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Abstract

In order to reveal mechanisms of CO, adsorption—desorption on the nitrogen enriched biochar, the
in situ diffuse reflectance infrared Fourier transform spectroscopy (in situ DRIFTS) was used to monitor
the interfacial reaction between CO, and nitrogen enriched biochar, and all spectral data sets of in situ
DRIFTS was parsed by two-dimensional (2D) perturbation correlation. The results show that when the ad-
sorption temperature is between 30 and 60 °C, the hydroxyl, primary amide, amines, azo compound N=N,
secondary amide groups and aliphatic C-N/C-O are all effective active sites to adsorb CO,; while the tem-
perature rises to 120 °C, the CO, adsorption capacity of secondary amide group shows a downward trend.
After the adsorption of CO,, these active sites are mainly converted to C=0 groups (such as N-COOH,
N-COO™~ and aldehyde groups), nitrogen atom-containing heterocyclic groups (pyridine-like groups), and
N-O groups (nitrate). Moreover, at 200 °C, the majority of hydroxyl and secondary amide groups as well as
part of primary amide, amines and azo compound N=N can be regenerated, while the aliphatic C-N/C-O
groups are difficult to be regenerated.
© 2016 by The Combustion Institute. Published by Elsevier Inc.
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1. Introduction CO,, has become a critical issue in recent times [1].
Absorption [2], adsorption [3], cryogenic distilla-

Global warming resulting from an increase in tion [4] and membrane separation [5] are regarded
atmospheric level of greenhouse gases, especially as the effective methods to capture CO,. One of

them, adsorption, is a promising option for CO,
— ) separation since it offers a number of advantages:
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[6]. Among all adsorbents, the nitrogen enriched
biochars are considered as suitable candidates for
CO, capture since their wide availability, renewable
precursors, low cost, high thermal stability and low
sensitivity to moisture [7-12].

The CO, adsorption properties of nitrogen en-
riched biochar depend to a large extent not only
on the surface area and pore structure, but also the
chemical property [7]. At high temperatures, it has
been recognized that the chemical property plays a
more important role [9]. Furthermore, it is the main
factor that affects the regeneration of nitrogen en-
riched biochars. The diversity of chemical prop-
erties are largely derived from the surface chem-
ical heterogeneity that refers to the non-carbon
atoms, such as hydrogen, nitrogen, oxygen, sulfur
and phosphorus [13]. The formation of functional
groups from these heteroatoms determine the sur-
face acidity and basicity of nitrogen enriched
biochars. In general, the oxygen functional groups
provide the acidic character [14]. The surface ba-
sicity is closely related to the nitrogen functional
groups, which provides effective active sites to ad-
sorb CO,, i.e. dipole—dipole, hydrogen bond, cova-
lent bond, etc. [7]. Furthermore, the regeneration
performance of these active sites directly influences
the cyclic utilization of nitrogen enriched biochars.

Chang et al. [15] used the conventional in situ
DRIFTS to investigate the CO, adsorption of
the —NH, functional group on a N-doped SBA-
15. Their research results showed that the surface
amine sites of N-doped SBA-15 were distinctly
CO, adsorption sites, and CO, was found to adsorb
on the amine sites in the form of carbonate and
bicarbonate. However, there are few reports about
the CO, adsorption of other nitrogen functional
groups by in situ DRIFTS, such as amide group,
imide group, lactame group, pyrrolic group, and
pyridinic group. The main reason is that the con-
ventional in situ DRIFTS analysis is in no position
to differentiate overlapped bands arising from spec-
tral signals of different origins [16]. For example,
different spectral intensity contributions from indi-
vidual components of a complex mixture, chemi-
cal functional groups experiencing different effects
from some external field, or inhomogeneous ma-
terials comprising multiple phases or regions, may
be ignored [17]. The generalized two-dimensional
(2D) perturbation correlation spectroscopy is a
quantitative comparison of the patterns of spectral
intensity variations along the external variable ¢ ob-
served at two different spectral variables, v; and v,
over some finite observation interval between T,
and T,y [18]. It provides a better resolution of sig-
nificant peaks that can not only effectively decipher
overlapped peaks, even if spectral bands are located
close to each other, but also allow for the elucida-
tion of simultaneously and sequentially occurring
processes [16].

