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Abstract

Nitric oxide (NO) as the major constituent of nitrogen oxides (NO, ), which is mainly emitted from combustion processes,
is responsible for several environmental and health issues, and the control of its emission is a global concern. In this regard,
this study investigates low-temperature oxidative uptake of NO on alkali-modified biochar. Rubber seed shell was utilized
as a locally available lignocellulosic waste to develop biochar through slow pyrolysis. The porosity attributes and surface
chemistry of the developed biochar were then improved through alkali modification. The NO capture capacity of KOH,
NaOH, K,COj; and Na,CO;-activated biochars was 63.0, 59.3, 59.0 and 58.5 mg/g, respectively, which was considerably
higher than that of the pristine biochar, 17.8 mg/g. This considerable improvement was mainly attributed to the introduction
of more oxygen functionalities, improvement of microporosity and creation of more carbon defects in the biochar, after alkali
modification. With some investigations on the alkali agent/biochar impregnation ratio, the adsorption capacity of the KOH-
activated biochar (at a ratio of 2:1 (w/w)) could be improved to 8§7.0 mg/g at 30 °C. Characterization studies using FTIR and
XPS suggested that the adsorbed species on the biochar surface was in the form of monodentate nitrito (-O-N=0), which
was formed from the oxidation of NO on the surface-oxidized groups. Kinetic studies using pseudo-first, pseudo-second and
Elovich models indicated that the adsorption of NO on KOH-activated biochar surface was mainly controlled by a physisorp-
tion or a weak chemisorption process, with a low activation energy of — 29 kJ/mol.
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Introduction in human (Shen et al. 2016; Yang et al. 2019). Despite the

development of new materials and emerging processes for

The presence of nitrogen oxides (NO,) in various forms,
including nitric oxide (NO) and nitrogen dioxide (NO,),
in industrial flue gases is a major environmental problem.
These toxic gases are responsible for several environmental
issues including acid rain, photochemical smog and ozone
layer depletion, besides causing serious respiratory diseases
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the control of environmental pollution, NO, emissions have
remained a global concern (Deng et al. 2020). Among the
technologies developed for the control of NO, emission is
the selective catalytic reduction (SCR) using ammonia (NH;)
which has been implemented since its first industrial applica-
tion in the 1970s in Japan (You et al. 2017). Nevertheless,
the process has several drawbacks including high reaction
temperature (> 300 °C), ammonia leakage, un-reacted reduc-
ing agent and extra expenses to replace deactivated catalysts
(Shen et al. 2016; You et al. 2017). Hence, the development
of a cost-effective and greener NO, abatement technology
at ambient temperature is highly demanded.

Since a majority of fossil fuel-derived NO, is in the form
of NO (around 90%) (Al-Rahbi and Williams 2016) and
considering the stability of NO in the ambient air, which
can hardly react with O, or be absorbed by water (You et al.
2019), catalytic oxidation of NO to NO, at ambient tempera-
ture and then condensation of NO, in the pores of adsorbent
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can be a promising route to control the emission of NO.
Since the van der Waals constant (a) for NO, is nearly four
times higher than that for NO (Rubel and Stencel 1996), its
physical adsorption on solid sorbents is much higher than
NO. Hence, it is reasonable to first oxidize NO to NO, and
then adsorb it. Subsequently, the adsorbed NO,, which is up
to 254 times more soluble than NO (Ghafari and Atkinson
2016), can be removed as nitric acid using water or basic
solutions, with around 100% efficiency (Deng et al. 2020).
Even the inclusion of NO oxidation step before the SCR pro-
cess can enhance the SCR reaction rate (Shen et al. 2016).
Therefore, NO oxidation can be utilized either as a stand-
alone process or in combination with the existing SCR tech-
nology for NO, emission abatement.

So far, some attempts have been made for catalytic oxida-
tion of NO over carbon-based materials. Some examples are
the use of pristine or chemically modified activated carbon
(Zhang et al. 2008; Al-Rahbi and Williams 2016; Ghafari
and Atkinson 2016; Yang et al. 2018), nitric acid hydrother-
mally treated activated carbon (You et al. 2019), manganese
oxide (MnO,)-loaded activated carbon (You et al. 2017),
sewage sludge-derived char (Deng et al. 2020), activated
carbon fiber (Adapa et al. 2006) and ordered mesoporous
carbon (Cao et al. 2014; Chen et al. 2014) for NO adsorp-
tion. However, there is an ongoing research to develop effi-
cient carbon-based adsorbents from low-cost and sustain-
able materials. Thanks to the abundance and low price of
agro-wastes and agricultural residues, carbon-based sorb-
ents can be produced cost-effectively at large scales for sev-
eral applications. Biochar, which is the carbonaceous solid
product obtained through thermal conversion (pyrolysis,
torrefaction, hydrothermal carbonization and gasification)
of biomass (Gargiulo et al. 2018), has recently attracted
special attention. It has potential applications in the fields
of agriculture (as soil fertilizer), climate change (as carbon
capture and storage material) and environmental remediation
(adsorption of pollutants and wastewater treatment) (Xiao
et al. 2018). Compared to the activated carbon whose appli-
cation for gas- and liquid-phase adsorption has been numer-
ously reported (Nayl et al. 2017; Abdulrasheed et al. 2018;
Bakar et al. 2021; Jjagwe et al. 2021), adsorption using bio-
char is an emerging field of study and there is an ongoing
research on various aspects of its production and application.
Advantageously, the conducted studies on activated carbon
would provide an immense source of information for biochar
research.

