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Research article 
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A B S T R A C T   

This work presents an innovative and sustainable approach to remove NO emissions from urban ambient air in 
confined areas (underground parking areas or tunnels) using low-cost activated carbons obtained from Mis-
canthus biochar (MSP700) by physical activation (with CO2 or steam) at temperatures ranging from 800 to 
900 ◦C. The NO removal capacity of the activated biochars was evaluated under different conditions (temper-
ature, humidity and oxygen concentration) and compared against a commercial activated carbon. This last 
material showed a clear dependence on oxygen concentration and temperature, exhibiting a maximum capacity 
of 72.6% in air at 20 ◦C, whilst, its capacity notably decreased at higher temperatures, revealing that physical NO 
adsorption is the limiting step for the commercial sample that presents limited oxygen surface functionalities. In 
contrast, MSP700-activated biochars reached nearly complete NO removal (99.9%) at all tested temperatures in 
air ambient. Those MSP700-derived carbons only required low oxygen concentration (4 vol%) in the gas stream 
to achieve the full NO removal at 20 ◦C. Moreover, they also showed an excellent performance in the presence of 
H2O, reaching NO removal higher than 96%. This remarkable activity results from the abundance of basic 
oxygenated surface groups, which act as active sites for NO/O2 adsorption, along with the presence of a ho-
mogeneous microporosity of 6 Å, which enables intimate contact between NO and O2. These features promote 
the oxidation of NO to NO2, which is further retained over the carbon surface. Therefore, the activated biochars 
studied here could be considered promising materials for the efficient removal of NO at low concentrations from 
air at moderate temperatures, thus closely approaching real-life conditions in confined spaces.   

1. Introduction 

Air pollution in urban areas is recognized as a major public health 
problem ((WHO), n.d.; Derwent and Hjellbrekke, 2019). Among the 
main air pollutants, nitrogen oxides (NOx), produced by combustion 
engines and other combustion sources, are of particular concern due to 
their negative health issues (respiratory diseases) and environmental 
impacts (photochemical smog, acid rain, greenhouse effects and, 
stratospheric ozone depletion) (Yadav and Prasad, 2016). Road trans-
port is still the most important source of NOx emissions in the EU-27, 
representing 39% in 2017 (Degrauewe et al., 2019; Derwent and 
Hjellbrekke, 2019). NOx are constituted by 95% NO, 4.5% NO2 and the 

rest of N2O (Yadav and Prasad, 2016). 
Several methods have been developed for the removal of NOx, such 

as NSR (NOx Storage Reduction), SNCR (selective non-catalytic reduc-
tion), and Selective Catalytic Reduction (SCR) (Belala et al., 2014; 
Jeguirim et al., 2018; Zhao et al., 2016a). However, they face several 
limitations such as high cost, low efficiency, complexity, and narrow 
reaction conditions. In particular, SCR is the most commonly used 
method for NOx abatement in exhaust gases. However, this process 
presents some drawbacks, such as high reaction temperature (>300 ◦C) 
and leakage of ammonia or un-reacted reducing agents (Muñiz et al., 
1999; Shen et al., 2016), which make it not suitable for the removal of 
NO emissions at low concentrations and under conditions typically 
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found in parking lots and tunnels (relatively low temperatures and high 
oxygen concentration) (Deng et al., 2020; Wang et al., 2015). 

NO oxidation to NO2 is being studied as an alternative NOx abate-
ment strategy (Ghouma et al., 2018; Jeguirim et al., 2018; Shen et al., 
2016; You et al., 2017). This process can proceed at room temperature 
and the generated NO2 can be subsequently captured in water. Different 
types of materials such as zeolites (Labaki et al., 2010), perovskites 
(Hodjati et al., 2000), metal-supported oxides (Levasseur et al., 2011), 
and carbons (Deng et al., 2020; Jeguirim et al., 2018; Sousa et al., 2011; 
Zhang et al., 2008), etc. have been evaluated as catalysts for this reac-
tion. Among them, carbon-based materials (active carbons, carbon fi-
bres, carbons xerogels, etc.) are considered the most promising catalysts 
for NO oxidation as they offer many advantages such as high efficiency 
at room temperature and low energy requirements (Jeguirim et al., 
2018; Shen et al., 2016; Sousa et al., 2011, 2012, 2013; Zhang et al., 
2008; Zhu et al., 2022). However, despite the potential of carbon ma-
terials for the abatement of NOx emissions, the reaction mechanism and 
the parameters that govern this process are still debated (Deng et al., 
2020; Shen et al., 2016). In their work, Zhang et al. suggested that NO 
oxidation is favored by the presence of narrow micropores, being in-
dependent of the surface area. The authors proposed that NO and O2 are 
co-adsorbed in the carbon micropores, yielding NO2, with no significant 
impact of the carbon chemical properties (Zhang et al., 2008). According 
to the recent work reported by Zhu et al. (2022), the microporous sur-
face area and degree of hierarchy are key factors affecting NO conver-
sion due to the enhanced diffusion of the reactants. However, other 
researchers reported that NO removal efficiency can be promoted by 
changing the composition and distribution of surface functional groups, 
which act as adsorption sites (Adapa et al., 2006; Mochida et al., 1997). 
Rathore et al. proposed that both NO and O2 are adsorbed on the 
functionalized sites of activated carbon, over which the NO oxidation 
into NO2 occurs. Then, the adsorbed NO2 further reacts and forms 
various intermediates in the adsorbed phase, such as NO3 and NO–NO3, 
the latter being finally desorbed in the form of NO2 (Rathore et al., 
2010). Most studies reported in the literature have been carried out 
using high NOx concentrations (450–1000 ppm), simulating combustion 
flue gases in the presence of oxygen and evaluating the catalytic 
behaviour of the carbonaceous solid once the steady state was reached. 
On the contrary, there are just rare works investigating the NOx removal 
at very low concentration (5 ppm NO2) by activated carbons, such as 
that of Ghouma et al. (2017). However, to our knowledge, no previous 
works have directly dealt with the treatment of polluted air with low NO 
concentration (<20 ppm). Here, this work focuses on the removal of NO 
at similar concentrations to those found in built environment and 
transport infrastructure (i.e, less than 5 ppm), using low-cost carbon 
materials obtained from biomass residues. 

