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ABSTRACT

Adsorption is a promising method for CO, separation. The surface physical and chemical properties of
adsorbent play a critical role during the adsorption process. Biochar, as the by-product from biomass fast
pyrolysis for bio-oil, is renewable resources with good adsorption property. In this work, the adsorption
behavior of biochar and its correlation with physical porosity and surface chemistry were investigated. A
novel method for biochar modification by high temperature CO,—ammonia mixture is proposed and com-
pared with the conventional CO, activation and ammonia treatment. The results show that CO,—ammo-
nia modification combined the advantages of both CO, activation and ammonia treatment. The surface
area of CO,—ammonia modified chars is increased significantly up to about 627.15 m?/g, and the ammo-
nification (in the presence of ammonia) can introduce N-containing groups into the biochars (the N con-
tent up to 3.91 wt.% in CO,-ammonia modified biochar). The breakthrough curve of CO, adsorption is
fitted with deactivation model from the viewpoint of adsorption dynamics. The CO, adsorption capacity
of biochar is proportional to the micropore volume at lower temperature (20 °C); however, it is depen-
dent on the N content of biochar for CO, adsorption at higher temperature (120 °C).

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

coal accounts for roughly 25% of the world energy supply and
40% of the carbon emissions [2], so the CO, capture, usage, and

The increasing atmospheric CO, concentration is considered as
a main contributor to global climate change in the past century [1].
CO, emissions are mainly caused by fossil fuel combustion, and
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storage (CCUS) from coal-fired power plant must be aggressively
pursued [3]. While for secondary use or the geologic burial, CO,
capture is a pivotal step. The current commercial technology for
CO, capture is based on absorption using liquid amines, and the
most commonly used amines are monoethanolamine and dietha-
nolamine (MEA and DEA) [4,5]. However, the problems of high
regeneration energy, large equipment size, solvent degradation,
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and equipment corrosion make the process impractical for further
applications [6]. In an effort to overcome the drawback of the
liquid amine-based process, research has been focused on adsorp-
tion because of its low energy consumption and low equipment
cost. Among all adsorbents, activated carbons are being proposed
as suitable candidates for CO, capture since they are less sensitive
to moisture, present a high CO, adsorption capacity at ambient
pressure [7].

The adsorption properties of the activated carbon are not only
determined by its micropore structure, but also surface chemistry
[8]. Furthermore, the latter plays the most important role in the
CO, adsorption performance at higher temperature [7,9]. The sur-
face chemistry of activated carbon is governed by the presence of
heteroatoms, such as oxygen and nitrogen. These heteroatoms exist
in the form of acidic, basic or neutral functional groups [10]. Carbo-
naceous adsorbents can also benefit from delocalized = electrons of
aromatic rings and unsaturated valences [11]. A number of
researches confirmed the enhancement in adsorption of acidic pol-
lutants on modified activated carbon with increased basicity. In
addition, alkaline activated carbon can also be used as catalyst in
various chemical reactions [12]. Increment in alkalinity can be
achieved through various techniques, such as impregnation
[13-15], high temperature ammonification [16,17] and plasma
treatment [18-20]. Among those, impregnation with proper chem-
icals is one of the most frequently used technologies. However, it is
worth to note that the introduction of additives by impregnation
might lead to some other negative effects. As reported, impregnated
activated carbon with additives solution might block the pores in
activated carbon; consequently, cause the decrement of the adsorp-
tion capacity [7,21,22]. Furthermore, the technique does not stabi-
lize basic additives on the surface [23]. To overcome these
disadvantages, heat treatment with the presence of ammonia gas
was introduced to increase the basicity of activated carbon
[16,24]. Mangun et al. [25] successfully prepared amine-rich acti-
vated carbon fiber (ACF) via high temperature ammonia treatment,
and found that C=N (1600cm™!), C—N (1250cm™!), C=N
(2230 cm™!) groups and cyclic amides (1676 cm™!) introduced onto
the surface of ammonia-treated ACF. Przepidrski et al. [16] also
found that N-containing groups were introduced into the carbon
structure during ammonia treatment, but when the introduction
of nitrogen content reached certain value, it can change the size
of pores and close the micropore entries.