Recently, metal oxide-loaded biochar has been used for
SCR of NO with NH; at low temperature (Kong et al. 2018;
Yang et al. 2019); nevertheless, reports on the use of biochar
for catalytic oxidation of NO are still very scarce (Antho-
nysamy et al. 2020). Carbon defects and dangling bonds at the
edge of char can serve as active sites for the conversion of NO
to NO, in the presence of oxygen (Guo et al. 2015). Moreover,
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the oxygenated functional groups (such as hydroxyl, carboxyl,
and carbonyl), which are responsible for a rich and complex
surface chemistry of biochar, can significantly contribute to
the oxidation reaction. Advantageously, the surface chemis-
try of biochar can be modulated through physical/chemical/
physicochemical modifications (Xiao et al. 2018) to introduce
more surface oxygen functional groups, which are known to
be beneficial for NO adsorption and/or NO oxidation to NO,
(Adapa et al. 2006).

Malaysia is the third largest producer of natural rubber after
Thailand and Indonesia (Reshad et al. 2018). Latex as source
of natural rubber is harvested from the rubber tree (Hevea
brasiliensis), which is widely cultivated in Malaysia. The tree
has a by-product, rubber seed, which has an oil-rich kernel.
During the oil extraction process, significant amounts of rub-
ber seed shell (RSS) are produced that pose waste disposal
problems to rubber seed oil millers (Lahijani et al. 2019). Due
to the abundance and low cost of this lignocellulosic waste in
Malaysia, production of biochar from RSS would be a sus-
tainable, economic, and environmentally friendly approach for
the conversion of waste into value-added product. Moreover,
production of biomass-based adsorbent with high NO, uptake
at low temperature would enhance the practical feasibility of
the NO, abatement systems. Advantageously, the development
of biochar from RSS and its utilization as a catalytic carbon
material for NO oxidation and uptake would be a viable solu-
tion to address two environmental issues: (i) waste disposal
problems in rubber seed oil mill plants through the conversion
of biomass residues to value-added product and (ii) control of
NO, emission from combustion sources using the RSS-derived
biochar as adsorbent for NO uptake. In this context, the cur-
rent study investigated the development of RSS-derived alkali-
activated biochar for NO adsorption. To the best of authors’
knowledge, studies on the use of pristine/modified biochar for
NO uptake are very scarce, and this study is among the first
reports on the use of modified biochar for NO oxidation and
uptake. The influence of different alkali materials, activation
temperature, and alkali material/biochar impregnation ratio
on NO uptake capacity was investigated, and the results were
discussed with the help of several characterization techniques.
The kinetics of the adsorption process was also studied, and
the possible governing mechanism of the reaction was verified.
This study was conducted at the School of Chemical Engi-
neering, Universiti Sains Malaysia (USM), from February to
October 2020.

Materials and methods
Biomass feedstock

Rubber seed shell (RSS) was used as the lignocellulosic
feedstock to prepare biochar. The shells were collected from
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a rubber tree plantation area in Serdang, Perak, Malaysia.
The shells were washed, oven-dried and then crushed using
a mechanical crusher to a particle size of around 150 um.
Proximate analysis was carried out on the RSS biomass
using a thermogravimetric analyzer (TGA, SDTQ-600).
Accordingly, the RSS contained 77.7% moisture, 0.4% ash
and 21.9% fixed carbon on a dry weight basis. Ultimate
analysis was carried out using a PerkinElmer 2400 Series II
CHNS/O elemental analyzer. According to the results, the
RSS biomass consisted of 48.36% carbon, 45.45% oxygen,
5.75% hydrogen, 0.30% sulfur and 0.14% nitrogen, on a dry
basis.

Preparation of alkali-loaded biochar

RSS biochar was developed through slow pyrolysis of bio-
mass at 700 °C for 90 min. The obtained biochar was ground
and sieved to a particle size of 63 pum. To modify the sur-
face properties of biochar, post-synthesis procedure was
used where the RSS biochar was impregnated with several
alkali agents including potassium hydroxide (KOH), potas-
sium carbonate (K,COj3), sodium hydroxide (NaOH) and
sodium carbonate (Na,CO;) at a mass ratio of 3:1 (alkali
chemical/biochar). The effect of selected alkali concentra-
tion was then studied by changing the alkali chemical/bio-
char mass ratio from 1:1 to 3:1. The chemically activated
biochar was then heated under N, at different temperatures
(600, 700, 800 and 900 °C) for 3 h. Afterward, the biochar
sample was cooled down under the same atmosphere; then,
it was washed with HCI and distilled water until a neutral
pH was reached in washing water. Finally, the samples were
oven-dried at 105 °C and stored in airtight containers for
adsorption experiments.

NO adsorption study

The NO adsorption studies were carried out under iso-
thermal condition in a thermogravimetric analyzer (TGA,
SDTQ-600), with+ 1 pg accuracy. In a typical adsorption
experiment, about 8 mg of biochar was loaded in a pan and
heated under N, to 120 °C for 20 min. This was for desorp-
tion of any moisture or gas molecules, which might be pre-
adsorbed by the biochar. In the next step, the sample was
cooled down under N, to the preset adsorption temperature
(30, 40, 50 and 70 °C). Once the desired temperature was
reached, a mixed gas containing 2000 ppm NO in N, was
flowed over the sample for 180 min. During the adsorp-
tion process, the weight gain of biochar was continuously
recorded for calculation of the NO adsorption capacity as
mg NO/g of adsorbent. Control adsorption tests were con-
ducted for each sample using pure N, gas; this was to ensure
that the observed weight gain was associated with the NO

adsorption, not N, capture. To assure the repeatability of the
results, adsorption tests were replicated twice.

