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ABSTRACT: The present study discusses a novel biochar activation technique consisting of physical modification using low
frequency ultrasound and chemical functionalization with individual amines and their blended mixtures in the presence of two
activating agents. Acoustic treatment under ultrasonic irradiation exfoliates the biochar’s graphitic clusters, creates new
micropores, opens the blocked pores, and enhances the functionalization efficiency. In a subsequent chemical modification step,
functionalization with amine moieties further boosts the adsorption capacity. Therefore, the effect of five different amines was
investigated on ultrasono-activated biochar (i) monoethanolamine (MEA, 1°), (ii) piperazine (PZ, 2°), (iii) diethanolamine
(DEA, 2°), (iv) tetraethylenepentamine (TEPA, 1° and 2°), and (v) polyethylenimine (PEI, 1°, 2°, and 3°) and several binary
and ternary mixtures (1) MEA−TEPA, (2) DEA−TEPA, (3) DEA−PEI, (4) TEPA−PEI, and (5) DEA−TEPA−PEI with the
activating agents N-(3-(dimethylamino)propyl-N′-ethylcarbodiimide hydrochloride (EDC)−hydroxybenzotriazole (HOBt) or
potassium hydroxide (KOH). The results revealed that ultrasonically treating biochar samples for 30 s, followed by chemical
activation with either EDC−HOBt−TEPA−MEA or KOH−MEA gave materials possessing intensified adsorption capacities of
1.91 and 1.62 mmol/g, respectively, at 0.10 atm CO2 partial pressure and 70 °C, compared to raw biochar (0.3 mmol/g).

1. INTRODUCTION

Amination of carbonaceous materials has received significant
attention because of the following applicationsenhanced
adsorption of pollutants (such as Ni, Cd, methylene blue, and
ibuprofen),1 manufacturing of carbon quantum dots,2 site
specific drug delivery,3 etc.and specifically for CO2 capture.
Amines (used as sorbents in the amination technique) as a
nucleophile have strong affinity for CO2 (electrophilic) and
can interact through nucleophilic addition.4 Aqueous amine
scrubbing has proven to increase the CO2 absorption rate.5

However, the regeneration process is energy intensive because
of the high specific heat of aqueous amines.5 To overcome this
drawback, CO2 adsorption with solid sorbents is emerging as
an efficient and economic technique because of the low heat
capacity, high thermal stability, and no corrosion problems of
solids.6 Moreover, the sorbents have tunable pore size and
surface area and are synthesized from readily available
feedstocks. Additionally, the presence of effective oxygen
functional groups facilitates the attachment of nitrogenous
compounds (such as amines) to further improve the sorption
capacity.
Apart from achieving optimized adsorption capacity,

regeneration of the adsorbent is equally important from an
economic point of view and for its long-term use. The
commonly available regeneration techniques are pressure
swing adsorption (PSA), vacuum swing adsorption (VSA),
temperature swing adsorption (TSA), and electric swing

adsorption.7 In PSA, the pressure is reduced for the desorption
since adsorption is done at high pressure, whereas in TSA, the
temperature is raised to desorb the adsorbate gas since
adsorption is an exothermic process, while desorption is
endothermic.8 VSA is the technique where vacuum or below
atmospheric pressure is applied for regeneration. Within TSA
technologies, the specific case in which the solid is heated by
the Joule effect is commonly referred to as ESA.7 Each of the
processes has its own importance and pitfalls as mentioned in
the following section. PSA does not need elevated temperature,
so the energy requirement is low. But to effectively regenerate
adsorbent it requires multiple stages which makes the process
expensive.9 Whereas, VSA requires a highly efficient vacuum
pump to effectively desorb CO2, which adds extra costs.10,11

TSA is very cost-effective and easily operated since it does not
need any pumping system, but it needs high volume purge
gases to provide heat for regeneration.10,12 ESA has advantages
of less heat requirement and fast kinetics, but its electrical
energy consumption is very high.8 Additionally, the regener-
ation ability of the sorbent was studied in detail in our previous
work.4 TSA regeneration tests were conducted at the elevated
temperature of 180 °C under helium (He) gas flow for 60 min.
The test was conducted 15 times, and the adsorbent was
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reused for CO2 adsorption after each regeneration cycle. The
results demonstrated that US0.5-EH1:1-T2.5 could maintain
56% of its initial adsorptive capacity after 15 cycles of
adsorption−regeneration.
Additionally, key to enhanced adsorption capacity is effective

nitrogenation that depends on the interactions between the
functional group (such as amino group) and its support
(carbonaceous materials). For instance, the reaction of
carbonaceous compounds with ammonia leads to the
formation of functional groups such as −NH2, −CN, pyridine,
quaternary nitrogen, imide, and pyrrole-like structures.13,14

Another reaction, involving a mixture of nitric and sulfuric
acids, creates nitro (−NO2) groups through electrophilic
aromatic substitution (Figure 1) followed by reduction to
amino groups via NaHSO3.

15

Among different amination methods, EDC−HOBt coupling
or KOH treatments are highly potent methods. The EDC−
HOBt reaction (Figure 2) is a one-pot method at room

temperature with fast kinetics and ease of product separation.
EDC as a coupling agent activates the −COOH group to form
O-acyl-isourea followed by nucleophilic substitution by amino
groups producing amide and releasing dialkyl-urea as a
byproduct. However, it may lead to side reaction through
cleaving off the activated ester intermediate (O-acylisourea)
forming N-acyl urea.16 This can be prevented by the addition
of HOBt, which forms the intermediate (Figure 2) before the
migration.16

The alternate route of activation with KOH treatment (prior
to amination) is used for metal ion adsorption.17 The
mechanism may be primarily physical, by causing changes in
the porosity and surface area of the char.18 Other studies have
found evidence for chemical modification of the char, including
an increase in oxygen content and a decrease in carbonyl
groups.17 Simple deprotonation of carboxyl groups by
hydroxide would create carboxylates that eventually protonated
to carboxylic acids. Besides, opening of epoxides with
hydroxide would add hydroxyl-group oxygen to the system

that would allow for amine coordination through hydrogen
bonding. KOH changes porosity and decrease oxygen content
of biochar under the extreme local temperatures generated
during ultrasonication similar to the phenomenon observed
under high temperature (850 °C) treatments.19 Alternatively,
partial breakdown of the biochar carbon skeleton might be
assisted by KOH, with air oxidation to more −COOH or
−OH sites for interaction with amines.
A major goal of the amination is to achieve maximal amine

loading that could be achieved through the amalgamation of
two or more amines. Additionally, literature suggests that
amine mixtures or blended amines can have higher reaction
rates and sorption capacities and lower regeneration temper-
ature than single amine systems.20 1° and 2° amines can form
ammonium bicarbonate salts (requiring only one amine per
CO2) as well as zwitterion-carbamate products (requiring two
amines), while 3° amines only form the salt. Therefore, 3°
amines have a theoretically higher CO2 adsorption capacity,
but slow kinetics. The present study explores the effect of five
different amines (i) monoethanolamine (MEA, 1°), (ii)
piperazine (PZ, 2°), (iii) diethanolamine (DEA, 2°), (iv)
tetraethylenepentamine (TEPA, 1° and 2°), and (v)
polyethylenimine (PEI, 1°, 2°, and 3°) and some binary−
ternary mixtures MEA−TEPA, DEA−TEPA, DEA−PEI,
TEPA−PEI, and DEA−TEPA−PEI, on ultrasonically activated
biochar for enhanced CO2 adsorption. The specific character-
istics of the different amines are presented in Table 1.
The main objective of a series of our previous studies4,21 was

