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• Pine sawdust biochars showed higher
CO2 adsorption than paper mill sludge
biochars.

• Surface area and micro porosity play a
vital role in CO2 adsorption.

• Aromaticity and basic functional groups
also facilitate CO2 adsorption.

• Steam activation enhances CO2 over N2

selectivity compared to pristine biochar.
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The CO2 concentration in the atmosphere is increasing and threatening the earth's climate. Selective CO2 capture at
large point sources will help to reduce the CO2 emissions to the atmosphere. Biochar with microporous structure
could be a potential material to capture CO2. The impact of feedstock type, pyrolysis temperature and steam activa-
tion of biochars were evaluated for CO2 adsorption capacity. Pine sawdust biochars were produced at 550 °C, and
steam activated for 45 min at the same temperature after completing the pyrolysis (PS550 and PSS550). Paper
mill sludge biochars were produced at 300 and 600 °C (PMS300 and PMS600). The CO2 adsorption capacity of
biochars was tested at 25 °C using a volumetric sorption analyzer. Pine sawdust biochars showed significantly
higher CO2 adsorption capacity than paper mill sludge biochars due to high surface area and microporosity. Pine
sawdust biochars were then evaluated for dynamic adsorption under representative post-combustion flue gas con-
centration conditions (15% CO2, 85% N2) using a breakthrough rig. Bothmaterials showed selective CO2 uptake over
N2 which is the major component along with CO2 in flue gas. PSS550 had slightly higher CO2 adsorption capacity
(0.73 mmol g^-1 vs 0.67 mmol g^-1) and CO2 over N2 selectivity (26 vs 18) than PS550 possibly due to increase
of microporosity, surface area, and oxygen containing basic functional groups through steam activation. Pine saw-
dust biochar is an environmentally friendly and low-cost material to capture CO2.
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1. Introduction

Globalwarming is one of themost pressing challenges facing human
society due to associated hazardous consequences, such as sea level ris-
ing and adverse climatic conditions (Peter, 2018). Mitigation of global
warming is a highly debated hot topic in both developing and devel-
oped countries (Woolf et al., 2010). Increased concentration of green-
house gases, mainly CO2, in the earth atmosphere after the industrial
revolution has been identified as the main reason for global warming
(Pelletier et al., 2019; Shang et al., 2019). The environmentally non-
acceptable level of anthropogenic activities led to breakdown of natural
equilibrium of CO2 among different sinks and sources in atmosphere,
lithosphere and hydrosphere (Hanif et al., 2019; Varotsos and
Efstathiou, 2019). Hence, efficient and rapid recovery actions such as
low emissions and CO2 capture are essential to reverse the exponen-
tially increasing emission of CO2 to a reasonable level (Letcher, 2019).
Moving towards CO2 free energy sources such as sunlight, tidal power,
wind power and energy carrier of hydrogen is now examined widely
to reduce the CO2 emission via fossil fuel burning, but still the fossil
fuel is at the number one as an energy source for many anthropogenic
activities (Hansen et al., 2019; Pao and Chen, 2019; Rathore et al.,
2019; Staffell et al., 2019). Out of the different anthropogenic sources
of CO2 emission, fossil fuel power plants are the largest one contributing
to about 44% of total CO2 emissions (Yu et al., 2008). Post-combustion
technology can be adopted in most power plants, in which CO2 is selec-
tively captured and removed from the flue gas consisting around 15%
CO2 along with N2 as the major component (ca. 80%) and other minor
components including O2, NOx and SOx (Hanif et al., 2016). Selective
CO2 capture from these large point sources could provide significant
benefits to reduce the CO2 emissions and contents in the atmosphere
(Kloutse et al., 2018).