Characterization

To analyze the surface functional groups of RSS-derived
biochar samples, a Thermo Scientific Nicolet iS10 Fourier
transform infrared (FTIR) spectrometer was used. The sur-
face morphology of the biochar was studied using a Quanta
450 FEG scanning electron microscope (SEM). The intrin-
sic carbon structure of the developed biochar samples was
analyzed using a Renishaw’s inVia Raman spectrometer.
To analyze the carbon structure of the developed biochar
and mineralogical analysis, X-ray diffraction (XRD) spectra
were recorded on a X~ Pert Pro diffractometer with Cu target
Ka-ray. To determine the surface area and porosity charac-
teristics of the prepared biochar samples, a Micromeritics
ASAP 2010 volumetric apparatus was used to carry out the
N, adsorption tests. The chemical state and concentration
of elements on the biochar surface were determined through
X-ray photoelectron spectroscopy (XPS) analysis carried out
using a ULVAC-PHI QuantERA II XPS equipped with an Al
Ka X-ray source (hv=1486.6 eV). The surface basic oxides
of selected samples were determined using the Boehm titra-
tion method (Ahmad et al. 2013).

Results and discussion
Effect of alkali activation

Biochar was developed from slow pyrolysis of RSS biomass
at 700 °C for 90 min with a yield of 13.7%, yet the porosity
properties of the prepared biochar were poor. Thus, some
sort of modifications was needed to improve the porosity
attributes and surface chemistry of the parent biochar before
it could be exploited for NO adsorption. According to the
study of Nowicki et al. (2010), activation of carbon samples
through chemical routes introduced much greater content
of oxygen groups on the surface compared to the physical
method. Additionally, alkaline activation of biochar has been
reported to increase the oxygen content and surface basicity
(Li et al. 2020). Therefore, in this study, post-synthesis acti-
vation using alkali chemicals including KOH, NaOH, K,CO;
and Na,CO; was used to address the poor porosity charac-
teristics of biochar and improve its surface chemistry. All
chemically activated biochar samples were subjected to NO
adsorption (0.2% NO in N,) at 30 °C, and their adsorption
capacity was compared to that of pristine biochar. Figure 1
demonstrates the NO adsorption capacity of different alkali-
impregnated biochar samples compared to the pristine RSS
biochar. All alkali-modified biochars revealed almost over-
lapped trends in NO adsorption with comparable adsorption
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capacities, yet their adsorption capacity was considerably
higher than that of parent biochar. The obtained adsorption
capacities were 63.0, 59.3, 59.0 and 58.5 mg/g for KOH,
NaOH, K,CO; and Na,COj activated biochars, respectively,
while the sorption capacity of the pristine biochar was only
17.8 mg/g. Similar adsorption tests were carried out using
pure N, (referred to as control) to assure that the observed
adsorption capacities were associated with NO adsorption,
not N,. The amount of N, adsorbed by all biochar samples
was quite low, around 3.0 mg/g for pristine biochar and less
than 6.8 mg/g for chemically activated biochars (Fig. S1,
Supplementary Material). The kinetic diameters of N,, NO
and NO,, which are 0.364, 0.317 and 0.340 nm, respectively,
differ only slightly; hence, any pore filling because of steric
effects would be insignificant. Micropore filling is known to
be only effective for gases with the critical temperatures (7)
higher than the adsorption temperature (Rubel and Stencel
1996). Accordingly, at the adsorption temperature range of
this study (303 to 343 K), the adsorption of N, and NO with
T values of 126 and 180 K, respectively, in micropores
was insignificant, while NO, with T of 431 K had a high
potential to be adsorbed in micropores. Additionally, the
extent of micropore filling is known to be in relation to the
van der Waals constant a in carbon materials, and since this
constant for NO, is almost four times that of NO, thus NO,
has a higher potential to be adsorbed in micropores (Rubel
and Stencel 1996). Hence, NO is probably captured from
the gas stream and condensed as NO, within the micropores
of biochar.

Comparison of the NO uptake capacity of chemically
activated and pristine biochars (Fig. 1) indicates that alkali
activation of biochar was a successful approach to signifi-
cantly enhance the NO adsorption capacity. In fact, the use
of these bases was to: (i) modify the porous structure of
biochar, (ii) introduce more oxygen-containing functional
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Fig. 1 NO uptake capacity of pristine and alkali-activated RSS bio-
chars at 30 °C
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groups on the biochar surface and (iii) improve the surface
basicity of biochar. Alkali metals including K and Na are
known as excellent catalysts for catalyzing the char gasifica-
tion reaction (Lahijani et al. 2015). Indeed, the reaction of
carbon with in situ-produced CO, at high temperature (char
gasification: C+CO, <> 2CO) in the presence of such cata-
lysts leads to the development of pore structure and enlarge-
ment of the surface area. Use of these base chemicals could
also increase the surface alkalinity, which is much beneficial
for the adsorption of NO gas with acidic character. Moreo-
ver, the surface oxidation of NO to NO, becomes possible
in the presence of oxygen; hence, the use of these chemi-
cals to increase the oxygen content on biochar surface could
enhance the adsorption and/or oxidation of NO. Therefore,
these effects could cooperatively enhance the NO adsorption
capacity of biochar after alkali modification, and the results
in Fig. 1 evidently show such synergy among these factors,
which collectively influenced the adsorption performance;
the adsorption capacity of alkali-activated biochars was
almost 3.3 to 3.5 times that of virgin biochar.

Figure 2a shows the XRD patterns of pristine as well
as alkali-modified RSS biochars. Two broad peaks were
observed at 26 around 15° and 23° in all patterns, corre-
sponding to C(002) diffraction peaks, which indicate an
amorphous carbon structure with randomly oriented aro-
matic carbon sheets (Yu et al. 2011). Some sharp peaks also
appeared in the pattern of the pristine biochar at 26=20°,
22° and 26°, which could be associated with the inorganic
compounds in biochar ash (Dehkhoda et al. 2014); nev-
ertheless, these peaks almost eliminated or significantly
reduced after modification with alkali chemicals signifying
the removal of the majority of these compounds. No spe-
cific peaks corresponding to the used alkali chemicals were
observed in the XRD patterns of alkali-modified biochars,
probably because of the decomposition of these compounds
during the activation step. The highly amorphous feature of
biochar could be another reason for not observing any obvi-
ous crystalline diffraction peaks associated with the alkali
chemicals (Yang et al. 2018).