to develop an advanced method for activation of carbonaceous
structures which can be applied at lower temperatures than
conventional carbon activation. To reach this objective, the
emphasis has been given on the integration of physicochemical
activation processes. The focus of the previous work was on
investigating the effect of ultrasound intensity, amine
concentration, adsorption temperature, and inlet CO2

concentration on the adsorption capacity of the activated
biochar. The current work investigates the interaction of
blended amines in the ultrasonic physical activation technique
for its application in CO2 capture. Ultrasound increases the
porosity of the biochar, so a structure with a combination of
micro- and mesopores is generated. Such ultrasound-assisted
pore generation and surface destructions have wide arrays of
applications in several fields, e.g., for water purification to break
down pollutants,22 in medicine for the destruction of kidney
stones,23 for targeted drug delivery through modification of the
cell plasma membrane,24 etc. The second reason is more
related to simplifying the chemical step by eliminating the
preactivation using EDC and HOBt and substituting it with
KOH. So, based on our previous results4,21 and literature
reports,20 the present study investigates the effects of different
amines and their mixtures, with the aid of low frequency
ultrasound energy, to achieve enhanced adsorption capacity of
biochar toward CO2 capture.

2. MATERIALS AND METHODS

2.1. Materials. Pine wood-based biochar, pyrolyzed between 550
and 600 °C in an oxygen-deprived environment in a kiln reactor, was
supplied by Biochar Now (Berthoud Colorado, U.S.A.). The reagents
used in chemical functionalization, including methanol, N-(3-
(dimethylamino)propyl-N′-ethylcarbodiimide hydrochloride (EDC,
98% purity), hydroxybenzotriazole (HOBt, 97% purity),
monoethanolamine (MEA), piperazine (PZ), diethanolamine
(DEA), tetraethylenepentamime (TEPA), polyethylenimine (PEI),
and potassium hydroxide (KOH) were obtained from Sigma-Aldrich.

Figure 1. Nitration of carbonaceous compounds.

Figure 2. Amine treatment of carbonaceous compound.
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Hydrochloric acid (37%) and acetone were also supplied by Sigma-
Aldrich. Sodium hydroxide (NaOH) was obtained from Fisher
Scientific. Deionized water was obtained from Milli-Q ultrapure water
tap from Millipore Sigma. All chemicals used were of analytical grade.
2.2. Experimental Method. 2.2.1. Functionalization with

Ultrasound Treatment of Biochar. Prior to physicochemical
modification, raw biochar particles were resized in the range of 75−
250 μm by crushing and screening. Physical modification of biochar
was then accomplished by low frequency ultrasound (QSonica
sonicator model no. Q700), typically with 3 g of biochar in 250 mL of
water for 30 s. The duration was selected based on the optimum value
obtained from a previous study.4 Longer duration of sonication
promotes intensified cavitation that could disarrange the orientation
of the layered structure of biochar, consequently blocking the pores
and reducing the adsorption capacity.25,26 The ultrasonically modified
biochar was then subjected to chemical modification with simple or
blended amines, using either EDC−HOBt or KOH activation. The
details of the chemical activation procedures are discussed in the
following sections.
2.2.2. Amination of Ultrasonicated Biochar Using EDC−HOBt

Activation. First, the ultrasound treated biochar samples were
subjected to the coupling agents EDC−HOBt (3.375 g of each
coupling agent for 3 g of biochar) in water. EDC was selected as a
coupling agent over other carbodiimides, such as dicyclohexyl-
carbodiimide (DCC), that are sparingly soluble in any solvent, which
makes separation very difficult to achieve. HOBt was used as an
additive to prevent side reactions that would reduce the yield of
products. An equal ratio of EDC and HOBt activates the maximum
number of functional groups, as found from our previous study.4 The
mixture was stirred for 24 h at 35 °C, then filtered and dried under
vacuum at 60 °C overnight. In the next step, the dried samples were
suspended in methanol (an organic solvent that makes the drying
faster). Amines (MEA, PZ, DEA, or PEI) with a weight ratio of 2.5, 5,
or 10 times that of biochar were added to the suspension. The
resultant mixtures were stirred for 24 h with gentle heating as before.
Finally, the suspension was filtered and washed in succession with 200
mL of 1 N NaOH (3 times), 200 mL 1 N HCl (3 times), and 200 mL
of acetone (1 time) for each wash and dried as before. For activation
with blended amines, the mixtures of MEA−TEPA, DEA−TEPA,
DEA−PEI, TEPA−PEI, and DEA−TEPA−PEI were added where the
total weight of the mixture was 2.5 times to the weight of the biochar.
To achieve this, the loadings of individual amine in binary and ternary
mixtures were maintained at 1.25 and 0.83 times to the weight of the
biochar, respectively. Thus, the individual amines in the mixture was
blended in equal weight ratio (1:1 and 1:1:1 for binary and ternary

mixtures) to give the total weight 2.5 times to the weight of the
biochar

2.2.2.1. Amination of Ultrasonicated Biochar Using KOH
Activation. Following sonication of the biochar−water mixture as
before, KOH (1.5 times the biochar weight) was added to the
mixture, which was stirred for 24 h, filtered, and dried under vacuum
overnight. The sample was then suspended in methanol, and MEA,
PZ, DEA, TEPA, or PEI or their blended mixtures were added as
before. All mixtures were kept under stirring for 24 h, filtered, and
washed with 1 N NaOH, 1 N HCl, and acetone as before. The dried
samples were kept in a desiccator for future CO2 adsorption tests.

2.3. Characterizations of the Adsorbent. The surface
morphology of both raw and activated biochars were examined
using SEM (JSM-5600 Scanning Electron Microscope, JEOL USA
Inc., Peabody, MS). The effects of ultrasound activation on the
surface area and porosity were also investigated by a surface area
analyzer (Nova 2000E series, Quantachrome). The elemental
compositions of physicochemically modified biochar samples were
analyzed before and after modifications (Huffman Hazen Laboratory,
Colorado, USA). The surface functional groups of the functionalized
biochars were examined using Fourier transform infrared (FTIR, Cary
660 FTIR Agilent). The Raman spectroscopy (LabRam HR
Evolution) of the activated samples was conducted for investigating
the microstructure of biochar.27 CO2 adsorption studies were
conducted with 2.5, 5, and 10 times amine loading. However, the
adsorption capacities for 5 or 10 times loading were not enhanced
substantially compared to the 2.5 times loading. So, the system was
optimized with 2.5 times loading and the characterizations were
performed only for the 2.5 times loading samples.

2.4. CO2 Adsorption Studies. The CO2 adsorption experiments
were carried out in a tubular reactor made of alumina oxide. The
details of the experimental procedure, and the analysis along with the
equation used, were discussed in our previous work.4 In a typical
experiment, the functionalized biochar was placed into a temperature-
controlled furnace inside the reactor. The biochar was degassed with
helium gas (99.99%) at a flow rate of 500 cm3/min at 378 K for 1 h,
and then cooled to 333 K. The previous work showed that the
optimum adsorption capacity was achieved when experiment was
conducted at 70 °C temperature compared to 25, 50, and 90 °C. This
is due to the chemical activation with amines resulting in
chemisorption, which requires high activation energy, hence high
temperature. However, the further reduction of adsorption capacity
with increasing temperature was attributed to the exothermic nature
of the process.28 A similar phenomenon was observed by Heydari-
Gorji and Jadhav et al.28,29 Accordingly, the adsorption temperature of
70 °C was selected for the current study.4 After setting the

Table 1. Structures and Properties of Different Amines
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temperature at its desired value, the helium flow was switched to a
CO2-containing simulated flue gas of 10 vol % (balanced with He) at
a flow rate of 500 cm3/min. The final concentration of CO2 after
adsorption was measured by a CO2 analyzer, connected online via the
adsorption column outlet. The adsorption capacity was calculated
based on the difference between inlet and outlet CO2 concentrations.