Accordingly, in this work, the in situ DRIFTS
and generalized 2D perturbation correlation

method are combined to reveal mechanisms of
CO, adsorption—desorption on the nitrogen en-
riched biochar. The effective active sites of CO,
adsorption on the surface of nitrogen enriched
biochar are identified, and their characteristics of
deactivation and regeneration are also investigated,
which may be helpful for developing the adsorbent
of CO; capture.

2. Materials and methods
2.1. Materials and characteristic analysis

Biochar (labeled as U-Char), derived from soy-
bean straw pyrolysis at 500 °C in N, atmosphere,
was used as a precursor for the preparation of ni-
trogen enriched biochar by the modification of high
temperature CO,-ammonia mixture at 700 °C, la-
beled as CA700 [19].

The Brunauer-Emmett-Teller surface area
(SBeT), micropore surface area (Spi) and micro-
pore volume (V) of U-Char and CA700 were
determined by automatic adsorption equipment
(ASAP2020, Micromeritics, USA). Spic and Ve
were calculated using the Dubinin—Radushkevich
(DR) method. The nitrogen contents were mea-
sured with a CHNS elementary analyzer (Vario
Micro Cube, Germany). X-ray photoelectron
spectroscopy (XPS, AXIS-ULTRA DLD-600 W,
Kratos, Japan) was used to determine the type
and relative content of functional groups on
CA700. The Cls electron binding energy related
to graphitic carbon was referenced at 284.6 ¢V for
calibration purposes. The data were analyzed using
20% Lorentzian—Gaussian peak fitting program.

2.2. In situ-DRIFTS experiment

A Fourier transform infrared spectroscopy
(FTIR, VERTEX 70, Bruker, Germany) equipped
with a high temperature controllable DRIFTS cell
were used to in situ record spectra obtained un-
der different reaction conditions. About 30 mg of
CA700 was loaded in the DRIFTS cell. Prior to
adsorption, CA700 was pretreated in flowing N,
(100 ml/min) at 30 °C for 30 min to gain IR back-
ground spectrum. Adsorption of CO, was initiated
by a step switch from the N, to 20% CO, in N,
(100 ml/min). The reaction temperature was succes-
sively increased to 30 °C, 60 °C, 120 °C, and 200 °C,
dwelling at each step of temperatures for 30 min
to obtain infrared spectrum. The reaction temper-
ature of 200 °C is more conducive to the CO, des-
orption than adsorption, so this condition can be
considered as the regeneration process of CA700.

2.3. Theory of 2D infrared spectroscopy

The 2D perturbation correlation method was
used to deal with the infrared spectrum of the CO,
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Table 1
Noda’s rules for judging the direction and sequence of in-
tensity changes [16].

W(vi,m) P(vy,v2) Implications

+ The intensity of the signals
at v; and v, changes in the
same direction, ie. increasing
or decreasing together
- The intensity of the signals
at v and v, changes in the
opposite direction
The change at v; mainly
precedes the change in the
band at v,

The change at v; mainly follows
the change in the band at v,
The change at v; mainly follows
the change in the band at v,

The change at v; mainly
precedes the change in the
band at v,

adsorption—desorption on CA700. The change of
temperature is considered to be an external variable
t, so the dynamic spectrum da(v, ¢) of this system is
defined as [17]

ity {g(v, )= a(v),

Tmin <t=< Tmax
otherwise

(M

Where the variable v is the wavenumber in IR,
a(v, t) is the perturbation-induced variation of IR
spectral intensity during a period of time between
Tmin and Thax, and the reference spectrum a(v) is
defined as

1 Tmax
a(v) = —— t)dt 2
a(V) Tmax - Tmin /;mm a(v’ ) ( )
The 2D correlation spectrum can be expressed
as
X(vi.m) = (67("1, 1) x a(va, l’)> 3)

The symbol < > denotes for a cross-correlation
function designed to compare the dependence pat-
terns of two chosen quantities on ¢. In order to sim-
plify the mathematical manipulation, X(vy, v,) is
treated as a complex number function

X (vi,v2) = O(vy, v2) + iW(vy, v2) 4)

where ®(vy, 1) is the synchronous correlation map
and W(vy, v,) is the asynchronous correlation map.
The synchronous 2D correlation intensity ®(vy,
;) represents the overall similarity or coinciden-

tal trends between two separate intensity variations
measured at different spectral variables. The asyn-
chronous 2D correlation intensity W (vy, v;), on the
other hand, may be regarded as a measure of dis-
similarity.