To further study the carbon structure of the developed bio-
chars, Raman analysis was carried out and the results are pre-
sented in Fig. 2b. Two main peaks can be observed in the range
of 1330 to 1356 cm™" and 1590 to 1606 cm™" corresponding
to the D- and G-bands, respectively. The D-band indicates the
amorphous carbon structure, including defects and disordered
carbon, while the G-band represents the crystalline phase of
carbon in biochar. The intensity ratio Ij,/I; can be indicative
of the graphitization degree of carbon where the smaller this
ratio, the higher is the graphitic degree. A comparison of the
Raman spectrum of the pristine biochar with those of alkali-
modified biochars indicates the noticeable effect of alkali
impregnation on the development of amorphous phase in bio-
char where the I;y/I; increased from 0.86 in the parent biochar
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Fig.2 a XRD patterns of pristine and alkali-activated RSS biochars
and b Raman spectra of pristine and alkali-activated RSS biochars

t0 0.99, 1.00, 1.05 and 1.10 in K,CO5-, Na,CO;-, NaOH- and
KOH-activated biochars, respectively. Such breakdown of car-
bon symmetry and creation of disordered carbon after alkali
activation significantly promoted the NO adsorption capacity
of the modified biochars (Fig. 1). This was mainly attributed
to the formation of more carbon defects after alkali activation,
which act as active sites for the adsorption of NO and/or its
oxidation to NO, in the presence of oxygen (Guo et al. 2015).
Among the modified biochars, KOH-activated biochar showed
the lowest degree of graphitization, which is consistent with
the highest NO sorption capacity attained using this adsorbent.
Hence, the following NO adsorption studies were carried out
on KOH-activated biochar only.

The mechanism of activation of biochar using KOH follows
the reactions represented in Eqs. (1) to (3) at temperatures
above 600 °C (Ding and Liu 2020):

2KOH < K,0 + H,0 (1)

K,CO, < K,O + CO,. 3)

The formed potassium species, i.e., K,CO; and K,O,
could diffuse into the structure of biochar and cause the
expansion of existing pores and/or creation of new ones (Li
et al. 2020). The reaction of K,CO; with char also increases
the creation of complex salts (C—O-K) at the carbon sur-
face (Diaz-Teran et al. 2003). As the activation temperature
increases to beyond 650 °C, the produced K,CO; and K,O
species might be substantially reduced by carbon to produce
metallic K according to Eqgs. (4) and (5) (Di1az-Teréan et al.
2003):

K,CO; +2C — 2K +3CO 4)

K,0+C — 2K+ CO. 3)

The consumption of carbon through these reactions sig-
nificantly contributes to porosity development, which is
much desired to obtain a porous adsorbent. The intercalation
of potassium vapor (K* ion) within crystallites of condensed
carbon expands the interlayer distancing of graphitic layers
of biochar and etching of carbon atoms with K* leads to the
creation of micropores and/or small mesopores (Yang et al.
2018). Moreover, the in situ-produced CO, from the decom-
position of K,COj; (Eq. 3) can react with carbon following
the Boudouard reaction, also known as char gasification,
whose occurrence is closely associated with pore structure
development (Lahijani et al. 2015):

CO, + C - 2CO0. (6)

Hence, KOH activation is an efficient method to develop
highly microporous carbon with high surface oxygen com-
plexes due to the intercalation of K into the graphitic layers
of carbon, oxidation of carbon and its activation by in situ-
produced CO, (Nowicki et al. 2010).

Effect of activation temperature

The effect of activation temperature on the NO uptake
capacity of KOH-activated biochar is shown in Fig. 3a. The
NO adsorption capacity of the KOH-impregnated biochar,
activated at 600 °C, was 43.8 mg/g; with further increase
of the activation temperature to 700, 800 and 900 °C, the
capture capacity remained around 63.0 mg/g. As discussed
by many researchers, activation temperature has a critical
effect on the type and amount of surface oxides (Nowicki
et al. 2010; Belhachemi et al. 2014). Due to the acidic char-
acter of NO, the presence of basic groups on the adsorbent
surface is beneficial for the adsorption of this gas. The con-
centration of basic groups on the KOH-impregnated biochar
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Fig.3 NO uptake capacity of KOH-impregnated biochars at different
a activation temperatures and b impregnation ratios (KOH/biochar)

activated at 600, 700, 800 and 900 °C, as determined by
Boehm titration method, was 4.6, 6.3, 7.9 and 9.0 mmol/g,
respectively. Increase of the activation temperature to above
600 °C considerably increased the number of basic groups.
Nowicki et al. (2010) also reported that the sample activated
using KOH at 500 °C contained the lowest amount of basic
groups and the highest concentration of acidic group, and
increase of the activation temperature to 800 °C increased
the number of basic groups by 2-3 times. The rise in the
surface basicity with increase of the activation temperature
was attributed to the removal of strong basic groups such as
carboxyl, lactones and anhydrides at lower temperatures and
other acidic functional groups like phenols and carbonyls
at higher temperatures (Belhachemi et al. 2014). Accord-
ingly, the use of higher activation temperatures favored the
generation of more basic groups. Although the increase of
the activation temperature from 700 to 900 °C increased
the number of basic groups, the NO adsorption capacity
remained unchanged. Thus, it may be inferred that surface
basicity is not the sole factor, which affects the NO adsorp-
tion, and the contribution of other factors such as porosity
and carbon defects to NO uptake should also be taken into
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Table 1 Surface area and porosity properties of KOH-activated bio-
chars at different impregnation ratios

KOH: bio-  Sggr (m%g)  V,(cm¥/g) V. (cm%g)  Average

char (w/w) pore size
A

1:1 391.48 0.214 0.159 30.69

2:1 377.87 0.196 0.158 34.16

3:1 712.10 0.360 0.291 28.48

the consideration. Since increase of the activation tempera-
ture to beyond 700 °C was not beneficial for enhancing the
NO uptake capacity, in the subsequent experiments all the
samples were activated at 700 °C for 3 h.