In order to maximize the introduction of nitrogen content and
at the same time improve micropore structure, a novel method
for increasing the CO, adsorption capacity of the adsorbent by
combining high temperature ammonia treatment with CO, activa-
tion was proposed and testified in this work. Furthermore, consid-
ering cost and carbon-nitrogen cycle (a nitrogen-rich biochar that
had adsorbed CO, could be used as the soil organic carbon, nitro-
gen fertilizer and nutrient for amending the soil quality) [26-29],
raw biochar was derived from cotton stalk fast pyrolysis, and mod-
ified by three different approaches for developing efficient CO,
adsorbents. Namely, conventional activation with CO,, heat treat-
ment with gaseous ammonia (referred to as ammonification) and
the combination (referred to as activation and ammonification).
The CO, adsorption process of biochar was discussed with deacti-
vation model and the effect of the physico-chemical property on
the CO, adsorption capacity of biochar was investigated.

2. Experimental
2.1. Sample
The biochar used in this work derived from cotton stalk fast

pyrolysis (T=600°C, N, =1L/min, and the batch feeding was
about 3.0g) for liquid oil in a fixed-bed reactor. The detailed

experimental methods can be referred to our previous study [30].
The physico-chemical property of the untreated biochar (U-char)
was shown in Table 1. The micropore surface area, micropore vol-
ume, and nitrogen content were 224.12 m?/g, 0.0734 ml/g, and
1.09 wt%, respectively. It indicated that this biochar did have not
only the efficient micropore structure, but also the high nitrogen
content.

2.2. Modification of the biochar

The biochar with the particle size of 0.6-1 mm was subjected to
different modification methods with carbon dioxide, ammonia gas
and their mixture. The modification process was illustrated as fol-
lows. Biochar particles (approximately 2.0 g) in a quartz reactor
were treated in a vertical tube furnace. The biochar was heated
up gradually to the preset temperature (500-900 °C, and the
heating rate is 10 °C/min) with N, (99.99%; 400 ml/min) purging.
After the temperature reached the desired value, N, was replaced
by CO, (99.999%; 100 ml/min), ammonia (99.999%; 80 ml/min) or
CO,-ammonia (CO,=100ml/min and ammonia =80 ml/min).
During these treatments, biochars were kept at the final tempera-
tures for 30 min. Finally, the furnace was cooled to the ambient
temperature under the N, atmosphere. The modified biochars were
labeled as C-char, A-char and CA-char accordingly.

2.3. Chemical and textural characterization

The nitrogen content of the raw and modified biochars was
measured with CHNS elementary analyzer (Vario Micro cube,
Germany). The organic species, especially N contained organic
functional group of biochars were characterized using FTIR (VER-
TEX 70, Bruker, Germany) spectrometer at resolution of 4 cm™!
equipped, and the apodization function was the Happ-Genzel type
[30]. About 0.7 mg dried sample was mixed with 70 mg KBr to pre-
pare the tablet by simultaneous pressing (10 tons/cm? for 10 min).
The physical properties of all biochars were analyzed with isother-
mal adsorption of carbon dioxide at 298 K (Micromeritics, ASAP
2020, USA). The CO, adsorption isotherm at relative pressures
(P|Py) ranging from 107° to 0.3 was used to calculate micropore
structure. The micropore surface area (Sy,;c) and micropore volume
(Vimic) were obtained by Dubinin-Radushkevich (DR) method.

2.4. CO, adsorption experiments

The CO, adsorption characteristics at 20 °C of the raw and
modified biochar particles were calculated by the isothermal

Table 1
Physical and chemical properties of raw and modified biochars.