The capturing of CO2 has been evaluatedwith variousmaterials such
asmetal organic frameworks (McDonald et al., 2015), zeolites (Su et al.,
2010), carbon based porous materials (Choi et al., 2019; Wang et al.,
2013) and silica (Franchi et al., 2005), and these materials showed con-
siderable affinity to adsorb CO2 even at low concentrations (Jeon et al.,
2018). Recently, biochar is evaluated for CO2 capturing as a carbon ma-
terial due to its porous structure, surface and structural properties, and
easy production methods (Dissanayake et al., 2020a, 2020b;
Igalavithana et al., 2019). Also, biochar can be produced from a number
ofwastematerials, such as agriculturalwastes, foodwastes, andmanure
at comparatively low temperatures (Igalavithana et al., 2018; Mandal
et al., 2017). Biochar exhibited considerably high CO2 adsorption com-
parable to the activated carbon at different temperatures and pressures
(Kua et al., 2019; Li et al., 2016; Zhang et al., 2015).

In many biochar-utilized CO2 adsorption studies chemical methods
such as KOH activation and ammoniamodification have been evaluated
to increase the adsorption efficiency (Shafeeyan et al., 2011; Singh et al.,
2017; Zhang et al., 2015). Biochar properties can be easily modified by
physical modification methods such as alteration of pyrolysis tempera-
ture and steamactivation; however, very limited studies have been con-
ducted to evaluate the CO2 adsorption performance using modified
biochars (Gargiulo et al., 2018). Therefore, the current study was con-
ducted to evaluate the impact of pyrolysis temperature and steam acti-
vation of biochars onCO2 adsorption. The specific objectives of the study
were to 1) evaluate the effect of feedstock on textural, surface, and
structural properties of biochars, 2) evaluate the pyrolysis temperature
and steam activation on textural, surface and structural properties of
biochars, 3) evaluate the effect of biochar properties on CO2 adsorption,
and 4) evaluate the adsorbents under more realistic dynamic flow con-
ditions for the selective CO2 adsorption from representative flue gas
composition. Two contrastingly different feedstocks of papermill sludge
and pine sawdust were used to produce biochars at different pyrolysis
temperatures and steam activation. These materials were screened for
single component equilibrium CO2 adsorption with a volumetric sorp-
tion analyzer. The materials with superior CO2 capacity were then
evaluated under themore relevant dynamic conditionswith a represen-
tative flue gas composition of 15% CO2 balanced by N2.

2. Materials and methods

2.1. Biochar production and characterization

Biocharswere produced frompapermill sludge and pine sawdust by
slow pyrolysis. Feedstocks were dried at 60 °C and ground to b2 mm,
and pyrolyzed in a muffle furnace (LT, Nabertherm, Germany) in cov-
ered ceramic crucibles at a heating rate of 7 °C min−1 for 2 h with no
supply of air. Two different peak temperatureswere used for pyrolyzing
paper mill sludge, i.e., 300 and 600 °C, and it was 550 °C for pine saw-
dust. Biochar production temperatures were selected based on thermal
gravimetric analysis of feedstocks in our previous studies (Lee et al.,
2017; Lou et al., 2016). Steam-activated biochar was also produced
frompine sawdust at 550 °C by purging steamat 5mLmin−1 to the spe-
cially designed pyrolyzing chamber for 45 min at 550 °C after complet-
ing the carbonization at 550 °C for 2 h. Total four biochars were
produced, i.e., PMS300, PMS600, PS550 and PSS550. The abbreviations
PMS, PS and PSS represent the paper mill sludge, pine sawdust and
pine sawdust steam-activated, respectively.

Specific surface area of biochars was calculated by Brunauer–
Emmett–Teller (BET) equation with N2 adsorption-desorption iso-
therms at −196 °C obtained from a volumetric sorption analyzer
(ASAP2020, Micromeritics). Biochars were further characterized for
total pore volume, average pore diameter and average pore width
with the sameN2 adsorption-desorption isotherm data. Raman spectro-
scopic (LabRam ARAMIS IR2, HORIBA JOBIN YVON) analysis and X-ray
photoelectron spectroscopic (XPS, X-TOOL, ULVAC-PHI) analysis were
done to determine the structural arrangements and surface functional
groups of biochars respectively.