Effect of KOH impregnation ratio

The effect of KOH/biochar impregnation ratio on the NO
adsorption capacity was studied by varying this ratio in
the range of 1:1 to 3:1. Figure 3b depicts the NO capture
capacity of the resulting KOH-activated biochars. Increase
of the ratio from 1:1 to 2:1 considerably enhanced the NO
adsorption capacity from 62.0 to 87.0 mg/g, yet with fur-
ther increase of the impregnation ratio to 3:1, the adsorp-
tion capacity dropped to 63.0 mg/g. It is well known that
besides surface chemical influences, physical properties of
the adsorbent are also important for the uptake of the adsorb-
ate. For this, surface area and porosity properties of the
KOH-activated biochars were analyzed, and the results are
shown in Fig. S2 (Supplementary Material) and Table 1. The
N, adsorption—desorption isotherms for all samples were
type I(b), according to the IUPAC classification, which are
found in materials with a broad range of pore size, includ-
ing wide micropores and possibly narrow mesopores (below
2.5 nm) (Thommes et al. 2015). The KOH-impregnated bio-
char samples at ratios 1:1 and 2:1 represented a relatively
broad H4-type hysteresis loop, which often occurs in micro-
mesoporous carbons and indicates the presence of narrow
slit-shape pores (Thommes et al. 2015). Interestingly, the
SEM image of KOH-impregnated (2:1) biochar also revealed
the presence of slit-like pores on the biochar surface (Fig.
S3, Supplementary Material).

Comparison of the NO uptake capacity of the samples
with respect to their porosity properties (Table 1) indicated
there were no correlations between the BET surface areas
and the NO adsorption capacities. Therefore, other chemical
or physical factors might had influenced the uptake capac-
ity of the biochars. The absence of correlation between the
BET surface area and uptake capacity was also reported by
Rubel et al. (1995), and they concluded that pore structure/
size distribution was an important factor affecting the selec-
tive NO capture capacity. Adapa et al. (2006) also discussed
that the BET surface area and micropore volume were not
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the primary factors influencing the oxidation of NO on the
surface of activated carbon fiber, but the effect of surface
oxygen groups was predominant. Zhang et al. (2008) also
observed that the oxidation of NO to NO, over activated
carbon was independent of the surface area. According to
the porosity characteristics of the developed KOH-activated
biochars, the sample impregnated at a ratio of 2:1 with
slightly larger pore size (3.4 nm) showed the highest NO
uptake capacity of 87.0 mg/g. Although micropores have a
very high potential for gas adsorption, the adsorption capac-
ity in micropores is low because only a single layer of gas
molecules can be adsorbed (Alcafiiz-Monge et al. 2008),
while in mesopores the adsorption potential is low, yet the
mass transfer and internal surface diffusion limitations are
less, permitting easier entrance of NO molecules into the
pore structure of biochar (Alcafiiz-Monge et al. 2008; Chen
et al. 2014). Therefore, the higher uptake capacity of the
biochar impregnated with KOH at a ratio of 2:1 compared
to the other samples should be attributed to its larger pore
size and the contribution of mesopores, as inferred from the
appeared hysteresis loop, to the adsorption process. In fact,
when micropores are filled with the adsorbed species only
mesopore surface area would be available for the reaction
(Shen et al. 2016). Such contribution of mesopores of acti-
vated carbon to the NO uptake was also reported by Chen
et al. 2014.

Adsorption mechanism

Many studies have discussed besides physical properties
and surface chemistry of the adsorbent; in particular, sur-
face—oxygen complexes influence the selective NO uptake
(Rubel et al. 1995; Adapa et al. 2006; Shen et al. 2016). If
NO is to coordinate as a Lewis acid with surface oxygen
to form NO,, then the presence and nature of surface oxy-
gen complexes are of utmost importance. In fact, the carbon
surface oxides are considered as the active sites that initiate
the reactions with NO in gas phase (Rubel et al. 1995). To
gain some insights into the surface oxygen functionalities
and to clarify the possible mechanism for NO adsorption on
biochar, the surface chemical properties of the fresh (before
adsorption) and spent (after adsorption) biochars (pristine
and KOH-activated biochar (2:1)) were analyzed by FTIR
and XPS analyses. Figure 4 exhibits the FTIR spectra of
the pristine and KOH-activated biochars, before and after
NO adsorption. The distinctive peaks in all spectra are
the one around 3400 cm™! (O-H stretching vibration), the
peaks near 1560 and 1620 cm™! (C=C or C=0 stretching in
aromatic ring) (Cheng et al. 2020) and a wide peak around
1080 cm™! (C-O stretching vibration) (Li et al. 2016; You
et al. 2019). Comparison of the spectra of pristine and KOH-
activated biochars signifies the intensity of the peak located
around 1080 cm™! became remarkably stronger after KOH
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Pristine (fresh)

|
|
|
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Fig.4 FTIR spectra of pristine and KOH-activated biochar (2:1)
before and after NO adsorption at 30 °C

activation. This was confidently attributed to the oxidation
and activation effect of KOH, which introduced more oxy-
gen-containing functional groups on biochar surface. Fur-
thermore, a comparison of the FTIR spectra of fresh and
spent biochars indicates the presence of a very sharp peak
around 1380 cm™! in the spectra of spent adsorbents whose
intensity is much stronger for the spent KOH-activated bio-
char. This band should be associated with the formation of a
new species on biochar surface after NO adsorption. Accord-
ing to Cao et al. (2014), this peak could be assigned to the
stretching vibration of N—O and N=0O bands in—O-N=0. It
is most probable that the NO molecule was adsorbed on the
biochar surface in the form of C-O-N=0. The considerably
higher intensity of this peak in the spectrum of spent KOH-
activated biochar in comparison with that of spent pristine
biochar is consistent with the remarkably higher sorption
capacity of activated biochar (87.0 mg/g) compared to that
of pristine biochar (17.8 mg/g). With the emergence of this
peak after NO adsorption, it can be assumed that NO is first
oxidized to NO, in the presence of surface oxygen groups
and then adsorbed in the pores. To further confirm such
premise, XPS analysis was carried out on the biochar sam-
ple before and after NO adsorption.

