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The present study examined the effect of pyrolysis temperature on the physicochemical
properties of biochar, activation process and carbon capture. Two different categories
of biochars were synthesized from herbaceous (miscanthus and switchgrass) and
agro-industrial (corn stover and sugarcane bagasse) feedstock under four different
pyrolysis temperatures —500, 600, 700, and 800°C. The synthesized biochars
underwent sono-amination activation comprising low-frequency acoustic treatment
followed by amine functionalization to prepare adsorbents for CO, capture. The
highest increment (200%) of CO» capture capacity was observed for sono-aminated
samples prepared at 600 and 700°C (maximum improvement for miscanthus), while
biochars synthesized at 500 and 800°C demonstrated comparatively lesser increment
in adsorption capacities that falls in the range of 115-151 and 127-159%, respectively
compared to 600 and 700°C. The elevated pyrolysis temperature (particularly 600 and
700°C) resulted in increased %C and %ash contents and reduced %N contents with
enhancement of micro surface area and pore volume. Thus, the superior adsorption
capacity of miscanthus (at 600 and 700°C) can be attributed to their large surface areas
(303-325 m?/g), high carbon contents (82-84%), and low ash contents (4-5%), as well
as %N contents after sono-amination that was twice that of raw char.

Keywords: various pyrolysis temperature, biochar, ultrasound, tetraethylenepentamine, CO, adsorption

INTRODUCTION

One of the most critical issues of this century is to accommodate the global energy demand which
is increasing as a result of increased population and higher standards of living. Fossil fuels are
the major source to meet this energy demand, but they contribute to greenhouse gases and global
warming (Popp et al., 2014). In order to reduce the concentration of greenhouse gases such as CO,
from the atmosphere, technologies need to be implemented that would (1) consume greenhouse gas
emissions and (2) use bioenergy as an alternate energy source (Haszeldine, 2009). The sources of
biofuels are living things or their waste products such as solid biomass (such as wood or charcoal),
liquids (such as bioethanol and biodiesel) and biogas (such as methane produced from sewage).
The use of biomass has another advantage in that plants absorb carbon dioxide as they grow,
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reducing net CO, emissions. Among the biomass to bioenergy
conversion processes, pyrolysis has attracted interest because of
its advantages in storage, transport and versatility in application
such as combustion engines, boilers, turbines, etc. (Jahirul et al.,
2012). During pyrolysis, the biomass is heated to produce a
gas that can be used to generate power while also producing a
solid by-product called biochar. This biochar can be effectively
used for preparing adsorbent materials for carbon sequestration.
Integrating bioenergy production with carbon sequestration
would provide a viable way to mitigate the issue associated with
global warming.

Another way to mitigate the emission of greenhouse gases
into atmosphere is to apply proper carbon capture and storage
technology (CCS). The CCS technology can be divided into (i)
solvent based process (absorption), (ii) sorbent based process
(adsorption), and (iii) membrane based process (Unveren
et al., 2017). The choice of an appropriate technique involves
several factors, such as source and composition of the gas
stream and CO, capture procedure, that is, whether it is
pre- or post-combustion. Absorption processes involving
aqueous amines are energy intensive due to the high energy
requirement of the solvents. Other major drawbacks include
corrosion and solvent degradation. As a viable alternate to the
liquid solvent-based technique, solid adsorption processes are
currently being developed that mostly incorporate carbonaceous
materials such as biochars. The most significant advantage of
these processes is very low regeneration energy of the solid
adsorbents (Dawson et al., 2013). Adsorption by carbonaceous
materials is useful since it involves adsorbents with highly
porous structure and high surface area; besides, the adsorbents
are very inexpensive since these are produced from naturally
available materials such as biomasses. Thus, adsorption
technique is very popular for CO, capture applications
because it provides high adsorption capacities, fast CO,
adsorption rates, and easy regeneration of the adsorbents
(Lee et al., 2008).

Pyrolysis is the most popular technique for converting
biomasses to biochar through thermo-chemical decomposition
process under oxygen-deprived environment at elevated
temperature (Antonakou et al., 2006; Lewis and Fletcher, 2013;
Dhyani and Bhaskar, 2018; Amini et al., 2019). The solid
carbon-rich product of this process is known as biochar or char,
and the volatile fraction of pyrolysis is partly condensed to a
liquid fraction called tar or bio-oil along with the formation of
a mixture of non-condensable and volatile condensable organic
products into low-molecular-weight gases, secondary tar and
char via secondary reactions of the primary pyrolysis products
(Vizzini et al., 2008; Patwardhan et al., 2011). Depending on
the conditions, pyrolysis processes can be classified into three
main categories: slow pyrolysis (slow heating rates for a long
time, temperatures<300°C), moderate pyrolysis (temperatures
of 300-500°C) and fast pyrolysis (fast heat transfer rates over
a short time, temperatures greater than 500°C) (Dhyani and
Bhaskar, 2018). Literature shows that, during biomass pyrolysis,
primary cracking and secondary decomposition along with the
formation of oxygen functional groups start around 400-500°C
(Liang et al., 2016; Tag et al., 2016; Zhao et al., 2017). Thus, 500°C

is considered to be a suitable temperature for the initiation of
pyrolysis and production of char (Liang et al., 2016).

Pyrolysis  temperature affects the structural and
physicochemical properties of biochar such as surface area, pore
structures, surface functional groups and elemental compositions
(Tag et al., 2016). The effect of pyrolysis temperature on such
properties can be ascribed to the release of volatiles at high
temperature (Sun et al., 2014). Numerous studies reported
that high pyrolysis temperature led to increased biochar
surface area (Ahmad et al, 2012; Zhang et al, 2015), higher
pH (Hossain et al., 2011), %C content but lower %N content
(Zhang et al.,, 2017). Thus, the selection of suitable pyrolysis
temperature is a compromise between the surface and chemical
properties as described. Generally, 500-800°C is considered as
the optimum range for pyrolysis temperature in the endeavor of
producing biochars. Table 1 summarizes the impact of pyrolysis
temperature on various physicochemical properties of biochars.
These characteristics cumulatively drive the sorption ability
of biochar.

Adsorption is primarily a surface phenomenon and greatly
depends on the surface area and surface functional groups of
biochar (Li et al., 2017). Thus, attempts have been made on
improving the textural properties and chemical functionality
through physical and chemical modifications (Sajjadi et al,
2019b). Physical modification of biochar is aimed at improving
surface properties whereas chemical activation with heteroatoms
facilitates the addition of functionality (Sajjadi et al, 2018,
2019b). Ultrasonic treatment has recently been introduced as a
physical activation technique which is an alternative to high-
temperature steam or air oxidation (Hagemann et al., 2018).
Ultrasound irradiation results in the formation and collapse of
vapor filled microbubbles during the alternate compression and
rarefication cycles of ultrasound, which leads to the exfoliation
of the layered structure of graphitic clusters (Sajjadi et al., 2018).
The interaction of ultrasound waves with graphitic structure was
first demonstrated by Stankovich et al. where they found that
a mild ultrasonic treatment (fc = 78.6 kHz, 150 W) of graphite
oxides in water for 1h exfoliates its layers and forms stable
aqueous dispersions (Stankovich et al., 2006). In addition to
exfoliation of graphitic structure, ultrasound treatment opens
up the clogged pores, cleans the surface, and facilitates the
leaching of ash content of biochar, resulting in increased
surface area and porosity (Guittonneau et al., 2010). The similar
phenomena were also observed by our research group while
studying the sonolysis of biochars under aqueous environment
with CO, bubbling which showed attachment of carbon and
increment of heating value of biochar (Chen et al, 2014;
Sajjadi et al., 2019a). The above mentioned structural alterations
promote chemical activation by providing active sites that can
be effectively tuned by chemical modification; e.g., amination
that introduces the amino group to the biochar (Guittonneau
et al, 2010). Most importantly, acoustic activation through
ultrasonic treatment is conducted at near room temperature
within a very short duration of time that could significantly
reduce energy consumption (Sajjadi et al, 2018) and has
advantages over traditional physical activation conducted at
very high temperatures (>750°C) (Guittonneau et al., 2010). In
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TABLE 1 | Literature review on physico-chemical properties of biochars synthesized at different pyrolysis temperatures.