Samples T (°C) Surface area

of micropore (m?/g)

Micropore
volume (ml/g)

Nitrogen
content (wt.%)

U-char 600 224 0.07 1.09
C-char 500 289 0.12 1.28
600 351 0.13 1.02
700 372 0.14 0.78
800 610 0.24 0.54
900 556 0.21 0.47
A-char 500 161 0.06 291
600 252 0.10 3.48
700 255 0.10 245
800 349 0.14 1.61
900 435 0.17 0.71
CA-char 500 95 0.04 3.78
600 297 0.12 3.91
700 336 0.13 2.89
800 627 0.25 1.52
900 469 0.19 0.96
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adsorption of carbon dioxide (Micromeritics, ASAP 2020, USA). The
CO, adsorption characteristics at 120 °C were investigated with a
fixed bed adsorption system (Fig. 1). Approximately 5.0 g biochar
particles was placed in the fixed bed reactor (Inner diame-
ter=15mm), and heated up to 150°C under pure N, flow
(50 ml/min) and held isothermally for 2 h to remove the adsorbed
water and other impurities. After that, the temperature was
decreased to 120 °C, and then, CO, with the flow rate of 10 ml/
min was introduced into the reactor, which was thereafter kept
at 120 °C for the entire CO, adsorption experiment. The flow rates
of N, and CO, were controlled with mass flow meters. A gas ana-
lyzer (HM-BX-T6, Huamin, China) was used to monitor the outlet
concentration of CO,.

2.5. Model description

To fit the breakthrough curve of adsorption, the deactivation
model (DM) was introduced in the sight of adsorption dynamics.
The first-order reaction on the sorbent surface was assumed to
the adsorbent deactivation, and an index decline equation with
time was supposed [31]. The deactivation model for the prediction
of breakthrough curves in packed columns proposed was given as
follows [32]:

< 1 — exp[(koW/Q)(1 — exp(—kqt))]
p 1 — exp(—kgt)

== exp(—kat) (1)
0
where, Co and C are inlet and outlet concentrations of the tracer,
respectively; kg is the initial sorption rate constant and kg is the
deactivation rate constant; W is weight of adsorbent and Q is volu-
metric flow rate.

The CO, concentration was the average of three experimental
data to reduce the relative errors, which were within +5%.
According to the adsorption breakthrough curves, the adsorption
amount of the adsorbent is calculated.

X. Zhang et al. / Chemical Engineering Journal 257 (2014) 20-27

3. Results and discussion
3.1. Chemical characterization

The FTIR spectra of the raw and CO, modified biochars were
shown in Fig. 2a. It can be observed that the biochars presented
some similar peaks at 3437 cm~!, 2923 cm™! and 2856 cm™’,
which could be ascribed to phenol O—H, asymmetric and symmet-
ric C—H stretching vibrations in aliphatic CH, CH,, and CHj, respec-
tively [17,33]. In addition, the weak bands at 1450-1400 cm™!
could be attributed to N—COO skeletal vibration [34], while the
strong bands in the 1100-1000 cm~! region might be related to
C—O0 stretching.

However, the ammonia modified biochars (shown in Fig. 2b)
contain not only O—H (3421 cm™!), C—0 (1164 cm™'), C—H (2923
and 2857 cm '), and N—COO (1416 cm ') functional groups, but
also some other nitrogen-containing functional groups, such as
C=N (1745-1586 cm™') and C—N (1056 and 1040 cm™') [17,24].
The broad band appearing at 3400 cm~! could be also due to the
amine N—H stretching vibrations [34]. These additional adsorption
peaks and bands confirmed that high temperature ammonia treat-
ment did introduce some nitrogen functional groups to biochar sur-
face. It might be attributed that ammonia was broken down into
some radicals, such as NH,, NH, and H at the high temperature,
which reacted with surface oxides and active sites with N func-
tional groups formed [16,17,35]. Nevertheless, the strong band in
1745-1586 cm™! region (attributed to oxime C=N—OH, pyridine
C=N and C=O0 stretching) gradually reduced with the modified
temperature increasing from 500 to 700 °C and disappeared at
800 °C. But, the aliphatic C—N stretching band at 1160-1040 cm™!
emerges enormously at 800 °C, which is in accordance with previ-
ous studies [17]. It indicated that C=N and C=0 groups would be
converted to C—N groups with modified temperature increasing.
That might be because the formation of some new C—N groups
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Fig. 1. The fixed bed adsorption system for CO, capture.
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derived from reaction of C=0 groups with ammonia, or the trans-
formation of C=N bonds to a more stabilized single bond (C—N)
at high temperatures.