Biochar is the solid fraction obtained by pyrolysis of biomass. It has 
been widely used in environmental applications (Cha et al., 2016; Wang 
and Wang, 2019), such as soils amendment, carbon sequestration, and 
water treatment (e.g. metal-contaminated) (Li et al., 2017); or as a fuel 
in energy production for the pyrolysis process itself (Jafri et al., 2018). 
There are other applications such as catalyst support or catalyst itself, 
pollutants adsorbent (in gas or aqueous phase) and energy storage (Liu 
et al., 2015). Biochar is carbon-rich, exhibits a porous structure, and 
maintains certain surface functional groups and mineral components of 
the raw biomass, properties that favor its use as active carbon precursor 
(Tan et al., 2017). To improve their porous structure, surface area, and 
surface chemistry, different activation methods have been widely used, 
based on both physical, using CO2, diluted O2 or steam at high tem-
peratures (600–1200 ◦C), and chemical treatments by impregnation 
with a chemical reagent such as KOH, H3PO4, ZnCl2, etc., followed by a 
carbonization at 400–900 ◦C (Ahmed et al., 2016). More recently, new 
activation methods such as fine-tuned micropore biochar by lignin 
impregnation (Zhang et al., 2022), and ball milling with hydrogen 
peroxide or ammonia hydroxide (Qi et al., 2022) have been successfully 
developed and applied for the preparation of active carbons from 

pyrolysis biochars. 
In the case of the physical activation, the biochar is partially oxidized 

at high temperatures leading to an activated carbon with an accessible 
and well-developed porous structure (Chang et al., 2000; Yang and Lua, 
2003). In this regard, the nature of the raw biochar, the gasifying agent 
employed as well as the activation time and temperature will determine 
the final properties (surface chemistry, porosity, etc.) of the resultant 
carbonaceous solid (Chang et al., 2000; Ghouma et al., 2017; Jeguirim 
et al., 2018; Nowicki et al., 2010). 

To reduce costs and use more sustainable raw materials for the active 
carbon preparation, in this work we propose the activation of biochar 
obtained as by-product of the pyrolysis of lignocellulosic biomass, spe-
cifically Miscanthus giganteus. Miscanthus is a promising energy crop 
with high potential to produce biofuels and/or biochemical precursors, 
as it is fast-growing, does not compete with food production, and can be 
developed sustainably with efficient use of water (Delmotte et al., 2015; 
Mimmo et al., 2014). 

Therefore, the idea behind this study was to investigate for the first 
time in the literature the removal of NO at low concentration (<5 ppm) 
from polluted air with physically activated carbons (CO2 and H2O) 
derived from the pyrolysis biochar of Miscanthus straw pellets, as a low- 
cost and environmentally friendly carbonaceous precursor. At room 
temperature and under dry air flow, the results here reported demon-
strate that these activated biochars show almost full NO removal effi-
ciency, being much higher than those exhibited by a commercial carbon 
of mineral origin (740GR). These results denoted the huge potential of 
these materials to be installed in filters located in confined or semi- 
closed spaces, like underground parking lots and road tunnels, which 
are characterized by distinct ambient conditions. Although, at this stage 
of the investigation, a cost-study of the process has not been done yet, it 
will be considered for future works. To develop a better understanding 
of the NO removal mechanism from low-concentration gas streams, 
three important operation variables were evaluated in this work: oxygen 
concentration, relative humidity and temperature. 

2. Materials and methods 

2.1. Materials 

In this work, the performance of different low-cost and renewable 
activated carbons, derived from the activation of biochar, in NOx 
removal has been investigated and compared with that of one com-
mercial active carbon of mineral origin and activated with steam at 
900 ◦C (740GR) acquired from Chiemivall, S.L. 

Miscanthus straw, in form of pellets (MSP) with an average particle 
size of 10 mm length and 5 mm diameter, was used as raw material for 
biochar production. MSP sample was pyrolyzed in a rotary kiln reactor. 
The reaction conditions were established at a temperature of 700 ◦C, a 
heating rate of 80 ◦C/min and a residence time of 12 min, giving rise to 
the MSP700 biochar with a mass yield of 21 wt.% (Mašek et al., 2018). 
MSP700 was then used as a carbonaceous precursor to produce the 
activated biochars by means of physical activation. 

2.2. Biochar activation 

2.2.1. Physical activation: CO2 and steam 
MSP700 biochar was physically activated with either CO2 or steam in 

a lab-scale reactor, whose description, schematic diagram (displayed in 
Fig. S1) and a detailed experimental procedure are provided in the 
Supplementary Material. 

For both activation processes the degree of activation or burn-off 
level of the obtained carbonaceous materials is an important param-
eter that can be calculated from the following equation: 

burn − off (wt.%) =
W0,daf − Wf ,daf

W0,daf
• 100 Equation 1 
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Where W0,daf and Wf,daf are the weight of biochar (in dry and ash free 
basis) before and after the activation process, respectively. 

2.3. Physico-chemical characterisation of samples 

Proximate analysis of MSP, biochar (MSP700) and activated biochars 
were performed according to European standards. Ultimate analysis of 
carbonaceous samples was measured in a Thermo Scientific FLASH 2000 
CHNS/O micro-elemental analyzer, where C, H and N concentrations 
were obtained, while O concentration was calculated by difference. The 
morphology of the activated carbon particles was observed by means of 
Field Emission Scanning Electron Microscopy (FE-SEM) in a JEOL JSM- 
7900 F microscope operating at 1 Kv. Activated carbons were subjected 
to N2 and CO2 adsorption-desorption analyses at 77 K and 273 K, 
respectively, in a Micromeritics 3Flex instrument. The point of zero 
charge (pHPZC), defined as the pH at which the net charge of total sample 
surface is equal to zero, was also determined. X-ray photoelectron 
spectra (XPS) were recorded with a PHOIBOS 100 hemispherical elec-
tron energy analyzer (SPECS) and CasaXPS was employed for data 
collection and interpretation. Temperature Programmed Desorption 
(TPD) measurements were carried out using an AUTOCHEM II 2910 
instrument (Micromeritics), equipped with a thermal conductivity de-
tector (TCD) and coupled to a quadrupole mass spectrometer (MS) 
Pfeiffer Omnistar GSD350. All of these physico-chemical characterisa-
tion techniques and the corresponding experimental procedures have 
been described in the Supplementary Material. 

2.4. NO removal tests from polluted gaseous streams 

A lab-scale filter, whose schematic diagram can be seen in Fig. 1, has 
been employed for the NO removal tests from gaseous streams. 