Biochar Synthesis Surface % Ash % C % H % N % O pH References
Temperature Area (wt. %) (wt. %) (wt. %) (wt. %) (wt. %)
(C) (m?/g)
MS 400 2.41 7.85-12 81.20 4.09 0.42 14.29 8.7 Kim W. K. et al., 2013;
500 181 10.06-135  86.66 3.20 0.40 9.74 95 Stujla‘ 55?'7 2014; Zhao
600 382 9.4-13.8 90.71 2.26 0.33 6.70 10 B
SG 400 1.1 14.40 - - - - 6.7 Imam and Capareda, 2012;
500 9.3-50 18.40 39.4 1.30 0.7 16 6.6 Kim P. et al., 2013; Pilon
600 15 3-26.3 68.2 2.21 1.9 14-25 7.4-9.8 and Lavoie, 2013; Ashworth
et al.,, 2014; Sadaka et al.,
2014; Wang S. et al., 2015
CS 500 4.58 12.70 711 3 0.07 12.50 - Brewer and Brown, 2012;
600 18-40 12.80 75.2 2.20 0.06 9.21 - Gai et al., 2014; Rafig et al.,
700 107 18.70 72.8 0.09 0.10 6.10 9.1 2016; Wyas et al., 2017
800 - 14 76.7 0.11 0.07 7.61 -
SB 500 - 11.5 - - - - 9.2 Inyang et al., 2010;
600 - 12.4 46.08 6.88 0.74 46.3 9.6 Domingues et al., 2017;
750 - 90.5 1.64 - - 9.7 Nwajiaku et al., 2018

MS, Miscatanthus; SG, Switchgrass; CS, Corn stover; SB, Sugarcane bagasse.

addition, the chemical functionalization can be conducted with
easy separation of the product from unreacted reagents. Thus,
the applied ultrasonic-amination technique provided an energy-
efficient and easy route to prepare effective CO, adsorbent.

In continuation of our pioneering works (Chen et al,
2014; Sajjadi et al, 2019a) the subsequent work revealed
that acoustic treatment followed by amine modification using
tetraethylenepentamine could intensify the CO, adsorption
capacity of pine wood-based commercial biochar up to 7
times compared to raw char (Chatterjee et al, 2018). To
establish the mechanism, the next work studied the role of
sonochemical activation incorporating different 1°, 2° and
3° amines (monoethanolAmine- MEA, diethanolAmine- DEA,
tetraethylenepentamime- TEPA, polyethylenImine- PEI, and
piperazine- PZ), with focus on determining the key role of each
parameter, particularly the activation of carboxyl groups as the
potential sites for amination to drive the correct mechanism
of the activation process (Chatterjee et al., 2019). In the next
step, the impact of the carbonaceous structure of biochar on
sono-amination and CO, adsorption was assessed. Thus, eight
different biochars were synthesized from three different classes
of biomasses, namely herbaceous residue (Miscanthus- MS;
Switchgrass- SG); agro-industrial residue (Corn Stover- CS;
Sugarcane Bagasse- SB) and crop residue (Sorghum- SR; Wheat
Straw- WS; Rice Husk- RH and Rice Straw- RS). The study
indicated that biochars with high carbon contents, low ash
contents and high surface areas can be tuned effectively through
the combined sono-amination technique and had significant
improvement in adsorption capacity with the following trend:
herbaceous residue (MS>SG) > agro-industrial residue (CS>SB)
> crop residue (SR>WS>RH=>RS) (Chatterjee et al., 2019).

The last step of this series of our project is dedicated to
investigate the synergistic and antagonistic impact of pyrolysis

temperature on ultrasound activation and the subsequent
adsorption capacity of biochar. The pyrolysis temperature has
significant impacts on biochar characteristics (Zhang et al., 2017).
Higher temperature results in higher carbon content while losing
nitrogen, hydrogen and oxygen contents of biochar structure
(Brassard et al., 2017) with increase in the ash content and a
reduction of volatile materials (Imam and Capareda, 2012; Kim
W. K. et al,, 2013; Budai et al., 2014; Zambon et al., 2016;
Zhao et al., 2017). However, each pyrolysis system possesses
its own thermal properties and thereby confers differential
physical and chemical properties. Thus, it is difficult to discern
the importance of each activation condition on individual
physicochemical properties of biochars, and thereby on the
biochars’ performance in CO, capture. The few literatures
reporting the implications of high-temperature physical and
chemical activation on biochar properties have been limited to
pyrolysis temperatures of 350-550°C (Mia et al., 2017; Gamiz
et al., 2019). Thus, the present study aimed to assess the
importance of a wide range of higher pyrolysis temperatures
(500-800°C) on biochar properties and its effect on subsequent
low-temperature ultrasound-assisted physicochemical activation.
To our best knowledge, there is hardly any previous study
that combines the impact of pyrolysis temperatures on the
following parameters: structural and chemical properties of
chars, effectiveness of subsequent activation conditions, and the
integrated effect on CO; adsorption behavior. Thus, the present
study completes the gap and provides comprehensiveness to the
field of biochar research by amalgamating four different concepts:
pyrolysis parameters, biochars properties, activation conditions
and impact of all of the above mentioned parameters on
adsorption capacities. Thus, to achieve this, four biochars which
have already shown the maximum CO; adsorption potential in
our previous project (i.e., MS, SG, CS, SB) were selected for this
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work to obtain: (I) the effect of different pyrolysis conditions
(500, 600, 700, and 800°C) on physicochemical properties of
the raw biochars, (II) the interaction between the pyrolysis
temperature and the sonochemical activation, and (III) the key
role of the pyrolysis temperature on the CO, adsorption ability
of the activated biochars.

MATERIALS AND METHODS

Materials

Four common agro-based biomasses from the Idaho National
Laboratory were chosen for the study, namely miscanthus,
switchgrass, corn stover and sugarcane bagasse. The following
reagents for chemical functionalization were purchased from
Sigma Aldrich: EDC (98% purity) [N-(3-dimethylaminopropyl-
N’-ethylcarbodiimide hydrochloride], HOBt (97% purity)
[hydroxybenzotriazole], = TEPA  [tetraethylenepentamime],
hydrochloric acid-37%, and acetone. Sodium hydroxide was
purchased from Fisher Scientific and deionized water was
obtained from Milli-Q ultrapure water tap (Millipore Sigma). All
chemicals used in this work were of analytical grade.

