcite-like compounds). Organic and

organic-inorganic hybrid sorbents consist of amines supported on var-

ious oxides. Therefore, they can be grouped based on the type of sup-

port used. These include: i) amine physically adsorbed on oxide sup-

port, ii) amine covalently attached to oxide support, and iii) amine

supported on solid organic materials.

As shown in Table 1, carbonaceous adsorbents are attractive for CO2

sequestration. In recent years, biochar, which is derived from organic

carbonaceous sources, has been gaining increasing attention as a carbon

sequestration medium and potent soil amendment. Biochar is produced

by pyrolysis that involves burning of (waste) biomass under oxygen-free

conditions, which makes it less susceptible to degradation. It can also be

derived as a byproduct during bio-oil production in inert atmosphere at

elevated temperature. Biochar has a highly porous structure with a high

surface area, and since it is produced from easily available, natural

biomass it is an eco-friendly adsorbent. The abundance of feedstock

source for biochar makes it almost ten times cheaper than other CO2

adsorbents. Most importantly, biochar is stable, with an average carbon

half-life for environmental oxidation of 100 to 107 years [5], depending

on the amounts of aliphatic and volatile components. Due to its po-

tentially large storage capacity when mixed in soil, it has been con-

sidered as a major carbon storage method for mitigating climate change

[6]. Aslanzadeh et al. [7] reported that up to 12% of anthropogenic CO2

emissions can be reduced by the storage of biochar in soil. Creamer

et al. [3] conducted CO2 capture experiments using two types of bio-

char produced from sugarcane bagasse and hickory wood feedstocks

and could achieve CO2 adsorption capacity of around 1.67mmol/g for

sugarcane bagasse-based biochar at 25 °C [3]. Therefore, it is reason-

able to say biochar is a potential adsorbent of CO2, but the adsorption

capacity of raw biochar is not very high. Hence, to maximize the CO2

capture capacity, surface modification is required. This can include

both physical modification and chemical modification.

Biochar structure consists of graphite clusters that contain graphene

oxide (GO) layers. The graphene oxide layers have reactive oxygen

functional groups such as carboxyl, epoxy, and hydroxyl. However,

these oxygen functionalities are accessible only for exfoliated biochar.

Biochar is produced at elevated temperature, and its pristine graphitic

oxide structure prevents any interaction, so that the graphene oxide

layers remain inaccessible. But exfoliated biochar has oxygen func-

tionalities available for further interaction. Interaction or activation

with appropriate basic functional groups such as amine is desired due to

the following reasons [8]. The carbon atom in CO2 is electrophilic

(electron deficient) because of the high electron negativity of the

oxygen atoms. Amines are nucleophilic because of the presence of a

lone pair of electrons and therefore can interact with CO2. Thus, the

amine-modified biochar has improved adsorption capacity compared to

raw char. On the other hand, the graphitic cluster (basic structure of

biochar) tends to agglomerate in the presence of water, blocking the

pores that are active sites for CO2 adsorption. This reduces the ad-

sorption capacity by reducing the specific surface area. To overcome

this problem, biochar needs to be mixed homogeneously into the water.

Ultrasonic irradiation can prevent the formation of an agglomerated

graphitic sheet by exfoliation of biochar.

Previous work of our research group [6] suggested that reductive

photo-carboxylation of biochar’s polyaromatic hydrocarbons (PAH)

edge carbons enhances its hydrogen content (up to 24%) and that in

turn increases its energy content (up to 50%). The work also demon-

strated that biochar was exfoliated into graphitic and graphene oxide

clusters in the CO2+H2O system under ultrasound irradiation and this

facilitated the reactivity of edge carbons of these platelets. The presence

of CO2 favors the ability of PAH to capture and convert CO2 to car-

boxylic acid products, as demonstrated by Chateauneuf et al. [9]. Bio-

char with exfoliated basic graphene oxide clusters is expected to be

more susceptible to chemical modification since more surface is avail-

able for modification. In other words, the improvement of biochar

structure can be further boosted by irradiation under low-frequency

ultrasound. Moreover, the cavitation effect of ultrasound makes a uni-

form biochar suspension, activates the binding sites, and leads to better

grafting of functional groups. A similar trend was observed in work

conducted by Park et al. [10] where ultrasound facilitated the pre-

paration of a homogeneous colloidal suspension of polyanilineamine

(PAA)-modified graphene oxide sheets. Previous work by our research

group formed the basis of our current study and served as a motivation

for economically modifying and functionalizing biochar with amine

groups and utilizing it as a potent CO2 adsorbent. To achieve this goal,

the carbonaceous structure of biochar was improved both physically

under ultrasound irradiation and chemically through amine functio-

nalization. The effectiveness of physicochemical-activated (ultrasound

treated-amine functionalized) biochar was determined by comparison
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Table 1

Different absorption and adsorption strategies for CO2 capture.

Advantages Efficiency Disadvantages Cost effectiveness Ref

Absorption

1. Physical absorption

• SP – low vapor pressure, toxicity, less corrosive

solvent

• RP – solvent is less corrosive and more stable

• PP – low energy consumption

• MP – easy to operate

• FP – used to remove high concentration CO2

85% of the CO2 from flue gas can

be captured efficiently

- Needs high pressure

2.07–13.8MPa

- Solvent disposal is a problem

- Reaction of solvents with

constituent

- Operating temperature is very low

Because of high pressure and low

temperature, the process is not cost

effective

[1], [33]

2. Chemical absorption

• Amine absorption

- Since CO2 reacts chemically with amine, it can be

used to process gas streams with low CO2 partial

pressure

CO2 removal: 0.4 kg CO2/kg

monoethanol amine

- Solvent regeneration not fully

achieved

- Energy intensive process

- Waste stream can be hazardous

Not economic: i) Not complete

solvent regeneration ii) high energy

demand

[34]