3. RESULTS AND DISCUSSIONS

3.1. Physicochemical Properties of Raw and Modified
Biochar Samples. 3.1.1. SEM Analysis. Scanning electron
microscopy (SEM) provides information about the surface
morphology of a structure. SEM images of raw (both
longitudinal and cross-sectional view), ultrasound treated,
and EDC−HOBt-binary amine activated (US0.5-EH1:1-
DT1:1) are shown in Figures 3a−d. The cross-sectional view
(Figure 3a) shows the porous structure of biochar, whereas the
longitudinal view (Figure 3b) shows that the raw biochar
surface was rough and consisted of blocked pores as shown by
the red oval shapes. The observed blockage on the surface can
be ascribed to the formation of volatile compounds and ash

(from the mineral matter) during the thermochemical
decomposition of the cellular structure of the biomass in
pyrolysis.30 The resultant blockage made the surface
inaccessible for subsequent chemical modification, lowering
the adsorption capacity. However, upon sonication, the surface
porosity was enhanced significantly as observed from Figure 3c
because of the exfoliation of biochar’s graphitic layers and
leaching of ash from the pores.31 The figure also shows that the
ultrasound cavitation was intense enough to create additional
porosity not only to the layer adjacent to the surface but also
penetrated to the interlayers, breaking the structure and
generating pores. This substantially enhanced the surface area
of the biochar and facilitated the chemical activation of the
underlayers’ active sites. In Figure 3d the effect of amination
(in the presence of EDC−HOBt activating agents) is
portrayed. This image further displays that the surface porous
structure as well as the surface were partially covered with
amine, which can be further explained as the formation of a
coating on the biochar surface.32 This observation is consistent
with the surface analysis described in the next section.

Figure 3. SEM images of (a) raw biochar (cross sectional view), (b) raw biochar (longitudinal view), (c) ultrasound-activated biochar, (d)
ultrasound−EDC−HOBt−binary amine (DEA−TEPA) activated biochar US0.5-EH1:1-DT1:1.
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3.1.2. BET Analysis. According to the IUPAC, adsorption
pores can be classified into three groups: micropore (diameter
< 2 nm), mesopore (2 nm < diameter < 50 nm), and
macropore (diameter > 50 nm).33 The values of surface areas
as summarized in Table 2 show that the biochar consists of
mainly micropores (described by DR-CO2) with a smaller
quantity of mesopores (described by BET-N2) (312.31 vs
46.93 m2/g, respectively). Under ultrasound irradiation
physical effects such as microstreaming, shock waves, and
especially microjets result in direct erosion of a particle’s
surface.19,34 Consequently, the microporous surface area for
US0.5-EH0-A0 was enhanced as some new micropores were
formed and some blocked pores were opened as observed in
Table 2 and Figures 3c.
In this work, micro- and mesoporosities were studied

through adsorption of CO2 and N2, respectively. However, it is
worth noting that CO2 can determine only microporous
surface areas, while N2 estimates both micro- and mesoporous
surface areas.35 However, CO2 and N2 display certain

differences when measuring microporous surface area since
the CO2 molecule (0.34 nm) is smaller than the N2 molecule
(0.36 nm). Besides, the analysis with CO2 is conducted at 273
K whereas N2 requires 77 K. Also, at 273 K the saturation
pressure of CO2 is 3.5 MPa, while at 77 K the saturation
pressure of N2 is 0.35 kPa.36 Due to the extremely low
saturation pressure, the number of N2 molecules is significantly
lower, and diffusion is also slower than with CO2. This also
lowers the relative pressure range (p/p0) for CO2 compared to
N2 (since p0 for N2≪ p0 for CO2). For these reasons, N2 only
diffuses to the wide micro- and mesopores of the material, but
CO2 diffuses into the narrow micropores. Furthermore, the
literature also suggests that the main source of heterogeneity
for microporous solids like biochars is their complex porous
structure which contains micropores of different dimension
and shape such as wider micropores and narrower micro-
pores.37 The biochars used for the present study possess highly
heterogeneous microporous structures with different shapes of
micropores (wide and narrow). The CO2-DR analysis

Table 2. DR-CO2 and BET-N2 Surface Area of Raw Biochar and Physicochemically Activated Biocharsa

microporosity micro- and mesoporosity

sample name surface area (m2/g) pore volume (cm3/g) pore radius45 surface area (m2/g) pore volume(cm3/g) pore radius45

raw biochar 312.31 0.11 0.58 46.93 0.06 0.80

US0.5-EH0-A0 395.32 0.12 0.59 22.26 0.03 1.80

US0.5-EH1:1-M2.5 374.66 0.12 0.57 13.30 0.02 2.80

US0.5-EH1:1-PZ2.5 172.57 0.06 0.59 1.01 0.004 5.06

US0.5-EH1:1-D2.5 220.11 0.07 0.63 2.69 0.005 5.04

US0.5-EH1:1-P2.5 182.04 0.06 0.62 2.01 0.005 5.04

US0.5-EH1:1-MT1:1 375.12 0.12 0.58 18.16 0.02 2.10

US0.5-EH1:1-DT1:1 270.96 0.09 0.56 13.30 0.02 2.80

US0.5-EH1:1-DP1:1 233.46 0.08 0.62 3.41 0.005 4.94

US0.5-EH1:1-TP1:1 229.05 0.08 0.59 4.54 0.005 4.86

US0.5-EH1:1-DTP1:1:1 235.62 0.08 0.58 10.14 0.02 3.20

US0.5-K1.5-M2.5 308.22 0.09 0.55 14.30 0.02 2.92

US0.5-K1.5-T2.5 298.17 0.09 0.59 16.71 0.02 2.60

US0.5-K1.5-DT1:1 266.23 0.09 0.61 13.24 0.02 2.80
aUS ultrasound; EH EDC−HOBt; A amine; K KOH; T TEPA; P PEI; D DEA; M MEA; PZ piperazine. The number beside US denotes sonication
time in minutes. The number beside EH denotes the ratio of activating agents. The number beside K denotes loading of KOH (weight of KOH to
the weight of biochar). The number beside A, T, P, D, M, and PZ denotes amine loading. Numbers beside TD, TP, PD, TM, and TPD denote
weight ratio of amines.