Experimental Method

Pyrolysis of Biochar Under Different Temperature
Ranges

The initial grinding and drying procedure has been described
in our previous work (Chatterjee et al,, 2019). The biomass
samples were ground and sieved in the size range 75-250 um and
were dried under vacuum at 60°C overnight prior to pyrolysis.
Then the dried biomasses were filled into crucibles (made of
Nickel-Chromium-Iron Alloy), covered with lids and placed in
the muftle furnace with 3 crucibles of the same biomass at a
time to avoid any non-homogeneous behavior during pyrolysis.
To produce biochar, the furnace was heated up to the desired
temperature (with 20°C/min heating ramp) under continuous
nitrogen gas flow and was held there for 2h. Then the furnace
was switched off and the crucibles were allowed to cool to room
temperature before taking them out under continuous nitrogen
gas flow. The process was repeated for each pyrolysis temperature
(500, 600, 700, and 800°C). Upon cooling to room temperature,
the biochars were transferred into glass vials and sealed with
parafilm and stored for further treatments and characterizations.

Physical Activation of Biochar Under Acoustic
Treatment

The synthesized biochars underwent a two-step activation
technique—physical activation using low-frequency ultrasound
and then chemical activation in the presence of TEPA. The
physical activation was carried out with 3 g of biochar in 250 ml
of water for 30s using an ultrasound sonicator equipped with
controller and horn (QSonica model no. Q700). Our previous
study elucidated that 30s of sonication provided optimum
adsorption capacity that was further justified based on the
literature (Hamdaoui et al., 2003; Verma et al., 2012). However,
increasing the duration beyond that leads to the disarrangement
of the layered graphene clusters of biochars and tends to block the
porous structure. This negatively affects the textural properties

and adsorption capacity of biochar. After physical activation, the
biochar was subjected to the following chemical activation steps.

Chemical Functionalization of Biochar With TEPA
Chemical activation followed two steps. At first, the
ultrasonicated biochar-water suspension was mixed with
the activating agents EDC and HOBt (3.375 g of each reagent
with 3 g of biochar) followed by stirring for 24 h with slight
heating (at 35°C) (Chatterjee et al., 2018). The mixture was then
filtered and dried at 60°C under vacuum overnight. In the next
step, the dried sample was suspended in methanol and TEPA
was added to the solution with a 2.5 times weight ratio with
respect to dried biochar sample. The mixture was subjected to
stirring with heating at 35°C for 24 h, filtered and washed with
200 mL of 1IN NaOH, 200 mL IN HCI and 200 mL of acetone
and dried as before. EDC is preferred over other carbodiimides
such as DCC (dicyclohexylcarbodimide) because it is soluble in
water which results in the easy separation of the product and
unreacted reagent. HOBt is usually applied as an additive to
prevent undesirable side reactions which may reduce the yield
of the product. Further explanations and detailed mechanism of
the activation process have been demonstrated in our previous
works (Chatterjee et al., 2018, 2019).

Characterizations of the Adsorbent

The biochars, both raw and functionalized, were characterized
using Scanning Electron Microscopy for the determination of
surface morphology using JEOL JSM-7200 FLV SEM instrument.
Surface area and porosity (textural properties) were measured
using Micromeritics 3-Flex Surface Area Analyzer.

The adsorption isotherm study was conducted under liquid
nitrogen environment at 77K and the technique measures
volume adsorbed by the sample as the relative pressure is
gradually increased from 0 to 1. Then, the mesopore area and
pore volume were calculated by the BET (Brunauer, Emmett, and
Teller) equation:

1 c—1 p) 1
= — |+ — (1)
V[(I’%) ~1] VmC (po Vi€

Where p, po, V; v, and c, respectively represent equilibrium
pressure of adsorbate at the temperature of adsorption,
saturation pressure of adsorbate at the temperature of adsorption,
adsorbed gas quantity, monolayer adsorbed gas quantity, and
BET constant.

The t-plot based on the de-Boer equation was also used to
calculate micropore surface area and pore volume.

v v

exp[1 Vn —K1L] (2)

v Vin

= K, —2m
p 27

v

Vim Vm

Where p, v, vy, Kz, and Kj respectively represent equilibrium
pressure of adsorbate at the temperature of adsorption, adsorbed
gas quantity, monolayer adsorbed gas quantity, parameter related
to the gas-solid interaction which are function of temperature
and the properties of the adsorbate.
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FIGURE 1 | SEM images of (A) R-MS 700; (B) US-MS 700.

Mesopore area was calculated by subtracting t-plot area from
the BET surface area. In a similar way, t-plot micropore volume
was subtracted from total pore volume to get mesopore volume.

Elemental constituents were determined using Perkin
Elmer Series II CHNS/O Analyzer. The spectroscopic studies
were conducted using Agilent Cary 660 Fourier Transform
Infrared (FTIR) instrument to evaluate the change of
surface functional groups, and degree of graphitization and
defects were measured using LabRam HR Evolution Raman
Spectroscopy technique.

The thermal stability evaluation of the biochars was performed
by thermogravimetric analysis (TGA Q500, V20.13 Build 39,
TA Instrument). Approximately 7-8 mg of raw and ultrasound-
amine functionalized miscanthus biochars synthesized at 500,
600, 700, and 800°C were weighed into platinum crucible
and was subjected to thermogravimetric analysis in a nitrogen
flow (gas flow of 60 mL-min~!) at a heating rate of 5°C
min~!, from 21 to 700°C. The surface crystallinity of the
biochar samples were determined from the XRD analysis in
a Rigaku powder diffractometer (Rigaku, Japan) with Cu Ka
radiation (A = 0.15406 nm). The tube voltage was 45 kV, and
the current was 40mA. The XRD diffraction patterns were
taken in the 20 range of 10-80° for raw and ultrasound amine
activated of miscanthus biochars synthesized at 500, 600, 700,
and 800°C.

CO5, Adsorption Experiments

The experimental set-up and detailed procedures of the tests
were reported in our previous studies (Chatterjee et al., 2018,
2019). In brief, adsorption experiments were conducted in a
temperature-controlled tubular reactor (alumina oxide, Al,O3).
For each experimental run, a biochar sample of 2g was put
inside the tube and heated under helium (99.99%) gas flow
(500 cm?® min—!) at 378K for 1h to remove moistures from
the adsorbent. Then, the reactor was cooled to 333K and the
helium gas was switched to a simulated flue gas consisting
of 10 vol. % CO, balanced with He. A CO-CO; analyzer

(ZRH Infrared Gas Analyzer, CAI) connected to the set-up
was used to detect the concentration of CO, before and after
the experiment. The calculation of adsorption capacity was
based on the change in concentration of CO, after adsorption
(Chatterjee et al., 2018).

RESULTS AND DISCUSSIONS

Surface Morphology Analysis

Effect of Pyrolysis Temperature on Surface
Morphology of Raw Chars

The SEM images of raw and activated biochars, pyrolyzed at
700°C temperature are presented in Figures 1-4. As observed,
the char particles show different sizes and shapes that may be
attributed to the sample preparation such as grinding, sieving
and treatment. The raw samples show overall similarity in their
surface morphology, having rough and non-porous structure.
Images obtained revealed two main morphological features for
all biochar samples: fiber structures and pith. The fibrous surface
is formed by parallel stripes and is partially covered with residual
material, and pith is a more fragile and fragmented structure
which is primarily cracks that connect neighboring cells on the
surface of the walls. As observed from Figure 1A, raw MS sample
is characterized by jagged particles of varying size with vascular
elements packed in bundles and possess a relatively flat surface
which is also consistent to the literature (Zhang et al., 2014; Wang
X.etal, 2015). SEM micrographs of raw SG samples (Figure 2A)
exhibit rough surface with long ridges, resembling a series of
parallel lines. Similar structural features are also observed for CS
(Figure 3A) and SB (Figure 4A), which exhibit rough, irregular
and bundle like shapes. In addition to that, all samples exhibit
fracture and cracks attributed to release of volatile matters
during pyrolysis. These morphological observations were further
substantiated based on the surface area analysis data using BET
technique as described in the subsequent section.