• Aqua ammonia absorption

- Used for multi pollutant removal

- Equipment corrosion negligible

- No degradation of absorbent

- Byproducts (NH4NO3 & sulfate) used as fertilizer

CO2 removal: 1.20 kg CO2/kg

ammonia is satisfactory

- Flue gas must be cooled to

15–27 °C due to volatility of

ammonia

- Solids formation upon CO2

capture; equipment plugging

- Ammonia vapor losses during

stripping

Not economically attractive because

energy lose during the cooling of

feed

[34]

• Dual alkali absorption

- Better replacement of the Solvay process

- Absorption capacity better than amine process

CO2 removal: 0.54 kg CO2/kg

methylaminoethanol

- Gas stream must be cooled to

25 °C

- Removal of NOx-SOx prior to

absorption

- Solvent regeneration not yet

achieved

Solvent regeneration is not possible

to achieve-not cost effective

[34]

Absorption with carbonate slurry- Useful for multi

pollutant capture using non-hazardous and non-

volatile Na2CO3 solvent

CO2 removal: 0.73 kg CO2/kg

CO3
2−

- Slow absorption rate

- Required tall absorption columns

+

High operating cost and slower rate

economically unattractive

[34]

• Ionic liquid

- Applied either physically or chemically

- Low vapor pressure, good thermal stability, high

polarity, and non-toxicity

- Chemical absorption of IL is higher than physical

one

CO2 removal: 0.20 mol of CO2

per mole of IL

-ILs are highly viscous thus needed

blended solution with alkanolamine

- Supported ILs to improve

efficiency of the process

Not economic because of low

absorption rate and use of blended

solution

[34]

Adsorption

1) Traditional adsorbents

• Carbonaceous adsorbents

- High thermal stability; favorable adsorption kinetics

- Cheaper feedstock sources

- Desorption is accomplished by the pressure swing

approach

CO2 adsorption: 0.1–1.13 g CO2/

g activated carbon

- Unable to treat high pressure

gases

- Needs separate characterizations

depending feedstock

- Adsorption rate reduces when

exposed to NOx, SOx & H2O

The CO2 capture costs are such that

the carbon-based systems can be

applicable when CO2 purity is not

more than 90%

[34]

• Zeolites

- CO2/N2 selectivity is much higher than activated

carbon

- Enhanced capacity and selectivity than physical

sorbents

CO2 adsorption: 0.004 to 0.216 g

CO2/g zeolite

- Efficiency reduces in presence of

H2O

-Regeneration temperature high

(> 300 °C)

- Needs chemical modification

The high regeneration temperature

makes the process less cost effective

[34]

• Mesoporous silica

- High surface area; high pore volume

- Tunable pore size

- Good thermal and mechanical stability

Adsorption capacity is not

sufficient

-Adsorption capacity not good at

atmospheric pressure

- Silica has lower adsorption

capacity and selectivity toward CO2

Low adsorption capacity makes the

process less economic

[34]

• Metal organic frameworks

- High thermal stability; high surface area

- Adjustable chemical functionality

- High adsorption capacity at elevated pressure

- Easily tunable pore characteristics

CO2 adsorption: 1.13 g CO2/g

adsorbent

- Adsorption capacities reduce in

exposure to a gas mixture of NOx,

SOx, and H2O

- Low CO2 selectivity in CO2/N2 gas

streams and PS and TS have not

been thoroughly understood

Due to low sorbent regeneration,

the technique is not cost effective

[34]

2) Advanced adsorbents

• Fly-ash carbon enriched by 3-

chloropropylamine-hydrochloride

CO2 adsorption: 174.6 μmol/g - Needs chemical modification Not cost effective [4]

• Modified mesocellular silica foams

impregnated with tetraethylenepentamine

(TEPA)

CO2 adsorption: 26.4–193.6 mg/

g

- Adsorption capacity very low Not cost effective [35]

• Amine functionalized adsorbents

- CO2 partial pressure does not affect adsorption

capacity

- Moisture facilitates adsorption; favorable kinetics

CO2 adsorption:

0.089–1.1mmol/g adsorbent

- Degrade at temperatures around

100 °C

- Irreversible reactions with NOx-

SOx

- Loss in capacity after desorption

The process not fully economic for

large scale operation

[34]

• Biochar CO2 adsorption:1.67 mmol/g - Surface functionalization may be

required

Cost effective and viable [3]

Note: SP: Selexol Process/Solvent: dimethylether or propylene glycol, RP: Rectisol Process/Solvent: Methanol, PP: Purisol Process/Solvent: N-methylpyrrolidone,

MP: Morphysorb Process/Solvent: Morpholine, FP: Fluor Process/ Solvent: Propylene Carbonate, PS: Pressure swing, TS: temperature swing.
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with: I) raw biochar, and II) currently available commercial or modified

CO2 adsorbents.

2. Materials and methods

2.1. Materials

Raw biochar was supplied by Biochar Now (Berthoud Colorado,

U.S.A.). The feedstock used for this biochar is pine (soft wood biomass).

The biomass is pyrolyzed (heated in oxygen-deprived environment) at

elevated temperature (between 550 and 600 °C) in a kiln reactor with a

multi-zone combustion chamber. After pyrolysis, the biochar is exposed

to nitrogen to stop the process. The raw biochar pieces are too large for

practical use, so they are resized at crushing and screening sections.

Biochar with a size range of 26–50 mesh was selected for our present

work and was further ground and sieved before activation.

The reagents used in chemical functionalization were methanol, N-

(3-dimethylaminopropyl-N′-ethylcarbodiimide hydrochloride (EDC

98% purity), hydroxybenzotriazole (HOBt, 97% purity), and tetra-

ethylenepentamine (TEPA), which were obtained from Sigma Aldrich.