The synchronous correlation map is a symmet-
ric spectrum with a diagonal line (v;=v;). The
asynchronous correlation map is antisymmetric
with the diagonal. The correlation peak on the
diagonal, which only appears at the synchronous
spectrum, is referred to as autopeak that is al-
ways positive and represents the most susceptible
vibrations to changes during the external pertur-
bant. The correlation peak in off-diagonal posi-
tions, which can appear at both the synchronous
and asynchronous spectrum, is cross peak that
can be either positive or negative. The cross peak
in the synchronous spectrum suggests the possi-
ble existence of a coupled or related origin of the
spectral intensity variation. The cross peak in the
asynchronous spectrum indicates some bands arise
from different sources or functional groups in dif-
ferent molecular environments. Most importantly,
with the Noda’s rules (shown in Table 1), the direc-
tion and sequence of the intensity changes can be
judged.

3. Results and discussion
3.1. Physical and chemical properties

Textural properties and N elementary analy-
sis results of U-Char and CA700 are shown in
Table 2. It can be observed that the Sy of U-
Char and CA700 are much larger than their Sggr,
which indicates that micropore is the main part
of their pore structure. After the high temper-
ature CO,-ammonia modification, Sy;. increases
from 250.38 m?/g to 438.57 m*/g, and nitrogen con-
tent from 1.36 wt% to 5.93 wt%. It indicates that
the high temperature CO,-ammonia modification
makes CA700 have more developed microporous
structure and abundant nitrogen functional groups.

Typical Cls, NlIs and Ols XPS spectra are
used to analyze the surface chemical compo-
sition of CA700. Its XPS results are shown in
Fig. 1, and deconvolution results listed are in
Table 3 [20-22]. It can be seen from Fig. 1 and
Table 3 that Cls spectrum was deconvolved into
peak C(1), peak C(2), peak C(3), peak C(4) and
peak C(5); they respectively represent graphitic

Table 2
Textural properties and N elementary analysis results.
Samples N, adsorption CO, adsorption N (wt.%)
SBET (mZ/g) Smic (mZ/g) Vmic (Cm/g)
U-Char 0.04 250.38 0.100 1.36
CA700 40.79 438.57 0.176 5.93
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Fig. 1. Typical high resolution XPS spectrum of the Cls
(a), Nls (b) and Ols (c) region of CA700.

carbon, carbide carbon, carbon in C=N group,
carbon of C-OH and/or C-O-C, and carbon in
C=0, quinone and/or C-N group. Nls spectrum
was also resolved into five peaks: pyridine-like
structures (398.6 eV), chemisorbed nitrogen oxides
(405.2eV), imine/amide/amine/pyrrolic/pyridonic
(400.2¢eV), quaternary N (401.1eV) and
pyridine-N-oxide/oxidized  nitrogen function-
alities (402.9eV). In addition, the amount of
pyridine-like structures (32.9 at%) is the highest
in all nitrogen functional groups of CA700. Ols
spectrum can be deconvolved into three individ-
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Fig. 2. Synchronous two-dimensional correlation spec-
trum in 3800-2700cm™! (a) and 2500-600cm~! (b).
White and gray areas refer to positive and negative inten-
sities, respectively.

ual component peaks, including C=0O group in
carbonyl/carboxyl/quinone (531.7 eV), C-O group
(532.7eV), Chemisorbed O/water (534.1¢eV), and
C-O group (57.8 at%) is dominant in these three
kinds of oxygen functional groups.

3.2. Synchronous two-dimensional correlation
spectrum

Figure 2a and b presents the synchronous cor-
relation maps of two different spectral regions
from 3800 cm ™' to 2700 cm™! and from 2500 cm ™!
to 600 cm ™!, respectively. Synchronous correlation
spectrum in 3800-2700 cm~! shows two strong au-
topeaks which are ®(3482, 3482) and ®(3094,
3094), and one positive cross peak at (3482,
3094). These two autopeaks indicates that primary
amide -NH, (3482cm™') and secondary amide
N-H (3094 cm~!) have susceptible changes, re-
sponding to the increase of temperature [8]. The
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Table 3
Deconvolution results of the Cls, N1s and Ols region.