Figure 5 shows the curve fitting of O 1s spectrum for
the fresh KOH-activated biochar that was deconvoluted
into four peaks. The peak with binding energy of 530.51 eV
(O1) corresponds to the aromatic C=0 (Herath et al. 2020),
the one located around 531.21 eV (02) is attributed to the
K-O bond (D1az-Teran et al. 2003), the peak with binding
energy of 532.24 eV (O3) represents the C—O bond in aro-
matic rings or in ethers and phenols (Lee et al. 2002) and
the peak around 533.50 eV (O4) is assigned to the O-C=0
bond in carboxyl groups (Ding and Liu 2020). The same
deconvoluted peaks at binding energies of 530.52, 531.63,
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Fig.5 XPS analysis of O 1s core level for KOH-activated and pristine biochars before (fresh) and after (spent) NO adsorption

532.52 and 533.97 eV were obtained for the KOH-activated
biochar after NO adsorption (spent adsorbent). Typically,
in the deconvoluted O 1s spectra, the component around
531-532 eV can be assigned to C=0 bond and the peak
around 531-533 eV may be attributed to K-O bond (Diaz-
Teran et al. 2003). In the spectra of pristine samples (Fig. 5)
which were K-free, the peaks around 531 eV were associated
with the presence of C=0 bonds on the biochar surface, and
the ones around 523 and 534 eV were corresponding to C—O
and O—C=0 bonds, respectively.

Table 2 summarizes the results of deconvolution of O
I's spectra. According to the literature (Tiwari et al. 2018;

Ding and Liu 2020), O1, O2 and O3 in the spectra of KOH-
activated biochar have basic nature, while O4 is acidic. The
higher proportion of basic groups on the activated biochar
surface is hence conductive toward the adsorption of the
acidic NO gas. Results in Table 2 indicate that the propor-
tion of C-O increased remarkably after NO adsorption.
The proportion of C-O in surface bonds of pristine biochar
increased from 64.79% in the fresh sample to 81.28% in
the spent adsorbent. While this increment was much more
pronounced in case of KOH-activated biochar where the
share of C-O in surface bonds remarkably enhanced from
19.59% in fresh adsorbent to 59.82% in the spent sample.

Table2 Deconvoluted XPS
results for O 1s of pristine and

Binding energy (relative peak areas), eV (%)

KOH-activated biochars before

and after NO adsorption

Assignment C=0 K-O C-0 O0-C=0
KOH-activated biochar (fresh) 530.51 (21.23%) 531.21 (36.82%) 532.24 (19.59%) 533.50 (22.36%)
KOH-activated biochar (spent) 530.52 (7.43%)  531.63 (25.00%) 532.52(59.82%) 533.97 (7.75%)
Pristine biochar (fresh) 531.06 (27.82%) 532.54 (64.79%) 534.42 (7.40%)
Pristine biochar (spent) 531.24 (14.08%) 532.76 (81.28%) 534.66 (4.64%)

7
<N

> 4
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This finding also proves the premise that the adsorbed spe-
cies on the biochar surface was in the form of C-O-N=0,
which could increase the proportion of C-O. This is consist-
ent with the FTIR result whereby a very sharp band around
1380 cm™! was detected, assigning to the vibration of new
species formed by the adsorption of NO on biochar surface,
which is suggested to be C—O-N=0. This monodentate
nitrito species was probably formed from the oxidation of
NO on the surface-oxidized groups (Chen et al. 2014). In
fact, in the absence of oxygen in the gas phase, NO is only
physically adsorbed on the carbon surface; however, the
adsorption of NO on biochar surface is rather low (Rich-
ter 1990). This is because NO is a supercritical fluid at the
ambient condition and thus the extent of its physical adsorp-
tion on carbon is low due to the weak adsorbent—adsorbate
interaction (Adapa et al. 2006). Yet, the activation of biochar
with KOH creates some oxidized groups (C(O)) on biochar
surface; they could act as active sites for further oxidation of
NO to NO, which is more strongly adsorbed than NO (Rich-
ter et al. 1990). Indeed, NO is chemisorbed on an oxygen
atom of a carbon surface oxide to form a < C-NO, > -com-
plex or NO, which is then condensed in micropores:

NO(g) + C(O) = C—=NO,(ad). @)

Another possible mechanism for NO, formation might
be the physical adsorption of NO on vacant active sites of
biochar (Cy):

NO(g) + C; — C-NO(ad). ®)

Then, the NO is oxidized to NO, through ion pairing
of adsorbed NO and oxygen species following a Lang-
muir-Hinshelwood-type mechanism. This forms a physi-
cally bound NO, on the surface and releases an active site
for the subsequent NO adsorption (Rubel et al. 1995; Adapa
et al. 2006):

C-NO(ad) + C(0) - C—NO,(ad) + Cy. )

For regeneration of the adsorbent, it might be heated
to temperatures above 200 °C where the surface-adsorbed
NO, can be decomposed to NO and C(O) groups (Guo et al.
2015):

T
C-NO, -5 C(0) + NO. (10)

Since the generated C(O) groups are unstable, they con-
tinue to decompose and create new vacant active sites (Chen
et al. 2014):

C—C(0) - CO + C,. (11)

To study the possibility of regeneration of the spent
KOH-activated biochar, it was subjected to several cycles
of adsorption—desorption, where adsorption was carried

out at 30 °C and the desorption was conducted at 220 °C.
The NO capture performance of the adsorbent in 12 cycles
of temperature swing adsorption—desorption is exhibited
in Fig. 6. As observed, the NO uptake capacity dropped
from 87.0 to 53.0 mg/g from the first to second cycle and
remained almost unchanged thereafter. This indicates that
the temperature-induced regeneration was only effective
to recover around 61% of the initial adsorption capac-
ity. Most probably, this process could not fully release
the chemisorbed NO, and only the physisorbed molecules
could be released upon temperature-induced regeneration.
This might signify the presence of both reversible and irre-
versible adsorption sites on the adsorbent. According to
the results, it can be assumed that the concentration of
irreversible adsorption sites remained almost unaffected
after the second cycle where a relatively stable NO uptake
capacity could be attained.