Frontiers in Energy Research | www.frontiersin.org

May 2020 | Volume 8 | Article 85


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Chatterjee et al. Amination of Biochar for Efficient CO, Adsorption

FIGURE 4 | SEM images of (A) R-SB 700 and (B) US- SB 700. MS, Miscatanthus; SG, Switchgrass; CS, Corn stover; SB, Sugarcane bagasse; R, Raw; US,
Ultrasound Activated.
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Effect of Pyrolysis Temperature on Surface

Morphology of Ultrasound Activated Chars

Pyrolysis temperature has a prominent role in promoting the
ultrasound effect. Macroscopically, the samples become very fine
powders under ultrasound irradiation and microscopically,
acoustic activation causes a structural degradation by
opening/creation of new micro-pores as observed from the
Figures 1B, 2B, 3B, 4B. The maximum pore generation was
observed for 700°C, accordingly SEM images of sonicated
chars pyrolyzed at 700°C have been presented. As observed
from the figures the effect of sonication is more observable for
agro-industrial (CS, SB) chars than herbaceous biochars (MS,
SG). For example, US-MS 700 sample (Figure 1B) shows the
least alteration to their structure. Similarly, For US-SG 700,
SEM image (Figure 2B) depicts that acoustic treatment slightly
affected the structures. In contrast to herbaceous biochars, US-
CS 700 (Figure 3B) and US-SB 700 (Figure 4B) show significant
increased porosity and greater structural deformations upon
sonication. This structural deformation can be explained because
of the thinner walls of CS and SB than MS and SG. This leads to
the generation of porosity more in the agro-industrial residues
(CS and SB) than herbaceous residues (MS and SG).

Surface Area Analysis

Effect of Pyrolysis Temperature on Surface Are of
Raw Chars

The surface area and pore volume (both micro and micro-
meso porosity) of raw and ultrasound activated samples
pyrolyzed under different temperatures are reported in Table 2.
As observed, maximum surface area values for both the
microporosity (R-SG-700 with surface area 325 m?/g) and
micro-mesoporosity (R-SG-800 with surface area 351 m?/g) are
observed for herbaceous residues, whereas the minimum values
for the microporosity (R-SB-500 with surface area 83 m?/g)
and micro-mesoporosity (R-SB-500 with surface area 138 m?/g)
are observed for agro-industrial based chars. This shows that
surface area is significantly affected by the biochar feedstock and
pyrolysis temperature.

Surface area and pore volume for herbaceous chars (MS
and SG) are higher than agro-industrial chars (CS and SB).
Accordingly, the microsurface area and pore volumes for MS and
SG ranged between 115-325 m?/g and 0.06-0.16 cc/g over the
temperature of 500-800°C. The increase of pyrolysis temperature
from 500 to 600°C resulted in a significant and sudden jump
in the surface area (from 119 to 303 m?/g for MS and from
115 to 290 m?/g for SG) and the pore volume of 0.06-0.14
cc/g for both the herbaceous biochars. This trend is similar to
what is reported in the literature for MS (Suliman et al., 2016;
Zhao et al., 2017) and SG (Zanzi et al., 2002; Cetin et al., 2005;
Guerrero et al., 2005). The enhancement of surface area and pore
volumes was caused by the degradation of the organic materials
(hemicelluloses, cellulose, and lignin) and the formation of
vascular bundles or channel structures during pyrolysis (Kim W.
K.etal,2013; Lietal., 2013). Lee et al. reported that cellulose and
hemicellulose in the MS decompose at 500°C (Lee et al., 2013).
When the applied pyrolysis temperature is increased beyond
500°C, the rupture of the hemicellulose along with other organic

TABLE 2 | Surface area analysis of raw and sono-chemically activated biochars
samples synthesized at different pyrolysis temperatures.

Samples Microporosity Micro-mesoporosity
Surface area  Pore volume Surface area Pore volume
(m*/g) (cc/g) (m?/g) (cc/g)
R-MS 500 119 0.06 168 0.08
R-MS 600 303 0.14 345 0.18
R-MS 700 324 0.15 368 0.18
R-MS 800 316 0.14 390 0.20
R-SG 500 115 0.06 162 0.08
R-8G 600 290 0.14 325 0.15
R-SG 700 325 0.15 344 0.18
R-SG 800 311 0.14 351 0.18
R-CS 500 96 0.05 149 0.08
R-CS 600 284 0.14 293 0.14
R-CS 700 208 0.14 308 0.14
R-CS 800 288 0.14 357 0.18
R-SB 500 83 0.05 138 0.08
R-SB 600 221 0.11 273 0.14
R-8B 700 236 0.12 289 0.14
R-8B 800 240 0.12 290 0.14
US-MS 500 323 0.15 388 0.20
US-MS 600 520 0.21 581 0.21
US-MS 700 532 0.21 588 0.21
US-MS 800 526 0.21 576 0.21
US-SG 500 309 0.14 374 0.20
US-SG 600 486 0.17 544 0.21
US-SG 700 520 0.21 570 0.21
US-SG 800 503 0.21 550 0.21
US-CS 500 215 0.11 279 0.14
US-CS 600 399 0.20 454 0.20
US-CS 700 423 0.20 473 0.21
US-CS 800 407 0.20 452 0.20
US-SB 500 192 0.11 250 0.13
US-8B 600 332 0.15 382 0.20
US-SB 700 352 0.18 400 0.20
US-SB 800 358 0.18 403 0.20

R, Raw; US, Ultrasound Activated; MS, Miscanthus; SG, Switchgrass; CS, corn stover;
SB, Sugarcane bagasse.

compounds generates more micropores within biochar (Jeong
et al., 2016). The decomposition of lignin and the quick release
of H, and CHy contribute to a sharp increase of the surface
area and pore volumes from 500 to 600°C. Further increase
of the temperature to 700°C magnifies surface area and pore
volume, especially for the micropores. This is mostly attributed
to the further degradation of lignin and the reaction of aromatic
condensation (Chen et al., 2012), which increases the release
of volatile matter and creates more pores. However, increasing
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the pyrolysis temperature beyond 700, (up to 800°C) resulted in
decreased surface area and pore volume. This can be described
as a result of elevated temperatures that cause structural ordering
and merging of pores, thus reducing the char surface area (Kumar
etal., 2017).

Although surface areas for agro-industrial chars are lower
than herbaceous ones, they follow a similar trend. For instance,
CS and SB exhibited a significant increase in surface area (96-284
and 83-221 m?/g for CS and SB, respectively) and pore volumes
(0.05-0.14 and 0.05-0.11 cc/g) upon increasing the temperature
from 500 to 600°C. Higher pyrolysis temperature caused higher
devolatilization, resulting in more pore volume in the samples
and, in turn, a greater surface area up to 700°C (Zanzi et al,
2002; Onay, 2007). However, the temperature increase to 800°C
resulted in reduced micro surface area for CS. The reactivity of
the biochar samples is strongly affected by the surface area (Onay,
2007). Thus, biochar samples produced within the temperature
range of 500-700°C showed better reactivity and adsorption
behavior than biochar samples produced at 800°C.