The chemicals used in filtration were hydrochloric acid (37%) from

Sigma-Aldrich, deionized water, sodium hydroxide from Fisher

Scientific, and acetone from Sigma-Aldrich. All chemicals used were of

analytical grade.

2.2. Experimental method

2.2.1. Functionalization and ultrasound treatment of biochar

Before modification, biochar was sieved using Tyler standard

screens; a particle size of range 75–106 µm was selected. Physical

modification of biochar was achieved under 20 kHz low power ultra-

sound irradiation (Sonicator model No. XL2010 with maximum power

of 475W) and high-power ultrasound irradiation (QSonica sonicator

model No. Q700 with maximum power of 700W). The specified

amount of raw biochar was treated under different ultrasound irra-

diation durations (30 s, 1, and 3min). The ultrasonically-modified

biochar was then subjected to chemical activation consisting of two

steps. In the first step, the potential functional groups of biochar were

activated with the activating agents EDC and HOBt in three different

ratios (0.75:1, 1:1, and 1:0.75) in water. The mixture was stirred for

24 h at 35 °C, then filtered and dried under vacuum at 60 °C overnight.

In the second step, the dried sample was suspended in methanol and

amine (TEPA) was added in an amount ranging from 2.5 times to 15

times the weight of the activated biochar. The mixture was stirred for

24 h with gentle heating as before. Then it was cooled to room tem-

perature, filtered with repeated washing first with 1 N NaOH, then with

1 N HCl, and finally with acetone, dried as before, and stored in a de-

siccator.

The physico-chemically modified biochar was characterized using

Raman (LabRam HR Evolution) and Fourier Transform Infrared (FTIR,

Cary 660 FTIR Agilent) spectroscopies to determine the surface func-

tional groups and chemical species. The elemental compositions of

biochar samples were analyzed before and after physico-chemical

modification (Huffman Hazen Laboratory, Colorado, USA). The effects

of ultrasound activation on micro and macro surface area and porosity

were investigated by surface analyzer (Quantachrome 2000E series).

Surface morphology of both raw and activated biochar was examined

using SEM (JSM-5600 Scanning Electron Microscope, JEOL USA Inc.,

Peabody, MS).

2.3. CO2 adsorption study

Adsorption experiments were conducted in a tubular reactor made

of alumina oxide (Al2O3) of 12 cm length and 1.5 cm inner diameter.

The adsorption column, containing 2 g of the functionalized biochar,

was placed into a temperature-controlled furnace. CO2 was diluted with

helium gas (99.99%) at a flowrate of 500 cm3min−1 at 378 K for 1 h,

and then cooled to 333 K. The helium flow was then switched to a CO2-

containing simulated flue gas of 10 vol% at a flow rate of

500 cm3min−1. The final concentration of CO2 after adsorption was

measured by a CO2 analyzer, connected on-line via the adsorption

column outlet. The adsorption capacity of CO2 after a certain time was

then calculated using the following equation:

∫= × ⎡
⎣

× − ⎤
⎦
×

M
Q C C dt

V
q

1
( )

1
a

t

m0
0

(1)

where, qa is the adsorption capacity for CO2, mmol/g; M is the mass of

adsorbent, g; Q is the gas flow rate, cm3min−1; C0 and C are influent

and effluent CO2 concentrations, vol%; t denotes the time, min; and Vm

is 22.4mLmmol−1.

3. Results and discussions

3.1. Physical activation of biochar

Cavitation under ultrasound consists of 3 steps: nucleation, growing

of bubbles, and finally collapse of bubbles with high energy and pres-

sure. High energy increases temperature, and high pressure produces

microjets within the liquid. These phenomena in the biochar-water

mixture lead to chemical excitation of the biochar during which the

materials inside the porous structure of biochar leach out, creating

empty pores [6]. The empty pores then act as active sites for either

Fig. 1. SEM images of raw biochar. a) Longitudinal view, b) Cross-sectional view.
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adsorption or chemical functionalization (with particular focus on

amine groups in this study). Effectiveness of sonication in this study

was initially investigated by comparing SEM images of raw and soni-

cated biochar as shown in Figs. 1 and 2, respectively. From both

longitudinal view in Fig. 1a and cross-sectional view in Fig. 1b, it can be

clearly seen the pores were blocked. Therefore, the structure remained

inaccessible for modification. In traditional activating processes, a

secondary pyrolysis, or a thermal treatment with high temperature

(very energy consuming) are usually used for surface and structural

modification. In this study it has been shown that sonication can play a

pivotal role to clear the blockage. It can be proposed that micro-jets

formed during sonication impinged with and penetrated through the

biochar surface, thus clearing the pores. The results related to the effect

of ultrasound irradiation on biochar structure are shown in Fig. 2a. The

figure clearly portrays that the pores were exposed due to sonication.

This helped in linking amine to the biochar in the subsequent functio-

nalization step.

Ultrasound also aided in enhancing surface area, as shown in

Table 2. As summarized in the table, the surface area and porosity

changed with sonication for both micropores (described by DR-CO2)

and macropores (described by BET-N2). Raw biochar’s microporous

surface area of 312.31m2/g increased to 354m2/g after 30 s of soni-

cation. In contrast, the macroporous surface area reduced from

13.30m2/g for raw biochar to 10.13m2/g for 30 s sonicated biochar.

The micropore behavior can be explained as an effect of microjet for-

mation during cavitation. These micro-jects impinge on the surface and

create more micropores, thus enhancing the microporous surface area.

However, upon further increase of sonication duration to 1min, the

microporous surface area reduced to 268.82m2/g. This demonstrated

that cavitation negatively affected the biochar structure at longer

durations. As sonication time increased, cavitation intensity increased,

and intensified cavitation disarranged the orientation of the layered

structure of biochar, consequently blocking the pores and reducing

adsorption capacity. Similar phenomena were observed by Verma et al.