Researchers have reported different governing mecha-
nisms for the adsorption of NO on carbon-based materi-
als; for example, Teng and Suuberg (Teng and Suuberg
1993) reported chemisorption for the adsorption of NO on
resin char, Rubel et al. (1995) discussed the physisorption
mechanism for the capture of NO on activated carbon,
Chen et al. (2014) reported both physisorption and chem-
isorption could control the adsorption of NO on cerium-
containing ordered mesoporous carbon, depending on
the absence or presence of oxygen in the gas stream and
Alcafiiz-Monge et al. (2008) reported chemisorption for
the adsorption of NO on iron-containing activated carbon
fiber. Hence, to understand which adsorption mechanism
prevails in this study, kinetic analysis was carried out.

wl 1| \ \ -
e N | \ \\ ‘\‘ | &\ ﬂ\ \\ . "

0 ' - ! : : ! ‘ 0
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Fig.6 Cyclic NO uptake performance of KOH-activated biochar;
adsorption at 30 °C and desorption at 220 °C
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Kinetic studies

To understand the adsorption mechanism of NO adsorption
on biochar, several kinetic models including pseudo-first
order, pseudo-second order and Elovich were used. The
pseudo-first-order model, which is suitable to describe the
physisorption and reversible interactions between the gas
component and the solid surface, is described by Lagergren
rate equation (Chen et al. 2014):

d

=k (4.~ ) (12
where k; is the first-order rate constant (1/min), g, repre-
sents the equilibrium adsorption capacity (mg/g) and ¢, is
the adsorption capacity at a given time (mg/g). With the
boundary conditions of ¢g,=0 at r=0 and g,=¢q, at t=t1_,
integrating Eq. (12) gives the exponential form:

4 =q.(1—e™) (13)

The pseudo-second-order kinetic model, which is favora-
ble to predict the chemisorption and chemical interactions
between the gas and solid surfaces, is expressed as (Kudahi
et al. 2017):

dg,

=g —a)’ (14)

where k, is the second-order rate constant (g/mg.min). This
model assumes a linear relationship between the uptake rate
and the square of the number of vacant adsorption sites.
With similar boundary conditions as those assumed for the
previous model, Eq. (14) can be illustrated in the hyperbolic
form:

qlkyt

=— 15
1+ g.kyt as)

4q;

Another kinetic model to represent the chemisorption of
gases on solid surfaces, without the desorption of the prod-
uct, is Elovich model. The model assumes that the adsorp-
tion reaction rate decreases with the increase in the surface
coverage and is represented as (Teng and Suuberg 1993):

% =a exp (—fq,) (16)
t

where @ (mg/g min) is a constant associated with chem-
isorption rate and f (g/mg) is a constant showing the extent
of surface coverage and both constants are temperature-
dependent (Inyinbor et al. 2016). When g,— 0, the term dg,/
dr approaches a; hence, a can be regarded as the initial reac-
tion rate (Juang and Chen 1997; Wu et al. 2009). Assuming
the boundary conditions of ¢,=0 at t=0 and ¢q,=¢q, at t=t¢
and upon integration, one obtains (Wu et al. 2009):

* @ Springer

g, =1/p)In(1 + ap). (17)

Assuming 1 << aft, a simplified Elovich equation will
be obtained, which is:

q, = (1/B)In(apr). (18)

In all these kinetic models, two distinguishable param-
eters, i.e., kinetic constant and driving force, are found. The
kinetic constant accounts for the impact of temperature, and
the driving force term shows how far the system is from its
equilibrium (Andreoli et al. 2015). In the pseudo-first- and
pseudo-second-order kinetic models, the driving force is a
power of (g, —g,), while in the Elovich equation the driving
force is in the form of an exponential decay factor, wherein
the adsorption rate can only be zero at g, = oo (Andreoli
et al. 2015). By theory, this implies that there is no limit to
the amount of adsorbed gas, and hence, there is no adsorp-
tion plateau.

The experimental data for adsorption of NO over pristine
and KOH-activated biochar in the temperature range of 30 to
70 °C were fitted using these three kinetic models. The fit-
ting plot and kinetic parameters of the models are presented
in Fig. 7 and Table 3, respectively. Results showed that the
experimental adsorption data could be fitted well with all the
three models; however, the data could better comply with the
Elovich kinetic model. This could be verified by the higher
regression coefficients for the Elovich model, especially for
KOH-activated biochar, compared to the pseudo-first- and
pseudo-second order kinetic models (Table 3). The Elovich
model implies a slow chemisorption process that does not
reach the adsorption plateau. The experimental data were
also indicative of the absence of adsorption plateau where
the adsorbent did not saturate after 180 min of adsorption.
Teng and Suuberg (1993) also observed that until days after
the initiation of the adsorption, the asymptotic NO adsorp-
tion on resin char was not reached. This might be due to
the stronger diffusion resistance in micropores compared to
large and mesopores, which saturate at the early stage of the
adsorption, and then, it takes longer time for the gas mol-
ecules to fill the micropores of the adsorbent.