Effect of Pyrolysis Temperature on Surface Area of
Ultrasound Activated Chars

As found from Table2, upon sonication the microporous
surface area and pore volumes for all the biochars increased.
Additionally, as for raw chars, ultrasonicated herbaceous
biochars possessed higher surface areas and pore volumes
than agro-industrial chars. The sonicated samples also showed
significant increases in surface area (323 to 520 m?/g for MS,
from 309 to 486 m?/g for SG, from 215 to 399 m?/g for CS, and
192-332 m?/g for SB) with increasing the pyrolysis temperature
from 500 to 600°C. Further elevation of temperature to 700°C
exhibited enhancement in surface areas followed by reduction at
800°C for all the US-treated samples except SB which showed
slight increment from 352 to 358 m?/g. US-MS 700 showed the
maximum surface areas with the values of 532 and 588 m?/g for
micro and micro-meso porosity, respectively, whereas US-SB 500
showed minimum values for the micro and micro-mesoporous
surface areas (192 and 250 m?/g). Biochars pyrolyzed at 700°C
demonstrated the highest surface areas, indicating the most
effective interaction with ultrasound waves. It is worth noting
that the micro surface area of all biochars increased by almost
200 m?/g (on average) with a pyrolysis temperature increase of
500 to 700°C. However, the same increment was observed by
30s of ultrasound activation at ambient conditions. Ultrasound
cavitation results in the exfoliation of the graphitic clusters of
the biochar structure, removal of mineral matter, and opening of
the pores, thereby increasing microporous surface area. Similar
observations are found in the literature and in our previous
studies (Stankovich et al., 2006; Chen et al., 2014; Chatterjee et al.,
2018, 2019; Sajjadi et al., 2019a). Similar to the surface areas, the
pore volumes also exhibit a trend where maximum and minimum
pore volumes can be obtained for US-MS 700 and US-SB 500
with the values of 0.21 and 0.11 cc/g, respectively. The surface
area data can be also verified using the SEM analysis results as
observed from Figures 1-4. For instance, among the ultrasound
treated samples, US-MS 700 and US-SG 700 showed improved
pore generation that corresponds to their high micropore surface

area (532 and 520 m2/g) and pore volume (0.21 cc/g) values.
Hence, based on the surface area analysis results it can be
emphasized that miscanthus biomass pyrolyzed at 700°C and
sonicated had the highest possible microporous surface area that
would provide more active sites for amine activation to improve
the CO; adsorption capacity.

The surface area of the samples can be further justified
based on the adsorption isotherm plots as observed in the
Figures S2, S3. The plots correspond to the volume of adsorbed
gas with respect to the relative pressure, indicating adsorption
ability of the chars. In addition to that, the isotherms also
characterize the adsorbent materials in terms of their porosity.
For instance, the shape of the above described isotherms are
similar to Type I isotherms (as per [UPAC classification) which
are common for microporous solids (Brunauer et al., 1940). A
Type I isotherm is usually observed when the attractive forces
between adsorbed gas and adsorbent are greater than those
between the molecules of the gas (Brunauer et al., 1940). Hence,
the isotherms further provide a confirmation of the porous
nature of the adsorbent materials.

Elemental Analysis

Carbon (C), nitrogen (N) and hydrogen (H), oxygen (O), sulfur
(S), and the ash content of raw and activated biochars synthesized
under different temperatures are summarized in Table 3 and
the corresponding organic analysis on a dry ash-free basis are
reported in Table S1. Oxygen (O) content was calculated by
difference (100%-%C~+%H~+%N-+%S+%ash).

Effect of Pyrolysis Temperature on the Elemental
Composition of Raw Chars

Increasing pyrolysis temperature had a significant effect on the
elemental constituents and H/C (the degree of aromaticity) (Al-
Wabel et al., 2013) and O/C (the degree of polarity) ratios
(Mimmo et al., 2014) of raw biochars. The following notable
changes are observed for MS in the temperature range 500-
600°C: %C increment from 75 to 82%; reduction in H/C and
O/C ratios from 0.27 to 0.17 and 0.18 to 0.07, respectively, and
%N content reduced by half. SG behaved in a similar manner:
%C content showed significant increase from 68 to 77% with
lowering of H/C and O/C ratios in the range of 0.29 to 0.16 and
0.18 to 0.09, respectively, and the increment of ash from 10.8
to 12.8%. Further increases in pyrolysis temperature exhibited
small changes in %C and ash content (although there was wider
variation in ash content for SG) and almost no changes in both
H/C and O/C ratios (although there was wider variation in O/C
for SG). The increase in carbon content at higher temperature
reflects the increasing degree of carbonization (Zhou et al., 2013)
and the decrease in H and O contents is likely due to dehydration
reactions, the decomposition of the oxygenated bonds, and the
release of low molecular weight byproducts containing H and
O. In terms of structural transformation, the higher extent of
carbonization indicates a more aromatic structure (Al-Wabel
et al., 2013), and loss of O and H functional groups (such as
hydroxyl, carboxyl, etc.) indicates a more hydrophobic structure
(Peterson et al., 2013). Reduction in %N and %S contents can be
attributed to the volatilization of nutrients at a high temperature
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TABLE 3 | Elemental compositions (dry basis) of raw and activated biochar
samples synthesized at different pyrolysis temperatures.

Effect of temperature on raw char
composition

Sample name C H N (o] S Ash H/C o/C

wt. % wt. % wt. % wt. % wt. % wt. % ratio ratio

R-MS-500 7460 338 045 1742 074 341 027 0.18
R-MS-600 82.35 232 028 11.22 0.03 435 0.17 0.10
R-MS-700 8369 24 039 820 045 487 017 0.07
R-MS-800 8447 228 030 7.61 032 502 0.16 0.07
R-SG-500 67.83 328 1.01 1632 0.8 10.76 0.29 0.18
R-SG-600 77.00 204 057 968 0.03 12.78 0.16 0.09
R-SG-700 76.98 225 091 1100 047 839 0.18 0.1
R-SG-800 7864 146 079 488 029 1394 0.11 0.05
R-CS-500 7147 328 085 1344 0.76 10.20 0.28 0.14
R-CS-600 7447 224 081 1182 0.09 12.00 0.18 0.12
R-CS-700 7623 192 068 583 0.34 15.00 0.15 0.06
R-CS-800 7350 212 0.69 10.92 047 12.30 0.17 0.11
R-SB-500 65.12 213 0.62 1580 0.59 1574 0.20 0.18
R-SB-600 68.10 1.90 0.49 10.08 0.03 19.78 0.17 0.11
R-SB-700 73.58 2.40 0.61 3.09 052 19.80 0.20 0.03
R-SB-800 7273 166 049 467 033 20.12 0.14 0.20
Effect of temperature on activated char
composition