[11] and Hamdaoui et al. [12] where, in both cases, very high soni-

cation times reduced the surface area, cumulatively reducing adsorp-

tion capacity. The high-pressure acoustic waves could further break the

particles into smaller ones. These particles agglomerate and block

pores, thus reducing the surface area. Particularly, low frequency ul-

trasound (20–100 kHz) induces particle size reduction, efficient mixing,

and mass transport through cavitation [13].

Literature suggests that graphene oxide can be completely ex-

foliated under ultrasound irradiation, producing single-layer GO [14].

Since biochar has structural similarity with graphene oxide, it was ex-

pected to behave similarly under ultrasound irradiation, as discussed in

the subsequent Raman analysis section. This exfoliation would facilitate

the attack of edge carbons during amine functionalization of biochar.

The novelty of the present work lies in using ultrasonic exfoliation to

physically activate biochar. Other exfoliation techniques include the

use of surfactants, strong acids, or other chemical reagents [15]. Using

chemical agents for exfoliation increases the risk of toxicity and che-

mical hazard and leads to waste disposal problems; such treatment also

consumes a high amount of energy if it is applied at elevated tem-

perature. Therefore, sonication provides an easy, environmental

friendly, economical and promising method of exfoliation.

3.2. Mechanism of chemical activation of biochar

The treatment of biochar with amines leads to amination that results

in elevated adsorption capacity. The amine functionalization can take

place in two ways where amine can replace oxygen functionalities of

biochar. The first mechanism is conversion of a eCOOH (carboxyl)

group, the most suitable group for amination located at edge carbon, to

a eCONHR (amide) group, where R contains an amine group. First of

all, the carboxyl group must be chemically activated in order to react

with an amine. The second mechanism is attachment of amine by ring

opening of an epoxide group, which can occur without the aid of any

activating agents. For last few decades, EDC-benzotriazole based cou-

pling has provided efficient activation of carboxyl groups. The reagents

and the EDC-benzotriazole by-products are water soluble. The basic

chemistry of the amination reaction is depicted in Fig. 3. In step 1 and

step 2 of Fig. 3 the reaction mechanism of the eCOOH group with EDC-

HOBT-TEPA is shown, and in step 3 the reaction of the epoxy group

with amine is presented.

As shown in step 1, the coupling agent (EDC) activates the car-

boxylic acid group to form O-acylisourea as an intermediate. This in-

termediate could be displaced by nucleophilic attack from amino

groups in the reaction mixture, producing amide and releasing iso-urea

as a byproduct [16]. Another side reaction could be OeN migration of

the activated carboxyl functional group forming an N-acyl urea [16].

Incorporation of appropriate additives prevents these side reactions and

enhances the yield [16]. HOBt is a widely-used additive that prevents

urea formation very effectively [17]. Besides, isolation of products from

unreacted reagents can be done by simple filtration since urea is soluble

in water [18]. Therefore, the chemical activation in this study in-

corporates HOBt as shown in Fig. 3. In Step 2 the amination of the

activated carboxyl group by TEPA is shown. The second mechanism

involves interaction of epoxy group with TEPA (Fig. 3, Step 3). How-

ever, in the presence of coupling agents, the former reaction is much

faster than the latter one.

Fig. 2. SEM image of a) physically activated biochar under ultrasound irradiation of 20 kHz for 30 s, b) physio-chemically activated biochar after both ultrasound

irradiation and amine functionalization.

R. Chatterjee et al. Fuel 225 (2018) 287–298

291



3.2.1. Effect of physicochemical activation on elemental composition of

biochar

The effects of chemical activating agents and ultrasonication on the

amination of biochar by the amine TEPA were shown by elemental

analysis of the organic elements C, N, O and S, as well as a determi-

nation of the ash content (Table 3). Since the ash content varied widely

the elemental composition of the organic material alone was also cal-

culated, omitting the contribution of ash; this is shown in Table 3A of

the Supplementary Materials. Finally, it can be noted that the %C and %

O of these samples varied in a way that suggested differing amounts of

absorption of CO2 by the samples. This nature of this absorption will be

explored in a future study; for now, the compositions, under the as-

sumption that any oxygen in the final samples above the amount in raw

biochar came from absorbed CO2 has been also calculated. These

compositions, which omit the contributions resulting from absorbed

CO2, are displayed in Table 3B of the Supplementary Materials.

The activating reagents for amination, EDC and HOBt, were suc-

cessful in promoting grafting of amine onto biochar whenever they

were employed, as shown by the %N analyses in Table 3. The %N in-

creased from 3 to 8 times its initial value in raw biochar. In contrast,

and as expected, the use of ultrasound alone (entry 3) showed no sig-

nificant increase in %N. The effectiveness of ultrasound in promoting

chemical amination reactions gave inconsistent results, with no clear

trends. For example, the use of 30 s of low-energy ultrasound (entry 4)

gave the highest %N incorporation, but similar treatment with high-

energy ultrasound (entry 7) gave the lowest.

In entries 4–6 and 7–9, we compare the effects on amination of

exposure duration (0.5, 1, or 3min) to low-power and high-power ul-

trasound, respectively. There were no significant differences in %N seen

within these series, although the average incorporation of nitrogen

seems somewhat higher under low-power ultrasound (1.09%) than

high-power (0.59%).

The effect of using one of the two activating reagents in excess was

also examined (entries 10–12); there was no significant change in the

amount of nitrogen grafted into the biochar structure whether the ratio

of activating agents, EDC:HOBt, was 1:0.75, 1:1, or 0.75:1. The effect of

increasing the loading of the amine TEPA from a relative mass of 2.5

(entry 6) to 10 (entry 11) to 15 (entry 13) was investigated, all under

3min of low-power ultrasound. As expected, the %N incorporation

increased as the loading increased, consistent with the literature [19].