2.2. CO2 adsorption

The CO2 adsorption of biochars was determined by a volumetric
sorption analyzer (ASAP2020,Micomeritics) at 25 °C. Before the CO2 ad-
sorption experiment biocharwas degassed at 150 °C for 12 h under vac-
uum. Adsorption kinetics of CO2 on selected biochars were tested by a
thermogravimetric analyzer (TGA, Q50, TA instruments) at 30 °C.

2.3. Breakthrough experiments

Dynamic column breakthrough of mixture CO2-N2 measurements
were conducted to evaluate the gas separation performance of our bio-
char adsorbents using our in-house built rig (Fig. 1). The biochar adsor-
bents were first sieved through ASTM No 35 sieve to obtain particles of
similar size. Appropriately 1.2 g of adsorbent was loaded in the column
(length = 214 mm, I.D. = 7 mm, Volume = 8.2 cm3) which occupied a
bed height of 45mmand volume of 1.73 cm3. The remaining column vol-
ume was filled by glass beads of 3 mm diameter previously washed and
then dried overnight at 130 °C. Each of the sample was then degassed
underflowing argon (Ar) at 150 °C for 6 h to ensure the complete removal
of any volatile impurities adsorbed on the surfaces. The flow rate of Ar
was maintained at 20 sccm using MFC (Alicat, US) and the ramp rate for
attaining the target degassing temperature was 2 °C min−1. After the
degassing the adsorbent was cooled down to room temperature under
Ar flow. The breakthrough experiments were then carried out at room
temperature (23 ± 2 °C) and ambient atmospheric pressure. The Ar
flow was switched to 8.5 sccm of N2 (99.99% HKO Linde) and 1.5 sccm
of CO2 (99.95% HKO Linde) using the respective MFCs (Fig. 1). The con-
centration of the gases coming out of the column was monitored using
an onlinemass spectrometry-based analyzer (Stanford Research Systems
UGA300) till the detected gas concentration was the same to the initial
mixture gas. The breakthrough experiments were corrected for gas ana-
lyzer response and dead space time by subtracting the blank capacity



Fig. 1. Schematic of rig used for CO2-N2 dynamic breakthrough experiments. MFC denotes Mass Flow Controller.
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obtained under similar conditions using glass beads only. The specific
breakthrough capacities of adsorbent column for different gaseswere cal-
culated using the following equation,

XBT ¼ Fr
22:4w

Z ts

0
C0−Cð Þdt−

Z tb

0
C0−Cð Þdt

� �
ð1Þ

where χBT is specific breakthrough capacity of adsorbent in mmol/g for
a particular gas component in the mixture.

ts is breakthrough time (when C=C0) in minutes when adsorbent is
loaded.

tb is breakthrough time in minutes for blank experiment.
Fr is total flow rate of the gas component in sccm.
w is weight of adsorbent after activation in gram.
C0 is concentration of component in feed.
C is outlet concentration at time t.
The selectivity of the adsorbent was calculated from the break-

through capacities of the adsorbents for different gases using the for-
mula (Durán et al., 2018).

SCO2=N2¼
XBT CO2ð Þ
XBT N2ð Þ

� �
pN2

pco2

 !
ð2Þ

3. Results and discussion

3.1. Biochar textural properties

The N2 adsorption of four biochars were positively correlated to
their SBET (Pearson correlation coefficient (r) = 0.9111, p =
0.0889), PSS550 which showed the highest SBET had the highest N2

adsorption and lowest N2 adsorption was showed in the PMS300
which had the lowest SBET (Fig. 2a). The two biochars produced
from pine sawdust showed higher specific surface area (SBET) than
the biochars produced from paper mill sludge (Table 1). The inherent
porous structures of woody feedstocks could be the reason for the
considerably high SBET of PS550 and PSS550 (Cao et al., 2018).
Steam activation of PS550 showed a noticeable increase in SBET of
PSS550. This is likely due to the generation of micropores as ob-
served from the pore size distribution (Fig. 2). Shim et al. (2015)
also reported increased surface area in biochar after steam activation
due to the development of micropores.