A-MS-500 7526 333 145 1535 0.63 3.98 027 0.15
A-MS-600 70.16 213 150 10.09 0.03 17.47 0.18 0.1
A-MS-700 84.16 247 073 725 039 500 0.18 0.06
A-MS-800 85.79 1.79 1.31 6.056 026 48 0.13 0.05
A-SG-500 7147 344 241 1444 070 7.54 0.29 0.15
A-SG-600 69.71 2.06 125 10.37 0.09 17.38 0.18 0.1
A-SG-700 79.78 222 144 701 041 9.16 0.17 0.07
A-SG-800 80.12 149 219 759 0.31 83 0.11 0.07
A-CS-500 7362 329 202 135 062 6.95 027 0.14
A-CS-600 77.00 257 141 1092 0.06 7.90 0.20 0.11
A-CS-700 7862 222 162 840 044 870 0.17 0.08
A-CS-800 7751 226 136 935 042 910 0.17 0.09
A-SB-500 64.49 324 174 16.8 0.66 13.07 0.30 0.20
A-SB-600 7811 224 112 1015 0.03 891 0.17 0.09
A-SB-700 7174 238 112 964 042 147 0.20 0.10
A-SB-800 7748 175 137 350 030 156 0.14 0.030

MS, Miscatanthus; SG, Switchgrass; CS, Corn stover; SB, Sugarcane bagasse; R, Raw;
Ultrasound Amine, Activated.

which were resistant at low temperature and not easily volatilized.
The observation is consistent with the literature, too (Zhou et al.,
2013; Yuan et al., 2014). The results of the present study also
generally exhibited enhancement of ash content with pyrolysis
temperature, mainly due to the increase in the concentration of

minerals (such as Na, Mg, Ca, K, etc.) in biochar samples with
temperature since these elements are not lost by volatilization
(Zhou et al., 2013).

The two agro-industrial-based biochars (CS and SB) showed
similar trends. For instance, CS follows an increasing trend of
%C content up to 700°C with a gradual rise of ash content
and reduction of H/C and O/C ratios and %N contents. But a
further increase in pyrolysis temperature (to 800°C) resulted in
a reduction in %C content and similarly follows a reverse trend
for other elemental constituents. Similar to herbaceous chars,
the trend for elemental analysis of agro-industrials is similar to
the trend for surface area analysis data (Table 2) that showed
a substantial change in surface area and pore volumes up to
700°C with a reduction at 800°C. Although %N content was
maximum at 500°C, maximum %C content was achieved at
700°C. In comparison to other biochars, SB has comparatively
lower %C content that ranged between 65 and 74% in the
temperature interval of 500-800°C which is also reflected in
Table 2 that showed the lowest values of surface area for SB
than any other raw biochar samples. Similar to CS, it generally
showed increased %C and ash content, and reduced H/C-O/C
ratios and %N content, for the temperature range of 500-800°C,
although values at 700°C were often the most extreme. Based
on the above discussion it can be suggested that herbaceous
biochars showed greater variations in elemental compositions
compared to agro-industrial chars for the pyrolysis temperature
range of 500-800°C.

Effect of Pyrolysis Temperature on Elemental
Composition of Ultrasound Amine Activated Chars

As per our previous studies, amination usually caused a reduction
in ash content. Removal of ash from the biochar structure
could be attributed to the washing away of mineral contents
of the biochars during aqueous modifications (Kim W. K.
et al,, 2013). On the other hand, ash content increases with
temperature, as organic components are volatilized. These
two contradictory effects caused some irregular alterations in
ash content of biochars (particularly in herbaceous chars).
However, an increasing trend was observed in the ash content
of agro-industrial-based biochars with temperature, indicating
the domination of temperature effect over amination impact.
In order to prevent misinterpretation concerning organic
content, elemental analysis of aminated samples is discussed by
eliminating the impact of ash alteration.

Table S1 (organic analysis) depicts gradual increment in %C
contents of aminated MS samples with temperature, which
is consistent to what was obtained for raw chars. Similar to
MS, pyrolysis temperature caused increment of (ash-excluded)
%C contents from 76 to 91% in raw SG chars to 77-88%
in activated chars. Consistent with these observations, the C
content of agro-industrial-based biochars (CS and SB) increased
with temperature and also with respect to the %C content
of their corresponding raw chars. As a general trend and by
eliminating some minor fluctuations, %O contents for aminated
samples were reduced with temperature, and were lower than
the corresponding raw chars, since TEPA has no oxygen. The
activated samples did not show any significant change in H/C
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and O/C ratios compared to the raw samples, despite substantial
differences for C or O (Table 3) in sono-aminated vs. raw chars
for some samples (MS600, SG600, SB600, and SB800 for %C;
SB700 for % O). This can be explained as a result of changes
of both numerator and denominator for H/C and O/C ratios,
making the entire ratio almost equal.

As expected, the %N content of the activated biochar
significantly increased, in the range of 2-6 times in MS and
1.6-2.6 times in SG samples, compared to the corresponding
raw chars, since the aminated chars incorporated N-containing
TEPA. In terms of temperature effects, the maximum of N
content was observed in the lower temperatures (600°C for MS
and 500°C for SG), the N content was reduced for middle-ranged
temperatures (600 or 700°C) and enhanced by further increase
of temperature (to 800°C). Similar behavior was observed in
the two agro-industrial-based biochars (CS and SB). It can be
concluded that elevated pyrolysis temperature showed overall
reduction in elemental %N contents of both raw and aminated
chars (Table S1), though a sudden jump in N content of almost
all samples was observed at 800°C. In addition, the changes of
N content were more prominent in herbaceous chars compared
with agro-industrial-based biochars. Thus, the above analysis
show that pyrolysis temperature show overall increase in %C and
%ash contents whereas %H, %0, and %N show reduction.

FTIR Analysis

FTIR spectra of the raw and aminated biochars derived under
different temperatures are depicted in Figures 5A-D. The
baselines of the graphs were revised in Origin lab (Version
2019b) to allow a correct comparison of the intensity of the
peaks. The original IR plots are shown in Figure S1. As found
from the figures, the spectra include O-H stretching vibrations
of hydrogen bonded hydroxyl groups at 3,300-3,600 cm ™!, and
CO, absorption peak at 2,300 cm~!. The peak at 1,600 cm~! is
ascribed to carboxylate (COO-) and 1° amine N-H bending, (Liu
et al., 2015) and aromatic C=C stretch is ~1,400 cm~! (Zhao
et al,, 2017). The peak around 1,026 cm™! is attributed to C-O
stretching vibrations or the C-N stretch of an aliphatic primary
amine (Coates, 2006).

Effect of Pyrolysis Temperature on Surface

Functional Groups of Raw Chars

As observed from the figures biochars began to increase aromatic
deformation at higher pyrolysis temperature particularly at
800°C. Most of the biochars showed intensified peak at 1,400-
1,600 cm ! attributed to aromatic C=C stretching except for MS.
This result is likely due to the degradation and depolymerization
of lignocellulosic structure. This further indicates the decrease of
aliphatic hydrocarbon and development of aromatic structure of
biochar with increasing pyrolysis temperature (Major et al., 2018)
as found from elemental analysis results that showed increased
%C content at elevated temperature (Table3 and Table S1).
The other notable change is the reduction of the peak at 1,600
cm™!, the highest intensity of which is observed in pyrolysis
temperature of 500°C; this can be explained as a result of removal
of oxygen functional groups at elevated temperature which is
otherwise observed at lower temperature such as 500°C and

consistent with the elemental analysis results (Table 3). However,
its intensity was typically reduced at higher temperatures. This
behavior is observed for all the four biochars.

