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Abstract This paper was aimed to study the influence of
modification of biochar on the performance of CO2 adsorp-
tion. Biochar, obtained from cotton stalk pyrolysis in a fixed
bed reactor, was modified with ammonia and CO2. The
physicochemical properties of biochars were characterized
by the Fourier transform infrared spectroscopy and automat-
ic adsorption equipment (Micromeritics, ASAP 2020,
USA). CO2 adsorption of biochar was performed in ther-
mogravimetric analyzer. The results showed that the surface
area of char was increased significantly by CO2 modifica-
tion, while N-contained compound on char surface was
enriched obviously by NH3 modification. CO2 adsorption
of biochar increased greatly with CO2 and NH3 modifica-
tion. CO2 adsorption was mainly attributed to physical ad-
sorption at 20 °C, and the adsorption quantity (maximum =
99 mg/g) was proportional to the micropore volume of the
char. However, at 120 °C, molecular thermal motion in-
crease, chemical adsorption start to play a dominated role,
and the adsorption was directly proportional to the N con-
tent of this char.

Keywords Biomass char . CO2 activation . NH3

modification . CO2 adsorptions

Introduction

Carbon dioxide is the main greenhouse gas; the average
concentration of CO2 in the atmosphere is increasing at a

rate of 1.5 % per year [1]. Therefore, the reduction of CO2

emission has become a critical issue. CO2 capture and
storage is a major technology to reduce CO2 emission
[2–4]. Among various CO2 capture technologies, adsorption
is a well-developed technology used in many industrial
applications. However, respected to CO2 adsorption, it is
necessary to produce easily regenerable and durable adsorb-
ents with a high CO2 adsorption capacity [5–8]. Activated
carbons attracted increasing concern as it is cheap, less
sensitive to moisture, has high CO2 adsorption capacity at
ambient pressure, and the last but not the least it is easy to
regenerate [9, 10].

Cotton stalks are a low-cost, relatively abundant agricul-
tural waste, which can be used as a feedstock for the pro-
duction of activated carbons enriched with the micropore
through carbonization followed by activation with CO2 [11,
12]. Some researchers believe that the micropore of the
adsorbent plays an important role in CO2 adsorption [4, 5,
8]. However, the adsorption properties of the adsorbent are
primarily determined by its micropore structure as well as
surface chemistry [13, 14]. Moreover, in the case of high
temperature adsorption, the acid gases adsorption of activat-
ed carbon is strongly influenced by the surface chemistry [4,
10, 15, 16]. Adib et al. and Bagreev et al. have reported that
the presence of nitrogen functionalities on the carbon sur-
face could be conducive to the adsorption of acid gases,
such as H2S and SO2 [15, 16]. It has been recognized that
the introduction of basic nitrogen functionalities into the
carbon surface can enhance the CO2 adsorption capacity of
the adsorbent. [2, 4, 17–21]. Reaction with gaseous ammo-
nia is one of the suggested methods to introduce nitrogen
into carbon matrix [22–28]. At high temperature, ammonia
breaks down into some radicals, such as NH2, NH, and H,
and these radicals can react with surface oxides and active
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sites present at the edges of the graphene layers to form
amines, amides, imides, lactams, nitriles, or pyridine- or
pyrrole-like functionalities [26–30]. However the utilization
of biochar as adsorbent for CO2 capture was rarely reported.
Accordingly, in this study, the property of CO2 adsorption of
biochar resulted from biomass pyrolysis was investigated,
and with the influence of carbon dioxide and gaseous am-
monia, modification was analyzed systematically.

Materials and Method

Sample

Cotton stalks collected locally were adopted as raw materi-
als, and the proximate analyses and ultimate analyses were
shown in Table 1. It can be seen that cotton stalk did not
only have high volatile content, but also a certain amount of
fixed carbon, so it was a good thermal energy resources for
the pyrolysis bio-oil, char, and other products. Biochar
resulted from cotton pyrolysis at 600 °C in N2 atmosphere;
the physicochemical properties of the char were shown in
Table 2. It can be inferred that the biochar had well-
developed pore structure and enriched surface nitrogen
content.

Experimental Method

The biochar resulted from cotton stalk pyrolysis modified
with carbon dioxide and ammonia, respectively. The modi-
fication process could be described as follows. Biochar
particles (∼2 g) in a quartz reactor were treated in a vertical
tube furnace. The char was heated up gradually to preset
temperature (500–900 °C) with N2 purging. When the re-
quired temperature was reached, N2 was replaced by CO2 or
NH3 modifying respectively. In comparison, a blank trial
was performed with N2 as background.