Pore size distribution of four biochars showed dissimilar patterns to
each other (Fig. 2b). The PMS300 showed the highest amount of pores
with a size of 0.35–0.5 nm and followed by 1.2–2 nm size pores. Similar
to the PMS300, PMS600 also had the highest amount of pores with a
size of 0.35–0.5 nm, and followed by poreswith a size of 1.3–2 nm.More-
over, PMS600 had considerable amount of large size pores i.e., 3–20 nm.
The high pyrolysis temperature of PMS600 might have created new
micropores and large size pores due to removal of volatile matter in
biochar (Igalavithana et al., 2017b). It is further confirmed from the
comparatively lower average pore diameter (i.e., PMS300: 17.16 nm
and PMS600: 11.27 nm) and average pore width (i.e., PMS300: 9.28 nm
and PMS600: 8.93 nm) of PMS600 compared to the PMS300 (Table 1).
Moreover, PMS600 had higher pore volume at each pore width of
0.2–20 nm than PMS300 (Fig. 2c). The pore size distribution of PS550
and PSS550 is different from that of paper mill sludge biochars and they
consist of very small size pores (Fig. 2b). The PS500 had the highest
amount of 0.4–0.8 nm size pores and those of PSS550 were 0.4–0.5 nm.
Hence, PSS500 had very small size pores compared to the PS550, and
average pore diameter and average pore width of PSS550 (i.e., average
pore diameter: 2.24 nm and average pore width: 2.06 nm) were lower
than those of the PS550 (i.e., average pore diameter: 2.86 nmand average
pore width: 2.18 nm) and paper mill sludge biochars (Table 1). Both
PS550 and PSS550 had a negligible amount of pores having width of N2
nm, and they had relatively large volume of small size pores compared
to the paper mill sludge biochars (Fig. 2c). Moreover, PSS550 had the
highest amount of small pores (i.e., pore width b1 nm) from four
biochars. It is obvious that steam activation of PSS550 favourably
produced micro pores in its structure. Moreover PSS550 showed the
highest volume of 0.5 nm size micropores which is the most favourable
for CO2 adsorption (Wei et al., 2012).



Fig. 2. a) N2 adsorption-desorption isotherms at−196 °C, b) pore size distribution and c) cumulative pore volume of biochars determined by density functional theory.
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Table 1
Textural properties of biochars.

Biochar SBETa VT
a Average pore diametera Average pore widtha

m2 g−1 cm3g−1 nm nm

PMS300 53.83 0.11 17.16 9.28
PMS600 86.43 0.17 11.27 8.93
PS550 315.59 0.17 2.86 2.18
PSS550 581.74 0.25 2.24 2.06

SBET; Specific surface area calculated by the BET method.
VT: Total pore volume at P/P0 of ~0.99.

a Calculated by using Barrett-Joyner-Halenda (BJH) method from N2 adsorption data.

Table 2
XPS derived elemental composition (atomic %) of biochar surface.

Biochar Pyrolysis temperature C1s O1s N1s S2p

° C % % % %

PMS300 300 66.46 30.29 2.31 0.93
PMS600 600 67.79 30.49 0.80 0.92
PS550 550 89.98 9.16 0.75 0.10
PSS550 550 88.23 11.05 0.57 0.15

Fig. 3. XPS C1s deconvolution spectra a) PM
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3.2. XPS analysis