Effect of Pyrolysis Temperature on Surface Functional
Groups of Ultrasound Amine Activated Chars

The ultrasonic-amine functionalized spectra show shifts in
peaks due to interaction between surface functional groups and
amino groups and the subsequent amine attachment. Ultrasonic
treatment resulted in cleaning the surface which was also
observed in the SEM images Figures3, 4. The FTIR results
for aminated samples showed amino or nitrogen containing
functionality such as C-N at 1,000-1,250 cm™!, which is
attributed to the attachment of aliphatic amine. For instance,
aminated MS samples showed strong C-N peak at 600°C
compared to raw char which is also in accordance with %N
content of A-MS-600 exhibiting 5 times increased value than
R-MS-600 along with intense amine peak for A-MS-500 and A-
MS-700 over the R-MS 500 and R-MS 700. Similarly, A-SG 600
and A-SG-700 showed improved amination than R-SG 600 and
R-SG 700. A-CS 600, A-CS-700, A-CS 800 exhibited stronger C-
N peak over R-CS 600, R-CS 700, and R-CS 800. Also aminated
SB samples such as A-SB 500 and A-SB 700 have enhanced C-N
peak than R-SB 500 and R-SB 700.

Raman Analysis

Raman spectroscopy combines a prominent surface selectivity
and an exceptional sensitivity to the degree of structural order
(Ashworth et al., 2014). It is considered to be one of the most
informative methods for investigation of the structural perfection
of carbonaceous material (such as biochar). Figures 6A-D show
the Raman spectra of all raw and activated biochar samples
synthesized under different temperature ranges- 500, 600, 700,
and 800°C. The spectra exhibit two prominent peaks at 1,400
and 1,600 cm~! designated as D and G peaks. The D-band
is attributed to in-plane vibrations of sp?> bonded carbon
(intramolecular C-C vibration of aromatic carbon layers) within
structural defects (Pilon and Lavoie, 2013). The G-band arises
from the in-plane vibrations of the sp?-bonded crystallite carbon
(intermolecular shear vibration between individual C-layers)
(Sadaka et al.,, 2014). The ratio of the disorder-induced band
(D band) to the Raman-allowed band (G band) is termed the
intensity ratio (Ip/Ig). This describes the amount of disorganized
material present (Wang S. et al., 2015). The lower the Ip/Ig
ratio, the higher the degree of graphitization of the carbonaceous
structure. The intensity ratio values of all the samples have been
reported in Table S2.

Effect of Pyrolysis Temperature on Graphitic
Structure of Raw Chars

The Ip/lg ratio for this category falls in the following
range- 0.65-0.88 for MS, 0.70-0.88 for SG, 0.58-0.83 for CS
and 0.59-1.01 for SB. For all of the biochar samples, an
increment in the Ip/Ig ratio was observed with increasing
pyrolysis temperature, indicating that the structure of the
biochar becomes more and more disordered. A similar
observation has been reported by Major and Jones et al
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FIGURE 5 | FTIR spectra of raw and activated samples (A) miscanthus, (B) switchgrass, (C) corn stover, and (D) sugarcane bagasse synthesized at different

where the authors explained this increasing trend of the
disorder as the evolvement of gas species including CHy,
CO,, CO, and H,O forming throughout pyrolysis (Brewer,
2012; Vyas et al, 2017). These gasses emanate throughout
the structure, promoting disorder until >1,000°C. In addition,
the most notable change in the Ip/Ig intensity ratio of both
herbaceous and agro-industrial chars was observed when the
temperature was raised from 500 to 600°C followed by a slight
increment from 600 to 800°C. This trend can be correlated
to Tables2, 3 that showed significant changes in surface
areas and elemental compositions, respectively, when pyrolysis
temperature was increased from 500 to 600°C, irrespective of the
biochar type.

Effect of Pyrolysis Temperature on Graphitic
Structure of Ultrasound Amine Activated Chars

As a result of the addition of disordered functional groups,
the Ip/Ig intensity ratio is expected to be greater for sono-
aminated chars compared with raw samples. Consistent with
this, almost all activated biochars (except A-SG-600/700 and A-
SB-700/800) demonstrated a significant increase in the Ip/Ig
ratio compared with their pristine condition (Table S2). The
maximum values were observed for MS, ranging from 0.78 to
0.96 for 500 to 800°C, respectively, consistent with their surface
area data (Table2). SG and CS showed similar behavior in
terms of intensity ratio, but exhibited slightly lower values than
MS. Compared to other activated biochar samples, SB showed
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FIGURE 6 | Raman spectra of raw and activated samples (A) miscanthus, (B) switchgrass, (C) corn stover, and (D) sugarcane bagasse synthesized at different
pyrolysis temperatures.

the least Ip/Ig changes for 500, 600 and 700°C, though the
value increased to 0.89 by a further increase of temperature
to 800°C.

Thermal Stability Analysis

Thermogravimetric analysis and differential thermogravimetry
curves for all the biochars are presented in Figures 7A,B. The
mass loss occurred slowly around 60-70°C, which is associated
with the loss of the initial moisture of the raw sample observed
in Figure 7A (Santos et al., 2015). Beyond this, the main mass
losses started at around 310-320°C for R-MS-500 and 350-390°C
for R-MS-600 and R-MS-700, respectively and followed the trend
as observed in the literature (Zhao et al., 2017). For MS-800
the curve is mostly flat indicating the negligible loss due to its
high synthesis temperature. The above mentioned weight loss can
be attributed to the degradation and decomposition of organic
materials (Sun et al., 2014). Above 600°C, decomposition for
all the biochars completed and the curves became stable. It was
interesting to note that the total weight losses resulting from

thermal degradation were 34.3, 24.9, 22.3, and 6.6% for MS-500,
MS-600, MS-700, and MS-800, respectively. This furthermore
proves that the lower temperature derived biochars were less
thermally stable than the higher temperature derived ones,
probably because they were not fully carbonized (Sun et al., 2014;
Zhao et al., 2017).

The TGA curve for aminated samples (7B) have similar
trend as observed for raw samples where the samples showed
reduction in mass around 60-70°C attributed to the desorption
of moisture. The mass loss around 450-460°C (TGA curve of
Figure 7B) corresponds to the decomposition of the immobilized
amine groups (Plaza et al., 2008). This higher decomposition
temperatures of the amine activated samples (in comparison to
the raw samples) revealed that the amine groups were effectively
stabilized on the biochar (Plaza et al., 2008). The total weight
loss for these samples can be listed as 26.7, 13.9, 11.8, and 9.5%,
respectively for US-Am-MS 500, US-Am-MS 600, US-Am-MS
700 and US-Am-MS 800, respectively. This indicates the stability
of the aminated samples.
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XRD Analysis
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FIGURE 7 | TGA-DTG curves of (A) raw and (B) activated miscanthus synthesized under different temperature conditions are
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FIGURE 8 | XRD plots of (A) raw and (B) activated miscanthus samples synthesized at 500, 600, 700, and 800°C.
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FIGURE 9 | CO, adsorption capacities of both raw and sono-chemically
activated biochar samples synthesized at different pyrolysis temperatures. MS,
Miscatanthus; SG, Switchgrass; CS, Corn stover; SB, Sugarcane bagasse; R,
Raw; A, Ultrasound Amine Activated.

adsorption capacities in comparison to all other raw chars
(MS>SG>CS>SB) under all temperature ranges, although
the differences are small. All raw biochars exhibited a gradual
increase in adsorption capacity in the range of 67-88% while
increasing the temperature from 500 to 600°C. Although
%N content decreased with temperature, the carbon content
increased significantly, thus facilitating the increase in adsorption
capacities. This is consistent with Raman and textural analysis
that showed substantial increment in intensity ratio and surface
area values, respectively, upon increasing the temperature from
500 to 600°C. All the raw samples demonstrated a slight increase
(4-13%) in CO; capture capacity at 700°C compared with 600°C,
which can be substantiated as per the elemental analysis data
(C and N contents) (Table 3). However, further increasing the
pyrolysis temperature to 800°C reduced the adsorption capacity
values by 70-76% compared to 700°C. This could be due to
the reduction in surface area at elevated temperature (800°C)
caused by the destruction of surface porosity, in addition to the
reduction in %N contents at 800°C (Tables 2, 3).