All treatments lowered the amount of sulfur in the biochar, from

0.05% to ≤0.02%. Ultrasound and amination had similar effects, and

there was no apparent advantage to using both. This suggests that ul-

trasound could help lead to the production of sulfur-free, cleaner fuel.

Finally, the residual ash in the treated biochars was also examined,

which varied widely. Three min of low-power ultrasound lowered the

ash content from 23.95% (entry 1) to 19.43% (entry 3). The turbulence

created by ultrasound enhances mass transfer and promotes the effi-

cient leaching of minerals such as Ca, Mg and P [20]. However, the

chemical amination procedure alone lowered the% ash even further, to

18.86% (entry 2). All but one of the combination treatments were more

effective in lowering ash than ultrasound or chemical activation alone.

There were no obvious trends, but there was a suggestion, contrary to

expectations, that shorter ultrasound durations (e.g., entry 7) were

more effective than longer ones (entry 9). This will be an area of further

study.

Reduction of ash content is important in increasing the heating

value of biochar, but these amination experiments are directed towards

CO2 capture; amination would not be a cost-effective way to add fuel to

biochar. It can also be noted that as the %N increases due to the in-

corporation of TEPA, the %C of samples will decrease and the %H will

increase, in the direction of the composition of TEPA. These con-

sequences are seen most clearly in Table 3B, and do not indicate a

change in the underlying structure of the biochar. Table 3B also shows

no significant change in the %C of biochar due to sonication alone

(entry 3).

3.2.2. Effect of physiochemical activation on functional groups of biochar

The results of FTIR spectroscopy of raw (R) and functionalized

biochar with ultrasonic and chemical activation (US3-EH1:1-T10) and

with ultrasonic activation alone (US3-EH0-T0), are depicted in Fig. 4.

FTIR helps in identifying major functional groups that take part in ac-

tivation. The overall FT-IR spectrum shape is similar for all the biochar

samples. The IR spectrum of R was consistent with the presence of

eCOOH/eOH and C]O groups at 3400 and 1600 cm−1 respectively. A

new peak in US3-EH1:1-T10 at 1000 cm−1 could be attributed to the

vibration absorption of CeN of the incorporated amines. A strong peak

around 3400 cm−1 was seen for OH stretching in US3-EH0-T0; amine

NeH stretch around 3400 cm−1 was not distinguishable from OeH

stretch.

The IR spectra of R, US3-EH1:1-T2.5, US3-EH1:1-T5, US3-EH1:1-

T10 and US3-EH0-T0 are shown in Fig. 5. The peak around 1000 cm−1

which could be attributed to the vibration of CeN becomes more in-

tense as the amine loading is increased from 2.5 to 10. A peak at

1423 cm−1 is not found for either R or US3-EH0-T0, but appeared in all

amine activated samples; it is attributed to CH2 bending vibrations

introduced by the TEPA structure [21].

The efficacy of amine as a functionalizing agent was further de-

monstrated from the SEM image shown in Fig. 2b. The reaction with

amine was facilitated due to the presence of pores. The SEM image

portrayed that the porous structure as well as the surface were covered

with amine.

3.2.3. Effect of physiochemical activation on graphitic structure of biochar

Raman spectroscopy provides useful information for characterizing

carbonaceous compounds including graphitic oxide. Biochar has

structural similarity with graphene oxide. So, Raman spectroscopic

analysis is a useful tool for describing important characteristics of raw

and modified biochar samples under different conditions. The Raman

spectra for raw biochar (R) and biochar activated with different acti-

vating agent ratios (US3-EH1:1-T10, US3-EH1:0.75-T10, US3-

EH0.75:1-T10) are shown in Fig. 6. Sonication duration and amine

concentration for all the samples were the same; they differed in the

ratios of chemical activators. For the Raman spectrum of raw biochar, a

Table 2

DR-CO2 and BET-N2 surface area of raw biochar, only ultrasound treated, and ultrasound treated-amine modified biochar.

Sample name Micro-porosity Macro & meso porosity

Surface area

(m2/g)

Pore volume

(cm3/g)

Pore Radius

(nm)

Surface area

(m2/g)

Pore volume

(cm3/g)

Pore radius

(nm)

Raw Biochar 312.31 0.11 0.60 13.30 0.005 0.80

US0.5-EH0-T0 354.37 0.12 0.58 10.13 0.01 2.30

US1.0-EH0-T0 268.82 0.09 0.62 18.15 0.02 1.30

US0.5-EH1:1-T2.5 261.68 0.09 0.63 9.39 0.02 4.80

Note: US: Ultrasound; EH: EDC-HOBt; T: TEPA. Number beside US denotes sonication time in minutes; Number beside EH denotes ratio of activating agents; Number

beside T denotes amine loading.
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strong peak is observed in the range 2500–2800 cm−1. This confirms

the structural similarity of biochar and graphene oxide, since this peak

is a signature peak of graphitic sp2 structure [22]. The characteristic D

band is observed at 1394 cm−1, 1356 cm−1, 1366 cm−1, 1382 cm−1 for

R, US3-EH1:1-T10, US3-EH0.75:1-T10 and US3-EH1:0.75-T10, respec-

tively. The broader D band of raw biochar also signifies the presence of

oxygen functional groups that lead to reduced size of the sp2 domain of

biochar by creating defects and distortions [22]. The characteristic G

band, due to CeC bond stretch, is located at 1606 cm−1, 1590 cm−1,

1625 cm−1 and 1605 cm−1 for R, US3-EH1:1-T10, US3-EH0.75:1-T10

and US3-EH1:0.75-T10 respectively. Disorder of the sp2 crystal struc-

ture can be determined from the intensity ratio between the D and G

bands (ID/IG) [23]. The ID/IG ratio for raw biochar was 0.82; this value

increased to 0.87 and 0.85 for 1:1 and 1:0.75 respectively, and reduced

Step 1. Mechanism of EDC-HOBt coupling with –COOH group of biochar 

Step 2. Mechanism of TEPA functionalization of activated carbonyl group of biochar 

Step 3. Mechanism of TEPA functionalization of epoxy group of biochar 
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Fig. 3. EDC-HOBt coupling reaction and subsequent amine functionalization of biochar.
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to 0.75 for 0.75:1. The D peak was higher than G peak in all the spectra

which indicates transition from sp2 to sp3 material [22]. The ID/IG ratio

was higher for activated samples than for R, which signifies that the

activated samples have more defects on carbon, presumably in the form

of oxygen functionality [22]. The maximum departure of the ID/IG ratio

was found for the 1:1 ratio, suggesting the maximum defects resulting

from aminations.