Table 3. Elemental Analysis of Raw and Activated Biocharsa

sample C content (% wt) H content (% wt) N content (% wt) O content (% wt) ash content (% wt)

raw biochar 65.36 1.97 0.18 11.22 23.95

US0.5-EH1:1-M2.5 64.42 2.43 1.17 13.66 20.50

US0.5-EH1:1-PZ2.5 57.57 2.33 0.38 15.26 27.28

US0.5-EH1:1-D2.5 65.66 2.30 0.58 13.16 21.03

US0.5-EH1:1-P2.5 61.84 2.25 0.46 13.99 23.95

US0.5-EH1:1-MT1:1 66.13 2.54 1.40 16.15 15.66

US0.5-EH1:1-DT1:1 64.70 2.34 0.78 12.76 23.22

US0.5-EH1:1-DP1:1 62.43 2.48 0.63 10.30 21.69

US0.5-EH1:1-TP1:1 57.75 2.32 0.64 22.81 20.10

US0.5-EH1:1-DTP1:1:1 66.02 2.41 0.68 14.91 17.82

US0.5-K1.5-M2.5 65.66 2.35 1.12 15.00 16.36

US0.5-K1.5-T2.5 57.47 2.33 0.79 15.04 26.14

US0.5-K1.5-DT1:1 60.66 2.31 0.76 13.00 24.75
aUS ultrasound; EH EDC−HOBt; K KOH; T TEPA; P PEI; D DEA; M MEA; PZ piperazine. The number beside US denotes sonication time in
minutes. The number beside EH denotes ratio of activating agents. The number beside K denotes loading of KOH (weight of KOH to the weight
of biochar). The number beside T, P, D, M, and PZ denotes amine loading. The numbers beside TD, TP, PD, TM, and TPD denote weight ratio of
amines.
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determines the narrow micropores and the BET-N2 analysis
estimates both wider micropores and mesopores (as tabulated
in Table 2). This microporous behavior has been further
described in the adsorption isotherm study.
Based on the porous nature of the biochars, the amines can

be attached either through impregnation or through grafting.
For impregnation, the amine molecules are dispersed inside the
pores and over the internal and external surfaces of pores
through weak van der Waals force.38 For grafting, the amine
molecules are chemically attached with the surface functional
groups through strong covalent bonds. Primarily, the amines
are attached to the functional groups and depending on the
size, the amine molecules disperse into either of the pores
(either micro or macro).38 Short amines like monoethanol-
amine preferably enter micropores. However, the highly
branched PEI cannot go inside micropores and so requires
mesoporous support for attachment. TEPA can also be grafted
onto the surface of the porous materials (mesopores) without
destroying the intrinsic structure of the sorbent.39

Our previous study showed that 30 s of ultrasound
irradiation was intense enough to produce maximum micro-
porous surface area and adsorption capacity. Upon further
increase of the sonication time, cavitation disarranged the
orientation of the layered structure of biochar, consequently
blocking the pores and reducing the adsorption capacity.
Similar phenomena were observed by Verma et al.25 and
Hamdaoui et al.26 Furthermore, it is observed from Table 2
that both surface area (based on CO2 and N2 analysis) and
pore volume of biochar were decreased by amine functional-
ization, indicating that amines physically loaded on the solid
support formed a layer that blocked some of the pores. Similar
observations have also been reported by Yue et al.40 and Teng
et al.41 where they used TEPA-grafted mesoporous silica and
KOH-amine modified silica, respectively, for CO2 adsorption.
3.1.3. Elemental Analysis. The effects of different amine

mixtures with EDC−HOBt or KOH activation on the C, H, N,
O, and ash content are presented in Table 3. Since the ash
content varied widely, pure organic compositions were also
calculated by omitting the contribution of ash (Table 4). As
can be seen from the Table 3, amination of biochar increased
the % N from 2 times to over 7 times its value in raw biochar.
TEPA, with 5 amine groups, is very effective in increasing

nitrogen content4 since it has 37% N, followed by PZ, MEA,
and DEA with 32%, 23%, and 13% N, respectively. Comparing
Tables 3 and 4, the observed % N content increments follow
the order TEPA−MEA > MEA > TEPA−DEA > TEPA−
DEA−PEI > TEPA−PEI > PEI−DEA, with the other single-
amine samples lower. Despite its high nitrogen content, PZ-
activated samples showed only moderately enhanced nitro-
genation; since PZ is somewhat volatile, its concentration
tends to fall with time.42 This trend is consistent with the % N
of the individual amines as discussed above. For example, a
higher value of % N in MEA than DEA resulted in an elevated
% N in biochar treated with the binary system TEPA−MEA
compared with TEPA−DEA. In the biochar samples activated
with DEA−PEI, TEPA−PEI, or DEA−TEPA−PEI, nitrogen
attachment was lower than that in MEA−TEPA or DEA−
TEPA. This could be due to agglomeration of PEI due to its
high molecular weight and polymeric structure that would
reduce the other amines’ (DEA and TEPA) accessibility to the
biochar surface.5 Additionally, it was observed comparing
Tables 3−4 and 6−7 that the % N content and the adsorption
capacity followed the same trend with the maximum
adsorption capacity for MEA activated sample that has highest
nitrogen content.
Furthermore, the oxygen content of the treated samples was

typically somewhat enhanced compared to raw biochar: this
indicates the oxygenation of the biochar surface upon
activation. During sonication, water undergoes dissociation
into H• and •OH radicals.43 Addition of •OH to biochar π
bonds would oxidize it, thereby increasing its oxygen content.
KOH activation could also enhance oxygenation, for example
by saponifying ester groups or opening epoxides.44 Air
oxidation of the carbon framework is also a possibility.
From Tables 3 and 4, it can be noted that the varying C, N,

and H content of the adsorbed amines caused variations in the
C/N and C/H molar ratios of the aminated biochars (Table
4). For instance, raw biochar had C/N and C/H ratios of 421
and 5.53, respectively. Modification with MEA, which has
lower values of C/N and C/H, significantly decreased the C/N
and C/H molar ratios of US0.5-EH1:1-M2.5 to 64.4 and 4.42,
respectively. Similar changes were observed for the rest of the
amine functionalized samples. Similar explanations were

Table 4. Elemental Analysis of Biochars As Percentage of Organic Constituents, Omitting Ash Contributiona

sample C content (% wt) H content (% wt) N content (% wt) O content (% wt) C/N C/H

raw biochar 83.02 2.50 0.23 14.25 421 5.53

US0.5-EH1:1-M2.5 78.87 2.97 1.43 16.72 64.4 4.42

US0.5-EH1:1-PZ2.5 76.21 3.08 0.50 20.20 178 4.12

US0.5-EH1:1-D2.5 80.37 2.82 0.71 16.11 132 4.75

US0.5-EH1:1-P2.5 78.74 2.86 0.59 17.81 156 4.59

US0.5-EH1:1-MT1:1 76.70 2.95 1.62 18.73 55.2 4.33

US0.5-EH1:1-DT1:1 80.29 2.90 0.97 15.84 96.6 4.61

US0.5-EH1:1-DP1:1 82.31 3.27 0.83 13.58 116 4.19

US0.5-EH1:1-TP1:1 69.14 2.78 0.77 27.31 105 4.14

US0.5-EH1:1-DTP1:1:1 78.58 2.87 0.81 17.75 113 4.56

US0.5-K1.5-M2.5 78.04 2.79 1.33 17.83 68.5 4.66

US0.5-K1.5-T2.5 75.99 3.08 1.04 19.89 85.2 4.11

US0.5-K1.5-DT1:1 79.05 3.01 1.00 16.94 92.2 4.37
aUS ultrasound; EH EDC−HOBt; K KOH; T TEPA; P PEI; D DEA; M MEA; PZ piperazine. The number beside US denotes sonication time in
minutes. The number beside EH denotes ratio of activating agents. The number beside K denotes loading of KOH (weight of KOH to the weight
of biochar). The number beside T, P, D, M, and PZ denotes amine loading. The numbers beside TD, TP, PD, TM, and TPD denote weight ratio of
amines.
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provided by Zhou et al.45 and Yue et al.41b for the variation of
elemental compositions of their amine activated adsorbents.
Physicochemical activation of the samples usually led to