The C% on biochar surface was higher in pine sawdust biochars than
the paper mill sludge biochars (Table 2). Contrariwise, the O% was
higher in paper mill sludge biochars than the pine sawdust biochars.
Similarly, Enders et al. (2012) reported high C% and low O% in woody
biochar and inversely in paper mill sludge biochar. Authors have ex-
plained this as high ash content in paper mill sludge increases the O%
in that biochar. The surface C% in PMS600 slightly increased compared
to the PMS300 with respect to the high pyrolysis temperature of
PMS600 (Igalavithana et al., 2017a). However, the O% did not show
any significant change. The N% in the surface of PMS600 noticeably de-
creased in PMS600 compared to the PMS300. The high pyrolysis tem-
perature of PMS600 compared to the PMS300 might decrease the
surface N% due to its temperature sensitivity (Igalavithana et al.,
2017b). The steam activation of pine sawdust biochar (i.e., PSS550) in-
creased the O% and decreased the C% on PSS550 surface. This might be
due to the removal of volatile matter and oxidation of biochar surface
caused by the steam activation (Rajapaksha et al., 2016a, 2016b). More-
over, the steam activation of PSS550 showed considerable decrease in
surface N% compared to the PS550. Rajapaksha et al. (2015) also ob-
served decreased N% in steam activated biochar produced from
burcucumber at 700 °C compared to the non-steam activated biochar
produced under similar conditions. However, there was no difference
in N% in steam activated and non-steam activated burcucumber
S300, b) PMS 600, c) PS550, d) PSS550.
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biochars produced at 300 °C. Surface S% did not show considerable
change depending on the pyrolysis temperature or steam activation in
paper mill sludge biochar and pine sawdust biochar respectively.

The C1s peak of PMS300 and PMS600 was deconvoluted into five
peaks, and representing aromatic C=C and aliphatic C—C (285.1–285.4
eV) and C—OH (286.3–286.4 eV) were common to both biochars
(Fig. 3a and b) (Min et al., 2016). In PMS300 and PMS600 the dominant
functional groupwas aromatic C=C and aliphatic C—C, and its proportion
was increased in PMS600 (i.e., 62.9%) compared to the PMS300
(i.e., 32.6%). This might be due to the increase of aromatic carbon struc-
tures in PMS600 due to higher carbonization than PMS300 at relatively
high pyrolysis temperature (Igalavithana et al., 2017a). The proportion
of oxygen containing functional groups of C—OH (286.4–287.1 eV)
(i.e., 14.6%) was reduced in PMS600 compared to the PMS300
(i.e., 42.4%). Moreover, two functional groups of PMS300, i.e., O—C=O
(288.6 eV) and carbonates (290.6 eV) disappeared in PMS600. The high
pyrolysis temperature was the reason for the reduced amount of oxygen
containing functional groups in PMS600 (Ahmad et al., 2014;
Igalavithana et al., 2017a, 2017b). In PS550 and PSS550, aromatic C=C
and aliphatic C—C (284.4 eV) are also the dominant functional groups,
and its deceased proportion in PSS550 compared to the PS550 may be
due to the removal of aliphatic carbons or volatile matter from biochar
matrix during the steam activation (Fig. 3c and d) (Kołtowski et al.,
2016; Sizmur et al., 2017). Even though the proportion of the functional
Fig. 4. Curve fitting of Raman spectra a) PMS3
group of aliphatic C—C and C—H (284.8–285.3 eV) was increased in
PSS550 (i.e., 29.2%) than the PS550 (i.e., 5.5%), the total of aromatic C=
C and aliphatic C—C, and aliphatic C—C and C—H in PSS550 (i.e., 76.5%)
was lower than that of the PS550 (i.e., 81.5%). Hence, it is apparent that
steam activation reduced the volatile carbons in PSS550. Moreover,
steam activation increased the proportions of oxygen containing
functional groups in PSS550 (i.e., C—O and C—OH, 258.8–286.0 eV and
O—C=O, 288.8–288.9 eV) as explained above.