This setup consists of a glass updraft fixed-bed column (500 mm 
length, 16 mm i.d.) with a porous plate, in which 3 g of activated carbon 
is placed. The filter-column is externally covered by a heating tape in the 
area where the carbon material is located to control and evaluate the 
temperature effect of the NO removal tests (20–75 ◦C). This filter pos-
sesses a gas inlet coming from a valves system, which is used to generate 
different contaminated gaseous streams; and a gas outlet that is con-
ducted to the NOx analyzer (Ecotech Serinus 40) prior to being delivered 

to vent. The generation system of polluted gaseous streams consists of 
three gas cylinders: N2 (99.999 vol%), synthetic air (99.999 vol%), and 
50 ppm NO (balance N2), which are fed from independent mass flow 
controllers (MFCs) to set the concentration of NO and O2 in the gas 
stream with a total flow rate of 1000 NmL/min. Firstly, the polluted gas 
current is generated by diluting NO flow in an air/N2 stream (dry or with 
a certain relative humidity) in a gas mixer, in which there is a probe that 
allows the continuous monitorization of the temperature and relative 
humidity of the gas stream. To produce humid air stream, a controlled 
share of the air flow was passed through a flask containing Milli-Q water 
at room temperature before being mixed with the NO flow (see Fig. 1). 
Finally, the generated low concentration NO gas stream (5 ppm NO) is 
alternatively directed to the filter column to perform the NOx removal 
tests or by-passed to the gas analyzer (to check the composition of the 
initial air stream). 

In this work, the performance of the activated biochars on NO 
removal was evaluated for 400 min by investigating both, the effect of 
the activation conditions: temperature (800–900 ◦C) and activating 
agent (CO2 or steam); but also, the effect of three important operation 
parameters such as: the effect of the O2 concentration (0, 4, 15 and 21 
vol%), the adsorption temperature (20, 50 and 75 ◦C) and the presence 
of relative humidity (0 and 50 vol% RH) in the air stream. 

First, blank tests were performed in absence of any solid sample. For 
that purpose, N2 and air flow were used to evaluate if the oxidation of 
NO to NO2 could take place in the gas phase under oxidizing atmo-
spheres in absence of carbon. No evidence of such oxidation was found, 
obtaining invariable NO and negligible NO2 concentrations at the outlet 
of the reactor, which agrees with previous works reported in the liter-
ature (Tsukahara et al., 1999; Zhu et al., 2000). Moreover, to discard the 
catalytic activity of the inorganic matter contained in the MSP-derived 
carbons, an additional experiment was performed using an ashes-bed, 
obtained by the combustion of the raw MSP700 biochar. In this assay, 
the NO elimination was almost null, denoting that the inorganic matter 
contained in the physically activated biochars do not contribute to their 
NO removal ability. 

The NO elimination capacity was calculated according to the 
following equation: 

NOelimination(%)=
NOin(mg) − NOout(mg)

NOin(mg)
• 100 Equation 2 

Fig. 1. Schematic diagram of the lab-scale filter to remove NOx (NO and NO2) from contaminated gaseous streams.  
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Where, NOin and NOout represent the total amount of NO (in mg) fed and 
remaining in the exhaust gas, respectively. 

Most of the research works devoted to NOx abatement from flue 
gases accept that NO removal involves NO oxidation to NO2 (Mochida 
et al., 2000; Rathore et al., 2010; Sousa et al., 2011; Zhang et al., 2014b), 
which can be further released and retained in water as nitric acid (Sousa 
et al., 2011). However, during the experiments here performed, the NO2 
concentration at the outlet of the adsorption system remained almost 
invariable at negligible values. Therefore, this work mainly focuses its 
attention on the adsorption breakthrough curves (plotting C/C0 of NO 
versus time) and the total NO removal capacity of the investigated 
materials for 400 min of the test. 

3. Results and discussion 

3.1. Physico-chemical characterization of activated carbon materials 

Proximate and ultimate analyses of the raw MSP, MSP700 biochar, 
the corresponding materials obtained by physical activation, and the 
commercial activated carbon (740GR) are shown in Table 1, also 
including the degree of activation (burn-off) obtained by the different 
activation methods applied. 

The proximate analysis shows that the pyrolysis process led to the 
loss of most of the volatiles contained in the raw MSP. This, in turn, 
resulted in a significantly higher ash share since the inorganic matter 
present in the pyrolysis biochar is hardly affected by the thermal 
treatment. Accordingly, the fixed carbon content was substantially 
raised due to the removal of the volatile matter. As revealed by the ul-
timate analysis (dry ash free basis), a significant enrichment in carbon 
content takes place to the detriment of oxygen and hydrogen. This 
finding is somehow observable in the van Krevelen diagram (Fig. 2), in 
which MSP700 is significantly shifted to a lower-left position due to the 
decrease in the H/C and O/C atomic ratios in comparison with the MSP 
parent sample. This behavior indicates that the biochar is deeply 
carbonized and exhibits a highly aromatic structure (Chen et al., 2008; 
Chun et al., 2004; Keiluweit et al., 2010), which is modified after the 
activation leading to a further reduction of the O/C and especially H/C 
ratios, getting closer to the commercial activated carbon 740GR (Hwang 
et al., 2017). 

Activation with CO2 is an oxidative treatment that eliminates C 
atoms from the biochar through a heterogeneous endothermic reaction 
that releases gaseous CO. The activation of MSP700 with CO2 at the 
lowest temperature (800 ◦C) leads to a slightly higher oxygen content 
than the parent biochar, as shown in the van Krevelen diagram (Fig. 2), 
which can be ascribed to the chemisorption of some oxygen on the 
carbon surface during the gasification reaction, forming C(O) surface 
complexes (Chen et al., 2017; Fritz and Ttinger, 1993). This effect seems 
to be attenuated at higher activation temperatures, leading to lower O/C 
ratios on the Van Krevelen graph, which can be attributed to the higher 
burn-off level, from 19.2 to 34.4 wt.%, as expected considering that CO2 
gasification is an endothermic process favored by temperature. Conse-
quently, the remaining volatile matter of the MSP700 biochar was 

completely removed at any activation temperature, while the ash con-
tent continued progressively growing with the activation process, due to 
the decrease of the fixed carbon. 

The physical activation of MSP700 at 900 ◦C with CO2 (A900CO2) 
and steam (A900H2O) gave rise to very similar burn-off percentages 
(≈34 wt.%), ash content and fixed carbon. It denotes that steam is a 
more reactive gasifying agent than CO2, due to the activating time was 
60 and 90 min, respectively, which is in accordance with the literature 
(González et al., 2009; Román et al., 2008; Sajjadi et al., 2019). 