The physical property of modified biochars was analyzed
with isothermal adsorption of carbon dioxide at 298 K
(Micromeritics, ASAP 2020, USA). The micropore surface
area (Smic) and micropore volume (Vmic) at various temper-
atures were calculated with Dubinin–Radushkevich (DR)
method [13, 31]. The ultimate analysis of biochar was
measured with CHNS elementary analyzer (Vario Micro
cube, Germany). The organic species, especially N-
contained organic functional group was characterized using

Fourier transform infrared spectroscopy (FTIR; VERTEX
70, Bruker, Germany) [31].

CO2 adsorption of biochar was performed in fixed bed
with a thermogravimetric analyzer. The experimental proce-
dure is illustrated as following. Firstly, about 10 mg of the
adsorbent was placed in a small sample pan and heated up to
110 °C under pure N2 flow (50 ml/min) and held isother-
mally for 1 h to remove the moisture and gases. Then, the
temperature was decreased to 20 °C, purging gas was
switched to pure CO2 at the same flow rate and biochar
particles was held isothermally at 20 °C for 1 h to achieve a
complete saturation. The weight increase during this stage
was considered as the CO2-adsorbed amount for the sample
at 20 °C. Afterward, the temperature was increased at a
heating rate of 5 °C/min to 120 °C (as a typical temperature
for power plant flue gases) and this temperature was main-
tained for 1 h. The weight change of the sorbents was
monitored to evaluate the CO2 adsorption capacity at higher
temperature (120 °C) [31–33].

Results and Discussion

Textural Characterization

The pore structure and surface nitrogen content of the virgin
char and the modified samples were shown in Table 2. It
showed that the microspore surface area and pore volume of
the modified biochar gradually increased, with the modified
temperature rising. It might be attributed that higher tem-
perature (>600 °C) is favorable for interior devolatilization.
The specific surface area of the CO2-modified char was
maximized at 800 °C (610.04 m2/g) and reduced to
556.35 m2/g (at 900 °C) with temperature increasing further.
That was because of the CO2 hot corrosion of char surface at
higher temperatures, which led to the embrittlement of the
carbon skeleton and the collapse of the carbon skeleton and
micropore overlapping, so the specific surface area de-
creased. Moreover, the surface area and pore volume of
the CO2-modified char was much higher than the unmodi-
fied biochar and NH3-modified biochar. At high temper-
atures, CO2 could react with C of the sample to form CO
(the hot corrosion), which helped to create a richer pore
structure and played a role in activation of its surface. This
reaction is endothermic, which means the reaction is more
favorable at higher temperatures.

Table 1 The proximate and ul-
timate analysis result of agricul-
ture straws

Samples Proximate analysis (ad, wt%) Ultimate analysis (ad, wt%) LHV/MJ/kg

M V A FC C H N S O

Cotton stalks 4.66 74.95 4.59 15.80 45.22 6.34 1.15 0.34 37.70 17.77
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Chemical Characterization

To study the nature of the functional groups of the modified
and unmodified char, FTIR analysis was carried out. The
FTIR spectra of the virgin char and NH3-modified char were
depicted in Fig.1; peaks were observed at 2,924 and
2,857 cm−1 which could be attributed to asymmetric and
symmetric C–H stretching vibrations in aliphatic CH, CH2,
and CH3 [34]. The two other bands at 1,394 and 1,115 cm−1

were due to aromatic ring and C–O stretch of ethers, respec-
tively [33]. There was an obvious peak from the stretching
of the N–H group and O–H group at 3,427∼3,409 cm−1,
possibly due to the formation of hydrogen bonds between
the NH3 molecules with oxygen-containing groups of the

char [35, 36]. A broad band at 2,850 ∼ 2,950 cm−1 was
due to the C–H groups [34]. A tiny peak at 1,742 cm−1

was observed, which was a sign of carboxylic acid
functional group, but as the temperature increased, the
adsorption peak gradually disappeared [14, 37, 38]. An
obvious broadband at 1,612 ∼ 1,319 cm−1 arising from
the amides, pyridine, and C=N showed the introduction
of nitrogen functional groups in the high temperature
and NH3 atmosphere compared to the unmodified bio-
char [33]. Perhaps because ammonia breaks down into
some radicals, such as NH2, NH, and H, at the temper-
ature, and these radicals can react with surface oxides
and active sites to form nitrogen-containing functional
groups [18–23].