3.3. Raman analysis

Several bands were obtained in the curve fitting of Raman spectra of
four biochars (Fig. 4). The D band of Raman spectrum represents the
highly ordered defect large aromatic ring structures which contain not
less than six fused rings and G band represents the bond stretching of
pairs of sp2 atoms in carbon ring and chain structures (Igalavithana
et al., 2017c; Yang et al., 2018). The ratios of integrated intensity
(peak area (A)) of D and G bands (i.e., AD/AG) denote the defect struc-
tures to ordered structures in biochar (Gustavo Cançado et al., 2017;
Quosai et al., 2018). Lower values of AD/AG ratio of biochar describe
the presence of higher amount of ordered carbon structures (Wei
et al., 2016). The AD/AG ratio of PMS300 was 7.92 and that of PMS600
was 2.21. Hence, it is apparent that high pyrolysis temperature of
PMS600 increased the aromatic carbon structures compared to the
00, b) PMS 600, c) PS550 and d) PSS550.
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PMS300. The AD/AG ratio of PS550 (i.e., 0.30) was lower than that of the
PSS550 (i.e., 1.15), implying that PS550 contained more amount of or-
dered carbon structures. However, these values appeared due to the
low area of D band and high area of G band of PS550 than the PSS550.
Hence, the amount of highly ordered defect large aromatic ring struc-
tures is high in PSS550 compared to the PS550.

The group of SL, S and SR bands represent the aryl-alkyl ether, para-
aromatics, C(aromatic)C—(alkyl), C—H in aromatic rings and sp3 of hex-
agonal diamond carbon (Feng et al., 2016; Maliutina et al., 2018). The
two bands of V and GL represent the amorphous carbon structures and
aromatic carbon structures consisting with few aromatic rings
(Pusceddu et al., 2016). The presence of GL band in PMS600 compared
to the PMS300 may be due to the breakdown of large aromatic ring
structures due to the high pyrolysis temperature. The absence of GL

band in PSS550 compared to the PS550 might be due to the removal
of amorphous carbon structures or volatile matter during the steam ac-
tivation (Rajapaksha et al., 2016b).

3.4. CO2 adsorption on biochars

The highest CO2 adsorption was showed by PSS550 at 1 bar and 25
°C, and slightly lower adsorption was illustrated by PS550 (Fig. 5a).
The CO2 adsorption of paper mill sludge biochars was significantly
lower than that of the pine sawdust biochars, and PMS600 showed
slightly higher CO2 adsorption than PMS300. The noticeably higher
CO2 adsorption by PS550 and PSS550 might be due to the highest sur-
face area of these two biochars than paper mill sludge biochars, hence,
physisorption might be the principal mechanism of CO2 adsorption on
biochars (Hong et al., 2016; Shafeeyan et al., 2011; Zhang et al., 2014).
Moreover, a considerably high amount of micropores with 0.3–0.8 nm
diameter was observed in pine sawdust biochars than in paper mill
sludge biochars. Pearson correlation analysis of CO2 adsorption and
pore volume of micropores of 0.3–0.8 nm showed significant positive
correlation (r = 0.862, p = 0.138). These micropores are known to be
favourable for the CO2 adsorption (Klasson et al., 2015; Wei et al.,
2012).Micropore volume of 0.5 nm size is themost effective for CO2 ad-
sorption and those pores were the highest in PSS550 as explained in
Section 3.1, and 0.5 nm sizemicropores was shown very strong positive
correlation to the CO2 adsorption (r = 0.960, p = 0.039).