In summary, from the van Krevelen diagram, it can be concluded that 
MSP700 activated biochars present a more condensed aromatic struc-
ture than the biochar precursor (Qu et al., 2021). No large differences 
were observed between the activated biochars, in terms of elemental 
analysis (dry ash free basis), in comparison to the commercial active 
carbon, with the exception of A800CO2 that presented rather larger 
oxygen content due to the relatively low activation temperature. 

Fig. S2 shows the SEM micrographs of raw MSP700 biochar (A), 
MSP700-derived CO2 (B) and steam (C) activated carbons, as well as 
those for the commercial carbon 740GR (D). In Figures S2 (B) and (C) 
can be appreciated at first sight the development of a new open porosity, 
in the range of mesopores, on MSP700-derived carbons after being 
exposed to physical activation, which does not appear in the raw biochar 
neither in the commercial carbon. 

N2 and CO2 adsorption-desorption isotherms for MSP700, activated 
biochars and 740GR are shown in Fig. S3 A) and B), respectively. Raw 
MSP700, as expected with this kind of materials (biochar) obtained from 
lignocellulose pyrolysis, shows a small surface area because its porosity 
has not been well developed yet as shown in SEM images. It presents a 
limited and very narrow microporosity, in which, the access of N2 
molecules may be restricted because of the extremely slow diffusion of 
N2 into the ultramicropores at 77 K may significantly delay or restrict 

Table 1 
Proximate and ultimate analysis of MSP, MSP700 biochar and derived activated biochars in comparison with commercial activated carbon (740GR).  

Sample Burn-off (wt.%) Proximate Analysis, db (wt.%) Ultimate Analysis, daf (wt.%) 

Volatile Matter Ash Fixed Carbon C H N S O 

MSP – 70.4 3.9 25.7 46.4 6.3 0.6 0.0 46.7 
MSP700 – 9.7 18.8 70.0 89.8 1.8 1.6 0.0 6.8 
A800CO2 19.2 0.0 24.7 75.3 89.5 0.7 0.3 0.0 9.4 
A850CO2 29.7 0.0 27.3 72.7 92.6 0.7 0.4 0.0 6.3 
A900CO2 34.4 0.0 28.7 71.3 93.9 0.7 0.5 0.0 4.9 
A900H2O 33.9 0.0 28.6 71.4 94.6 0.7 0.3 0.0 4.4 
740GR – 0.0 9.5 90.5 94.8 0.5 0.2 0.2 4.3 

db: dry basis; daf: dry and ash free basis. 

Fig. 2. Van Krevelen diagram showing the H/C against O/C (dry ash free basis) 
for the MSP, MSP700, and activated derived biochars and commercial 740GR 
activated carbon. 
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equilibration during adsorption process at low pressures (Garrido et al., 
1987; Jagiello et al., 2019). 

In the case of MSP700 activated biochars, the shape of N2 isotherms 
at low relative pressures corresponds to type I(a), assigned to micro-
porous materials with a homogeneous pore size (Thommes et al., 2015). 
These isotherms present a relatively narrow H4 hysteresis loop (ac-
cording to the IUPAC classification) in the range of low-medium pres-
sures, which is often assigned to the presence of narrow slit micropores. 
This hysteresis loop becomes wider in the biochars subjected to a 
physical activation (CO2 and steam) at high temperatures (850–900 ◦C) 
which could denote the formation of larger micropores. On the other 
hand, the commercial activated carbon (740GR) presents a type I (b) 
isotherm, characteristic of materials with a relatively broad pore size 
distribution, including larger micropores and possibly small mesopores 
(Thommes et al., 2015). This material exhibits a higher adsorption ca-
pacity in comparison with the activated biochars and, therefore, much 
higher values of the textural parameters (see Table 2). Thus, the com-
mercial sample show SBET and SMICRO of 818 and 751 m2/g, respectively, 
while the activated biochars are ranged from 462 to 562 m2/g and 
418–502 m2/g. Likewise, the micropore volume is much higher in 
740GR (0.342 cm3/g) than in activated biochars (0.192–0.230 cm3/g). 
In the case of CO2 activated biochars, the textural parameters increase 
with the activation temperature. This fact is related to the higher degree 
of burn-off achieved during the activation of the biochar at higher 
temperatures. In contrast, the activated biochar with steam exhibit 
lower values of SBET, SMIC as well as VTOTAL and VMIC than that activated 
with CO2, suggesting that the activation temperature has a more sig-
nificant impact than the activation agent on the development of textural 
properties of this carbonaceous precursor. 

The pore size distribution of the raw MSP700, activated biochar 
samples and the commercial carbon was determined through the com-
bination of both CO2 and N2 isotherms, by applying the model 2D- 
NLDFT and considering a slit pore geometry (Fig. 3). For clarity, the 
CO2 isotherm is used to define the ultra-small microporosity zone (pore 
size <10 Å), while the N2 isotherm allows the estimation of the pore size 
distribution in the large-microporous and mesoporous range (pore size 
>10 Å) (Jagiello et al., 2019). As it can be observed, the commercial 
activated carbon (740GR) shows a broad and overlapping pore size 
distribution in the micropore (with pore diameters of 6.3 and 11 Å) and 
small mesopores range, in accordance with the shape of the N2 isotherm 
previously discussed. In contrast, the physically activated biochars 
exhibit a homogeneous microporosity centred at ~5.8–5.9 Å. Despite 
the lower specific surface area of the MSP700 activated biochars 
compared to the commercial 740GR sample, the formation of a homo-
geneous porosity around 6 Å during the MSP700 biochars activation is 
an important feature, as this value seems to be optimal for the NO 
removal (Wang et al., 2011; Zhang et al., 2008). Additionally, in the case 
of the biochars activated with steam and CO2 at 800− 900 ◦C, a small 
proportion of small mesopores (36–37 Å) are also present, which can be 
related to the widening in the hysteresis loop observed in the isotherms 
corresponding to these materials (Fig. S3 A). This mesoporosity could 
also contribute to the NO catalytic oxidation (Zhu et al., 2022). 

The elemental analysis was the primary method to identify and 

quantify the chemical composition of the samples; however, they do not 
provide any information about the functional groups present on the 
carbon surface. 