reduction of the % ash, which is a key factor in increasing the
adsorption efficiency and heating value of biochar (Table 4). A
decrease in ash content represents the removal of minerals, as
well as the enhancement of organic contents, upon activation
or amination. The previous studies showed that ultrasound is
very useful in leaching the minerals from the structure and
making room for amines to attach.4 Thus, the reduced ash
content helped in incorporation of a greater number of amine
groups in the structure, resulting in improved CO2 adsorption
efficiency of the prepared adsorbent. However, few samples
showed enhancement of ash content after amination. KOH
activation could be a reason for increased ash content
(potassium as a mineral add up to the ash) for the samples
US0.5-K1.5-T2.5 and US0.5-K1.5-TD1:1. But for US0.5-
EH1:1-PZ2.5 activated biochar ash content went up as well
which requires further investigation to determine the reason
for increased ash content.
3.1.4. Raman Analysis. Raman spectroscopy is a common

vibrational spectroscopy technique for investigating the
microstructure and mineralogy of carbonaceous compounds
such as biochar.27 Raman spectra of raw and singly
functionalized biochar with MEA, PZ, DEA, and PEI are
shown in Figure 4. Sonication duration, activating agents

(EDC−HOBt) ratio, and amine concentration for all the
samples were maintained at 30 s, 1:1, and 2.5 times weight,
respectively. The G band for these spectra appeared at 1591,
1604, 1551, 1592, and 1600 cm−1, and the D band appeared at
1346, 1396, 1336, 1376, and 1359 cm−1 for raw biochar,
US0.5-EH1:1-M2.5, US0.5-EH1:1-PZ2.5, US0.5-EH1:1-D2.5,
and US0.5-EH1:1-P2.5, respectively. In addition to that, a
strong peak (2D) was observed in the range of 2500−2800
cm−1 for the raw biochar sample. These are the signature peaks
of graphitic sp2 structure that confirm the structural similarity
of biochar and graphene oxide.46 The G-band of the structure
is attributed to the vibration of sp2 carbon atoms found in
graphitic materials, while the D-band is linked to the breathing
modes of disordered graphite rings in the form of
functionalities such as −OH, −CO, and −COOH.47 The
ratio between the intensities of the D and G bands reflects
disorder of the biochar structure due to the presence of oxygen

functionalities.48 The values of intensity ratios (ID/IG) of raw
and activated biochar samples are summarized in Table 5. The

activated biochars had higher values of ID/IG than raw biochar,
reflecting the enhanced functionalities created by physico-
chemical modification with sonication and amination. The ID/
IG for raw biochar, US0.5-EH1:1-M2.5, US0.5-EH1:1-PZ2.5,
US0.5-EH1:1-D2.5, and US0.5-EH1:1-P2.5 were 0.78, 0.93,
0.82, 0.88, and 0.87, respectively. ID/IG was highest for the
MEA-modified sample, followed by DEA, PEI, and PZ for the
single amine systems. The elemental analysis and the CO2

adsorption results followed the same trend: elemental analysis
(Table 3) showed the nitrogen content in MEA, DEA, PEI,
and PZ-modified samples was 8, 3, 2.6, and 2 times higher than
that in raw biochar, respectively. Correspondingly, the
adsorption capacity was maximum for US0.5-EH1:1-M2.5
(Table 6), compared to other amine activated samples.
In Figure 5, the Raman spectra of binary and ternary amine

mixtures are reported. Sonication duration and activating agent
ratio (EDC−HOBt) for all the samples were maintained at 30
s and 1:1, respectively. The intensity ratio ID/IG had the
following values: 0.95, 0.80, 0.85, 0.86, and 0.93 for US0.5-
EH1:1-MT1:1, US0.5-EH1:1-DT1:1, US0.5-EH1:1-DP1:1,
US0.5-EH1:1-TP1:1, and US0.5-EH1:1-DTP1:1:1, respec-
tively. The maximum departure of the ID/IG ratio was found
for US0.5-EH1:1-MT1:1, suggesting that the maximum defects
resulted from amination by the binary MEA−TEPA mixture.
This is in accordance with the CO2 sorption result (Table 6),
showing that dual amination with MEA and TEPA using
EDC−HOBt as activating agents provided a favorable
combination for achieving improved adsorption capacity.
Finally, the Raman spectra of KOH-activated amine

functionalized samples are presented in Figure 6. The figure
shows that the G peaks are located at 1615, 1602, and 1592
cm−1 and the D peaks are located at 1404, 1342, and 1331
cm−1 for US0.5-K1.5-M2.5, US0.5-K1.5-T2.5, and US0.5-K1.5-
DT1:1, respectively. The increased values of the intensity
ratios (0.85, 0.86, 0.85 respectively, from Table 5) compared

Figure 4. Raman spectra of raw biochar, US0.5-EH1:1-M2.5, US0.5-
EH1:1-PZ2.5, US0.5-EH1:1-D2.5, and US0.5-EH1:1-P2.5.

Table 5. Raman Intensity Ratios ID/IG of Raw Biochar and
Physicochemically Activated Biocharsa

sample name intensity ratio

raw biochar 0.78

US0.5-EH1:1-M2.5 0.93

US0.5-EH1:1-PZ2.5 0.82

US0.5-EH1:1-D2.5 0.88

US0.5-EH1:1-P2.5 0.87

US0.5-EH1:1-MT1:1 0.95

US0.5-EH1:1-DT1:1 0.80

US0.5-EH1:1-DP1:1 0.85

US0.5-EH1:1-TP1:1 0.86

US0.5-EH1:1-DTP1:1:1 0.93

US0.5-K1.5-T2.5 0.86

US0.5-K1.5-M2.5 0.85

US0.5-K1.5-DT1:1 0.85
aUS ultrasound; EH: EDC−HOBt; K KOH; T TEPA; P PEI; D
DEA; M MEA; PZ piperazine. The number beside US denotes
sonication time in minutes. The number beside EH denotes ratio of
activating agents. The number beside K denotes loading of KOH
(weight of KOH to the weight of biochar). The number beside T, P,
D, M, and PZ denotes amine loading. The numbers beside TD, TP,
PD, TM, and TPD denote weight ratio of amines.