Two papermill sludge biochars showed high amount of oxygen con-
taining acidic functional groups (i.e., C—OH and O—C=O) than the
PS550 and PSS550 as observed from the XPS analysis, hence the surface
of PMS300 and PMS600 is likely to be acidic, which is not encouraging
Fig. 5. a) CO2 adsorption isotherms at 25 °C and b)
the CO2 adsorption (Shafeeyan et al., 2010). Even though PSS550
showed considerably higher SBET than PS550, the CO2 adsorption of
these two biochars did not show substantial difference. This might be
due to the comparatively high N containing functional groups on
PS550 than PSS550. Similarly, Creamer et al. (2014) observed higher
CO2 adsorption on a biochar havinghighN% on its surface than a biochar
having high surface area. As authors explained the presence of high
amount of N-containing functional groups have promoted the
physisorption of CO2 on biochar surfaces due to strong interaction
among acidic CO2 (Lewis acid) and basic N-containing functional
groups. In addition, the higher aromatic structures presence in pine
sawdust biochars than the paper mill sludge biochars, as revealed
fromRamananalysis, might have increased the vanderWaals forces be-
tween biochar matrix and CO2 to increase the physisorption of CO2 on
PS550 and PSS550 (Shafeeyan et al., 2011). Furthermore, pine sawdust
biochars showed relatively higher CO2 adsorption (PS550: 1.66 mol
kg−1, PSS550: 1.76 mol kg−1) compared to the biochars in studies con-
ducted under similar experimental conditions (see supplementary ma-
terials of (Dissanayake et al., 2020a)), also it showed comparable CO2

adsorption to other adsorbents (see Supplementary materials of
(Igalavithana et al., 2019)). The CO2 adsorption of pine sawdust biochar
could be further increased by impregnation of alkali and alkali earth
metals (Xu et al., 2016), and KOH activation (Igalavithana et al., 2019)
which needs to be evaluated compared to the commercial materials in
future studies.

Adsorption kinetics of CO2 onto PS550was tested as a representative
sample since steam activation did not show significant improvement in
CO2 adsorption of PSS550 (Fig. 5b). Adsorption of CO2 was rapid at the
start, showed reduced speed after about 5 min, and came to a plateau
after about 90 min, representing it was at equilibrium.

The CO2 adsorption isotherms of biocharswerefitted to Langmuir and
Freundlich models (Fig. 5a and Table 3). All isotherms except PSS550
were best fitted to Freundlich model with the correlation coefficients of
N0.995. The PSS550 was best fitted to Langmuir model with a correlation
coefficient of N0.996. Hence, CO2 adsorption on PMS300, PMS600 and
PS550 could be a multilayer adsorption and it may be a monolayer ad-
sorption on PSS550 (Vilarrasa-García et al., 2015). However, as both
Freundlich and Langmuir models were fittedwith correlation coefficients
of N0.99, the CO2 adsorption of four biochars can be described as multi-
layer or monolayer. The magnitude of the Freundlich empirical constant
(n) b1 indicates the affinity of biochar surfaces for adsorption. The n
value of all biochars were b 1 representing the favourable CO2 adsorption
on biochar surfaces (Khalili et al., 2015; Rajapaksha et al., 2015).
adsorption kinetics of CO2 onto PS550 at 30 °C.



Fig. 6. CO2 and N2 breakthrough curves of PS550 and PSS550. Feed concentration 15% CO

Table 3
Langmuir and Freundlich adsorption isotherm model parameters for the CO2 adsorption
on biochars.

Biochar Freundlich Langmuir

q = KFPCO21/n q = qmaxKLPCO2/(1 + KLPCO2)

KF n r2 qmax KL r2

mol kg(−1) atm(−1/n) mol kg−1 L atm(−1)

PMS300 0.181 0.819 0.99992 0.694 0.352 0.99830
PMS600 0.312 0.582 0.99939 0.523 1.414 0.99251
PS550 1.675 0.516 0.99588 2.440 2.031 0.99480
PSS550 1.769 0.506 0.99425 2.498 2.201 0.99611

PCO2: CO2 partial pressure.
qmax: amount of CO2 adsorbed with monolayer coverage.
KL: Langmuir constant.
KF: Freundlich constant.
n: Freundlich empirical constant.
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3.5. Gas separation