The characterization of the different types of oxygen-containing 
functional groups is important since they may confer the surface with 
weak acidity, alkalinity, oxidative and reducing power, among other 
properties (Jeguirim et al., 2018). These diverse characteristics lead to 
activated carbons with varied surface chemistry and active sites, which 
may influence the binding ability of these materials with adsorbates, 
thus influencing the overall performance of the activated carbons. In this 
sense, the main surface functional groups of MSP700 activated biochars 
and commercial 740GR activated carbon were characterized with X-ray 
photoelectron spectroscopy (XPS) and temperature-programmed 
desorption coupled with a mass spectrometer (TPD-MS). 

The high resolution C1s XPS spectra of activated biochars, A900CO2 
and A900H2O, and the commercial carbon are depicted in Fig. 4A. 

A broad peak assigned to carbon atoms mostly in graphite-like sp2 

(Csp2, 284.7 eV) and sp3 hybridization states (C–C, 285.6 eV) is present 
in the spectra of the three samples. The energy peak at 290.4 eV can be 
attributed to π-π* shake-up transitions in aromatic rings. Additional 
high-energy signals corresponding to carbon atoms bonded with hy-
droxyl or ether groups (C–OH or C–O–C, 286.3 eV); carbon in carbonyl 
groups, quinones and ketones (C––O, 287.4 eV); and carbon in carboxyl 
or ester groups (O–C––O, 289.3 eV) are also observed (Barroso-Bogeat 
et al., 2019; Haerle et al., 2002; Sysoev et al., 2018; Zhang et al., 2014a). 
The intensity of these signals is slightly higher in the MSP700-derived 
samples (see Table S1). Thus, the MSP700 activated biochars show 
lower sp2/sp3 area ratios (sp2/sp3 = 6.0 for A900CO2 and 7.4 for 
A900H2O activation, see Table S1) in comparison with the commercial 
carbon (sp2/sp3 = 11.8), which can be assigned to the presence of a 
higher proportion of defects or surface disorders (Jiang et al., 2013), 
suggesting a higher content of oxygen-containing functional groups on 
MSP700 activated biochars. 

The O1s spectra (Fig. 4C) were deconvoluted into four peaks: oxygen 
doubly bonded to carbon in carbonyl groups and quinones (C––O, 531.5 
eV), oxygen from hydroxyls and singly bonded to carbon in phenols, 
ethers and esters (O–H or C–O, 533.2 eV), oxygen doubly bonded to 
carbon from carboxyl groups or esters (-COOH or –COOR, 535.0 eV), 
and adsorbed H2O and/or O2 (ca. 536.9 eV) (Barroso-Bogeat et al., 2019; 
Huang et al., 2017; Pevida et al., 2008). C–O and hydroxyl groups are 
found predominant in all samples (Table S2), according to the higher 
content of C–OH groups found in XPS C1s spectra (Table S1), showing a 
relative higher proportion in the MSP700 activated biochars than in 
740GR. In contrast, the proportion of oxygen bonded in carbonyl groups 
and carboxyl groups or esters (-COOH, –COOR) is also significant in the 
three carbons, with percentages ranging from 27 to 29% and 8–10%, 
respectively. The O1s/C1s atomic ratios, determined from C1s and O1s 
XPS survey spectra in MSP700 biochar is 0.18. This value is higher than 
that of activated biochars (ca. 0.13 and 0.10 for A900H2O and A900CO2, 
respectively), and that of 740GR (ca. 0.06). This finding further in-
dicates a decrease in the total amount of oxygenated groups on the 
carbon surface during physical activation of MSP700, but still 
evidencing a higher amount of surface oxygenated functionalities in the 
activated MSP700 biochars than in the commercial carbon. 

The TPD-MS method is adequate for the characterisation of oxygen 
functional groups on carbon with small porosity (Figueiredo and Per-
eira, 2010; Ishii and Kyotani, 2016). Therefore, TPD-MS analyses of 
activated biochars and commercial active carbon were performed to 
envisage the presence of different types of oxygenated functional 
groups. In this technique, the surface oxygen-containing groups on 
carbon materials are decomposed upon heating by releasing CO, CO2 
and H2O and the nature of the oxygenated surface groups is related to 
the decomposition temperature and type of gas released. Fig. 5 shows 
the evolved profiles of H2O, CO2 and CO versus temperature obtained 
for the MSP700-activated biochars, A900CO2 and A900H2O, and the 
commercial sample (740GR), together with the temperature intervals 

Table 2 
Textural properties of the raw MSP700, activated biochars and the commercial 
carbon 740GR.  

Sample SBET (m2/g) SMIC (m2/g) VMIC (cm3/g) VTotal (cm3/g) 

MSP700 63 n/a n/a n/a 
A800CO2 462 418 0.192 0.243 
A850CO2 513 459 0.220 0.291 
A900CO2 562 502 0.230 0.316 
A900H2O 542 469 0.219 0.299 
740GR 818 751 0.342 0.400 

SBET: BET surface area; SMIC: micropore surface area and VMIC: micropore volume 
calculated using t-plot method; VTotal: total pore volume at P/P0 ≈ 0.97. 
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for the thermal decomposition of main surface oxygenated groups. As 
observed, both MSP700 activated biochars show relatively similar gases 
evolution profiles. 

In the H2O profile (Fig. 5A), the activated carbons derived from 
MSP700 biochar desorbed much more water than the commercial one. 
They display a composed desorption peak with two maximum centred at 
200–210 ◦C and 350–370 ◦C, the latter being attributed to the presence 
of chemisorbed water that would be released due to dehydration re-
actions of neighbour hydroxyl groups, leading to the formation of car-
boxylic anhydrides, which further decompose at higher temperature to 
CO and CO2 (350–627 ◦C) (Ghouma et al., 2015; Otake and Jenkins, 
1993; Shafeeyan et al., 2010). 