In comparison with A-char, biochars treated with the combina-
tion of ammonia and CO, showed similar FTIR spectra (shown in
Fig. 2c). Nevertheless, an obvious difference can be found on
carbamate or carbamic acid (N—COO) skeletal vibration at
1410-1430 cm™!, which increased with modification temperatures.
The possible mechanisms were illustrated in Fig. 3. It indicated that
the chemical reaction between amine and CO, might follow the
reaction of N—COO formation (shown in Fig. 3, Mechanism A
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Fig. 2. FTIR spectra of C-chars (a), A-chars (b) and CA-chars (c) in comparisons with
untreated char.

[36,37]). Firstly, C—OH and C—0—C could respectively react with
ammonia to generate the primary and secondary amines by Egs.
(a) and (b). Then, they could react with CO, and resulted in the for-
mation of N—COO through Egs. (c) to (e). However, if the amine of
N—COO was secondary, dehydration reaction of the corresponding
ammonium carbamate or the carbamic acid (shown in Fig. 3, Mech-
anism B [38-40]) can lead to the formation of pyridine C=N and C=0
(lactones and ketones). Consequently, the production of pyridine
C=N and C=0 could probably provide more active sites for the intro-
duction and conversion of nitrogen functional groups.

From the nitrogen content of the raw and modified biochars
presented in Table 1, we can find that the nitrogen content of
C-char gradually reduced with the increase of the modification
temperature. However, compared with the C-char, the nitrogen
contents of A-char and CA-char reached the maximum at 600 °C
and then decreased with modification temperature increasing,
and they were both higher than that of the C-char. It indicated that
the nitrogen functional groups could be introduced onto the sur-
face of biochar during the high temperature ammonia treatment,
and these nitrogen functional groups began to decompose from
600 °C. In addition, the nitrogen content of CA-char was signifi-
cantly higher than that of A-char at the same modification temper-
ature. Combined with the FTIR spectra, it could be confirmed that
the presence of CO, during the high temperature ammonia treat-
ment could promote the ammonification and enrich the nitro-
gen-contained functional groups.

3.2. Textural characterization

The micropore structure of the biochar was also shown in
Table 1. The surface area and volume of micropore for C-char and
CA-char both increased with the modification temperature increas-
ing from 500 °C to 800 °C. At 800 °C, their micropore surface areas
reached the maximum (610.04 m?/g and 627.15 m?/g, respec-
tively); while with the temperature increasing to 900 °C, the

Mechanism A: Formation of N-COO
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Fig. 3. Mechanisms for the reaction of ammonia and CO, with the biochar surface.
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micropore surface area reduced greatly to 556.35m?/g and
469.36 m?/g, respectively. It might be attributed that the decompo-
sition of some functional groups and carbon dioxide hot corrosion
improved the pore structure significantly with CO, presence from
500°C to 800°C [41]. When the temperature was too high
(>800 °C), some micropore might be overlapped, due to the inor-
ganic melting and biochar gasification reaction with CO,, which
might result in the embrittlement and collapse of the carbon skel-
eton [42]. In addition, the micropore surface area of the CA-
char-500 (when the modification temperature was 500 °C) was
the least (94.52 m?/g) among all modified biochars. The reason
may be as follows. On the one hand, the modification temperature
did not reach CO, activation temperature, and the effect of the
micropore improvement was not obvious. On the other hand,
CO; could combine with the biochar surface and generate a num-
ber of active sites that may prompt the introduction of the nitrogen
containing functional groups (including urea and ammonium salt).
When excessive nitrogen functional groups were introduced, it
may block the micropore entrance and reduce the surface area.
However, with the increase of modification temperature
(>500 °C), CO, activation became more vigorous, and the micro-
pore surface area and volume of CA-char would surpass A-char.
It showed that although some micropore entrances could be
blocked by nitrogen-containing functional groups (such as amino,
pyrrole and pyridinic-like functional groups), the presence of CO,
was benefit for improvement of the obstructed micropore when
the modification temperature was beyond 500 °C.