Energy & Fuels Article

DOI: 10.1021/acs.energyfuels.8b03583
Energy Fuels XXXX, XXX, XXX−XXX

G



to raw biochar are indicators of higher quantity of defects
(functional groups) on the sorbents’ surfaces due to
activation.49 This is consistent with the changes in adsorption
capacity (Table 7). The elemental analysis results showed that
the maximum gain in nitrogen content among the KOH-
aminated samples was obtained for US0.5-K1.5-M2.5, slightly
less than the N gain for EDC−HOBt activation (US0.5-
EH1:1-M2.5). Therefore, the biochar samples treated with
KOH (as activating agent) and subsequently functionalized
with amine (MEA) could be an alternative to the EDC−
HOBt−amine functionalization technique. Nonetheless, this
needs further thorough study for intensifying and optimizing
the results.
3.1.5. FTIR Analysis. The IR spectra of the biochar samples

functionalized with EDC−HOBt and amines individually and
their binary−ternary mixtures are shown in Figures 7 and 8,
respectively. The FTIR bands for the samples activated with

KOH and amines (single: MEA, TEPA, and binary: DEA−
TEPA) are represented in Figure 9. The FTIR spectra had
similar shapes for both raw and functionalized biochars.
However, due to functionalization, some new peaks were
generated. For instance, a new peak at 870 cm−1 was observed
for all the activated samples that is attributed to the out of
plane bending of N−H groups formed due to primary and
secondary amines.50 The band is most significant for the
sample US0.5-EH1:1-M2.5 (Figure 7), demonstrating that
MEA is more effective in grafting amino groups than the other
amines. At ∼1430 cm−1 a peak was observed for the same
sample US0.5-EH1:1-M2.5 (Figure 7), which could be
attributed to C−H bending from sp3 carbons, representing
the methylene groups that are part of MEA. A peak in the
region of 3300−3500 cm−1 was observed due to −OH (and
−NH) stretching vibration and existed in all biochar samples.4

For KOH activated samples, shown in Figure 9, the band at
1097 cm−1 was intense, representing a high degree of

Table 6. CO2 Adsorption Capacities (mmol/g) of Biochars (Raw and Functionalized) at 70 °C and 10 vol % CO2 (Effects of
EDC−HOBt-activated Amines and Amine Mixtures)a

sample amine amine loading (times mass of biochar) CO2 conc (vol %)

2.5 5 10 0

adsorption capacity

raw biochar none 0.30 10

US3-EH0-T0 none 0.55 10

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

US0.5-EH1:1-M2.5b MEA 1.74 ± 0.04 1.81 1.84 10

US0.5-EH1:1-PZ2.5 PZ 1.02 1.12 1.13 10

US0.5-EH1:1-D2.5b DEA 1.05 ± 0.05 1.14 1.16 10

US0.5-EH1:1-T2.5 TEPA 2.044 10

US0.5-EH1:1-P2.5b PEI 1.02 ± 0.08 1.12 1.13 10

US0.5-EH1:1-MT1:1b MEA−TEPA 1.91 ± 0.02 10

US0.5-EH1:1-DT1:1 DEA−TEPA 1.45 10

US0.5-EH1:1-DP1:1 DEA-PEI 1.08 10

US0.5-EH1:1-TP1:1 TEPA−PEI 1.20 10

US0.5-EH1:1-DTP1:1:1b DEA−TEPA−PEI 1.20 ± 0.04 10

US0.5-EH1:1-T2.5 TEPA 2.93 100

US0.5-EH1:1-MT1:1 TEPA 2.21 100
aUS ultrasound; EH EDC−HOBt; M MEA; PZ piperazine; D DEA; T TEPA; P PEI. Number beside US denotes sonication time in minutes; 1:1
beside EH denotes an equal ratio of activating agents; 2.5 beside M, PZ, D, T, P denotes amine loading; 1:1 beside MT, DT, DP, TP and DTP
denotes an equal weight ratio of amines to biochar. bValues are averages of duplicate runs ± standard deviation.

Figure 5. Raman spectra of raw biochar, US0.5-EH1:1-MT1:1,
US0.5-EH1:1-DT1:1, US0.5-EH1:1-DP1:1, US0.5-EH1:1-TP1:1, and
US0.5-EH1:1-DTP1:1:1.

Figure 6. Raman spectra of raw biochar, US0.5-K1.5-M2.5, US0.5-
K1.5-T2.5, and US0.5-K1.5-DT1:1.
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oxygenation due to formation of C−O bonds. A more distinct
carbonyl peak was observed for the KOH−amine activated

samples at 1600 cm−1 in Figure 9, which could reflect
additional carboxyl groups following saponification.

3.2. CO2 Adsorption Studies. 3.2.1. CO2 Adsorption
with Amine Systems Activated by EDC−HOBt. The CO2

adsorption capacities of biochar samples aminated with
individual, binary, and ternary combinations of MEA, PZ,
DEA, TEPA, and PEI are summarized in Table 6. The effect of
TEPA alone was studied in our previous work4 and is included
in the table for reference.
Besides, two control tests were separately conducted which

showed the effect of individual activation processes on CO2

adsorption (see Table 6). In one test, a biochar sample was
chemically activated with TEPA (no ultrasonic irradiation),
while the focus of the other test was only on physical activation
under ultrasound irradiation (no TEPA). Comparison of the
results of the two control tests with the integrated
physicochemical activation exhibited the following adsorption
range: physicochemical activation (2.04 mmol/g) ≫ chemical
activation (0.56 mmol/g) ∼ physical activation (0.55 mmol/
g). The result showed that the samples activated with either
ultrasound or amine individually possess very limited
adsorption capacity, while integrated activation strategies
have had a significant effect on the CO2 adsorption of biochar.
This further demonstrates the effectiveness of the combined
physical and chemical activation technique.
To study the effect of amine concentrations on CO2 removal

the amine loading was varied from 2.5 to 10 times the weight
of the biochar. The results showed an increasing trend in
adsorption capacity with amine loading. However, the increase
in adsorption capacity was small after the initial increase of
amine loading. Higher concentrations of impregnating amines
during activation can supply more active sites but can also
block the pores and result in lower adsorption values. This is in
accordance to our previous research that demonstrated TEPA-
activated biochar showed a maximal adsorption capacity (7
times higher than raw char) for CO2 (2.04 mmol/g) with an
optimal 2.5 times loading.4 Therefore, in this study, sorbents
were prepared with MEA, PZ, DEA, TEPA, and PEI at the
same 2.5 times total amine loading to investigate their effects
on CO2 adsorption capacity. The amine mixtures were set at a
total 2.5 times loading to the weight of the biochar, with equal
weight of the individual amines in the mixture.

Table 7. Effect of KOH−Amine Mixture on CO2 Adsorption
Capacity at 70 °C and 10 vol % CO2 Concentration

a

sample name
adsorption capacity

(mmol/g)
CO2 concentration

(vol %)

Raw Biochar 0.3 10

US0.5-K1.5-M2.5 1.62 10

US0.5-K1.5-P2.5 1.00 10

US0.5-K1.5-D2.5 1.08 10

US0.5-K1.5-T2.5b 1.60 ± 0.05 10

US0.5-K1.5-DT1:1 1.38 10

US0.5-K1.5-TP1:1 1.12 10

US0.5-K1.5-M2.5 1.93 100

US0.5-K1.5-DT1:1 1.79 100
aUS ultrasound; K KOH; T TEPA; P PEI; D DEA; M MEA. The
number beside US denotes sonication time in minutes. The number
beside K denotes loading of KOH (weight of KOH to the weight of
biochar). The number beside T, P, D, and M denotes amine loading.
The numbers beside TD and TP denote weight ratio of amines.
bValue is the average of duplicate runs ± standard deviation.

Figure 7. FTIR spectra of raw biochar, US0.5-EH1:1-M2.5, US0.5-
EH1:1-PZ2.5, US0.5-EH1:1-D2.5, and US0.5-EH1:1-P2.5.

Figure 8. FTIR spectra of raw biochar, US0.5-EH1:1-MT1:1, US0.5-
EH1:1-DT1:1, US0.5-EH1:1-DP1:1, EH1:1-TP1:1, and US0.5-
EH1:1-DTP1:1:1.