Regarding CO2 desorption (Fig. 5B), this is specific to strong acidic 
groups and, in this case it exhibits a broad desorption band with a 
shoulder centred at 200–215 ◦C, along with a maximum peak centred at 

320–340 ◦C, which could be associated to the presence of carboxylic and 
lactone groups (Figueiredo et al., 1999; Shafeeyan et al., 2010; Shen 
et al., 2012). There is also a CO2 desorption signal at higher tempera-
tures (560–575 ◦C), in particular in the case of A900CO2 sample, which 
could be related to the carboxylic anhydride decomposition, as it over-
laps with the starting of the CO desorption profile (Fig. 5C) (Ghouma 
et al., 2015). Then, the CO desorption experiences a noteworthy increase 
at higher temperatures, being associated with weak acidic groups, like 
phenol (600–700 ◦C), and especially to neutral or basic oxygenated 
functional groups: carbonyl (700–980 ◦C), ethers (700 ◦C) and quinones 
(700–980 ◦C) (Shafeeyan et al., 2010; Shen et al., 2012). In summary, 
the intensity of the CO desorption peak in both MSP700-derived mate-
rials, especially at temperatures >700 ◦C, denotes the presence of a 
higher proportion of oxygenated groups with basic nature, particularly 
higher in case of the steam activated sample (Ghouma et al., 2018). In 

Fig. 3. 2D-NLDFT pore size distributions of MSP700 biochar, MSP700-derived carbons (activated with CO2 and H2O) and commercial activated carbon (740GR).  
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contrast, for the 740GR active carbon, all the desorbed gases present a 
much lower intensity than those of MSP700-derived materials, espe-
cially H2O and CO2 signals; only a peak above 600 ◦C corresponding to 
the release of CO is clearly observed, which could be assigned to phenols 
and, mainly to carbonyl and/or quinone basic groups. 

These results indicate that the commercial activated carbon sample 
possesses mainly basic or neutral functional oxygenated groups, but in a 
much lower proportion than in the MSP700 activated biochars, which 
agrees well with the pHPZC measurements of 9.5, 9.9 and 10.1 for 
740GR, A900CO2 and A900H2O, respectively. These last samples also 
exhibit certain acidity, which agrees well with the previous observations 
derived from XPS and TPD-MS analyses. 

3.2. NO removal activity tests from polluted gaseous streams 

Once the MPS700-derived activated biochars and the 740GR com-
mercial active carbon were physico-chemically characterized, they were 
tested on the NO elimination at low concentration (5 ppm) from 
different gaseous streams. 

3.2.1. Breakthrough curves and total NO removal capacity of activated 
biochars 

To evaluate the ability of the NO removal of the different CO2 and 
H2O activated biochars, NO breakthrough curves were determined at 
room temperature under air and N2 flows (Fig. 6A). These experiments 
were compared to those attained over the commercial carbon 740GR. In 
general, all the materials show worse NO removal ability in nitrogen 
than in air flow, denoting that the presence of oxygen is a critical aspect 
for an effective NO elimination by biochars-derived carbons, in accor-
dance with literature (Zeng et al., 2012). In this regard, when oxygen gas 
is present, both physical and chemical adsorption of NO are significantly 
enhanced (Zhang et al., 2008). This finding is attributed to the fact that, 
although NO2 is not detected in the outlet stream, the NO removal at low 
concentrations predominately occurs via NO oxidation by co-adsorbed 
O2 on the carbon surface forming NO2, that is more easily adsorbed by 
activated carbons as shown by Xu et al. (2003). This fact is related to the 
different adsorption energies of NO and NO2. Thus, Zhu et al. estimated 
that the adsorption energy for the NO2 chemisorption in the two possible 
configurations: N-down (− 272.1 kJ/mol) or OO-down (− 395.0 kJ/mol) 
(Zhu et al., 2019), resulted significantly more negative than in case of 
NO chemisorption, in its two likely configurations: N-down (− 225.3 
kJ/mol) or O-down (− 96.8 kJ/mol) (Zhu et al., 2022), which would 

imply that NO2 is more readily adsorbed by the activated carbon. The 
CO2-activated biochars exhibit a very low NO removal efficiency in ni-
trogen flow, achieving C/C0 values in the range of 0.72–0.87 at a time of 
30 min. The efficiency barely increases with the activation temperature 
reaching a maximum of 16.5% NO removal for the A900CO2 sample 
after 400 min. The improved NO elimination capacity with higher 
activation temperatures may be ascribed either to a higher surface areas 
achieved or enhanced accessibility of acidic NO to a more basic oxygen 
functionalities on carbon surface, which may assist the NO adsorption 
when oxygen gas is absent (Ghafari et al., 2019; Zeng et al., 2012). This 
increase in the surface basicity is evidenced by the increase in their 
pHPZC values from 7.5 > 8.2 > 9.9 for samples activated at 800, 850 and 
900 ◦C, respectively, which agrees well with the literature (Sutrisno and 
Hidayat, 2015). In line with this finding, earlier works have concluded 
that NO practically is not adsorbed at room temperature in the absence 
of oxygen, and therefore, only the presence of surface oxygen groups on 
carbon might assist the NO adsorption in some extension (Zeng et al., 
2012; Zhang et al., 2008). On the other hand, the H2O-activated biochar 
behaved somewhat better than the CO2-activated samples, achieving a 
C/C0 value of 0.36 after 30 min of the experiment, and a total NO 
removal of 26.6% at the end of the assay. The better performance of the 
steam-activated sample in the absence of oxygen, compared to the 
CO2-activated one, may be originated by its slightly more basic surface 
(i.e. pHPZC of 10.1 vs. 9.9) than to its textural properties, which are 
rather similar (Table 2). The commercial carbon (740GR) exhibits better 
performance in these conditions, showing a full NO removal during the 
first 30 min of the test and a breakthrough time close to 50 min, which 
can be associated with its higher surface area. 

In air flow, the breakthrough curve of the commercial carbon 
(740GR) displays a complete NO removal for the first 60 min of the 
experiment. At this point, this material begins to be saturated, reducing 
the NO removal efficiency until C/C0 values of 0.56. Interestingly, the 
CO2-activated biochars, which possess much lower values of SBET and 
SMICRO, exhibited a higher NO removal efficiency showing values of C/ 
C0 <0.05 during the whole experiment. Steam-activated biochar 
behaved similarly to the CO2-activated material with a practically flat C/ 
C0 profile, removing almost all NO since the beginning of the test. In this 
sense, the total NO removal capacity (during the 400 min of the assay) of 
MSP700-derived materials and commercial active carbon (740GR) was 
plotted against the materials’ BET surface area in Fig. 6B. 