3.3. CO, adsorption at 20 °C

The CO, adsorption properties of the raw and modified biochars
at 20 °C were shown in Fig. 4a. When the modification temperature
increased from 500 to 800 °C, the CO, adsorption capacity of the
C-char increased significantly, and the maximum (99.42 mg/g)
was obtained at 800 °C for C-char; after that (>800 °C), it decreased
slightly with the modification temperature increasing further. It
was possibly because that higher temperature was favorable for
the formation of micropore structure of C-char (<800 °C), and the
better micropore structure was more advantageous to the CO,
adsorption at 20 °C. However, when the temperature was too high
(>800 °C), some micropores may be coalesced to form mesopore or
macropore [30]. Then the optimized micropore structure was
destroyed, and it would weaken the adsorption capacity of CO,
at 20 °C.

With respect to the CO, adsorption at 20 °C of CA-char and
A-char, the similar varying tendency was displayed. However, their
CO, adsorption capacity at 20 °C was different from each other.
When the modification temperature increased from 700 to
900 °C, the CO, adsorption capacities at 20 °C of the C-char and
CA-char were much higher than that of the A-char. It indicated that
the better textural characterization, the larger CO, adsorption
capacity. In addition, the CO, adsorption capacity of the CA-char-
500 (500 °C) was the smallest among all biochars. It might be
because that the modification temperature was too low, and CO,
activation cannot take place.

3.4. CO; adsorption at 120 °C

The breakthrough curve of CO, adsorption on three different
kinds of modified biochars at 120 °C was plotted in Fig. 5. It can
be observed that the CA-char had the longest CO, breakthrough
time (the time when the CO, concentration at the outlet reached
10% allowable breakthrough concentration), followed by A-char
and C-char. It represented that the CO,-ammonia modification
was the most efficient treatment methods for CO, adsorption.
When the modification temperature was between 500 and
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Fig. 4. The CO, adsorption capacity at 20 °C (a) and 120 °C (b) of different biochars.

900 °C, the breakthrough time of CO,-ammonia adsorption fol-
lowed the order of 600> 500 > 700 > 800 > 900 °C. It illustrated
that 600 °C was the optimal choice to produce CA-char for the
CO, adsorption at 120 °C [43,44]. Compared with CA-char, A-char
at the different modification temperatures had the similar break-
through order, but C-char (the order of 800 >900 > 500 > 600 >
700 °C) was very different with them. This difference mainly
resulted from the generation and decomposition of nitrogen func-
tional groups, and the change of micropore structure in the differ-
ent modification temperatures.

The adsorption kinetics of CO, on raw and modified biochars
with the initial adsorption rate constant (k,) and deactivation rate
constant (ky) of the DM are showed in Table 2. With the increase of
modification temperature, the initial adsorption rate constant of
CA-char and A-char both increased firstly and then decreased,
and their deactivation rate constant showed a tendency of
increase. However, the change rules of k, and k; on C-char were
exactly the opposite of CA-char and A-char. It probably suggested
that high temperature ammonification was more advantageous
to the CO, adsorption at 120 °C than the simple CO, activation.
The correlation indexes (R?) of all biochars were over 0.99, which
showed that the proposed DM could well fit the CO, adsorption
at 120 °C.

The breakthrough curve would be integrated versus time to
obtain the CO, adsorption capacity at 120 °C (shown in Fig. 4b).
The CO, adsorption capacity at 120 °C was very different from
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The coefficients of deactivation model for the CO, adsorption at 120 °C.