Next in Fig. 7 the Raman spectra for R, US3-EH1:1-T2.5, US3-EH1:1-

T5, US3-EH1:1-T10, and US3-EH0-T0 are represented. The D band

appeared at 1367 cm−1, 1417 cm−1, 1365 cm−1 and 1371 cm−1 for
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US3-EH1:1-T2.5, US3-EH1:1-T5, US3-EH1:1-T10, and US3-EH0-T0,

respectively. The G peak appeared at 1651 cm−11, 1614 cm−1,

1577 cm−1, and 1602 cm−1. As was discussed earlier, the D peak is

associated with nanocrystalline carbon while the G peak corresponds to

amorphous carbon materials. The ID/IG ratios for US3-EH1:1-T2.5, US3-

EH1:1-T5, US3-EH1:1-T10, and US3-EH0-T0 were 0.85, 0.86, 0.87 and

0.83, respectively. This illustrates that more distortion was introduced

into biochar surface upon more extensive activation, since the ID/IG
ratio increased.

Further, the Raman spectra of samples sonicated for different times

are shown in Fig. 8. For US0.5-EH1:1-T2.5, US1-EH1:1-T2.5 and US3-

EH1:1-T2.5, the D peak was observed at 1382 cm−1, 1355 cm−1 and

1374 cm−1; and the G peak appeared at 1606 cm−1, 1608 cm−1 and

1611 cm−1, respectively. The ID/IG ratios were 0.85, 0.76 and 0.85.

This is further evidence that the sonication time of 30 s provided the

optimum value of adsorption capacity, since it had the maximum in-

tensity ratio. The values of intensity ratios for all the biochar samples

have been summarized in Table 4.

3.3. CO2 capture study of physico-chemical activated biochar

The adsorption capacity of ultrasound treated-amine functionalized

biochar synthesized under different conditions are summarized in

Table 5. Firstly, the effect of activating agents was investigated. Ex-

periments were carried out with three different ratios of EDC:HOBt,

namely 1:1, 1:0.75 and 0.75:1. The biochar samples activated with 1:1

EDC:HOBt exhibited the highest CO2 capture capacity. Therefore, this

ratio was chosen for all subsequent experiments. Confirmation was also

obtained from Raman spectra (Fig. 6), showing the highest ID/IG ratio

for 1:1 EDC:HOBt, attributed to the greatest conversion of acid func-

tionalities to amide. The requirement for a 1:1 ratio is consistent with

the mechanism described in Fig. 3. EDC attaches to the eCOOH group

in the first step and then HOBt replaces EDC completely to activate the

carboxyl group. So, an equal amount of HOBt is required to substitute

EDC completely. The second factor which contributed to improving

adsorption capacity was amine loading. The amine loading was varied

from 2.5 to 15 times the weight of biochar, keeping the activating

agents at their optimum ratio. The adsorption capacity of the biochar

steadily increased with amine loading up to 10 times weight, and then

reduced at 15. Therefore, an amine loading at 10 times the biochar

weight was considered as the optimum loading capacity. Additionally,

elemental analysis pointed out enhancement in nitrogen content with

increasing amine loading. The effect of amine loading can be sub-

stantiated from the surface area analysis results. Both DR-CO2 and BET-

N2 analysis results indicate reductions in surface area due to amine

attachment (Table 2). The reasoning behind this trend is that the

number of oxygen functional groups on the biochar surface are fixed.

Therefore, addition of excess amine would not assure its complete re-

action with oxygen functionalities. Rather, excess amine would de-

crease CO2 capture because of inaccessible surface area, formed by

blocking pores to prevent intercalation of more amines. A similar trend

was observed by Zhao et al. [19]. They treated their graphene oxide

sample with 10%, 50% and 100% amine loading. Adsorption capacity

increased from 10% to 50% loading. But further increase negatively

affected the adsorption capacity. In this study, the nitrogen content

increases with amine loading, as seen from the elemental analysis.

From Table 5, it can be observed that the adsorption capacity in-

creases gradually as the activating agent ratio and amine loading are

optimized. But additional improvement was observed when the dura-

tion of sonication was optimized. In fact, ultrasound irradiation had a

predominant effect in improving CO2 capture capacity. Biochar-water

mixtures were exposed to ultrasound irradiation times of 30 s, 1 min

and 3min. From no ultrasonication time to 30 s the adsorption capacity

enhanced, but longer sonication times reduced the capture capacity.

Similar results obtained with either low-energy or high-energy ultra-

sound. As sonication time progresses, the temperature of the biochar-

water mixture increases. Consequently, the surface tension of the

medium decreases and vapor pressure inside the microbubbles in-

creases; this in turn reduces shock waves [20]. This foils the formation

and collapse of microbubbles and reduces sonication efficiency. Thus,

the adsorption capacity reduced. The results are also consistent with the

surface area analysis where micropore surface area reduced as sonica-

tion time increased. For 60 s of sonication, the micropore surface area

reduced from 354m2/g to 268.8 m2/g. However, 30 s of sonication

significantly increased the adsorption capacity of the modified biochar

compared with samples functionalized without ultrasound. This can be

explained based on the mass transport phenomena mentioned earlier.