Figure 9. FTIR spectra of raw biochar, US0.5-K1:5-M2.5, US0.5-
K1:5-T2.5, and US0.5-K1:5-DT1:1.
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Among the single amines, it can be observed from Table 6
that TEPA provided the maximum adsorption capacity (2.04
mmol/g), with MEA (1.74 mmol/g) notably stronger than the
others. TEPA is aided by the five amino groups in its structure
and by its less viscous nature compared to PEI.51 Among the
blended mixtures, MEA−TEPA-activated biochar provided the
maximum adsorption capacity (1.91 mmol/g), followed by
DEA−TEPA, DEA−TEPA−PEI, TEPA−PEI, and DEA−PEI.
Furthermore, the combinations MEA−TEPA and DEA−

TEPA were aided by the presence of the hydroxyl groups in
MEA and DEA. For example, hydroxyl groups are known to
enhance CO2 adsorption capacity on silica substrates as
adsorbents.52 To explain this effect, consider that the acid−
base reaction of amines with carbonic acid OC(OH)2,
formed by the addition of H2O to CO2, can sequester CO2 in
the form of either hydrogen carbonate or carbonate anions:

+ + → +

+ + → +

+ −

+ −

RNH CO H O RHN HCHO

2RNH CO H O 2RHN CO

2 2 2 3 3

2 2 2 3 3

2

Alternatively, an amine can attack CO2 covalently to form a
carbamate anion, also balanced by an ammonium cation:

+ → +
+ −

2RNH CO RNH RNH CO2 2 3 3

A possible role of alcohols in promoting these reactions is in
offering hydrogen bonding to stabilize the anionic product
oxygens; O−H is a better hydrogen bond donor than N−H, so
alcohols can perform this role better than amines. Another
suggestion is that the alcohols aid in making the amine chains
more flexible, making it easier for them to carry out the proton
transfers required to attain the ionic products.52 PZ may be
hindered by the absence of hydroxyl groups as well as the lack
of a 1° amine. Note that the balance of amino and hydroxyl
groups matters: DEA had a low capacity in spite of two
hydroxyls, since it has only a single 2° amine. The mixture of
TEPA−PEI, without hydroxyl groups, had an adsorption
capacity notably lower than the DEA−TEPA and MEA−TEPA
mixtures. Another factor that affects sorption capacity is the
low diffusion ability of the large PEI molecules, which could
hinder their ability to effect proton transfers. Also, the more
viscous PEI (compared to the other amines) tends to form
agglomerations on the surface of the sorbent, thus reducing

active sites for adsorption (observed from Table 2). All of the
PEI samples had low adsorption capacities.
Several of the runs were performed in duplicate, and their

standard deviations are included in Table 6. Standard
deviations were in the range of 0.02−0.08, showing that the
differences in adsorption capacity observed are significant.

3.2.2. CO2 Adsorption with Amine Systems Activated by
KOH. The adsorption capacities of KOH-amine activated
samples are listed in Table 7. As shown in Table 3 (elemental
analysis), pretreatment of biochar with KOH increased the %
N in samples impregnated with amines, similar to the increase
noted with EDC−HOBt activation. The CO2 adsorption
capacities were also much greater than that for raw biochar,
although somewhat lower than for samples aminated with
EDC−HOBt. This could be attributed to the destruction of
some surface structure porosity due to application of the
powerful base. This is also reflected in the surface area analysis
(Table 2) where the surface area and pore volume were
reduced for KOH-aminated samples.
There remains the question of the extent of activation of

KOH toward amination of the sonicated biochar. There is a
report that solid NaOH can catalyze the alkylation of amines
with alcohols via a hydride transfer from the corresponding
alkoxide, forming an intermediate aldehyde.53 However, this
process requires high temperatures (>180 °C). It has also been
reported that carbonyl groups in carbonaceous material are
able to catalyze the same reaction through a “borrowing
hydrogen” mechanism.54 However, this process also requires a
high temperature (>130°). It may be that, through
saponification of esters or alteration of the pore structure,
the KOH provides more sites for hydrogen bonding of the
impregnated amines and hydroxyamines with the biochar
surface. Regardless, due to its simplicity, this technique may
have wide application in sorbent synthesis. However, it will
require further research and analysis to establish this procedure
as a useful CO2 capture technique.
Furthermore, as observed from the CO2 adsorption result

the adsorption capacity of the amine functionalized sorbent
was enhanced in comparison with the pristine biochar at 70
°C. This can be explained based on the differences of physical
adsorption or physisorption, and chemical adsorption or
chemisorption. Usually, physisorption is dominant at room

Table 8. Comparison of Adsorption Capacity Obtained in Present Study with Literature Work

support material amine adsorption capacity ref

mesoporous silica TEPA 3.93 40

MCM-41 TEPA 5.39 65

nanofibrillated cellulose N-(2-aminoethyl) 3-aminopropylmethyldimethoxysilane 1.39 55

saw dust biochar MEA 1.02 66

aminated graphene oxide EDA, DETA, TETA 1.10 67

palm shell activated carbon DEA 2.81 68

SBA-15 PEI 2.39 69

nanocomposite sorbent PEI 7.90 51

mesoporous carbon PEI-KOH 4.82 70

pine wood biochar TEPA 2.04 4

SBA-12 mesoporous silica 3-aminopropyl (AP) 1.04 56

cotton stalk ammonia and CO2 2.25 71

sawmill residues aminopropyl triethoxysilane 3.70 72

fly carbon DETA, PEHA, PEI 1.56 57

pine wood biochar TEPA 2.04 4

pine wood biochar TEPA-MEA 1.91 this study

pine wood biochar MEA-KOH 1.61 this study
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temperature over chemisorption. However, at elevated temper-
atures, chemisorption is more dominant than physisorption as
a result of amine functionalization. Thus, even though the
surface area and pore size reduced due to amine attachment,
still improved capacity was attained at higher temperature, due
to increase in the chemisorption process. The details
discussion can be found in our previous study.4

Additionally, in order to confirm the effectiveness of the
developed activation technique, the adsorption capacity of the
prepared adsorbent (present study) has been compared with
the literature data as shown in Table 8. It can be concluded
from the table that the ultrasono-amine functionalized
adsorbent material has comparatively higher adsorption
capacity (2.04 mmol/g) than several adsorbents such as
biochars, activated carbon, graphene oxide, and SBA-12.55−57

However, the adsorption capacity of aminated biochar did not
reach the optimum or maximum level as found for ordered
mesoporous silica functionalized with amines. This can be
explained as a result of blocking the pores (primarily
micropores) of carbon structure due to the introduction of
nitrogen or other chemical functionalities.58 This subsequently
lowers the adsorption capacity. Whereas, for ordered
mesoporous materials, because of ordered mesoporous
structure with tunable pores, amines or other molecules can
be easily accommodated without blocking the surface of the
adsorbent owing to their higher adsorption capacity compared
to microporous adsorbents.5

4. BREAKTHROUGH STUDY OF THE ACTIVATED
ADSORBENTS

The dynamic CO2 adsorption was assessed based on a
breakthrough study of adsorption. Figure 10 represents

different breakthrough plots for single amine systems (out of
30 min). As observed, all the curves show a similar trend.
However, the steeper the curve, the higher will be the mass
transfer resistance.59 Therefore, among all the samples in
Figure 10, US0.5-EH1:1-M2.5 has the minimum resistance and
subsequently the maximum capacity. This is consistent with
the amine size. Since the MEA molecule is small, it will exert
less resistance and provide a higher mass transfer rate and
improved capacity. Highly polymeric PEI and viscous DEA
impart high mass transfer resistance and less adsorption
efficiency compared to MEA. PZ has limited solvent solubility,
resulting in subsequent precipitation and low CO2 removal.60