Breakthrough adsorption measurements are better representatives
of the practical gas separation applications where adsorption always
takes place from the mixture of gases under dynamic flow conditions.
Unlike pure component static isotherms, the dynamic adsorption
gives a realistic picture of separation performance of the adsorbents tak-
ing into consideration of the kinetic as well as thermodynamic aspects
of adsorption. The breakthrough curves for the investigated adsorbents
are shown in Fig. 6. Capacities of CO2, N2 and CO2 over N2 selectivity of
the adsorbents calculated from the breakthrough curves are presented
in Table 4. It is evident following the steam activation though there is
slight increase in CO2 capacity from0.67mmol/g to 0.73mmol/g the im-
provement in CO2 over N2 selectivity is significant from 18.28 for PS550
to 26.70 for PSS550. These selectivities of 18.28 and 26.70 correspond to
76% and 83% CO2 stream purity, respectively, during desorption
(Fayemiwo et al., 2018). The improved CO2 over N2 selectivity of
PSS550 than PS550 can be attributed to its narrow micropore size
2 and N2, Total feed flow 10 sccm, Temperature 23 ± 2 °C, Total Pressure = 1.01 bar.



Table 4
Saturation breakthrough capacities and selectivity of adsorbents.

Adsorbent Weight for analysis N2 capacity CO2 capacity SCO2/N2

g mmol g−1 mmol g−1

PS550 1.03939 0.21 0.67 18.28
PSS550 1.1124 0.15 0.73 26.70
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distribution centered around 0.35–0.5 nm (Fig. 2). During the dynamic
adsorption studies CO2 molecules with smaller kinetic diameter of
0.33 nm (Mehio et al., 2014; Yang et al., 2012) can easily enter these
pores and get adsorbed whereas relatively larger N2 molecules with ki-
netic diameter of 0.36 nm (Mehio et al., 2014; Yang et al., 2012) face dif-
fusion constraints to be admitted into these pores thus limiting their
adsorption. In fact, the pore diameter of our PSS550 samples has been
suggested as the most suitable pore size for efficient CO2 adsorption
(Wei et al., 2012).Moreover, as confirmed byXPS, the higher proportion
of oxygen containing functional groups (C—O, a basic functional group)
in PSS550 could lead to stronger electrostatic or hydrogen bonding in-
teraction with CO2 thereby improving CO2 over N2 selectivity (Liu
et al., 2018). Thus in general the carbon materials with narrow and
very small micropore size distribution and oxygen functionalities such
as carbonyl and hydroxyl groups can be a better adsorbent for selective
CO2 sorption under dynamic conditions.

4. Conclusion

Biochar produced from pine sawdust possesses a higher potential
to adsorb CO2 than the paper mill sludge biochars. Comparatively
high surface area and micro porous structures of pine sawdust bio-
char might be themain reasons for the significantly high CO2 adsorp-
tion by pine sawdust biochars. Also, the high aromaticity of pine
sawdust biochars over the paper mill sludge biochars might have fa-
cilitated the CO2 adsorption by increasing van der Waals forces be-
tween the biochar matrix and CO2. Moreover, the steam activated
biochar (i.e., PSS550) had somewhat higher CO2 adsorption capacity
and CO2 selectivity over N2 than the biochar without steam activa-
tion (i.e., PS550). High surface area, microporosity and compara-
tively high O containing basic functional groups compared to the
PS550 could be responsible for the improved CO2 adsorption perfor-
mance of PSS550. However, the slight difference in CO2 adsorption of
two pine sawdust biochars might be due to the higher N containing
functional groups on PS500 than PSS550, which provide basic nature
to the biochar surface. The paper mill sludge biochar produced at
high temperature (i.e., PMS600) showed comparatively high CO2 ad-
sorption than that produced at low temperature (i.e., PMS300). De-
velopment of more micropores and increased surface area at high
pyrolysis temperature might be the main reason for that. Results
clearly indicate that pine sawdust biochar is a suitable low cost and
sustainable adsorbent for CO2 at 25 °C; hence, it can be effectively de-
veloped to use to adsorb CO2 at industrial sites. Further studies are
required to evaluate the modified pine sawdust biochar produced
to increase the surface N-containing functional groups, alkali and al-
kali earth metals, and microporosity for CO2 adsorption.
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