In air flow, all MSP700-activated biochars reached an almost total 
NO removal, with elimination percentages ranging from 97.8 to 99.9%, 

Fig. 4. High-resolution XPS spectra of C1s (A–B) and O1s (C) regions for 740GR, A900CO2 and A900H2O.  
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which are much higher than that of the commercial carbon (72.6%) 
despite their lower specific surface area (see Table 2). These results 
reveal that the surface area of the activated carbons is not the major 
determining feature for the NO removal at low concentrations in the 
presence of oxygen. The absence of a clear correlation between NO 
removal and surface area has been also observed in previous studies 

devoted to the elimination of NO from flue gases with higher NOx 
contents (>100 ppm) (Abdulrasheed et al., 2018; Belala et al., 2014; 
Zhang et al., 2008). On the contrary, Zhang et al. suggested that the 
conversion of NO into NO2 in narrow micropores has a strong depen-
dence on the micropore size (with an optimal value on 7 Å) (Zhang et al., 
2008; Zhang et al., 2014b). This agrees well with the excellent NO 
removal capacity of MSP700 activated biochars, which possess a narrow 
micropore size distribution centred at 6 Å. Therefore, from the kinetic 
diameters of O2 and NO are 3.46 and 3.17 Å, respectively, can be 
envisaged that O2 and NO molecules are co-adsorbed in these narrow 
micropores, they will have to contact very closely each other, thus acting 
as nanoreactors for NO oxidation over surface active sites. 

In this regard, the lower ability of 740GR for NO removal could be 
related to its broad micropore size distribution, with pore diameters 
ranging from 6 to 17 Å, as well as the lower concentration of surface 
oxygen groups that may also assist the NO conversion, acting as 
adsorption sites of NO and O2 (Shen et al., 2016). 

3.2.2. Effect of the oxygen concentration on the NO removal capacity from 
gas stream 

Since the presence of O2 in the gas atmosphere seems to have a strong 
influence on the NO elimination capacity of carbonaceous materials, a 
more detailed study was performed increasing the oxygen concentration 
in the gas stream from 0 to 4, 15 and 21 vol% (air flow). The total flow 
rate and NO concentration were preserved at 1000 Nml/min and 5 ppm 
NO, respectively. This study was performed with the A900CO2 and the 
commercial active carbon 740GR. Fig. 7A displays the effect of the ox-
ygen concentration on the breakthrough curves of NO elimination for 
740GR. As can be seen, in the absence of oxygen, the NO concentration 
at the outlet of the adsorption bed almost reached the value of the feed 
(C/C0 = 0.9) after 150 min of the experiment. However, the introduction 
of a low concentration of oxygen in the atmosphere (4 vol%) notably 
shifted the breakthrough curve to nearly half value (C/C0 = 0.47) at the 
same time of the experiment. Increasing oxygen concentrations further 
decreased the C/C0 although at a lower rate, as shown in Fig. 7B, where 
the total NO elimination for 400 min of adsorption test is represented as 
a function of the oxygen concentration in the gas flow. It seems that the 
nature of the activated carbon precursor, mineral (740GR) or lignocel-
lulosic (MSP700-derived), determine their textural and chemical prop-
erties, which plays an important role in the NO removal process. As 
occurred in the reported literature, the correlation of the NO oxidation 
with the increase of oxygen concentration is not obvious and depend on 
the nature of the activated carbon precursor (Guo et al., 2001; Zhang 
et al., 2008). In this regard, it can be appreciated that in the case of 
740GR, there is a clear enhancement of the NO removal as oxygen 
concentration is increased up to 15 vol%, while its capacity barely raised 
from 71.1 to 72.6% increasing oxygen up to the air content. This finding 
suggests that in the case of the commercial carbon, increasing oxygen in 
the gas phase facilitates its adsorption on the carbon surface generating 
more C(O) active sites that promote the NO adsorption. However, in the 
case of A900CO2, its capacity increased from 16.6% to more than 99.9% 
upon introduction of just 4 vol% O2 in the gas stream and no further 
changes were observed with the oxygen concentration. These results 
reveal that if just a small amount of O2 is present, the NO removal ca-
pacity of this material is strongly improved, confirming that, the 
removal of NO at low concentrations is governed by NO oxidation to 
NO2, as earlier described in the literature for gas streams with high NO 
contents (Adapa et al., 2006; Kong and Cha, 1996; Shen et al., 2016; 
Tsukahara et al., 1999). Thus, in the absence of oxygen, the NO removal 
seems to be more controlled by a physical adsorption, although the 
presence of basic surface functionalities may partially assist the NO 
oxidation. 

In the case of A900CO2, low concentration of oxygen (4 vol%) is 
required to achieve almost full elimination of NO, which can be related 
to the larger amount of oxygen surface functionalities (as shown in TPD- 
MS and XPS analyses) and a narrower PSD with an average pore size 

Fig. 5. H2O, CO2 and CO TPD-MS spectra of MSP700-derived and commercial 
(740GR) activated carbons. 
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close to 6 Å, in comparison with 740GR, which favor the co-adsorption 
of NO/O2 and the further oxidation of NO into NO2. 

3.2.3. Effect of temperature on the NO removal capacity from gas streams 
The influence of the test temperature (20, 50 and 75 ◦C) on the 

adsorption performance of the MSP700-activated biochar (A900CO2) 
and commercial active carbon 740GR was also investigated and is 
shown in Fig. 8. 

In this case, the total flow rate (air or N2) and the NO concentration 
were maintained at 1000 Nml/min and 5 ppm NO, respectively. From 
this figure, it can be noticed that the removal capacity of commercial 
carbon 740GR significantly decreased when increasing the adsorption 
temperature, both in air and nitrogen flows. This finding suggests that 
over this sample, the physical adsorption of reactants and, in particular 
NO physisorption, is the limiting stage for the NO removal process. 
Similar observations have been reported in the literature (Guo et al., 
2001; Klose and Rincón, 2007; Zhao et al., 2016b). Thus, Zhao et al. 
observed that the reaction temperature decreased the NO adsorption 
capacity of two molecularly imprinted adsorbents, due to the 
exothermic reactions between NO and the adsorbent, further verifying 
that the adsorption of NO was a weak physical-sorption interaction 
easily affected by temperature (Zhao et al., 2016b). Similarly, Klose and 
Rincón found that the breakthrough times became shorter with 
increasing temperatures over a coal activated sample (Klose and Rincón, 

2007). 
In contrast, in this work, the NO elimination under air flow and using 

physically activated MSP700 biochar was barely altered with tempera-
ture, displaying an almost full NO removal during the whole experiment 
(99–100%). Such results suggest that in this case the NO removal is not 
governed by a simple physical adsorption mechanism on the micropores, 
confirming the important role of the chemisorption of both species, NO 
and O2 on carbon active sites. Moreover, in the absence of oxygen, 
MSP700-derived carbon exhibited an increasing capacity favored with 
temperature that could be related to a higher interaction of NO with 
active oxygenated surface groups (C(O)). This fact confirms that, in case 
of biochar-derived samples, the limiting step of the NO removal process 
would be of chemical nature, as physical adsorption is unfavored by 
increased temperature. 