The mass transport inside the pores was expedited by ultrasound due to

increased turbulence caused by sonication. Advantages of sonication as

a physical activation technique include its use at ambient temperature

and its very short time requirement.

3.3.1. Effect of temperature

Adsorption experiments were carried out at different temperatures

ranging from 25 °C to 90 °C (Table 5). The results indicated a gradual

increase in adsorption capacity with temperature up to 70 °C, while a

higher temperature negatively affected CO2 adsorption. At the optimum

temperature, 70 °C, the adsorptive capacity was 63% higher than at

room temperature (25 °C). Following amine activation, the main ad-

sorption process is expected to be chemisorption. Chemisorption
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involves a higher activation energy than physisorption. Hence, the in-

itial increase of adsorption capacity with temperature is due to the

higher activation energy requirement of chemisorption. But later it

reduced due to exothermic nature of adsorption [24]. A similar phe-

nomenon was observed by Heydari-Gorji et al. [24] where CO2 uptake

was favored at a higher temperature (75 °C) than at a lower

temperature (25 °C) for polyethyleneimine (PEI) supported on meso-

porous silica. Similarly, a study by Jadhav et al. [25] demonstrated that

CO2 adsorption by monoethanolamine (MEA) modified Zeolite 13X was

favored at a higher temperature (120 °C) than at a lower temperature

(30 °C). They explained this behavior using diffusion theory and de-

monstrated the dispersion state of amine within the porous system of

their adsorbent mesoporous silica.

3.3.2. Effect of CO2 concentration

Inlet CO2 concentration is a driving force for improving CO2 capture

capacity. To determine the effect of inlet CO2 concentration on ad-

sorption capacity, experiments were carried out with different con-

centrations of CO2. Usually, flue gas from power plants contains

10–15 vol% of CO2. Accordingly and in order to determine the effect of

CO2 concentration on the adsorption capacity of the modified biochar,

10, 13 and 15 vol% of inlet CO2 concentrations were selected in this

study [26,27]. The adsorption capacity increased with the CO2 con-

centration in inlet flow (Table 5). The optimum capacity was achieved

for 15% inlet CO2 with the value of 2.79mmol/g. The diffusion theory

can explain this well. When inlet concentration increases, the diffusion

velocity of adsorbate increases through the pores of the adsorbent, thus

enhancing the resulting adsorption capacity. A similar trend was ob-

served by Shiue et al. [28], where increasing CO2 concentrations from

800 to 1200 ppm led to increases in CO2 adsorption capacity from 2.1 to

2.77mmol/g.

To further depict the efficacy of ultrasonication and amine func-

tionalization on adsorption capacity, a CO2 adsorption–desorption ex-

periment of ultrasonicated amine-functionalized biochar was conducted

and the respective isotherm is shown in Fig. 9. The shape of the iso-

therm represents the mechanism of adsorption [29]. In this study, the

modified adsorbent exhibits a curved isotherm. This is attributed to

micropore filling of the adsorbent (during DR micro-porosity analysis)

that is in accordance with the surface area analysis (Table 2). Ad-

ditionally, the desorption branch does not show any hysteresis loop

thus, the desorption seems to be partially reversible [30]. The values of

adsorption capacity of raw biochar and both low-energy and high-en-

ergy ultrasound-irradiated amine-functionalized biochars obtained in

the present study are compared with commonly available adsorbents

found in the literature in Table 6. The comparison indicates that the

adsorption capacity of the modified biochar in our present study is

within a very good range, considering that, for most of the sorbents, the

maximum capacity was reached with pure CO2 gas, whereas we used a

CO2-He gas-mixture with only 10– 15% CO2. Also, the activation for the

Table 4

Summary of intensity ratio for raw biochar and ultrasonicated

amine functionalized biochar samples.

Sample name Intensity ratio value

Raw biochar 0.82

US3-EH1:1-T10 0.87

US3-EH0.75:1-T10 0.75

US3-EH1:0.75-T10 0.85

US3-EH1:1-T2.5 0.85

US3-EH1:1-T5 0.86

US3-EH0-T0 0.83

US0.5-EH1:1-T2.5 0.85

US1-EH1:1-T2.5 0.76

Note: US: Ultrasound; EH: EDC-HOBt; T: TEPA.

Number beside US denotes sonication time in minutes; Number

beside EH denotes ratio of activating agents; Number beside

denotes amine loading.

Table 5

Effect of process parameters on CO2 adsorption capacity.

Sample name Adsorption capacity

(mmol/g)

Temp. (°C) CO2 conc.

(vol%)

Raw biochar

Raw biochar 0.3 70 10

Low energy ultrasound Effect of Activating agents

US3-EH1:0.75-T10 0.61 70 10

US3-EH1:1-T10 0.67 70 10

US3-EH0.75:1-T10 0.59 70 10

Low energy ultrasound Effect of amine concentration

US3-EH0-T0 0.55 70 10

US3-EH1:1-T2.5 0.69 70 10

US3-EH1:1-T5 0.72 70 10

US3-EH1:1-T10 0.75 70 10

US3-EH1:1-T15 0.70 70 10

Effect of ultrasound

Low energy ultrasound

10

US0-EH1:1-T2.5 0.56 70 10

US0.5-EH1:1-T2.5 1.69 70 10

US1-EH1:1-T2.5 0.78 70 10

US3-EH1:1-T2.5 0.69 70 10

High energy ultrasound

US0-EH1:1-T2.5 0.55 70 10

US0.5-EH1:1-T2.5 2.04 70 10

US1-EH1:1-T2.5 1.73 70 10

US3-EH1:1-T2.5 1.58 70 10

High energy ultrasound Effect of temperature

US0.5-EH1:1-T2.5-25° 1.32 25 10

US0.5-EH1:1-T2.5-50° 1.48 50 10

US0.5-EH 1:1-T2.5-70° 2.04 70 10

US0.5-EH 1:1-T2.5-90° 1.10 90 10

High energy ultrasound Effect of CO2 concentration (vol%)

US0.5-EH 1:1-T2.5-70°-

C10

2.04 70 10

US0.5-EH1:1-T2.5-70°-

C13

2.31 70 13

US0.5-EH 1:1-T2.5-70°-

C15

2.79 70 15

Note: C-inlet CO2 concentration.