Region Peak Position (eV) Assignment Relative content (at%)
Cls C(1) 285.0 Graphite 38.7

C(2) 284.5 Carbide 11.5

C(3) 285.6 C=N 24.6

Cc4 286.3 C-OH, C-O 16.4

C(5) 287.5 C=0, quinone, C-N 8.8
Nls N(1) 398.6 Pyridine-like structures 32.9

N(@2) 405.2 Chemisorbed nitrogen oxides 14.6

N(@3) 400.2 Imine, amide, amine, pyrrolic and pyridonic 28.8

N4) 401.1 Quaternary N 16.5

N(5) 402.9 Pyridine-N-oxide, oxidized nitrogen functionalities 7.2
Ols (1) 531.7 C=0 in carbonyl, carboxyl, quinone 24.6

0(2) 532.7 C-0, oxygen atoms in hydroxyl groups 57.8

0O(3) 534.1 misorbed O, water 17.6
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Fig. 3. Mechanisms for the reaction of the nitrogen enriched biochar surface and CO,.

synchronous cross peak suggests that the changes
of primary amide and secondary amide have the
same direction, and both come from the same
adsorption mechanism (refer to Fig. 3). In CO,
atmosphere, the primary amide and secondary
amide can react with CO, and result in the forma-
tion of N—COO [19]. The synchronous correlation
maps for 2500-600 cm~! depicts three strong au-
topeaks: ©(2350, 2350), (1016, 1016) and (824,
824), two positive cross peaks: ®(1506, 2350) and
®(2350, 824), and one negative cross peak: ©(2350,
1016). The three strong autopeaks represent that
CO> (2350cm™") on the near-surface of CA700,
aliphatic C-N/C-O group (1016 cm™") and nitrate
N-O group (824 cm™") all intensively respond to
the increase of temperature [15,23]. The two posi-
tive and one negative synchronous cross peaks con-
firm that pyridine C=N/C=C group (1506 cm™"),
nitrate N-O group and CO, on the near-surface
have the same direction of change, responding to
temperature disturbance, but the change direction
of aliphatic C—-N/C-O group is the opposite of the
three former. These changes are all derived from the

interface reaction between CO, and CA700, when
the temperature increases.

3.3. Asynchronous two-dimensional correlation
spectrum

Figure 4a depicts asynchronous two-
dimensional correlation spectrum in 3800-
2700 cm™~!. There are four couples of asynchronous
cross peaks marked in the asynchronous correla-
tion map: W(3482, 3620), W(3094, 3446), w(3482,
3300) and W(3446, 2891), and their values are
negative, positive, negative and negative, respec-
tively. These four couples of asynchronous cross
peaks indicates that not only primary amide
~NH, (3482cm™!) and secondary amide N-H
(3094 cm™!) in synchronous correlation map, but
also—OH (3620 cm™!), amines (3446 cm '), pyrrole
(3300 cm ') and aldehyde (2891 cm™") all response
to the increase of temperature [9,10,19]. Further-
more, the synchronous correlation intensities at the
same coordinate of the four asynchronous cross
peaks are positive (3482, 3620), positive (3094,
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Fig. 4. Asynchronous two-dimensional correlation spec-
trum in 3800-2700 cm~! (a) and 2500-600 cm~! (b).
White and gray areas refer to positive and negative inten-
sities, respectively.

3446), positive ®(3482, 3300) and negative ®(3446,
2891), respectively (shown in Fig. 2a). According
to Noda’s rules, the change of primary amide
~NH, at 3482 cm~' mainly follows the change in
—~OH group at 3620 cm™!; the change of secondary
amide at 3094 cm~! predominantly precedes the
change in amines at3446cm~'; the change of
primary amide -NH, follows the change in pyrrole
at 3300 cm™!; the change of amines precedes the
change in aldehyde at 2891 cm™!.

The asynchronous two-dimensional correlation
spectrum in 2500—-600 cm~!, shown in Fig. 4b, de-
picts five couples of asynchronous cross peaks: neg-
ative W (1400, 2350), positive W(1787, 2350), pos-
itive W(2350, 1016), negative W (2350, 824) and
negative W(1016, 824). The synchronous correla-
tion intensities at the same coordinate of the five
asynchronous cross peaks are negative ®(1400,
2350), positive ®(1787, 2350), negative (2350,
1016), positive ®(2350, 824) and negative ®(1016,

used for computing the normalized peak intensity
(I/1,2) at the characteristic wavenumber (x cm™'),
and I./1,.y 1s taken as the relative concentration of
the functional group at x cm~!. Figure 5 shows the
variation in relative intensities of the peaks in the
two-dimensional correlation spectrum.