In conclusion, herein is demonstrated that MSP700-derived carbon 
could satisfactorily operate in air at any temperature (20–75 ◦C) not 
evidencing any signal of deactivation/saturation after 400 min of uti-
lisation; whilst the performance of the commercial carbon (740GR) 
importantly decays with temperature due to it is controlled by a physical 
adsorption process, which would imply its reduced adequacy in a real 
biofilter application. 

3.2.4. Humidity effect 
Humidity plays a very important role in the oxidative conversion of 

Fig. 6. (A) Breakthrough curves of NO removal of 
CO2-activated (800, 850, 900 ◦C), H2O-activated 
(900 ◦C) biochars and commercial active carbon 
(740GR); magnification (150–400 min) for MSP700 
activated biochars in air (inset); and (B) NO removal 
capacity of CO2 and H2O activated MSP700 biochars 
and commercial active carbon (740GR) vs specific 
surface area. Gas flow: dry air (circles) and dry N2 
(diamonds). Total flow rate: 1000 NmL/min; C0 of 
NO = 5 ppm; temperature: 20 ◦C; time: 400 min.   
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NO since polluted air in confined places may contain certain moisture, 
inherent to the ambient conditions and fuel combustion. Therefore, the 
effect of the presence of humidity in the air flow (50 vol% RH) during 
the NO removal tests was evaluated for the MSP700 activated materials 
(A900CO2 and A900H2O) compared with the performance of the com-
mercial active carbon (740GR). The breakthrough curves in both dry 
and humid air streams are depicted in Fig. 9. In this case, the total flow 
rate of air and NO concentration were maintained at 1000 Nml/min and 
5 ppm of NO, respectively. 

Here, activated MSP700 biochars behaved similarly under humid air, 
showing rather parallel curves as previously observed under dry air flow 
conditions and, while they exhibited some deactivation as shown by the 
increasing C/C0 slope from 100 min, the final value hardly reached 0.1 
after 400 min test. This observation denoted that the presence of H2O, 
although detrimental for the NO adsorption and subsequent oxidation, 
did not severely affect the total removal capacity of MSP700-derived 
carbons, which was still higher than 96%, in good agreement with 
previous literature (Ghafari and Atkinson, 2016; Klose and Rincón, 
2007; Kong and Cha, 1996). In contrast, the commercial active carbon 
(740GR) showed a much faster deactivation in presence of humidity 
with a continuous increase of C/C0 up to 0.5, and a total removal ca-
pacity of barely 61.5%, which could be related to the lower proportion 
of oxygenated surface groups, which are more rapidly inhibited by water 
molecules. These findings correlate well with previous literature that 
reported the competition of water molecules and NO/O2 for the 
adsorption sites (Kong and Cha, 1996). Wang et al. also estimated by 
DFT calculations the stronger affinity of H2O than O2 in a carbon 

Fig. 7. Effect of the gas stream O2 concentration on the NO removal break-
through curves of 740GR (A); and on the total NO removed by 740GR and 
A900CO2 (B). Experimental conditions: total flow rate: 1000 NmL/min; NO (C0 
= 5 ppm); temperature: 20 ◦C; time: 400 min. 

Fig. 8. Effect of the temperature on the total NO removal capacity from dry gas 
(N2 or air) flow of CO2 activated biochar derived from MSP700 and the com-
mercial active carbon (740GR). N2 (diamond), air (circle). Experimental con-
ditions: total flow rate: 1000 NmL/min; NO (C0 = 5 ppm); time: 400 min. 

Fig. 9. Effect of the relative humidity (50 vol% HR) in the air flow on the 
breakthrough curves for the NO removal of MSP700 activated biochars and 
commercial active carbon (740GR). Total flow rate: 1000 NmL/min. Temper-
ature: 20 ◦C; NO (C0 = 5 ppm). 
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nanotubes (CNTs) sample, due to its large dipolar moment (Wang et al., 
2021). 

4. Conclusions 

In this study, we investigated the performance of several Miscanthus 
biochar-derived carbons in the removal of NO at low concentration (5 
ppm). The effect of the gas stream composition (i.e. the oxygen con-
centration and relative humidity), and temperature (20–75 ◦C) have 
been evaluated and compared against the performance of a commercial 
carbon (740GR). In this case, 740GR showed a strong dependency on the 
oxygen concentration and temperature, showing a maximum capacity of 
72.6% in air at 20 ◦C. The presence of H2O in the air stream lowered its 
NO removal performance by 15% at 20 ◦C as it competes with O2 for 
surface active sites. This removal capacity markedly decreased with 
temperature, revealing that physical NO adsorption is the limiting step 
for the commercial sample, which is related to its initial limited content 
of oxygen surface functionalities. In contrast, the MSP700-activated 
biochars (A900CO2 and A900H2O) reached a full NO removal (99.9%) 
at any temperature in air flow, and they needed a low concentration of 
oxygen (4 vol%) in the gas to achieve full NO removal at 20 ◦C. Besides, 
they still showed an excellent performance in the presence of H2O, with 
a NO removal capacity higher than 96%. This outstanding NO removal 
capacity of MSP700-activated biochars arises from the combination of 
several factors. On the one hand, the surface chemistry of carbons, 
defined by the nature of the starting materials and activation methods, is 
an important factor determining their performance. MSP700-derived 
carbons have highly functionalized surfaces, especially rich in basic 
oxygenated surface groups. These functionalities act as active sites for 
NO/O2 co-adsorption and subsequent oxidation of NO to NO2, which is 
further retained over the carbon surface. On the other hand, the ho-
mogeneous and narrow micropore distribution of MSP700-derived car-
bons (centred at 6 Å) facilitates an intimate contact between NO and O2. 
However, textural properties (BET surface area and pore size distribu-
tion) are not considered as controlling factors by themselves for NO 
adsorption and further oxidation. 

This work shows the significant potential of low-cost and renewable 
activated carbons, derived from lignocellulosic biomass, for the removal 
of low NO concentrations (<20 ppm) from polluted ambient air in built 
environment. Although, at this stage of the investigation, we have not 
done a cost-study yet, it will be considered for future works. This study 
also opens the door to future investigations on the optimization and 
parametrization of the activation and NO removal processes, based on 
in-depth understanding of the underlying reaction mechanism. 

Credit author statement 

Carlos G. Díaz-Maroto: Methodology, Software, Formal analysis, 
Investigation, writing, Visualization; Blanca Sáenz de Miera: Investiga-
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