Number beside C denotes inlet CO2 concentration in vol%.
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Fig. 9. CO2 adsorption desorption isotherm of ultrasonicated amine modified

biochar at 0 °C.
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present study takes place at room temperature with only 30 s of ultra-

sonic exposure. On the contrary, many of the traditional activation

techniques require very high temperature, usually above 700 °C.

Therefore, this study proved to be an effective technique of functiona-

lizing biochar, utilizing a minimum energy from ultrasonic irradiation

and a moderate quantity of amine, and still providing a high adsorption

capacity – higher than any other biochar in Table 6. To improve the

adsorption capacity further, the present work will be extended using

different amine and dual amine techniques to attain a maximum CO2

adsorption capacity.

3.4. Cyclic adsorption-regeneration of adsorbent

Regeneration of adsorbent is necessary from an economic point of

view and for long term use. A regeneration experiment was conducted

by heating the adsorbent (US0.5-EH1:1-T2.5) at the elevated tem-

perature of 180 °C under helium (He) gas flow for 60min. The ad-

sorbent after regeneration was reused in the CO2 adsorption experi-

ment. After 15 cycles of adsorption-regeneration, the adsorptive

capacity was reduced by 44% as shown in Fig. 10.

Regeneration processes are usually applied at very high tempera-

tures, ranging from 200 to 500 °C [31,32]. However, in the present

study, 180 °C was used to make the process less energy intensive and

more economic. Higher temperature ascertains a better desorption rate

but at the expense of high energy. Moreover, the desorption behavior of

the prepared adsorbent can be further enhanced by employing a sui-

table catalyst that improves the regeneration ability at a low desorption

temperature which is a focus of our coming works.

4. Conclusions

The current study aimed at introducing a fast, economically feasible

and efficient physico-chemical method for the modification of biochar.

In this process, biochar was first treated under ultrasonic irradiation

with an optimum exposure time of only 30 s, followed by chemical

amination at room temperature. From the characterization of activated

biochar, it became clear that ultrasound exfoliated the graphene clus-

ters of biochar, cleaned and opened blocked micro-pores, and increased

its surface area. All these factors intensified the chemical functionali-

zation of biochar with TEPA. The ultrasound-treated, amine-modified

biochar was then used for adsorption of CO2. The interaction between

the nucleophilic active sites on the modified biochar surface and the

electrophilic CO2 molecules facilitated adsorption through the forma-

tion of covalent bonding. The present study revealed that the combi-

nation of a physical activation method with chemical amine modifica-

tion can lead to a very high adsorption capacity. Raw biochar had a

very limited adsorption capacity of 0.3 mmol/g, but its capacity in-

creased to 2.79mmol/g (at 70 °C with 0.15 atm partial CO2 pressure

and 15 vol% inlet CO2) after both physical modification with low fre-

quency ultrasound and chemical activation with amine (TEPA). The

adsorption capacity of physico-chemical activated biochar was over 9

times that of raw biochar. In addition, the adsorbent was underwent in

a cyclic adsorption-regeneration experiment, which revealed that the

adsorption capacity after 15 cycles retained 56% of the initial adsorp-

tion capacity. Aside from the promising results obtained in terms of CO2

adsorption, the developed ultrasonic treatment process was very effi-

cient in terms of energy and time. Biochar was exposed to ultrasound

irradiation for only 30 s at room temperature. Moreover, amine func-

tionalization of ultrasono-treated biochar was accomplished with little

warming at 35 °C. Hence, the technique applied for modifying biochar

proved very efficient, and the produced biochar is a potential sorbent

for CO2 adsorption.
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Table 6

Comparison of present adsorption capacity with literature.

Adsorbent Capacity (mmol/g) Activating agent Activation condition Adsorption temp (°C) CO2% Ref.

Hickory wood biochar 1.67 – – 25 100 [3]

Perilla biochar 2.31 – – 50 40 [36]

Saw dust biochar 1.02 MEA Room temp 30 100 [37]

Pig manure biochar 0.78 – – 25 100 [38]

Rubber wood biochar 0.40 – – 25 100 [39]

PEI on mesoporous carbon 4.82 KOH 700 °C, 0.1MPa 75 15 [35]

Aminated graphene oxide 1.10 EDA, DETA, TETA 80 °C 30 100 [19]

Fly carbon 1.56 DETA, PEHA, PEI 60 °C, 300mbar 30 100 [40]

KOH modified activated carbon 4.54 KOH 800 °C 25 100 [41]

Commercial carbon molecular sieve 4.06 Acetylene 600–900 °C 25 30 [42]

Pine wood biochar (raw) 0.30 – – 70 10 Present study

Pine wood biochar1 1.69 TEPA Room temp 70 10 Present study

Pine wood biochar2 2.04 TEPA Room temp 70 10 Present study

Pine wood biochar2 2.79 TEPA Room temp 70 15 Present study

Note: 1Low energy ultrasound system, 2 High energy ultrasound system.

Fig. 10. Cyclic adsorption-desorption behavior of sonicated-TEPA-modified

biochar.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the

online version, at http://dx.doi.org/10.1016/j.fuel.2018.03.145.
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