Table 2 Characterization of the
virgin char and the modified
samples

Modification temperature 500 °C 600 °C 700 °C 800 °C 900 °C

Biochar Surface area of micropore (m2/g) 224.12

Pore volume of micropore(ml/g) 0.07

Nitrogen content(wt%) 1.09

NH3 Surface area of micropore (m2/g) 160.89 251.91 254.97 348.56 434.92

Pore volume of micropore(ml/g) 0.06 0.08 0.14 0.17 0.19

Nitrogen content(wt%) 2.91 3.48 2.45 1.61 0.71

CO2 Surface area of micropore (m2/g) 289.07 351.49 371.65 610.04 556.35

Pore volume of micropore(ml/g) 0.12 0.13 0.14 0.24 0.21

Nitrogen content(wt%) 1.28 1.02 0.78 0.54 0.47

Fig. 1 Fourier transform
infrared spectroscopy (the
biochar and NH3-modified
biochar)
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The lactam functional group was generated by the dehy-
dration of the carboxylate (active sites of the carboxylic acid
interacted with NH3), at high temperatures:

�COO� þ NHþ
4 ������!�H2O � CO� NH2

In addition, at high temperatures, NH3 and O–H were
also easy to generate −NH2 (amide):

� OHþ NH3 ! �NH2 þ H2O

The adsorption peak (at 1,609 ∼ 1,584 cm−1) was caused
by the aromatic conjugated C=C and C=N functional group
[39]. With the increase of modification temperature increas-
ing, the C=N and amide decomposed; the adsorption peak
diminished gradually and shifted to 1,437 ∼ 1,159 cm−1,
owing to the formation of the C–N–C or pyridine substances
[14, 21, 37, 38]. Shafeeyan et al. found that the original
double bond of the nitrogen-containing functional groups
shifted to a more stable single bond or a ring structure, with
increasing temperature [38].

The pyridine was not only from the amide decomposi-
tion, but also from the -NH- alternative ethers functional
groups [28, 30]. A broadband at 1,040 ∼ 1,055 cm−1 was
due to the C–N group [4, 22, 40]. Above 800 °C, on the one
hand, the C=C and NH3 reacted to form a new nitrogen-
containing functional groups (C–N); on the other hand, the
C=N bond was ruptured to C–N bond [14, 22, 41].

On the contrary, the CO2-modified biochar contained O–
H, C–C, C–H, and other functional groups, but the N func-
tional groups did not appear (as shown in Fig. 2). In addi-
tion, the adsorption curve at 1,400 ∼ 1,750 cm−1 leveled off
because the modified char had the good pore structure in the
CO2 atmosphere at the price of the gradual consumption
about C–H and C–O bonds, but it had not introduced the
new N functional groups [33, 40]. However, there is a tiny
adsorption peak at 1,585 ∼ 1,415 cm−1 that gradually dis-
appeared, with the rise in temperature. This reason may be
the aromatic C=C bond breaking.

The N element content of the NH3-modified biochar was
much higher than that of the unmodified biochar and CO2-
modified biochar (shown in Table 2). This showed that at
high modification temperature, NH3 reacted with the sample
and successfully introduced nitrogen-containing functional
groups to improve the alkalinity of the biochar. However,
the N element content of the NH3-modified biochar de-
creased sharply with the increase temperature. This might
be because some nitrogen-containing functional groups
decomposed at higher temperature (900 °C); consequently,
nitrogen content in NH3-modified biochar decreased slightly
with modified temperature increasing further.

Properties of CO2 Adsorption

The adsorption capacity of the CO2-modified char and un-
modified char are showed in Fig. 3. At ambient temperature,

Fig. 2 Fourier transform
infrared spectroscopy (the
biochar and CO2-modified
biochar)

1150 Bioenerg. Res. (2013) 6:1147–1153



the adsorption capacity of the CO2-modified char is signif-
icantly higher than that of the char without CO2 modifica-
tion. Especially, when the modifying temperature was
higher than 700 °C, the adsorption capacity of the CO2-
modified char could reach 90–100 mg/g (at 20 °C). This
shows that the CO2 atmosphere was conducive to the for-
mation of the char’s pore structure at higher temperature;
consequently, it is favorable for CO2 adsorption at ambient
temperature. Figure 4 shows the adsorption capacity of the
NH3-modified char and unmodified char. At ambient tem-
perature, the adsorption volume of the NH3-modified char
(the modified temperature between 500 and 700 °C) are
clearly less than the untreated char. That may be due to the
introduction of N-contained materials that led some

micropores clogging [21], but when the temperature
increases (>700 °C), the amount of adsorption will be in-
creased, and more than the untreated char. It may be because
that some functional groups decompose and micropores
open again [4, 9, 21].