In the spectral region from 3800cm™' to
2700 cm~! (shown in Fig. 5a and b), the relative
concentration (I,/Iy.x) of —OH, primary amide,
amines and secondary amide groups all had a sig-
nificant reduction, when the N, atmosphere was
replaced partially by CO, at 30 °C. It implies that
all of —OH, primary amide, amines and secondary
amide groups are CO, adsorption sites, and their
adsorption mechanisms are shown in Fig. 3 [23].
During the CO, adsorption process, these func-
tional groups can react with CO, and play the role
of CO, capture. As the temperature increased to
120 °C, the relative concentration of —OH group
was nearly unchanged, but primary amide and
amines kept on declining. It suggests that with the
increase of temperature, some —OH groups have
no ability to absorb CO,, but primary amide and
amines still have this ability. When the temperature
increased to 200 °C, there was an obvious rise to all
of ~OH, primary amide and amines, and the rel-
ative concentration of —OH group was almost re-
covered to the level of non-adsorption, but primary
amide and amines are both lower than the level of
non-adsorption. It indicates that -OH group has a
good regeneration performance, but some of pri-
mary amide and amines are deactivated during the
regeneration. When the temperature is 60 °C, the
relative concentration of secondary amide contin-
ued to keep falling. However, compared with -OH,
primary amide and amines, the secondary amide
began to regenerate with the temperature increased
to 120 °C, and it also showed a good regeneration
characteristic at 200 °C.

In comparison with the four groups above, when
N, atmosphere was replaced partially by CO,, the
relative concentrations of pyrrole and aldehyde
both have no obvious decrease, and almost kept un-
changed. As the temperature increased to 120 °C,
the aldehyde group started to increase, and the pyr-
role still unchanged. However, there was an obvi-
ous rise to the pyrrole at 200 °C. It implies that the

1
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Fig. 5. Variation in relative intensities of peaks in the 2D perturbation correlation spectrum.

pyrrole and aldehyde groups both have little con-
tribution to adsorb CO,. Conversely, they are the
products of the adsorption and regeneration pro-
cesses.

Figure 5¢ and d shows the variation in relative
intensities of the peaks in 2500-600 cm~'. When
the N, atmosphere was replaced partially by CO,,
pyridine C=N/C=C, C=0 and CO, obviously in-
creased. With the increase of temperature, the rela-
tive concentration of C=0 groups decreased grad-
ually, while pyridine C=N/C=C and CO, almost
kept unchanged before 120 °C, and then increased
greatly. It indicates that with the increase of tem-
perature, C=0 groups decomposed gradually, and
more pyridine C=N/C=C groups were formed at
the higher temperatures (over 120 °C). The increase
of CO, may be derived from the decomposition of
C=0 groups and CO, desorption.

The azo compound N=N and aliphatic
C-N/C-O groups also present the ability to
absorb carbon dioxide, when the N, atmosphere
is converted to CO,. However, as the temperature
increased to 120 °C, their relative concentrations
changed little. It implies that the increase of
adsorption temperature has little effect on the

adsorption properties of azo compound N=N and
aliphatic C-N/C-O groups. With the temperature
increase to 200 °C, aliphatic C—N/C-O groups can
hardly be regenerated, but azo compound N=N
group presents the regeneration performance.

4. Conclusions

The in situ-DRIFTS of 2D perturbation cor-
relation method provides a reliable technique for
online and real-time monitoring the interfacial re-
action between adsorbent and adsorbate, and re-
vealing mechanisms of CO, adsorption-desorption
on the nitrogen enriched biochar. In CO, atmo-
sphere, primary amide, secondary amide, aliphatic
C-N/C-0O and nitrate N-O groups most intensively
respond to the external variable temperature. The
hydroxyl, primary amide, amines, azo compound
N=N and secondary amide groups all present the
ability to adsorb CO,, and most of them can be
regenerated. The aliphatic C—-N/C-O also have the
CO, adsorption performance, but can hardly be
regenerated. Moreover, pyridine and nitrate N-O
groups are formed during both the adsorption and

Please cite this article as: X. Zhang et al., Generalized two-dimensional correlation infrared spectroscopy to
reveal mechanisms of CO, capture in nitrogen enriched biochar, Proceedings of the Combustion Institute
(2016), http://dx.doi.org/10.1016/j.proci.2016.06.062
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regeneration processes, while pyrrole and aldehyde
groups are only generated during the regeneration
process.
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