Effect of Pyrolysis Temperature on Adsorption
Capacities of Ultrasound Amine Activated Chars
Although the pyrolysis temperature showed a slight effect on
adsorption capacity of the raw biochars, it demonstrated a
significant interaction with the acoustic-based amination process
and the subsequent adsorption capacity of activated biochars.
Based on Figure 9, adsorption capacities for activated chars can
be categorized as: 0.86-1.23, 2.15-2.53, 2.22-2.89, and 1.34-1.74
mmol/g for the temperature ranges of 500, 600, 700, and 800°C,
respectively. These values are 215-251, 287-309, 285-310, and
227-259% higher compared to those of the raw biochar at the
temperatures of 500, 600, 700, and 800°C, respectively. Similar to
raw biochars, sono-chemically functionalized samples exhibited
an increasing trend of adsorption capacities with temperature up
to 700°C, followed by a reduction at 800°C; optimum adsorption
capacities were obtained for temperatures 600-700°C, which is in

accordance to the Table 3 that showed notable differences (>3%
change) in %C contents of MS, SG and SB at 600°C temperature.

As observed from Figure 9, the sono-aminated chars have
much higher adsorption capacities (almost 3 times) those of
raw chars. The effect of ultrasound activation can be observed
from the surface morphology analysis (Figures 1-4) where the
activated char particles exhibited generation/opening of pores
that resulted in increases of their surface area and porosity
leading them to achieve higher amine loading. Among different
sono-aminated samples, herbaceous biochars (MS and SG)
showed greater adsorption capacity than agro-based chars (CS
and SB). The results suggest that both surface area and functional
groups play key roles in CO, capture. For example, on one hand,
aminated MS contained the least N content compared to the
other biochars, but on the other hand, MS structure involved
the maximum porosity and surface area. Yet, the aminated MS,
particularly at 600 and 700°C, represented the maximum CO,
adsorption. This trend is also corroborated based on Raman
analysis. Increasing temperature showed increasing trend of
intensity ratios and more defects in forms of functionality which
is also observed in IR spectra of aminated samples for A-MS-
500, A-MS-600, and A-MS-700. SG also exhibit similar behavior
where %C content showed gradual increment and %N content
showed gradual reducing trend with temperature but C-N peak
from IR showed improved intensity for aminated samples at 600
and 700°C than raw SG under same temperatures. Generally, the
minimum CO; capture was observed in agro-industrial category,
particularly SB biochar. Aminated SB had the lowest carbon and
highest ash contents that resulted in low adsorption capacity.
As observed, the ash content even increased with temperature.
Accordingly, like other aminated biochars, A-SB-700 and A-SB-
600 demonstrated a much greater adsorption compared with
A-SB-500 and A-SB-800.

In general the biochars synthesized at 600-700°C and sono-
chemically modified showed improved adsorption capacities
than 500 and 800°C. This trend is further verified from the
following physicochemical characterizations data. For instance,
elemental analysis results (Table3) expressed intense %N
contents for aminated biochars at 600°C. In addition to that the
strong C-N peak for the TEPA activated samples (as observed
from FTIR plots, Figures 5A-D) for the temperature range
of 600-700°C also matches the adsorption capacity results.
The intensity ratio values as observed from Table S1 exhibited
the highest increment for 600-700°C corresponding to their
maximum adsorption capacity.

The adsorption capacities for the sorbent materials can be
explained using the adsorption isotherm plots as shown in
Figures S2, S3. The plots correspond to the volume of adsorbed
gas with respect to the relative pressure, indicating adsorption
ability of the chars. The more the adsorbed volume, the higher
will be the adsorption capacity. Comparing the figures, it can
be observed that miscanthus samples (Figure S2A) showed the
highest value for the adsorbed volume corresponding to their
highest adsorption capacity than any other biochar samples. The
figures also indicated that the volume adsorbed is higher for
biochar samples synthesized at high temperature. For instance,
as per the Figure S2A, the adsorbed volume increases for both
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raw and ultrasound aminated samples as temperature is increased
from 500 to 700°C and then reduces for 800°C. The maximum
adsorbed volume was observed for samples synthesized at 700°C,
followed by 800, 600, and 500°C. A similar trend can be observed
for other raw and aminated biochars samples too. This further
suggests that biochars prepared at temperature 600-700°C are
more active toward CO; adsorption compared to biochars
pyrolyzed at very low (500°C) or very high (800°C) temperature.
Additionally, the effectiveness of the developed activation
technique has been assessed based on the comparison of the
adsorption capacities of the sorbent materials from the present
study with the literature data and presented in Table S3.
It can be concluded from the table that the ultrasono-
amine functionalized adsorbents which were prepared from
miscanthus, switchgrass, cornstover and sugarcane bagasse under
700°C have comparatively higher adsorption capacities (2.22-
2.89 mmol/g) than most of the reported data. Another thing
needs to be pointed that the pyrolysis temperature for the
reported values are ranged between 500 and 800°C which
also in accordance with the present study. However, the
adsorption capacity for sawdust biochar pyrolyzed at 500°C and
activated under N environment exhibited higher value than the
adsorption capacity data obtained in the present study (Bamdad
et al., 2018). The use of pure CO; environment for adsorption
experiment with N activated- sawdust biochar resulted to show
increased adsorption capacity than any other reported data.

CONCLUSIONS

The present study investigated the importance of pyrolysis
temperature on biochar properties, acoustic-based amination
of biochar, and CO, adsorption. Herbaceous (MS and SG)
and agro-industrial based biochars (CS and SB) were used for
synthesizing biochars at four different pyrolysis temperatures
that ranged from 500 to 800°C. The biochars underwent two-
step sonochemical activation: low-frequency low-temperature
ultrasound activation followed by TEPA functionalization. The
effectiveness of the prepared sorbents was assessed based on
characterizations and CO; adsorption results. The increasing of
pyrolysis temperature resulted in high %C and %ash contents
with a reduction of %H, %O and %N contents for most of
the samples with most prominent changes observed in the
temperature range of 500-700°C. Additionally, surface area
and pore volumes were also enhanced at elevated temperatures
up to 700°C. All of these factors played a cumulative role in
increasing adsorption capacity. Pyrolysis temperature had a lesser
impact on enhancing CO, capture capacity of raw chars. Notable
changes were observed in the structural and chemical properties
of activated chars with pyrolysis temperature. The maximum
adsorption capacities and the highest level of adsorption
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