Figure 11 represents the breakthrough curves of the blended

amine systems. As per the breakthrough analysis, US0.5-
EH1:1-MT1:1 exhibits the least steep curve among other
blended sorbent materials that corresponds to the maximum
sorption ability. This is attributed to the high reactivity and
sorption capacity of MEA modified by the reduced sorption
capacity of TEPA due to the influence of the alkyl group
present in its structure.61 Therefore, the use of blended
solution of MEA and TEPA is a useful technique to enhance
sorption characteristics. In accordance to the previous
discussion for single amine system, the other amine mixtures
such as TEPA−PEI, DEA−PEI, DEA−TEPA, and DEA−
TEPA−PEI exhibit low adsorption efficiency as a result of
decreased mass transfer rate, viscous nature, and low solvent
volatility. The breakthrough curve in Figure 12 depicts the

behavior of the biochar system activated with KOH and
amines. The sample activated with KOH−MEA exhibits
maximum adsorption efficiency compared to the other
KOH−amine activated samples as a result of improved mass
transfer efficiency of the MEA molecule with respect to the
other amines, which is in accordance to the previous
explanation.
Additionally, and in order to investigate the maximum

adsorption capacity of the activated biochars, four extra
adsorption tests were conducted under pure CO2. The samples
included ultrasono-activated biochar followed by (i) EDC−
HOBt−TEPA; (ii) EDC−HOBt−MEA−TEPA; (iii) KOH−
MEA; and (iv) KOH−DEA−TEPA. These samples have
shown the maximum adsorption capacity under 10 vol % of

Figure 10. Breakthrough curves for US0.5-EH1:1-M2.5, US0.5-
EH1:1-PZ2.5, US0.5-EH1:1-D2.5, and US0.5-EH1:1-P2.5.

Figure 11. Breakthrough curves for US0.5-EH1:1-DP1:1, US0.5-
EH1:1-DT1:1, US0.5-EH1:1-MT1:1, US0.5-EH1:1-TP1:1, and
US0.5-EH1:1-DTP1:1:1.

Figure 12. Breakthrough curves for US0.5-K1.5-M2.5, US0.5-K1.5-
T2.5, and US0.5-K1.5-DT1:1.
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CO2. The breakthrough curve is plotted in Figure 13 with their
adsorption capacity data in Tables 6−7. As expected, the

adsorption capacities for the samples under pure CO2

environment are significantly higher compared to the
previously tested samples. This attributes to the presence of
higher number of CO2 molecules and increased interaction
between adsorbate and adsorbent that resulted in the enhanced
adsorption capacity. However, the desired operating condition
for dynamic adsorption tests are under simulated flue gas
conditions consisting of 10−15 vol % of CO2 which was the
focus of our study.

5. ADSORPTION ISOTHERMS FOR ACTIVATED
ADSORBENTS

The CO2 adsorption isotherms of the samples were obtained at
low temperature (273 K). The isotherms are the indicator of
the adsorptive capacity of the adsorbents. Figure 14 represents

the isotherms of biochar samples activated with ultrasound and
different amines (single amines). The isotherm plots correlate
the amount (volume) of gas adsorbed by the adsorbent with
respect to the pressure. The higher the adsorbed volume, the
better will be the adsorption capacity. As observed from Figure
14, the MEA activated sample has the highest value for
adsorbed volume, signifying that this sample has the maximum
sorption capacity. This has been further proved based on the
equilibrium adsorption capacity presented in Table 6 and
surface area analysis (Table 2). Likewise, all the other

isotherms (Figures 14−16) are similar with respect to the
equilibrium adsorption capacity (Tables 6−7) and surface area

analysis (Table 2). The curves show that very little adsorption
takes place at low pressure, owing to the small interaction force
between adsorbate−adsorbent. The capacity enhanced gradu-
ally with pressure. Furthermore, the shape of the isotherms is
very significant to determine the interaction behavior between
adsorbate and adsorbent. The above-mentioned isotherms
depict Type I as per IUPAC classification.62 Type I isotherms
are common for microporous solids.63 When the attractive
forces between adsorbed gas and adsorbent are greater than
those between the molecules of the gas, it exhibits a Type I
isotherm.63 Thus, the isotherms provide a further confirmation
of the adsorption behavior of the prepared adsorbents under
different conditions and portray the effectiveness of the
developed sono-chemical activation route for enhanced CO2

adsorption.

6. CONCLUSIONS

The current study provides an analysis of the CO2 adsorption
potentials of biochar aminated with five different amines
(MEA, PZ, DEA, TEPA, and PEI) and their binary (MEA−
TEPA, DEA−TEPA, DEA−PEI, TEPA−PEI) and ternary
(DEA−TEPA−PEI) mixtures coupled with ultrasonication
and EDC−HOBt or (in 3 cases) KOH activation. Our
previous study revealed that physical activation under ultra-
sound irradiation followed by chemical functionalization with
TEPA leads to an elevated adsorption capacity (2.04 mmol/g

Figure 13. Adsorption breakthrough curves of US0.5-EH1:1-T2.5,
US0.5-EH1:1-MT1:1, US0.5-K1.5-M2.5, and US0.5-K1.5-DT1:1
(under a pure CO2 environment)

Figure 14. CO2 adsorption isotherms of US0.5-EH1:1-M2.5, US0.5-
EH1:1-PZ2.5, US0.5-EH1:1-D2.5, and US0.5-EH1:1-P2.5.

Figure 15. CO2 adsorption isotherms of US0.5-EH1:1-DP1:1, US0.5-
EH1:1-DT1:1, US0.5-EH1:1-MT1:1, US0.5-EH1:1-TP1:1, and
US0.5-EH1:1-DTP1:1:1.

Figure 16. CO2 adsorption isotherms of US0.5-K1.5-M2.5, US0.5-
K1.5-T2.5, and US0.5-K1.5-DT1:1.
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at 0.10 atm and 70 °C) compared to raw biochar (0.3 mmol/g
at 0.10 atm and 70 °C). This study investigates the effects of
different amines that vary in the number of amine groups in
their structure. The results showed that primary amine MEA
with EDC−HOBt provided the highest adsorption capacity
(1.74 mmol/g) after that of TEPA.4 This is partly attributed to
increased reaction rates for 1° amines such as MEA over 2°
amines like PZ and DEA.64 Functionalization with the MEA−
TEPA mixture (with EDC−HOBt) led to 1.91 mmol/g of
equilibrium sorption capacity. This indicated the synergetic
effect between the hydroxyl in MEA and the amino groups
present in TEPA to intensify CO2 capture. For KOH
activation, MEA-functionalized sorbent showed the highest
equilibrium adsorption capacity of 1.62 mmol/g (5 times
higher than raw char). However, the reaction with strong base
resulted in the destruction of the surface structure for
functionalized sorbents, so the resulting char possessed lower
sorption ability than EDC−HOBt−amine modified sorbents.
Apart from the promising adsorption results, the sono-
chemical technique is also very energy efficient since it is
done at near room temperature. Hence, the developed
ultrasono-amine functionalization technique provided a useful
way for efficient functionalization of biochar to produce
potential sorbents for CO2 adsorption.
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