However, at 120 °C, the NH3-modified char showed
higher CO2 adsorption capacity (about 39 mg/g) com-
pared with the unmodified char(less than 20 mg/g) and
the CO2-modified char (about 20 mg/g). Moreover,
when the modified temperature was between 500 and
700 °C, the high temperature adsorption (at 120 °C) of
the NH3-modified chars is greatly higher than that of
the CO2-modified chars and untreated char. This shows
that the introduction of the N functional groups by the
NH3 modification, at high temperatures, does contribute
to the CO2 adsorption capacity of the modified biochar
[25, 33]. Nevertheless, at the modified temperature of
800 and 900 °C, although NH3-modified chars have
high nitrogen content, their high temperature adsorption
are obviously less than that of the CO2-modified chars.
It may be because of their poor microporous structure
and beneficial nitrogen functional groups of decomposi-
tion at high temperature [33–35, 40].

The Fig. 5 and Fig. 6 showed the relationship be-
tween the CO2 adsorption capacity of the modified char
and the micropore volume and nitrogen content. At 20 °
C, the adsorption capacity showed linear relationship
with the micropore volume and CO2 adsorption in-
creased straightly with the increase of micropore vol-
ume. However, no obvious relation showed with N
content, it is mainly physical adsorption, and adsorbed
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Fig. 3 The adsorption capacity of the CO2-modified char

0

20

40

60

80

Fig. 4 The adsorption capacity of the NH3-modified char
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Fig. 5 The relationship between the CO2 adsorption capacity of the
modified char and the micropore volume
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in pore. The correlation equation of adsorption with
micropore volume can be described by the DR equation
[42].

V ¼ V0 exp � RT

bE
ln

Ps

P

� �2
" #

ð1Þ

Where V0 is the volume adsorbed at a relative pressure of
Ps/P and temperature T, V is the micropore volume, E is the
energy of adsorption, β is the affinity coefficient of the
adsorbate, and R is the universal gas constant. This equation
can be written as

logV ¼ logV0 þ K � log2 Ps=Pð Þ ð2Þ

K ¼ � RT=bEð Þ2 ð3Þ
To enhance the adsorption property of char at ambi-

ent temperature, modification to open pore structure
might be a good alternative. However, at 120 °C, no
obvious relationship showed between CO2 adsorption
capacity and the micropore volume. But it showed
closed relationship with the nitrogen content in char
particles, and CO2 adsorption increased linearly with N
content. It indicated that the adsorption at higher tem-
perature is mainly chemical adsorption by N-contained
compounds. Surface chemistry characteristics might be
the main factor to control the CO2 adsorption at higher
temperature. Thus, for CO2 capture at higher tempera-
ture with biochar, chemical modification with N-
contained materials might be a promising choice.

Conclusions

The property of biochar modification with CO2 activation
and NH3 was investigated with the aim to enhance the CO2

adsorption. The main conclusion can be derived as follows:

1. For ammonia-modified char, NH3 could react with the
biochar surface, introducing the nitrogen functional
groups, but the nitrogen functional groups with increas-
ing temperature would gradually break down. CO2

modification play significant role on pore formation,
and more micropore was formed with CO2 activation
and the maximum surface area was reached at 800 °C,

2. The lower the temperature, the greater the high-
temperature adsorption capacity of the NH3-modified
biochar, but the low-temperature adsorption capacity
was similar to the CO2-modified biochar. At room tem-
perature, the largest CO2 adsorption capacity of the
NH3-modified biochar was 99 mg/g; however, it was
39 mg/g at 120 °C.

3. At ambient temperature, the CO2 adsorption of the
modified biochar was mainly physical adsorption, and
it was a linear correlation with the micropore volume.
But at higher temperature, the adsorption was a chem-
ical adsorption, and a linear relationship with the N
content on the char surface.
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