The kinetic parameters of Elovich equation are sum-
marized in Table 3. The kinetic parameter a, which can be
an estimation of the reaction rate constant, was higher for
KOH-activated biochar compared to the pristine biochar
at all corresponding temperatures. The value of  was an
increasing function of the adsorption temperature. This
is consistent with the exothermic nature of the reaction
where the adsorption capacity decreased with the increase
in the temperature. The experimental data also showed that
with the increase in the adsorption temperature from 30
to 40, 50 and 70 °C, the mass uptake reduced from 87.0
to 44.2, 31.7 and 16.8 mg/g, which is attributed to the
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Fig. 7 Plots of pseudo-first-order, pseudo-second-order and Elovich models for adsorption of NO on pristine and KOH-activated biochar

Table 3 Kinetic parameters for the adsorption of NO on pristine and KOH-activated biochar

Kinetic model Parameter Pristine biochar KOH-activated biochar

30°C 40 °C 50°C 70 °C 30°C 40 °C 50°C 70 °C

Pseudo-first-order e exp (ME/Q) 17.61 12.12 10.61 6.83 87.02 44.24 36.00 16.85
k; (min~") 0.0140 0.0133 0.0130 0.0119 0.0171 0.0183 0.0171 0.0147
Ge cal (ME/Q) 19.35 13.89 12.78 7.93 139.84 65.95 52.31 20.65
R? 0.952 0.963 0.958 0.955 0.8771 0.930 0.916 0.961
Pseudo-second-order k, (g/(mg.min)) 0.0012 0.0014 0.0015 0.0022 0.0002 0.0005 0.0005 0.0012
Ge cal (ME/Q) 19.84 13.89 12.94 8.28 121.95 65.79 52.08 23.15
R? 0.916 0.963 0.948 0.954 0913 0.929 0.935 0.941
Elovich a (mg/(g min)) 0.2428 0.1174 0.0803 0.0487 1.623 0.966 0.749 0.374
f (g/mg) 0.0976 0.0894 0.0548 0.0718 0.0247 0.050 0.062 0.139
R? 0.9935 0.9967 0.9999 0.9999 0.9552 0.9842 0.979 0.979
occurrence of the exothermic reversible NO adsorption The temperature-dependent constants @ and f in the Elovich
that reduced the extent of NO adsorption on biochar at  equation can be used to determine the activation energy fol-
higher temperatures. lowing an Arrhenius-type equation (Andreoli et al. 2015):

"
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In(a)=C+D/T (19)

where C and D are constants. The plot of In & vs 1/T then
will give an estimation of the activation energy. Here, with
the increase of the adsorption temperature, the value of
a decreased, which implies a negative activation energy.
By developing such plots for pristine and KOH-activated
biochars (Fig. S4, Supplementary Material), the values of
apparent activation energy were obtained from the slope of
plots as —26 and — 29 kJ/mol for pristine and KOH-activated
biochars, respectively. The negative activation energy indi-
cates the decrease of the adsorption rate with increasing
temperature; this is consistent with the reversible exother-
mic nature of the reaction where the adsorption of NO on
biochar surface decreased at increased temperatures. The
calculated apparent activation energies are low, indicat-
ing that the reaction is mainly governed by a physisorption
or a weak chemisorption process. Zhang et al. (2008) also
reported a low activation energy of — 18.5 kJ/mol for NO
adsorption on activated carbon. Some studies discussed that
the chemisorption of NO on carbon or surface oxygen—car-
bon complexes at low adsorption temperature (300 K) can be
ruled out (Alcafiiz-Monge et al. 2008); however, Teng and
Suuberg (1993) reported a heat of adsorption of 42 kJ/mol
for adsorption of NO on resin char. They discussed that NO
could be chemically adsorb on char surface (323-473 K), yet
the adsorption process was reversible.

Comparison of the NO uptake capacity of the biomass-
based sorbent developed in this study with those available in
the literature (Table S1, Supplementary Material) signifies
the high potential of this sorbent for the removal of NO from
the combustion sources, with near trace concentrations of
300 to 1500 ppm (Rubel et al. 1995).

Conclusion

Low-temperature NO uptake using alkali-modified RSS-
derived biochar was investigated. Alkali modification was
used to improve the porosity properties and surface chemis-
try of the pristine biochar. Results indicated that the use of
KOH, K,CO;, NaOH and Na,COj as alkali agents improved
the NO adsorption capacity of the modified biochar by 3.3
to 3.5 times that of the parent biochar. This remarkable
enhancement in NO uptake after alkali activation was mostly
attributed to the introduction of oxygenated groups on bio-
char surface, which play significant role in oxidation of NO
to NO,, increase of the surface basicity which encourages
the adsorption of acidic NO gas and improvement of the
microporosity of the biochar. Investigations on the activa-
tion temperature showed that the increase of the temperature
to beyond 700 °C was not effective in improving the NO
uptake capacity, yet the effect was very pronounced when

* @ Springer

the temperature was increased from 600 to 700 °C due to
the increase of basic groups on biochar surface. Activation
of biochar with KOH at different impregnation ratios indi-
cated that the ratio of 2:1 (KOH: biochar (w/w)) was the
best to obtain an NO uptake capacity of 87.0 mg/g. FTIR
and XPS analyses of the fresh and spent adsorbents sug-
gested that NO was most probably adsorbed on the biochar
surface in the form of C-O-N=0. Kinetic studies were
carried out using pseudo-first-order, pseudo-second-order
and Elovich models, and the activation energy was deter-
mined. The calculated apparent activation energies were
low, — 26 and — 29 kJ/mol for pristine and KOH-activated
biochars, respectively, indicating NO adsorption on bio-
char was mainly governed by a physisorption or a weak
chemisorption process. According to the results, the high
potential of alkali-activated biochar as a cost-effective and
high-capacity sorbent for the removal of NO from flue gas
can be highlighted.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13762-021-03617-3.
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