Samples T (°C) R? kq (min~1) ko (cm®> min—' g~ ')
U-char 600 0.99903 0.571 43.112
C-char 500 0.99926 0.572 43.980
600 0.99545 0.597 42.116
700 0.99735 0.566 37.117
800 0.99782 0.487 43.951
900 0.99708 0.492 41.069
A-char 500 0.99818 0.431 42.755
600 0.9989 0.510 43.038
700 0.99542 0.505 39.210
800 0.99361 0.559 38.252
900 0.99252 0.661 36.705
CA-char 500 0.99665 0.453 49.158
600 0.99886 0.439 50.626
700 0.99909 0.475 46.078
800 0.99874 0.558 45.678
900 0.99705 0.588 39.267

those at 20 °C. The CO, adsorption capacity (120 °C) of the C-char
firstly decreased gradually when the modification temperature
increased from 500 to 700°C, and then increased greatly at
800 °C. It was probably due to the gradual decomposition of nitro-
gen-containing functional groups and the improvement of micro-
pore structure with the increase of the modification temperature.
In comparison with the C-char, the CO, adsorption capacity at
120 °C on the CA-char firstly increased as the modification temper-
ature below 600 °C, but when the modification temperature sur-
passed 600 °C, it gradually decreased. That was because that
there were a large number of nitrogen functional groups to turn
out when the modification temperature from 500 to 600 °C, but
these nitrogen functional groups would begin to break down as
the temperature exceeded 600 °C. In addition, although the
CA-char and A-char were both treated in the high temperature
ammonia, the CO, adsorption capacity on the CA-char was obvi-
ously larger than that on A-char, and the CA-char-600 presented
the largest CO, adsorption capacity (39.37 mg/g). It showed a light
that the CA-char could provide more active sites to adsorb CO,.
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3.5. Effect of physical and chemical properties on CO, adsorption at
different temperatures

The effects of physical and chemical properties of the modified
biochars on CO, adsorption at 20 and 120 °C were explored. The
linear fitting of the scattered data was introduced to analyze the
relationship of the micropore volume and nitrogen content with
CO, adsorption. The results were shown in Fig. 6. It can be
observed that when the adsorption temperature was 20 °C,
the adsorption capacity increased with the increase of the micro-
pore volume, but decreased with the enhancement of the nitrogen
content. However, the opposite tendency was found when the
adsorption temperature was up to 120 °C, i.e., the CO, adsorption
capacity slightly decreased with the micropore volume increasing,
but increased with the nitrogen content increasing. At the lower
adsorption temperature (20°C), it demonstrated that the CO,
adsorption capacity showed linear relationship with the micropore
volume, but no obvious relation with the nitrogen content. It can
be deduced that this process of the CO, adsorbed was mainly
CO, filling in the microporous structure of the modified biochars,
and Van der Wals forces were the dominant driving force for
the CO, adsorption [45]. However, at the higher adsorption

temperature (120 °C), no obvious relationship showed between
CO, adsorption capacity and the micropore volume, whereas a
much stronger relationship with the nitrogen content was promi-
nent. It can be derived that this process was mainly the chemisorp-
tion by the nitrogen functional groups, and the surface chemistry
characteristics might be the main factor to control the CO, adsorp-
tion at higher temperature.

4. Conclusions

The modification property of biochar derived from biomass fast
pyrolysis with CO,-ammonia modification was investigated, and
the influence of physical and chemical properties on CO, adsorp-
tion behavior at different temperatures was explored as well. The
main conclusions are as follows:

1. The high temperature activation treatment improved the
micropore structure that could enhance the CO, adsorption at
20 °C. Meanwhile, in the high temperature process, the CO,
presence is not only conducive to the micropore structure
improvement, but also can introduce some hetero atom groups
(such as C—0 and C=0), and these hetero atom groups may pro-
vide more active sites for the introduction of nitrogen func-
tional groups.

2. When the modification temperature from 500 to 600 °C, ammo-
nia could react with the C-matrix of biochars, and introduce
nitrogen functional groups, which was benefit to the CO,
adsorption at 120 °C. However, when the modified temperature
surpassed 600 °C, the nitrogen functional groups were gradu-
ally diminished, and it was adverse to the CO, adsorption at
120 °C.

3. The CO, adsorption capacity at 20 °C showed a linear correla-
tion with micropore volume of biochar particles. However, it
obviously depended on the nitrogen content in biochar at
120 °C, due to the chemical adsorption dominating the high
temperature adsorption process.
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